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Mpuknap NMBapHOI TeXHOOorii BUPO6HMLTBA LUMPOKOi HOMEHKJ/IaTypm
MEeTaJIOKOHCTPYKLi A9 noganbLluoro MaclutabyBaHHA
B npoueci po36yaosmn MalLMHOGyAyBaHHS

AHoTauiq. 3 ooy epcrnekTUB po30yLOBM YKPAiHChKOTO MalIMHOGYYBaHHS PO3IISIHYTO TUII BUPOOHMIITBA
MeTaJIONpPOAYyKIii i Airounit mpuKiIaz iforo peanisalii, IKi peKOMEHAYIOTbCS IJIST MaclITabyBaHHS. BUpOOHUIITBO
MeTaJI0BUPOO6iB MMPOKOi HOMEHK/IATYpH i pi3HOI cepiitHOCTI MoKa3aHO Ha MPUK/IAAI HEBEIMKOTO JMBAPHOTO eXY, L0
TIpallioe 3a TeXHOIOTIEI0 IUTTS MeTaiy 3a ra3udikoBanumu mopemnsivmu (JITM). AHami3 BUpOOHMYOT TPaKTUKY eKCIUTyaTallii
1i€l TeXHOMOTii BUKOHAHO 3 MeTOI0 i1 MacIITabyBaHHS i MOTMBYBaHHSI MiAPUEMCTB Ta iHKeHEPHUX YCTAHOB 10 ii aKTMBHOTO
BIIPOBAKEHHS, 1[0 CIIPUSITMME BiIpOKeHHIO YKPaiHChKOTO MalIMHOGYLyBaHHS, IiIBUILEHHIO PiBHS iHHOBALIii{HOCTI B
€KOHOMIlli Ta 3a6e31e4YeHHIO il KOHKYPEeHTOCIIPOMOKHOCTI Ha MiXKHapoIHOMY piBHi. [Toka3aHOo 3pa3ky MPOAYKILii 1MBapHOTO
1Iexy, IIpoaHaai30BaHo 0co6MMBicTh Ta repeBary JI'M-TexXHOJIOTi{, HEBMCOKi iHBeCTUIIiliHI TOTpe6y opraHi3ailii Takoro 1exy
3aBJISIKM MOK/IMBOCTI BUTOTOBJIEHHS GiTBIIOCTI 06/1aHAHHS Ta OCHACTKM AJISI HbOT'O YKPAIHCbKUMMU MiATIPUEMCTBAMM.
MiuHicts muBapHoi nimanoi popmu mpu JITM 3yMoBeHa iHHOBAIifiHMM 3aCTOCYBaHHSIM IlepeAyciM 3akoHiB (i3uku 3a
PaxyHOK YHiKaJIbHOTO CTBOPEHHSI B CTiHKax GOpMU rpajlieHTa ra30BOro TUCKY BiJj BUTIAPOBYBaHHS pa30BOi JIMBAPHOI Mozeni
3 MiHOMOMiMepy pa3oM 3 BaKyyMyBaHHSIM Iicky dopmu. Lle nae 3Mory BUTOTOBISITY IMBApHi GOpMM 3 CYyXOTO KBap1i0BOTO
TMiCKy Mpy 00TiKaHHI HUM MOJeNbHMX KOHCTPYKIiiii pi3HOMaHiTHOI reoMeTpUYHOi KOHOIrypaiiii 3a JOIIOMOro0 MeToxy
BiGpoyIIiJIbHEHHS, 3a0e31euyoun 6araropasoBuit 06ir 1[bOTO MicKy. BigMiueHo nepcnekTusy nyudposisaiiii JITM-1poiiecy
3 aKIeHTOM Ha 3D-ApyK IMBapHMX MOJesieil 1[0 HepiiKo Ha MOPSIOK CKOPOUYE Yac Bif KpecaeHHsI KOHCTPYKIiii go i
BUTOTOBJIEHHSI B MeTaJIi. IlocniioBHiCTh onepatiii mpyu JITM 306paskeHO ecki3HO0 cxeMo10. CTPYKTYpY BIUTMBY OCHOBHUX
TeXHOJIOTiYHMX MapameTpiB JI'M Ha SIKiCTh BUIMBKIB [TI0Ka3aHO 3a JOMOMOroI0 fiarpamu lirikaBu, Ha sIKiit okpeMi GakTopu
M103HAY€eHO 3 ypaxyBaHHSM OCTaHHIX JOCIiIKeHb Ta 3HAUHOT'0 A0CBiny yaockoHaneHHs JITM-nponecy HaykoBisiMu @TIMC
HAH VYkpainu. BukoHaHe gociigkeHHSI MOXe CTaTy OCHOBOIO /11 CTBOPEHHS IPOMMCJIOBUX OCEPEAKIB POCTY Ha eTami
BiJIHOBJIEHHSI MAIIMHOOYIYBaHHSI, @ TAKOX JJIs1 pO3pOOKM CTpaTeTiit MomepHisallii 1MBapHUX MPOLIeciB, BIPOBaKeHHSI
HOBUX TE€XHOJIOTiM i MiABUILIeHHS PiBHS aBTOMAaTU3allii. Y miACcyMKy, 1ie CIIpUATHMMe igBUIIeHHI0 €eKOHOMIUHOI CTiltKOCTi
Ta CTBOPEHHIO HOBMX MOX/IMBOCTEIA 111 3pOCTaHHSI IPOMUCIOBOTO CEKTOpa KpaiHu

Knio4oBi cnoBa: npiéHocepiiiHe BUPOOHMIITBO; IMBAPHUIL 1IeX; TilaHa dopma; TUTTS 3a rasubikoBaHMMU MOJEIISIMMU;
PO3BUTOK MaIIMHOOYLYBaHHS, HOMEHK/IATypa MPOAYKILii
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Bctyn

B ymoBax BO€HHMX [Hilf yKpaiHCbKe MalIMHOOYAYBaHHS
CTUKAETHCS 31 CKIaIHUMM BUKIMKAMM: PyIHALiST BUPOO-
HUUMX TIOTY>KHOCTeH i TpaHCIOPTHOI iHGPacTpyKTypu
NPU3BOAUTH O 3HUIIEHHS POMMUCIOBOTO IMOTeHLiany,
10 Ma€ HeraTMBHI HACIiIKM JJ151 CTifIKOCTi Ta KOHKYpeH-
TOCIIPOMOSKHOCTiI KpaiHu. 3BaXkalouM Ha BiliCbKOBO-IIO-
JITUYHI PU3UKM, TPUBAIOUOI y CBiTi Umdposisaiiio,
€KOJIOTiUHi Ta TeXHOJIOTiUHi TPeHI!, a TaKoX MOoTpedy B
comiajabHO BigMmoBiganpHuX GisHEC-Momensix, MoIepHi3a-
Iisl YKpaiHChKOTO MalIMHOOYOYBaHHS € HeBiAKIamHOIO.
CrpaTeriuHe 3HaueHHS JJ1s1 PO3BUTKY MAIIMHOOYLyBaHHS
B YKpaiHM B CY4aCHUX YMOBaX Ma€ JMBapHe BUPOOHUIITBO
3 BUITYCKY IIMPOKOTO aCOPTUMEHTY MeTaJlOKOHCTPYKILiiA.
loro po3BUTOK € BaXXJIMBUM SK JJIs1 3a6e3MeueHHs] 060-
POHO31AaTHOCTI KpaiHu, Tak i /i ii MOBOEHHOTO BigHOB-
JIeHHSI, OCKIJIbKM 1Ii MpoIecu MOTPe6YITh BeIUKOI Kilb-
KOCTi pi3HOMAaHITHMX MeTajeBuX BUPOOiB. 3 OISy Ha Lie
0COOMMBOTO 3HAUEeHHSI HAOyBalOTb JIMBApHi TEeXHONOrIi,
3[,aTHI JIerKO IepeyalliTOBYBATUCS [JIs1 BUITYCKY LIMPOKOL
HOMEHKJIATYpU MPOAyKIii i sIki MOXYTb 6yTM 3acCTOCO-
BaHi K Ha Ma/MX, Tak i Ha BeIUKUX MiANPUEMCTBAX, IO
JacTb 3MOTY IIBUJIKO pearyBaTu Ha 3MiHM MTOTpe6 060po-
HMU Ji ekoHOMikM. KpiMm TOTO, nepcrekTUBHUM HalpSIMOM
PO3BUTKY MaIlIMHOOYAYBaHHSI € MacCIITaOyBaHHSI Maaux
Iil0uMX BUPOOHUIITB, SIKi B’K€ BMKOPUCTOBYIOTbH pecyp-
coeeKTMBHI, BiIpalbOBaHi r'HyuYKi TexHomorii. MeHii,
ase CTabilbHI MiAIPUEMCTBA 3 MIMPOKUM aCOPTUMEHTOM
MPOAYKIIii Ta ONTMMi30BaHMMM IPOLIECAMU, MOXYTb CTa-
TY OCepelKaMM iX IIOCTYIIOBOTO PO3LIMPEHHS 10 CepeHiX
i BeIMKMUX BUPOOHULITB.

MamnHo6yiBHa MTPOMUCIOBICTh B YKpaiHi € cTpaTe-
TiYHO BasKJIMBOIO TaTy3310 IJIs Mg TPUMKY 060pOHO3IATHO-
CTi KpaiHu, ii TEXHOMOTIYHOrO Ta iHHOBaIiliHOrO PO3BUTKY,
IOMYYeHHSI 10 I7T00a/IbHUX JTAHITIOTiB CTBOPEHHS MPOAYKIIii
(Sobkevich, 2024). 3 2016 poky TpuBa€ 3HVKEHHSI 06'€MY
MpOAYKLii yKpaiHChKOTO MAalIMHOOYIyBaHHS Ta MeTaso-
06po6xu (Ishchuk, 2022), siki B cyuacHOMY CBiTi HEBIIMH-
HO TpaHChHOPMYIOTbCS, HAaCUUYIOUUCh iHbOpMaLitHMMMU
TEeXHOJIOTisIMU. B mto6anbHOMY I1aHi 11i ranysi Bigirpaiorsb
KJIIOYOBY POJIb Y PO3BUTKY €KOHOMIKM Ta TEXHOJOTiYHOTO
Mporpecy [js1 CTBOPEHHS Ta MOJaIbLIOo] peanisaliii iHHO-
Balliil TOBapHUX, TEXHIYHMUX i TE€XHOJOTIUHMX KaTeropiii.
B yMoBax BO€HHMX [Hiif yKpaiHCbKe MauIMHOOYLyBaHHS
CTMKAETHCS 3 Cepito3HMMM MpobIeMamMu, sIKi 06MeXyIOThb
peanizallifo ¥10ro BUPOOHMUYOTO MOTeHLiany. PyiiHaris
BUPOOHMYMX TOTYKHOCTEH i TpaHCIOPTHOI iHpacTpyk-
TypU NPU3BOAUTH OO BTPATU 3HAUHOI YaCTMHU IIPOMUIC-
JIOBOTO TOTeHILiany, mo nepeputiye 30 % (Kushnirenko &
Gakhovich, 2023). BimHOBJIEHHST yKpaiHCbKOTO MalIMHOOY-
IyBaHHS B yMOBAaX IiC/ITBOEHHOT HEBM3HAYEHOCTi TOTpebye
KOMILJIEKCHOTO MiJIXOMy, 0 6a3yeThCss HA €BPOIEiiCbKUX
npuHiunax (Bilopolskyi, et al., 2024), inTerpauii ekosno-
TiYHO CTaJIMX TEXHOJOTIi i [udpoBuUX pileHb y BCi eTanu
BUPOOHMLITBA [JISl MigBMIIEHHS #oro edekTUMBHOCTI Ta
cTifikocTi. [ YCIiTHOTO BipOMIKEHHS rasysi HeooximHi

PEKOHCTPYKTUBHI 3ax0[iM, CIPSIMOBaHi Ha perioHaJbHY
nuBepcudikanio (Feier et al., 2023), 10 JO3BOJIUTH 3HU-
3UTH 3JI€XKHICTb BiJj, OKpeMMX eKOHOMiUHMX LIeHTpiB. Po3-
IIMPEHHS CepelHbO- i BMCOKOTEXHOJIOTiYHOTO BUPOOHM-
LITBA CIIPUSITUME MiJBUIEHHIO KOHKYPEHTOCIIPOMOXXHOCTI
YKpaiHCbKOi IPOMMCIOBOCTI Ta CTBOPEHHIO Cy4acHUX IIPO-
MMCJIOBMUX KOMILJIEKCiB, ODIEHTOBAHMX Ha 3aJ0BOJIEHHS SIK
BHYTPIlIHIX, TaK i 30BHILIHIX PMHKOBUX MOTpeb. Moznep-
Hisallil MOBMHHA BiAMmoBimaTy BMMoOram HalliOHaJbHOI
6e3nexy. POpMyBaHHSI CAMOLOCTATHHOTO KOMILJIEKCY ra-
JIy3elt cTaHe BaXKJIMBMUM KPOKOM IO MiABUINEHHS CTiiiKO-
CTi eKOHOMiKM, 03BOJISII0OUM edeKTUBHillle pearyBaTu Ha
COIIiaIbHO-eKOHOMiUHI Ta BOEHHO-TIOMITUYHI BUKJIUKMU,
3abe3mevyroun HaJiitHy MiATPUMKY TPOMUCIOBOTO MTOTEH-
miany kpainu (Kushnirenko & Gakhovich, 2023). Ykpaihn-
cbKi imskeHepHi mkonu (Unite engineering schools..., 2024)
BOJIOLIIOTh pecypcoe@eKTMBHUMM TeXHOJOTIsIMM, SIKi 3a-
JINIIAIOTBCSI HELOCTAaTHBO TMOMIMPEHUMM depe3 Opak iH-
dbopmariii, ekcriepTHMX 3HaHb a60 iHQpacTpyKTYpM ISt
ix peamizanii. BogHoyac BiICYTHICTb OGI'PYHTOBAHMUX
cTpaTeriyuHmMx iHiliaTMB 3i CIPUSIHHSI YAOCKOHA/IEHHS Ta
ajanTailii yKpaiHCbKOrO MaIMHOOYAYBaHHS 10 II00aib-
HMX BUKIUKIB MaiibyTHbOro (BiliChKOBO-TIOMITUUHMUX,
umnbpoBux, (PiHAHCOBMX, IHBECTUIITHUX, EKOJOTiYHUX,
TEXHOJIOTiYHMX, COLiaJIbHMX TOLI0) HAapOIlye PO3PUB MiX
VKpaiHOIO Ta PO3BMHYTMMM KpaiHamu CBIiTy ¥ Tilbku
nocumioe edekT meiHmycTpianisaiii eKOHOMIKM KpaiHu.

MeTo10 LIbOTO HOC/TiAKeHHsI 6YB ONMUC MPUKIALY -
BapHOTO BMPOOHUIITBA MIMPOKOI HOMEHKIATYPU MeTalo-
BUPOOGiIB Ha OCHOBI TEXHOJIOTi JINTTS MeTaly 3a ra3mdiko-
BaHMMM MOJEeSIMM, PO3KPUTTS MOTEHLIiHMX HamnpsMiB
BiJIHOBJIEHHSI MalIMHOOYLYBaHHS B KPaiHi HIJIIXOM 3aCTO-
CyBaHHS TaKMX TEXHOJIOTiN i AOCBiAY [iI0uMX YKpaiHChKUX
MiJAIPUEMCTB Ta HAYKOBMUX YCTAHOB.

MaTepianu i MeTOaM

HocmimkeHHst rpoBeneHo B 2023-24 pp. Ha 6asi gitouoro
JOCTiIHO-eKCIIePUMEHTAIbHOTO AMBapHoOro uexy ®isu-
KO-TEXHOJIOTIYHOTO iHCTUTYTy MeTaniB i cruiaBiB HAH
Vkpainu (M. KuiB), o6agHaHOTO YKpaiHCHKUM YCTaTKYy-
BaHHSM MOJIY/JIbHOTO THUILY, IO O3BOJISIE 3 THYUKICTIO Ha-
JIAIIITOBYBATY BMPOOHMYI JIiHi1 Ta 36epiraTi MOGiIbHICTh B
yMoOBax obmeskeHuX 1o, O6maHaHHS MOLYAbHOTO TUITY
CKJIAJA€TbCsl 3 CepifiHO UM HeCcTaHJApPTHO BUTOTOBJIEHMX
OIMHMLb UM YCTAHOBOK HEBUCOKMX KaIliTaJIOEMHOCTI Ta
Macu, 10 J03BOJISIE [1epeCcTaBIsITH 10T0, KOMIUIEKTYIOUM 3
HbOTO BUPOOHMUI JIiHii y 3HauHiit Mipi KOBinbHOI KOHDI-
rypauii. Llex BUrOTOBIISIE TepefyciM PEMOHTHI AeTani Ta
HaBiCHi OpraHM CiIbCbKOTOCIIOAAPCHKOI I'PYHTOOGPOOHO],
3eMJIepuitHOi, 6yIiBenbHOI Ta TipHMYOZOOYBHOI TeXHIKM.
OcHOBHe TpM3HAUeHHS LiexXy IOJSITa€ B BifIpalloBaHHI
BUPOOHMUMX TIPOIIECIB IS MOLABIIOTO IOMIMPEHHS Ta-
KMX pillleHb Y BITUM3HIHOMY MalIMHOOYyBaHHi.

B ocHOBi meTomosiorii moCTigKeHHS JeKaay MeTOau
OISy, CUCTeMaTM3allil Ta aHasi3y HayKOBO-TEXHIYHOI i
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eKOHOMiuHOi iH¢opMmallii, 10 Aajo 3MOry OTpUMAaTH IIi-
JIiCHe ySIBJIEHHS MPO CTaH Ta NEePCIEKTUBU PO3BUTKY M-
BapHUX TeXHO/Oriii. Byna mnpoBeneHa cucTeMaTu3allis
indopmarii, migkpiruiena dbororpadismu moneneit TUIO-
BUX BUJIMBKIB i KIIOUOBMX OIlepalliii, 1[0 BUKOHYIOTbCS Y
uexy. Lle JOMIOMOIIO CTPYKTYPYyBaTM 3HaHHS MPO BUPOO-
HU4Yi omnepauii. [y BUSIBAEHHS K/IIOUOBUX TeHAEHIIi i
3aKOHOMipHOCTe# JIMBAPHOTO MpPOLiecy, 10 SIBJSIE CO60I0
JIUTTSI MeTaIy 32 MOZeSIMMU, 10 ra3udikyioTscs i Mae mo-
mupeny abpesiaTypy «JII'M», HaBeIeHO CXeMy MOCTiI0B-
HO BMKOHYBaHMX TE€XHOJIOTiYHMX OIlepalliii BUPOOHUIITBA
meTanonpoaykuii. CyTb TexHosorii JITM nonsirae B 3acu-
MaHHi IMiCKOM B KOHTelHepi MiHOMOMiCTUPOIbHOI Mofeni
BWIMBKA, 3a/IMBaHHI pO3IJIaBOM MeTasly Lii€i Moferi, sika
BUIIAPOBYETHCS 1 3aMillJa€ThCSI MeTaJIOM, MiC/Is TBePAiHHS
SIKOTO YTBOPIOETHCSI BWIMBOK, LII0 TTOBTOPIOE KOHbirypa-
uito mogeni. Cepen OOCTiIKYBaHUX aCMEKTiB — THYYKIiCTh
MOAYJABHOTO O6NaIHAHHS, SIKe MOXe DPO3MIIlyBaTUCS B
pi3HMX KoHOirypamisix, 30KkpeMa 1mo3a Mexamu Iexy, 1o
ONTUMIi3ye BUPOOHMYI TiHil.

s poCHiisKeHHSI CTPYKTYpU JMBApHOTO IpOLeCcy
CTOCOBHO BILJIMBY OCHOBHMX TEXHOJIOTiUHUX MTapaMeTpiB
Ha SIKiCTb IPOAYKIIii Ta /IS OLiIHKM MacyUBY Takoi iHdop-
Mallii B 10T0 KiJibKiCHOMY i SIKiCHOMY CKJIaJii 3aCTOCOBa-
HO miarpamy 3a metogom lmikaBu (Ishikawa, 1985). Ieit
rpadiuyHMii MeTon IOCHiIXKeHHS Ta BM3HAUYeHHS Haii-
61/1b1I CYTTEBUX MPUUMHHO-HACTIZKOBUX B3aEMO3B’SI3KiB
MK ¢dakTopamMu Ta HacIiAKamMu y OOCTiAKXyBaHiil Mpo-
6;71eMi 103BOJISIE CUCTEMaTUIHO BU3HAUNUTH i Bi3yanizyBa-
TU OCHOBHi aKkTOpH, IKi BIIMBAIOTh Ha SIKICTh MPOLYK-
1ii, Ta BCTAHOBUTU KOHTPOJIbOBaHi 3B’SI3KM MiX HUMMU.
Hiarpama JIoromorsia BUSIBUTY KPUTMUHI (akTopu, 1o
MoTpebyoTh ONTMMI3allii, asie ¥ PO3POOUTHU Liecpsi-
MOBaHi cTparerii /sl MOKpaleHHsl SKOCTi Ta CTabinb-
HOCTI Tpo1iecy BUpPO6GHMUIITBA. [TOCTiOBHICTh CKIagaHHS
JliarpaMy inuia BiJ omepariifi MiATOTOBKU (PELMKIIiHTY)
BUXiZHMX UM OGOPOTHMX MaTepianiB Ta HaJalITyBaHHS
obGmagHaHHS i OCHACTKY 10 oTepalliif perynioBaHHs dak-
TOPiB BUTOTOBJIEHHS IMBAPHOi (hopmu, IIaBku, 06po6Ku
B PiIKOMY CTaHi MeTanay Ta 3aJMBaHHS JI0TO B JMBApHY
dbopmy. basyrouncek Ha nipangax 0.Y. Shinsky et al. (2018) i
S. Kumar et al. (2007), giarpama ImrikaBu 6ysa posuimpe-
Ha, 106 Bigo6pa3uTy 4OJATKOBI TEXHOIOTiIUYHI MOK/IMBO-
cti mpoiecy JITM Ta 3a6e31eunTt TOBHY KapTUHY (HaKTO-
piB BIUIMBY Ha KiHLIeBUIT IPOAYKT.

TakMM UMHOM, METOLOJIOTiSI HOCTimKeHHsS 6a3yBa-
Jlacsl Ha aHasTi3i i Bisyasisallii TeXHOJMOTiYHOTO Mpoliecy,
110 O3BOJIMJIO BCTAHOBUTY KOHTPOIbOBAHI 3B>I3KM MikK
BUPOOHMYMMU (PaKTOpaMu Ta SIKIiCTIO MPOLYKIIii, a TAKOX
chopMyBaTH Migxim MO BOOCKOHAJIEHHS ¥ OMTMMi3sallii
JIMBAPHOTO TIPOLiecy B yMOBax Cy4aCHOTO MaIIMHOOGYIY-
BaHHS YKpaiHu.

Pe3ynbTaTu Ta 06roBOpeHHs

B 1iii cTaTTi pO3IISIHYTO IPUKJIAZ, IMBAPHOI TEXHOJIOT] 151
BMPOOGHUIITBA IIMPOKOI HOMEHK/IATypy MeTaJONpPONYKIIii

SIK OfHe 3 JiKepeq BiJHOBJIEHHS YKPaiHCbKOrO MalllMHO-
OynmyBaHHS, SIKE BimHOCSTH IO OfHiel 3 HaibinbII TpYy-
JIOMICTKMX 1 HayKOMiCTKMX Tanay3eil MpoMMCIOBOCTI. Ls
TEXHOJIOTiSl MpUIaTHa [Jis IMOYaTKOBUX Ta HEBEIMKUX
BUPOOHUIITB, & TAKOX YCITIIIHO 3aCTOCOBYETHCSI HA KPYII-
HMX 3aBOZax (30Kpema, 1o noumpei B Kurai), po3BUTOK
MOTY)KHOCTE SIKMX 30iMbIINUTh TOTEHIiad 3pPOCTaHHS
BCbOTO BUPOOHMYOTO KOMILIEKCY KpaiHu. MOXKIUBICTb
mnovyaTtu 3 IOpi6GHOCepiiHOrO BUPOOGHULITBA METAIOIpPO-
IyKIii B HeBeMMKOMY 06¢s13i 3MeHIye GpiHaHCOBI pU3MKU
Ta Ja€ MOKJIMUBICTh BUTIPOOYBATH HOBI imei, TexHOMOTiUHI
TOHKOILi Ta MPOAYKIil0 HA PUHKY. Takuit migxim crpusi-
TMMe PO3POCTAHHIO JIOKATbHOTO BUPOOHUIITBA (30KpeMa
PEeMOHTHMX 3al4acTVH), MiCLleBOi eKOHOMiKM, CTBOPEH-
HI0O HOBMX POOGOUYMX Micllb, PO3BUTKY IpodeciiiHux Ha-
BUYOK IpalliBHUKiB. Kpim TOTO, 1€ miaxig Moxke IOMO-
MOTTM 3aJyYeHHIO iHBeCTULil, CTUMY/I0I0UYYM OAaIbIINIA
PO3BUTOK MalIMHOOYyBaHHS.

3o0kpema, Api6HOCEpiliHe BMPOOHUIITBO Malux i ce-
pefHix MiANIPUEMCTB LIMPOKOTO TOBAPHOTO aCOPTUMEHTY
JIO3BOJISIE OTIEPATUBHO pearyBaTy Ha MOTPeOU PUHKY, 3a-
6e3Meuyoun JOCTATHIO SIKICTb MPOAYKILii MPU HEBEJIUKUX
obcsirax BUPOGHMIITBA. VIOro IepeBaramy €: THYUKICTb
(MOK/IMBICTD MBUIKO 3MiHIOBaTM aCOPTUMEHT MPOAYKIIii,
aJlafTyOuNCh IO 3MiH MONUTY); TI0JIerieHe BIIPOBaKeH-
HSI HOBMX TeXHOJIOTiii Ta iHHOBALlii1 y BUPOOHUYMIL TIPOIIEC;
YB@XKHICTb 0O HeTaseit, 10 MiABUILYE SIKICTb MPOSYKITii
3aBASIKM MEHLIOMY OOCSTY BMPOOHMIITBA; OITMMi3allist
BUTPAT Ha BUPOOHUIITBO IIVISIXOM BUKOPUCTAHHS HasIBHO-
ro o6yialHaHHS Ta MEHIIO1 KiJIbKOCTi MaTepiasis.

o xmo4oBux (GaKTOPiB CIPUSIHHS YCHIMIHOCTI Opi6-
HOCepiitHOTO BUPOOHMIITBA HAJIeKaTh:

& MOIY/IbHI BUPOOHMUI CUCTeMM, SIKi MOSKHA IIBUIIKO
repeHanallTyBaTy Mif Pi3Hi MPOLYKTH, Ta TEXHOJOTII 3
MOXJ/IMBICTIO PO3HECEHHSI CTBOPIOBaHMX HAaNiBIPOAYKTiB
Ta OCHAIeHHSI M0 Pi3HUX NPUMIlIeHHSIX, BUPOOHUUUX
IiTbHUISX i 6€3 KOPOTKOTO TePMiHY BUKOPUCTAHHS;

¢ 00jagHAaHHS HEBMCOKOI KalliTaJTOEMHOCTI, IIMHHI
CMPOBMHHI Ta TEXHOIOTIUHi MaTepianm, 6akaHo 3 BUCOKUM
CTyIIeHEM IOBTOPHOTO LVKJIiYHOTO BUKOPMCTAHHS (OJ1s1
€KOJIOTiYHOI CTiMKOCTi i ONTMMaNbHOI PeCcypCcoOMiCTKOCTi)
Ta HeBeJIMKOI T'YCTUHMY;

& HeCKJaIHICTh aBTOMaTM3alii BUpPOOHUIITBA, BIIPO-
Ba/>KEHHS aIUTUBHUX TEXHOJOTiN (3D-apyKy) /sl IBUJ-
KOTO CTBOPEHHS ITPOTOTHUIIIB (31 CKOPOUEHHSIM Yacy BUXOLY
Ha PUHOK) i HeBeMKMX cepiit MeTanoBupo6iB;

& CIIpUSTIMBICTD 10 iHTerpanii 3 uudpoBMMU TexHO-
JIOTiSIMM 11 MOZe/NI0OBaHHS, IPOEKTYBaHHS Ta ONTUMi3a-
11ii BUpOOHUYMX IIPOLIECIB.

[iloue, xou i HeBenMKe BUPOOHUITBO OiNMbII IpUBA-
61MBe 1)1 iHBECTUIIii 3 MEeTOI0 #10T0 PO3LIMpPEeHHS B MPO-
1eci BimbymoByM MPOMMCIOBOCTI KpaiHu, HiXX CTBOpPIOBaHE
3 Hy/sl. TAKMM UYMHOM, BUPOOHMUIITBO MeTaJONMPOIYKILii 3
TEXHOJIOTi€10, MPUIATHOIO 10 Pi3HOI cepiiiHOCTi i HIMpoKo-
T'O CIIeKTPY BMPODOIB SIK 3a X reoMeTpielo, rabaputamu, Tak
i 3a macoro, Moxke cTaTu eheKTUBHUM iHCTPYMEHTOM [IJISt
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BiIpOIKEHHSI MalIMHOOYIyBaHHS, 3abe3Mmeuyiouy ioro
KOHKYPEHTOCIIPOMOSKHICTb Ta CTasuit pO3BUTOK.

Orisap i CTPYKTYpYyBaHHS JIMBAPHOI TeXHOJIOTi1

Ha NPUKJIaZAi AiF090ro JMBAPHOTO LEXY

KitouoBy ponb y MaluIMHOOYLyBaHHi Bimirpae nuBapHe BuU-
POOGHMIITBO SIK JiI0TO OCHOBHA 3aroTiBesibHa 6a3a, OCKilb-
KU/ He MeHIIe MOJIOBMHYM MPOMMCIOBOI MeTaloNpOoLyKIil
CKJIAJAETbCSl 3 [eTaneil Ta BY3/iB, BUTOTOBJIEHUX CaMe
JIMBapHMMM MeTonamu. JIMBapHe BUPOOHUIITBO IOCTa-
Yyae MPOAYKIIilo 3 pi3HMX MeTaJliB Ta CIUIaBiB /11 MalllMH
i MexaHi3MiB, TpaHCIIOPTHOI iHAYCTpii, eHepreTuky, BIIK
TOILIO, BUTOTOBJISIIOUM CKIAJHI 32 reOMeTpUYHOI0 KOHi-
rypali€lo i KOHCTPYKIIi€ew geTanti, ki 6yno 6 ckiagHo abo
HEeMOX/IMBO BUTOTOBUTH iHIIMMM CIIOCOOAMU.

CTBOpeHHSI BUPOOHUIITBA MeTaleBUX BUIUBKIB B J10-
arigHo-npomuciaoBomy 1exy @TIMC HAH Vkpainu npo-
OYKTUBHICTIO 70 40 T Ha Micsilb, SIK 37€e6inbIIoro api6-
HOCEDiTHOTO Ta PEeMOHTHOTO BUTOTOBJIEHHS JUTBA, €
npukaagoM auBepcudikariii BUITycKy MpoayKiii sk 3a Ma-
coto Bupoby (Bim 0,2 mo 1100 Kr), MeTajeBUMM CIIaBaMu
(4opHi Ta KOIMbOPOBIi), TaK i 3a cepiliHicTio Npoxykuii. Taky
BapiaTMBHICTh BUPOOHMIITBA TOCSITHYTO 3aBASIKM BIIPOBA-
IKeHHIO B 11€XY TeXHOJIOTii IUTTS ra3udikoBaHmx Mopeneit
(JITM, Lost Foam Casting), sika BiATIOBiia€ MpakKTUYHO BCiM
HaBeJeHMM BUIIe IMOKa3HUKAM JJIs1 YCIIIHOTO BUPOOHM-
LITBa METAJI0BMPOG6iB 3HAUHMX [liarla30HiB cepiliHOCTi i HO-
meHknatypu (Shinsky et al., 2018).

B xopHiit nuBapHiit TexHonorii, kpim JI'M, meTtan He
3aJIMBAETHCS B IMBapHY HOPMY, TOPOKHIMHA SIKOi 3aII0BHe-
Ha TBepAMM MaTepiajsioM, IO € YHiKaJbHOI 0COGIMBICTIO
JITM. SIK1I0 TMUIIOBA JIMBapHA MMOPOKHMHHA MiljaHa dopma
Mif, yac 3a71MBaHHS MeTany € HocieM dyHKUil yTpuMaHHS i
nepeHeceHHs HA MeTas reometpii (KoHirypariii) maii6yT-
HbOTO BWIMBKA, TO ipu JITM wi GyHKIIii BUKOHYE pa3oBa
JMBapHa Mopfeb. B mepumomy BUMIAAKy MIilJHICTh CTiHKU
dbopmu 3ymoBiieHa aaresiitHo-KoresiitHumMu cuiamm (3 or-
nsany disuko-ximii) Misk 3epHamMu GopMyBaIbLHOTO MiCKY 3i
3B’13yBAJIbHUM KOMIIOHEHTOM, & B PYyTOMY — I'PaJli€HTOM
ra3oBOr0 TUCKY 3aBASIKYM Pi3HULI TUCKY B BAKYYMOBaHOMY
MOPUCTOMY cepeloBUIIi cyxoro GhOpMyBaJIbHOTO TICKY i
TUCKY Ta3iB BiJi TepMOAeCTpyKIii Mojeni, fika CITy>KUTb py-
XOMMUM [I3KepesioM Ta30BUIieHHS IO Mipi 3amilieHHs il
pos3muiaBoM Metany. lle mano nepesary 1o eKOJIOTiYHOCTI:
3aCTOCYBaHHS MEHIIOI KiTbKOCTi XiMiUHUX DPEYOBMH 3HU-
KY€ HETaTMBHMII BIUIMB Ha JOBKIJLIS.

3acrocyBaHHSI JMBapHUX (OpM 3 cyxoro micky 6a-
raTopasoBoro o6iry (6e3 3B’I3yBaJibHUX KOMIIOHEHTIB)
I03BOJISIE 6e3 KamiTaJl0EMHOTO MacCMBHOTO OOGIaJIHAHHS
(MOpiBHAHO 3 TUMOBMMM (DOPMYBaJbHUMM MAaIlMHAMU
MIpecyBaHHS UM CTPYLUIYBAHHS) PETY/II0BATY BUPOOHUIITBO
SIK 33 CTPOKaMM (3 HAaKOMMUYEHHSIM Pa30BUX MOJesieii IeB-
HUX BUIMBKiB [TPOTSITOM Yacy ask 10 Mics1is i 6inblie), 3a Me-
TaJIOEMHICTIO popMu, po3Milytoun Big 1 7o 20 MomeTbHUX

KYIIiB UM KJIacTepiB 3 OKpeMMUMMU CTOSIKaMM B OfHili KOH-
TeliHepHiii miaHii popmi, Tak i 3a Iokalie BUPOOGHUINX
IiTbHUII, 3 MOXK/IMBICTIO BUHECEHHSI MOAEIbHOI MiTbHUIII
B NIpMOYIOBIi 0 Liexy Ha IMOBepXy BUllle MepIIoro UM B OK-
peMi puMmileHHs 1eTKoi KOHCTPYKILii.

LykniuyHMii 06ir i oxomomKreHHsST POPMYBaIbHOIO ITiCKY
MOX/IMBO MPOBOOUTH i 03a 11€XOM B3J0BX 30BHIIIHBOI
Jioro CTiHM, IO peani3oBaHO OOMATHAHHSIM MOIY/IBHOTO
tuny B 1exy ®TIMC HAH Vkpainu. Ogyuuniii o6rmagHaHHS
BUCTYNAIOTh SIK MOAYJI, 11O JO3BOJISIIOTh iX ONTMMAaabHO
KOMILJIEKTYBATY B TEXHOJIOTiUHi JIiHii 3rifHO BUPOOGHUUMX
YY TPAHCIIOPTHMUX MOTOKiB. O6’€MHa KOMIUIEKTAILisl JIK-
BapHUX Mmogenelt 3 miHonomictupony (IIIIC) y knacrepu
Yy KYIIi i 3aCTOCYBaHHS 6araTomicHUX auBapHux Gopm (3
OKPEeMMMM JIMBAPDHMMU CTOSIKaMU J1J151 KO3KHOT'O KyIlla MO-
Jleneii) CyTTEBO €KOHOMJISITb BUPOOHMUI IO (HA TOHHY
MIPONYKIIii) /IS 3a/IMBaHHS i BUCTOIOBaHHS GOpM B Ipolie-
ci oxonomskeHHST BUWIMBKIB 260 CKOPOYYIOTh JIMBAPHI KOH-
BeepU MOPiBHSHO 3 IUTTSIM Yy GibIll IOMMpPeHi TpaauIIiitHi
dbopmu B mapHUX OMOKax. 3aCTOCYBaHHS CYXOT0 MiCKY st
JMuBapHUX GOPM Moserurye UKIIYHU 06T MiCKY, AJIS Y0TO
3aCTOCOBYIOTh 06/1alHAHHS TPAKTUYHO aHAJIOTiuHe 10 TU-
MOBOT'O /1T 3aBOMY ITiATOTOBKM OyamaTepiaiis, i sike He-
CKJIaJHO KOMIUIEKTYBAaT! 3 OKPEMUX YCTaHOBOK-MOZIYIIB i
BUTOTOBUTH B OI/IbIIOCTI YKpaiHChKMX MeXaHIYHUX 1IeXiB.

OcranHi po3pobku iHcTuTyTy ®TIMC HAH VKpa-
iHM 1IOmO MOJenoBaHHSI GiOHIYHMX JIMTUX KOHCTPYK-
it 3 IIC, ananoriuno onycauum B poboti (Cheiliakh &
Cheiliakh, 2020), perymoBaHHSI IIBMIOKOCTI OXOJIOMIKEeH-
HS IUTBA Y MilaHii ¢opMi, BKIIOYHO 3 BapiaHTamMu ioro
TepMo0o6pobku (Doroshenko & Kalyuzhny, 2024) cyTTeBo
yIoCKOHaII0I0Th JITM-Tpo1iec. A 3actocyBaHHs 3D-¢pe3se-
piB Ta 3D-IpUHTEPiB Jj151 BUTOTOBJIEHHSI MOJefell, B TOMY
YMCITi 3 BEeHTWISILTi€10 MOojiesiei i 3HeIIKOMKEHHSIM BUKUTiB
rasis (Doroshenko, 2021) BizkpuBa€e MOKIMBOCTI KOMIT 10-
Tepusallii, aBToOMaTM3allii MOIETbHOr0 BUPOOHUIITBA i,
3arajiomM, IOJIIMIIEHHSI eKoJoriyHoi Ge3reku JITM-mpo-
1lecy OJHOYAaCHO 3i 30i/JbIIEHHSIM TEePCIEKTUBHUX Bapi-
aHTIB BUTOTOBJIEHHS JIETKOBAaruxX TOHKOCTIHHUX BWIMBKIiB
(Jordan et al., 2021) cknagHOi reomMeTpii.

TpuBana BUpoOHMYA MPAKTMKA MTOKA3aia BUTiTHE 3a-
crocyBaHHS TexHouorii JI'M [y peMOHTHOTO JIUTBA, 30-
Kpema JIjIs BUPOOHMIITBA SOCTATHBO LIBMAKO3HOIIYBAHUX
HaBiCHUX POOOUYMX OpraHiB I'PYHTOOGPOOHOTO O6IaJHAHHS
CiTbCHKOTOCIIOJAPChKOTO NPU3HAUeHHS, NMPUKIAAN SKUX
MoKa3aHo Ha PucyHKy 1. BUpoGHMIITBO TaKuX AeTajeii Bim-
HOCUTBCS 10 BasKJIMBOTO HAIIPSIMY, IKMM € arpapHe Malllx-
HOOymyBaHHs. [TocmimoBHa peaisaillis arpapHoi pegopmu
36iMbIIyBaTMMe MOMUT Ha CiTbCHbKOTOCIIONAPChKiI MaIIMHNU
/1 YCTaTKyBaHHS — SIK Y BEJIMKUX, TaK i y IpibHMUX rocro-
JlapCTB, 1110, B CBOIO Yepry, CTUMY/IIOBaTVIMe BUKOPUCTAaHHS
HMMM HaBiCHMX pOOGOYMX OpPTaHiB, IO B eKCTpeMaabHUX
YMOBax KOHTaKTYIOTb 3 I'PYHTOM, 3HOLIYIOTbCS, MiC/s1 YOTO
OTpe6yIOTh peryasipHoi 3aminu (Askerov, 2021).
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PuUcyHOK 1. 3pasku TUTUX HaBiCHUX JeTaeil IPyHTOO6PO6HOI CilTbTOCIITEXHIKY

Dhkepeno: poro M.G. Askerov (2021)

Ha PucyHKy 2 1OKa3aHO CTPYKTYPHY CXeMy HaitOiIbI
MOUIMPEHUX TEeXHOJMOTiuHMX omepalliii JITM-mipoliecy ajist
BUPOOHMIITBA APiOHMX i cepenHix BWIMBKIB. IIporiec mif-
rotoBku III1C Ta BUTOTOBJEHHS 3 HbOTO MOJelNel, SIK Jier-
KOBarux MartepiatiB i BUp0O6iB He TOTpe6ye MacCUBHOTO 00-
nagHaHHA. [Ins TpadHcnopryBaHHs rpany IIIIC goctymHMii

ITHEeBMOTPAHCIIOPT MO TOMiMEPHUX TPybompoBomax. A
TPaHCIIOPTYBAaHHS i CKJIaLyBaHHS MoOZeneil HeBaXKO BU-
KOHYBaTy BPYYHY HaBiTh y CTOIIKAaX YM B CKJIaAi KiaacTepiB
(nosuuis 4). Ha mo3uiiii 7 3aiMBaHHS MeTaly i HACTyITHOTO
TBEPIHEHHS BWINMBKA, SIK MIPaBWIO, 3aCTOCOBYIOTh BaKyy-
MyBaHHS ITicKy GopMu.

vacuum
=

PucyHok 2. Tumnosa cxema JI'M-mipoiiecy

MpuMiTkK: 1 — nigcnidoBanHs rpanys [IIC; 2 — oTpUMaHHS 3 LMX IPaHy/I JeTajaei Moaeni; 3 — CKIeloBaHHs feTanei Mmoaeni; 4 —
30MpaHHsI MOJIeIbHMX KIacTepiB (KYIIiB); 5 — papbyBaHHS KIacTepiB 3aHYpeHHSIM; 6 — GOpPMYBaHHS KJIacTepiB B KOHTeHEPi 3 CyXuM

TiCKOM i iforo BiGpatiieto; 7 — 3aauBaHHs HopMu MeTaIOM; 8 — OXOJIOIKEHHS BUIMBKA i BUCUTIAHHS TTiCKY i BUJIMBKA 3 KOHTeliHepa

hxepeno: Densen Group (2020)

IMpuknagu MiATOTOBNEHMX IO 3aJIMBAHHS JMBAPHUX
KOHTeliHepHMX HopM pi3HOTro po3mipy i MeTaI0eMHOCTI, a
TaKOK Mpo1iec iX 3a/iMBaHHS MeTaqoM B 1exy JI'M @TIMC
HAH VYkpainu nokasaHo Ha Pucynky 3. IlimaHi KOHTeii-
HepHi GOpPMU BCTAHOBJIOIOTh HA TOPU30HTAILHO 3aMKHY-
TOMY pOJIbTAaHTOBOMY KOHBeepi (3a), obiagjHaHOMY 3
eJIeKTPOIPUBOIOM, ab0 Ha 3aJIuBajJbHOMY Iuiamy (3b).
3anuBaHHA Gopm MeTasioM (3¢) B uexy JI'M mpakTUUYHO
He CYIPOBOAXXYETbCS Ta30BMUJIIEHHSIM B TMOBITpSl LEXY,
xou Mogeni B ¢opmax i rasmdikyerbcs. e 3ymoBeHO
BaKyyMyBaHHSIM I1icky (oOpM BakyyMHMMM HACOCaMM,
SIKi CTBOPIOIOTH 3aJIMIIKOBUIT TUCK Ta3iB 6113bKo 50 KIla

(po3pimkennst 6mm3bko 0,5 atm). s MOpiBHSHHS, IO-
6yTOBi MMJIOCOCH CTBOPIOIOTH PO3PiJKeHHS (3MeHIIeHHS
TUCKY Bif atmocdepHoro) nositps Ha 0,2-0,25 atm. Y
dopmi Moxxe 6yTM K OIHA JIMBApHa MOJENb, TaK i Kijlb-
Ka, SKi KpilUIATh HAa JIMBHUMKOBOMY CTOSIKY, CTBOPIOIOUN
Kiactep mopesneit. Ha Pucynky (3b) mokasano ¢gopmy, Ha
TIOBepXHi SIKOi BCTAHOBJIEHO 9 BOPOHOK, KOKHA 3 SIKMX T10-
€HaHa 3 OKpeMUM KiactepoM. Lle o3Hayvae, 0 CTi/IbKY X
BWINTHUX 3 MeTaly KJacTepiB OyJe OTpMMaHO 3 1i€i dop-
MM, @ B KO)KHOMY MOXXe O6yTM IO KiJibKa UM HaBiTh Kilb-
KaHAAISTh OPiOHUX BWIMBKIB, SIK BULHO HA MOJENIbHUX
KJIacTepax, MOKa3aHMUX Ha PUCYHKax HUKUe.
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PucyHok 3. JIuBapHi ¢hopmu pizHOro po3mipy i
MEeTaJI0EMHOCTI Ta MPOLIeC iX 3a7MBaHHS MeTaJIOM
MpuUMITKMU: a - mimaHi KoHTeliHepHi GopmMM Ha KOHBeepi;
b - mimani KoHTeliHepHi GopMM Ha 3aIMBaIBHOMY IUIALY; C —
3a/iMBaHHs GopM MeTajioM B 1exy JITM PUCYHOK 4. [Ipukiaay iMBapHUX Mopeeit
Doxepeno: hoTo aBTopa MeTaj0BMpo6iB HaBiCHOTO I'PYHTOO6PO6HOTO

Ta 3eMJIEpUITHOTO 00JIaJHaHHS
Kpim Toro, Ha PucyHkax 4 i 5 rokasaHo mpukiangu  Jpkepeno: ¢oro aBTopa
Mogesieii Ta BUMBKIB, SIKi BUTOTOBJISIIOTh APiOHMMM cepi-
ssmu B 1exy JITM ®TIMC HAH Ykpainu. Lle po6oui opranu
IPYHTOOOGPOGHOIO Ta 3eMJIEPUITHOTO O0JIaHAHHS, JIAHKU
KOHBeepiB (30KpeMa [Jis yTwiidallii TBepAuX BiJXO[iB,
eleBaTOPHMX KOMILJIEKCIB TOIIO) Ta iHILI JeTaldi pyXxoMmux
Yy CcTalioHapHMX MexaHi3MiB (5a). Po6oui opranu rpyH-
TOOOPOOHOTO Ta 3eMJIEPUITHOTO 06IaHAHHST OXOILTIOIOTh
pi3Hi TMOM nemimriB, Jonar, AOJOT, AUCKiB, pPO3IyIIyBa-
4iB, HOXIB Ta KyJbTUBATOPIiB, SIKi BUKOPUCTOBYIOTBHCS IJIs1
IiITOTOBKM Ta 0OPOOKM I'PYHTY B CiIbCHKOTOCITOAAPCHKMAX
npoiiecax. JIo 3eMJIepUITHMX OpraHiB HajiexkaTb 3y6u, KO-
POHKM, afialiTepy KOBIIiB €KCKaBaTOpiB, jomaTr Oyabmo-  a)
3epiB, KOBIIIi TeXHiKM, K 06GJIagHAHHS /I 3€MJIEPUITHUX
POO6IT, MOPOKHBOTO OYAiBHUIITBA, IIMBIIBHOTO UM MOABIi-
HOTO OYHiBHMIITBA, 3HOCY OYIiBenb, pO3p0OOKM KaprepiB,
OymiBHMIITBA IIUISIXiB, CAZiBHUIITBA Ta JaHAIIa(QTHOTO OM-
3aitHy Tomo. Ha PucyHky 5b rmokasaHo BWIKTI 3y6u i KO-
POHKM Ha 3eMJIepUITHMUX MaIlIMHAX Ta TPAK JJ1s1 TYCEHUUHO1
3eMJIepUiTHOI Ta MoAiOHOI 10 Hel TexHiKku. JIJaHKM KOHBe-
€piB, 110 NpeJiCTaBlIeHO Ha PUCYHKAX, BUKOPUCTOBYIOTbCS
B KOMILJIeKCax IJjis1 YyTuiisdallii TBepaux BiIXOniB, e BOHU
TPaHCIOPTYIOTh MaTepiaau Pi3HOTO MOXOJKEHHS, & TAKOX
B eJIeBaTOPHUX CUCTEMaX JJis llepeMillleHHs 3epHa Ta iH-
KX CUTIKUX MaTepianiB. OKpiM TOTO, y 1[eXy BUTOTOBJSI-  b)
I0ThCSI IeTasli IJIs1 pyXOMUX MeXaHi3MiB, 30KpeMa Iiectep-

Hi, BaJIy, KOPITYCU MiAIIMUITHUKIB Ta iHIIIi KOMIIOHEHTH, 1110 PUCyHOK 5. BunuBku Ta Mogeri TaHOK KOHBeepa
3a0e31euyloTh HaiiiHy po6OTy MallMH, a TaKOX AeTai Ta iHIIMX JAeTaneit MexaHi3miB (a), BUINTi 3y6u
I CTallioHapHMX MeXaHi3MiB, TakMxX SIK HacoCH, KOM- i KOpOHKM Ha 3eMJIepUITHUX MalllMHaX Ta Tpak
1pecopy, riipaBiiuHi cuCTeMH, SIKi BUKOPUCTOBYIOTbCS B LISt TyceHMYHO1 TexHiku (b)
MMPOMMCIOBOCTi Ta 6yIiBHUIITBI. bxepeno: poTo aBTOpa
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SIK y TemepiliHii yac, Tak i y IOBOEHHUI Mepiof, JOB-
I'Mif yac icHyBaTMMe 3HavHa MOTpeba y BUTOTOBJEHHI (3a
CXOXKMMM CIiocobaMy IO BWIMBAHHSI 3eMJIEPUITHUX 3HO-
COCTi/iIKMX OpraHiB) TPILIMHOCTIKMX KOHTAaKTHUX (BU-
TPATHUX/3MiHHMX) OpraHiB MpoTUMiHHKX TpasaiB (Modular
mine trawl..., 2018) (KOTKOBMX, HOXKXOBUX UM OONKOBUX),
OCKiJIbKM TOTpe6a po3MiHyBaHHSI BUMaraTuMe Creliaib-
HOI Te€XHiKM — MaIlIMH [ pO3MiHyBaHHS, /i IepeBe3eH-
HS BUOyXOHeOe3NeyHuX MpeaMeTiB, MiHOIIYKaviB, iHIIO1
crnerTexHiku. IIpoTsIrom 6araTbox poKiB 6YOYTb aKTyalb-
HMMM TIOTPe6M B PEeMOHTi I1i€i TexHiKM i1 mocTayaHHi 3ar-
YaCcTUH JIJIS Hei.

IpupaTHicTs JITM-Tpoliecy A0 peHTabeabHOro Api6-
HOCepiitHOTO BUPOOHUIITBA Pi3HOMAaHITHOI HOMEHK/IATypPU
BUJIMBKIB 0COOGMMBO BUTiJHA 3 OIVISIAY Ha OOCTAaBMHMU, IO
CKJIQJIACST TIPOTSITOM OCTaHHIX JeCSTWIiTh, KOJIU 60pOTh-
6a 3a KOHKYPeHTHy IepeBary y BMPOOHUIITBI MPOAYKLIii
Ha OCHOBi 30iJbIlIeHHS] MPOAYKTUBHOCTI MPOIECY MpU-
3BeJia 0 TOTO, IO B AesKMUX Taay3sax Maibke JOCSITHYTO il
MaKCMMYM, a 3allUTU MOTEHLIiTHOTO CIIOXMBava iHHOBa-
UiiftHO1 TpomyKiii sMiHMAMCS y 6iK MiABUILEHHST CTYIEHS
inguBigyanisaiii 3i 36epeXXeHHSIM JOCTYITHOTO PiBHS LIiH
(Baykasoglu et al., 2004). Y 6araTbox chepax eKOHOMiKM MO-
yajacs MacoBa KacToMi3allisl IPOAYKILii, 3a SKO1 3aMOBHUK
6epe aKTMBHY YYacTb Yy IpolLieci MPOeKTYBaHHS HeoOXis-
HOTO JioMy ToBapy, 30kpema uepe3 NFC-cucremy (6e3gpo-
TOBOI Iepefayi JaHMX Ta iaTexis). Taka TpaHchopmariist
BUPOOHMIITBA CIIPUSIE CKOPOUEHHIO Yacy BUXOLY TOBapy Ha
PMHOK, 3MeHIIeHHIO 00CSTiB CKIAICbKMUX 3amaciB, yacy ix

Alloy Vacuum

Pouring
temperature

diameter

Pouring time

Vacuum line

Presence of
vacuum receiver

Degree of
vaccuum

36epiraHHs Ta KiJIbKOCTi OAVMHMIIL TPOAYKIIii, a 3arajibHa
uudpoBiszalis TeEXHOTOTiYHMX MIPOLIECiB 3MYIITYE KOMITaHii
BIIPOBA/KyBaTH MepeqoBi MeTOaM BMPOOGHUIITBA, 11100 3a-
JMMIIaTUCs KOHKypeHTocnpoMoxkHumu (Natsir, 2022).

V BianoBigp Ha BUIe3a3HaueHi MoTpe6y, 06HamiINBi
nepcreKTMBY 181 fpibHOCepiiiHoro JITM-npotiecy Binkpu-
Ba€ 3D-IpyK IMBapHUX MOZEe, pu IKoMy 6e3 MOfellb-
HOI OCHacTKM 3 IIM(GPOBOro KpecaeHHs Ha eKpaHi MOHITO-
pa 3a JONIOMOTOI0 IIPMHTEPA APYKYETHCS MOZeNb IIPOTSATOM
5-10 ronuH (B izeasni), a MPOTIroM HacCTymHUX 1-2 nHIiB 3a
Hielo mogeutio MetogoM JII'M MOKIMBE BUIOTOBJIEHHS
BuaMBKa. Taka «MaTepianisalis» IMBapHoi Mopeni 3 uud-
poBoro ¢aiiy B KoHuenii «IHaycTpis 4.0» Ha3MBaETHCS
«1ndpo-bi3snIHUM TepeTBOPeHHSIM», 1[0 3HAYHO CKOPOUYE
Mpoliec Bif, KpecaeHHs 10 MeTaJONPOAYKIlii Ta BiAmoBizae
OIHOMY 3 IIePCIIeKTUBHMX KPOKiB 11bpoBoi TpaHchopma-
Lil IMBapHOI ranaysi K 3 OMISAY WBUAKOI 3MiHM acopTHU-
MeHTY MMPOAYKILii y BiIMOBigs HA 3MiHYy MTOTPe6 PUHKY, TaK
i HaGMMKEHHS OO0 KOHIIEIIii «<BUPOOHUIITBO SIK TTOCTYTay.

3 MeTOI0 MOSICHEHHS CTPYKTypu mnpouecy JI'M cro-
COBHO BIUIMBY OCHOBHMX TEXHOJIOTIYHMX IapaMeTpiB Ha
SIKICTb BMJIMBKIB, @ TaKOX [JIS1 OL[iHKM MacCMBY TaKoi iH-
dbopmariii B it0ro KibKiCHOMY (3TiZHO 3 YMCIOM YMHHUKIB
BIUIMBY) i IKiCHOMY cKJIaZi (3a opraHisaiiiiiHo-TexXHOJ/IOTi4-
HOIO CYyTHICTIO BIUIMBY) 3aCTOCYBa/IM AiarpamMy 3a METOA,0M
IrikaBy. OCKiIbKY OCHOBHA 3aayva JMBApHOTO BUPOOHM-
LITBA — OTPMMAaHHSI BWIMBKA 3 KOHKYPEHTO3JATHUM Bif-
HOILIEHHSIM #10T0 SIKOCTi 10 CO6iBapTOCTi, TO 1]eit TOKA3HUK
BKa3a/Iy Ha iarpaMi B IKOCTi KiH1ieBoro mponaykry (Puc. 6).

Vibration
Frequency

———Amplitude

Time

Lost Foam
Casting process

granulometric

composition
Sand Pattern

tilation channels
in printed patterns

Type Size of beads (Quality casting)
Shape .
Degree cI))f Density Thickness
refreshment Gating system type /' Slurry of
Grain size and material

Gas permeability

Coating

PucyHok 6. [liarpama lmikasu gyis JITM-nipouiecy
Ookepeno: po3pobieHo aBTOPOM Ha 0CHOBi po6oTtyu Kumar et al. (2007)

OCHOBHI T'i/Iki, SIKi BU3HAUAIOTh SIKiCHi Ta eKCIuTyaTa-
LifiHI XapaKTepUCTUKU JIUTOTO BUPOOY MO3HAUEHO TaKUM
YMHOM: CIUIaB (BMIMBKA), BaKyyM (B JIMBapHiit popmi), Bi-
6parttis (bopmu mpy yuribHeHHI MiCcKy), COK (HATOBHIO-
Bay JinBapHOi Gpopmu), Mozensb (ii AKiCHI XapakTepucTuKu),
nokputTs (Moneni) (Kumar et al., 2007). st KO>kHOI 3 Ta-
KMX I'JIOK BCTAHOBJIEHO BM3HAUYaIbHi YMHHUKY JPYTOTO I0-
psanky. Kpim Toro, Ha fiarpami o BKasaHMX y Ha3BaHil po-
60Ti DOmaHO TOMOBHEHHS 10 YMHHMUKIB JPYTOro MOpsAKY,

3aCTOCYBaBIIM CUCTEMHMIA Migxix 3 podotu O.Y. Shinsky et
al. (2018). Tinky pmiarpamu 1mono HOpMyBaJIbHOTO IMiCKY
JIO TPbOX BiJOMMX MOKa3HMKiB JOMTOBHEHO HOBUM — «CTY-
MMiHb OCBiXKeHHS MicKy». B 6araTopazoBomy 060poTi ¢dop-
MyBaJbHOTO MicKy npu JI'M perynsipHe Ao0faBaHHSI Ma€
CTAaHOBUTU He MeHIlIe 5 % cBixXXoro abo pereHepoOBaHOIO
KBapLOBOTO IMiCKy B KOXXHOMY LMKJIi (OPMOBKU CIIpUSIE
MigTPUMaHHIO HAJIEXKHOI ra30IPOHMKHOCTI HAIOBHIOBaua
snvBapHOi GopMu 6e3 HaIMipHOrO HAKOIIMUEHHSI B HbOMY
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3a0pygHeHb, 10 3MeEHIIye ra3oTBipHICTH TicKy i Bipo-
TigHICTb MOMafaHHs rasiB i3 auBapHOi Gopmu B MOBITPsI
uexy. e migTBepmkye i mootimkenns R. Michaels (2005),
SIKMIA Bifj3HAyvae, 1110 HEPETy/IsSIpHEe OCBiXKEeHHS MiCKy MOXe
MPU3BOAUTY 10 HAZMipHOIO #0T0 3a6pymHEHHS i micle-
BOro ob6cumaHHsl GopMM Ta KOHTAKTy MeTaly 3 MPOAYK-
Tamyu rasudikailii, He MOBHICTI0O BUOAJIEHUMMU 3 TTOPOXK-
HUHM opMU, Ta CIIPUUMHSIE 3HUKEHHSI SIKOCTi BUJIMBKIB.

B rinui «Mogenb» Ha SIKiCTb BUWIMBKA, KPiM [OPUCTO-
CTi Martepiany mopeni i #Oro rycTuHM, MOXKe BIUIMBATU
TUIT TMBHMUKOBOI CUCTeMMU, NIPUK/IAJ KOMIT IOTEPHOTO MO-
nmemoBaHHs sikoi st JITM ommcaHo B po6ori S. Jordan &
M. Debruin (2017). 3a TpamuiliiiHMM, ONMCAHUM B TeX-
HiuHiil Jniteparypi JI'M-mpouecoMm IlepeBary BiAAalThb
cuboHHUM TMBHMUKOBUM cucteMam (Shulyak, 2007). Takosk
BKa3aHo (GaKTOp BEHTWJIIOBAHHS OPYKOBAaHMX UM KOMOi-
HOBaHMX (3 APYKOBaHMMU BCTaBKaMM, aHAJIOTiYHO POOOTI
S. Jordan et al., (2021) nMBapHUX MOZENE, TYCTUHA SIKUX
MO)Ke GYTY BUILOIO, HiK Y TUIIOBUX IiHOMOMiCTUPOIbHUX.
OcTaHHE orioMarae BUBeCTY HaJMipHY KiJbKiCcTb rasis 3a
Mexki hopmu yepes BepxHIO YaCTUHY ii TOBepXHi, a60 y Ba-
KyyMOBaHMI1 MicoK (popmu 1Mo BeHTKaHaIaX, SIK IOKa3aHO
a po6ori V.S. Doroshenko (2021).

JI71S1 TiZIKY «TIOKPUTTSI» AOAAHO MOKA3HUK — «Ia30Ipo-
HUKHICTb», SIK BKIMBY XapaKTepUCTUKY, sIKa Mixoupa-
€ThCSI CKJIAZIOM (peLlenTypoio) pinkoi dapbu, 1[0 yTBOPIOE
TIOKPUTTS Ha IOBEPXHi Mozei. [a30IIpOHMKHICTh MOKPUT-
TS — OOMH 3 YMHHMKIB (Hapsy 3 BEIMUYMHOIO BAKYYMY), SIKi
PeryiolTh IPOTUTHCK ra3iB Ha PO3ILIaB MeTasly i BIJIMBa-
I0Th Ha itoro Gpopmo3anoBHOBaHicTb. IloBiliHe HaHECEH-
Hs Ghapbu 3MeHIIIy€e ra30MPOHUKHICTD i1 TOKPUTTS.

Ilo rinky «BaKyymM» BHECIM UMHHUKM «IiaMeTp Ba-
KyyYMIIDOBOZY» Ta «HasIBHICTb BaKyyM-peciBepa» B LIeX0Bii1
cucTeMi BaKyyMyBaHHS, L0 BIUIMBAIOTh Ha CTabibHICTD
pPEXMMY BaKyyMyBaHHSI GOpMM, OCKIZIBKM ii BaKyyM MOKe
3HIKYBATUCH ITiJ] Yac 3ajMBaHHs 11iei dopmu pigkum Me-
TaJIOM, SIKMIi MOXe 4aCTKOBO PO3repMeTM30BYBAaTy ITiCOK
dbopmu (micueBo mpomanOBaTH MOKPUBHY CUHTETUUYHY
IiBKy Ha Qopmi), ocobnnBo mpu 3anMBaHHi GaraTomic-
Hux GopMm Ta KinbKox (opm minpsin. HasiBHicTh pecuBepa
(ra30BOT0O aKkymyssiToOpa) 3 BaKyyMIIpOBOJOM JiaMeTPOM
He Hmkue IV 50 «3m1aaskye» MOX/IMBI iKY ra30BUAiIEHb
i 3HM>KEHHS pPiBHS BaKyyMy B [Opax MiCKy IpU 3aJMBaHHi
dbopm. UMHHMKM Ti/TOK «CIIIaB» i «Bi6palisi» 3aaummam Ha
niarpaMi 6e3 IOTOBHEHb.

MMincymoByooun posrisiHyTi cyTHicTh JITM-mpouecy i
J0T0 Pi3HOIJIAHOBICTh LIOAO Pi3HOCEPiMfHOCTI Ta MIMPO-
KOr'O fiala3oHy 3a Barolo BWINBKIB, @ TAKOX BIUIUB Iepe-
JIiky (hakTOpiB Ha SIKiCTh BMJIMBKIB, 1[0 MPENCTaBIeHO HA
roorepalliiiHiin cxemi Ta mgiarpami IlmiikaBu, IOZaTKOBO
3a3HAUYMMO, 1[0 PO3BUTOK JIMBAPHOTO BUPOOHMIITBA TiCHO
MOB’sI3aHMI1 3 YPi3HOMaHITHEHHSIM MPOAYKIIi1 MalMHOOY-
nyBanHst (Lehmhus, 2022). 3okpeMa, 3HauHe MOUIMPEHHS
TexHosorii JI'M, 1m0 po3misiHyTa B CTaTTi, Bimbymocst oc-
TaHHIMM JecITUIITTIMMU B KuTai, Ikuit 3a 1eit yac cTaB
MPOBiJHOI0 JIMBAapHO-METANTypPTiliHOI0 [ep>KaBolo, BU-
po6sIsI0uM 6/IM3bKO TIONOBMHM TOHHAKY BWJIMBKIB CBITY.

SIk 3a3Hayvae y cBoiit pobori V.A. Gnatush (2024), xoua po3-
TOBCIOKeHMI BaroBuii Aiana3oH BUAMBKIB s JITM-1ipo-
necy ckinagae Big 0,2 mo 5000 kr, y Kurtai mBuakomy Ha-
POILeHHIO BUITYCKY JIMTBA, HapsAy 3 iHIIMMM YMHHUKAMHA,
cripusia 1mosiBa 1exiB JITM [j1s1 BUPOOHUIITBA BEJIMKUX i
cepeiHiX BUAMBKIB 3 TUOBUMM Ajig Kurtaio aBToMaTu30-
BaHMMM KOHBEEPHMMMU JIiHISIMM PSITHOTO PyXy KOHTeliHe-
piB 3 rabapuramu Hepizko noHaz 2 M. IIpu pyci amBapHOro
KOHTeJiHepa Ha TakMX KOHBEEpaxX B HbOTO 3 IIepHIoro (3
nouatky ¢bopMOBKM) OGyHKepa B 3aCUIAIOTh MilllaHy «ITO-
CTiNb», TIOTIM Ha Hel BCTAHOBJIIOIOTb MOJE/bHI KiacTepy,
3 OBOX HACTYMHMX OYHKepiB 3aCMIIaloTh ITICKOM KJacTe-
pu 3 BiGpOYILIiIIbHEHHSIM MiCKY. i1 BaKyyMyBaHHSI ITiCKY
bopmu KoHTeliHepM BUKOHAHI 3 KOPOOUACTUMU KaHATAMU
i ciruactumu Qinbrpamu, po3TamIoBaHUMU Ta30MPOHUK-
HOIO CiTYaCTOI0 IIOBepXHEI0 Ha CTiHKaxX 3 60Ky MOPOKHUHU
KOHTeJiHepa i Ipy 3acUIlaHHi B KOHTe/Hep IMiCKy KOHTaK-
TYIOTb 3 HUM. Hepigko B KOHTelHepHiit dopmi momimawoTsb
12-16 xiacrepiB Mopesneil i KOKHMI 3a/1MBalOTh METaIoM
Kpi3b OKpeMy BOPOHKY, JOCSITal0uM BMCOKOI MeTal0€M-
HocTi opMu, HeZOCTYIHOI AJig GopM y MapHUX OMOKax
IJIS Tpaauuiituux BUIiB JuTTa. Jocsin Kutalo, SIK Mpo-
BiZHOI 1MBapHOI JepaBu, 3yMOBJIIOE€ 3HAUHI JOCATHEHHS
/10r0 B MalIMHOOYIyBaHHi, 110 MOYKe CIYsKUTU IIPUKIAIOM
i YKpaiHu Ha NUISIXY BiZHOBJIeHHS i iHHOBAIIiliHO1 TpaH-
cdhopmatiii BIacHOTO MalIMHOOYLyBaHHSI.

Kpim Toro, came 3D-TeXHOJIOTii € XapaKTepHOIO PIUCOI0
uMbpoBUX iHHOBAILiA, 1110 JO3BOJSIIOTh «MaTepianisyBaTu»
3 MUdPOBUX KpecieHb MiHOMOMiIMepPHi IMBapHi MozesTi Ijist
JITM HUIIXOM <«IIepeTBOPeHHS» LMU(PPOBUX MaHUX B (i-
3MYHi 00’€KTH, 0 B TepMiHax KoHuenii «[HmycTpis 4.0»
(Industry 4.0., 2015) Ha3uBaeTbCs HMPPO-Pi3MUHMM TTEepe-
TBOpeHHsIM (digital-to-physical conversion). LIi TexHomorii
Yy MaiibyTHbOMY MOXYTb 3a0€e3MeunTy HaBiTh Li100060Be
BUPOOHMIITBO 6e3 3acTOCyBaHHSI Oymb-sIKOi MOZeIbHOI
ocHacTku. [Ipy boMy HeckjIagHa 3MiHa KOHCTPYKILii Me-
TajonponyKuii Ha ii uudpoBoOMy KpeciaeHHi, 10 MBUIKO
BimoOpaskaeTbCs HA APYKOBaHiil MO i BUIMBKOBI, Oyme
BimmoBimaTy 6i3Hec-Mopesni «BUPOOHUIITBO SIK IOCTYTay,
a60 BMPOOGHUIITBO HA BUMOTY, 3aMiCTh iHBeCTYBaHHS Y Be-
JIVKi BUPOOHMUI TTOTY>KHOCTI i OCHACTKY, SIK 1ie 6YJ10 [0 110~
siBU 3D-APYKY B IMBAPHOMY BUPOOHUIITBI.

BuUcHOBKM
[IpoBeneHuit aHasi3 JMBapHOrO BUPOOHUIITBA IIMPOKOI
HOMEHKJ/IaTypM MeTaJIOBMPOOiB Ha OCHOBI TexHojorii JITM
CTY)XUTb OOHUM 3 TIPUK/IAAiB POSKPUTTS MOTEHLiHMX Ha-
MpsIMiB BiTHOBJIEHHST MAIIMHOOYIYBaHHS B KpaiHi HUIIXOM
3aCTOCYBaHHS TaKMX TEXHOJIOTIN i JOCBimy Oil0ounx yKpaiH-
CbKMX MiANPUEMCTB Ta HAYKOBUX YCTaHOB. TeXHOJOTist BUTO-
TOBJIEHHSI IIMPOKOI HOMEHK/IaTypy MeTaJIoNpOoyKIiii, 110 B
HMHIIIHIX HEMPOCTUX YKPAiHCbKMX YMOBAX 3aCTOCOBYETHCS
nepenyciMm Ijisi IpibHOCEPiiiHOTO (PeMOHTHOIO) BUPOOHU-
1ITBa, 30epirae 3HaYHi MOKIMBOCTI CITPUSIHHS BiTHOBJIEHHIO
rayrysi ManmHoOGymyBaHHS, OCOOIMBO Ha MOYATKOBUX €Ta-
Iax, MIJIIXOM PO3BUTKY HeBeNMKUX Nianpuemcts. Cepep 1ie-
peBar gpi6bHOCepiiHOrO BMPOOGHUIITBA MAIUX ITiAIIPUEMCTB
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OIMMCAHO TaKi: MOXIMUBICTh HEBEJIMKUX ITOYATKOBUX iHBEC-
TUIIi}, THYYKICTb BUPOOHMIITBA 3i IIBUIKOI afariTallieio
[0 PMHKOBMX 3MiH 3MiHOI0 aCOPTMMEHTY MPOAYKIii, ii iH-
IuBimyasizanist 3a cieriyHMMM MOTpe6aMy 3aMOBHUKIB,
iHHOBAIIiITHMIT TIOTEHLia/l 3i CIPOIIEHHSIM BIIPOBAIKEHHS
HOBMX TEXHOJIOTIi1, BKITFOYHO 3 IIM(poBisalli€ro.
IMepcrnieKTUBHE BUPOOGHMUIITBO LIMPOKOI HOMEHK/IATY-
PY MeTasoNpPOAYKIIii B IMBApHOMY 1IeXy 3 IIPOLIeCOM JIUT-
TSI 38 MOJIE/ISIMMU, 1110 Ta3niKyoThCs, SIK i MTOKa3aHi 3pasku
JI0TO MPOMYKIIii, IEMOHCTPYIOTh OCOOIMBICTb Ta THYYKICTh
TEeXHOJIOTii, HEBUCOKi iHBeCTUIiifHi moTpe6y opraHisamii
TaKOTO BMPOOGHUIITBA 3aBASIKM MOK/IMBOCTI BUTOTOBJIEHHS
6inbIIocTi 06GMaHAHHS Ta OCHACTKM YKpaiHCbKMMM ITiji-
rpueMcTBaMu. Y po6OTi TaKOX OIMMCAHO NUISIXM IMPPOBi-
3allii 3 akileHTOM Ha 3D-ApyK JUBapHUX Mogeseit 3 3aCo-
6aMM iX BEHTWIALII 3 MeTOI0 IiIBUILEHHS eKOJIOTiYHOCTi

BUPOOHMIITBA. Bizyamisanis ctpykrypu mpouecy JITM 3a
MeTofoM fiarpamu lmiikaBu 3 ypaxyBaHHSIM OCTaHHIX
JOCTiIKeHb Ta 3HAYHOTO [JOCBiy YAOCKOHaJIeHHS 1[bO-
ro smuBapHoro npouecy y ®TIMC HAH Vkpainu nokasana
BIUIMB OCHOBHMX TEXHOJIOTIYHMX ITapaMeTpPiB Ha OCTaTOY-
HY SIKiCTb BUJIMBKIB.

IepcrieKTMBHI HATIPSIMKM AOCTiIKeHDb Yy cdepi cydac-
HMX TEXHOJIOTi/1 TMBapHOTO BUPOOHUIITBA 30CePeKYIOTh-
Cs1 Ha BIIPOBa/KeHHI HOBITHiX MaTepiasiB, aBTOMaTMU3a1lii
MpoILIeCiB, a TAKOX €eKOJIOTiYHO UMCTUX TEeXHOJIOTiN, sKi
3HMXKYIOTb €HeprocnoxkuBaHHs Ta Bukmuiau. Cepen Haii-
6i/bII AKTyadbHUX HANPSIMIB — PO3BUTOK aJUTMUBHOIO
mutTs (Additive Casting) Ta 3acrocyBaHHS 3D-IpyKy mjist
cTBOpeHHs popM i Mozere, 10 L03BOJISIE CKOPOTUTU BU-
TpaTy 4yacy Ta MaTepiasiB Ha IPOTOTUITYBAHHS i MigBUILK-
TU TOUHiCTh BUTOTOBJIEHHSI BUPOOiB.
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An example of foundry technology for the production
of a wide range of metal structures for further scalingin the process
of developing mechanical engineering

Abstract. In view of the prospects for the development of domestic mechanical engineering, the type of production of
metal products and an active example of its implementation, which are recommended for scaling, are considered. The
production of a wide range of metal products in different series, characteristic of the Lost Foam Casting (LFC) technology,
can contribute to the creation and strengthening of industrial growth centres at the stage of mechanical engineering
restoration. This type of production allows for a quick response to market needs, requires a small initial investment, and has
significant potential for scaling up. The flexibility of such production lies in the rapid adjustment of the product range, its
customisation to customer requirements, and its innovative potential, which is associated with the simplified introduction
of new technologies, including their digitalisation. This article describes a foundry using the LFC process. Samples of its
products, features, and advantages of LFC technology are presented, along with the low investment requirements for
establishing such a workshop due to the possibility of manufacturing most of the necessary equipment and accessories
domestically. The strength of the foundry sand mould in LFC is ensured by the application of physical principles, specifically
the unique use of the gas pressure gradient in the mould walls resulting from the evaporation of a disposable foundry
pattern made of foam polymer. This enables the creation of a foundry mould from dry quartz sand, which flows around
pattern structures of various geometric configurations during formation with vibration compaction, as well as the multiple
circulation of this sand. The prospects for the digitalisation of the LFC process, with an emphasis on 3D printing of foundry
patterns, are highlighted. The influence of the main technological parameters of LFC on the quality of castings is illustrated
using an Ishikawa diagram, where individual factors are marked based on the latest research and significant experience in
improving the LFC process by scientists from PTIMA of the National Academy of Sciences of Ukraine

Keywords: small-scale production; foundry; sand mould; Lost Foam Casting; development of mechanical engineering;
product nomenclature
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OCHOBM iHTerpauii cucteMm TexXHIYHOI eKcnyaTauii aBTomMo6inis B
iHTeneKTyanbHi TPAHCNOPTHI cucTeMu

AHoTauifa. MeToro noctipkeHHs 6y1a mo6yaoBa 0CHOB iHbOpMalliiiHUX TEXHOJIOTIH IJ1s yIIpaB/IiHHSI pO60TO3JATHICTIO
aBTOMOGi/iB 3 BUKOpucTaHHsIM Intelligent transportation system (ITS). BukoHaHo aHas1i3 3arajbHOTO CTaHy aBTOMOOIIBHOTO
TPAHCIOPTY 3arajbHOTO KOPUCTYBAHHS i 110r0 CUCTeMHi MpobyieMy Ha cydyacHoOMY eTari. [Io6ygoBaHe BipTyaabHe
mignpueMcTBO aBTOMObinbHOrO TpaHcopty (ITAT) «XHALY — TECA», npusHavyeHe IJis1 BUPillIeHHS BUPOOHMYUX
3aBJaHb aBTOMOOI/IbHOTO TPAHCIIOPTY 3aralbHOTO KOPUCTYBAHHS LIOA0 ONTUMI3allii (MTOKpalleHHs TOKa3HUKiB) po60TH
napka pyxomoro ckiany (PC) i € KOMIIJIEKCHMM pillleHHSIM 3 MOHITOPMHTY i yIIpaBJIiHHS KUTTEBUM LIMKJIOM eTamy
710T0 eKCIuTyaTallii B HeBeIMKIUX MigMPMUEMCTBaX aBTOMOOIIBHOTO TPaHCIIOPTY. BOHO Mae yci migpo3ainau 1o i TuoBe
ITAT i moske 3abe3rneuyBaTy 6e3mepepBHMIT MOHITOPUHT (KOHTPOJIb) MapaMeTPiB PyXOMOIO CKJIaay MpM He3HAUHUX
eKCIUTyaTaliiiHMX BUTPaTaxX 3aBISKM BUKOPUCTAHHIO SIK HOBITHIX TEXHOJIOTii 1 MOOiIbHOTO 6€31POTOBOTO 3B’SI3KY TaK i
nipodeciitHoro HaBirauiitHOro (3B’13HOT0) 06IafHAHHS. Y CKIak BipTyaabHOTO MiAMPUEMCTBA BXOISATh TaKi po3po0biieHi
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inbopmariiitno-nporpamui komruiekeu (ITTIK) «Virtual mechanic «<HADI-12», «Service Fuel Eco «NTU-HADI-12», «MonDiaFor
«HADI-15», «<I[denMonDiaOperCon «<HNADU-16», siki lepef6a4atoTb CUCTEMHY B3a€MO/i10 TAKMX OCHOBHMX KOMITOHEHTiB
MOHITOPUHTY: pPOOOTO3JaTHUI CTaH aBTOMOOi/IsI, BpaxOBYIOUM MOKIMBOCTI BOZist i 60pToBOrO iHGOPMAIiiTHOrO KOMIUIEKCY,
YMOBM eKcIUTyaTallii aBTOMOGiJIs (TPaHCTIOPTHI YMOBH, IOPOsKHI YMOBM, YMOBY HaBKOMIITHBOTO IPUPOAHBOTO CepeOBUIITA
i KynpTypa mpatii), TpaHcropTHa iHbpacTpyKTypa it iHbpacTpyKTypa aBTOMOOIIbHUX JOPir. Pe3ynbTaTH, 10 OTPMMAaHO 3a
noriomoroio ITTK, 1aloTh 3MOTY OTPMMAaTH 3HAUEHHS caMe cepefHiX MIBUAKOCTEN pyxXy aBTOMOOIIS 3 ypaXyBaHHSIM Ie030H
PYXY, BUTpaTHu ManmBa i BifHOCHMI KoedillieHT 3MiHM MIBUAKOCTI PyXY, SIKMI1 BUKOPUCTOBYIOTb 3 METOIO KOperyBaHHSs
icaytouoi cucremu TO i P B ITAT, BpaxoByl0UM YMOBM eKCIUTyaTallii aBToM06isis. Pe3yabTaTyt moctiaskeHHs 3 qoromMoroio ITTK
LO3BOJIMJIM OTPUMATY 3HAUEHHS CepellHiX IIBUAKOCTEN pyxXy TPaHCIOPTHUX 3ac06iB 3 ypaXyBaHHSM Ie030H PyXY, BUTPATU
nanusa i koedilieHTy 3MiHM WBUIKOCTI pyXy (BiIHOCHMIL), SIKMIT BUCTYIIA€ OCHOBHUM OPi€HTMPOM IiJ] Yac BU3HAUEHHSI
YMOB eKcILTyaTalii KOKHOTO KOHKPETHOTO aBTOMOOi/is

Knio4oBi cfioBa: aBTOM06i/ib; aBTOMOGIIbHMIT TPAHCIIOPT 3arajJbHOTO KOPUCTYBAHHS ; TEXHIUHA eKCITyaTallis
aBTOMOOIJIiB; BipTyanabHe MiANPUEMCTBO aBTOMOOITbHOrO TPAaHCIOPTY; iHDOopMaliiiHi MporpaMHi KOMIIJIEKCH;

iHTeneKTyanbHi TPAaHCIIOPTHI CUCTEMU

Bctyn

ABTOMOOGINTBHMIT TpaHcropT (AT), 3rifHO 3i craTMcTUU-
HUMM JAHUMMU, Bifirpae ponb HalBaskIMBILIOTO CEKTOpa
YKpaiHCbKOi €KOHOMiKM TakK, K OOGCIyroBye Maiike BCi
rajysi rocrnofiaproBaHHs KpaiHu i BCi BepCTBM HaceleHHS,
MOKpaIly€e 3POCTaHHS MOOITBHOCTI/SIKOCTI KUTTSI Hace-
sieHHst. CydacHuUii aBTOMOGIIbHMIT TapK YKpaiHu ckiama-
€ThCS 3 MOHAJ 14 MJIH OOMHMIL aBTOMOOIJIIB, SIKi MOXKHA
po3moniuT Tak [1]: BaHTaXHi aBToM06im — 15,5 %, aB-
TOOYyCcH — 2,6 %, nerkoBi aBTomo6iai — 81,9 %. BUK/ITIOUHO
HIJIIXOM JIiIIeH3yBaHHS aBTOTPAHCIIOPTHOI JisIbHOCTI 3a-
6e3IeuyeThCs JepskaBHe PerylioBaHHSI pPUHKY TPAHCIIOPT-
HUX MOWIYT B YKpaiHi. [l IpUKIagy KiIbKIiCTb JilleH3iit,
SIKi OTpMMaHi puIuyHUMH i GizuuHMMY ocobamu B YKpa-
iHi CTAaHOBUTb OPi€HTOBHO 140 TUC. OOMHMUIID, & KiTbKICTh
TPAHCIIOPTHUX 3ac06iB (T3), sIKi BOHM BUKOPUCTOBYIOTD, —
o 400 tuc. oguuuup [1]. 3rifHO 31 3BefeHMMM AAHUMU
TonoBHOI AepxkiHcmekIii Ha AT, yacTka nepeBi3HUKIB, SIKi
eKCIUTYaTyIoTh Tibku oauH T3 ckiamae 61 %, o Tpbox
T3 - 22,4 %, a no mw’'satu T3 — 7 %, a TakoX [0 gecsitu T3 —
5,4 %, ipu yMOBi, Ko Ginbine 10 T3 — 4,3 %.

Bupninumo Taki ocHOBHi cucTemHi pobnemu AT [1]:

& BTpara BaxesiB kepyBaHHS AT (came ajgmiHicTpa-
TUBHMUX) SIK LI1JIOTO IPUBATX30BaHOTO CEKTODY;

< 3HAYHMIL crIaj 06CSITiB TPAHCIIOPTHOI POOOTH;

# YaCTKOBA 30MTKOBICTb JisS/IbHOCTI HaBiTh Mmacasxkup-
CHKOTO TPAHCIIOPTY Ha Pi3HOMAHITHMX aBTOOYCHMUX MapII-
pyTax 3araJbHOro KOpMUCTYBaHHS;

o ToTasibHe cTapiHHS pyxoMmoro ckinany (PC), He moB-
HICTIO BifTipalibOBaHi MexaHi3Mu 10TO 3aMiHN;

¢ HeBiANOBiAHICTb CTPYKTYypM $IK BaHTaXHOrO Tak i
MacakMpPCbKOT0 MapKy HasgsBHOMY IOMUTY Ha 1ii MOCTYTU 3
repeBe3eHb;

& HM3bKMIT piBeHb 6e3MeKky MpyU BMKOHAHHI aBTOMO-
6i1pHMX TIepeBe3eHb i 3 iHIIOi CTOPOHM — 3HAUHE eKOHO-
MiyHe i iHIle HaBaHTa)XeHHS Ha HABKOJIMILHE IIPUPOIHE
ceperoBUILe.

3a ocranHi 40 poKiB B cucTeMi aBTOMOOIJILHOTO TpaH-
cropty 3arajnbHoro kopucryBaHHsl (AT3K) Vkpainu mpo-
MILIUIM CYTTEBI 3MiHM, IKi TOPKHY/IMCS MPaKTUYHO BCiX ac-
MeKTiB (GYHKIIOHYBaHHSI TPAHCIIOPTHOI CTPYKTYPU MIiCT.

Ha Pucynky 1 306pasxkeHi iCcTOpMYHi eTanu PO3BUTKY Ta
bopmyBaHHS Cy4yacHOTO PMHKY YKpaiHM 3 MacaskMpCbKUX
repeseseHb [2].

Opniero 3 HaBaxIMBiMX migcucrtem AT € TexHiuHa
ekcrutyaTanist aBTomo6itiB (TEA), sika 3a BU3HAUEHHSIM [3],
SIBJISIE MiICUCTEMY TPAHCIIOPTY CaMe B CTPYKTYPi JOCTaTHBO
CKJIaJHOI TPaHCIOPTHO-KOMYHiKallifiHOI mporpamu Ykpa-
iun. OcuoBoio TEA e cuctema TO i P, — sgKka sgBjsie co6010
KOMIUIEKC 3aXO0[1iB, CITPSIMOBaHMX Ha 3a6e31eueHHsI pares3-
JIaTHOCTI (piBHS HagiliHoCTi) T3 B mpolieci eKkcIuTyaTalii npm
HaliMeHIIMX CyMapHUX TPYLOBUX i MaTepialbHUX BUTpaTax
iBTpaTax yacy Ha OCHOBI iATPMMKM ITpale34aTHOCTI (BIUIN-
Bu TO) Ta BifHOBJIEHHS Ipale3fgaTHOCTI (BrumBu P) [4].

B cdepi AT3K 1ieit TieBuit MexaHi3M yIpaBliHHS piB-
HeM eKcIUTyaTaliiiHoi HaJiliHocTi napky T3 uepe3 THyuKky
cucremy TO i P 6yn0 BTpaueHo [5]. TakuM UMHOM, Tepe],
Jlep)kaBHMMU CTPYKTypamu i, Hacamnepen, Ha AT3K Bcrae
MIMTaHHS TIPO HEeOOXiAHICTb BifHOB/IEHHSI PeryII0BaHHS Ta
KOHTDPOJIIO 33 AOTPMMAaHHSIM MiAIPUEMCTBAMMU aBTOMO-
6inpHOTO TpaHcnopty (ITAT) Bumor cucremu TO i P 3 meTo10
HeoMYIeHHsI BUHUKHEHHS BigMoB T3 i SK HacaigoK go-
POKHBO-TPAHCIIOPTHUX IIPUTOJ, 3 BUHM HMU3bKOI TEXHIYHOI
HapxitHocTi T3. Ase cydacHa, copMoBaHa poTsIrom bara-
TbOX POKiB Ha AT cepegHbocTaTucTHMYHA cucTema TO i P Bxke
30BCiM He BiAIOBifa€ iCHYIOUMM BUMOTaM eKCIUTyaTallii.
OCHOBHOI0 TIepeBarow JaHOoi CUCTeMU € JIUIIe 1i MOXKIINU-
BiCTb CIIPOTHO3YBaTy TeXHiUHMII cTad T3 Ipu BiICYyTHOCTI
cucteM giarHoctyBaHHs Ha [TAT. TonoBHMIT HeOMIK iCHY0-
40i CUCTeMM — IPUIHATTS pillleHHS CTOCOBHO ITPOBEJIeHHS
pobiT came Ha mincrasi iHdopmalii auiIe MwWoORO MPOOGITY
aBTOMOOIJIS B IeBHUX (KOHKPETHMX) YMOBaX eKCILTyaTalfii.

Tomy mig yac BopoBajskeHHsT Takoi cuctemu TO i P
He BPaxOBYETbCS peajbHMI1 CTaH arperatiB i cucrem T3,
B pe3yabTaTi yoro BifOYyBa€ThCs MepeBUTpaTa 3amacHuX
YaCTUH, i, IK HACTiAOK, MiABUIEHI BUTPAT IPOLIOBUX KO-
mTiB Ha miaTpuManHsl T3 y cripaBHOMY cTaHi [6]. YcyHy-
TU 3a3HaYeHi HeJlOMiKM iCHYIOUOl cepegHbOCTaTUCTUYHOI
cuctemu TO i P MoskiuBO Jiniile 3a paxyHOK Tepexony Ha
CUCTeMy OOCIYyTOBYBaHHS i peMOHTY T3 3a peaJbHUM TeX-
HiuHMM cTaHoM (Puc. 2).
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PucyHok 2. Crparerii po3sutky TEA Ha AT3K
DoKepeno: po3pobiieHo aBTopaMu
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BupilieHHs1 Takoro 3aBJaHHSl B CyyacHMX yMoBax AT
MOJK/IMBE 33 paxyHOK BIIpOBaJKeHHS Ha AT TeneMaTUUYHUX
CUCTEM KOHTPOJIIO TEXHIYHOIO CTaHy Ta eKCILTyaTaliifHuX
nokasHukiB T3 B peXXuMi peajibHOTO vacy.

TenemaTnyHa cucteMa — Lie CUCTEMA, IO IOESHYE B
€OVIHUIA SIK TEXHIUHMI TaK i TEXHOJIOTiYHMI1 KOMIIZIEKCY BKe
MiICMCTeMM OpraHisailii Ta 3a6e3nedyeHHs 6e3meku (repe-
Be3eHb, JOPOKHBOTO PYXY), @ TAKOX 3abe3neueHHs iHDOP-
MalifHOTO UM iHILIOTO CepBicy SIK IJ1s1 YYaCHUKIB JOPOXK-
HBOTO PYXY TaK i iHIIMX CYy6’€KTiB TPAHCIIOPTHOTO IIPOIIeCy.
V cTpaTeriuHux, NojiTMYHMUX i IPOrPaMHO-1Ii/IbOBUX JOKY-
MeHTaxX PO3BMHEHMX KpaiH TeJleMaTUYHa CUCTeMa ofiepxKa-
Jla Ha3By iHTeneKkTyajqbHa TpaHcnopTHa cucrema (ITS) [7].

ITS y cBiTOBi}1 mpaxkTUlli BU3HAHA SK 3arajlbHOTPaH-
CTIOpPTHA ifmeosiorisi, MeTa $sIKOi — iHTerpailii AOCSITHEHb
caMe TeJleMaTMKM B Pi3HOMAaHITHI BUAM AisIBHOCTI (TpaH-
CTIIOPTHOI B TOMY UMC/Ti) 3 METOIO BUPIIIeHHS MPO6IeM SIK
COLiaJILHOTO TaK i EKOHOMIYHOTO XapaKTepy, TOOTO 3HaUHe
CKOPOYEHHSI aBapiiftHOCTi, 3pocTaHHs epeKTUBHOCTi rpOMas-
CbKOTO TPAHCIIOPTY i BUKOHAHHS BaHTaXHUX IepeBe3eHb,
3abe31eyeHHsT BUCOKOTO PiBHSI TPAHCIIOPTHOI 6e3IeKu Kpa-
iHM, TIOKpalLeHHs iCHYIOUMX eKOJIOTiYHMX MOKa3HUKIB [7].

AHani3 piBHSI po3BUTKY iHGOPMAIiiHUX TEXHOJOTI,
rokasye, 10 Bxke cborogHi Ha AT MoxIMBO 3abe3neun-
TU KOHTPOJIb BCbOTO pyxoMoro napky T3, i 30kpemMa iioro
TEXHIYHOTO CTaHy, a TAKOX OpraHi3yBaTu [i€By po6GOTY
TexHiuyHOi cimysk6u (TC) ITAT B aBTOMATM30BaAHOMY PEKU-
Mmi. PeasibHe BIIPOBaIKeHHS MOAIOHMUX CUCTEM KOHTPOJIIO
i ynpaB/iHHS TexHiYHMM cTaHOM T3 CTano MOXIMBUM 3a
pPaxyHOK GYpXJIMBOTO PO3BUTKY MiKpOIIPOIIECOPHOI Mpu-
CTPOIiB yHiBepCaabHOIO Ta CIeliali30BaHOro MpU3HayeH-
HSI, TeJleMaTUYHUX CUCTEM, BKJIIOUAIOUM 3aCO0M 3B’SI3KY
6/MVDKHBOT i anbHbO] i, a TAKOXK CYITyTHMKOBUX HaBiraii-
VHUX CUCTeM TOLLO [7].

dyukuioHanbHa apxitextypa ITS [7, 8] npencrasise
MopyabHy cTpyKTypy ITS, B sKili IpUCYTHI LiNbOBi HaIpsi-
mu ii posropraHHs (6e3meKy pyxy, OpraHisallisi JOpOsKHbO-
rO PyXy, MOHITOpUHT napaMmeTpiB T3 mpu pyci i iH.), @ TAKOX
CaMOIIIbOBI TPYNM 3aBJAaHb, 3TiTHO 3 SIKMMU (HOPMYIOTHCS
komruiekeu migcuctem ITS (T3, eeKTpoHHi KapTu, JOPOSKHIO
indpacTpykTypy, iHTerpoBaHi migcucremu i iH.).

Ha AT3K edekTuBHe 31iliCHeHHS TeXHIYHOI'O KOHTPO-
JII0 i yIIpaB/IiHHS 10TO AiSUIbHICTIO TIOTpebye BUKOPUCTAHHS
BiMOBiAHMX aBTOMATM30BaHMUX CUCTEM 360Dy i aHAsi3y ma-
HMX, SIKi JOLIIJIbHO BUKOPMCTOBYBATH IJ151 OLIiHKY He TiJTbKU
MIOTOYHMX 3Ha4YeHb NapaMeTpiB cTaHy T3, 1[0 HAAXOISTh
i3 60pTOBOrO GJIOKY OI[iHKM ITEBHUX IMOKA3HMUKIB, aJie i AJist
CTaTUCTUYHOI 06POOKM HAKOMMUYEHUX NaHMX Ha IMPOTs3i
BCbOT'0 MpOIIeCy eKcITyaraliii. B pe3ynbraTi BIpoBaakeH-
HS came TaKux cucteM, Ha AT3I cTBOPIOIOThCS ITepeyMOBU
IJIS1 OCSTHEHHS: MollepeyKeHHsI paliTOBUX BiIMOB; CKO-
POUYEeHHS yacy MPOCTOI0 B PEMOHTI ; iJIBUILIEHHSI 3arajbHO1
6esmneku i HagiltHOCTI T3; 3a6e3MeyeHHsT 3pyUYHOCTi BUKO-
HaHHS TpaHCIOPTHOTO npouecy. Kpim Toro, B TEA BuHMKae
MOJKJIMBICTb ONEPaTUBHOIO IUIAHYBAHHSI TEXHOJIOTiYHOTO
rponiecy TO i P T3 i 3’IBsIETbCS MOKIMBICTh BU3HAUYEH-
HS ONTMMAaJbHOI CTPYKTYypu BUpoO6HMUOi 6Gasum TC [4].

Crnip 3a3HaunTH, IO cyyacHa crpykrypa AT3K ckia-
Jla€ThCS 3 CYKYITHOCTI OKpeMMX ITepeBi3HUKIB i HEBEeIMKIUX
MiJAIPUEMCTB aBTOTpaHCIIOPTHUX mianpuemcTs (HIIAT, no
10 oguuM1s T3 -4,3 %), IKi rpatoTh poJib HOBUX yTBOPEHb ra-
Jy3i, e MOXYTb LisiTU Tpu pi3HMX rpynu peanisanii TEA[8].

ITepmia rpymna — TEA, ge TO i P 31iiicHIOETHCST BUKITIOU-
HO BJIaCHMMM CMUJIaMM MiJNPUEMCTBA. 3 METOI0 OpraHisa-
1ii OKpeMoro CTPyKTYpHOro migpo3ziny miast T3, mo 6yne
3aitMmaTycs BukaouHo TEA or1ig BKIacTy 3HauHi MOYaTKO-
Bi Komtu (chopmyBaT IITAT KBaTidikoBaHMX (axiBIiB i
3aKyIIUTU TIeBHMIT TIepesTik 06/1afHaHHSI, a TaKOX CTBOPU-
Tn epeKTUBHY POOOTY CKIaiB. il BeIMKOI KiJTIbKOCTI Cy-
vacHux HIIAT, siki icHytoTh B YKkpaiHi (90 %), Taki BuTpaTu
HepallioHanbHi i HemigiomHi. [Ipyra rpyna — TEA BUKOHY-
€TbCS 3 3aTYYEHHSIM MigPSOHMUX MiAIPUEMCTB UM OPTaHi-
3auiit. Lli migmpuemcTBa UM OopraHisailii MaloTh Bxe BJjac-
HMIt IITaT BUCOKOKBaTidikoBaHMX (axiBLiB i 3a6e3neyeHi
BJIACHOIO BUPOOHUYO TeXHIYHOI0 6a3010.

Tpets rpyna peanisanii BukonaHHs TEA, gxi peasiso-
BaHi camMe y BUIVISILi 06CIYTOBYBaHb CEPBICHUX SIK rapaH-
TilfHMX Tak i micagarapaHTiiitHuX. Y 1bOMY BUMAAKY JOTO-
BipHi BiHOCMHM 3 LIMMM cepBicamu (creliajni3oBaHUMM)
dopmyroThcs 1e Ha eTari KymiBiai HoBoro T3, abo micist
[I0YaTKy J0ro ekcrulyaTallii came B rapaHTiliHuUi Mepiof.
OcobmuBicTb hipMOBOTO CepBicy B TOMY, 1110 IIPU #10T0 pea-
nizanii Hai6iMbII SICKpaBO BUpPaskatoThes uiocy ITIB/CALS/
PLM-TexHOOTii1, TaK SIK CTaH PyXOMOTO CKJIaJy B LiIOMY
3HaXOOUTHCS MiJ, MWJIbHUM KOHTposieM ¢axiBIiB Moun-
HalouM Bif, CK/IaJaqbHOTO KOHBEEPA Ha MiATIPUEMCTBI-BU-
POGHMKY i aX OO Micls ekcruryarailii, a 060B’SI3KOBOIO
niero € migkmoueHHs1 PC no mepexi «IHTepHeT», 3 MeTOI0
KOHTpOIO i 36epeskeHHsT Bciel fiarHocTUUHOI iHdOopMaIrii.

Yepe3 3aCTOCYBaHHS Ha aBTOMOOIISAX SIK CydyaCHUX
OIHOYACHO CKJIALHUX (TIPOTe BUCOKOehEeKTUBHUX) CUCTEM
KepyBaHHS (eJIeKTPOHHMX) TaK i BOYIOBaHMX CHUCTEM 6Op-
TOBOI [ialrHOCTUKY, CTPIMKOT'O PO3BUTKY CUCTEM HaBirauii
(CYITyTHMKOBMX) 1 Cy4acHUX 3aC06iB 3B’I13KY (MOOGiIbHOTO),
IHIIMX CydacHMX TeXHOJOrilt mepenaui maHUX 3’SIBUJIACS
MOX/IMBICTb He JIMIIe BU3HAYaTM B KOKHMII MOMEHT 4yacy
reorpacdiune nonoxkeHHs: PC (GPS koopauHaTH) i MaTH 1i-
JI0MO60BUIT 3B’SI30K 3 AucIieTuepoM — MexaHikom HITAT,
ajie il KOHTPOJTIOBATY TMOCTITHO TEXHIYHMIA CTaH aBTOMOOi-
Jis1, 1[0 [J03BOJISIE peani3yBaTy UIMPOKe KOJIO 3aBAaHb 3 BU-
SIBJIEHHS, 1iarHOCTYBaHHS Ta IIPOTHO3YBAaHHS Ha NE€BHUI
po6ir 6e3BiAMOBHOCTI aBTOMOOIIS.

CTBOpeHHSI HOBUX IIiAXOHiB IO iHTerpalii cucremu
TeXHIYHOI eKcIUTyaTalii aBTOMOOLTIB B iHTeneKTyalbHi
TPAHCIIOPTHI cucTeMM MOXKe OyTU 3[i/iCHEeHO Y BUTVISIAI Bip-
TyaJqbHUX MHiAnpueMcTB B cTpykTypi AT3K. MeToio pmocii-
JDKeHHS € T06y0Ba OCHOB iH(GOpMaIiifHMX TeXHOMOTi 1JIs
YIpaBIiHHSI po60TO3aTHICTIO aBTOMOOIMB B ymoBax ITS.

Pe3ynbTtatn

CrBopeHHsI BipryansHOro migmpmuemcrsa i IIIK pis
yIpaBIiHHA pO60TO3JaTHOCTIO aBTOMOOITIB B ITS. Bip-
TyaJIbHe MiJIPUEMCTBO — MOXKe 6YTH peasli3oBaHe SIK MeTO[,
criBIpali Cy6’€KTiB PUHKY ISl peasidailii KOHKpeTHOro
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MIPOEKTY, KOJIM B3a€MOZISI MiK BifJaJeHMMU yyaCHUKaMU
3Ii/ICHIOETBCSI 32 IOMOMOIOI0 caMe pO3IMOIiIeHOr0 iH-
dbopmMmariiiiHoro cepemoBuiia i3 3aCTOCYBaHHSIM Cy4aCHMUX
eJIeKTPOHHUX 3aco6iB KomyTarii [9]. IIpusHavueHHs 1106Y-
noBaHOro aBTopaMy BipryanbHOro ITAT «XHAIY — TECA»

Web-cepsep

e po3B’s130K cfvt BupoO6HMUMX 3aBmaHb AT3K CTOCOBHO
onTuMi3anii uu moxkpaieHHs ehekKTUBHOCTI pob0oTH map-
ka PC i ABnSI€THCS KOMIUIEKCHMM MiAX0J0M MOHITOPUHTY/
yIpaBJiHHS XUTTeBoro uukiay (KL) um okpemoro ertamy/
nepiopy exkcrutyarauii PC B HITAT (Puc. 3) [10].

r B e ————— i BipTyambHOro
| = | TIAT «XHAIY -
TECA» -
‘ Baza jaHux IliarHOCTUYHMIK
‘ MOJYJIiB yYaCHUKIB komrutekc [JK
mpouecy ‘ [——— u
exertyatauii T3 M O6po6Ka 3aMOBJIEHD ‘
|
‘ \/_ ‘ ‘ ‘ Internet,
= I Iy \| N GPS i GPRS
basa maHux ‘ IporpamMH g
| ! JiaH porpamMmHe £
K/IIEHTIB 3abe3rneyeHHs reHeparii ‘ g
. I <]
\ HinpueMcTBa | BapiaHTiB KOMepLiiHO || 2 i S
- ‘ ekcrutyaTanii T3 e =
| T | | 28 ¢ v
‘ [T ‘ E =]
I =
‘ Basa gaHux | | e — | Oneparusna
‘ €KOJIOTIUHMX ‘ ingopmanis,
napameTpis T3, BUTpaT, | | TIporpamue OTpuMaHa 3 Internet,
| BUKWAIB, BIAXOZIB i iH. > 3a6e3IeyeHHs! | GPSiGPRS
‘ OIIiHKM BapiaHTIiB ‘ —
\/_ \ ‘ KOMepLiifHO
‘ ‘ ‘ ekcrutyaranii T3 ‘ Y
| |
T I
| S
\ ‘ | VY4acHuKM npouecy
Ba.3 d MAFX yMOB DyXy | | IporpamHe E KOMepUiliHOi
\ i excrutyaTanii T3, ) | 2 s
‘ PEMOHTHO i \_J 3a6e3nequ.}m OILIIHKMU 8 E g ekcruryartanii T3
eKCIUTyaTyIouoi 6asu \ \ napametpis B IK. L— s 2 g
. K TPUMaHUX ¥
‘ MigIPUEMCTBA O6pobka oTpuma \ g E‘E )
| 1 pesy/nbTaTiB | 5 §§
o]
Iy — ) | ®
o
‘ ‘ \ Y3rofskeHHsI BapiaHTy ‘
\ _ basa pannx 3 yYacHMKaMu \ \ )
| IHTeHngi‘(m’HOF mpotiecy KoMepIiiiiHoi ||
‘ 0 ‘ excrutyaTtauii T3 "
|
| |

PucyHok 3. ®dyHkijioHanbpHa cTpykTypa B3aemopii ITIK 3 enementamu BipryanbHoro ITAT «XHAJTY — TECA»

[Ookepeno: po3pobiieHo aBTopamMu Ha OcHOBI [10]

BipTyasnbHe mianpueMcTBO Mae Majbke yci migposginu
mo i Tunose ITAT i mosxke 3abe3neuyBaTu Ge3mepepBHUIL
MOHITOpUHT (KOHTpOJb) MapameTpiB PC mpu He3HaAaUHUX
eKCIUTyaTalliifHuX BUTpaTax ILIISXOM BUKOPUCTAHHS CYy-
YaCHUX TEXHOJIOTii came 6e3IpOTOBOro 3B’SI3Ky (MOOGiTb-
HOTO) i SKiCHOTO HaBirauiifHO-3B’SI3HOTO OO6JIaJHAHHS.
BripoBaikeHHS TaKOi CMCTeMM CTaHe SIKiCHO HOBUM piBHEM
KepyBaHHS K okpemumu AT3, Tak i Bcim mapkom AT3K.

[lepeBaroo cucTeEMY MOHITOPUHIY BipTyajabHOTO MiJi-
npuemctBa «XHALTY — TECA» €:

& aBTOMATUYHMIT (6e3lepepBHMIT) KOHTPOJIb HaJ,
npoiiecom pyxy PC 3 MOHITOpMHIOM i OIIiHKOIO YMOB €KC-
ITyaTallii B peskuMi peaJibHOTO Uacy, KOHTPOJb Yacy IIpo-
XOIIKeHHS MaplIpyTiB i BigmoBigHocTi rpadikiB po6oTH,
nocriiiHe Bigo6paskeHHs1 MapuipyTiB PC 3 TOUHUM Miciie-
postairyBaHHSIM PC B OH-/1aiiH KapTax (eJIeKTPOHHUX);
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& aBTOMATUYHMIT (6e3lepepBHMIT) KOHTPOJIb TaKUX
rnapameTpiB: TexHiyHOro craHy PC, BUKOHAHHS DEXUMY
MpOBeIeHHS HeoOXigHux it pu TO i P 3 mocstimKeHHSIM
piBHs HagitHOCTi PC i ebexkTuBHOCTi TEA;

¢ LIBUJKICTb AOCTAaBKM MOBigOMJIEHb i IOmasblile ixX
apxiByBaHHSI i 30epiraHHsi;

& TTOBHA KOHQIOEHIIifIHICTb JaHUX, SIKi 06POOJISTIOTHCS
CUCTEMOI0, i BiZoMOCTeii, 1110 OTPUMYIOTHCS i POPMYIOTHCSI
B CUCTEMi;

¢ MOXJIMBICTb [TIOBHOI iHTerpalii 3 cyyaCHUMU CUCTe-
mamu (iHdopmariiinumn) HITAT,

¢ MOXJIMBICTb MiAKIIOUEHHS JOAAKOBUX (BUKOHAHUX
3TiTHO 3 MOOaKaHHSIM i 3aMOBJIEHHSIM KJIi€HTiB) Tak 3Ba-
HMX crienianbHux Mony:is ITIK gms BupiteHHs pi3HUX M0-
TOYHMX 3aBJaHb;

< BiTHOCHO HM3bKa COOIBapTiCTh 0OaAHAHHS;

& HU3bKiI BUTpATU Ha TpMBaje BUKOPUCTAHHS CUCTEMMU.

BipryanbHe TTAT «XHAY- TECA» - me IIK (tene-
MaTMyHa IuIaTgopMa), sKka IOoOygoBaHA HA TEXHOJOTil
«KJIiEHT-cepBep» i3 3acTocyBaHHIM Web-mexHonoziil, a ii
CKJIaIOBMMM SIBJISIIOTHCSI: TeoiHdopmariiiina cucrema (I'1C)
TeeMaTUYHOTO CepBepa, caM BjacHe TeleMaTU4HUI cep-
Bep, 6a3oBe I13 «Virtual mechanic «<HADI-12»» — po6o4oro
Miclis gucreTyepa-MexaHika, I13 TelemaTuyHOrO cepBepa
BN-Complex™, ITIK «Service Fuel Eco «<NTU-HADI-12»»;
abOHEeHTChKi TepMiHaiM (HaBiraTopu-npuiimadi PC) Ta iH.

OcHOBHI (QyHKIIii/MOXIMBOCTI CUCTEMU BipTyaabHOTO
ITAT «XHAIY - TECA» MOXXHa YMOBHO TMOZLIIUTYU Ha Taki
¢byHKIii: MOHITOPUHTY, SIK YIIPaBIiHHS Tak i 36epiraHHs
indopmarii 3 MOKIMBICTIO 3’€IHATUCS i3 30BHILIHIMM iH-
dopmanitaumu cucremamu (IC).

Po3pi3Hs0Th Taki PyHKII1 MOHITOPMHTY CUCTEMMU Bip-
TyanbHOTO ITAT «XHATY -TECA»:

¢ B/3HAUeHHs IapaMeTpiB (aBTOMAaTU4YHE) CTaHy
arperariB, cuctem i mexaHismiB PC, dxi € y BinbHOMY A0-
cTyti B 60pToBiit cuctemi giarHoctyBanus (OBD);

< BM/3HAUeHHs (aBTOMaTMYHe) HaBirauiliHux napame-
TpiB PC (a3umyT, GPS KoopauHaTH, MIBUAKICTb pyXY, i iH.);

< B/3HAUeHHs (aBTOMaTu4He) napaMmeTpiB craHy PC
caMe 3a MOKa3HMKaMM KOHTPOJIbHUX NPUJIAZiB HaBiraTo-
piB/tipmiimauiB (TenematuuHux). [Ipuknazn peanisanii —
HasIBHICTbD i «SIKiCTb» XMBJIEHHS B CUCTeMi KepyBaHHS 11-
KJIaMU JIBUTYHA i iH.);

& CTaH 3aMKiB (BizKpuTi/3akpuTi) nBepeit KabiHu um
MacaskMPCbKOT0 CaJIOHY; BBIMKHEHHS CUCTEMM SIK 3BYKOBO1
TakK i CBiT/IOBOI CUrHaIi3alliii;

& 1aTYMKY MTOJIOKEHHS B IIPOCTOPi Ky30Ba CAMOCKU[A;

# BiATOBiZHICT POOGOTH YCTAaTKYBaHHS SIK HaBiCHOTO
TaKk i JOJATKOBOTO, KOHTPOJIb TEMIIEPATYPHUX DPEXMUMIB,
(ikcatis mepeBuIeHHS T03BOMEHOI MIBUAKOCTI PpyXy;

+ piBeHb piauH B 6aukax (pagiaTop, 6avyoK, MCTEPHA);

+ nepenayva (aBTromatuuHa) B HITAT HagirauiitHoi i iH-
moi moTpi6bHoi iHdopMaliii CTOCOBHO CTaHy UM ITOKa3HUKIB
pobotu PC uepe3 Hamepey, 3aaHmii yac (3 IepioguuHiCTIO
Bif 20 i 6isbIlie cekyHL);

¢ nepenava (aBromatyHa) B HIIAT mosauepro-
BMX TMOBiJOMJIEHb CTOCOBHO 3MiHM IIapaMeTpiB CTaHy UM

MoKa3HUKiB pobotu PC yepe3 crpanibOByBaHHSI KOHTPOJIb-
HUX MPUCTPOiB 260 JATUMKIB (KOM BOAii HATUCHYB TPUBOX-
HY KHOIIKY, KOHTPOJIb i HaJalTyBaHHSI POGOTH JOHATKOBOTO
YCTaTKyBaHHSI, TOBIMIi MPOCTiii 06'EKTY, BXOMKEHHSI TIOKa3-
HUKIB 00’ €KTY KOHTPOJIIO B [I€BHY 30HY ab0 Buxif, 3a ii Mexxi);

& 3aHeceHHs (aBTOMaTMyHe) pi3HOI iHdopmarlii: Ha-
BiramniitHoi, mopo crany PC B okpemy He3ajlekHMIt 3a-
MaM’SITOBYIOUMIA TIPUCTPIii, aKuii 36epexxe iHdopMaliiio y
BUIIAIKY BTPATH LOCTYIY IO KaHAJiB 30BHIIIHbOTO 3B’SI3KY,
3 HACTYIHOIO BiATipaBKow 3amucaHux gaHux B HITAT(aB-
TOMAaTMYHOIO 260 3a 3aMUTOM);

& BiICTiIKOBYBaHHS (aBTOMaTMyHe) 3a TMM sIK PC ci-
Jlye MapuIpyTy abo rpadikom pyxy 3 MOXKIMBICTIO Iofayi mpu
BiIXWIEHHSIX 3HaueHb IIONepeKyIoUuoro IOBiJOMIIEHHS;

& MOXIMBICTD JeTalbHIIIOT0 BMOOPY OKpeMMX CKJIa-
IIOBUX OMHUIIb, BY3JIiB, arperatiB PC my1s1 360py Ta aHas1i3y
JlaHMX II0 HUM B PeXXMMi peasabHOro vacy;

& Bimo6paxkeHHs B 3pyuHiit dopmi (HampukiIaz B rpa-
(iuniit) posramryBaHHs i mapametpis PC;

# 30epiraHHs JaHMX IMIOAO MiCLIEIIOJIOKEHHS i CTaHy
PC B TekcToBit popmi, Kpalie y BUIISILI TaOIULIb;

# Bimo6pakenHss B HITAT came 1o3avyeproBux IOBimO-
MJIeHb PO HeobOXinHy 3amiHy craHy PC y Bumisni Hampu-
KJ1a7, «TPUBOXKHMX BiKOH» 3 TIOAAY€EI0 BiATIOBIZHOTO CUTHAITY.

