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Harmionansauii yHiBepeuTet «O1echka MOPChKa aKaaeMishy

IHTETPOBAHA IIPOAKTUBHA MO/IEJIb 3ABE3IIEYEHHS
BE3NEKH MPO®ECIHOI JISIJILHOCTI I YAC
EKCILTYATALIl MOPCHKUX CY/IEH B YMOBAX BUKOPUCTAHHSI
AJBTEPHATUBHUX MAJIUB I IU®POBI3ALIT

IlocranoBka mpoduaemu y 3arajgbHoMy Buriasaai. CyyacHuil eramn
PO3BHTKY MOPCHKOTO TPAHCIOPTY XapaKTEPHU3YEThCS ICTOTHUM YCKIIAI-
HEHHSIM YMOB 3a0e3IeueHHs Oe3MeKH mpalli, o 3yMOBJIIOE HeOOXiTHICTh
MepersiTy TPaAuIifHNX MiAXO0MIB 0 ii opraHizailii. YIpogoBxK TpHBAJIO-
ro Yacy B rajy3i JOMiHyBaJa peakTHBHA MOJEIh OE3MeKH Iparli, 3a SKoi
OCHOBHA yBara 30CepeKyBajlacsi Ha PO3CIiJyBaHHI BXXE peali3oBaHUX
oIl — aBapiii, TpaBM, MOXKEXK, TEXHIYHUX BiIMOB 1 MOMMJIOK CKIITaxy.
Takuii miaxixg nae MOXKIUBICTh 3°SICOBYBAaTH MPUYUHH 1HIUJEHTIB TUTBKA
micyis iX BUHMKHEHHS, OJTHAK B YMOBAaX YCKJIAQIHEHHS CYJHOBUX CHUCTEM,
iHTeHCU]iKalii eKCIuTyaTaiiHUX MPOLECIB 1 TOSBU HOBHX 3arpo3 HOro
MOXKJIMBOCTI IS 3am00IraHHs HeOE3MEUYHUM ITOAISIM 3aIUINA0TECA 00Me-
xeHuMH. [liqTBEp/PKeHHSAM IIBOTO € CydacHi TeHJEHIl y cdepi Oe3nexn
CYJHOIJIaBCTBA: 3a JaHMUMH KiacudikamiiHoro toBapuctBa DNV (Det
Norske Veritas), y 2022-2024 pp. KiIbKiCTh MOPCHKHX IHIHICHTIB 3pOciia
Ha 22 %, a KiJIbKICTb MoXKex 1 BUOyxiB — Ha 42 % mnopiBHsHO 3 2021 poky
[1].

V¥ 3B’513Ky 3 MM OCOOJIMBOI aKTyaJIbHOCTI HaOyBa€ IHTErPOBaHa MPO-
aKTHBHA MOJeNb OE3MEeKH Mpalli, Opi€eHTOBaHA HE Ha pearyBaHHs MOii,
IO BXe BiJOyJMcs, a HA 3aBYacHE BHUSBIICHHS, OIIHFOBAHHS Ta TOIEpe-
JUKeHHs HeOEe3MeuHuX CTaHiB. [i CyTHiCTh TONATae B CHCTEMHOMY aHai3i
(akTOpiB pU3KKY II€ N0 iX Mepexoay B aBapiro abo TpaBMYBaHHs, 30Kpe-
Ma B OLIHIOBaHHI ()YHKLIOHAIBHOTO CTaHy €KiMaXy, TEXHIYHOTO CTaHy
oOJyiajiHaHHs, HeOEe3MEUHUX PEXHUMIB eKCIUTyaTallii, muppoux 300iB, Ki-
Oep3arpo3 i crenu(iku HOBUX €HEPreTHYHUX CUCTeM. Takuil mijaxi Bif-
MOBIJIa€ CyYacHUM MiAXoJaM J0 pO3pOOJIEeHHsS CyTHOBOI CUCTEMH YIpaB-
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JIiHHS OE3MEeKOI0, B MeXax sIKoi Oe3MEeYHICTh Mpalli JOUIIHHO pO3riIsgaTu
He JIVIIE SK pe3yabTaT YCYHEeHHS HACIHIJIKIB IHIIMICHTIB, a TAKOX SK CBOE-
YacHE BUSIBJICHHS BIIXWJIEHb, IO NEPEAYIOTh HEOE3MEYHMM MOIisM, Ta
3a0e3MeuyIoTh CTiliKe (PyHKIIOHYBaHHS CYTHOBOTO cepeaoBuiia [2-5].

Heo0xingnicTh mepexony A0 iHTErpoBaHOi MPOAaKTUBHOI Mozemni Oe3-
MIEKH Ipalli iICTOTHO MOCHITIOETHCS ] BIUTMBOM €HEPTETHIHOTO TIEPEXOIY
B CYIHOIUIABCTBi. YTPOBaKCHHA ajJbTCPHATUBHHUX BHIIB CYIHOBOTO
MaJnBa, 30KpeMa amiaky, BOAHIO, METAHOJIY, CKpPAIJICHOTO MPHUPOIHOTO
ra3y Ta iHIIMX MEepPCIeKTHBHHUX MaJUB JJISI MOPCHKUX CYICH, 3yMOBIIOE
¢dbopMyBaHHA HOBUX NPOo(iiiB MpodeciiHOro pu3uKy, MOB’I3aHUX 13 TOK-
CHYHICTIO, BUOYXO- Ta MOXKEKOHEOE3NMEUHICTIO, a TAKOXK 3 0COONMBUMHU
BUMOTaMH 10 30epiraHHs, BEeHTWIALI{, BUSIBICHHS BUTOKIB 1 MATOTOBKA
ekinaxy. €Bporneicrke areHTcTBO 3 O6e3meku Ha Mopi (European Maritime
Safety Agency, EMSA) B [6] 3a3Hauae, 1m0 YWHHI CTAaHAAPTH ITiATOTOBKH
it komnereHTHOCTI B Koziekci 3 MATOTOBKH 1 JTUITIOMYBaHHS MOPSIKIB Ta
HeceHHs Baxtu (Komexc STCW) He OXOILTIOIOTH YCiX acleKTiB HOBHX
MAJIMBHUX CHUCTEM, SIKi BXKE BIIPOBAKYIOTHCSI B MOPCBHKil ramysi. BogHo-
yac MixHaponHa Mopcbka opranizamis  (International  Maritime
Organization, IMO) na 109-ii cecii Komitery 3 Ge3meku Ha MOpi CXBajIHiIa
TUMYaCOBI KePiBHI NPUHIUIHK 1010 OE3MEeKH CyJICH, SIKi BHKOPUCTOBYIOTh
amiak SIK TaJuBO, IO BKa3ye Ha aKTUBHUM mporec (popMyBaHHS HOBOTO
HOPMAaTHBHOTO CepeloBHIIa y cdepi BHKOPHCTaHHS albTEPHATUBHHX
manus [7].

[MapanenbHO BiOYyBaeThCS IHTEHCHBHA IM(POBI3allisi CyAHOBUX CHC-
TeM, SIKa MPOSBISETHCA Yy HIMPOKOMY BIPOBAKCHHI aBTOMATH30BaHHX
CHCTEM YIPaBIiHHS, OU(PPOBUX IATYMKIB, TPOrPaMHOro 3abe3neyeHHs,
3ac00iB JUCTaHIIHHOTO MOHITOPHHTY, IITYYHOTO iHTEIEKTY Ta €JIeKTPOH-
HOT HaBirarii. 3a TakMxX YMOB Oe3rieka mparii jenajii OlIbIIe 3aJeKUTh He
JIUIIIE BiJl TEXHIYHOTO CTaHy MeXaHi3MiB 1 mpodeciiiHuxX il mepcoHaiy, a
i Bin HaniHOCTI MG poBoi iHPpacTpykTypu cyana. Lle, cBoero yeproto,
aKTyanizye npobiieMy Kibep(hi3MYHUX PU3UKIB, TOOTO TAKMX PU3HKIB, 3a
AKuX 1U@poBUi 30il, MOMMIIKA MPOrpaMHOro 3abe3neueHHs abo kibepa-
Taka MOXYTh Oe3rnocepeqHbo TpaHcopmyBaTucs y (izndyHy HeOe3MeKy —
BTpaTy KEpOBaHOCTI, 3ITKHEHHsI, TMOXEXY, YIIKO/DKEHHsI OOJalHaHHS,
TpaBMYBaHHS €Kimaxy abo 3a0pyJHEHHS MOpPCHKOTO CEpeJOBHINA. 3Ha-
YyIIicTh 1i€l mpodaeMu MiATBEPKY€ETHCS TUM, 110, HAPUKIIAA, Kiacugi-
KariiiHe ToBapuctBo DNV (ikcye mifBHICHUN piBeHb NPUHHATHOCTI
KibeppH3uKy B MOpPCBKil ranysi, 30kpema IMO chopmysana mMixkHapoHY
paMKy BpaxyBaHHS KibeppusukiB, MikHapoaHa acouiamis Kiacugikarii-
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Hux TtosapuctB (International Association of Classification Societies,
IACS) 3ampoBaania knacuikalliiiHi BAMOTH 10 KibepcTifikocTi, a okpemi
HaI[lOHAaJbHI MOPCHKI aJMiHICTpamii BK€ IMIUIEMEHTYBaJIH YIIPaBIiHHS
Kibeppu3ukaMu 10 00OB’S3KOBUX MPOLEAYp CUCTEM YIpaBIiHHA Oe3sre-
KOO Cy/ieH Ta Oe3reku cyaHoruiasctaa [8-10].

He meHm BaxJMBHM YWHHUKOM Cy9acHO! O€3IeKH Tparli Ha MOpi €
ncuxo(izioNoriyHui 1 MCUXOCOMIaNbHUI CTaH ekinaxy. JlocmimpkeHHs
€npcpkoro yHiBepeuteTy (Yale University) Ta @oHny MopsikiB Mixkaapo-
nHoi penepartii TpancroptHukiB (ITF Seafarers’ Trust) 3acBigunio HasB-
HICTBb O3HaK Jenpecii y 25 % onmuTaHux MOpPSKiB, TpUBOKHOCTI —y 17 %,
a cyinmganeaux qymok — y 20 % [11]. Marepiasiu MixuaapoaHoi Oiaro-
JiHOI opraHizaiiii MOpchKoro 106pobyTy «Micist s mopskiB» (Mission
to Seafarers) i MixkHapogHa Mepeka 10OpoOyTy Ta AOMOMOTH MOpPSKaM
(International Seafarers’ Welfare and Assistance Network, ISWAN) miar-
BEP/IKYIOTh, IO TOOPOOYT, BIAMOYMHOK, COIialdbHA B3aEMOZIS, BIAUYTTS
¢izmuHOi Oe3mekw Ta SAKICTh Opradizamii mpaii € 0e3nocepeaHbo
OB’ sI3aHUMH 3 peaJIbHUM PiBHEM Oe3reku Ha 6opTy cyaHa [12-14].

OTxe, MOCTaHOBKA MPOOJIEMH TIOJISITaE B TOMY, IO cydacHa CUCTeMa
OXOpOHHM TIpaIli Ha MOPCHKOMY TPaHCIIOPTI OiNbIe He MOXKe 0OMeXyBa-
THCS PEaKIli€r0 Ha HACIJIKUA BXXE peali30BaHUX iHIMACHTIB. BoHa MoBUH-
Ha OyTH MepeopieHTOBaHA Ha YIPABIiHHS PH3UKAMHU, SIKE BPaXOBYE OJTHO-
YaCHHUH BIUIMB €HEPreTHYHOTO Hepexoay, I poBoi TpaHcdopmarii cy -
HOBHX CHUCTEM, 3pOCTaHHS KiOep(i3nIHHUX 3arpo3, a Takoxk ncuxodiziono-
FYHUX 1 ICUXOCOIIATbHUX YNHHUKIB OC€3ICKH Mpalli eKinaxy.

VY3aranpbHEeHHsS HaBEICHHUX JDKEPEN Ja€ MiJICTaBH CTBEP/DKYBATH, IO
TaKa MepeopieHTallis CTBOPIOE TepeayMOBH sl GopMyBaHHS iHTErpoBa-
HOT IIPOAKTUBHOI MOJIesIi O€3MeKH Ipalli Ha MOPChKOMY TPaHCIIOPTI, 31aT-
HOT 3a0e3leuyBaTH CBO€YACHE BUSBJICHHS HEOC3MEUYHUX CTaHIB, 3MCH-
meHHs NpodeCiitHOro pU3MKY Ta IiIBUIICHHS CTIMKOCTI CYJAHOBOI CHUCTe-
MH B3a€MO/Ii1 JIFOJMHM 1 TEXHIKH B CydacHUX ymoBax [ 1, 5-14].

AHaJji3 ocTaHHIX gocaimxkeHb i myosikamiii. CydacHi HayKoBI J0C-
JKeHHs], aHAJIITHYHI 3BITH Ta HOPMAaTHBHI JTOKYMEHTH 3 MPOOJIEeMaTHKN
3a0e3mneyeH s 0e3neKd Mpali Ha MOPCHKOMY TPaHCHOPTi JOLIIBHO CHC-
TEMaTHU3YBATH 32 KIbKOMa B3a€MOTIOB’ I3aHAMH HAITPSIMaMH.

[Nepmwmii HanpsiM OXOTUTIOE TIpalli W JOKYMEHTH, PUCBSYEH] 3araib-
HUM TEHJICHLisAM TpaHcdopmanii Oe3mekn CyAHOIIaBCTBA B YMOBaX TeX-
HOJIOT1YHUX 3MiH, EHEPreTHYHOTO MEPEX0/1y Ta TOCHICHHS KiOeppU3HUKiB.
Tak, DNV y 3BitTax npo cydacHi TeHaeHLii y cdepi Oesnexu 1 kidepmpio-
PHUTETH B MOPCBHKIi raysi ¢ikcye 3poCcTaHHs KUTbKOCT] iHIUICHTIB OJHO-
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YacHO 3 MOCHJICHHSIM 3HA4yHIOCTi HU(POBUX 3arpo3 Uit Oe3MevHoi eKc-
mwryatamii cyaeH [1, 8]. EMSA y nocmimxenni TRAINALTER [6] akien-
Ty€e yBary Ha TOMY, IO YHHHI CTAaHAAPTH IiITOTOBKH MOPSKIB HE OXOT-
JIOIOTh yCiX aCMeKTiB eKCIUTyaTallii Cy/eH 3 albTepHATUBHUMH MaJHBHH-
MH Ta eHepreTHIHuMH cucremamu. Bomnodac IMO, IACS i USCG dop-
MyIOTh HOPMATHBHE MIiATPYHTS JUIS pearyBaHHs Ha HOBI BHKJIHKH,
MoB’s13aHi 3 OE3MEKOI0 CYJEH, 0 BUKOPUCTOBYIOTh B SIKOCTI MANKBa aMi-
aK, IHTerpaui€ero Kibeppu3uK-MeHEPKMEHTY JI0 CHCTEMHU YIPaBIiHHS Oe3-
MIEKOI0 Ta 3aIPOBAIKEHHSIM 000B’I3KOBHX BUMOT KiOepOE3IMeKH Il MOp-
CBKOI TpaHcmopTHOI cuctemu [7, 9, 10, 15].

Jpyruii HanpsiM yTBOPIOIOTH AOCIIIKEHHS, TPUCBsUEH] IudpoBizamii
OXOpOHHM TIpalli, IMeperyciM 3aCTOCYBaHHIO MU(POBHUX MBIMHWKIB, INTYY-
HOTO IHTEJEeKTy Ta 3aco0iB iMEpCHBHOTO HaBuaHHsA. Y poborax [16-18]
UUQPOBi IBIHHUKKA W METOIH, IO TPYHTYIOTHCS Ha BUKOPHCTAHHI IITYY-
HOTO IHTENEKTYy, PO3TISAAIOTHECA SK IHCTPYMEHTH IiarHOCTYBaHHs He-
CIPaBHOCTEM, MPOTHO3HOTO TEXHIYHOT'O OOCITyrOBYBaHHS, aHAI3Y PU3H-
KiB 1 MATPUMKH MIPUAHSTTS PillIeHb Y MOPCBKOMY cepeaoBuii. OkpeMuit
MacHUB TIpallb CTOCYEThCS TEXHOJIOTIH BipTyalibHOI Ta JOINOBHEHOI peaib-
HocTi (VR/AR-TexHOI0T1T) ¥ MiArOTOBIN €KiNaxiB 3 MuTaHb Oe3mneku. B
orisiai [19] aBTopW y3aralbHIOIOTH CyYacHHH CTaH BUKOpUCTaHHS VR y
TPEHYBaHHI 3 TIOKEXKOTACiHHsI Ta eBakyarii, 30kpema B [20] aBTOpH 00-
IPYHTOBYIOTh IOWiNBHICTh moeqHaHHs CFD-momemoBanus i VR ams
BiJITBOPEHHS TIOXKEKHUX CIEHAPiiB y BipTyalbHOMY MAIIMHHOMY BifIi-
JIeHH1, a B [21] TOCTiTHUKY TIOKa3yIOTh ME€peBary BipTyalbHOI peaibHOCTI
i3 moBHUM 3aHypeHHsM (iMepcuBHa VR) /Ui HaBYaHHS TUHAMIYHOI OIliH-
KM PU3UKY B MODPCBHKill nmisuibHOCTI. IlpakTuunmii iHTepec 1O mpOro Ha-
NpsSAMy MiATBEPIIKYETHCS TAKOXK MPOMHUCIOBOIO ampo0aIiero TeXHOJIOTiH
n(poBoro ABiHUKA B CyTHOOYIyBaHHI Ta eKCILIyaTallil CyJeH, 30KpeMa
HazanHsM DNV npunuunosoro cxsanenss (Approval in Principle) inTer-
poBaHiii xmapHii cucremi Hyundai Intelligent Digital Twin Ship
(HIDTS), po3pobaeniii rpynoto HD Hyundai [22].

TperTiii HanpsAM OXOIUTIOE JOCHIHKEHHS JIIOACKKOro (hakropa, MCHXO0-
(i310JI0TIYHOTO CTaHy eKilaXxy, ICUXOCOLiAIbHUX YMOB Tpalli Ta MOKJIU-
BocTel iX nudpoBoro MoHiTopuHTy. Jocnimkenns, onucane B [11] 3acBi-
JI9y€ BUCOKY TOIINPEHICTh CUMITOMIB JIENpecii, TPHBOKHOCTI Ta Cyimu-
JanbHUX TYMOK cepell MOpsikiB. Matepianu Mission to Seafarers nemon-
CTPYIOTh, L0 PIBEHb 3aJ0BOJICHOCTI MOPSKIB 3MIHIOETHCS ITiJ] BIUIMBOM
YMOB TIpalli, JIOCTYITy JI0 CXOJy Ha Oeper, BiluyTTs Oe3reku, HaBuaHHS Ta
oprasizanii nodyry Ha 6oprty cyana [12, 13]. ISWAN y mexax mpoekry
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«ComiansHa B3aemMogist Mae 3HaueHHs» (Social Interaction Matters (SIM)
Project) moBomuTs, 110 comiambHa B3aEMOZIs, BiMMOYMHOK 1 MIOJEHHI Op-
TaHi3aIiiiHi MPaKTHUKN Ha CYIHI € BAXXJIMBUMHU YHHHUKAMHU TOOpPOOyTy Ta
oe3neunocti npari [14]. [opsx i3 um y mpaii [23] mokaszaHo, IO MOEJ-
HaHHS JaTYUKIB, 37aTHUX (DIKCYBAaTH PyXH Tijla, MOJOKEHHS IpalliBHUAKA,
3MiHy piBHOBAarW, MPUCKOPEHHS, HAXWIH Ta IHII O3HAKU HECTIMKOCTI, i3
METOAaMH MallMHHOTO HaBYaHHSA, SIKi AAalOTh 3MOTY aHaJli3yBaTH Il JaHi
Ta BUSBJIATH XapakTepHI O3HAKU HeOe3MeYHOI OBEAIHKY UM CTaHy, CTBO-
pIO€ TIepeyMOBH Ul 3aBYACHOTO BHSBJICHHS ITIJBHIICHOTO PU3HKY I1a-
JIHHS MOPSIKIB i1 Yac poOOTH HA CYy[IHI.

OTxe, aHali3 3a3HAa4YEHUX Mpalb Aa€ MiJCTaBU TOBOPUTH HPO MOCTY-
MOBE 3MIIIEHHS aKIEHTY 3 TIEPEBAYKHO TEXHIYHOTO PO3YMiHHS O€3MEKH J10
iHTeTpOoBaHOTO OadeHHs 3a0e3medeHHs Oe3MeKH TMpaii SK pe3yiabTary
B3a€MOJI1 TEXHIYHHX, JIOJCHKUX, TUPPOBUX 1 OpraHi3alifHUX YNHHHKIB
[5, 11-14, 23].

BogHouac anami3 ompambOBaHUX JDKEpPEN CBITYHUTH, IO OUTBIICTH
myOJTiKaIid 30CepeKy€eThCsl Ha OKPEMHUX KOMIIOHEHTaX MpOOJeMH — IH-
(poBUX TEXHOJOTISAX, AIBTEPHATHBHUX MNalUBax, KibepOe3meni, McHUxid-
HOMY 3/I0pOB’1, TICUXOCOIIATPHAX YMOBaX Ipalli Ta MiArOTOBIl eKilmaxiB,
— He PO3MIAJAIoYM IX y IUTICHOMY B3aeMo03B’s3Ky. lle akryanizye HEoO-
X1IHICTh TIOAAJBIIOTO HAYKOBOTO OOTPYHTYBAaHHS iHTETPOBAaHOI POAKTHU-
BHOI Mojeni Oe3neku mpaii Ha MOPCHKOMY TpPaHCHOPTi, Y MeXax SKOi
3a3HaueHi YMHHWUKY CIIiJ| PO3TJISJIATH SK B3AEMOIIOB’ sI3aH1 CKJIAIOBI ITiTicC-
HOI cucTemMu 3abe3neueHHs Oe3neku [1-24].

IlocTanoBka 3aBaaHHs. 3 ypaxXyBaHHSM Cy4YaCHHMX TEHJCHIIH PO3-
BUTKY MOPCBKOTO TPAHCHOPTY MOCTAa€ HAyKOBO-TIPHKJIATHE 3aBIaHHSI
(dbopMyBaHHS IHTErpOBaHOT MPOAKTUBHOI MOJIeINi Oe3MeKu Mpaili, sIKy po-
3YMIEMO SIK CTPYKTYPHO-(YHKIIIOHANbHE TIPEACTABICHHS CYKYITHOCTI
TEXHIYHUX, OpPTaHi3amiifHnX, iHQOPMAIiHHIX 1 TTOBEIHKOBUX KOMIIOHEH-
TiB, B3a€EMOJIIS KX 3a0e3Meuye BUSBICHHA HeOE3IeK, OI[iHIOBaHHS TPO-
(eciiiHnX pU3MKiB, BUOIp MPEBEHTHBHUX 3aXOIB 1 MATPUMAHHS HaJeK-
HOTO piBHsI Oe3leKu Tpalli B Ipoleci eKcIuTyaralii Mopcbkux cyzieH [1-
14].

VY 1mx ymoBax BHHUKAE MoTpeda B HAYKOBOMY OOIPYHTYBaHHI Takoi
MOJIeNTi, Y MeXax sKoi Oe3leka mpari po3rIsIATUMEThCS K Pe3yJIbTaT
B3a€MOJII eKinaxy, CyJHOBUX TEXHIYHUX CHCTEM, HU(PPOBOi iHYpacTpyK-
TypH, NCUX0(]i310I0TIYHOTO CTaHy MOPSIKIB 1 BHPOOHUYOTO CEepe/IOBHIIIA.
Taka Mozenb Mae iHTErpyBaTu 3acO0M IMEPCHUBHOI MiJATOTOBKH, TUPPOBI
NBITHUKH, TEXHOJIOTI] IITYYHOTO 1HTENEKTY, IHCTPYMEHTH MOHITOPHUHTY
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(YHKLIOHAIBHOTO CTaHy MOPSIKiB, MEXaHiI3MH IICUXOCOLiaIbHOI HiATPUM-
KW, @ TaKOX 3aCO0M YIpaBIiHHSI PU3WKAMH, TIOB’I3aHUMH 3 BHKOPUCTAH-
HSM aJbTEPHATHBHUX TANHUB i Kibeppusukamu [5, 6-10, 11-24].

OTxe, 3aBIaHHA AOCHIIKEHHS TOJIATaE B TEOPETHYHOMY OOTPYHTY-
BaHHI Ta CTPYKTypu3amii IHTErpOBaHOI MPOAKTHUBHOI MOnemi Oe3rexu
Mpaii Ha MOPCHKOMY TPaHCIOPTI, sIKa BifmoBinaiza 6 cydacHUM yMOBaMm
eKCIUTyaTalii cyeH HOBOTO TOKOJiHHsS Ta 3a0e3meuyBana IMiJBUILICHHS
piBHSA Oe3meku mpamni HUITIXOM KOMIUIEKCHOTO MO€IHAHHS TEXHIUHUX,
JIIOJICHKUX, OpTaHi3allifHuX 1 MA(OPOBUX MEXaHI3MIB ITONIEPECIKEHHS PH-
3HKIB.

Bukian ocHOBHOrO MaTtepiajay aocaigKeHHs. MeETOIONIOTIYHOIO
OCHOBOKO 3allPOMOHOBAHOTO TiAXOMY JOIIBHO BBAXKATH KOHIIETIIIIFO
Safety-II, y mexkax sikoi Oe3meka TPaKTYEThCs HE sIK MPOCTa BiJICYTHICTh
HeOakaHUX TIOAIN, a SIK 3JaTHICTh CUCTEMH MiATPUMYBAaTH KEPOBaHE Ta
MpuifHATHE (QYHKI[IOHYBaHHSI B YMOBaX MiHJIMBOTO, YaCTKOBO Hemependa-
qyBaHOTO cepenoBHINa [5]. Y KOHTEKCTI MOPCHKOI Taly3i e 03HaYae Ie-
peXi Bi 13071bOBAHOTO aHAJII3Y IHIMIEHTIB IO JOCIIKEHHS TOTO, SKHM
YHHOM €KiMaXK, IPoIeIypH, TeXHIUHI 3aco0u Ta nudposa iHhpacTpyKkTypa
3a0e3MevyIoTh CTIHKICTh Cy/IHA JI0 BiIXWICHB, IEPEBAHTAXKEHD 1 IIOMUIIOK
y peaJbHUX YMOBaX eKCILTyaTallii.

Y Mexax Takoro mixoay Oe3meKy IMpaili Ha Cy/Hi JTOUIIbHO TPaKTy-
BaTH SIK BJIACTUBICTH CKJIAJHOI CHCTEMH B3a€MOJIi JIIOAWHH, TEXHIKU i
oprasizamii mpari, mo (QOpPMYEThCS IIiJl BIJIMBOM KIIBKOX B3aEMO-
OB’ s13aHUX OJIOKIB [6-24]: iMepCHBHOI MiArOTOBKH Ta CUTYalliiHOT Bi3ya-
Ji3anii, ToOTO MiIrOTOBKH, IO BiA0OyBa€ThCs Yepe3 MPaKTHUIHY B3aEMO/II0
3 BIpTyaJbHUMH, JIOTIOBHEHHMH a00 3MOJEIbOBAHUMU BUPOOHHYNMH
CUTYaIlisSIMU, JJIsl SIKHX 3a3BUYail BUKOPUCTOBYIOTH VR-Tpenaxepu, AR-
3acobu, 3D-creHapii, iHTepakTUBHI cUMYJIsIMii aBapiiHMX abo MITaTHUX
pEeXHUMiB POOOTH; MOHITOPHHTY (PYHKIIOHAILHOTO CTaHYy JIOJAWHU W Ta-
paMeTpiB poOOYOro cepeoBHINA; MPOTHOCTUYHOI aHANITUKH Ha OCHOBI
TUQPPOBHUX JIBIHHUKIB 1 TEXHOIOTIH MITYYHOTO IHTENEKTY; a TAKOX IHTET-
pauii pu3MKiB, MOB’SI3aHUX 13 HOBUMHU NaJIMBaMH, KiOEpPU3HKIB i MICHXO-
COLiaJIbHUX YMHHUKIB Yy CHCTEMY yNpaBiliHHs Oe3nekoro. Takuil miaxin €
BUIIPABJIaHNM, OCKIJIbKM CaMe Ha CTHUKY IIMX YHHHHKIB 1 popMyeThCs Cy-
YacHUH MpodeciiHuil pH3UK Ha MOPCHKOMY TPAHCTIOPTI.