ChopmyeMo OCHOBHI GYHKIII YIpaBIiHHS CUCTEMU
BipryanbHoro ITAT «XHALTY — TECA»:

& MOXIMBICTh (QOpMyBaHHSI Ha KapTax MicCleBOCTi
(enexTpoHHMX), Hampukiaan Google maps, KOHTPOJIbHUX
30H i TOUOK [JI7i1 KOHTpoJTIo NepeMitieHHs1 PC (Puc. 4);

o 3a0e3reyeHHsT KOHTPOMIO i aHamizy QaxkTuyHoro
rpobiry PC uepes neBHMIT Ipoo6ir;

¢ MOXJIMBICTb Iepefadi KOMaHJ, AucIeTdepa — Me-
XaHiKi came Ha BMKOHaBui mpuctpoi PC (pesynbraTom
MOXe OyTM — HAIpMUKIaJ MPU HeCaHKI[iOHOBAaHOMY [O-
CTyTi — GIOKYBaHHSI CMCTEMMU ITyCKY, BUMKHEHHS IBUTYHA,
BBIMKHEHHSI aBapiliHMX CUTHaJiB, BUKIMUK BOJis, YIpaB-
JIiHHS 1OIaTKOBUM OOIafHAHHIM);

& 37ilicCHEHHS TOJI0COBOTO 3B’5I3Ky aucnetruepa HITAT
3 Bomisimu PC;

& peaslisallisi aBBTOMATMYHOTIO 3alMCYy B )KypHali Mofiit,
Jle peeCcTpYyIOThCS BCi Aii mpoBeaeHi gucnetuyepom HITAT.

OcHoBHi ¢QyHKIii cuctemu «XHAJTY — TECA» cTOCOB-
HO 36epexxeHHs iHdopmariii i MosknuBocTi iHTerpartiii 3 30-
BHimHiMu IC:

& MOXIUBICTb 36epiranHs iHdbopmanii B eguHiit 6a3i
nanux (BI) (MS SQL a6o Interbase);

& 3a0e3MeuyeHHs Tpoliecy MepeTBOpeHHs iHpopMarii
y 3pyuHMit dopmar, o cymicHuit 3 npusaHayeHUMU GHOp-
MaTaMu came i kopucrtysayua IC;

& 3a0e3neyeHHs OOMiHY TaHUMMU;

¢ MOXJIMBICTb CTBOpeHHS BJl y 3pyuHOMY AJ151 KOpUC-
TyBaua ¢popMari, i CTBOPEHHS apxiBiB.

3a IpUHIMIIOM TO6GYIOBM cucTeMa BipTyanbHOro ITAT
«XHALY — TECA» MiCTUTb TPU OCHOBHI YaCTUHU:

& «PC» — 06’eKT MOHITOPUHLY;

o «mepexxi mepepaui iHbopmarii» -
Internet;

GSM/GPRS,
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PUCYHOK 4. [HTepdeiic mporpamyu 06po6ku i BUBomy iHbopMmaliii mpo miciesHaxomkeHHst T3 B pexkxumi «on-line»

[)xepeno: po3pobeHo aBToOpaMu

+ «Cucrema 06po6Ku i 36epiranss indbopmariii» — Tak
3BaHUI1 «TeJleMaTUYHUI CEpBEpP».

PC nHa mignpueMcTBax, sIki KOPUCTYIOTbCS MOCIyTaMyu
BipryanbHoro ITAT «XHAIY — TECA», mae 6yTu obnanHa-
HMI1 HaBiTaliiiHO-3B’SI3HMMM i TpPUIIMaIbHO-IIepeaao-
YMMM TIPUCTPOSIMMU, SIKi 1aI0Th 3MOTY IIPOBOLUTHU {100~
60BMIT KOHTPOJIb HABiraliifHMx i TexHiUHMX MapameTpu
PC pi3HOMaHiTHMX KaTeropiit. Becb HasBHUIT 00’€M SIK
HapiraniitHoi, Tak i iHmoi iHdopmauii (yacrime TexHiu-
HOI), IKy OTpUMYIOTb Bif, PC, 1110 fOCTiAKYEThCS, fasli BKe
MOCTYTIa€ Ha TeJleMaTUYHMIA cepBep i 36epiraeThbes B 6asi
nmanux (MS SQL a6o Interbase), moTim cTae JOCTYITHMM KO-
pucTyBavam, 3100yBauam i JOCTiIHMKAM B HAYKOBO-IIMC-
netyepcbkomy LeHTpi XHALY, ne migmaeThcsl MOmaIbIii
06po611i i aHaIi3y 3a HOMOMOrOM0 CIleniaabHO po3pobiie-
Hux ITIK «Virtual mechanic HADI-12», «Service Fuel Eco
«NTU-HADI-12», «MonDiaFor «HAD-15», «IdenMon-
DiaOperCon «<HNADU-16» [10] Ta iH.

Hacrynuuii etan - indopmariisi B «pexxumi 6;10ry» 3
caritry khnadu.com, BiZKpMBaeThCs B HOCTYIIi KJIi€HTaM —
TOOTO BJIACHUKAM SIK OKpeMMx onuHMIlb PC, Tak i BCbOro
napky PC, To6To 6y1b-sikomy daxiBITo, sKuit 6epe yyacTb B
KoopauHailii po6otu coro HITAT.

—Timing advanc: —Inizke press
—Total in mefseconcs) s (x10C0] (55. —GP5 vs CED speed diffarance amyt (
—Run time since engine start s (.00 (23.975)  —Evzp. System Vap: ure Pa [/100) (7)  —Relative th
—03 Sensor 11V (7100 (57.125)  —02 Sensor Ix2 YV (/100} (66.125)  —Termue - b(x100) (0.108)  —

MAP) (57.363) —LP{ Average [100km (8.4) —Engine Load (57.672)
6) Jarom:

173

hen

—Tnpt\ercehm(Gﬁ 165)

52 ki (57.894)
0.773)  —TrpLP< /100km (9.881)
P (xi0) (0.488) —KF-27 KW (x10) (0.364)  —COZfk gj<m (x100) (2.8}

ITIK «Virtual mechanic «<HADI-12» mpu3HayeHuMit g1st
MmiaBUIeHHS eeKTUBHOCTI AisyibHOCTI [TAT nuIsIXoM BuU-
pillieHHS 3aBAaHb 3 OpraHisailii i yrpas/iHHS, KOHTPOJIIO,
pO3paxyHKYy i aHa/Ii3y mokasHuKiB pobotu cucremu TO i
P HIIAT.

ITIK «Service Fuel Eco «NTU-HADI-12» ma€e Bxe MOB-
HobYHKIiOHaMpHMIT Habip MosximBocTeit ITIK «BipTy-
anpHMI MexaHik «HADI-12» [9], a Takox Ie Oo4aTKOBi
MOXJIMBOCTI, SIKi 3rpymnoBaHi B okpemomy 6o IITIT «Exo-
JIOTiYHi MOKa3HMUKM». B OCHOBY 1MX GJIOKIB JISITJIM OOCTi-
JkeHHs [11], 9ki mpu3HaveHi 418 MOJiNIeHHs T0Ka3HUKIB
MMaJIMBHOT €KOHOMiUHOCTi Ta eKoyIorivuHoi 6e3meku T3.

Hacrynuwuit ITIK «MonDiaFor <HADI-15» (monitoring,
diagnosis, forecasting technical condition of the vehicle
under ITS) nmpusHaueHo st imeHTudikauii T3 i omiH-
KM MOTOYHOTO CTaHy #Oro ABUTYHA, MOHITOPUHTY HEO0O0-
XiIHUX TlapaMeTpiB, HiarHOCTYBaHHS, IPOTHO3yBaHHS,
aHa/li3 napamerpiB TexHiyHoro cra"ny T3 B ymoBax ITS.
IMoBHMIT anroputm pobotu ITIK npuBeneHo B AOCTiIKeH-
Hsx [12-15], a Ha PucyHKy 5 moka3aHo nmpukiIag poboTu
porpamMmHoro mony/ist M2M lab B pexxumi 06po6KM i BUBO-
Iy inbopmarii mpo micue3sHaxomkenust T3 B peskumi on-
line 3 BMi/IeHHSIM T€030H.

—Teta trip moiing imefseconds) (1000} (43.051)
—Abeoluzz load value
— Catalyst Temp - Ba k 1 Sensor 2 A°C (7
—co/km (avg) gk

—TEt!tHDsttunaYJ efseconds] s (xi0) (125.73)
Command equivalence atc (1)
| — Fuel Flow Rate{hcur) |fir (9.237)

—Tria mpgmag {2€.589)
) (27.617)
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PucyHok 5. Po6oue BikHO Torque 3 pe3yabTaTaMy MOHITOPUHTY 3alPOTIOHOBAHMX MapaMeTpiB TEXHIYHOTO cTaHy T3

[)xepeno: po3pobeHo aBToOpaMu
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Basics of integration of vehicle technical operation system...

Kpim 11p0ro, npy BUKOPUCTaHHI MPOrpaMHOTO MOZYJS
MoHiTopuHry M2M Lab B ITIK ITTIK «<MonDiaFor «<HADI-15»
BipryanbHoro ITAT «XXHAIY - TECA» 3aMOBHMKaM MOXYTb
6yTu HagaHi Taki ceppicu:

1. KepyBaHH$ fOpokHiM pyxoM: 1.1.IlinTpMmMKa TpaH-
CIIOPTHOTO MaHyBaHHS; 1.2. KepyBaHHS B HajA3BUuaii-
HUX TPaHCIOPTHUX cuTyalisx; 1.3. KepyBaHHs BUMOramMmu
0[O TpaHCIOPTYyBaHHS; 1.4. KepyBaHHSI TEXHIUHOIO eKC-
iyaTariero iHQpacTpyKTypu.

2. Iudopmanis ans maugpiBuukis: 2.1. Tndopmarris
nepen noisgkoo; 2.2. Indopmaris mig yac pyxy mjist Bogi-
iB; 2.3. Indopmalis mig yac pyxy Ajsl TpOMaiCbKOTO TPaH-
cniopty; 2.4. InpuBigyanbHi indopmaniitai mocmayru; 2.5.
HopoxkHi BKa3iBKM i1 HaBirailis.

3. Komepuiiini TpaHcnopTtHi 3acob6u: 3.1. KepyBaHHS
MapKOM KOMepLiifHMX TPaHCIIOPTHUX 3aC00iB.

4. CycninbHuii TpaHcnopt: 4.1. KepyBaHHS CyCHiIbHUM
TpaHcnoptoM; 4.2. KepyBaHHS TpPaHCIIOPTOM Ha BMMOTY.

5. KepyBaHHS B HaA3BMUAHMX cuTyalisx: 5.1. CurHa-
Jlizalis mpo HebesMeuHy cUTyallilo i ocobucra Gesreka;
5.2. KepyBaHHSI aBapiifHO-pATYBaJIbHUM TPaHCIIOPTOM;
5.2. He6e3meyuHi BaHTaxi i1 monepeaskeHHs iHIIMAEHTIB.

1,4
1,2

6. EnextpoHHi miatexi: 6.1. EnexTpoHHi ¢iHaHCOBi
repepaxyBaHHSI.

7. be3neka, TOIIO.

JI71s1 orepaTMBHOTO KOHTPOJIIO MPOLeCiB eKcIuTyaTalil
i 3a6e3mneueHHs B3aaemopii T3 3 TpaHCIOPTHOIO iH(ppa-
CTPYKTYpOIO i iHGpacTpyKTypolo aBTOMOGIIbHUX AOPIr, a
TaKoX OLiHKM YyMOB ekciutyaTalii ITTK «MonDiaFor «<HADI-
15» 6yno ymockoHanmeHo B IIK «IdenMonDiaOperCon
«HNADU-16» [13]. BiH oTpuMaB MOXJIMBOCTI IIPALIIOBAaTH
3 nporpamMHuMmMu i iHbopmaniituumu mopynsmu Carlife,
Torque (Puc. 5), Meteoco, Google.ITpo6ku Ta iH.

Ins kopuryBanHs TO i P PC TC ITAT BUKOPUCTOBY€ETb-
cs1 BimHOCHMI KoedillieHT 3MiHM IWBKUIKOCTI pyxy (BK3IIP)
T3, IKMit BU3HAYAETHCS CepeqHbOI0 TEXHIYHOIO MIBUAKICTIO
pyxy T3 i sikuit IpUITHATO B SIKOCTi OCHOBHOT'O KPUTEPil0
IIpM BU3HAUE€HHIi I'PYNM YMOB eKCIuTyaTailii. BusHaueHHSs
mBuaKocti T3 B yMoBax eKcIulyaTallii 3[1i/iCHIOBaIOCh 3a
nonomoroto ITIK  «IdenMonDiaOperCon «HNADU-16»,
3BIT SIKOTO BMKOPMCTOBYBAaBCS AJIs1 OLiHKM 3MiHM BK3IIP
(Puc. 6). BK3IIIP Ha pocinigHOMY HUIsIXy pyxy T3 3MiHIo-
BaBcst B Mexkax 0,69-1,25, 1110 HAJIEXUTb OO MEPILOi IPyIn
YMOB eKCIUTyaTallii.
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PUCYHOK 6. PesyibTaTit TOCTiIKeHHS BiTHOCHOTO KoedilieHTy 3MiHM mBuaKocti pyxy (BK3IP) Ha gocrigHii minsaHi

[>xepeno: po3pobeHo aBToOpaMu

BucHoBKuU
Po3po6neHo aBropamu BipryanbHe ITAT «XHALLY — TECA»
Mae TaKi X TUIOBI MiApo3ainn, SIK i 3BuuaiiHe (peanabHe)
MiJMPUEMCTBO aBTOMOGIIBHOTO TpPaHCIIOPTy. BrpoBa-
JKeHHsI BipTyaJIbHOTO X MiJIPMUEMCTBA — SIKICHO HOBUIA
piBeHb ympaBiaiHHS napkoM AT3K, nmpusHaueHHS SIKOTO
MoJIsirae B BUPillleHHI BUPOOHMYMX 3aBIAHb IIOLO ONTU-
mizanii po6otu Bchoro mapka PC i € Bske KOMIUIEKCHUM
pillleHHSIM 100 MOHITOpMHTY i yrpasiiHHS JKL uM ok-
peMuM eTaroM ekciryaranii PC B HeBeMKux Mignpuem-

CTBaxX aBTOMOOIJILHOTO TPaHCIIOPTY.
Omxke, BipryanbHe [TAT BKiTiouae B cebe HaCTyITHi iHdOp-
MaliitHi mporpaMHi komruiekeyu «Virtual mechanic «<HADI-
12», «Service Fuel Eco «NTU-HADI-12», «MonDiaFor

«HADI-15», «I[denMonDiaOperCon «<HNADU-16», siki 103-
BOJISIIOTh OTPUMYBAaTH iHbOpMaliio Mpo TexXHiUHMII cTaH
T3, moegHyBaTi iHGOpMaIllil0 CTOCOBHO JOPOKHIX, TpaH-
CIIOPTHUX i aTMOchepHO-KIIMaTUIHMX YMOB eKCIUTyaTanii
T3. PesynbTaTy, 1110 oTpMMaHo 3 fornomoroio II1K, no3sosnsi-
I0Th OTPUMAaTH 3HAY€HHS LIYKaHMX CepelHiX MIBUIKOCTEN
pyxy T3 3 ypaxyBaHHSIM Ie030H PyXy, BUTpaTy NTajauBa i Bia-
HOCHMIT KoeillieHT, SIKMit XapaKTepyu3ye 3MiHY IBUIKOCTI
pPYXy i € OCHOBHMM OPi€HTMPOM IIpM BpaxyBaHHi YMOB €KC-
rryaranii T3. B po6oTi aBTOpamMy roka3aHO HAMpsSIM OCHOB
iHTerparii cucreMu TeXHIYHOI eKCIUTyaTallii aBTOMOG1TiB B
iHTeneKTya/lbHi TPAHCIIOPTHI CUCTeMMU i BTi/IEHHS afanTHB-
HOI CHUCTeMU TeXHiYHOro OO6CIyroByBaHHs i pemoHTY T3.
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Basics of integration of vehicle technical operation system
into intelligent transport systems

Abstract. The purpose of this study was to establish foundational information technologies for managing the operational
efficiency of vehicles through an Intelligent Transportation System (ITS). The study included an analysis of the current state
of public road transport and the systemic challenges it faces. A virtual road transport enterprise, PJSC “KhNADU - TESA”,
has been created to address production tasks in public road transport. This enterprise aims to optimize the operation of
the rolling stock fleet (RS) and provides a comprehensive solution for monitoring and managing the lifecycle of operations
at small road transport enterprises. It incorporates all the divisions typical of a public joint-stock company (PJSC) and
offers continuous monitoring of rolling stock parameters at low operating costs. This is achieved through modern mobile
wireless communication technologies and professional navigation and communication equipment. The virtual enterprise
consists of several developed information and software complexes (IPC), including “Virtual Mechanic ‘HADI-12"”, “Service
Fuel Eco ‘NTU-HADI-12”, “MonDiaFor ‘HADI-15"” and “IdenMonDiaOperCon ‘HNADU-16"". These complexes facilitate the
interaction of various monitoring components, such as the operational condition of the vehicle and the driver, the on-board
information system, vehicle operating conditions (including road, transport, atmospheric, and climatic conditions), and
the transport and highway infrastructure. The results obtained through the IPC enable the calculation of average vehicle
speeds while considering geozones, fuel consumption, and the relative coefficient of speed change. This data serves as a
key guideline for determining vehicle operating conditions and adjusting the existing management and analysis systems in
PJSC. Future plans include obtaining results using the IPC to provide insights into average vehicle speeds, fuel consumption,
and relative speed change coefficients, which will further aid in assessing the operating conditions of specific vehicles

Keywords: car; public road transport; technical operation of cars; virtual road transport enterprise; information software
complexes; intelligent transport systems
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CneKTpanbHa OuUiHKa BibpoHaBaHTa)KeHb IErKoro
BiMCbKOBOIo aBTOMOGINA

AHoTauiqa. [IpoBeeHo aHali3 YMOB 3aCTOCYBaHHS JIETKMUX BifiCbKOBMX aBTOMOG/IIB i yac BegeHHs 60ii0BUX Miii.
BpaxoBytouM iHTeHCUMBHICTh BUKOPUCTAHHS BifiICbKOBMX aBTOMOOIIIB Ha HPOHTI, 30KpeMa 36i/IbliIeHHS eKCILTyaTalifiHuX
HIBMIIKOCTeH Ta poOOTY 3pa3kiB Ha Mexki IX TeXHIYHMX MOXKIMBOCTEH B YMOBax 6e340PiskKs Ta 3 METOI0 3MeHIIeHHS
BiGpallifiHMX HaBaHTaKeHb Ha BOJis, €KillaX, eleMeHTY KOHCTPYKIIii BificbKOBOTO aBTOMOGI/ISI Ta BAHTAXi, 31T POITIOHOBAHO
SIK BapiaHT BMXOJY i3 cuUTyalii Ha CyyacHMX 3pa3KaX BMKOPUCTOBYBATM NOBroxXoJoBi MmifBicku. 3a aHanizom
rornepesHbO MPOBeJeHMX NOIiI)KeHb BCTAaHOBIEHO YaCTOTHI MeXi Uy T/IMBOCTi OpraHi3My JIIOAVHY Y BePTUKAIbHOMY
Ta TOPM30HTATBLHOMY HampsiMax. [Ijst TpoBeleHHSsI OL[iHKY IJIABHOCTI PyXY JIeTKOT0 BilfiCbKOBOTO aBTOMOOi/IsI «Mamarii»
Ta CIIeKTPaJIbHOI OLIiHKYM BiOpOHaBaHTaXXeHb Ha BOJis i1 eKinask po3pobieHo iMmiTaliliHy Momenb po6oTH migBicku B
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yMoOBax 6e310pixoks. Y MoganbIioMy BM3HaUeHO BiOpoHaBaHTaKeHHSI Ha BOJis Ta Mic/IsI TOPiBHSIHHS iX i3 pe3y/ibTaTaMu
MPOBeJIEHOTO eKCIIepMMEeHTAIbHOTO SOCTiIKeHHS OLliHeHO BiJIIOBiAHICTh pe3y/bTaTiB i aleKBaTHICTb iMiTalliiiHO1 MO/eJTi.
PisHuIIS B aMIUTITyJaX BepTUKaIbHMUX IPUCKOPEHb Ha POOOUOMY MiCLli BOZiSI ITiJ] Yac eKCIIePUMEeHTY Ta KOMIT I0TepHOTO
MOJIe/II0OBaHHS He nepeBuiryBana 12—15 %. [Ijis crliBCTaB/IeHHS eKCIIePMMEHTATbHUX JaHUX Ta JaHUX, OTPUMaHUX
HUISIXOM iMiTaliliHOTO MOJeM0BaHHS i3 perllaMeHTOBaHMMM CTaHAapTaMu CaHiTapHMMM HOpMaMM i BeIMUMHAMMU.
3acobamu MaTeMaTUYHOro mnpoliecopa Matlab npoBeneHo 6e3nocepenHe BU3HAUEHHS CepeIHbOKBAAPATUUHNX 3HAUEHb
BiGPOMPUCKOPEHDb B OKTABHUX CMYTaX, IJIS YOTO PO3p06JIeHO BiATIOBiZHY MpOrpamy, OCKiIbKYM BOyioBaHa QyHKIIisl poctave
cepenouia Matlab He 03BoJISIE TPOBECTHM aHAaTi3 ISl YACTOT HIKYe 3 I

KniouoBi cnoBa: Bi6poKonMBHI HaBaHTaKe€HHS ; JIETKMIT BiliCbKOBU#T aBTOMOGiJIb; MiIpecopeHa Maca; MJIaBHICTb XO1Y;
cepeHbOKBAIpaTUYHE BiOPOIIPMCKOPEHHS; CUCTEMA MiAPeCOPEHHS ; CIIEKTPAIbHII aHaTi3

BcTyn

BuKOHAHHS JIETKUMU BilfiCbKOBMMM aBTOMOOiNsIMu (JIBA)
3aBJaHb IiJ yac BefeHHs 60710BUX Aiit OB’SI3aHO 3 BU-
MOTIOI0 OJJHOUYACHOTO 3a6e3MeyeHHs BMCOKOI IIBMUIKOCTI,
MPOXiJHOCTI Ta HaMiftHOI iX eKcIuTyaTallii y BaskKuUX I0-
POXHiX ymoBax. Lle mpM3BOAUTH 4O YaCTMUX MOJOMOK SIK
OKpeMMX eleMEeHTiB KOHCTPYKIii, TaK i 3MOHTOBaHO Ha
ix 6asi obmagHaHHS, MiABUIIEHOT BTOMJIEHOCTI eKimaxiB
i, IK HACTiOOK, 3HMKEHHSI e(eKTUBHOCTI BUKOHAHHS 3a-
BIaHb [1]. Y 3B’I3Ky 3 BUMYIIEHUM 3POCTAaHHIM CepelHixX
eKCIUTyaTaliiiHMX HIBUAKOCTENl HeoOXigHiCTh MaKCu-
MaJIbHOTO MigBUILEHHS IIaBHOCTI xony JIBA Ta 6e3rnexu
Ji0ro pyxy 3a yMOB aKTMBHOTO BMKODPMCTAHHS JOpPOraMu
Ta 6e3I0PIKKIM IIif yac BemeHHs 60i0BUX [iil BUCYBa€e
NUTaHHS palliOHaJTbHOI KOHCTPYKIii MiJBICKM SIK ONHY
i3 HaliBaskIMBimMX Mpo6IEeM Cy4acHOro aBTOMOOile-
OymyBaHHS. BupimieHHs 1iei mpob6iiemu BemeThCs K Y
HaNpsIMKy MOUIYKY HOBUX CXeM IifIBiCOK, TaK i LIISIXOM
CTBOpEHHS IPY)XKHUX €JIeMeHTiB HOBMX TUIIB i i BUIIeH-
HS iX JOBTOBiUHOCTI. Bask/IMBO TaKOX 3ab6e3neunTit obme-
SKEHHST BiOpOHABaHTAaXKEHOCTI Ha BO[isl, eKinasx, BaHTaxi,
KOMITOHEeHTHM 1lIaci Ta Ky30Ba B Jlialla30OHi IIBUIKOCTE
Ha piBHi, SIKMi1 He NIpu3BeJe 0 HENIPUEMHUX BiUYTTiB i
LIBMUIKOI CTOMJIEHOCTI JII0[Ieli, TTOIKOIKEHHSI BAHTaXIB i
eJleMeHTiB KOHCTPYKIIii. BibpoHaBaHTakeHICTh BIUIMBAE
Ha 6araTo ekCIUTyaTaliiiHMX XapaKTepUCTUK aBTOMOOIIs,
BKJ/IIOYAIOUM CepefHI0 MBUAKICTh, BUTpATY MaauBa, 6e3-
MeKy pyXy, JOBTOBiUHICTb i MpauesfaTHicThb. Lle BKIOUae
BiIUYTTS BOZiSI Ta MacaXkupis, 36epeskeHiCTb BaHTAXiB i
KOHCTPYKTMBHI €/leMeHTH.

CyuacHi MikHapogHi 3pa3ku JIBA mocTyIioBo nepexo-
ISTh Ha JOBrOXOA0Bi He3anexHi nifgsicku [2]. e gae 3mo-
Iy 3HaYHO 3MEHILUTY HelliipecopeHi Macu Ta, BilIOBiIHO,
BiGpOHABaHTaKEHICTh eKinaxKy Ta Ky3oBa. Y pobori [3] po3-
DISTHYTO (OPMYBaHHS BUMOT 10 aBTOMOOIIIB Ta 60710BUX
6poHboBaHUX MamyH. Cepes HUX BU3HAUEHO, IO CUCTe-
Ma MiJpecopeHHs! MOBMHHA 3abe3leuyyBaTy MiHIMaIbHY
BTOMJIIOBAHICTb BOZAiSl MPU pycCi IPYHTOBMMM JOPOTraMu Ta
6e300pIKKSIM IPOTITOM He MeHIIe 3-X TOIMH.

MeTo0 pob6OTH € pPO3pOOJIIeHHSI MEeTONMKU CIIeK-
TPAJbHOTO aHali3y BiGpOHaBaHTaskeHb BiliICbKOBOTO aB-
TOMOOIJIA MMiJ yac pyxy 6e3I0pixKsIM Ta IPOBeIeHHSs Mo-
PiBHSITBHOI CIEKTPaabHOI OI[iHKM BiOGpOHABaHTaKeHOCTI
Bopist JIBA «Mamaii».

PesynbTatu

ITig yac pyxy aBToMOGiIsT JoporaMu Ta 6e3m0PiXKIM BU-
HMKaIOTh JIiHilHi KOJIMBaHHS LIEHTPYy Mac y HalpsMKax
oceil BJIaCHOI CMCTEMM KOODAMHAT Ta KYTOBi KOJIMBAHHS
jioro xopmycy. OcTaHHi 3yMOBJIeHi HAaCTYMTHUMMU UMHHU-
KaMu: HepiBHiCTIO onopHoi noBepxHi (OII), HecTabinbHi-
CTIO pEAKTMBHMX MOMEHTIB, 10 Ail0Th HA aBTOMOGi/Ib NP
3MiHi onopy pyxy a60 MBUAKICHOTO pexkumy, He36a1aHco-
BaHICTIO Mac KOJIiCc Ipy 3MiHi orIopy pyxoBi abo LIBUAKiC-
HOTO peXumy, He36a/IaHCOBAHICTIO Mac KOJIiC, HEMUHYYM-
MM KOJIMBAaHHSIMM €/IeMeHTiB TpaHcMicii Ta pymris [4]. Ins
JIOPO’KHBOTO aBTOMOGI/ISI TOJIOBHMM UYMHHMUKOM KOJIMBaHb
€ HepiBHicTh OIl, Ay 1M03aJ0POKHBOTO BAsKIMBI i1 iHIIII
YMHHUKY, OCKIJIbKM YMOBU PYXy CIIPUUMHSIIOTH BEIMKI Ha-
BaHTaXeHHS MOMeHTaMM Kojic i TpaHcmicii. KonuBaHHS
MalOTh 3HAUHMII BIUIMB Ha OpraHi3M JIOOMHMU, siKa 3a }i-
3i07I0TiYHMMM BAACTMBOCTSIMM IPUCTOCOBAHA A0 YaCTOTU
xony maTepi. ToMmy BBaXKa€ThCs, 1110 Y JIETKOBUX aBTOMOGi -
JIiB 4aCTOTU KOJMBaHb 1100 HopMasi OIl moBMHHI 06Me-
KyBaTuCs 3HaueHHssMu 50-70 ukiis/xB. a6o 0,8-1,3 I'.

Bogiit Ta ekinmaxk Cy6’€eKTMBHO OILiHIOIOTbH IIaBHICTh
pyXy. Broma Ta mpucKOpeHHSI KOJIMBaHb IOB’S13aHi 3 Bi-
YyTTSIMM Jrofeit. HaliimpocTiumm crioco60oM BUMipIOBaHHS
IIJIABHOCTI XOJly € YacTOTa BJIaCHMX KOJIMBaHb Ky30Ba. Exc-
IIepUMMEeHTH I0Ka3alu, U0 CYKYNHICTh BeIMYMH BJIaCHUX
4acTOT KOJMMBAaHb Pa3OM i3 cepegHbOI0 YaCTOTOI KPOKiB
moauuu (60-90 3a xB.), aKa Bignosimae 1-1,5 T, € ymo-
BOIO IUIaBHOCTI xoxy [5]. ToMy IMpy MPOEKTYBaHHI HOBUX
aBTOMOOITIB i3 BU3HAUEHMMM YMOBaMU PYyXY, @ TAKOX MO-
JlepHisanii icHylouux mig, Ti uM iHIII YMOBM eKcIuTyaTallii,
Y BUKOPUCTAHHS ITiJT yac BeeHHs 60 10BUX [iit, 0cOOIMBA
yBara npuaiJiseTbCsl pO3pOO6IEHHIO Ta JOCTIIKEHHIO MiABi-
cku. lle BaXKIMBO 3 OIVISAY Ha Te, IO ITiJBicka aBTOMOGiIsSI
€ CYKYTTHiCTIO IIPUCTPOIB, 10 CTIONMYYaIlOTh MiCT UM Koseca 3
paMoio (Ky30BOM) aBTOMOOIJIS, TpU3HAYEHi AJ1sI 3MEHIIeH-
HS [IMHAMiUHMX HaBaHTaXkKeHb IIifl yac pyxXy HepiBHOCTSIMU
Ioporu i siki 3a6e31meuyloTh repegavy BCiX CUJI i MOMEHTIB,
110 AiI0Th MiX KoJlecaMu i paMolo (Ky30BoM) [6, 7].

BaskMBO BifA3HAUMTH, WO IJIABHICTh PyXy aBTOMOGi-
JIs1, SIK #IOTO eKCIuTyaTallifiHa BIacTUBIiCTh TIOBUHHA 3a6e3-
revyyBaTM MOXJ/IMBICTb TPUBAJIOi i3[KM Pi3HOMaHITHUMM
Joporamu 6e3 yToMu abo TSDKKMX BiZUYTTiB y BOZisI Ta
eKkinaxy, a TaKOXX BMCOKi IIBUJIKOCTI pyXy Ta LiJIiCHICTb
repeBe3eHMX BaHTaxiB. [JIaBHICTh X0y aBTOMOOIS — 1ie
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CYKYTIHICTb Pi3HUX XapaKTePUCTHK, SIKi 3a6e31euyioTh 00-
MEXEHHS B MeXaxX BCTAaHOBJIEHMX HOPM BiGPOKOIMBHUX
HaBaHTaKeHb BOJisl, eKilaxy, BaHTaxiB, eJIeMeHTiB Iaci
Ta Ky3oBa. Hopmu BibpoHaBaHTa)KeHHSI BCTAaHOBIIOIOTHCS
TaKUM YMHOM, 11106 BiOpallist aBTOMOGiIS B Iiama3oHi ekc-
IUTyaTallifHUX IIBUAKOCTE He BUKIMKAIA HeMPUEMHUX
BiIUyTTiB i MIBUAKOI CTOMJIEHOCTi BOAisl Ta IMacaXupis,
a Bibpallisg eJleMeHTIB IIaci Ta Ky3oBa He 3aBAajia IIKOAU
BaHTaxkaM [5]. Kpim Toro, [jsi mepeBe3eHHs IacaskupisB
IJIaBHICTh XONy € OJHi€I0 3 HallBaXKIMBILIMX €KCILTyaTa-
LifHUX XapaKTepUCTMK. BiH € 6inblI BaXKIMBUM, HIXK iHIII
daxTopu KomMbOpPTHOCTI pyxy, Taki K MiKpoKJIiMar y ca-
JIOHI, JIETKiCTh KepyBaHHS, eprOHOMiKa Ta PO3MillleHHSI CU-
IiHb, HIYMHICTb PyXY TOIIO.

OTXe, OI[iIHKOBiI mapameTpu IJIaBHOCTi pyXy aBTOMO-
6isist MOBMHHI XapaKTepU3yBaTH BILIMB KOJIMBaHb HAa BOZIS,
eKimnax Ta BaHTaxi, 1110 ITlepeBo3aThbCs. JJonmycTMMMiL piBeHb
KOJIMBaHb JJISI OpTaHi3My JIOOMHM € 0OMeXXeHUM, a 1ie 03-
Hauae, 110 MpY BiJCYTHOCTI crieniaibHMX 0OMekeHb 3a J0-
MyCTMMOIO iIHTEHCUBHICTIO KOJIMBaHb [JjIsl [1€pPeBO3UMOTrO
BaHTaxKYy, TO OLIIHKOBi KpuTepii MOBMHHI 6YTH aganToBaHi
IO CIIPUITHATTS KOMMBaHb JIOAMHOW0. [JOCTiIKeHHS ToKa-
3a/11, 1110 YaCTOTa, iIHTeHCUBHICTh, HAIIPSIM i TPUBAJIICTD Bi-
Opariii BIUTMBAIOTh Ha YyTJMBIiCTb JTIIOAMHY A0 Bibpaiiii. Jlro-
IVMHA HaiibinbII uyTaMBa 4o Bibpauii Ha yactorax 4-8 I'ny
BepPTUKAIbHOMY HaANpsAMKy Ta 1-2 I'll y TOpM30HTAIbHOMY
HamnpsiMky. Lle 1MOB’s13aHO 3 TUM, 1110 KOMMBAHHS Y BEPTU-
KaJIbHOMY HaIIPSIMKY i3 3a3HaY€HOI0 YaCTOTOI0 HETaTUBHO
BIIMBAIOTh Ha BeCTUOY/ISIpHUIL anapar, IOpyIIyIoTh cepiie

Ta BUKIMKAIOTh pe30HAHCHI KOJIMBAHHS BHYTPIllIHiX opra-
HiB. Po3po6iieHi craHmapT Ta NO3BOJeHi piBHi BibpoHa-
BAaHTAXEHOCTi [JIs JII0Jeii, 106 OL[iHUTY BIUIMB YaCTOTU
BJIACHMX KOJIMBAHb MipecopeHnx Mac Ha (PyHKIiOHAIbHY
LisTbHICTh OpraHismy. [Ipy po3pobiaeHHi HOPM BpaxoByBa-
JIOCh, IO peaxilisi OpraHi3My JIOAMHY 3a/IeKUTh Bif, 4acTo-
TU BIUIMBIB, YaCTOTHMI CKIaf, IKUX MPUMHSATO AiMUTKU Ha
okTaBu. OKTaBOIO € CMyTa YaCTOT, y SIKilt KiHIleBa rpaHMYHa
YacToTa € B 2 pa3u BUIIOIO Bif, moyaTKoBoi. JlomycTumMmii
piBeHb Bibpalliii, 110 AiI0Th Ha BOMis Ta eKillaK, BU3Haye-
HMI BiATIOBIZHUM Ille paAsSHCbKMM CTaHapToM [8], sskuit
BTpPaTUB CBOIO UMHHICTb. Ajle UMHHUM € CTaHpapT 2631
MiKXHapomHOi opraHisauii mo cranmaptusauii (ISO) [9],
SKUit TpuitHATO YKpaiHowo y 2004 porii. BignmosigHo mo
3a3HAUYEHOr0 JOKyMeHTa HOpPMOBaHMMM TMapaMeTpaMu €
CcepeNHbOKBAAPATUYHI 3HAUEHHS BEPTUKAIbHMX BiGpo-
MPUCKOPEHb B OKTABHUX CMYTax, IO Ail0Th Ha JIIOANHY 6e3-
repepBHO MPOTAToM 8 roauH. BiAmoBigHo 10 3a3HaUeHOTO
CTAaHIAPTY IIaBHICTh X0y aBTOMOGIIS OIiHIOETbCS BEJIN-
YMHOK CepeHbOKBAPaTUUHNX BiOPOMPUCKOPEHD ITifpe-
copeHMX Macy giana3oHi uactot 0,7-22,4 I'. 3BepHiTh yBa-
Iy, 110 CepeHi KBaJlpaTUUHi 3HAUeHHS BiOpONPUCKOPEHD/
Bi6pormBuAKocTel abo ixHi sorapudmivyHi ekBiBaseHTH B
OKTaBax abo 1/3 OKTaBHMUX CMyTax YacTOT, € TOKa3HUKAMM
HaBaHTaKeHHS IIpU CIIeKTPaTbHOMY aHasi3i KOMMBaHb i Bi-
6parlii, sKuit JOMiHye B JOCTiIKEHHSX, IO CTOCYIOThCS I1a-
paMeTpuYHOi onTuMisarii migBicku aBTomMo6ins. YacToTHi
XapaKTepUCTUKY, PO3MOIi/T YACTOT/OKTaB KOJIMBAaHb 3TiTHO
HopM ISO HaBepeHi B Tabmuiri 1.

Ta6nuus 1. Posmofis uacTOTHMX ITapaMeTpiB CMYT OKTaB [9]

0,7-0,89
0,89-1,12
1,12-1,4

0,7-1,4

1I 2,0

1,4-1,78
1,78-2,24
2,24-2,8

1,4-2,8

I 4,0

2,8-3,5
3,5-4,4
4,4-5,6

2,8-5,6

v 8,0

5,6-7,1
7,1-8,9
8,9-11,2

5,6—11,2

\% 16,0

11,2-14,1
14,1-17,8
17,8-22,4

11,2-22,4

VI 31,5

22,4-28,2
28,2-35,5
35,5-44,7

22,4—44,7

vl 69

44,7-56,2
56,2-70,8
70,8—-89,7

44,7-89,7

O)Kepeno: CTBOpeHOo aBTOpamMu
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Kpim Toro, y [9] MicTUTb 3aralbHONPUIHSTI YMCENbHI
3HAUEHHS BaroBux KoediieHTiB A1 HAMOIbII 3HAYYIINX
Y YMOBax IJIaBHOCTi XO[Iy HM3bKOUYACTOTHOTO Jjialla30HY.

V 3B’I3Ky 3 OYEBUAHOI0 MOTPe6OI0 BEIMKOI Kislb-
KocTi JIBA pisHOro mpusHauyeHHs Ijs1 QPOHTY, Ha Tepe-
Hax VYKpaiHM aKTMBHO PO3POOJISIOTHCSI TaKi 3pasku SIK
Iep>kaBHMMM aBTOMOOUIBHUMM IiJNPUEMCTBAMM KOP-
nopanii AT «YkpaiHcbka 0GOpOHHA MPOMMUCIOBICTb» Y
cepiiiHMxX MacmrrTabax, Tak i IPMBAaTHUMM BUPOOHMKA-
mu. OcobnuBicTio Takoi poboTH € BUTOTOBIEeHHS JIBA y
BifMOBIIHOCTi 1O MOKJIMBOCTEN i TEXHOJOTiUHUX CIIPO-
MOXXHOCTE caMoTro MiAIIPMEMCTBA, & TaKOX iX YIOCKO-
HaJIeHHS 32 BMMOTaMM IO BEIEHHSI Cy4yacHUX O0i0BMX
Iiit Ta «dinbexy» 3 BilicCbKOBMX YaCTMH, Je TakKi 3pas3ku
aKTMBHO BUKOPUCTOBYIOThCS. IS OLIiHKM €(peKTUBHOCTI
miaBicku BUKopuctaHo JIBA «Mamaii», po3po6ieHunii ajist
MiApo3aiaiB cui1 060POHN.

Ha mnepmomy eTami y MporpaMHOMY CepemoBMILi
MATLAB Simulink po3po6neHo imirtaniiiny momenb po-
6otu migBicku JIBA 3a yMOB pyxy 6e3mopixcksiM. BkazaHa

0,25
0,2
0,15
0,1
0,05
0
-0,05
-0,1
-0,15
-0,2

EkcriepuMeHTaNbHI JaH]

Bi6pornpockopeHHsi, m/c"2

Simulink-Mogenp majla MOXKIMBICTD BM3HAUaTHM MaKCU-
MajbHY HIBUAKICTh PyXy 3pa3ka 3 OJHOYACHOIO OITiHKOIO
aMIUTITYyAY TIPYKHO-IEeMITQYBaJIbHUX XapaKTEPUCTUK Ta
XOMiB MiABiCKM, a TAKOX OLIIHIOBATU BiOPOKOIMBHI HaBaH-
TaskKeHHS Ha BOfis i1 eximax JIBA. IIpy iboMy Heo6XigHO
BHECTM TlapaMeTpy TeXHiYHOTO BUIJISLY BiliICbKOBOTO aB-
TOMOOi/ISI, 30KpeMa OCHOBHi BaroBi mapamertpu JIBA Ta
Ji0oTo MiABiCKM 3 PO3TO/Ii/IOM 3a OCSIMMU, TapaMeTpPU pesibe-
¢y OI, mtyyHux nmepemkor [10].

Ha npyromy eTari mpoBeJieHO eKCliepyMeHTaIbHe J0-
ctigkeHHs JIBA «Mamaii» ajisi BU3HAUEHHS Ta TePeBipKu
OCHOBHUX TeXHIUYHUX XapaKTepUCTUK, 30KpeMa 10ro Mak-
CMMaJbHO MOXIMBOI HIBUAKOCTI pyXy 6e3mopirKam Ta
OLIiHKM IUIaBHOCT] Jioro xomy [11,12].

VY nopanblioMy MpoBefeHo MOPiBHSIbHUIA aHali3 pe-
3y/IbTATIB iMiTallilfHOTO MOME/NIOBaHHS 3 pe3yabTaTaMu
MpoBeAeHNX eKCIepUMEeHTaTbHUX JOCTimKeHb. AneKBaT-
HicTb po3po6iieHoi iMmirtalliiiHoi mMomeni OMHAMIKU pPyxy
JIBA 6e3I0pixsKsIM MiATBEpIKeHa JOCTaTHIM 36irom Teo-
pPeTMUYHMX i eKcliepuMeHTalbHUX pe3ynbTratis (Puc. 1).

Yac, c

PucyHok 1. CriiBcTaB/ieHHSI pe3y/IbTaTiB KOMIT I0TepPHOTO MOJIeMI0BaHHS JIETKOTO BifiICbKOBOTO aBTOMOOi/IS
JIBA «Mamaii» 3 ekcriepMMeHTaaAbHUMU JaHUMU

[Ookepeno: po3pobiieHo aBTOpaMu 3a JaHumu [12]

I'padiku MOKa3yOTh, 1[0 YACTOTA BiGPOMPUCKOPEHD
i BiMOBigHI UMCIOBi 3HAUEHHS 3HAXOHOITHCS B OLHOMY
Jliarna3oHi, 110 CBigUMTh PO Te, IO pe3yJabTaT MaTeMa-
TUYHOTO MOJEIIOBaHHs poboTu migsicku JIBA «Mamaii» €
mocratHiMu. Lle, y cBOO 4epry, NO3BOJISIE IPOBOAUTH IO-
PiBHSIZIbHMIL aHaJIi3 Pi3HMX KOHCTPYKTMBHUX BapiaHTiB BU-
KOHAHHS MiABICKY Ie Ha eTari KOHCTPYIOBaHHSI, {06 BU-
6paTy BapiaHT, sIKMit 6yIe 3aJOBONIbHSITU IIEBHUM YMOBAM
eKcIuTyartalii. 3a pesyibTaTaMy IIPOBEAEHOT0 aHalli3y Ta-
KOXX MO’KHA CTBEPIKYBaTH, 10 PiSHUIS B aMIUTITyIaX Bep-
TUKaJbHUX MIPUCKOPEHD Ha pO6OYOMY MicClli BOZis i uac
eKCIIepMMEeHTY Ta KOMIT I0TEPHOTO MOJIeTIOBaHHS He Tiepe-
BuiyBana 12-15 %, xapakTep KOJIMBaHb y Yaci € 67IM3bKUM.
TMopsp i3 TMM Heo6XigHO B3SITU OO yBaru i 3aJaHHs abco-
JIIOTHO PiBHOI MTOBEPXHi 40 TiSTHKM Y KOMIT I0TE€PU30BaHiii
nporpami (nepmi 0,5-1,0 ¢ 3aizmy, auB. Puc. 1) Ta peaniit
IOPOKHBOTO TIOKPUTTSI, 3PEIITOI0 SIK i MOXMOOK pealtiit
MpodisTio MITYIYHUX IEPENIKOL, pyXy 3 6eTOHHOI OpYKiBKM Ta
3aKJIaJIEHUX Y MOZEIb TeOpeTUUHUX GopM. BiguyTHa pis-
HMIIS aMIUTITY[, KOJIMBaHb Ha 4-1 cekyHAi 3anucy (Puc. 1)
00yMOBJIeHa Pi3KMM TaJbMyBaHHSIM IiC/ISI TTPOXOIKEHHSI
BUITPOOYBaIbHOI IIMISTHKY MiJ] YaC eKCIIePUMEHTY Ta 3a/K-
IIEHHSIM CTabiIbHOI WIBMAKOCTI PyXy MPU MOZETIOBaHHI.

Inist Toro, 106 MOBHICTIO OLIIHUTU peasibHy 30i3KHiCTb
pe3yabTaTiB eKcllepMMeHTaabHUX BUIIPOOYBaHb i Mope-
JIIOBAHHSI, HEOOXiTHO TMPOLOBKUTU OOPOOKY OTPUMAHUX
JaHMX i 3HaWTU cepefHBOKBAAPATUUHI 3HAUEHHS Bi6GPO-
MIPUCKOPEeHb Y BiIMOBiAHMX YaCTOTHUX cMyrax. Ha ocHOBIi
BiIOMMX TEOPETUYHMUX 1 IPaKTUUHUX MPUHIUIIIB OL[iHKU
Bi6pOHABAHTasKEHb MOXKHA CTBEPIKYBATH, 1[0 Pe3yIbTaTH
MOJeI0BaHHS, IIpefcTaBieHi Ha rpadiky, HaJaloTh JOCTAT-
HbO iH(opMalLii 1S TOPiBHSIBHOI OI[iHKM BiGpOHABaHTA-
SKeHOCTi BOpis Ta exinaxy JIBA, ajie BOHU He € JOCTaTHbO
edexTMBHMMU [1s1 BU3HAUEHHST 6e3MOocepeHbOrO DPiBHS
BibpoHaBaHTaxkeHb. /i1 OKTaBHMX i 1/3 OKTaBHMX Aiaria-
30HiB YaCTOT BiGPOKOIMBaHb OCTAHHI BUKOPUCTOBYIOThCSI
SIK y3araJibHeHi cepefHbOKBaJpaTMyHi 3Ha4eHHS. Takum
YMHOM, iCHye HeOOXiZHICTb IOIAaTKOBOTO OIpPAlIOBaHHS
IIOTOKY BMXiJIHOTO CUTHaJy, SIKMI1 NOJAETbCS HAa BUXOLi
imiTaniitHoi Mopesti y BUISAi yacoBoi QyHKIii amIutiTy -
HMX 3HAUeHb BiGpOIpUCKOpeHb cuIiHHS Boxis JIBA «Ma-
Maii». 3arajiomM, aIrOPUTM OIIpAlLlIOBaHHS JaHUX BU3HAUya€
piBeHb BUXiJTHOTO CUTHAJTYy [l KOKHOT'O [lialla30Hy YacCTOT
OKTaBHMX CMYT 3 C€PEIHbOreOMeTPUUYHMMM YacTOTaMMu 2,
4,8,161 31,5 I'u. Leit airopuT™ BUKOPUCTOBYE 3aIEXKHICTb
TIPMCKOPEHHSI BiJ yacy micisi nepetBopeHHst Oyp’e, 1106
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OTPUMATHU CIIeKTPa/IbHY TYCTUHY BUXiZHOTO cuUrHasy. Lleit
METO[I, He BimoOpaskae aGCOMIOTHUX cepeaHbOKBaApaTUY-
HMX 3HAYE€Hb BiOPOMPUCKOPEHb.

Bu3HaueHHS cepeIHbOKBAAPAaTUYHMX 3HAUEHb BiOPO-
MPUCKOPEHDb B OKTaBHMX CMYTrax € HACTYITHUM 00’ €KTUB-
HO HeOOXiTHMM 3aBIAHHSM, sIKe 6e3[10cepeqHbO Mepeaye
6e3rnocepeHbOMY TIOPiBHSIHHIO €KCIIEPUMEHTATbHUX
JaHUX 3 NaHUMMM, OTPUMMaHMMM LUISIXOM iMiTalliiiHOTO
MOAeMIOBaHHS, 3 TEOPETUUYHUMU OCHOBAMM, CTaTUCTUY-
HMMM 3HAaUEHHSIMM Ta perjaMeHTOBAaHMMMU CTaHAApTaMU
Ta HOpMaMu BenMuMH. MatemaTuuHuit rpouecop Matlab
Hajikpallle MiIXOAUTH [Jis peasi3alii alrOpUTMy 1bOTO
OIlpallloBaHHS pe3y/abTaTiB MOAENI0BaHHS. AHali3 OTpu-
MaHMX YaCOBUX 3aJIEXKHOCTEN, OTPMMaHMUX eKCIlepuMeH-
TaJabHO i OTPMMaHMUX NUISIXOM iMiTalliliHOTO MOZEeI0BaH-
Hs Y cepepoBuii Simulink mpoBemeHo i3 BUKOPUCTAHHSAM
3aco6iB Matlab 2019b. IIpu 1mpomy 6yl0 BUKOPUCTAHO

HACTYIIHi KOMaHAy: CIieplly 3a JOMOMOroI0 Tapy KOMaH7,
fft i fftshift orpumano crexTpyu OTpUMaHUX CUTHAJIB Bi-
6pornpuckopeHb. OckinbKku BOymoBaHa (YHKIIiS poctave
cepenoBuia Matlab He mo3Bossie mpoBecTu aHasi3 JJist
yacToT Husk4e 3 I, 1110 HeMPUITHSITHO [/ Hallloi MeTH,
aHaJIi3 po3Mofiay CIeKTPiB 3a OKTaBaMu OYJIO 37iliCHEHO
3a OMOMOrOI0 CIeliaJbHO po3pobneHoi ¢yHKuUii. Tax,
JLIST KOKHOI OKTaBM 6ysIo BUOPAHO Ti YaCTOTH, SIKi BifIo-
BiZaloTh MeXaM [ianma3oHy KOKHOI 3 OKTaB i AJjisl JaHuUX
CIEeKTPiB, SIKi BiAINOBiAAIOTh IIMM YacTOTaM, BM3HAUEHO
cepenHi reoMeTpuUuHi 3HaueHHs. [Ijis aHaMi3y 3a fgiama-
30HOM 1/3 OKTaBU Meski KOKHOTO JIiana3oHy 6yso Bigmo-
BiIHO 3BY)KE€HO, a JIrOPUTM ONpPAIIOBAHHS IaHUX Oy/I0
BUKOPUCTAHO TOM camuit. Pe3ynbTaTy aHasisy HaBeJeHO
rpadiudo Ha PucyHKy 2-3 pa3oM i3 ZOMYCTUMOIO MeXeI0
BibpompuckopeHsb Ajis yacy pobotu 1 ta 8 ronuH Bimmo-
BimHO ;o craHpapry [9].

3 < Simulink —=-experiment

i S

8 16 32

PUCYHOK 2. Pe3y/ibTaTyl CIIEKTPAIbHOI OLIiHKM BiGPOKOIMBHMX HaBaHTaxkeHb JIBA «Mamaii»
B OKTaBHili CMy3i 4aCTOT KOIMBaHb

D)Kepeno: po3pobieHo aBTOpamMu

37 —-— Simulink

—=— experiment

limit8h — limit 1h -
f (Hz)
o= o b
8 16 32

PUCyHOK 3. Pe3ynbTaTi CIIEKTPAJIbHOI OI[iHKYM BiOPOKOIMBHMX HaBaHTaXXeHb JIBA «Mamaii»
B 1/3 OKTaBHiit CMy3i 4aCTOT KOJIMBaHb

D)Kepeno: po3pobieHo aBTOpamMu

3a aHa/li3oM CepeJHbOKBAJpaTUUYHUX IPUCKOPEHb
(dbakTMUYHO OTpMMAHO ABa 36ijblleHi piBHI BibpaLiiiHUX
HaBaHTaXXeHb y XapaKTepHMX JAiana3oHax. [lepumii i3 Hux
3HaxXoAUTbCSA Yy fiana3oHi 1-1,6 I'u, a gpyruii y nianasoHi
3-8 I't1. Lle cBigunTh MpO Te, 1O MiJIBiCKA TOCTiIKYBAHOTO
aBTOMOOIISI B LIIJIOMY 3aI0BOJIbHSIE BMMOTaM HaBeIeHUX
cra”gapris. Ilopsp i3 TMM HeOOXiZHO KOHCTATyBaTH, IO
BKa3aHi 36i/iblieHi piBHi 3MeHIIYIOTh yac pOGOTH BOZist
6e3 BTOMJIIOBAHOCTi ITpoTsirom 8 roauH. ITIpore 11e Bigmosi-
Jlae BMMOraM LI0J0 CUCTEMMU ITiIpeCOPeHHs], sika TOBMHHA

3abe3mevyBaTy MiHiManabHy BTOMJIIOBAHICTb BOZisS IIPU
pycCi Y BaKKMX AOPOXKHIX ymMoBax (I'pyHTOBa Jopora, 6y-
JIVKHE TIOKPUTTS) IPOTSATOM He MeHIie 3—4-X roguH [3].

BUCHOBKM

ITpoBeneHe OOCTigKeHHST MiABiCKM JIETKOTO BiliCbKOBOTO
aBTOMOOiST TO3BOJIIE KOHCTATyBaTH, IO CTBOpPEHA MO-
Jlesib Y IOCTaTHil Mipi 3a10BOJIbHSIE TUTAHHSIM IIOAO BU-
3HAuYeHHS Ta OLIiHKM IMapaMeTpiB MiABiCKM JI€TKOBOTO Bili-
CbKOBOT'O aBTOMOOiJISA, IO MiATBEPAKYETHCS BiAIIOBiAHOIO
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301KHICTIO pe3y/lbTaTiB MOJETIOBAHHSI Ta €KCIIEpUMEH-
TaJIbHUX JaHUX Ha Tpukiazni JIBA «Mamait».

BxinHi nani 6y/nu mpencTaBiieHi sk yacoBa QyHKIIiS Bi-
OGpOIPMCKOPEHDb MiCIISI BOAIST MiC/IT MOMEIOBAHHS Ta €KC-
repuMeHTy. Xo4a OTpUMaHi AaHi Jal0Th JOCTAaTHbO iHGOP-
Mauii [y MOpiBHSUTbHOI OLIiHKM BiGpOHABaHTaXKeHOCTI
BOJIisl, BOHM He JOCTaTHBO [JI1 BU3HAUEHHs Gesrocepe[-
HbOTO piBHSI BiOpOHaBaHTakeHb. Y pe3ynbTaTi Ge3moce-
penHi piBHI Bi6poHaBaHTaXXeHb 3a3BMYAil BU3HAYAIOTHCS

y3araJjbHeHMMM CepelHbOKBAaJpPaTUUHUMM 3HAUYEHHSIMU
JL7151 OKTaBHMX i TPETMHHO-OKTaBHUX Jlialla30HiB yacToT Bi-
6pOKOMBAHB i CIIIBCTABISIOTHCS 3i CTAaHIAPTOM [9)].

3a pe3ysnbraTaMy MPOBEIEHHS OOpPOOJEHHS AaHUX
imiTalliiiHOTO MOZENIOBAaHHS Ta eKCIIepUMMeHTalIbHUX [ia-
HMX OTPMMaHi aMILTiTyJHO-YaCTOTHi XapaKTepUCTUKMU, SIKi
JIO3BOJISIIOTH CTBEPAKYBaTH PO MPaBWIbHICTh BUOODY Ma-
pamMeTpiB miaBicku nmporoTtuiy JIBA «Mamaii» BXXe Ha eTamni
/10r0 MPOeKTYBaHHS.
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Spectral evaluation of vibration loadslight military vehicle

Abstract. An analysis of the conditions for the use of light military vehicles during hostilities was carried out. Taking into
account the intensity of use of military vehicles at the front, in particular the increase in operating speeds and the operation
of samples at the limit of their technical capabilities in off-road conditions and with the aim of reducing vibration loads on
the driver, crew, structural elements of the military vehicle and cargo, it is proposed as an option to get out of the situation
on modern samples use long-travel suspensions. Based on the analysis of previously conducted studies, the frequency limits
of the sensitivity of the human body in the vertical and horizontal directions have been established. A simulation model
of suspension operation in off-road conditions was developed to evaluate the smoothness of movement of the “Mamai”
light military vehicle and the spectral evaluation of vibration loads on the driver and crew. In the future, the vibration
load on the driver was determined, and after comparing them with the results of the conducted experimental study, the
comparability of the results and the adequacy of the simulation model were assessed. The difference in the amplitudes of
vertical accelerations at the driver’s workplace during the experiment and computer simulation did not exceed 12-15%. To
compare experimental data and data obtained through simulation modelling with regulated standards, sanitary norms and
values. with the means of the Matlab mathematical processor, the rms values of the vibration accelerations in the octave
bands were directly determined, for which a corresponding program was developed, since the built-in poctave function of
the Matlab environment does not allow the analysis for frequencies below 3 Hz

Keywords: vibro-oscillating loads; light military vehicle; sprung mass; running smoothness; rms vibration acceleration;
suspension system; spectral analysis
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MexaTpoHHa cucTeMa KepyBaHHS BOJIOTICTIO MiKpOKNiMaTy Ten/iuui

AHoTauis. [IpoaHani30BaHO BIUIMB 3arajibHUX TapaMeTpPiB TeMITepaTypH i BOMIOTOCTi Ha MiKPOK/IiMAT MauX TEIUIUILb.
Bu3HavueHO OCHOBHI BJACTUBOCTI, 110 3a6€3I1eUyI0Th HaiibiabIl CIPUSITIMB] YMOBY IJ1s1 POCTY i PO3BUTKY POC/INH, Ceper,
SIKMX 3HAYHY POJIb Bimirpae Bosorictb moBiTpst. [Ij1s1 3a6e3meueHHsI CTabiIbHOTO PeXXMMY MOBITPsI BcepeAyHi TeIIMYHOTO
MpUMillleHHSI He0OXiIHO MigTPUMYBaTH 6aIaHC BOJIOrOCTi. MeTOI0 pO6OTH € CTBOPEHHSI MEXaTPOHHOI CUCTeMU KepyBaHHS
BOJIOTICTIO MOBITPS B TEIIMYHOMY TOCIIOAAPCTBi. OCOOMMBICTIO MigXOAY € 3MillleHUit aITOPUTM KepyBaHHS pO3IWIIOBAYaMMU
Ha OCHOBI I[OJIEHHOTO ITPOrHo3y norofu. OGIPYHTOBAHO Ta PO3PO6IEeHO KOMIT I0TEPHY MO /b TEIUVIMYHOTO KOMILIEKCY,
sika BpaxXOBY€ N0AATKOBY KOMIIEHCAIlil0 BOJASIHOI Tapy, KOHBEKILil0 Ta BUMYIIEHUI PyX MOBITPSIHMUX Mac y Teruii. 3a
pesy/ibTaTaMy JOC/iI)KeHb PO3p06JI€HO MaTeMaTUUHY MO/Ie/Ib 3MiHM BUTPATU BOASHOI apy B TEIUIMIII BiATIOBigAHO
JI0 3MiHM BOJIOTOCTi 30BHIiIIHBOTO MOBITPSI MPOTITOM 106U B mporpamMHomy cepenosuiii SOLIDWORKS. IIpoBeneHo
MOZEI0OBAHHS 3MiHY MTapaMeTpiB MOBITPSI B TEIUIUII MPOTSITOM OIHi€i 106U [I71s1 MPOTrHO3Y MOT0aM B XepCOHChKilt 06macTi
(17 TpaBus 2023 poKy). B ocHOBY MozenoBaHHSI 6YJI0 TIOK/IaIeHO MTPOeKTHi apamMeTpyu TeIUInlli, TOYaTKOBY TeMIIepaTypy B
teruinii 20 °C, TemIlepaTypy HaBKOJIMIIIHBOTO CcepefoBuIa B Aianas3oHi Bif 13,9 °C go 26,2 °C 3rilHO 3 IPOrHO30M MOTOAY
Ta [IOYaTKOBY BOJIOTiCTb MOBITPps 70 %. BcTaHOB/IEHO, 1110 OTPUMaHi XapaKTepPUCTUKY LO3BOJSIOTh OL[iHUTHU 3arajabHuUii
KoedillieHT HaCMYeHHS MOBITPS BOLSHOIO MapoIo, IO MOCTYKMIO OCHOBOIO [I/1s1 BU3HAUEHHS He0O0XiZHOI MPOAYKTUBHOCTI
KOMIIEHCYIOUMX iHXKeKTOPiB i pO3p0OKM LIMKIOTpaMM KepyBaHHS CUCTeMOI0 cTabinizalii BosorocTi moBiTps B TeIUINII].
Ilns 3a6e3meueHHsI cTabiIbHOI BOMOTOCTI B TEIIMIII PO3p0o6/IeHa MexaTpOHHA ripaBilivyHa cucTeMa TyMaHOYTBOPEHHS.
3a pesy/nbTaTaMy MOJ@/IbHOTO eKCIIepUMEeHTY BM3HAUeHO KOOPAMHATY PO3TAIlyBaHHSI iH)KeKTOPiB Ta po3p0o6eHO PeXXUM
ix po60TH, a came aATOPUTM KepyBaHHSI. Pe3y/nbTaTy JOCTiIKeHHS Ta PO3p0O6IeHNiT aJTOPUTM KepyBaHHS MPUAATHI
IL7IS1 BUKOPUCTAHHS B MEXaTPOHHMUX CUCTeMaxX KepyBaHHSI MiKpOK/IiMaTOM 3 ypaxyBaHHSIM JOG0BMX 3MiH ITlapamMeTpiB
HaBKOJIMIIHbOTO CepefoBuIla. B anropuTmi rnepenbaueHo BMUKAHHS CUCTeMY TYMaHOYTBOPEHHS, OHOBJIEHHSI IIOTOYHUX
3HaYeHb 3MiHHMX, OIIUTYBAaHHS JAaTUMKiB Ta OHOBJIEHHSI KOMIUIEKTY KOMaH/, KepyBaHHsI. JIorika npoijecy KepyBaHHS
6a3yeThCs Ha BM3HAUYEHHI i BilIpalfoBaHHi peXXUMiB B TPbOX AianazoHax Bosiorocti: 70-65 %; 65-60 %; 60-50 %

Knio4oBi crnoBa: MexaTpoHHa CHCTeMa; TifipaB/liyHa CMCTeMa; CUCTeMa KepyBaHHS ; MiKpOK/IiMaT; BOJIOTICTh; PO3IMIEHHST;
TeIUTULIS
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Bctyn
3MiHa XapakTepy KJIiMaTy HaBKOJMIIHBOIO CepefoBUIA
BUK/IMKAE CYTTEBY 3MiHy NapaMeTpiB MiKpOK/IimaTy Te-
IJIMLI BIIPOAOBX BCbOTO eKCILTyaTaliiiiHoro vacy [9, 12].
Bonorictb NOBITpS MOXHa peryaoBaTy 3a JOMNOMOIOI0
TeMIlepaTypy IIOBITpS Ta CUCTEeMM TyMaHOYTBODEHHS
[2, 5]. 3miHa KinbKicTb BoasiHOI mapu B 1 M® 06’eMy BinoOy-
Ba€eThCS 32 PAXYHOK MacoOOMiHY MOBITpPSI 3 HABKOIUIIHIM
cepefoOBUILEM TEIUIMYHOTO 06’ €KTY. Y TeIUIMii repiof, poky
CTabiNbHICTD PiBHS BOJIOTH MOBITPSI MiATPUMYIOTD 3a IOTIO-
MOTO10 ITPOBITPIOBaHHS Ta CUCTEMM TYMaHOYTBOPEHHS, a B
XOJIOAHWMIA ITepiofi POKY MiATPUMKa PiBHS BOJIOTOCTi HOBITPS
BiIOYBA€ETHCS 32 PaxyHOK cucTeMM penypkyssunii [10, 11].

Cucrema KepyBaHHS MiKpOKJIiMaTOM TeIJIMYHOTO
o6’eKkTa Mae BimcaigkoByBaTH 3MiHM MapameTpiB MiKpo-
KJIiMaTy 30BHIlIHBOTO CepemoBMINA Ta, BiAMOBiAHO IO
IMX 3MiH, pearyBaTy Ta 3MiHIOBAaTM HajallTOBaHi mapa-
MeTpU BHYTPIIIHbOTO CepeloBUINA TeIUINLi, HiATPUMYI0-
Yy CTaly TeMIIepaTypy Ta BOJIOTICTh MOBITPSI B 3aMKHEHO-
My 06’eMi TeTuIMYHOrO 06’ekTy [1]. MexaTpoHHa cucTeMa
KepyBaHHS MiKpOK/IiMaTOM TeIUIMIi Ma€ BPaxOByBaTu
YOTUPU OCHOBHI UMHHUKM, SIKi 3a6€31eUyi0Tb TepMOAU-
HaMiuHMi1 0OMiH: KOHCTPYKTUB TeILINLI, IIOBITPS B 3aMK-
HeHOMY 06’eMi Teruii, I'pyHT Ta pocauuu. KoskeH umH-
HMK BiJIOBiZja€ 3a HACTYIHE: KOHCTPYKIis TeIVINYHOTO
06’eKTy BTPMUMYE TEIUIO; MOBITPsI BCepenMuHi Ternii pe-
TY/JI0€E TeMIlepaTypy Ta BOJIOTICTh (Teruio-MacoOoOMiH);
IPYHT IIOIIMHA€E BOJIOTY Ta TeIUIOBE BUIIPOMiHIOBaHHS;
pPOCIMHM NONal0Th POTOCHHTE3 Ta BUKPUBJIEHHS MTOTOKIB
noBiTps [2]. [ns 3abe3neueHHs CTajlol POO6OTH CUCTEMMU
HeoOXimHMIt TIOCTiNHMIT KOHTPOIb MapaMeTpiB ¢izuuHo-
ro cepefoBMIla TEIUIMILi, OCKiIbKM HagMipHa BOJIOTiCThb
MOBIiTPSl MOXe CIPUYMHUTU 3aXBOPIOBAHHSI DOCIMH, a
HeJOCTaTHSl BOJIOTICTb MOXE€ BMKJIMKATU TifpaBiaidyHMIL
CTpec, 10 y 6yOb-SIKOMY BUITAIKY 3HVSKYE piBeHb MPOSYK-
TUBHOCTI TEIUIMYHOTO 00’€KTY [2, 4].

V naHiit poboTi 3anpornoHOBaHa MexXaTPOHHA CUCTe-
Ma KepyBaHHS BOJIOTICTIO HA OCHOBi KOHCTPYKIIii Terimy-
HOTO O0’€KTY Ta TePMOIMHAMiUYHMX IPOLIECiB BcepenuHi
3aMKHEHOro 06’eMy, 3 BpaxyBaHHSM IapaMeTpiB OTOUy-
I0UOT'0 CepeloBMUIIA i MTOYaTKOBOI BOJIOTOCTi ITOBIiTpS B ce-
penyHi Terniii.

Ilpu aHanisi jgiTepaTypHUX OaHUX OYI0 BUSIBIEHO,
10 6IMBIIICTh JOCIiIKEHD 30CepekeHi Ha 3aCTOCYBaHHI
TEXHOJIOTii, CIPSIMOBAaHMX Ha CTBOPEHHS MiKpOKJIiMaTy B
OIHiVi Termnuili 3 IeBHMUM TECTOBUM cepefoBuileM [3]. B
iHIIOMY NpUKIaZi BUKOPUCTOBYIOTh Pi3HY CTPYKTYpy Ta
yIpaBIiHHA TeruinuHoro o6’ekry [4]. K. Kitrac ta T. Bap-
naHac [5] BusBuin, o gadi CFD MofentoBaHHS BKa3yIlOTh
Ha pi3Hi pO3MOMiNM MBUAKOCTI MOBITPsI Ta BOJOTOCTi B
TEIUIMYHOMY 06’€KTi. B MOCTiIKEHH] CMCTEMU COHSIYHO-
rO ONaJIeHHs Ta KiIiMaTu3alil Terauub [6] aBTOpU BUKO-
PUCTOBYBa/IM JiMIlle JaHi PO TeMIlepaTypy Ta BiIHOCHY
BOJIOTiCTh 6e3 BpaxyBaHHSI CUTyalii 3 BiZKpMBaHHAM
BiKOH mpoBiTpioBaHHs. Y po6ori C.-K. BaHerac-Asiia,
X. BapoHb-Benangia ta [.-I. Jleanb-Jlapa [11] posris-
HYTO IIPOTHO3YBaHHSI BOJIOTOCTi B TEIJIMYHOMY OO €KTi,

BU3HauUeHO 6a30BY CTPYKTYpy cepemoBuiia (Puc. 1a). [laHa
cXeMa BpaxOBYE 30BHIllIHi IOroJHi MapaMeTpy Ta YMOBU
i MexaHi3MM YyNpaB/iHHS, SKi BIUIMBAIOTh Ha BHYTPill-
Hilt KJIiMaT TeIIMYHOTO 06’eKTY. Y pobOTi 3a3HAUYEHO, 1[0
B MoJeni, sika po3pobieHa IJis1 KOHTPOJIIO Ta MPOTHO3Y-
BaHHS BOJIOTOCTi, BUKOPUCTOBYIOTbCS CHCTEMA HEUiTKOTO
BuBezneHHs (Puc. 16). LI Mogenb 6a3yeThcsl Ha 30BHilI-
HiX [MOTOJHMX YMOBaX, TaKMX SIK 30BHIIIHS TeMIlepaTypa,
30BHIIIHS BOJIOTiCTh, IIOOAIbHA pajiallis Ta IBUAKICTh
BiTpY, Ta MexaHi3Max KepyBaHHS (BEHTWISLLiS, ONIaJleHHS,
3aTiHeHHS, ITy4YHe ocBiTaeHHs, CO2 Ta TYMaHOYTBODEH-
HSI), IX B3a€EMO/iSl BU3HAYAETHCS HEUITKMMM MIpaBUIaMU,
a Ha BMXO[i HEYITKOI CUMCTEMM OTPUMMYETHCS 3HAUYEHHS
BHYTPIillIHbOI BOJIOTOCTI.
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TeMreparypa UIBMAKICTD
PR\ BiTpY
ORI BOMOTICTE gl

\ ROMOT

A nopiTpa ol
paLiaIi \ / /
X \

COHAMHA CO,; konuenTpanis

\
X

N

4

J

CO,

lT (xom; ucurpa-uin CO,
)

eHepris

(Temmeparypa
)

napa
(Bonoricrn
noBiTpaA)
KOHJleHcanis

o
use e
7
V4

onaeH

A
BEHTHAALI

A

KOWTPO

L3 \
\
\ oo .
\
CQO, sbarauenna \
BIOPCKYBAHHA

napu

a) Ha
BeHTunayia

Onanenus
3ariHeHHA
LiTyyHe ocBiTNeHHA

BnopckyBaHHAa CO2

TenauuHuid
Knimar

3aTyMaHeHHA/OXONOAMEHH

BHyTpiwna
BONOTICTD

3oeHilHA Temnepatypa
30BHIWHA BOAOTICTL

no6aneHa pagiauin

WeuaxicTs BiTpy

6)

PucyHok 1. [IporHo3yBaHHS Ta KOHTPOJIb BOJIOTOCTi
B TeIINIi
MpUMITKM: a — cxema MoZIe/Ti TAapHMKOBOTO KIiMary; 6 — 6710K-cxema
CIUCTEMM HEUiTKOTO BUBEOEHHS
kepeno: [11]
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IMpoaHasnizoBaHi AOCTiIKeHHS BKa3ylOThb Ha HeCTa-
OiNbHICTh TEpMOAMHAMIUHMX IPOILIECIB Ta HEMOK/IUBICTH
BiIC/IiIKOBYBAaHHS 3MiH BTpaTy BOJSIHOI Mapy y TeIUINY-
HOMY 06’€KTi. B 6isbIIocTi HaBemeHUX MPUKIALIB He Bpa-
XOBaHO 3a6e3MeyeHHs 6aaHCy BOJMIOTOCTI MOBITPSI.

3a pesyiabTaTaMM aHali3y BiZOMUX TeXHIUHUX pi-
1IeHb [3—-6] Ta pe3ynbTaTiB LOCIiIKeHb BCTAaHOBJIEHO, 10
1151 3abe3leyeHHs CTAJIOTO PEKMMY BOJIOTOCTI MOBITpsI
B CepelyHi TEIUIMYHOTO O0’€KTy HeoOXiIHO mepernbaun-
TU MEXaTPOHHY CUCTEMY KepyBaHHS BOJIOTiCTIO. Takum
YMHOM B CUCTEMi 3a6e3IeuyBaTMMEThCSI BOJIOTOCTi, IO €
HEBiJ'€MHOI0 YaCTMHOIO CUCTEMM MiKkpokiimary. s 3a-
6e3mnevyeHHsT PiBHOMipHOTrO pO3ITOi/Tly BOJIOTOCTI Ta HEOO-
xifHOi ii KibKOCTi MOTPi6HO 36epiraTu 6asaHC BOIOTOCTI
B cepenuHi Terunili. [y peaniszaiiii BKazaHOro migxomy
HeoOXiZHO PO3POOUTH CUCTEMY TYMaHOYTBOPEHHSI.

MerTolo 1ii€i po6OTH € CTBOPEHHSI MEXaTPOHHOI cucTe-
MM KepyBaHHSI BOJIOTiCTIO TIOBITPSI TEIIMYHOTO 06’eKTY. 151
LIbOTO HEOOXiIHO ITPOBECTM aHai3 J0O0BOI BOJIOTOCTI ITO-
BiTpsI HABKOJIMIIIHBOTO CepeOBUIIA Ta {1 BIUIMB Ha TEIUINY-
HUIT 00EKT 3 3aBAHUMU CTAIMMU MTapamMmeTpaMy MiKpOKJIi-
mary. HactymHuM eTtariom 6yzne po3po6Ka mozesi Terunii
Ta MOJe/TI0BaHHS 3MiHM BOJIOTOCTi MTOBITPS BIPOJLOBX O Hi-
€i mobu [7]. 3a OTpMMaHUMU pe3yIbTaTaMy HeOOXiZHO BU-
3HAYUTU KiJIBKICTh BOASHOIL MTapy IJIs1 TATPUMKM OalaHCy
BOJIOTOCTi TIOBITPSI B cepelyHi TeIruinili, po3poouTH rigpas-
JIUHY CXeMY CHCTEMU TyMaHOYTBOPeHHs, Miniopatu dop-
CYHKM Ta PO3POOUTH aaropuTM KepyBaHHS (DOpCyHKaMm.

MaTepianu Ta MeTOaMU

Cucrema kepyBaHHSI (OpPCYHKaAMM CUCTEMU TYMaHOYTBO-
peHHsl, IPUBOLAMM BiKOH NPOBITPIOBaHHS Ta 3alllTOPIO-
BaHHS, IPUBOJAMM 3aC/IiHOK KaHaliB, BeHTUISTOpaMM Ta
HarpiBauamy NOBMHHA MiATPMMYBaTy CTaJTy TEMIIEPATYpy
Ta BOJIOTIiCTh MOBITPs B CepeNMHi TeIuili He3aJexKHO Bif,
BIUIMBY 30BHIlIHiX (akTopiB. s CTBOPEHHSI MeXaTpo-
HHOI CMCTeMU KepyBaHHSI BOJIOTiCTIO He0OXiZHO BpaxyBaTu
3aJIEKHOCT] 3MiH BUTPAaTU BOASHOI mapy s MiATPUMKU
6ay1aHCy BOJIOTOCTI TEIUIMIIi Y Yaci MiJ BIUIMBOM MTPOrHO30-
BaHMX 3MiH IapaMeTpiB OTOUYIOUOro cepenoBuiia. Lie go3-
BOJIUTb BUSHAYUTY KilIbKiCTh BOASIHOI Iapy, sika Mae 6yTu
momaHa abo BUTy4eHa, IJIst KOMITeHcarlii y pasi BigxuieHHs
PiBHSI BOJIOTOCTi NOBITPS B Teruii. OTpMMaHHS BKa3aHUX
3aJIeXKHOCTel MoyKe 6yTH 3[ilICHEHO 3a JOIIOMOTOI0 MOJie-
JOBaHHS (QYyHKI[IOHYBaHHS TeIUIMIIi HA MpoTA3i Kobu. Ha
MepIIoMy eTarli, IS CTBOPEHHSI MOZeli, 6YJI0 PO3IISIHYTO
MpoliecH, 10 BiIOYBAIOTbCS B 06'€KTi KepyBaHHs, iX MaTe-
MaTUYHi onucu i MexXi 3aCTOCyBaHHS, MapaMeTpu Ta Koe-
¢biuieHTn, HeobXigHI ST pO3PaXyHKIB.
3MiHa BOJIOTOCTi TOBIiTpPSI B TEIUIMIi B OCHOBHOMY
CIIpUYMHEeHa BeHTWISIIIIEIO Ta TPaHCIipalli€lo pocinH. Be-
JIMUMHA 3MiHM BOJIOTOCTi TOBITpsl MOBMHHA BiAIOBimaTH
HaCTYITHOMY DiBHSIHHIO:
AH=AH, -AH (1

plant?

ne AH - 3mina mapu Bcepenuui terumui, AH, - 3miHa

Tapy, CipyyvHeHa BeHTuslie0, a AH ,  — 3MiHa BOlOIU
3a paXyHOK TpaHCIHipalii pocinH, BUIIaPOBYBaHHS [PYHTO-
BO1 BOAM Ta iHIIUX JyKepesl BOJIOTH.

Po3paxyHOK BiJHOCHOiI BOJIOTOCTi TOBIiTpsSl 3a AOMO-
MOTOI0 MiKpO-MeTeOopoJIoriyHOI Mozesti 3a6e3reuyeHo piB-
HAHHAM (2) [8]:

RH = j—w @)
ne RH - BiIHOCHA BOJIOTICTb, e, — TUCK T1apy, e, — TUCK Ha-
CUYeHOi Napu Npu Tilt camilt Temmiepatypi.

BusHaueHHs abCOMIOTHOI BOJIOTOCTi HaBeeHO Y piB-
HAHHI (3), Ipy [bOMY 3HaYeHHS €, MOXe OYTy IIpefiCTaBJIe-
HO Yy BUINISIZi PiBHSIHHSA (4):

€a

Py = ®)

e,=p,-R-T, @

Ie p, — Maca Imapu Ha KyGiuHmii MeTp noBitps (Kr/m°), R -
IMTOMAa rasoBa CTaja Ajisg BOIASHOI IMapy, IO AOPiBHIOE
461,5, T - remmneparypa (‘C).

TakuM 4MHOM, y3araJbHeHu IIpoliec IepeHoCY BOIS -
HOI Mapy MOBITPsIM, MOKe OYTM OIMCAHMI 3a LOMIOMOTOI0
piBHSIHbD (2)-(4), i MaTMe BUIJIAL,

_ RHey,
T RT-Q

(©)

e H — mMaca BOASHOI Mmapu, 10 TTepeHOCUTbCS TTOBITPSIM,
Q — 06’eM MOBITPSI B TEIUINLII.

OTXe, y Tpolleci BeHTW/IALl Teruili 3MiHa BMiCTy
BOJSIHOI Mapu, CIpUYMHEHa MacoOOOMiHOM BHYTPIlTHBOTO
Ta 30BHIIIHBOTO MOBITPS, 3a7IEXXUTD BiJ] TeMIlepaTypH, Bia-
HOCHO{ BOJIOTOCTi Ta BEHTWISILIifHOTO 06’€eMy BHYTPilIHbO-
IO Ta 30BHILIHbOT'O MOBITpPS:

AH//u'r= Qin x (AHautside _AHinside) =
= ((eW Qin RHOutside)/Rv Tou[side - (RHinside/RVTinside)’ (6)
ne AH .. — abCcomoTHa BOIOTICTh IPUIUIMBHOTO IIOBITDS,
AH, ... — abCONMIOTHA BOJOTICTh NMPUILIMBHOIO IOBIiTPS B
Temmui, RH .. — BiIHOCHA BOJIOTICTb MPUIUIMBHOTO IO~
BiTps, RH ., — BiIHOCHA BOJIOTIiCTH MOBITPS B TEIUIMIL,
T, e — TEMIIEPATYPA 30BHIIIHBOTO MOBiTPs, a T), . — TEM-

repartypa MoBiTps B TeIINLII.

st 3a6e3reyeHHs1 6anmaHCy BOJIOTOCTi B TEIUIMYHOMY
06’ekTi Masoro o6’eMy HeoOXiZHO BpaxyBaTM BOJIOTiCTb
MIOBITP4, SIKa 3HAXOUTHCS BCepeAVHI TeIINILi Ta BOJIOTiCTh
TIOBITpSI, SIKe MONAEThCSI B TEIUIMYHUI 06’€KT. LI 11bOTO
3aIIpPOIMIOHOBAHO PiBHSIHHS 6asiaHCy BOASIHOI Mapu B cepe-
IVHi 3aMKHEHOTO 00’eMYy:

Q, *TI*At1=60*v*S*T2**At2= g, )

e Q b~ MPOAYKTUBHICTb HOPCYHOK, Ji/rox; T1 — Temriepa-
Typa BonsHoi nmapu, °C; Atl — yac po60otu GopCyHOK, rof;
60 — KpaTHiCTh MOBITPOOOMIHY AJI1 TEIUIMYHOTO 00’EKTY;
V — IBUAKICTh MOTOKY NPUIVIMBHOIO NOBITps; S — IJIO-
11a MOoNepevyHoro nepepisy NpUIVIMBHOTO MOBITPOIIPOBO-
Iy, m%; T2 — TemnepaTypa IpUIUIMBHOTO MOBiTps, °C; ¢ —
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BOJIOTiCTb MPUIIMBHOTO TOBITps, %; At2 — yac poboTu
BEHTUJISITOPA, TOJ,; ¢ — 33JlaHe [I0YaTKOBe CTaJle 3HaYeHHSI
BOJIOTOCTi B Cepe/i¥Hi TeIUIMYHOT0 06’€KTY (11 JaHOTO 0-
CITigpKeHHS OT npuitHATo 70 %).

Pe3ynbTtatn

HocnigkenHs: GyHKIIOHYBaHHS TEIUINII

Inst Bu3HaueHHs1 QYHKIii Terio-MacoobMiHy 3 OTOUYIO-
YMM CEpPEelOBUINEM B Ipoleci QPyHKIIOHYBaHHSI TEIUIMIL
6y70 1MOOYZOBaHO MaTeMaTMYHy MOIelb B CepeloBU-
mi SOLIDWORKS [9]. KpaeBi ymoBu. IIpuitHaTO, 10 MO-
nejibHe MOCTiIKEHHS OXOIUTIOE ofHy mo6y. CepemoBuiie
TEIUINYHOTO O06’€KTy Ma€ IovaTKoOBYy Temmepatypy 20°C,
BoJIOTiCcTh — 70 %. 3 ypaxyBaHHSM 3MiHM BOJIOTOCTi ITOBi-
TP HaBKOJMIIHBOIO CEpeNOBMINA ITOOYJOBAHO MOJEIb
3MiHM BUTPATU BOASHOI Mapy TEIUIMIIi BIIPOIOBXK HOOM.
151 MOebHOTO AOCTiIKeHHST BUPillleHO IPUITHATY BXif -
HOI0 3MiHHOIO BOJIOTICTb TIOBITPSI 30BHIllITHBOTO Cepemo-
Buiia. IIpoiec mOCHiAKeHHS MiKpOKIiMaTy TeIIMYHOTO
06’ekTy BimbOyBaeThcs B Oe3mepepBHOMY 4vaci. B momerni
TEIUINYHOTO OG’€KTYy 3a6e3IeuyeThCsl PEryIIOBaHHSI pi3-
HMIIi BOASHOI mapu 3a gormomoroi ¢opcyHok (Puc. 2).

3achinka
npHTOuNOro NoBiTPA

Cuetema CheTema awToploBaHHA
TyManoyTBOpeHA

BuraxHmit
senrwasTop

Mpwrounuii
sewTHnATOp

3acninKm BUTAXHOTO
Npwsig sixna BikHo  nosirpa
nponitpioRaNMA  MPOBITPIOBANKA

a)

6)

PUCYHOK 2. 30BHillIHi BUI/ISAL MOJe/i TeIIMUYHOTO
06’eKTa 3 Mepeskelo 3BOIOKeHHS (a, 0)
[bKepeno: cTBOpeHO aBTOpaMy Ha OCHOBI [9, 12]

Ilyis TIpOBeIEeHHSI TECTOBOTO BUIIPOOYBAHHS MOJENTi
6ys10 chOpMOBaHO MacCMB JAaHMX BilMOBiAHO ;O 3amavi Ta
OCHOBHMX IMapaMeTpiB 00’eKTa HOCTiKeHHs. BBeleHO Ha-
CTYIIHI TOYaTKOBIi faHi [9]:

1 - moyaTKOBe 3HAYEHHSI TEMITEPATYPU ITOBITPSI BCcepe-
IVHi 3aMKHeHOro 06’emy Teruniii 20°C;

2 — TIOYaTKOBe 3HaUeHHS BOJIOTOCTi MOBITps BcepeauHi
3aMKHeHOro 06’emy Terumii 70 %;

3 — TepMiH ouiKkyBaHHS cTabinizaiii TerIo06MiHHUX
npotiecis Bifg 20 XBUAMH 00 3 TOAVH.

B cepepoBuiii SOLIDWORKS reHepyeTbcsi MO[esb
3MiHM [MapaMeTpiB MiKpoK/limMaTy (3MiHa TeMmIlepaTypu Ta
BiAHOCHOI BOJIOTOCTi MOBITpS, SIKE MOJAETHCS B TEIINY-
HMit 06eKT). OCKiIbKM MeXaTpOHHAa CHUCTeMa KepyBaHHS
MiKpoKJIiMaTy Mae 3abe3rneuyyBaTy IIOCTiliHe 3HAUYeHHS
BOJIOTOCTi TIOBITpPsI Y BCbOMY 00’€Mi Terumili, HEOGXigHO
CIIPOTHO3YBaTy OYiKyBaHi 3MiHM BOJIOTOCTi MOBITpsl IIpU
3MiHi TemIiepaTypy 30BHIIIHbOTO cepemoBuiia. s 1bo-
IO BCTAQHOBJIEHO CUCTEMY TYMaHOYTBOpeHHSI, sika Oyzne
MigTPUMMYBaTH BOJIOTICTb MOBITPs HA HeoOXimHOMY piBHI
(Puc. 2). TobTto, Ha GyHKIii HOCTiAKeHHST pUIIazae 3a-
Jlauya BM3HAUYEHHSI HeoOXigHOi TPMBAIOCTi, KiJbKOCTI Ta
MPONYKTUBHOCTI opcyHOK. [Is1 1IbOTO, IUISIXOM MOfe-
JIIOBaHHS, BM3HAU€HO 3MiHa BOJIOTOCTi MOBITPSl B TEIIM-
1Li BIIPOJOBX N06M. HacTymHMM KPOKOM 6YJI0 MPOBeLeHO
iHTerpyBaHHS IUIOLIi MPOAYKTUBHOCTI (OPCYHOK IO ce-
pPenHbOro 3HaUeHHSI HeoOXigHOI KiJbKOCTi BOASIHOI mapu
B 3aMKHEHOMY 00’eMmi Teruiii. Lle 10o3BoMMIO po3paxyBsa-
TU BTPATH BOASIHOI Mapy BIIPOJOBK H06M. OCKiIbKM 06'€M
Terunii craHoBUTb 1 400 M3, a moyaTKoOBa TemMIieparypa B
cepenuui termii 20 °C i Bonoricts 70 %, TO 3a TOOUHY
HeoOXigHa KiJIbKiCTh BOASIHOI mapu craHoBUTUME 18,16 11/
rox. JlaHa KiJlbKiCTh BOLASIHOI apy 06yMOB/IeHA MiATpUM-
KOI0 6anaHcy BOJOrocTi B Terummili. BoxsiHa mapa Moxke
HaJXOOUTU A0 TEIUVIMYHOTO 06€KTY IUISIXOM HAIXOIKeH-
HS TIOBITPSIHMX Mac 4yepe3 3aC/IiHKy MPUTOYHOTO MOBITPS
(Puc. 2a), abo uepe3 posmwieHHs (opcyHok (Puc. 26).
KepyBaHHSI IPUTOYHMM TIOBITPSIM BifOYBA€THCS Pa3om 3
KepyBaHHSIM TeMIIepaTypolo i Mae 6yTM BpaxoBaHO B PO-
60Ti GopcyHok [9, 12]. HagaHHs Bosoru yepe3 GopcyHKU
nepenbavyae HeOOXiIHY BUTPATy BOJIOTHM Ta il po3Mmofin mno
Teruuii. B 1boMy Bunazaxy, OKpim 3arajbHOi BUTPaTy BO-
JIOTH, TIOCTAE 33/1aua BU3HAYEHHSI KiTbKOCTi POPCYHOK AJist
pO3MMIEHHS Ta BU3HAUEHHS X pO3TallyBaHHS.

BusHaueHHs KiJIbKOCTi (GOPCYHOK 6a3yeThCs Ha CITiB-
BigHOIIIEHH] IO 3BOJIOKEHHS TeIuili i AiamMeTpi po3-
nuneHHs hopcyHku [10]:

D = 2Htg % ®)

Ile H — BucoTa po3NUIEHHS; o — KyT PO3IIMU/IEHHS.

Bimcranp MiX GopcyHKamu, 1m0 3abe3reuye JoCTat-
HbO DiBHOMipHe 3BOJIOKEHHSI, BU3HAYAETHCS 3 JiameTpa
posmnuiaeHHs [5]:

E=2D. ©)

MIpOBiBIIM PO3PaXYHKM IJiT JAHOTO TUITYy TEIUIMII 3
ypaxyBaHHSIM KyTa PO3NMUJIeHHS (HanpuKkiaz, 68° 3 xapak-
TepUCTUK (HOPCYHKM) BU3HAUEHO, IO AiaMeTp PO3MuieH-
Hs ofHOi popcyHKM MOXKe ckianatu 2,5 m [13]. To6To mist
3BOJIOKEHHSI TeIUTMLIi 3 TIOLIEI0 3BOJIOXKEHHS 7x4 M IJIst
ITOBHOTO MTOKPUTTS TIOBEPXHi JOCTATHBO 6 (GopcyHOK. 11106
3a6e3meunTy piBHOMipHe PO3IMOZieHHsS! BOASHOI mapu B
3aMKHEHOMY O00’€Mi 3alpOIIOHOBAHO BMKOPUCTOBYBATU
MeHIIY KilbKiCThb (POPCYHOK pa3oM 3 MPUMYCOBOIO pely-
PKyJISITi€lo MOBiTps. [Jis1 pO3IISIHYTOI TeIJIUILi TOCTaTHbO
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3 GOpCYHKM 3 MPOAYKTUBHICTIO 2,0 JI/TOA., SIKi ITpaIloBaT -
MYTb B 3aJIEXKHOCTI Bif, HE06XiIHOI KiJIbKOCTi KOMITEHCYIO-
yoi BogsHoi mapu (Puc. 26). PiBHOMipHicTb po3mnonineHHs
BOASIHOI IMapy, B TAKOMY BUIIAIKY, 3a0€3I1€UyEThCS IIUPKY-
JISILTi€10 MOBITPS B CepeuHi TeIUInIIi.

Ilns 3a6es3medyeHHsT cTabiTbHOI BOJIOrOCTi B TeIINILi
3aIpoNoHOBaHa MeXaTpPOHHA TifpaBjiuHa cucTteMa Ty-
maHoyTBopeHHsI (Puc. 3a). HeobxigHy IpOOyKTUBHICTS i
TUCK BOAY B CUCTEMi 3BOJIOKEHHS 3abe3reuye HaCOCHUI
arperar 3 aKyMyJISITOpOM, B IKOMY Ilepen6aueHo QinbTp
IJIST OUMIIEHHST BOAY i KIallaHy TUCKY, AJIST 3a100iraHHs
repeHaBaHTaKEeHHS i HaJalmITyBaHHS pPO6GOYOro TUCKY.

Jns HArMOBHEHHS Mepeski 3BOJIOKeHHSI BOZOI0 abo 3/m-
BY BOIM, 32 HeOOXiZHOCTi, B CMCTEMi 3aCTOCOBAHO KJa-
nad P1. [l KepyBaHHSI BMMKaHHSIM i BUMUKaHHIM Gop-
CYHOK BCTaHOBJIeHi kiananu P2, P3 i P4, axi o3go6ieHi
3BOPOTHMMM KJIallaHaMM [Jisg 3arnobiraHHsS yTBOPEHHS
MOBiTpsIHMX MPO6OK. BpaxoByioui pisHi Bixcraxi Bix Ha-
COCHOTrO arperaty 10 ¢OpCyHOK B cUcTeMi mepenbayeHo
onuH abo meKisibka 6aJaHCHUX OPOCeiB, 3a JOMOMOIOI0
SIKMX Oyzie BUPiBHSIHO TUCK Ha BXoZi popcyHOK. Pese Tuc-
Ky PT, KOHTpOJTI0€ piBeHb POOOYOTrO TUCKY PiIMHU B CUC-
TeMi Ta [10J,a€ CUrHaJj AJ151 BMMKaHHSI HACOCHOT'O arperarTy
Y BUIIQJIKy HEJOCTaTHbOTO PiBHS TUCKY.

P2 P3

4[7
P7

du

wé K33 ? #34 Ly

a)

7000,00

PL
? K32
5

K72

00°000%

6)

PucyHoK 3. MexaTpoHHa rijpaBiiyHa cuCTeMa TYMaHOyTBOPEHHS
MpPUMITKK: a - rifipaBivuHa cxeMa CUCTeMM TYMaHOYTBOPEHHST; 6 — cxeMa po3MillieHHsST POPCYHOK B TEIUIMYHOMY 00'€KTi

[yKepeno: CTBOpeHO aBTopaMu

3rigHO 3 po3paxyHKOM GasaHCy BMICTy BOJOTM [I0-
CTaTHbBO 3aAiSITU TPU GOPCYHKM 3 IPOXYKTUBHICTIO 2 JI/TOL.
Ta TMCKOM 3 6ap, Hanpukiag UMS50M. [Iji1 BU3HaYeHHS KO-
OpAVHAT po3MillleHHsT GOPCYHOK PO3JIMMMO TeIUIMLII0 Ha
yoTUpU 30HU. JIo TepIioi 30HM, HAGMKIOL A0 TIepepisy
Har"iTaHHs MOBiTps, BigHOCUThCS hopcyHka F1. [Tpubmns-
Ho 1/2 mpogykTuBHOCTi F1 3anmiaeThbes B 30Hi 1, a penita
nponykTMBHOCTI F1 po3nofinsgeTses Mo iHIIMX 30Hax Te-
i (3ona 1=1/2 F1). YV npyriit 3011 npautoe popcyH-
Ka F2. 30Ha 2 oTpMMye BOJIOTY Bif Iepix ABoX (POPCYHOK:
0,5F2+0,25F1. Perra nmpoayKTuBHOCTi F2 posnofinsgeTscst
110 30Hax 3 i 4. Y Tpetiit 30Hi nparoe popcyHka F3. 3oHa 3

orpumye 0,5 Big F3, 0,25 Big F2 i 0,125 Big F1. Pemnrra mpo-
IYKTUBHOCTI F3 pO3MOIinsieThCs IO 3aUIIKOBOMY 06’eMy
reruuii. 1o yeTBepToi 30HM HaaxoauTh 0,5 Big F3, 0,25 Bif,
F2i3anumiox Big F1. 3a rinoTeTMUHOIO CX€MOI0 pO3paxoBa-
HO Take po3MilieHHsI HOPCYHOK B TEIVIMYHOMY 00 €KTI, sTke
3abe3mevye piBHOMipHe MTOCTAYaHHSI BOJIOTY Ha OLMHUINIO
nmoBxkuHM Terumii (Puc. 30).

MeTa HAaCTyIHOTO eTaly MOZEIbHOTO JOCHTiIKeH-
HS IOJISATa€ Yy BM3HAUYEHHI KiIbKOCTI BOASHOI Mapw, SIKY
BTpayae TeIUIMLA Mif yac oxonmonkeHHs. Came 15 Kisb-
KicTp Mae 6yTu 3abe3revyeHa CUCTEMOIO TYMaHOYTBODEH-
HS i € BUXiIHMM IOKa3HMKOM JJIsl PO3PaxyHKy TE€PMiHiB
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BMMKaHHSI (OPCYHOK i MiATpMMAaHHSI CTaJ0i BOJOTOCTi B
cepenuHi Teruili. JoctimkeHHs BukoHaHi B SOLIDWORKS
Simulation [12]. 3azauei0 KOMITIOTEPHOTO MOZETIOBaHHS
€ BM3HaueHHs napameTpiB po6oTu GopcyHOK 3a1jsl KOM-
reHcallii 30BHIIIHbOTO BIIJIMBY HAa OCHOBI BpaXyBaHHS 3Mi-
HM TeIJIOBOI MOTY>KHOCTI TeIIML MPY i1 0XOMOIKEeHHI.

ANTOpUTM KepyBaHHSI MiCUCTEMOIO 3BOJIOKEHHS, B
3aJIEXXHOCTI BiJi 3MiH TeMIrepaTypy BHYTPillIHbOTO cepefio-
BUIIA TETUIMIIi i 3MiH BOJIOTOCTI, i TemMIlepaTypu A,OaHOTO
MOBITpPSI, Ma€ KOMIIEHCYBAaTU AOAAHY abo Bif'eMHY Kilb-
KiCTb BOJSHOI NMapu. 3HAUeHHS KOMIIEHCYIOUOi BUTPATU
BOASIHOI IMapu Ta Yac ii mogaBaHHs, 151 3a0e3MeueHHs He-
06XiZHOTO PiBHS BOJIOTOCTi, BU3HAUAIOTh PEXXMMU POOOTHU
dbopcyHoK. 1151 BU3HAUEHHST I[MX MapaMeTpiB BMKOHAHO
MOJeI0BaHHS 3MiHM IOJIS1 TEMIIEPATYPU Ta BOIOTOCTI MO~
BiTpsI B 00’eMi Terutnili Ha IPOTsI3i 106K i oTpuMaHi 3a1esx-
HOCTI 10JaTKOBOi BUTPAT BOASHOI ITapy B Uaci.

Pe3ynbTaT TECTOBOrO €KCIIEPUMEHTY

Iy eKCriepMMEHTY BCTAHOBJIEHO HACTYMHI IMOYaTKOBi
IaHi: MoBiTPOOOMIH TermuyHoro o6’ekry — 1 400 m3/rop,;
MOYaTKOBe 3HAueHHS TemIlepaTypu IOBITpsl B cepenuHi
teruii 20 °C; moyaTKoBe 3HAu€HHS BOJOTOCTI IMOBITpPS
B cepenuHi Terunii 70 %; TemmnepaTrypa MOTOKY MOBITpS,
110 00TiKae TeIIMIIOo, CTAHOBUTDh Bim 13,9 °C mo 26,2 °C

s Gk

BiANOBiAHO 40 mporHosy [7]. BkasaHi MoyaTKoOBi 3HaueH-
HSI TeMIIepaTypy i BOJIOTOCTi JOPiBHIOIOTh CTabii30BaHUM
3HaYeHHSIM LMX [1apaMeTpiB.

3a pe3yibTaTaMM €eKCIIEPUMMEHTY OTPMMAaHO empu
pO3MOiy BOASHOI Mapy B 00’€Mi TeIUIMIIi Iif] BIVIMBOM
3MiHM TeMIepaTypu MPUILUIMBHOTO MOBITPS BIIPOJLOBXK
nmobu Big + 13,9 °C mo +2 6,2 °C. Po3paxoBaHa ITOYaTKOBA
HITBHICTD BOASIHOT Mapy B 06’€KTi HOCTiIKeHHS CTAHOBUTD
12,11 r/m5, moyaTKoBa TeMmIlepaTypa B CepeauHi TeIuim-
i + 20 °C. IIpunyIieHo, o y TEINIMIYHOMY 06’ €KTi romnepe-
JHIM 3BOJIO’KEHHSM BCTaHOBJIEHO 70 % BO/IOTOCTi MOBITP4,
MiCJIs YOro CUCTeMy TYMaHOYTBOPeHHSI 6y/lI0 BMMKHEHO.
Hani 6yna 3MozmenboBaHa 3MiHA PO3MOLITY BOASIHOI mapu
TeIUIMLi MiJ i€ MepeHOCy MOBITPIHMX Mac B cepenuHi
06’eMy Teruuli i3 pi3HMMM 3HAUEHHSIMM TeMIlepaTypu
NIPUTUIMBHOTO TOBiTpsi. KoskHi Tpu rommum BimbyBanoch
CKaHYBaHHS eII0p DPO3IIOAiJIeHHS BOJIOTUM i IPOBOAMUBCS
aHasli3 XxapakTepHux 3MiH (Puc. 4).

IMouatkoBMit cTaH po3mnogiay BoasHoi mapu o 00.00:
BOJIOTICTb 68 % Ipu TeMIlepaTypi BXigHOTO noBiTpsi 15,6 °C
3acBiguye Maibke ONHAKOBY IIiJIbHICTh BOZASHOI TMapu B
06’emi Terummili (Puc. 4a). CriocTepira€TbCsi HAKOMMYEHHS
BoAsiHOI mapy 6insi BikHa MpoOBiTpIOBaHHS (30Ha 1), 1m0
CBilUUTb TIPO YTBOPEHHSI TOUKU DPOCU yepe3 3HVIKEHHS
TeMIlepaTypu Ha CTiHKax Teruuii (Puc. 4a).
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PUCYHOK 4. Emopa 3MiH po3Moziy BOJMIOTOCTI MOBITPSI B Ilepepi3i Terinili BIIPOZOBK S06U
MpPUMITKK: a — 68 % TipK TeMIiepaTypi BxigHOro MoBiTps 15,6 °C; 6 — 72 % mipu TemmepaTypi BxigHoro nositps 15,7 °C; B — 82 % nipu

TeMIlepaTypi BXiZHOro nositps 13,9 °C; r — 62 % npu Temneparypi BxigHoro nositps 20,7 °C; g — 42 % npu TeMIiepaTypi BXiITHOTO MOBITpsI

25,4 °C; e — 41 % npu Temriepatypi BXigHOro noBiTps 26,2 °C; € — 45 % npu Temnepatypi BXigHOro noBitps 23,9 °C; 3k — 67 % mpu TeMmeparypi

BXifiHOTO MOBITps 16,1 °C; 3 — iHAMKAallis KiTbKOCTi BofsiHOI Tapy B 1 M3

[)Kepeno: CTBOpeHO aBToOpaMu

CraH po3noginy BogsHoi napu o 03.00: BosoTiCTh M0-
BiTpst 72 % Tipu Temrepatypi BxigHoro mositpst 15,7 °C
BKa3ye Ha He3HAUHe 36i/IbIIIeHHST KiJTbKOCTi BOJIOTM Ha BXO-
Ii B TEIUIMIIIO Ta HAKOIIMYEHHS BOASIHOI mapu 6issl BikHa
npoBiTpioBaHHs (Puc. 46, 30oHa 1). [1oma 30HM HaKOIU-
YeHHS BOJSHOI mapy Maiiske He 3MiHM/IACh 3a 3 TOAVHMU.

CraH po3snoginy BogsHoi napu o 06.00: B cepegHbOMY
MaeMo 82 % BOJIOTOCTi IIpY TeMIlepaTypi BXiTHOTO MOBIiTPs
13,9 °C. Emopa BKa3ye Ha CyTTeBe 36i/IbIIeHHST KiJIbKOCTI
BOJIOTM Ha BXOAi B TeIUIMLIO, 1[0 3aCBifuye BUHUKHEH-
HS 30HM 2. TaKOX MPOJOBKYETHCS HAKOIMYEHHSI BOJISI-
HOi mapy 6insi BikHa MPOBITPIOBaHHS i 3pOCTAaHHS TUIOLI]
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30HM 1 maiike B 3 pa3u (Puc. 4B). Takum UMHOM, SIKLIO 3a
riepiri 3 rogyMHM BimOymocst migBUILeHHST BOJIOTOCTi Ha 4 %,
TO JOJABaHHA 1le 3 ToaMH 36i/IbIIMI0 BONOTicTh Ha 10 %.
MoskHa NPUITYCTUTH, L0 3MiHa BOJIOTOCTi y yaci Ma€e Ha-
KOTIMYYBaJAbHUI 3MICT i BiANOBigHA 3aJ€XHICTh MaTUMe
CYTTEBO HeJliHiliHMI1 XapaKTep. Xo4a y TOPiBHSHHI 3 BOMa
MepmMMy iHTepBaslaMu BigOy/lIoCch 3HMKEHHSI TeMIlepaTy-
PM BXigHOTO OBITPS Maiiske Ha 2 TPaIyCH, 10 TAKOX J0Aa-
JI0 36ibIlIeHHS BOJIOTOCTi.

CraH posnopniny BomsHoi napu o 09.00: ycepemHeHa
BOJIOTICTb 62 % IIpYU CYTTEBOMY IiJIBUILIEHHS TEMIIEpaTypyu
BxigHoTO ToBiTpst 20,7 °C. Emtopa po3sropiny 36epirae mak-
CUMaJIbHY KOHII€HTpallisl BOASHOI Iapy y BepxHiit yacTuHi
TeIUINIIi IPY YaCTKOBOMY PO3LIMPeHHi 30HM 1 (IpUOIM3HO
Ha 20 %). IIpu 1iboMy LieHTpabHa 30Ha (30Ha 2) 36inbIIN-
Jlacsl B JIeKiJibka pasiB i Jocsriaa IpoTUIeXKHOI CTiHKMU Te-
i (Puc. 4r).

CraH posmnoginy BoasHoi mapu o 12.00: B cepelHbO-
My MaeMo 42 % BOJOTOCTi NpM MiJBUILNEHHI TemIepa-
TypU BXigHOTO MOBiTps mo 25,4 °C. Posnopin BKasye Ha
cyTTeBe (6inbiie 3a 20 %) 3HMKEHHSI KOHLIEHTpallii BO-
IOSHOI Tapyu Y BepxXHiil 4acTMHI TeIIMYHOrO OO’€KTYy Ta
6is151 BikHa ITPOBITPIOBAaHHS y TOPIBHSHHI 3 MomnepenHimM
mocnimkeHHsiM (Puc. 4x). MokHa TpUITYCTUTH, WO DPi3-
Ke 3HIDKEHHS TIOKa3HMKa BUKIMKAHO SIK TeMIIEPATYPHUM
(akTopoMm, Tak i MOHMKEHHSIM JOHAHOI BOJIOTOCTI BXiJ-
HMM TIOTOKOM 3O0BHIIIHbOTO MOBITps. 3TifHO 3 IMPOTHO-
30M IIOTOJIM, BOJIOTICTh 30BHIIIHBOTO MOBITps 42 % mpu
MiABUILEHi, TI0 BifHOILIIEHHIO [0 TeIUINIli, TeMIlepaTypi.

CraH posrmopiny BoasHoi rmapu o 15.00: B cepeqHbO-
My MaeMo 41 % BonorocTi mpyu Maiike He3MiHHi TeMIie-
parypi BxigHOro moBiTps 0 26,2 °C. OCKibKM cepefHE
3HaueHHS BOJIOTOCTiI Malbke He3MiHHe, a IJIOIA 30H MiJ-
BUILIeHOI Bosorocti 1 i 2 CyTTE€BO 3MeHIleHa TO MOXXHa
MIPUITYCTUTHU, 1I0 TEIJIOOOMiHHI Mpoliecu B TEIUIMII Maju
crabinisauiiiHuii xapakTep, a yac crabinisarii € criBpos-
MipHMM 3 iHTepBaJIOM JOC/TiIKeHb, TOOTO 3 3 rof. (Puc. 4e).

CraH posrnoginy BogsaHoi napu o 18.00: B cepegHbOMY
MAaeMo MiABUIIEHHS BOJIOTOCTi 10 45 %, 1110 MOKHA BBayka-
T HaCIifKOM 3HV)KEHHS TeMIlepaTypu JOLaHOTro MOBiTps
Maiike Ha 2,5 rpag. 30Ha 2, K i B IonepegHboMy HOOCTi-
II>KeHHi, BiCYTHS, a 30Ha 1 BKa3ye Ha Aell0 MeHIy KOH-
LeHTpallilo 6i/ist BIKOH IIPOBITPIOBAHHSI.

CraH posmnoginy BomasHoi mapu o 21.00: B cepelHbO-
My Ma€eMoO TMopjasbliie MiJABUILEHHS BOJIOTOCTI A0 67 %,
10 MOXXHa BBa)KaTM HACIiLKOM 3HMKEHHS TeMIlepaTypu
NPUIIMBHOTO TMOTOKY 10 16,1 rpan. 3oHa 2, §K i B MoIe-
penHbOMY OOC/TiIKEHHI, BiICYTHS, a 30Ha 1 HaGIMKYETHCS
[l0 BUIVISILLY, SIKMIi BOHA MaJjia Ha I0YaTKOBOMY CTaHi eKcIie-
pumeHTy (Puc. 4a).

OTKe, mpoaHali3yBaBIlM OTPMMaHi pe3yabTaT JOCTi-
IKeHHSI MOYKHA 3pOOMTY BUCHOBOK, I1I0 MaKCMMasIbHa KOH-
LleHTpallis BOASHOI Mapu AOCATa€TbCS NpY MOAAHHI Npu-
TUIMBHOTO TOBITPSI B TEIUIMYHUIT 06’€KT 3 TeMIIepaTypoio
20,7 °C Ta BosoricTio 62 %. 3a OTpMMaHMMU pe3yabTaTaMu
IOC/TiIKeHHST OY/I0 pO3paxOBaHO HEOOXigHY KiJIbKiCTh BO-
ISTHOT TTapy J1s1 KOMIIeHcallii 6aiaHCy BOJIOTOCTi TeTUINIII.

OTpumaHi 3HaueHHs CepefHbOI BUTPATU HO3BOJIN-
JIO po3paxyBaTy BTpATy BOJSHOI Mapy TEeIUIMIli Ha OCHOBI
Yyoro 1mo6ya0BaHO 3aJIEXKHICTh JJIs1 KOMITEHCallii BOJIOTOCTi
MOBIiTPS BIPOHOBXK N06u (Puc. 5a). Takox 6y/0 3po6aeHO
BUCHOBOK, iHTe€pBaJI 3MiH peKMMY 3BOJIOKEHHST Ma€ He Te-
peBuILyBaTH 3 TOOMH 3paHKY i BBeuepi, i Moke MaTu 6ib-
11le 3HaueHHS BAEHb i BHOUI.
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PucyHoK 1. BrpaTu BoASIHOI ITapy TeInii
MpPUMITKM: a — 3a/IeXKHICTH KOMITEHCAIlii BTpaueHoi BOASHOI Tapy B
TeIUINLIi BIIPOJOBK 06M; 6 — IPOrHO30BaHa 3MiHa BTPAaTy BOJIOTOCTI
TOBITPSI 3 IMK/IOTPAMOIO BKITIOUEHHS Ta BUMKHEHHSI KOMITEHCYIOUMX
dopcyHok
[)Kepesio: CTBOpeHO aBToOpaMu

st BU3HAUEHHS PEXMMIB BMUKAHHS/BUMMUKAHHS
(opcyHOK 6y/I0 BUKOHAHO PO3PaxyHOK HOJaHOI BUTPATHU
BOJIOTOCTi Ha MpMKIaLi 3MiHM IapaMeTpiB MOBITps Bin-
MOBiZHO A0 JO60BOTO MPOTHO3Yy Morogu [7]. 3a pesyib-
TaTaMM PO3PaxyHKYy, [l KOMIIEHCallii BTpaTU BOJIOTU B
TeIUTMYHOMY O06’€Mi, 3aIIPONIOHOBAHO BMKOPUCTATU TPU
dopcyHku mnpogykTuBHicTIO 2 Jji/roa. Miclst BCTaHOB-
neHHs (GOPCYHOK OOpaHO 3a XapaKTePUCTUKOIO CTaloi
ocepenHeHOi BUTpATU MO IUIOMIi 3BosMokeHHsT (Puc. 36).

HacTymHuit KpOK — BU3HAUEHHSI TEPMiHiB Ta 4eproBo-
cTi BMMKaHHS OPCYHOK CUCTEMM TYMaHOYTBOpeHHSI. Bu-
3HAUYeHHS TePMiHY BMUKaHHS (OPCYHOK permamMeHTYEThCSI
HakonuyeHUM AediluTom BoAsIHOI mapu:

to+At _
ff(, Kq(t)dt = Qy = At ®)
ne t, — norounmii vac, K, - ¢QyHKuUiz mo6oBux Bu-
TpaT BOJIOTOCTi  BiATIOBIZHO  pe3ylbTaTiB  MOJENIo-
BaHHa (Puc. 56), Q, - NpPOAYKTMBHICTb (OPCYHKM,
At - TpUBAICTh TIOTOYHOTO BMMKAHHSI (POPCYHOK.