[epmnii ¢pyHKITIOHATBHHUN OJIOK CTAaHOBIATH 3aCO0M iIMEPCUBHOTO Ha-
BYaHHS, KOMIT'IOTEpHOI Ipadiku Ta MOJICIIOBAaHHS aBapiiiHUX CIIeHapiiB.
Ix 3Hauenns monsrae B TOMy, 110 BOHH HEPEBOATH MPaBHiIa OE3MeKU Bij
¢dopManbHOTO 1HPOPMYBaHHS A0 MPAKTUYHOI TOTOBHOCTI JisITH 3a MpoLe-
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nypaMu. Y MOPCBKill MiAroTOBLi 1e 0COOIHMBO BasKIMBO JUIS KPUTHUYHHX
MOMiH, TAKUX SK: MOXKEXI B MAIIMHHOMY BiINUJICHHI, 3aJUMIIEHHS MapIIl-
pPYTIB eBakyarlii, aBapiiHUX Mili y 3aMKHEHHX IIPOCTOpPax, MIBAPTOBUX
orepauiil maBuIIeHoi HeOe3MeKH, a TaKoXK POOIT y TOKCUYHOMY YU He-
crabimpHOMY cepemoBumi [19-21]. Orman B [19] mokasye, mo MOpPCHKi
VR-pimenHs1 choroqHi 30cepekeri nepeayciM Ha TpeHyBaHHI 3 TOXe-
KOTaciHHs Ta eBakyalii, ToAi sk B [21] pe3ynpTatu cBil4aTh Mpo MOTEH-
mian iMepcuBHOI VR-MiIrOTOBKY AJIs MiJBUIIEHHS MOTHBAIIil, pe3ybTa-
THBHOCTI HaBYaHHS Ta TOTOBHOCTI 10 Oe3meunoi moseminku [19, 21]. Ot-
xe, VR/AR crnin posrnsgatu He sK JOMOMDKHUH Bi3yalbHUI 3aci0, a sk
1HCTpYMEHT (OPMYBaHHS CTIHKHX alTOPUTMIB O€3Me4HOT MOBEIIHKH.

Hpyruii ONOK YTBOPIOIOTH CHCTEMH O€3MEePEPBHOTO MOHITOPHHTY
CTaHy MOpSKa Ta MapaMeTpiB poOOYoro cepemoBwina. Y TpaAUIiAHIA
MOJIeJIi OXOPOHU Tpalli CTaH MpalliBHUKA OIIHIOETHCS MEPEBAXKHO €Ii30-
JIUYHO — Yepe3 MEIOTJIIH, IHCTPYKTaxi uu Harasta. OfHaK y CyIZHOBHX
YMOBax piBE€Hb BTOMH, CTPECY, PU3UK BTPATH PiBHOBaru abo KOTHITHBHO-
ro TEePEeBaHTAXCHHS MOXYTh 3MIHIOBATHCS HA0araTo MIBUAIIEC, HIXK IIe
¢ikcyroTh cTannapTHi npoueaypu. Came TOMy JaTYMKU 1HIUBITyaIbHOTO
HOCIHHA, OloMeTpuuHi TIaT(hOpMH, JIOKAThHI CHCTEMH TO3WIIOHYBaHHS
Ta MUQPPOBI ITHCTPYMEHTH 3BOPOTHOTO 3B’SI3KY JIOIUIBHO PO3IJISAATH SIK
3ac00M PaHHBOTO BUSIBICHHS MOTEHILIHHO HEOE3MEYHUX CTaHiB: MEPEBTO-
MU, JIe30pi€HTAallli, pU3UKY MaJiHH:, TeperpiBy ado nepeOyBaHHS MpaIliB-
HUKAa B HeOe3MeuyHid 30H1 0e3 Hale)KHOI B3aeMOIil 3 IHIIUMHU YWiICHAMU
exinmaxy [23]. YV mocnimkenni [23] BcTaHOBIICHO, 1110 MOJIENIb MAIIMHHOTO
HaBuaHHs (ML-mozenb), po3poOiieHa Ha OCHOBI JaHUX i3 AaTYHKIB, PO3-
MIIyBaHUX Ha Timi, 3a0e3nednsa 3HaueHHs moka3Huka Area Under the
Curve (AUC) 0,9204 npu xinacudikarii pu3uKy naaiHHsI B yMOBaxX 00pTO-
BOI Ta KUJIbOBOI XWUTaBHI[, IO CBIAYUTH MPO MEPCIECKTUBHICTh 3aCTOCY-
BaHHS TaKOTO ITiJIXOy B MOPCHKIi# MPaKTHIIi.

[Topsix 13 MM cy4acHa cucTeMa OXOpPOHHM TIpalli MOBUHHA BPaXOBYBa-
TH He Jinie (i3ioorivHi, a i MCUX0COoMiaabHI MOKa3HUKH. [laHi, HaBeICHI
B [11], cBim4aTe Mpo CYTTEBY MOIIMPEHICTH CUMIITOMIB AEIpecii, TPHUBO-
XKHOCTI Ta CyIUMIAIBHUX TYMOK cepell MopskiB. Marepianu Mission to
Seafarers mokasytoTsb, mo B Q4 2024 iHmekc 3aJJ0BOJICHOCTI MOPSIKIB 3HU-
3uBcs 10 6,91, a'y Q2 2025 3pic g0 7,54, ogHaK MONPH MO3UTHBHY JTHHA-
MIKy OL[IHOK, IpoOJIeMH, MOB’s13aH1 3 0€311eK010, HABYAHHSIM 1 KOMILJIEKTY-
BaHHAM eKilaxiB, 30epiranucs cepel Hadmommpenimmx ckapr [12, 13].
ITix wac mocmimkens y Mexax SIM Project [14] npoTsarom TppoX MiCsIIiB
Oyno 3i0paHo (pi3uyHi, ICUXOJIOTIYHI Ta COIiaNbHI JaHi Bix 176 MOpsKiB
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Ha MIECTH CYAHAX, SKi TOJATKOBO MiATBEPAWIH, IO BiJMOYHHOK, COIlia-
JIbHA B3a€EMOJiS ¥ TIOBCAKAEHHA OpraHi3allis JKUTTS Ha OopTy Oe3mocepe-
ITHRO BIUTMBAIOTH Ha HOOpOOYT 1 Oe3meunicTh mpaii. Lle o3Hawae, mo cy-
YaCHUI MOHITOPUHT O€3MeKHy Mpalli Mae MOeAHyBaTH (Hi3UYHi, MOBEIIHKO-
Bi Ta TICHXOCOIIialibHI iIHANKATOPH B €IUHOMY TpOdimi pu3uKy [2].

Tperiit 610k GopMyIOTs IUPPOBI ABIMHUKH Ta MPOTHOCTUYHA aHAII-
THKA 13 3aCTOCYBaHHSAM INTYYHOT'O 1HTENIEKTY. Y MOPCBKiii raixy3i udpo-
BUH IBIHHHMK JOUIIBHO PO3YMITH HE JIMIIE SK BipTyaJbHY KOIIIIO TEXHid-
HOTO 00’€KTa, a K iHTerpamiiHy miatgopMmy, sKa MOETHY€E eKCIUTyara-
UiliHI MapaMeTpH, JiarHOCTHYHI CUTHAIM, CIIeHapii BiMOB, pe3yJbTaTH
MOJICTIIOBAaHHS W JlaHi ceHcopHoro MoHiTopuHry [16-18]. B [16] mpoxe-
MOHCTPOBAaHO MOJJIMBICTh BUKOPUCTAHHS MU(POBOTO ABIHUKA JUIA JTiar-
HOCTYBaHHsI HECIIPAaBHOCTEH Ha aBTOHOMHOMY CY/HI, a IPAaKTUYHUI 1HTe-
pec [0 Takoro MiAXOMy IiATBEPAKYETbCS HAJAHHSAM MPUHIUIIOBOTO
cxpanieHHs y 2024 pori cucremi HiDTS kommnanii HD Hyundai six ogaOTO
3 €JIEMEHTIB PO3BUTKY BepH]ikallii mudpoBUX ABIHIKIB HA OCHOBI JaHUX
[22]. V noennaHHi 3 anropuTMaMu IITYYHOTO iHTENIEKTY HU(DPOBHUIA JBiii-
HUK MOXE BHKOHYBaTH (DYHKIIIO siipa CHCTEMH MiATPUMKH PillleHb, SKa
OB’ sI3y€ TEXHIYHUN CTaH, PeXUM EKCIUTyaTallii, Mii eKinaxy Ta creHapii
PH3HKY.

YerepTHii 6J0K — iHTErpallis pU3UKiB aJbTEPHATUBHUX TaJIUB, KiOe-
PPH3UKIB 1 MCHUXOCOMiaJhbHUX YWHHHKIB Yy €IMHHUA KOHTYp YIIPaBIIiHHS
Oe3nexoro. EHepreTnuHMil nepexin y CyJHOIDIABCTBI CTBOPIOE HOBI MPO-
¢ini HeOe3neKku, MoB’sI3aHi 3 TOKCUYHICTIO, 3aMHUCTICTIO, TTapaMeTpaMu
30epiranHsi, BEHTWIsMIi, BHUSBJICHHS BHUTOKIB 1 pearyBaHHA Ha aBapii.
Amnani3 mxepen [6, 7, 24, 25] nae miacTaBu BBaXKaTH, IO OXOPOHA IIparli
Ha CyJIHaX HOBOT'O TOKOJIHHS MOTpeOy€e MIMPIIOTr0 BUKOPUCTAHHS MiIXO0-
JiB KiJbKicHOro oIiHioBaHHS pusuky (Quantitative Risk Assessment,
QRA), inentudikarnii HeOesnek (Hazard Identification, HAZID), nerainb-
HOTO METOJy aHaii3y BimxuieHb y QyHKuioHyBaHHI cucreM (Hazard and
Operability Analysis, HAZOP), crerianizoBaHoi MiJrOTOBKU €KiMaxy, a
TaKO Meperjsily aBapiiHUX Opoueayp i 3aco0iB Oe3MeKu 3 ypaxyBaHHIM
ceunpiku HOBUX €HEPreTUYHHUX CUCTEM.

[TapanenbpHo 1UQPORBI3allis CYTHOBUX CHCTEM IOPODKYE Kiac Kibep-
(Gi3WYHMX PHU3MKIB, IO Oe3MocepeHhO BIUIMBAIOTh HA OE3IeKy eKillaxy,
CyllHa Ta MOPCBKOTO cepenoBuiia. B [8] BcTtanoBneHo, mo 61 % mopcs-
KKX (haxiBIiB BBAKAIOTh MPUHHATHUM 301IBIICHHS KIOEPPU3HKY, SIKIIO 1€
cnpusie iHHOBAIAM, a 71 % BBa)kalOTh CBOI IMPOMHUCIIOBI aKTHUBH OB
ypazaMBUMHU A0 KiOeparak, HDK paHime. Y Binnosigs Pesomromi-
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ero MSC.428(98) Bumaraerscs, 00 cxBajieHa CHCTEMa yNpaBIliHHS 0e3-
MEKOI0 BPaxOByBaja yMpaBIiHHS KiOeppuU3WKaMH BiAOBITHO A0 (YHKIIi-
OHaJBFHUX BUMOT MiKHApOTHOTO KOAEKCY 3 YIPaBIIHHI OE€3MEYHOI0 eKC-
MTyaTaIi€ero cyaeH i 3anobiranusm 3adbpyaaentio (ISM Code) [9]. VHidi-
KoBaHi BUMoOrn MixHapomHoi acoriarlii kimacuikalifHUX TOBAapHUCTB,
BuknazeHi B [10], BigHOCHO KiOepCTIHKOCTI CyAHA AK IUTICHOI CHCTEMH Ta
0OpTOBHX CHCTEM 1 0ONaJHAHHSA, CIPSMOBaHI Ha 3a0e3MeueHHs 3axuIle-
HOCTi IU(POBOi iHPPACTPYKTYpH CyJHA Ha eTanax MPOEKTYBaHHS, MO0Y-
JIOBH, IHTETpaIlii Ta eKCIUTyaTallii Ta MOIUPIOIOTHCS Ha HOBI CyIHA, 3aK0-
HTpakToBaHi Ay OyaiBHUUTBA 3 1 mumH 2024 poky, a GpiHaIbHE MPaBUIIO
Beperoroi oxoponu CIIA «Cybersecurity in the Marine Transportation
System», 10 BCTAaHOBIIOE MiHIMaIBHI 000B’3KOBI BUMOTH J0 YIIPaBIiH-
Hs KiOeppu3MKaMu B MOPCHKIA TPAHCHOPTHIA CHCTEMi, 30KpeMa II0J0
po3poOIieHHsI KibepIuiaHy, IpU3HAYCHHS BiAMOBIJAIBHOI 0coOH 3 Kibep-
0e3nexu, MPOBeIeHHS OIIHIOBAHHS BPA3JIMBOCTEH, IMiITOTOBKH IEPCOHATY
Ta pearyBaHHS Ha KiOepiHmmaeHTn, HaOyno 4YWHHOCTI 16 JwmHA
2025 poky [15].