B 3a/ieskHOCTI Bif, MOTOYHOTO i MPOTHO30BAHOTO 3HA-
YeHHsI BTpaueHol BOJIOTOCTi MOBITPS 00MpaEMO BMUKAHHS
onHOi, 1BOX a60 Tphox popcyHok (Puc. 56). 3 mobymoBaHOi
LMKJIOTpaMy BUIHO, IO /i 3a6e3MeueHHs] KOMIIeHC alii
BTpaT BOASHOI mapy Heob6XigHO BMMUKATH IBi (GopcyHKM
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MPOLYKTUBHICTIO 2 j1/rof,. Po3smnopin TepmiHy BMMKaHHS
MiX TppoMa popcyHkamu Mae 3a6e3neuyBaTyi piBHOMipHe
3BOJIO’K@HHSI TeIUINIIi. BiimoBigHO A0 3a/1€5KHOCTI MTPOTHO-
30BaHMX 3MiH BOJIOTOCTi BU3HAUEHO HACTYIIHI PeXXUMU PO-
60TY KOMITEHCYIOUMX (POPCYHOK.

IMepimit pexxum: nBi popcyHku mpaioioTs 3 10.15 mo
10.45, TpuBanictb peskumy — 30 XBwinH. CepeiHE 3HAUEH-
HSI BUTpaTH BOJSHOI IIapy [j1s1 KOMIIeHcallii BOJIOrocTi mo-
BiTpst — 2,35 n/rop. OTske, Ipu CyMapHiit MPOSYKTUBHOCTI
IBox (GopcyHOK 4 Ji/rof, KoedillieHT HAIIOBHEHOCTi Yacy
po6otu HOpcyHOK (iHTerpaabHa CKBaXKHICTb) CTAHOBUTU-
me 0,58, a peasibHMiIt yac po6oTu HOPCcyHOK — 17,4 XB. (Tep-
MiH BUMKHeHUX GOopCcyHOK — 12,6 XB.).

Ipyruit peskum: 1Bi dopcyHku npariooTs 3 10.45 mo
11.15, TpuBamicTs pexxumy cTaHOBUTH 30 xB. CepeiHe 3Ha-
YeHHsI BUTPATY BOASIHOI Mapu Jjisl KOMITeHcallii BOJoroc-
Ti noBiTps ckinagae 3,0 a/ron. OTxe, Npyu MPOSYKTUBHOCTI
dbopcyHOK 4 n1/rop, KoedilieHT HAIIOBHEHOCTI Yacy poboTu
dopcyHok craHoButuMe 0,75, a yac po6oTu HOPCYHOK —
22,5 XB. (CTaH CITOKOIO — 7,5 XB.).

Tpetiit peskum: aBi dopcyHKM mpauowTh 3 11.15 mo
12.30, TpuBamictb pexkumy — 75 xB. CepemHe 3HAYEHHS
BUTpATU BOMSHOI mapu AJis1 KOMIIeHcallii BOJIOTOCTi MOBi-
Tpst — 3,61 s/ron. To6TO, IPU MPOLYKTUBHOCTI (HOPCYHOK
4 n/ron, xoedilieHT HaMTOBHEHOCTI Yacy po60oTu HopCcyHOK
craHoButume 0,9, a yac po6oTu GOPCyHOK — 67,5 XB. (CTaH
CITOKOIO — 7,5 XB.).

YeTrBepTuit pexxum: ABi GpopcyHku mpaiooTh 3 12.30
mo 13.15, TpuBamicTe peskumy — 45 xB. CepeHe 3HAUEHHS
BUTPAaTU BOASHOI Mapy [l KOMIIEHcalil BOJIOTOCTi mo-
BiTps — 3,1 si/ron. OTKe, MpU MPOAYKTUBHOCTI (hOPCYHOK
4 n/rop, koedilieHT HamOBHEeHOCTi yacy pobotu GHopcyH-
Ky craHoButume 0,77, a yac pob6otu GopcyHOK — 34,65 XB.
(ctaH criokow — 10,35 xB.).

ITsitmit peskuM: ABi GOPCYHKM MpaIionTs 3 13.15 mo
13.45, TpuBasictb pexkumy — 30 xB. CepegHe 3HAUEHHS BU-
TpaTy BOASIHOI Mapu AJisl KOMIIeHcallii BOJIOTOCTi MTOBITPs
ckiaagae 2,62 n/rog. OTke, py MIPOTYKTUBHOCTI (POPCYHOK
4 n/ron, xoedilieHT HaMTOBHEHOCTI Yacy po60oTu HOpCcyHOK
craHoButume 0,65, a peanbHMiT yac pob6oTH HOPCYHOK —
19,65 xB. (cTaH crokoio — 10,35 xB.).

Ha ocHOBi po3paxoBaHMX PEKUMIB POOOTU CUCTEMU
TYMaHOYTBOPEHHSI Ta pe3yabTaTiB MOJe/TI0BaHHS JOO0BUX
3MiH 3BOJIOKEHHSI TMO6YNOBAaHO 3arajibHUii aJITOPUTM Ke-
pyBanHs Gopcynkamu (Puc. 6). B anroputmi rnepenbaueHo
BMMKaHHSI CUCTEeMM TYMaHOYTBOPEHHSI, OHOBJIEHHSI [TOTOY-
HUX 3HaUeHb 3MiHHUX, ONIMTYBAHHS JATUMKIB Ta OHOBJIEH-
HSI KOMIUIEKTY KOMaH/, KepyBaHHS. B peskuMi Haaromsky-
BaHHSI MOXe 3[iliCHIOBaTUCS KOpPEryBaHHSI KOHCTAHT JJIst
BUITA[IKY Herepen6aueHMX 3MiH TapamMeTpiB 30BHIIIHbOTO
ceperoBMILiA Ta TapaMeTpiB MiKpOK/IiMaTy, HallpuKiazi, Io-
KPUTTS IOBEPXHi KPUTOIO UM BUXiJ 3 JIaly IPUBOZiB BiKOH.

IIpy BMMKaHHI CHCTEMM KepyBaHHS IMepIIMM eTarom
BiZIOYBAa€THCSI OHOBEHHS iHMOpPMaIllii CTOCOBHO MONOKEHD
Ta CTAaHY BUKOHABUMX IIPUCTPOIB Ta OIMUTYBAHHSI 1aTUMKiB.
Ha ppyromy erarii, 3a HeOOXiTHOCTi KOperyBaHHSI poOOTHU
CUCTeMMU, TIpOTpaMa IOBepTAEThCS HA TMOYATKOBUII eTall.

BimOyBaeThCsl OHOBJIEHHS BXO[IiB Ta BUXOMIB KOHTpOJIepa
(MOKIMBMIT BUOIp aBTOMaTUYHOTO a60 PyYHOro KepyBaH-
Hs). BinbyBaeThcs KoperyBaHHS 3HaueHb KOHCTAHT (iHTep-
BaJl yacy po6otu (GhOpPCYHOK, KibKicTh (OpCYHOK). ITicist
KOperyBaHHSI KOHCTAaHT 3[ilICHIOETbCS MepepaxyHOK IT0-
YaTKOBMX JAHMX i CMCTeMa MepexofuTh 0 BifmpalioBaH-
HSI PESKMMIB POOGOTH CHUCTEMM TYMaHOYTBOPEHHS.

IHCTanAWiA cMCTEMM, NCUATKOBMIA CTaH NPUCTPOIB, ONUTYBAH HA
AaTUMKIB, 3BAAHHA NPECENEKTOPIB, 3aBAAHHA KOHCTAHT

(DHL, DH2, KF, DHH, FPCALC ...), 8ubip pesumy
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PUCYHOK 6. 3arajibHuit aITOPUTM IIPOTpamMu KepyBaHHS
dbopcynkamu
[)Xepesio: CTBOPeHO aBToOpaMu

SIKIIO TOTOYHE 3HAueHHs Bojorocti (B) 6imbuie 3a
HeoOxigHe (Bmp) cyucreMa IepexoAUTb B PEKUM OCY-
meHHs. SIKIO X 3HAYeHHS BOJIOTOCTi NOBITpS He Ile-
peBumye 70 % mporpama KepyBaHHS IepeBipsi€ YMO-
BUM IIOJO BMOOPY HACTYNHOTO pexkumy. BimbyBaeTbest
OHOBJIEHHS CUTHaJiB JAaTUMKiB CTaHy TeIUVIMYHOTO
00’€KTy, OMHOYACHO 306epiraloTbCs IMONEepeaHi IMOTOYHI
JlaHi, 3i/iCHIOETbCS MOPiBHSHHS LAaHUX JJ151 BU3SHAYEHHS
HaNpsIMKY i iHTeHCUMBHOCTI npo1ecy. [Ipy nonagaHHi Bo-
JIOTOCTi B iHTepBas Bift B, 10 B, aITOpUTM KepyBaHHS BMU-
Kae BMKoHaBumit oprat (bopcynky FOR1) na vac T1. IIpu
BuOiry yacy T1 rmovyaTKoBi JaHi 3aMiHIOIOThCS HA TIOTOYHI,
a IIOTOYHI 1aHi OHOBIIOIOThCS. [Ipy MOTpamyIsiHHI 3HaueHb
BOJIOTOCTi B iHTepBas Bif B2 1o B3, afiropuT™ BMUKAE BU-
KkoHaBui opranu (popcynku FOR1 Ta FOR2) Ha uwac T2.
[Tpm BuGiry yacy T2 1moyaTKoBi faHi 3aMiHIOIOTbCS Ha TIO-
TouHi. [Ipy nojanbIoMy 3HMXEHHI BOJIOTOCTi HUxkue B3
aJqTOpPUTM BMMKa€e BUKOHaBYi oprauu (hopcyHku FOR1 Ta
FOR2, Ta FOR3) Ha yac T3. IIpu Bubiry yacy T3 rmouyaTkoBi
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IaHi 3aMiHIOIOThCS Ha MOTOYHI, a IIOTOYHI JaHi OHOBJIIO-
I0ThCS. BifImoBigHO A0 IMOTOYHOI 3MiHM BOJIOI'OCTi ITOBI-
TPSI B TEIUIMYHOMY OO’€KTi 3[iliCHIOETBCS TepepaxyHOK
CHiBBiZHOIIEHHS Yacy BMMKAHHS i BUMUKAHHS GOPCYHOK
Ta KibKOCTi 3aJisTHUX (OPCYHOK. AJITOPUTM KepyBaHHS
Moske 6yTH peanizoBaHO, HAIPUKIIA/, B cepemoBuili Zelio
Soft un CoDeSys Ha moBi FBD uu ST a6o LD, i cipsimoBa-
He Ha BUKOPUCTAHHSI JIOTTYHOTO KOHTPOJepa, HallpMUKIIa,
SIEMENS S7-1200, un Schneider TM241CE40U.

Buxigni ymoBu: ®@opcynku: FOR1, FOR2, FOR3. Bxin-
Hi 3MiHHi: humidity: [TorouHuit pierb Bosorocti B 70 %.
Jlorika mpoliecy KepyBaHHS 0a3yeThCsl Ha BM3HAYEHHI i
BiANpallloBaHHi peXMMiB B TPbOX Jiana3zoHax BOJOTOCTi:
70-65 %: mpaiitoe onHa dopcyHKa; 65-60 %: MpalwTh
IBi dopcynku; 60-50 %: nmpauooTh Tpu hopcyHku. CriB-
BiJHOILIEHHSI TEPMiHiB BMMKAHHS i BUMMKaHHS HOPCYHOK
PO3paxoBaHO BiAMOBiAHO [0 mediluTy BOJOTrOCTi i Kilb-
KOCTi 3afistHuX dopcyHOK. Hampukiaz, y pesxumi po6oTu
N¢ 3 po3paxyHOK 3[iliCHIOETbCS 3a CepeqHiM 3HaUeHHSIM
nmedinuTy BOIOTOCTI, IKMii cKiIamae 3,61 yi/rom. Bukopucro-
BYIOUM CHiBBiHOIIEHHSI POOOTM (GOPCYHOK Ta CTaHy CIIO-
K010, HOPCYHKM MAIOTh MPAIIOBATH IIOKU He 6yIe JOoCsITHe-
He cepeJHE 3HaUEHHS BOJIOTOCTI Yy BiIlIOBiZHOMY peXMMi.
KoedinieHT HarmoBHeHOCTI yacy po6oTu (POpPCYyHOK CKia-
matume 0,9. OTXKe, SKIIO 3arajibHUIT yac pobOTH pesKUMY
ckmagae 75 xB. (T), BigmoBigHO, yac po6oTu (HopcyHOK
T,=0,9*T, i cknanmae 67,5 xB. Tak ak T, + T, =T, To yac cro-
koo ¢popcyHok T,=T - T, i 6yne craHoBuUTH 7,5 XB.

Taiimepu: timerWork: ripaifioe mpotsirom 67,5 XB., TOTiM
nepexoauTb OO0 pexkxumy maysu; timerPause: mpaiiioe mpo-
TArOM 7,5 XB. 1ay3y, MOTIM [OBEPTAE JO PEKUMY POOGOTH.

BinmpanioBaHHS KOMaHZ, KepyBaHHSI (GOpCyHKamu
HaBeleHO B ¢parMeHTi KoLy, 1[0 IOMOBHEHU y Bigmo-
BiIHOCTI 3 HaBeIeHO 610K-cxeMolo [12].

BUCHOBKM

V paHiii po60Ti 06rpyHTOBAaHO, pO3pOOIEHO Ta IepeBipe-
HO Ha IpPaBIOINOAiIOHICTh MEXaTPOHHY CUCTEMY KepyBaH-
HSI BOJIOTIiCTIO MOBITPSI MiKpOK/IIMaTy TEIUIILi cepelHbOro
06’eMy 3 BUKOPMCTaHHSM KOMIIEHCYIOUMX (OPCYHOK. Bu-
KOHaHi TecTOBi BUIIPOOYBaHHS MOAei iaTBepaniu ii mpu-
JIaTHICTb [AJ1S1 POTHO3YBAHHS 3MiH BOJIOTOCTI MOBITpsI TP
MpoIiecax TeryIio-MacooOMiHy Iif] i€l0 30BHIIIHIX YMHHU-
KiB. BcTaHOB/IEHO, 110 3 YpaxyBaHHSM TeIUIO-Maco-00MiH-
HMX [IPOLIECIB B TEOMETPUYHIi 3-D Mopeni Terniii MOXyThb
6yTM 3MOJEe/IbOBAHI 3MiHM BUTPATU BOASHOI Iapy TeIUTUI
BIIPOZOBXK 1061. OTpMMaHi 3a/1€XKHOCT] 3HVSKEeHHST KOHIIeH-
Tpalii BOJIOrocTi B MOBiTpi AO3BONMMIM TTOGYIYyBaTY IIMKIIO-
rpaMy po60TM KOMITEHCYIoUunX GOPCYHOK BIIPOLOBK NOOMU.

OTpumaHa B pe3y/bTaTi MOZIe/IbHOTO eKCIIepMMEHTY 3a-
JIEXXHICTh AedilUTy BOJIOTOCTi BITPOJOBXK M06M TOIIOMOIVIA
po3paxyBaTu (PyHKIIiI0 HEOOXigHOI MPOAYKTMBHOCTI KOM-
neHcyrounx GOPCYHOK Yy vaci. Pe3ynbraTyt po3paxyHKiB I0-
KasaJiu, o Jy1sl TEIUIMIIi BKa3aHOTO 06’€éMY JOCTAaTHHO BUKO-
PUCTAHHS JBOX KOMITEHCYI0UMX (DOPCYHOK ITPOAYKTUBHICTIO
2 j1/Tof. KOXKHA 3 BigIOBiZHMM rpadikom iX IMigKIoUYeHHS
BIIPOZOBXK A06M. 3arIpOTIOHOBAHMIT YacOBUI PO3MOLIT po-
60TV KOMIIEHCYIOUMX (POPCYHOK 3a[IOBiIbHUTH BUMOTU 10
peXuMy BOJIOTOCTi MiKpOK/IiMaTy Teruiuiii. BiimosigHo 1o
OTpMMaHOI LUKIOrpamMu pobotu GopcyHOK 6yB po3pobite-
HMIT QJITOPUTM KepyBaHHS elleMeHTaMy MeXaTPOHHOI CUC-
Temu (cepemoBuiile CoDeSys, moBa mnporpamyBaHHs ST).
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Mechatronic system for controlling the humidity
of the greenhouse microclimate

Abstract. The influence of general parameters of temperature and humidity on the microclimate of small greenhouses is
analysed. The main properties that provide the most favorable conditions for plant growth and development are identified,
among which air humidity plays a significant role. To ensure a stable humidity regime inside the greenhouse, it is necessary
to maintain a humidity balance. The aim of this work is to create a mechatronic system for controlling air humidity in a
greenhouse. The peculiarity of the approach is a shifted algorithm for controlling sprayers based on a daily weather forecast.
A computer model of the greenhouse complex was substantiated and developed, which takes into account additional
compensation for water vapor, convection, and forced air movement in the greenhouse. Based on the results of the research,
a mathematical model of changes in water vapor flow in the greenhouse in accordance with changes in ambient air humidity
during the day was developed in the SOLIDWORKS software environment. A simulation of changes in air parameters in
a greenhouse during one day was carried out to forecast the weather in the Kherson region (May 17, 2023). The modeling
was based on the design parameters of the greenhouse, the initial temperature in the greenhouse of 20°C, the ambient
temperature in the range from 13.9°C to 26.2°C according to the weather forecast, and the initial air humidity of 70%. It
was found that the obtained characteristics allow us to estimate the overall coefficient of air saturation with water vapor,
which served as the basis for determining the required performance of compensating injectors and developing a control
cyclogram for the greenhouse air humidity stabilization system. To ensure stable humidity in the greenhouse, a mechatronic
hydraulic fogging system was developed. Based on the results of the model experiment, the coordinates of the injectors
were determined and their operation mode, namely the control algorithm, was developed. The results of the study and the
developed control algorithm are suitable for use in mechatronic microclimate control systems, taking into account daily
changes in environmental parameters. The algorithm provides for switching on the fogging system, updating the current
values of variables, polling sensors, and updating the set of control commands. The logic of the control process is based on
the definition and development of modes in three humidity ranges: 70-65%; 65-60%; 60-50%

Keywords: mechatronic system; hydraulic system; control system; microclimate; humidity; flow rate; greenhouse
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Docnip)xeHHs ekcnlyaTauiMHMX XapaKTepPUCTUK
nHeBMaTUYHOro aBTOMob6iNIbHOro ABUryHa

AHoOTaUif. BUKOPMCTaHHS CYYaCHUX eHEPTeTUYHUX YCTAHOBOK Y TPAHCIIOPTi 3 IBUTYHAMU BHYTPIIIHBOTO 3TOPSTHHS
He 3aTHe MOBHICTIO BUPIIINTU eKOJOTiuHi MUTAaHHS, 3yMOBJIeHi TpadiKoM, 0CO6IMBO y I'yCTOHACETEHUX MiChbKUX
pajioHax i3 HaceJleHHSIM MMOHAJ, MiJbiioH 0ci6. OZHUM i3 NMePCHeKTUBHUX HAMNPSMIiB MOKpaleHHs eKOIOTiuyHOi
6e31eKy TPAHCIIOPTY € 3aCTOCYBAaHHS IBUTYHIB, SIKi BUKOPUCTOBYIOTh CTUCHEHE TOBIiTPSI SIK po6oue cepenoBuiie. Lle
3yMOBJIEHO HM3KOI0 IlepeBar MHEBMAaTUYHMX JBUTYHIB Y IIOPiBHSHHI 3 iHIIMMM eHEPreTUYHUMM CUCTEMaMMU: BUCOKUIA
piBeHb 6e3IeKy, IPOCTOTa TPAHCIIOPTYBAHHSI, €KOJIOTiUHICTh, HM3bKa COOIBAPTICTh BUPOOHMIITBA THEBMATUYHUX
TPAHCIIOPTHUX 3aCO6iB i CTMCHEHOTO MOBITPSI, @ TAKOXK JIETKiCTh YTUTi3allil MOBITPSIHMX 6aTapeii i eHepreTMYHUX CUCTEM.
B po60Ti nipefcTaBIeHO MaTeMaTUYHY MOJEb, SIKa 03BOJISE BUKOHYBATY UMCEIbHI PO3PAaxXyYHKM Ta ONMTUMi3yBaTu
OCHOBHI eHepreTuyYHi ii ekcIulyaTaliiiHi XapakTepUCTUKY MOPIIHEBUX THEBMAaTUUYHUX JIBUTYHIB i3 KpMBOLIUITHO-
IMIATYHHMM MEXaHi3MOM i 3aJaHMM MeXaHi3MOM Ira30po3Mno/iny. Pe3yibTaTyi MOAETIOBAHHS ITOKa3aJIn, 10 Hal6iIbII
MepCreKTUBHUM € 4-IVIiHAPOBUI THeBMaTUYHMIT IBUTYH. Po3pobieHnit BapiaHT 3a6e3meuye HeOOXigHY MOTYXXHICTh
Io 14 xBT 3a/1eXXHO BiJ BXiHOTO TUCKY, a TAKOX Ma€ KoedilieHT 3armoBHeHHs P-V miarpamu B mexkax 0,68-0,76

Kno4voBi cnoBa: mHeBMaTHUHNI IBUTYH; CTUCHEHE MOBIiTps; MoaenoBaHHs; P-V miarpama; eHeproeheKTUBHICTD;
eKoJioriuHa 6e3MeyHiCTh; TPAHCIIOPTHI 3aCO6U
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Bctyn

CyuacHi MOGi/NbHI KOMILJIEKCH PYXOMMX 3aCO06iB BimHOB-
JIEHHSI 030PO€HHS i BiliCbKOBOI TEXHIKM IO BiJHOCSATHCS
IO CUCTeMM TeXHIiUHOi MiATPUMKM BiliCbK, TOBUHHI Bif-
MOBiZAaT iHTEHCMBHOMY PO3BUTKY 3aC00iB i criocobiB Be-
IleHHs 60i10BMX Ailt. BUKOPUCTaHHS CyyaCHUX eHepreTuy-
HMX YCTAHOBOK Y TPaHCIOPTi 3 ABUTYHAMM BHYTPilTHbOTO
3TOpSIHHS He 3/1aTHe MOBHICTIO BUPILIUTYU €KOJIOTiuHi Mu-
TaHHS, 3yMOBJIeHi TpagikoM, 0COGIMBO Yy I'yCTOHACEIEHUX
MiCbKMX pailoHaX i3 HaceJeHHSM ITOHAJ MiJIbiiOH OCi0.
OpHMM i3 NepCHeKTUMBHMUX HaNpSIMiB MOKpalleHHS eKo-
JIOTiYHOi 6e3TeKM TPAHCIIOPTY € 3aCTOCYBaHHS OBUTYHIB,
SIKi BUKOPUCTOBYIOTb CTMCHEHe TIOBITpsl SIK poboue cepe-
noBuile. Lle 3yMOB/I€HO HM3KOIO IlepeBar MTHeBMaTUUYHUX
JIBUTYHIB y IOPiBHSIHHI 3 iHIIMMM €HepreTMYHMMU CUCTe-
MaMM: BUCOKUI piBeHb 6e3MeKu, MPOCTOTa TPAHCIIOPTY-
BaHHS, €KOJIOTiYHICTh, HM3bKa COOiBapTiCTh BUPOOHUIITBA
MHEeBMATUYHUX TPAHCIIOPTHMUX 3ac06iB i CTMCHEHOro Io-
BITpSI, @ TAKOXK JIETKICTh yTWIi3alii MOBITpsiHMX 6aTapeii i
eHepreTUYHMX CUCTEM.

CTHCHeHeNOBITPs B3XXe aKTVBHO 3aCTOCOBYEThCS BEHEP-
reTMYHMX YCTAHOBKAX Pi3HOro TUIY: /151 HAALYBY B IBUTY-
Hax BHYTPiLIHbOTO 3rOPSIHHS, y KOMOiHOBaHUX eHepreTuy-
HUX CUCTEMaXx IIPU YaCTKOBUX peskMMax poOOTY IBUTYHA, Y
KOMILIEKCHUX YCTAHOBKAX 3i 3SMiHHMM LIVIKIIOM PO6OTH, IO
KoMb6inye JIB3 i mHeBMaTMUHMII JBUTYH, € BUKOPUCTO-
BYETHCS JIMIIIE CTUCHEHe MOBIiTps. IIpy 11bOMy BUXJIOIIHE
MOBITPSI 3 3aJIUIIKOBUM TUCKOM MOKe GYTH MOBTOPHO 3a-
CTOCOBAaHe B iHIIMX HWTiHApPaX abo 36epekeHe B GaJoHaxX
[T TIOa/IbIIOTO BMKOpUCTaHHS. Taki kommanii, sk MDI,
TATA TO1I0, BXXKe CTBOPW/IM ITHEBMATUUHI aBTOMOOGII, AKi
MiATrOTOBJEHi 10 cepiftHOro BUPOOGHMIITBA ab0 BKe BUITYC-
KaloTbCs, HaNpuKian, Ha ['aBasx. XapKkiBcbKuii HalliOHaJIb-
HUIT aBTOMOOIILHO-IOPOXKHIN YHiBepCUTeT TakoX 37ilic-
HIOE JOCTiIKeHHS i po3p06Ky MHEeBMATUYHUX IBUTYHIB.

V cucTeMi THEBMAaTUYHOIO IPUBOJY €HePTis 3a3BuyYait
[1epeTBOPIOETHCS IBUTYHOM Y MeXaHiuHY MOTYKHIiCTb IIJIsI-
XOM PO3UIMPEHHS CTUCHEHOTO NMOBiTps B uuiinapi (Fang et
al., 2018). ITopiHeBuit MeXaHi3M CXOXMI1 Ha KOHCTPYKIIiI0
CTaHJAPTHOTO [BUTYHA BHYTPILIHbOTO 3TOPSIHHS, 3@ BU-
HSITKOM TOTO, 110 B ABUTYHi Ha CTUCHEHOMY IOBITpi BiJ-
CyTHi (OopCyHKM ab0 CBiUKM 3aIaaioBaHHs. PoGOUMIi LMK
TaKOTO ABUTYHA CKIAJA€ThCS 3 JBOX TaKTiB: PO3LIVPEHHS
Ta BUITYCKy. BasknMBO 3a3HauMTH, 1O BIIYCKHMII Mpoliec
BiIOYBA€ETHCSI HA TIOYATKY TAKTy PO3IMIMPEHHSI. BryckHuit
KJ/IallaH BiIKPUBA€ETbCS 3a3BMYali TOLi, KOJIM MOPLIEHD A0-
csira€ BepxHbOi MepTBOi Touku (BMT), micst yoro cTucHe-
He MOBIiTPS HAAXOAUTD Y HVUTIHAD i3 MOBiTPSIHOTrO 6asioHa.
Konu BITyckHMII K/1aniaH 3aKpUBAETHCS, CTUCHEHE MTOBITPS,
10 3IMIIMIOCS B UWIIHAPI, PO3LMIMUPIOETHCS Aami, JOKU
MOpILEeHb He Aijife 00 HuKHboi MepTBOi Touky (HMT). Bu-
MyCKHMIA KIanaH BiIKpUBAEThCS Mic/s 3aBepiieHHs da3u
PO3IIMPEHHS, i CTUCHEHe MOBITPS BUXOAUTH i3 LMIIiHIApa
MiJ] 4ac 3BOPOTHOTO PyXY MOPUIHSI.

VIIpoOoBK OCTaHHBOTO AECSTWIITTS OibLIICTD HOCTi-
I>KeHb IBUTYHIB Ha CTMCHEHOMY MOBITPi 6y 30cepemKeHi
Ha nopiHeBii koHcTpykiii. H. Liu et al. (2005) i Y. Chen et

al. (2005) cTBOpWIN MaTeMaTUYHI MOJIEJi TaKUX JBUTYHIB
i mpoaHanisyBaau ixHIO PO6OTY B yMOBax OZHOETAITHOTO
Ta IBOETANHOTO PO3IUMpeHHs. Pe3ynbraTy mifTBEpAWIHN,
110 TOpLIHeBAa KOHCTPYKLiSl € ONTMMAaIbHMUM DillleHHSIM
IJISI ABUTYHIB Ha CTUCHeHOMY MoBiTpi. X. Yu et al. (2002)
IOCTiOVUIN TEOPeTUYHMI MUK TaKUX ABUTYHIB i BUSBUIN,
110 BUXiJlHA TIOTY>KHICTb ABUTYHA Ma€ JIiHiIHY 3a/1€XHiCTh
BiJl TIOYATKOBOi TeMIlepaTypu PpO3LIMpPeHHS. 36iMbIINTU
MIPONYKTUBHICTb MOYKHA 32 IOTIOMOT0I0 6araToCTyIeHeBoi,
KBa3ii3oTepMiuHOi eKkcraHcii cTucHeHoro nositps. L. Liu
& X.-L. Yu (2006) 3anmponoHyBaiyu ONTUMi3aliliHUit mif-
Xif, 10 TEOPeTUYHOro LUKy ABUIYHA, BUKOPUCTOBYIOUU
MeTo, 6araToKpuTepiasibHOI onTuMisarii. MakcuMasib-
Ha e(deKTUBHICTb AOCsTanacs Mpu CIHiBBiIHOIIEHHI TUCKY
BIyCcKy Ta KoedilienTa crucHeHHs 32 Ta 13 BinmosigHO.
Inst TpaekTopii mopiiHs O6yB po3pobieHuit MexaHi3M 3
MOIBITHMM KOJiHUYATUM BaJIOM, SIKMit 3abe3reuye 3ynuH-
Ky IMOPIIHS, JOKM TUCK Y UWIIHADI He 3piBHSIETHCS 3 BITY-
CKHMM, a TaKOX 03BOJISIE JiHiliHY 3a/IeKHICTh MIBUIKOCTI
MIOPIIHS Bif, IJIOIIi BITYCKHOT'O KJ1alaHa.

]J.-Q. Hu et al. (2007) mpoBesnn aHaji3 MOTOKIB y IM-
JHAPI ABUTYHA, L0 SO3BOAWIO BUSIBUTH, 1[0 TYpPOY/IEHT-
HiCcTh 6i/i1 BIYCKHOrO TOPTY 3HAYHO 3HMKYE eHeproe-
(exTUBHICTH yepe3 BTpaTU CTUCHEHOTO MOBITps. I'pyma 3
[TexiHCBKOTO YHiBepCUTETYy aepOHAaBTUKM ¥ aCTPOHABTHU-
KM BMKOHaja BipTyalbHe MOJETIOBAHHS POOOTY ABUTYHA,
CTBOPMBIIM MOJ€JIb, IEpeBipeHy 3a JONOMOIOI0 ITHeBMa-
tuyHoro neuryHa (APE) (Song et al., 2013; Xu et al., 2014a).
KomaHpa po3pobuia HOBY CUCTeMY KJamlaHiB Ijisl TOCTi-
JKEHHS AVMHaMIiYHUX XapaKTepUCTUK i CTBOpMJIA ONTU-
MaJbHi CcTpaTerii KepyBaHHS KjallaHaMMy, 10 PO3MMPWIO
TEOpEeTMYHI 3HaHHS PO TEXHOJIOTiI0 THeBMaTUUYHUX JBU-
I'yHiB. JJOCTigyKeHHS TaKOX OXOIII0BAI0 MOJeMI0BaHHS Te-
oBux mpoteciB (Xu et al., 2014b), sike mokazano 3HaYHe
3HIDKEHHS TeMIlepaTypu i, 4ac po6oTu. [IJiss yHUKHEHHSI
PU3UKY 3aMep3aHHs yepe3 edekT IpocentoBaHHS 3aIpo-
TTOHYBA/IM TEXHOJIOTiI0 KoMreHcalii Temmnepatypu (Shi et
al., 2015), e eTaHON BUKOPMUCTOBYBABCS SIK TEIJIOOOMiH-
He cepenoBuile. Lle JO3BOMWIIO MiABUIIUTY €(PEKTUBHICTD
nuryHa Ha 30%. Q.H. Yu et al. (2016) 3arpornoHyBaiu Me-
XaHi3M ITOABITHOrO KOJiHYATOro 3’€JHaHHS, 110 3abe3mne-
YMJI0 CTABGIIbHICTh TUCKY B LIVUTIHAPI Ta MiABUILIEHHS eHEeP-
roedekTuBHOCTi B 1,86-2,86 pasa.

Metoio cTarTi 6y/70 CTBOPUTM MaTeMaTUUYHYy MO-
Jleib, SIKa A,03BOJISIE BUKOHYBATY YMCeNbHI PO3paxXyHKuU
Ta ONTUMIi3yBaTy OCHOBHI eHepreTuyYHi ii ekciayaraiii-
JiHi XapaKTepuUCTUKMU MOPIIHEBUX MHEBMATUIHUX IBU-
I'YHiB i3 KpMBOWIMIIHO-UIATYHHUM MeXaHi3MOM i 3aza-
HUM MeXaHi3MOM ra3opo3Iojiny.

Pe3ynbTtatn

MaTeMaTMUYHMIT OTIMC OCHOBHMX TTapaMeTPUUHUX BIUIMBIB
peanisyeThcsl yepe3 cucremy audepeHIiaTbHUX PiBHSIHb
i mo3Bossie mobymyBaTu IepenbauyBaHy «P-V miarpamy»,
o Bimobpaxkae peanbHuit P-V nporec. IIpu 3acTocyBaH-
Hi KPMBOIIMIIHO-UIATYHHOTO MeXaHi3My pO3paXyHKOBa
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cxema [Ijisi OLHOTO IMJIiHApa mofgaHa Ha Pucynky 1. [lo-
IATKOBOIO METOI0 BUKOPMUCTaHHS Liei MeTomuku 6yso
CIIPOIeHHST 06UMC/IeHb, YHUKHEHHSI 3a/1BO1 CK/IaTHOCTi Ta
IPOMi3JIKOCTi B pO3paxXyHKax.

PucyHok 1. [IHamika NpoleciB y UMIiHAPi ABUTYHA
Ibkepeno: po3pobka aBTOPiB

3acToCcyBaHHS pPO3PaxXyHKOBUX «P-V miarpam» m03BO-
JISI€E OLiIHUTY e(EeKTUBHICTh 3aIPOITOHOBAHOI AMHAMIYHOI
MEeTOOMKM PO3PaxyHKy, a TaKOX MepeBipuTH il mpupat-
HIiCTh IJI MOJETIOBAHHSI poOOYMX TMPOLIECIB y ITHEBMa-
TUYHOMY ABUTYHi. [lapanenbHO 3[4i/iCHIOETHCST TepeBipka
He JINIIIE TIPUITHSITHOCTI OCHOBHUX (i3MUHMX MPUHLIMIIIB,
MIPUITYIEeHb i CIIPOIIeHOi cxeMaTu3allii CKIagHUX peaib-
HMX TeIUIO- Ta ra30AMHaMiuHUX TIPOLIeciB, ajie i BiATIOBig-
HOCTi eMITipUYHUX BEJINYUNH, 6€3 SIKMX HEMOK/IMBO OIMCa-
™ Gi3MYHO CKIAAHI SBUIIA, 0 BUKOPUCTOBYIOThCS B IIil
MEeTOIMIIi.

Ijis1 CTBOpeHHSI MaTeMaTU4YHOi Mofesi Ta po3paxyH-
Ky TepMOAMHAMiUHMX XapaKTePUCTUK 6GaraToOUMIiHIPO-
BOrO ITHEBMOJBMUIYHA PO3IVITHEMO JOT0 POOGOUMIA LMK
(Puc. 2), skuii ckIamaeTbes 3 Takux TakTiB (Yatsyna, 2014):
1-2 — TaKT BIyCKYy po60YOoro Tisa; 2—3 — TaKT PO3IMIUPEHHS;
3—4 — TaKkT BUITYCKY BiANpanboBaHMX Tra3iB; 4-1 — HeB’s13Ka
3a TUCKOM Ap4-1 (6/1M3bKa IO HYJIS).

Pob4——— - - — - — — = - —
BMT HMT

Vo Vh

PucyHok 2. Jliarpama po6040ro HyKIy MOPUTHEBOTO
MTHEBMOJBUTYHA
bkepeno: po3pobka aBTOPiB

Po3mIsSIHEMO TaKT BITYCKYy pOOOYOro Tijla Ha OistHI 1-2.

BinnoBigHO 10 mepuIoro 3aKOHY TepMOAVHAMiKY, BBA-
SKaeEMO, 10 BCS MifBemeHa 3 ra3oM TeIuioBa eHeprisi dQm
BUTPAYAEThCS HA 3MiHYy BHYTpIlIHbOi eHeprii dUI Ta Ha
po6OTY pO3MMPEHHS rasy dL,. 3anuuemMo piBHAHHS eHep-
reTuyHoro 6anaHcy (Kudryavtsev, 2005; Yatsyna, 2014):

dQm=dU, +dL,. 1)

BpaxoBytoun, 110 KiJIbKiCTh TEIUIOTH, 110 HAAXOOUTD
3 MaricTpasi y IOpOKHMHY THEBMOABUTYHA (Hali MOPOoX-
HMHA 1), HOpiBHIOE [OGYTKY Macu rasy mm Ha MUTOMY
eHrasbmilo dQm =i dm , a BHyTpilHs eHeprisa U, rasy Tta
BMKOHYBaHa HMM po6ora L, BM3HAYalOThbCs, BifMOBigHO,
dU,=d(u, m1) Ta dL,=p, dV,, npencraBumo piBHAHHA (1) y
TakoOMY BUITISIL:

iy, xdm,=u dm +m du +p dv, (2)

Iie U, — MMTOMAa BHYTPIllIHS €Heprisi rasy y MOPOXHMHI 1;
V, - 06’em noposkHuHM 1; m, — Maca rasy, 1o Hafijma y
IIOPOKHMHY THEBMOJBUTYHA.

Bupasumo y piBHSIHHI (2) 3HaUeHHS eHTasbllii Ta BHY-
TpilIHbOI eHeprii yepe3 HOOGYTOK TeMIlepaTypu Ha Teruio-
€MHICTb 32 CTA/IMIMY TUCKOM C, Ta 06'€MOM C,, BIIIIOBIZHO:

¢, xT,xdmy=c, T,dm,+c,mdT, +p,dV,. 3)

Posrmsmarour po6ounii ra3 sk ieanbHuii, MOJIEKYJISIP-
HUMM CUJIaMM B3a€MOZii SKOrO MOKHA 3HEXTyBaTH, OIN-
11emMo 7oro ctaH 3a piBHIHHSIM MeHieneeBa—KnaneiipoHa:

p,V,=m RT, 4)

e R — rasosa crana (gjis noBiTps R = 287,14 [Ix/kr K npu
T=293 K).

IigcraBnswoun y piBHAHHA (3) 3HaueHHs m, dT,, oTpu-
MaHe 3 PiBHSIHHS (4), i mpUITyCcKalouM y HbOMY cp/cv =k Ta
c, - ¢, =R, me k — mokasHuK afiabaTy, Micis HeCKIaoHUX
repeTBOpeHb OTPMMAEMO BUpas:

kRT,dm, =V dp, +kp dV,. ©)

3amiHioloun y piBHsIHHI (5) Macy rasy dmm, o Haj-
XOOUTD Y TIOPOKHMHY V, IPOTATOM 4Yacy dt, BinnoBigHuM
3HaUYeHHSIM BUTpaTu Gm (dmm = Gm ¢ dt), BUpa3uMo OTpu-
MaHe PiBHSHHS BiTHOCHO TUCKY:

__ kGyRTydt av,
=— —kpi -
1 1

dp, (6)

Butpara Gm rasy 3 Heo6MekeHOro 06’eMy (MarictTpati)
BM3HAavaeThCs 3a popmynoto CeH-BeHana i Banuesns (ous.,
Hanpukiag, Y. Chen (2005) i X. Yu (2002)):

2 kt1
mio@)] o«
(IJM Pm ’ ( )
ne y, — Koe(illieHT BUTPaTH; f, — IJIOIA BXiJHOTO OTBOPY;
T, - Temneparypa rasy B Maricrpari.

BTpaTu TUCKY rasy y TpyboIpoBOi Ta MiCI[eBUX OIO-
pax BpPAXOBYIOTbCS BBeHeHHSIM KoedillieHTa BUTpaTH
(Kudryavtsev, 2005; Yatsyna, 2014), 1m0 TakoxX BpaXOBYeE
CTUCKAaHHS CTPyMeHS IIpM BUTiKaHHi, IIBUIKICTb MiAXOOY
MOBITpPSI O OTBOPY Ta iHIIi hakTOpH.

[Ipoulec HANOBHEHHSI CTUCHEHMM IOBITPSIM MOXXHA
omnucaTy 3a JONOMOTI0I0 3MiHHOIO MOKa3HMKa MOMiUTPONN

2k 1

Gy = t1f1bm X Exm
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N, 3HaYEHHS SIKOTO Ha MOYAaTKY MPOIeCY HAaTlOBHEHHS J0-
piBHIOE MOKAa3HMKY afiabaTy, a MOTIM MOHOTOHHO 3MEH-
mryetbest (Kudryavtsev, 2005):

n=1+[2D) ®)

a

ne aa=p “/pM; Pa — TUCK Y TIOPOKHMHI HalIOBHEHHSI Ha IO-
YaTKOBUII MOMEHT 4acy.
Ipu o =1, TOGTO B KiHIIi IpOLIECY, 10T0 3HAUEHHST aCUMII-
TOTMYHO HaOMMKAETBCS [0 TIOKa3HMKA i30Tepmu n = 1.
MincraBuBuin (8) y Bupas (7), OTpUMaEeMO HaCTYIIHY
dbopmyny miis BU3HAUEHHSI BUTPATU MOBIiTps MiJ yac Ha-
[TOBHEHHS [MOPOKHMHY THEBMOJBUTYHA:

Gy = fipm X kz__kl X ﬁ (ﬂ)i a (ﬂ)nTﬂ]

Pm Pm

)
Po3srnsiHeMo mpoliec MojiTPOIMHOTO PO3IIMPEHHST PO-

604oro rasy B MOpOKHMHI 1 Ha ginsHI 2—3. PiBHSIHHS MO-

JIITPOTIU 3aMMIlIeMO Y TAKOMY BUIVISIAI:

P2 _ (&)"

143 V)’
nep, p, V, V, - 3HaYeHHS TUCKY B IIOPOXHMHI 1 Ta ii 06’e-
MM, 1110 BM3HAYaIOThCS BifIIOBIAHO ITiJ] Yac MOI0KEeHHS 110~
pUIHS Y TOUKax 2 Ta 3.

OnucyeMo npouec BUTIKaHHS CTMCHEHOTO IMOBITPS 3
MOPOXHMHY ITHEBMOJBUTYHA IIPU BiIKPUTOMY BUITYCKHO-
My KJIamnaHi (ZistHka 3-4). Y 1bOMy BMUITaJKy MOXe OyTu
3aCTOCOBaHMII Mepunii 3akoH TepmonuHaMiku (1), ane B

LIbOMY DiBHSIHHI CJIif, TOCTaBUTY 3HAK MiHYC Y JTiBiii yacTu-
Hi, OCKIJIbKY BiIOYBA€THCSI BUTiKAHHS MOBITPS:

-dQ,=dU,+dA,.

(10)

(11)

BinnoBigHO 3MiHIOEMO iHIEKC 1, 1110 CTOCYETHCS MePIoi
nopoxxuyHu (Puc. 2), Ha iHgeKkc 2 Apyroi nopoxkHuHu. Ilic-
JIsL MiACTAaHOBKY BMpasiB IJi1 BHYTPILIHbOI eHeprii rasy Ta
BMKOHYBaHOI HUM poboTu y (11) oTpuMaemMo Takuii Bupas:

-kRT, dm,=V, dp,+kp, dV,. (12)

BurpaTa moBitps 3 o6MexeHOro obemy V, y mari-
CTpaJIb TaKOX omnucyeTbcs dopmynolo CeH-BeHaHa i BaH-
uens (7), ogHak y Hiit crig npuitnatuy T, =T, G =G, Ta
p,, =P, BDaXOBYIOUM, IO BCi Li B&/IMYMHM € 3SMIHHMMMU [5].

2 1
]y - ()
RT; |\ D2 D2

2
Gy = Uz fop2 1
2 kn
(o) ={\ok— 0« ,akmo 0,528 < o < 1; gnak = 1,4. (14)
0,2588, akmo 0 < o < 0,528

(13)

MMicns nmigcraHoBku (13) y (14) oTpuMaemMo KiHLIeBUit
BMpA3 [/ BU3HAUEHHS IMHAMiKM 3MiHM TUCKY IIiJi 4ac BU-
ITyCKY 3 IOPO>XKHVHY ITHEBMO/JIBUTYHA

3k-1
o)+

dpy _ kuofoKp,** \[RTy
FrEEEE=
S, (a3 —x)p2*

kp,dx
x3—x dt’

(15)

[t 3aMUKaHHSI PiBHSIHB (6), (9), (10), (15) HeobxixHO no-
JIaTy 3aKOH 3MiHM 06°'€My HaATIOPIITHEBOTO IIPOCTOPY Bif yacy.

V BUIIaJKy 3aCTOCYBaHHSI KPUBOIIMITHO-LIATYHHOTO
MmexaHi3my (Puc. 2) mrykaHy BificTaHb X MOKHa BUSHAUUTU
(Kudryavtsev, 2005) sK:

x = 0A(1 — cosp) + AB(1 — cosw), w = arcsin (%sin(p), (16)
gep = tZ—Zn, n — KiJIbKiCTh 06epTiB 3a XBWINHY; t — Yac, C.

TakMm 4MHOM, METOAMKA PO3PaxXyHKY JJIS ONUCY CTa-
LiOHApHUX TPOLeciB y MHEBMAaTUYHOMY JBUTYHi 6a3yeTh-
Cs1 Ha MOC/IiZOBHOMY 3aCTOCYBaHHi PiBHSIHB (6), (10) i (15)
y cucremi 3 piBHIHHAM (16). OnTMMmi3alis Ta BU3HaUEHHS
HaiieeKTUBHILINX PEKMMiB POOOTH AOCATAIOTHCS HITISIXOM
BapiloBaHHSI OCHOBHUX TEPMOAMHAMIUHMX i KOHCTPYKTUB-
HMX [lapaMeTpiB.

IIporpama pj1s1 uMCeNbHOTO MOJEN0BaHHS Ta po3pa-
XYHKIiB POOOUOTO IMKITY, & TAKO)X OCHOBHUX TeXHIUYHUX i
eKCIUTyaTaliiHuX XapaKTepMUCTUK IOPIIHEBOTO ITHeBMa-
TUYHOTO IBUTYHA Oy/ia CTBOpeHa 3a IOMOMOIOI0 IaKeTa
Matlab-Simulink. BoHa po3po6ieHa BifIoBigHO 10 HaBe-
JleHOi BUIe MaTeMaTU4YHOi Mojesi AJjisl CTallioHapHOTO
peskuMy poboTHu.

IMig yac mocmimkeHb 3MiHIOBAJIMCS OCHOBHI TMapaMe-
TpYU, 30KpeMa: 3BOPOTHUI TUCK Ha BUITYCKY, XapaKTepu-
CTMKM HaBKOJIMIIHBOTO CEPeloBMILA, TUCK i TeMIepaTypa
CTMCHEHOTO TMOBIiTPs Ha BXOMAi, @ TaKOX MIBUAKICTb 06ep-
TaHHS BaJly IBUTYHA. JJoC/TiI>KeHHS TPOBOAINCS B CTasI0-
My peXuMi, iz yac sikoro dikcyBanucs «P-V miarpamu» i3
3aIMCOM YCiX 30BHIllIHiX TapamMeTpiB po6OTH IBUTYHA.

Ha PucyHky 3 3006paskeHo «P-V miarpamy» THEBMaTUY-
HOTO [BUIYHA i3 30/I0OTHMKOBMM IOBiTPOpPO3MOIiIoM. 3a
KOHTYpoM «P-V miarpamu» MOsKHa OLIiHUTU CKIaAHICTb Tep-
MO(]i3sMUHMX TTPOLIECiB, IO BigOyBarOThCS Y IMIiHAPI ITHEB-
MaTmuuyHoro apuryHa. Oxpim o «P-V giarpam» (inkaiaHoO1
PO60TH), B&XKTMBUM ITOKA3HMKOM € Pi3HUIIS MiK CITOKMBaH-
HSIM CTMCHEHOTO MOBITPSI, BUMipSTHMM IIif, Yac BUITPOOYBaHb
JIBUTYHA, i BU3HAUE€HMM 33 pO3paxyHKaMu. Y BCiX pexku-
Max pobOoTM MHEBMATMYHOTO ABUTYHA eKCIepUMeHTasb-
Hi 3HAUeHHS CIIOKMBAaHHS TOBITPSl BUSBWINCS BULIVIMMU.

06l [ . ]2
< "', & =
0,41 =T
¥ . d ~.._b
~ Seea, \
S
0,2 f——F—= S— ]
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PucyHoK 3. «P-V niarpama» MHEBMaTUYHOTO ABUTYHA
3 30JIOTHMKOBUM IOBiTPOPO3IOAiIOM
MpuMiTKK: Ne = 3,78 KBT; n = 790 06/xB.; ps = 0,9 MITa; Ts = 383 K
[Kepesno: po3pobieHo aBTopaMm
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Ha PucyHKy 3 3a3HayeHi Taki MOMEHTU: d — MOMEHT
3aKPUTTS BITYCKHOTO OTBOPY 30JIOTHMKOBOTO KJarnaHa; b —
MOMEHT BiIKPDUTTSI BUIIYCKHOTO OTBOPY 30J0THMKOBOIO
KJIalaHa; ¢ — MOMEHT 3aKPUTTSl BUITyCKHOTO OTBODY 30-
JIOTHMKOBOT'O K/janaHa; d — MOMeHT BiIKPUTTSI BITYyCKHOTO
OTBOPY 30JIOTHMKOBOT'O K/IaraHa. Y Ipolieci KOMIT'10TepHO-
TO MOZEMIOBaHHS POOOTH MHEBMATUYHOTO IBUTYHA 3 KPU-
BOUIMITHO-IIATYyHHMM MeXaHi3MOM BapiloBaKCs HACTYII-
Hi MMapamMeTpu: TUCK y BIIYCKHili mMaricTpari, KyT IOYaTKy
BiIKPUTTSI BITyCKHOTO Ta BUITYCKHOTO KJIallaHiB, JjiameTp
MOPILHS, KiIbKICTh UMU/IiHAPIB, AiaMeTpy BIYCKHOT'O Ta BU-
ITyCKHOTO KJIallaHiB, a TAKOX TeMIlepaTypa IOBiTps Ha BXO-
Ii o maricrpasni. Po3paxyHKM BUMKOHYBaINUCS B CTaJIOMYy
pexXuMi pobOTM ABUTYHA MPU YacTOTi 06epTiB 750 06/xB.

P.V piarpama
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PUCYHOK 4. P-V niarpama po604oro uukiIy mpu
MaKCMMaJbHili TaJbMiBHii IOTYXHOCTI IBUTYHA
(Ne = 6,22 kBr)
Ibxepeno: po3po6eHo aBTopamMu

Ha Pucynky 4 HaBefeHa P-V giarpama pobo4oro 1mu-
KJIy TIpU MaKCUMaJbHiii raJbMiBHili TOTY>KHOCTi IBUTyHA
(Ne=6,22xBT) crioskuBaHHSI CTMCHeHOrooBiTpst (105071/xB.)
Ipu TUCKY Ha Bxoni ps Binm 0,5 mo 1,1 MIla 6yno Ha 3-12 %
BMILE 32 PO3PAaxXYHKOBi 3HaueHHs1. Ha PucyHKy 5 npezcras-
JIEHO PO3PaxyHOK 3aJIEXXKHOCTi KPyTHOTO MOMEHTY Bif] KyTa
IIOBOPOTY KO/IiHYACTOrO Bajia MTHEBMOJBUTYHA.
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PucyHoK 5. Po3paxyHOK 3a71€XKHOCTi KDyTHOTO MOMEHTY
BiJl KyTa MOBOPOTY Ky/IauKOBOTO Bajia
Ikepeno: po3po6ieHo aBTOpamMu

BuycHOBKM
Po3po6iieHa MaTemMaTM4Ha MOAE/b JAa€ 3MOTYy BUKOHYBATHU
YycebHi PO3paxyHKM Ta ONTUMi3yBaTy OCHOBHI eHepreTuy-
Hi 71 eKCIuTyaTalliiiHi XapaKTepuCcTUKY OPIIHEBMX [THEBMA-
TUYHUX JBUTYHIB i3 KPMBOIIUITHO-IIATYHHUM MeXaHi3MOM
i 3aHaHMM MexaHi3MOM ra3opo3Iofily. 3a pe3yabTaTaMu
MOZETIOBAHHS, HAOLIbII TIEPCITIEKTUBHUM € 4-IVTiHIPO-
BMIT THEBMAaTUYHUIT OBUTYH. Lleit BapiaHT 3abe3meuye Io-
TYKHICTb 0 14 KBT 3a7€XHO Bif, BXiTHOTO TUCKY Ta Mae€
KoedimieHT 3aroBHeHHs1 P-V miarpamu B mexax 0,68-0,76.
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Abstract. The use of modern power units in transport with internal combustion engines cannot fully resolve environmental
issues caused by traffic, particularly in densely populated urban areas with over one million inhabitants. One promising
approach to improving transport's environmental safety is the use of engines that operate on compressed air as the working
medium. This is due to several advantages of pneumatic engines compared to other energy systems: high safety levels, ease
of transportation, environmental friendliness, low production costs for pneumatic vehicles and compressed air, as well as
the ease of recycling air batteries and energy systems. This study presents a mathematical model that enables numerical
calculations and optimisation of the key energy and operational characteristics of reciprocating pneumatic engines with
a crank-slider mechanism and a given gas distribution mechanism. The modelling results indicate that a four-cylinder
pneumatic engine is the most promising option. The developed variant provides the required power output of up to 14 kW
depending on the input pressure and achieves a P-V diagram filling coefficient within the range of 0.68-0.76
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Ponb TaKTUKO-TEXHIYHUX XapaKTePUCTUK
3aco6iB pyxoMoCTi B aepogpOMHO-TEXHIYHOMY 3a6e3ne4yeHHi NoNnboTiB

AHoTauisa. B ctarTi chbopMoBaHO HaNpsIMK Ta IPOAHaTi30BAHO MOXK/IMBOCTI OGIPYHTYBAaHHS i BUGOPY HaiO6iIbII
OTNITMMAJILHOTO BapiaHTa PO3BUTKY Mapka 3acobiB aepogpOMHO-TEXHIYHOTO 3a6e3eueHHSI MOJIbOTIB MOBITPSIHUX CYLleH
VYKpaiHy Ha OCHOBi BMBUEHHS JOCBily IPOBiIHMX KpaiH CBiTYy Ta BU3HAUEHHS POJi TaKTUKO-TEXHIYHMUX XapaKTePUCTUK
3ac06iB pyxoMocTi y 3a6e3meueHHi OJbOTIB MOBITPSIHUX CYLEH B yMOBaX BOEHHOTO cTaHy. HamaHi pekomeHganii
IIO3BOJISTIOTh CQOPMYBATH 3aXOIM IMIOAO0 YCYHEHHS HEIOMIKIB Y CUCTEMi aepOIPOMHO-TEXHIYHOTO 3a6e31eYeHHsI MOJIbOTIiB
3a paxyHOK MOJepHi3allii, yHidikalii Ta po3BUTKY TaKTUKO-TeXHIUHMX XapaKTepUCTUK 3ac0biB pyxomocTi. IIpoBeneHmii
OIVISIA, i aHaJTi3 CTaHY iCHYIOUMX 3aCO6iB aepOAPOMHO-TEXHIYHOTO 3a6e3I1eUeHHs MOJIbOTiB MOKAa3aB., 10 Ha iX KiJIbKiCHMIA
CKJIaJl, TAKTUKO-TEXHIYHi BUMOTY i KOHCTPYKTMBHI BUMOIM IO KOKHOI MalllHY 11i€i BiliCbKOBOI TEXHiKM CYTTEBO BIIMBAIOTh
TeHJleHLil i HanpsiMy pO3BUTKY BilicbKOBOI aBiallii YKpaiHu, IKMUMM B Cy4aCHMUX YMOBaX €: MaKCUMa/lbHe yTPUMaHHS
y 60€30aTHOMY CTaHi HasBHMX JIiTaKiB, sIKi MalOTh IIOXOKEHHSI 1lle 3 PaJiSTHCbKMX YaciB, iX peMOHT Ha BiTUM3HSIHUX
MiJNpUEMCTBaX i He3HaUYHa MOZEePHi3allisl LUISIXOM BCTAHOBJIEHHSI €JIeKTPOHHOTO 00/1afHAHHS BiTUM3HSHOI pO3POOKK
i HOBOTO 036pO€EHHS; 36epeskeHHS KMBYYOCTi METOOM CITPOMOXKHOCTI IIBUAKOTO pO30cepeIykKeHHs Ha OllepaTUBHi
aepoJpoMu, HapOIIlyBaHHSI Mepeki OCHOBHMX i 3allaCHUX aepoApOMiB; MOsIBa JiTaKiB iHIIMX iHO3eMHMX KpaiH; MoYaToOK
HaxoIkeHHs Ha 036poeHHS [ToBiTpsiHMX Cuit 36poitHux Cui Yrpainy 6e3miIoTHMX MiTaabHMUX anapatiB. OiHKa HarpsiMiB
PO3BUTKY 3aC00iB aepoJpOMHO-TEXHIUHOTO 3a6e3IeueHHsI IOJbOTiB MTOKa3aia, 1o MpobieMHOI0 3aauelo TaHKUX 3aco0iB
y cydacHUX yMoBax YKpaiHu € 36epeskeHHSI pecypcy SIK ClieliaJiIbHOTo 06/1aJHaHHSI, Tak i aBTOMOGiIiB, Ha SIKUX BOHO
3MOHTOBaHO. Hait6ibI11 MepcrekKTMBHMUM HaIpsiIMOM PO3BUTKY € MOOYIOBa (CTBOPEeHHS) 6araTOMOLYIbHUX MAIlIH
eHepreTUYHM MOIY/b (aBTOMOGib, TATay) i TeXHOMOTIYHMIT MOLY/Ib (CrelliaabHe 0bMagHaHHs). Ajle foci He 3HaIeHo
OCTaTOYHMIT MeTO[, SIKUM MOXKHa ITOOYIyBaTH Taky MalluHy. [0TOBHOIO IIePCIIeKTMBOI0 PO3BUTKY 6AaraTOMOLYIbHUX
3aco6iB aepoAPOMHO-TeXHIYHOTO 3a6e31eueHHsI MOAbOTIB € PO3B’I3aHHS 3a5a4i pyXy 3aJHiM XOJOM MMPUUIITHOTO MOIYJIS
i3 3a6e3MeyeHHsIM TPAEKTOPHOI CTiIKOCTI Ta KEPOBAHOCTI IIPM MaHeBPYBaHHi

Knio4yoBi crnoBa: aBToTpaHCIIOPTHI 3ac061; aepOIPOMHO-TeXHiuHe 3a6e31eueHHsT; MOAY/IbHA TEXHOJIOTIS ; TAKTMKO-
TeXHiYHi XapaKTepUCTUKH; eKCIUTyaTalliliHa HaAiliHiCTh
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Bctyn

CyyacHi 3arpo3y Ta BUKJIMKM HalliOHA/IbHii Oe3meri
Vkpainu noTpe6yIOTh YIOCKOHAAEHHS MiaxoniB no ¢op-
MYBaHHS BiliCbKOBO-TeXHiUHOI MOJiTUKY AepskaBu 3 ypa-
XYBaHHSIM HarajabHO1 He0OXiTHOCTi OHOBJIEHHSI HAsIBHOTO
036poeHHS Ta BilicbKOBOi TexHikM 36poitHux Cun YKpa-
iHM. B cyyacHMX yMoOBax MOKJIMBOCTI aBialii 3anexaTb
Bil $KiCHOTO, CBOEYACHOTO Ta IOBHOrO JIOTiCTMYHOTO
3abe3rieueHHs ii 7iif, OCHOBY SIKOTO CTAHOBUTH CUCTEMA
aepoAPOMHO-TEXHIYHOTO 3abe3IeueHHs IOJIbOTIB 3 Bijl-
MOBIZHMMM CUIaMM Ta 3acobamu. 3acobaMyt Ha3€eMHOTO
06CTyTOBYBaHHS TIOBOTIB € arperatu, IpUCTpoi i npu-
CTOCYBaHHS, NMHeBMAaTUYHi, TifpaB/iuHi Ta eJeKTpUUHi
YCTAQHOBKM, NPU3HAUEHi AJisI KOHTPOIIO Ta MiATPUMKMU
TexHiuHOro crany nosiTpsHux cynpeH (IIC) [1]. Bonu 3a-
6e31euyI0Th 3aCTOCYBaHHSI i 06CIYyTOBYBaHHS MOBITPSIHUX
CyZeH Ta ix 036pOeHHSI, MiATPUMKY aepOLPOMiB B €KCILTY-
aTalliiHiii roTOBHOCTi, BUKOHAHHS IlepeBe3eHHs aBialliii-
HoOro nepcoHamty. [Tapk 3aco6iB aepogpPOMHO-TEXHIUHOTO
o6cryrosyBanHs [1IC Ykpainu mictuTh 6inbiie 40 3pa3kiB
TEeXHiKH, SIKi Ha JaHuii 4ac arperaTyloThbCs 3 JOCUTb BeJIN-
KOIO KiJIbKiCTI0 6230BUX aBTOMOOGiNbHMUX maci (ABII) pi3-
HMX TUIIiB Ta Mapok [2, 3]. Taka pi3HOMaHITHiCTb CIIpU-
YMHSIE BeNIMKY KiJbKiCTh MpO6IeM IifJ yac eKcIuTyaTawii
3aco6iB aepoJpOMHO-TeXHIUHOro 3abe3reyeHHs MOJIbO-
TiB (3AT3II), ockinbku yci ABII (3a BuHsATKOM KpA3) BU-
TOTOBJISIOTHCS B iHIIKX JlepsKaBax.

ITpo6nemu po3Butky 3AT3IT gocrimkyBanu B. B. Ku-
puuenko, b. I. Bacunbes, O. M. JleoHenko, M. M. JKna-
HIOK, 0. M. Yepennuk, C. M. Makapos, 0. M. MoOTSIKOB,
C. A. llIBeup, C. M. HoBiuonok, O. 1. KpaBuyk, O. M. Co-
koin, I. B. TepeHntneBa, B. M. KpacHokyTtcbkuit, R.S. Tripp,
R.G. McGarvey, B.D. van Roo, ].M. Masters, J.M. Sollinger,
T. Light, D. M. Romano, M. Kennedy, C. O’Connell,
S. Bednarz, P. Mills, J.A. Leftwich, K. van Abel, J. Mastbaum
Ta 6araTo iHIIMX.

3okpeMa, B pe3yabTaTi BUKOHAHUX JOCTiIKEHDb Y PO-
60Ti [2] 6yaM 3ampONOHOBaHI METOOWYHI Mimxomu Ijist
CTPYKTYPHO-TIAPaMeTPUYHOTO OOIPYHTYBaHHSI BUMOT 10
3AT3II, OTpUMaHHS SIKMX AO3BOJISIE IPOBOAUTM BUITPOOY-
BaHHS Ta OI[iHIOBATHU SIKiCTh CYyYaCHMUX CUCTEM O30pPOEHHS
Ta BiliCbKOBOI TeXHiKM Ha BCiX CTaisIX KUTTEBOTO IIUKITY.
AHaui3 croco6iB OlLiHIOBaHHST SKOCTi pobotu 3AT3IT K
CKJIaIOBO1 YaCTUHM JIOTICTUYHOTO 3ab6e3neueHHs, BUKOHa-
HMI1 B pobOTi [4], HaBiB aBTOPiB Ha AYMKY PO IOIL{/IbHICT
PO3IVISIAY aepoIPOMHO-TEXHIYHOTO 3a6e3IMeueHHsI 0Ibo-
TiB SIK JIOTiCTUKM cepBicy. [Ipu 1iboMy 6y710 BCTAaHOBJIEHO
0oOMeXXeHHSI Ta TepPCIeKTUBM YOOCKOHAJIEeHHS CyyacHOi
cucTeMu 3abe3reyeHHs MOJbOTIB B YKpaiHi HAa OCHOBI IO-
PiBHSIHHSI METOO/IOTiYHUX ITiIXO/iB 3 OLIiHIOBAHHS SIKOCTi
aBianiiftHoi joricTukM Ta cymicHocTi iHdopMailiiiiHoro 3a-
6e3reuyeHHs JOricTUKY i3 kKpaiHamu NATO.

IocnigkeHHsT PO3BUTKY BiliCbKOBOI JIOTiCTMKM B Kpa-
inax NATO [5-7] moka3sye, 1[0 CyyacHe JIOTiCTMYHE 3a-
6esreuyeHHs B aBiallii TOBMHHE rapaHTyBaTV BMKOHAHHS
OCHOBHUMMM Migpo3AinaMu 3a1ay sIK CaMOCTilfHO, Tak i B
YMOBax B3a€MOJii 3 fep>kaBaMu-IapTHepamu. [Ipu ipomy

O[IHI€I0 3 KIIOUOBMX 33/1ay € BUPiIlIeHHS] MUTaHHS MOOiTb-
HOCTi CMJI Ta 3ac06iB JIOTICTMKYM 3 MeTOI0 3abe3reveHHs
3aTHOCTI IIBYJKOIO pearyBaHHs [8].

BaraTo yBaru IpUIUISIETHCSI OGIPYHTYBAHHIO TaKTU-
KO-TeXHIYHMUX XapaKTepUCTUK OKpemux 3paskiB 3AT3II.
3okpema, B poboTi [9] 6y70 PO3IISIHYTO MUTAHHS 3a6e3-
neyeHHs HaAiitHOi poboTM okpemmx 3paskiB 3AT3II Ta
(opmyBaHHS HanpsIMiB MoJepHi3allii 3acTapiinx 3paskiB
TEeXHIKM HIJIIXOM BUKOPUCTaHHSI CUCTEMHOTO IigXomy Ta
6araTOKpUTEPiaIbHOTO OIiHIOBAHHSI ITOKAa3HUKIB SIKO-
cti. B po6ori [10] chopmoBaHO mepcrieKTUBHi Mpobiem-
Hi 3aBIaHHS po3BUTKY 3AT3II Ha OCHOBi yOCKOHaJeHHS
TaKTUKO-TEXHIUHMX XapaKTePUCTUK 3aCO6iB PyXOMOCTi 3a
MOZY/IbHUM MPUHIUIIOM.

BeneHHS 36poitHOI 60pOTHOM Y BOEHHUX KOHQUIKTaxX B
Cy4aCHVX YMOBaxX BUSIBUJIO Hefoiliky B cucremi 3AT3II [3, 10]:

¢ He3[aTHICTh IIOBHOIO MipOl0 BMKOHYBaTM CBOi
¢dbyHkuii y Han3BMUaiHUX YMOBax;

& HeJ0CTaTHS THYUKICTb i afanTHUBHICTh CUCTEMU ae-
POIPOMHO-TEXHIYHOTO 3a6e3eueHHs;

# HEeCBOEYACHICTh aepoJpOMHO-TEXHIUHOTO 3abesrie-
YeHHS;

¢ HeBiAIMOBigHICTH IMITATHOI YMCEIBLHOCTI BUKOHABIIIB
MOK/IaJleHUM Ha HUX 3aBJIaHHSIM;

+ HeBMCOKa HaiitHicT i XuBydicTb 3AT3IL.

BaknMBMM UMHHMKOM Y TIOAOJAHHI LIUX HEMOMIKiB €
MogepHisaris mapky 3AT3II, itoro yHidikariisi Ta po3BUTOK
TaKTUKO-TeXHIUHMUX XapaKTePUCTUK 3aC06iB pyXOMOCTi.

MerTa CTaTTi — aHaJi3 MOK/IMBOCTE} Ta OOTPYHTYBaHHS
IepuIOYeproBux 3axoiB 3 yIOCKOHaaeHHS napky 3AT3II
I1C Ykpainu Ha OCHOBi BMBUEHHS AOCBiAy MPOBiAHMX Kpa-
iH CBiTY Ta BM3HauUeHHS POJIi TAKTUKO-TEXHIUHMX XapaKTe-
PUCTHUK 3ac06iB pyxoMocTi y 3ab6e3neueHHi rmonboTiB I1C B
YMOBaX BOEHHOTO CTaHYy.

Pe3ynbTtatn

B cyuyacHux ymoBax 60i10Bi MOK/IMBOCTi aBiallii 3ajexxaTb
Bif SIKiICHOTO, CBOEUACHOTO Ta MOBHOTO JIOTiCTUYHOIO 3a-
6e3mneveHHs ii [1iil, OCHOBY SIKOTO CKJIa[ja€ CUCTEMa aepo-
JIPOMHO-TEXHIUYHOTO 3a0e3MeueHHsI MMONIbOTIB 3 BiATIOBif-
Humu cunamu ta 3AT3IL. ABianiiinuii mapk 36poitHux Cui
(3C) Vkpainu B ocHOBHOMY cKj1agaeThbest 3 I1C, o 6ynu Ha
036poeHHi B kKomuirHboro CPCP Ta BurotosineHi y 80-90-x
poKax MMHYJIOTO CTOMITTS [2]: BuHMImyBaui Mul-29 Ta
Cy-27, wrypmoBuku Cy-25, 6ombapayBanbuuku Cy-24M,
nitaku-po3BigHuku AH-30 Ta Cy-24MP, BilicbKOBO-TpaH-
criopTHi niTaku In-76M], cieniasnbHi Ta TPAHCIIOPTHI JliTa-
K1 AH-24 Ta AH-26 pi3Hux Mmoaudikalliif, BepTOIbOTHU TUITY
Ka-27,Ka-29, Mi-2, Mi-8, Mi-14, Mi-24, HaBYaJbHO-TPeHY-
BaJIbHi siTaky JI-39. [l 3ab6esmneueHHs MMoabOTIB 1iux I1C
BUKODMCTOBYETBCS aepOAPOMHA Ha3zeMHa TexHika (Puc. 1),
SIKY 32 CBOiM NMpPM3HAYEHHSIM MOYKHA MMOAITUTHU Ha: 3aC00U
aepoIpOMHO-TEXHIUHOTO 3a6e3MeyeHHs MOJIbOTiB; 3aC06U
MIOIIYKOBO-PSITYBajbHOrO 3abe3mneueHHs (3I1P3); 3acobu
3B’SI3Ky Ta paJioTexXHiuHOTO 3a6e3nevyeHHs1 (33P3); 3acobu
iHKeHepHO-aBialiitHoro 3abe3mneueHHs (31A3).
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PucyHokK 1. AepoapoMHa Ha3zeMHa TexHika 1isI 3abe3nedeHHsI onbOTiB I[1C

[)Kepeno: CTBOpeHOo aBTOpamMu

3AT3I1 3a6e311e4yI0Th 3aCTOCYBaHHS i 06CTYTOBYBaHHS
MOBITPSIHUX CYZI€H Ta iX 036pOEHHSI, MiATPUMKY aepoapo-
MiB B eKCIUTyaTalliliHi/i TOTOBHOCTi, BUKOHAHHS TepeBe-
3eHHS aBialiiiHoro mepcoHany. TUIIOBMMM IIpeACTaBHMU-
Kamu 3AT3I1 Ha aBTOMOOITbHUX LIACi 151 06CTYyTOBYBaHHS
IIC aBianii 36poitHux Cun YKpainu € aepoIpoMHi mepe-
CyBHi enextporigpoycranoBku Tuny EI'Y-17/210; enexrpo-
arperatu Uiy AITA-100, AITA-80, ATIA-51I, AITA-50M;
MalllMHHI nepeTrBopioBaui Tuy AEMI-50M, ADMI-50M1,
AMTI-60/30M, nosiTpsizanpaBHuku Tumy B3-20/350-131,
KMCHeBO-3apsigHi craHuii Tuny AK3C-75M, aepompomHi
6araTouinboBi KoHaMLiOHepU Tuity AMK-24/56-131, ycra-
HOBKM JJ1s1 TiepeBipku rigpocucrtem tumy YIII-300-131
tomo [1]. [IpaBuiabHA i TeXHIYHO rpaMOTHAa OpraHisaiis
ekcrutyaranii 3AT3I1 mae 3a MeTy 3a6e3MeUUTH TOCTii-
Hy 60/10BY TOTOBHICTb, TEXHIUHY CIIPaBHICTb ¥i HAMO/IbII
edeKTUBHE X BUKOPUCTAHHSI 3a MPU3HAYEHHSIM.

HOuunamika 3minu crany TexHiku 3AT3II 3a ocTraHHi
POKM CBiIUMTb IPO Te, 1[O: MOTpeba y mraTHux 3AT3II
HMIOPOKY 36ibIyeThbCs; hakTMuHA HasiBHiCTH 3AT3II mmio-
POKy 3MEHIIYETbCSI; OCHOBHA YacTMHA iCHYIOYOTO IMapKy
3acTapiza ta rnorpebye pi3HOMaHITHUX BUIIB PEMOHTY,
HeOOXiTHICTh MPOBEJeHHS SKUX IOPOKY 36ilbIIYETHCS;
3iliCHIOETbCS HAOXOIKeHHS HOBiTHiX 3pa3kiB OBT Bif,
KpaiH NapTHepiB.

Kpim Toro, TexHiuHuit craH O6inpimocti 3AT3IT 3C
Vkpainu, HabMM3MBCSI O KPUTUYHOTO PiBHS [2, 9], 1110 BU-
KJIMKaHO, B Meplly 4epry, BigpalloBaHHIM Helo Ginbuioi
YaCTUHU pecypcy (0COBIMBO 1ie CTOCYEThCS (i3MUHOro Ta
MOpaJbHOTO CTapiHHS), TEPMiHM eKCcIUTyaTallii HasiBHUX
3AT3II Ha 2024 pik craHOoBMAM MoHan 20 pokiB. Y 3B’SI3KY
3 LIMM Hai6inbI JOIITBHMMY 3aX0aMy 11 TOKpaIleHHSI
TEeXHIYHOTO CTAaHy OCHOBHMX 3aC00iB Ha3eMHOro 3abe3me-
yeHHs nonboTiB [1C 3C Ykpainu €:

a) MPOOBXXEHHSI BMKOPUCTAHHS iCHYIOUOTO IIapKy
3AT3II n1axoM BMKOHAHHS TaKMX eTalliB eKcIutyaTaillii Ta
PEMOHTY:

& eKCIUTyaTallisi IpoTIroM IonepesHbo MPU3HAYEeHO-
r'O TepMiHy CITyskOM (pecypcy) 10 pEMOHTY;

+ IIPOJOBXXEeHHS NIpM3HaueHUX NoKasHuKiB 3AT3II;

& eKCIUTyaTallisi MpOTAroM IIPOJOBXEHOTO0 TepMiHy
CTyKOM;

& IIPOBeJIEeHHS KalliTalbHUX Ta BiAHOBIIOBAIbHUX De-
MOHTiIB 3AT3IT;

& MiXpeMOHTHA Ta MicAsipeMOHTHA eKCIUTyaTallis;

& IIPOBeJIEeHHS 3axO0fiB 00 HAYKOBO-TEXHIYHOIO CY-
MIPOBOIKEHHS eKcIulyaTalii Ta peMoHTy 3AT3II;

6) OHOBJIEHHSI Ta MOJEpHi3allisi HassBHOro mapky 3AT3II.

IS BCTAaHOBJIEHHSI MOXKIMBOCTEN Ta OOIPYHTYBaH-
HS TepIIOYEePrOBMX 3aXOZiB 3 YIOCKOHaJIeHHS IapkKy
3AT3Il Ykpainu [OUiIbHUM € BMBYEHHS [OCBiy Ipo-
BimHMX KpaiH cBiTy. BimoMo, 1m0 3acob6u pyxoMocTi B ae-
poropty i 3aco6u Ha3eMHOTrO 3a0e3IeYeHHS MOJIbOTIB B
nepkaBax HATO BUKOPUCTOBYIOTbCS /IS TiBE3€HHS i 10-
CTaBKM Pi3HOMAaHITHMX BaHTaiB, BUKOHAHHS Oleparliiit 3
MiITOTOBKM MOBITPSIHUX CyJ€eH [I0 NTOJIbOTY, yCYHEHHS He-
CIIPaBHOCTE!, 1110 BUHMUKAIOTb, TA HAJAHHS €HePTii 1/ BU-
KOHaHHSI BelIMKOi KiMbKOCTi cepBicHMX (QyHKLUiN [11-13].
Tenpenuii possutky 3AT3I1 poBiIHMX KpaiH CBITY 3a OC-
TaHHi JeKiJibKa OecsSTUpPiyb TaKi:

¢ TOIIMPEeHHSI 3aCTOCYBaHHS MOZAY/IbHUX TEXHOJIOTii
1o6ymoBM He TibKY 3aco6iB pyxomocri (3P), a it cnierfianb-
HOTO O6JIaIHAHHS ;

¢ 3MeHILIeHHS NOTYXHOCTi CUMJI0OBUX YCTaHOBOK 3P,
IO TOB’S3aHO 31 3MeHIIeHHSAM TrabapUTHUX Ta Baro-
BMX MOKA3HMKIB caMe crelliaJbHOTO o6jamgHaHHS. B ix
KOHCTPYKIIil 3aCTOCOBYIOTbCSI HOBiITHI Te€XHiUHi pilieH-
HS, 30KpeMa CyyacHi KOMIIO3UTHi MaTepianm. Binpur
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SKOPCTKI BUMOTM CTaBJSThHCS LIOJO eKOoNoriyHoi 6esme-
KU CUJIOBUX YCTaHOBOK 3P;

o KoinicHi cxemy cyvyacHux 3AT3II TpuBanuii CTpPOK
Yyacy 3aJIMIIAI0THCS MOCTIMHUMU Ta Y O6IIBIIOCTI X MOXKHA
TIOAIIATY Ha TPU TPyIu 4x2; 4x4; 6x4; 6x6;

& GinbLIICTD MPOBiZHMX KpaiH CBiTY GOPMYIOTH MapK
3AT3I1 aBTOMOOGIIPHOI0 TEXHIKOK BiTUM3HSIHOTO BUPOO-
HUIITBA;

& TOMIMPIOETHCS BUKOPUCTAHHS TPaKkTOpiB 3 HaBic-
HMMM, HAiBOPUUUIIHMMH i IPUUYITHUMU MeXaHi3MaMu,

a TaKOoX YCTaTKyBaHHSIM CIlel[ialbHOTO NMpPU3HAavYEeHHS B
skocti 3P 3AT3II.

B Tabauui 1, Ha NMpuKIaAi Cy4yacHOTO BYMHMIyBada
w’sitoro nokosiHHs F-35 (CIIA), HaBemeHuit Mepetik crie-
LiaJbHOTO O6MaHAaHHS, 1[0 BUKOPUCTOBYETHCS OJisl 10r0
HazeMHOro o6¢cayroByBaHHs. Ha PucyHKy 2 HaBeZeHO 06-
napgHaHHA Air-side GSE, 110 BUKOPUCTOBYETbCS 111 HA3eM-
HOTO 00C/TyTOBYBaHHS aBialliifHOT TEXHIKM TTOBITPSTHUX CUJT
CIIIA Ta opsigoK oro po3TallyBaHHS Mif, yac 06CIyTroBy-
BaHHS MOBITPSIHUX CYAEH.

Ta6nuus 1. Ilepetik cremiaabHOro 06/aHAHHS [/Isi HA36MHOT0 06C/TYTOBYBAHHS TIOBITPSIHUX CYOeH

Hydraulic Control Test Stand

BuripoGyBasibHMIt CTEH KOHTPOJIO PiAnH

Large Corrosion Control Cart

Bemnvikuii Bi30K AJ11 KOHTPOJTIO KOPO3ii

Hydraulic Fluid Servicing Unit

Mopnynb 06CIyTOBYBaHHS PiivH

Engine Oil Fluid Servicing Unit

Monynb 06CTyTOBYBAaHHS OJIVB

Transmission Fluid Servicing Unit

Mopyb 3arpaB/ieHHsT piAvH

Hydraulic Power Supply

AeponpoMHe I3Kepesto SKMUBIEHHS

Hydraulic Cart

TigpaBmiuHnit Bi3ok

High Purity Self Generating Nitrogen Service Cart

Bi3ok BMAOGYTKY a30Ty BUCOKOiI UMCTOTH

Ammunition Loader

3aBaHTakyBa4 GOENpuUIIaciB

Aircraft Cabin Leakage Tester

OO6/agHaHHS TECTYBAaHHS TEPMETMUYHOCTI KabiHy

Instrument Verification System

O6naiHaHHS TOBipKY NMPWIAAiB

Transport munitions

TpaHCIOPTYBaIbHUK GOENPUITACIB

kepeno: [12]

i

L.

PUCYHOK 2. 3aco61 Ha3eMHOT0 06C/TyrOByBaHHS aBialliiiHOi TexHiKM MOBITpsiHUX vt CLIA

kepeno: [12]

Oxkpim CIIIA, akTyanbHi po3po6KM 3 i€l TeMaTUKM Be-
nytecst B ®PH, Cnosaxii, ITonbii, Bemuko6putanii Ta psagi
inmmx kpaiH HATO. CriocTepira€Tbcsl TeHAEHIliSI 3MeH-
IIEeHHS Baru Ta rabapuTiB creniaJibHOTO o6agHaHHS 3A-
T3I1 npoBigHMUX KpPaiHU CBITY, 110 BUKJIMUKAE CYTTEBE 3MEH-
HIeHHS BaHTaxkomiaiioMHocTi ix 3P. [IpoBigHi kpainu cBiTy
MOCTifHO 36iMbIIYIOTh YHidiKkalilo 3aco6iB pyxomocTi Ta
3AT3II B3araii, 06Mpaun y SIKOCTi aBTOMOOIIBHUX 3aC0-
6iB pyxomocTi st 3AT3I1 mepeBakHO aBTOMOOITbHY TeX-
HiKy BiTUM3HSIHOTO BMPOOHMIITBA. 3arajibHa TEHIEHIIisT —
BiZIMOBa Bi 6€H3MHOBMX JBUTYHIB B CaMOXigHMX 3acob6ax
Ta y IpuUBOZAxX crenianbHOi TexHiku. Ha doHi Haitbinb-
IIOT0 PO3TIOBCIOKEHHST AM3ebHOTO MPUBOLY Y 3aC06iB
PYXOMOCTi TIOMIMPIOETHCSI 3aCTOCYBAaHHS aBTOMOOITIB 3
eNnexTpUYHMUMU cunoBuMu arperatamu. Kpainu HATO pnis
nepecyBaHHs 6i1bLIOCTi 32c06iB Ha3€MHOTO 3a6€e3TeUeHHsI
BMKODPUCTOBYIOThCS IIPUYEIN, [0 BUKIMKAHO MiAX0I0M 0
3aCTOCYBaHHSI Ta TPAHCIIOPTYBaHHS TaKOTo OOJMagHAHHS.

BcTaHOB/IEHO HIMPOKe 3aCTOCYBaHHS CHelliaJbHMUX J0ajie-
piB $IKi, He JUBSYNCH Ha Ayske crieludiuHy KOHCTPYKILiIo,
MaloThb HEIOTaHy MPOXiJHICTb B TPaHCIOPTHOMY IIOJIO-
>KEHHI Ta 3[,aTHI CaM0O3aBaHTa)KyBaTUCS 10 TPAHCIIOPTHUX
NOBITpsiHMX cyneH. KpaiHu, 1o BXonsTh Ao 610Ky HATO,
repeocHamyoTh napk 3AT3I1 TakuMu 3acobamu, 10 Bif-
MOBiaI0Th 10TO CTaHAAPTaM, B TOMY UMCITi 7 1100 3aC006iB
pyxoMmocTi. IIpoBifgHi Kpainu cBiTy y cepegHbOMY KOXHi 10
POKiB OHOBJIOIOTH CBiii mapk 3AT3II, npu 1IbOMYy OHOB-
JIIOIOTBCSI He TibKM 3ac00M PYXOMOCTi, a ¥ cleniajibHe
ob6nagHauHs. Ctif BiA3HauYMTH, IO AJIS1 HA3€MHOTO 00CTy-
TOBYBaHHS MOBITPSIHUX CY[€H BUKOPUCTOBYETHCS BelMKa
KiJIbKiCTh 3ac06iB Ha3eMHOro 3abe3rnedyeHHS. Y 3B’I3KY
3 I[MM BMPOOHUKM TMPOBiTHMX KpaiH CBiTY HamaraloThbCs
3pobutu 3AT3II Hait6ibII YHIBEpCATbHUMMU.
[IpiopuTeTHMM HampsiMoM  (OPMYBaHHS  IApKy
3AT3II kpaiH uneHiB HATO € cTBOpeHHSI HOBUX TUIIiB Ma-
JIUX apMilicbKuX aBToMOoGimiB. Tak, B apmii CIIIA Ta iHmmx
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KpaiH IIMPOKO BUKOPUCTOBYIOTbCS Pi3HOMaHITHI KOMII-
Jlekcyu 036poeHHs (Y Tomy umcii i 3AT3II), siKi BCTaHOB-
JIIOIOThCSI Ha 6araToliibOBMX aBTOMOOIISAX Majoi BaHTa-
SKOITiAIOMHOCTI, II[0 TO3BOJISIE MaTM BUCOKi IIBUAKICHI,
TSTOBi Ta MaHEBPOBi SIKOCTi. 3HaUHAa yBara B apMisx Ipo-
BiJHMX KpAaiH CBIiTY MPUAiNSETHCSI MOOYIOBI 036POEHHS Ta
BiiicbkoBOi TexHikM (OBT) 3AT3II moBiTpssHMX cui Ha 6a3i
MOAYIbHOI TeXHiKM, TIOpMIHUX Ta eeKTpomMoOitiB. Bera-
HOBJIEHA TeHAeHIis1 GOopMyBaHHS MPOBiIHMMU KpaiHaMU
cBiTy napky 3AT3II nmepeBa)kHO aBTOMOOI/IbHOIO TeXHiKOIO
BITYM3HSIHOTO BUPOOHMIITBA. BpaxoByloun mnboke mapT-
HepctBo 3C Vkpainu 3 kpainamu HATO Ta moTpeby mo-
BiTpssHMX cua 3C YKpaiHM B TEXHIYHOMY I1epeOCHaleHHi
icaytounx 3AT3AIl nast o6cryroByBaHHs JiTakiB F-16 Ta
MomibHMX JIiTAJbHMX arapariB, OOLIJIBHO BUKOPUCTATU
BUSIBJIEHUIT JOCBiZ TIpy popMyBaHHiI TEXHIUHMX MPOrpam
PO3BUTKY 3aC06iB aepOAPOMHO-TEXHIUHOTO 3a6e3eueHHs
rosiboTiB y 3C YKpainu Ta B po3poObiii HOBUX (YIOCKOHA-
JIeHHi HasiBHUX) 3aco6iB OBT.

Cepep, HampsimiB ymockoHaseHHs1 3AT3II nmpornsiga-
€TbCSI TEHIEeHIlisl BUKOPMCTAHHS IIPUUITHOI, MOAY/IbHOI Ta
pO3TalloBaHOI B KOHTelHepax TeXHiKu. Iess MomyaIbHOro
(dbopmyBaHHSI TeXHiIKM He € HOBOIO — BOHa BUKOPUCTOBYBA-
JIach Y Pi3HMX TaTy3sIX BUPOOHMIITBA Ta HAI[iOHAIbHOI €KO-
Homiku [10]. IIpu 3acTocyBaHHi 6araToslaHKOBUX MaIlMH,
MoOyIOBaHMX 32 MOLY/IbHUM MPUHLIMIIOM, BUHMKAE MOK-
JIMBiCTh JIIKBiZyBaTy 6araTOMapouYHiCTh MalIMH i, SK Ha-
CIIiJOK, 3HU3UTYU BUTPATU HA YTPMMaHHS Ta eKCILTyaTallilo
TeXHiKM, TigBUIIMUTY piuHe HaIlpall0BaHHS KOKHOTO arpe-
rary, a Takox GilbIll PIBHOMIPHO 3aisIT¥ 0COO0BMII CKIIaL,
IpY BUKOHaHHI pob6iT [14]. Takok 3aBAsSKM OIOYHOMY

npuHUMIy Momyist [15, 16] MOkHA CTBOPUTM MaUIMHHI
arperaTy pi3HUX cxeM KOMIIOHYBaHHS. e ae MOXXIMBICTh
CTBOPUTHM IIMPOKUIt Habip eHepreTMYHUX 3aco6iB SIK YHi-
BEPCaJbHOrO, TaK i CreliaJbHOrO NpU3HaYeHHs. Mopyib-
Huit npuHuun nobymosu 3AT3I1 gae 3Mory 3MiHUTM CKJIaT,
OKpeMUX arperarTiB Ta BYy3JliB, OTPMMYyBaTy MPUHIIUIIOBO
HOBi eHepreTMyHi 3aco6. Ile mOCATAETHCS 3aCTOCYBAHHSIM
pi3HOMaHITHMX CXeM KOMIIOHYBaHHS arperariB, TAKUX SIK:

& yHiBepcasbHi 1maci 3 KonicHO Gopmyinoro 4x2, 4x4,
6X6;

& ceJieKlliliHe 111aci i3 BKOPOYEHOI0 paMoio;

+ HU3BKOKITipEeHCHE 1Iaci 3 KoJicHOI0 popMyIioo 4X2;

& 11aci 3 paMor 3MiHHOTO KJIipeHCy Ta Ilaci aBTOMO-
61IbHOTO KOMITOHYBaHHSI;

& aBTOMOOITbHI MpUYenu.

[I7is OlLIiHIOBAHHS SIKOCTi KOMIIOHYBaHHS I1acCi Jopeu-
HO CKOPUCTAaTUCh C(OPMOBAHOIO I'PYIOI0 eKCIuTyaTalliii-
HO-TEeXHIYHMX MOKA3HMUKIB, SIKi € 6e3mocepeaHiM 06’€eKTOM
aHanisy B Teopii 3P [17]. HaiiBasknuBilli IOKa3HUKU SIKO-
cri Ta BnactuBocti ABII HaBenmeHi y Tabmuii 2. 3aaexxHO
Bi 3MiHM YMOB i Mo4aTKOBMX NOKas3HMKiB 3P iioro mpa-
LIe3JaTHICTh i TPO6Ir O rPaHUYHOTO CTaHY 3MiHIOIOTHCS
B UIMPOKMX Mexxax. ToMy MiJBUIEHHS eKCIuTyaTaliiiHo1
HafiitHoCTi 3P, 3HMKeHHST BUTPAT Ha TeXHiYHe 06CIyToBY-
BaHHS i peMOHT, 3a6e311eueHHs 6e3MeKy PyXy € BasKIMBU-
MM IPaKTMYHMMM 3aBIaHHSIMU [14, 18, 19].

BaromumMu KOMIIOHEHTaMM CUCTeMM 3abe3reyeHHs
sikocTi 3AT3I1 € BUKOpUCTaHHS CTaHAAPTIB Ta ITpo1ec aHa-
JIi3y Ta OLiHIOBaHHS 3alIPONIOHOBAHMX TEXHIUHMX pillleHb.
[ToHsTi/tHMI anlapaT Ta B3a€MO3B’sI3KM KOMIIOHEHTIB 3a6e3-
TeyeHHs SIKOCTi MOXKHA TMojaTtu y Bumsai cxemu (Puc. 3).

Ta6bnuuga 2. ExcruryaTaniiiHo-TexHiuHi mokasHuky skocTi ABIII

besneka pyxy

3axuCT, 36€pEKEHHS SKUTTSI Ta 3[[0POB’St
YYaCHUKIB JOPOSKHBOTO PyXY

HemkigmuBicTs o151 Mromeii, JOBKiJIIS Ta
MajiHa B eKCTpeMaJbHUX CUTYaIlisIX

BaHTaxkomigiioMHiCTh

3maTHiCTh J0 niepeMileHHs Gi3uuHNx
06’eKTiB

TpaHCIOpPTHA NIPOAYKTUBHICTh. 3aMiHa
anbTepHaTUBHUX 3P

BnacHa maca

Marepia/JloMiCTKiCTb KOHCTPYKLIii

3HMKeHHS c06iBapTOCTi TpaHCIIOPTHOL
po6otu

[yiHamiyHiCTb (IIBUAKICTb, 3MiHA

TpaHcnopTHa po6oTta. 3amiHa

TOKa3HMKIB IPUCKOPEHHSI-CIIOBiIIbHEHHS,
MIPOXiJHICTB, IJISIX TaJIbMYBaHHS)

3MiHa KilbKOCTi pyxy

anbTepHaTUBHUX 3P

KeposaHicTb

3MiHa HampsIMy pyxy 3TiZHO 3 3aJJaHUM
CUTHAJIOM

3abe3nevyeHHs 3aJaHOTO KypCy Ta
LIBUIKOCTI pyXy

MaHeBpeHicTh

3MiHa CBOTO ITOJIOKEHHSI 32 YaCOM

BukoHaHHS TPaHCIIOPTHOI pO6OTH B
CKIaJHUX NOPOKHIX yMOBax

[ManMBHA €KOHOMIYHICTh

Butpata nanuBa B polieci BUKOHaHHS
TPaHCIIOPTHOI PO6OTHU

ABTOHOMHICTD pyxy. Co6iBapTicTh
TPaHCIIOPTHOI po6OTHU

Pyx 110 HepiBHiii TOBePxHi y 3aJaHOMY

BMKOHAHHS TPAHCIOPTHOI pO6OTU
B CKJIQJIHMUX TOPOKHIX YMOBaXx.

cepemnoBuiie

[InaBHiCTb pyxy . - . R . .
niana3oHi KOMMBaHb HewkiamuBicTs AJ1st M10fei Ta BaHTaKiB.
IIBMaKicTh
. . BMKOHAHHS TPaHCIOPTHOI pOGOTU
o . 36epiraHHst CBOTO MOJIOKEHHS B POCTOPi -
CriikicTb pyxy - B CKJIQJTHMX TOPOKHIX YMOBaXx.
He3aJIeXHO BiJl yMOB pyXy . N . .
HewkinnuBicTs AJist Miofeii Ta BaHTaKiB
BuKOHAaHHS TPAHCIIOPTHOI po60TH 6€e3 RS .
- . Minimisallist MIKifJIMBOro BIUTMBY Ha
Ekosoriunictb LIKiI/IMBOTO BIUVIMBY HA HAaBKOJIMIIIHE

HABKOJIMIIITHE CepeaoBUIIe

[oKepeno: cki1aleHo aBTOPOMM Ha OCHOBI [17]
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]

Mpo6bnemn 3abe3neuveHH A AKocTi 3AT3 M1

o

Habip kpuTepiis Ta cTaHAapTiB
ETanoHHa skictb (A),

Ta MiHiManbHUIA Habip Ti 03HakK (A 0)
OuiHloBaHHA NpoueciB peanisauii 3pa3ka 3AT3I
. !
DakTnyHa edeKTUBHICTb (B)
BcTtaHoBNeHHA BiANOBIHOCTI BapiaHTa peani3auii 3pa3ka 3AT3M
MPUAHATUM KPUTEPIAM | CTaHZapTam
BignosigHicTb cTaHgapTam HesignosigHictb
v L v v
BusasneHHs MpuiAHATTA BigxuneHua Mpu3HaueHHA
HOBWX Npobnem pilleHHA Npo BapiaHTa NOBTOPHOI
eKkcnepTr3n

BiANOBIgHICTb
CTaHAapTaMm AKOCTI

Bn3HauyeHHA onTManbHOro piLUeHHH

PucyHok 3. Cxema 3a6e31eueHHs SIKOCTi IPOTIOHOBAHOTO BapiaHTy KOMIOHYBaHHS 3AT3I1

[bKepeno: cKiIaJieHo aBTOpaMu

Bisnbln meTasbHMII aHATi3 JAHOTO TPOIECY 6a3yeThCs
Ha PO3WISIAi KOMILIEKCY TaKMX IMOKA3HUKIB SIK: e(dheKTUB-
HiCTh, EKOHOMIUHICTb Ta aIeKBAaTHiCTb, SIKa BPaXxOBYE Hay-
KOBiCTb BUKOPUCTAaHUX METOAVK, TEXHIUHMI1 PiBEHb TEXHO-
JIOTilt, CBO€YACHICTh BIIPOBA/IKEHHS Ta JOCTATHICTh OXBATy
yCixX Tpo6IeMHMX NUTaHb. [TiICyMKOBMIT TOKa3HUK SIKOCTi
MOKHA BU3HAUYUTH 32 GOPMYIIOIO:

xQ

me B, — Bara IOKasHMKa AKOCTi, KUl Xapakrepusye k-y
IPYIly BIaCTUBOCTE} B 3aralbHOMY ITIOKa3HUKY; M — YUCIO
TPYTI BIaCTUBOCTEI], 38 IKMMMU OIiHIOETHCS 3arajabHa IKiCTh
3paska 3AT3II; Q¢ i Qf - eTanonHe i BakTUUHe 3HAUEHHS
XapakTepuCTUKM i-1 BracTuBocTi 3paska 3AT3II; a, - Bara
i-i BJIaCTMBOCTI MMOKa3HMKA SIKOCTi, [0 OMMUCYE K-y Tpymy
BJIACTMBOCTE; N — KiNIbKICTb BIIAaCTUBOCTEI B k-i1 TpYTIi.

OCHOBHMMM BMMOTaMM [0 TaKTMKO-TEXHIUHUX Ta
eKCIUTyaTaliiiHMX XapaKTepUCTUK [Jig IMePCHeKTUBHUX
3AT3II €: BUCOKi MOKa3HUKM 32 CTilKiCTIO Ta MJIaBHICTIO
X0y i yac pyxy 3 3abesrnedyeHHSIM 6Ge3IMeKM MOJbOTiB;
BMCOKMII piB€Hb MaHEBPEHOCTi (y TOMYy YMCIi MiJ 4ac
DPYXy 3aHIM XOIOM Y CKJIaJi aBTOMOi37a); MPOCTOTa 06-
CJIYTOBYBaHHSI Ta PeMOHTY; BMCOKMIT piBeHb yHidikalii
aBTOMOOi/MiB; TpaHCIOpPTabeabHICTh (IIPUCTOCOBAHICTD
KOHCTPYKILiil 0 TlepeBe3eHHs Ha 3a/1i3HUYHUX T1aTdop-
Max, MOBITPSIHMX, MOPCbKUX (PiUKOBMX) CyZax; BUCOKa
PYXOMiCTb; TIPUCTOCOBAHICTh N0 eKCIUTyaTallii B pi3HUX
KJIiMaTMYHMUX palioHaxX KpaiHu, B JeHHWUI i HiuHUii yac;
BMCOKi TEeXHiKO-eKOHOMiUHi NOKa3HUKYM KOHCTPYKIii y
BUPOOGHUIITBI Ta eKCIUTyaTallii.

HocBin BemeHHs 6oiioBux giii 3C Ykpainm, cyuac-
Hi TOrAsioM Ha BelNeHHsI 306poitHOI 60pOTHOM, y4acTb Y

MMPOTBOPUMX OTIepallisix BKa3yloTh Ha HEOOXiIHICTh MaTu
y BijicbKax Taki 3AT3II, siki 6 Many BUCOKi TAKTUKO-TeXHiu-
Hi Ta eKCIUTyaTalliiiHi BIaCTUBOCTI Ta MOIM 3a6e3MeunTn
rmapureT abo BifICbKOBO-TEXHIUHY ITepeBary Haj BiIIloBi-
HMMM 3acobamu apMii MpoTMBHMKA. Ba3ylounch Ha pe3yb-
TaTax HayKOBMX IIOIIYKiB B paMKaxX IaHOTO JOCTiIKeHHS
MOYXHA BULUIATY TPU METOAM, SIKi 3aCTOCOBYIOTBCS 1JIS YI,0-
ckoHaneHHs napky 3AT3II Ha 0OCHOBI MOJY/IbHOI TEXHOJOTI].

Metop, 1 — arperaTHuit (6;104HMIT) METO, ITiJ Yac BU-
KOPUCTaHHS SIKOTO CTBOPIOETHCS TEXHOJIOTiUHE Creliallb-
He 00afHAHHS Y BUITISIAI MOIYJISI, SIKUIA JIETKO BiOKpeM-
JIIOETHCS Bi aBTOMOOGi/s [15, 16]. IlepeBara bOoro MeTomLy
[OJISITa€ Jiuile y TOJerueHHi MpoleciB BilOKpeMJIEHHS
crieriaJapHOroO 06GIaJHAHHS BiJl aBTOMOOIJIS IJ1s1 BUPillleH-
HS IMTaHb PEMOHTY, pecypcy, MOZiepHisaliii. 3aJuianThb-
€51 TaKi HeOMiKM: BelyKa Pi3SHOMaHiTHiCTh MapoK MallluH
MapKy (I KoskHe crieljianbHe 061agHAHHS OTPeOYETHCS
iHOMBimyaNbHMIT TTig6ip aBTOMOGINS), 3a/IMIIaeThCs Oara-
TO JOPOTUX CIIeliaTbHUX aBTOMOOGIJIIB (aepOAPOMHO-€EKC-
ITyaTaliifHa TexXHika, MallMHMU 3 BiZ60pOM IOTYKHOCTI
Ta iH.), 3HMKEHHS XXMBYUYOCTi B yMOBax Mapury (HeMOxK-
JIMBiCTh OTIEPATUBHOI 3aMiHM aBTOMOOi/IA Ha OYIb-sSIKuMi
iHIIMT aBTOMOOi/Ib, 0COBIMBO Y MOJTBOBUX YMOBAX — BiJl-
cyTHicTh yHidikauii o maci).

Mertop, 2 - crBopeHHs napky 3AT3I1 Ha 6a3i maci 3uie-
HiBHOrO TpakTopy Tuiy T-150K [15, 20] ab60 iHIIMX TPaKTo-
piB Ta ix KoMmbiHalii Mixk co6010 Ta 3 aBTOMOOIIAMU. Lleit
MeTOoZ, He3HAUHO BiIPi3HSAETHCS Bif, MONepesHbOro — Tijlb-
KM MOSKJIMBICTIO BUKOPMCTaHHS BITUM3HSIHOTO 1IAC, 110 He
BUpilllye yci muTaHHS. 3’IBJISIOTHCS Ille NOAATKOBiI Hemo-
JIIKM — SIKIIO Y aci pa3oMm 3i criermiaaTbHMM 06/IaJHAHHIM
3MiHIOIOThCSI MacoBi i rabapuTHi nmapamerpu (6asa, maca,
LIEHTp Mac, rabapuTu MOLYAbHOTO 6JI0KY), TO Tpeba 3aHOBO
MIPOEKTYBATH LIaci, POOUTY IlepepaxyHKH i BUKOHYBATH yci
eTany XXUTTEBOTO LIMK/IY CTBOPEHHS TAKOi HOBOI MallMHMU.
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Lle rmoTpebye 3HAUHUX AOJATKOBUX (iHAHCOBMUX BKIAEHD i
6araTo yacy, 1[0 HeMPUITYCTUMO Y CYyJacCHUX YMOBaXx.

Metoz, 3 — cTBopeHHsI napky 3AT3II Ha 6a3i aBToIO-
i3my 3 nBOBiCHMMM Iipuuenamu. IIpoBeneHi JOCTiIKeHHS
[16, 21] nokasanu, WO AVMHAMIYHI BJIaCTMBOCTI TaKUX Ma-
HIMH AocTaTHi. Ha mepmmit morsiy et MeTo, YMOK/IUB-
JIIO€ peasti3allilo ycix rmepeBar MOAY/IbHOCTI. Ajie aHaIi3 Mo-
Kasye, 110 3’SIBJISIOThCS HOBi CYTTEBi HEMOMiKM, OB I3aHi
3 Bi[ICYTHICTIO TEXHOJIOTii KepyBaHHS MaHeBPYBaHHSIM IIPU
pyci npuuerna 3agHiM xogom. ToMy ycKIagHeHa Ta Hebe3-
TeyHa TakKa JIOriCTUYHa oreparist, sk «I1ig’i3m mo moBiTpsi-
HOTO CyAHa 3aJHIM XOJOM», Ta 3MEHUIYETbCS TAaKTUYHA
pyxomictb 3AT3II. A 1e 3MeHuIye kUBYUicThb. Lleii MmeTo,
HMIMPOKO BUMKOPUCTOBYETHCS 32 KOPHLOHOM, aje 3 MajeHb-
KMMM JBOBiCHMMM IpyYenaMy Ta MaJleHbKMMM KojecaMu
[11-13]. Lle mpumycTMMO TibKM [Js1 LUMBIIbHOI aBialii,
TOMYy ULIO0 BUKJ/IIOUAETHCS CIPOMOXHICTh I€peMillleHHS
3AT3II o moporax Ta 6e30pixkKI0 151 lepebasyBaHHS Ha
omnepaTMBHi (3amacHi) aepogpomu, 110 BIUVIMBAE Ha Olepa-
TUBHO-TaKTUYHY PyXOMicCTb [1].

OTKe, HasSIBHI METOM MalOTh IIEBHi HeIOMTiKM Ta oOMe-
SKeHHS 151 3aC00iB, SIKi pO3MISIIal0ThCS, — BOHYM He BUPIIITy-
I0Th TOJIOBHE ITUTAHHS: Ha 6a3i SIKOTO 1Iaci TOI[iIbHO BUKO-
HyBaTM TEXHOJIOTiUHiI Monyni 3 MeTow cTBOpeHHsS 3AT3II
(BupillIeHHS Cy4acHUX ITPO6IeMHMX 3a7a4). AHAI3 TaKOXK
MoKasye, 1110 0Ci He JOCIiIKyBal0Ch METOAM KepyBaHHS
MaHeBpYBaHHSM 6araToOMOIYJIbHMMM 3acobamu Iif 4dac
PYXy 3aJHIiM XOAOM Y Mpolieci BUKOHAHHS JIOTiCTUYHUX
orepalliif Mo 06CIYTOBYBAHHIO MOBITPSIHUX CYLEH il yac
iX MiArOTOBKY 10 MOTbOTIB, 30KpeMa it — 3AT3II, 3 3a6e3-
MevYeHHsIM BUMOT 1110710 6e31eKu MoaboTiB. Tomy Heooxiz-
HO IIPOBeCTH Oi/bII TIMOO0Ke NOCTiIKEeHHS Y HanpsIMi 1o-
IIYKY pO3B’I3aHHS JaHOi 3ajmadvi, 106 po3po6UTH METO[,
SIKMIA JOTIOMO3Ke BUPIIINTY 11i TPOOIeMHi MUTaHHS.

BUCHOBKM

ITpoBenenuit oy, i aHani3 crany icHytounx 3AT3I1 nokasas,
IO Ha KilbKiCHUI ckian napky 3AT3II, TakTuko-TexHiuHi

BMMOIY i KOHCTPYKTUBHI BUMOTM 10 KOXKHOI MalllMHM Li€l
BiliCbKOBOI TeXHiKM CYTTE€BO BIUIMBAIOThb TEHIEHIlil i Ha-
NIpSIMM PO3BUTKY BiliCbKOBOI aBiallii YKpaiHu, SKMMU B Cy-
YaCHMX YMOBAx €:

& MakcuMasabHe YTPMMAaHHS y 60€3[aTHOMY CTaHi ic-
HYIOUMX JIITaKiB, SIKi MalOTh ITOXOJKEHHS 111€ 3 PaJiTHCbKUX
4aciB, IX pEMOHT Ha BiTUYM3HSHUX MiJIIPMEMCTBAX i He3Ha-
YHa MOJEepHi3allisl CTOCOBHO e/IeKTPOHHOIrO OOagHaHHS
BITUM3HSIHOI PO3POOKY i TOSIBM HOBOTO 036POEHHS;

& 30epeXkeHHsSI JKMBYUOCTi METOHOM CIIPOMOSKHOCTI
HUIBUJKOTO PO30CEPEIKEHHS Ha ONepaTMBHI aepolpoMu,
HapOlIyBaHHSI MepeXi OCHOBHMX i 3allaCHMUX aepOoAPOMiB;

& TI051Ba JIiTaKiB iHIIMX iHO3€MHUX KpaiH;

& [I0YAaTOK HAAXOMKEHHS Ha 030pPO€HHS MOBITPSHUX
cun 3C YRpainu 6e3MmiIoTHUX JTiTaJbHUX anapatis.

IToTpeba y CTBOpPEHHi CyyaCHMX Ta BIOCKOHAJEHHi
icHyroumx 3paskiB 3AT3II 3arocTprOETLCS Y 3B’SI3KY 3 pe-
CypcHMMM Tpo6ieMaMy i MalllMH i creriaspHOro obnas-
HaHHS, SIKe PO3MillleHO Ha HUX. TeHIeHIis HaJXOMKeHHS
Ha 030poeHHs NOBiTpssHUX cua 3C YKpainu 6e3mioTHuX
JiTAIbHUX alapaTiB € HOBITHBOIO i MOTpeOye BUKOHAHHS
HOBMX JIOTiCTMYHMX OTIEepalliii 3 MMiArOTOBKM GE3MiJIOTHOTO
JIiTa7bHOTO anapary [0 MONbOTY B XOfi aepoAPOMHO-TeX-
HiYHOTO 3a6e3MeveHHs.

Oninka HampsmiB po3BuTky 3AT3II mokasana, L0
Mpo6JIeMHOIO0 33/iauelo AaHUX 3aC006iB Y Cy4acHMX YMOBaxX
VkpaiHu € 36epekeHHsI pecypcy SIK CleliaJbHOro obaj-
HaHHS, TaK i aBTOMOO1JIiB, Ha IKMX BOHO 3MOHTOBaHO. Haii-
6i/bII MepCreKTUBHUM HAIIPSIMOM PO3BUTKY € MOOyLoBa
(ctBopeHHs) 6GaraTomomynbHUx 3AT3II: eHepreTUYHMIL
MOZY/Ib (ABTOMOOiJIb, TSITAY) i TEXHONIOTIYHM T MOLLYJIb (CIIe-
LiasibHe o6agiHaHHS). Ajle TOCi He 3HAIEeHO OCTATOUHMI
MeTO[, SIKMM MOKHA IMO6YayBaTH Taky MalHy. Y Mogab-
[IOMY TI€PCIIeKTMBHMMM HAIIPSIMaMU PO3BUTKY 6araTomo-
IYAbHUX 3aC00iB aepoIpOMHO-TEXHIUYHOTO 3a6e3MeueHHsI
TIOJIbOTIB € PO3B’SI3aHHS 3a4adi PyXy 3aJHIM XOIOM IIpu-
YilTHOTO MOZYJTIO IO MOBITPSIHOTO Cy[HA 3 3a6e31eYeHHIM
TPA€EKTOPHOI CTiIKOCTi i KepOBAHOCTi PU MaHeBPYBaHHI.
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The role of tactical and technical characteristics
of vehicles in airfield technical support of flights

Abstract. The article formulates directions and analyses the possibilities of substantiating and selecting the most optimal
option for the development of the fleet of airfield technical support for flights of Ukrainian aircraft based on the experience
of the leading countries of the world and determining the role of tactical and technical characteristics of vehicles in ensuring
flights of aircraft under martial law. The provided recommendations allow to formulate measures to eliminate shortcomings
in the system of airfield technical support of flights through the modernization, unification and development of tactical
and technical characteristics of vehicles. The review and analysis of the state of the existing airfield technical support
facilities showed that their quantitative composition, tactical and technical requirements and design requirements for
each machine of this military equipment are significantly influenced by the trends and directions of development of the
military aviation of Ukraine, which in modern conditions are: maximum maintenance in combat-ready condition of existing
aircraft, which have their origin since Soviet times, their repair at domestic enterprises and insignificant. modernization
of other electronic equipment of domestic development and the appearance of new weapons; preservation of survivability
by the method of susceptibility of rapid dispersal at operational airfields, expansion of the network of main and reserve
airfields; the appearance of aircraft of other foreign countries; the beginning of the entry into service of the Air Force of the
Armed Forces of Ukraine of unmanned aerial vehicles. An assessment of the directions of development of airfield technical
support facilities has shown that the problematic task of these facilities in the current conditions of Ukraine is to preserve
the life of both special equipment and vehicles on which it is mounted. The most promising direction of development is
the construction (creation) of multimodular vehicles: an energy module (car, tractor) and a technological module (special
equipment). But no definitive method has been found yet to build such a machine. The main obstacle to further prospects
for the development of multimodular airfield technical support vehicles is the unresolved problem of reversing the trailer
module to ensure trajectory stability and controllability during maneuvering

Keywords: vehicles; airfield technical support; modular technology; tactical and technical characteristics; operational
reliability
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Integration of an optoelectronic surveillance system with an artillery
radar station to optimise ship self-defence in mine detection

Abstract. The purpose of the study was to analyse ways to improve the efficiency and accuracy of interaction between
optoelectronic systems (OES) and radar stations (RLS) on ships to improve anti-aircraft fire systems in self-defence zones.
Various approaches were used approaches to analyse data integration, automate processes, and optimise communication
between systems based on theoretical models and practical examples of interaction between ship systems. The study showed
that the integration of OES surveillance with RLS on ships significantly increases the accuracy of target detection and the
effectiveness of anti-aircraft fire systems in war zones. It was found that synchronisation of data with the OES and RLS
provides faster identification of threats, especially in difficult weather conditions or with limited visibility. Data processing
algorithms are analysed, which significantly improve noise filtering and the accuracy of recognising mines and other threats
by improving methods for analysing signals and integrating information from various sensor systems. Automated control
systems allow minimising the response time to threats, increasing the efficiency of actions. The study also found that
automatic steering systems integrated with navigation and safety systems effectively reduced the risk of mine detonation
through real-time manoeuvres. The methods used included dynamic positioning and automatic correction of the ship's
course depending on data obtained from the OES and RLS. This contributed to a quick response to threats and increased
the overall safety of ships in coastal areas. It was established that improving communication channels between systems
reduces delays in data transmission, which contributes to a faster response to threats. It was found that the integration
of automatic steering systems with navigation systems improves the ship’s manoeuvrability and reduces the likelihood of
falling into mine threat zones. The analysis showed that an integrated approach to modernising the interaction between
the OES and RLS allows creating a more stable and effective ship defence system in coastal zones. The practical significance
of the research lies in the potential use of the findings for the development and implementation of modern integrated ship
defence systems, which contribute to enhancing ship safety in challenging conditions

Keywords: noise filtering; navigation; manoeuvrability; communication channels; coastal zone safety; automatic
steering systems
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Introduction

In the modern military environment, improving the effec-
tiveness of ship self-defence systems is an important task,
especially in the context of threats from mines, missile at-
tacks, underwater objects, and other hazards that can cause
damage during navigation in coastal areas and strategically
important regions. Integration of optoelectronic surveil-
lance systems (OES) with artillery radar stations (RLS) is a
key direction to achieve this goal. OES provide high-qual-
ity visual surveillance and accurate target identification,
which allows detecting threats at close and medium dis-
tances. RLS, in turn, specialise in detecting objects at a long
distance, including those that are under water or in con-
ditions of limited visibility. The combination of these two
technologies helps to create a comprehensive system that
significantly improves the accuracy of detecting threats,
such as mines. The problem of the study is the need to im-
prove the effectiveness of interaction between the OES and
RLS to improve the accuracy and speed of responding to
threats in modern military conflicts. The presence of dif-
ficult weather conditions, limited visibility and risks as-
sociated with mine threats pose additional challenges to
ensuring the safety of ships in coastal areas. Automation of
control and data processing processes allows minimising
delays and ensuring prompt response, but requires further
improvement in terms of information synchronisation and
integration of automatic steering and navigation systems.
This requires a comprehensive approach to modernising
defence systems to improve their effectiveness and securi-
ty in the face of rapidly changing threats.