Tabnuns 1. CTpykTypHO-(QYHKIIOHATEHA MOJIENb iIHTErPOBAHOT'O IPOAKTHBHOTO
3a0e3neueHHs Oe3IeKH Mpali Ha MOPCHKOMY TPaHCIIOPTi

Komnonent |Interpamiiinumii| OO0’ext | Mexanism ninsuiennst | OuikyBaHuii
Mojei 010K BILIUBY 0e3nexu npaui pe3yJIbTAT
ImepcuBHa VR/AR- IMoeninka |BinTBOpeHHS KPUTHYHMX |3HM)KEHHS HMO-
MATOTOBKA Ta  |TpeHaxkepH, 3D- |exinaxxy B |cIeHapiiB; GOpMyBaHHS  |BIpHOCTI TOMH-
Bi3yaui3artis mogeni, CFD-  |aBapiiiHHX i [TOTOBHOCTI IO aBapiifHUX |JIOK MiJ 4ac
pHU3HUKiB IHTErpOBaHi HEeCTaHJap- |CUTYyalil; MIBUIICHHS  |BHUKOHAHHS Iiil y
creHapii THUX CUTYa- [3/IaTHOCTI PO3Mi3HABATH |pa3i MOXKEXi,
LisX 3MiHU B BUPOOHUYI ! eBaKyarlii Ta
oOcTaHoBII aBapiiHMUX CHUTY-
arin
Mouitopunr  |darumku iHmu- |(Browma, PanHe BUSBIEHHS O3HAK |3HWKEHHS PH-
(YHKIIIOHANTB-  |BiAYyaJIbHOTO pU3MK MMa-  |HeOe3MeYHUX CTaHIB 3HKY 1HIUICH-
HOTO CTaHy HOCIHHS, OlOMe- |JiHHS, TIOIVHY Ta TIEpeaaHHs TiB, OB’ I3aHUX
MoOpsiKa TPHUYHI JaTYHKH, |CTpEC, Ae3- |iHdopMarii KepiBHUKY 13 IEpEeBTOMOIO,
CHCTEMH JIOKa- |Opi€HTalisl, |poOiT abo cucTeMi miAT- |BTPATOIO PiBHO-
mizarii, rdposi |i305s1is PHUMKH pilllcHb Bary Ta KOTHITH-
ONUTYBaNbHI npaiiBHAKa BHHUM IIepEeBaH-
IHCTPYMEHTH Ta’KeHHSIM
Iarenexryans- |LI-amroputmu, (HeGe3neuni |BusiBnenns komOinamiii  Ilepexin Bix
HUI1 aHami3 i KOMIT IOTEPHHAHN |BIIXWJICHHS |CITAa0KMX CUTHAIIB, SIKi PEaKTUBHOTO
MIPOTHOCTHYHE |3ip, aHAaJi3 B TEXHIYHHX |[IEPEAYIOTH aBapii abo pearyBaHHS 10
YIpaBIiHHI aHOMaJlii, pu- |i HOBeMiH- |MOPYIICHHIO OE3IIEYHOTO |IIOTepEKEHHS
3MK-aHANITHKA |KOBHUX IPO- |peXHUMY Mpari HeOe3MeYHNX
ecax nopin
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3akinueHHs Tabaumi 1

THUBHO 3aKpiN-
JICHA MiITPHMKa

Komnonent |Interpamiiinuii| OO0’ext | Mexanism ninBumenns | OuikyBaHuii
Mojesi 0J10K BILIMBY 0e3neKu nmpami pe3yJbTaTt
Iarenexryans- |LI-anroputmu, (HeGe3neuni |BusBnenus komOinamiii  (Ilepexin Bix
HUH aHayi3 i KOMIT'IOTepHUH |BIIXWJICHHS |CIIA0KMX CHTHAIIB, SIKi PEaKTUBHOIO
MIPOTHOCTHYHE  [3ip, aHaII3 B TEXHIYHHX |TIepeayIoTh aBapii abo pearyBaHHA 10
YIPaBITiHHS aQHOMAJIiH, pU- |1 HOBEIiH- |HOPYIIEHHIO OE3IIEYHOTO  |ITONepeKEHHS
3WK-aHAJITHKA |KOBHX IIPO- |peXHMY Ipai Hebe3MmeTHnx
ecax MOJTiH
Hudposuit Texuomnoris CynHoBi [oennanus texuiyHoro  |IligBumeHHs
IBIHUK cyaHa /|1 poBoro MEXaHI3MH, |CTaHy, eKCIUTyaTallifHUX |TOYHOCTI OIi-
CHUCTEMH IBiffHUKA, IHTe- |€HEPreTHYHI |IapaMeTpiB i pPU3SUKOBUX |HIOBAHHS PU3U-
rparis TaHux YCTaHOBKH, |CICHAPIiB B €UHINA MOJIe- |KiB, €()CKTHBHO-
CEHCOPHOTO poboui i CTi MOHITOPUHTY
MOHITOPHHTY,  [30HH, CIie- TEXHIYHOTO
CIICHapHE MoJie- [Hapii BiIMOB CTaHy Ta 00Ipy-
JIFOBaHHS HTOBAHOCTI
YIPaBIiHCHKUAX
pieHs
YrpasniHHs QRA, HAZID, |Awmiak, InenTudikaris cnenudiv- |3HWKECHHS pH-
pusukamu, mo [HAZOP, kepiB- |BojeHb, HUX HEOE3MeK TOKCUYHOC- [3UKY aBapiid i
OB’ s13aHi 3 HHLTBA 3 Oe3re- |iHIi mepc-  |Ti, 3aMHCTOCTI, BUTOKIB, |podeciifHmx
BUKOPHUCTAHHSM |KH, CIICIIaNi30- |MEKTUBHI BEHTHJIALIT Ta eBaKyallii |ypaXeHb B yMO-
aIbTEPHATHB-  |BaHa MiJArOTOBKA [ANBA Bax Mepexoay 10
HUX TIJIUB HOBHX BHIiB
CYIIHOBOTO
naJnuBa
Kib6epcriiikicts |Cucrema Hagiramiiiui, | [HTerpamis kibeppu3nky B |3MeHIICHHS
AK €JIEMEHT YIpaBIiHHS aBTOMATH- |3arajibHe yNpaBIiHHS HMOBIipHOCTI
Oe3rnexu mpari  |6e3neKoro 3 30BaHi, 0e3MeKor0 Cy/iHa; 3aXUCT  |Kibepdi3naHmX
IHTErpOBaHMM  |€HEepreTHYHi |Bij 3001B, [0 MOXKYTh IHIIU/ICHTIB, SIKi
ynpaBimiHHAM  [Ta iHQOp-  |MaTH (i3WYHI HACHIOKK  |3aTPOXKYIOTH
Kibeppu3uKamMu; |MariiHi eKinaxy i cyany
yHipikoBaHi CHCTEMH
BHMOTH IIOJI0  |CyIHA
KibepcTilikocTi;
iaH Kibepoes-
KU
[cuxocomiame- |[Iporpamu [cuxiune  ([linTpumanns QyHkmio-  |[ligBummeHHS
Ha CTiliKicTh MiATPUMKH 3/I0pOB’S,  |HANBHOI MpaIe3JaTHOCTI |CTaOUIBHOCTI
eKinaxy o0po0yTy, KOMaH/HA |Ta 3HWKEHHS XPOHIYHOTO |ITFOICBKOTO
BIIIIOYHHOK, B3a€MO/is, |[ICHXOEMOL[IHOTO BHU- eleMeHTa K
coLliaJIbHA B3a€- |CTIMKICTH J0 |CHAXKEHHS KJIFOYOBOI JIAHKHU
MOJlisl, HOpMa-  [CTpecy Oe3nexu

Iicepeno. po3pobiieHO aBTOpaMu Ha OCHOBI [1-25]
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e mae mincTaBu po3riamaTH KiOEpCTIHKICTh BKE HE SK aBTOHOMHY
IT-dbysKmito, a K HeBiA €MHHI KOMIIOHEHT 3arajilbHOi Oe3meKH, 30KpeMa
Oe3mneku mparli, Ha Cy4acHOMY CY/IHi.

Y3aranpHeHHS 3a3Ha4eHUX (DYHKIIOHATHHUX OJOKIB y OiibIn merai-
30BaHOMY BHTJISI/II HaBeJeHO B TaOwi 1.

3 ypaxyBaHHSIM BHKJIAJCHOTO I1HTETPOBAaHY NPOAKTUBHY CHUCTEMY
OXOPOHM TIpalli Ha Cy4acHOMY CY/HI JOLIIbHO OyayBaTH SIK OaraTtopiBHe-
BY CTPYKTYpY, V AKiii ceHcopH 1 3aco0m KepyBaHHS Ta BimoOpaskeHHS iH-
¢dopmanii 3abe3nedyroTh 30ip MEPBUHHHUX JOaHWX, HUGPOBUU ABIMHUK
iHTerpye TexHiuHi, BUpPOOHMYI Ta MOBeAiHKOBI mapamerpu, LII-
ANTOPUTMHY BUSBIISIFOTH BiAXWIJICHHS 1 MPUXOBaHI 03HaKU pu3uKy, VR/AR-
TEXHOJIOTi] BUKOPUCTOBYETBHCS IUISl MIATOTOBKM EKIMaXy 10 KPHUTHYHHX
CIICHApIiB, NICUXOCOIiaJIbHA MIATPUMKA 3a0€3Ieuy€e CTIHKICTh JIFOJICHKOTO
(hakTopy, a cucreMa ynpapIiHHS O€3MEKOI0 CyTHA 3aKPITLIIOE I PillleHHS
y ¢opmi mporenyp, TpeHyBaHb, poiel i BiamosigamsHOCTi. Came B Takii
CHUCTEMI OXOpOHa IIpalli MepecTae OyTH Peakilierd Ha IHIUACHT, IO BXKE
CTaBcs, 1 Ha0yBae O03HAK KEPOBAHOI aJlaliTUBHOCTI, IO BiJAIMOBIIa€ MPHUH-
numy Safety-11, BinmoBigHO 10 AKOi Oe3mMeKka po3TISIAEThCA K 3aTHICTh
CHCTEMH MiATPUMYBATH MPUWHATHUHN piBeHb (QYHKIIOHYBaHHS B YMOBax
3MiH, BIIXHJICHB 1 eKCIUTyaTalliiHuX HaBaHTaXeHb. [6-25].

BucHOBKH i mepcneKTHBM NOJAJBIIUX A0CTiMxkeHb. [IpoBenenuii
aHaNi3 Jla€ MiJICTaBU CTBEPDKYBATH, IO TPaIuliliHa peaKTHBHA MOJENb
Oe3neku mpaiji Ha MOPCbKOMY TPaHCIIOPTi BJKE HE TIOBHOKO MipOO BiJIIO-
BiJIa€ YMOBaM Cy4YacHOi Oe3MeuHO0l eKCIuTyarallii CyJeH. 3pOCTaHHs Kijlb-
KOCTI MOPCHKMX IHIIMJICHTIB, YCKIJIQ[HEHHS TEXHIYHUX CHUCTEM, ITOLIHPEH-
Hs BUKOPUCTAHHS aJIbTePHATHBHMX MaJMB, [U(POBI3aIlis CyIHOBOIO Ce-
peNOBHUIIA Ta TOCUICHHS POJIi JIFOJCHKOr0 (haKTopy 3yMOBJIIOIOTH HEOO-
X1IHICTh TIepeXoay 0 iHTerpoOBaHOi MPOAKTUBHOI MOJIeNi OE3MeKH Impaiii,
y MeKax sIKOi Oe31eKa po3riIsIaeThes K AMHAMIYHA BIACTHBICTh CHCTEMH
B3a€EMOJIII eKiMmaXxKy, TEXHIYHHUX 3aCO0IB 1 BHUPOOHHYUOrO CEPEIOBHINA
[1,5,6, 11-14].

Ha ocHoBi ananmizy mxepen oOIpyHTOBaHO, IO A0 KIIOUOBHUX €JIEMEH-
TiB TaKOi CUCTEMHM JIOLJIbHO BiJIHECTH IMEPCHUBHY IMIJMOTOBKY Ha OCHOBI
VR/AR 1 criieHapHOTO MOJIENIOBaHHS, Oe3nepepBHUIT MOHITOPHHT (YHK-
LiOHANBHOTO CTaHy eKinaxy, UMppPOBi JBITHUKH Ta aHANITUKY Ha OCHOBI
INTY4YHOTO iHTENEKTY. IX iHTerparlisi yMOXIIHBIIOE TIEpeXijl Bil pearyBaH-
HSl Ha HACNIJKU JIO 3aBYACHOTO BUSBIICHHS IMMOTEHIIIMHO HEOE3MEYHHX
CTaHiB, MPOrHO3YBAaHHs PU3MKOBUX KOMOIHALIH BiOXWIIEHB 1 MiIBUILIECHHS
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QIaNTUBHOI CTIMKOCTI CHCTEMH «EKillaXX — TEXHiuHI 3aco0M — 1udposa
iHdpacTpykTypa — 30BHIIIHE cepenoBuie» [5, 16-22].

YcTaHOBJIEHO, 10 CHEPTETHYHNN Mepexif i U poBi3allis MOPCHKOTO
¢G0Ty BUMararoTh MEPEOCMUCIECHHS caMoi CTPYKTypHu mpodeciiiHoro
pusuky. 3 omHOro OOKy, HOBI manmuBa (HOpMYyIOTH crernudidni mpodimi
HeOe3IeKH, SKi Ie He MMOBHOIO MipOI0 BHBUCHI W HE OXOIUICHI YMHHUMH
CTaHAAapTaMu; 3 iHIIOTO0 OOKY, MOCHJIIOETHCS 3HA4YEeHHS Kibep3arpos, 1o
Jesialli TICHILE MOB’A3YIOThCA 3 (PI3HUHOI0 OE3MeKoI0 eKimaxy Ta QyHK-
[IOHYBaHHSIM KPUTHYHHUX CyTHOBHX cucteM. CaMe TOMy iHTErpariio pu-
3MKIB aJbTEepPHATHBHUX MaJIUB 1 KiOEPPU3UKIB y €IWHUA KOHTYp YIpaB-
JiHHA 0€3MeKOI0 ITOUIIbHO PO3TIAAATH SK OJHH i3 MPIOPUTETHUX HAIPSI-
MiB PO3BUTKY Cy4acHOI cucTeMu Oe3neKu mpaili Ha Mopi [6-10, 15, 24].

OkpemMO BCTaHOBIEHO, M0 MCUXOQi3i0NOTIYHUI CTaH 1 MCUXOCOoIia-
JBHY CTIHKICTh eKiMaKy AOIIIBHO PO3TISIIATH SK CAMOCTIHHHMN KOMIIO-
HEHT Cy4JacHOi CHCTEMH OXOpPOHH Mpalli, OCKIJIbKH PiBEHb BTOMH, CTPECY,
COMIaJbHOI 130MAIIT Ta TICHXOJOTIYHOTO BHUCHAXKEHHS Oe3M0CepeTHbO
BILUTUBAE Ha Oe3neky npodeciitHoi aisubHOCTI Ha 6opTy [11-14, 23].

[lepcriekTHBH TOMANBIIUX JAOCTIKSHD JOLIIBHO OB’ A3aTH 3 PO3PO-
OJIEeHHSM IHTETPOBAHHUX CUCTEM ITIITPUMKH MPUHHATTS PillleHb, SKi TOE-
HYBaTUMYTh JlaHi MPO TEXHIYHWH CTaH CyAHA, (QYHKIIOHAILHUHA CTaH
MOPSIKiB, pU3UKH HOBHUX MaJHB, TICHXOCOLIAIbHI MMOKa3HUKK Ta Kibep3ar-
pO3U B MeXax €IWHOI NMPOTHOCTHYHOI CHCTEMH 3a0e3NeueHHs Oe3MeKu.
OxpemMHM HampssMOM Ma€ CTaTH HOPMAaTUBHE i METOIMYHE 3a0e3IeYeHHs
CHeIiaTi30BaHOl MiJITOTOBKH MOPSKIB /10 poOOTH Ha CyJHAX, IO BUKOPU-
CTOBYIOTb aJIbTEpPHATUBHI nasmBa [6, 7, 24].
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KPUTEPIA PEXXUMIB POBOTH IMIJIIUITHUKIB KOB3AHHSI
CYJHOBOI'O ITPOIIYJBbCUBHOI'O KOMILJIEKCY I3
YPAXYBAHHSAM HEHBIOTOHIBCHKOI IIOBEJITHKA MACTHI

IMocTaHoBka mpo6JieMH B 3arajibHOMY BHUIJIsiAi. MOHITOPHUHT po-
6oty migmunaukKiB koB3aHHS (I1K) € ogHUM 13 OCHOBHUX YMHHUKIB YHUK-
HeHHs 0Oe3aBapiiHOI POOOTH CYJHOBOTO IMPOIMYIBCHBHOTO KOMIDIEKCY
B3arani, i [IK 30xpema. Monitopunr po6otu 1K 6a3yerbcs Ha pisHOrO
pOmy MOKa3HHMKAX, 30KpeMa, B’S3KICTHUX XapaKTePUCTHKAX MACTHIBHHX
MatepianiB. s OGe3aBapiitHoi pobotu 1K BkasaHi mMoka3HWKHA TOBHHHI
3aJJ0BOJILHSATH MIEBHUM YMOBaM — KPHUTEPisM, siKi O 3abe3neuyBanu piauH-
HUHM pexuM iX poOOTH, TOOTO HAsBHICTP MACTHWJIBHOTO IApy MiX BKJIa-
muireM i mandoro. ToMmy po3poOka BKazaHUX KPUTEDIiB, sIKi O BpaxoByBa-
7 pi3Hi mokasHuku pobotu 1K, i 30kpema B’S3KiCTHHX XapaKTEPUCTUK
MAaCTHJI, € HE TIIBKH CKIIQJIHOI0 TEOPETHYHOIO, aJIe 1 BaYKJIMBOK MPAKTHY-
HOIO TPOOIIEMOIO.

AHaJi3 ocTaHHIX gociaifkeHb i myOaikauniii. CyqHOBHN TpOMyIb-
CUBHHUI KOMIUIEKC, SIKWH BKJtOuae eHepreTuudi ycranoBku (CEVY) i mo-
MMOMIDKHE CYJHOBE OOJIQJIHAHHS € CKJIAJHUM 1H)XCHEPHUM KOMILIEKCOM 1
CKJIQJIA€ThCs 13 BEJIHMKOI KiJIbKOCTI Pi3HUX BY3IiB 1 MEXaHI3MiB (IIMBHUCH,
30kpema [1-5]). JIoBroBiuHicTh pOOOTH CYJHOBOTO MPOITYJICHBHOTO KOM-
TUIEKCY 3aJIeXKHUTh BiJl IOBFOBIYHOCTI POOOTH KOXKHOTO OKPEMOTO BY3Ia,
PO3paxyHOK HAIIMHOCTI KOXXKHOTO 13 SIKMX TPOBOJHTHCS, SK HPABHIIO,
okpemMo. OHUM 13 TaKUX BAXKJIUBHUX BY3JIB € MiAMIMITHUKN KOB3aHHS, SKi
npucyTHi sik B rosoBHii CEY, Tak i qonoMixkHOMy 00JiaiHaHHI. 30Kpema,
1€ pPaMoBi 1 IMIATYHHI IIMWKKA KOJIHYAaCTHX BaJIiB, ONMOPHI MHiIIMIMITHUKH
BAJIONIPOBOMIB I'peOHMX TIBHHTIB [4], omopHi migmmmHuKKM crepHa [5].
JlocnipkeHHST B IIbOMY HaMpsSMKY IPOBOJMINCH OaraTbMa aBTOPaMH,
30KkpeMa, (QyHJIaMeHTalbHa Teopis MiAMMUITHUKIB KOB3aHHS, sIKa BUKJIaJie-
Ha B poOoTi [6], oTpumana nmomanbmmii po3BUTOK B podorax [7-11]. B
pobori [12] ekcmepuMMEeHTAABHO JOCIIIKEHO HAMIHOCTI OIMOPHUX
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MiAMUITHAKIB TPeOHUX TBHHTIB NPH Pi3HUX crocobax MamieHHs. B po6oTi
[13], 32 mOTIOMOTOI0 YMCENBHHUX PO3B’SI3KIB PiBHIHHS PeiiHonbaca, BUB-
JaJINCh TPHUOOJIOTIUHI XapaKTEPUCTHKHA OMOPHUX IiAMIUITHUKIB TPeOHUX
TBHUHTIB 13 ypaxyBaHHSM JedopmMalii BUTHHY KOPMOBOTO BajJy Ta KaBiTa-
mii. B poborax [14-16] 3a 1OTOMOTr0r0 aHAITHIHNX PO3B’SI3KiB PIBHIHHS
Petinonpca, mocmimkeHi pi3Hi aclieKTH JOBTOBIYHOCTI €KCIUTyaTallii cy -
HOBHUX OINOPHHUX MiJIIUIHUKIB KOB3aHHSA, B poOori [17] oTpumani
AHAJITHYHI 3aEKHOCTI JJIsI KYTiB MOYATKy 1 KiHIS poOodYoi 30HH BiA
BIJITHOCHOTO €KCLIEHTPUCHUTETA €, 1 BIJHOCHOIO PajialbHOIO 3a30py O, B

napi KoB3aHHs. BUBUEHHIO eKCIDTyaTaIllifHIX XapaKTepuCTHK, K To KK]I,
CY/ZIHOBUX TBHHTIB 1 CTEpH MpHCBsueHi podotu [4, 5]. B poborti [18] Broc-
KOHAJICHO Kputepiii 3omepdennaa st BA3HAYCHHS PEXKUMIB pOOOTH CY/I-
HOBUX ITIIIUITHAKIB KOB3aHHA. B po0ori [19] nana xinacudikaris cyHo-
BHUX MacTHJI 1 HaBEJCHHI iX xapaktepuctuku. Jocmimkenns [11, 20, 21]
MOKa3yIoTh, 10 B 3B 53Ky i3 €KCTPEMAIIbHUMH pEXUMaMu pOOOTH TMO-
BeJ[iHKa MacTWi B PoOOUiil 30HI MiIMUITHUKIB KOB3aHHS CYTHOBOTO KOM-
IJIEKCY, HOCUTh HEHBIOTOHIBCHKUX [6, 20] XapakTep, He BpaxyBaHHS KO-
T'O IPU3BOJUTH JIO CYTTEBUX MOXUOOK MPU MPOEKTYBaHHI 1 MPOrHO3yBaHHI
Oe3aBapiitHoi poOoTH. /|0 HEHPIOTOHIBCHKOI IMOBEIIHKH MACTHII TPHU3BO-
ISITh TaKOX 3a0pyTHEHHS MacCTHJI B XOJi eKCIUTyartarlii i goMimku [23,
24], sKi BUKOPUCTOBYIOTh JIsl MOJIMIIEHHS B S3KICTHUX XapaKTEPUCTUK
MacTHJI. AHaJIi3 ICHYIOUMX JDKEpe MoKa3as, 10 MPAaKTUYHO BIACYTHI J0-
CJIIJUKeHHS, SKi O BpaxoBajy HEHBIOTOHIBCHKY TOBEIIHKY MAaCTHII TpHU
BUBYEHHI PEXXMMiB POOOTH CYJTHOBUX MIIIUITHUKIB KOB3aHHs. [0 poOiT B
[bOMY HAIPSIMKY CJIiJl BigHecTH pobdotH [2, 3], e oTprMaHi MaTeMaTnuyHi
Moeni s KoedillieHTiB HAaBaHTAXXEHOCTI 1 JUIA TIAPOIWHAMIYHOTO TepTS
JUII HEHBIOTOHIBCHKMX MacTwil. IloxiOHI 3amadi i HBIOTOHIBCHKUX Ma-
CTHJ PO3TIIsHYTI B pobotax [6, 24-39]. IIporiecu MaIlieHHs B CyTHOBHX
CHEPreTHYHHMX YCTAHOBKax MpucBsueHi pobotu [40-42]. Ase muTaHHs
KpUTepiiB poOOTH CYIHOBUX ITiIIIMITHUKIB KOB3aHHSA, 5IKi O BpaXxOByBalld
HEHBIOTOHIBCHKY TIOBEIIHKY MACTHJI 3aJMINAE€THCS BUBUEHHM HE JOCTAT-
HBO.

IMocTraHoBKa 3aBaaHHsA. 3aBIaHHAM JIAHOTO JOCITIHKEHHS € PO3po0-
Ka HOBOTO KpUTEPII0 I BU3HAYEHHsS PEXUMIB POOOTH MiJIIMITHUKIB
KOB3aHHSI CY/JIHOBOTO MPOITYJILCHBHOTO KOMILICKCY, SIKi O BpaxoByBajH
HEHBIOTOHIBCHKY MOBEIIHKY MacTHUIL.

Bukax 0CHOBHOTO MaTepiary J0CTiIKeHHS.

1. Mamemamuuna nocmanogxa 3a0aui.
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Po3risiHemMo 3aaduy 1O BU3HAYCHHIO PO3MOALTY MHTOMOIO THCKY
p(e), o (¢,¢,), B MaCTHIBHOMY ILIapi IiJUIMITHMKA KOB3aHHA. Ma-
CTWJIBHHMH IIap YTBOPIOETHCS MiX BKJIaguineM pazaiyca R, i Banom (uam-
doro) panmiyca R, sxuii 06epraeTbes i3 cTanow meuakicTio o, [« ]. Kyrn
@, ¢,— TMOYaTOK 1 KiHelb PoOOuUOi 30HM MACTUJIBHOTO IIapy ([UB.

puc. 1). ByaemMo BBakaTH, II0 MAacCTWJIAa HEHBIOTOHIBCHKI, TOOTO iX M-
HaMi9Ha B’ A3KICTh 3aJ€KUTHh BiJl THCKY 1 BH3HAYAETHCS 32 JOMOMOTOIO
¢dopmynu bapyca [15, 18]:

&p(e
n=pee®?, (1)
Ie &[na’l — m’€30K0€(]IliEHT B’A3KOCTI MacTHII, Ho[ } IUHAMIYHA

B’SI3KICTh Ipu aTMoc(epHOMY THCKy. BkaszaHi mapamerpu 3ajiexarth Bij
TEMITEpaTypy 1 BU3HAYAKOTHCS ekcrepuMeHnTtanbHo [19 - 21]. Xapakrtep
MOBEMIHKHM B’S3KOCTI MacTHJI MPH 3MiHI THCKY B MiAIIMITHUKY KOB3aHHS
BU3HAYAE TPaji€eHTa B’SI3KOCTI:

‘;“ (D) =&y, - @)
p

Puc. 1. Mopaenp nmapu koB3aHHs [2, 3]

BBememo HOBY 0Oe3posmipHy ¢yHkiito (@) , sika TmoB’s3aHa i3

PO3IIYKYBAaHUM ITUTOMUM THCKOM P(@) Tak:

q(p) =", p(g)=-¢"Inq(p). 3)
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CkoprcTaBIINCh AU(EPEHIiaTbHUM pIBHIHHAM PelHomsaca [6-9],
BimHOCHO (yHKIT (@) HE BaXKKO OTPUMATH HACTYIHY KPaloBY 3ajady

[2-3].

dd(p[h ji} deh,cpl«p«pz, (4)
h(9)=8"N(¢)=1+g,C050; (5)
q(e)=a(p,)=1; q'(p,)=0; (6)

ne h((p)—TOBHII/IHa MacTHJIBHOTO IIApy; €, = % — BITHOCHUIl €KCLEeH-

TPUCHUTET; € — EKCLIGHTPUCHUTET IIEHTPiB Ti nmap koB3aHHs; 8= (R, —R)) —
pamianmsHUIt 3a30p (qUB. puc. 1).

B nudepenuiansHoMy piBHSHHI (4) 0e3po3MipHHi KOe]ilieHT BIUIH-
By [}, BUp&Xa€ThCs Yepe3 napameTpy MiJIMIHIKA KOB3AHHS 1 XapaKre-

PUCTUKH MACTUJI

nG, N

no"'o
= Dowho 7
=5 ()

ne G, =Ep, [c] - 3nauenns rpanienty B’s3xocti (2) npu armochepromy

["6%}3]— 4acToTOI 00epTaHHs Hanpu; o, = %1 _

BiJIHOCHUU pajiaJIbHUH 3230 MiAMIUITHUKA KOB3aHHS.
2. Buznauenna numomozo mucky 6 MacmuibHoMy wapi
[Ticns inTerpyBanHs piBHSHHS (4), OTpUMAEMO
dg h+C

%Z_Bp Re (8)

BpaxoByroun mepmii aBi ymoBu i3 (6) i Teopemy Poms, moxkemo
CTBEp/UKYyBaTH, IMO Ha iHTepBayi (¢;,¢,) IiCHye Touka ¢, , B SKiii

300,

THCKY; Ny =

q'(py) =0. OcranHs piBHICTB, MiCJIs MICTAHOBKH @, B piBHAHHA (8) nae
MOJIMBICTh HeBimomy ctany C moxaru Tak: C :—ﬁo =-1-g,cos(p,), a
nudepeHLiabHe PiBHSIHHS IepenrcaT y BUTIISIII
h(e) - ho
dq = _B p

9
hi(e) ©)
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Tounwmii po3B’s130K qudepeHiianbHoro piBHIHHSA (9), SKHiA 3a]J0BOJb-
HsI€ IpYTiil KpaloBiit yMoBi (6), 3aMTUIIEMO Y BUTJIISII:
P2
a(9) =1-P e |
¢
PiBHAHHA 1714 BU3HAUCHHS KyTa (0, OTPUMAEMO BHKOPHCTABIIH IIep-
Iy TPaHUYHY YMOBY i3 (6):
)
) COSy — COS
a(e)=1; = [ ———2dy =0, (11)
o (1+&5cosy)
MHami, ckopuctaBoImch Apyror ¢hopmMymoro i3 (4), 3HalAeMO PO3IMOALT
MUTOMOTO TiIPOAMHAMIYHOTO THUCKY P(() B pobodYoMy Imapi mapu Ko-

COS (@ — COS Y

(L+gycosy)® (10)

B3aHHS [T HEHBIOTOHIBCHKOTO MACTHIIA
-1 % cosp, —Ccosy
- 0
p(9)=—In| 1-Be, [ 2
& o (1+¢g,cosy)
IMonanns (12) TUTOMOTO TiAPOJUHAMIYHOTO THUCKY B MAacTUIILHOMY
mapi Il HEHBIOTOHIBCHKMX MACTHJI KPIM BiJIHOCHOTO €KCIIEHTPHUCHUTETY
€y TAKOXK MIiCTUTh KoediuieHT BrumBy P, skuil srimHo dpopmyri (7) 3a-

(12)

JNEKHUTh BiJ TapaMeTpiB MiAMIUIHIKA KOB3aHHSA 1 XapaKTEPUCTUKH Ma-
cTui, i, 30KpemMa, Bin I’e€30koedimieHTy B’s3kocti Mactui & . Came
OCTaHHI/ BU3HAYA€ HEHHIOTOHIBCHKHI XapaKTep MOBEIIHKH MACTHII, MPH
& — 0 macTuna cTaloTh HBIOTOHIBCHKMMH. SKio B dopmyii (12) BuKo-
Hati rpanuunmi mepexix: §—0 (B, >0), ckopucrasumcy npasunom