A study of this topic showed that a number of re-
searchers have already explored various aspects of inte-
grating these technologies. X. Zhou et al. (2021) focused
on automating data processing and integrating control
systems, which can significantly improve the efficiency of
responding to threats. Their research has demonstrated
improved accuracy due to reduced information processing
time, but does not fully cover the impact of automation on
integration with OES. F. Mercaldo & A. Santone (2021) ex-
plored new signal processing algorithms to reduce noise
and improve the accuracy of threat recognition. Although
their results showed a significant improvement in noise
filtering, there are gaps in integrating these algorithms
with the new sensors.

H. Bounaceur et al. (2022) analysed the operation of
improved radars in conditions of limited visibility, which
confirmed an increase in their effectiveness in detecting
threats. However, aspects of RLS integration with OES
were rather neglected. L. Chang et al. (2022) focused on
control automation and its impact on response speed, but
their study does not fully cover the integration of these
systems into integrated defence solutions. V. Mashtalir et
al. (2023) considered the integration of sensor systems for
integrated ship protection. Their results showed the ad-
vantages of this approach, but did not consider the impact
of data synchronisation on overall security under specific
coastal conditions.

M. Lanza et al. (2022) also made significant contribu-
tions to sensor system integration research, showing the
benefits of new technologies for reducing data transmis-
sion delays and improving efficiency. However, these stud-
ies do not fully cover the issues of interaction between
different technologies in real-world settings. O. Melnyk et
al. (2022a) investigated automatic steering systems and
their impact on ship manoeuvrability, finding that their
integration with navigation systems reduces the risk of
mine strikes. E. Ali et al. (2021) examined the impact of new
technologies on reducing data transmission delays, which
is critical for timely response. J. Zhang et al. (2021) focused
on improving signal processing algorithms and integrat-
ing information from various sensor systems, which can
significantly improve the accuracy of threat detection in
complex environments. The study by M. Fathi et al. (2022)
demonstrated the advantages of new approaches to data
processing in difficult weather conditions, but did not fully
consider the integration of the latest sensors with existing
control systems. These studies confirm the importance of
integrating OES and RLS to improve defence efficiency, but
also point to the need to further explore integrated solu-
tions and integrate new technologies to achieve optimal
results in real-world conditions.

The purpose of the study was to analyse methods for
improving the interaction between OES and RLS on ships
to improve the accuracy and effectiveness of anti-aircraft
fire systems in self-defence and combat zones.

Materials and Methods

In this study, a comprehensive approach was applied to an-
alyse methods for improving the interaction between opto-
electronic systems (OES) and radars on ships, in particular
in conditions typical of self-defence zones near the coast of
Ukraine. Modern data processing methods were used to as-
sess the integration of OES and RLS. In particular, noise fil-
tering using adaptive filters was used to improve the sepa-
ration of useful signals from noise. Data fusion algorithms,
such as clustering and synchronisation algorithms, allowed
the integration of information from different sensor sys-
tems. And the introduction of automated data processing
technology helped to optimise the collection and analysis
of information in real time.

Integration was carried out based on marine equip-
ment, which are used on coastal defence ships, including:

& OES “Sarmat-2”, “Sens-2”, and “Spin”, which were
developed by the State Enterprise Research Institute
“Kvant” (Ukraine);

+ radar system “Delta-M” by the State Enterprise Re-
search Institute “Kvant” (Ukraine).

Special attention was paid to systems that can operate
in conditions of limited visibility and complex electronic
conditions.

To test the effectiveness of system integration, com-
bat simulations were conducted using virtual reality and
computer modelling technologies. This made it possible
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to create conditions as close to real life as possible and to
assess: the accuracy of target detection and identification,
the speed of system response to threats, the effectiveness
of combining data from the UES and radar, and the perfor-
mance of anti-aircraft fire systems in real time. The per-
formance of the signal processing algorithms, interference
immunity and ability to operate in low visibility conditions
were tested in simulated conditions in coastal areas, ana-
lysing threat scenarios such as mine threats or drone at-
tacks. The main methods for improving signal processing
algorithms focused on filtering out noise that interferes
with accurate determination of target coordinates, and op-
timising algorithms for integrating data from both systems.

The study tested a system for automatically deter-
mining safe routes in high-risk areas. It included the in-
tegration of self-driving systems with navigation systems,
anti-aircraft fire control systems, information systems for
collecting and processing data from the power grid and ra-
dar. The integration of these systems ensured: real-time
data visualisation on interactive displays, timely detection
of threats, coordination of crew actions and automated
systems for rapid response to dangerous situations.

The following calculations based on equations were
used in the study. The equation for calculating the syn-
chronisation delay time of signals from two sources has
the form (1):

Eone = Lors ™ trrs M
where: t - time for signal synchronisation; ¢, - signal
transmission time from the OES; t,, . - time of signal trans-
mission from the RLS.

An important stage was the introduction of an au-
tomated fire control system. The system used machine
learning algorithms to quickly identify threats and classify
objects. For this purpose, algorithms based on conditional
probability were used according to the Bayes method (2):

P(B|A)P(4) , (2)

P(A|B) = )

where: P(A | B) - probability that the threat is a mine, pro-
vided that the data obtained; B, P(A) — probability of a
threat; P(A| B) — probability that the data reflects a mine.

The automated fire control system has reduced de-
lays in responding to threats due to fast data processing.
Autosteering systems adjusted the ship’s course to avoid
threats detected by the OES and RLS. Manoeuvring was
provided based on the projected mine rate according to
equation (3):

AQ = dmin , cos(a), 3)
l()ship
where: A6 - course change angle; d . - distance to the
mine threat; 9, - ship speed; cos(a) — angle between the
ship and the mine threat.

Results

For modern defence systems, it is important to ensure a
high level of accuracy and effectiveness in detecting and
neutralising threats, especially in conditions of combat op-
erations in coastal areas. One of the key factors influencing
the increase in the combat readiness of ships is the inte-
gration of the OES and RLS (Kari et al., 2023). OES and RLS
used on warships have various advantages and limitations.
Combining their capabilities through synchronisation and
collaborative data processing is a necessary step to improve
the effectiveness of anti-aircraft fire systems.

OES and RLS systems play a key role in improving the
effectiveness of self-defence systems of the Ukrainian na-
val forces. Among the main representatives of the OES are
“Sarmat-2”, “Sens-2”, and “Spin”, which were developed
by the State Enterprise Research Institute “Kvant”. Table 1
shows the main OES and RLS systems, their technical char-
acteristics, advantages and disadvantages.

Table 1. Main OES and RLS systems

Thermal imager with cooled receiver, | High sensitivity, auto-tracking High cost, need for
Sarmat-2 OES . . 2 g
TV camera with varifocal lens ability regular maintenance
Sens-2 OE§ (modlﬁczitlon Predictor sight, manual control Fle_x1]3}11ty in operation, Dependence on manual
Sarmat-2”) possibility of manual mode control
. Standard elements for integrating Easy integration with other Limited features in poor
Spin OES e L
firepower systems visibility conditions
Detection of targets over long High detection range, stable | Vulnerability to obstacles
Delta-M RLS . R .
distances operation and masking goals

Source: compiled by the authors based on S. Voronkov (2020)

The “Sarmat-2” system is equipped with a thermal im-
ager with a cooled receiver and a television camera with
a varifocal lens, which provides high sensitivity and the
ability to auto-track targets. It allows controlling the fire
of medium-calibre artillery and increases the effectiveness
of combat in conditions of limited visibility. Modification
“Sens-2” has a long-angle sight and the possibility of man-
ual control, which makes it especially useful in situations
where automatic mode may not be appropriate. The “Spin”

system is easy to integrate with other systems, but its capa-
bilities are limited in conditions of poor visibility. RLS that
operate based on radio wave reflection remain effective
even at night or in adverse weather conditions such as fog
or rain. They provide threat detection over long distanc-
es and demonstrate high stability, but may be vulnerable
to masking targets. Integration of the OES with the RLS
creates a comprehensive surveillance system that func-
tions continuously, even in difficult conditions. Due to the
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combination of data from both systems, maximum effi-
ciency is achieved: information from the OES can be sup-
plemented with data from the RLS, which increases the
accuracy and reliability of determining the coordinates of
objects and threats (Majors & O’Neil, 2021).

An important issue in the integration of the two sys-
tems is the synchronisation of signals received from OES
and RLS sensors, and the assessment of the impact of the
delay in their receipt on the overall efficiency of interaction
between these systems. To do this, it is important to deter-
mine specific delay time values between signals. The syn-
chronisation delay time between the OES and RLS signals
was determined using equation (1). During the study, the
arrival time of the signal from the OES was 5x10° seconds,
and from the RLS - 5.001x10° seconds, then:
=t

sync

ops - Tas =5 % 10°-5.001 x 10°=-1x 10"5c.

This result showed that the delay between signals was
very small and was only -1 nanosecond, and therefore, the
data transfer rate remained at a fairly high level. According
to the research, optimising synchronisation between these
systems can significantly reduce the time required to de-
tect, identify, and target a threat, which is especially im-
portant in conditions of limited visibility, where the accu-
racy of threat recognition is crucial. In coastal waters where
the presence of mines and small objects can lead to serious
consequences, a quick and accurate system response is vi-
tal. Rapid detection of the exact location of threats allows
quickly responding and use anti-aircraft fire systems with
maximum efficiency. In addition, integration reduces the
burden on operators responsible for monitoring and ana-
lysing threats. A system that automatically combines data
from OES and RLS can provide operators with more accu-
rate and coordinated information about potential threats,
making decision-making easier (Zhang et al., 2022). There-
fore, the introduction of data synchronisation and co-pro-
cessing methods between OES and radars is an important
step to improve the accuracy of threat detection and im-
prove the effectiveness of ship defence systems.

Automating processes in controlling artillery systems
on ships can significantly improve the efficiency and speed
of responding to threats (Brown et al., 2021). For this pur-
pose, it is important to implement modern algorithms that
allow automatic processing of data from OES and RLS. How-
ever, to understand how accurately automated systems can
identify threats, it is necessary to consider a probabilistic
approach, in particular, Bayesian inference. The probability
that the detected object is a mine threat can be calculated
using equation (2). In particular, in the current study, the
probability that an object is a mine threat before receiving
a signal is 0.4 (or 40%), the probability of receiving a signal
from an object if it is really a mine threat is 0.9 (or 90%),
and the overall probability of receiving a signal from an ob-
ject (regardless of its type) is 0.5 (or 50%), then:
0.9:0.4

P(A[B) = 22 = 0.72.

Therefore, in the current study, the probability that an
object is a mine threat, provided that a signal is received,
is 0.72, or 72%. In general, the accuracy of object identi-
fication using OES is very high, and when using artificial
intelligence, it exceeds 90%. The accuracy of OES identifi-
cation depends on the resolution of cameras, infrared and
thermal imaging sensors, and computer vision algorithms
that allow achieving 90-95% accuracy for well-defined ob-
jects. Radar identification is limited to general categories
of objects, with an accuracy of 70-80%. These systems are
primarily designed to fix an object and determine its trajec-
tories. The integration of OES and RLS allows to achieve a
high level of threat identification accuracy — 95-98% in fa-
vourable conditions, reducing the likelihood of false iden-
tification, which is important for optimizing ship self-de-
fence systems. In particular, the probability of detecting a
threat if a signal is received is crucial for an effective re-
sponse in coastal areas, where even small errors can lead to
serious consequences. To achieve high accuracy and quality
of threat detection, the technical performance of both sys-
tems is important.

High-quality OES systems provide accuracy of up to
0.01-0.05° in determining angular coordinates, depending
on the resolution of sensors such as infrared, ultraviolet, or
daytime cameras. OES can detect targets at distances of up
to several tens of kilometres, but atmospheric conditions
such as fog or rain can affect the range. The error of visual
detection methods is several metres, which can affect the
accuracy of threat assessment. Modern radars can deter-
mine the angular coordinates of targets with an accuracy
of 0.1-1°, which depends on the frequency of operation and
signal strength. Radars are capable of detecting targets at
distances of up to several hundred kilometres (for large ob-
jects), and the accuracy of measuring the range can reach
several metres. For ultra-high-frequency radars, the error
is 5-50 metres, while for millimetre waves it can be only
a few centimetres. Combining these technologies reduces
the overall error rate. The RLS provides accurate distance
and speed detection, while the OES improves the accura-
cy of angular coordinates and target recognition (Ballan et
al., 2024). Based on this integration, the total error can be
reduced to 1-5 metres in distance and 0.01-0.1° in angle.
Due to this approach, automated systems are able to better
classify objects and respond more quickly to threats, which
ensures a high level of ship safety in difficult conditions.

Modern autosteering systems are an important com-
ponent on ships, providing automatic correction of the
ship’s course depending on threats detected by the OES
and RLS. They can significantly reduce the risk of damage
from mines or anti-aircraft fire by manoeuvring in a time-
ly and accurate manner. Automatic course adjustment is
carried out in real time, which ensures prompt response
to changes in the situation around the ship. Autonomous
steering systems can integrate with navigation and ship
protection systems, which helps to automatically deter-
mine safe routes in areas with a high level of threat (Han-
naford & Hassel, 2021). This provides an additional layer
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of security, as the system can process data from the OES
and RLS, identify potential threats, and instantly adjust its
course to avoid dangerous areas. Such integration allows
the ship to manoeuvre effectively even in difficult condi-
tions, reducing the likelihood of enemy shells hitting the
ship or tripping mines. This approach significantly in-
creases the overall effectiveness of the ship’s self-defence

system, ensuring a high level of safety in dangerous wa-
ters. Automated systems help to reduce the human factor
in decision-making and increase the speed of response to
threats, which is critical for maintaining the ship’s defence
capability in the face of constant risks. The characteristics
of systems for improving the overall effectiveness of ship
self-defence are discussed in Table 2.

Table 2. Basic control systems and their functions in ship self-defence

OES Visual observation

High accuracy in the daytime and in good weather conditions

RLS Radar detection

Can work in conditions of limited visibility

Automated control system | Control of anti-aircraft fire systems

Minimises reaction time and improves accuracy

Autosteering system Automatic ship manoeuvring

Reduces the risk of being blown up by mines and hit by enemy shells

Navigation system Automatic detection of safe routes

Provides security in areas with a high level of threat

Source: compiled by the authors based on G. Mander et al. (2023)

In general, the integration of OES, RLS, automated
control systems, steering systems and navigation technol-
ogies into a single control network significantly increases
the effectiveness of the ship’s self-defence. This integrated
system provides a timely and accurate response to a variety
of threats that arise in difficult and unpredictable condi-
tions, such as limited visibility or high levels of mine haz-
ards. Due to this integration, management decisions are
made faster, manoeuvring becomes more adaptive and ac-
curate, and the risk of damage is significantly reduced. This
creates a more stable and reliable defence system that can
effectively protect the ship in all situations, increasing its
survivability and efficiency in coastal waters and in areas
with a high level of threat.

In modern conditions of technology development, an
important aspect of improving the efficiency of OES and
RLS is the improvement of signal processing algorithms.
One of the key problems that arise during the interaction
of OES and RLS is the influence of external interference

and noise on the accuracy of systems. Noise filtering is an
integral part of improving signal processing algorithms,
as it can significantly reduce the impact of undesirable
factors on system performance. In addition, an important
step in improving algorithms is to improve the accuracy of
determining the coordinates of objects. Since OES provide
high-resolution visual data, and radars provide stable op-
eration in conditions of limited visibility, the combination
of these advantages helps to more accurately determine
the location of targets, reducing the time to make decisions
in critical situations. Algorithms for integrating data from
different systems are also being improved. Modern data
pooling algorithms use multisensory information process-
ing methods, which facilitates more accurate and faster co-
ordinate determination. Combining information with OES
and RLS should consider the difference in data formats and
the speed of their receipt. Table 3 shows the interaction of
systems on the ship and potential directions for improving
signal processing algorithms.

Table 3. Interaction of systems on the ship and improvement of signal processing algorithms

Infrared and daytime
video streams, SWIR ise. interf | Noise filtering, adaptive voltage
. . signals, laser marking 'No1se{ interterence, voltage regulation, optimisation of power
OES Visual observation . > instability, limited visibility, > E
signals, analogue and . consumption, improvement of
.2 A power consumption . . .
digital signals (voltage, image processing algorithms
current, frequency)
. . Radar signals Noise, interference, multi- Imp rovement of s!gnal processing
Object detection and . . algorithms, adaptive filtering, use
RLS . (amplitude, phase, purpose echoes, coordinate P -
tracking £ of artificial intelligence methods for
requency) errors . ..
object recognition
M .. . Digital signals Data transfer delays, data Optimisation of route planning
anagement Decision-making, . - . > .
(coordinates, speed, inaccuracies, conflicting algorithms, use of neural networks
system movement control . . -
course) commands for real-time decision-making
A . Digital signals Delays in executing Improvement of control algorithms,
utosteering . heel 1 d h d - dapti lati £ shi
system Steering wheel contro (commands to change commands, steering adaptive regulation, use of ship
course) instability movement models

Source: compiled by the authors based on P. Xie et al. (2021) and I.K. Dagkinis et al. (2023)

Therefore, improving signal processing algorithms
is crucial for improving the efficiency of OES and RLS.

Improved noise filtering, coordinate accuracy, and opti-
misation of data pooling algorithms allow creating a more
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reliable and accurate threat detection system. This, in turn,
increases the level of safety of ships in coastal areas and
ensures timely response to potential hazards.

Making effective decisions in a dynamic combat envi-
ronment requires quick access to relevant information pro-
vided by automated systems. The interfaces of these sys-
tems should be designed in such a way as to minimise the
time required to analyse the situation and make a decision.
Imperfect interfaces can lead to delays in decision-making
and, as a result, reduce the efficiency of task execution.
Therefore, the development of ergonomic interfaces is one
of the priority areas in modern research in the field of hu-
man-computer interaction (Liu et al., 2022).

In addition, to ensure management flexibility, opera-
tors should be able to manually interfere with the opera-
tion of automated systems. Although automated systems
can operate effectively under standard operating condi-
tions, human intervention becomes necessary in complex
and unpredictable situations. For example, an operator
can manually adjust the system’s actions in cases where it
misclassifies a threat or skips critical data. This provides
an additional level of control and reliability in the deci-
sion-making process.

The effectiveness of modern ship protection systems
largely depends on optimal interaction between the op-
erator and automated threat detection systems, such as
OES and RLS. Rapid exchange of information between
these systems and the operator is a prerequisite for time-
ly response to changes in the tactical situation. Automatic
control systems should be integrated into the overall con-
trol system of the ship in such a way as to ensure effective
performance of tasks under all conditions. This provided
real-time optimised manoeuvring based on the projected
mine rate, which significantly reduced the risk of a colli-
sion. The angle of change of the ship’s course was calcu-
lated using the following equation (3). For example, if the
distance to a mine threat was 100 metres, the ship’s speed
was 20 m/s, and the angle between the ship and the mine
threat was 30°, then:

A8 = %-cos(sm) = 4.33°.

This result showed that to avoid the threat, the ship had
to change course by 4.33°. This was especially important in
high-risk conditions, when even minor manoeuvres could
help to avoid a collision with a mine or other obstacles.

Operators must quickly analyse the situation and make
informed decisions based on data coming from the OES
and RLS (Hoffmann et al., 2021). For modern defence sys-
tems, it is important to ensure a high level of accuracy and
effectiveness in detecting and neutralising threats, espe-
cially in conditions of combat operations in coastal areas.
One of the key factors for improving the combat readiness
of ships is the integration of OES and RLS. Data synchroni-
sation between these systems can significantly improve the
speed of threat identification and accurate detection, even
in difficult weather conditions.

The introduction of automated control and autosteer-
ing systems that can quickly respond to threats minimis-
es response time. Automation and improvement of signal
processing algorithms play a key role in improving the ac-
curacy of these systems, which, in turn, reduces the risk of
damage to ships and increases their efficiency in difficult
coastal conditions.

Discussion

The combined use of OES and RLS technologies has signif-
icantly improved the accuracy of determining the location
of sea mines. OES uses highly sensitive cameras, including
day, night and thermal imaging, which helps to visually
identify mines on the water surface by temperature differ-
ences. Due to its high resolution, OES systems can identi-
fy even small objects with an accuracy of several metres,
automating the image analysis process using machine vi-
sion and artificial intelligence algorithms. RLS, in turn, are
capable of detecting both underwater and surface objects,
providing high accuracy in determining their location with
the possibility of penetration into the surface layers of
water. This allows quickly tracking moving mines, signif-
icantly expanding the detection area. Integration of OES
and radar provides more efficient solutions to mine detec-
tion problems. First, the radar quickly detects suspicious
objects at a long distance, then the OES clarifies identifica-
tion, reducing the likelihood of false positives and allowing
the crew to make decisions more quickly. Automated object
recognition, based on data from both systems, increases
situational awareness and helps to clearly classify threats.
Due to the integration of these technologies, the response
time was optimised, and the overall level of safety of ships
was significantly increased.

This was also investigated by M. Zhang et al. (2021),
where the results confirmed that data processing and
integration between OES and RLS is critical to improv-
ing the effectiveness of air defence. The introduction of
synchronisation and collaborative data processing meth-
ods allows combining information from both systems to
quickly identify threats and improve the accuracy of de-
termining target coordinates. Data synchronisation helps
to avoid delays and errors that may occur when using in-
dividual systems, and provides a faster and more accurate
response to threats.

G. Wu et al. (2021) also showed that the integration
of OES and RLS can effectively combine the advantages of
both technologies. OES provides high resolution and accu-
racy in conditions of good visibility, which contributes to
clear identification of targets. In turn, radars demonstrate
high efficiency in difficult weather conditions, such as fog
or night darkness, where visibility is limited. Based on this
integration, a significant improvement in target detection
and maintenance is achieved, which is crucial for ensur-
ing reliable protection in difficult conditions. It is worth
noting that the integration of OES and RLS combines the
advantages of both technologies: OES provide high resolu-
tion with good visibility, and RS are effective in conditions
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of limited visibility, such as fog or night. This significantly
improves target detection and tracking.

The integration of these systems requires proper crew
training and the development of intuitive interfaces for
rapid information analysis. In addition, it is critical to en-
sure data security and stability of communication between
systems, since the risks of cyber-attacks can significantly
affect efficiency. Integration of OES and RLS is a strate-
gic step in the development of the fleet’s defence capa-
bility, but its implementation requires a comprehensive
approach and careful analysis of possible challenges. The
study showed that OES provided more detailed informa-
tion about targets, which allowed reducing the load on the
RLS. Thus, the crews were able to respond to threats in a
timely manner, relying on visual information, which signif-
icantly improved the quality of operational management.
This synergy between the two systems has significantly im-
proved the detection of underwater objects, providing more
detailed information about the situation around the ship.

The results of this study are consistent with the con-
clusions given in the paper by X. Wu et al. (2021), as im-
provements in algorithms for detecting small objects in
coastal areas significantly improve the accuracy of threat
detection, and reduce the likelihood of errors, which makes
systems more efficient and efficient in responding.

The results of the study open up a broad discussion
about the importance of integrating modern technologies
in military operations. As threats in the marine environ-
ment become more complex, it is important to adapt con-
trol systems to new challenges. Integration of OES and RLS
can significantly improve detection capabilities, but con-
tinuous improvement of data processing algorithms is nec-
essary to achieve optimal results. The analysis of the data
obtained highlights the importance of combining OES sur-
veillance with artillery radars to improve the self-defence
of ships, in particular, when searching for mines. This inte-
gration of technologies opens up new opportunities for im-
proving the security of naval operations, requiring contin-
uous improvement of systems to ensure their effectiveness
in modern military conflicts. It is also worth noting that
the results obtained confirmed the possibility of improving
the efficiency of defence systems by simultaneously using
OES and RLS. This integration significantly reduced the
time required to respond to threats, which had a positive
impact on the overall safety of ships when performing tasks
in difficult conditions.

The study by H. Cui et al. (2021) found that improving
signal processing algorithms is key to effectively integrat-
ing data with OES and RLS, as these systems use different
types of information. Improved noise filtering reduces the
impact of extraneous signals that can distort the results,
while improving the accuracy of determining the coordi-
nates of objects provides more accurate target detection.
Optimising algorithms for combining data from both sys-
tems provides more comprehensive and reliable analysis,
which is crucial for improving the overall efficiency of the
system in the face of real threats.

In turn, E. Chiou & J. Lee (2023) concluded that im-
proving interaction between operators and automated sys-
tems is a critical aspect for ensuring efficiency in complex
air defence systems. It is necessary not only to automate
processes, but also to ensure that operators have access to
intuitive interfaces that provide quick access to the most
important data from the OES and RLS. This helps to reduce
delays in decision-making and increase the efficiency of re-
sponding to threats.

The results show that the simultaneous use of these
technologies not only reduces the burden on the crew, but
also optimises decision-making processes, which is cru-
cial in difficult combat conditions. However, the imple-
mentation of these integration solutions requires further
improvement of signal processing algorithms to ensure
accuracy and reliability in detecting threats. An important
aspect is also the need to provide intuitive interfaces for
operators, as this will reduce delays in decision-making and
increase the speed of responding to threats. Thus, success
in implementing the integration of OES and RLS depends
not only on technological improvements, but also on the
readiness of crews to work with new systems. This compre-
hensive strategy can significantly improve the overall safe-
ty of ships in difficult operating conditions, highlighting
the need for further research in this area.

An important aspect of the study was the need to adapt
systems to the specific conditions in which they operate.
The results showed that a variety of mine search scenarios
required the configuration of integrated systems to meet
specific environmental conditions. This highlighted the
need for further research that would allow for a deeper study
of the various situations in which systems can be optimised.

M. Del Giudice et al. (2022) also conducted a study, the
results of which confirmed that interfaces should be us-
er-friendly and clearly structured, which allows operators
to quickly analyse information and make decisions based
on data from systems. Operators should be able to intervene
manually if necessary to adjust automated actions or respond
to unforeseen situations. This approach provides a balance
between automation and human control, which is critical for
effective management in the face of rapidly changing threats.

S. Krile et al. (2021) also found that the modernisation
of communication and network interaction is an important
step to ensure the efficient operation of the OES, RLS, and
other systems of the ship. The introduction of high-speed
data channels will facilitate rapid exchange of informa-
tion between these systems in real time, which is crucial
for timely response to threats. In addition to speed, spe-
cial attention should be paid to the security of networks to
prevent cyber-attacks and unauthorised access that could
disrupt the operation of systems.

The variety of scenarios that can occur when search-
ing for mines requires a deeper understanding of envi-
ronmental conditions and adaptation of systems to these
conditions. It is also important to note that user-friendly
and clearly structured interfaces for operators are critical,
as they allow quickly analysing data and making informed
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decisions. A balance between automation and human con-
trol is essential for responding to unforeseen situations,
which can be key in the context of rapidly changing threats.
Modernisation of communication tools and the introduc-
tion of high-speed data channels also play an important
role in ensuring the efficiency of these systems, since the
speed of information exchange is crucial for timely re-
sponse. However, network security is critical to preventing
cyber-attacks, which can significantly threaten the security
of systems. Therefore, further research in this area is need-
ed to develop optimal solutions that ensure the reliability
and effectiveness of integrated defence systems.

Analysis of the results confirmed the importance of
integrating OES surveillance with RLS to optimise the
self-defence of ships when searching for mines. This com-
bination of technologies opens up new opportunities for
improving the safety of naval operations, requiring further
development and improvement of these systems to ensure
their effectiveness in war conditions.

O. Melnyk et al. (2022b) found that integrating upgrad-
ed communications equipment into the overall network of
the ship’s combat control system is also a priority. This will
ensure synchronisation between the OES, RLS, and other
important elements of the ship’s defence, such as fire sup-
port and missile defence systems. The coordinated opera-
tion of all these systems will improve the overall defence
capability and increase the effectiveness of protecting the
ship in combat conditions.

It should be noted that the modernisation of commu-
nication and network interaction is a necessary condition
for improving the effectiveness of ship defence systems.
Fast and secure data transmission between OES and RLS
can significantly reduce the time spent on information pro-
cessing and decision-making, which is critically important
in real combat operations. Synchronisation of all elements
through a single network increases the reliability and effi-
ciency of responding to threats, improving the overall level
of protection of the ship.

In general, the results obtained confirmed the potential
of integration of OES and RLS in improving the safety of
naval operations and the requirements for further develop-
ment of these technologies in modern combat operations.

threat detection in difficult conditions, such as limited vis-
ibility or worse weather conditions. The use of OES helped
to reduce the response time to potential hazards, since im-
proving the efficiency in processing and transmitting infor-
mation made it possible to minimise delays. Automation of
control processes in combination with integrated automat-
ic steering systems increases the manoeuvrability of ships,
which reduces the risk of falling into mine threat zones.
Improved coordination systems between various defence
subsystems have increased the effectiveness of air defence
in coastal zones of Ukraine. This integration allowed for
more reliable self-defence of ships, reducing overall vul-
nerability to external threats. A comprehensive approach
to modernising the ships’ defence systems has shown sig-
nificant potential in improving their security. Improved
interaction between the radar and OES made it possible
to optimise the functioning of anti-aircraft fire systems,
which increased the speed and accuracy of responding to
threats, thereby reducing risks for ships in high-risk areas.

Thus, the results of the study indicate a high efficiency
of integrating OES surveillance with artillery radars to im-
prove the safety of ships when performing tasks in mine-
fields. The data obtained confirm the need for further de-
velopment and improvement of technologies for integrating
surveillance and defence systems to ensure more reliable
protection of ships from modern threats, in particular, un-
manned aerial vehicles, cruise missiles, underwater sabo-
tage forces, and conventional air and sea attacks. In the face
of growing security challenges, particularly in coastal areas,
it is important to ensure synchronisation and effective in-
teraction between OES and RLS. Such integration will help
to quickly identify threats, increase the accuracy of target
detection and speed of response, which are critical aspects
for the successful implementation of combat missions. Sys-
tematic improvement of these technologies will contribute
to strengthening the defence capabilities of naval forces and
improving the level of security in areas of potential conflict.

To further improve the integration of OES surveillance
with artillery RLS, it is necessary to investigate their ef-
fectiveness in real combat operations, in particular, when
countering dynamic threats and sudden changes in the
tactical situation.
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IHTerpauis oNTUKO-eNeKTPOHHOI CUCTEMM CMOCTEPEXKEHHSA
3 apTUNEPINCbKOIO PafiosIoKaLINMHOIO CTaHUIEK
Ang onTuMisauii caMoo6opoHU KopabniB Npu NOLWYKY MiH

AHOTaUiq. MeTo0 ToCTiIKeHHS 6Y/10 TTpoaHasIi3yBaT CII0CO0M MiABUIeHHS e(eKTUBHOCTI Ta TOUHOCTI B3a€EMOIii Mixk
onTuko-enekTpoHHMMu cucremamu (OEC) i pamionokauniitaumu craniissmu (PJIC) Ha KOpab6ysix AJist BAOCKOHAJIEHHS 3€HiTHO-
BOTHEBMX CUCTEM Y 30HaX CaMO0O0OpoHM. Byiu rpoaHasizoBaHi Ipoiecy iHTerpalii JaHux, aBToMaTu3alii i onrumisanii
KOMYHIiKallii Mi3X cucTeMamMy Ha OCHOBi TeOPeTUUYHMX MoZesieit i MPakKTUUHMUX IPUKIIaJiB B3a€EMOZii KOpabelbHUX CUCTEM.
IocnigkeHHs 1MoKasaio, mo interpailis OEC cioctepeskeHHs 3 PJIC Ha KOpabiisiX 3HAYHO MiABUIIYE TOUHICTh BUSIBJIEHHS
1is1eii i eeKTUBHICTb 3€HiTHO-BOTHEBUX CUCTEM Y 30HaX 600BMX [iii. BcTaHOBI/IEHO, IO CMHXPOHi3allist maHux 3 OEC ta
PJIC 3a6e3rmeuye mBuAIIYy imeHTH}iKalli0 3arpo3, 0COO6IMBO Y CKIAIHUX ITOTOTHMUX YMOBAX abo Mpyu 0OMeKeH i BUAVMMOCTI.
ITpoaHai3oBaHi aArTOpUTMM 06POOKYM JAHMX, SIKi 3HAYHO MOKPALYIOTh GiNbTpaIlilo IYMiB i TOUHICTh PO3Mi3HABAHHS MiH
Ta iHIIMX 3arpo3 3aB/sKY BOOCKOHAJIEHHIO METOAiB aHaTi3y CUTHAIIB i iHTerpauii iHdopmariii 3 pi3HMX CEHCOPHUX CUCTEM.
ABTOMAaTHM30BaHi CUCTeMM KepyBaHHS J,03BOJISIIOTh MiHIMi3yBaTy Yac peakiiii Ha 3arpo3u, MiJBULIYIOUM OIlepaTUBHICTD Iill.
JocigskeHHS TaKOX BUSIBUIIO, 1110 aBTOMaTUYHi py/IbOBi CMCTeMMU, iHTerpoBaHi 3 HaBiraliitHUMM CUCTeMaMU Ta CUCTeMaMu
3axUCTY, eeKTUBHO 3MEHIIyBaaM PU3UK MiJPMUBY HA MiHAxX 3aBOSIKM MaHeBpaM, ONITUMi30BaHMM y peaJibHOMY Yaci.
Buxopucrani MeToaM BKIIOYAIM JUHAMIUHE TIO3UI[IOHYBAaHHS Ta aBTOMAaTUYHe KOPUTYBAHHS KypCy KOpabJIst 3a/1eXKHO BiJ
nanux, orpumanux Big OEC i PJIC. Lle cripusiyio IIBMAKOMY pearyBaHHIO Ha 3arpo3y Ta MiJBUILYBaJIO 3arajibHy 6e3neKy
KOpab6iiB y mpubepexkHMUx 30HaX. BcTaHOBI/IEHO, 10 YIOCKOHA/TIeHHSI KOMYHIKalliifHMX KaHaJiB Mik cucTeMaMu 3abe3neuye
3HIMKEHHS 3aTPUMOK Y Ilepefjavi JaHMX, 10 CIIPUSIE OllepaTUBHILIOMY pearyBaHHIO Ha 3arpo3u. BusiBiieHo, 110 iHTerpalis
aBTOMAaTMYHUX PYTbOBUX CUCTEM 3 HaBiraliifHMMM cucTeMaMy IMOKpalllye MaHeBPeHiCTh KOpabiis i 3HUKYe IMOBipHICTb
MOTPAIUISIHHS B 30HM MiHHMX 3arpo3. AHaJli3 [MoKa3as, 1[0 KOMILJIeKCHMI Tigxig 1o MogepHisaiii B3aemomii Mixk OEC Ta
PJIC no3Bosisie CTBOPUTHU GBI CTiiiKY i eeKTUBHY cucTeMy 060pOHY KOpabiiB y mpubepeskHux 30Hax. [IpakTuyHa [[iHHICTh
JOCTiJIKeHHSI TTOJISATAE Y MOXK/IMBOCTiI BUKOPUCTAHHS OTPUMAaHUX Pe3ylbTaTiB AJIs1 PO3POOKY Ta BIIPOBAKEHHSI CYYaCHUX
iHTerpoBaHMUX CUCTEeM 0OG0POHM KOPabiB, IO CIPUSIOTH MigBUIIEHHIO PiBHS 6e31eKy KopabiliB y CKIaJHUX YMOBax

KniouoBi cnoBa: dinbrpaiiist myMmis; HaBiraiisi; MaHeBpeHicTh; KOMYHiKalliliHi KaHa/Iu; 6e3reka NMpubepeskHUX 30H;
aBTOMAaTMUYHi PYJIbOBi CUCTEMMU
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HeBu3HaudeHicTb Ta ii BNAMB Ha PopMyBaHHS 3anaciB 3anacHMX YacTUH
ona 3abe3neyeHHA ePeKTUBHOCTI TPAHCMNOPTHUX NpoueciB

AHoTauis. [TokpaieHHs eheKTUBHOCTI TPAHCIIOPTHMX MPOLIECiB HEMOXK/IMBE 6€3 YI0CKOHATEHHS JIOTiCTUKM YIIPABTiHHS
3aracaMm 3anacHuX yacTuH. yHKIIOHYBaHHS JIOTiICTUUHUX NIPOLIECiB B JIaHI[IOTaxX IIOCTauyaHb CyNIPOBOJKYETHCS
3HAYHOIO HEBM3HAUeHicTIo Ta pu3ukamu. Yac, skuit MeHeJKepy BUTPavyaloTh Ha YCYHEHHS MOPYIIeHb y JaHLIorax
MOCTavYaHHS 3allaCHMUX YaCTUH Yepe3 BIUIMB HEBM3HAUEHOCTI Ha aBTOMOOI/IbHOMY TPaHCIIOPTi, CTaHOBUTB Bin 20 % mo
40 % 3araJbHUX BUTPAT Yacy Ha 3abe3eyeHHs JOTiCTUYHUX MpolieciB. Ileii MoKa3HMK MoOske OYTU 3HMUKEeHUI [IIIXOM
BIPOBA)KeHHS NepeOBUX CUCTEM yIIPaB/iHHS JIaHI[IoTaMy [10CTauyaHb, BUKOPUCTAHHS aHAJIITUKY JJ151 IPOTHO3YBaHHS
Ta 3amobiraHHs pobiemMam, a TAKOX MiABUILEHHS PiBHS CIIBIIpalli 3 MocTayaJlbHMKAMU. Y CTATTi PO3ITHYTO OCHOBHI
dakTopu popmyBaHHS MONUTY Ha 3anacHi yacTuHu. [IpoaHani30BaHO MPUYMHM BUHMKHEHHS] HEBU3HAUEHOCTI Ta
PU3MKIB y JTIaHIIOrax MIocTayaHb. BCTAHOBIIEHO, 110 HEBU3HAUYEHICTh YMHHMKIB ITOMUTY HA 3aMacHi YaCTMHU MOXKe OyTH
BUKJ/IMKAHA pPsITOM (aKTOPiB, TAaKUX SIK KOJIVMBAHHS €EKOHOMIUHMX YMOB, CE30HHI 3MiHM, 3MiHM B TEXHOJIOTii a60 HaBiTh
Helepen6auyBaHi CUTYyallii, SIK-0T naHgeMii un mpuponHi katacrpodu. Li pakTopy BKIOUAIOTh XapaKTePUCTUKM JTIOOVHMY,
TexHiYHi 3ac061, Tporecu GYHKI[IOHYBAaHHS Ta 06CIIYyTOBYBAHHS, @ TAKOK 30BHIIlIHE cepefoBuile. 1151 ONITUMaTIbHOTO
PO3IIOAiTy pecypciB 1jisl 3a06e31eueHHs] HaiifHOCTi cucTeMy HeOOXiTHO BUSHAUMTY IMPiOPUTETHICTD BINIMBOBUX (DAaKTOPIB.
Ockinpky 6arato 3 1ux GaKkTopiB € IKICHUMM Ta OLiHIOIOTbCSI eKCIIePTHO, Lie YCKIaIHIOE 3aCTOCYBAHHS TPagULIiitHUX
MEeTO/IiB IVIaHYBaHHS eKCIIepMMEHTY Ta PerpeciiiHoOro aHantisy, ki 3a3BM4ait BUKOPUCTOBYIOTbCS B CTATUCTUYHIN Teopii
HaAifHOCTi CUCTeM «IIOAMHA — MalllMHa». AHaJTi3 Iykepesl HeBU3HAUEHOCTI B JIOTiCTUYHUX TPOliecax JaHIIOTiB ITOCTayaHb,
MEeTO[IiB iX 3MEHIIEHHS, a TAKO)K EKOHOMiKO-MaTeMaTUUYHUX METO/IiB MiATPUMKY IPUIAHSATTS PillleHb 040 CTPYKTYPU Ta
TUIaHYBAHHS POBIT y JTAHIIIOrax MOCTAYaHHSI O3BOJISIE BULUTUTY PSIfL TEHIEHIIil Ta epCreKTUBHMX HAIPSIMKIB JOC/TiIskKeHb
y 1iit cdepi. Li HAampsSIMKY BKIIOYAIOTh: HEOOXigHICTh HOPMYBaHHS Ta PO3BUTKY TEPMiHOMOTIYHOI 6a31, YIOCKOHAIEHHSI
MeTO/iB MPOTHO3YBAaHHS 3amaciB 3allaCHUX YaCTUH, PO3BUTOK CTpaTeTii yIIpaB/iHHS JaHIIOraMiu ITocTayaHb, MiHiMi3allilo
PU3UKIB Y JTAHITIOTaX MOCTavYaHb Ta MOIIYK 6aJaHCy MiK e)eKTMBHICTIO Ta CTi/KiCTIO c1CTeM YIIpaBIiHHS 3armacaMmu
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Bctyn
Ilo6pe HayaromkeHa poboTa TPAHCIIOPTHOTO CEKTOpa Bifi-
rpae KJIY0BY POJIb B eEKOHOMIYHOMY Ta COLiaIbHOMY pPO3-
BUTKY KO>KHOI KpaiHy, CIPUSII0YM 3MilJHEHHIO perioHalIbHO1
Ta IobanbHOi criBmpali ta iHTerparii. ®yHKIiOHYBaHHS
CKJIAQOHMUX €KOHOMIUHMX CUCTEM CYIPOBOIKYETHCS He-
BM3HAUEHICTIO TIOBEIiHKM SIK CYO’€KTiB TOCIIOAApIOBaH-
HSl, TaK i eneMeHTiB camoi cucremyu [1]. BpaxyBaHHS Liei
HeBM3HAUEHOCTI € HeoOXiZHOW YMOBOW0 3a6e3MeueHHSsI
HayKOBOCTi Ta TOYHOCTi OIMCY peanbHUX OO’€KTIiB, ix-
HiX BJIACTMBOCTel Ta TMOBEAIiHKM y BiAIIOBiAHMX YMOBax.

VopaBiaiHHS NONUTOM Ha 3amacHi 4aCTMHU € KpU-
TUYHO BaXKIMBUM [JIs1 3ab6e3meueHHs: eeKTUBHOI po6OoTH
BUPOOHMYMX TIPOLIeCiB Ha TPAHCIIOPTi Ta MiATPUMKM BU-
COKOTO piBHSI 06CTyTOBYBaHHSI CIIOXKMBAUiB TPAHCIIOPTHUX
nociyr. MeHeiskepu 3 yIIpaB/IiHHS 3allacaMy CTUKAIOThCS 3
BUKJIMKAMM MOIIYKY 6a/aHCy Mik 3MeHILeHHSIM 3araJbHUX
JIOTICTUYHMX BUTpAT Ta 3abe3leueHHSIM BUCOKOTO PiBHS
JIOTICTUYHOTO cepBicy [2, 3]. JloricTuka 3amacHUX YaCTUH
CTa€ KJIIOYOBMM KOMIIOHEHTOM YIIPaBJiHHS JaHLIOraMyu
nmocraBok. 3a gaHumu Dataintelo Consulting [4], po3mip
CBITOBOTO PMHKY 3anacHux yacTuH y 2023 poui o1jiHI0BaB-
cst mpubu3Ho B 450 mutpn most. CIIA. TIporHo3yeThcs, 10
o 2032 poky BiH mocsirHe mpubnausHo 700 mupg gon. CIIA,
3pocTayy NpubaM3HOo Ha 5,3 % Ha pikK.

Hocninskenns Deloitte Research [5] mokasano, 1o mic-
JISIPOAAXKHI MOCIYTM CTaau 3HAYHMUM JIKEPEIOM JOXOLiB
IU1S1 HAlt6iIbIIMX BUPOOHMUMX KOMIIaHii cBiTy. V 2024 porri
1Ii TOXOIM CTAHOBWJIM B cepeaHbOMY 35 % BiJ 3arajqbHOTO
noxony.1leii MOKa3HMK CBiAUNTH [IPO BasKIMBICTh MMiCISANIPO-
IakKHOTO OOCTYTOBYBaHHS, SIKE BKJIIOUA€E TEXHiUHE 00CTy-
TOBYBaHHS, PEMOHT, 3allaCHi YaCTMHM Ta iHIIi TOCTYTH, 1[0
HAJAIThCS KIEHTAM Micis IpuabaHHs nponrykry. e no-
CJTiIKeHHST TaKOXX BUSIBUJIO, 1110 KOMIIaHii, SIKi iHBeCTYIOTh
y HOKpalleHHS HicasSNpOoAaKHUX ITOCTYT, 3a3BMYail MaloTh
BUIIMIA piBeHb 3a[J0BOJIEHOCTi KJIi€HTIB i JIOS/IBHOCTI, 1110
CIIpUsi€ 3POCTAHHIO iXHbOI PMHKOBOI YaCTKM Ta HOXOLiB.

BimmoBa o6nagHaHHSI, MAallMHY, TEXHIYHOI CUCTEMU
MOXXe CIIPUUYMHUTYU BUCOKI BUTpATM AJiI KOMIAHii, TOMY
CBOEYACHE YCYHEHHSI HemojaAKy 3 HaliMeHUIMMM BUTpa-
TaMy CTa€ MepIIOPSTHUM 3aBIAHHSM IJis 6araTboxX KOM-
Ma”iit. V 6inbiocTi BUMaAKiB HemoJaaAKyu YCyBalOThCS 3a
pPaxyHOK 3aMiHM 3amyacTuHU ab60 3a GaKTOM BUSIBIEHHS
HeCIIpaBHOCTI ab0 SIK IpeBeHTUBHMIt 3axif, y mpoiieci Tex-
HiYHOTO 06C/IyroByBaHHS. KiTrouoBi 0COGMMBOCTI cucTeM
MOCTa4aHHS 3allaCHMMM YaCTMHaMM BKJIIOYAIOTH [6]: I70-
6a1pHe OXOIUIEHHS Ta CKJIaTHICTh CTPYKTYpM it dyHKI-
OHYBaHHSI; iHTerpaiilo (QyHKUi i opraHiB Ijisi peMOHTY
HeCIIpaBHUX JleTaseil i By3/iB; 3HAUHY KiJIbKiCTb HOMEH-
KJIATYpHUX TO3MULiii; BMCOKI BUTpATM Ha 36epiraHHs um
BTpaTH MPUOYTKY BHACTILOK BiICYTHOCTI 3aMacHMUX YaCTUH
(34); BaskuBY posib (paKTOPy B3a€EMO3aMiHHOCTI.

IIpy 1poMy MOUIYK KOMIIPOMICY MiX piBHeEM Jioric-
TUYHOTO CepBiCy Ta BUTpaTaMM YCKIALHSETHCS LIMPO-
KO0 HOMeHKk1aTypolo 34 Ta camMo10 IPUPOJ0I0 IONUTY Ha
34, 10 Mae CTOXaCTMYHMII Ta HEPIBHOMipHMII XapakTep,
SIKUIA He MiJKOPSEThCS HOPMaJbHOMY 3aKOHY PO3MOJITY.

TakuM uMHOM, JJjis1 MOKpalleHHS MPOLECiB ynpaB/iHHS
3anacamyu 3Y HeoOXigHO mpoaHatizyBaTu GaKTOPHMIL
NpocTip, AKuit GopmMye eleMeHTU HeBM3HAUeHOCTi Ta
BIUIMBAE HA BUHMKHEHHS PU3UKIB B CTPYKTYpi QyHKIIiO-
HyBaHHS JIAHIIOTiB ITOCTaYaHb.

ITpo6nemu yripaBiaiHHA 3anmacamyu 34 gociimskyBann
6araTo HayKoBILiB. 30kpema, B po6OTi [7] aBTOpU 30Ce-
pemwincs Ha Po3poblli MeTOoHiB IMOKpauleHHsS (QyHKIi-
OHYBAHHS CIYX6 TexHiuHOro 06CiayroByBaHHs (TO) aB-
TOTPAHCIOPTHMUX 3aco6iB (AT3) Ha OCHOBi MOKa3HUKIB
BapToCTi Ta sKocTi mpunbanux 34 3 ypaxyBaHHSIM CTY-
MeHsl iX BIUIMBY Ha 6e3MeKy eKcIuTyaTailii aBToMOO6isiB.
MerTo10 JOoCTiIKeHHST 6Y/10 CTBOPEHHSI METOOUKM OIIiHIO-
BaHHSl PU3MKY BMHUKHEHHS [0DPOXHBO-TPAHCIOPTHUX
IIpUTOf, CIpUUMHEHUX HecrnpaBHMMM 34U, OCKinbKM Ha
TOJ MOMEHT He iCHyBaJiO 3arajlbHONPUITHATOrO MigX0Ay
110/10 BUPillIeHHS LIbOTO MUTaHHS.

HoBuit mingxis momo BMU3HAUEHHS HOMEHKIATypuU
KOMIUJIEKTIB 3allaCHUX YaCTUHMU, iIHCTPYMEHTIB Ta Ipuiaji-
[isl Ha OCHOBi MeTO[IiB Teopii HagiliHOCTi [8] 3ampornoHOBa-
HO B po60Ti [9]. Po3pobieHnit MeTop fae 3MOry GibIi TOY-
HO MPOTHO3YBAaTy YMC/IO BiZMOB eJIeMeHTIiB Ta HeoOXigHY
KinbkicTh 34 17151 3a6e31eueHHsT BMCOKOI eKCIuTyaTaliifHo1
HaAiMHOCTi eIeKTPOHHOI anapaTypu.

ApTopu pob6otu [10] IpUCBIATWIN CBOE AOCTiAKEHHS
MOKpallleHHI0 3abe3mneyeHHss 34 mignpueMcTB aBTOMO-
6inpHOTO cepBicy. Humu 6yno mpoaHanizoBaHo hakTOpHMIt
pocTip, B sikoMy hopmyeTbest monuT Ha 34, Ta po3pobite-
Ha MeTOIMKa OMNTMMIi3allii 3amaciB 3 ypaxyBaHHSIM pe-
MOHTHMX BIUIMBIB Ta BM3HAUeHHS ONTUMAaIbHUX CTpaTe-
riif yrpaB/aiHHSI B yMOBax Hefmoctaui iHpopMmallii, pusnxy
Ta 4YaCTKOBOI BM3HAUEHOCTI.

V nuceprauiitHomy gociimkenHi [11] po3pobisinucs
3axodyM 3 MigBUINEHHS edeKTUBHOCTI ekcruryaranii AT3
MiAMPUEMCTB aBTOMOOIBHOTO TPAHCIOPTY HAa OCHOBI
YIOCKOHAaJIeHHSI TpolieciB 3a6e3nevenHs 34 3 ypaxyBaH-
HSIM JOCTYITHOCTi 3aIlaCHMUX YaCTUH B perioHi, piHaHco-
BUX CIIPOMOXHOCTEJ MiAIPUEMCTB Ta MOXIMUBUX PU3U-
KiB BTpaTy KOIITIB.

[Ipo6eMy pO3BUTKY aIUTUBHOTO BUPOOGHUIITBA (AB)
3alMacHUX YaCcTMH Ha BUMOIY CTalu NpPeIMEeTOM [OCiTi-
JKeHHST HayKoBLiB 3 ®innannii Ta Benukobpurawii [12].
Lle mocmimkeHHS MMOKa3asio, [0 OCHOBHA IIpobieMaTHKa B
AB 30cepemkeHa Ha JOCTYITHOCTI MaTepiaiiB, IKOCTi, po3-
Mipax JieTaseii, BapTOCTi, Ollepallisix ronepegHbOi Ta Mo-
Iaybiioi 06po6KM. BusiBiieHO, 0 MOJAIbIINIT PO3BUTOK
BUKOPUCTAHHSI CTPYMMHHOI 06pPOOKM B’SDKYYOTO mMaTepia-
JIy Ta eKcTpy3ii MaTepiasiB Bimkpye 6iyibliie MOXIMBOCTEN
Y BUKOPMCTaHHI BMCOKOBApTiCHMX 3alacHUX YaCTUH IS
TaKuX raaysei, ik aepoOKOCMiuHa, aBTOMOOiIbHA, eHepre-
TUYHA, 0O0OPOHHA, BUPOOHUIITBA CIOKMBUYMX TOBapiB Ta
MeIVYHOI IIPOMMCIOBOCTI.

B po6ori [13] gocmimskyBanuch MATaHHS 3a6e3meveH-
HSl eKCIUTyaTalliliHoi HaAilfHOCTi HOBIiTHiX KOHCTPYKIIiit
MallliH, 30KpeMa iXx MexaTpoHHUuX cuctem [14, 15]. ITix
yac poboTH 3 UMMM CUCTEMAMU MTOTPiOHO MpuiiMaTH gBa
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TUIY pillleHb: KOIY BTPYTUTKUCS B CUCTEMY Ta CKiabku 34
MOTPi6HO MaTU MpPU IBOMY. ABTOPM IOC/TiIKEHHS MPU-
WIUIM 10 OYMKMY, 110 3i 30i/IbIIeHHSIM KiJTbKOCTi KOMITO-
HEHTIB y MallMHi BasKJIMBiCTh BMOOPY 3alacHUX YaCTUH
JLJ1S1 CUCTEMM TaKOX 3POCTAE, i e MPU3BOAUTD 10 TEHIEeH-
uii mpoBoautu TO cucTemMu SIKOMOTa IMi3Hillle, TTepil Hixk
cyucremMa Buiife 3 jany.

HocninskeHHs [16] npucBsiueHe npobieMam yCyHEHHS
CTOXaCTUYHMX HECIIPaBHOCTE TeXHIKM SIK 3allaCHMMM ya-
CTMHAMM MOTPiGHOTO THUITY, TaK i HANHATUMU CEePBiICHUMU
imkeHepamu mif yac micasinpopaxkHoro TO mpoTsrom ra-
PaHTIHOTO TIepiofy Ha MOTYKHOCTSIX BUPOOHMKA. ABTOpa-
MM 3alpONOHOBaHO ebeKTUBHUIL i TpoCcTuit y peasizamii
€BPUCTUYHMIT aJITOPUTM [JIs OTPMMAaHHSI 06 PYHTOBaHUX
pillleHb LIO0 MOKpAallleHHs iHTerpoBaHOrO IJIAHYBaHHS
3araciB 3alacHMX 4acTUH, TapaHTiiHOrO Ta CEpBiCHOTO
06CTYyrOBYBaHHSI Ta MiIBUILEHHS IPUOYTKOBOCTI MOCIYT.

Omny6sikoBaHi po60TY He TTOBHOIO MipOI0 OXOIUTIOIOTh
icHyloue KOJO MpakTMYHMX 3aBJaHb 3 yIPaB/IiHHA 3ama-
caMM 3 TOUKM 30py BpaxXyBaHHS Pi3HOTO poJy HeBM3Haue-
HocTi akTopiB popmyBanHs monuTy Ha 3Y: BUIIAAKOBUI
Ta HecTallioHapHMI1 XapaKTep IpOLeciB HaAXOKeHHS Ta

BUTpavYaHHS 3araciB, MPUPOSHE 3MEHIIEHHS TOBapiB, iH-
nsiist, nedinut, omHOYaCHA [IisT KiTIbKOX TUITIB 0OMeKeHb
tomo. OO6MK MepepaxoBaHMX OCOOAMBOCTENl MOTpe6ye
MMPOBEJEeHHS OJAIbIINX TOCTiIKEHb.

MerTa cTaTTi — OIiHKa BIUIMBY HEBUM3HAUEHOCTI IIif, uac
(opmyBaHHS 3amaciB 3amacHMUX YaCTUH JJ1s1 3a6e3MeUeHHsT
e(eKTUBHOCTi TPAHCITOPTHUX IPOIIECIB Ta IMOMIYK IIJISXiB
MOKpallleHHsI IPOLIeciB ynpas/iHHS 3anacamy 34 B peasib-
HUX YMOBaX eKCIUTyaTallii.

Pe3ynbTtatn

[ToTpeba B 3amacHUX vacTuHaAX A caysk6 TO i peMoHTY,
3 MeTOI0 3abe3reueHHsS] HOPMaJbHOiI POOOTU PYyXOMOTO
CKJIAAy Ta MiATPUMMaHHS MOro HAAiMHOCTI, 3aJIEKUTH Bif,
XapaKTepUCTUK HasIBHOI CHCTeMM YIIPaBJIiHHS MOCTayaH-
HSIM Ta CIOKMBAaHHSIM 3amacHMx vacTuH. i xapakrepu-
CTMKM TaKoXX BIUIMBAIOTh Ha OpraHisalilo TpaHCIIOPTHOTO
npoiiecy. Tocsin excriryaraiiii AT3 rmokasye, o Ha 06csiru
i acoprumenT 34 BIUIMBAIOTH TOKA3HUKU SIKOCTi ITAPKY py-
XOMOTO CKJIany, BUpOOHMYOi 6a3u, iepcoHasry, MpUHATOl
CUCTeMU TeXHI{YHOTro 06CTYrOBYBaHHS i pEMOHTY aBTOMO-
6iniB Ta yMmoBM ekcrutyaTtauii AT3 (Puc. 1).

Cuctrema TO i peMOHTY
(sIKicTb, piBeHb Oprasisariii,
TeXHOJIOTiUHICTb,
iHHOBAIlilTHICTb)

YMoBu excrutyaranii AT3
(mOPOsKHi, TPAHCIIOPTHI,
TPUPOLHI, pesKMUM eKCIuTyaTallii)

—

ITOITNT HA 3AITACHI YACTVHU

J_

Bupo6Huyo-TexHiuHa 6a3a
(3a6e31eueHicTh, MOTYXHICTb,
MexXaHi30BaHiCTb, yMOBU
36epiraHHs)

ITapk AT3
(BikOBMI1 ckiian,
npooGir, yHidikaris,
HaiHiCTD)

Bupo6HMumii mepcoHast
(3abesmneveHicTh, KBasTihikoBaHiCTh,
3allikaBJIeHiCTh, poboya
atmocdepa)

PucyHok 1. ®axktopu GpopmyBaHHs onuty Ha 34

[yKepeno: CTBOpeHO aBTopaMu

@OyHKI[IOHYBaHHS JaHIIOTIB nocTavyanHs (JIII) moB’s-
3aHe 3i 3HAaYHOIO HEBM3HAUEHICTIO Ta PU3UKOM. Butrpatu
yacy MeHe[IxepiB Ha ycyHeHHs1 mopyiuens y JIIT 34 gns
aBTOMOOGIILHOIO TPAHCIIOPTY MOXYTh CMJIBHO BapiloBa-
TUCST 3aJIEKHO BiJ, KOMIAaHIi Ta ii mpoiieciB. 3a JesIKMMU
onjinkamu [17], MmeHemkepu MOXYTb BuTpauatu Big, 20 %
Io 40 % cBoro yacy Ha BUpIllIeHHS IpobiieM, TIOB’SI3aHUX
i3 naHIIOraMM MocTavyaHb. Lleit MOKa3sHMK MOXKe OYTU 3HU-
>KEHMI1 NIJIIXOM BIIPOBA/IsKEHHS ITepeJOBUX CUCTEM yIIPaB-
ninHs JIIT, BUKOpUCTaHHS aHaIiTUKU [I7I1 TPOTHO3YBaHHS
Ta 3amobiraHHs mpobiemaM, a TaKOX MiABUIIEHHS PiBHS
criBmIpali 3 ocravyaJbHUKaMU.

B 3aranpHOMYy BMIIaIKy, HeBM3HaueHiCTb O3Haydae
BiACYTHICTb 3HAHHS MPO peaJbHUII CTaH AOCTiJKyBa-
Hoi cuctemnu [18]. Came TOMY OiNbIIiCTh CTATUCTUYHUX
MOKAa3HMKIB € HAOAMKEeHMMU Ta HeBU3HAUEeHUMU. Y He-
3HaHHi Ta HEeBM3HAUYEHOCTi MOXHA BUAINUTYU TPU OCHOB-
Hi actiexty [1, 19]:

1. HeBM3HAUeHICTb BMHMKAE yepe3 OOEKTMBHY He-
MOXJIMBICTh TOUHOTO /i OTHO3HAUYHOTI'O PO3YMiHHS CHUCTe-
MM Ha CyyaCHOMY eTari pO3BUTKY Teopii Mi3HaHHA. BoHa
TiCHO TOB’s13aHa 3 TPYIOBUMU iHTEpecamy, CyO €KTUBHU-
MM BIUIMBaMM Ta OLiHKaMH, 1110 BIIMBAIOTh HAa popMyBaH-
HS CYCITIZTbHUX SIBULL.

2. HeBM3HAUEHICTh TaKOX IIOB’sI3aHa 3 HEOOCTATHIM
PO3yMiHHSIM, L0 3yMOBJIEHE HEIOCKOHAJICTI0 iCHYHUMX
colliaIbHO-eKOHOMIUHMX, CTaTUCTUYHMUX Ta MaTeMaTu4-
HUX Teopiit.

3. IndopmariiiiHa HeBM3HAYEHICTh BUHMKAE Uepe3 He-
TOYHICTh i HETIOBHOTY BMMipIOBaHb Ta 06UYMCIEHb, 8 TAKOX
yepes3 HABMMCHe CIIOTBOPEHHS BUXITHUX JaHUX.

HeBusHaueHiCTb UMHHMKIB IOMMUTY Ha 3alacHi ya-
CTUHU MOXe 6yTM BUKJIMKAHA PSANOM (PaKkTOpiB, TAKUX SIK
KONMMBaHHSI €KOHOMiUYHMX YMOB, C€30HHi 3MiHM, 3MiHU B
TexHoJorii abo HaBiTh Hemepex6auyBaHi CUTyallii, SIK-OT
Ma”AeMii um pupoaHi katactpodu (Puc. 2).
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TToxm6KM
TPOTHO3YBaHHS

HEBU3HAYEHICTD

LinecnipsimoBaHi fii 3 pyitHyBaHHS
JIQHIIOTa [TOCTavYaHb

Buxin 3 namy
aKTUBIB

PUCYHOK 2. [IpuunHyu HeBMU3HaueHoCTi B JIIT

[>Kepeno: CTBOPeHo aBTOpaMu

VopaBnaiHHS nonutoM Ha 3Y € KPUTUYHO BaskiIn-
BUM )15 3a6e3meueHHs eeKTUBHOI po60TH BUPOOHMIMX
MpoLeciB Ta MiATPUMKM BUCOKOTO PiBHS 06CTYTOBYBaHHS
KIi€HTiB. TUIIOBMMM CTpaTeriiMy Ta MeTomaMu 3abes-
TeveHHs peastisallii Takoro pofy MUTaHb €: MiABUILEHHS
TOYHOCTI TPOTHO3YBaHHS MONUTy Ha 34 Ha OCHOBi BUKO-
PUCTaHHS iICTOPUYHUX AAHUX i aHATITUYHUX iHCTpyMeH-
TiB [9, 20]; BUKOpKUCTaHHSI METOJiB YIIPAB/IiHHS 3amacaMy,
Takux K cucreMa Just-in-Time a6o cucTema MiHiMa/lIbHO-
ro piBH4 3aI1aciB, AJIs1 ONTMMi3allii piBHS 3amaciB Ta 3MeH-
IIeHHS BUTPAT Ha 36epiranHHs [10]; posnonin KmieHTiB Ha
CerMeHTM 3a YacTOTOI0 3aMOBJIeHb 260 BaSKIMBICTIO JJIst
6i3Hecy, 10 CIpUSIE KPaLIOMy PO3YMiHHIO Ta 3aJ0BOJIEH-
HIO iXHiX 1ToTpe6 [21]; 3abe3neueHHs CTabiIbHIX IOCTABOK
Ta MiHiMi3alii pM3uKiB epeboiB 3a paxXyHOK MOMIMOIeHOT
criBmIpali 3 MocravyajbHMKaMM; peryasspHMii aHali3 npu-
YIH, Yepe3 SIKi BUHMKAIOTh HECIIPaBHOCTI ab0 IOJIOMKH,
110 JO3BOJISIE GiIbII TOUHO MPOTHO3YBATU HEOOXiTHICTH Y
3anacHMUX yacTuHax [11, 16]; BUKOPUCTaHHS Cy4acCHUX TeX-
HOJIOTiii, TaKMX SIK CUCTeMM yIpaBiaiHHs ckiaagom (WMS)
abo interpoBani ERP-cucremy, mjisi aBTOMaTM3allii Ta
onTMMi3alii npoleciB ynpasaiHHA 3anacamu [22].

ITporHO3yBaHHSI MOTPebM y 3amacax € OSHUM i3 oc-
HOBHMX €JIeMEHTiB YIIpaB/IiHHS 3a1acaMy Ta CIyrye 6a30i0
IJI1 TIOJAJbIIOrO IJIaHYBaHHS iXHbOro piBHS. OnHiew 3
Hab6IIbIIMX CKJIaIHOCTEN Y LIbOMY IpoIleci € poboTa 3 He-
peryjisipHUM IONIUTOM, 1110 XapaKTepHO AJIg 3allaCHMUX Ya-
CTUH. [cHY€ 1Ba rONOBHUX MiJX0AY N0 IPOTHO3YBAHHS M0-
Tpebu y 3armacax: KiJibKicHMii Ta sKicHuit. Kom6iHyBaHHS
IMX TigXOAiB CTBOPIOE 3MilllaHMIi MiIXif, Ae pe3yabTaTu

KiZIbKiCHOTO aHami3y KOPUTYIOTbCSI 3 ypaxyBaHHSIM eKC-
MepTHUX OLiHOK [19]. fIKicHMIT miaXim J0 MPOrHO3yBaHHS
rnmorpe6 y 3amacax 6asyeTbCs Ha CyIKeHHAX, iHTYiLii Ta
eKCIIepTHUX OIiHKax ¢axiBIiB, 63 BUMKOPUCTAHHS CTPO-
I'MX MaTeMaTUYHUX PO3PaxXyHKiB, i TOMy Ma€ Cy6’e€KTUB-
HMI XapakTep. HaTomicTb, KiTbKiCHUI MiIXiA onypaeThes
Ha 3i6paHy CTaTUCTUKY CIIOKMBaHHS 3a MOMepesHi repio-
I abo Ha aHi mpo 3MiHy GakTuyHOoro nonury [1].

PosrissHeMO Hali6inbII Bimomi MeTomu, 110 3aCTOCOBY-
I0TbCSI Ha IpakTuili. JIo TakMX MeTOAiB HajleXaTb IIPOrHO-
3yBaHHSI HA OCHOBi KOB3HOTO cepefgHboro 3HaueHHs (KC3)
MOoTpebM y 3amacax Ta MeTOJ, eKCIIOHEHIIiTHOTO 3T/IaIKy-
BaHH4 (E3), ski BBaXaroTbcd KaacMyHMUMU. [IpoTe 1i Mme-
ToOM € HeeeKTUBHUMU TIPU POOOTi 3 HEPETYISIPHUM ab0
CIIOPagMIHUM TIOUTOM Yepe3 TaKi MPUIMHU:

& KJIaCMYHi MEeTOAY He BPaXxOBYIOTb HassBHOCTi TpMBa-
JIVX T1epiOfiiB HY/IbOBOT'O CIIOKMBAHHS;

& KIAaCMYHi MeTOOy He 3BaKaloTb Ha (QYHKIII pPo3Mozmi-
JIy TIPOTHO30BAaHOTO TIOMUTY IIiJ YaC BMKOHAHHS 3aMOBJIEHb.

BukopucraHHs HelpaBUIbHUX METOZiB IPOTHO3yBaH-
Hs noTpebu y 34 Moke rpusBecty abo no mediuuty, 1o
CIIPUYMHSIE CKaCyBaHHSI 3aMOBJIeHb, a00 10 HaAMipHOro
3amacy, 1o 36inbirye gorictuyuHi BuTpatn. ToMmy HeoOxiz-
HO PO3IISIHYTM METOAM, 110 BPaxOBYIOTh Ii 0COGIMBOCTI,
3okpema MeTtor KpoctoHa (Croston’s method) [23] Ta me-
tor, SBA (Syntetos-Boylan Approximation) [20], siki miHi-
Mi3yI0Th OXMOKM TIPOTHO3YBAHHS 3a HasIBHOCTI BeIMKOI
Hepery/sipHOCTi monuty. EdeKTUBHICTb BMKOPUCTaHHS
MEeTO[IiB IIPOrHO3yBaHH 3amnaciB 34 y BifHOCHUX 3HaueH-
HSX iX BapTocTi mogaHo y Tabmui 1.

Ta6nuus 1. 3miHa BiHOCHOI BapTOCTI 3aI1aciB 3a/I€3KHO Bill BMKOPMCTOBYBAHOTO METO/Y ITPOrHO3YBaHHS

TUXIeHb 20,1 5,67 1,1 1*
Micsup 21,14 6,37 1,38 1,23
KBapran 24,32 2,12 1,97

MpPUMITKM: *eTajioHHe 6a30Be 3HAUEHHS
[Ookepeno: po3pobieHo aBTopamMy Ha OCHOBI [20, 23]
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Sk BugHO 3 Ta6muii 1, meton SBA € Haitbinbn mpu-
VIHSTHUMU 1)1 IPOTHO3YBaHHY 3anaciB 34, oCKilbKM ,03-
BOJISIE CKOPOTUTU piBeHb 3amacy. OpHak mocTaTHs edek-
TUBHICTb JIOTO BUKODMCTaHHS JOCSATAETHCS 3a HASIBHOCTI
TOYHOI KiNbKicHOI iHdopMalii, Ha OCHOBI sKOi 37iliCHIO-
€TbCS1 IPOTHO3YBaHHSI.

HapijiHicTb Ta 6e31eKa CUCTEMU TUITY «JTIOAMHA — Ma-
HIMHAa», IKa BUKOPUCTOBYETHCS AJI YIPaB/IiHHS 3amacaMy
34 3 MeTol0 MigBUIIeHHS e(heKTUBHOCTI TPAHCIOPTHUX
TMpolleciB, 3a/IEXKUTD BifL uncIeHHUX HaKkTopiB, [0 B3aEMO-
IiI0Th OOMH 3 onHUM. Lli haKTOpy BK/IIOYAIOTh XapaKTepu-
CTUMKM JIIOOVUHU, TEXHIUHI 3ac006M, ITpolieck GyHKLiOHYBaH-
HS Ta OOCIIYyTOBYBaHHS, a TAaKOX 30BHIIlIHE CepemOBUIIE.
JIns1 ONTMMAaIbHOTO PO3MOAITY pPecypciB IJisl 3abe3reyeH-
HSI HaJliifHOCTi cCTeMM HeOOXiHO BU3HAUMTHU IIPiOpUTET-
HiCTh BIVIMBOBUX (akTOpiB. OcKinbky 6araTo 3 [ux Gaxro-
PiB € SIKiCHMMM Ta OI]iHIOIOTbCSI €KCIIEPTHO, 1ie YCKIIaHIOE
3aCTOCYBaHHS TPaJMIIiiHMX METOAIB IJIaHyBaHHS eKcIle-
PMMEHTY Ta perpeciiiHOro aHasisy, sKi 3a3Bu4aii BUKO-
PUCTOBYIOTbCSI B CTATUCTUYHIl Teopii HaJiliHOCTI cucTem
«IIOAVHA — MallMHay [24].

Ipouiec NpuitHATTS pilieHb npy GOpMyBaHHI 3amaciB
34 cif po3rsapaTy SIK CTOXaCTUYHMI Ta HeUiTKMIA IIpo1Liec,
SIKUI TIOTpebye 3acTOCYBaHHSI CUHTe3y NeTepMiHOBaHMX,
iMOBipHICHMX, perpeciiHuMX Ta Helpo-HeYiTKUX Mopeneit
IUI BpaxyBaHHST (DaKkToOpiB, 10 BIUIMBAIOTh HA 3MEHIIEHHS
HEeBM3HAUEHOCTi NPy NPUIAHATTI pilieHb. [Ipy 11pboMy, MipOIO

HEeMOBHOTU iHdopMallii Moske OGYTM eHTPOMiHMUIT TTOKa3-
HUK HEBU3HAUEHOCTi, OCKi/IbKM BiH € JOCTATHbHO 3aTaJIbHUM
SIK 17151 eKCIIePTHMUX, TaK i 151 CTATUCTUYHMX OIiHOK [1, 19].

BUCHOBKM

[TokpaiieHHst edeKTUBHOCTI 3a6e3MeueHHs] TPaHCIIOPT-
HMX TIPOLIeciB HEMOK/IMBE 6e3 YIOCKOHAaNeHHs JIOTiCTUKHU
ynpasiinas 3anacamu 34. @yHkuionysaHHs JIII no’si3aHe
3i 3HAYHOIO HEBM3HAYEHICTIO Ta PU3MKOM. ButpaTtu vacy
MeHeIKepiB Ha yCcyHeHHs nopyuiens y JIIT 34 BHacaigok
BIUIMBY HEBU3HAUEHOCTi IJi1 aBTOMOOITbHOTO TPAHCIIOP-
Ty cKianamTh Big 20 % mo 40 % Bipg 3arajbHUX MOTPe6 Ha
3abe3mneveHHs npoiecis GyHkIionyBanHs JII1. Lleit mokas-
HMK MOsKe OYTY 3HVKEHUI IIISIXOM BITPOBAIsKeHHS Tepe-
IOBUX cucTeM ynpasiiHHA JIII, BUKOPUCTaHHS aHaliTUKU
JLIsT TIPOTHO3YBaHHS Ta 3aro06iraHHs mpobiemam, a Takox
MiABUILIEHHS PiBHS CITiBIIpalli 3 MOCTavyaJIbHUKAMMU.

Anani3 mkepen HeBM3HaueHocti y JIII, meTomiB ix
3MEHILEeHHS, 8 TaKO)X €KOHOMiKO-MaTeMaTUYHUX MeTO-
JiB HiATPUMKM IPUMAHSTTS pillleHb CTOCOBHO CTPYKTYpU
i manyBaHHS po6iT y JIIT gae 3MOry BUOKPEMUTY HU3KY
TeHJIeHl1li}i Ta epCcreKTMBHUX HANPSIMIB JOCTiIKeHb Y LIil
ragysi: Heob6xiIHicTh HOPMYBaHHS Ta PO3BUTKY T€PMiHO-
JoriuHoi 6a3u, yIOCKOHAJeHHsI MeTOHiB IMPOTHO3YBaHHS
3amnaciB 34, po3BUTKy cTpaTeriit kepyBaHHs JII1, MiHimi3a-
uii pmusukis B JIII, momyky 6anancy eeKTUBHOCTI Ta CTiii-
KOCTi CKCTeM yIPaB/IiHHA 3allacaMu.
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Uncertainty and its impact on the formationof spare parts inventories
to ensuring the efficiency of transport processes

Abstract. Improving the efficiency of transport processes is impossible without improving the logistics of managing spare
parts inventories. The functioning of logistics processes in supply chains is accompanied by significant uncertainty and
risks. The time that managers spend on eliminating disruptions in the supply chains of spare parts due to the impact of
uncertainty on road transport is from 20% to 40% of the total time spent on ensuring logistics processes. This indicator can
be reduced by implementing advanced supply chain management systems, using analytics to predict and prevent problems,
as well as increasing the level of cooperation with suppliers. The article examines the main factors shaping the demand
for spare parts. The causes of uncertainty and risks in supply chains are analysed. It is established that the uncertainty of
demand factors for spare parts can be caused by a number of factors, such as fluctuations in economic conditions, seasonal
changes, changes in technology, or even unforeseen situations, such as pandemics or natural disasters. These factors
include human characteristics, technical means, operation and maintenance processes, and the external environment. For
optimal resource allocation to ensure system reliability, it is necessary to prioritize influencing factors. Since many of these
factors are qualitative and are assessed by experts, this complicates the application of traditional methods of experimental
design and regression analysis, which are usually used in the statistical theory of reliability of “human-machine” systems.
Analysis of sources of uncertainty in logistics processes of supply chains, methods for their reduction, as well as economic
and mathematical methods for supporting decision-making regarding the structure and planning of work in supply chains
allows us to identify a number of trends and promising areas of research in this area. These areas include: the need to
form and develop a terminology base, improve methods for forecasting spare parts inventories, develop supply chain
management strategies, minimize risks in supply chains, and find a balance between the efficiency and sustainability of
inventory management systems
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Aeronautical impact on the process of cleaning
runways from contamination

Abstract. The study is aimed at analysing aeronautical methods of runway cleaning from contamination to improve the
efficiency of maintenance and safety of aviation operations. The study used aerodynamic analyses, data on high-speed
airflow technologies, chemicals, and automatic control systems and sensors to comprehensively assess the effectiveness
of runway de-icing. The results of the study showed that the use of aeronautical methods of runway cleaning significantly
increases the efficiency of removing contaminants such as snow, ice, and dust particles. It was found that directed high-
speed airflows effectively reduce cleaning time compared to traditional mechanical methods, reducing the risk of damage
to the runway surface. In addition, the integration of these methods with automatic control systems and sensors can
improve cleaning safety and reduce the negative impact on the environment. The combined use of aeronautical technologies
with chemicals was also found to be effective, making these approaches promising for use at airports with high flight
intensity. The study confirmed the feasibility of introducing such technologies to ensure the safety and economic efficiency
of aviation operations. The analysis also showed that the use of aeronautical methods reduces the need for frequent
re-cleaning of runways, which helps to reduce operating costs. In addition, the use of these technologies helps to reduce
the amount of deposits on the runway surface, which has a positive impact on the durability of the pavement. The research
introduces a new approach to runway cleaning, showing how aeronautical methods can improve the efficiency, safety, and
cost-effectiveness of aviation operations, opening up prospects for further innovation in this area

Keywords: high-speed air flows; automatic control; chemicals; coating damage; environmental impact

Introduction

The impact of aerodynamic processes on runway de-icing
is extremely important for modern aviation infrastructure,
as it directly affects flight safety and economic efficiency.
Contaminants such as snow, ice, dust and various chemi-
cals can significantly degrade runway surfaces, increasing
the risk of accidents and delays in aviation operations. Tra-
ditional cleaning methods, such as mechanical brushes or
chemicals, are often insufficient to effectively address this
problem, creating a need for new technological solutions.
Aeronautical methods, which use high-speed airflows and
integrated automatic control systems, offer new oppor-
tunities to improve runway cleaning. These technologies
not only remove contaminants more efficiently, but also

reduce the time required for cleaning, which helps to re-
duce operating costs. Further exploration of aeronautical
techniques is relevant to improve overall flight safety and
optimize costs at high-traffic airports. The introduction of
such technologies can significantly improve operational
efficiency and environmental safety in airport operations.

The problem of effective runway de-icing is a rele-
vant issue for aviation infrastructure due to its impact
on flight safety and operating costs. In this context, sev-
eral authors have already studied various aspects of this
topic. The study by B. Kim et al. (2023) showed that the
effectiveness of high-speed airflows in clearing snow and
ice is not limited to clearing carts, but can also be applied
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to runways. Z. Li et al. (2024) investigated how the integra-
tion of aeronautical technologies with automatic control
systems and sensors, as well as with laser cleaning, can
significantly improve the accuracy and safety of the clean-
ing process by ensuring effective detection and removal
of contaminants. In the work of Q. Zhang et al. (2022), the
authors noted the positive impact of combining aeronauti-
cal methods with chemicals to reduce contamination and
increase the durability of runway surfaces.

Y. Lai et al. (2022) investigated the impact of aeronau-
tical technologies on reducing negative environmental
impacts and environmental risks. F. Maltinti et al. (2024)
showed that the use of high-speed airflows reduces the
number of repeated clearing operations, which, together
with the introduction of fast departure taxiways, optimizes
runway capacity and sustainability. K. Ottogalli et al. (2021)
found that automating the clearing process using aeronau-
tical techniques can significantly reduce human error and
improve overall efficiency. Y. Xiang et al. (2021) analysed
the economic feasibility of introducing new runway clean-
ing technologies, confirming their high cost-effectiveness.
F. Farivar et al. (2021) investigated the durability of runway
surfacing using aeronautical methods and found their pos-
itive impact on reducing surface erosion.

G. Zhao et al. (2024) compared traditional mechanical
cleaning methods with new aerial technologies, pointing
out the advantages of the latter in terms of speed and ef-
ficiency. R. Shrestha et al. (2021) showed that unmanned
aerial vehicles can effectively detect contamination on
runways, reducing the risk of accidents and delays. Despite
the significant advances in this research, there are gaps
that need to be further explored. In particular, the long-
term effects of new technologies on runways, their cost-ef-
fectiveness in different climates, and their interaction with
other cleaning methods need to be investigated.

The aim of the study was to investigate the effective-
ness of aeronautical methods of runway cleaning from
contaminants in order to improve flight safety and reduce
operating costs. Research objectives:

1. Evaluating the effectiveness of aeronautical meth-
ods in the process of clearing runways of contaminants
such as snow, ice, and dust particles.

2. Analysing the possibility of reducing the cleaning
time and reducing the risk of damage to the lane coating
when using high-speed air flows compared to traditional
mechanical methods.

3. Exploring the integration of aeronautical methods
with automatic control systems and sensors to improve
safety, reduce negative environmental impact and lower
operating costs.

Materials and Methods

The study used several key methods to comprehensive-
ly assess the effectiveness of runway de-icing. The aer-
odynamic analyses included the creation of computer
models to simulate the aerodynamic forces encountered
during aircraft take-off and landing, which allowed us to

investigate how different types of aircraft and their speeds
affect the distribution of light pollutants such as dust and
fine debris on the runway. In addition, aerodynamic forces
were measured using anemometers and airspeed sensors to
collect data on the actual airflows generated by the aircraft
and their impact on runway cleaning.

High-speed airflow technologies were analysed by
evaluating the efficiency and performance of the turbine
and fan systems used to generate these airflows. Different
configurations and capacities of these systems were test-
ed to optimise their ability to remove contaminants. The
cleaning results achieved with high-speed airflows were
compared to those achieved with traditional mechanical
methods such as scrapers and brushes. The runways were
cleaned using mechanical and chemical methods. Runway
cleaning systems, such as the Schmidtsdrift Sweeper from
Schmidt (Germany), have been investigated for their ef-
fective removal of contaminants using powerful fans and
airflow controllers to ensure high performance without
damaging the pavement (South Cambs District..., 2024).
For mechanical cleaning, the Buffalo Turbine (n.d.) from
Buffalo Turbine (USA) with rotary brushes and powerful
air flows was used, as well as the Vammas T600 (n.d.) from
Fortbrand Services (Finland), which combines mechanical
brushes with air systems for effective contaminant removal.

The selection and testing of chemicals for melting
ice and snow was also part of the study. Various chemi-
cals were evaluated at different temperature conditions,
including salts and antifreeze, to determine their effect
on lane clearance. Methods of combining chemicals with
high-speed air flows to achieve even distribution and fast-
er evaporation of the chemicals were analysed. The chem-
icals used included Calcium Magnesium Acetate (CMA)
from Cryotech Deicing Technology (USA) for melting ice
and snow (Yang et al., 2022), Potassium Acetate from Na-
churs Alpine Solutions (USA) to melt ice at low temper-
atures (Sajid et al., 2021), and Sand & Salt Mixture from
Cargill (USA) to improve traction in winter conditions
(Pérez-Fortes et al., 2022).

The effectiveness of the integration of automatic
runway management systems and sensors for monitoring
conditions and pollution levels was assessed by analysing
the quality of their interaction, including the use of sensor
systems to collect real-time data on weather conditions,
pollution levels and runway conditions. It was analysed
how automatic control systems, by processing sensor data
using real-time methods and adaptive control algorithms,
could adapt the cleaning process to changing conditions,
ensuring a timely and effective response to pollution. Al-
gorithms were developed to optimize cleaning and reduce
lane maintenance costs using machine learning and opti-
mization models. These methods provided a comprehen-
sive assessment of the effectiveness of modern runway
cleaning technologies, allowing us to find optimal solutions
to improve safety and reduce airport maintenance costs.

One of the main elements of the study was to ex-
amine the impact of different aircraft models on runway
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conditions, in particular their impact on surface cleaning
and contamination. The impact of both large aircraft, such
as the Boeing 747 (USA), and medium-haul models, such
as the Airbus A320 (France/Germany), were analysed. Par-
ticular attention was paid to the latest technological solu-
tions introduced by the Boeing 787 Dreamliner (USA), as
well as light aircraft such as the Cessna 172 (USA). The aim
of this analysis was to assess the specific characteristics of
each aircraft model and their impact on runway pollution,
including rubber residues, pavement wear and cleaning
requirements. This allowed us to identify the most effec-
tive strategies for maintaining runway pavement quality by
adapting cleaning methods according to the type of aircraft
and its impact on the runway surface, which contributed to
the efficiency and safety of airport operations.

Results

Different aircraft models have different weight characteris-
tics and landing gear types that affect the load distribution
on runways. In particular, heavy aircraft with a large land-
ing weight can cause significant deformation and damage
to the runway pavement, which reduces its durability and
safety. In addition, different types of landing gear may have
different cushioning mechanisms, which also affects the
degree of wear on the surface during landing and take-off.

The Boeing 747, also known as the “Jumbo Jet”, is one
of the largest commercial aircraft in the world. The Boeing
747 has a significant weight, which, depending on the mod-
el, can range from approximately 180 to 220 tonnes when
empty (Fig. 1). This places a high load on the runway during
landing. Heavy aircraft, such as the Boeing 747, can leave
deep rubber marks that are difficult to remove. The heavy
weight of the aircraft during landing and take-off can cause
the top layer of the runway surface to break down, resulting
in more frequent replacement or repair. During braking,
significant rubber marks are formed on the runway surface,
which contributes to wear and tear on the pavement and
requires frequent maintenance and repair.

Figure 1. Diagram of the Boeing 747 aircraft
Source: Boeing 747-8 (n.d.)

The Boeing 747 landing gear consists of four main land-
ing gear located under the wings and body of the aircraft,
and one front landing gear. The main landing gear is fitted
with multiple wheels (typically 4 wheels per landing gear)
to distribute the weight of the aircraft evenly on the run-
way. This weight distribution is critical to prevent excessive
stress on certain areas of the runway. The runways on which
the Boeing 747 landing gear is designed must be long (typ-
ically 3 to 4 km) and constructed of high-quality materials,
such as reinforced concrete or special asphalt pavements,
which are able to withstand heavy loads and are resistant
to wear and tear and large amounts of rubber footprints.

The Airbus A320 is a popular medium-haul aircraft
(Fig. 2). It weighs around 70 to 80 tonnes when empty.
Compared to larger aircraft, the load on the runway during
its landing and take-off is significantly lower, so it causes
less wear and tear and leaves less rubber on the pavement.
Although the high frequency of flights can cause dust and
fine particles to accumulate, less intensive cleaning is re-
quired than for larger aircraft.
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Figure 2. Schematic of the Airbus A320 aircraft
Source: Airbus A320 (n.d.)

The Airbus A320 landing gear comprises two main com-
ponents: the front (dural) and main (two-wheel) landing
gear. The main landing gear consists of two pairs of wheels,
each of which is mounted on a suspension to provide relia-
ble support during landing and take-off. The wheels of the
main landing gear are designed for use on runways from
2,500 to 3,000 m long and can withstand various types of
surfaces, including concrete and asphalt strips. An impor-
tant feature is also the shock absorption, which softens
impacts and reduces wear and tear on the runway surface,
ensuring safety and comfort during landing and take-off.

The Boeing 787 Dreamliner is the latest aircraft
equipped with lightweight materials and modern technolo-
gies that reduce runway impact (Fig. 3). Its empty weight is
around 130 to 150 tonnes. The landing gear of this aircraft
is designed for runways with a minimum length of 2,400 m
and can be used on various types of surfaces, including as-
phalt and concrete. Advanced braking systems and special-
ized tyres ensure less wear and tear on the pavement and
less rubber remaining on the runway. This, in turn, reduces
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the level of contamination of the lane and reduces the need
for frequent cleaning.

55%5%/1 690
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Figure 3. Schematic of the Boeing 787 Dreamliner aircraft
Source: Boeing 787 Dreamliner (n.d.)

The Cessna 172 is a lightweight aircraft often used for
training and private flights. Its empty weight is around
1,200 to 1,300 kg (Fig. 4). This aircraft has a lower impact
on runways due to its lightness and lower load, which does
not cause significant wear and tear or runway contamina-
tion, but frequent use can contribute to the accumulation
of light contaminants (dust).

The Cessna 172 landing gear is equipped with standard
pneumatic wheels with shock absorption systems designed
for medium runways (approximately 800 to 1,500 m). It is
suitable for various types of surfaces, including asphalt and
concrete runways, as well as non-asphalt surfaces such as
dirt or grass runways. The pneumatic wheels provide good
cushioning and reduce surface impact, but regular use on
unpaved or uneven surfaces can lead to dust and fine parti-
cles accumulating, requiring periodic runway cleaning.

Different aircraft models have a significant impact on
runway conditions, ranging from heavy wear and tear from

Table 1. Impact of different aircraft on runways

heavy aircraft to less pollution from light aircraft. This
study shows that each aircraft type requires a different ap-
proach to runway cleaning and maintenance management.
Knowing these impacts allows for the development of ef-
fective strategies to keep runways in excellent condition
and ensure flight safety. Table 1 shows the impact of dif-
ferent aircraft on runways depending on their weight and
landing gear type.

10.97 m
1.91m —D

1 255m 1

Figure 4. Schematic of the Cessna 172 aircraft
Source: Cessna 172 (n.d.)

Boeing 747 400,000 Pneumatic wheels 3,000 Asphalt, concrete High pressure, significant coating wear

Airbus A320 77,000 Pneumatic wheels 2,500 Asphalt, concrete Medium pressure, moderate coating wear

goelng .787 250,000 Pneumatic wheels 2,500 Asphalt, concrete Moderate pressure, medium coating wear
reamliner

Cessna 172 1,100 Pneumatic wheels 800 Asphalt, concrete, soil Low pressure, low coating wear

Source: compiled by the author based on data from E. Toraldo et al. (2023)

The aerodynamic properties of the airflow generated
by an aircraft during its movement have a significant im-
pact on the condition of runways (Frant et al., 2024). Dur-
ing acceleration and take-off, an aircraft creates a power-
ful air jet that can interact with the runway surface. This
natural airflow can ultimately help remove light contam-
inants, such as dust or small particles of debris, that are
present on the surface.

When an aircraft is travelling on the runway, the air-
flow generated by its speed is quite strong. This can lead to
the separation and lifting of fine particles, which are then
blown to the side or lifted into the air. In this way, light
contaminants can be partially removed due to the natural
aerodynamic effect.

However, this cleaning method has significant limita-
tions. First and foremost, the impact of the airflow is not
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sufficient to remove more serious contaminants such as ice
or snow. These types of contaminants, especially in large
quantities, are heavy and cannot be effectively removed by
the simple action of airflow. Ice, for example, has a high den-
sity and strength, which makes it resistant to wind effects.
Snow, in turn, can stick to the surface of the runway and
turn into a crust, making it even more difficult to remove.

Therefore, additional measures are required to ensure
flight safety and maintain optimal runway conditions. De-
pending on the type and extent of contamination, different
cleaning methods can be used, such as mechanical, chem-
ical or combined approaches. For example, to remove ice
and snow, specialized machines with heated or mechanical
means are often used to effectively cope with such condi-
tions. Two models are worth highlighting among these ma-
chines: Buffalo Turbine and Vammas T600.

The Buffalo Turbine, developed in the USA, is one of
the most effective snow and ice removal machines thanks
to its innovative approach (Fig. 5). The main advantage
of this machine is the use of powerful rotating brushes,
which, together with powerful airflows, allow for fast and
efficient removal of fine particles and dirt from runways.
The brushes rotate at high speeds, which helps to distrib-
ute the airflow in such a way as to blow snow and ice off
the runway surface, reducing the need for subsequent me-
chanical treatment. This is particularly important in high
snowfall conditions, where traditional cleaning methods
may be less effective.

Figure 5. Buffalo Turbine
Source: Buffalo Turbine (n.d.)

In contrast to the Buffalo Turbine, the Vammas T600,
manufactured in Finland, provides a more comprehensive
approach to runway clearing (Fig. 6). This machine com-
bines mechanical and airborne methods, allowing it to
effectively deal with both light snow and heavy frozen ice
formations. It is equipped with rotary brushes that me-
chanically remove snow and ice, as well as powerful fans
that provide additional cleaning efficiency by using airflow.
This combined approach makes the Vammas T600 a versa-
tile cleaning tool that can adapt to different weather con-
ditions and levels of dirt.

Both of these machines demonstrate how innovative
technology can be used to improve the efficiency of the
runway cleaning process. The Buffalo Turbine with its air-
flow orientation and the Vammas T600 with its combined

mechanical and airborne approach are currently the
best-specialized tools for ensuring good runway surface
quality at airports. This underlines the importance of contin-
uous investment in the latest technology to maintain high
standards of safety and efficiency in aviation infrastructure.

Figure 6. Vammas T600
Source: Vammas T600 (n.d.)

Chemical cleaning methods involve the use of special-
ized reagents that help to effectively combat ice formation
and ensure that the surface of the strips is properly rough.
One of the most commonly used reagents is CMA. CMA is
effective in melting ice and snow due to its chemical com-
position, which contains calcium and magnesium and reacts
with water. This reaction lowers the freezing point of water,
which allows CMA to melt ice and snow at low temperatures.
CMA has an advantage over traditional salt and calcium be-
cause it is less aggressive to surfaces and the environment.
It reduces corrosion and minimizes the environmental im-
pact, making it a popular choice for airport runway deicing.

Potassium Acetate is another effective deicing agent
used to melt ice at low temperatures. Potassium Acetate
has the ability to remain active and effective at very low
temperatures due to the presence of potassium, making it
particularly useful in harsh winters. It dissolves ice quickly,
allowing for faster and safer runway clearance.

To improve runway surface roughness in winter condi-
tions, a “Sand & Salt Mixture” is used, where the main ac-
tive chemical element is sodium, which provides increased
traction and prevents ice formation. This mixture provides
improved traction between aircraft wheels and the runway
surface, reducing the risk of skidding and ensuring a more
stable and safe landing. The sand and salt mixture not only
improves traction, but also helps to melt ice, providing ad-
ditional safety for aviation operations.

The use of chemicals is an essential part of the win-
ter runway management system. Specialized reagents such
as CMA and Potassium Acetate, together with a mixture of
sand and salt, provide effective ice and snow removal, and
improve runway roughness and safety. Their use contrib-
utes to the safe operation of airports in winter and helps
maintain high aviation safety standards.

Therefore, while the aerodynamic properties of air-
flow can be useful for removing light contaminants from
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runway surfaces, their impact is limited and insufficient to
address all contamination issues. It is important to inte-
grate additional technological measures to ensure a high
level of runway cleanliness and safety, especially in condi-
tions of significant contamination, which is critical to the
safety of aviation operations.

In runway cleaning technologies, high-speed airflows
play a critical role in ensuring that contaminants are re-
moved efficiently without damaging the runway surface
(Vidal et al., 2023). The use of powerful turbines or fans to
create concentrated jets of air can remove fine dust parti-
cles, sand, and other light contaminants that can accumu-
late on the surface.

This cleaning method is particularly useful when
traditional mechanical methods may not be sufficient or
may cause damage to the pavement. Directional airflows
provide an effective way to remove contaminants without
physical contact, helping to maintain runway integrity.

Runway cleaning systems use large fans on specialized
vehicles to ensure high performance (Alabi et al., 2021).
One example of such a vehicle is the Schmidtsdrift Sweep-
er, which is equipped with powerful fan systems and has
various nozzles and controls to precisely control the direc-
tion and speed of the airflow (Fig. 7).

This vehicle allows for the effective removal of contam-
inants without chemical or mechanical methods that can
damage the pavement. An important advantage is its ability
to reduce the risk of damage to runway pavement, as the
airflow does not come into direct contact with the surface.

This helps to avoid wear and tear on materials, which is
critical for the long-term operation of airports. Therefore,
airflow-based technologies like the Schmidtsdrift Sweeper
are the ideal choice for regular maintenance, keeping the
surface clean and safe without compromising its integrity.

At airports, maintaining runways in excellent condi-
tion is critical to the safety of aviation operations (Cunha et
al., 2021). One effective approach to cleaning such surfaces
is to integrate an aeronautical approach with chemicals.
This method combines the advantages of both physical and
chemical processes to achieve optimal results in removing
ice and snow from runway surfaces (Table 2).

Figure 7. Schmidtsdrift Sweeper

Source: South Cambs District Council: Electric operation reduces
driver fatigue! (2024)

Table 2. Evaluation of the effectiveness of aeronautical methods
in the process of runway cleaning from contamination

Snow

Ice Aeronautical method

Dust particles

60 8.0
60 7.5
60 9.0

Source: compiled by the author based on data from M.V. Corraza and P. Di Mascio (2024)

Chemicals used to melt ice or snow play a key role in
this process. Some of the most common runway deicing
reagents include salts, such as sodium chloride (salt) or
calcium chloride, as well as specialized mixtures, such as
potassium acetate or urotropin-based mixtures, which
are designed to melt frozen layers more quickly and ef-
fectively (Muldma et al., n.d.). Once applied to the sur-
face, the reagents begin to interact with the ice cover,
lowering the freezing point of the water and accelerating
the melting process.

However, the efficiency of using chemicals is signifi-
cantly increased by using an aerial approach. This approach
involves the use of airflows to evenly distribute chemicals
over the entire runway surface. High-speed air flows creat-
ed by powerful fans or turbines ensure an even distribution
of chemicals, which contributes to more efficient melting
of ice and snow and prevents the formation of undesirable
irregularities or irregularities on the surface.

An additional advantage of using airflow is that it accel-
erates the evaporation of chemical residue after treatment.
Once the chemical has melted the ice or snow, the residue
must be removed quickly to ensure that it does not interfere
with the continued operation of the runway. Promoting the
evaporation of the residue with air currents helps to prepare
the surface for subsequent aviation operations more quickly
and reduces the risk of possible negative effects from the
chemicals used, such as corrosion or environmental pollu-
tion. Thus, the combination of chemicals and an aeronauti-
cal approach can achieve significant benefits in the runway
deicing process. This approach not only ensures effective
removal of ice and snow, but also improves safety on run-
ways, keeping them in excellent condition for the smooth
operation of airports. The integration of these technologies
demonstrates an innovative approach to managing winter
conditions at airfields and opens up new opportunities to
improve the efficiency and safety of aviation operations.
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Runway deicing is an important aspect of ensuring
the safety of aviation operations, especially in winter
weather conditions (Table 3). Technologies that use pow-
erful air currents to remove ice and snow are becoming

increasingly popular due to their efficiency and speed.
However, despite the many advantages of such tech-
niques, their intensive use can lead to serious problems,
such as runway surface erosion.

Table 3. Analysis of the possibility of reducing the cleaning time and reducing the risk of damage to the lane surface

High-speed flows 25

40

Traditional mechanical methods 45

10 -

Source: ompiled by the author based on data from Y. Wu et al. (2022)

Surface erosion occurs when the powerful air jets used
for cleaning cause particles of runway pavement material
to fly into the atmosphere (Jamieson and White, 2021). This
process can gradually reduce the thickness and structure of
the pavement, which in turn can affect its performance. In-
creased roughness or reduced surface strength can reduce
the grip coefficient of aircraft tyres on the pavement, which
can compromise flight safety.

One of the main risks of erosion is that the runway sur-
face can become more vulnerable to further damage, such
as cracks or wear, which can occur over time. This damage
can affect the quality of the surface and its ability to with-
stand heavy loads, which is critical to the safety of aircraft
during take-off and landing. Additionally, erosion can re-
sult in frequent repairs or replacement of the pavement,
which can increase the cost of airfield maintenance.

To avoid such negative consequences, it is crucial to be
careful when using air jet cleaning methods. The strength
and angle of the air jet must be precisely controlled, which
should be within 10-30 degrees of the surface to minimize
the risk of damage to the coating. For example, this may

involve the use of specialized equipment such as mobile
air cleaners, which are equipped with adjustable fans and
nozzles to precisely control the airflow intensity and angle
of the jet, allowing for optimal adjustment of the impact on
the runway surface and reducing the risk of damage.

Additionally, it is important to implement regular
monitoring of the runway pavement to detect any signs of
erosion or other damage. This will allow prompt action to
be taken to repair and restore the surface, preventing fur-
ther deterioration.

Although the use of high-powered airflows is an ef-
fective method of runway cleaning, the potential risks of
surface erosion must be taken into account. A balanced
approach to the application of these technologies, with a
focus on controlling the intensity of airflows and regular
monitoring of the pavement condition, will help maintain
runway quality and ensure the safety of aviation operations
(MoghimiEsfandabadi et al., 2023). Modern automation
technologies and sensor systems open up new opportuni-
ties to improve cleaning efficiency and adapt to changing
weather conditions (Table 4).

Table 4. Study of the integration of aeronautical methods with automatic control systems and sensors

Automatic systems 8 7 15 20 Improved control accuracy
Sensors 9 3 12 25 Reducing the negative impact on the
environment

Source: compiled by the author based on data from A.O. Aderibigbe et al. (2023)

The integration of aeronautical methods with modern
sensors and automatic control systems allows for the cre-
ation of dynamic and adaptive runway cleaning systems.
The sensors on the cleaning equipment are able to moni-
tor the runway surface in real time, including the level of
contamination and the presence of ice or snow. This data
allows automatic systems to adjust equipment parameters,
such as air jet intensity or machine speed, to ensure op-
timal cleaning conditions. One of the advantages of such
automated systems is their ability to respond quickly to
changes in weather conditions. For example, if the weather
deteriorates sharply or snowfall increases, sensors can de-
tect these changes and automatically adjust the cleaning
system. This ensures that runway quality is maintained and
prevents the accumulation of unwanted contaminants that
can be dangerous for aircraft.

Sensor systems also help to improve resource efficien-
cy. For example, systems that monitor the consumption of
chemicals or water for cleaning can automatically adjust
the flow of chemicals depending on the degree of surface
contamination. This reduces material costs and environ-
mental impact, while ensuring effective cleaning.

In addition, automation reduces the human factor that
can affect the quality of work. Automated systems perform
tasks with high accuracy, which reduces the risk of errors and
increases the overall efficiency of the cleaning process. Impor-
tantly, such systems can also monitor the condition of runways
and generate reports on the work performed, which helps with
maintenance management and planning further activities.

The integration of aeronautical methods with sen-
sors and automatic control systems represents a signifi-
cant step forward in ensuring the safety and efficiency of
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runway cleaning. These technologies enable fast and ac-
curate response to changing conditions, reduce costs and
improve the quality of cleaning, which is critical to main-
taining the safety of aviation operations.

Thus, aeronautical impact is a critical component in a
comprehensive approach to runway cleaning, which contrib-
utes to improved flight safety and reduced operating costs.

Discussion

The analysis of the results showed that the aeronautical
impact on runway pollution control is significant and mul-
tifaceted. The study of the impact of the natural airflow
created by different types of aircraft showed that this flow
helps to remove light contaminants such as dust and small
debris. However, its effectiveness was not sufficient to deal
with more serious contaminants such as snow or ice. This
highlighted the need for additional technological solutions
to ensure complete runway cleanliness, especially in severe
weather conditions. This was also investigated by Y. Guo et
al. (2022), where the results confirmed that natural wind
can help clean runways from light contaminants such as
dust or snow by blowing them off the surface. However, its
effectiveness depends on wind speed and direction. At low
speeds or in adverse weather conditions, natural wind may
not be sufficient to keep runways clean.

The effectiveness of technologies using high-speed
air flows was significantly higher compared to traditional
mechanical cleaning methods. The study results confirmed
that such technologies can significantly reduce the cleaning
time and reduce the risk of damage to the lane pavement. In
particular, the use of powerful turbines and fans to create di-
rectional airflows has shown to be advantageous in remov-
ing contaminants without damaging the lane surface, mak-
ing these methods more efficient and safer. A. Esposito et
al. (2022) concluded that high-speed airflows effectively
blow away light contaminants such as dust and snow faster
than mechanical methods. They are also less aggressive to
the lane surface, reducing the risk of damage and the need
for frequent repairs. In the study by A. Rabajczyk et al. (2021),
the authors found that high-speed airflows reduce cleaning
time and reduce the risk of damage to the lane coating be-
cause they do not physically contact the surface. This al-
lows the lane to be ready for use faster and reduces the need
for repairs. These results support the study cited above, as
they demonstrate that high-speed airflows are indeed ef-
fective in cleaning runways, reducing the time required
for the process and reducing the risk of pavement damage.
The data shows that the use of airflow not only speeds up
cleaning, but also reduces the need for mechanical methods
that can damage the surface. This confirms the benefits of
implementing high-speed air systems as the optimal solu-
tion for keeping lanes clean in a safe and efficient manner.

The study of the combined use of aerial methods with
chemical reagents also showed positive results. The air
flows used in conjunction with the reagents contributed to
an even distribution and faster evaporation of chemicals,
which significantly increased the efficiency of ice and snow

removal. This reduced the need for repeated treatments and
increased the overall efficiency of the cleaning process. It is
worth noting the work of O. Bafakeeh et al. (2021), who also
found that combining aeronautical methods with chemicals
increases the efficiency of runway cleaning. Aeronautical
methods remove light contaminants, while chemicals, such
as saline solutions, soften ice and snow, making them eas-
ier to remove. In turn, H. Sparacino et al. (2022) conclud-
ed that the use of aerial methods together with chemicals
significantly improves ice and snow removal. The chem-
icals soften the ice and the airflow effectively removes it,
ensuring that runways are cleared quickly and efficiently.
These findings are consistent with the current study, as they
confirm that the combined use of aeronautical techniques
and chemicals significantly improves runway deicing per-
formance. They demonstrate how the integration of these
technologies can provide faster and better ice and snow re-
moval, which is consistent with the arguments made earlier
about the benefits of an integrated approach to cleaning.

Assessment of the potential risk of runway surface
erosion due to intensive use of air traffic has highlighted
the need for careful monitoring and management of such
technologies. Although aeronautical methods have proven
to be effective, there is a risk of potential damage to the
runway surface. This highlights the importance of develop-
ing guidelines for the safe use of new technologies to pre-
vent negative impacts. E. Aydogan & S. Demirel (2022) also
conducted a study that confirmed that chemicals and me-
chanical cleaning methods can cause runway surface ero-
sion, leading to wear and tear and pavement defects. This
can degrade the runway and affect flight safety. Therefore,
it is important to choose cleaning methods that minimize
the risk of erosion and ensure the durability of the pave-
ment. Furthermore, M.T. Miah et al. (2022) found that new
technologies, such as automated systems and innovative
materials, can reduce the risk of erosion and increase the
efficiency of runway cleaning. They suggest less aggressive
chemicals and new methods that reduce pavement dam-
age and improve runway maintenance. Comparing the data
obtained during the research, it can be noted that new run-
way cleaning technologies significantly reduce the risk of
pavement erosion and increase the overall efficiency of the
process. It has been found that the combined use of mod-
ern methods and innovative materials can achieve better
results compared to traditional approaches. This confirms
that the introduction of new technologies not only im-
proves the speed and quality of cleaning, but also helps to
maintain the durability and safety of runways.

The integration of aeronautical methods with auto-
matic control systems and sensors has significantly im-
proved the accuracy and efficiency of cleaning. Automat-
ic control systems have enabled more effective response
to changes in weather conditions and pollution levels,
which has reduced costs and increased the efficiency of
the cleaning process. This has confirmed the importance
of automation in modern airports to optimise resource
use and ensure safety. C. Lv et al. (2022) concluded that
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the integration of aeronautical methods with automatic
control systems increases the efficiency of runway clean-
ing. Automation allows precise control of the power and
direction of air flows, optimising the cleaning process ac-
cording to weather conditions and type of contamination.
G. Zhu et al. (2022) found that automatic control systems,
particularly sensor systems, can significantly improve the
accuracy and efficiency of cleaning. Although the current
study does not mention laser cleaning, sensor systems can
be integrated with laser cleaning technologies to monitor
and determine the degree of contamination and to auto-
mate the cleaning process. This ensures a quick response
to changing conditions and more efficient removal of con-
taminants from runways, which increases the overall effi-
ciency of airport infrastructure. When analysing the results
of the study, it is clear that the integration of aeronautical
methods with automatic control systems provides signifi-
cant benefits in runway cleaning. Automation of processes
not only increases the accuracy and speed of cleaning, but
also optimises the use of resources and reduces the risk
of errors. This confirms the effectiveness of the combined
approach, which achieves better results than traditional
methods, providing faster and better runway cleaning.
Thus, the study results confirmed that aeronautical
methods are a promising approach to runway cleaning. They
provide high efficiency, reduce the risk of damage and can
be integrated with modern management technologies to im-
prove overall performance. However, to achieve optimal re-
sults, further research and development of these methods is
needed to reduce potential risks and maximise their benefits.

Conclusions

The study confirmed the effectiveness of new technolog-

problems such as snow and ice. This points to the need to
integrate additional technologies to fully clean runways.

The efficiency of high-speed airflows generated by
turbines or fans has been proven to be significantly higher
than traditional mechanical methods. These technologies
not only reduce the time required for cleaning, but also
minimize the risk of damage to the lane coating, which is
important for maintaining its longevity.

The combined use of aerial techniques with chemicals
to melt ice and snow has been shown to increase overall
cleaning efficiency. Airflows help to distribute the chemi-
cals evenly and evaporate them more quickly, reducing the
need for repeated treatments.

An assessment of the potential risk of runway sur-
face erosion showed that care must be taken when apply-
ing high-powered airflows to avoid adverse effects on the
runway surface. The integration of aeronautical methods
with automatic control systems and sensors increases the
accuracy and efficiency of cleaning, ensuring adaptation to
changing weather conditions and reducing costs.

In general, the study results confirm that aeronautical
methods are promising for improving the runway cleaning
process, providing new opportunities to improve the safety
and economic efficiency of aviation operations.

In order to fully understand the aeronautical impact
on runway cleaning, the long-term effects of intensive use
of high-speed air traffic on runway pavement wear and du-
rability need to be further investigated. The limitation of
this study is that it does not take into account the effect
of different runway pavement types on the effectiveness of
aeronautical cleaning methods.
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AepoHaBTONIOrNYHUI BMNJIUB Ha NPOLLEeC OYULLEHHS
3N1iTHO-NOCaAKOBUX CMYT Bif 3a6pyAHeHb

AHoTauiq. [[octiIKeHHS CIIpsSIMOBaHe Ha aHasli3 aepOHABTOMOTIYHMX METO/IiB OUMIIEHHS 3/1iTHO-IT0CaAKOBMX CMYT Bif
3a6pygHeHb OIS MiABUIeHHS e(DeKTMBHOCTI 06CIyrOByBaHHS Ta Oe3IeKy aBialliiiHuX omnepailiil. Y gociakeHHi 6yim
BUKOPUCTaHi aepoaMHaMiuHi aHaIi31, JaHi 1100 TEXHOJIOTi} BUCOKOMIBMUAKICHUX MOBITPSHUX MTOTOKIB, XiMiUHUX peareHTiB,
a TaKOXX BMBUYEHI aBTOMATUYHi CUCTEMM YIIPABIiHHS i CEHCOPM JIJIs1 KOMIUIEKCHOT OLIiHKM €(heKTUBHOCTI OUMILEHHS 3/TiTHO-
MOCaZKOBUX CMYT BiJl 3a0pyqHeHb. Pe3ybTaTy JOCTiIKEHHS ITOKa3aJI1, 110 BUKOPUCTAHHS a€pOHABTOJIOTiYHMUX METO/IiB
OUMIIEHHS 3/TITHO-TI0CaIKOBMX CMYT 3HAYHO ITiIBUIIY€E e(heKTUBHICTb BUAATIEHHS 3a6pyIHEHb, TAKMX K CHIT, JIi i MUI0Bi
YacTKA. ByJi0 BUSIBJIEHO, 1110 CIIPSIMOBAHi BYMCOKOIIBUIKICHI ITOTOKM MOBITPs €(heKTUBHO CKOPOUYIOTh YaC OUMIIEHHSI,
MOPiBHSHO 3 TPAOUIITHUMM MeXaHiYHMMM MeTOgaMM, 3MEeHIIYIOUM PU3UK MOIIKOAYKEHHS TOKPUTTS cMyT. Kpim Toro,
iHTerparist ux MeTo[iB i3 cucTeEMaMy aBTOMATUYHOTO YITPABJIiHHS Ta CEHCOPaMM JO3BOJISIE MiABULINTY O€3I1eKY OUMIIEHHS
i 3MEHIINTY HEeraTUBHUI BILUIMB Ha HaBKOJIMIIIHE cepenoBuine. Kom6iHOBaHE BUKOPMCTAHHS a€POHABTOIOTIUHMUX TEXHOJIOTI N
3 XiMiYHMMU peareHTamMu TakoX 6y/10 BU3HAHO e(DeKTUBHUM, 1[0 POOUTSH I1i MiJXOAM TEPCITIEKTUBHMUMM /1)1 3aCTOCYBaHHS B
aeporopTax 3 BUCOKOIO iHT@HCUBHICTIO NObOTiB. JOC/TiIKeHHS MiATBePAWIIO AOLI/IbHICTb BIIPOBAIYKEHHS TAKMUX TEXHOJIOTi i
1151 3abe3MeueHHs 6e31eKy Ta eKOHOMiuHOi eeKTMBHOCTI aBialliiiHux onepariiii. AHasIi3 TaKOK BUSIBUB, 1110 BUKOPUCTaHHS
AepOHABTOJIOTIYHMX METO/IiB 3MEHIITYe HEOOXiIHICTh YAaCTUX IMTOBTOPHUX OUMINEHD 3/TiTHO-TIOCaIKOBUX CMYT, 1[0 CITPUSIE
3HIKEHHIO eKCIUTyaTalliiiHuX BUTpaT. Kpim TOro, 3aCcTOCYyBaHHS LIMX TeXHOJOTiH Cripusie 3MeHIIeHHIO KiJIbKOCTi BiK/IageHb
Ha ITOBepxHi CMYT, 1110 TO3UTUBHO BIIMBAE HA JOBTOBiUHICTb iIXHbOTO MOKPUTTSI. [JOC/iI>keHHSI BHOCUTDb HOBUIA TTiAXi[,
IO OUMIIEHHS 3JTITHO-ITOCAIKOBMUX CMYT, ITOKA3yl0UM, IK aepOHABTOJIOTYHI METOAM MOXKYTb IiABUIINTY €(PEKTUBHICTD,
6e31eKy Ta eKOHOMIUHiCTh aBiallifiHMX OIepalliii, 10 BigKpUBae MepPCeKTUBY /IS TOAaIbIIMX iHHOBAIlil Y il cdepi

Knio4yoBi cnoBa: BUCOKOIIBU/KICHI ITOTOKM TMOBITPs; aBTOMAaTUYHE YIPaBIiHHSA; XiMiYHi peareHTH; MOUIKOIKEHHS
MOKPUTTS; BIUIMB Ha HABKOJIUILIHE CepefOBUlIe
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Hanpy)XeHui cTaH TOBCTOCTiHHOI Tpy6u
nig ai€o BHYTPILWHbOMO TUCKY Ta OCbOBOI CU/TU

AHoTaUif. PO3IIIHYTO KIAaCHUHY 3a/1a4y BU3HAUEHHSI HAPY>KEHOTO CTaHY TOBCTOCTIHHOT TPYyOM 3 HEPYXOMMUMM THUIIAMM
Tif, 1i€10 BHYTPIIIHBOTO TUCKY Ta MIOPOIKYBAHOI HUM OCbOBOI CviM. 3a BKa3aHMX YMOB 0CbOBa fedopMaliist JOPiBHIOE HYIIO.
IIpuitMaeTbCs cxeMa ijeaqbHO IIACTUYHOTO Tisia. Po3pobneni indbopmauiitHi Maple-TexHosnorii BciX KIIOUOBKX eTariB
pO3B’sI3yBaHHS BKa3aHoi 3a1aui. 1151 MOXKIMBOCTI 3ilICHUTY aHaJIi3 MaTepiary Tpyb cripuitMaTy IIacTUYHy AedopMalliio
6e3 pyiiHyBaHHSI OCHOBHe gudepeHlianbHe PiBHSIHHSA 3a7aui copMyIb0BaHO Ta PO3B’SI3aHO BiJHOCHO MMOKa3HMKA
HaInpy>XeHOro CTaHy, L0 JOPiBHIOE BiHOIIEHHIO [1epUIOro iHBapiaHTa TeH30pa HaIlpy)XeHb 0 iHTEHCMBHOCTI HAIIPY>KEHb.
ITokasaHo, 1110 KpaitoBi yMOBM MPUBOISTH A0 CUCTEMU TPHOX JiHIITHMX HEOOHOPiIAHUX PiBHSIHDb BiHOCHO HEBiTOMUX
napaMeTpiB piBHSIHbD JJIs1 HATIPYXeHb. BU3HAaUeHO, IO LISl CUCTeMa 3aBKAM Ma€ PO3B 130K, OCKI/IbKM BU3HAYHMK MaTPUL
CUCTeMU 00epHeHO MPOIOPIiiHMIT KBaApaTy paziyca Mexi, o BiAIiise mIacTMUHy Ta IPYKHY 0671acTi Tpyou i 3aBXKIn
BiZMiHHMI Bif Hy/s. [Toka3aHo, 110 PiBHSIHHS, SIKe BCTAHOBJIIOE 3aJIEXKHICTb MK IIPUKJIaJeHUMM TUCKOM i paZiycom mMexi
MiX IJIaCTMYHOIO Ta MIPY)KHOI 06/1acTSIMM, He MigHa€eThCs MPSIMOMY PO3B’SI3aHHIO BiJHOCHO HeBimoMoro pafiyca. OgHak
110T0 JIOLIJIBHO 3aCTOCOBYBATH Y (hOPMi, pO3B’sI3aHili BiMHOCHO TUCKY. IT0OymOBaHi po3IoAiii KOMIIOHEHTIB HAIPyKeHb,
HOPMOBaHMX 32 MeXeI0 TeKyUYOCTi, IT0 TOBLIMHI TPyOM Y3TOIKYIOThCS 3 JTiTepaTypHUMU SAHUMM, SIKi i ITBEPAKYIOTb, 1[0
MaKCMMaJbHi 3HaU€HHS KOJIOBOTO HaBaHTa)KeHHSI CIIOCTEPITraloThCsl Ha 30BHIlIHII ITOBepxHi. Lle TpaKTyeTbCs, SIK O3HaKa
JIOCTOBiPHOCTi TEOPETUYHOTO PO3B’A3KY, 1[0 Y3TOIKYETHCS 3 eKCIIepUMeHTATbHUMY JaHUMU BpimskMeHa, 3TifHO SIKUM
PYJiHYBaHHS MaTepialy TOBCTOCTiHHOI TPyOH, 1110 HAaBaHTaskeHa BHYTPIIlIHIM TMCKOM, TOYMHAETHCS i3 30BHILITHBOT TOBEPXHI.
OTtpumaHi B 1iit po60Ti 3aKOHOMiPHOCTi 3MiHM TIOKa3HMKA HAIIPYKEHOTO CTaHy, YOCKOHAIIOIOTh HaBeleHe 00T PYHTYBaHHS,
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OCKiJTbKM 3 MT03U1Iii1 Teopii medopMOBHOCTI MaTepiasiB mpu XomomHoMYy AedopMyBaHHi rpaHnyHi gedopmaiiii maTepiamy
3BMYAiHO 3MEHIIYIOTHCSI 3 POCTOM ITOKa3HMKa HAIIPY;KEHOTO CTaHy, HalOi/IbIlli 3HAUEHHS SIKOTO MalOTh MiCIle B TOUKaxX

30BHIIIHBOI IIOBEPXHI i JOCATAIOTh 3HAYEHHS 3

Knio4oBi cnoBa: ToBCcTOCTiHHA Tpy6a; piBHOMipHMIT TUCK; HAIIPY>KEHMIT CTaH; TOKa3HUK HAMPYKEHOTO CTaHy

Bctyn

ApTOpamu [1] 3asHayaeTbCs, WO B 3aJI€KHOCTI Bif, CTyIe-
Hs TuiacTMyHOi medopmarniii o pyitHYBaHHSI MaTepiaan
MOKHa DO3ZIiNUTU Ha KOBKi (M7aCTUYHi) Ta KpUxKi. s
IJIACTUYHUX MaTepialiB XapaKTepHUM € 3HAuHO Oinbina
miactuyHa gedopmaiiis. 3 MOCWIAHHSIM Ha [2, 3] cTBep-
IKYETbCS, [0 BMHMKHEHHS Ta MOUIMPEHHS IUIaCTUYHUX
TPILIMH y MeTajax € BaXIMBUM NUTAHHIM aHali3y pyii-
HYBaHHS iH)KeHEDHUX KOHCTDPYKLii, 30KpeMa, Takux $K
Kopabsi Ta MOpPCHKi cropyau. 3a3HAYaeThCsl, IO 3pydHe
MPOTHO3YBaHHS IOYaTKy IUIACTUYHOIO PYMHYBaHHS IO-
Tpebye BM3HAUEHHSI HaIpyKeHO-Ie(OopMOBaHOTO CTaHy
Ta Mopeseit pyiiHyBaHHS, IO aJeKBaTHO BimoOpaskaloThb
Mpollecu pPyiHYBaHHS, aje He BMMAaralTh MacIITaOHUX
BUITPOOYBaHb MaTepiaty 11 KanibpyBaHHSI.

BigmoBinHO, B cyyacHMX Npausdx 40 TaKUX Mopjeineit
BiJHOCSTHh aHATITUYHI MpeACTaBAeHHS 3aJeKHOCTi eKBi-
BaJIeHTHOI TacTuvHoi medopmalii go pyifHyBaHHS Bif,
MOKa3HMKa HAIpPY)XeHOTO CTaHy, 110 BM3HAuYa€ThCs BiJl-
HOULIEHHSIM MepIIOro iHBapiaHTa TeH30pa Halpy>XeHb [0
iHTE@HCUBHOCTI Halpy>XeHb. 3 OIVISILY Ha KilIbKiCTh MOCKU-
JIaHb, KIaCMYHMMM cTanau npaui Patica-Tpeiici, MakkmiH-
TOKa, /I)koHcoHa-Kyka, Kokpodra-Jlatama-Oxa, Kridra,
Bpo30, BepskbilibKoro pa3om 3 itoro yuHsimu, Jless Ta 6a-
raTbox iHmMX [1-6].

LIi nuTaHHS IpMBEPTaAM 3HAYHY YBary i BITUM3HIHMUX
HayKoBIiB. B pamkax Teopii mifCyMOBYBaHHSI IOIIKO-
JIKeHb IMPOKUIA KOMIUIEKC MUTaHb BUCBiTIEeHO B [7, 8],

MUTAHHS OLIHKY Ne(OPMOBHOCTI IMiJ Yac JesIKUX TeX-
HOJMIOTiYHMX TIPOLeCiB PpO3IISIHYyTO aBTopamMu [9-13].
UucneHHi aHaMiTMUHI TMpelCTaBIeHHS 3aJIeKHOCTEN
rpaHnvHuX Aedopmaliil Bif MOKa3HMKa HAIPYKEHOTO
craHy [14-16] xapakTepu3ylTbCS MOHOTOHHMM 3MEH-
[MIeHHsIM rpaHuM4yHOi Hedopmarliii 3 pocToM MoKa3HMKA
Hanpy)XeHOTO CTaHy, 1[0 MOBHICTIO Y3TOIKY€EThbCS i3 3a-
3HAYEeHUMU 3aKOPAOHHMUMU IYOiKaIisIMMu.

Il 3acTOCYBaHHSI TeOpil MiJCYMOBYBaHHSI IOLIKO-
IoKeHb Y PO3B’SI3aHHI MPUKIAJAHUX 3a7a4 BaKIMBO TOYHO
BM3HAuaTM HampykeHO-IedopMoBaHMUit CTaH 3arOTOBKU
Mif, yac TeXHOJOriuHoi omnepaiiii abo eseMeHTa KOHCTPYK-
Lii B mpoiieci Joro ekcruryartailii. YIpomOBX OCTaHHIX
IeCSATWIiTh yBara Aenasi 6ijpline 3MilllyeTbCs Ha BUKOPU-
CTaHHS METONly CKiHUEHHUX eJIeMeHTiB, peanai30BaHOTO
B Clleljjiali3oBaHMX IpOrpaMHMX KOMIUIeKcax. BomHouac
CIIOCTEepiraeThCsl HecTaua JOC/TiIKeHb, 1110 CIIPSIMOBaHi Ha
3ab6e3MevyeHHsT MOXK/IMBOCTEI 3aCTOCYBaHHS i€l Teopii ue-
pe3 BMKOPUCTaHHSI KJIACMYHMX PO3B’SI3KiB 3amadi BM3HA-
YeHHs Hallpy>keHO-Ie(OopMOBaHOTO CTaHy.

Meta: po3pobutu cydacHi iHopmariitai Maple-Tex-
HOJIOTii JyIs pO3B’sI3aHHS Ta HOCTIIHKEHHS 3aJaui BU3Ha-
YeHHS KOMIIOHEHT Hallpy>KeHb Ta [TOKa3HMKa HalpyKeHOoro

CTaHy B TOUKaX IIOIIEPEYHOr0 Nepepi3y TOBCTOCTiIHHOI TPY-
61 Mif gieto BHYTPIIIHBOTO TUCKY T OCbOBOI CUJIA.

Pe3ynbTtatn

Ha Pucynky 1 306pa)keHO cxeMy TOBCTOCTIHHOI Tpyou 3
JHUILAMMY, 110 He MOXKYTb 3CyBaTUCS B OCbOBOMY HallPSIMKY.
BHyTpiIlHiii Ta 30BHiIUHIN pagiycy Tpyou - r, r,. Tpy6a Ha-
BaHTaXXeHa 3alaHuM BHYTpIIlIHIM TuCcKoM p. Hazmasi BBaxka-
TUMEMO MaTepiaa Tpyoy HeCTUCIMBUM Ta HE3MII[HIOBAHMM.

z
z

IRRRARI

AN NN
lllltlttltklk%llllt

\\!HHHHH!L*!HH\
DUMMIMIY

PucyHok 1. CxemaTuyHe 306paskeHHsI HaBaHTaskeHOi
TOBCTOCTiHHOI TpyOU
Ibkepeno: po3po6ieHo aBTOpamMu

INHH‘HNATHH

T

ITig giero BHYTPIMIHBOTO TUCKY HAa JHUIIA TPYOU BUHU-
Ka€ HaBaHTaxKeHHSI TPyoy 0CbOBOIO c1I010 N — OIHOIO 3 He-
BiJOMMUX, 1110 MaIOTh OyTM BU3HAUEHi B IPO1Ieci pO3B’sI3aHHS
3amaui. OCKiIbKM 32 YMOBOIO THMIIIA TPYOU HE MOXKYTb 3CY-
BaTMCSI B OCOBOMY HAIIPSIMKY, IPUIIMaEMO YMOBY PiBHOCTI
HY/TIO 0CbOBO1 fedopMallii B 6yab-sIKiit TOULi IIOTIEPEYHOTr0
repepisy Tpyou.

e, =0. (1)

LIst yMOBa MOB’sI3aHa TAKOXK 3 TII0Te3010 IJIOCKUX TTepe-
pi3iB, 1110 MOXXe BBasKaTUCS CIIpaBeIIMBOIO [JIs TlepepisiB,
JIOCTaTHBO Bifga/leHMX BiJ TOPIIiB TPyOu.

IIpyxkHa fedopmallis &, BU3HAUAEThCSI TPHOMa T'ONIOB-
HUMU HaIPy>KeHHSIMM: OCbOBUM o, KOJIOBUM o, Ta pajiiajib-
HUM o, 32 JOTTIOMOTOIO CIIiBBiJHOIIIEHHS.

&, :é[ZGZ —O',v—o“ﬂ], 2)

ne E — momynib IpysKHOCTI.

3 ypaxyBaHHSIM BiICYyTHOCTi ocboBOi medopmariii (1),
i3 OCTAaHHBOTO CHiBBiAHOIIEHHS BUIUIMBAE 3aJIEKHICTh MiK
KOMIIOHEHTaMU rOJIOBHUX HaIpyKeHb:

_o,+0,

o, == (3)

O6uUMCIMMO iHTEHCUBHICTD HATIPYKeHb:

A,’/(G_fcy )2+(G -c )2+(c5 —0)2
8979 o O 9
'sqrt'(2)

o.=
i

G:N/zcz —Zcch)+26¢ —20¢Gr+20r —20’,65’ (4)

, 72
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3 ypaxyBaHHIM (3):

o, +0,
subs| 6_= 7 % |; lhs(% ) = simplify(rhs( %))

2

1 1 1 1 1 2

Gi:2[2(20¢+20j 2(2G¢+26j0¢+20¢
(112)

220 (Lo,iko)) 2

S, zféﬁ csgn(o, —0,) (0, ~0,) > ©)

-20, 6 +20.
[ i

IMig vac fii TibKM BHYTPIIIHBOTO TUCKY CIIpaBeMBa
HepiBHiCTb 0, — 0, >0, oT>ke:
V3
(0,-5,)

o, =—

=7 ©)

OGUMCIMMO CepeiHE HATIPYKEHHS:

c.+o,+o0,

o=t 7
3
3 ypaxyBaHHSIM (3)
0,+0,+0, o, +o0,
— . — 0,
c= 3 ; subs c. 2 , % ,

LI

G—3GZ+3G¢+3Gr. 8)

IMopisHio0uM (3) Ta (8), 3BEpHEMO YBary, 1110 0CbOBe Ha-
MIPY>KeHHS JOPiBHIOE CEPeqHbOMY:

0.=0. )

O6UMCIMMO TOKAa3HUK HaIIpYy>X€HOr'o CTaHy:

c,+o,
- 3o = ﬁ( ) \/— (10)

o, 2 o,

3a YMOBOIO IJIaCTUYHOCTI Xy6epa—M13eca.
o, =0, 11)

Ie 0, = 0, = const — HalIpy>KeHH Tedii.

BusHaueHHs HaMpykKeHb B IUIACTUMYHI o6sacTi 3aiiic-
HIOETBCS 3BMYAHO Ha OCHOBI IudbepeHI]ialbHOTO PiBHSH-
Hs1 piBHOBaru ejgemeHTa Tpyom [17]:

do‘r o, —0,

dr

=0. (12)

BinnoBifHO Teopil Manux NPYKHO-TUIACTUYHUX [ie-
dbopmarriii:

£ = (0.-0)
g, =—;2(0¢ —0")
£, =——i(0r —O'), (13)

Ie & — iHTeHCUBHICTb JedopMaliiii.

I3 mepuroro piBHSHHA (13) 3a piBHOCTI HY/MI0O OCbOBOIL
Iedopmallii BUIIMBAIOTH CITiBBifHOIIEHHS (8), (9).

BinmoBigHO 00 MpMITHATOI CXeMU ilea/ibHO TIIaCTUY-
HOTO Ti/Ia Ha OCHOBI (6), (11) MmaTMMeMO:

-0, =0, (14)
abo 3
2+/3
c,—0, +T\/—GS, (15)

iToni BMpas A5 MoKa3HMKa HanpyxeHoro craHy (10) Ta nu-
(epenuianbHe piBHSAHHSA (12) MOXYTb 6YTY IIepeTBOpeHi 10:

n=3 (16)
ﬂ_&.ﬁzo_ (17)
dr 3 r
Ha ocHoBi (16)
o, =0, ’7_3ﬁ=ay 7 (18)

i mudepenmianbHe piBHSHHS (17) MOXEMO 3ammcaTv Bin-
HOCHO HOPMOBAHOTO IIOKa3HMKa HaIlpy>XeHOI'o CTaHy 77

di _2\3 _

19
dr 3r 19

Maemo 3BMuaitHe nudepeHiianbHe PiBHSIHHS MT€PIIOTO
MOPSIAKY 3 BifOKpEeM/IIOBAHMMM 3MiHHMMU. Bimokpemumo
3MiHHI Ta IPOiHTETPYEMO OTPMMAaHE PiBHSIHHS:

Jd’ 2*/— 3dr o <r<n (20)

1=7 ="

7 =2‘f(m[£} + CJ,

Je 7, — pajiiyc MexXi, 10 po3/iisie IPY)KHY Ta IJIaCTMYHY 00-
nacti; C - cTasna iHTerpyBaHHS.

Ha ocHoBi ocTaHHBO1 piBHOCTI Ta piBHOCTel (18) oTpU-
MAaemo:

abo

@1

n=3+23 [m(’} + c], (22)
rS

o :ﬁa‘v [ln(ij+ CJ. (23)
3 %

Ha ocHoBi oTpuManoi ¢opmymu It pagiaibHOTO Ha-
NIPY>KeHHS B IJIaCTMYHil o6sacTi Ta 3 ypaxyBaHHsIMm (14),
(3) orpumMyeMo, BinmoBigHO, GopMyIM AJi KOJIOBOTO Ha-

TIPY>KEeHHS
o, =£o—v{m(1j+m1] (24)
3 7,
Ta OCbOBOT'O
o;zﬁas n| = |+csl], (25)
3 r, 2
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BukopucraemMo yMOBY DiBHOCTi paJiajJlbHOTO Hampy-
SKeHHSI TUCKY — p Ha BHYTDIIIIHi TOBepXHi Tpy6y, TO6GTO

o, =—pIOpUr=r, (26)

TOZAi, BpaxoByioun (23), OTpMMAEMO
p=&6‘ (m[”‘j—c} Q7)

3 i

B npy>kHiit obnacti npu r, < r < r, pafiiajibHe Ta KOJIOBe
HaBaHTAKEHHS BU3HAYAIOTHCS 32 hopmynavu [17]

23 A
Gﬂ’ :TO'S(AI +r—22J, (28)
o, :¥G{Al —A—zzj (29)

Ha 30BHillHili TOBepxHi Tpyou paziasbHe HAMPY>KEHHST
IIOPiBHIOE HYIIO, OTXKeE, i3 (29) BUILIMBAE:

4-L_o

172
n

(30)

Ha mexi MiX MHpyKHOI0O Ta IUIACTUYHOIO O6IaCTSIMU
3Ha4YeHHS PaJliaJIbHOTO Ta KOJIOBOTO HaBaHTaXeHb, BU3HA-
yeHi 3a criBBigHOmeHHIMH (23) i (29), a Takox (24) i (28),
TOBVHHI 36iraTucs, omKe:

Al—iz—czo, (31)
7
AI+A—22—C:1 (32)

OcTaHHI Tpu CHiBBiJHOIIEHHS € CUCTEMOIO TPbHOX JIi-
HilfHMX HeONHOPiOAHUX PiBHSHb BiZHOCHO HeBimoMmx Al,
A2, C. Ins1 qoCIiiKeHHS iCHyBaHHS PO3B’SI3KY IIi€i cucre-
MM 00YMCIMMO ii BUSHAUHUK:

-2 o] - by
n n 1
1 2 s
1-=-1l{=0-S—0(=(-1)| 2|=5=0mpur<r,<r.(33)
g 5 20 7 '
0-—
1 1 .
1 pa -1l rf——l

JInst 06uMCIeHHs BUSHAUHMKA BUKOPUCTAIM MEeTOJ, 3a-
HYJIEHHS1: eJIeMeHTH TPeThOTro psiika MOMHOXwWIM Ha (-1) Ta
Ilofaiu 00 BiATIOBIIHMUX eJIeMeHTIB Apyroro psjaka. OcKiib-
KM BU3HAYHUK BiAMiHHUIT Bim Hyssl, cucTeMa Ma€ pO3B’s-
30K. OTpMMaEMO TaKkuit po3B’sI30K:

B A2 A2 A2
eqsi=A ——5=0,4 ——5-C=0,4,+—-C=1;
r r r
2 s s

solve( {egs }, {4,,4,,C})

(34

o6 oTpMMaTH 3aJIEKHICTh pajiyca MeXi, 10 Biagiisie
MIPY;KHY Ta IUIACTMYHY OOJIacTi, Bil MPUKIALEHOr0 TUCKY
MiJCTaBMMO B pPiBHSHHSA (27) 1I0JHO OTpMMaHe 3HaueHHS

crasoi C:
2\/§ 7, 1 rf —1”22
p=——o0,|In| & |-—=—= |
3 4 2

I3 11bOTO PiBHSIHHST HEMOXJ/TMBO SIBHO BUSHAUUTH PajiiyC
7, , TIpOTe [J1s1 3aJaHOTO CIIiBBiIHOIIEHHS f,

(35)

O<k12=:—‘<1
2

(36)

MOXHa OTpUMYBATU SIBHI 3aJI€XKHOCTI Bi,Z[HOCHOI‘O TUC-

. . . . . K 14
Ky~ Bi/l BITHOCHOTO pajiiyca BKa3aHoi Mexi r—‘ <k,=-L1<I:
5 2 5

ﬁ:g 1—2ln(kl‘\,)—[hJ2 )

O—s s (37)
[Tobynyemo rpadiku Takux 3aneskHocteit (Puc. 2):
>a0:=0.1:an:=0.9:N:=25:
[seq(a0+(an-a0)*si/N,si=0..N)]:
sq:=seq([kls,pss(i,kls),kls=i..1],i in [seq(a0+(an-

a0)*si/N,si=0..N)]):

plot([[t,pss(t,t),t=a0..an],[an,pss(t,an),t=a0..
an],sq],k1s=a0..an,color=[blue$3,black$N],thickness=[2$3,
1$N]);

0,1 0,2 0,3 04 0,5 0,6 0,7 0,8 0,9
kls

PucyHoK 2. I'padik 3a71eXHOCTeN BiHOCHOTO TUCKY BiJ

BiHOCHOTrO pagiyca
[Kepesno: po3pobieHo aBTopaMmu

3 ypaxyBaHHSIM 3HalileHux napameTpis (34) sanuiie-

MO Ha OCHOBI (28), (29), (3), (10) dopmynu OJis1 HATIPY>KEHD
Ta MOKa3HMKA HAIIPY)KEHOT'0 CTaHy B MPY>KHiit 061acTi:

=2 [2)]
o[22

el

wY
IA
<
IA

oY

(3%)
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Ta Ha OCHOBI (23), (24), (25), (22) — B IJIaCTUYHIi1 06/acTi:

2
o;zﬁaY 2In A
3 7

3 r.2

o,=—o,|2In| — |+| = | +1
3

S|~

N

¢

K

2

~03]

~0.4

~0.54

-0.64

Sy

pucyHOK 3. 3aJIesKHOCTi HOPMOBaHMX HaIIpY>K€Hb o, O' , G Ta l'IOKa3HI/IKa HaIIPpY>KeHOI'o CTaHy BI,EL BI,HHO]J_IEHHH 7

7

Ha Pucynky 3 HaBezeHO rpadiku 3MiHM KOMIIOHEHT
HamnpyXeHb Ta MOKa3HMKa HaIMpPyKEHOTO CTaHy B INPYyX-
Hiil Ta TTACTUYHNX 06J1acTsSIX M0 TOBIIMHI Tpyou. Kpumsi,
3i 3HAUEHHSIM é =1, BiAMOBigaOTh BeIMUMHI TPAaHUUYHOTO
TUCKY, KOJIM BUUEPITyEThCS Hecydya 34aTHICTb TPyou (Tuiac-
TUYHA 006J1aCTb MOUIMPIOETHCSI HA BCIO TOBIIMHY). Makcu-
MaJIbHICTh KOJIOBMX HAalpyXeHb Ha 30BHIllHi/ MMOBEPXHi
TpyOM B JiTepaTypi TPaKTYETbCS SIK O3HAKA JOCTOBipHO-
CTi TEOPETUYHOTO PO3B’SI3KY €KCIIepMMEHTATbHUM TaHUM
BpimkmeHa, 3rifHO 3 KMMU pYyViHYBaHHSI Marepialy TOB-
CTOCTiHHOI TPyOM, 1[0 HABAHTa’KEHA BHYTPILlIHIM TUCKOM,
TIOYMHAETHCS i3 30BHIIIHBOI TOBEPXHI.

067 @G_ N
N 1—5 =10
0.5 2z 0o
P
0.4 08
034 _ / 07
0.6
02|
/ J, 05
0.1 //
/ ] 0.7 038 0.9 10
.
0.4/ Ty

-0.54

G CT V

3a plSHI/IX 3Ha4YeHb 7

. . . . 2 P . P
anIMITKVI: 3HaYe€HHA E JJIs1 KOKHO1 KPpUBO1 JOPIBHIOKOTH a6cuMcaM BEPTUKAJIbHUX JITHIN OJI PO3PAaXYHKIB 3a CITIBBIOJHOIIEHHSIMU (38)

Ta (39) npuitasTo r,=0.5;r,=1
[Ooxepeno: po3pobyeHo aBToOpaMu

PesynmbTaTt HOCITiAKEHHST CBifYaTh, 1[0 3aKOHOMipHOC-
Ti 3MiHM NOKa3HMKA HAIIPY)XEHOTO CTaHy yAOCKOHATIOITh
HaBefleHe OOIPYHTYBAaHHSI, OCKIIbKYM 3 TO3MIIiit Teopii me-
dbopmoBHOCTI MaTtepianiB npu xonmogHOMy AedopmyBaHHI
rpaHnyHi Jedopmallii MaTepiana 3BUYaifHO 3MEHIIYIOThCS
3 POCTOM IIOKa3HMKA HAIMpPYKeHOTO CTaHy, HaitbiIbiIi 3Ha-
YeHHS SIKOTO MaloTh MiCle B TOYKax 30BHILTHbOI TOBEPXHi.

BUCHOBKM

VI0CKOHAIeHO TeopeTUUHe OOIPYHTYBAHHS BiOMUX eKC-
MepyuMeHTaJIbHUX 3aKOHOMipHOCTe, BCTAHOBJIEHUX Y [0~
ctigax Bpimkmena. 3okpema, MiATBepIykeHO, 1O Mif, yac

HaBaHTAKeHHS TOBCTOCTiHHMX TPYO BHYTPILIHIM TMUCKOM
pYJiHYBaHHS [MOYMHAETHCS i3 30BHILIHbOI MOBepxHi. Tpa-
IuIlijiHe TIOSICHEHHS 1IbOTO $IBUINA, 3aCHOBaHe JMIIe Ha
MaKCMMa/lbHUX 3HAUEHHSIX HalpyXeHb Y TOUKaxX 30BHilll-
HbOI ITIOBEPXHi, € HEIIOBHMM, OCKiJIbKY He BPaXOBY€ BIUIUBY
IPaHMYHUX TUIACTUYHMX AedopMalliii, o 3HaYHOIO MipoIo
3ajexaTb BiJj TOKa3HMKA HAIIPY>)KEHOIro CTaHy. ABTOpaMu
BIIepIlie 3alIPOIIOHOBAHO BMKOPUCTATM MOKA3HMK HaIpy-
>KEHOTO CTaHy JJ151 aHa/li3y BKa3aHUX eKCIIepUMeHTalIbHUX
3aKOHOMipHOCTeJ, BCTAHOBJIEHUX y Hociaizax bpimkme-
Ha, 1110 T03BOIWJIO TIOBHillle BpaxyBaTy MOX/IMBI MexaHi3Mu
pyitHyBaHHS. Y po60Ti OTpUMMAaHO Ta JOCTIIKEHO aHATITUYHI
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dbopmynu st 06uMCIeHHS TOKa3HMKA HAMPYXXeHOTo cTa-  Lle y3romKyeThes 3 eKcliepMMeHTaIbHUMM JaHUMU Ta Bio-
HY B NIPYXKHil Ta TUIACTUYHI 06/1acTsX M0 TOBIIMHI TPy-  MUMM eMIIPUUYHUMU 3aJI€KHOCTSIMM, 3TiIHO 3 SIKUMM Tpa-
61. BcTaHOB/IEHO, 1[0 MaKCMMasbHi 3HAUE€HHS IbOrO MO-  HMYHA IUIacTMYHa aedopmMallis MaTepialgiB 3MeHIIYEThCS
Ka3HMKA CIIOCTEPIraloThCsl HA 30BHILIHIM MOBEpxHi Tpyou.  3i 36ibliIeHHSIM 3HAaYeHb IMOKAa3HMKA HAIPY>KEHOTO CTaHy.
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Stressed state of a thick-walled pipe under the action of internal
pressure and axial force

Abstract. A classical problem of determining the stress state of a thick-walled pipe with fixed bottoms under the action
of internal pressure and the axial force generated by it is considered. Under these conditions, the axial strain is zero. The
scheme of a perfectly plastic body is accepted. Information Maple technologies for all key stages of solving this problem
have been developed. In order to analyse the pipe material for plastic deformation without fracture, the basic differential
equation of the problem is formulated and solved with respect to the stress state index, which is equal to the ratio of the
first invariant of the stress tensor to the stress intensity. It is shown that the boundary conditions lead to a system of three
linear inhomogeneous equations with respect to unknown parameters of the stress equations. It is determined that this
system always has a solution, since the determinant of the system matrix is inversely proportional to the square of the
radius of the boundary separating the plastic and elastic regions of the pipe and is always different from zero. It is shown
that the equation that establishes the relationship between the applied pressure and the radius of the boundary between
the plastic and elastic regions cannot be solved directly with respect to an unknown radius. However, it is advisable to use
it in a form solved with respect to pressure. The calculated distributions of stress components normalised by the yield
strength along the pipe thickness are consistent with the literature data, which confirm that the maximum values of the
circumferential load are observed on the outer surface. This is interpreted as a sign of the reliability of the theoretical
solution to Bridgman's experimental data, according to which the material fracture of a thick-walled pipe loaded with
internal pressure begins from the outer surface. The regularities of changes in the stress state index obtained in this
work improve the above justification, since from the standpoint of the theory of deformability of materials during cold
deformation, the ultimate deformations of the material usually decrease with the growth of the stress state index, the
highest values of which occur at the points of the outer surface and reach the value 3

Keywords: thick-walled pipe; uniform pressure; stress state; indicator of the stress state
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Method of finite element modelling of the stress-strain state
parameters of a flat truss with parallel belts

Abstract. The purpose of the study was to create a method for modelling the stress-strain state of a flat truss with parallel
belts using multi-package software based on the finite element method. It was established that the software complexes
LIRA-CAD 2016 R5 and ANSYS Workbench 14.5 are the most effective for calculating the parameters of the stress-strain
state of flat trusses, since they provide high modelling efficiency due to the developed functionality and adaptability to
engineering analysis tasks. In the course of the study, the capabilities and interfaces of these software environments
were analysed, and simulations were performed for a truss with a triangular grid and dimensions of 18,000x3,600 mm,
made of VCt3ps structural steel. Geometric and finite element models of trusses in the media of the identified calculation
complexes were developed. For modelling, elements made of rolled corners with a cross-section of 100x100x10 mm were
used, and nodal kerchiefs were made of steel sheet with a thickness of 10 mm. For the truss model, ANSYS Workbench
14.5 created a finite element grid with size sampling, in particular for styles, which provides more accurate determination
of the parameters of the stress-strain state of SSS in critical zones of the truss. In LIRA-CAD 2016 R5, the truss model was
divided into 10x10 mm elements. The proposed method included two main stages: at the first stage, a model was created to
determine the stress-strain state of the truss and the environment of the LIRA-CAD 2016 R5 software suite, at the second
stage, the results obtained were analysed in the environment of the ANSYS Workbench 14.5 calculation complex to optimise
the design parameters. The use of this technique can significantly reduce the time required for design and calculations,
which helps to increase the efficiency of designing trusses with parallel belts. The practical value of the development lies
in the possibility of optimising the shapes and sizes of cross-sections of elements, which positively affects the economic
efficiency of the designed trusses, reducing material costs and ensuring the durability of structures

Keywords: computer simulation, optimisation, rod structures, engineering analysis, variational calculation methods

Introduction

Flat trusses are widely used in various branches of the na-
tional economy. Most often, such structures are used in
the construction of industrial and public structures, bridge
crossings. However, along with this, flat trusses, in particu-
lar those with parallel belts, have found application in the
transport sector, agricultural engineering, etc. The use of
such flat trusses is conditioned by the variety of geometric
shapes, a significant degree of automation in manufactur-
ing. In this regard, the issue of reducing the complexity of

designing and reducing the metal consumption of trusses
with parallel belts is relevant.

S.Lépez et al. (2022) presented a methodology for iden-
tifying key events leading to progressive destruction on
truss-type bridges. The methodology includes a new data-
base that collects detailed information about initial damage
and its spread, and the consequences of the collapse. The
methodology was implemented by collecting information
from 25 case studies presented in the literature. The results
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revealed the most frequent initial constituted damage
state or failure (ICDS) leading to progressive destruction.

Two variants of the algorithm, such as GSSA and
GSSB, were proposed to optimise the dimensions of four
high-dimensional steel truss samples in the studies by
A. Ahrari et al. (2020), S.K. Azad & S. Aminbakhsh (2021),
H. Cao et al. (2023), namely: a single-layer bulb dome of
2,075 elements, a two-layer open dome of 2,688 elements,
a two-layer comb dome of 6,000 elements and a two-layer
lattice of 15,048 elements in accordance with the AISC-
LRFD specification. The obtained numerical results indi-
cate the effectiveness of GSSA and GSSB in working with
high-size samples of large-sized steel trusses.

A.A. Mousavi et al. (2020; 2022) proposed a method for
empirical mode decomposition using the adaptive noise
method to determine the presence, location, and severity
of damage for a steel truss bridge model. The developed
laboratory model was exposed to disturbances, which
helped to obtain experimental data. Using the technique,
four key signal characteristics were identified: energy, in-
stantaneous amplitude, phase, and instantaneous frequen-
cy, which became the basis for qualitative and quantita-
tive damage assessment. To increase the sensitivity of the
method to damage detection, improved indices have been
developed that combine statistical characteristics of time
signals, such as kurtosis and entropy, with energy and in-
stantaneous amplitude parameters. The experimental re-
sults demonstrated the high efficiency and sensitivity of
the proposed approach, which is superior to existing meth-
ods of empirical decomposition of modes in the tasks of
detecting, localising, and assessing the severity of damage.

The paper by F. Parisi et al. (2022) described a method
for detecting and localising damage in steel truss railway
bridges using machine learning algorithms. This approach
allows automatically analysing raw signals from strain sen-
sors without the need for pretreatment or feature isolation.
The results showed that the proposed approach can detect
damage with an accuracy of up to 93%, which makes it an
effective tool for monitoring the condition of structures.

W.Wu et al. (2022) proposed a linear model for predict-
ing the corrosion of truss structures based on the concept of
linear cumulative damage to miners to solve the difficulties
of conducting accelerated corrosion tests. In addition, an
equivalent fatigue test has been developed in combination
with a corrosion prediction model. A model for predicting
fatigue damage based on corrosion factors was developed
and the law of fatigue damage and degradation of struc-
tural rigidity in a corrosive environment was determined.

In the study by G. Weng et al. (2020) to detect stresses in
steel structures and elements using existing magnetism, a
magnetic stress sensing system was developed that includes
amagnetic fluxinduction coil,a magnetic flux measurement
device, a load device, and data acquisition software. In ad-
dition, a practical formula for determining stresses was ob-
tained through experiments. On this basis, a typical model
of the steel truss structure of the Bailey beam was designed
and manufactured under various operating conditions.

M. Hohol et al. (2020) performed structural and para-
metric synthesis of steel combined trusses with a span of
30 m to minimise mass and potential energy. It was shown
that the maximum load-bearing capacity of the structure
was achieved by applying the criterion of rational design
for strength. It was established that the use of combined
trusses instead of conventional ones provides significant
metal savings, reduces the complexity of manufacturing,
and reduces installation time.

The main stages of strengthening steel beams of
a sloping roof for a typical metal frame with initial ge-
ometric imperfections according to the deformed scheme
were considered by S. Hudz et al. (2019) based on a new
approach to the analysis of internal force factors, the fea-
tures of the working conditions of a beam under the joint
action of transverse bending in two planes and bending
torsion resulting from the eccentricity of load stacking
were found and described.

Based on this, it is relevant to search for a reliable
method for modelling the parameters of the stress-strain
state (SSS) of a flat truss with parallel belts, which will give
full information about the distribution and magnitude of
stresses, the value and nature of deformations depending
on the acting external forces. The purpose of the study
was to develop a methodology for modelling the SSS of a
flat truss with parallel belts using multi-package software
tools based on the finite element method (FEM). Objec-
tives of the study: to determine multi-package software
tools suitable for calculating the SSS parameters of flat
trusses with parallel belts and to analyse the environments
of detected software tools suitable for calculating the SSS
parameters of flat trusses with parallel belts; to develop a
full-size finite element model of a flat truss with parallel
belts in the environment of detected software tools. The
scientific originality lies in the fact that a two-stage meth-
od for modelling the SSS parameters of a flat truss with
parallel belts using multi-package software tools based on
the finite element method is proposed.

Materials and Methods
The research methodology was based on calculation
complexes that work using the finite element method.
This universal variational approach is used to solve the
most complex problems, in particular, in the mechan-
ics of deformed solids, fracture mechanics, and applied
mechanics. The main idea of this method (Hrebeniuk &
Homeniuk, 2022) was to divide the continuous volume
of a real construct into subunits consisting of finite but
small elements called finite elements (FE). Within each
such element, the desired function can be replaced with
an approximate one. This allows representing any quan-
tity that continuously changes in the volume of a body in
the form of a discrete model consisting of a set of piece-
wise continuous functions. Each of these functions was
defined within the corresponding sub-domain, provid-
ing an accurate approximation for analysing the actu-
al construct. The finite element method in the current
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problem was implemented based on the displacement
method - functions approximate movements within fi-
nite elements.

To calculate the parameters of the stress-strain state
(SSS) of flat trusses with parallel belts, software tools were
defined: LIRA-CAD 2016 R5 at the first stage and ANSYS
Workbench 14.5 at the second stage, respectively. The finite
element truss model corresponded to the parameters of a
real truss with geometric dimensions of 18,000x3,600 mm.
Truss material — VSt3ps steel, the physical and mechan-
ical properties of which included the elastic modulus:
E=2.06 x 10° MPa and density p = 7,800 kg/m>. The truss
elements had the following characteristics: the profile of
braces and belts — rolled corners 100x100x10 mm, kerchiefs
are made of steel sheet with a thickness of 10 mm.

At the first stage of modelling in the LIRA-CAD 2016
R5 environment, a three-dimensional rod geometric model
of the truss was created, the physical and mechanical char-
acteristics of materials were set, a finite element grid with
an element size of 10x10 mm was formed, and loads were
applied. The truss was loaded with a concentrated force of
P=10 kN, evenly distributed between two upper belt nodes
P/2=5 kN per node. Calculations were performed using the
finite element method, but the kerchiefs in the nodes were
not modelled, which was considered in further analysis.
At this stage, data on stresses, deformations, and internal
forces in the truss elements were obtained.

The second stage involved modelling in the ANSYS
Workbench 14.5 environment, where the geometric truss
model was built in the Design Modeler module, taking
into consideration styles. Similarly to the first stage, the
characteristics of materials and loads were set, and a more
detailed finite element grid was formed. This helped to in-
crease the accuracy of calculations and consider the nodal
features of the design.

Comparison of the results of the two modelling stages
allowed evaluating the accuracy and efficiency of the ap-
plied software packages. The results included stress distri-
bution, strain shapes, and identification of critical structur-
al zones. The methodology proved that the combination of
engineering solutions with modern software tools ensures
the efficiency of design and calculations, optimisation of
geometric parameters of truss elements, and high accuracy
of stress-strain state analysis.

Description of the LIRA-CAD 2016 R5

settlement complex

The LIRA-CAD software package is a modern representa-
tive of the Ukrainian software of the LIRA family. LIRA-CAD
2016 R5 (Ukraine) is a multifunctional software package
for designing and calculating machine-building and build-
ing structures for various purposes (Strelets-Streletsky et
al., 2019). The programme allows performing calculations
for static and dynamic loads using the finite element meth-
od as a basis. Various connected modules (processors) pro-
vide the ability to select and check cross-sections of steel
and reinforced concrete structures, model the ground, cal-
culate bridges and analyse the behaviour of buildings dur-
ing installation, etc. The LIRA-CAD PC consists of several
interconnected information systems. The organisation of
relationships between these systems ensures the manufac-
turability of working with the complex so that the complex
itself guides the user — from creating a calculation model
to designing elements. The main graphics system is the VI-
SOR-CAD system (Fig. 1.), a single graphical environment
thathasalarge set of features and functions for forming ade-
quate finite element and super-element models of calculat-
ed objects. VISOR-CAD allows conducting a detailed visual
survey of the created models and their correction, describ-
ing the physical and mechanical properties of materials.

[

Figure 1. LIRA-CAD 2016 R5 graphics environment window

Source: E. Strelets-Streletsky et al. (2019)

In the same environment, relationships and loads
were set, and relationships between different loads were
assigned to determine their most dangerous combinations.
To calculate the created model, a linear calculation proces-
sor was selected, which implements the calculation of lin-
early deformed structures for static and dynamic impacts.
The LIRA-CAD PC includes several calculation processors.
All of them were designed to determine the stress-strain
state of the structure based on the finite element method in
displacements. Calculation processors implement modern

advanced methods for solving systems of equations, which
have high speed and allow solving systems with a very
large number of unknowns. The linear processor was de-
signed to solve problems describing the operation of the
material of structures in a linear-elastic formulation. A
nonlinear processor allows solving problems related to
the physical nonlinearity of a material in the framework of
nonlinear elasticity theory and in elastic-plastic formula-
tion (concrete, reinforced concrete, steel concrete, metal,
soil). Such problems were solved using the step-by-step
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and step-by-iterative methods. The nonlinear processor
allows solving problems related to geometric nonlinearity
(shrouds, large-span coatings, membranes), and structural
nonlinearity (contact problems, one-way connections, fric-
tion). The library of nonlinear finite elements also includes
elements that allow simultaneous accounting of physical
and geometric nonlinearities. When calculating nonlinear
problems using the step method, the load step was auto-
matically selected based on its history. Calculation pro-
cessors contained an extensive library of finite elements,
which makes it possible to create adequate calculation
models with almost no restrictions on describing the real
properties of the calculated objects. The software environ-
ment of the LIRA-CAD PC provides an opportunity to mod-
el complex structures, determine their stress-strain state
using linear and nonlinear processors that consider various
types of loads, dynamic influences, physical, geometric,
and structural nonlinearities.

Description of the methodology

of the ANSYS Workbench calculation complex 14.5
The ANSYS Workbench 14.5 PC used the finite element
method for mathematical modelling, combining the versa-
tility of algorithms for various tasks with efficient comput-
er implementation of calculations. The problem was solved
using the finite element method in the ANSYS software
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| File Creste Concept Tooks Units View Hep

suite in three stages. At the first stage, the foundations of
the finite element model of the object under study were
formed. This step included the following steps:

+ determination of the physical type of the problem
(solid state mechanics, heat transfer, hydrodynamics, etc.)
and appropriate programme settings;

+ selection of the type of finite element depending on
the size and characteristics of the object, with the ability to
set element properties;

o selection of the object’s material and specifica-
tion of its properties (volume weight, tensile strength,
yield strength, Poisson’s ratio, etc.), which can be entered
manually or imported from the ANSYS material library.
Properties determine the material model (linear-elastic,
elastic-plastic, bilinear, etc.), which affects the choice of
equations for the finite element method;

# creating a geometric solid-state model of an object
(3D model) performed in the PREP7 module in classical
ANSYS and in the Design Modeler module in Workbench
(Fig. 3.). The geometric model can also be exported from
any CAD package;

o geometric model was divided into finite elements,
with the ability to configure grid parameters.

This step forms a complete mathematical and physical
model of the object, which was crucial for obtaining accu-
rate and reliable results in the next stages of modelling.
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Figure 2. Design Modeler module window in ANSYS Workbench 14.5

Source: L. Danylchenko (2021)

The second step — applying physical conditions and
solving the problem - consists of three main steps:

« setting boundary conditions (forces, displacements,
connections, etc.);

# selecting the type of analysis (static, dynamic, mod-
al, etc.) and the method for solving equations and param-
eters of computational procedures (number of load steps,
iterations, etc.);

# solving system of equations by the finite element
method. As a result, a file was created with a vector of the
found degrees of freedom (nodal displacements, tempera-
tures, etc.).

The described step was necessary for direct numeri-
cal analysis of the model using the finite element meth-
od. It allows forming a mathematical statement of the
problem, considering the physical conditions and load
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parameters, and getting results that characterise the be-
haviour of the structure.

The third step was to analyse the results obtained.
Physical quantities calculated using the finite element
method (displacement, deformation, stress, temperature,
etc.) are displayed in the ANSYS Gui as images, tables,
graphs, or animations (Danylchenko, 2021). The informa-
tion provided at this stage provided an understanding of
the operation of the structure as a whole, and its individual
components. This allows drawing conclusions about the ef-
fectiveness of constructive decisions made.

Results

Example of developing

a flat truss model with parallel belts

A truss with parallel belts and a triangular lattice was used
for finite element modelling (Fig. 3) and geometric dimen-
sions of 18,000x3,600 mm. Truss material — VSt3ps steel,
corresponding physical and mechanical properties import-
ed from the VDt3ps steel material model. Elastic modulus
of steel E=2.06-10° MPA, density p = 7,800 kg/m>. Profile
of braces and belts — rolled corners with a cross-section
of 100x100x10 mm. Kerchiefs in knots are made of 10 mm
thick steel sheet.

3600

18000

P/ 21'

a)

P/2 \L

Figure 3. Graphical diagram of the truss
Notes: a) truss grid diagram; b) truss load diagram
Source: compiled by the author

The truss is loaded with an external total load in the
form of a concentrated force P=10kN. The force P (10kN)
is distributed between two nodes on the upper truss belt.
Thus, each of these nodes accounts for half of the total
force,i.e., P/2=10kN/2=5 kN.

At the first stage, geometric and finite element models
were constructed using these parameters in the LIRA-CAD
2016 R5 PC (Fig. 4). Based on the calculation the internal
forces arising in the structural elements due to the exter
nal force P/2 applied at the corresponding nodes were de-
termined, as well as the cross-sectional dimensions of the
truss elements resulting from the action of these forces.
This information allows adjusting, if necessary, the previ-
ously specified cross-section dimensions in the truss ele-
ments. The importance of the obtained data lies in the fact
that they allow carrying out a general assessment of the

stress-strain state of the structure, determining the forces
in its elements, and clarifying the dimensions of cross-sec-
tions. These results are crucial for further import of the
model into ANSYS Workbench 14.5. Skipping this stage
may result in incorrect truss design and errors in subse-
quent analysis stages.

b)

Figure 4. Truss model in the LIRA-CAD
environment 2016 R5
Notes: a) geometric model; b) finite element grid model
Source: compiled by the author

At the second stage, in the environment of the ANSYS
Workbench 14.5 software suite, the calculation data was
imported from the LIRA-CAD 2016 R5 PC and the geomet-
ric and finite element model of a full-size truss was rebuilt,
followed by a division into a finite element grid (Fig. 4).
The shapes of cross-sections of braces, belts, and support
posts are displayed.

IR

500.00 1000.00 (mm)

750.00 '

b) . 250.00

Figure 5. Truss model in the ANSYS Workbench
14.5 environment
Notes: a) CAD — geometric model; b) FEM —finite element grid model
Source: developed by author

The three-dimensional geometric structure of the
truss, which was developed in the Design Modeler mod-
ule, is shown. This model is the basis for further analy-
sis and reflects the geometric parameters of the object.
The result of splitting the geometric model into finite
elements is also shown. This mesh model is used to
perform finite element calculations (FEA). The figure
illustrates the transition from CAD modelling to the
FEM analysis stage, emphasising the importance of the
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accuracy of constructing a geometric model and the
quality of grid creation to ensure the reliability of calcu-
lations. The current stage is important for analysing the
stress-strain state, since the calculation results in the
stress distribution in the cross-sections taken at the first

stage (Fig. 5). The ANSYS PC does not programmatical-
ly provide cross-section selection functions, unlike the
LIRA-CAD PC, but the ANSYS PC allows assessing the
stress-strain state more locally, in particular, identifying
places of stress concentrations.

o

500,00 (mm)
)

Figure 6. Distribution of normal stresses

Source: developed by author

The finite element grid in ANSYS is created with di-
mensions of 10x10 mm, and the mesh in the shapes is dis-
crete. In the LIRA-CAD 2016 R5 PC, the finite element grid
was created with similar parameters, with the exception of
styles. The stages of truss modelling in the LIRA-CAD 2016
R5 software environment, which is widely used for engi-
neering analysis of building structures, are demonstrated.
At the first stage, a basic three-dimensional model of the
truss is created, which accurately reflects its geometric
parameters, in particular, the length, height, and shape of
elements. The geometric model is formed in accordance
with the specified design characteristics and is the basis for
further analysis. A finite element grid model is obtained by
dividing the truss geometry into finite elements. The grid
model is a key step in applying the finite element method,
since it allows translating a physical problem into a dis-
crete form suitable for numerical solution. The model is di-
vided into elements based on the geometric complexity of
the object and the required accuracy of calculations.

The truss geometry is divided into finite elements,
which provides discretisation of the physical problem for
its numerical solution. Loads at the current stage were set
similarly to the calculation in the LIRA PC, in the form of a
concentrated force P=10 kN distributed between two nodes
on the upper truss belt, so each of these nodes accounts
for half of the total force, i.e., P/2=10kN/2 =5 kN. The grid
is constructed considering the geometric complexity of the

design and the requirements for the accuracy of calcula-
tions, which is key for the effective application of the finite
element method. Based on the import of cross-sections and
geometry of the CE truss model from the LIRA CAD, the
calculation is performed in ANSYS Workbench 14.5, which
results in graphic materials with a set of information about
the stress distribution in individual truss elements and in
characteristic places (nodes, places of load application).
The developed method offers two stages of finite ele-
ment modelling of the parameters of the stress-strain state
of a flat truss with parallel belts. The first stage includes
creating a geometric rod model in the environment of the
LIRA-CAD 2016 R5 software package, setting cross-sections
and physical and mechanical characteristics of materials,
applying loads, and further calculation using the finite el-
ement method. The external load is a concentrated force
P=10kN. The force from P/2 is applied in two truss nodes,
which are located on the upper belts. As a result, in the first
iteration, a set of data was obtained in tabular form. The
Table 1 contains the results of estimating the percentage
exhaustion of the stability of elements relative to the OY
and OZ axes, the stability of the compressed wall and com-
pressed belt, and the exhaustion of the load-bearing capac-
ity by groups of limit states. The percentage of exhaustion
of local stability is indicated separately. These data allow
comprehensively assessing the effectiveness of select-
ing the cross-section of individual structural elements.

Table 1. Result of checking the specified cross-sections of truss elements in the LIRA CAD

10 2 2 0 46 2 0 46
10 1 1 0 46 1 0 46
11 2 2 0 46 2 0 46
11 1 1 0 46 1 0 46
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Continued Table 1.

12 0 0 0 0 2 0 0
12 0 0 0 0 2 0 0
13 1 1 0 46 1 0 46
13 1 1 0 46 1 0 46
14 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0
15 0 0 0 46 0 0 46
15 0 0 0 46 0 0 46
16 0 0 0 46 0 0 46
16 0 0 0 46 0 0 46
17 0 0 0 0 0 0 0
17 0 0 0 0 0 0 0
18 1 1 0 46 1 0 46
18 1 1 0 46 1 0 46
19 0 0 0 0 2 0 0
19 0 0 0 0 2 0 0
1 3 3 0 46 3 0 46
1 3 3 0 46 3 0 46
2 0 0 0 0 1 0 0
2 0 0 0 0 1 0 0
3 0 0 0 0 1 0 0
3 0 0 0 0 1 0 0
4 0 0 0 0 1 0 0
4 0 0 0 0 1 0 0
5 3 3 0 46 3 0 46
5 3 3 0 46 3 0 46
6 2 2 0 46 2 0 46
6 2 2 0 46 2 0 46
7 4 4 0 46 4 0 46
7 4 4 0 46 4 0 46
8 4 4 0 46 4 0 46
8 4 4 0 46 4 0 46
9 2 2 0 46 2 0 46
9 2 24 0 46 2 0 46

Notes: OY, % - percentage of stability exhaustion along the Y-axis; OZ, % — percentage of exhaustion of stability along the Z-axis;

SW % — percentage of exhaustion of stability of the compressed wall; SB % — percentage of exhaustion of stability of the compressed

belt; 1LS % — percentage of exhaustion of load-bearing capacity for the 1st group of limit states; 2LS % — percentage of exhaustion of

load-bearing capacity for the 2nd group of limit states; L.S. — percentage of exhaustion of local stability

Source: developed by the author

The second stage involves importing calculated data
from the LIRA CAD and then rebuilding the geomet-
ric model in ANSYS Workbench 14.5, followed by setting
cross-sections and physical and mechanical characteris-
tics of materials, applying loads and further calculation. At
both stages, the physical and mechanical characteristics of
the materials, the shape and dimensions of the cross-sec-
tions of the truss elements were identical. As a result, the
design and calculation of flat trusses with parallel belts be-
comes more efficient both in terms of time spent and as
a result of the efficient arrangement of elements with the
required cross-sectional dimensions.

Discussion

The finite element method is a widely used tool in the de-
sign and analysis of various structures, in particular trusses.
The study by Y. Shved et al. (2020) presented a method for

determining durability using SOLIDWORKS PC, which al-
lows effectively assessing the reliability of structures. Al-
though this method was based on different software, the
results obtained in this paper provide important compari-
sons regarding the durability of steel trusses. They point
out the importance of detecting fatigue cracks, especially in
K-shaped nodes on the upper chord of the truss, which is a
critical factor in the operation of structures. According to the
results of verification, the indicators of fatigue damage were
accurate with an error of only 5.7%. This indicates the high
reliability of the method used for long-term monitoring of
the state of trusses. However, the use of SolidWorks for these
calculations has its limitations, especially in modelling com-
plex loads and material properties, where more powerful
software tools such as ANSYS can show better results.

The study by M. Basara et al. (2021) applied a com-
prehensive approach that includes both a semi-natural
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experiment and computer modelling in the ANSYS Work-
bench environment. Experimental studies of the dura-
bility of a rectangular welded truss have confirmed the
importance of accurate visualisation of fatigue damage,
in particular, in K-shaped nodes, where there is also a de-
crease in the load-bearing capacity of the structure. Com-
pared to the method proposed by Y. Shved et al. (2020), it
was found that the use of combined methods allows for
more accurate results, although the error in comparison
with a semi-natural experiment does not exceed 5.7%. In
addition, M. Basara et al. (2021) demonstrated that com-
bining real-world tests with numerical methods allows
for more accurate predictions, which is important for the
practical assessment of structural reliability.

Y. Kovalchuk et al. (2023) proposed a new approach to
determining the behaviour of welded structures under ther-
momechanical influences, which achieves high reliability
of results due to computer modelling. In particular, it was
found that the research results follow a normal distribu-
tion with minimal deviations for tensile strength and fluid-
ity (2.1% and 2.6%, respectively). This approach has shown
high accuracy and allows more accurately considering the
effect of thermomechanical loads on structures, which is
important for accurate forecasting of their operational life
under conditions of high temperatures and variable loads.

The study by H. Liu et al. (2024) presented an innova-
tive approach by applying a deep reinforcement learning
method to update steel truss models. This allows integrat-
ing the long-term memory network (LSTM) with the deep
deterministic policy gradient (DDPG) algorithm, which
increases the efficiency of the algorithm in real-world
operating conditions. The results obtained using the NF-
LSTM-DDPG algorithm were significantly more accurate,
with an average relative error of 14.15% and more reliable
indicators of changes in the elastic modulus compared to
other methods. This study provides important guidance
for further improvement of real-world truss modelling
and monitoring techniques, particularly for adaptive sys-
tems to detect potential damage that may occur over a
long period of operation.

The algorithm proposed by N. Khodadadi & S. Mir-
jalili (2022) generalised normal distribution optimisa-
tion (GNDO) used to design truss structures with optimal
weight. The ability of the proposed algorithm to deal with
such problems is investigated. To evaluate the GNDO al-
gorithm, three reference problems for optimising trusses
with frequency constraints were considered. Numerical
data show that GNDO is more reliable, stable, and efficient
for structural optimisation problems than other meta-
heuristic algorithms. J. Pierezan et al. (2021) presented a
modified coyote optimisation algorithm (MCOA), which
has the advantage of using chaotic sequences to improve
solutions and avoid local minima, and adaptive parameter
updates. These improvements allow the algorithm to ef-
fectively solve problems of optimising the weight and sta-
bility of metal structures. M. Azizi et al. (2022) considered
the optimisation of lattice trusses using the Chaos Game

Optimisation (CGO) algorithm, which showed high effi-
ciency for multi-element structures. A list of other algo-
rithms and parameters for optimising steel structures was
given in the studies by A. Kaveh et al. (2021), T.N. Huynh et
al. (2021). G. Caredda et al. (2022) considered an adaptive
differential evolution (DE) algorithm for truss optimisa-
tion by integrating the Q-learning method. This approach
is known as g-learning DE (qIDE).

In general, the results of the above-mentioned studies
confirm the effectiveness of using ITU to investigate the
durability of steel trusses, which allows increasing the ac-
curacy of forecasting and adaptability to real changes in
loads and operating conditions. This allows getting more
accurate results, which are important for the durability and
safety of steel structures in real-world conditions. More-
over, the use of multi-stage methods with multi-package
software based on the finite element method has not be-
come widespread. Thus, the method proposed in this study
included two main stages of determining the SSS param-
eters: at the first stage, a model was created to determine
the stress-strain state of the truss and the environment of
the LIRA-CAD 2016 R5 software suite, and at the second
stage, the results obtained to optimise the design parame-
ters were analysed in the environment of the ANSYS Work-
bench 14.5 calculation complex.

Conclusions

The study examined the method of modelling the param-
eters of the stress-strain state of a flat truss with parallel
belts using multipack software based on the finite element
method. The author managed to achieve this goal by devel-
oping a two-stage methodology that allows optimising de-
sign parameters and increasing the efficiency of designing
such structures.

In the course of the study, the functionality of the
LIRA-CAD 2016 R5 and ANSYS Workbench 14.5 software
complexes were analysed. Geometric and finite element
models of a truss with a triangular grid and dimensions
of 18,000x3,600 mm, made of structural steel, were devel-
oped. At the first stage of the methodology, a basic truss
model was created in LIRA-CAD 2016 R5 for preliminary
analysis of the stress-strain state. The second stage in-
volved refining the results and optimising the design pa-
rameters in the ANSYS Workbench 14.5 environment. The
proposed method creates prerequisites for reducing the
complexity of design and calculations, ensuring the accu-
racy of determining the parameters of stresses and defor-
mations of trusses. The practical value of the technique
lies in the possibility of optimising the shapes and sizes of
cross-sections of truss elements, which creates the basis
for reducing material costs and increasing the economic
efficiency of structures.

The developed technique is important for studying the
stress-strain state of flat trusses, taking into considera-
tion the influence of force factors and ensuring the relia-
bility of structures. It can be used to analyse and optimise
other types of structures using multi-package software.
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TepHoOMiMbCHKMIT HALliOHABHMII TeXHIUHMI yHiBepcuTeT iMeHi IBaHa ITymiost
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MeToankKa CKiHUeHHO-eNeMeHTHOro MoaenoBaHHA NapaMeTpiB
Hanpy)xeHo-aedopMiBHOro cTtaHy NIockKoi pepmu
3 napanesibHMMU nosicamm

AHoTaUifa. MeTa po60TH NOJISATAaE Y CTBOPEHHI METOAMKY MOJEMTIOBaHHS HANPyskKeHO-IehOopMOBaHOTO CTaHy IIOCKOT
dbepMu 3 mapanesbHUMM MOSICAMU 33 LOTIOMOT'0I0 MY/JIbTUIIAKETHOT'O MIPOrPaMHOro 3abe3eueHHs], 3aCHOBAaHOTO Ha
MeTOAi CKiHUeHHUX eJleMeHTiB. BcTaHOB/IeHO, 110 nmporpamMHi komruiekcu JITPA-CATIP 2016 R5 Ta ANSYS Workbench 14.5
€ Hali6inbI epeKTMBHUMM IJ151 PO3PaxyHKiB ITapaMeTpiB HaNpy>KeHO-1edOpMiBHOTO CTaHy IVIOCKUX dhepM, OCKITbKU
3a6e3MeuyoTh BUCOKY e(eKTUBHICTbh MOJeII0BaHHS 3aBAsKM PO3BMHEHi GYHKIIIOHAJIbHOCTI Ta afarTOBAaHOCTI 10
3aBJaHb iH)XK€HEPHOTr0 aHasi3y. Y mpolieci JociaskeHHs 6y0 3i/iCHEHO aHali3 MOXK/IMBOCTeN Ta iHTepdeliciB 3a3HaUeHNX
MPOrpaMHMX CEPEIOBMUILL, 8 TAKOXK ITPOBEAEHO MOZIETIOBAHHS IJ1s1 pepMM 3 TPMKYTHOIO peIliTKoI0 Ta po3mipamu 18000x3600
MM, BUTOTOBJIEHOI 3 KOHCTPYKUiiHOi cTani BCT3mc. Po3pobieHo reoMeTpnyHi Ta CKiHUeHHO-eJIeMeHTHi Mogesi hepmu
B cepefOBUILIaX BUSIBJIEHMX PO3PaXyHKOBUX KOMILIEKCiB. /i1 MOJle/IIOBaHHS 3aCTOCOBYBAINCS €IEMEHTH 3 IIPOKAaTHUX
KYyTHUKIB i3 morepeunum nepepizom 100x100x10 MM, a By3/710Bi KOCMHKM 6y/IM BUKOHAHI 3i CTajeBOTO JIMCTa TOBLIVHOIO
10 mm. Inst mogeni pepmu B ANSYS Workbench 14.5 cTBOpeHO CKiHU€HHO-eIeMeHTHY CiTKY 3 IMCKPeTM3alli€lo po3MipiB,
30KpeMa 1151 GacoHOK, 110 3abe3reuye TOYHillle BU3HAUEHHS TapaMeTpiB HamlpyxkeHo-gedopmiBHoro ctany HIC y
KpUTUYHMX 30HaxX pepmu. B JITPA-CATIP 2016 R5 monenb dhepmu po36uTa Ha enemeHTy 10x10 MM. 3arrporioHOBaHa MeTOAMKA
BKJTIOUAE Ba OCHOBHI eTary: Ha IepuIoMy eTarli CTBOPIOETHCST MOZEb I/1s1 BU3HAUEHHS HalpyskeHO-AedOopMiBHOTO CTaHy
dbepmu i cepemosui mporpamuoro komiekcy JIIPA-CAIIP 2016 R5, Ha pyromy B cepeoBUIL pO3PaxyHKOBOTO KOMIUIEKCY
ANSYS Workbench 14.5 aHasi3y10Tbcsl OTpMMaHi pe3yabTaTy AJ1s1 ONTUMi3allii KOHCTPYKTUBHMX ITapaMeTpiB. 3aCTOCYBaHHS
1iei MeTOIMKM TO3BOJISIE 3HAUHO CKOPOTUTU Yac, HeOOXiIHMI I71s1 TPOeKTYBaHHS Ta PO3PAXYHKIB, 1[0 CIIPUSIE MiABUIIIEHHIO
edeKTUBHOCTI KOHCTPYIOBaHHS (epM 3 MapaneabHUMM mosicaMu. [IpakTUyHa I[iHHICTh PO3POOKM TIOJISITa€ B MOXKIMBOCTI
onTumisaiiii popm Ta po3mMipiB nonepeuHnx nepepisiB eneMeHTIB, [0 TO3UTUBHO BIUIMBAE HA eKOHOMiuHY e(eKTUBHICTh
MpOeKTOBaHMX (GepM, 3SHIKYIOUM BUTPATY Ha MaTepianu Ta 3a6e3Meuyrouy JOBrOBiUHiCTb KOHCTPYKILiit

KnioyoBi cnoBa: KOMITI0TepHa CUMY/IALiS, CKiIHUeHHi eJleMeHTH, ONTUMi3allisl, CTPMKHEBi KOHCTPYKIIii, iHKkeHepHMit
aHaJli3, BapialliliHi MeToau pOo3paxyHKy
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XMapHi pilueHHa ang iHTerpauii Ta aHanisy gaHMX AUCTaHLUINHOro
MOHITOPUHIY TPaHCNOPTHUX 3acobiB

AHoTauiq. JloctipKeHHs CIIPIMOBaHe Ha PO3PO6KY KOHIIEMIT iHTe/IeKTYabHOT CUCTEMM JUCTAHIIITHOTO MOHITOPUHTY
aBTOTPAHCIIOPTY, 10 6a3y€eThCs HA iHTErpallii XMapHMUX TeXHOJIOTii Ta aHasi3i BeMMKux JaHuX. OUiKyeTbCsl, 1[0 Pe3y/IbTaTh
I[bOTO TOC/TiIKeHHS CTAaHyTh OCHOBOIO /151 CTBOPEHHSI HOBMX CepBiciB B 06/1aCTi aBTOMOOIIbHOI TelleMaTUKM Ta CIIPUSITUMYTh
PO3BUTKY «PO3YMHMX» MICT Ta 3HaiAYTh IIMPOKE 3aCTOCYBAaHHS B aBTOCEPBiCi Ta TPAHCIIOPTHUX KOMITaHisIX, CIPUSIOUN
mifBUIeHHIO eeKTUBHOCTI Ta HAZifHOCTI aBTONapKy. TakoXK B pOOOTi pO3IVISIIAIOTECS TUTAHHS 6e311eKM AaHMX, eeKTUBHOCTI
nepenauvi iHpopmarlii Ta MacIITaboBaHOCTI pillleHb, 0 MAIOTh KITFOYOBE 3HAUEHHS 1JIs1 HaiifHOTO (DYHKI[IOHYBaHHS CUCTEM
BigganeHoro MoHiTOpuHTY. 3a6e3mneyeHHsT KOHQIIeHIiMHOCTI Ta I[iJIiICHOCTI JaHUX € TepPIIOYEeproBUM 3aBIAaHHSIM, 110
noTpebye BIPOBAAKeHHS IepefoBMUX METO/iB MM pyBaHHSI Ta yIpaBaiHHs focTyroM. EdbekTuBHicTh nepenaui indopmariii
BiZlirpae Bupillla/IbHy POJIb B YMOBAX BEJIMKOI KiJIbKOCTi TaHMX, 1110 HAAXOASTH Bifl TPaHCIIOPTHUX 3aCc06iB, a MacIITaboBaHiCTh
CUCTEM JI03BOJISIE IM aJanTyBaTUCS IO 3pOCTAI0UMX MTOTPed MiAIpueMCTB. [lepcrieKTUBHI CUCTeMU [iarHOCTUKY JaTyTh
3MOTry aBTOCepBicam i BUpOOHMKAM TPAHCIOPTHUX 3aC00iB 3HAUHO MiABUIINTY e(eKTUBHICTb 06CTYTOBYBaHHS aBTOIMAPKIB.
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Cloud solutions for data integration and analysis in remote vehicle monitoring

3aBOsIKM MOXKJIMBOCTI BigaJeHOro 3aBaHTaXKeHHSI CIelliali30BaHOro MPOrpaMHOTo 3ab6e3MeUYeHHs, 1iarHOCTKA CTaHe
6inbII TOYHOMO i onepaTuBHOIO. CTaHAapTU3allist iHTepdeiiciB 60pTOBUX CUCTEM JACTh 3MOT'Yy CKOPOTUTY BUTPATH Ha
06agHAaHHS Ta CIIPOCTUTY HaBUaHHS ITepcoHay. KpiMm Toro, akiieHT 3po6/ieHO Ha MPaKTUYHMX aclleKTax 3aCTOCYBaHHS
XMapHMX TEXHOJIOTIH Y peaibHMX YMOBAX eKCIUTyaTallii TPaHCIIOPTHUX cucTeM. IIpakTUUHMi IigXin mependavae aHamis
KOHKPETHMX KeJCiB Ta MPUKIIaAiB BUKOPUCTAaHHS XMapHUX IUIaT(OPM 71T MOHITOPUHTY Pi3HMUX TUITIB TPAHCIIOPTHUX
3ac06iB. 30KpeMa, pO3IJISIAAI0ThCSI MMTAHHS BIIPOBAIKEHHS XMapHUX pillleHb B aBTOTPAHCIOPTHUX ITiATIPUEMCTBAX,
3aJIi3HMYHMX KOMITaHisSIX Ta MOPCbKMX MepeBi3HMKaX. BUCHOBKYM POGOTY MiCTSATh peKOMeHIallii o0 BIPOBAIKEHHS
Ta ONMTUMi3allii XMapHUX pillleHb IJISI MOHITOPUHTY TPAHCIIOPTHUX 3aC00iB, 110 JO3BOJSIOTh 3HU3UTU BUTPATU Ha
06CTYTOBYBaHHS, MTiABUIINTY 6€3I1eKy Ta e(eKTUBHICTb eKCIUTyaTallii TpaHCIIOPTHUX cucTeM. O6’eJHaHHST 1iarHOCTUYHMUX
JaHMX 3 XMapHMMMU Iu1aThopMaMu AJs BifLaqeHOTO TEXHIYHOTO 06C/IyroBYyBaHHS CTA€ BiANOBIAAI0 Ha BUKJIUKU
Cy4aCHOTO aBTOMOOGIIbHOTO TOCITOApCTBa. [HTerpalist X TEXHOJIOTYHUX PillleHb CIIPSIMOBAHA Ha MOJIIIIIEHHS IKOCTi
06CTyTOBYBaHHSI, 3a6e31eueHHs 6e31eKy eKCIUTyaTallii, a TaKOXK 3MEHIIEHHS Yacy Ta BUTPAT Ha TEXHIYHE 00C/ITyTOBYBAHHS

Kno4oBi cnoBa: aBTOTPaHCIIOPTHI 3aco6u; eKCIUTyaTalliiiHa HafifiHiCTh; 3aMacHi YaCTUHM; HEBU3HAYEHICTh;

e(heKTUBHICTb; TPAHCIIOPTHMII IPOIIEC

BcTtyn

Y cy4acHOMY CBiTi pO3BUTOK XMapHUX T€XHOJIOTii BigKpu-
Ba€ HOBi rOpM30HTU B cdepi YIIpaBIiHHS Ta MOHITOPUHTY
TPAHCIIOPTHUX 3ac06iB. BUKOpPUCTaHHS XMapHUX pillleHb
J03BOJISIE 3HAYHO MiABUILIUTY e(eKTUBHICTb 360Dy, 06p06-
KU Ta aHaJi3y AaHUX, 1[0 HAIXOASTh BiJl Pi3HUX CEHCOPiB
Ta MPUCTPOiB, BCTAHOBJIEHUX Ha TPAHCIIOPTHUX 3aCO0aX.
XmapHi TexHonorii Ta [HTepHet peueit (IoT - Internet of
Things) - 1ie ABi TOTYXHi CWIK, SIKi 3MiHIOIOTh Halll CBIT.
Xoua BOHM MOXYTb iCHyBaTM OKPEMO, iXHS B3a€EMOJis Bifi-
KpMBa€ HOBi MOIMBOCTi. XMapu HamaioTh [0T HeoOMe-
SKeHi 00UMCITIOBAIbHI Pecypcy, NO3BOJISIOUM MPUCTPOSIM
mpaioBati edeKTMBHille Ta iHTeleKTyanbHilme. O6en-
HaHHS LMX JBOX KOHIIEIIIili JO3BOISIE CTBOPUTHU PO3YMHI,
CaMOOpTraHi30BaHi CUCTeMM, SKi MOXKYTb ONTMMi3yBaTu
BUPOOHMYI TIpoLIeCcH, MOKPAIIUTU SIKICTh KUTTSI Ta BUPI-
MUTY T106anbHi mpobaeMu. CUHTe3 XMapHUX TeXHOJOTi
ta (IoT) BiZkpuBae HOBi TOPM30OHTU B 0671aCTi 06POOKM Ha-
Hux. XMapa 3abe3mneuye MaciITaboBaHiCTh Ta THYYKICTb,
HeoOXifgHi 11 06pPOOKM BeIMKUX OOCSTiB AaHUX, SIKi Te-
HepyIoTbCsl NMpUCTposiMu IHTepHeTy peueii. lle mosBonsie
CTBOPIOBATHU iHTeNeKTyalbHi CUCTEMM, 3[aTHi CAMOHaBYa-
TUCS Ta aJanTyBaTUCS A0 3MiH. [IMTaHHS 3acTOCYBaHHS
aHasi3y JaHMUX BeIMKOTrOo 06Csry 3 BUKOPUCTAHHSIM XMap-
HMX OOUMCIIEHD [IJIS PO3B’SI3aHHS Pi3HMX 3a7ay aHali3y B
TPaHCIIOPTHI ranysi € gy>ke akTyaJlbHUM.

Ijis Takoro TUITY OOC/iIKeHb OysKe CJIiJi 3aCTOCOBY-
BaTM METOJM BUBUEHHS iCHYIOUMX IiJIXO[iB OO iHTerparii
IiarHOCTMYHUX JaHUX 3 xMapHuMu riatdopmamu ta [0T;
CTBOpEHHS IPOTOTUIIIB CUCTEMM iHTerpauii AJis nepeBipku

Menexep
3aMOBJIEHb

Menexep
[ nosizoens

Jucneryep
KapT

Indopmauis npo
ZIOPOKHIIT pyX

GPS nosimionyBaHus|
(CT,IT)

Jlani Bozis

JlaHi HUIKATOPA HABAHTAKCHHA
Jlani mpo Temnepatypy

JlaHi aBIryHa

Ta TECTYBaHHSl B peaJibHMX YMOBax; aHasli3 CTiliKoCTi Ta
3axo[iB 6e3IeKky pu repegavi Ta 06po6bIli JiarHOCTUYHUX
JlaHUX Y BigganeHuX cepeOBUILAX.

PO3BUTOK Cy4acHMX MiKpOIIPOLIECOPHUX TEXHOJIOTiil
Ta eJeKTPOHIKM CIIPUSIB aKTMBHOMY BIIPOBAJKEHHIO CUC-
TeM MOHITOPMHIY B aBTOMOOiIbHil ranysi. Bouu 3abesre-
YYIOTh KOHTPOJIb 32 MTepeMillleHHSIM TPaHCIIOPTHUX 3ac06iB
Ta MOCTiliHe BiCcTeXeHHS iXHiX MapameTpiB. BuminsgoTp
JIBa OCHOBHi TUIIM KOHTPOJIIO: MOHITOPMHT ITapaMeTpiB Ta
KOHTPOJIb TeXHIUHOro crany T3. [onoBHa BiIMiHHICTb MiXX
HMMM TIOJISITA€ Y BUKOPUCTAHHI iHTepIpeTaTopa AJis aHa-
JIi3y TapamMeTpiB y IepuioMy BUIIJIKy Ta CIelliaai3oBaHoi
CUCTEMM TIPUIHATTS pillleHb IIOAO0 IOaJbLIOl eKCIUTY-
aranii y gpyromy. BopoBaiskeHHSI TakuxX CUCTEM CIIPUSIE
MigBUIIEHHIO eeKTUBHOCTI YIIPaBIiHHS TPAaHCIIOPTHUMU
MOTOKaMM, a TaKOXX OINTMMi3allii epeBe3eHb BaHTaxiB i
nacaxupis [1]. BUpoOHUKM Ta PO3POOHUKM MOLIOGHUX Di-
IIeHb iHTerpyIOTh TEXHOMOTIi AMCTaHLIITHOTO 3B’SI3Ky MK
TPAHCIIOPTHMMM 3ac06aMy Ta OmepaliifHuMM LIeHTPaMM,
o 3abe3revyye CBOEYaCHMU 0O6MiH JaHMMM Ta MiABUIIYE
HaJiliHiCTh ekcIulyaTalii TpaHCIIOPTY [2, 3].

OOHMM 3 IPUKIALIiB TAKOi PO3POOKM € TPaHCIIOPT-
Ho-iHbopMmaniitHoi cucrema Dynafleet, (cucrema no3-
BOJISIE KOPUCTYBAUeBi nepernsaaaT¥ HU3Ky napameTpiB y
peaJibHOMY Yaci, BK/II0Ual04y [IOTOYHE MiClLle3HaX03KeH-
HSI aBTOMOOiJIs1, CIIOKMBaHHS NMaJIMBa TPAHCIIOPTHUM 3a-
cobom, yac po6oTH BOIisl, BUKMOM aBTOMODOIIS Ta iHTEp-
Ba/iM 0OCJIYyTOBYBaHHS), sIka 00CIyrOBye aBTOMOOI Bif
KomiraHii Volvo (Puc. 1).

Jucneryep | |GPS nosimuionysanns|
Kapt (CT,IT)
|
-
mﬂm
Menemxep
3aMOBIICHb
Menexep
TIOBLIOMICHB

KoyyHixauis

Vnipasainng KypHatoM Dynafleet:

3aBan

- 3B1TH BOIB

- 3BITH 32 JAHHMH TPAHCTIOPTHHX|

! 4 [acodis

JaHnxX

PucyHok 1. CTpyKTypHa cXeMa CUCTeMU MOHITOpUHTY TpaHcropTty Dynafleet

D)Kepeno: po3pobieHo aBTopamMu
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Cucrema Dynafleet 3abe3meuye iHTerpaiiito Tesema-
TUYHUX MOZY/IB, SIKi BUKOHYIOTh (YHKLii HaBiraumiiHux
npuiimauis. Ile ga€e 3Mory 3uMTyBaTy BaXKJIMBi apaMeTpu
TPaHCIIOPTHOTO 3aco0y uepes muHy CAN, 30kpema:

# YacTOTy 06epTiB JBUTYHA;

¢ CTaH raJibMiBHOI CUCTEMU;

< IIpOIIeHNII KiToMeTpaXx;

< IIBUAKICTb IIEpECYBaHHS;

# CIIOKVMBaHHS MaJbHOIO.

TenematnuHa cucrema Dynafleet ocHamleHa ctaHmapT-
HuM API-iHTepdeiicom, [0 fae MOK/IMBICTD MepenaBaTu
3ibpani mani B iHII nporpamHi raThopmMu, HaMPUKIAL,
Yy CHUCTEMM JIOTiICTMYHOIO YINPaBIiHHS I€peBe3eHHSIMMU.
Orpumana iHdopMallisi HaACUIAETLCSI OIMepaTopy JIJist
MOJAbIIOTO aHali3y eeKTMBHOCTI eKkcIuTyaTalii TpaH-
CITIOPTHOTO 3aco6y, a TaKOXX OLIiHIOBaHHST SIKOCTi BOAiHHS
Ha OCHOBi JaHMX IpPO MIBUIKICTb, BUTPATU MaJbHOrO Ta
iHIIIi TOKa3HUKY KepyBaHHS.

Anani3 GyHKUIiOHYBaHHSI Ta PO3BUTKY iHbOpMaIlLiii-
HO-TPAHCIOPTHUX CUCTEM MOHITOPMHTY, TakMX sIK Dynafleet,
JIO3BOJIMB BUSIBUTU iXHili OCHOBHMIt HEHOMIK — BiACYTHIiCTb
OLIiHKM psINy K/IIOUOBMX YMOB €KCIUTyaTallii TpaHCIIOpPT-
HUX 3aC006iB. Lle € BYKIMBUM YMHHUKOM JJISI TTiIBUIIEHHS
MOKa3HMKIB iXHbOI HaAifHOCTI Ta edeKTUBHOCTI po6OTH.

IHo3eMHi cucTemu, Taki sk Caretrack i ruDi, 3a6e3me-
YYIOTb KOHTPOJIb TEXHIUHOTO CTaHY, MOHITODUHT Ta YIIpaB-
niHHg T3, ki MOXyTb GYHKIIIOHYBaTH Ha BCiii TepUTOPii 3
MOKPUTTIM M0GibHOrO 3B’s13kKy GSM/GPRS. Bararo iHmmx
MeHUI BiIOMMX CUCTeM TaKOX 3aTHi IIpal[l0OBaT! y BEIMKIUX
Ta CKIaAHUX MepeXkax, Maloul po3IKpeHi MOXIMBOCTI iH-
Tepdericy. OgHak iXHil TOIOBHMIT HEA 0K — HEMOXJ/IMBiCTb
OmnepaTMBHOTO YIIpaBJIiHHS eKkcIuTyaTalieto T3 3 ypaxyBaH-
HSM peajbHUX JOPOXHIX 1 ekcIuTyaTauiiiHux yMmoB. Kpim
TOTO, TaKi CUCTEMM He BPAXOBYIOTb CYy4YacHi O0COGIMBOCTI
ekcruryaraiii T3, 1110, 3TiTHO 3 TeOPeTUYHMMM OCHOBAMMU
TeXHiIYHOI eKCIUTyaTallii aBTOMO6i/IiB, € HEIPUITHATHUM [3].

Cucrema OnStar, po3po6iieHa kommaniero GM, 06’ex-
Hye€ MOOi/NIbHUIT 3B’SI30K, JOTIOMOTY B IOpO3i, eKCTpeHe
pearyBaHHs Ta OVCTaHIIi/iHY A1aTHOCTUKY, 110 MpallO€ Ha
ocHoBi TexHonorii DTCs [2, 4]. 3aranom, L cucTeMa Hafa€
BJIACHMKAM TPAHCIIOPTHUX 3aC006iB MIMPOKMIL CIIEKTD cep-
BiCHMX TIOC/IYT, Cepen, SIKUX:

¢ MOK/IMBICTb TIpOBeEeHHS BifganeHoi AiarHOCTUKMU
TEeXHiYHOTO CTaHy aBTOMOOIJIS;

& eKCTpeHMI BUKIIUK cepBicHOTO 1eHTpy GM abo Haii-
6MVDKIMX CYKO TOPSITYHKY (LIBUIKOI JOTIOMOTH, TTOKEK-
HOI OXOPOHMU, NOMiLii To1O);

& IONIOMOTa Y BU3HAUeHHi HaibiNbll ONTUMAIbHOTO
MapuipyTy pyXy;

¢ KOHCY/IbTalliliHa MigTpMMKa BOJiSl y BUIAAKY [0-
PO’KHbO-TPAaHCIIOPTHOI MIPUTOAU;

& CIIPUSIHHS Y PO3IIYKY BUKPAIEHOTO aBTOMOOIIS;

< I0JATKOBi TeXHiuHi Ta iHdQopMaliiiHi mocayru.

CucremMa aucTaHLiiiHoi giarHocTuky OnStar 1o3Boisie
37ilicHIOBaTH TepeBipKy rmoHaf 400 KoAiB HeCIpaBHOCTEIA,
110 HaAXOMASTh Bifl pi3HMX KOMITOHEHTIB, IMiJCUCTeM i Me-
XaHi3MiB TPAHCIIOPTHOTO 3aco0y.

IOnsa moniTopuury T3 komradisi Caterpillar Buko-
pucroBye mpuctpoi Product Link, saxi 3a6esmeuyioTb

JIIBOCTOPOHHI 00MiH iH(opMalielo MiX BOYyZOBaHMMMU
cucTeMaMuM crielnjianizoBaHoi JOpoxkHboi TexHiku (CIT)
ab0 TPaHCIIOPTHOTO 3ac06y Ta ONEePATOPCHKUM KOMIT I0Te-
pom [2]. Ilepemaua JaHUX 31iiCHIOETbCS yepe3 iHTep-
HeT-niopTtan Dealer Storefront [2]. IloBimomneHHsa Bif
CAT HanxomsTh Yepe3 CYMYTHMKOBI KaHaau 3B’SI3KY B
LeHTp yrpasiaiHHss OrbComm, miciss 4oro mepenarTbCst
B mrTab-kBaptupy Caterpillar gjisi mopanbinoro aHanmisy
eeKxTMBHOCTI BMKOPUCTAHHS TEXHiKM i3 3aCTOCYBaHHSIM
KJIIEHTChKUX cepBepiB 6asu mauux. [TopibHi TenemaTmyHi
pilieHHs BIPOBAAKYIOTH i iHIm Bupo6Huku T3 i CAT, ce-
per sikux John Deere, Volvo Ta inuii [5, 6].

Y kpaimax €C mnomupeHa iHTerpoBaHa CcuUcTema
Mycarevent [2, 7], Ika € YaCTMHOIO €BPOIIEICHKOI MepexKi
eKCTpeHOi AOMOMOTM ISl TPAHCIOPTHUX 3aco6iB. BoHa
po3pobiieHa 3 ypaxyBaHHSIM TOrO, WO IITAaTHA CUCTeMa
6oproBoi miarHocTuky OBD He 3aBXAM 3JaTHA TOYHO
BU3HAUUTM TPUUIMHU HECIIPABHOCTEi, TOMY HeoOXimHi
mopmatkoBi paHi. IIpoekT Mycarevent opieHTOBaHMIT Ha
CHiBIpaIlio KIOUOBUX YUACHUKIB PUHKY: OdillifiHKX Ta He-
3aJIEKHUX CePBiCHUX I[€HTPiB, BUPOOHMKIB aBTOMOGIIiB, a
TaKOX KOMIIaHii, 110 Cleniali3yloThCsl Ha TEXHIYHOMY 00-
CJIYTOBYBaHHI Ta peMOHTI TPaHCIIOPTHUX 3aC0O0iB.

Pe3ynbTatn

3HayHMIT 06CAT HAaHUX, 110 reHepyloTh loT-momaTku, 3my-
urye 6arato KoMmmasiit obupatu obpobky iHdopmarii y
XMapHMX CepBicax, 3aMiCTb PO3TOPTaHHS BJIACHOI Macli-
TabHoi iHbpacTpykTypu. IIpoBigHi MocTayaabHUKM XMap-
HMX TEXHOJIOTi}i y)ke aKTMBHO IPOINOHYIOTh CBOI pillleH-
Hs: Microsoft mpexpcraBuna riargopmy Azure IoT, Toni
sk Amazon Web Services MpOINOHY€e MMPOKUIA CIIEKTP
IoT-nociyr, aHanoriuHo 1o Google Cloud. TexHomorii IH-
TepHeT peyeit Ta XMapHUX OOUMCIeHb CTPIMKO PO3BMBa-
I0ThCSI, KOKHA 3i CBOIMM 0COOGMMBOCTSIMU. IHTepHET peueit
6a3yeThCsl HA iHTENeKTyaIbHUX MPUCTPOSIX, SIKi QyHKITio-
HYIOTb Y IJIOOJIbHIM Mepexi Ta JUHAMiUHOMY CepemoBU-
uii. OCHOBHOIO XapakTepucTukoio IoT € BennKa KilbKiCThb
pO3MoIiieHNX MPUCTPOIB i3 0OMEXeHMMU pecypcamu st
36epiraHHs Ta 06po6KkyM gaHMx. Taki mpucTpoi yacto CTu-
KalOTbCSl 3 BUKJIMKAMMU, TTOB’SI3aHUMU 3 TIPOLYKTUBHICTIO,
HaJiitHicTIO, 6€31eK00 Ta KOHigeHITiliHiCcTI0. YV CBOIO Uep-
Iy, XMapHi 06YMCIEeHHS MPallOlTh HAa OCHOBi MOTYKHOI
iHdpacTpyKTYypH 3 IPaKTUIHO HEOOMEKEHMMMU Pecypcamu
114 36epexxeHHs Ta 06pobKM TaHuX [8].

[IpakTuyHe 3acTtocyBaHHs loT Ta xMapHUX 06uMcC-
JIeHb MOXXHa NPOJEeMOHCTPYBaTy Ha MPUKIaAi aBTOMO-
6ins. Ilicis TpuBanoi MogOpoXi BAACHMUK IOBEPTAETHCS
IogoMy, i JiOro TpaHCIOPTHMI 3acib rMoBigomiise Mmpo
MOK/IMBi HECIIPaBHOCTI Yepes iHAMKaTOP Ha MaHeJli Ipu-
nazniB. BUHMKAe MUTAHHS: UM Lie He3HayHa Impobiema, un
BapTO HeraiiHO 3BepHYTUCS [0 aBTOMalicTepHi? IIpoBiB-
M 6a30BY IiarHOCTUKY, BOAili BUSIBJISIE TTOTEHIiiTHI He-
MOJIaIKM Y Ta/IbMIiBHIil cucTeMi, o Moske OTpe6GyBaTH
yBaru cnetiamicra.

VY 11,0My BUNIAAKY AATYMK PO3PUBY BUSIBUMB HeCIIPaB-
HICTb i Hafic/IaB BiAIOBiAHEe CHOBillleHHS. AHANIOTIYHO, Y
TPAHCIIOPTHOMY 3aco6i PyHKIioHYye 6e3J1iu iHIMUX CeHCo-
piB, SIKi MepenawTb CUTHAIM MPO MOTeHIiitHI IpobiemMu
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Ha LieHTpa/JbHUI1 KOHTPOJIEP, PO3TalllOBaHMIi ITOPYY i3 Ma-
HeJITio TIpuiaaiB. KoHTposiep aHasni3ye oTpMMaHi JaHi Ta B
MOTPiGHUI MOMEHT BifmoOpaskae ImornepesKeHHs Ha eKpa-
Hi. TakuM 4YMHOM, SIK MM 6AUMMO, JeKiJbKa HeBeIUKUX
MIPUCTPOIB CMHXPOHI30BaHO B3a€MOZIOTh /111 BUKOHAHHS
3aBIAHHS, SIKe iHaKIlle BUMAaraao 6 3HaYHUX 3yCUJIb.
B3aeM03B’s130K [HTepHeT peueit i XMapHMUX TeXHOJOTA.
CbOroziHi Mib/1OHM KOMIIaHii i pO3pOOHMKIB 3aiiMaIOTh-
Csl CTBODEHHSIM DillleHb, 110 MOEAHYIOTh IHTepHeT peueit
Ta XMapHi o6umcieHHs. 1Ig TexHoOTiS TpaHchopMyBasia
6es3ytiu chep — Bim JOTicTMKM Ta OCBiTM OO OyHiBHUIITBA
i apxitekTypu. IoT crnpusie CrpolleHHI0 MOBCSIKIEHHOTO
SKUTTS, 3a6e3I1euye aBTOMaTU30BaHMIT KOHTPOJIb Oe3eKu,

JliarHOCTUKY HeCIIPaBHOCTEN, llepefavy JaHUX Y peaabHO-
My yaci, pob6oTu3alliio rnpoiecis i HaBiTb BUKOHYE 3aBJaH-
HSL, SIKi paHillle oTpe6yBain 3HAUHUX JTIOLCbKUX PECYPCiB.

XmapHi pimieHHd A [HTepHeTy peueii. XMapHi miiat-
dbopmu 10T cTBOpeHi fy1st eheKTMBHOTO Ta €KOHOMiUHO
JOLITPHOTO BUKOPUCTAHHS iHdpacTpykTypHu, iHbopma-
LifHMX TIOTOKIB i IporpaMHoOro 3abe3neveHHs. [lonpu Te,
10 XMapHi o6unciieHHs Ta [HTepHeT peueil MalOTh MeBHi
BimMiHHOCTI, iX (yHKIiOHaAbHI MOXIMBOCTI IOMOBHIO-
I0Th OJIHA OfHY. SIK 1Moka3aHo B Tabauui 1, came 1151 B3a-
€MOJOTIOBHIOBAHICTb CTaJla OCHOBHUMM (DakTopoM, sIKuit
CIIOHYKA€E OOCTiAHUKIB N0 iHTerpauii xMapHUX TEXHOJ0-
riit Ta IHTepHeTY peueii.

Ta6nuusa 1. OcobnuBocTi IHTepHeT peyeit Ta XMapu

XMapHi TexHOJOTii 3a6e31Meuy0Th YHiBepCcaaTbHUIA

OcCHOBHI 0T oxoIutioe peanbHi 06’€KTH, SIKi TPUCYTHI . e -
- L IOCTYI IO PeCcypciB, sIKi iCHYIOTh Y BipTyaJIbHOMY
XapaKTePUCTUKU noscoau y GisuuHOMY CBiTi. -
cepeoBUIL;.
O6uncoBanbHa Ipuctpoi IoT MaoTbh 06MeKkeHi MOKIUBOCTI AJIsST BipTyasnbHi 06YMC/IIOBaNbHI pecypcy B xmMapi
HOTY)KHiCTI:n BUKOHAHHS CKIIaOHUX 06‘{]/[CJ'I€HI). TIPpAKTUYHO Heo6me>1<eHi.

O6csr 36epiraHHs
JaHMX

Micue st 36epexxeHHs indopmarii B IoT-
MPUCTPOSIX O6MekeHe a6o Moske 6yTH BifiCyTHIM.

XMapHi rathopMu PONOHYIOTh HEO6MEKeHi
CXOBMLIA [1s1 30epiraHHs JaHUX.

MMigkmioueHHS 8 .
AKIIOUE 06’egHaHHs [oT-ipucTpoiB.

[HTepHeT CJIyTye OCHOBHUM KaHAJIOM ISt

[HTEpHET BUKOPUCTOBYETHCS /11 HAJAHHS Ta JOCTaBKA
TTOC/TYT.

Bsaemopist 3 BeIMKUMU
ITaHUMU

10T renepye Benuki o6¢siru iHdopmarii.

XMmapa 3a6esmneuye 06po6Ky Ta yIIpaBIiHHS BETUKUMU
DaHUMIU.

DoKepeno: po3po6ieHo aBTopaMu

[MoemHaHHS XMapHUX TEXHOJIOTiN Ta IHTepHeTy peueii
(IoT) € onTMManAbHMUM pillleHHIM. Y CTaHAapTHOMY BIIPO-
BamkeHHi [0T fie BenyMKa KiJibKiCTh CEHCOPIB (BiJi AeCATKIB
IO TUCSY), sIKi 36MpatoTh iHbopMallio Ta mepesaiTh ii B
LIeHTpa/1i30BaHy CUCTEeMY /i IOJAbIIOr0 aHasli3y. 3aB1si-
KM XMapHUM TEXHOJIOTisIM OIepaTopy MOOGITbHUX Mepesk
MOXXYTb OTPUMYBATM AOCTYH OO IaHUX OATUYMKIB i3 O6yIb-
SIKO1 TOUKM CBiTy uepes [HTepHeT. Lle o3BosIE iM nIepers-
matu Ta o6pob6asiTu iHdopMmallilo He3aJeXHO Bim Micis
pO3TallyBaHHS 3a JOMOMOIOI0 IifK/IIOYEHUX MPUCTPOIB.

Be3 BMKOpPUCTaHHSI XMApHUX TEXHOJIOTil 06’¢IHAHHS
maHux [oT Ha BeJIMKUX TEPUTOPIsIX i Pi3HUX MPUCTPOSIX
cTae HabaraTo ckiagHimuM. BaraTo KoMIaHii, o mparo-
10Thb Yy cdepi [0T, MpOMOHYIOTH Crelliani3oBaHi miatgopmu
y ¢opmari SaaS, sIKi JormomaramTh KepiBHMKAM BifgasieHo
KOHTPOJTIIOBATY CBOI MiJK/IIOUEHi IPUCTPOI Ta aHaIi3yBaTu

RFID Tern
-

.ﬁj
Kamepu

‘—»

RFID 3uutyBay

Mpotokonu

InTepHet/

30H/YyBaHHA Xmapal
e

f Ta 360py
aHUX
IHTenekTyanbHi garunk
-2

PO3yMHI NiYMALHUKA

D

Mepexa

oTpMMaHi faHi. BogHouac xMapHi cepBicM HaZalTh MOXK-
JIMBICTh KOMITaHisIM 36epirati Ta 06po6SITH 3HAUHI 06CS-
i indopmarii 3 MiHiIMaJIbHUMM BUTpaTaMy, IO BiIKpu-
Ba€ MIMPOKi MOKIMBOCTI 11 aHali3y BeIMKUX TaHUX.

3rifHo 3 YMCIEeHHUMMM [IOCTiIKeHHSIMM, apXiTeKTypa
IoT mopinsgeTbcs HA TPU OCHOBHI PiBHi: piBeHb 3acTOCY-
BaHHS; piBeHb CIIPUIHSTTS; MepeXXeBUii piBeHb. BinbiicTh
eKCIIepTiB BBaXKAlOTh, III0 MepeXeBUit piBeHb BiAIoBimae
XMapHOMY CepeloBUIIy, sIKe peasli3ye XMapOOpi€eHTOBa-
Hy apxiTekTypy loT, ik 300paskeHO Ha PucyHKy 2. PiBeHb
CIIPUIAHSITTA BifIoBimae 3a imeHTudikaiio 06’ekTiB i 36ip
iHdopmalii 3 HaBKOJIMIIHBOrO cepemoBuina. OCHOBHa
(dbyHK11is MepekeBOTO piBHS MOJISITAae B Iepenavi 3i6paHux
IaHuX y xMapy abo uepes [HTepHeT. B cBOIO uepry, piBeHb
3aCTOCYBaHHS Hala€ KOpUCTyBayaM iHTepdeiic Iyt 4OCTy-
Iy 10 Pi3HOMaHITHUX CepBiCiB.

JlonomikHe KepyBaHHst
asTOMOGinem

MoGinbHi KBUTKU
3anobiraHHA HelacH!m
BUNaaKkam
[porHo3yBaHHs
[IOPOXHBOTO PyXy

VANETs
— il

EnekTpoHHa oxopoHa  Konekuist iznunnx
3A0pOB'A 06'eKTiB

laenTudikauis navjeHta

ABTeHTUIKaLis

36ip / BUAOGYTOK AaHUX

PosymHe cepeaosue

MpoTokonu
nopatkis f——» '

KomdpopTHi GyanHkn
Mpomuciosi 3asogy
PosymHuii Myseii
BuiBueHHA BUKMAIB
CnoxXuvBaHHs
enexkTpoeHeprii
AsTomaTtnuHe
YNpaB/iHHz

[AvHamiyne
PiBeHb 3acTOCYBaHHA UIHOYTBOPEHHS
BanaHc noTyxHocTi

—

j@iymua ciTka

PucyHokK 2. Apxitektypa [oT

D)Kepeno: po3pobieHo aBTopamMu
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InTepHet peueii (I0T) € onHi€lo 3 HalinepCcreKTUBHi-
KX i HaligMHAMIUHIIIMX ranxyseii iHhopmaniitHux TexHo-
Jioriii Ha cboronHi. Konuemniiist [oT nepenbavyae B3a€EMOIit0
disnunMX 00’€KTiB («peueit») 3 IT-cucremamu, sIKi 36upa-
I0Tb i 06POGJISIIOTH AaHi PO 11i 06’eKTH a60 Ge3nocepeaHbO
3 Hux. LIg iHopmallis Moske BUKOPUCTOBYBATUCS IJISI PO3-
PO6KM pi3HUX DOJATKIB i cepBiciB, 110 MPSIMO UM o1oceper -
KOBaHO IOB’s13aHi 3 MMM 06’ekTamu [9].

Cdepa 10T OXOIUTIOE IMPOKUI CIIEKTP 3aCTOCYBaHb,
SIKi OXOIUTIOITh 6i3HEeC-CeKTOp, AEePKaBHi yCTAHOBU Ta
CrioXkuBayiB. BoHa MmoegHye TpaguiliiiHO po3pi3HeHi ramsy-
3i — iHdopMmaliiiHi Ta omepauiiiHi TeXHOIOri, CIpuUsIUYn
ixHiii iHTerpalii Ta pO3BUTKY.

o6 3abesneunty edexTBHe GYHKIIOHYBAHHS
IoT-cucreM, HeOOXiZHO PO3POOGISITU apXiTEKTypy, MPUH-
uunM poboTM Ta oreparliiiHi MexaHi3MM, SIKi BifIoBi-
OaTUMyTh BMMOTaM IIOAO MacIITaboBaHOCTI, Ge3meKw,
HaJiifHOCTI Ta KoHbigeHmiiiHocTi. Cepen OCHOBHUX cdep
3aCTOCYBaHHS TeXHOOTii [0T MoXXHa BUAIMUTA:

& IIPOMUCIOBICTD i BUPOOGHUIITBO — KOHTPOJIb i YIIpaB-
JIiHHS TTIPOMMCIOBUM 06/1afHAHHSIM, ONITMMIi3allisl BUPOO6-
HUYMX MPOLIECiB Ha «PO3YMHUX» (habpuKax;

< aBTOMAaTH3allisl OynmiBenb — iHTerpoBaHi cUCTeMU
YIpaBIiHHS iHKeHEepHUMM MepexXamu OynmiBesb, 10 3a-
6e31euyIoTh H6e3repebiiiHy poOOTY BCiX CUCTEM;

¢ iHTeNeKTya/lbHi TPAHCIOPTHI CUCTEMM — TEXHOJIOTi1
YIIPaBJiHHS AOPOXKHIM i 3ai3HUYHUM TPAHCIIOPTOM [JIsI
nigBuieHHs 6e3meky Ta eeKTUBHOCTI IlepeBe3eHb;

< TiIKII0UeHi aBTOMOOIIi — cycTeMu, 10 HaJal0Th BOAISIM
iHbopMmallio PO TOPOXKHIO CUTYAIIiI0, & TAKOK «UOPHi SIIU-
Ku» [IS1 aHATi3y PU3MKIB i BUSHAUEHHS CTPaxoBMX Tapudis;

¢ PO3yMHi MicTa — aBTOMAaTU30BaHUIi MOHITOPUHT i
KOHTPOJIb MiCbKMX CUCTEM JJIs1 i IBUILeHHSI e(eKTUBHOCTI
YIIpaBJiHHS Ta MOKPaLIeHHS SIKOCTi XUTTSI MELIKaHIIiB;

& CIIOKMBUYi 3aCTOCYHKM — cepBicyu Ha 6a3i cmaptdo-
HiB Ta HOCMMMX IIPUCTPOIB [7Is1 MOKpalneHHs KoMpopTy Ta
TepcoHasti3allii moc/yT;

& MeJMIIMHA — OUCTaHIliliHe CIIoCTepeXXeHHs 3a CTa-
HOM 3I0pOB’S TIAIIi€EHTIB, a TAKOX MOK/IMUBICTh BiAmaneHo-
o JIiKyBaHHS;

¢ DO3YMHUII IiM — aBTOHOMHE KepyBaHHS >KUTIOBU-
MU IDPUMILLIEHHSIMY, BK/IIOUal0uM KOHTPO/b KIIMaTUUYHUX
CHUCTeM, YIpPaBJIiHHS MOOYTOBMMM MPUCTPOSIMU Ta aBTO-
MaTM3allilo 3aKyIiBelb BUTPAaTHUX MaTepianiB, 30Kpema
MPOLYKTiB XapuyBaHHSI.

OcHoBoto TexHomnorii 10T € esleKTpOHHI IPUCTPOI, SIKi
B3a€MOJIiOTh i3 Di3UHUM cepeOBUIIEM, 30KPEMA:

& aTyuKy, 1[0 36MpaioTh iHbopMallilo Mpo 06’€KTU
Ta aKTUBHICTb JItogeii. BOHM MOXYTb MaTyu pi3Hi popmmu:
TepMOMeTpPU Ta akcesepoMeTpy GiKCYIOTh YMCIOBI TOKa3-
HUKMU, TOAI SIK KaMepu Ta MiKpopoHM reHepyIoTh ayLio- Ta
BiJI€OIOTOKM, 1110 MiCTSITh CKIAHIiNTYy iHpopMallito. Takox
Io IoT-cucrem BXOIOSTh Masiki Ta JATYMKY BaHTaxXiB;

+ BMKOHABYi MeXaHi3MM, SIKi BIUIMBAIOTh Ha (izuuHi
06’exTu. Lle MOXKyTb OYTH, HAlIPUKIIAL, pesie AJisl KepyBaH-
Hs obnagHaHHSIM (0birpiBaui, BUpobHMui fetani) abo guc-
iei, Iki HaiaTh iHGopMallilo BOAisIM Ta OriepaTopaM.

OcHoBHi acniekTy IoT-cucTeMm, 1110 BIVIMBAIOTh Ha IXHIO
apxiTeKkTypy Ta peanisaliiio:

& MacmTaboBaHICTh — CTOCYETbCS KiJIbKOCTI IMiIKITIO-
YeHUX JATUYMKIB i BUKOHABUMX MeXaHi3MiB, 00CSTY JaHUX,
IIBUIKOCTI IXHBOTO OOMiHY, a TAKOK HEOOXiZHOT 06UMCITIO-
BaJIbHOI IIOTYKHOCTI;

& 00po6Ka BenMKMX JOaHMX - cydyacHi loT-pimeHHs
MOTpeOyIOTh aHaji3y BeaMuYe3HMX MacuBiB iHdopmarriii.
IMoenHaHHA Pi3HUX OKepes JaHUX JJis OTPUMAaHHSI HOBUX
3HaHb € KJII0UYOBOIO XapaKTepPUCTUKOIO TaKUX CUCTEM;

& xMapHi o6umucieHHs — IoT-cucTeMy 4acTo BUKO-
PUCTOBYIOTh XMapHi ruiatrdopmu [jisg 36epiraHHs Ta 00-
pO6KM maHuX, 110 3abesnevye IHYYKiCTh i mMaciiTabosa-
HiCTb aHaJIITUYHMX NIPOLIECiB;

o peanbHUit yac — loT-pimeHHst QyHKI[IOHYIOTH Y pe-
SKMMIi peanbHOTO Yacy, 1[0 BUMarae IBUIKOi 06OpOOKM iH-
(opmariii Ta orepaTMBHOrO pearyBaHHS Ha IOfi;

& HeogHOpigHICT — [0T BK/IIOYA€E IMPOKUIL CIIEKTP
MIPUCTPOiB, Mepexk i KOMIOHeHTiB. i1 3abe3nevyeHHS
3B’SI3Ky Mi>K HUMM BUKOPUCTOBYIOThCS I0T-111/T1031;

¢ Oesreka Ta KOHGQiZeHIiiHiCTh — po3MonineHi
IoT-cuctemMyu MOTpe6YIOTh HAAIIHOTO 3aXUCTY, SIKUIT Ma€
BigmoBimaTy MaciTaboBaHMM i AMHAMIYHMM BMMOraM;

& BiAMOBigHICTH CTaHIapTaM — IJIsl YCIIIIHOTO GYHK-
uionyBaHHS IoT-pilieHb HEOOXiTHO JOTPUMYBATUCST HOP-
MaTUBHUX BUMOT i Ta/Ty3eBUX CTaHIapTiB;

o interparlig — IoT-cucreMu MOBUHHI B3aEMOZIATHU 3
yXXe iCHYIOUMMM TE€XHOJIOTiYHMMMU Ta KOPIIOPAaTUBHUMMU Pi-
IIEHHSIMM, TAKMMMU SIK BUPOOHMYI JTiHii, aBTOMOOGi/IbHI cyC-
TEMU YIIpaBJIiHHS, 6a3y JaHUX TOIIIO.

PosyminHs apxitekrypu [oT nepembayae 3HaHHS MO-
GiIbHMX TIPUCTPOIB, BEG-XOCTUHTY, POGOTU 3 BEJIUMKUMMU
JaHMMM Ta aHAJTITUUHUX MOKIMBOCTeN. KoskHe pilieHHSs
IoT MOsKe BKJTIOUATH ITSITh KJIIOYOBUX IOMEHIB:

& KOPUCTYBALIbKMi1 piBeHb HEe MPUB’SI3aHUIT OO KOA-
HOTO KOHKPETHOTO MepeskeBOro moMmeHy. BiH moxke OGyTu
YaCTMHOIO OYIb-SIKOTO 3 HMX ab0 3HAXOOAUTUCS 103a iXHi-
My Mexxamiu. Lleii piBeHb MicTuTb KopuctyBauiB IoT Ta ixHi
JIONATKU;

o ToMeH 6e3KOHTAKTHOI Mepeski OXOIUTIOE MepeskeBi
MOKJIMBOCTi, $IKi 3a3BMuail pO3MIMPIOIOTH 3arajabHOLO-
CTYIIHMIT MepexkeBuit IpocTip. [Io LIbOro OMeHY HajlexkaThb
MPUCTPOI (30KpeMa AATUMKU, TPUBOIM, ITPOIIUBKYU Ta Ke-
pyloui areHTH), a TaKoXX QisuuHi 06’€KTH, IKi B3a€MOiIOTh
i3 Mepexero;

& IOMEH 3arajJibHOLOCTYIIHOI MepeXi BKJIIYAE JiKe-
pena AaHMX, IO OiATPUMMYIOTh BClo apxiTekTypy loT. Lle
MOXKYTb OYTHM SIK TPaOuIliiiHi KOPIIOPATUBHI CUCTEMMU, TaK
i HOBi mKepena maHux, oTpuMadi uepe3 loT-tipucrpoi. ¥
LIbOMY IOMEHi TaKOX BimOyBa€ThCsl B3a€MOZis 3 iHIIMMM
XMapHUMM IIaTGopMamu;

& XMapHUii TOMeH IocTavyajbHMKaA 00’€IHYE AaHi 3
MIPUCTPOIB, XMapHMUX CEPBICiB Ta iHIIMX [Kepes (Halpu-
KJIaJl, TIOTOIHMX CJIY3K0). BUKOPMCTOBYIOUM TEXHOJIOTI] 1o-
TOKOBOi 00p00OKM Ta iHTerpariii, xMapa aHanisye, Qinbrpye
Ta TpaHCchOPMYE 11i IaHi B PEXXMMi peaibHOTO yacy. TaKox
TYT 3[i/ICHIOETHCS iX 36€ pesKeHHS 1S [TOAATbIIIOT0 aHaTi3Y;

o piBeHb [OCTAaBKM pe3y/lbTaTiB 3abesreuye Iepenavy
06pobeHoi iHgopmarlii KopucryBauaMm Ta gomaTkam. BiH
BMKOPMCTOBYE TpaHcopMaliiiiHi MexaHi3Mu Ta MigKIoue-
Hi KOMITOHEHTM [j1s1 6e31eYHOro OOMiHy ITOBiTOM/IEHHSIMM.
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OpHiero 3 KIOY0OBMX 0ocobamBocTeii IoT-cucTeM € 3a-
CTOCYBaHHS JIOTiKM YIIpaB/IiHHS Ha Pi3HUX PiBHSX iepapxii
3aJIEKHO Bif] YaCOBMX paMOK i 06po6ioBaHMX gauux. [Tim-
CUCTEeMM YTIpaBJiHHS Ta 6Ge3neKku MOKPUBAIOTh yci piBHI
apxiTeKTypu, 3a6e3revuyroun KOHTPOJIb i BUKOHAHHSI TIOJi-
TUK JJ151 BCiX JaHUX Ta JonaTkiB. Kpim Toro, mpoBoanThCS
MOHITOPMHT BiJMOBiZHOCTI CcTaHAapTam [Jjs1 IepeBipKu
e(deKTMBHOCTI KOHTPOIBHUX MeXaHi3MiB [10].