JlomiTasis, TO OTPUMAEMO PO3IMOIiJ IIMTOMOTO TiIPOJMHAMIYHO TUCKY LIS
HBIOTOHIBCHKHX MacTui P, () .
0

TN,  'f COS@, —CoSy
€ dy . 13
555 OJ(; (1+¢,cosy)® (13)

3. Kpwurepiit piiuHHOTO TEPTS sl HEHBIOTOHIBCHKHX MACTHII
3rigno ¢opmyni (12) nuroMuii THCK B MacTWIbHOMY miapi Oyne
HEB1I’€MHUM 1 0OMEXXEHHM JIIIE TP BUKOHAHHI YMOBH

0<0,(05) <=, (14
Po
s _ 1 _'fcosg, —cosy

0o (@,80) = Bp(1+q(<p)) j T

P, (p) = m p(e) =
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BpaxoByroun, mo ¢yHkuis q(¢) B TOLI (@ AOCATAE MIHIMyMY, a B
TOYKaxX ¢, ®, MAKCUMYMY, IPHUOMY (] ((pl) =q ((p2 ) =1, To QpyHKIIsA
0o (¢, €y) B TOUKAX @, ¢, Oyne IocATaTH MiHIMyMY, IPHIOMY
o ((pl, b ) =0, ((p2 , 80) =0, aBToumi @, Oyae KoCATATH MAKCUMYMY:
o (&g) = Go (g, &) = MT(J?S)((DZ 0o (¢, €,) . HaBeneHni MipkyBaHHS 103BOJIS-

I0Th 3p06I/ITI/I BHUCHOBOK: YMOBOIO 3aCTOCOBHOCTI MaCTHII JJIA 3aJaHUX
pe)KI/IMiB pO6OTI/I Iapu KOB3aHHS € BUKOHAHH KpI/ITCpiIO:

Bp <Ky (15)
1 2 cosp, — CoSy
Ky=——: Q&) =8y | ————dv. (16)
Yy (e) o O(;[ (:|-+80003‘I/)3

B ymogi (15) gwucino Ku MOJXKHA BB@)XAaTH KPUTEPIEM OOMEKEHOCTI
MMATOMOTO THUCKY B POOOYiil 30HI MiAMIMIHUKA KOB3aHHS, TOOTO mepedy-
BaHHSA MOr0 B CTaHi PIMUHHOTO pexumy TepTs. Y dopmymu (16) s
BU3HAYEHHS KpuTepito K, BXOMATH XapakTepHi KyTH Napu KOB3aHHS:

KiHeIb po60od0i 30HU ¢, i KyT MakCHMMAaJIbHOIO THCKY @, . B po6oti [17]
JIOBEJICHO, [0 BKa3aHi XapaKTEePHi KyTU 3aJICKUTh TUILKH BiJl BITHOCHOTO
eKCLIEHTPUCHUTETY €, 1 OTpUMaHi GopMynu JuIs IX BUSHAUCHHS

0, = 180 (2 83-arccos(e,) +1.655,c, -arcsin(z,) + 0.165fg, ) (17)
@y = 180 (1 096-arccos(e,) +1.137, /g, -arcsin(g,) +1.293 /g, )) (18)
T

Omxe xputepii K, € QyHKIi€I0 BiIHOCHOrO EKCIEHTPUCHUTETY, B

Tabmuui 1 Bunmcani #Horo 3HaueHHs Ul PI3HUX 3Ha4YeHb €,. Lle mae
MOJKJIMBICTb, 32 JONOMOTOI0 YMOBH (15), BUKOHYBaTH MOHITOPHHT PEXU-
My PIIMHHOTO TEPTS B MiJAIMIUITHAKY KOB3aHHS MPH 3aJIaHUX TEXHIYHUX
napamerpax MiJIIMIHUKA 1 3aJaHii BHAKOCTI oOepraHHA wandu, 3
ypaxyBaHHSAM B’S3KICTHHX XapakTepuCTHK macTwi. CIif 3ayBakKWTH, IO
OCKiIbKM JUIsl HbloTOHIBChKMX MacTun f3, =0, Tomy 6e3 ypaxyBanHs B

MaTeMaTU4YHId MoAenl IIIMWINHAKA KOB3aHHS HEHBIOTOHIBCHKOI IIO-
BEJIHKM MacTW, Kputepii (15) oTpuMaTi He MOXKIIHBO.
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Tabnmus 1. 3navenns kputepio K,
€0 Ku €0 Ku €0 Ku €0 KH
0,01 | 85,1064 | 0,275 | 3,6912 | 0,525 | 1,5630 | 0,775 | 0,5184
0,05 | 17,3256 | 0,300 | 3,4008 0,55 1,4322 | 0,800 | 0,4386
0,075 | 11,6730 | 0,325 | 3,0942 | 0,575 | 1,3104 | 0,825 | 0,3630
0,100 | 8,8836 0,350 | 2,8254 | 0,600 | 1,1946 | 0,850 | 0,2910
0,125 | 7,3014 0,375 | 2,5890 | 0,625 | 1,0842 | 0,875 | 0,2244
0,150 | 6,2592 0,400 | 2,3760 0,65 0,9786 | 0,900 | 0,1620
0,175 | 5,4942 0,425 | 2,1810 | 0,675 | 0,8784 | 0,925 | 0,1074
0,200 | 4,9158 0,450 | 2,0034 | 0,700 | 0,7818 | 0,950 | 0,0594
0,225 | 4,4286 0,475 | 1,8480 | 0,725 | 0,6900 | 0,975 | 0,0216
0,250 | 4,0284 0,500 | 1,7028 | 0,750 | 0,6018 | 0,990 | 0,0055

Ananiz nanux tabmuui 1 mokasye, wo 3Havenns K, cnagarots mo

EeKCTIOHEHTi i3 pocTom €, , a INK, cnamae npubmmsno sx ctg (gy) .

CKOpHCTaBIIUCHh BKa3aHUMH 3aKOHOMIPHOCTSIMH 1 METOJaMH PErpeciiHo-
ro anamisy [4, 5, 17, 18], orpuMaeMo HACTYIHY aHATITHYHY 3aJICKHICTh:

K, = exp{o.4542ctg(3.1588\/§ ~0.0902) - 2.762L[e, + 2.746} . (19)

Hnst Bepudikarnii orpumanoi matematndHoi mozeni (19), oouuncieni
3Ha4YeHHs KpuTepis 3a hopmynoro Gopmynu (19), Ha pucyHky 1, e cuHs
CyLIJIbHA JIiHIsA, 1 3@ IOMOMOTO0 CIUIAiH anpoKCHMAIlii TAOJUYHUX JTaHUX,
[Ie TOYKOBA JIiHisS YOPHOTO KOJBOpY. Pe3ynbraté OOYMCICHB MOKa3alH
NPaKTUYHO MMOBHE CIHIBIAAiHHA OTpHMaHuX 3HaueHb (98.97% - 99.75%),
10 MIiATBEPKY€E BUCOKY afleKBATHICTh MaTeMaTHyHOi Mojeni (19).
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T

02 03 04 05 06 07 08 =
Puc.1. Bepudikanis maremarnynoi mogeni (19) ms K,

4. Banioauin kpumepiro piounnozo mepms 0151 HEHbIOMOHIECLKUX
macmui K.

st Bamimarniii OTpIMaHOTO KPUTEPII0 JOCTIKEHO Ha yCTAICHHUX pe-
XKHUMax poOOTy OCHOBHUX TUMIB cyaHoBuX nBuryHiB D1 — D10, naBexe-
HUX B TaOnwmili 2, TaM XK€ HaBeJeHi JesKi MPOEKTHO-PO3PAXyHKOBI Mapa-
METPH PaMOBHX 1 MATYHHUX miamumHrKiB KoB3aHHS (1K) mux neuryHis,
30KpeMa:

® [IUTOME CePEHE HAaBAHTAKEHHS PAMOBHX I AIUITHUKIB Pry, Ml]a;

" IUTOME CepeJHE HaBAaHTAKCHHS IATYHHUX MiIINIHUKIB Pgt, MI1a;

" MaKCHMaJIbHO MOXJIMBA 4YaCcTOTa 00EPTAHHS Nmax, 00/XB;

® [ITAaTHI 4acTOTa 00epTaHHs Ny, 00/XB;

® BiJIHOCHHUH pajiaJibHUH 3a30p PAMOBHUX MIAMIUITHUKIB Oyqp;

® BiJTHOCHUH pajiallbHUH 3a30p PaMOBUX MIAMIUITHUKIB Osto-.

B Tabnuii 3 HaBeaeHI peKOMEH0BaHI MacThiIa Juisl apuryHis D1 —
D10, a takoxx 3Ha4YeHHS 1X AMHAMIYHOI B’SI3KOCTI Lo 1 T’ €30K0e(illieHTY
B’SI3KOCTI &, MPU OCHOBHHUX TeMIIepaTypax B poOOYOMY LMK MaIleHHS:
60°C, 80°C, 90°C.

Janni HaBeneHH] B Tabnuusx 2 1 3 Jar0Th MOXKIIMBICTD pO3paxyBaTu
3Ha4YEHHs BIIHOCHOTO EKCLEHTPHCHUTETY &y, kpurepito K, i xoedimieHTy
BIUIUBY [3p. Lli 3Ha4UeHHs Ul paMOBMX 1 MIATYHHHX IMiANIMIHUKIB KOB3aH-
Hs s apuryHiB D1 — D10 naBeneHi BiAmoBigHO B Tabnuiax 4 1 5.
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Tabmuus 2. Po6oui napamerpu pamoBux i matyHaux 1K

D JlBuryn l\zﬁla I\/F[)?[,a :6'“/2]3 No, 00/XB 8ra0-10° | 840-10°
1 95#25510 8..12 [10..14 | 102 | 90...100 oéggé.. 1fgé“
2 YEL'JI'I,ZO?GZS 8..12 [10..14 | 102 | 90..100 Off%“ 1f§i”
3 Mgglo?\fl‘zw 6..10 |8..12 | 127 120 Oi?gjé" 1;(?6'
4 12\/'\‘{'5‘('5\(')@ 5.8 |7..10 | 514 | 500 O'ffé'" 1&54"
5 | Wartsili 46F |7..10 |9..13 | 600 |540... 600 1i(,)§2?é" 15?181"
6 “galft;;a 4.7 6.9 | 750 | 720 112575 15?629"
7 8I'i"2'§/'\'38 4.6 |5.8 | 80 |720..750 1;‘5215 2;175'5“
g | (e 5.7 |6.9 |1000 |720..900 fg‘é" zé%'
9 | oviono | 6-9 |8.12 | 1900 | 1800 1;?6" 2
10 | gtV 6.9 |8.12 1900 | 1800 1;;)6" 25%'

Tabnuus 3. Mactuia ta X [TuHaMIuHI B SI3KOCTI 1 I1’€30K0e(ili€HT B’ I3KOCTI PU
pizHUX Temrieparypax ais neuryHis D1 — D10

D Macrtuio 1p-10°%, Tla-c £-10° IMa ™
60° 80° 90° 60° 80° 90°
1 Total Atlanta Marine
D3005 42,08 |26,93 |21,54 3,3 3 2,8
2 BP Vanellus Multi 48,51 31,04 | 24,83 29 2,6 2,4
3 Mobilgard™ 300 41,56 | 26,6 21,28 29 2,6 2,4
4 Shell Argina T 44,62 |28,56 |22,85 3,4 3,1 2,9
5 | Chevron Delo 400 MGX | 46,98 | 30,07 | 24,05 3,9 3,6 34
6 Castrol CDX 30 41,82 |26,76 |21,41 2,4 2,1 1,9
7 Shell Rimula
RAX15W-40 47,08 |30,13 | 24,10 3,9 3,6 3,4
8 Yanmar Genuine Oil
15W-40 43,68 |27,96 |22,36 3,4 3,1 2,9
9 Exxon Mobil
DelvaclLE5W-30 36,57 |23,41 | 18,73 2,4 2,1 1,9
10 Mobil Delvac
MX 15W-40 49,5 31,68 | 25,34 2,4 2,1 1,9
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3ayBaxumo, mo Tabmuisix 4 i 5 HaBeJIeHI MaKCHUMalTbHO MOMKJIMBI
3HQUCHHS BIJHOCHOTO €KCLIEHTPUCHUTETY €, IJISI KOXKHOTO TUIy IBUIYHA
Ha YCTAJECHUX peXHMaX. 3HAUCHHS €, MOXYTb OyTU BHU3HAUCHHI TaKOX

OHJIAWH B TIPOIIECi eKCIUTyaTamii /Ui KOXKHOTO JBHIYHA 32 JOITOMOTOFO
BIOpOMETpIB, IHIMKATOPIB CTaHy MiJIMIMITHUKIB, aHaJi3aTOpiB CTaHy
T IITUAITHAKIB, Ta IHITOTO OONamHaHHSA [HII mapaMeTpu po3paxoBaHi 3a
noromororo Gopmyi (7)1 (19) 3 BuKopucTaHHAM AaHUX TaOmHIb 2 1 3.

Tabmuns 4. Bepudikarmist kpurepito K, st pamosux [1K

Bo

b b0 Ku 60° 80° 90°

1 0.82 0.398 0.171 0.099 0.074
2 0.80 0.459 0.114 0.065 0.048
3 0.75 0.616 0.098 0.056 0.042
4 0.65 0.964 0.686 0.401 0.300
5 0.65 0.964 0.585 0.345 0.261
6 0.59 1.342 0.291 0.163 0.118
7 0.55 1.390 0.394 0.233 0.176
8 0.45 1.953 0.452 0.264 0.197
9 0.43 2.090 0.441 0.247 0.179
10 0.43 2.090 0.597 0.334 0.242

Tabmuns 5. 3nayenns kpurepito K, s matyraux 1K
Bo

b & K 60° 80° 90°

1 0.83 0.368 0.087 0.051 0.038
2 0.80 0.459 0.057 0.032 0.024
3 0.72 0.715 0.058 0.033 0.025
4 0.65 0.964 0.275 0.161 0.120
5 0.70 0.783 0.277 0.164 0.124
6 0.59 1.207 0.123 0.069 0.050
7 0.57 1.296 0.168 0.099 0.075
8 0.50 1.649 0.170 0.099 0.074
9 0.47 1.825 0.201 0.113 0.082
10 0.45 1.953 0.272 0.152 0.110

BucHOBKH i mepcneKTHBH NMOAAIBLIINX J0CTi2KeHb.
[TpoBeneHe YKMCIOBE MOJETIOBAHHS JO3BOJIWIO 3pOOUTH HACTYIIHI,
BaYKJIMBI JJ1 3aCTOCYBAHHA BUCHOBKMU!
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npu 30UThIICHHSAM HaBaHTakeHHs Ha [IK i 3MEHIICHHSAM YacTOTH
o0epTaHHs Han@u 3HAYECHHS BIAHOCHOTO E€KCLHEHTPUCHUTETY €, 3POCTAE,
npu upoMy i matyHHux IIK 3HaueHHs €, gemjo Ouiblie HIX Y pamo-
BUX;

kputepii (15) BUKOHY€ETBCS ISl yCTAICHUX PEXHMMIB PAaMOBHX 1 IIIa-
TyHHUX [1K, Mpu OCHOBHMX TeMIiepaTtypax B poOOYOMY IHKI MallCHHS:
60°C, 80°C, 90°C, 115l OCHOBHHX THIIB CyTHOBUX JABHUryHiB D1 — D10;

JUIT HOBUX MAacTWi, HaBeAeHMX B Taomwmmi 3, kpurepiii (15) BuKoO-
HY€TBCSl TIpU POOOYMX TeMIepaTypax, 1 Ha eTami 3allyCKy IBUTYHIB HE
MPU3BOJIUTH JI0 KPUTUYHOIO 3POCTaHHS TifpoauHamiuHoro, tooro [1K
Oyze TpalroBaTy B piAMHHOMY PEXKHMI.