®i3uvHa CYTHICTb — Lie peayibHMIT 06’EKT, SIKUit TIpex-
CTaBJIsI€ iHTepec i MOXKke OYTU MiAAaHUi BUMipIOBaHHIO a60
KepyBaHHIO 3a I0NIOMOI0l0 BUKOHABUMX MeXaHi3MiB. BoHa
€ «pivyto» B IHTepHeTi peveii. Hampukiaz, y JOriCTUYHIN
CUCTeMi TIOCMJIKM BUCTYTAIOTh Gi3MYHUMM 06’ €KTaMM, SIKi
MOXYTb 6yTM OCHAIeHi JaTUMKaMM [IJis1 MOHITOPUHIY Ta
imentudikarii, 3okpema 3a gomomoroo RFID-MiTok a6o
34YMTYyBayiB LITPUX-KOZiB. BomgHOYac, mpucTpoi ojis 34um-
TyBaHHS RFID-MITOK € OKpeMuMu eneMeHTaMM CUCTEMY,
TOZI SIK camMa MOCWJIKA 3aJIUIIAETHCS Qi3MUYHUM 00’ €EKTOM.

IMpucTpiit MicTUTh OAMH 260 KiJibKa JaTUYMKiB, @ TAKOXK
MOZY/b IJI MigK/II0YEHHS A0 Mepexi, [0 JO3BOJSE iHTe-
rpyBaTu iioro B IoT-cucremy. Y fesskux BUMagKax IpUCTPiit
caM € (i3MYHOI0 CYTHICTIO, SIKY KOHTPOJIOIOTh JaTYMKMU,
HampuK/az, akceaepoMeTp y cMapTdoHi. OCHOBHI KOMIIO-
HEHTY IIPUCTPOI0 BKIOYAIOTh:

& 1aTYMK/BUKOHABUMII MeXaHi3M — JATYMKU PEECTPY-
IOTh TE€BHi MapamMeTpy HaBKOIMIIHbOTO CepeloBMILA Ta
MepeTBOPIOIOTS iX y 1ndpoBuit hopmart, Toai Ik BUKOHABYI
MexaHi3Mu 37i/iCHIOIOTD MTeBHi Aii y BiATIOBiAb Ha 11i IaHi;

& areHT - 3a6e31evye MOXK/IUBICTh AUCTAHLIIITHOTO Ke-
pYBaHHS MPUCTPOEM, HiATPUMYE IPOTOKOIM YIIPABIIiHHS
Ta MOXXe BUKOPUCTOBYBATUCS B cucTeMax kKepyBaHHs [0T;

& TIPOIIMBKA — IIpOrpaMHe 3abe3revyeHHsl, MO BiAmo-
Bila€ 3a KOHTPOJIb i MOHITOPUHT po6OTH TIpUcTporo. Ha-
MIpUK/IaL, y TOOYTOBI eeKTPOHilli TPoIIMBKa 3a6e31euye
YIIpaBJliHHS IPUCTPOEM Ha HU3BKOMY DiBHi;

& MepeskeBe MiIK/II0UeHHS — 3a6e31euye 3B’S130K MPu-
crpoto 3 IoT-cucremoro. 3a3Buyaii Lie JIoKajJbHa Mepexa 3
HU3bKMM €HEePTOCIOXUBAaHHSIM, SIKa A03BOJISIE MiAKIIOUN-
T NIpUCTPit Ko uuto3sy [oT.

InTepdeiic KopuctyBaua — 3a6e3revye B3a€MO/Iil0 KO-
pUCTYyBaviB i3 JogaTKaMu, JaTUMKaMM, areHTaMy Ta BUKO-
HaBUMMM MexaHizmamu. OfHaK JAesKi NPUCTPOi MOXYThb
He MaTu 6Ge3mocepeqHbOTO iHTepdeiicy, i Bcsl B3aeMOmist
3[iICHIOETbCSL Uepe3 BiJJajeHe YIpPaBJiHHS 3a JOMOMO-
TOI0 MepeXXeBUX TEXHOJIOTIIA.

IoT Gateway — BuUCTyIae K iHTepdeiic A MigKIIo-
YeHHS OJHOTO UM KiJIbKOX IIPUCTPOIB 0 3arajibHOLOCTYII-
HOi Mepexi, 3a3Buyaii IHTepHeTy. YacTo mpucTpoi MarTh
obMeykeHe MepekeBe ITiIK/IIOUeHHS i He MOXYyTb 6e31oce-
penHbo migxmovyaTucs 0o IHTepHerty. Lle Moske 6yTu yepes
06MekeHHSI eHeproClOoKMBaHHS abo iHmm dakropy, ski
06MeXyI0Th BMKOPUCTAHHS TOTYKHUX Mepexk. JIoKaabHa
Mepexka Ia€ MOXKIMBICTb MPUCTPOSIM OOMiHIOBATUCS Oa-
HuMu 3 1uuto3oM 0T, sikuii moTtiM 3abesnevye 3B’SI30K i3
3arajJibHoAOCTyHOI0 Mepeskelo. IoT Gateway Takoxx Moske
BMKOHYBATH AOAATKOBI QyHKIIii, Taki sIK dinbTpariis ta 06-
pobKa JaHMX, HaJCUIaHHS i OTpMMaHHSI KOMaH[ 3 IHTep-
HEeTY Ta 3aITyCK JIOKAJIbHOI JIOTiKM TOAATKIB a60 CITysKO.

I'poMajicbKa Mepeska — BKJIIOYAE B cebe MMPOKi Mepeski
(3a3Buuail [HTepHeT), XMapHi cucTeMM Ta KpaioBi Mocy-
ru. Peer Cloud - 11e xMapHi cMCTeMM CTOPOHHIX PO3POOHM-
KiB, SIKi HAaI0Th IOCAYTH 3 Mepefadi JaHMUX Ta MiATPUMKIA
mosknmBocreii IoT rmatdopm. Taki XMapy CLIpUSIIOTD Iepe-
Jadi faHux y cucremax [oT Ta MOXyTb HalaBaTy MOXJIM-
BOCTi, HeoOXigHi a1t po6otu IoT. Hanpukian, B cUCTeMax,
gk Smart Cities, MOXXyTb OyTM 3afisIHi TO€IHAHHS KiJTbKOX
meHux cucrem [oT, KoxkHa 3 SIKMX MiATPUMYE IPUCTPOI,
IIpOrpaMu Ta MOCIYTH, 1[0 B3a€EMOJil0Tb Uepe3 OLHOPaHIo-
Bi xmapHi cepsicu. lle 103BoJIsI€ CTBOPIOBATHM CKIaAHIII Ta
MacuITabHim pineHHs.

IMocryru Edge — 3a6esreuyioTh 6Ge3IeuHy Iepena-
vy ngaHux 3 IHTepHeTy B XMapy IoCTayajbHMKa Ta Ha
MiAIPUEMCTBO. BOHM TakoX HiATPUMMYIOTh IPOTpaMu IJIst
KiHIIeBMX KOPUCTYBauiB.

IMpoBaiimep Xmapu — Hajgae ocHOBHi mporpamyu [oT
Ta CYITyTHi CEPBicH, TaKi SIK 30epiraHHS JaHUX MPUCTPOIB,
aHaNiTMKYy, YIIpaB/IiHHA IpouecamMu B cucteMi 10T, a Takox
CTBOPEHHS Bisyasisarliii JaHux. XMapHe cepemoBuiiie 3a6e3-
revye MacIITaboBaHiCTh i €/IaCTUYHICTD /11 pOOOTH 3 BEJIN-
KMMM 0OCSIraMu JAaHMUX i BUMOTaMU JI0 IIBUIKOCTI 06POOKM.

TpaHcdopmariis Ta nigkaoueHHs [0T — 3a6e31MeuyoTh
6esneyHe 3’egHaHHSA MK mpuctposmu IoT. Leit komIio-
HEHT NOBUHEH OYTH 30aTHUM 06POO/ISITM Ta MapIIPyTU3Y-
BaTM BeIMKi 0O6CATY JAHMX 0 MOTPIOHMX KOMITIOHEHTIB B
cucremi [oT.

Jlorika nomaTKiB — 1le OCHOBHi eleMeHTU MpoTpamu,
SIKi 3a3BMYAail BiAIoOBima0Th 3a B3aemogiio 3 loT-ganumu
MIPUCTPOiB, BUKOHAHHS Pi3HMUX CAYKO i MiATPUMKY IMpo-
rpam JJj1s1 KiHIleBUX KOpUcTyBauiB. JIorika nmporpamu Mmosxe
BKJIIOYATY POOOUi MPOLEeCH, a TAKOXK JIOTiKYy yIpaBJiHHS,
sIKa BU3HA4aeE, SIK BUKOPMCTOBYBAaTY BUKOHABUI MeXaHi3Mu
JU1st BIUIUBY Ha GisuyHi cyTHOCTI B cuctemax [oT, mo mic-
TATb TaKi MEXaHi3MMU.

Bisyasnisauisi — Hajae KOpUcCTyBayaM MOX/IMBICTb 0-
CTIKYBAaTH Ta B3a€EMOIISITY 3 TaHMMM, SIKi 36epiraroThcst
B CXOBMILIAX, @ TAKOXK 3 pe3yJabTaTaMy aHAIITUKU B iHCaii-
T-JojaTKax abo KOpIopaTUBHMX Mporpamax. Bisyamizaris
BKJIIOUAE iHTepdeiic KopUCTyBaua AJis KiHI[eBUX KOPUCTY-
BauiB, aAMiHicTpaTuBHMII iHTepdeiic, a TakoX iHdopMa-
LiliHi IMaHesIi SK MiIKOMIIOHEeHTH.

InTepdeiic KiHLIEBOrO KOPUCTYBaya — I03BOJISIE B3a€-
MOZiSITM 3 KOPIOPaTUBHUMM IIporpaMamu, IeperisagaTu
pes3y/nbTaTy aHaJTiTUKY Ta BUKOHYBATH iHIIi onepauii. Llei
iHTepdeiic BKIOYAE SIK BHYTPIlIHI, Tak i MOGi/IbHI iHTED-
(eiicu, opieHTOBaHI Ha CrIOKMBAYA.

ApmiHicTpaTuBHMIT iHTEpdelic — 3abe3meuye NOCTYII
aJMiHicTpaTopaMm A0 MOKa3HUKiB, MOHITOPUHT JaHUX Ta iX
00pOOKY.

IndbopmariiiiHa aHenb — JO3BOJISIE KOPUCTYBAYaM Iie-
permisanati pisHOMaHiTHI 3BiTH. IHTepdeiic agmiHicTpaTo-
pa Ta iHdopMaliiiHa TaHeNb € BHYTPilIHIMU iHTEpdeiica-
MM KOpUCTyBaya.

AnHaniTuka - mosisira€ B 3HaXOMKeHHI i mepepaui 3Ha-
yymux rnarepHis inbopmarii 3 [oT-maHux ajis onucy, mpo-
THO3YBaHHS Ta TOKpalleHHs1 eekTUBHOCTI 6i3Hec-mpo-
1eciB. CxoBuIle JaHUX AJI QaHATITUKY MigTPUMYE POOOTY
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3 pPi3HMMM TUIIAMU JKepesn JaHuX (CTapumu, HOBUMMU Ta
MIOTOKOBMMM), KOPIOPaTMBHMMM IpOrpamMaMy, OuMile-
HMMU Ta [OBiIKOBMMU [JaHMMM, & TaKOX pe3yabTaTaMu
MOTOKOBOiI aHaliTUKMU. OCHOBHI MOIMBOCTI aHaTiTUKU
BKJIIOUAIOTh: JOCTIIKeHHS Ta apXiByBaHHS (IJ1s1 36epiran-
Hs i aHA/Mi3y BETMKMUX OOCSITIB JaHMX 32 JOTIOMOTOI0 Pi3HUX
iHCTpYMeHTIB), IMMOOKY aHATITUKY Ta MOAETIOBAHHS (3a-
CTOCYBaHHSI CTaTUCTUYHUX Mozesieii st 06po6Ku Benn-
KMX MacuBiB JaHMX, BKIIOUal0UM HECTPYKTYPOBaHi i cinabo-
CTPYKTYpPOBaHi), iHTepakKTUBHMII aHaTi3 Ta 3BiTHICTH (AJ1sT
BimMoBiAi Ha 3amMTaHHsS 6i3HECy Ta oIepalliil 3 BeIMKUMU
JaHMMM), @ TAKOX KaTasoT JaHUX.

VripaBiiHHS poliecami — 1ie JisIbHiCTb, 1110 OXOTUTIOE
TIaHYBaHHSI, PO3pPOOKY, BIPOBAIKEHHSI Ta MOHITOPUHT
BMKOHaHHSI 6i3Hec-1mporieciB. Cucrema [oT moske migTpu-
MYBaTy yIIPaB/IiHHS NIPOLlecaMy B TelepPillHbOMY Yaci.

CxoBulIlle JaHUX MPUCTPOIB — 36epirae maHi, 1Mo HaJ-
xofsTh Bif IoT-mpucTpoiB, 1110 AO3BOJSIE iHTErpyBaT Iii
JlaHi 3 mpoliecaMy Ta porpamMamu B pamkax cucremu IoT.
OCKisIbKM MPUCTPOI MOXKYTh TeHepyBaTH Belnye3Huit 06-
CAr JaHUX Y peaJbHOMY 4aci, CXOBUIE NaHUX MOBUHHO
6yTM THYYKMM i 3JaTHUM A0 MacCIITaOyBaHHSI.

VrpasninHs API — my6i1ikye KaTaaory Ta oHOBIOE API
JJ1S1 IMPOKOTo Kojla cepefoBuUll, po3ropTaHHs. Lle 1o3Bo-
Jisle pO3pOOGHMKAM Ta KiHIIEBMM KOPUCTYBayaM MIBUAKO
CTBOPIOBATU pillleHHS LUISIXOM BiJKPUTTS Ta TOBTOPHOTO
BUKODUCTaHHS iCHYIOUMX JaHUX, aHATITUKY Ta CepPBicCiB.

ViipaBiiHHS IPUCTPOSIMU — 3a6e31euye ehekTUBHE Ta
6es3reyHe MiAKIIOYEHHS IPUCTPOIB 40 XMapHOi miatdop-
mu. Lle BKiTIOUae B cebe peecTpallilo MpucTpoiB, BigganeHe
agMiHiCTpyBaHHS, OHOBJIEHHSI IIPOTPaMHOr0 3abe3IeyveH-
HSl, IMCTaHIliliHe KepyBaHHS Ta KOHTPOJIb IIPUCTPOIB.

Peectp npuctpoiB — 36epirae indopmariito mpo mpu-
cTpoi, 3 ikuMu cucreMa [oT Moxke B3aeMOZisATU, KOHTPO-
JIIOBATU Ta KePyBaTy HUMMU. [l NiAK/IIOUEHHS Ta KepyBaH-
HSI puctposimu 1o cucremu IoT ix, iMoOBipHO, TOTPi6GHO
6yzne morepeqHbO 3apeecTpyBaTu. OCKiIbKY B pO3rOpTaH-
Hax [0T Moxke 6YTHM BesMKa KiIbKiCTbh TPUCTPOiB, MacIITa-
60BaHiCTb PEECTPY € BASKIMUBOIO.

Cnysx6a imenTtudikaiii mpucrtpois — 3abe3mneuye Ha-
IiftHy imeHTUbIKALil0 NPUCTPOIB MMepen HAZAHHAM iM
Jnoctymy o cucremu ta nporpam loT. Inentudikanis mno-
romara€ 3MeHIIUTU PU3UKMU, TIOB’SA13aHi 3 MiIpo6IeHUnMU
MIPUCTPOSIMU UM CEpBEPaMU.

Besrmeka Ta KOHO®IiJeHLiiHiCTh — B paMKax pO3ropTaHb
IoT HeobOXigHO BpaxoOBYBaTM SIK 6e3meKy iHGopMaLiiiHux
texHosnorii (IT), Tak i ememeHTiB TexHosorii onepaitiii (OT).
VBara 0 6e3MeKu 3aJeKUTh Bifl cepeoBUIla 3aCTOCYBaH-
Hsl, CTPYKTYpU Oi3Hecy Ta OIiHKM pu3uKy. OLliHKa PUUKY
BKJ/IIOUA€ aHaji3 MOTeHIiliHKX 3arpo3 Ta aTak, a TaKOX BU-
TparT, 1[0 MOXKYTb OYTY MOB’SI3aHi 3 TAKMMU iHLIMIEHTaMMU.
Kpim toro, migkmtoueHHs IT-cucremM 10 GisMyHUX cuUCTEM
notpebye BpaxyBaHHsI BIUIMBY O6e3neku 10T, 106 rapaHTy-
BaTH, 1O MPOLIECH MOKYTh OYTU PO3TOPHYTI Ta KepoBaHi
TakuM YMHOM, 106 cucTeMa 3aluiiaiacs 6e3neyHor0 Ha-
BiTb [P BiIK/IIOYEHHI BiJ iHIIMX YaCTUH PO3TOPTaHHS.

3axuct manmx. IdaHi, 110 36epiraioTbCsi Ha MPUCTPO-
SIX, TIepefaloThCsl uepe3 3arajibHOAOCTYITHI Mepexi, XMapy

MocTavyaJbHMKA Ta KOPIOPATMBHI Mepeski, IOBMHHI OyTHU
3axMIleHi BiJi HeCAaHKI[iOHOBAHOTO [JOCTYIly Ta BUKOPU-
cTaHHS. [l 11bOTO 3aCTOCOBYIOTHCS Pi3HiI MeTOAM, 30Kpe-
Ma, BUKOPMUCTAHHS KiJTbKOX PiBHIB 3aXMUCTy Ijs1 60pOThOU
3 pi3HMMM TUITaMu 3arpo3 abo izondiii maHux Big pisHMUX
KOMITOHEHTIB CUCTeMU. 3axUCT JiHii 3B’I3Ky MOXe OyTu
JIOTIOBHEHM 1 MbPyBaHHSM Ha PiBHi MO JaHUX i migmm-
CaHHAM, 37iliCHIOBAaHUM 6e3I10CepeHbO Ha MPUCTPOI, 110
rapaHTye HaCKpi3HMIt 3aXUCT 3B’SI3KY. [laHi, 1110 3HAXOASTh-
Cs1 B CITOKOi, MOXKYTb OyTH 3ammdpoBani B 6a3i gaHux, Ha
Iyckax abo Hocisx 1jist 3armobiraHHs BUTOKaM i HerpaBo-
MipHOMY BUKOPUCTaHHIO. Po3iinpeHe 36MpaHHs JaHUX Ta-
KOXX BMMarae JIogaTKOBOi yBaru A0 KOHQigeHIiitHOCTi, 1110
BKJIIOYAE PO3IIOALJ, pefaryBaHHs Ta 06pobky nanmux. Oco-
6711BO BasKJIMBO BPaXOBYBATH, UM BKJIIOUAIOTHCS B CUCTEMY
IoT ocobucTi gaHi, 1o Moske TATHYTHM 3a CO60I0 IOpUINYHI Ta
HOPMAaTUBHI BUMOTH, III0 YaCTO HA3MBAIOThHCS «KOHDimeH-
LilHiCcTIO». SIKIO € MOXKIUBICTD ifeHTUdiKaLii TpUCTpPoiB
a60 1aHMX 3 KOHKPETHOI 0C06010, I1i JaHi MOXYTh BBasKaTH-
cs1 inenTudikauiiinumm. CyKymHi 1aHi MOXKYTb O6YTH BUKO-
pUCTaHi [j1s1 BCTAHOBJIEHHSI 0CO0M, 10 SIKO1 BOHY Ha/lexkaTh.

MOHITOpUHT, aHai3 i pearyBaHHs Ha 6e3MeKy. Y KOX-
Hiit cucTemMi Mae 6yTu BOYyLOBaHMII MOHITOPMHT [JISI BU-
SIBJIEHHS] aKTMBHMX aTaK y peajbHOMY 4aci. 3Bakalouy Ha
maciutab IoT-cucreM, KibKiCTh IPUCTPOIB i 06csT 06po-
6moBaHoi iHdopMaliii, aBTOMaTH30BaHi CUCTeMM TTOBUHHI
6yTM 30aTHi pearyBaTy Ha BioMi aTaKy Ta BUSIBJISITH 1103~
piny noBefiHKy. Peakiiisg Ha aTaky MOXKe BK/IOYATY TMMYa-
COBY i30JISI11i10, KApaHTMUH 260 BWJIyUEHHS] YaCTUH CUCTEMU
10T, a Takok popmanbHi mpouecu ISl YCYHEHHSI BUSIBIIe-
HMX BpasauBocTeit. Ik i B IT-6e3reri, BUsIB/IeHi ypasin-
BOCTi MOBMHHI O6yTM PO3KPUTI, 1106 3a1iikaBaeHi CTOPOHU
MOI/IM BXXUTU 3aXO[iB 3 IOMSIKIIEHHS HaCIiAKiB, 3MiHU
KoHbirypaniif i cBoeuacHOr0 OHOBJIEHHSI CUCTeM. ATaku
MOXYTb MaTu pi3Hi dopmmu, 30kpema, iH’eKii0 anpim-
BUX 260 XMOHMX JAHUX AATUMKIB /IS MaHIITyTIOBAaHHS aB-
TOMAaTU30BaHUMM CUCTEMaMMy, L0 MPUIMAIOTh pillleHHs.

VYripaBaiHHS SKUTTEBUM LMKIOM [0T-cucTeMu € CKIa/i-
HMM NIPOLIECOM, SIKMIi OXOIUIIOE YIIPAB/iHHS iJleHTUYHICTIO,
MIPUCTPOSIMM, JIAHIIOTAMM IOCTAYaHHSI, PO3POOKY IMpo-
rpaMHOro 3abe3leveHHs], a TaKOX YIPaBIiHHS 3MiHAMU
B YK€ PO3TOpHYTUX cucTeMax. Bci 1i eneMeHTV MOBMHHI
BpaxoByBaTy Ge3IeKy [IJIs 3a1100iraHHs aTakaM, Bif IIKiz-
JMUBUX 10 e(eKTUBHOTO YIPaBIiHHS KpUITOrpadiyHMMM
xinouamu. Kop, kitoui Ta ¢isvuHi KOMIIOHEHTM TTOBMHHI
6yTy mepeBipeHi Ha BCix eTarax — Bif 3aKyIiBJi J0 BCTa-
HOBJIEHHS Ha NpucTposx i nutosax IoT. Cuctema noBMHHA
TaKOX MiJTPUMYBATU MOK/IMUBICTb 6€3I1€YHOTO OHOBIEHHS
OKpeMUX KOMIIOHEHTIB JJis1 BUIIpaB/IeHHSl BPas3IMBOCTEN
i BripoBaaskeHHST QYHKUIOHATBHUX MOKPAIeHb IIPOTITOM
YCbOTO KUTTEBOTO LMKITY. AHAIOTIUHI MPUMHIUIIN Ge3MeKu
3aCTOCOBYIOTBCS Vi A0 KOH(iAEHIIITHOCTI Ta 3aXUCTy JaHUX.

BUCHOBKM

HocmimKkeHHs1, TpoBefieHe B pPOOOTi, AEMOHCTpPYE, MO [H-
TepHeT peueit (I0T) cTae Bce GiNblI MOMMPEHOI 06UMC-
JIIOBAJIbHOIO TEXHOJIOTI€I0, 1[0 BMMAara€ BeJIMKUX 00CSTiB
30epiraHHS JAaHMX Ta TOTYKHMUX MOXJIMBOCTEN IJIT iX

Journal of Mechanical Engineering and Transport, Vol. 10, No. 2, 2024




Cloud solutions for data integration and analysis in remote vehicle monitoring

06po6Kku. [HTerpailis xMmapHux TexHosorii 3 10T mo3Bossie
06po6ISTM Ta TepemaBaTv Pi3HOMAHITHI JaHi 3a KiJbKa
CeKyHH B O6yIOb-sIKy TOUKY CBiTy, IO € 3HAYHOIO TepeBa-
TOI0 /IS CYCITiJIbCTBA, & TAKOX /IS aBTOMOOIJIbHOT ramysi.
O6’emHaHHS IMX TEXHOJIOTii CTBOPIOE CMHEPTiI0, OCKIIbKY
BOHM JOTIOBHIOIOTh OJTHA OJHY B Pi3HUX acreKkTaxX QyHKIIi-
OHAJIBHOCTI. Y PO6OTI MigKpecieHO BaskIMBiCTb CTBOPEHHS
xMapHoro migxony mo IoT. O6roBoproeThCS apXiTeKTypa
IoT Ha ocHOBi XMapu, pi3HOMaHITHI clieHapii 3acToCyBaH-
Hsl, @ TAKOX MTPO06IeMH, SIKi BUHMKAIOTh IIPU iHTerpariii nmux

TEXHOJIOoTii. [IpOTSIrOM HACTYITHMX POKIB Gyae po3pobeHo
6arato [oT-cucrem, 110 OXOIUTIOIOTH pi3Hi chepu, 30kpema
i1 aBTOMOO1/IbHY rany3b. Taki cuCTeMM CKIAAAIOTHCS 3 UMC-
JIEHHMX KOMITOHEHTiB, KOKeH 3 SIKMX Ma€ CBOi BJIACHi BU-
KJIMKU. ACTIEKTY MacIITabyBaHHs, MBUIKOCTI, 6e3mexku Ta
KoHigeHiitHOCTI B cucremax IoT moTpebyoTh ocobin-
Boi yBaru. Iligxin, BUKIameHuit y 1iit pobori, 3a6e3reuye
HaJiliHy OCHOBY AJi1 po3yMiHHS cucteM [oT i BupileHHS
pi3HMX 3aBAAHb CUCTEMATMYHO Ta JIOTiUHO, 10 Ma€ OyTu
3aCTOCOBAHO IPU eKCIUTyaTallii aBTOMOOITIB.
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Cloud solutions for data integration and analysis in remote vehicle
monitoring

Abstract. The research work is aimed at studying, developing and optimising a system for integrating diagnostic data
with cloud platforms to implement remote monitoring of motor vehicles. The results of this research will not only help to
increase the efficiency and availability of vehicle maintenance, but also identify new areas of development in the field of
transport technology and cloud technologies. The paper also addresses the issues of data security, information transfer
efficiency, and scalability of solutions, which are key to the reliable operation of remote monitoring systems. Ensuring
the confidentiality and integrity of data is a top priority, requiring the implementation of advanced encryption and access
control methods. The efficiency of information transmission plays a crucial role in the face of a large amount of data coming
from vehicles, and the scalability of the systems allows them to adapt to the growing needs of enterprises. Future systems
will allow, if necessary, downloading specialized diagnostic methods for troubleshooting from a remote service centre;
standardization of functionality and interfaces of on-board vehicle monitoring systems of different manufacturers to reduce
the range of test and diagnostic equipment. In addition, the emphasis is placed on the practical aspects of applying cloud
technologies in real-world transportation systems. The practical approach involves analysing specific cases and examples
of the use of cloud platforms for monitoring various types of vehicles. In particular, the paper considers the implementation
of cloud solutions in road transport companies, railway companies and sea carriers. The conclusions of the paper include
recommendations for the implementation and optimisation of cloud-based solutions for vehicle monitoring, which can
reduce maintenance costs, improve the safety and efficiency of transport systems. Combining diagnostic data with cloud-
based platforms for remote maintenance is becoming a response to the challenges of the modern automotive industry. The
integration of these technological solutions is aimed at improving the quality of service, ensuring operational safety, and
reducing maintenance time and costs

Keywords: cloud technology; data analysis; vehicles; Internet of Things; information transfer; cloud environment;
intelligent transportation systems
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Improving ship manoeuvring accuracy in shallow water:
The role of navigation equipment and hull design

Abstract. The study was conducted to analyse the impact of modern navigation equipment and ship hull design
on improving the accuracy of manoeuvring in shallow water. The study used methods of analysis and comparison of
the effectiveness of modern navigation equipment, evaluation of ship hull design solutions, and integration of these
technologies to improve the accuracy of manoeuvring in shallow water. It was found that the use of modern dynamic
positioning (DP) systems and high-precision navigation equipment, such as satellite systems and electronic mapping
systems, significantly improves the accuracy of ship manoeuvring in shallow water. Ships with a flat hull and minimal draft
were found to have better manoeuvrability compared to traditional designs. Optimisation of the bow shape and the use of
stabilisers can reduce water resistance and improve handling. The use of highly sensitive steering systems improves steering
precision in limited spaces. It was concluded that the integration of these technologies can significantly improve the safety
of navigation in shallow water. It was also found that high-resolution radars and automatic identification systems effectively
reduce the risk of collisions when manoeuvring in narrow channels and ports. In addition, vessels with an improved hull
design were found to have reduced hydrodynamic resistance, which helps to reduce fuel consumption in shallow water.
The study provided practical recommendations for implementing modern navigation systems and improving ship hull
design, which increases the accuracy of manoeuvring in shallow water and improves navigation safety. Overall, the results
confirmed the importance of integrating navigation technologies with hull design solutions to improve the efficiency and
safety of navigation

Keywords: dynamic positioning systems; bow shape optimisation; design solutions; collision risk; hydrodynamic resistance

Introduction

In modern navigation, the accuracy of ship manoeuvring in
shallow water is critical to ensuring the safety and efficien-
cy of operations in narrow channels and coastal areas. Shal-
low water presents particular challenges for ship drivers, as
the limited depth of the water can lead to increased hy-
drodynamic resistance and difficulty controlling the vessel.

In this context, the role of modern navigation equipment
and optimised hull design becomes particularly relevant.
The use of advanced technologies such as dynamic posi-
tioning systems (DP), Global Navigation Satellite Systems
(GNSS) and Electronic Chart Display and Information
Systems (ECDIS) can significantly improve manoeuvring
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accuracy, reduce the risk of collisions and ensure more effi-
cient use of water space. In addition, improvements in the
design of the ship’s hull, including optimising the shape of
the bow and using stabilisers, help to reduce hydrodynamic
resistance and improve handling.

Managing vessels in shallow water is a complex task
that requires improved navigation and design solutions
to ensure accurate manoeuvring. The problem of ma-
noeuvring accuracy in conditions of limited space and
water depth has been considered in numerous studies.
X. Zhang et al. (2021) emphasised the importance of im-
plementing automated navigation systems to improve ma-
noeuvring in conditions of limited depth. The researchers
emphasised that these systems minimised the impact of
the human factor, which is especially important in difficult
shallow water conditions. Y. An et al. (2021) investigated
the effect of ship design on their ability to manoeuvre in
conditions of limited depth. They showed that optimising
the shape of the hull reduced water resistance and im-
proved ship efficiency, but did not sufficiently consider the
impact of such innovations on fuel consumption and envi-
ronmental aspects. R. Okuda et al. (2022) investigated the
impact of ship design on their ability to manoeuvre in shal-
low water. They proved that hulls with reduced draft and
optimised shape reduced water resistance, which improved
the efficiency of ships.

Design solutions for improving the stability of vessels
during manoeuvring in shallow waters were investigated
by M. Maljkovi¢ et al. (2024). The researchers confirmed
that such solutions are effective and significantly improve
the handling of ships. The role of intelligent control sys-
tems in performing complex manoeuvres with minimal
errors in unstable conditions was confirmed by H. Zhou et
al. (2022). The researchers noted that these systems reduce
the load on the crew and increase the accuracy of manoeu-
vring. International standards in navigation technologies
that provide a single platform for innovation, according to
J.H. Lim et al. (2023), are important for the development
of shipbuilding. This was also confirmed by A. Oruc et
al. (2022), drawing attention to the fact that standardisa-
tion allows for more efficient integration of new control
and navigation systems. O.P. Igbinenikaro et al. (2024)
added that combining engineering solutions with new
technologies is key to ensuring the safety of navigation in
shallow water conditions. S. Zhang et al. (2023), X. Wang &
E.H. Xu (2022) also stressed the importance of innovations
in hull design to improve manoeuvrability and reduce the
risk of running aground.

The purpose of the study was to find out how the latest
navigation devices and the shape of the ship help ships to nav-
igate more accurately in shallow water. Research objectives:

1.To analyse the effectiveness of modern navigation
systems, such as GNSS and ECDIS, in improving the accuracy

of ship manoeuvring in shallow water and their impact
on reducing the risk of collisions and improving safety.

2. To investigate the impact of optimising the design
of the hull of ships, including stabilisers and improving the
shape of the bow, on reducing hydrodynamic resistance
and improving manoeuvrability in limited conditions.

3. To evaluate the economic aspects of introducing new
navigation and design technologies, in particular, their ef-
fectiveness in reducing fuel consumption and improving
the overall efficiency of navigation in shallow water.

Materials and Methods

The study analysed key aspects of both navigation equip-
ment and hull design to determine the most effective
technologies and design solutions that affect the manoeu-
vrability and safety of navigation in limited spaces. The
main components of navigation equipment that have been
evaluated are GNSS, such as the Global Positioning System
(GPS) and the BeiDou Navigation Satellite System (BDS),
which provide accurate positioning of ships in narrow wa-
ter spaces. The analysis included comparison of the accu-
racy of various satellite systems in real-world navigation
conditions. ECDIS was examined in terms of its ability to
integrate depth, obstacle and channel marking data to help
avoid underwater threats and provide detailed electronic
charts. The Automatic Identification System (AIS) was con-
sidered in terms of their effectiveness in tracking the posi-
tion of neighbouring vessels and avoiding collisions, espe-
cially in narrow channels and port areas. High-resolution
radars were evaluated for their ability to detect underwater
objects and coastlines, especially in low visibility and shal-
low water conditions. DP systems have been investigated
in terms of their functionality in maintaining a fixed ship
position in shallow water without using an anchor, which
reduces the risk of damage to the sea floor.

Research on ship hull design has focused on several
aspects that affect manoeuvrability in shallow water. The
efficiency of using wide and flat hulls to reduce the ship’s
draft and increase its stability in shallow water was evalu-
ated, and the influence of various hull shapes on water re-
sistance was studied. The effect of stabilisers on the ship’s
hull on improving handling and reducing drift was stud-
ied, and the effectiveness of different types of stabilisers
was compared. The analysis of the bow shape of the ship
concerned the effect of the optimised shape on reducing
hydrodynamic resistance, and the effectiveness of various
design solutions in improving handling in shallow water
was evaluated. Research on modern high-sensitivity steer-
ing systems has covered their ability to perform precise
manoeuvres in narrow and limited conditions, and the ef-
ficiency of using two steering blades or steering machines.
The following equations were used in the study:

1. Equation for determining GPS accuracy (1):

Accuracy = \/(GPS Errorhorizontal)? + (GPS Errorvertical)z’ (1)

where GPS Errorhorizontal — horizontal error of GPS; GPS
Errorvertical — vertical error of GPS.

2. Equation for determining ship draft (auxiliary equa-
tion for stability) (2):
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-w
Draft = oy 2)

where W - ship weight; p — water density; A — cross-sec-
tional area of the hull at water level.
3. Equation for calculating the stabiliser moment (3):

M=Cdx%xpr2xA, (3)

where M - moment of stabilisation; C, - stabiliser resist-
ance coefficient; V - ship velocity; A - stabiliser area.
4. Equation for calculating water resistance (4):

R=%xpr2xAxCd, 4)

where R — water resistance; A — surface area in contact with
water; C, - resistance coefficient.

5. Equation for calculating the moment of force re-
quired for steering (5):

_ Fxd
" sin (0)’ ®)

where M — moment of force; F — force on the steering
system; d — distance to the point of force application; 6 —
steering angle.

An important aspect of the study was the integration of
navigation equipment with the hull design. The analysis in-
cluded how data from radars and ECDIS can be used to auto-
matically adjust the position of the ship’s hull, which helps
to reduce the impact of hydrodynamic forces. Ways to im-
prove the efficiency of DP systems in vessels with improved
hull design were evaluated. Thus, the study included a com-
prehen sive analysis of modern navigation equipment and
design solutions to improve the accuracy of manoeuvring
vessels in shallow water, which allows ensuring the efficien-
cy and safety of navigation in conditions of limited space.

Results and Discussion

GNSS systems, particularly GPS, BDS, and Galileo, play a
critical role in modern marine navigation, ensuring pre-
cise ship positioning even under challenging conditions
(Wang et al., 2023). GPS and BDS use satellite signals to
determine the exact location of an object on Earth. Both
systems provide data that is critical to the safety and effec-
tiveness of maritime operations. Due to the high accuracy
of GPS and BDS positioning, ship drivers can accurately
track the movement of their vessels and monitor their posi-
tion in real time, which is especially important in confined
spaces where even a small deviation from the course can
cause danger. The positioning accuracy that these systems
provide is based on the use of signals coming from satel-
lites located in Earth orbit. The signals of GPS satellites

and the BDS system have a high resolution, which allows
achieving accuracy within a few meters or even centimetres
when using additional correction technologies.

Galileo, the European GNSS, offers several advantag-
es, including high accuracy and dual-frequency capabil-
ities, which improve performance in environments prone
to signal disruptions. Its open service provides positioning
precision within one meter, while additional correction
through the European Geostationary Navigation Overlay
Service (EGNOS) can enhance accuracy to the centimetre
level. Galileo’s use in maritime operations is essential for
navigation in confined areas like coastal waters, narrow
channels, and rivers, where even minor course deviations
can lead to accidents. By integrating with GPS and BDS,
Galileo enhances redundancy and availability, ensuring
continuous positioning, especially in urban or obstructed
environments where signals from other systems might fal-
ter. The system’s resilience and advanced features, such as
better multipath mitigation, make it a reliable solution for
real-time vessel tracking and manoeuvring in both open
seas and complex waterways. These GNSS technologies
significantly reduce the risks associated with human navi-
gation errors, supporting safe and efficient maritime oper-
ations under various environmental conditions.

The use of GNSS in navigation offers several advantag-
es, such as reducing reliance on traditional tools like maps
and compasses, which may not meet the precision required
by modern navigation systems. Additionally, GNSS inte-
grates seamlessly with other navigation and safety tools,
such as ECDIS and automatic identification systems, en-
hancing the efficiency and safety of maritime operations.

However, despite the high accuracy of GNSS, there are
some limitations and problems that need to be considered.
Satellite signals can be exposed to atmospheric and environ-
mental conditions, which can reduce positioning accuracy.
In conditions of limited space, such as port zones or nar-
row channels, signal problems may occur due to reflection
or blocking of satellite signals. Therefore, it is important to
have additional systems and technologies that can comple-
ment and support GNSS accuracy. The positioning accuracy
determine using equation (1). For example, if the horizontal
error is 2 metres and the vertical error is 3 metres, then:

Accuracy = +/(2)%? + (3)2 = 3.6.

This result show that the positioning accuracy reached
a fairly significant level, which can be critical in narrow
water spaces, where even minor deviations could lead to
danger. The results of the positioning accuracy calculation
for the above systems are presented in Table 1.

Table 1. GNSS positioning accuracy

GPS 2 3 3.6
BDS 2 3 3.6
Galileo 1.2 2.0 2.4

Source: compiled by the authors based on A. Kumar et al. (2021)
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Since the positioning accuracy values for GPS and
BDS are identical in the table (horizontal error: 2 m, ver-
tical error: 3 m, total accuracy: 3.6 m), any differences
observed in real-world conditions would arise from oper-
ational factors. These may include differences in satellite
geometry, atmospheric interference, or variations in signal
correction models. However, under ideal conditions, both
systems perform similarly, as reflected in the provided
data. Galileo demonstrates superior performance, with ac-
curacy of 2.4 meters, emphasizing the value of adopting
advanced satellite navigation technologies. Galileo has
shown the best results, highlighting the importance of us-
ing the latest technologies to ensure maximum accuracy
in confined spaces. This was also investigated by H. Ge et
al. (2022), where results confirmed that GNSS such as GPS
and Galileo significantly improved positioning accuracy by
providing coordinate detection with an accuracy of sever-
al centimetres. This is especially important for accurate
navigation management, reducing navigation errors, and
monitoring geospatial data. Y. Li et al. (2022) also showed
that the latest satellite systems play a critical role in ship
manoeuvring, especially in challenging environments.
They facilitate accurate tracking of the ship’s position and
route adjustment in real time, which reduces the risk of
collisions and improves the safety of sea transportation. It
is worth noting that the constant development of satellite
technologies and the introduction of new generations of
GNSS constantly improves their accuracy and reliability.
Thus, modern vessels can get even more detailed informa-
tion about their location and surrounding objects, which is
especially important for operations in difficult conditions,
such as coasts or narrow channels. In addition, the inte-
gration of GNSS with other navigation and management
systems provides an integrated approach to ship manage-
ment, which significantly increases the overall safety and
efficiency of maritime transportation.

ECDIS is a revolutionary achievement in the field of
maritime navigation, significantly improving the safety
and efficiency of maritime operations (Pan et al., 2021).
They are integrated platforms that provide detailed dis-
play of navigation maps, supplemented with up-to-date
information about water depth, obstacles and channel
markings. Due to this, ECDIS helps ship drivers to avoid
underwater threats and ensures more accurate and safe
manoeuvring of ships. The main advantage of ECDIS is
their ability to integrate different data from different
sources into a single mapping system. This allows ship
drivers to get comprehensive information about the nav-
igation environment in real time. ECDIS provide accurate
water depth data, which is crucial for ships manoeuvring in
shallow water or in waters with uneven terrain. Integrating
this data helps to reduce the risk of colliding with under-
water objects or decreasing depth that can c ause accidents.
In addition to depth data, ECDIS also provides information
about various obstacles such as underwater rocks, reefs,
and even artificial structures that can affect ship safety.
This helps to avoid potentially dangerous areas and plan
the route based on existing obstacles. ECDIS systems also

include channel marking data, allowing for more accurate
navigation in narrow and difficult waters where traditional
navigation maps may be less convenient. Due to the abil-
ity to constantly update data, ECDIS provides ship drivers
with up-to-date information, which is an important aspect
for manoeuvring in rapidly changing conditions. For exam-
ple, when passing through a storm or in low visibility con-
ditions, ECDIS can provide timely data on changes in the
navigation environment, allowing ship drivers to quickly
respond to new challenges.

However, despite its many advantages, ECDIS also
has some limitations. One of them is a dependence on the
quality of input data: inaccuracies in navigation maps or
lack of updating information can lead to errors in position-
ing and route planning. In addition, ECDIS systems require
proper maintenance and regular updating of map data to
ensure their accuracy and efficiency.

A study of ECDIS has shown that these systems play
a critical role in ensuring the safety of shipping in shal-
low waters. Integration of depth, interference, and chan-
nel marking data allows creating detailed electronic maps
that significantly reduce the risk of collisions with under-
water objects. These results confirm the need to use ad-
vanced ECDIS for navigation in challenging environments.
S. Blindheim & T. Johansen (2021) concluded that ECDIS
are essential for navigation safety by providing accurate
information about navigation conditions and helping to
avoid collisions with underwater obstacles. Due to integra-
tion with other systems, such as radars and GPS, ECDIS al-
lows creating a comprehensive picture of ship traffic, which
increases the level of safety. W. Khawaja et al. (2022) found
that integrating ECDIS with monitoring systems helps
to reduce the risk of underwater threats such as rocks or
sunken ships. The system analyses data in real time, issu-
ing a warning that allows the crew to respond to danger in
a timely manner. These results support the above study, as
they demonstrate a link between the use of ECDIS and the
reduction of accidents in shipping. In particular, the inte-
gration of ECDIS with other navigation technologies sig-
nificantly improves the accuracy and safety of ship traffic,
which confirms the effectiveness of these systems in pre-
venting collisions and preventing underwater threats.

Automatic identification systems are an important
achievement in maritime navigation, which significant-
ly improves the safety of navigation, especially in narrow
channels and port areas (Arditiya et al., 2023). The main
purpose of AIS is to automatically track the relative po-
sition of ships and prevent possible collisions, which is
critical in situations where accurate navigation and timely
response are crucial for safety. AIS systems work by trans-
mitting and receiving radio signals that contain impor-
tant information about a ship, such as its location, speed,
course, ship type, and other navigation data. Each vessel
equipped with AIS transmits this data on a regular basis,
which allows all ships within the range of the system to
receive information about other vessels in the area. This
technology helps to avoid possible collisions by provid-
ing ship drivers with up-to-date information about the
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location of neighbouring ships. In narrow channels and
ports where manoeuvring space is limited, automatic iden-
tification systems are an extremely useful tool. The system
allows accurately tracking the movement of ships, which
helps to avoid situations where two vessels may be on cross
courses, which increases the risk of collisions. The infor-
mation provided by AIS also allows for better manoeuvre
planning, reducing the chance of accidents and simplifying
the process of entering and exiting ports.

This highlights the importance of integrating AIS
into the overall navigation system to improve situational
awareness on the water. H. Rong et al. (2022) also found
that automatic identification systems improve the safety
of navigation by providing real-time information about the
location, course, and speed of ships. This helps the crew
to predict trajectories and adjust their course in time to
avoid collisions, especially in conditions of poor visibility.
In turn, M. Kang et al. (2022) concluded that AIS is particu-
larly effective in narrow channels where space is limited
and traffic is heavy. The system allows coordinating ship
manoeuvres in real time, reducing the risk of accidents and
facilitating the passage of difficult sections.

However, despite its many advantages, AIS has some
limitations. For example, the system may be less efficient
in conditions of poor visibility or in cases where AIS signals
overlap or degrade. In addition, AIS can be exposed to cy-
bersecurity threats because data is transmitted over open
radio channels, which can make the system vulnerable to
malicious attacks. Simultaneously one of the key features
of automatic identification systems is its ability to inte-
grate with other navigation systems, such as ECDIS and
radar systems. This allows creating comprehensive naviga-
tion platforms that provide a comprehensive overview of
the situation on the water. For example, the combination of
an automatic identification system with ECDIS allows ship
drivers not only to see the location of other ships, but also
to get information about their routes, which makes it easier
to plan their own route and increases overall safety.

In the context of modern navigation technologies,
high-resolution radars are indispensable tools for improv-
ing the safety and accuracy of ship manoeuvring, especial-
ly in difficult navigation conditions, such as limited water
areas and shallow waters. Their use allows ship drivers
to detect objects that cannot be captured visually or us-
ing conventional navigation systems (Yang et al., 2021).
High-resolution radars are capable of detecting details over
long distances and with high accuracy, which is especially
important for safe manoeuvring of ships in difficult con-
ditions. In a confined space environment where every inch
of space matters, the ability to clearly identify obstacles,
such as underwater objects, rocks, or other ships, is crucial
to avoid collisions and ensure safe passage. These radar
systems use powerful radio waves to scan the surrounding
area. High resolution provides a detailed image of the en-
vironment in real time, which helps ship drivers to quickly
respond to hazards. For example, in shallow water, where
the water depth can change rapidly and underwater objects

can be virtually invisible, high-resolution radar can detect
these objects in advance, avoiding potentially dangerous
situations. Another important feature of high-precision ra-
dars is their ability to operate in poor visibility conditions,
such as fog, rain, or at night. In such situations, when vision
is significantly limited, radar can become the only source of
information about the environment, providing ship drivers
with a clear picture of the situation. This is especially im-
portant for ensuring security in ports and narrow channels,
where bad weather conditions can further complicate ma-
noeuvring. High-resolution radars also integrate with other
navigation systems, such as ECDIS and automatic identi-
fication systems, creating a comprehensive picture of the
navigation situation. This allows ship drivers to receive syn-
chronised information, which contributes to accurate route
planning and optimal manoeuvring. Integrating radars with
other systems also increases their efficiency, ensuring more
accurate detection and avoidance of possible obstacles.

However, despite their many advantages, high-reso-
lution radars also have some limitations. The cost of such
systems can be significant, and there is also a need for reg-
ular maintenance to ensure their proper operation. In con-
ditions of heavy traffic, the system can be overloaded with
a large number of signals, which can make it difficult to
interpret the received data.

Evaluation of high-resolution radars has confirmed
their effectiveness in detecting underwater objects and
coastlines, especially in low visibility and shallow water
conditions. Radar systems have been found to be able to
significantly improve manoeuvring accuracy by providing
detailed information about the environment, which is es-
pecially important in cases where visibility is limited by
weather conditions.

X. Bai et al. (2022) also conducted a study that con-
firmed that high-resolution radars play a key role in ma-
noeuvring ships in conditions of limited visibility, such as
fog or night. They allow clearly displaying even small ob-
jects, which helps the crew to quickly respond to changes
in the environment, providing more accurate manoeuvres
and reducing the risk of collisions. S. Chen et al. (2022) also
found that these radars improve visibility by distinguish-
ing details that are not visible on traditional systems. This
gives the crew a clearer view of the environment and allows
them to perform manoeuvres more safely. Comparing the
data obtained in the course of research, it can be conclud-
ed that the use of modern navigation technologies, such as
high-resolution radars and ECDIS, significantly increases
the level of safety of navigation. These technologies pro-
vide a more accurate display of the environment, which al-
lows the crew to respond more quickly to potential threats.
Such systems also help to reduce the impact of the human
factor, minimising errors that can occur due to limited vis-
ibility or difficult weather conditions.

DP systems are among the most innovative and critical
technologies in modern navigation (Li et al., 2022). They
allow vessels to maintain a precise position or perform
precise manoeuvring in shallow water without using an
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anchor, which is an important factor for ensuring safety
and efficiency in confined spaces. Traditionally, anchors
have been used to maintain a fixed ship position, which
can be problematic in shallow water where there is a risk of
damage to the sea floor or aquatic vegetation. Setting and
lifting an anchor in such conditions is a complex and often
dangerous process that can also have a negative impact on
the bottom ecosystem. This is where DP systems come to
the rescue, which allows avoiding these problems.

DP systems use a combination of different technolo-
gies to precisely control the ship’s position. The main com-
ponent of such systems is the integration of data from navi-
gation systems such as GNSS, radars, gyroscopes, and other
sensors. This data is processed using powerful computers
that automatically adjust the operation of the ship’s propel-
lers and rudders to maintain the exact location of the ship
at a given point. One of the key advantages of DP systems
is their ability to provide stability and positioning accuracy
even in conditions of high waves and strong currents. This
is especially important when performing tasks such as in-
stalling offshore platforms, conducting scientific research,
or performing operations in ports and shallow waters. Due
to the use of DP systems, the vessel can remain in a precise
position without the need for heavy anchors, which avoids
possible damage or contamination of the bottom. DP sys-
tems also contribute to increased security in confined
spaces. In particular, in ports and narrow channels where
manoeuvring can be difficult and risky, positioning accu-
racy is ensured by automatic correction of the ship’s move-
ment. This reduces the risk of collisions with other vessels
or structures, and also reduces the likelihood of accidents.

However, DP systems are not flawless. They require
regular maintenance and inspection to ensure their relia-
bility and accuracy. In addition, the high cost of such sys-
tems can be a significant limitation for some ship owners or
operators. The cost of installing and operating DP systems
can be high, which requires careful planning and budget.
An important part of the research and implementation of
DP systems is also the development of new technologies
to improve their accuracy and functionality. For example,
integration with new sensors and improved algorithms can
help to reduce the impact of external factors, such as sea
currents or winds, on positioning accuracy.

These systems are effective for maintaining a fixed
position of the ship in shallow water without using an an-
chor. This reduces the risk of damage to the sea floor and
ensures accurate manoeuvring in confined spaces. The
high functionality of DP systems underlines their impor-
tance in modern navigation solutions for vessels operating
in difficult conditions. X. Gao et al. (2021) concluded that DP
systems are critical for keeping ships in place without using
anchors, compensating for the effects of wind and currents.
They provide precise positioning during complex operations
such as drilling or rescue operations, even in adverse weather
conditions. J. Kim & H. Park (2022) found that DP’s ben-
efits for precise manoeuvring include improved ship con-
trol in confined spaces, which reduces the risk of accidents

and optimises fuel costs. This makes DP indispensable for
operations that require high accuracy and security. When
analysing the results of the study, it is evident that the use
of DP systems significantly improves the accuracy and safe-
ty of navigation operations. These systems ensure stable
position retention even in difficult conditions, minimis-
ing the human factor and reducing the risk of accidents.
The design of the ship’s hull also plays a crucial role in
improving manoeuvrability in shallow water. Manoeuvring
in shallow water is one of the most difficult tasks in navi-
gation (Ghazali et al., 2024). In such conditions, the draft of
the vessel and the shape of its hull are key factors for ensur-
ing safety and efficiency. Reducing ship draught is critical
to successfully performing tasks in confined waters where
water depth is insufficient for traditional ship designs. A
vessel’s draft is defined as the vertical distance between
the water line and the lowest part of the hull that touches
the bottom of the vessel. It is an important indicator that
affects the ability of a vessel to manoeuvre in conditions of
limited water depth. In cases where the water depth is min-
imal, a large draft can lead to the fact that the ship’s hull
rests on the bottom, which causes not only the risk of dam-
age, but also complicates manoeuvring. Reducing submer-
sion is achieved by using enclosures with a large width and
a flat design. The wide hull provides a larger area, distrib-
uting the weight of the ship over a larger bottom area. This
reduces the pressure on the bottom and allows the vessel
to maintain stability when moving in conditions of lim-
ited water depth. The flat hull design helps to reduce the
overall water resistance that occurs when the ship moves.
The ship’s draft was calculated using the equation (2).
If, ship weight W=10,000 kg, water density (approximate-
ly 1,000 kg/m? for fresh water), and cross-sectional area
A=50m?:
10,000
1,000%X50

Draft =

= 0.2 (m).

These data indicate that a draft of two-tenths of a me-
ter is normal under certain conditions. At depths less than
one meter, the risk of grounding increases significantly,
and even small deviations in positioning accuracy can lead
to dangerous situations. The draft norms for ships depend
on the type and purpose, and generally, for safe manoeu-
vring, recommended depths should be at least twice the
ship’s draft. This calculation shows that the low vessel’s
draft allows avoiding bottom engorgement in shallow wa-
ter conditions and maintaining vessel stability. In addition,
the shape of the hull affects the hydrodynamic characteris-
tics of the vessel. Modern ships for manoeuvring in shallow
water are designed considering the features of the environ-
ment and specific operating conditions. Flat hulls with a
larger width and lower draft can reduce the turbulence of
the water surrounding the ship and improve its manoeu-
vrability. Reducing precipitation is also important to ensure
the stability of the vessel. In shallow water, any immersion
of a ship in water can lead to instability, especially in strong
currents or waves. Ships with lower draft are less likely to
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roll over or lose stability when water conditions change.

However, achieving optimal precipitation is not di-
rectly related to the width of the hull. The design of the
hull should also consider its structural integrity and load
capacity. An increase in width can have a positive impact
on the total amount of cargo a vessel can carry, which must
be taken into account when designing structures Reducing
precipitation also includes the use of special design solu-
tions, such as weight distribution on the hull and improv-
ing ballasting systems. The weight distribution ensures
an even distribution of the load on the hull, which helps
maintain the stability of the vessel in conditions of lim-
ited water depth. An important part of designing shallow
water vessels is also consideration of possible changes in
water depth. In some cases, the depth may vary depending
on seasonal fluctuations or other factors. Therefore, the
design of the hull must be adaptive to ensure effective ma-
noeuvring in various conditions.

To ensure safe and efficient operation of the vessel
in difficult navigational conditions in shallow water, the
stabiliser system on the vessel is of great importance. The
wing system, or fins, is one of the innovative technologies
that significantly affect the improvement of ship manoeu-
vrability, especially in difficult water conditions (Song et
al., 2022). Fins are special stabilisers that are attached to
the ship’s hull and are used to improve its handling and
reduce drift. These technologies are critical to ensuring the
accuracy of the ship’s movement, especially when manoeu-
vring in cramped conditions or in strong currents.

One of the main functions of fins is to ensure the sta-
bility of the ship. They work as additional elements that
create additional forces that help to compensate for dy-
namic loads that occur during the movement of the ship.
The wing effect provided by fins reduces the rotation and
tilt of the vessel, which is especially important in condi-
tions of wind loads or waves. This allows maintaining the
stability and accuracy of the ship’s course, which is critical
for safe manoeuvring. Fins are used to ensure the safety of
navigation, especially in conditions of limited space. These
devices effectively counteract ship drift caused by external
factors, allowing the ship driver to more accurately control
the course and reduce the risk of collisions. It is impor-
tant to note that the effectiveness of fins depends on their
design characteristics, such as shape, size, and location.
Modern fins have various designs that can be adapted to
specific operating conditions. For example, some fins are
designed to increase efficiency at certain vessel speeds or
when manoeuvring in strong currents. This allows them
to be adapted to the specific needs of the vessel and en-
sure maximum efficiency. The design of the fin system
also involves integration with other ship control systems,
such as steering systems or DP systems. The integration
of these systems allows creating more complete solutions
to improve the ship’s manoeuvrability. For example, data
from the fin system can be used to automatically adjust
the ship’s course, which ensures more accurate and safe

manoeuvring. Analysis of the effectiveness of fins shows
that their implementation can significantly improve the
management characteristics of the vessel.

In this context, it is important to calculate the stabilis-
ing moment of the stabiliser on the vessel. This calculation
helps to minimise the vessel’s lateral tilt (roll) and reduce
its pitching, and improve the vessel’s handling. The stabi-
liser stabilisation moment was calculated using the equa-
tion (3). For example, if resistance coefficient= 1.0, stabilis-
er area A=2 m?, ship speed V=10 m/s:

M = 1x>x 1,000 x (10)% X 2 = 100,000 (Nm)

The number in the stabilising torque means the
amount of force generated by the stabiliser to counter-
act the roll or pitch of the vessel. The obtained value of
the stabilising moment is quite high. This means that this
vessel is very stable with such parameters, even in strong
waves or gusts of wind. Tests and real-world operating
conditions confirm that vessels with installed fins demon-
strate improved stability, reduced drift and higher ma-
noeuvre accuracy. This not only improves shipping safety,
but also increases the efficiency of ship operations by re-
ducing energy and fuel costs.

Another critical aspect of a ship’s design that directly
affects its hydrodynamic characteristics and, consequent-
ly, its overall manoeuvrability, especially in shallow water,
is the shape of the bow (Ntouras et al., 2022). Optimising
the bow of a ship can significantly reduce water resistance,
which is key to improving handling and ensuring efficient
navigation in confined spaces. When designing the bow of
a ship, the main goal is to reduce the hydrodynamic resist-
ance that occurs when moving through water. Water resist-
ance consists of two main components: wave resistance and
friction resistance. To achieve minimal wave resistance, it
is important to optimise the shape of the bow in such a way
as to ensure a smooth passage of water around the ship’s
hull. This reduces the turbulence and wave currents, which
usually contribute to an increase in resistance. One of the
most effective shapes for the bow of a ship is a shape that
resembles an underwater profile or a blunted cone. This
shape allows reducing the resistive resistance and improve
the distribution of water throughout the housing. In par-
ticular, bows that have an elongated and narrowed shape
help to reduce drag at high speeds, but for shallow water,
it may be advisable to use flatter or rounded shapes that
reduce the tendency to sink. Reducing the depth of water
under the hull also plays an important role in determining
the optimal shape of the bow.

Calculations of water resistance were conducted for
both bow shapes using the equation (4). The shape of the
bow directly influences water resistance in the following
ways. Elliptical bow shape — minimises resistance by pro-
moting better water flow around the hull, reducing turbu-
lence and creating a smoother transition from the bow to
the hull, which is crucial for high speeds. Flat or rounded
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bow shape can decrease the tendency to sink in shallow wa-
ter, but they may increase drag at high speeds. Calculation
of water resistance of a ship with different types of bow
under the same conditions. The parameters were selected
based on typical values for ships.

Elliptical bow: drag coefficient = 0.8; cross-sectional
area A=2 m?2; speed V=15 m/s.

Fd=%><p><CdxA><V2;
Fq =7 1,000 x 0.8 X 2 x 15% = 9,000 N)

Flat or rounded bow: drag coefficient (): 1.2; cross-sec-
tional area (A): 2 m?; speed (V): 15 m/s.

Fq =% 1,000 x 1.2 x 2 x 15% = 13,500 (N).

The elliptical bow shape results in a drag of 9,000 N,
while the flat or rounded bow yields a drag of 13,500 N. This
indicates that the elliptical shape is more efficient for high-
speed navigation, whereas the flat or rounded shape may
be preferable in shallow water to reduce the risk of sinking.

When the vessel moves in shallow water, the reduced
water depth changes the hydrodynamic conditions, which
can lead to increased drag and poor manoeuvrability.
Changes in the hydrodynamic characteristics of the vessel
with a decrease in the depth of water under the hull are
also associated with priming effects. When the bow of a
vessel rises out of the water or partially rises through shal-
low water, it can lead to significant changes in the distri-
bution of water around the hull. In such cases, optimised
bow shapes can reduce unwanted changes in support that
occur in close contact with the bottom. Studies of the dif-
ferent shapes of the ship’s bow in shallow water show that
specially designed profiles can significantly improve han-
dling. For example, the bow of vessels with progressive ex-
pansion or undulating shapes can reduce drag and increase
the efficiency of movement in conditions of limited space.
Innovative developments include the use of hydrodynamic
models to create bows that optimally combine aerodynam-
ic and hydrodynamic characteristics.

The steering system is one of the main elements
affecting a ship’s manoeuvrability, especially in con-
fined spaces such as narrow channels and port areas
(Zhang, 2021). Modern ships are equipped with highly sen-
sitive steering systems that allow achieving the accuracy
of manoeuvres necessary for safe and efficient handling.
The heart of the steering system is the steering blades or
steering machines that are responsible for changing the
direction of movement of the ship. Depending on the
design and requirements of the vessel, different types of
steering systems can be used. Modern steering systems
include hydraulic, electric, or combined mechanisms that
provide precise and sensitive control. One of the key in-
novations is the use of two steering blades or steering
machines. This configuration significantly increases the

manoeuvrability of the vessel, as it allows for more ac-
curate and faster course corrections. Two steering blades
located on both sides of the stern section of the vessel pro-
vide a symmetrical distribution of forces, which reduces
the negative impact of waves and currents on the accuracy
of manoeuvring. This is especially important when operat-
ing a vessel in narrow channels or when performing com-
plex manoeuvres in limited conditions. Two-blade steering
systems also provide better stability of the vessel during
manoeuvring. In high-speed conditions or when making
sharp turns, using two steering blades helps to reduce the
impact of inertial forces that occur when changing di-
rection. This makes it easier for ship drivers to maintain
their course and avoid unwanted deviations. In addition,
modern steering systems can be equipped with additional
features, such as automatic course adjustment and remote
control. Automatic steering systems integrated with oth-
er navigation technologies, such as DP or ECDIS systems,
allow automating the manoeuvring process and reducing
the load on the crew.

In this context, it is important to calculate the steering
torque of a ship. Understanding the torque helps determine
how efficiently a vessel can manoeuvre in confined condi-
tions. The moment of force plays a crucial role in precise
steering. A higher moment of force enables better control
over the rudder, facilitating sharper turns and enhanced
responsiveness, which are essential for navigating in nar-
row or congested waterways. The moment of force required
for steering calculate using the equation (5). For example,
force F=5,000 N, distance d=2 m, angle §=30°:

5,000%2
M= 220 = 20,000 (Nm).

Overall, the calculation illustrates the relationship be-
tween force, distance, and angle in generating a steering
moment. This understanding is essential for optimising
steering systems and enhancing the manoeuvrability of ves-
sels, particularly in challenging navigational environments.

The efficiency of steering systems is closely linked to
the ship’s hull design and stability. For high-speed vessels
with a V-shaped hull, a modern steering machine is most
effective due to its high force capability and quick response,
allowing for precise manoeuvring. In shallow water, flat
bottom hull designs benefit from either a single steering
blade or two steering blades. The two-blade system en-
hances stability and control compared to a single blade. For
larger ships with a round bottom hull, a two-blade system
provides better lateral control and reduced drag.

In summary, the modern steering machine is optimal
for high-speed V-shaped hulls, while two steering blades
are best for flat bottom hulls in shallow water. A single
blade is adequate for simpler designs but less effective for
maintaining course. The parameters in Table 2 should be
correlated with specific hull designs for a comprehensive
understanding of steering efficiency, considering factors
like water depth and vessel speed.
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Table 2. Steering system parameters

One steering blade 5,000 2 30 20,000 Basic control;
less stable
Two steering blades 5,000 2 30 20,000 Improved stability
and control.
Modern steering machine | 6,000 1.5 45 60,000 Superior performance
for high-speed

Source: compiled by the authors based on K. Otsubo & K. Ishida (2021)

In shallow water, where changes in water depth can sig-
nificantly impact hydrodynamic performance, the design of
the steering system must compensate for these variations
to ensure stable control. Table 2 shows that the parameters
for the one steering blade and two steering blades systems
are identical; both provide a force of 5,000 N, with a dis-
tance of 2 m, a rotation angle of 30 degrees, and a moment
of force of 20,000 Nm. This similarity indicates that, at least
in this context, both systems offer the same performance.

However, the two-blade system can be advantageous
due to its increased surface area, which provides better
lateral control and stability, especially when maneuvering
in tight spaces or during sudden directional changes. The
presence of two blades helps distribute forces more evenly,
reducing the likelihood of cavitation and improving overall
responsiveness.

In contrast, the modern steering machine shows supe-
rior performance with a force of 6,000 N, a shorter distance
of 1.5 m, a larger rotation angle of 45 degrees, and a mo-
ment of force of 60,000 Nm. This indicates that the modern
steering machine is capable of generating more power and
achieving more significant rotation in less distance, which
is particularly beneficial for high-speed maneuvers or nav-
igating complex waterways. The modern steering machine
surpasses both systems in force output and efficiency, mak-
ing it the preferred choice for high-performance vessels,
especially in challenging navigation conditions.

One of the most pressing challenges in the develop-
ment of steering systems is to achieve a balance between
control sensitivity and mechanical strength. Shallow
water conditions and high loads can cause additional
stress on the steering elements, which requires the use
of innovative materials and structures that can withstand
such loads. To improve the accuracy of manoeuvring in
shallow water, it is also important to integrate naviga-
tion equipment with the hull design. For example, data
from radar or ECDIS can be used to automatically adjust
the hull position, which helps to reduce the impact of
hydrodynamic forces that occur in shallow water (Orlan-
di et al., 2021). In addition, ships with an improved hull
design can use DP systems more efficiently. Evaluation
of hull design solutions showed that the use of wide and
flat hulls reduces the ship’s draft, increasing its stability
in shallow water. The integration of stabilisers and the
optimised shape of the ship’s bow also contribute to im-
proved handling. It is revealed that modern steering sys-
tems with high sensitivity allow for precise manoeuvres

in cramped conditions, which confirms the importance
of combining modern navigation technologies with a
thoughtful hull design to achieve maximum efficiency in
ship manoeuvring in shallow water.

Conclusions

Research on improving the accuracy of ship manoeuvring
in shallow water has confirmed the significant impact of
both navigation equipment and hull design on the effi-
ciency and safety of navigation in confined spaces. GNSS,
such as GPS and BDS, have demonstrated their critical
role in ensuring accurate positioning of ships, especially
in narrow areas of water where even minor deviations can
lead to danger.

ECDIS has proven to be indispensable for integrating
depth, interference, and channel marking data, which sig-
nificantly helps to avoid underwater threats and provides a
detailed display of the navigation situation. This, in turn,
improves the accuracy of navigation solutions and increas-
es the safety of navigation. Automatic identification sys-
tems have shown their effectiveness in tracking the posi-
tion of neighbouring ships and avoiding collisions, which
is especially important in narrow channels and port areas
where the concentration of ships can be high. High-resolu-
tion radars provided critical visibility of underwater objects
and coastlines, which is necessary for accurate manoeu-
vring in low visibility and shallow water conditions.

DP systems have demonstrated their ability to main-
tain a fixed ship position without using an anchor, which
reduces the risk of damage to the sea floor and allows for
more precise manoeuvring in shallow water. Analysis of
hull design solutions confirmed that wide and flat hulls,
optimised bow shapes and state-of-the-art steering sys-
tems significantly improve the manoeuvrability and stabil-
ity of vessels, which contributes to more efficient handling
in shallow water. The results of the study highlight the im-
portance of integrating navigation technologies with de-
sign innovations to ensure the safety and accuracy of ship
manoeuvring in difficult conditions.

To further improve ship manoeuvring in shallow wa-
ter, it is necessary to investigate the impact of integrating
the latest navigation technologies with innovative hull
designs on long-term reliability and efficiency under var-
ious operating conditions. A limitation of the study was
the lack of consideration of the impact of extreme weath-
er conditions on the efficiency of navigation equipment
and the design of ship hulls.
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NipBULLEHHSA TOYHOCTI MaHeBpYBaHHSA cyaAeH Ha Minkosoaai:
ponb HaBirauinHoro o6nagHaHHS Ta AM3aMH Kopnycy

AHoTaUif. [JocmiKeHHS TPOBENEHO AJIs aHali3y BIUIMBY Cy4aCHOTO HaBiraiiifHoro o6iafHaHHS Ta JU3aiiHy KOPITyCy
CyJleH Ha NiJBUILEHHS TOYHOCTI MaHeBPYBaHHS B yMOBax MikoBoAAs. Y JOCTiAKeHHi BUKOPUCTOBYBaINUCSI METOAMU
aHaJli3y Ta MOPiBHSIHHS e(eKTUBHOCTI CY4YaCcHOTO HaBiraliifHOTo o61aJHaHHSI, OL[iHIOBAaHHSI KOHCTPYKTUBHMX PillleHb
I13aliHy KOPIyCy CYAeH, a TAKOX iHTerpallii X TeXHOJIOTii AJ1s1 TOKpaleHHs TOYHOCTi MaHeBpyBaHHS Ha MiJIKOBOAI.
By/o0 BCTaHOBJIEHO, 1110 BUKOPUCTAaHHS Cy4yaCHUX CUCTEM IMHAMiYHOTO MTO3UIiOHYBaHHS Ta BUCOKOTOYHOTO HaBiralifHOro
ob61aHaHHS, TAKMUX SIK CYITYTHMUKOBI CUCTEeMU Ta eJIeKTPOHHI kKapTorpadivyHi cucTeMu, 3HaUHO MigBUIIY€E TOUHICTD
MaHeBpYBaHHS Cy[leH Ha MiTKOBOA . BusiB/ieHO, 1110 Kopabiii 3 IIaCK1M KOPITYCOM Ta MiHiMaJIbHOIO 0CaZKOI0 MaloTh KpalLy
MaHeBPEeHiCTh Y MOPiBHIHHI 3 TpaguIitHMMM KOHCTPYKITisiMu. ONTUMi3allis hopMu HOCa Ta 3aCTOCYBaHHS CTabimizaTopis
J03BOJISIIOTh 3MEHILIUTH OIIip BOJi 11 MOKPAIMTH KEPOBaHiCTh. BUKOPUCTaHHS BUCOKOUYTIMBUX PYIbOBUX CUCTEM IiIBUILYE
TOUHICTb PyXy B 06MeskeHX yMOBax. 3p06yieHO BUCHOBOK, 1110 iHTerpallist 11X TeXHOJOTii J03BoJIs€ 3HAUHO MOKPAIIUTI
6e3I1eKy CyHOIUIaBCTBa Ha MIJTKOBOAII. JIOCTiIKeHHS TaKOX I0KA3aJIo0, 0 Pafapy 3 BUCOKOI PO3IITbHOI0 30ATHICTIO Ta
aBTOMaTUYHi ifeHTUdiKaliiiHi cucTeMy eeKTUBHO 3HVSKYIOTb PM3MK 3iTKHEHb Iif, Yac MaHeBPYBaHHS Y By3bKMX KaHa/IaxX
i moprax. Kpim TOro, 6y/710 BUSIB/IEHO, 110 CyAHA 3 TIOKPALeHUM AM3a/iHOM KOPITYyCY MAalOTh 3HMKEHMI TiipogMHaMiuHMit
OITip, 110 CIIpMSIE 3MEHIIIEHHIO BUTPAT MaMBa Ha MiJIKOBOAAi. 3a pe3yibTaTaMy JOCTiIKeHHST Oy/Iv HagaHi mpakKTUYHi
peKkoMeHfalii 3 BIPOBaAKeHHS Cy4yaCHMX HaBiraliiiHMX CUCTeM i BAOCKOHA/IeHHS OM3aiiHy KOPITYCY CyZeH, 10 MiABULIYE
TOYHiCTh MaHEBPYBaHHSI Ha MiJIKOBOAJi Ta Mokpallye 6e3MeKy CyJHOIUIaBCTBA. 3aTajioM, pe3yabTaT SOCTiIKeHHS
MigTBepIMIM BasKIMBICTD iHTerpallii HaBiraliliHUX TEXHOJOTI i3 KOHCTPYKTMBHMMM PillleHHSIMM KOPITYCY /11 IMiIBUILI€HHS
edeKkTUBHOCTI Ta 6e3MeKu CyLHOIIaBCTBa

Knio4oBi cfioBa: cucteMy JUHAMIYHOTO MO3UI[IOHYBaHHS; ONITUMI3allist GOpMU HOCA; KOHCTPYKTUBHI PillIeHHST; PUSUK
3iTKHEHb; riApOAMHaMIYHMIL OTIip
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Innovative technologies in the study
of mechanical properties of materials

Abstract. The article provides an overview of modern innovative technologies used to study the mechanical properties
of materials using universal breaking machines. The focus is on the integration of machine vision technologies, machine
learning algorithms and high-speed stereoscopy, which provide new capabilities for analysing the behaviour of materials
during static and dynamic loads. An important aspect of the research is the improvement of traditional test methods
through the introduction of innovative components: high-speed cameras that allow recording material deformations with
microsecond precision; stereoscopic systems that create three-dimensional models of material behaviour under load; as well
as lighting devices that provide uniform illumination of the test object. These technologies are synchronized with powerful
computing modules capable of analysing large amounts of data in real time. The authors emphasise that the integration
of computer vision and machine learning algorithms can significantly reduce the impact of the human factor on research
results. Automated analysis systems are able to accurately detect and classify defects, simulate types of failures and predict
the behaviour of materials under various loading conditions. Examples of the use of such systems in the study of complex
composites, metal alloys and the latest polymers are also given. Additionally, innovative approaches to the creation of
dynamic loads that allow testing for impact strength and endurance are considered. The article shows how automated test
process management systems increase research efficiency by providing greater accuracy, repeatability of results, and faster
data processing. The practical significance of the described developments lies in their wide application in industries where
the study of the mechanical properties of materials is critical, such as aircraft construction, mechanical engineering, energy
and construction. A high level of automation and accuracy of tests, provided by the introduction of modern technologies,
allows setting new standards for the quality of research and creates prospects for the further development of materials
science. Thus, the presented approach to improving universal breaking machines contributes to increasing the accuracy of
measurements, expanding the functionality of traditional test systems and creating more efficient methods for studying
materials
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Introduction

Modern trends in the field of materials science demon-
strate the rapid development of technologies aimed at
improving the mechanical properties of materials, as well
as improving the methods of their research. The relevance
of this topic is determined by the increasing demands on
the quality of materials in various industries, including
mechanical engineering, construction, automotive, and
aviation. Within the framework of this study, special at-
tention is paid to innovative approaches presented in the
works of leading scientists. In particular, the article [1] ex-
amines trends in improving the mechanical properties of
materials created by the additive manufacturing method.
The main emphasis is placed on the use of metal, ceramic
and polymer materials, which, thanks to this technology,
obtain much better characteristics. This study shows the
prospects of additive manufacturing in the context of en-
suring high mechanical parameters of products.

Another important study presented [2] focuses on the
experimental study of the effect of vibration on the me-
chanical properties of parts made by extrusion of materi-
als. The use of high-frequency vibrations made it possible
to significantly increase strength and reduce stress in the
material. This approach expands the possibilities of addi-
tive manufacturing by adding tools to improve the quality
of the final product.

In addition, the article [3] discusses an innovative
non-contact method for estimating the strain distribution
using digital image correlation (DIC) and laser speckle pat-
tern. This method provides high accuracy in determining
local deformations and allows you to obtain data in real
time without physical interference with the test process.
The application of this approach significantly expands the
possibilities of testing in materials science, making them
more efficient and accurate.

In this way, these studies demonstrate how modern
technologies can be integrated into the study of the me-
chanical properties of materials. This article will consider
the further development of these ideas in the context of
the introduction of innovative approaches to working with
universal breaking machines and the use of machine vision
for the analysis of deformation processes.

Results

Continuing the ideas presented in the studies reviewed,
our work focuses on integrating machine vision and au-
tomated data acquisition systems to improve test accu-
racy. The use of high-speed cameras in combination with
computer vision algorithms makes it possible to obtain
three-dimensional models of deformations in real time
and investigate the process of material shaping, deforma-
tion, crack formation, etc. [4, 5].

The integration of vibration technologies, as shown in
the paper [6], can be applied to reduce residual stresses in
the materials being tested. The addition of such modules
to modern universal breaking machines will provide better
quality results and allow for more repeatability of research.

In addition, the introduction of digital image correla-
tion [7] opens up new perspectives for non-contact defor-
mation analysis. This method avoids the impact of contact
devices on the sample, which is especially important when
testing thin-walled or brittle materials.

Analysing traditional methods and means of studying
the characteristics of materials of machine parts and struc-
tures, such as static tensile or compression load, it is advis-
able to single out the main components of such systems.

Load sensors — installed in the machine to accurately
measure the applied load. The accuracy of the sensors is
critical in determining the strength of the material [8]:

o Extensometers. Measure the deformation of the
sample under load. Extensometers can be contact (me-
chanical or electronic) or non-contact (optical systems).
Contact extensometers are attached to the specimen and
record elongations, while non-contact extensometers use
lasers or cameras to track deformations [9].

¢ Data collection and processing system. Includes
software for real-time recording of load and strain read-
ings. The data are analysed to plot stress-strain, determine
the modulus of elasticity, yield strength and other param-
eters. This software also allows you to store, analyse, and
visualize test results [10].

Measuring systems used in widely used test benches
cannot be adapted to ensure the required test accuracy due
to the high transience of processes during pulse and high-
speed dynamic load studies.

Pulsed material testing equipment creates significant
loads in a short period of time, requiring high-precision
data collection and analysis. In such studies, the use of ma-
chine vision opens up new opportunities for observation
and analysis of materials [11].

Modern machine vision systems significantly improve
the quality of tests, as they allow you to analyse the behav-
iour of materials during fast-moving deformation processes
that occur under the influence of impulse loads. Tradition-
al measurement methods often have difficulty accurately
capturing rapid changes in material, while machine vision
provides high speed and accuracy in image acquisition [12].

The integration of machine vision into pulse equip-
ment provides the possibility of detailed analysis of
fast-moving processes, such as deformations and destruc-
tion of materials under the influence of impulse loads. This
requires building a dedicated module that can efficiently
capture images at high speeds and process them in re-
al-time. A machine vision-based measurement system
should consist of the following components.

1. Camera systems — high-speed cameras with a shoot-
ing frequency of 10,000-1,000,000 frames per second (FPS)
to capture fleeting changes. Pulse tests, such as shocks or
explosive loads, require the capture of events lasting only
milliseconds. High-speed cameras (e.g., up to a million
frames per second) can capture these short-lived process-
es, allowing researchers to see how material breaks down
or changes under load. This technology is indispensable
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for analysing the dynamics of crack propagation or instan-
taneous deformations [6]. For three-dimensional model-
ling of strain, it is advisable to use stereoscopic cameras,
with the help of which you can create three-dimension-
al models of strains in real time. This allows you to in-
vestigate how a material responds to impulse loads in all
three dimensions, which is important for materials with
anisotropic properties. Three-dimensional visualization
helps to better understand the behaviour of the material
and allows for a deeper analysis of fracture processes [9].
The location of the chambers needs to provide coverage
of the entire test area and the viewing angles required
for analysis from different positions. Thanks to the use of
high-resolution cameras, it is possible to detect microc-
racks or changes in surface texture that occur under the
influence of pulse load. For example, when examining the
impact strength of a material, it is important to identify
the slightest initial defects that can lead to failure. Optical
systems detect these changes even before they become no-
ticeable in any other way [10].

2. Lighting system — pulsed LEDs or laser light sources
that provide short-term and bright lighting for high-quali-
ty capture of frames without blurring. The lighting system
must have a lighting synchronization system with the cam-
eras to ensure the best image quality at high speeds [11].

3. Compute unit for image processing — processor or
graphics processing unit (GPU) for fast processing of large
numbers of frames in real time. Since pulse tests generate
huge amounts of data in a very short time, it is important
to use software that can process this data in real-time. Ma-
chine vision, combined with computer vision algorithms,
allows for automatic analysis of the resulting images to
identify key parameters such as deformation rate, crack
propagation, and overall material behavior [12].

Computer vision algorithms including: detection
of deformations and displacements: analysis of shifts
and changes in material structure based on sequences of
frames. Specialised machine learning algorithms can pro-
cess and analyse the resulting images, providing accurate
determination of deformation parameters and anomaly
detection. This allows you to better predict the behavior
of the material under load and makes the research pro-
cess more efficient. Algorithms can also be used to classi-
fy types of fractures and analyse the nature of cracks [13].
Thanks to machine vision, it is possible to automate the
process of detecting defects in samples after testing. This
technology is able not only to record changes, but also to
distinguish between types of deformations and damage,
helping researchers make more informed decisions about
further analysis or adjustment of materials.

Three-dimensional modeling of deformations using
stereoscopic cameras allows for accurate analysis of chang-
es in the structure of materials under load. The cameras
capture synchronous images that are processed to create a
3D model of warps in all directions (X, Y, Z). It is a high-pre-
cision non-contact method that provides detailed anal-
ysis of complex deformations, particularly in composite

materials. Such a system provides an in-depth understand-
ing of the behaviour of materials, including in real time.
Interfaces with machine learning tools are integrated
into data collection and analysis systems, which allows you
to automate the processing of large amounts of informa-
tion. They are able to classify types of fractures, such as rup-
tures, cracks or plastic deformations, based on pre-trained
models. Also, these interfaces predict the behaviour of ma-
terials using algorithms that detect hidden patterns in the
data. This improves the accuracy of estimates and allows
you to predict material properties in difficult conditions.
4. Data collection and synchronisation system — this is
a face for communication with pulse equipment: synchro-
nization of the moment of shooting cameras with pulse
load. A synchronisation controller to control the camera,
lighting and computing unit system, ensuring the correct
interaction of all components.
5.Data analysis and visualisation software is a user in-
terface for adjusting test parameters such as frame rate and
light intensity. Module for real-time visualisation of analysis
results, including three-dimensional deformation models.
An automatic reporting system that stores the collected data
generates reports and visualisations for further analysis.
Figure 1 presents a schematic functional diagram of a
measuring system based on machine vision for the study of
impulse loads on testing machines.

Material sample

| Machine Vision Module |

’ The camera system ‘ ’ The lighting system ‘

T

’ Computing Unit ‘

-

Analysis and Visualization
Software

User Interface

Allows you to manage trials
Display real-time data
Generate reports
Save results for further analysis

Figure 1. Schematic functional diagram of a measuring
system based on machine vision for the study of impulse
loads on testing machines
Source: developed by the authors

On the proposed functional diagram, the following
structural elements can be distinguished:

1. Test stand. The module integrates with the test
stand, where the sample is subjected to a pulse load.

2. Machine vision module:
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« the camera system captures the deformations of the
sample at high speed;

# the lighting system provides optimal lighting for
high-quality image capture.

3. Computing unit: processes the obtained images,
performs analysis and simulation in real time.

4. Analysis and visualization software: conducts au-
tomatic analysis and creates three-dimensional models of
deformations.

5. User interface: allows you to manage trials, display
real-time data, generate reports, and save results for fur-
ther analysis.

Conclusions

The introduction of innovative technologies in the study
of mechanical properties of materials opens up new op-
portunities for improving the accuracy and information

content of tests. The use of machine vision, high-speed
cameras and machine learning tools allows you to auto-
mate the processes of data collection and analysis, reduc-
ing the impact of human error and providing detailed con-
trol of deformations in real time. This greatly expands the
possibilities of studying complex and composite materials.

The integration of such systems into test equipment
contributes to a deeper understanding of the behaviour of
materials under dynamic loads, allowing you to predict their
strength and reliability in difficult conditions. The results ob-
tained not only improve the quality of experimental research,
but also provide practical solutions for industries where high
accuracy and efficiency are required. Future research may
focus on improving analysis algorithms and integrating even
more sensitive data acquisition systems, allowing for an even
better understanding of material properties and predicting
their behaviour in challenging operational environments.
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IHHOBaUiMHI TexHonorii y pocnigxeHHi MexaHIiYHuX
B/IaCTUBOCTEN MaTepianis

AHoOTaUiqA. Y cTaTTi peacTaBieHo OIS CYYacCHMUX iHHOBAIiMHMX TEXHOJIOTI, 10 BUKOPUCTOBYIOThCS [IJIST TOCTiIKeHHS
MexaHiYHMX BJIAaCTMBOCTE MaTepiajiB 3a JOIIOMOrOI0 YHiBepcaJbHUX PO3pUBHMX MalinH. OCHOBHY yBary NpuiiieHo
iHTerpalii TeXHOJIOTii1 MalllMHHOIO 30PY, AITOPUTMiB MalllMHHOTO HaBUaHHS Ta BMCOKOLIBUKICHOI CTepeocKoil, sIKi
3a6e3MeuyloTh HOBi MOK/IMBOCTI [IJIT aHAJTi3y MOBEIiHKM MaTepialiB I yac CTaTUUYHUX i AMHAMIYHMX HAaBaHTaKeHb.
BaykIMBUM aCIeKTOM JOC/TiIKeHHS 6Y/I0 BIOCKOHAJIEHHS TPAOUIIiiIHMX METOiB BUITPOOYBaHb IITXOM BIIPOBAsKEHHS
iHHOBAIiTHMX KOMITOHEHTiB: BUCOKOMIBUAKICHUX KaMep, IO J03BOJISIIOTH QikcyBaTu medopmaliii matepiany 3
MiKpPOCEKYHIHOIO TOUHICTIO; CTEPEOCKOIIUHMX CUCTEM, SIKi CTBOPIOIOTh TPUBMMIiPHi MOZe/i TOBeliHKM MaTepiany mif,
HaBaHTaKEHHSIM; @ TAKOX OCBiT/IIOBAJIbHUX MTPUCTPOIB, 1110 3a6€311eUyI0Th PiBHOMipHE OCBiT/IEHHS 00’€KTa BUITPOOYBaHb.
3a3HavYeHi TEXHOJIOTii CMHXPOHi3YIOTbCS i3 MOTY>KHUMM 0OUMCTIOBAIBHUMY MOAY/ISIMU, 3MaTHVUMM ITPOBOAUTY aHAIi3
BEJIMKUX OOCSTIB TaHUX Y peayibHOMY Yaci. ABTOpU MiJKPeCTIO0Th, 1[0 iHTerpailist aArOpuTMiB KOMIT I0TEPHOTO 30Dy
Ta MalIMHHOTO HABYAHHSI JO3BOJISIE CYTTEBO 3MEHIIUTU BIJIUB JIIOACHKOTO (haKTOpa Ha pe3yJbTaTy AOCiIKEHb.
ABTOMAaTM30BaHi CMCTEMM aHaJIi3y 30aTHI TOYHO BUSBJISITU Ta Kiacu@ikyBaTu AedeKTy, MOLEeTI0BaTy TUIK PYITHYBaHb
Ta MPOTHO3YyBaTH MOBeAiHKY MaTepia/liB 3a pisHUX YMOB HaBaHTa>keHHs1. TakoX HaBeAeHO MPUKIAAU 3aCTOCYBaHHS
TaKUX CUCTEM Y JTOCTiIKeHHSIX CKIaJHUX KOMIIO3UTiB, MeTa/ieBUX CIJIaBiB i HOBiITHix mosiiMepiB. JJoJaTKOBO PO3I/ISTHYTO
iHHOBALIiliHi MTiAX0aM 4O CTBOPEHHS AMHAMIUYHMX HaBaHTaXKeHb, 110 JO3BOJISIIOTh TPOBOAUTM BUIIPOOYBAHHS Ha YOAPHY
MIIIHICTh Ta BUTPUBAJIICTD. Y CTATTi ITI0KAa3aHO, IK aBBTOMATM30BaHi CYCTEMY YIIPaB/IiHHS BUITPOOYBaTbHMMU ITPOLIECAMMU
MiABUIIYIOTh €(PeKTUBHICTb JOC/TiIKeHb, 3a6€311eUy0uy 6i/IbIITy TOYHICTh, TOBTOPIOBAHICTb PE3Y/IbTATIB i MPUILBUAIIEHY
06po6Ky maHuX. [I[pakTUUHe 3HAUEHHST OMMCAHMX PO3POOOK TOJISITAaE B X IIMPOKOMY 3aCTOCYBaHHI B Tay3sX, 1€ BUBYEHHS
MeXaHiYHMX BJIACTMBOCTEN MaTepiasliB € KpUTUYHO BAXKIMBYUM, TAKUX SIK aBiaOyayBaHHs, MalIMHOOYIYBaHHS, EHEPreTUKA
Ta 6yAiBHMIITBO. BUCOKUIT piBeHb aBTOMAaTH3aIlii Ta TOUHOCTi BUIIPOOYBaHb, 3a06e31eYeHNT BIIPOBAIKEHHSIM CyYacHUX
TEeXHOJIOTiii, JO3BOJISIE 3a4aBaTH HOBi CTAHIAPTU SIKOCTi OCTiIKEeHb i CTBOPIOE TIePCIIEKTUBU [IJIS MO aJIbIIIOT0 PO3BUTKY
MaTepiajio3HaBCTBA. TakMM UMHOM, MIpeACTaBIeHNI MigXi[ 10 BOOCKOHAIeHHS YHiBepCAIbHUX PO3PUBHUX MAIIMH CIIPUSIE
MiIBUIIEHHIO TOYHOCTI BUMipIOBaHb, PO3LUIMPEHHIO QYHKIIIOHATBHUX MOXKIMBOCTEN TPAAUIIIHMUX BUITPOOYBAJIbHIX CUCTEM
i cTBOpeHHIO 6ibIll e()eKTUBHMX METOAIB NOCTIKEHHST MaTepiatiB

Knio4yoBi cnoBa: yHiBepcaabHi PO3pMBHI MallMHM, MAaUIMHHMIT 3ip, IMIyJIbCHE HABAaHTaKEHHS, MMPOTHO3YBAHHS
MOBeiHKM MaTepialiB, ONTUYHI CCTeMM BUMipIOBaHHS, aiTOPUTMM MAaIlMHHOTO HaBUaHHSI, Bidyasisallis nedopmaliiit
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Bu3Ha4yeHHS Nosi TUCKY B ra3ocTaTUYHI onopi
BMCOKOLUBUAOKICHOrO LUNMHAENIbHOrO By3/1a MeTasiopi3asibHOro Bepcraty

AHoTauUiA. TOuHiCTb, IMBUIAKOXiTHICTh Ta JOBTOBIUHICTD HITMHIEIbHMUX BY3JIiB JO3BOJISIE OCATaTI BUCOKMX TTOKA3HMUKIB
mif yac nutibyBaHHs1 BUPO6iB. BURKOPUCTaHHS IINMHAEIbHNUX BY3J1iB Ha OTIOpax KOUeHHsI XapaKTepU3yeThCsl MTOPiBHSIHO
MaJIOI0 OKPY’KHOIO IIBUAKICTIO Pi3aHHS, 1[0 3MYIITYE BAABATUCS 4O 36iIbIIIeHHS 3yCWLIS IPUTUCKAHHS iHCTPYMEHTY.
Lle mpM3BOAUTD A0 CIIOTBOPEHHS reoMeTpii BUPOOY i J0 3HMKEHHS SIKOCTi 06po6III0BaHOI TOBepXHi. 3aCTOCYBaHHS B
KOHCTPYKITiSIX BUCOKOIIBUIKICHMUX MITIMHAEIbHUX BY3JIiB IiIPOCTaTUUHUX Ta FiAPOAMHAMIUHMX TiIIUITHUKIB TPU3BOAUTD
IO 0OMeXKeHHSI UacTOTU 0b6epTaHHSsI INUHAENS Yepe3 BTpaTu Ha TepTs. LInuHzaesni Ha eIeKTPOMarHiTHMX OTrlopax MOKu
He 3HaJLUIM IIMPOKOTOo 3aCTOCYBAaHHS BHACIIIOK CK/IaJHOCTI Ta BMCOKOI BapPTOCTI IMINMH/EIB Ta eIeKTPOHHUX CUCTEM
KepyBaHHS. BipoBaiskeHHS B KOHCTPYKIIi10 INMHEIbHMUX BY3/1iB MiAIMITHMKIB Ha ra30BOMY MacTUJIi JO3BOJISIE MiABULIUTYI
SKOPCTKiCTh Ta Macy MIMUHIES MIISIXOM 36i/IbLIIeHHS ZiaMmeTpa po6oumx IMitOK P OLHOYACHOMY MiABUILEHHI OKPY>KHOT
mBUAKOCT. [TinBUILIEHHS OKPYKHOI IIBMAKOCTI LO3BOJISIE 3Mi/ICHIOBATY 06POOKY 3 BEIMKMMU ITOJAYaMMU, L0 IPU3BOAUTH
IO TiBUILEHHS MPOMYKTUBHOCTI Ta MOKpaleHHs IKOCTi. OnHaK HeoO6XigHO Bij3HAUMTM 3HAUHY MaTeMaTUYHY CKJIaHiCTh
OINMNCY AMHAMIiKM Tedii ra30BOT0 MacTu/a B 3a30Pi ra30CTaTUUHOI ONOPYU LIJISIXOM 3aCTOCYBaHHS KJIACMYHUX METOLiB
iH)KeHepHOi1 Teopii MOTOKY. ToMy B CTaTTi IPOMOHYETHCS 3AiICHUTY ONKC Teuil ra30BOro MacTuia B 3a30pi OIopu 3a
JOTIOMOTOI0 PO3B 13Ky KpaitoBoi 3amaui 1y1s1 piBHsIHb Hap’e-CTokca. B pe3yabTaTi unceIbHOT0 PO3B’I3Ky OTPMMAaHUX PiBHIHb
B KOHCepBaTMBHIi Gpopmi oTpuMaHi 3a1eXXKHOCTi 6€3p03MipHOro THUCKY Bill BiITHOCHOTO HaBaHTaXXeHHSI Ta KoedilieHTy
SKOPCTKOCTi. BUKOHaHO aHaji3 eKcepyMMeHTalIbHUX Ta TEOPETUYHO OTPMMaHUX XapaKTePUCTUK IIMMH]EIbHOTO By3/a
i mokasaHo, 10 po3pobieHa MeTOAMKA JO3BOJISIE 3 OCTATHBOIO IJISI MPaKTUYHOTO 3aCTOCYBAHHSI TOUHICTIO BU3HAYATH
eKCIuTyaTalliiiHi XxapakTepuCTUKM MINMHAEIbHOTO BY3J/a 3 Ta30IPOHMKHMMM HITTIOHKOBMMM OOMesKyBayaMy BUTPATH

Kno4yoBi cnoBa: BMCOKOIIBUIKICHMI MITIMH/IE/b; Ta30BMUit MiAIIUITHUK; BiMHOCHMIT TUCK; BiTHOCHE HaBaHTaKeHHS;
SKOPCTKiCTh
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Determination of the pressure field in the gasstatic support...

Bctyn

OCHOBHi BUMOIM [0 WINMHAEAbHUX BY3JiB Ta iX OINOp
chopmynboBaHi B poboTrax [1, 2] Ha OCHOBI 3araabHUX BU-
MOT 10 MeTaI006po6HMX BepcTaTiB. CyyacHi MBUAKOXIZ-
Hi Ta BMCOKOTOYHI MIIidyBanbHi, po3TOUyBanbHi Ta iHII
BepCTaTM TMOBMHHI 3abe3mevyBaTy TOUHICTb GopMu po-
604MX MOBEPXOHb, OIM3bKO NeCATUX YACTOK MiKpoMeTpa
npu ynuctoTi nosepxHi Ra<0,08 Mxm. OTpMMaHHS Takux
rapaMeTpiB, YMMaJIOK MipOI0, TOB’SI3aHO 3 eKCILTyaTalli-
VHMMM SKOCTSIMM OIOp MINMHIENbHUX BY3JIiB METaI00-
6pOOHMX BepCTaTiB.

HocBin excryartanii IIMMHOENbHUX BY3JiB HuTidy-
BaJIbHMX BEPCTATiB 3 OMIOpaMy Pi3HUX TUIIiB MOKA3YE, 1[0
B psifi BUIIAAKIiB 3aCTOCYBaHHSI Ta30CTaTUYHMX ITiJIIUII-
HUKIB € OibIll 6askaHMM, OCKIJIbKM TaKi OMOPU 34aTHi 3a
IOTIOMOTOI0 yCepemHIOBAJIbHOTO e(deKkTy ra3oBOro wLiapy,
3a6e3MeYnTy TOUHICTh 06epTaHHs WnMHesns piBHy 0,02-
0,04 MM [3]. Haii6inbi nmommupeHnM TUTIOM ra30CcTaThy-
HUX OIOp, IO 3aCTOCOBYIOTHCSl Y IUNMHAEIBHUX By3/aX,
€ ra3oBi MiJIMUIHUKYA 3 XUBUJIBHMMMU OTBOopamu. OpHak
Taki OIIOpY MAalOTh BiJHOCHO HEBMCOKY HeCyuy 3[aTHiCTb
Ta YXOPCTKiCTh MaCTWIbHOTO Mapy [4].

VY KOHCTPYKIiIX BUCOKOIIBUIKICHMUX UIMMHIEIbHUX
BY3JIiB Ha ra30BMX OIOpax 3a3Buyail 3aCTOCOBYIOTH Ii[i-
MIUITHUKM 3 IPOCETbHUMM 00MeXXyBauaMy BUTPATH, SIKi, SIK
BiJOMO, MAIOTh MOPiBHSIHO HEBUCOKY HeCydy Ta JeMIidy-
BaJIbHY 3JaTHICTh MaCTWIbHOTO IIapy. JociikeHHS ITOKa-
3YIOTh, IO CYTTE€BO MOKPAUIUTU BUXiJHI XapaKTepUCTUKU

[

UINMHJEAbHUX BY3JIiB 3[aTHI Ta30CTaTUYHI HiAIIMITHUKI
3 YaCTKOBO ra30IPOHMKHOIO CTiHKOIO BKJIaJguIIa, 0CO6IM-
BOCTi pOOOTH SIKMX y CKJIAZi MIMMHAEIbHOTO By3Jia B JaHUit
Yyac 3aJIMIIAI0ThCSl HaliMeHI BUBUEHVMNA.

Tomy 3ajiaua CTBOPEHHS BUCOKOLWIBUAKICHUX LIIMMH-
JleIbHUX BY3JIiB i3 MiJIIMIIHMKAMM Ha Ta30BOMY MacCTU-
Ji, mo 3a6e3MevyloTh BUCOKI eKCIUTyaTaliliHi Xapak-
TePUCTUKM € AKTYaJdbHOI IJIs MAalIMHOOYIyBaHHS. SIK
MOKa3aIy AOC/iIKeHHS, e(eKTUBHUM CITIOCOO0M IMOKpa-
LIeHHS eKCITyaTaliliHuX XapaKTepUCTUK ra3oBUX IMiJ-
UIMITHUKIB € 3aCTOCYBaHHS ra30IIPOHUKHUX ra30CcTaTuy-
HuX onop. OnHaK HUHI 3 HU3KY MPUYNH (HeCcTabilbHiCTh
po3MipiB BKIaauuia, TpygHoOILi 06po6KM oro BHYTpil-
HbOI [TOBEPXHi TOII0) Ta30IPOHMUKHI MiAMUITHUKU OTPU-
Maiu obMeskeHe 3acTOCyBaHHS. Y psfii pobiT [5-7] roka-
3aHO, L0 HaMMNepCHeKTUBHIIIUM IIISXOM MOKpalleHHS
XapaKTePUCTUK Tra30BUX ONOP MOJSIra€ y BUKOPUCTAHHI
YaCTKOBO Ta30NPOHMKHUX Ta30CTaTUYHUX MifUIUIHU-
KiB, SIKi IOEQHYIOTb HEIPOHUKHY Ta MOPUCTY MTOBEPXHIO
Brjaaguma. [IpoTe JOBOOUTHCS KOHCTAaTyBaTH, 1[0 Ha-
YKOBi Tpani, IpucBsiYeHi OOCTiIKeHHI0 0COBIMBOCTEl
po6OTHU MINUHIEIbHUX BY3J1iB 3 TAKMMM OIIOpaMM, ITpak-
TUYHO MOBHICTIO BiICYTHi.

MaTepianu i MeTOaM

PospaxyHKoBa cxeMa LINMHAEIbHOrO By3ja IIOKa3aHa Ha
Pucynky 1.

a
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PucyHoK 1. Po3paxyHKoBa cxeMa LIINMHeIbHOTO By3/a

D)Kepeno: po3pobieHo aBTOpamMu

[ BU3HaUeHHs HaBaHTakeHHs F, 10 cipuiiMaeTh-
Cs1 iHCTPYMEHTOM, CKJIQ[Ia€ThCSI PiBHSIHHS CTaTUKM — CyMa
NpoeKIilt cuit Ha Bich Y (Puc. 1), sike Ma€ BUIISA,:

F L

———=C, —Cy. 2 1
s—pa)liD 4 Ty @
Ile BigHOCHe HaBaHTasKeHHS HA iIHCTPYMEHTi

F

(ps_pa)LlD - F; (2)

P, — abCOMOTHMI TUCK IIofadi rasy; D — liamMeTp IigIumUIIH1Ka;

_ Q1
C__Ql = (Ds—Pa)L1D
IHBOI OTTopH;

— KoedillieHT HecyJoi 3JaTHOCTI 1epe-

C:QZI = m - KoeilieHT Hecy4oi 3maTHOCTI 3a-
JHBOI OTIOpH;

[; =7 — BUIOBKEHHS [T€PeAHbOI Oropu;

L,= LD—2 — BUJIOBXKEHHS 3a[JHbOI OMODPM.

JKOpCTKiCTh iHCTPYMEHTY BU3HAUAETHCS 32 (OPMYIIOI0:

daF
ke =5 3)

BinmoBimHMii i1 KoedillieHT JXOPCTKOCTI JOPiBHIOE
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= )

Iey = % — BiJHOCHe 3MillleHHS$I OCi iHCTPYMEHTY.

Bpobotax[8,9] mokasaHo, 10 AJis BU3HAUeHHs 6e3p03-
MipHUX BUXIZHUX XapaKTE€PUCTUK IUINMHAENIbHUX BY3JiB
(BimHOCHOTO HaBaHTaXeHHs1 F Ta koedilieHTa KOPCTKO-
cTi k;) HeOOXiIHO 3HATM eKCIUTyaTalliiiHi XapaKTepUCTUKI
ra3oCTaTUYHUX OIOP, 3HAUEHHS SIKMX MOBHICTIO 3a/1eXXaTh
BiJl xapakTepy pO3MOZiTy TUCKY rasy B 3a30pi IiJLIUII-
HUKiB. B OCHOBi po3paxyHKy IIOTOKY ra30BOr0 MacTuia y
3a30pi MiIUMIHUKIB 3 ra30IMPOHUKHUMM 0OMeXyBauamMu
BUTPATU BUKOPUCTOBYETHCS CUCTEMA PiBHSIHb HEPO3PUB-
HOCTI, pyXy Ta eHeprii 3 Teopii ra3oBoi IMHaAMIiKu.

IMpu aHanisi Tevii rasy B 3a30pi NigMIMUITHKKA TIPUIHATO
¢dbyHIaMeHTanbHI B TeOpii ra30BOro MacTuiIa MPUITYILEHHS:

1.TIoTik rasy B MOpPUCTOMY CEPENOBMILI BBAXKAETbCS
B’SI3KMM i JJaMiHapHMM. JI0 Takoi Teuii MOKJIMBO 3aCTOCY-
BaTy 3aKOH Jlapci, 1110 03BOJIsSIE BBaXKaTy KoedillieHT Impo-
HMUKHOCTI MOpuUCTOro Martepiamy kP cTaaum.

2. Teuist MacTuiIa B 3a30pi MigUIUITHKUKA i30TepMiyHa,
a came MacCTWIO CTMCKA€EThCS Ta 33[J0BOJIbHSIE PiBHSIHHIO
craHy p=pRT.

3.Papmiyc mmumHAenss Habarato 6isbliie TOBUIMHMU
MacCTWIbHOTO LIapy.

4. ToBmIMHA MaCTU/IbHOTO LIapy Taka, 10 JO3BOJSIE
3HEXTYBAaTM Teui€lo B IIiBLi B HANIPSIMKY HOPMaJi A0 CTi-
HOK MiJUIMITHUKA i BBaXKAETHCH, 110 TUCK Y LIbOMY HaNpsiMi
He3MiHHMIA.

5. MacoBi Ta iHepIiliHi CUIM 3HEBAKIMBO Maji B IO-
PiBHSIHHI 3 CMIaMM B’I3KOTO TepTs i BiZHOBIIOBaIbHOIO
CUJIOI0 MaCTUIIbHOTO LIapy, 110 YPiBHOBAXKY€E 30BHIIIIHE Ha-
BaHTa)KeHHSI.

6. Teuis rasy B 3a30pi NiAIMITHMKA — CTalliOHapHA.

Po3B’130K 3aa4i BUKOHAHO JIJIST IBOPSIAHOTO Ta30CTa-
TUYHOTO MigIIUITHKKA 3 Fa30IIPOHUKHMUMM BCTaBKaMMU.

la3 mim TMCKOM 3 Kamepy HarHiTaHHS HaJXOOUTDb ye-
pes rasoNpOHMKHI BCTaBKM B MACTWJIbHMI LIap HifmInuIiI-
HMKa. [a30MpPOHMKHI BCTaBKM MaiTh (GOpPMY IIMOHOK
po3MipoMm txa. Y 3araqpHOMY BUIIAJKY KiJbKiCTb BCTaBOK
B OmHOMY pany nopisuioe N, . IligmMmHUK OZHOYACHO
crpuiiMae pafiaqpHe HaBaHTa)KeHHS, 10 BUK/IMKAE 3CYB
LeHTPYy IUNVHAENS B IUIOMIMHI, 110 IPOXOOUTh Yyepe3 oci
HIMUHAENS i migmunHauka (TUiolMHa 3MillleHHs), i mo-
3[0BXHilI MOMEHT, SKMII NPU3BOAUTb OO IepeKocy oci
obGepTaHHS WTMMHIENS Y BepTUKaIbHii IUIOMMHI, 1[0 IIPO-
XOIUTH Uuepe3 Bich MigIIMIHMKA (TUIOL[MHA TTIepeKocy).

V pob6orti [10] moka3zaHo, IO MPUIHATI MPUITYLIEHHS
JI03BOJISIIOTh BU3HAYUTH I10JIe TUCKY Ta3y y 3a30pi 4aCTKO-
BO ra30MPOHMKHOTO HiAIIUITHMKA 38 JOITIOMOT'0I0 DiBHSIHHS
Hap’e-Crokca. Heo6XiJHO BiI3HAUNTY 3HAUHY MaTeMaTUd-
HY CKJIaJHICTh ONMNCY AIMHAMiKM Teuii Ta30BOro MacTuiia B

ﬁn+1

3a30pi rasoCTaTMYHOI ONOpM HIISIXOM 3aCTOCYBaHHSIM
KJIaCMUYHMX METO[iB iH)XKeHepHOi Teopii noToky. OTxe, ic-
HYy€ HEOOXiIHICTh PO3BUTKY MaTeMaTUUHMX MigXOLiB, SIKi
3a6e3MevyI0Th KOPEKTHMT (heHOMEHOJIOTIUHMIA OMIC Teuii
ra3oBOro mMacTwia B 3a30pi onopu. TakuM HampsMoM i €
PO3B’5130K KpaitoBux 3afay Ajis1 piBHsIHb HaB’e-CToKca [10]:

ou 1 9P %u | 9%u
Grumtvi =TI ©
v av v _ 1 aP | 1 (6‘v 6‘1/)
at tu ax tv ay  p dy ax? = dy? (6)

i piBHSIHHS HEPO3PUBHOCTI
du 0v

I @=0’ (7

Ile X, y — KOOpaAuHATH; t — 4ac; U, Vv — po3MipHi CKIafoBi
LIIBUAKOCTI B3[IOBX Ocelt x i y BiATIOBiAHO; p i # — rycTMHA i
B’I3KiCTb MacTm/Ia; P — TMCK MacTuiIa y 3a30pi OMopu.

Pe3ynbTatn

[lns CTBOpeHHS MaTeMaTMYHOI Mofeni 3ajadi, 3py4yHOIl
JJIS TeOPeTUYHOIO aHasli3dy, a TaKoX AJIs 3abe3ledeHHS
3arajibHOCTI po3B’;131<iB BBeJleMO HacTynHi 6e3po3MipHi
BEJIMUMHU: X = —, y == — 6e3po3mipHi KOOp,E[I/IHaTI/I (,ue
XapaKkTepHMi1 po3Mip a- HMIVPUHA KaHaY); Ut =
6e3p03MipHi CKJIAZOBi MIBUIKOCTI B3LOBK oceM xiy (fue

U———

U, - I;IBI/I,HKiCTb MarTepiany y BXiJHOMY K;lHaJIi oropmu);

B a,

P=tis - Ge3po3MipHMit THCK; Re =—22 — wuucio
t

PeitHonbaca; © = p—ZZ GesposmipHmii yac; % = Re- i,

v = Re- vt — 6e3p03MipHi KOOpAMHATU Yepe3 uucio Peii-
HOJIbJICa i 6e3p03MipHi CKIagOBi IBUAKOCTI Ta yacy.

Ins Bunaaxy, Konu Re<<l micig mepeTBOpeHb piB-
HsHb (5) i (6) oepsKyeMO Taki piBHSIHHS B KOHCepBaTUBHi

dopmi:

6(u2) a(uv) = ap a%u . d9%u
SR [R+  = S ®)
o[W?) | a(av) _ 9% %
+ Re [ + % ay] T ox?2 | ay?’ )

st po3B’si3ky piBHsIHB (8) i (9) 3acTocyemMo OnMH i3
YMCeNnbHUX METOJiB, SIKMIi 3HAMIIOB LIMPOKE PO3MOBCIO-
JKeHHSI TTPY PO3B’SI3KY 3824 MeXaHiKy cepeoBUIl i Ierko
peasi3yeTbCs 3a JOIIOMOTrOI0 Crielliani30BaHOi MpOorpaMHOI
CUCTEeMM, 10 3aCHOBAHA Ha METOHi KiHILIEBUX eJleMeH-
TiB [11]. MeTO[, 1110 BUKOPUCTOBYETBCS [IJI51 KiHI[€eBOpi3He-
LIeBOi anmpoKcUMallii, [pYHTYETbCSI Ha IOKPMBaHHi 06macTi
3a30py MK MiJUIMIIHMKOM i WINMHAENeM PiBHOMipHOIO
CiTKOI0 KBaJpaTHUX e€JIeMEeHTIB 3 HACTYIIHOIO 3aMiHOI0
mwykaHux Gyukuii @ = a(x,y), v = v(¥,y) i P = P(,7) Ha
¢yHK11ii By3/710BMX apTYMEHTIB.

KiHieBo-pi3HelneBi aHanoru piBHSIHB (8), (9) MaloThb
BUIJISIZ:

(ﬂi+z,j+ﬂi+1,j)2—(ﬂi+1,j+ﬁi,j)2 _

iv1,j = Wi+1,j — TRe

4§

(@isr,j+0in,jen) Pirjrr +Vi00) = (Rivnjoa Hiva, ) (Piva,j+00)

—TRe

4¢

Piyyj=Pij Uiy, j=2Ug4q,j+ 1 Wigq,j41 = 20i41,jFig1,j-1
-7 Re J J + T J J J + T J J J

é’Z

- : (10)
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(Vi,j+z+17i,j+1)2 —(Vi,j+1+17i,j)2 _

4§

v 1

+ — 1 —
ij+1 = Vij+1 —TRe

—TRe (@i i +in,) (Fijn +Pivn o) = (@i jea+2 ) (Dimg,jea +Pi41) _

pre

Pijs1—Pij Vij+2=2Vijr1+Vi; Vig1,j+1= 2V j+1+Pi-1,j41
—TRe J J +7 J J J +7 J J J

(11)

{2

Ie & i — KpoKM KOOpAMHATH.
Besposmipamii Tuck P = P (%, ) B 6yb-sIKOMY BY3JIi KiH-
1IeBO-pi3HeIeBOi CiTKM BM3HAYAEMO iTepallifiHMM MeTOHOM:

sl Pipy j+Pig j+B(PijuatPijo1)—E2S)

Pyj 2Lt 67) ) (12)

e Di,j — ﬁi+1,é_ﬁi,j + 1_’i,j+1<_17i,j; (13)
Uipr,j— Ui j Vijr1—Vij

Di,j = +1]£ ! + ]+1( ]. (14)

BogHouac HeoOXigHO BiI3HAUMUTH, IO YMCEIbHE Pi-
HIeHHs KpaiioBoi 3amaui myig piBHsHb Hap’e-Crokca, 3a-
M1caHuX yepe3 3MiHHI KOMIIOHEHTY MIBUIKOCTI Teuii u, v i
TUCK P, He MOBHOI0 MipOI0 BpaxOBY€ BIUIMB BXiJTHOTO ra3o-
MPOHMKHOTO KaHaIy i BUMarae MOpiBHSHO BEJIMKOTO vacy
06UMCIIeHb, OCKIJIbBKM YMCEIbHE pillleHHS 6YOyeTbCsl AJist
cucTeMM OBOX AMdepeHIiaJIbHUX PiBHSIHb Y YaCTMHHUX
noxigHux (8), (9).

ToMmy 3pydyHO MpoaHasi3yBaTU PiBHSIHHS IMepeHocy
BUXOPY i TUM CaMMM IepeiiTy O0 pillleHHsI OgHOTOo Aude-
PeHILia/IbHOTO PiBHSIHHS Y YaCTMHHMX TOXiTHUX 3aMiCTh
cucreMu. BignosigHo 1o Mmetonuk [12, 13] BUKOHaeEMO ou-
depentitoBanHg (8) 1o y i (9) mo x , BUKIIOUMMO TUCK i BU-
3HAUYMMO BUXOD SIK:

_ou dv
(—ay+ax—0. (15)
Toxni maemo:
9 _ 98 _ 08  n(a2 | 0%
- Yo voy+p(ax2+ay2)' (16)

A6O B KOHCEPBaTUBHI1 Gopmi:

o0 _ 0w 0wy | m (9%, 9%
a ax ay p (i)xz 6y2)' (17)
Bu3HauMMo (GyHKI[i10 TTOTOKY i3 CIiBBiAHOIIEHb:
A
y —Wigy =V (18)
Toxi piBHSHHS Buxopy (15) 6yzme MaTu BUITISIA:
Py P
oz T 7 = d. (19)

Be3po3mipHuii BUXOp Ma€ BUIJISL,

a 6e3po3mipHa QyHKIis TOTOKY —

l[,:i

Uga’

&2 ’

Toxi piBHSIHHS nIepeHOCY Buxopy (17) 6yzme MmaTu BUA:

2R

_ _ (0@ o)\ | 9% 0%
- Re( ax 8y ) Tt ay2’ (20)

a piBHSIHHS QYHKIIil moToKy (18) HaGyIyTh BUIISIA:

0—37:11;5:—1/. (21)
Toxi Buxop (15) 3anuieTsbcs Tak:
;_ou_ v
¢= ay 0%’ (22)

3anuuemo criBeigHomeHHs (20) y KiHLleBOpi3Hele-
BOMY BUITISIZ:

sn+1 _ >n -
ij =¢ij—1TRe

2§ 2¢
4;f(exq,—za-z3;1+e"+1 za+1—za-z3;1+zsﬁa)

- n -n n - n on n
(ui+1,i§i+1,j—ui—1,j§i—1,j_I_Vi,i+1§i,j+1—Vi,j—1(i,j—1) +

1

2
% 2 23)

ITicsis mepeTBOPEHHS OTPUMAEMO:

sn+l _ >n =
L= Zi'j —TRe

- n -n n r n on n
ui+1,j§i+1,j—ui—1,j{i—1,j_l_Vi,j+1{i,j+1—Vi,j—1(i,j—1 +
28 20
n n Fn+1 n n Fn+1
+7 (<i+1.j—5i,j+<i—1,j zi,j+1_(i,j+<i,j—1)
)

& v ey

me & =§ — 6e3po3MipHMit KPOK KOOPAMHATU B3LOBXK Bici
X; & — po3MipHMIi KPOK KOOPAMHATH B3J0BX Bici X; { = g -
6e3p03MipHMIT KPOK KOOPIMHATH B3JOBX Bici y; { — po3-
MipHMIi KPOK KOODAMHATHU B3I0BX Bici y; T = % - 6e3po3-
MipHMIi KpOK Yacy; At — po3MipHMIi KPOK Yacy.

AHanoriyHo BM3HAuMMO cHiBBigHomeHHsT (20) y
KiHIleBOpi3HelleBOMY BUIJISAI O/ iHIIMX 3HAaueHb olle-
paTopiB i, j.

[Ticna nudepeHIlitoBaHHS PiBHSHHS iMITyabCY i gona-
BaHHS pe3y/lbTaTiB OTPMMAEMO PiBHSIHHS JIIS1 TUCKY:

_ 92(u?) a%(av) | 9%(¥?) | 9D 9%D | 8%D
4p = Re( %2 +2 %0y + ay? + dt ) + (622 + ayZ)’ (25)
ne D= % + Z—; — OVBEPreHIIisl BUIKOCTI. 26)

PisHuieBi omepatopu 3 ypaxyBaHHSM Di3HULIEBOTO
CIiBBiTHOILIEHHS

ap|m _ pnti_pn _ _D_l”]
Ei,j_Ti,j_ T (27)
6yoyTh HACTYITHI:
Di,j — ui+1,é_ui,j + Vi,j+1{_17i,j’ (28)
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—Re (ﬂi+z,j+ﬂi+1,j)z—2(ﬂi+1,j+ﬂi,j)z+(ﬁi,j+ﬂi—1,j)z _Re (@i g, j+ s sjen) (VisnjrrtVijen) = (@i joa+ i) (i j+74))

+

J 252

+ Re

(e +itay) (Vimg jea HVijen) = (@ajma i) (Viea, j+ i) _

2§¢

Re (ﬁi,j+z+171',j+1)2—2(f’i,j+1+17i,j)2+(17i,j+171,j—1)2 _R Dij

2§¢

_ Di41,j=2Dij+Di1,j

e
42 T

Djj4+1=2D;j+Djj—1

29)

EZ
@OyHKIIi10 TOTOKY i TMCK BU3HAYAEMO iTepaliiiHuM Me-

TOAOM 3a CHiBBiZHOLIEHHSIMMU:

7,k Tk 7,k 7k Fa
Tl _ Wit B+ B 878
LJ 2(1+42) ’

(30)

pn pn 2(pn M z2
=ntl Py PR B (Pl 4P, )-E2Sy

Pij D) (1)

O1iHKa [OCTOBIpHOCTI pe3y/lbTaTiB TEOPETUYHOrO
PO3paxyHKY BUXIZHUX XapaKTepUCTUK UINUHIEIBHOIO

52

By3Jla BUKOHAHAa LISIXOM 3iCTaBJI€HHS 3 JOCTiLHMMMU [a-
HuMU. EXCTIEpUMeHTHM TIPOBeIeHi Mix yac poboTH Orop y
peXuMi BiACYTHOCTI TOpKaHHS MiX HIMIKOIO Baly i min-
IIMITHUKOM, TOGTO iX pO3i/isie map ra3oBoro Mactuia. Bu-
XiIHi XapaKTepUCTUKM MIMVHAEIbHOTO By3/1a IiJ] Yac po60o-
TU OTIOP y TAKOMY PeXXUMi IpeficTaBiieHi Ha PucyHkax 2 i 3.
AHani3 npencrasienux rpadikis mokasas, [0 MaKCUMaIb-
Ha TIOMWJIKA Yy BM3HAYEHHI 3aJeXHOCTi 6e3p0o3MipHOro
TUCKY PBif BiIHOCHOTO HaBaHTaXeHHs! F He MepeBuiye
6 %, a Big koedilieHTa KOPCTKOCTi ki He nepeBuiiye 10 %.

P
0,3
gl=( |
0,25 ™
¢[=0,3

0,2 /

0,15 F
0 0,02 0,04 0,06 0,08 0,1

PUCYHOK 2. 3aexxHicTb 6e3po3mipHoro Tucky P = P(%,7) BiJ BiGHOCHOro HaBaHTaKeHHs F Ta BimHOCHOrO
EKCII€EHTPUCUTETY &l

MNpPUMITKK: - - - — aITPOKCUMAITiSl eKCIIEPUMEHTAIBHIX TaHUX;

[>Kkepeno: po3pobieHo aBToOpamMu

— TEOpeTHYHa KpHBa

[/
/
/

/
//\Sl=0.1

P
¢[=0,3
0,3 ~
0,25
0,2
0,15 0.2

0,25 0,30 kg

PucyHoK 3. 3aexHictb 6e3posmipHoro tucky P = P(¥,¥) ig koediuienTy sxopcrkocti k7 Ta BigHOCHOTO
€KCLIeHTPUCUTETY &l

MpUMITKK: - - - — alTPOKCHUMALlisl eKCIIEPUMEHTAIBHUX JTaHHX;

D)Kepeno: po3pobieHo aBToOpamMu

HocnimskenHsimu [14, 15] BcTaHOBJIEHO, 1O 3POCTaH-
Hs KoedilieHTiB Hecy4oi 3IaTHOCTI 06yMOBJIeHe, TOI0B-
HMM YMHOM, IPEeBANIOI0YMM TMaJiHHSIM TUCKY B pO3BaH-
TaXyBa/lbHill 4acTuHi migmmnHuKa. [Ipu nojganpuiomy
30i7bIIeHHI KOHCTPYKTUBHOTO TapameTpa JOMiHYIOUMM
CTa€ 3HIKEHHS TUCKY B HAaBaHTAKYBajbHilt yacTuHi mix-
MIMITHYKA, BHAWTILOK Yoro kKoedilieHT Hecyuoi 3maTHOCTI
MOYMHAE 3HWXKyBaTuUC. UncenbHe NOCTIIKeHHS! BIUIUBY

— TEOpeTHYHa KpUBA)

BiIHOCHOTO TUCKY HarHiTaHHSI rasy IMpu poOOTi ra3oBuUX
OIIOP B PEXMMI BiICYyTHOCTi TOPKaHHS MiX LIMIAKOIO Baxy
i MiJIIMITHXMKOM TTOKa3Yye, 110 MOMiTHOTO BIVIMBY Ha BUXiJI-
Hi XapakTepUCTUKY BiH He Hafae. HesHauHe NMpuUpoILeHHS
HaBaHTaKeHHS Ha KOHCOJi BaJly Ta >KOPCTKOCTi MpU Bif-
HOCHOMY TMCKY HarHiTaHHSI ra30BMX OIOpP B 00/1aCTi Besn-
KUX YMCENT CTUCIMBOCTI TTOB’SI3aHMI 3 TOCUJIEHHSIM e(eKTy
MaCTUIbHOTO KJIMHA.
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BUcCHOBKM
3anpornoHoBaHO MaTeMaTU4YHy MoZeb Teuii rasy B 3a-
30pi MiJIIMIHKUKIB Ha Ta30BOMY MacTWIi Ta MeTOAMUKa
pO3paxyHKy BM3HAUMUTU TI0Jie TUCKY rasy y 3a3opi ya-
CTKOBO Ta30MPOHUKHOTO [MiJIIUITHUKA IIMUHIEIbHOTO
By3/ia. AHaJli3 eKCIepMMeHTalbHUX Ta TEOPEeTUUYHUX BU-
XiJHUX XapaKTepUCTUK IIMUHIEeIbHOTO By3ja ITOKa3as,
0 po3po6jieHa MEeTOOMKA HO3BOJISIE 3 JTOCTATHHOIO MJISt

MMPaKTUYHOTO 3aCTOCYBaHHS TOYHICTIO BU3HAYaTU EKC-
IUTyaTalifiii XapakKTepuCTUKM IIMUHAEIbHOTO By3JIa 3 ra-
30MPOHVKHUMM IITIOHKOBMMM OOMEXyBauaMM BUTPATH.
P036iXkHICTh PO3paxyHKOBMUX Ta HOCTIAHMX 3HAUeHb 3a-
JIEXKHOCTi 6€3p03MipHOro TUCKY P Bif, BiIHOCHOro HaBaH-
taxeHHs F He mepeBuinye 6 %, a Bifi KoeillieHTa >XOPCTKO-
cTi k; He iepeBuiiye 10 %.
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Determination of the pressure field in the gasstatic support
of a high-speed spindle assembly of a metal-cutting machine

Abstract. Accuracy, speed and durability of spindle assemblies allow to achieve high performance during grinding of
products. The use of spindle assemblies on rolling bearings is characterised by a relatively low peripheral cutting speed,
which forces to resort to strong pressing of the wheel. This leads to distortion of the geometry of the product and to a
decrease in the quality of the ground surface. The use of hydrostatic and hydrodynamic bearings in the designs of high-speed
spindle assemblies leads to a limitation of the spindle rotation frequency due to friction losses. Spindles on electromagnetic
supports have not yet found wide application due to the complexity and high cost of spindles and electronic control
systems. The introduction of gas-lubricated bearings into the design of spindle assemblies allows to increase the rigidity
and mass of the spindle by increasing the diameter of the working journals while simultaneously increasing the peripheral
speed of the tool. Increasing the peripheral speed allows grinding with high feeds, which leads to increased productivity,
improved grinding quality and reduced sensitivity to imbalance of the mandrel and circle, since their mass is noticeably
less than the mass of the spindle. However, it is necessary to note the significant mathematical complexity of describing
the dynamics of the flow of gas lubricant in the gap of a gas-static support by using classical methods of engineering flow
theory. Therefore, the article proposes to describe the flow of gas lubricant in the gap of the support by solving the boundary
value problem for the Navier-Stokes equations. As a result of numerical solution of the obtained equations in conservative
form, the dependences of dimensionless pressure on relative load and stiffness coefficient were obtained. The analysis of
experimental and theoretical obtained characteristics of the spindle assembly was performed and it was shown that the
developed method allows to determine the operational characteristics of the spindle assembly with gas-permeable key
flow limiters with sufficient accuracy for practical application

Keywords: high-speed spindle; gas bearing; relative pressure; relative load; stiffness
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Innovations in observational navigation techniques
for precise ship positioning

Abstract. The purpose of the study was to enhance methodologies for determining ship position, thereby increasing
the accuracy and reliability of navigation. The study involves a comparative analysis of current methods for establishing
navigational positions, specifically using bearing and radar data, with an assessment of the accuracy, efficiency, and
reliability of each approach. Findings indicated that the precision and effectiveness of each method are heavily influenced
by navigational conditions, including weather, geographical location, and vessel type. Although conventional methods
remain applicable, they present limitations that may result in substantial positioning errors. In response to these limitations,
new approaches are developed and tested, notably through the combined use of direction finders and radar data to improve
accuracy. A comparative analysis of these innovative methods against conventional practices demonstrates enhanced
accuracy and reliability under variable navigational conditions. These findings inform recommendations for refining ship
positioning techniques to enhance navigational safety and optimise maritime transport operations. The recommendations
emphasise advancing the use of modern technologies, such as global navigation systems and the integration of multiple data
sources, to improve the dependability of navigation solutions. In addition, the adoption of automated systems for analysing
and processing navigational data is advised to support timely decision-making in challenging navigational environments

Keywords: bearings, radar data, transportation, combined use, global systems

Introduction

The field of shipbuilding and navigation has seen signif-
icant advancements, presenting professionals with new
challenges in improving methods for determining vessel
location, a critical component for both safety and effec-
tive management. The accuracy of navigational equipment
is paramount, not only in ensuring safe passage but also
in reducing environmental risks, optimising routes, and
enhancing the overall safety of maritime transport. With
the growth of maritime traffic and increasingly complex

environmental conditions, refining navigational methods
has become a pressing issue. Precise positioning is essen-
tial for accident prevention, crew and cargo protection, and
minimising environmental impact. Errors in navigation-
al calculations can lead to serious consequences, such as
collisions, grounding, or even loss of orientation at sea,
posing a threat to crew safety. Consequently, the ongoing
improvement of ship location methods is a vital objective
for modern science and technology. Research focused on
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enhancing the accuracy and reliability of navigational sys-
tems is crucial, as it contributes to improved maritime safe-
ty and optimised transportation.

The accuracy of determining a ship’s position un-
der varying navigational conditions has been the subject
of extensive study. N. Al Bitar & A. Gavrilov (2021) high-
lighted the importance of integrating data from multiple
navigational systems to improve observational accuracy
under changing navigational factors. They also noted that
combining bearings and radar data could significantly re-
duce navigation measurement errors. Z. Hong et al. (2022)
focused on the impact of weather conditions on navigation
system accuracy, emphasising the need to adapt methods
to atmospheric changes. Their study provides examples
that demonstrate how different atmospheric phenomena
can affect navigation results. M. Elsanhoury et al. (2022)
developed new navigation data processing algorithms that
can reduce the impact of noise and interference on location
accuracy. Their approaches, based on advanced mathemat-
ical methods, demonstrated enhanced reliability of re-
sults. M.Y. Arafat et al. (2023) explored conventional bear-
ing techniques, such as azimuth usage and trigonometric
methods, and their limitations in modern conditions. They
suggested revising the fundamental principles of naviga-
tion, including coordinate systems, compass methods, and
celestial observations. Their findings indicate that new
technologies could greatly enhance navigational precision
and reliability. K. Naus et al. (2021) discussed the efficacy of
radar systems combined with GPS, which allows for greater
accuracy in congested maritime environments. They also
noted that integrating these technologies could signifi-
cantly simplify the navigation process for crews.

A. Comber et al. (2023) emphasised the importance
of considering the geographical features of the area when
choosing navigation methods. Their paper provided specif-
ic examples where conventional methods proved ineffec-
tive due to unique environmental conditions. X. Zhang et
al. (2021) noted that modern global navigation systems
significantly enhance measurement accuracy, but their
use requires specialised crew training. They emphasised
the need for training and drills to ensure the proper use of
these technologies. C. Liu et al. (2022) explored the role of
automated location determination in reducing human er-
ror in navigation, indicating that automation can substan-
tially improve maritime safety by reducing risks associated
with crew mistakes. M. Martelli et al. (2021) argued that
traffic monitoring and management systems could signif-
icantly improve maritime safety. Their study demonstrat-
ed that the integration of such systems allows for efficient
control of sea traffic, reducing accident risks. A.T. Hoang et
al. (2022) stated that new technological solutions could
revolutionise the conventional approach to navigation ob-
servation. They emphasised that developing new methods
and tools to enhance maritime safety is an important area
in marine navigation.

Despite significant efforts in this field, there are still
gaps that require further examination, particularly regarding

the integration of various navigation systems and their ad-
aptation to specific maritime conditions. The purpose of the
study was to identify ways and methods to improve the ac-
curacy and reliability of vessel positioning and assess their
effectiveness compared with conventional techniques.

Materials and Methods

In this study, various vessel positioning methods were me-
ticulously analysed to evaluate their accuracy, effective-
ness, reliability, and applicability under different naviga-
tional conditions. Initially, a review of scientific literature
on vessel positioning was conducted. This review provides
a comprehensive overview of the available methods and
technologies actively used in navigation, highlighting their
advantages and disadvantages. Subsequently, data syn-
thesis was performed to develop a clear understanding of
potential ways to improve methods. Methods used include
comparison, classification, analysis, modelling, structuring,
and evaluation. A comparative analysis was conducted for
each method based on criteria such as accuracy, reliability,
cost, and applicability in different conditions. Three prima-
ry methods were investigated: the directional method, ra-
dar data, and Global Navigation Satellite Systems (GNSS).

The study analyses the directional method, which in-
volves measuring angles to navigational landmarks, such
as other vessels or coastal objects, to determine location.
Observational data gathered under various weather condi-
tions were used to assess the effectiveness of the direction-
al method in low-visibility situations. The effectiveness
of radar systems that use radio waves to detect objects on
the water surface was also analysed. The accuracy of radar
systems was estimated based on experimental data. In ad-
dition, the financial aspects of their installation and main-
tenance were examined. The study further examines global
navigation satellite systems (GNSS), including GPS (USA),
GLONASS (Russia), Galileo (European Union), and BeiDou
(China), with an emphasis on their accuracy under differ-
ent conditions. This analysis enables identification of the
strengths and limitations of each system, and their ability
to maintain accuracy in adverse conditions.

The study investigates the root mean square error
(RMSE) dependency on the bearing difference to assess
the accuracy of navigational measurements. This depend-
ency allows for evaluation of how the angle between di-
rections to navigational landmarks impacts the overall
positioning error of a vessel. Examining this relationship
contributes to improving positioning methods and en-
hancing the reliability of navigation procedures. A for-
mula for RMSE was applied to quantitatively assess the
accuracy of each method:

D, . 0
_ 1 . (miles)mppg 2 2
MO(miles) = sin@ 1’( 57,30 ) + mD(miles)’ (1)

where: M, . o - distance adjustment; 6 - bearing difference
between landmarks; D - distances from the observed po-
sition; m3ps - bearing measurement error; m3 - distance

measurement error.
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This formula facilitates evaluation of how measure-
ment errors impact overall accuracy. Particular attention
was given to the combined use of positioning methods.
The integration of data from directional methods and radar
systems achieves higher accuracy. Combining information
from multiple sources reduces errors and improves the reli-
ability of navigational calculations. A comparative analysis
of standard navigational practices and new technologies
was conducted in the final phase of the study. Field tests
performed under different conditions provide a compre-
hensive assessment of the effectiveness of each method,
enabling the formulation of recommendations for improv-
ing navigational practices.

Results

Accurate vessel positioning is critical for ensuring the safe-
ty and efficiency of maritime transport. Vessel positioning
methods continue to evolve, particularly with the use of
bearings and radar data. These two approaches offer the re-
quired accuracy for navigational calculations, although each
has distinct characteristics, advantages, and limitations.
Bearing-based navigation is a method that relies on
measuring angles relative to specific landmarks, such as
navigational markers or other vessels (Blindheim & Jo-
hansen, 2021). This method enables the determination of
a vessel’s course and relative position. The advantages of
bearing-based navigation include ease of implementation
and relatively low equipment costs. However, the accuracy
of this method is significantly influenced by environmen-
tal conditions, such as visibility, weather, and the qual-
ity of the landmarks used. For instance, in conditions of
poor visibility or during storms, the precision of bearings
may decrease, which increases navigational risks. In con-
trast, radar systems use radio waves to detect objects on
the water’s surface (Zeng et al., 2023). Radar provides high
accuracy and can operate effectively when bearing-based
navigation becomes unreliable. This method not only de-
termines a vessel’s position but also assesses its speed
and direction. However, radar systems require substantial
financial investment for installation and maintenance. In
addition, their effectiveness can be reduced in complex ter-
rain or when obstacles, such as other vessels, are present.
The combined use of bearing-based methods and radar
data can substantially enhance the accuracy of a vessel’s
location determination. For example, radar data can offer
an overall view of the surrounding situation, while bear-
ings can provide precise angular measurements to specific
landmarks. This integrated approach helps to reduce the
errors associated with each individual method, improving
the reliability of navigational calculations. Advances in
global navigation satellite systems could further enhance
the precision and reliability of vessel positioning, contrib-
uting to increased safety in maritime transport and reduc-
ing navigation risks. In maritime navigation, the accuracy
and efficiency of positioning methods are critical for en-
suring the safety of transport and optimising routes. Var-
ious methods, including bearing-based navigation, radar,

and GNSS, demonstrate different levels of accuracy and
efficiency depending on navigational conditions, such as
weather, geographic location, and vessel type. Understand-
ing these factors is crucial when selecting the optimal nav-
igation method for specific situations.

Bearing-based navigation is one of the oldest and most
widely used methods for determining a vessel’s position. This
method involves measuring the angle to an object (such as
another vessel or a navigational marker) from a fixed point.
The accuracy of bearing-based navigation heavily depends
on visibility and environmental conditions. In favourable
weather conditions, such as clear skies and no obstructions,
bearings can provide sufficient measurement accuracy. How-
ever, in conditions of limited visibility, such as thick fog or
heavy rain, the precision of bearings can decrease signifi-
cantly. In such situations, visually identifying landmarks is
challenging, which may lead to measurement errors. Con-
ventional bearing methods become unreliable as reduced
visibility complicates the accurate assessment of the angle
of an object. Bearing-based navigation can be used in con-
junction with other navigation technologies to improve ac-
curacy. For instance, integrating data from radar systems or
GNSS allows for more reliable results. This approach helps
to mitigate the limitations of bearing-based methods un-
der poor visibility conditions and ensures greater accuracy
in determining a vessel’s position (Alizadeh et al., 2021).

Radar methods use radio waves to detect objects and
exhibit several key characteristics. The operational prin-
ciple of radar systems involves emitting radio waves that
reflect off objects (such as ships, islands, or coastlines) and
return to the receiver. By analysing the time taken for the
signal to return, the system can determine the distance to
the object. Radar remains effective in conditions of poor
visibility, such as fog, rain, or nighttime, making it invalua-
ble for maritime safety as it enables the detection of other
vessels or obstacles when visual observation is impossible.
However, while radar methods are highly useful, their ac-
curacy can be compromised in high radio-noise environ-
ments. For instance, in urban or industrial areas, numerous
electronic devices emit radio waves that can interfere with
the system’s correct operation, which is especially relevant
for river navigation. In addition, in complex terrains such
as coastal zones with numerous natural or artificial obsta-
cles, radar signals may experience reflections and overlaps,
complicating measurement accuracy. In such cases, radar
systems may provide inaccurate information about object
locations. Finally, the operation of radar methods requires
specialised equipment, such as radar stations and receiv-
ers, which can present a barrier for smaller or older vessels
that may lack the capability to install such technology. This
limitation reduces their ability for precise navigational
control. Consequently, while radar methods are a powerful
tool in maritime navigation, they require adequate techni-
cal support and suitable conditions to ensure optimal accu-
racy (Asiyabi et al., 2023).

Global Navigation Satellite Systems (GNSS) are a
key tool for determining location and time in modern
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navigation, providing a high level of accuracy and relia-
bility due to their complex infrastructure, which includes
several satellite networks, each with its own characteristics
and advantages. GNSS comprises several key components
that contribute to its high accuracy and reliability. The
Global Positioning System (GPS) is the most well-known
satellite navigation system, developed by the United
States. It consists of a network of approximately 30 sat-
ellites orbiting Earth, providing positional and time data.
The Global Navigation Satellite System (GLONASS), devel-
oped by Russia, consists of 24 satellites. GLONASS offers
similar functions to GPS, enhancing navigational accuracy,
especially in areas where the GPS signal may be weakened.
Galileo is a European satellite navigation system under
development, aiming to provide more precise and reliable
positioning, particularly in urbanised and challenging nat-
ural environments. BeiDou, the Chinese satellite naviga-
tion system, offers navigation services for China and other
countries, comprising 30 satellites that provide global cov-
erage. Through the use of these systems, GNSS can deliver
high measurement accuracy; however, their effectiveness
can significantly diminish when signals are obstructed. For
example, in urban areas, tall buildings may block direct sig-
nals, and mountainous regions may present challenges due
to the terrain. In remote regions where satellite coverage
is limited, accuracy may also decrease. Atmospheric condi-
tions are also important, as they can affect the speed of sig-
nals passing through the atmosphere. Achieving maximum
accuracy in navigation with GNSS requires consideration of
all these factors (Rodriguez-Alvarez et al., 2023).

Thus, the evaluation of the accuracy and efficiency of
each method for determining a vessel’s position should
account for the specific navigation conditions. In each
particular case, selecting the optimal method may depend
on factors such as weather conditions, geographic char-
acteristics, and the technical capabilities of the vessel.
Further analysis in this field could contribute to devel-
oping new, more adaptive navigation systems capable of
providing high levels of accuracy and safety in constantly
changing conditions.

The main methods of vessel positioning observation
include bearings taken from two or three points, bearing
and distance measurement, radar data, and a cross-bearing
method. Two-bearing positioning involves determining
the angle to a vessel from two different points. This meth-
od requires precise knowledge of both points’ coordinates
and the bearing measurements. The main advantage of this
method is that it provides adequate accuracy if bearings are
taken from well-visible landmarks. However, its limitation
lies in its dependency on good visibility and accurate bear-
ings (Shajahan et al., 2024). Using three bearings is a more
reliable method, as it allows for triangulation techniques
to achieve more accurate positioning. This method helps
to reduce errors associated with computational deviations,
but its effectiveness is limited by the visibility of land-
marks. The bearing and distance method combines angle
and distance measurements to a vessel, enabling precise

determination of an object’s location relative to naviga-
tional landmarks. Using bearing alongside distance meas-
urement provides a more accurate location assessment,
although the precision of this method can decrease in con-
ditions of poor visibility or when distance measurements
are inaccurate (Lu et al., 2023).

Radar methods represent modern observation tech-
nologies that use radio waves to detect vessels and other
objects on the water’s surface. This technique relies on
transmitting radio signals from a transmitter to a target
and analysing the reflected signals that return to the re-
ceiver. By measuring the time taken for the signal to travel,
the distance to the object can be determined. Radar systems
are particularly effective in low-visibility conditions, such
as fog, rain, or darkness, as they are not reliant on optical
conditions. In addition, these systems can operate in any
weather, providing continuous monitoring of the naviga-
tional environment. However, the use of radar methods re-
quires specialised equipment, including radars, antennas,
and signal processors. Notably, the effectiveness of these
systems may decrease in areas with high levels of radio noise
or strong electromagnetic interference, which can distort
the received data and complicate accurate object detection.

Cross-bearing is a navigation method applied from a
moving platform, such as a boat or ship, to determine the
angle to a stationary object, like a lighthouse or another
vessel. This method allows for real-time location data of
a vessel by using a compass or other navigational instru-
ments to measure the bearing. In practice, as the vessel
manoeuvres, it can continuously record the angle between
its direction of movement and the direction to the station-
ary object. Based on these data, the location of the vessel
can be calculated, although the accuracy of this method
may decrease due to the movement of the platform, which
introduces additional measurement errors. Cross-bearing
is useful in situations where other location methods, such
as conventional bearings or GPS, may be hindered by lim-
ited visibility or signal loss (Mazurek et al., 2021). Each of
these methods requires certain conditions and has its own
advantages and limitations. However, they all share an es-
sential factor - the need to consider both distance and an-
gular differences between landmarks in calculations. These
parameters are critical for the accuracy of navigational
data, as even minor errors in determining them can lead to
significant inaccuracies.

To achieve more accurate measurements, values that
help reduce the radial root mean square error (RMSE) are
typically used. The smaller the RMSE, the more precise the
vessel’s location determination will be (Liu et al., 2021).
Further calculations will allow for a better understanding
of how measurement accuracy depends on the distance
to landmarks and the angle between them. In situations
where the angles between landmarks vary significantly,
accuracy may improve considerably. Thus, by analysing
these dependencies, the optimal conditions for select-
ing an observation method can be established, which will
enhance the efficiency of maritime navigation. To calculate
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the dependence of observed location accuracy on the angle
between bearings to a landmark, the following formula (1)
for determining RMSE was used. Assuming: 6 =30°; 40°;
50°; 60°; 70°; 80°; 90°; D= 25 miles; m°(D)=1% of D=0.25;

m°() =1°. In this case, data presented in Table 1 were ob-
tained, and a graph illustrating the relationship between
observational location accuracy and the angle between
bearings on a landmark was generated (Fig. 1).

Table 1. Relationship between root mean square error and bearing difference

30 1.02
40 0.80
50 0.67
60 0.59
70 0.54
80 0.52
90 0.50

Source: created by the authors

1.2
1 Mo

0.8 o

0.6
0.4

0.2

0 30 40

Difference in bearing to a landmark

50 60

Figure 1. Graph showing the relationship between observational location accuracy
and the angle between bearings on a landmark

Source: created by the authors

Based on the data obtained, it was established that
an increase in the angular difference between landmarks
reduces the root mean square error, thereby enhanc-
ing the accuracy of observation. Similar calculations
were conducted to determine the relationship between
observational accuracy and distance to the landmark.

Assuming: 6=60°; D=1 mile; 5 miles; 10 miles; 15 miles;
20 miles; 25 miles; 30 miles; 35 miles; 40 miles;
m°(D) =1% of D=0.01; 0.05; 0.1; 0.15; 0.2; 0.25; 0.3;
0.35; 0.4; m°() = 1°. In this case, the following data was
obtained (Table 2). To enhance clarity, a graph illustrat-
ing the relationship was created (Fig. 2).

Table 2. Relationship between root mean square error and distance to landmark

1 0.02
5 0.23
10 0.21
15 0.32
20 0.45
25 0.58
30 0.7
35 0.84
40 0.99
Source: created by the authors
0.35
0.3
0.95 /
0.2
0.15
0.1 .
0.05 Distance to the landmark
0 1 5 10 15

Figure 2. Graph showing the relationship between observed position accuracy and distance to the landmark

Source: created by the authors
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The graph clearly demonstrates a trend: as the dis-
tance to the observation point increases, the root mean
square error also rises, which in turn decreases the ac-
curacy of measurements. Notably, the RMSE remains
nearly constant between distances of 5 to 10 miles, in-
dicating that measurement accuracy remains high with-
in this range. This may be due to optimal observation
conditions at these distances, where the impact of exter-
nal factors is minimal. However, beyond this range, the
error increases, negatively affecting accuracy. Calculat-
ing the RMSE in navigational measurements is crucial
for assessing the accuracy of vessel positioning. This
analysis helps understand how accuracy varies with in-
creasing distance from the observation object. This is
important for optimising navigation systems, as it al-
lows adjusting them to achieve maximum accuracy at
certain distances. It also assists in risk assessment and
in anticipating potential errors during route planning.

In addition, considering RMSE enhances precision in
vessel manoeuvres, contributing to navigational safety.

In modern navigation, the accuracy and reliability of
navigational data are critical for ensuring the safety and ef-
ficiency of transportation (Melnyk & Onyshchenko, 2021).
Standard methods, such as the use of bearings and radar
data, have their advantages; however, the development of
new approaches can offer higher levels of accuracy. When
comparing new methods to conventional ones, several
key aspects should be considered. Standard practices may
demonstrate satisfactory accuracy in stable navigational
conditions, but their effectiveness often decreases under
conditions of climate change, reduced visibility, or the
presence of obstacles. Meanwhile, new approaches that in-
tegrate data from multiple sources, such as global naviga-
tion satellite systems (GNSS) and radar technologies, show
higher accuracy in challenging conditions, owing to their
ability to correct data in real time (Table 3).

Table 3. Comparative table of navigation methods: conventional and new approaches

# Requires visibility of

Poor visibility

Moderate to high

Radar systems

poor weather conditions;

& operates at any time

« sensitive to radio

Less sensitive to
weather conditions

objects blocking

Bearing ¢ Easy to use; landmarks; conditions (fog, rain) High sensitivity to |over short distances,
& low equipment cost | accuracy decreases with|  Laqyce accur:acy obstacles reduggd over long
distance istances
¢ High effectiveness in . . . - .
+ High equipment cost; Can be limited by | High, but decreases

in the presence of

of day interference

radio signals radio noise

& High accuracy in open
spaces;

GNSS (GPS,
GLONASS, e (moun
Galileo, BeiDou) buildings);

¢ global coverage ¢ high system cost

¢ Vulnerable to signal
blockage (mountains,

Accuracy degrades
in signal blockage
conditions

Sensitive to densely|
built-up areas and
natural obstacles

High, but decreases
in challenging
conditions

# High accuracy due

Combined to real-time data ¢ Complex data
methods (GNSS + correction; processing;
radar) & Data compatibility ¢ High system cost

from various sources

Less sensitive to
weather changes,
better in geoclimatic
conditions

Highest, due
to integration
of multiple
technologies

Reduced impact of
obstacles due to
data correction

Source: created by the authors based on N. El-Sheimy & Y. Li (2021)

Conventional navigation methods often rely on a
single source of information, making them vulnerable to
various errors. For example, inaccuracies in determining
bearings can lead to significant discrepancies. In con-
trast, new methods that integrate different types of nav-
igational data reduce the risk of errors and increase the
reliability of location determination. Another key factor
is adaptability to changing conditions. Conventional
methods may require significant adjustments to recali-
brate for new conditions, whereas modern technologies

often include built-in adaptive mechanisms. This ena-
bles quicker responses to environmental changes, which
is critical in the rapidly shifting conditions of the marine
environment.

Evaluating the effectiveness of new methods also in-
cludes cost analysis. While new technologies may require
substantial initial investments, their ability to enhance ac-
curacy and reliability can lead to substantial cost savings
by reducing the risk of accidents and losses due to naviga-
tional errors (Table 4).

Table 4. Analysis of installation and maintenance costs for radar equipment and global navigation systems

Radar equipment 15,000-50,000 2,000-5,000 Costs vary depending on the

power and type of radar used.

Global navigation Includes the cost of receivers,
systems (GNSS) 10,000-30,000 1,000-3,000 antennas, and software.

Source: created by the authors based on B. Bartel (2024)
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Although installation costs may vary, investing in
such technologies proves advantageous due to improved
accuracy, reliability, and functionality in limited-visibility
conditions. Radar systems enable rapid object detection
and real-time monitoring, reducing accident risks and
enhancing navigational safety. In turn, global navigation
satellite systems demonstrate effectiveness across a wide
range of conditions, offering global coverage. Both meth-
ods contribute to optimising maintenance and operation-
al costs, making them economically sound investments in
modern navigation systems.

Therefore, the comparative analysis of these methods
against standard practices suggests that new approaches
can greatly surpass conventional ones in aspects such as
accuracy, reliability, and adaptability. Given the growing
demands for safety and efficiency in navigation, invest-
ment in new navigation technologies can be essential for
success in the maritime industry, safeguarding crew, cargo,
and the environment. One area for improving vessel posi-
tioning methods is the integration of advanced technolo-
gies like GNSS, which offer high accuracy and data reliabili-
ty. For example, the use of Differential GPS (DGPS) systems
can significantly reduce errors caused by atmospheric in-
terference or multipath effects, enhancing measurement
accuracy to the centimetre level.

A critical aspect is data monitoring and analysis. The
implementation of systems for collecting and analysing
navigational data, alongside analytical tools capable of
processing large data volumes, will help identify patterns
that enhance navigational efficiency. The development and
implementation of advanced software solutions that use
artificial intelligence can allow for timely error detection
in data and automatic route adjustments in real time. At-
tention should also be given to crew training. Modern nav-
igation methods require high qualifications from seafarers.
Regular training covering the latest navigation technolo-
gies and methods can improve crew competence in using
navigation equipment effectively.

All these recommendations aim to mitigate risks asso-
ciated with navigation errors, enhance the safety of crew
and cargo, and optimise transportation processes. The
introduction of a comprehensive approach to improving
vessel positioning methods, encompassing technological,
organisational, and training aspects, can significantly in-
crease the efficiency of maritime transport processes and
ensure reliable navigation in the face of modern challenges.

Discussion

The study reveals that innovations in navigational observa-
tion techniques have significantly enhanced the accuracy
of vessel positioning. Specifically, the use of new technolo-
gies, such as automated coordinate determination systems,
has markedly improved accuracy under conditions of lim-
ited visibility. For instance, integrating data from global
navigation satellite systems with conventional navigation
methods has substantially reduced positioning errors that
previously occurred when relying solely on one method.

This was also explored by B. Wisnicki et al. (2024),
where results confirmed that navigation technologies, such
as GPS and GLONASS, have greatly increased maritime
transport accuracy, enabling vessels to make precise route
calculations. The integration of automated ship control
systems enables rapid responses to environmental chang-
es, reducing the risk of accidents and delays. These inno-
vations contribute to optimising fuel costs and reducing
transit times, which are crucial factors for companies in the
logistics sector. Research by J. de Vos et al. (2021) further
demonstrated that technologies such as real-time mon-
itoring systems and data analysis significantly enhance
maritime transport safety. The use of drones to inspect
vessel and cargo conditions, along with automated alert
systems, has enabled quicker responses to emergencies.
These innovations not only reduce the risk of accidents but
also enhance the overall efficiency of maritime transport,
creating safer conditions for crew and cargo alike.

Notably, the successful integration of innovations in
navigation and safety technologies depends not only on
technical aspects but also on companies’ willingness to
adapt to new market conditions. Training and upskilling
of personnel are critical for the effective use of new tech-
nologies. Furthermore, cooperation between countries and
regulatory bodies can promote the development of unified
standards, improving the safety and efficiency of interna-
tional maritime transport.

The study also discovered that cutting-edge technolo-
gies, such as radar systems, allow for the detection of ob-
jects at long distances, which is crucial for collision avoid-
ance in challenging conditions. The use of radar, combined
with directional data, has contributed to creating a more
detailed picture of the surrounding environment, helping to
reduce navigation risks in low visibility or adverse weather.
This approach demonstrates how integrating various tech-
nologies can enhance overall maritime safety. L. Huang et
al. (2022) concluded that radar systems have become a vital
tool in modern navigation, providing detailed visualisation
of the environment in low-visibility conditions. They not
only enable the detection of other vessels but also facili-
tate weather analysis, contributing to safer route planning.
With advancements in digital radar technology, data is pro-
cessed in real time, enabling crews to make well-informed
decisions more quickly and effectively.

M. Plaza-Hernandez et al. (2021) established that in-
tegrating various technologies, such as radar systems, au-
tomated control systems, and monitoring technologies,
provides a comprehensive approach to enhancing mari-
time transport safety. These technologies interact with one
another, allowing for consolidated information on the con-
dition of the vessel and its surroundings, thereby reducing
the risk of accidents. In addition, this integration facilitates
data exchange between vessels and ports, which is crucial
for coordinated responses in emergency situations. These
findings confirm that the integration of new technologies
into navigation systems not only improves route accura-
cy but also the overall safety of maritime transport. For
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instance, the reduction in accidents attributed to radar and
automated control systems demonstrates the effectiveness
of these solutions in practical application. Furthermore, the
implementation of innovations in this field may enhance
the competitiveness of companies in the global market, as
safer and more efficient transport is a key factor for clients.

The study also demonstrated that innovative data-pro-
cessing algorithms used in modern navigation systems
contribute to improved accuracy and speed in obtaining
location information. Specifically, the use of algorithms for
correcting signal errors related to atmospheric conditions
or obstacles has proven to be highly effective. This has
substantially reduced the time needed to obtain accurate
data, which is critical in situations that require prompt de-
cision-making. P. Karagiannidis & N. Themelis (2021) sim-
ilarly highlight the role of data-processing algorithms in
enhancing the speed and accuracy of maritime transport,
enabling the analysis of large volumes of information in
real time. Through the application of machine learning
and artificial intelligence, vessel systems can more quick-
ly adapt to environmental changes, optimising routes and
reducing fuel costs. This, in turn, increases the overall ef-
ficiency of logistical operations, which is crucial for main-
taining competitiveness in the global market.

Conversely, D. Li et al. (2021) concluded that signal is-
sues in navigation can significantly impact the safety and
efficiency of maritime transport, as even minor disruptions
may lead to serious consequences. Modern solutions in-
clude the use of multi-constellation navigation systems,
which combine signals from various satellite systems to
ensure data stability and accuracy. In addition, the imple-
mentation of backup communication technologies and sig-
nal-boosting antennas in remote areas helps to mitigate
risks associated with navigation errors and communication
losses. These findings are consistent with this study, as
they underscore the importance of implementing modern
data-processing algorithms to achieve high accuracy and
speed in maritime transport. This suggests that investments
in technology can significantly enhance navigation systems
by reducing risks and optimising logistical processes. More-
over, the results highlighted the need to address signal is-
sues, as stable communication is critically important for the
successful operation of maritime transport in challenging
conditions. Meanwhile, there is a need for further develop-
ment of navigation technologies, since not all innovations
can be universal. For example, it has been observed that in
densely built or mountainous areas, the effectiveness of
satellite systems may decrease, raising the need for alter-
native solutions for inland waterway navigation. This indi-
cates that combining different navigation methods remains
the optimal approach for achieving maximum accuracy.

T.E. Kim et al. (2022) also confirmed that navigation
technologies face a range of challenges in specific mari-
time transport conditions, such as adverse weather or re-
mote areas. In such situations, conventional systems may
not provide the required accuracy, which could lead to de-
lays or even accidents. In addition, natural obstacles such

as large waves and ice fields complicate navigation and
require continuous advancements in technology. B. Wu et
al. (2022) found that alternative solutions, such as using
terrestrial radio-navigation systems or hybrid technolo-
gies, can significantly improve the accuracy of maritime
transport under challenging conditions. For instance, com-
bining satellite systems with radar and sensors can offer
more reliable navigation even when standard signals are
unavailable. Moreover, advancements in machine learning
technologies enable the development of adaptive algo-
rithms that account for specific environmental conditions,
aiding route optimisation and risk reduction.

Comparing the data obtained in these studies makes
it clear that adapting navigation technologies to the spe-
cific conditions of maritime transport is essential for en-
suring their efficiency and safety. The analysis indicates
that conventional navigation methods may be insufficient
in extreme weather conditions or in the presence of nat-
ural obstacles, affirming the need for the development of
new solutions. Therewith, alternative technologies such as
hybrid systems and adaptive algorithms show significant
potential to improve the accuracy and reliability of mar-
itime transport, which could substantially enhance the
overall efficiency of logistical operations. When discussing
the advantages of new technologies, it is also important to
consider the financial and technical aspects of their imple-
mentation. While modern systems can offer high precision,
their installation and maintenance may require substantial
investment. This could be a barrier for smaller companies
or countries with limited resources. Therefore, it is essen-
tial to find a balance between the costs of new technologies
and their effectiveness to ensure these innovations are ac-
cessible to a broad range of users.

E. Tijan et al. (2021) concluded that the cost of new
technologies, such as advanced navigation systems and
safety solutions, is a crucial factor to consider when plan-
ning investments in maritime transport. Although the
initial costs of implementing these technologies can be
considerable, their effectiveness in reducing accident risks
and improving route management often justifies the ex-
penditure. Consequently, investing in new technologies
becomes not only an expense but a strategic step to ensure
market stability and competitiveness. W. Zhu et al. (2021)
found that achieving a balance between the costs and ef-
ficiency of maritime transport is a complex challenge that
requires thorough analysis and strategic planning. Com-
panies should assess not only the initial costs of adopting
new technologies but also their impact on overall produc-
tivity and safety. Identifying an optimal balance between
investment and achieved outcomes can significantly en-
hance profitability and ensure the successful execution of
business strategies in the maritime sector.

An analysis of research findings reveals that invest-
ments in new technologies for maritime transport not only
increase safety levels but also help reduce overall costs in
the long term. Specifically, implementing effective nav-
igation and monitoring solutions allows companies to
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minimise delays and accidents, positively influencing fi-
nancial performance. Thus, strategic investment in new
technologies becomes a crucial factor in achieving a bal-
ance between costs and efficiency, promoting overall suc-
cess in maritime transport.

Overall, this study confirms that innovations in nav-
igational observation technology hold immense potential
for improving the accuracy of ship location tracking. Given
the diversity of conditions in which these technologies may
operate, further research should focus on developing adap-
tive navigation systems capable of considering specific op-
erational conditions. This approach will enable the maxi-
mum utilisation of the latest technologies and enhance the
safety of maritime transport.

CONCLUSIONS

The research into innovations in navigational observa-
tion technology for accurately determining the location
of vessels has shown that modern technologies signifi-
cantly improve the accuracy and reliability of navigation
systems. The integration of radar technologies with GNSS
has provided more detailed and precise tracking of vessel
positions under various conditions. This is particularly cru-
cial in challenging weather situations or areas with limit-
ed visibility, where conventional navigation methods may
struggle to perform effectively. The study also demonstrat-

conditions, local topography, and obstacles along the
route. Furthermore, the incorporation of new technologies,
such as differential correction systems for GNSS, has sub-
stantially reduced positioning errors, which is critical for
the safety of maritime transport.

Thus, the results of the study confirm that innovations
in navigational observation technology not only enhance
the accuracy of vessel location tracking but also reduce
risks at sea. These technologies support more efficient
and safer transport, which is a vital factor in developing
maritime infrastructure and boosting competitiveness in
the global market.

The study was limited to the analysis of certain nav-
igation technologies, such as radar systems and GNSS,
without considering other potentially important meth-
ods that may impact vessel location accuracy. Further re-
search should cover the effects of new technologies, such
as data integration from various sources, the use of drones
for environmental monitoring, adaptive signal-processing
algorithms, and machine learning technologies, on the ef-
fectiveness of navigation systems in specific conditions,
such as high levels of electromagnetic noise or challenging
terrain. This would further enhance the accuracy of vessel
location tracking
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IHHOBaUii B 06¢cepBaLUinHin TexHIiUi HaBirauii
AN TOYHOro BUSHAYEeHHS MicLe3HaxXoo)KeHHSA Kopab6nis

AHoTauif. [ToctigkeHHs 6y/10 MPOBeIeHo ISl BIOCKOHAJeHHS MeTOAMKY BYM3HAUeHHST MiCIle3HaXOIKeHHS CYIHa, 0
IO3BOJIUTD MiABUIIUTY TOUHICTDb Ta HAAiMHICTh HaBirauiitHux npouenyp. Y mpoieci pobotu 6yiu mpoaHaai3oBaHi HasBHI
METOAY BU3HAUEHHS HaBiraliifHOro MOJIOKEHHST KOpabJIsi, 30KpeMa 3 BUKOPVUCTAHHSIM IeJIEHTIB Ta pafioioKaliiiHUX JTaHUX,
3[Ii/iICHEHO X ITOPiBHSIHHS, a TAKOX JaHa OL[iHKA TOYHOCTi, epeKTMBHOCTI Ta HaIiiiHOCTi X MEeTOAiB. Pe3yybTaTyt oKasamm,
110 TOYHICTb i e)eKTUBHICTh KOSKHOT'O MeTOLY 3HAUHO 3aJIeXKaTh BiJ HaBiraliitHMX yMOB, TAaKMX SIK TOTofa, reorpadivHe
TIOJIO’KEeHHSI Ta TUII CyAHA. BusiBIeHO, 110 TpaAuIliliHi MeToOu, Xoua i 3auIIaloThCsl aKTyalbHUMM, MalOTh CYTTEBI HE[IOMiKH,
SIKi MOKYTb IIPM3BOAUTH 10 3HAUYHMX MOXMOOK y BU3HAUEHH] Miclie3HaxokeHHs. Ha OCHOBi BUSIBIIEHMX HEIOMiKiB OyJn
po3pobiieHi Ta BUIIPOOYBaHi HOBI ITiAX0M, 1110 BK/TIOUAIOTh KOMOiHOBaHe BUKOPMCTAHHS ITeJIEHTIB Ta paliooKaliiHuX
JaHUX OJIS MiABUILeHHS TOUHOCTI. [IOpiBHSMIbHMIT aHa/Ti3 IMX METOIB 3 TPaAULIiIAHMMM MTPaKTMKaMM 110Ka3as, 1110 HOBi
Miaxony 3a6e31euyIoTh 6iTbIIly TOUHICTh Ta HAAi/HICTh B YMOBaX 3MiHHMX HaBirauiifHux o6ctaBuH. 3pobieHi BUCHOBKU
CTaJIX OCHOBOIO Jy1s1 POPMY/TIOBAaHHSI peKOMEH ALl 100 MOKPaIlleHHSI MeTOAVK BM3HAUEHHS MiCcLie3HaXOIKeHHSI CyJHa,
IO CIIPUSTMME MiIBUIIEeHHIO 6e31eKy CyqHOIIaBCTBA Ta ONTUMi3allii TPaHCIIOPTHUX MPOIeciB y MOPCHKiit ramysi. Li
PeKoMeH/Iallii BKITI0OYaloTh BOOCKOHAJIEHHS BUKOPUCTAHHS CYyYaCHMX TEXHOJIOTIN, TaKMX SIK II06a/IbHi HaBirawiifHi cucremu
Ta iHTerparis pisHMX JyKepet aHuX IJIs MigBUIIEeHHS HaliifHOCTi HaBirauiifHuX pimeHs. IogaTkoBO 6y/10 peKOMEeHI0BaHO
BIIPOBAKEHHSI aBTOMAaTM30BaHMX CUCTEM aHaji3y Ta 06pOOKM OTPUMMaHMX HaBiraliiiHMX JaHUX AJIsT ONepaTUBHOIO
MIPUITHSATTS pillleHb Mif Yyac CKIaJHMUX HaBirauiiHMX yMOB

Knio4oBi cnoBa: meyieHri; pafionokaliiiii JaHi; TpaHCIOPTHI Mpoliecy; KOMOiHOBaHe BMKOPUCTAHHS; IMI00aIbHI
CUCTEMU
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3acTocyBaHHA TexHonorii Blockchain B norictuui
Ta ynpaBniHHi JaHUOraMm noctayaHb

AHoOTaUiq. YV cTaTTi po3MISIAaEThCS MOXKIMBICTh 3aCTOCYBaHHS iHHOBAaLiTHOT iHbopMaliiiiHoi TexHomorii Blockchain
y JioricTuii Ta ynpaBiiHHi JlaHIIoraMmu nocravyadb. Ha nmouatky XXI cTomiTTs Bimbysacs 3HaUHa 3MiHa Y PO3BUTKY
undpoBux TexHosnoriii. Terep iHdopmallist HabyBae Bce 6ibIIOTO 3HAYEHHSI SIK PeCcypC y CYCIJIbHUX Ta TOCIIOAAPCHKUX
npotiecax. Buxopucranss indopmaiii y cydacHUx yMoBax Heob6ximHo st TpaHcopMallii i1 y 3HaHHS, SIKi BUMipPIOIOThCS
30i7IbLIIEHHSIM MPOAYKTUBHOCTI, a 3T0JIOM COIliaJIbHUII ITPOCTip 3aiiMae Bce 6iblie Miclisl y coIia/ibHO-eKOHOMIiYHMX
BiIHOCMHaX. BimobpaskeHO CyTHICTh Ta ocobmmBocTi TexHouorii Blockchain, a TakoX po3KpuTO HEOOXiAHICTD ii TeXHIUHOT
BriopsinkoBaHocTi. Blockchain - e 6aratodyHkuioHanbHa Ta 6araTopiBHeBa iHbopMaliiiiHa TeXHOOrsI, TpU3HayeHa Iis
HaZitHOTO 06JiKY Pi3HMX aKTUBIB. [IOTEHLIiIHO LSl TEXHOJIOTISI OXOIUTIOE BCe 6e3 BUHSITKY chepy eKOHOMIUHO1 HisIbHOCTI i
Mae 6e35iu obmacreit 3acrocyBanHs. Cepen, HuX: dhiHaHCK, eKOHOMIKA Ta IPOILIOBi pO3paxyHKM, omlepallii 3 MaTepialbHUMM
Ta HeMaTepialbHMMM akTMBaMu. BripoBamkeHHs Blockchain TexHosnorii y 6ynb-siky chepy 6i3Hecy niepenbavae MpuUHATTS
TOBHICTIO MPO30poi Ta HaziitHoi iHpopmaliiiHoi mnaTdopmu, sika 6yme BUKOPUCTOBYBATUCH YUACHUKAMMU TOTO UM
iHIIIOTO Mpo1Iecy: UM TO CTpaxyBaHHs Gi3MUHMX OCib, MpUBaTM3Aallis HEPYXOMOCTI, yIIPaBIiHHS TIOBepHEHHSIMY, HaTaHHS
JIOTICTMYHOTO cepBicy abo 6yab-aKuii iHIIMI BUL, AisyibHOCTi. CyyacHe CyCITiIbCTBO epe6GyBae Ha TAKOMY iHTEJIEKTYyaIbHO-
TeXHiUHOMY PiBHi, IpM SIKOMY TeXHiuHa N06YI0Ba MO camoro cebe € IiIKOM peaabHMUM KOMIT I0TepHO-iH)XeHepHUM
3aBgaHHsIM. CbOTOAHI TeXHIUHE MO EIIOBAaHHS Ta TEXHIUHA HOpMasi3arlis TexHonorii Blockchain sHaxopsiTbest B 30H1
CYBODOTO Ipoliecy opraHizaiiii BUpOOHUIITBA Ta eKOHOMiKM. KITI0OUOBUM MUTAHHSIM CTATTi € PO3KPUTTSI MOXKIMUBOCTEN
3actocyBaHHsI Blockchain TexHosorii B morictuiii Ta yrpaB/iHHS JIaHI[IOraMy IIocTayaHb 3arajioM. HaBemeHo npukiIagu
MIPaKTMYHOTO 3aCTOCYBAHHSI JAHOI TeXHOJIOTIi B JIOTiCTHIIi, PO3KpUTI epeBary i Hegomiky Blockchain, a Takoxx BiobpaskeHi
6ap’epy Ta TPYOHOILIi,MTOB’sI3aHi 3 BUKOPUCTAHHSIM JAaHOI TEXHOJIOTi1

Kniouosi cnoBa: blockchain TexHosoris, yrpasTiHHs JaHIIOraMy mocTavadb, blockchain TexHosioris B iorictuili, posymHi
KOHTpPaKTH, pO3yMHi aKTUBU

Bctyn
BpaxoByloun CBIiTOBi TeHIeHIIii CTaHOB/JIEHHS UMGPOBOI  MOXKIMBOCTI IJisi KOMyHiKalii Ta CHiBpo6GiTHUIITBA 3 Me-
€KOHOMiKM, IOLIJIbHO PO3BMBATHM iHHOBAIiliHY iSUTbHICTh  TOIO OpraHisaliii epeKTMBHMX KiJl TOCTaYaHb, IO TO3BOJISIE
y HampsiMi BipTyastisaiiii 6i3Hecy, 110 HaJa€ aBTOHOMHMM Y Hal6iIbII CTUCINIT TEpMiH 3 MiHIMaJIbBHMMM BUTpaTaMu
Ta reorpadiuHo pO3MOAiIeHUM MiAIIPUEMCTBAM MIMPOKi  3[ilCHIOBATM IOCTAYaHHSI FOTOBOI MPOAYKIii KiHIIeBOMY

Suggested Citation:
Melnyk, R., & Tsymbal, S. (2024). Application of Blockchain technology in logistics and supply chain management. Journal
of Mechanical Engineering and Transport, 10(2), 153-160. doi: 10.63341/vjmet/2.2024.153.

*Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
BY

Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0009-0003-9762-2657
https://orcid.org/0000-0003-3066-4169
https://met-journal.com.ua/en

Application of Blockchain technology in logistics and supply chain management

crioxxuBavesi. [TosiBa HOBuX IT-pilieHb Ta TeXHOOTiN Bifl-
KPMBA€E B LIbOMY HaMpsIMKy abCOMIOTHO HOBi MOSKIMBOCTI
onsi 6i3Hecy. Lleit mpolec IpyHTYETbcsSI Ha GOpMyBaHHI
€0VHOTO OpraHi3aliifHO-TeXHOJIOTiUHOrO cepefoBMILa 3a
paxyHOK 00’€lHaHHS iHTepeciB CTOPiH BeJeHHs Oi3Hecy.
o OCHOBHMX IlepeBar TakOro MiJXOAy HajaeXaTb: MOX-
JIMBICTb OCBOEHHSI HOBMX DUHKIB, CKOPOUYEHHSI BUTpaT,
TpaHcdep TEXHOJIOTi Ta HOY-Xay, JOOATKOBi iHBECTUIIii1-
Hi MOX/IMBOCTIi, Iepepo3noisl pu3ukKiB. OfHaK NUTAHHS
3aliKaBJe€HOCTi iHO3eMHUX NapTHepiB y BeleHHi BipTy-
ajpHOro Gi3Hecy 6esrnocepenHbO IMOB’SI3aHi 3 Mpobiema-
MU Ge3rnekyu iHGOpMaliifHOro o6MiHy Ta 3abe3reyeHHSs
JOBipy KOHTpareHTis [1].

V 3B’I3Ky 3 UMM MPaKTMYHA peanisallis I[bOTO Mifxo-
oy v migBuineHHi edekTMBHOCTI BeleHHSI BipTyaabHOTO
6i3Hecy Ta ONTMMIi3allii MpoLeciB YIpaBliHHS JIaHIIO-
ramMyu IIOCTAaBOK 6auuThCsSl Y BMKOPUCTAHHI TeXHOOTii
Blockchain, ockinbkyu BoHa opieHTOBaHa Ha CBiTOBMIT puU-
HOK i He BUMarae (opmanbHOro 103Bony GyHKIiOHYBaHHS
Ha HbOMY (UMM 3HiMae OOMEXeHHS Ha BeJeHHsI 6i3Hecy
Ha HEBM3HAaHili TepuUTopii), a TaKOXK € HU3bKOBUTPATHOIO
TEeXHOJIOTI€I0 Ta He BMMAara€ 3ajJyyeHHS HOBMX OCHOBHUX
¢doHpiB Ta criBpobiTHMKIB [0 i1 peanizarii.

Blockchain TexHosorist € iHHOBaILi/iHOIO TIATGHOPMOIO
IJISI CTBOPEHHSI JAelleHTPali30BaHOro Ta abCoMIOTHO TPO-
30pOro MeXaHi3My BeJleHHs TpPaH3aKLiil [Jis PisHUX ramy-
3eii Ta cdep misibHOCTi. OcHOBHOIO epeBaro Blockchain
€ NigBMILEHHS PiBHS NOBipM MiXX KOHTpareHTaMu 3aBIsi-
KM TIPO30POCTi Ta IPOCTEXYBaHHI BCiX BUJiB TpaH3aKLii
y 6ynp-skiit yrozi. Texuosnoris Blockchain 6ypxanBo pos-
BUBAETHCSI OCTAHHI POKM Ta MOXIUBICTh BUKOPUCTAHHS
JelleHTPali30BaHOTO0 MeXaHi3My B 6i3Heci 3amyuman 6a-
raTo TpaHCHALiOHAIbHUX Kopropaliit. IIpuBabIMBicTh
Blockchain TexHosorii mosiICHIOETbCS MOXKIMBICTIO MHigBU-
IIUTM piBeHb JOBipM MiX yyaCHMKaMM JIaHIora nocra-
YyaHb, 3a6e3MeUeHHs IIPO30POCTi yciX TpaH3akKiliil Ta cBO-
€4acHMit 06MiH iHbopMaIiiero Mixk ydacHMKaMM JIaHLIIoTa.

HesBaskaroun Ha JOCUTD BeIMKMI iHTepec o rpobieMa-
TUKY BUKOpUCTaHHS TexHojorii Blockchain y sorictuii, 1o
BUK/IMKQHO CBiITOBMMM TE€HIEHIisiMM mobaisanii Ta mmd-
poBi3artiii Bcix chep eKOHOMIUHOI AisTTbHOCTI, Lieil Hamps-
MOK 3HaXOIUTbCSI Ha I0YaTKOBOMY eTalli pPO3BUTKY Yy BUIJISI-
Ili TeCTOBMX IIPOrpaM Ta cTapTaiiB. Llejt acriekT BUKINKAE
6e3/1iy MUTaHb SIK 3 60Ky MPUXUIBHUKIB JAHOI TEXHOJOTI,
Tak i cepef ii CynmpoTUBHMKIB. He3Baskalouy Ha BUCOKY Iep-
CTIIEeKTUBHICTbh BUKOpUCTaHHS TexHoOoTii Blockchain y mnani
MiJBUILEHHS JOBipM YYaCHUKIB YTOAY, CKOPOUEHHS BUTPAT
yacy Ta pecypciB, 6araTo acreKkTiB eKOHOMIYHOTO, COLliab-
HOTO Ta MTPaBOBOT'0 Pery/0BaHHS 3a/IMIIAI0ThCS BiKPUTHU-
MM, 1110, Y CBOIO Uepry, BUMara€e BAOCKOHAaJeHHS MOHSATI-
HOTO Ta MeTOLOJIOTiUHOTro amapary TexHosorii Blockchain,
PO3POOKYM KOHLIENTYaJIbHUX MPUHIUIIB i1 BIpOBagsKeHHS
y JIOTIiCTMIIi Ta KepyBaHHi JaHLIOraMy IOCTayaHb, a Ta-
KOX ajanTaiii icHyioumx CMeTOOMK [0 YMOB BeIeHHS
6i3Hecy B paMKax eKOHOMIYHOi Ta TOJITUYHOI 6oKaau.

3arasom - 1ie HOBa iHopMallifiHa mapagurma, npu sikin
YYaCHMKAM JIAHI[IOTa HeMae HeoOXiTHOCTi pobuTH moBipui

BiJTHOCMHM, TOMY 1110 3a6€3I1e4y€eThCS [TOBHA ITPO30PiCTb YTOJ,
i Bimkputicth iHoOpMalii, a Bci yrogy perysowThCs MUIs-
XOM «PO3YMHMX» KOHTDPAKTiB i TOMMJIKY, TIOB’SI3aHi 3 JIIO[ -
CbKUM (aKTOPOM, 3BOIATHCS A0 MiHiMyMy. Illo cTocyeTbest
YIpaBTiHHSA JIaHLloraMu rocravasb, Blockchain texHosmorist
BOJIOJIi€ PSIIOM CEpIi03HUX TIepeBar Ta CyTTEBMX 0OMeKeHb.

Blockchain - 11e TexHoJ10TisI HAAIIHOTO PO3MOiIEHOTO
36epiraHHs 3anuciB mpo yci Tpansakiiii. Blockchain e nan-
LIFO’KKOM OJIOKIiB TaHUX, OOCSIT SIKOTO IOCTiifHO 3pOCTa€ B
Mipy J0JaBaHHSI HOBMX OJIOKiB. SIKIIO TOBOPUTY 3arajaom,
to Blockchain - 11e 6araTodyHKkIilioHaabHa Ta 6araTopiBHe-
Ba iHdopMaliiiHa TeXHOJIOTis, MpMU3HaAUYeHa IJi1 HaZiltHO-
ro 06JiKy pisHMX akTuBiB [2]. IloTeHLiiTHO, 151 TeXHOOTis
OXOILTIOE BCi 6e3 BUHSITKY chepy eKOHOMIUHOI JissTbHOCTI
Ta Mae 6e3yiu cep 3acrocyBaHHs. Cepen Hux: (iHaHCH,
eKOHOMiKa Ta IDOLIOBi po3paxyHKM, a TaKoX omepauii 3
MaTepiaJbHMMM Ta He MaTepsIMU HUMM aKTUBAMU.

Bynb-sikuit akTuB, mpencTtaBieHuit Ha Blockchain,
CTa€ PO3yMHUM aKTMBOM, YTOOU 3 SIKUM MOXKHA 37iliCHIO-
BaTM 3a AOMOMOTOI0 PO3YMHMX KOHTpPAKTiB. Bci akTuBu
MOYKHa 3apeecTpyBaTU B PO3MNOJiI€EHOMY JXypHasli 3amnu-
ciB i KepyBaTM HMMM MOXKYTb YCi BJACHUKM CEKPETHOTO
KJIl0Ya — CBOTO pOAy KO, JOCTYIly IO akTuBY. IIpukiana-
MM PO3YMHMX aKTUBIB y cdepi JOTiCTUKY MOXKYTb BUCTY-
natu 6e3MiJIOTHI TPAaHCIOPTHI 3ac00M, HATIPUKIAL APOHU
a60 aBTOMOOi/Ti. BOHM € «pO3YMHMMM», TOMY L0 3[aTHI He
TibKM MepeMilllaTuCsl 32 JOTIOMOTOI0 YIIPAaBIiHHSI HUMU
yepes Blockchain, asne it MoskyTb cami cebe 06CITyTOBYBaTH.
Hanpukiag, SIKIo B aBTOMOGIJTi JIaMa€eTbCs SIKACh JIeTallb,
BiH aBTOMAaTUYHO BUPOOJISiE BHYTPILITHIO [iarHOCTUKY, BU-
SIBJISIE TIOJIOMKY i Bigpa3sy >k poOUTb 3aMOBJIEHHS HA HOBY
3alacHy YaCTUHY Y TOTO ITOCTayaIbHMKA, SIKOTO BKaXe KO-
pUCTyBay Mpu BHeCeHHi 1[boro aBToMob6ins B Blockchain.
J7s1 1bOrO KOPUCTYBAUaMM CUCTEMM CTBOPIOETHCSI i Ha
BJIALITOBYETHCS BiJIOBiAHUII PO3YMHMIT NOTOBip. [HIIMI
TIPUKIIAZ — «PO3YMHMIT» PaxyHOK (akTypa, CTBOpOBaHMIt
y Blockchain Mixk yyacHuKammu JaHIfora MocTavyaHb: Ha-
NIpMKIaj, IpU OTPMMAaHHI MEeBHOI MapTii ToBapy, CKaHy-
BaHHSI OCTAaHHbOI OAVHUIII TOBapy (abo maaeTu, KOPoOKM)
Ha CKJafi € YMOBOIO aBTOMATUYHOI OIIaTy naprii. Takox,
€ MOKIMBICTh 3a1aBaTH iHII YMOBM OILIATH, HANIPUKIAL,
SIK TUTBKM 3MiHUTBCS cTaTyc ToBapy B Blockchain, BiH 6yne
ortaueHuii. I1o cyTi, po3yMHMI1 aKTUB — Lie aKTUB, 3apee-
cTpoBaHmit y uudposomy Bumisai B Blockchain ta keposa-
HMI1 33 JOTIOMOT0I0 PO3YMHMX KOHTPAKTIB

Po3yMHi KOHTPaKTH — izesl, sika BUIIMBA€E 3 BUKOPU-
CTaHHSI pO3YMHMX aKTiB BcepenuHi Blockchain. YV xoHTek-
cti Blockchain po3ymMHi KOHTpakTu O3HA4yalOTh YOO Y
PO3MOiIeHOMY XypHali 3aIMCiB, He 0OOMeKeHi TPOCTUMM
KYMiB/ISI-TIPOLAXK, B HUX MOXYTb OYTM BOYZOBaHi i ckiaz-
Himr ¢byHKuii. Ha BigMiHy Bif TpaIuIiiiHMX KOHTPAKTiB,
po3yMHi 3aBimoMo 3abe3rmeuyioTb B3a€MHY JOBipy MiX
y4acHMKaMM JIAHIJora TOCTavyaHb , Tak SIK 10 CYTi LSl yroga
PO BMKOHAHHS ab0 HEeBMKOHaHHS MeBHUX Aiit. Kmacuy-
HMIi TPUKIIAJ] TAKOTO KOHTPAKTY — TOPTOBEJIbHMIT aBTOMAT,
SIKMIA i€ 3a TIEBHMUM aJATOPUTMOM Ta iHCTPYKLISIMU, SIKIIIO,
3BMYAMHO 3K, BiH BUKOPUCTOBYE CIIpaBHMIL. Y OaHOMY
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BUIIQKy DPO3YMHMM aKTMBOM BUCTyIIa€ caM aBTOMaT, a
aJrOpUTM IPUIiOMY TpOILIeii, BULaui TOBapy Ta 3/laBaHHS —
PO3YMHMM KOHTPAKTOM. BUKOpMCTaHHS PO3YMHMX KOHTP-
aKTiB BUK/IIOYAE MOKINBI TOMWJIKM Uepe3 JI0IChbKMit dak-
TOp, NIPOTe BUMAarae CIo4aTKy IIPaBMUIbHOI HaCTPOJKM Ta
006JTiKy BCiX MOXKIMBUX (DakTOpiB Ta yMOB. TaKuM UMHOM,
MOYKHa CMiJIMBO CTBepIKyBaTH, 10 Blockchain TexHomorist
BXKe MiATOTOBJIEeHa AJiI1 3aCTOCYBaHHS y 6ynb-skiit cdepi
6i3Hecy. Binbie Toro, Bxe icHye crernianpHa Blockchain
matdopMma, mig HasBo Ethereum, mo mparpoe Ha «po-
3yMHMX» KOHTPaKTax Ta aflaliToBaHa mix 6i3Hec [3].
KitouoBa GyHKILiST JOTiCTMKY TIONIATae B opraHisarii
HaCKpi3HOro ymIpaB/iHHS NOTOKaMM pecypciB, TOBapiB Ta
CepBiciB 3 ypaxyBaHHSM MOCTaBAeHUX Ilijiell Ta HasIBHUX
CUCTeMHMX 0O0MeskeHb. JIaHIIOKKY MTOCTayaHb, SIK OCHOBHA
TEeXHOJIOTis peasi3allii JOTiCTMYHOrO MiAXOAy [0 YIIpaB-
JIiHHA MaTepiaJpHMMM Ta iHbOpPMAIiTHMMM IOTOKAMM,
JIO3BOJISIIOTh TIPOBOAMTM IUIAHYBAHHS, IOIIYK, BUPOOG-
HUIITBO, PO3IOAIN Ta AOCTAaBKy NPOAYKTIB Ta MOCTYT Bif,
MicCLISI TIOXOIKeHHSI. 10 CIOXKMBaHHS. I[Ipu 1jpomy edex-
TUBHICTb YIIpaBJIiHHS IIOCTAYaHHSIM B JIAHIIIOTM BM3HAYa-
€ThCSI TOCTYTHICTIO MOTPiOGHOTO MPOAYKTY B IMOTPi6bHMIT Uac
i B moTpi6HOMY MicIli onTUMaIbHY LiHY. IMHaAMiYHICTb Ta
YCKJIaZHEHHS MPOIIeCiB, MOB’I3aHMUX i3 361/bIIeHHSIM 00-
csriB iHgopmariii, a BiAMoBigHO i MiABUIEHHS BUMOT 0
TOBapiB, MOCIYT, MPOILIECiB iX MOCTauaHb Ta CEPBiCHOTO 06-
CJIYTOBYBaHHS, IO MOCTifHO CTMMYJIIOIOTh MPOLEeC OINTHU-
Mi3allii JaHIIoriB MocravyaHb 3a HACTYIMHUMU TIPiOpUTET-
HMMM HalIpSIMKaMy: 3HVDKEHHS 3aIaciB 110 BCbOMY HIISIXY
PYXy MaTepiaJbHOTO IOTOKY; CKOPOYEHHS 4acCy IPOXOf-
>KEHHSI TOBapiB 3 JIOTiCTUYHOTO JIaHLI0Ta; 3HMKEeHHS TpaH-
CTIOPTHUX BUTPAT; 3HMKEHHSI BUTPAT Ha 36epiraHHs abo
iXHe CcKacyBaHHSI; CKODOYEHHSI BUTpAT PYy4YHOi Ipaui Ta
BiATIOBiAHMX BUTPAT Ha OMepallii 3 BAaHTaXeM.
BinnoBigHO, pu MOIOHMUX SIKICHUX XapaKTepUCTUKAX
BUPOOJIEHOI MPOAYKIii KOHKYPEHTOCIIPOMOXHICTh TIif-
MIPUEMCTBA BM3HAUATUMETbCS JOrO 3JATHICTI0O aKTUBHO
pearyBaTy Ha 3allUTU CIIOXMBAUiB, e)eKTUBHO Ta BUTIZ-
HO TOCTavaTy MpoAyKUilo KiaienTam. OcobnmBa 3acayra y
MIPUCKOPEHHI JaHMUX TMPOLECiB HaJlIeXUThb 3aCTOCYBaHHIO
iHdopmariiHuX TeXHOJOTii AJIs1 YIIpaB/iHHS MpoliecamMmu
1ocTavyaHb NMPOAYKIii Ha BCiX CTafisgX yHpaBlIiHHSA, MO-
YMHAIOUM BiJl 3aKyMiBJi CMPOBMHM Ta 3aKiHUYIOUM [OCTa-
YaHHSM KJIi€HTY roToBoi nponykiii. [Tpy upomy indopma-
THU3allisl JOTiCTMKM IPOAOBXYE CBill PO3BUTOK Yy HalpsMi
iHTerpanii QyHKI[iOHAIBHUX AUISHOK JIOTICTUUHMX JIaH-
LIOTiB, MOCTi/fHOTO OINepaTUBHOrO 0OMiHY iH(popMalli€o,
MiITPUMKM NPUITHATTS pillleHb ollepaTopaM JIOTiCTUUYHUX
MpolueciB, KOHTPOIIO BMKOHAHHS 3aBAaHb YIPaBIiHHS
MOCTAYaHHSIMM Ta CIPOIIeHHS iHTepdeiiciB B3aemonii 3
KopucTyBauaMu. BigmoBigHO ponb iHQoOpMaLiiiHMX Tex-
HOJIOTiii y CyyacHOMY IIpo1ieci YIpaB/aiHHS MOCTauaHHIMU
BaskKKO TEPeoLiHUTY, & OCHOBHA ixHS (PyHKIiOHAIbHICTh
ToJIITa€ y BUpillleHHi HACTyIIHUX 3aBHaHb: IJIaHYBaHHS
JIOTICTUYHMX TIPOLIECIB y Pi3HMX acleKkTax Ta Ha Pi3HUX
TUMYaCOBUX TOPU30HTAX, y TOMY YMC/Ii IPOTHO3YBaHHS I10-
MUTY Ta IUIaHyBaHHS NIOTPebu y MaTepianax; KOOPAMHALLisI

JIOTiICTMYHMX TIOJii1, oTIepallili Ta MpolieciB IO BCbOMY JIaH-
LIOTy MPOCYBaHHS MaTepiaibHUX I[IHHOCTEl Ta TOCTYT;
MOHITOPMHT Ta KOHTPOJIb TPOTiKaHHS JTOTiCTUYHUX OIlepa-
1iit. s GyHKIIiSI 3aK/Iaa€ OCHOBY CCTeMM O6JTiKY 3a11aciB,
MocTavyaHb, MPOJAXKiB, BUTpAT ToIlO. [ToTOuHMIT MOHITO-
PMHT MOKJIMKAHUI CTBOPIOBATU OCHOBMU JJIS1 peryTi0BaHHS
MpOIIeCiB 3 METOIO MiABUILEHHS iXHbOI 6e3mepebiitHOCTi;
orepaTMBHe YIPaBJiHHS JOTICTUUHMMU TIpOIecamu, 0CO-
6JIMBO TTOCTAYaHHSIMM, TPAHCIIOPTYBAHHSAM, 30€piraHHIM,
(izuuHO0 AUICTPUOGYILIiEO TOMIO.

Pe3synbTatn

JlaHLIOT TIOCTavyaHb, HANPUKIAL, BUPOOHMUYOI KOMMaHii,
CKJIAJAETbCS 3 HU3KMU PECypCiB: jiofeit, GisMUuHMX aKTiB,
3HaHb, MPOILIECiB Ta PiHAHCOBMX AOTOBOPIB Ta TPaH3aKIIiii,
SIKi 3a6e31euyIoTh MepeMillleHHsI TOBapy BiJl MOCTavasb-
HMKA [0 KIi€HTa. Y MakCMMajabHOMY JIaHLI}03i [TOCTa4aHb
NIPeJCTaBSIEThCS JOCTATHBO CKIaAHMUM 3aBAaHHIM KOMII-
JIEKCHO BifCJ1iIKOBYBaTH BCi TpaH3akKIlii MiX yciMma jaHITio-
ramu. Llsg indopmaiiist 3a3Buyait 36epiraeTbcs B 1eKiIbKOX
Micisix (y KiIbKOX JIaHKax JIaHI[Iora IOCTaBKM) i AOCTYyIIHA
IIeBHMM KOPUCTYBauaM CUCTEMM. Y TakKuUX CUCTeMax Kili-
€HTH (KiHIIeBMIT CTIOKMBAY 260 KOMITaHisl B JIAHLIIOTaXx), SIK
MIpaBuUsI0, MaIOTh 06MeskeHMit 06csIT iHbopMariii mpo gisiib-
HiCTb yChOT0JIAHIIIOTA TOCTavYaHb. 3BifCY BUTLIMBAE, 110 J,0-
cTyn iHpopMmariii 6a3yeThCs Ha B3a€MHOMY OOMiHi JaHUMMA,
110 MOSK/IMBe JIMILIE 33 JOBipM YUYaCHUKIB OAVH A0 OFHOTO.

Blockchain TexHosorist Moxke 3HaUHO MiABUIIUTY ITPO-
30picTh i MOHITOPUHT PyXy OYAb-SIKMX IMOTOKIB JIAHIIIOTa
[I0CTavyaHb UUIIXOM BMKOPDUCTAHHS He 3MiHIOBaHUX JAHUX,
PO3IIOAiNIEHOr0 Ta KOHTPOIbOBAHOTO JOCTYITy KOPUCTYBA-
yiB 10 iHdopmaritHoi cucremu. V 1iit po6boTi 3amporno-
HOBaHa po3MofijieHa iHGOpMalliiiHa cucTeMa, sIKa BUKO-
pucroye Blockchain TexHororito st 360py, 36epiraHHs Ta
YIpaBIiHHS KII0YOBOIO iHpopMaliiero mpo KoxkeH iHauBimy-
aJbHUIA IPOAYKT, IIPOTSITOM YCbOTO JIOTO JKUTTEBOTO LIMKITY.
Taki po3ronisieHi 6;0ku iHpopMaliii 4O3BOISIOTH 6€3TIEYHO
CTBOPIOBATY 3aMIMCH [TPO TPaH3aKIlii 111 KOXKHOTO OKPEMOTO
MIPOAYKTY, & TAKOK OTpMMYBaTH criennudiuny iHpopmalio
npo npopnykuiwo. g indopmariis gjoctymnHa BciM yyacHM-
KaM JIaHI[IoTa ogHovacHo. I'padiyHuit BapiaHT 3apoIIOHO-
BaHOTO po3MoAineHoi iHpopmaliiiHoi cucremu Blockchain
B JIaHLI031 TIOCTayaHb MpefcTaBieHuii Ha PucyHky 1.

3anponoHOBaHMI MiAXiA Mae Ha yBa3i BMKOPUCTaH-
HS JeleHTpali3oBaHOi iHGOpPMaliiiHOI cucTeMu, mAe
Blockchain BukopucToByeTbCsl Is1 360py, 306epiraHHs Ta
ynpasiiHHS iHdopMalielo Mpo KoxkeH iHAMBiZyaJbHMIL
MIPOAYKT MPOTSITOM YCbOTO #0T0 KUTTEBOTO LMKIy. ITif yac
repemilieHHS NPOLYKTY Bifl OHOTO yYaCHMKA JIAHIJIOra 10
iHIIOTO, BiH HAJIEXKUTh BCiM MO 4ep3i, HATIpUK/IaI, MoCcTa-
YyaJbHMKAM, BUPOOHMKAM, AUCTpUO’IOTOpaAM i, HapermITi,
crioxuBavyaM. KoxkeH i3 y4acHMKIB BiJlirpa€ BaskJIMBY poOJib
Yy cuUCTeMi Ta NOTIOBHIOE XapaKTepUCTUKM TOBapy Y #oro
npodinio — iHdopMallio MPo MOTOYHMIA CTaH MPOLYKTY B
Blockchain. KoskeH MpomyKT mMae yHiKaabHMIT 1ubpoBuit
BUTTSI, IO MiCTUTH BCIO BigmoBigHy iHpopMmaliito, o BHO-
CUTBHCS Ha Pi3HUX eTanax >XUTTEBOTO LIMKITY MPOAYKLII [4].
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@ -aBTOPU30BAHMUII IOCTYII;
@@ -Blockchain.
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® Bupo6HUKY;
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MiTKOIO

PucyHok 1. [IponioHoBaHui1 BapiaHT BMKopuctaHHs Blockchain y naHiio3i mocrauasb

D)Kepeno: po3pobieHo aBTOpamMu

3anpornoHOBaHa CUCTeMa CKIaJAEThCs 3 TaKMUX ydac-
HMUKIB:

& peecTpaTopu — KOMIaHii, 1o 3abe3nevyioTh YHi-
KaJapHY ifeHTM(Dikalilo KOXKHOTO y4yacHMKA JIaHLIora Io-
CTavyaHb y MepPexi;

o ceptudikyoui opraniszanii — kommnasii, siki pospo-
6/s110Th cTanzapTy pobotu 3 Blockchain, mpoBopsiTe cep-
tudikamio iHIIMX yYaCHUKIB;

& BUPOOHUKHM, AUCTPUO'IOTOPK, PO3Opib, mepepobHi
KOMIIaHii — YYaCHMKM JIaHIJIOra 1ocTavyaHb, SIKi BBOISTH
IaHi, o BigHOCSTHCS Mo mpoaykilii B Blockchain;

# CIIOXMBayi — KiHIeBi MOKyMIli NPOLYKTY, B JeSIKUX
BUITAIKaX TeX BBOIATD JaHi po mponykiiito B Blockchain.

KoskHomy mponykTy y Blockchain mpup’sa3yerbest iH-
dbopmariiriuuit kox: e Mmoxke 6yt mtpux Koxa, RFID miTka
a6o QR kop. Lleit kof, € yHiKaJIbHUM IMGPOBUM KPUIITO-
rpadivnuM igeHTUdikaTopoMm, SKuii MOB’sA3ye bi3MuHM
MPOIYKT 31 CBOEIO BipTYyaabHOIO «iI€HTUUYHICTIO» B Mepexi
Blockchain. LIg BipTyanpHa iZeHTUYHICTh Tak CaMoO SIBJISI-
€ThCS YACTMHOIO MPOodiio MpomyKTy [5].

V4acHMKM JIaHLIoTa IOCTavyaHb Tak caMoO MaloTh CBOI
umdposi nmpodini, orpumani iz yac peecrpariii y mepeski
Blockchain. Tani mpodini BKItouaoTh HacTynHy iHpopma-
1if0: KOPOTKMIi ONNC yYacCHMUKA, I0ro Micle3HaXOI KeHHSI,
cepTudikaTy Ta TUI MPOAYKIIii, 3 SIKOI0 YUaCHUK ITPAITIOE.
IIpMBaTHICTb AHUX PO YYACHMKA MOXKe OYTH Biperyinbo-
BaHa J/151 iHIIMX YYaCHMKIB JIaHIIOra MocTavyaHb, TAKOX,
yYacHMK MOKe OyTM MOBHICTIO aHOHIMHUM, ajie TiIbKU Y
pa3i oTpuMaHHs BignosinHoro ceptudikata, 1o migTBep-
IIKy€ HaJiifHiCTb 110T0 AisS/TbHOCTI.

PeectpaTopy — 1ile KOMIaHii, sIKi 3abe3MevyioTh HO-
cryn go Blockchain yyacHukam naHIfiora nocradyaHb BOHU
3a6e3MeuyloTh YHIKaabHY imeHTUdikalliio KOXXHOTo ydac-
HMKa y mepexi. [licia peectpaliii, A1 KOXKHOTO ydyacHMKaA
peeCTpyeThCsl Mapa KpuUNTorpadiyHuX «KIIOUiB» 3aKpu-
TOTO Ta BiIKPUTOTO THUITY. BiAKpUTHUit K104 CITYXXUTb ifeH-
Tn}IiKaTOpOM yJyacHMKa MepexXi, a 3aKpUTUil — repesipsie
CIIPaBXXHiCTb YYaCHMKA [IPY B3a€MOJISIX 3 iHIIMMU y MepesKi
Blockchain. Lle 103BoJIsIE KOXKHOMY MPOAYKTY OTPUMYBaTH

eJIeKTPOHHMII MiJNC Bif TOTO UM iHIIOTO yYacHMKA, y Mipy
MPOCYBAHHSI LILOTO MPOIYKTY 3 JIAHIIIOTa TOCTaYaHb.

Bsaemopis y mepexi Blockchain Bim6yBaeThcst Ha oc-
HOBi IPOrpaMHOro 3abesnevyeHHs], pO3pOOIEHOTO BifIo-
BiJlaJIbHMMM CTOPOHAMM BiJi KOKHOTO yUacHMKA JIAHITIOTa
rocravab. Jaji, micist po3pobku Ta 061Ky BCix meTanei
B3aeMofii, MporpamMHe 3abe3reueHHSI BCTAHOBIIOETHCS
Ha KOMIT'I0TepH yyacHUKiB. [0 CTOCYeTbCS CIIOKMBAYIB —
JUIS HUX BMUITYCKA€EThCSI OKpeMe IporpamMHe 3abesreyeH-
HS 3 0cobnmuBMM iHTepdeiicoMm, 3abe3reuyoun TOCTYIT
o iHdopmallii mpo MpoAyKT, sika HeobXiJHa CIOXMBayvYy.
CucreMHe mporpaMHe 3abe3reuyeHHs IIOJNETIIye 3amuc
HOBMX IAHMX PO HOBi NMpPOLYKTH abo NomaBaHHS Hda-
HMX 0 CTapux. SIK mMpaBuiio, MPOrpaMHMit KOA, IJIsl TaKUX
Blockchain matdopm € 3MiHHMM, Ta TPUHIUI POOOTHU
cUCTeMM MOXXHa MoAM(dikyBaTH, SIK, HAIIPUKIIAL, I BXKe
peanizoBaHo y mnpoekrti Blockchain Euthereum. Ipasuia
IOCTYITy O AAHMUX Ta iX pO3MOiJeHOro 306epiraHHs BXe
npomnucani B camomy Blockchain i He MoXXyTb 6yTH 3MiHeHi
OIHMM YYaCHUKOM, 6€3 MigTBepIyKeHHST Bif] iHIIMMA.

3acrocyBanHs1 Blockchain y sorictuni Ta xepyBaHHi
JIAHIIOTaMM TMOCTavyaHb: BBeleHHS maHux. KokeH dizmnu-
HMIT TIPOAYKT Yy IMPOTIOHOBAHIN po3mopineHiit iHbopma-
uiiniin cucremi Blockchain mae 6yTu mpencraBieHuit y
umnbpoBOMY BUIVISIAI B Mepexki Tak, mob yci saiikaBieHi
CTOPOHM MaIX MPSMUI SOCTYN OO NAaHMUX MPO Hboro. Lle
HeOoOXiJHO [I7Is1 IPOBeIeHHSI OTlepalliii Ta MUTTEBOI'O OHOB-
neHHs iHQopMalii mpo MPOIYyKT Ha MIISIXY 0TO KUTTEBO-
ro UK. JaHi MOXYTb BBOIMUTUCS SIK BPYUYHY, TaK i 3a J0-
TIOMOT010 TiepeHeceHHs iHdopMmallii 3 eTUKeTKY MPOYKIii
[0 cucTeMM IpM CcKaHyBaHHS. [laHi, y 3amporoHOBaHiii
cuctemi MokHa Kinacudikysatu [6]:

o JlaHi PO BJACHICTb — XPOHOJIOTIYHUIA CIIMCOK YCiX
ToTnepeHiX BIACHUKIB MPOLYKTY, BKIOUAOUM TOTOUHMIA.
[ITopasy, Koy BimOyBaeThCcst 0OMiH MiX IBOMa yJyacHMKa-
MM JIAHLJOTa TI0CTavyaHb, CTBOPIOETHCS HOBUI 3amycC PO
yrofy Ta OOHAEThcs Oo mpodino ToBapy. TakuM UMHOM
KOKHA TeBHA yroja BiHOCUTBHCS OO0 Tiel uM iHIoi 1ud-
poBOi imeHTMUYHOCTI yuyacHMKa JyaHiiora B Blockchain, mo
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IIO3BOJISIE CUCTEMi 3pO3yMiTH, XTO caMe 3 YYaCHUKIB Mae€
MpaBO BHOCUTH JaHi 0 podinb MponyKTy 3apas.

o JlaHi 11po 4yac — 1mopa3sy, Koy CTBOPIOETHCSI HOBUIL
3anuc y npodisni mpomykTy, cucTeMa aBTOMAaTUYHO pee-
CTpYE ATy i yac HOBOTO 3aIuCy, 3a6e3meuydy XpoHOoJI0-
rito 3MiHYM PodiNio IPOLYKTY.

< Jlani npo miclie3Haxo[KeHHs — JlaHi, Ipo Te, e 3a-
pa3 MpOnyKT i Je 6y/n0 3po6JIeHO OCTaHHINi 3amuc y 1oro
rpodisi. OCKiJIbKY B CUCTEMI € IaHi PO MicIe3HaX0KeH-
HS YYaCHMKIB JIAHIIIOTA IIOCTa4aHb, TOBapy MOxke OyTu
MIPUCBOEHMIT ineHTUdIKaTOP pO3TallyBaHHS a60 HaaHHS
manux GPS pjis BificTeskeHHSI i10T0 TiepeMillleHHSI.

o Tani po nponykr (crneuudikaiis) — e Bes iHboOp-
Marfisi, IO CTOCYETbCS MIPOAYKTY: BUPOOHUK, 1aTa BUPOOG-
HUIITBA, I0T0 XapaKTepPUCTUKM Ta iHIIIe.

Heski mpomgyKTM MoOKHa peectpyBatu B Blockchain 3
MeTOl0 MOoKpallleHHs iX sSKocTi. Hampukiaz, MoskHa 3apee-
cTpyBaTH MOGiIbHMII TesiedOH y Mepeski Ta 3arporpamysa-
TM JI0TO Ha HaJaHHS JAaHUX MPO MPOAYKTUBHICTb GaTapei
mig yac po6otu. JaHi 6yoyTh OOCTYIIHI BCIM yyacHUKAM
JIAaHLIIora TIOCTavYaHb Ta JOMOMOXKYTbh BUPDOOHMKAM, SIK Te-
nedoHiB, Tak i aKyMy/IsSITOpiB, BU3HAYATH BaJlX B TOMY UK
inmomy tenedoHi Ta 3HAXOAUTY 06JIACTi /IS [TOKPAIEHHSI.

3acrocyBaHHs1 Blockchain y sorictuii ta kepyBaHHi
JIAaHLIIOTaMM TIOCTayaHb: HA TPUKIALi BUPOOHMKA Kap-
TOHHUX KOpoG6iB. Po3missHeMO peasi3allilo TEXHOJIOTil
Blockchain Ha mpuknazi KoMmmaHii, sKa 3aliMa€TbCsT BU-
POGHULITBOM KAapTOHHUX KOPOOiB. IlepembavaeTnbcsi, 10
BCi yUaCHMKM JIaHLIIOra [10CTavyaHb 3apeECTPOBaHi y Mepe-
ki Blockchain Ta ceptudikoBaHi BinmoBigHMMM OopraHisa-
uisMu. Bzaemofisa MiK yyacHMKaMM JIaHIIora MocravyaHb
BiZIOYBa€THCS HACTYITHUM YMHOM [7]:

« JlicoBe rocrnomapcTBo: 3pybaHi JepeBa Mo3HAYA0Th-
s eTMKeTKaMu Ta BBopsThes B Blockchain sik HOBi mpomyk-
TU 3 yciMa XapaKTepUCTUKaMy (Hallpukiaj, TUIl JepeBa Ta
vioro BiK). V Blockchain iHiliroeTscs Ta 36epiraerbcst yro-
Jla MiX JiCOBMM TOCIIOJAapCTBOM Ta BUPOOHMKOM Iarepy
OTPMMaHHSl TOBapy Ta oIulaTa MiATBEepPIXKYIOTbCS eeK-
TPOHHUM MiJIMCOM 3 060X CTOPIiH, sIKa 3’SIBJSIETHCS IiC/sT
3UMTYBaHHSI BUPOOHMKOM Iariepy OCTaHHbOI eTUKEeTK! Ha
[OCTaBJIEHUX IOMY JlepeBax.

¢ BUpo6HUK Mamepy: OTPUMAaHHS [epeB IiATBep-
IDKYETBCS MiC/IsI CKAHYBAHHSIM €eTUKETOK, Ha LIbOMY 0OMiH
MK BUPOOHMKOM Tarepy Ta JiCOBMM TOCIOLapCTBOM
3aBepUIYEThCSI i BUPOOHUK OTPUMYE HOCTYI OO Mpodi-
10 nponykry. lInsgxoMm gonaBaHHS pi3HOI CMPOBUHM Ta
3MilllyBaHHSI KOMIIOHEHTIB BiH OTpMMYE€ Mamip, i 3MiHIO€
npodinb MPOAYKTY BiZMOBIZHMM UMHOM, BUITYCKAETHCS
HOBa eTMKeTKa [Jis [amnepy.

¢ BUpOOHMK KOPOOOK: HACTYITHMIT yUaCHUK JaHIIOTa
M0oCTavyaHb, aHAJOTIYHMM UYMHOM MifTBEPIKy€E OTPMMaHHS
MPOIYKUii (CKaHy€) Ta MapTis aBTOMAaTUYHO OIIaYy€eThCS.
[Ticnis momaBaHHS A0 Maepy CMPOBMHM Ta KOMIIOHEHTIB, iX
eTUKeTKM 3akpuBaioThcs B Blockchain (yki skutTs cupo-
BUHY Ta KOMIIOHEHTIB 3aKiHU€HO), i 3’IBJISETHCS HOBA, 1[0
imenTudikye kopob. lani, micsst Toro, SIK yroja iiniiopasa

3 BUPOGHMKOM I'OTOBOI MPOAYKIIii, KOPOOKM MOCTABISIIOTh-
Cs1 HACTYITHOMY YYaCHMUKY.

+ BUpOOHMK roTOBOi MPOAYKILii: BUPOOHUK MifTBEp-
JKye OTpUMaHHS KOPO6iB Bif BMPOOHMKA KOPOOIB 1UISI-
XOM CKaHyBaHHS. Jlaji BiH BKIaJa€ y HUX MPOAYKIiIO Ta
BUITYCKAa€ BXXe JIBa BUIOM €TUKETOK Yy cucteMi Blockchain:
sl peectpanii kopoba Ta Ijsi peecTpalii MPOLYKILii,
BKJIaJIEHOI B HHOTO.

o [T1cTpub’I0TOP: HACTYIMHUI YYaCHUK, SIKMUIL TTOUM-
Ha€ pyx TOBapy (Halnpukiaj, y KOHTeliHepax) uepes3 Kijb-
Ka iHdpacTpyKTypHMX O6’€KTIB (HANpPUKIAZA, CKIAU YU
TpaHCIOPTHi xabu). Ha koxkHy 3 Jokaniit mpodiap mpo-
JIYKTY OHOBJIIOETHCS LIVISIXOM CKaHyBaHHS KOHTeliHepa, 1110
MiCTUTb YCi BUIY MTPOAYKLii, iHpopMallist Tpo KOHTetHepu
OHOBJIIOETBHCS] aBTOMaTUYHO.

# Po3ppi6: 1eit yuacHMK BUiiMa€ MPOAYKIIiIO 3 KOPO-
6iB Ta OHOBJIIOE CTATyC, PEECTPYIOUM OKPEMO TOBApu Ta
Kopobu y cucremi Blockchain. Tasi, po3apib6 iHimitoe yrogy
3 Iepepo6HOI0 KOMITaHi€I0 HA MMOCTa4aHb KOPOG6iB 1J1s T1e-
pepobku. BimnpaBuBiy ix mepepo6Hiii KOMIIaHii, BiH cTa-
BUTH CBili umudpoBuii miamic o Blockchain, a kommaHis,
0 3aiiMaeThCs MepepobKolo, OIvlauye MapTiio, Bimcka-
HYBAaBIIIM OCTAHHIO KOPOOKY. IIpy 11bOMY, BCSI TIOTIepemHS
XPOHOJIOTiSI 3aMMCiB PO Kopob 36epiraeTscst B Blockchain.

o [lepepobHa KOMIIaHisl: MPUITHSIBIIM KOPOOU, KOM-
NaHist mepepobise iX y CMpOBUHY AJISI ITaTlepy Ta CTBOPIOE
HOBMI1 IPOAYKT Y MepexXi. IHilliloBaBmIM yrogy 3 BUPOO-
HMKOM IIarepy, nocrayae 1oMy CMpOBUHY. Y 1IbOMY >KUT-
TEBUI LMK KOpoba 3akiHuyeThcs. OmHAaK, BCi 3aNIMCH IPO
pyxu Kopoba 10 JaHLIOTY MOCTaBKY, 3MiHM 1OT0 CTaTyCy
36epiraroThcst B Blockchain.

[pukiaj, HaBeeHUI BUIIIE, SIBJISIE COOOI0 CIIPOIIEHUIT
BapiaHT BuUKopuctaHHs Blockchain TexHosorii B 1aHIorax
rnocravyaHb. SIK MOXHa 3pO3yMiTM, BUKODUCTaHHS JaHOI
TeXHOJIOTii 3a6e31euye MPo30PicTh YCiX TpaH3aKIliit MOB’s-
3aHMX 3 TUM UM iHIIMM MIPOLYKTOM, a 3AiicHeHHS BCix di-
HAaHCOBUX OMepalliii BUMarae 3aJlyueHHst 6aHKiB UM iHIIX
¢dinaHcoBux mocepegHMKiB. Tak caMo, XpPOHOJIOTISI PyXy
KOXXHOTO TPOAYKTY, 3MiHa JOro CTaTyciB i BCbOTO ii0ro
SKUTTEBOrO LMKy 36epiraetbest B Blockchain i gjocrymHa
BCiM yYaCHMKaM JIAHIIIOTa, SIKi CTOCYIOTbCS LIbOTO TPOYKTY.

3actocyBaHHs Blockchain y sorictuui Ta KepyBaH-
Hi JaHIIOraMM MOCTayaHb: MOTEHIiHI MOX/IMBOCTI A1
BUKOPUCTAHHS TexHOsoTii. Hukue HaBeleHi KOHKpeTHi
MPUKJIAAM 3aCTOCYBaHHS HAHOI TEXHOJIOrii B JOTicTUIL
Ta YNpaB/iHHI AaHLoramy nocravanb (Puc. 2). OpHiero
3 HikaBux Moxiampocteit Blockchain e ympapninas «di-
3MYHUM iHTepHETOM», SIKUii, SIK TIPaBUIIO, 3[i/ICHIOETHCSI
3a JOMOMOTO0I0 MiKporuiaTexiB. Tak K OyIb-sIKMii aKTUB
€ «pO3yMHMM», BiH 3apeecTpoBaHnuii y Blockchain ta Bo-
JIOZi€ BIaCHMUM raMaHIlleM. 3a JONOMOrol0 IepeBefieHHs
pi3HOro BMIy CyM (HaBiTb BiJ 1 KOMiliki) Ha paxXyHOK
TPAHCIIOPTHOTO 3ac00y, MOKHA HaBeCTH Lieil TpaHCIIOPT-
HMt 3aci6 Ha pyX HaBiThb Ha YaCTKU CEKyHJ. 3p0O3yMijo,
IS LIbOT'O HeOOXigHMIT HalesKHMM Y/ HOM HaJalITOBAHMIA
«pO3yMHMIT» IOTOBIp [8].
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PucyHok 2. 3acrocyBaHHs Blockchain TexHosnorii B soricTuili Ta yrpaBiiHHi JIaHIIIOTaMu IIOCTa4aHb

D)Kepeno: po3pobieHo aBTOpamMu

IIpu nepexoni Ha TexHosnorito Blockchain naniior mo-
CTayaHb OTPUMYE PSiJ [1epeBar, cepef, IKMX BapTo 3a3Haun-
TH TaKi: MiaBUIIEHHS 6Ge3IeKu JIaHIoTa MoCTavyaHb (3HU-
SKeHHST pU3UKY IaxpaicTBa); CKOPOUEHHS TOMWIOK; 00JTiK
Ki/IbKOCTi, MOMEHTY Ilepefayvi Ta MaplIpyTy pyXy mMarepi-
aJbHOTO MOTOKY; BiJICTEsKeHHS JOKYMEHTallii; MOKIUBICTh
MIPUB’SI3KM MaTepiaJibHOTO TIOTOKY 0 CepiiiHUX HOMepiB,
MITPUX-KOAiB; 06MiH iH(popMalli€lo Mpo Mpoiec BUTOTOB-
JIeHHSI, 36MpaHHs, ITOCTavYaHb Ta eKCILTyaTalii mTpomyKiii
MiX IoCcTayaabHUKAaMM Ta MOKYIISIMM; IIPO30PIiCTb TpaH-
3aKlliit; BUIA JOBipa CIOXMBauiB 3a PaxyHOK BMCOKOI
MIBUAKOCTI TpaH3aKIIilt; MOXKIUBICTh 3BOPOTHOTO 3B’SI3KY B
peXuMi peanbHOTO 4acy.

O6CTyroByBaHHS MaTepiaJibHOTO TTOTOKY B JIAHIIIO3i
rocTayaHb 3a AoroMorow texHonorii Blockchain mo3so-
JIlE CKOPOTUTU TEPMiH BUKOHAHHS Ta HOCTaBKM 3aMOB-
JIeHHSI 32 PaXyHOK 3MEHILeHHS KiJIbKOCTi IToCepelHUKIB y
JIaHILJ03i Ta 361/IBIINTY peasbHy CyMY AOXOLY 6e3nocepe -
HBbOTO TepeBi3HMKA. BukopucranHs texnonorii Blockchain
Z03BOJISIE CKOPOTUTY BUTPATU Ha 0O6CIyroByBaHHS (iHaH-
COBOTO NOTOKY 32 PaxyHOK MiHimi3allii puM3ukiB, BiAcyT-
HOCTi TocepemHUIIbKMX GaHKiB, a BiIMIOBiIHO ogHOpa30-
BOTO CTSTHEHHSI KOMicCii, CKOpOUeHHSI BUTPAT, MOB’SI3aHUX
i3 BapTiCcTIO epeBe3eHHSI BAaHTAXy Ta 3MEHILIEHHSIM 4acy
Ha 06po6Ky omnepailiii. Ha IyMKy aHaTiTUKIB, ONITUMi3allist
pyxy ¢iHAHCOBOTO MOTOKY KOKHOMY eTalli T03BOJISIE 3a-
omaaNTH 10 3,5 % pivHux [9].

TakoX BapTo Bif3HAUMTU KpiM CMIBHUX CTOPIH Iue i1
06MesKeHHST JaHO1 TeXHOJIOoTii. O6MeKeHHSIMM BUKOPUCTaH-
Hs posnogineHoi iHdopmariitHoi cuctemu Blockchain e:

o TexHonoriuHi 6ap’epu — HeOOXiTHICTb HAasIBHOCTI
BEJIMKOI KiJIbKOCTi OOUMCITIOBATBHOIO Ta MiJTPUMYIOUOTO
o6yiagHaHHS, TIOCTiitHOT PO3pPOOKYM IPOrpaMHOTrO 3abe3Iie-
YeHHsI, HU3bKa MIBUAKICTb IOUIMPeHHS 6/10KiB iHbopMarrii
Ta iH1Ie.

¢ Buicoka HeBM3HAYEHICTb — aKTyaJbHe OOMeskKeHHSI
TIpY BUKOPUCTaHHI Pi3HUX BATIOT 6€3 MPUB’SI3KM A0 KypCy
Jonapa, €Bpo, TpMBHi, 30/10Ta UM iHILIOTO.

+ HeoGOpOTHICTh IIATEXIB — HEMOKIMBICTh TIOBEp-
HYTM IUIaTiX 3a TOMMJIKOBO BKa3aHoi afpecu. OnHak, Ipu
HaJCMUJIaHHI KOIITiB Ha HeiCHylouy ajapecy, [IOBEPHYTHU iX
MOXJIUBO.

o CIIpUHATTS CYCIIJIBCTBOM — KOHCEpBAaTU3M, 3B’SI-
3YBaHHS JAHO1 TEXHOJIOTii 3 TIHPOBMM PMHKOM UM CYMHiB-
HUM BUIOM Gi3Hecy.

+ CxyagHicTh Mo6ymoBM Gi3sHec-momeneii — HeoOXifa-
HIiCTh «37I0MY» 3BUYHOIO CIIOCOOY MUC/IEHHS Ta Ilepexis Ha
HOBY iH(GOpMaLi/iHy KOHIemni0. TakoX, CKJIaJHO Bpaxy-
BaTy iHTEpecu BCiX CTOPiH.

o Jlep)kaBHe pery/lOBaHHS — HEBiZOMO, K AepskaBa
Bimpearye Ha BukopucraHHsl Blockchain. B Vkpaini maniit
TeMi IIOKM He NIPUAINSETbCS yBaru, i HEBiJOMO B3araii,
KO/MY TIOYHYTb HiAifiMaTy faHe MUTaHHS, BpaxOBYIOUM CU-
Tyallilo B KpaiHi.

BUCHOBKM

Ha 3akiHueHHSI 1aHO1 POOOTH CJTifI 3a3HAUMUTH, L0 3aBIAAHHS
JIOC/Ti)KeHHS peai3oBaHi, mocTaBieHa MeTa 6yJia JOCSITHY-
To10. TaKMM UMHOM, BUKOpUCTaHHS TexHosorii Blockchain
B KepyBaHHi JTaHIIOTaMM I1I0CTaYaHb Ma€ CyTTEBI IOTeHIIii1-
Hi mepeBary, sIKi akTyaabHi [JIs1 JOTiCTUMYHOI iHbpacTpyk-
Typu YKpaiHu. Y3arajJbHIOIOUM BUIlE CKa3aHe, 3ayBaXXUMO,
mo Blockchain - 11e TexHosoriss HaAitHOTO PO3MOIiIEHO-
ro 36epiraHHs 3amuciB Mpo YCIO0 KiJIbKiCTh CTBOPEHUX KO-
JU-He6yIb TPaH3aKIIiii, 0 € BiAKPUTUM PEECTPOM.
Blockchain no3Bossie 3abe3neunTMt MPO30PICTh YCiX
TpaH3aKlliii, MOB’I3aHUX 3 MPOLYKTOM [JISl BCiX YJacHM-
KiB JIaHIlora MocTavyaHb. BUKOpUCTaHHS 1fi€i Te€XHOMOTii
nepenbayvae MOBHY IOBipy MiX yuaCHMKaMU JIaHIIIOTa TO-
CcTavyaHb, OCKIJIbKM PyX YCiX IIOTOKIB BiJICTEXYETHCS B pe-
SKMMIi peaqbHOTO Yacy, a BCi yroAy peryaiThCs Y BUMISII
«pO3yMHMX» KOHTpaKTiB. TexHosnorist Blockchain gosBossie
KepyBaTM PO3YMHMMM aKTMBAMM, HalpukiIaz, 6e3misor-
HMMM TPaHCIIOPTHMMM 3acobamy 1 TexHOsOrist TicHO
MOB’s13aHa 3 «iHTepHeTOM peuei» uyu «(disMyHUM iHTEp-
HeTOM». BripoBamkeHHs Blockchain mae Ha yBasi crinbHe
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CTBOpEHHS ITPOrpaMHOro 3abe3reyeHHs yuacHMKaMy JIaH-
1fora IoCTavyaHb. 3 TEXHOJIOTiUHOT TOUKM 30Dy Lie CKJIATHO,
TOMY L0 HeOOXigHO 3a6e3MeunTH MOBHOLIHHMIT QyHKIIi-
oHas po6otu Blockchain st KOXKHOTO yyacHMKa JIaHIIOTa

TexHosnorist Blockchain crouatky 6asyBajiacs Ha BU-
KopucTaHHi Bitcoin, rmpote 3 ywacom 6Gynu 3ampoIiOHOBaHi
mnatdopmu Blockchain, siki mpaioloTs Ha 6inbin cTa-
GiNbHIN BasIOTI, MpUB’I3aHill A0 Kypcy iHIIMX BaaioT abo
HiHHKMX MeTatiB Taki raThopmu Bxke BUKOPUCTOBYIOThCS
6i3Hecom. Tak camo, B OCTaHHiii pik HaGMpae Moy PHOC-
Ti Blockchain Ethereum, ockinbku 115 riatgopma Ipaioe
MOBHICTIO Ha <«pPO3YMHMX» KOHTpaKTax Ta afalToBaHa
mig, morpebu 6i3Hecy. Haitbinbil BaskIMBMMU TepeBara-
My BukopuctanHs Blockchain y smaHIiory mocrayaHp €:

MigBUIeHHsT Ge3MeKu JaHIIora MocTayaHb, CKOPOUEHHS
JIOKyMeHTallii, BifcTeXXeHHS JOKYMeHTallii Ta CKOpOYeHHSI
IIOMWIOK, BMCOKa JOBipa CIIOXMBayviB 3a PaXyHOK LIBU[-
KOCTi TpaH3aKlliii Ta iX IPO30POCTi, MOXKJIMBICTb CBO€YAC-
HOro 06MiHy iHdopMali€lo Mik y4acHMKaMM JIaHITIOTa
IoCTayaHb, @ TAKOXK 0OJIiK KiIbKOCTi, MOMEHTY Iepeauyi Ta
MapupyTy PyXy MaTepiaJbHOIO IIOTOKY.

BrpoBamkenns: TexHosnorii Blockchain y manifior mo-
CTayaHb BMUMAarae IIOLOJIAHHS TEXHOJOTiYHUX 6ap’epiB:
Mpua6aHHS 06YMCTIOBAIBHOTO Ta MiATPUMYOUOro o6iai-
HaHHSI, PO3POOKY MPOrpamMHOro 3abe3reueHHs], CTBOPeHHS
inTepdeiiciB Ta iHIMIMX TeXHIYHMX TOHKOLIIB, HeOOXimHi
IMOBHOIIIHHOTO (PYHKIIIOHYBaHHSI JIaHLIIOTa IMOCTavYaHb Iiel
iHHOBAIIiltHOI cUCTeMi.
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Application of Blockchain technology
in logistics and supply chain management

Abstract. The article considers the possibility of using innovative information technology Blockchain in logistics and
supply chain management. At the beginning of the 21st century, a significant change occurred in the development of
digital technologies, a revolution. Now information is becoming more and more important every day as a resource in
social and economic processes. The use of information in modern conditions is necessary to transform it into knowledge,
which is measured by an increase in productivity, and subsequently the social space takes up more and more space in
socio-economic relations. The essence and features of Blockchain technology are reflected, and the need for its technical
order is also revealed. Today, Blockchain is a multifunctional and multi-level information technology designed for reliable
accounting of various assets. Potentially, this technology covers all spheres of economic activity without exception and
has many areas of application. Among them: finance, economics and monetary settlements, transactions with tangible
and intangible assets. The introduction of Blockchain technology into any area of business involves the adoption of a
fully transparent and reliable information platform that will be used by participants in a particular process: whether it is
insurance of individuals, privatization of real estate, return management, provision of logistics services or any other type
of activity. It should be noted that modern society at this stage of development is at an intellectual and technical level, at
which the technical construction of a model of itself is a quite real computer engineering task. Today, technical modelling
and technical normalization of Blockchain technology are in the zone of a strict process of organizing production and
the economy. The key issue of the article is to reveal the possibilities of applying Blockchain technology in logistics
and supply chain management in general. Examples of practical application of this technology in logistics are given,
the advantages and disadvantages of Blockchain are revealed, and the barriers and difficulties associated with the use
of this technology are also reflected

Keywords: Blockchain technology; supply chain management; Blockchain technology in logistics, smart contracts;
smart assets
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Investigation of air exchange at the workplace of a bus driver

Abstract. The focus on thermal comfort of the driver and passengers is important not only for reasons of convenience, but
also for safety reasons. This article examines the microclimate at the driver’s workplace, which is formed on the basis of
heat exchange between the exterior and interior of the cabin, as well as in the cabin itself. The influence of various factors
and operating conditions on the microclimate in the bus interior is analysed. Attention is focused on local thermal comfort
devices, since thermal comfort systems now work in an integrated manner, paying special attention to local thermal comfort.
A ventilation system was modelled, which works to take fresh air into the cabin with forced removal to the outside. The
air exchange at the workplace of a city bus driver with injection fans mounted in the roof of the bus, one of which works
to draw fresh air into the cabin and the other to force it out, at air blowing speeds for four modes from 0.1 to 0.5 m/s, was
modelled. The organisation of air exchange at the driver’s workplace is proposed, which can be used in the design of thermal
comfort for new models of vehicles, especially large-sized ones, such as buses

Keywords: microclimate, thermal comfort, ventilation systems

Introduction
The requirements for the microclimate of passenger trans-  fatigue and concentration, which is largely related to vehi-
port have increased significantly. This is especially true for  cle operation. Therefore, systems that provide an appropri-
public transport and long-distance routes. Scientific stud-  ate cabin climate are also important components of vehicle
ies by a number of researchers have shown the impact of safety, especially during long trips when suitable climate is
inappropriate impact of the working environment on work  essential to maintain driver concentration. Not only does
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Investigation of air exchange at the workplace of a bus driver

the driver’s condition, degree of fatigue and reaction time
depend on the cabin climate, but also the well-being of the
passengers. The main reasons for this are due to the state
of contamination of the cab and interior, the concentration
of exhaust gases, noise, vibration, unfavourable microcli-
mate, time spent, work intensity, etc.