B mporeci ekcriyaraniii CyJHOBUX JABUTYHIB 32 PaXyHOK 3a0pyIHCH-
Hs BiZIOyBa€ThCs 30UIBIICHHS KIHETUYHOI B’S3KOCTI MaCTHII, IO MOXE
NIPHU3BECTH 0 3pOCTaHHs 3Ha4YeHb Koediuienty Brumsy 3. Lle cBixunth

PO HEOOXITHOCTI PO3POOKH METOUKU PETYISIPHOTO KOHTPOJIIO 3HAYECHHS
B, i MOHiITOpHHTY BUKOHaHH: KpHuTepito (15) B mpoueci excruryaranii.
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EOEKTUBHICTH OUYNIIEHHSA BUITYCKHUX I'A3IB
CYJHOBHUX EHEPTETUYHHUX YCTAHOBOK
EJJEKTPOMATHITHOIO XBWIEIO KPYT'OBOI OJIAPU3AILILL

IlocTanoBka Npo6eMH B 3arajibHOMY BUIJISAIL

Benuke 3HaueHHs HaOyBae MUTAHHS SIK aHAJi3y CTAHy CEpPEIOBHUIIA Y
paiioHi (YHKIiIOHYBaHHS CYAHOBHUX EHEPTeTHYHHX YCTaHOBOK, a W po-
3po0Ka 3ax0AiB i3 3a0e3MeueHHsI YUCTOTH aTMOCc(epH IUISIXOM 3MEHIICH-
HSI BUKHIIB 3 BUXJIOTHUX TPyO MU3EIbHUX ABUTYHIB B aTMocdepy 1o rpa-
HUYHO JOMYCTHUMHX KOHIICHTpAIild, BCTaHOBIEHWX Ha CTOKTOIBMCBHKIN
koHpepenuii OOH y 1972 p.

3anum npaxmuku: HEOOXiTHICTH MOIIYKY ONTHUMAaJbHUX METOJIB
3HIDKEHHS BUKHIIB B aTMOC(epy HIKIIITNBAX PEUOBHUH, SKi CTBOPIOIOTHCS
B Mpoleci poOOTH CyTHOBUX EHEPreTUYHUX YCTAHOBOK IPH 3TOPSHHI
MaJINBa.

06’ckm  00cnidyceHHA — BUXIIONHI Ta3W CYIHOBUX EHEPreTHYHHMX
YCTaHOBOK.

Ilpeomem Oocnidsicennsa — eNEKTPOMArHiTHA XBUJISI KPYTrOBOi IOJIsi-
pu3arii.

Dopmynioeanns memu ma NOCMAHOBKA 3A80AHHIA O0CTALOHCEHHA.

MeTor 1aHOro JAOCHIHKCHHS € BUPOOJICHHS POMO3HMIIIN 1010 BIOC-
KOHAJICHHS. METOJIB Ta TEXHIYHMX 3aco0iB 3amoOiranHs 3a0pyaHEHHS
HaBKOJIMIIHBOTO CEpelloBHIIa MpH (YHKLIOHYBaHHI CYZHOBHX EHeEpre-
TUYHUX YCTaHOBOK. TOMY 3aBJaHHSM JOCHTI/DKEHHS € MOUIYK ajibTepHa-
THBHOTO METOJYy OYHIICHHS BUXJIONMHHX Ta3iB CYyIHOBOTO JIBUTYHa Ta
BUMIpy KOHLEHTpalii MIKiJKMBOro 3a0pyJHEHHS, AJsl BUPILICHHS IPO-
O1eM eKoJIoriuHOi Oe3MeKH MOPCHKUX JU3EbHUX JIBUTYHIB.

Memoou Oocnidxycennsn: B NOCHIHKCHHI BUKOPUCTAHO METOJ OYH-
NICHHS] BUXJIONHUX Ta3iB CYJAHOBHX EHEPreTHYHHX YCTAHOBOK €JIEKTPO-
MAarHiTHOIO XBHJIEIO KPYTOBOi MOJIApH3alii, 8 TAKOK METOA BUMIPIOBAaHHS
KOHIIGHTpAIIi] ra3iB 3 BUXJIOMHUX TPYO CYJIHOBHX €HEPreTUYHUX yCTaHO-
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BOK 3 BUKOPHCTaHHSM HETIOJSIPU30BAHOI €JIEKTPOMArHiTHOI XBWIII Ha BH-
MIPOMIHIOBAaHHS 1 €JIEMEHTH MATPHIll pO3CITHHSI Miojuiepa eleKTpomar-
HITHO{ XBWJIi, BIIOMTOI Bix ra30BOro 06’eMy, sKi BiAMOBITAIOTh KOHIICH-
Tpallii BUXJIOMTHUX Ta3iB CYJAHOBOTO JTU3EIIsI.

AHaJii3 oCTaHHIX J0CTiIIKeHb i myQrikamiii.

Opni 3 HaitHeOe3MeYHIMNX 3a0pyAHEHB, TAKUX K OKCHAW a30Ty, BH-
KHIH SIKUX perymotoTeest Bumoramu MAPIIOJI 73/78 (MixxknaponHa KOH-
BEHIIis MO0 3amobiranHs 3a0pyAHEHHIO 3 cyJeH) [1], mpu 3ropsiHHI Au-
3eIFHOTO TMajJMBa CYAHOBOTO JBHTYHA PO3TIISIHYTI B JOCHIKEeHHI [2].
3a3HaueHo, 10 e(PEKTHBHE OYMINCHHS BUXJIOMHUX Ta3iB BiJl OKCHIIB a30-
Ty 3a0e3MeuyroTh KaTaJiTU4HI CUCTeMHU BigHOBIEeHHS. OgHaK, uyepe3 BH-
KOPHUCTaHHS CEYOBHHH SIK PEareHTa B IIMX CHUCTEMax, 30UIBIIYIOTHCS BH-
KUW BYTJICKHCIIOTO Ta3y, [0 BUKIMKAE YTBOPEHHS TAPHUKOBOTO €(EKTy,
IO CTIPHSE TI100aIbHOMY MOTEIUTIHHIO.

30inbIIeHHsT KOHIIEHTpAIlii OKCHIIIB a30Ty Yy BHXJIONMHHUX Ta3ax IH-
3eIFHOTO JBUTYHA IPH BUKOPUCTAHHI MAJIMBA 3 BMICTOM CipKH (HE O1ITbIIe
0,1 %) mocmimxeno B podori [3]. [lokazaHo, 1110 3MiHAa JUHAMIYHUX 1 TETI-
JIOBUX HABaHTAXXECHb, 10 BUHHKAIOTH MPH BHKOPHUCTAHHI MaJWBA 31 3HU-
’KEHUM BMICTOM CIPKH B CyJHOBHX JH3EJIbHUX JBUTYHAX IPH3BOIUTH JI0
BUHUKHCHHSl aBapifiHWX curyamid. s ynopaBimiHHS PHU3UKOM TaKHX
aBapiiHUX CHUTYaIliil 3allpPONOHOBAaHO MEepeKOHQIrypalilo MajJuBHOI CHU-
CTEMH BHCOKOTO THUCKY, 31 3MIHOIO KyTiB BUIIEPEKEHHSI 110/1a4i MTaIuBa.

B crarri [4] 3anponoHOBaHO METOM 3MEHIIIEHHS IIIKiUTHBUX BUKH/IIB
CYJAHOBHX JH3€IiB, 30KpeMa CHUCTEMH pEIUPKYISIil BiANpamboBaHUX
ra3iB (EGR) ta BnopckyBanHus Boau. JlocmikeHo e(heKTUBHICT BUKOPH-
CTaHHS peuupKyJsLii BianpansoBanux rasis (EGR) Huzpkoro trcky ta ix
BIUIMB Ha €KOJIOTi4HI Ta TEXHIYHI XapakTepUCTUKU. Takox MpeacTaBIeHO
CHOCOOM 3HIDKEHHS eMiCii OKCHIB a30Ty IIU3ENiB CYJeH MOPCBHKOTO Ta
BHYTPIITHHOTO BOJHOTO TPAHCHOPTY, a CaMe: 3aCTOCYBAaHHS CEJICKTUBHO-
ro KataliTaaHoro Heirpanizatopa SCR (3a0e3neuenss 90-95 % 3nmxken-
Hs BukuiaiB NOX); nepeBeleHHs AW3C/iB Ha BUKOPUCTAHHS Ta30BOIO
naymBa (3HWKEHHS KOHLIEHTpawlii OKCHAIB a30Ty B BHITYCKHHX Ta3zax Ha
85-90 %); 3abe3neueHHs nepediry poOOYOro HMKIY AWU3EIS 332 LUKIOM
Mismepa (npu3Bomuth 10 45-50 % 3HIKeHHS emicii okcuiB a3oty NOx)
Ta iH.

[IuTanHs eKOJOTiYHOI CTIHKOCTI CYJHOBUX AWU3EIbHUX JBUTYHIB IIPH
BHUKOPHUCTaHHI OioansensHOro mamusa auseiais MAN-B&W Diesel Group
5S60ME-C8 ta Daihatsu Diesel 6DL-16, 1m0 npaiforots Ha HaQTOBOMY
nayuBi Ta 610M3eT-HOMY NAJUBi, BUCBITIIEHO y cTatTi [5]. EdexTuBHicTH
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BUKOPUCTaHHs OiomanuBa, MiATBEp)KEHA 3HIDKCHHSIM KOHIIEHTpalii OK-
CHUJIIB 30Ty y BUXJIOITHUX Ta3ax. BcTaHOBIEHO, 110 BUKOPUCTAHHS Oioma-
nuBa 3a0e3nedye 3HIKEHHS KOHIIEHTPAIlii OKCHIIB a30Ty y BHXJIOITHHX
razax Ha 14,71-25,13% Ta migBUIIYyEe €KOJOTIYHY CTIMKICTh CYyIHOBHX
IU3eIbHUX ABUI'YHIB Ha 13,75-29,42%, ane npu 1ipomMy 30171b1Iy€e TUTOMY
edeKTHBHY BUTpaTy nanuBa. bynn BH3HaueHi ONMTHMAaNbHI KyTH BUIIEpe-
JDKEHHsI BIIOPCKYBaHHS MajnBa, 110 3a0e3MeuyloTh HalKpalli eKoJIOoTiuHi
XapaKTePUCTUKHU TU3ENbHUX JABUTYHIB.

AnpTepHaTHBHI MeTOaH [6], TaKi SK OYHIICHHS BUXJIOMHHUX TPYO 1 BU-
KOPUCTaHHS MaJMBHUAX CyMillleH, IO MiCTATh 0i0[u3eib, OyiIH 3amporo-
HOBaHi K 1HOWKATOp €(EKTHUBHOCTI METOIB YMpPAaBIiHHS €KOJIOTi4HOIO
0e3nexor0. BcTtaHoBieHo, 1110 i METOAH BiAmoBigaroTs BuMoram KoHBeH-
uii MARPOL, a came (cmiBBigHOmenHss SO:2 g0 CO: y miamazoni 2,29-
4,17 (y chepax cremialbHOTO €KOJOTIYHOTO KOHTPOJIIO) Ta B Jiama3oHi
6,46-20,83 (mm03a 30HOIO CIIENiaTbHOTO EKOJIOTIYHOTO KOHTPOI0). OqHaK
BUKOPHCTAHHS OYMIIEHHS BiINpalbOBaHUX Ta3iB 3a JOIOMOTOI0 CKPY-
OepHOi 00pOOKH 301IIBIITYE SHEPrOCIIOKUBAHHS JJIs 3a0€3MEUCHHS 1IOTO
Mpolecy, OCKIJIbKH MPHU BHUKOPHCTAHHI OYMILNEHHS BUXJIOMHUX Ta3iB J0-
JATKOBI BTPATH MOTY>KHOCTI JocsaratoTh 237-278 kBT.

ExcrniepiMeHTH MigTBEpAWIN HU3bKUN PiBeHb E€KOJOTIYHOI CTiHKOCTI
MaJMBHOI cyMimi (BKIOYarouu Oi0AM3€h), ajie Iel MeToi MHoTpedye
MEHIIOT0 €HEPrOCIIOKHMBAHHS 1 XapaKTePH3Y€EThCs MPOCTILIMM J0/aTKO-
BUM OOJIaHAHHIM, a TaKOX PEKOMEHIYETHCS SIK OCHOBHHH METOJ €KO-
JOT14HOi Oe3MeKH JIJIsl MOPCHKUX TPAHCIIOPTHUX CYJICH.

Buxkopucrants ckpyOepiB [7] s 3MEHIIICHHS BMICTY CIPKH B MOPCh-
KX JW3ENIBHUX JBHTYHAX € JOCHTh HAQJIHHMM METOJOM eKCIUTyaTaii
cyneH. JlocaimpkeHHs mokasanu, 1o BUukuau SOy 3MEHIIYIThCS 110 95%, a
BHUKHUHU TBepIUX dacTUHOK (PM) — Ha 60%.