Results

Analysis of comfort factors

and standardsfor their assessment

Noise in the car cabin affects the driver’s functional state:
physiological functions are disturbed, fatigue appears due
to increased energy consumption and nervous and mental
stress. Permissible noise levels in vehicle cabs should be
considered: for passenger taxis and buses — 50-60 dBA, for
trucks and cars — 60-70 dBA. The permissible level of vibra-
tions is in the frequency range of 1-80 Hz, beyond which
discomfort is observed. Permissible levels of external noise
for vehicles should not exceed 84 dBA for cars, 92 dBA for
trucks and buses, and 86 dBA for motorcycles. Such studies
were conducted in accordance with standardised methods
for large vehicles, namely not only for city buses, but also
for a two-section hybrid bus [1] and an electric bus [2]. The
complexity of noise measurements is confirmed by meas-
urements [3], where a complex consisting of 10 micro-
phones placed at a height of 1.6 m from the floor surface
along the aisle between the seats was used.

Whereas noise and vibration levels are defined and rea-
sonable, the concept of microclimate assessment is rather
subjective. The current standards that present methods for
assessing thermal comfort in the vehicle interior can be
found in EN ISO 14505 [4], which consists of three parts,
and the American ASHRAE 55 [5]. The European standard
EN ISO 7730 [6] is used to estimate thermal comfort in

Air temperature

Mean radiant temperature

Air velocity
Relative humidity
Activity level

Clothing insulation

buildings and is based on the well-known Fanger theory [7]
and the equivalent temperature model [8, 9].

More than 50 years ago, Fanger conducted a study in
which subjects dressed in “standard” clothing performed
“standard” activities. During the assessment, persons
were exposed to different thermal conditions. According
to their sensations, subjects rated the condition on the
ASHRAE scale with 7 levels (-3: cold; -2: cool; -1: slightly
cool; 0: neutral; 1: slightly warm; 2: warm; 3: hot). In his
studies, subjects were offered to change their clothes, am-
bient temperature, to achieve a so-called neutral thermal
state. Having analysed the system of thermoregulation
and heat exchange of the human body, Fanger suggested
the PMV index (Predicted Mean Vote [7]), according to the
ASHRAE scale.

By introducing external physical quantities that affect
heat transfer phenomena (air temperature, average radia-
tion temperature, water vapour partial pressure and rela-
tive air velocity) and specific variables (thermal resistance
of clothing, activity level, and average skin temperature)
into the interrelationship of human body thermal equilib-
rium, the relationship between the generated and dissipat-
ed heat flux of the body is obtained. When there is an equi-
librium heat balance, the heat produced by the human body
is dissipated without increasing the activity of the body’s
thermoregulatory system [8-10]. PMV values vary from -3
to 3 on the ASHRAE scale (Fig. 1). It quantifies the average
attitude of a group of subjects to comfort. This parameter
is related to the PPD (Predicted Percentage of Dissatisfied)
index, which represents the percentage of those who ex-
perience thermal discomfort. The value of 10% of the PPD
index corresponds to the range from -0.5 to +0.5 for PMV
on the Fanger scale. Even with PMV =0, about 5% of the
respondents feel uncomfortable.

3 — Hot
- — Warm
Slightly warm
Neutral
Slightly cool
” Cool

Cold

Figure 1. Fanger scale

Source: [7]
The expressions for calculating PMV are presented in [7]:

(PMV'=(0.303€%%5 +0.028){(M - V)
-3.05 [5.733-0.007(M-V)-p ]
-0.42[(M- V)-58.15]-0.0173M(5.87-p,) -
-0.0014M(34-1)-3.96 x 10° f, [(t,+ 273)" -
-Ct +273)4-f, h_(t,-t)},

where:
t,=35.7-0.0275(M-W)- L {(M-W)-3.05[5.73-0.007(M- W)-
p,]-0.42[(M-W)-58.15]-0.0173M(5.87-p,) -
-0.0014M(34 t )}).

The indicator is determined from the following expres-
sion:

Journal of Mechani cal Engineering and Transport, Vol. 10, No. 2, 2024


https://tel.archives-ouvertes.fr/tel-02298577v2/document

Vikovych et al

PPD=100-95exp] - (0.03353PMV* +0.2179PMV?)],

were: M — metabolic heat intensity [W/m?]; W — activity
level [W/m?]; t, - the temperature at the level of the gar-
ment [°C]; p, —water vapour pressure [Pa]; t, — air temper-
ature [°C]; I, is the thermal insulation of clothing [Clo];
f is the clothing factor [-]; ¢, is the average radiation
temperature [°C]; hc — convective heat transfer [W/m?2°C].

Both ASHRAE 55 and EN ISO 7730 provide methods for
evaluating the thermal environment of buildings to obtain
a certain level of global comfort for occupants at a certain
level of activity and clothing. ASHRAE 55 applies either the
PMV-PPD method or the Standard Effective Temperature
Comfort Zone (SET) method to air-conditioned spaces. It
also provides an adaptive approach for determining accept-
able thermal conditions in naturally ventilated rooms [4],
while EN ISO 7730 proposes the PMV-PPD approach.

The EN ISO 14505 standard “Assessment of the ther-
mal environment in vehicles” has three parts called:
1. Principles and methods for the assessment of thermal
load; 2. Determination of equivalent temperature; 3. As-
sessment of thermal comfort using human occupants.
In the first part of the standard there is a reference to
EN ISO 7730, which suggests the use of PMV and PPD. Un-
fortunately, these two indices are generated, in particular,
for homogeneous environments inside buildings. The sec-
ond part of the standard proposes the Teq index, an equiv-
alent temperature index. This is a local and global index
proposed by Nilsson in his doctoral thesis [8, 9].

The equivalent temperature is calculated using is es-
timated using the same method as the operating temper-
ature for ambient air velocities less than 0.1 m/s. It is the
average air temperature and the average radiation temper-
ature. Convective heat transfer is to be taken into consider-
ation. For values of ambient air velocity exceeding 0.1 m/s,
the equivalent temperature is expressed as a function of air
temperature,averageradiationtemperature,airvelocityand
thermal resistance of clothing [11, 12]. Several equivalent
temperatures can be distinguished here: directional equiv-
alent temperature mentioned two indices are generated, in
general, for homogeneous environments inside buildings.

Part 2 of the standard provides for the Teq index, whicn
is equivalent temperature index. This index is both local -
refers to heat transfer in the half-space in front of an infin-
itesimal plane and is described as a normal vector to the
measurement plane at each point, determined by the mag-
nitude and direction; omnidirectional equivalent tempera-
ture, which is around a part of the body or the whole body,
measured, as a rule, with an ellipsoidal sensor; whole-body
equivalent temperature, which refers to the entire human
body and is a_ standardised value, as well as local equiv-
alent. All of these equivalent temperatures can be deter-
mined using one or more hot film or ellipsoidal sensors or
a heat dummy as described in EN ISO 14505/2. The equiv-
alent temperature method using directional sensors or a
heat manikin to assess thermal sensations in a vehicle has
the main disadvantage that thermal sensations, primarily

due to localised heat sensitivity, are assessed using cloth-
ing-independent thermal comfort charts.

The third part of EN ISO 14505 specifies a direct meth-
od for assessing thermal comfort in vehicles, the main in-
dicator of which is the Thermal Sensation Vote (TSV) of the
people surveyed. The method measures and registers peo-
ple’s reactions to their thermal sensations (www.research-
gate.net) in the environment quantitatively, using the same
scale of values as PMV. TSV takes into account both psy-
chological and physiological factors. Research using this
method requires standardized questionnaires for a con-
trolled and representative sample. By averaging the results,
an assessment is made of the specific situation under study.

In general, ISO 14505 seems to be more sensitive to
warm environment that ISO 14505 is only suitable for ther-
mally neutral situations where latent heat of evaporation
is a very small part of the total heat transfer of the human
body. Furthermore, when it comes to thermal comfort in
the vehicle cabin, other design parameters can affect pas-
senger experience in unpredictable ways. One of these pa-
rameters are the parameters of thermal sensation and are
less sensitive to the conditions of the cold environment
compared to other approaches for non-isothermal envi-
ronments, such as the Berkeley model [13]. This may mean
from car seats, for example, the thermal conductivity of the
seat upholstery [14-16]. The effect of changes in metabolic
rate and activity on the thermal comfort zone of passen-
gers in summer and winter, calculated using Fanger mod-
els, is shown in Figures 2a and 2b, respectively [13]. The
metabolic rate expresses the rate of the transformation of
chemical energy into mechanical and thermal work as a re-
sult of metabolic processes in the body, usually expressed
per unit area of the total body surface. In ASHRAE 55, this
indicator is expressed in metric units. Metabolic rate de-
pends on activity and fitness level.

[~~~
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Figure 2. The effect of changes in metabolic rate
and activity on the thermal comfort zone
Notes: a) in summer, b) in winter
Source: [13]
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When the air temperature is low, convective heat loss
increases as air movement is associated with increased
activity. Because of this, the thermal load on the body’s
evaporative cooling system is reduced, and this leads to a
wider range of activity before discomfort is felt. Thus, the
maximum range of activity within which a person feels
comfortable is achieved by minimising the dry thermome-
ter temperature and relative humidity while compensating
with an average radiant MRT temperature that is suitable
to maintain comfort. Figure 2 (a, b) shows that with an in-
crease in metabolic rate, the thermal comfort zone shifts
to the left, which leads to a decrease in the boundaries of
higher and lower temperature values.

Thermal insulation in clothing and its impact on the
passenger’s thermal comfort zone in summer and winter
according to the Fanger models are shown in Figure 3 (a, b),
respectively. In cold weather, the layering of insulating
clothing can help keep a person warm. At the same time,
if a person is involved in a high level of physical activity,
such layers can prevent heat loss. Depending on the type
of clothing material, air movement and relative humidity
can reduce its insulating ability. Thus, all four mechanisms
The main processes of heat exchange, including evapora-
tion, convection, radiation, and thermal conductivity, are
strongly influenced by clothing (hal.archives-ouvertes.fr).
Shoes can reduce heat loss/gain from the floor. Clothing
also usually prevents the movement of air near the skin
surface, so convective and evaporative heat transfer from
the skin can be neglected. Figure 3 (a, b) shows that with
an increase in the amount of clothing or the level of ther-
mal insulation, the thermal comfort zone shifts to the left,
which leads to a decrease in the boundaries of higher and
lower temperature values. On the other hand, when the
amount of clothing or the level of thermal insulation de-
creases, the thermal comfort zone shifts to the right.

TS
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Figure 3. Effect of thermal insulation
on the thermal comfort zone
Notes: a) in summer, b) in winter
Source: [13]

The sensitivity analysis associated with variations) in
the air velocity in the cabin for the summer and winter
passenger thermal comfort zones according to the Fanger
models is shown in Figure 4 (a, b), respectively. The move-
ment of air through the skin lowers body temperature
through convective energy transfer and latent energy
transfer, namely the evaporation of sweat from the skin.
If the skin temperature is relatively high, the air removes
some of the excess heat from the body. Thus, air velocity,
especially if passengers wear light clothing, can be adjust-
ed by modifying the fan settings to give passengers control
over their local climate. Figure 3 (a, b) shows that as air
speed increases, the thermal comfort zone is shifting to the
right, which (doi.org) leads to an increase in the upper and
lower temperature limits.
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Figure 4. Influence of air velocity in the) cabin
on the thermal comfort zone
Notes: a) in summer, b) in winter
Source: [13]

Methods of increasing comfort

One of the options for providing a microclimate for pas-
sengers and improving the driver’s working conditions is
increasing the volume of fresh air supply. At a normal
ambient temperature of +8 to +26°C, the air conditioning
system provides the maximum level of fresh air supply
(80-100%). In such conditions, air exchange is continu-
ous and fast. At both low and high temperatures, the air
conditioning system operates in what is known as mixed
air flow mode. In this mode, fresh air) is supplied to the
cabin every 4-7 minutes. At the request of the passenger,
the maximum volume of fresh air supplied by air condi-
tioning systems, for example, in Mercedes-Benz Touris-
mo, Setra ComfortClass 500, TopClass 500 and S 531 DT
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double-decker buses, can be increased by 33-40% due to r/—':i

the additional supply of outside air [17]. For example, K W——T’W@ @

in Setra TopClass coaches, fresh air passes through ad- b ollltlle‘t Invle';t'

ditional roof filters of the air conditioning system built

into the La Linea construction elements. As a result, air p——t

exchange in these buses occurs every 5 minutes. In the h —

Setra S 531 DT model, exhaust air is removed on the sec- ®1 (-

ond floor through two ventilation diffusers and through mi ;

the steps on the lower floor. The lower floor of the bus [ H‘ﬂF

is ventilated through grilles in the driver’s cab and in the 77 77

floor. In all city buses and low-entry buses, the doors open

at bus stops to provide a regular supply of outside air. Figure 6. Scheme of air blowing and intake
Paper [18] analysed Influence of different supply air in the bus driver’s cab

velocities on air distribution in the car cabin. Figure 5 Source: developed by the authors
presents the temperature distribution at various values of
the supply air velocity. At the supply air velocity) of 2 m/s
and 3 m/s, the air velocity in front of the passengers’ faces
will be approximately 0.1~0.2 m/s. In this case, no passen-
ger will feel cooling and will be very hot. If the supply air
velocity is 4 m/s, the airflow velocity) in front of the pas-
sengers’ faces will be about 0.3 m/s. In this situation, the
air velocity is good - the dryness of the face is moderate
and the passengers feel cool. If the air velocity is 5 m/s, :

the wind sensation on the face will be too intense. a) ms)

0.000
b) ms*11

Figure 5. Effect of air velocity in the cabin
on the temperature distribution in the bus cabin
Notes: a) in summer, b) in winter
Source: [19]

Simulation of air blowing and intake

in the bus driver’s cab

Let’s consider the option of ventilating the workplace of
a city bus driver with blower fans mounted in the roof of
the bus. One fan works to draw fresh air into the cabin,
and the other to force it out. Figure 6 shows the air inlet

and outlet diagram. Figure 7. Distribution of air velocities
Figure 7 shows the results of modelling the distribu- at the bus driver’s workplace

tion of air masses at the bus driver’s workplace at air blow-  Notes: a) 0.1 m/s; b) 0.25 m/s; ¢) 0.35 m/s and d) 0.5 m/s

ing speeds of 0.1, 0.25, 0.35, and 0.5 m/s. Source: developed by the authors
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Investigation of air exchange at the workplace of a bus driver

As can be seen from Figure 7a, the air blowout in the
1st mode is quite small. In the area of the driver’s head, the
air velocity fluctuates within 0.06-0.09 m/s, which is quite
low to ensure the standard values of the ventilation sys-
tem. Especially in hot weather, this air exchange may not
be enough. Figure 7b illustrates that the driver’s workplace
in the 2nd mode of operation is better ventilated. We will
have a velocity distribution in the range of 0.15-0.22 m/s,
which significantly improves the ventilation of the driver’s
cab. At the 3rd mode (Fig. 7c) of fan operation in the driv-
er’s head area, the air velocity is 0.25-0.31 m/s, which cor-
responds to the standards, i.e., the ventilation works very
well. In the area of the driver’s legs, the air velocity drops
to 0.21 m/s. When blowing with an air velocity of 0.5 m/s,
which is the most intense ventilation, Figure 7d shows that
at the level of the bus driver’s head (doi.org) the air veloc-
ity will be (doi.org) in the range of 0.4-0.5 m/s (theses.ncl.
ac.uk), and at the level of the legs and waist it will decrease
to 0.25-0.3 m/s. Obviously, at the level of the head there is
an excess of normalized values. From this we can conclude
that the 4® maximum fan operation mode should be used
for particularly hot weather.

Conclusions

We have modelled the air exchange at the workplace of a
city bus driver with induction fans mounted in the roof of
the bus, one of which works to draw fresh air into the cabin
and the other to force it out at air blowing speeds in four
modes from 0.1 to 0.5 m/s. In the first mode, the air velocity
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docnip)XeHHs NoBiTPOO6MiHY Ha po6ouoMy Micui Boaia aBTobyca

AHoOTaLif. AKIIEHT Ha TeIIOBOMY KOM(MOPTi BOAis i macaskupiB € BaXKIMBUM He TiIbKM 3 MipKyBaHb 3pyYHOCTi, ase i
3 MipKyBaHb 6e3MeKku. Y CTaTTi ZOCTiIKYETbCSI MiKPOK/IiMaT Ha po60YOMY MicClli BOZisl, SKuit GOpMYy€eThCSI Ha OCHOBI
TeIrI006MiHY SIK MiXK 30BHIIIHIM i BHYTPIlIHIM ITPOCTOPOM CajIOHY, TaK i B caMoMy casoHi. [IpoaHani3oBaHO BIUIUB Pi3HUX
YMHHMKIB Ta YMOB eKCIlTyaTallii Ha MiKpoK/iMaT B CaJIOHi aBTo0yca. YBary 30cepe/iskeHO Ha JJOKaJbHUX MIPUCTPOSIX
TeIIOBOro KOMGOPTY, OCKiIbKM TepMOKOMMOPTHI YCTAHOBKM MPAaIIOIOTh Terlep KOMILIEKCHO, TPUIIISIOUN 0COBIUBY
yBary JokaJbHOMY TersioBoMy KoMbopTy. IIpoBeneHO MO eM0BaHHS CUCTEeMM BEHTWIS T, SIka Mpallioe Ha 3abip cBixoro
TIOBITPSI B CAJIOH 3 IPUMYCOBUM BUAATIEHHSIM Ha30BHi. 3MOZe/Ib0BAHO MPoliec MOBITPOOOMiHY Ha PO6OUOMY MiCIli BOZis
MicbKoro aBTo6yca 3 BMOHTOBAaHMMM B jax aBTOOyca HaTHITAIOUMMM BEHTWISITOPaMM, OIMH 3 SIKMX Ipalioe Ha 3a6ip
CB)XXOTO MIOBIiTpPS B CAJIOH, a iHIINMIT HA IPUMYCOBe BMa/eHHS Ha30BHI MPU MIBUAKOCTSIX BUIyBaHHS MoBiTps Big 0,1 mo
0,5 M/c [J1 YOTUPHOX PEXXUMIB POOOTY BEHTUISATOPIB. 3aIIPOIIOHOBAHO OpraHi3aiiito moBiTpooObMiHy Ha poboduoMy MicIli
BOZis, sika MOske OYTHM 3aCTOCOBAaHA MPU MPOEKTYBAHHI TeIIOBOr0 KOMGOPTY B HOBMUX MOAEJSIX TPAHCIIOPTHUX 3aCO0iB,
0COBIMBO BEIMKOTA6APUTHUX, O SIKUX HAJIEXKATh aBTOOYCU
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Oco6nuBocTi NpoBefeHHA AocNiAKeHb aBapiMHMX NpoLeciB
B €/1eKTPoo61agHaHHI TPaHCNOPTHMX 3acobiB
Ha AINAHUI eNeKTPUYHOro Kona: reHepaTop — akyMy/niiTopHa 6aTtaped

AHoTauia. Y cTarTi mpencTaBieHi pe3yabTaTy i BU3HaUYeHi Mpo6IeMu Ha MiCTaBi MPOBeIeHHSI KOMIUIEKCHUX €KCIIEPTHUX
IOCTiIsKeHb YMOB, 3a SIKMX BUHMKAIOTh aBapiitHi peXXnumy poOb0oTH eleKTpoobiafHaHHS TPAaHCIIOPTHMX 3ac06iB Ha AisHLII
€JIeKTPMYHOTO KOJIa: TeHepaTop — aKyMy/sITOpHa 6aTapesi. ETeKTpuyHi NpMUCTPoi CKIafa0Th 3HAUHY YaCTUHY IPUUMH
TTOXKEX TPAHCITOPTHMX 3ac06iB. YCi eJIeKTpMYHi MpUCTPOi B aBTOMOOIII ITiIK/II0YAIOThCS IO OCHOBHOTO JIKEPEeJia KUBJIEHHS,
aKyMyJISITOpa Ta TeHepaTopa, 3a JO0IOMOro0 MpoBoaKkM. CTPYKTypa eleKTPONIPOBOAKYM CKIANA€ThCS 3 IPOBiAHMUKA, SKUI
repenae eeKTPUYUHI CUTHAIH, i i30/15ITOpA, 1[0 OTOYYE IPOBiTHUK. B ocCHOBHOMY, popMa i CTpyKTypa IPOBiTHMKA, 8 TAKOXK
TOBIIMHA i30/19TOpa pO3p00bIieHi MMo-pi3HOMY B 3a/esKHOCTI Bif, pi3HUIIi B JonmycTumMomy cTpymi. ToMy ayske He6e3rmeqHo
HaJIaUITOBYBATY JIAHLIIOT, SIKUIA MiAK/TIOUAE KiJbKa eIeKTPUIHUX MIPUCTPOIB IO OLHOTO 3an06ikHIMKa, 860 HeobepeskHO
MiIKTI0YaTH 30BHIIIHIO TIPOBOIKY IJIS MiAK/IIOUeHHSI OKpEMMUX eJIeKTPUYHUX BUPOOiB. [lepeBaHTa)KeHHS Y JIaHITI031 MOsKe
CIIPUUYMHUTY KOPOTKE 3aMUKaHHS €JIeKTPONPOBOJKM Ta MTOLIKOAKEHHS 13015111 yepes reperpis, 1[0 MOXe [IPU3BECTU
10 TIPSIMOTO PU3UKY 3a/iMaHHSI aBTOMOOi/s. 3p061eHO MPUITYILIeHHS, 10 cepe]; HaliiMOBipHIMINMX MPUYMH MOXKeKi —
HECIIPaBHOCTi MIPOBOJAKM, SIKi HaifuacTille NPpUBOASATH JO KOPOTKOTO 3aMMUKaHHS. [30/1411i51, mopylieHa 3 Tiel 4u iH1oi
TIPUYVMHY, HAJIA€ IJIs1 OTOJIEHMX YACTUH IPOTiB MOXK/IUBICTb 3IMKHYTHUCS Misk 06010 260 3 «Macoio» aBTOMOOisI. BHacmiok
MPOTiKaHHS N0 APOTaM CTPYMY KOPOTKOTO 3aMMUKaHHS, HAAMiPHO BEJIMKOTO J1JI IPOBOAKM JaHOTO ITepeTHHY, TIOYMHAIOTh
HarpiBaTucs. Yepes BUCOKY TeMIIepaTypy IJIaBUTHCS i 3a1aI0€ThCS 130141114, Bif Hel — MpuierIi geTasi 3 IVIaCTUKY Ta
iHIIMX rOprOYMX MaTepiasiB. 3rifHO 3 pe3yabTaTaMy MPOBEAEHOTO JOCTiIKEeHHS, 6Y/I0 BCTAHOBJIEHO, IO IIPUYMHOIO MOKEXKI
B PO3MISIHYTOMY aBTOMOO1JIi CTaB TEIIOBMII BILUIMB €JIeKTPUUHOTO CTPYMY B 30Hi 3aropsiHHs. Lle npu3Beso 10 3aiiMaHHs
i3on411ii gpoTy, yepes sKuit, BiATIOBIJHO 10 KOHCTPYKTMBHOTO pillleHHs, Mif, Yac po60TH IBUTYHA BHYTPIIIHBOTO 3TOPSIHHS
MaB IepefaBaTUCs CTPYM Bif aBTOMOOITbHOTO reHepaTopa 4o 60pTOBOi efleKTpoMepexi. 3 Orsiny Ha Pi3HOMAaHiTHICTh
Cy4yaCHMX TPAHCIIOPTHUX 32C00iB iHO36MHOTO BUPOOHMIITBA Ta MOCTiliHe BOOCKOHA/TIEHHS iIXHbOI eJIeKTPOTeXHIUYHO1
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KOHCTPYKIIii, BUHMKA€E HEOOXiAHICTh PO3IMIMpPEHHS Ta PO3BUTKY iHPopMaliifHOi 6231, a TAKOXX CTBOPEHHSI TOCTYITHUX
IOBiTHMKIB 3 eKCIUTyaTallii, METOOUK IPOBEIEHHS eKCIIEPTU3 i JOCiIKEeHb eJIEKTPOOOIaHAHHS

KrnouoBi cnosa: noskexHa 6e3eka; TPaHCIIOPTHNIT 3aci6; reHepaTop; MoKeska; CyIoBa eKcriepTmsa

Bctyn

IMoskexxi Ha TPAHCIIOPTHUX 3aC06aX BUHMUKAIOTh yepe3 Me-
XaHIiuHi Ta eJeKTPMUYHI HeCIIPaBHOCTI MiJ Yyac eKcIyaTa-
1ii, moncbkuit GpakTop, JOPOKHBO-TPAHCIIOPTHI MPUTOAY
i CIpuUMHSIIOTH BTpaTy MajiHa abo HaBiThb 3arposy Ijist
SKUTTS Jtopeit. [IpubansHo 50 % moskesk Ha TPAHCIIOPTHUX
3aco6ax TPaIuvISIIOThCSI B MOTOPHOMY BiIJisieHHi, MOTIM Y
BaHTaKHOMY BiJICiKy, Kojecax i nmepenHix cuaiHHsgX. Cy-
YaCHUI TpaHCHOPTHUI 3acib HamineHui iHHOBAaIiIMMU Y
cdepi 6esnexu, ocHaleHMI T BLOCKOHAIEHUMY (YHKITisI-
MM, SIKi 3a6e3MmeuyioTb KoMGOPT, 3PYUHICTb i MPOTYKTUB-
HiCTb, IO Bifpi3Hsie iX BiJ cBOiX momnepenHukis. Pazom 3
TUM, B @BTOTPaHCIIOPTHUX 32C06aX KOHCTPYKTUBHO TOEN -
HaHO CUCTEMM i eJleMeHTH, SIKi y BUMIaAKy aBapiliHux pe-
SKMMiB POOOTHM UM HeCIIPaBHOCTe MOXKYThb He JIuIle Mpu-
3BEeCTU [0 JOPOXHbO-TpaHCcHopTHOI npuroayu (OTII), ane
i BUKIIMKATU MTOXKeXy [1].

B VYkpaiHi, 5K i B CBiTi, HasiBHa TeHAEHIIis IO 3POCTaH-
HS KiJTbKOCTI TIOXKeXX Ha TPaHCIOPTi. Y 6i/IbIIOCTi BUMTaKiB
Taki BUAY MOXeX MPU3BOAATb N0 TPaBMaTU3MYy Ta JIIOA-
CbKMX JKepTB. Maibke KOXHa [pyra IIOXeXXa aBTOTpaH-
CTIOPTHUX 3aC06iB MOB’SI3aHA i3 eIeKTPUYHMUM CTPYyMOM [2].
EnekTpuuHi NpuUCTpPOi CKIAfal0Th 3HAYHY YaCTUMHY MPU-
YMH MOXEX TPAHCIIOPTHUX 3aco6iB. OnHielo 3 HaOLIbII
MokeskoHeOe3MeyHnXK TIISTHOK y TPAHCIIOPTHUX 3acobax €
CUJIOBUIA MPOBiJ, IKMII BUKOPUCTOBYETBCS AJIs1 3apsII>KaH-
HS akKyMyJIsSITOpHOI 6atapei. Ha 1iboMy IpOBOIi MOXKYTb
3’IBJISITUCS] OIUIABJIEHHS, IO 3a3BMYail BUHUKAIOTH IIiC/IsI
TePMiUHOTO MOIIKO/IKeHHST 0T0 i30/S11ii.

CymoBa eKCIlepTi3a, o CTOCYEThCSI BUBYEHHS 06CTa-
BMH BMHMKHEHHS MTOKeX Y TPAHCIIOPTHUX 3ac006ax, € OHi-
€10 3 HalICK/IaJHIMNX cepeJi eKCIIepTHUX NOoCTiaKeHb. BoHa
nepenbavae meTaqbHMIT aHani3 iHdopmalii, oTpumaHOi
Mif, Yyac OISy MOIIKOIKeHOro TPAHCIIOPTHOTO 3acoby, a
TaKOX CUCTeMaTu3allilo CBigueHb oueBuALiB. [IpoBeneH-
HS TakKMX JOCTiIXKeHb 06a3yeTbCsl Ha CIeliaIbHUX 3HaH-
HSX eKcrepTiB y Takux Hampsmax: 10.8 — «JlocmimskeHHS
006CTaBMH BMHMKHEHHSI Ta TOIIMPEHHS MOXeX i TOTpu-
MaHHS BMMOT ITOXKesKHO1 6e3neku», 10.18 — «JlocaimkeHHs
TeXHIYHOI eKCIlTyaTallii enekrpoycrarkyBaHHs» Ta 10.2 —
«JIoCTimKeHHST TeXHIYHOTO CTaHy TPaHCIIOPTHMUX 3aC00iB».
VY cy4acHMX yMOBax Lii eKCIepTU3M BUKOHYIOTHCS BUCO-
KoKBasTihikoBaHUMM (haxiBLUSIMU B €KCIIEPTHUX YCTAHOBAX.

Lleit BU ekcepTHOI Mis/IbHOCTI Mae cBOi crienudiy-
Hi 0c06IMBOCTI, IKi OXOIUIIOIOTH Mi3HaBa/lbHi, OpraHiza-
UiliHi, mpolecyasbHi acrmekTu Ta iHIm BaxkiauBi chepu
npodeciitHOro eKCIepTHOTO aHami3y. ocBil MpoBeneH-
HS eKCIIEPTHUX NOCTiKeHb 3a LM HAIIPSIMKOM I1OKa-
3ye, 10 TOCTilfiHe BIOCKOHAJIEHHS eJeKTPOTeXHIiYHO1
KOHCTPYKIIii Cy4acHUX TPaHCIOPTHUX 3aCO0iB BUKIMKAE
HeOoOXigHiCTh BOOCKOHAJEHHSI Ta PO3BUTKY iHbopMma-
uifiHoi 6asu Ta CTBOPEHHS MOCTYMHMUX MOBiAHMKIB IO

eKkcIlTyaTallii, MeTOOUK NMPOBENEHHS eKCIepTu3 i ekc-
MepTHUX TOCTiIKeHb eJIeKTPoobIafHaHHS.

3rifHO i3 CTaTUCTUUYHUMM HaHUMMU Jlep>kaBHOI CITyX-
61 VkpaiHu 3 HaA3BUYaiitHMX cutyanin y 2023 pori Ha
TPAHCIIOPTHUX 3acobax cranocst 3613 MOXeX, M0 CTaHO-
BUTbH 5,3 % BiJ, 3arajJibHOI KiIbKOCTI Moskesk. IIpsimi 361T-
KM 36inbimancs B nopiBHaHHI 3 2022 pokom Ha 67,2 %
Ta cTaHOB/ATh 1 Mupgm 178 mutH 687,3 Tic. rpH (5,1 % Big,
3arajbHOi cymMM NpsiMux 36mTKiB). [T06iyHi 36MTKM CTa-
HOBJATH 2 Miph 209 maH 268,8 TUC. TpH (3POCTaHHS Y
2,3 pasa; 3,7 % Big 3araabHOi cymy mo6iyHMX 36UTKiB). Ha
mx o6’ekrax 3aruuyia 41 moauHa ta 127 nogeit orpuma-
Jii TpaBMU. 3araaoM, yrpogoBxk 2023 poky IiJ yac moskex
TPaHCIIOPTHUX 3ac06iB 2970 of. TexHiKM 6y/I0 3HUILEHO Ta
2661 of,. TexHiKM GYJIO MOIIKOIKEHO [3].

3amanumiu [4]y CIIA noskeski Ha TPaHCIIOPTHUX 3ac06axX
CTAHOBJIATH MPUOIM3HO 16 BiICOTKIB Bif 3araabHOI KiJIbKO-
CTi 3apeecTpoBaHMX MOXEXHUX Nofii y 2018-2022 pokax.
LTi moskeski cipyuuMHUIIY Gisbllle CMepTelt cepef IMBITbHOTO
HaceJIeHHs, HiXK MTOXeXi HEKUTIOBUX OYIiBesb i JKUTIOBUX
6ynuHKiB. 3a oriHkamu, y 2018-2022 pokax y cepeIHbO-
MYy 3a pik 6yno 3apeectpoBaHo 119 681 Moxexy aBTOMO-
6impHOrO TpaHcmopTy. Ha 1ii moskexi npumnazgae 56 Bimco-
TKiB TOKeKHO-TPAHCIIOPTHMUX 3aco6iB i 61 BimcoTok ycix
TIOKEsKHO-TPAHCIIOPTHUX 3aco6iB Ha aBTomoporax. BoHu
CIIPUYMHUIIN B cepegHboMy 380 3armbnmx cepefi IMBIIbHO-
ro HaceneHHs (65 BifCOTKiB), 783 mopaHeHUX cepeq, LIUBiTb-
HOTo HaceneHHs (59 Bi[COTKiB) Ta MaTepiaabHi 30MTKM Ha
765 minbitoHiB monapis (35 BigcoTkiB) [4]. OCHOBHUMY ITPU-
YMHAMM [TOSKEK TPAHCTIOPTHMX 3aC00iB aHAJTi3YIOTHCS eleK-
TpuuHi (axkTopyu, MexaHiuHi ¢akTopu, JOPOKHBO-TPAH-
CIIOPTHIi MpUroau, HegOaliCTh, MigIIaan, BUTIK rasy TOLIO.
BinpIIicTh NOXEX, 32 BUHITKOM JOPOKHbO-TPAHCIIOPTHUX
TpUrof, i mifmnanis, CIPUYMHEH] KOHCTPYKTUBHUMM Iedek-
TaMM Ta HefOaTiCTIO YIIPABIiHHS TPAHCTIOPTHUM 3aCO60M.

Tak sSIK CTBep>KeHO Y [2] Maiike KOXKHA Apyra Ioxe-
’kKa aBTOTPaHCIIOPTHMX 3aC06iB MOB’sI3aHa i3 eIeKTPUIYHUM
ctpymoM. IlokeXkoHe6e3MeuHUMIM peXXuMaMiy Hecrpas-
HOCTe}i eleKTpOooONagHAHHS TPAHCIOPTHUX 3acobiB €
CTPpyMOBe IlepeHaBaHTaKeHHS, KODOTKe 3aMMKaHHS Ta
nigBuieHnit nepexinuuit omip [5]. TloxkexkHa Hebe3meka
aBTOTPAHCIIOPTHMX 3aC06iB 3a/IEXKNUTH Bif HaAiliHOT po6oTH
Bciei cucrteMu enekTpoobiagHaHHs, ii By3/iB i arperaris.
[yi1 BUHMKHEHHS TIOXKEXi HeOOXimHMIA JOCUTD TTOTYKHUIA
TeIIOBMI iMITYJIbC, SIKMIi IpU3BeJe 10 HarpiBaHHS pevo-
BUHM a60 MaTepiany Ta CIIPUUYMHUTD 3aTOPSIHHS. OUeBuUz-
HO, 110 OL[iHKA MOXKeXHO1 Hebe3MeKky e1eKTPoobIaTHaHHS
MOBMHHA OYTU MOB’sI3aHa 3 OLIiHKOIO TeIUIOBOTO HarpiBaH-
HSI OKpeMMXx efieMeHTiB. ToMy HeoOxXiIHO ITpoaHasi3yBaTu
TeIJIOBUI1 CTAH Haii6iNbLI MOXKeXKOHeOe3MeuHUX eleMeH-
TiB e/IeKTPOO6IaJHAHHSI.
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Benukuii 06¢sr TEOPeTUYHUX Ta €KCIIePUMEeHTaTbHUX
IOCTiIKeHb BiTHOCHO TOXEKHOI 6e3IMeKy TPaHCIOPTHUX
3aco6iB BuKIanenuit y npaisx O. B. Baxkunosa, M. M. Kpas-
noBa, O.B. Jlasapenka, A. ®. I'aBpwioka, L. Makovicka,
C.Ferrone, a in. [1, 2, 5-8, 9], e KocaiaKyBamuch OCHOBHI
(dakTopy, 1Mo BIIMBaIOTh HA BUHMKHEHHS TOXKEX Ha aB-
TOMOOIISIX Yepe3 KOPOTKi 3aMMKaHHS y GOPTOBiil enek-
TpoMepexki, BIUIMB aBapiitHUX peXXuMiB poboTH 60PTOBUX
eJIeKTpOMepeX TPAHCIIOPTHMX 3aco6iB Ta iX IMOXKEeXKOHe-
6e3IeYHiCTb, PU3UKY BiIMOBM €JIEKTPUUHUX CUCTEM TOLIO.
Pa3om 3 TUM BOCTIIKEHHIO MTOKesKOHe6e3TeUHNUX PEXXUMIB
poboTu 60pPTOBOI eekTpoMepeski aBTOMOOLIS HA OiAHITE
eJIeKTPUYHOTO KOJIa «TeHepaTop — aKyMyasaTopHa 6arta-
pest» y MX pob0Tax MpuJieHo HeIOCTaTHIO yBary.

Pe3synbTatn

V 3B’13Ky 3 ypi3HOMaHiTHEHHSIM GOPTOBUX CUCTEM aBTO-
MO6is1iB 60pTOBa eleKTpoMepeska TPAHCIOPTHMUX 3ac06iB
MoabiKyeThCs i pO3LIMPIOETHCS, Yepes 1110 3p0CTae Hebe3-
reKka BUHMKHEHHS oXexi. Bimomo, 1110 mpoBojgKa aBTOMO-
617151 3 YaCcOM MO3Ke TIOLIKOIKYBaTUCS uepes Bibpaiiito, Tep-
TS a60 BIUIMB HABKOJIMIIHBOTO cepenoBuina. ITomkomkeHi
ab0 3HOIlIeHi TPOBOAM MOXKYTb MPU3BECTU NO KOPOTKOTO
3aMMKaHHS, BiTMOBU eIeKTPUYHUX CUCTEM abo HaBiTh IO
MOsKexKi. B elleKTpOTexHIUHKX CHUCTeMax aBTOMOOIIIB, 3 Or-
JIAIY Ha JOCTiIKyBaHi SBUINA Ta IIPOLIECH, eJIEKTPOOOIa -
HaHHS Ha [OiISHII «TeHepaTop — aKyMyJ/ISITOpHa 6atapesi»
3a3BMYAail € JOBOJIi HAAiTHOI YacTMHOIO. VY 11iit cucTeMi, 3a
BUHSITKOM T'eHepaTopa, HeMa€e BiIKpUTUX 06ePTOBUX BY3-
JIiB, 1[0 pOOUTH ii MeHI BMOArIMBOIO B eKcIutyaTanii. [Tpu
DOTPUMMAaHHI ITPaBM/I BUKOPUCTAHHS BOHA MOXKe (QYyHKIIiO-
HyBaTy 6e3 HeCcIPaBHOCTe MPOTSITOM TPUBAJIOTO Yacy Ta
He TIOTpebyBaTy 3HAYHOTO 0O6CITyTOBYBaHHSI.

IIikaBo, 10 111 po6OTH 1[LOTO OOIaAHAHHS KOPUCTY-
BaueBi He 0OOB’I3KOBO 3HATU BCi TexHiUHi 0COGAMBOCTI
JI0r0 KOHCTPYKIIii, 30KpeMa eJIeKTPOHHi KOMyHikalii Ta
elleMeHTU OJIOKy KepyBaHHS (peJyie-peryssitopa) i iHmii
CKJIaoBi. BifCcyTHICTh 1IMX 3HaHb He BIUIMBAE Ha HaZiii-
HicTh #ioro ¢dyHkuioHyBaHHsS. OpgHaK 11l 3a6e3MeveHHs
cTabinbHOI Ta 6e3BiIMOBHOI POOGOTU BAKIMBO IOTPUMY-
BaTUCSl pPEeKOMeEH[alli/i BMPOOHMKA IOAO eKCILTyaTallii,
30KpeMa LI0JI0 PeXXMMiB 3apsIKaHHS aKyMyJIsiTopa Ta BU-
KOPMCTaHHS HAaKOMMUYEHOI eHeprii.

IIpakTHKa MoKasye, M0 Cy4acHi TPaHCIOPTHi 3acobu
OCHallleHi CKJIaJHUMM eNeKTPOHHUMM CUCTeMaMU pery-
JIIOBAHHSI, SIKi MalOTh BUCOKMIA 3amac HaAiifHOCTi Ta 6ara-
TOMYHKIIOHAIbHICTb. BomHoOUac iXHSI CKIAAHICTD MOXKe
CIIPUYMHSATU [AONATKOBI DM3MKM, BK/IKOYAIOYM MOXIMBI
BiIMOBM Ta HECIIPaBHOCTI, SIKi, y IeBHUX BUIIaJKax, MO-
KYTb He JIMIlle BUBOOUTU 3 JIaly OKpeMi KOMIIOHEHTH, a
i CTBOpPIOBATHM 3arposy 3aiiMaHHs. OfHI€0 3 MOTEHLiTHO
MoskesKoHeOe3MeyHMX 30H € CUMJIOBUIL MIPOBIiz, sIKMit 3a6e3-
revye 3apsIKy akyMy/siTOpHOi 6atapei. TepMiuHi ouko-
JKeHHs J10T0 i30/1411ii 4acTo MPU3BOJATH 10 OIUIaBIEHHS,
10 MoXke OyTM XMOHO iHTeprpeToBaHe SIK 03HAKa KOPOT-
KOTO 3aMMKaHHS Ta NIOMUJIKOBO BU3HAaueHe $IK NpUUMHA
nmoskexki. 3rifHO 3 KOHCTPYKTMBHUMM OCOOIMBOCTSIMU,

KO/MY TeHepaTop He Ipallo€, CTPYM He IOBMHEH IPOXO-
IUTU 4epes Leli npoBif. OnHaK BUSIB/IEHi MOIIKOIKEHHS
i3o/1411ii CBiguaTh MpPO HASBHICTh AaHOMAJbHUX PEXUMIB
pobOTH reHepaTopa IiJ yac ioro GpyHKIioHyBaHHSI.

Sk Bimomo, reHepaToOp BiANOBiAa€ 3a 3apsKy aKyMy-
JIITOpa i TIOCTayaHHS eleKTPOeHeprii 10 BCiX eleKTpuy-
HMX CUCTEM aBTOMOOI/IA mig yac poboTu ABuUryHa. Bas re-
HepaTopa 06epTaeThCsI 3aBASIKY KPYTHOMY MOMEHTY, SIKMit
nepefaeThCs Bifl 1IKiBa HA KOJIiIHUACTOMY Basly IBUTYHA 3a
JIOTIOMOT'0I0 KJIMHOBMUIHOTO 260 MOiKIMHOBOIO peMeHs.
[lepenaToyHe YMC/I0 KIMHOPEMiHHOTO NPUBOLY CTAaHOBUTD
1,7-2,5. Tlig yac pyxy aBTOMOOGi/Is1 yacToTa 06epTaHHS KO-
JIIHYaCcTOro Bajla Ha XOJIOCTOMY XONy B CyYaCHUX ABUTY-
Hax BHYTDILTHbOT'O 3TOPSIHHS cTaHOBUTb 500-800 06./XB.,
a makcumanabHa — 4000-5000 06./xB. BimmosigHo, Ban
reHeparopa Moxke obepratucs 3i mBMAKicTio 1o 8000-
10000 06./xB. (5000-6000 06./XB. y I13€IbHUX IBUTYHAX).

Hanpyra Ha BUX0[li reHepaTopa, BiTHOCHO Macy aBTO-
MOo6isl, 10 SIKOi MiAKIIoUeHi MiHYCOBI KOHTaKTU TeHepa-
TOpa Ta aKyMyJ/ISITOpHOI 6aTapei, 3a7eKUTh Bif, LIBUAKOCTI
obepTaHHS itoro Basia. YuM BOHA BUIIA, TUM OijTbIla HATIPY-
ra. OnHak efekTpoo6iagHaHHSI aBTOMOOIIS, 30KpeMa efex-
TPOIAMITU, KOHTPOJILHO-BUMIiPIOBAJIbHI TPUIAAY Ta 6JI0KU
KepyBaHHSI, po3paxoBaHi Ha cTabiibHy Harpyry 12 a6o 24 B
IOCTiifHOTO cTpyMYy. 1711 MiATPMMKM LIbOTO PiBHS, He3asex-
HO BijJ 4acTOTM 0OepTaHHS reHeparopa Ta IiJK/II0YeHOro
HaBaHTAXEHHS, BUKOPUCTOBYETbCS PEryJIsTOp HAIpyIu.

SIkio yacToTa 06epTaHHS KOJiHYaCTOro Bajia IBUTYHA
3HIKYEThCS Hskae 500-800 06./XB., Hampyra reHepaTropa
CTa€e MEHIIOI0 3a HaIpyTy aKyMy/IsSITOpHOI 6atapei. V pasi
He3HATTs 6aTapei 3 reHepaTOpa MOYMHAETHCS i1 pO3psiz Ha
reHeparop, 10 MOKe BUKJIMKATHU Ieperpis i3onsiiii o6mo-
TOK TeHepaTopa Ta po3psy akymysstopa. lle crocyeTbcs
cucTeM i3 reHepatopaMy IOCTiiHOTO CcTpymy. Y reHepa-
TOpax 3MiHHOTO CTPYMYy 3HVDKEHHS HAIIPYTU HIDKYE PiBHS
akyMy/nsaTopHoi 6atapei He cipuumHse ii po3psiz, OCKiTb-
KM OiogHUI BUMIPSIMJISIY 3a1106ira€ 3B0OPOTHOMY MTPOTiKaH-
HIO CTPyMYy (3a YMOBM i10T0 cripaBHOI po60TH). I[Ipn 36i1b-
IIEHHi 4acTOTM 0GepTaHHS KOJIiHYaCTOro Bajia reHepaTop
3HOBY MiJK/IIOYAETHCS OO CUCTEMU eeKTPOOOIaSHAHHS,
1110 3a6e31eUyeThCs pelie-perysiTopoM.

TeHepaTOop poO3paxOoBaHMii Ha IE€BHY MaKCUMasb-
Hy cuity cTpyMmy. [IpoTe B pasi HeclipaBHOCTe#, TaKUX SIK
3HAUHMIT pPO3PSN aKyMyJSITOpHOI 6Garapei uM KOpOTKe
3aMMKaHHS, BiH MOXe BUAABAaTU CTPYM, IO IepeBUIILyE
JomycTuMe 3HaueHHs. TpuBanga pob60oTa B TaKOMY PeKU-
Mi NpU3BOOUTH [0 MeperpiBy Ta MOUIKOAKEHHS 130111
06MOTOK. [IJ1s1 3aX1CTy TeHepaTopa Bif, mepeBaHTaKeHHS
BUKOPUCTOBYETHCSI 0OMesKyBay CTpymy. PeryssiTop Hampy-
I'M Ta 0OMeXyBau CTpyMy 3a3BU4ail 06’eqHaHi B eIUHMIt
MIPUCTPiil — pese-perynsTop. Y reHepaTopax 3MiHHOTO
CTPyMY OKpeMuit 06MeXyBau CTpyMy MOXKe OyTM BifCyT-
HiM, OJHaK y iX KOHCTPYKIii nmepen6aveHi npmucTpoi, mo
BUKOHYIOTb aHaOTiuHi QyHKIIi.

BuxopucTaHHS TeXHOJOTi/i Ta €eKTPOHHUX KOMIIO-
HEeHTIB Y p03po01li peryasiTopiB HaIpyru JO3BOIMUIIO CYTTE-
BO 3MEHIINTH iXHi po3MipHu 1 iHTerpyBaTu 6e3mocepesHbo
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B KOpIyC reHeparopa. ['eHepaTopu 3MiHHOTO CTpPyMY,
OCHAIleHi BOYIOBAaHMM PETYISITOPOM HAIMPYTH, 3a3BUYaii
Ha3MBalOTh TeHEPAaTOPHOI0 YCTaHOBKOK. OpHak mifBu-
[leHa HaCUUYEHICTb eeKTPOHHMMM eJleMeHTaMM I[bOTO
eJIeKTpooOJIalHAHHS 361/IbIITye IMOBIpHICTh 1i0TO BiZMOB.
V nesKux BUIMaAKax Taki BiMOBY MOXYTb IPU3BOAUTHU [0
aBapiifHMX cuTyalliif, 30Kpema 10 3aliMaHHS.

Anani3z moxexi aBromob6insg Skoda Superb Elegance
1.8 TSI/118kW 7AG, mio cranacst 21.01.2011 p., moka3sas, 1110
ocepelOK 3aliMaHHSI PO3TalllOBYBAaBCS B 30Hi T'OJIOBHOTO
raJibMiBHOTO IWIiHAPA 3 BAKYYMHUM i CUTI0BaY€M rajibM.
IIpu boMy 6aYOK ISl TANbMIBHOI piAViHYU 3 TTOTiMEPHOTO
MaTepiaay Ta TyMOBMIA BAKYYMHMII IUIaHT IOBHICTIO BUTO-
pinu. Ha MeTasieBOoMy KOPIIyCi MifCHII0Baya 3aJIULIININCS
HEBEJIMKI Cipi IJIIMM OKaJMHM, a HA JiBiii YacTUHI 6aIKu
3aMKa KaloTa CIOoCTepiraamcs 3HauHi TepMivyHi MOIIKO-
IIKeHHSI, SIKi BUpaskayncsl B IOBHOMY BUTOPSIHHI j1akodap-
6GOBOTO MIOKPUTTS Ta MosABi mapy ipxki. Hait6inbii momko-
I>KEHHS OTpMMaJia IepefHs J1iBa BepXHS YacTMHA KOPITyCy
aKyMYyJISITOpHOI 6aTapei — BoHa 6yJia CMJIbHO OIUIaB/eHa Ta
o6ByreHa. [lnocoBa KjiemMa akKyMyJ/IsSITOpa TOBHICTIO pO3-
TJIaBUJIACS, a CUJIOBUIA TIPOBi, SKUit 00 Hel MiAK/IIouaBcs,

Bepxna 9acTHHEa
axyMyaATOpHOi GaTapei
Mag HaHOITBI Tepnraai
TomEOTHEHAT

Tmoconit Beigmmit
LLITHD EKYMYILETOPEOT
Barapei moemicTI0
PpOSTITAERECA KreMa
ILTOCOEOTO CHAOEOTO

BiJJOKpPEMMBCSI Ta 3aJMUIIMBCS BUCITU Momepeny Garapei.
Ha cuioBoMy NpoBOfi, 110 IepefaBaB HaIpyry Bif, reHe-
partopa ISl 3apSAKY aKyMyJsiTopa, Ha Bigcradi 10-15 cm
Bil KJIeMM 3aMMIIMINCS 3aJMIIKM BUTOpiNOi isomaLii y
BUIVISIA] 6isoro mormeny. Lle Miclie po3TauioByBaoCsl IPU-
671M3HO 3a 5 CM Bif epesHbOro JiBOTO KyTa aKyMyJIsTopa.

Crig, 3a3HauMTH, IO TEIUIOBMII BIUVIMB Ha Marepia-
7Y i KOHCTPYKI[ii aBTOMOGI/ISE B XO[Ii TIOXKEXKi MPU3BOIUTH
Io GopMyBaHHS Ha HUX CJIiJiB TEPMIUYHMX ypaskeHb, SIKi
cniernivHi 4j1s1 KOKHOTO BUAY mMaTepiany. Tepmiuni Bpa-
SKEHHS Y GiJIbIIOCTi BUMAAKIB CIIOCTEPIraloThCs Bi3yaabHO,
ajse B 3aJI€XXHOCTI Bif, CTyIeHs TepMi4HOI 3pyiTHOBaHOCTI
MaTepiajay MifJ BIUVIMBOM TeIla MOXeXi MOXYTb i 6yTu He
BUIMMI OKY i BUSIBJISITUCS 3@ IOTIOMOTOI0 iHCTPYMeHTalb-
HMX METO[IiB i TeXHiUHMX 3aco6iB. IIpu mormmMbIeHOMY Ai-
arHOCTYBaHHi CTYIMiHb TEPMIUHOTO ypaskeHHsI GYIOb SIKOTO
Marepiany criz kmacudikyBaTy IBOMa OCHOBHMMMU MTapame-
TpaMM-TeMIIepaTypolo i TpMBaiCTIO HarpiBaHHS. [Ipuuo-
MYy BIUIMB T€MIIePATypy € Oi/IbII iCTOTHUM Hik TPUBAJTICTb.

Ha Pucynky 1 npezncraBieHO YaCTMHY MOTOPHOTO BiJl-
CiKy IOCTiIKyBaHOTO aBTOMOOGIIS 3a pe3y/lbTaTaMM eKC-
IIepTHOTO OIJISITY.

PucyHok 1. Bup Ha J1iBy 4aCTMHY MOTOPHOTO BiJICiKy ZOC/TiIKyBaHOTO aBTOMOGi/Is

Ooxepeno: ¢oTo aBTOpiB

Ha oroneHomy cunoBomy mpoBogi (rmo3. CII), mo me-
penaBaB HaIpyry BiJ reHepaTopa A0 PO3IOAiNbBYOI peii-
KU AJIsS 3apsAKy aKyMYyJISITOpHOi 6artapei, BigcyTHi cmimy

Bimii rioni, wo 3anuumecs
Ha CHJI0BOMY NIPOBOJ], 110

SIKOMY TIOJiaBasiach Hampyra
Bi/I TEHePaTOPa ST 3apSIIKI
aKyMynIsTOpHOI Gatapel

pO3IUIaBIeHOTOo MOiMepHOro Marepiaiy, ki crocTepira-
IOThCSI Ha iHIIMX IUTIOCOBMX TMPOBOAAX, MiAKIIOUEHUX 0
uiei peiiku (Puc. 2).

¥ Oronemit nmocosmit mposia, mo #'aIEyE
posnosinsy peifiy 3 TmOCoR EREMOE,
E3 OPIETHYETECA 20 ABYMYNATO PR

Garapei BiacyTsi samen pomasneoro

PUCYHOK 2. ®parmMeHT 6JI0KY, B IKOMY BCTAaHOBJIEHi peJie Ta eIeKTPO3arno0i>KHMKY Y MOTOPHOMY BifICiKy

Ohkepeno: poTo aBTOpiB
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ExcriepTHe fOCTiA)KeHHSI BCTAHOBMUJIO, 1110 IIPUYMHOIO
Mokeki B JOCTiIKyBaHOMY aBTOMOOITI CTajo TerioBe
BIUIMB €JIeKTPUUYHOIO CTPyMy B OCepelKy 3aiiMaHHs. Lle
MPU3BEJIO 0 3arOpsIHHS 13071s11ii TPOBOAY, SIKMiT 3a KOH-
CTPYKTMBHUM 33JlyMOM IIif, Yac pob6OTH OBUIYHA MaB Iie-
penaBaTy CTPYM BiJ reHepatopa 0 60pTOBOi eleKTpome-
pexi. OgHaK BiAMOBiZHO IO TEXHIYHOTO pillleHHS, KO
reHepaTop He Ipalioe (aBTOMOOIIb epe6yBaB Ha CTOSTHITI
MiJ yac 3aliMaHHS), CTPYM uepe3s Lieil poBij, He TOBMHEH
6yB npotikaTu. [IpoTe 03HaKM MeperpiBy, 30Kkpema B MicIli
60JITOBOTO 3’¢AHAHHS MPOBOAY 3 PO3MOLINBUOI0 PeitKoIo,
CBifuaTh MPO HASBHICTh aHOMAJbHUX PEXMUMIB POOO-
TM TeHepaTopa Iif yac itoro ¢yHkiioHyBaHHs. Lle Morno
CIIPUUMHUTY HArpiBaHHS y 30HI 3’€JHAHHS Yepe3 HesIKic-
HUI eTleKTPUYHUI KOHTaKkT. KpiMm TOro, ekcriyaralisi re-
HepaTopa 3MiHHOTO CTPYMy B AaHOMY aBTOMOOiIi BuMa-
rajia peTeJlbHOTO IOTPMMAaHHS NPaBU/I MiAKIOUEHHS [0
60pTOBOi enekrpomepesi. Lli po6oTH MOBMHHI 6yau GYTH
BMKOHaHi Ha 3aBOJIi-BUPOOHUKY, OCKIIbKM aBTOMOOi/Ib OYB
HelIoAaBHO MpuAGaHMii B aBTOCaIOHi. HasiBHICTh 3HAUHUX
nepexigHuX OMOpiB y 3a3HAYEHOMY 3’€ JTHAHHI CyIlepeunThb
BMMOram Ge3MeKM IIOLO0 BUKOPUCTAHHS eIeKTPOO6Ias-
HaHHS aBTOMOOIJTbHOI eJIeKTpOMepesxKi.

Bimomo, mo B reHepatropi 3MiHHOro CTpymy o6ep-
TOBOIO YaCTMHOIO € POTOp. YV reHepaTopax mapku Bosch
(Ta 6iMbLIOCTI aHAJOTiYHMX MOAENeit) pPOTOpP BUKOHYE
¢byHKIIi10 enekTpoMarHiTy (iHLyKTopa), 10 CTBOPIOE Mar-
HiTHe nose. ITig yac iioro ob6epTaHHS B 0OMOTKax CTaTO-
pa HaBOOMUTBCSl e/IeKTPOPYIIiliHa cuia, YHacClIiZoK 4oro
re”HepaTop Bupob6isie enekTpoeHepriio [10]. Hampyra no
iHIyKTOpa MOJA€ThCS Yepe3 POTOPHi (KOJMEKTOPHI) Kib-
st Ta uiTkU. KonekTopHi Kisbilsg — 11e ABa MifgHi (iHKoIu
CTaJieBi) Ki/lblisl, pO3TalllOBaHi Ha 3a[Hili YaCTUHI poTopa.
BoHM 06epTaioThCs pa3oM i3 pOTOPOM i KOmiHYaCcTUM Ba-
som pBuryHa. LUIiTku, BUroToB/NeHi 3 6poH30rpadiToBO-
ro MaTepiay, IPUTUCKAIOTbCS 10 Kijelb 3a JOIIOMOTOI0
MpYXMH, 3a6e3meuyoun Ge3repepBHUIT KOHTAKT. 3aBJs-
KM LIbOMY CTPYM IlepeJaeThCs BiJ, HEPYXOMOI YaCTUHU Te-
HepaTopa [0 J10T0 pyXOMOi YaCTUHU.

Hepyxomo10 4aCTMHOIO reHepaTtopa € CTaTop, L0
MiCTUTB i30/1bOBaHi Mixk C060I0 0OMOTKM, SIKi CTBOPIOIOTH
MarHiTHe nosne. Konu poTtop o6epTaeThesi, 1oro MarHiTHe
10JIe TAKOXX PYXa€eTbCsl, IMPOXOASYM yepe3 KOTYIIKM CTa-
Topa. lle BUKIMKAE YTBOPEHHSI eleKTPUUYHMX IOTOKIB Y
CTATOPHUX OOMOTKaX i HaBeZeHY eeKTPOPYILIiiiHy CUITY,
sika opmye 3MiHHY HAIIPYTy, [0 BUKOPMUCTOBYETHCS IJISI
3apsmKaHHS aKyMy/IsITOpHOI 6arapei. Ockinbku 60pTOBa
eJlleKTpoMepeska aBTOMOOI/IST, BKIIOUHO 3 aKyMYJISITOPHOIO
6aTapee€lo, Mpaljloe Ha IMOCTiIfHOMY CTpyMi, a TeHepaTop
BUPOOJISIE 3MiHHMI CTPYM, HeOOXijHe 110T0 IIepeTBOPEHHS.
JL7151 IbOTO BUKOPUCTOBYETHCS AiOoAHMI 610K (BUITPSIMIISIY),
po3TallloBaHuii y 3aAHil yacTMHi reHepaTopa. [liof € enek-
TPOHHMM €JIeMEHTOM i3 JBOMa KOHTaKTaMU, SIKMI1 IIPOITy-
CKa€ CTPYM TiJIbKM B OLHOMY HAIIPSIMKY, BUKOHYIOUM (DyHK-
1if0 BUTIpAMIIeHHS. JIiomHuit 6JI0K MiCTUTb J€B’SITh AiOfiB,
3 AKUX TPU € AOAATKOBMMM. BUBOOM CTAaTOPHUX OOMOTOK
3’€lHaHi 3 OCHOBHUMMU JioJaMM, SIKi BUTTPSIMJIISIIOTh HaIIpy-
Ty IJisl KMBJIeHHSI 60PTOBOI e/leKTpoMepeski Ta 3apsiaku
akymyssitopa. Kpim Toro, 11i BUBOAM MiJK/IIOUEeHi 0 TPhOX
JIOIaTKOBMX AiOAiB, 10 3a6€31euyI0Th [olauy HAIpyTy 4o
peryssTopa Halpyry Ta KOHTPOJAbHOI JIaMIIM 3apsiLKIU.

Pery/isiTop Hampyru o6Meskye BUXiTHY HaIpyTry reHe-
paropa [0 3aJaHOro 3HaueHHs (rpubiusHo 14 B), 3amo-
6iratoun ii HagmipHOMY 3pocTaHHIO. KOHTpOJIb HaAmpyru
B GOPTOBIi1 eleKTPOMEpPEXi 3AiMICHIOETBCST Yepe3 momaT-
KOBi Jliogu Ai0OJHOTO MOCTY, 1[0 JO3BOJISIE PETYAATOPY Ke-
pyBaTM MarHiTHMM II0JIeM pOTOpa reHepaTtopa 3MiHHOTO
cTpyMy. SIKIIO Hampyra B G0OpTOBilt Mepeski mamae HuKUe
IIOITYCTUMOTO PiBHSI, PEryisiTop 36i/blIye ii, MOCHMIIOYM
MarHiTHe II0Jie POTOpa, sIke iHAYKY€E Oilblly eleKTpopy-
IIIfHY CMJIy B CTATOPHUX OOMOTKAX, L0 IMPU3BOAUTH 0
MiABUILIEHHS BUXiAHOI HaIIpyru reHepaTtopa. Y pasi mepe-
BUILIEHHSI JOITYCTMMOIO PiBHSI Halpyru peryasiTop 3MeH-
rye ii, mocy1a6I0I0YM MarHiTHe 1osie, 110, CBOEI0 Yeproio,
3HIKYE BUXiTHY HAIIPyTy reHepaTopa, mogaHy Ha 60pTOBY
enextpoMepexy. Ha PucyHKy 3 mpezcraBieHa cxema 3apsi-
JKeHHSI akyMy/ISITOpPHOI 6aTapei aBTOMOGiIS Bif, Ikepesna
SKUBJIeHHSI, TpU(a3HOTO reHepaTopa 3MiHHOTO CTPYMY.
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PucyHok 3. Cxema 3apsIsKeHHS aKyMYJISTOPHOI 6aTapei Bij Ixkepesia XXUBJIeHHs, Tpu(a3HOTo reHepaTopa
3MiHHOTO CTPYMy Ha aBTOMOOiJi
MPUMITKM: ——————> HanpsAMOK NPOTiKaHHS eIeKTPUYHOTO CTPYMY TTic/Isi TOLIKO/KEHHS iofy (1iofiB) AiofHOro 610Ky Ta eTeKTPOHHUX

MpWIAAiB PeJie PeryisTopa Ha JOCIiIKYBaHOMY aBTOMOGI
[oxepeno: po3po6IeHo aBTopamMu
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KoHTposnbHa 1aMna 3apsiiKy, po3TallioBaHa Ha IaHeri
MpuiajiiB, BUKOHYE He niie QyHKIiI0 iHgMKallii Hecrpas-
HOCTi reHeparopa, a it 3abe3meuye i1oro 3amyck, Gopmyio-
YU eleKTPUYHE KOJIO KUBJIEHHS IJI1 OOMOTKY 30YIsKeHHSI
MIpU BUMKHEHOMY IBUTYHi. Y pa3i HeclipaBHOCTI JlamMIyu ii
(byHKIIi10 YaCTKOBO KOMITEHCYE MapaseNbHO MMiIKII0ueHi
pe3uctop R2 (oropom 470 Om), 1110 Koromarae crabiibHO-
MY 3aIlycKy reHepartopa. §IK TiIbKu IBUTYH IIOYMHAE Ipa-
L[I0BaTU, TeHepaTop 3MiHHOTO CTPYMY ITOUMHAE BUPOOISITU
enekTpoeHeprito. OCHOBHi Aioay HAIpaBisIIOTh CTPYM [IO
aKyMyJIITOpPHOI 6aTapei, a [OJATKOBI MOCTaYalOTh HAMPY-
Ty 0o perynasitopa Hanpyru. OcKibKM KOHTPOJIbHA JaMIia
MiAKII0YeHa MiK MMM Tiogamu, TIpU CIIpaBHOMY TreHe-
paTopi pi3HMLS HaMPyT MK HUMM HabmkaeTsest 0o 0 B,
TOMY JIaMI1a He TOPUTb.

V mpoteci ekcruTyaTallii eJIeKTpoCHcTeM aBTOMOOIS
MOXYTb BUHMKATU aBapiitHi pexxumu poboTH, SKi Momi-
JISIOTHCS HAa 30BHIlLIIHI Ta BHYTPilllHi. /[0 30BHiLIHIX Haje-
sKaTh KOPOTKi 3aMMKAHHS Y JIAHITIOTaX KMUBJIEHHS a60 Ha-
BaHTa)XeHHSI efeKTpoMepeski. BHYTpilllHi HeclpaBHOCTI,
SIKi € O1/IbII piSHOMAaHITHUMM, 3a3BMYAl CIIPUUMHEH] 110-
IIKOKEHHSIM IiOMiB BUIIPSIMHOTO 6JI0KY reHepatopa abo
iHIIMX eJIeKTPOHHUX KOMIIOHeHTiB. IlopylieHHsT i30715-
1ii, IO CIIPUYMHSIOTh KOPOTKi 3aMMUKaHHS B eleMeHTax
eJIeKTpoOb6IafHAHHSI aBTOMOOI/IS, 3a3BUYail BUHMUKAIOTh
yepes KOHTAKT i3 rapsuuMmyu abo PyXOMMUMU JETaIsIMU,
a piflre — BHACTIIOK MepeTupaHHs 06 rocTpi Kpai KOH-
CTPYKIi/iHMX e/leMeHTiB.

Breia aioay Bix'eaHaHm "d b
BiZ fioro Kopmycy -X

Ille opHi€ro, Xoua it MeHII MOUIMPEHOI0, MPUYNHOIO
3aropsiHHSI € MOPYLIEHHSI KOHTAaKTy B PO3’€Max CUJIOBUX
MPOBO/IiB, 110 CYIIPOBOMKYETHCS iCKPiHHSIM, MeperpiBom
i mofjanpIIMM 3aliMaHHSIM i30/s1lii. IHOAI KopoTkoMy 3a-
MMKAHHIO 260 MOTIPIIEHHI0 KOHTAKTY TepeayioTh 300i y
po6OTi enekTpoobIafHAHHS, TOMY TaKi HECIIpaBHOCTi He
MOXHa irHOpyBaTu. Pifiiie TparuisiloTbCsl BUTIAOKM BUXO-
LIy 3 Jafy eleKTPOIpPUIaLiB, Y IKUX BMHUKAE BHYTPIIIHE
3aMMKaHHS, 0COOIMBO SIKIIO BOHM He 3aXuIleHi 3amobix-
HukaMmu. HaituacTiie 1ie CTOCyeTbCsl cTapTepa, peie ioro
NpuBOLY abo BUMMKAua Macu. Y TakKuX CUTyaIlisix OpPOTU
TeperpiBamThCs, 130714115 VIaBUTHCS Ta MOKe 3aiHATUCS.
OCHOBHMMM MPUUMHAMM TOAIGHUX BiIMOB € 3HOIIEHHS
MexaHi3MiB i ¢isuuHe cTapiHHS MaTepiais.

ABapii, cnpyunHeHi BUXOA0M 3 JaAy LiO[iB BUIIPSIM-
HOTO GJIOKY reHepaTopa yepe3 eJIeKTPUUHMI a60 TerioBuit
po6iit, 3a3BMUaii € Halicepiio3HilIMMM, OCKIIbKM CYITPO-
BOKYIOTbCS TIPOTiKaHHSIM aBapifHMX CTPYMiB BeIMKOI
CUIY B €eKTPUYHOMY KOJi, e BUHMK/IA HEeCIpaBHICTb.
Bapro 3a3HauuTy, 1o npobiit mioga Moxke MPU3BECTU SIK
IO 110TO MepeTBOPEHHS 3 HAaMiBIIPOBiIHMKOBOTO eJleMeHTa
Ha 3BMYalHMII TPOBITHMK, TaK i O PO3PUBY €/IEKTPUIHOTO
KOJ1a, B IKOMY BiH BcTaHOBeHuit. Ha PucyHky 4 mpencras-
JeHuit giogHMit 610K reHepaTopa NOCTiIKyBaHOTO aBTO-
MO00iJisg 3 HaCTigKaMM MOKeXi.

Ha PucyHkax 5 i 6 mpe[icTaB/IeHO MPOLeC BUMipIOBaH-
HSI TIPOBiAHOCTI Aiomy reHepaTopa BMBiH SIKOTO Bin'eqHa-
HMIA Bif iioro Kopmycy.

¥

KonrakTHi niacTHHH BHBOIB 1018
He MAIOTh HAIlapyBaHb KIIITABH, IKa
€ Ha BHBIJHHX JPOTax

PUCYHOK 4. [TionHuit 670K (BUIIPSIMIIIOBAY), 1110 6YB BCTAHOBJIEHWI y TeHepaTopi
3MiHHOTO CTPYMY aBTOMOGIJISI, SIKMIt JOCTiAKYETHCS

Ihkepeno: GoTo aBTOpiB

PucyHok 5, 6. [Iporiec BMMiprOBaHHS ITPOBiAHOCTI AioAy, BUBi SIKOTO BiJi’€MHAHMIA BiJL 110T0 KOpITyCY

Ohkepeno: poTo aBTOpiB
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Cnig Bim3HAuUMTHM, L0 3a3HAuUeHi eJleKTponpwiaan
MOXYTb CIPUYMHSITY MiABUIIEHHS TeMIlepaTypu y pasi
BUHMKHEHHSI aBapilfHOro peXXumy Ipu MPOTiKaHHI yepes
HMX eJIeKTPUYHOTrO0 CTpyMy. TOMY IIiJi Yyac IUX JOCTiIKeHb

3oma HARGIMMIMX TepMITHEX

NOMKOTAEHD OGMOTOK CTaTopa,
IO NPOABKIOCH Y SMIH1 KOMBOPY
isonAmli npoEOAY Ha WOPHHIE Ta
HaCTKOBOMY BLIMAPYBAKKL

Tiammsx  Jerko  ofepraethea
OpE  HeSHATHOMY  SYCHLT,
TOMIMEPHHE MaTepian CaThHEKA
DPAKTHIHO He Ma¢  CTdiB
TeXHITHOrO EINTHBY MO &AL

OyB [OeTaJbHO IMPOAHa/li30BaHUIl CTYIiHb ITONIKOMKEHD
JiomHOTO GJIOKY, pesie HaIpyru Ta YacTKOBO po3ibpaHoro
reHepaTopa, Ikuii 6yB BCTAHOBJIEHUI Ha JOCTiIKYBaHOMY
aBTomo6ini (Puc. 7).

]

i

Hamapysansa ciporo
f KOIbOPY Ha KOHTAKTHHX
KUTBIAX POTOPY Y BERIAM
| mpaMoxyTHEX i
(BLI0HTEH  Bl1  MICIB
npuropaum KOHTaKTHHX
I TOK)

PuUcyHoK 7. TeHepaTop 3MiHHOTO CTPyMY, 110 6YB BCTAaHOBJIEHMITHA TOCTiIKyBaHOMY aBTOMOO1Ti
(3aHA KpUILKA 3HATA)

Ohkepeno: poTro aBTOpiB

Ha giomHomy 65o011i (BUIIpSIMIISIYi), 1[0 6YB BCTaHOB-
JIEHUIi Yy TeHepaTopi JOC/TiIKyBaHOTO aBTOMOGI/IS, KOH-
TaKTHi MJIaCTUMHM BUBOJIB [iOAiB He MalOTh HallapyBaHb
KilITSIBM, SIKa MPUCYTHS Ha BUBigHUX apoTax. Lle cBin-
YUTh MPO 3HAUYHMII piBeHb iX HArpiBy Ha MOMEHT I1OXe-
3Ki, OCKiJIbKM KiIITSIBA He 3aJIMIIMJIACh Ha LUX IUIACTUHAX.
Ha ogHOMYy 3 [iofiB 3a3HavyeHa IUIaCTMHA BiOKpeMuIach
BiJl KopITyca. 3a JOMOMOIOI0 MyJbTUMeTpa Oyaa BUMips-
Ha eJIeKTPOIPOBIIHICTb YCiX AiofiB, i BUSIBUIIOCH, IO 1ieit
Jiod, 3 HamiBOPOBiJHMKA IMEPETBOPUBCS Ha MPOBiAHUK
eJIeKTPUYHOTO CTPyMY (BimOyBcs iioro mpobiit), a iHmi 1i-
01yl He MaJli eJIeKTPOIPOBiAHOCTI (Teperopinn). Lle cBin-
YUTH PO NPOTiKaHHS CTPYMY BUCOKOI CMJIM Yepes Li Aio-
I, IO CTAJIO MOXKIMBUM 4yepe3 ix mpobiit 40 BUHUKHEHHS
TIO3KEXi B aBTOMOOiTI.

Ha vactuHi mpoBoaiB 06MOTOK CTaTopa reHeparto-
pa 3MiHHOTO CTpPyMy, BCTaHOBJIEHOTO Ha AOCTIiIKyBaHO-
My aBTOMOOiJi, BUSIBJIEHO 30HY HalbiNbIINX TepMiuHUX
MOUIKOMKeHb. 1le mposiBuwiIOCs y 3MiHi KOIbOpY i30msiii
MIPOBOAY Ha YOPHMII Ta 4aCTKOBOMY ii BifmmapyBaHHi. Ha
KOHTAKTHMX KiJIbLISIX POTOPY reHepaTopa CIoCTepiraThb-
Cs1 HalllapyBaHHS Ciporo KOAbOPY y BUIVISIZI IPSIMOKYTHMUX
IISIM, IO € BiIOUTKaMM BiJl IPUTOPSIHb KOHTAKTHUX IITi-
TOK. Lle cBiAUMTh PO NPOTiKaHHS €1eKTPUYHOIO CTPYMY
yepe3 0OMOTKY iHIYKTOpa poTOpa reHepaTropa, KOjau po-
TOp He 06epTaBcsl. BomHovac 3aAHii MiAMIMITHUK poTOpa
06epTa€eThCS JIErKO NMPU He3HAUHOMY 3YCUILT, a ToJiMep-
HMII MaTepias 30BHILIHbOTO CaJIbHMKA LIbOTO MiJIIUITHNU-
Ka Majike He Ma€ C/IifiB TepMiUHOrO BIUIMBY BiJ MOXexXi
(Puc. 7), mo BKa3y€e Ha HEBEJIMKUII DiBeHb T€PMiUHOTO
BIUIMBY Ha HbOTO. OT3Ke, OnMcaHi TepMiyHi MOLIKOIKeHHS
3a3HavYeHMX YaCTUH reHepaTopa AOCTiIKyBaHOTO aBTO-
MOGi/s cTanmyu HACAiAKOM IPOTiKaHHS HaIMipHOTO efneK-
TPUYHOTO CTPYMY uepe3 Li AiNSHKM, a HE yepe3 BIUIUB
MOKEXXHMUX PaKTOPiB HA cam TeHepaTop.

BucHoBKMU

OTxe, mig yac poboTH OBUTYHA, yepe3 MOraHuii KOHTaKT
MDX KJIEMOI0O CWJIOBOTO ILJIFOCOBOTO MPOBOAY, IO iife Bif,
ITIOCOBOTO BUBOJY IeHepaTopa, Ta MiclieM ioro 3’eIHaH-
HS 3 PO3IOAINIBYOI0 PENKOI0 IUIIOCOBUX IPOBOZIB, uepes
He3aTsTHYTY raiKky y boMy 3’€IHaHHi, BigOynocs migBu-
IIeHHs HalpyrM Ha oOMOTKax craTopa reHeparopa. Lle
CTaJIOCS yepe3 Te, 1[0 PEryasiTop HAIpyru B 60pTOBiit Me-
peski aBTOMOOiJIs1, uepe3 BeMuKuii epexigHuit omip y 1bo-
My 3’€HAHHi, He OTPUMYBaB HeOOXiITHMX 3HaUeHb HaIpy-
I'M, SIKi 3TiIHO 3 KOHCTPYKIIi€I0 eJIeKTPUYHOTO 06/IaTHAHHS
TIOBMHHI 6y/11 06MeXyBaTUCh.

3rigHo 3 pesy/ibTaTaMyu IMPOBEAEHOTO IOCTiIKeHHS,
6yJI0 BCTAHOBJIEHO, 1[0 MPUYMHOKI TOXEXi B HOCTiMKY-
BaHOMY aBTOMOOiNi cTaja TemaoBa Ais eleKTPUUHOTO
CTPYMY B MicClli BUHMKHEHHS IIOKeXi, [0 PU3BeJo 10 3a-
JiMaHHS 130715111ii TPOBOLY, IO SIKOMY, 3TiHO 3 KOHCTPYK-
1i€lo, MiJl Yac po6OTM IBUTYHA BHYTPIIIHBOTO 3TOPSIHHS,
MaB IOZABaTUCh CTPYM BiJl aBTOMOOi/IbHOTO TeHepaTopa
o 60pTOBOi enekTpuuHOI Mepeski. [IpuUMHOIO HATPiBY
MicIs 3’e JHAHHS IPOBOY 3 PO3IOIi/IBUOI0 PEITKOIO CTAIO
HeHaJle)kHe BCTAHOBJIEHHS KOHTAKTY MiX KJIeMOI0 IIPOBO-
[y Ta TOYKOW JIOTO NMpUENHAHHS IO peiikyu uepe3 Hesa-
TATHYTY Taiiky B I[boMy 3’eIHaHHi. [Iponec mogayi cTpy-
My, SIKMit CIOIpUYMHMB aBapiiiHy cuTyaliio, BimbGyBaBcs
Bizm akymysnsiTopHOi 6aTapei 1o ofgHiei 3 hpa3zHMX 06MOTOK
reHepaTtopa (y 3BOPOTHOMY HampsSIMKY) IIPY BUMKHEHO-
My ABUTYHI aBTOMOOi/IS, B pe3y/abTaTi Mpo60oi0 CUIOBOTO
Jioma (mioniB) BUIIPSMIISIIOUOTO GJIOKY, 110 6YB BCTAHOB-
JIeHUii B 1IbOMYy IreHepaTopi, a TaKoX uepe3 BUXi[J 3 n1agy
e/IeKTPOHHMX KOMIIOHEHTIB peJjie perynsitopa HalpyTu.
[Tpo6iit mioma craBcs yepes IMiABUILEHHS HAIPyTu Ha 00-
MOTKax CTaTopa reHepaTopa IIpy NpallolovuoMy JBUTYHI,
siKe 6YJI0 BUK/IMKAaHe MMOTaHUM eJIeKTPUYHUM KOHTAKTOM
y 3’eIHaHHI CMJIOBOTO IIPOBOAY 3 PO3IMOILIIbUOI0 PEIKOIO.
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Lle pu3Beso 1o TOTro, 1110 He Bi6y10Ccs cBO€yacHe obMe-
SKEHHS 3apsiHOTO CTPYMY LUISIXOM 3MEHIUIEHHSI HallpyTu
Ha 06MOTIIi 36yIskeHHs reHepaTopa (iHILyKTOpi), OCKi/b-
KM PEry/siTOp HaNpyru y 60pToBiii Mepexi aBTOMOOiS He
OTPUMYBAB HEOOXiZHMX 3HAUEHb HAIIPYTH Yepe3 BeTUKUit
nepexigHui omip Y LIbOMY 3’€JHAHHI CTPYMOBEILyUMX eJie-
MEHTIB, IO 32 KOHCTPYKTUBHMM DillleHHSIM aBTOMOOGIIS
MaJio 06GMeXyBaTUCS.

3 ornsigy Ha 3a3HayeHe, MOKHA 3pOOUTU OOIPyH-
TOBaHMIA BMUCHOBOK, L0 Di3HOMAHITTS Cy4aCHMUX TpaH-
CTIOPTHUX 3aC00iB iIHO3eMHOTO BMPOOHUIITBA Ta MOCTiiiHe

BJIOCKOHAJIEHHS iX e/IeKTPOTEeXHIiYHOI KOHCTPYKILii BuMa-
raiTh YOOCKOHAJIEHHS Ta PO3BUTKY iHbopMarliitHoi 6a3u,
a TaKOX CTBOPEHHS AOCTYITHUX AOBiAHMUKIB, IO MICTSITh
indopmanio momo excruryartanii, METOOVK MPOBEIEHHS
eKCIlepTu3 Ta HOCTikeHb eeKTPoobiaJHaHHS CyyacHUX
TPAHCIIOPTHUX 3aC00iB. AIIKe TiIbKM 32 YMOBM BCTaHOB-
JIEHHSI CyIOBMMU eKcriepTamu (akTiB HasBHOCTI aBapiii-
HMX Ta HaTHOPMATUBHUX PEXKUMIB y POOOTi LMx 3acobiB,
OpraHy Cyny Ta JOCYAOBOTO CIiCTBA OTPUMYIOTb MOKIIN-
BiCTb YXBaJIIOBaTU OGIPYHTOBAHI pillleHHS, 1II0 CTOCYIOTHCS
BCTAHOBJIEHHS JIiifiCHMX 06CTaByMH ITOAi].
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Particularities of conducting emergency processes
in electrical transportation facilities
at the electric stake dalliance: Generator - battery

Abstract. The article presents the results and identified problems in the context of conducting comprehensive expert
investigations into emergency conditions and the operation of electrical equipment of transport vehicles in the electric
stake area: generator — rechargeable battery. Electrical devices are a significant part of the causes of fires in transport
vehicles. All electrical devices in the car are connected to the main power supply, battery and generator, through
additional wiring. the structure of electrical wiring consists of a conductor, which transmits electrical signals, and an
insulator, which releases the conductor. Basically, the shape and structure of the conductor, as well as the thickness of
the insulator, are divided differently depending on the difference in the permissible flow. It is therefore not safe to adjust
the connector that connects a number of electrical devices to one device, or it is inadvisable to connect external wiring
to connect several electrical devices. If the re-engineering is blocked, which exceeds the permissible flow at the lance,
there may be a short-circuit in the electrical wiring and damage to the insulation due to overheating, which can lead to
a direct risk of seizing the car. It is common knowledge that among the most common causes of fires are wiring faults,
which most often lead to a short circuit. If the insulation is damaged for these and other reasons, the exposed parts of
the wires have the potential to come into contact with each other or with the “mass” of the car. the darts, as a result
of the flow of a short flow through them, which is too great for passing through this crossbar, begin to heat up. Due to
the high temperature, the insulation melts and ignites, along with adjacent parts made of plastic and other flammable
materials. Based on the results of the investigation, it was established that the cause of the fire in the monitored car was
the manifestation of the thermal effect of an electric shock in the installed core, which called for the insulation of the
wire along which we will make constructive decisions during the operation of the internal combustion engine installed
on the vehicle, so that a stream is supplied from the vehicle generator to the on-board electrical system. The diversity of
current transport means of foreign production and the constant development of their electrical design necessitates the
need for thorough development of the information base. creation of available operating evidence, methods of conducting
examinations and expert investigations of electrical equipment

Keywords: fire safety; transport equipment; generator; fire; ship examination
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AHani3 cydyacHoro ctaHy nepeBe3eHb NacaXupis
Ha NPUMICbKMX MapLUpyTax

AHoTauiqa. [IpuMichKi macakupCchbKi MepeBe3eHHs € HeBiJ € MHOI0 YaCTMHOIO TPAHCIIOPTHOI CUCTEMH, 10 3a6e3Ieuye
MOOITbHICTh HAaceIeHHS Ta CIIPUsIE EKOHOMIYHOMY PO3BUTKY perioHiB. Y cTaTTi mpoBeeHO aHaIi3 Cy4acHOTO CTaHy
nepeBe3eHb MacaxkupiB aBTOMOOIIbHUM TPAHCIIOPTOM Ha IMPUMiChbKUX MapuIpyTax, BUSBA€HO OCHOBHI MpobieMu
Ta BU3HAUEHO HUISIXM iX BupilmleHHs. [JOCTiI)KeHO KII0UOBi GaKTOpH, 0 BIVIMBAIOTh HA SKiCTh TPAHCIIOPTHOTO
006CIyroBYBaHHS, 30KpeMa MOPYyIIeHHS PO3KJIaay PyXy, IeperoBHEHICTh TPaHCIIOPTY Y TOAMHMU TTiK, HEPeryaspHiCTb
peliciB Ta HU3bKMIL piBeHb iHTerpallii 3 MicbkuMu Mapuipytamu. Oco6IMBY yBary IpuzieHo TeXHiYHOMY CTaHy PyXOMOTO
cKkIany, npobiemam iHPpacTpyKTypu Ta 6e3rexy epepeseHb. BCTaHOBIIEHO, 1110 BeMKa YaCTHHA aBTOOYCHOTO MapKy €
3aCTapision, o CIPUYMHSIE 3HAUHI €KOIOTiYHi, TeXHiUHi Ta eKCIuTyaTaliitHi TpysHouli. PO3mIsiHyTO mUTaHHS TapudHOi
MO TUKM Ta HEOOXiAHICTh 3aTTPOBaIKEHHSI €IMHOI CHCTEMMU eJIEKTPOHHOTO KBUTKA, II0 CIIPUSITMIME 3PYYHOCTI Ilepecasok
i migBuieHHIO e(heKTUBHOCTI TPaHCIIOPTHOI cucTeMU. BusiBieHo GakTop, siKi yCKIaAHIOIOTh iHTerparilo MpMUMiCbKOTO Ta
MiCbKOTO TPaHCIIOPTY, TaKi K pi3Hi TapudHi cucTeMu Ta BifCYTHICTb y3rogKkeHMX rpadikiB pyxy. Y cTaTTi 3aIIpOrOHOBaHO
KOMILJIEKC 3aX0[iB IIOA0 YIOCKOHAIEHHS PUMIChbKMX MTacaXMPChKUX NlepeBe3eHb, 30KpeMa OHOBJIEHHS PyXOMOTO CKIaay
BiJIMOBiTHO IO Cy4acHUX €KOJIOTIYHMX CTAaHAAPTIB, ONITMMIi3allil0 MapuUIpyTHOI Mepeski, MomepHi3allio iHbpacTpyKTypu
Ta BIIPOBAJ)KEHHS Cy4YaCHUX T€XHOJIOTiH YIIpaB/iHHS TPaHCIIOPTOM. BM3HaueHO BaXK/IMBiCTh IOCUJIEHHS] KOHTPOJIIO 32
6e31eKol0 lepeBe3eHb i 60pOTHOM 3 HejleraJIbHUMU MepeBi3HMKaMy. HarosnomeHo Ha HeOOXigHOCTI KOMIIZIEKCHOTO
nigxony oo peopMyBaHHS MPUMiCbKUX IlepeBe3eHb LUISIXOM JIepKaBHOTO Pery/TloBaHHS, MiABUIEeHHS iHBeCTULIiTHOT
MIpUBAGIMBOCTi TPAHCIIOPTHOI raTy3i Ta BUKOPUCTAHHS HOBITHIX I[MGbPOBUX TEXHOOTIi. Peani3aliist [ux 3aX0iB CIIpUSITUMe
MigBUILEHHIO piBHS KOMOPTY, 6e31ekn Ta eeKTUBHOCTI MMacaskMpCbKUX MepeBe3eHb, 0 B IePCIeKTHBi 3a6e31eunThb
CTiliKMii pO3BUTOK TPAHCIIOPTHOI CUCTEMU KpaiHu

Knio4oBi cfioBa: npuMichKi MacakupchbKi epeBe3eHHs; aBTOMOGIIbHII TPAHCIIOPT; MapIIpyTHA MePEeXa; PyXOoMuit
ckian; iHdpacTpyKTypa; eIeKTPOHHUIT KBUTOK; 6e3IeKa repeBe3eHb; ONTUMIi3allis MapIIpyTiB

Bctyn
IlepeBe3eHHs] MMacakUpiB aBTOMOOIIBHMM TPAHCIIOpP-  HaceleHHs, IOCTYIHICTh POOOUMX Micllb, 3aK/iajiiB OCBi-
TOM Ha IPUMIiCbKMX MapUIpyTax € BOXKIMBUM eleMEHTOM  TU, MeAUYHMUX YCTAHOB Ta iHIIMX COLiaJIbHO 3HAYYIIUX
TPAHCIIOPTHOI cuctemMu Oynb-sikoi KpaiHu. EdexkTuBHe  00°ekTiB. OmHAK y Cy4acCHMX YMOBax CIIOCTEPIiraeThbCst
¢dyukiionyBaHHs wLiei cucremu 3abesneuye MOOIBbHICTD  HU3Ka IIpo6ieM, MOB’SI3aHMX i3 SIKICTIO 0GCTYrOBYBaHHS,
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Analysis of the current state of passenger transportation on suburban routes

HeJJ0CTaTHbOIO PO3BMHEHICTIO MapLUIPYTHOI MepeXxi, 3acTa-
pinuM pyxoMuM CKIaJOM Ta He3aJOBiIbHUM piBHEM 6e3-
MeKy TepeBe3eHb. MeTOIO 1li€i CTATTi € aHaJli3 OCHOBHUX
npo6neM (QyHKIIOHYBaHHS MPUMICHKMUX TacaskMPChKUX
nepeBe3eHb aBTOMOOITbHMM TPAaHCIIOPTOM Ta BU3HAUEHHS
HaIMpsSMKiB iX yOCKOHaTEeHHS.

Pe3ynbtatn

[Ipumichki nepeBe3eHHs € IPOMiKHOIO JIJAHKOI0 MiX MiCb-
KMMM Ta MDKMICbKMMM TPaHCIIOPTHUMM ITepeBe3eHHSIMNU.
IMpumichbki MacakupchbKi epeBe3eHHs BilirpalTh Baskin-
BY POJIb y 3a0e31eueHHi MOOITbHOCTI HaceeHHsI, 0COOIMBO
L7151 TI0Jeid, IKi MelKaloTh Y IepeAMiCTsIX, aje IpaliooTh
ab0 HaBYAIOThCS B MicTax. BOHU 3’€JHYIOTh BeJMKi MiCh-
Ki ammoMmepalii 3 HaBKOAMIIHIMM HaceleHUMM ITyHKTa-
MU, CIIpUSIIOUM €KOHOMIYHOMY Ta COLia;IbHOMY PO3BUTKY
perioniB. OfHaK Cy4yacHMi CTaH NMPUMiCbKUX NepeBe3eHb
XapaKTepuU3yeThCSI HU3KOI0 Mpo6IieM, sIKi 3HaUHO BIUIMBA-
I0Th Ha SIKiCTb TPaHCIIOPTHOTO OOCITYTOBYBaHHSI, 6e31eKy
Ta KoMdopT nmacaxkupis. baraTo 3 uux MpobiemM HaKOIMU-
YyBaJINUCS TMPOTITOM TPUBAJIOTO 4acy uyepe3 HeIOCTaTHE
¢dinancyBaHHs, 3acrapiny iHGPACTPyKTypy, BiACYyTHiCTb
KOOpAMHALii MiX IepeBi3HMKaMM Ta peryaoldMy opra-
Hamu [5, 6]. Y wiif cTaTTi pO3IISIHYTO OCHOBHI MpobiemMu
MIPUMICbKMX II€PEBE3€eHb, iXHi MPUUMHU, HACTIAKM /IS Ha-
CeJIeHHSI Ta MOXJIMBI LUISIXM BUPiLlIEHHS.

1. Hu3pKa SIKiCTh TPAHCIIOPTHOTO OOCTYrOBYBaH-
Hs. OfHielo 3 KIIOUOBUX MPOOGJIEM MPUMICbKUX IepeBe-
3eHb € HU3bKa SKICTb HAJaHHS TPAHCIOPTHUX IOCIYT.
BoHa NposIB/IIETHCS y TAKUX acleKTax [6]:

o YacTi nopyuieHHs1 poskiagy pyxy. Uepes TexHiuHMI1
CTaH TPaHCIIOPTHUX 3aC00iB, HU3bKMIT PiBeHb KOHTPOIIO 3
60Ky IepeBi3HUKIB i TOPOKHI 3aTOpPU aBTOOYCM Ta Mapii-
DYTHI Takci 4acTo He TOTPUMYIOThCS rpadika pyxy. Lle cTBo-
PIO€ HE3PYYHOCTI AJIST MacaXXupiB, 0COOIMBO B TOAMHMU ITiK.

o IlepernoBHeHICTh TpaHCOPTY. Y DaHKOBi Ta BevipHi
TOOMHM IIiK TAcaKMPOIIOTiK 3HAYHO 3POCTa€, 10 MPU3BO-
IUTDb 10 TeperoBHeHHS aBTOOYCIB i MapipyTHMX Takci. Lle
HEraTMBHO ITO3HAYAEThCST HAa KOMQOpTi Ta 6e3merli Mmoi3mok.

& HeperynsapHicts pejiciB. Y BeuipHiii yac Ta y BUXigHi
IHi KiJIbKiCTh peiiciB 3HAUHO CKOPOUYETHCS, [0 CTBOPIOE
npo6ieMu IjIsl TUX, XTO TPalloe Y HeCTaHAapTHMI rpadik
abo nmoTpebye TPaHCIIOPTY Y BeuipHiii yac.

2. 3acrapinuit pyxommii ckiag, [5]. Benuka yactuHa
aBTOOYCIB, 1110 BUKOPUCTOBYIOTHCS JJIs1 TPUMiChKUX TIepe-
Be3eHb, 3HaXOOUTbCS B €KCILTyaTallii MoHaJ, BCTaHOBJIEHI
TepMiHu. Lle cipuumHsie Taki mpobiemu:

& Husbkumit piBeHb komdopty. BigcyTHicTb cydacHOi
KJIiMaTMYHOI CUCTeMU, He3PY4Hi CUIiHHS, TIOTaHe OCBiT-
JIEHHS CAJIOHY Ta iHIIi (PakTOpU 3HMKYIOTh PiBEHb 3a0BO-
JIEHOCTi Maca>xupis..

o IlinBuieHnii piBeHb aBapiiiHOCTi. 3acTapini TpaH-
CTIOPTHI 3acO0M MAlOTh OIMbLIMIT PU3UK TeXHIUHMX He-
CIIPaBHOCTeIA, 0 MOYKe IPU3BECTH 10 aBapifiHUX CUTYaLliiA.

& HeraTuBHMIT BIUIMB Ha €KoJjorito. barato aBTOOYyCiB
MpallTh Ha IM3eIbHOMY IajauBi, IO NMPU3BOOAUTH L0
3HAYHMX BUKU/IB IIKIiAJIMBUX DEUOBMH Y MTOBITPSL.

3. HegoctaTHs iHTerparisi 3 MiCBKMM TpPaHCIIOpP-
ToMm [1, 3]. Ons edexkTuBHOTO GYHKIIIOHYBaHHSI TpaH-
CITIOPTHOI CUCTEMM BaKJIMBO 3abe3reunTty 6esnepebiiiHy
iHTerpalio MiX IPMMiCbKMMU Ta MiCbKMMM MapUIPyTaMMu.
OpHak Ha MpakTHULli iCHye HM3KA TPYLHOLIiB:

& BincyTHicTb y3romkeHux poskaanis. [Ipumicebki aB-
TOOYCH YaCTO He BPax0OBYIOTh Ipadiku MichbKOT0O TpaHCIOp-
Ty, 110 YCK/IaJHIOE ITepecakul.

o PisHi TapudHi cucremu. Iacaxxupu 3myIeHi Kyry-
BaTU OKpeMi KBUTKM Ha Pi3Hi BUAM TPAHCIIOPTY, L0 MiJ-
BMIILYE€ BUTPATU Ta YCKIaAHIOE KOPUCTYBAHHS MMOCIyTaMMU.

& HegocTaTHs KiJIbKiCTh ITepecagkoBuX By3JiB. YV 6a-
raTbOX MicTax BifCyTHi creliaJibHO 06JalITOBaHi Iepe-
CaJIKOBi TepMiHa/IH, 1110 3MYIIIYE [TacaXUpPiB AOIATYU BeIUKi
BiAcTaHi MiXX 3ynMHKaMMu.

4. BigcyTHicTh HanexHoi indpactpykrypm [3, 4].
CraH TpaHCIOPTHOI iHGPACTPYKTYpH HAMIPSIMY BIUIMBAE HA
SIKICTh IPUMIiChKMX TlepeBe3eHb. OCHOBHI pobiemMu:

o Tloranmii cTaH fopir. Yepe3 HU3BKY SIKiCTb LOPOX-
HbOT'O TIOKPUTTS 3POCTA€ 3HOLIEHHS TPAHCIIOPTHUX 3aCo-
6iB Ta 301JILLITYETHCS YaC Y JOPO3i.

o He3pyuHi 3ynuHku. barato aBTo6yCHMUX 3YIIMHOK He
MalTb HaKpPUTTS, OCBIT/IEHHS Ta iHbopMaliitHux Tabio,
110 YCK/IaAHIOE OYiKyBaHHS TPAHCIIOPTY.

o 3acrapini aBrocraniii. barato npuMicbkux BOK3a-
JIiB He BiJIOBiAIOTh Cy4aCHUM CTaHAapTaM KOMQOpTY Ta
6e3meKn.

MogepHizauis iHQpacTpyKkTypu noTpebye 3HAUHUX iH-
BeCTUIIi}1, ajle BOHA € K/IIOUOBOIO IJIs1 ITiABUIIIEHHS SIKOCTi
repeBe3eHb.

5. Huspkuii piBeHb 6e3mneknu [6]. Besneka nacaxupis
MIOBMHHA OYTY TOJIOBHMM IIPiOPUTETOM TPAHCIIOPTHOI CHC-
TeMM, ONHAK iCHYIOTb cepiio3Hi mpobiemu:

o TlopyiieHHS BOAisSIMM IIpaBWI JOPOXXHBOTO pyXy. Yac-
Ti TepeBUIIEHHS MIBUAKOCTI, iIrHOPYBaHHS MPaBUI OOTOHY
Ta HEeJOTPMMAHHSI AMCTaHIII CTBOPIOIOTb PU3MKM aBapiii.

o [lepeBaHTa)KeHHSI TPAHCIIOPTHMX 3acobiB. Benmka
KiJTbKiCTb MacaskMpiB y TOAMHM ITiK epeBUIye HOPMaTUB-
Hi TOKa3HUKM Oe3MeKu.

o HepocraTHilt KOHTPO/b 32 TEXHIYHMM CTaHOM TPaH-
CropTy. BifiCyTHICTb perynsipHuX IepeBipoK CIIPUSIE eKC-
ITyaTanii HeclipaBHMUX TPAHCIIOPTHUX 3aCO06iB.

6. Buicoka yacTKa HejlerajbHMX NepeBi3HMKiB. B
VkpaiHi nomypeHa mpobseMa HeJlleralbHUX MapIHIPYTHUX
TaKci, SIKi MpaipoTh 6€e3 BiAMOBimHMX JilleH3ii. OCHOBHI
PU3BUKU:

& BifcyTHICTb KOHTPOJIIO 3@ TEXHIYHMM CTaHOM TaKMUX
TPAHCIIOPTHUX 3aC006iB.

o TlopyuieHHSl IpaB NacaXupiB (BiCYTHICTb CTpaxy-
BaHHSI, HeOOIPYHTOBAHI MigBUIIEeHHS TapUDiB).

# 3aHIDKeHHS NOJATKOBUX HaJXOIKEHb J0 GIOIKETY.

[IpyMuyHM 3a3HAYEHUX IPO6IeM € GaraTorpaHHUMU
Ta B3aeMoIIoB’s13aHuMM. Cepes; OCHOBHMUX MOXKHA BUIi/IN-
T™ [4-6]:

o HenocratHe ¢inaHcyBaHHSI. O6MekeHICTb GI0IKeT-
HMX KOUITIB, 110 BUAIISIOTHCS Ha PO3BUTOK Ta MiATPUM-
Ky IMPUMICbKMX IlepeBe3eHb, IPU3BOLUTD O 3HOIIEHOCTI
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pyxomoro ckiaany Ta iHbpacTpykTypu. BincyTHicTb iHBec-
TUIi/i Y MOZEpPHi3alil0 TPaHCIIOPTY Ta iHGPaCTPyKTypu
3HIKYE SIKICTh HAZAHHS TIOCTYT Ta 6e3I1eKy repeBe3eHb.

¢ HeedekTuBHe ynpasiaiHHs. BigcyTHicTb 4iTKO] cTpa-
Terii po3BUTKY IPUMIChKUX TTepeBe3eHb, c1abka Koopau-
Hallisl MiXX pi3HMMM PiBHSIMM BJIaAy Ta MepeBi3HUKaMH, a
TaKOX HeOCTaTHil1 KOHTPOJIb 38 BUKOHaHHSIM HOPMaTMB-
HUX aKTiB IPU3BOISTH 10 XaOTUYHOTO PO3BUTKY PMHKY Ta
MOTipUIEHHS SIKOCTi MOCTYT.

# 3acrapina HOpMaTMBHO-TIpaBoBa 6asa. barato Hop-
MaTMBHMX aKTiB, 1[0 PEryIoTh cepy NMpUMICbKUX Mepe-
Be3eHb, He Bi[IMOBiAAIOTh CyYyacHUM peaslisiM Ta MOTpebyIoTh

OHOBJIeHHS. Lle cCTBOpPIOE MPaBoOBi KOMi3ii Ta yCK/IagHIOE [Ii-
SUTBHICTD NepeBi3HMUKIB.

+ CorliaibHO-eKOHOMIiYHi ¢akTOpM. 3pocTaHHs ypoa-
Hisallii, 3MiHM B CTPYKTYpi 3a/iHATOCTi HaceJleHHs Ta iHIIi
coliabHO-eKOHOMIUHi Mpo1ecy BIVIMBAIOTh Ha MOMUT Ha
MIPUMICBKi IlepeBe3eHHsI Ta CTBOPIOIOTh HOBi BUKIMKM JJIST
TPaHCIIOPTHOI CUCTEMMA.

Ing migBuieHHsT ePeKTUBHOCTI MPUMIiCbKMX Taca-
SKUPCbKUX TepeBe3eHb HEOOXiZHO 3IifCHUTM KOMILIEKC
3axo[iB, CIPSIMOBaHMX Ha MOJEPHi3allil0 TPaHCIOPTHOIL
CUCTeMM, TIOKpALeHHS SIKOCTi 06CTYrOBYBaHHSI Ta ITiJIBU-
meHHs piBHs 6e3neku (Puc. 1).

VaocKoOHaJIeHHsI CMICTeMM IepeBe3eHb IMacakupiB
Ha IPMMICBK MX MapuIpyrax

‘ 4{ 3akyrmiBJisi HOBUX aBTOOYCiB ‘ ‘

4{ Ilepexin Ha €KOJIOTiYHO YMCTUI TPAHCIIOPT

‘ 4{ BigpMmoBa Bim 3acTapinmux mopenei ‘ ‘

’7‘ 2. Bl’IpOBaL[)KeHH}I CUCTEeMM €EAVMHOIO €JIEKTPOHHOI'O KBUTKaA ‘ —‘

‘ 4{ IuTerpaiiist eguHoi rviatdopmu OJist BCiX BUAIB TPAHCIIOPTY ‘ ‘

4{ BukopucTaHHS MOGIIBHUX JONATKIB Ta 6€3KOHTAKTHUX KapT

‘ 4{ ABTOMAaTM3alis oriaTy Ta 06JIiKy Maca>kMporoOTOKY ‘ ‘

f‘ 3. OnTuMmisaliisi MapIIpyTHOI MepesKi ‘ T

‘ 4{ AHaJIi3 macaskMpoIoTOKIB Ta YCyHEHHS AyG/IIOBaHHSI MaplIpyTiB ‘ ‘

4{ CTBOpeHHﬂ HOBUX 3PYUHUX IMepecagKoOBUX BYSJ'IiB

‘ 4{ Ontumisaiiist rpadikiB pyxy ‘ ‘

‘ 4{ GPS-MOHITOPMHT TPaHCIIOPTY ‘ ‘

4{ BI/IKOpI/ICTaHHH AHATITUYHUX AaHUX OJisd IPOrHO3YBaHHSA IIOIIUTY

‘ 4{ Bl'[pOBa,EL)KeHHS[ ABTOMAaTU30BaHUX CUCTEM KEepPpYyBaHHSI

f‘ 5. IlinBuUILEeHHs PiBHsI 6e3IIeKH IepeBe3eHb ‘ T

‘ 4{ KOHTpPOJIb TEXHIYHOTO CTAHY TPAHCHOPTHMUX 3aC06iB

4{ BcTaHOB/IeHHS Bi,ELeOCl'IOCTepe}KEHHH Ta CUMCTeM eKCTPEHOro 3B'$I3Ky

‘ 4{ HaBuaHHSI BOAiiB i KOHTPOJIb 3a JOTPMMAaHHSIM IIPaBUJI JOPOSKHbOTO PyXY

f\ 6.

INokpameHHs iHbDpacTpyKTypm

‘ 4{ ByniBHMIITBO Ta MOAepHi3alis mopir

4{ OcHaIleHHs 3yNMHOK iHhopMaLiiiHMMM Ta6JIO Ta OCBITIEHHSIM ‘ ‘

‘ 4{ MopepHisaliisi BOK3asliB Ta I1epecajKoBUX BY3JIiB

. Jlerasisalisi Ta KOHTPOJIb 3a IIepeBiZHUKaMMu ‘ T

‘ 4{ BopoTbs6a 3 HeJlerTaJIbHUMU TepeBi3HUKaMU

4{ BropoBaaskeHHSI IPO30PUX TEHIAEPHUX MTPOLeayp ‘ ‘

‘ 4{ 3aHpOBa,EL)KeHH$[ SJKOPCTKUX CTaH,ElapTiB SIKOCTi mocayr

PucyHok 1. BapiaHTu BJOCKOHAJIEHHST CUCTEeMM TlepeBe3eHb MMacakupiB Ha MPUMIChbKUX MapIIpyTax

[JoKepeno: ckiageHo aBTopaMu
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Analysis of the current state of passenger transportation on suburban routes

1. OHoBIeHHST pyxoMoOro ckiaany. CyyacHi aBTo6ycu
TOBMHHI BiATIOBiZaTy eKoyJorivHuM craHmapraMm (€Bpo-5
Ta EBpO-6), MaTH 3py4YHi CUAiHHS, CUCTEMY KIiMaT-KOHTP-
omio, iHdopmaliiiHi Tabmo Ta 3abesneuyBaTu 6e3meKy Ia-
caxkupiB. [IJ1s1 IbOTO HEOOXiTHO CTMMYJIOBATH IePEBi3HMU-
KiB 0 OHOBJIEHHS aBTONAPKYy IIJISIXOM HaJaHHS MiJbTOBUX
KpeAuTiB Ta Ji3MHTOBUX MPOrpaM.

2. BnpoBaJy)KeHHSI CUCTEMM €JVHOTO €/IeKTpo-
HHOTO KBMTKAa. €OVHUII eIeKTPOHHUI KBUTOK J03BO-
JIUTh Tacaxkyupam 3pyyHO IlepecifaTu 3 OLHOTO BULY
TPaHCIOPTY Ha iHIINIA, He BUTpavyalouM yac Ha KyIiBJIO
OKpeMMX KBUTKIB. lle cnpusTMe iHTerpauii NpumicbKux
repeBes3eHb 3 MiCbKMMM MapUIpyTamMy Ta IOMIMUIIEHHIO
3arajabHOI JIOTiCTUKNA.

3. OnTumisanis mapmpyTHoi Mepesxi. Crig 1me-
pernsiHyTM iCHylo4Yi MapUIpyTH, BpPaxOBYIOUM peasbHi
MOTpe6y MacakupiB, 3MiHY I'yCTOTM HAceJeHHS Ta TpaH-
CIIOPTHIi MOTOKY. Baxk/iMBO 3an1poBaAUTH JOSATKOBI Maplii-
PYTHU Y TOIMHMU TIiK Ta 3a6e3MeuYnTy Kpairy 3B’13HiCTh MiX
Pi3HMMM HaceJeHMMM ITyHKTaMU.

4. BUKOPUCTaHHSI CY4YaCHMUX TEXHOJIOTiili JJist
VIIpaB/IiHHS IIepeBe3eHHSIMU. BasKiMBUM KpPOKOM €
BIpoOBagKeHHS GPS-MOHITOPMHIY pyXy TPaHCIOPTY, L0
JI03BOJIUTb KOHTPOMIOBAaT BUKOHAHHS DO3K/IAJiB, YHM-
KaTy 3aTPMMOK Ta 360iB y po60Ti MapupyTiB. Takox cif,
pPO3BUBATU MOOIbHI JOJATKM /sl TacaskupiB, ki iHGop-
MyBaTMMyTb IPO Yac MPUOYTTS aBTOOYCiB, 3aBaHTaKe-
HiCTh MapuUIpyTiB Ta MOXIMBI albTepHATMBHiI BapiaHTU
repecyBaHHS.

5. IlixgBuIeHHS piBHS Ge31eKkyu nepeBe3eHb. Heoo6-
XiIHO 3aIIPOBaAUTHM KOPCTKILlIMIA KOHTPOJb 3@ TEXHIYUHUM

CTAaHOM TPaHCIIOPTHMUX 3ac06iB Ta MpodeciiiHuM piBHeM
BOiiB. BakIMBMM 3aX0OM € perysipHe IMPOXOIsKeHHS
BOJisIMM KYPCiB 3 6€311eYHOTO KepyBaHHS TPaHCIIOPTHUMU
3acobaMu Ta KyJabTypu 06CTYTOBYBaHHSI [1acaXkUpiB.

6. ITokpameHHs iHdpacTpyKTypu. PO3BUTOK aB-
TOOYCHUX 3YNMMHOK, OO6JAIUITYBaHHS KOMMOPTHMX aBTO-
CTaHIIi#, CTBOPEHHS 6e3MeYyHMX IilIOXiTHMX ITepeX0AiB Ta
3PYYHUX MicLlb [JIs1 OUiKyBaHHS CIIPUSITUME TiABUIIEHHIO
SIKOCTi TiepeBe3eHb.

7. Jlerajiszanisi Ta KOHTPOJb 3a IepeBi3HMKaMM.
st 60poThOM 3 HelleraJbHUMM IepeBe3eHHSIMM HeobXif -
HO IIOCMJTUTY KOHTPOJIb 3 6OKY AepkaBHUX OpraHiB, 3ampo-
BaguUTU cucTeMy IITpadiB Ta CTUMYIIOBATH MepeBi3HUKIB
10 pOOOTHU B JIETAJILHOMY CEKTOpPi yepe3 Mpo30pi yMOBU
KOHKYpeHIIii.

BUCHOBKM

VIoCKOHaJeHHSI CUCTeMU TlepeBe3eHHS MacaskupiB aBTO-
MOGIIBHMM TPaHCIIOPTOM Ha IPUMMIiChKMUX MaplIpyTax €
KJIIOYOBMM 3aBOAHHSIM [AJIS MiJBUIIEHHS PiBHS MOOi/Ib-
HOCTi HacejileHHS Ta TOMIMIIeHHSI SIKOCTi TPaHCIOPTHUX
MOCIyr. 3alipoNIOHOBAHI 3aXx0[M, Taki K OHOBJIEHHS DYy-
XOMOTO CKJIaay, BIIPOBAIKeHHS eJeKTPOHHOTO KBUTKA,
ONTHMIi3allis MapuIpyTHOI Mepexi Ta MigBUIeHHs Oe3re-
KU TIepeBe3eHb, CIPUITUMYTh PO3BUTKY Cy4acHOi, 3pyUyHO1
Ta e(eKTMBHOI CUCTEMM TPOMAJCbKOTO TPaHCIIOPTY. st
yemimHoi peamisarii 1ux 3axofiB Heob6ximHa CITiBIpaIls
Jlep>kaBHUX OPTaHiB, TPAHCIIOPTHUX KOMIIaHilt Ta rpomas -
CbKOCTi. JInilie KOMIIJIEKCHUIA MiAXi[l TO3BOAUTH CTBOPUTH
KOMGOPTHI YMOBM ISl MacakupiB Ta 3abe3meunTy cra-
6i/IbHMIT PO3BUTOK TPAHCIIOPTHOI CUCTEMMA.
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Analysis of the current state of passenger transportation
on suburban routes

Abstract. Suburban passenger transportation is an integral part of the transport system, ensuring population mobility and
contributing to the economic development of regions. The article analyses the current state of passenger transportation
by road on suburban routes, identifies the main problems and determines ways to solve them. The key factors affecting
the quality of transport service are studied, in particular, disruption of the traffic schedule, overcrowding during peak
hours, irregularity of flights and a low level of integration with urban routes. Particular attention is paid to the technical
condition of rolling stock, infrastructure problems and transport safety. It was found that a large part of the bus fleet is
outdated, which causes significant environmental, technical and operational difficulties. The issue of tariff policy and the
need to introduce a single electronic ticket system are considered, which will facilitate the convenience of transfers and
increase the efficiency of the transport system. Factors that complicate the integration of suburban and urban transport,
such as different tariff systems and the lack of coordinated traffic schedules, are identified. The article proposes a set of
measures to improve suburban passenger transportation, in particular, updating rolling stock in accordance with modern
environmental standards, optimising the route network, modernising the infrastructure and introducing modern transport
management technologies. The importance of strengthening control over transportation safety and combating illegal
carriers is determined. The need for a comprehensive approach to reforming suburban transportation through state
regulation, increasing the investment attractiveness of the transport industry and using the latest digital technologies is
emphasised. The implementation of these measures will contribute to increasing the level of comfort, safety and efficiency
of passenger transportation, which in the future will ensure the sustainable development of the country’s transport system

Keywords: suburban passenger transportation; road transport; route network; rolling stock; infrastructure; electronic
ticket; transportation safety; route optimisation
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