AKTyallbHI TIMTaHHS 3aXHUCTy arMochepH BiJi BUKHIIB TOKCHYHHX
CIIOJIYK i3 BUXJIOIHOI CUCTEMH CYIHOBOI TU3EIbHOI YCTAaHOBKH 3a JIOMO-
MOTOI0 METO/IB 3MEHIICHHsS BHUKH[IB, 30KpeMa MOCTavyaHHs MaTMBHHUX
cymimeit MopceKoro ausenbHoro nanua (MDO) Ta edipy pamcoBoi omii
(RME) (MDO/RME) no nBurysa, a Takox 3MiHU IapaMeTpiB YIOPCKY-
BaHHS MAJTBHOTO Ta KYyTIB TalMIHTY BIIOPCKYBaHHS, MOKa3aHi B [0-
cmipkerHi [8]. JloBeleHO, 10 Ii NPOLECH 3MEHIIYIOTh BUKUIM OKCHIY
a30Ty Ta BYIJICKMCIIOTO ra3y, OCOOJMBO NpH OibIIMX HAaBAHTAXKECHHSX
JIBUTYHA, a 3MEHIIICHHS KyTa yIepe/KeHHs BIOPCKYBAHHS SIBHO 3MEHIITYE
BMicT NOy y BUXJIOITHHX ra3ax.
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Criocobu 3MeHIIeHHS 3a0pYAHEHHS TOBITPS] TOKCHYHUMHU BUKUAaMU 3
BUXJIOIIHUX TPYyO0 MOPCBHKHX JIM3EIBHHX YCTAaHOBOK, NPOOJIEMH JaeKap-
OoHi3amii CyTHOIJIABCTBA, €KOJIOTIYHI Ta IHHOBAIidHI pIMIEHHS, IS
3MEHILIEHHSI BIUIMBY CYJHOBOT'O MAIMBA HA JOBKIULIA, 8 TAKOX POJIb JIO-
CBKOTO (haKkTOpy y MIATPUMII CTAJIOTO IOBKIJUIA, SKI PO3IISHYTI B Cy-
YaCHHMX JOCHILKeHHAX [9-13], mpencTaBisiOTh METOAHM KOHTPOJIIO BH-
KHJIB IIKiJJIMBUX PEUOBHH B aTMOC(epy Ta eKCILTyaTalilo pPi3HUX Ta3o-
OYMCHUX ycTaHOBOK. OIHaK MOKH MO €(peKTUBHICTh YCTAHOBOK 3 KOH-
TPOJIIO HABKOJIMIIHBOTO CEPEIOBHINA Ta Ta30BOrO OYHIICHHS INE HE €
JIOCTaTHHO BHCOKOIO, i BUPINICHHS MUTaHb SKOJIOTIYHOI OS3MEKH MOPCh-
KHX JIW3ENbHUX JBUTYHIB € HAaraJbHOK MPOOJIEMOI0 CY4acHOTO CYIHO-
TUIABCTBA.

Buksiag 0ocCHOBHOro Matepiajty 10C/TiIKeHHS.

PosrisiHeMo MeTOJ] OYMINEHHS BUXJIONMHUX Tra3iB CyJHOBUX €Hepre-
TUYHHUX YCTAHOBOK E€JIEKTPOMATHITHOIO XBHJICIO KPYTOBOI MOJSpH3aIii
3a3HauMMoO, 110 KPYTroBa MOJSIPH3ALIis — II€ CTaH MOJAPU3ALIii, TPH TKOMY
BEKTOp EJEKTPUYHOTO MOJsl Yy KOXKHIM TOYIll eJIeKTPOMAarHiTHOTO MOJIs
XBWII Ma€ TOCTiiHY BenuuuHy. [Ipore #oro HampsiMOK oOepTaeTbes 3
MOCTIHHOIO MIBUAKICTIO B TUIOIIMHI, KA MEPIEHANKYISPHA 0 HAMPSIMY
XBUJII, 1110 TIOIITHPIOETHCS.

[MpunycTuMo, 110 Ta30Bi YaCTUHKH (TBEpPi, ra30MoAiOHI Ta PiaKi), sKi
BUIPOMIHIOIOTHCS 3 BHXJIOITHHUX TPYO CyTHOBHX €HEPreTHYHUX YCTaHO-
BOK, PYXalOThCs 1O KOJIY ITiJI BILTMBOM €JIEKTPOMArHiTHOI XBHJII KPYTrOBOi
noJisipu3ariii. Taki 4aCTUHKKA B MarHiTHOMY TOJIi 3 KPYTOBOKO MOJIsIpH3a-
LI€I0 MIIAI0THCS BIUIUBY cuiiu JlopeHia:

Fﬂ=q|B-V|, (1)

ae ( — 3apsia YacTHHKWY,
B — BekTOp IHAYKIIIT MATHITHOTO MOJIS;
V — 11e BEeKTOp MBUAKOCTI 3apSPKEHOI YaCTHHKH.

BpaxoByroun BekTopHuil n00yTOK, (hopmyna (1) Oyme 3amucana
gk (2):

F, =q|V|[B|sina, (2)

e @ — KyT MiX BekTopamu B 1V .
YacTHHKH B MarHiTHOMY TIOJIi XBHJII PYXalOThCSl B3JIOBXK TPAEKTOPIi y
¢dopmi cripansHOi JIiHIT, BICh sKOI MapalienbHa BEKTOPY IHIYKIIii Mar-
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HITHOTO TIOJISl XBWJII, @ PaAiyC TPAEKTOPii pyXy BU3HAYAETHCS 32 YMOBOIO
©F

R— mV sina , 3)
gB

Je M — Maca YaCTHHKHU.
KyToBuii MOMEHT 4aCTHHKY TIO3HAYAETHCA 5K (4):

M =mVRsina 4)
abo, BpaxoBytoun popmyiy (3), piBHsHHES (4) 3anUCyeThCS K (5):
272 qin?
M — m<V-sin® a ' )
gB

Hexaii n1Bi 4aCTHHKM PyXalOThCsl 3 OJHAKOBOIO IIBHUKICTIO, ajie Ma-
I0Th Pi3HI Macu M, i M, . 3apsau YaCTHHOK PiBHI 3a BEIMYMHOIO 1 IPOTHU-

JIEKHI 3a 3HaKoM. YacTHHKM 3HAXOAATHCS Ha Takid BIACTaHI OJHA Bij
OJHO1, II0 CHJIM B3a€EMHOTO MPUTATAaHHS MOXKHA irHOpyBaTH. OCKIIBbKH
3apsiii YaCTWHOK MAaroTh MPOTHIICKHUI 3HAK, MMiJ] BILIMBOM crii JlopeH-
1a (2) BoHN 00epTaTUMYTHCS B3JOBXK MpaBoi Ta JiiBoi crmipanei. Toxi 3a-

raJbHUN KPYTHHH MOMEHT pyxy 4acTHHOK M konm BoHH 00epTaroThCs,

Oyze mopiBHIOBAaTH anreOpaiuHiil CyMi iIXHIX MOMEHTIB, TOOTO:

(6)

mV2sina myV2sin®a
Mz = - .o
qB qB

[Ticns BimnmoBigHOTO TepeTBOpeHHs (6) 3arajlbHUN KPYTHHH MOMEHT
YacTHHOK Oye 3anucanui sk (7):

2 2\ 2in2
Mzz(ml mzq)L;/ sin“ a

(7
a00, KOPUCTYIOUHCh OIMHIUYHOIO PI3HULIEIO KBaJpaTiB, piBHsAHHSA (7) Oyxe
3anucaHo sk (8):
myAmV ?sin?
p ®)
qB

Je My — cyMa Mac YaCTUHOK; AM — Pi3HHIS B Maci YaCTHHOK.
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Sxmo cucrema, MO CKIAAAETHCSA 3 PIBHOI KIJIBKOCTI MO3UTHBHO Ta
HETAaTHBHO 3aps/DKEHUX YACTHHOK Pi3HOT MacH, MPOXOIMTh depe3 Mar-
HITHE TI0JIe eIEKTPOMATrHITHOI XBHIII 3 KPYTOBOIO IOJIIPU3AINIEI0, TO 3a-
raJbHUN KYTOBHM MOMEHT ii pyxy Oyae BiIpi3HATHCS BiJ HyJS 1 JAOpiB-
HIOBATH HYJIIO TIPY OJTHAKOBIH Maci YaCTHHOK.

SIKII0 YaCTHHKW BUXJIOIHHX Ta3iB CYJHOBOI €HEPreTUYHOI yCTaHOBKU
YTBOPIOIOTH CJIIEKTPUYHUHN AUTIONb, IO CKIAAA€THCS 3 IBOX MPOTUICKHHUX
3apsiB OHAKOBOI a0COMIOTHOI BEJIMYUHM 1 TICHO 3'€JHAHUX MiX COOOI0,
TO OCHOBHOIO (DI3HYHOIO XapaKTEPUCTUKOK TAKOTO JTUMOJIS € JUMOTbHUN
moment P (9):

P=qr,, 9)

ne ' — BEeKTOp, CIIPSIMOBaHMH BiJ HETaTUBHOTO 3apsiAy 10 MO3UTUBHOIO,
JIOBXHHA SIKOTO JIOPiBHIOE BiJICTaHi MK IIGHTPAMH 3apsiIiB.

JJis KO>)KHOTO JMITONBHOTO 3apsay B MarHiTHOMY TOJI XBHJII CHIIA
Jlopenta ait0Th IPOTHIIEKHO CTIPSMOBAHI Ha 3apsiIv 3 PI3HUMH O3HAKAMHU.
BHacai10k HbOro IUMOIb MiJAA€ThCS BILIMBY MOMEHTY cui Jlopenna M
(10), AKi OpiEHTYIOTH HOTO B3[0BXK HANPSAMKY, MEPIEHAUKYISIPHOTO ILIO-
LIMHI, YTBOPEHIH IHAYKUIHHMMH BeKTOpamMH &, MAarHiTHOro mons Ta

BEKTOPOM IIBHKOCTI €JIEKTPUIHOTO ITUTIOINS \Y -
M, =PV, B| (10)

Po3risiHeMO B3a€MOJIII0 €IEKTPUYHOTO JHIOJS 3 MAarHITHUM IOJIEM
KPYTOBOI IOJISIPU3aIifHOT XBHJII: KOJIM 3apsi/id YaCTUHOK KOHIIEHTPOBaHI
B PI3HMX Macax, MKk HIMH HEMae >KOPCTKOro 3B's13Ky. Toji KoxeH i3 3a-
psiIiB Mae 0OMEXKEHUI CTYMiHb CBOOOAHM, IO JIO3BOJISIE HOMY oOepTaTHcs
CHipaJuIio B TOJI KPYroBOi MOJsipU3alii, a paaiyc Takoi TpaekTopii Oyze
OOMEKEeHHH JIOBXHHOIO Ta TPHUPOJOI0 3BSI3KY MK 3apspamu. 1106
BpaxyBaTH TapaMeTpHd 3B'I3Ky MiXK 3apsiiamMu, y (OopMylli KyTOBOTO MO-
MeHTY (8) BBoauMO koe@iyicnm suxopy Ky, 3HaUCHHS SIKOTO 3MIHIOETHCS
BiJ HyJs 10 oxHoro. Toxi piBHsHHA (8) Oyne 3amucano sk (11):

_ KgmgAmVZsina
- " _

My (11)

3a BijCyTHOCTI B3aeMofii Mix 3apsinamu, Ky nOpiBHIOE oguHULI, 1Y

BUIAAKY 00'€IHAHHS 3apsiiB y )KOpCcTkuil tunoss — Ky 10piBHIOE HYIIIO.



ISSN 1815-6770. Cyonosi enepeemuuni ycmarnoexu. 2026. Ne 52 41

CripaJbHUAN €NeKTPUYHUHA JHUIONb MEepeMillla€ Macy YacTWHOK BUXJIOI-
HMX Ta3iB, AKI MHiJ BIUIMBOM CHUJIM TSDKIHHS BUKHMAAIOTHCS 3 MarHiTHOTO
TIOJIST XBHJIl Y TIEBHUW KOHTEWHED, 3BIKH iX yTmiizytoTh. LlIBHakicTh ma-
Jar0unX YacTUHOK MijA yac obepTaHHs BU3Ha4YaeThest Gpopmyinoro Ctokca

(12):
v=13-10"p,r?, (12)

A€ L — I'yCTHHA YaCTHHOK, r/cM3; I —pajiyCc YaCTUHOK, MKM.

OCHOBHA YaCTMHKA BHUXJIOIIHUX Ta3iB KOHIIEHTPYETHCS Y BY3bKOMY
CTpyMeHi 00epTOBOTO BUXOPY.

Jnst BuMiproBaHHs KOHIIGHTpAIlii YaCTUHOK, IO BHIPOMIHIOIOTHCS 3
BUXJIOITHUX TPYO CyJHOBHUX CHEPreTUYHUX YCTAHOBOK, BUKOPHUCTOBYIOTh
HETIONAPU30BaHy EJICKTPOMArHiTHY XBHJIIO Ha BUIPOMIHIOBAaHHS, Mart-
pumo Mroiiepa elIeKTpOMarHiTHOTO €HEPreTHYHOTO PpO3CiIOBaHHS Ha
BHUIIPOMIHIOBAaHUX YAaCTUHKAX, KOSQIIIEHTH SIKUX BIAMOBITAIOTh KOHICH-
Tparlii ra30BUX KOMIIOHEHTIB YaCTHHOK 1 MmapaMeTpaM IoJIIpu3allii Biou-
TOl XBWIi. B3aeM03B's130Kk Mik BIJOUTUM 1 ONMPOMIHEHUM O0'EMOM Ta3zy
€JIEKTPOMATHITHOI XBWJII 3 MaTPHIICI0 PO3CiTHHSA MroJuiepa 3almcy€eThes
sk (13):

I 6i0 <t‘.'ll &.:12 <t§13 <t‘-'14 I eun
Qeid 5321 (5322 &23 <2‘;24 0

Uio S C: S Cw 0
Vaio € S &u Cu 0
ne 1,Q,U,V — mapamerpu momspusaliii eJIeKTpOMarHiTHOI XBWJi, MIO

BUIIPOMIHIOETHCS (6un) Ta BiIOMBaeThes (6i0); &, — HiCNEKTPUYHA PO-

HUKHICTh Ta30BUX KOMITOHEHTIB Ha BUXO0/i BUXJIONHOI Tpyou CEYVY.
Po3B's13anns piBHstHHS (13) 103BOJISIE BU3HAYUTH KOHIIEHTPAIIIIO Ta30-

BHUX KOMITOHEHTIB 3a MEePIIUM CTOBIIIEM eJIeMEHTiB MaTpuili Mromepa:
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| .
§11=|Loi

Qsi .
a21:|_0’

eun 14
g _Ueio. ( )
31 I@un ,

V.
o=~

Ockinbku mapamerp I, 3aJUIIAETHCS CTAIUM Y TPOIECi SKCIepH-
MEHTAJIbHUX JIOCJII/DKCHb, MU MIPHUITYCKAEMO, 110 BiH JIOPIBHIOE OJMHHUIIL, 1
toxi piBHsSHHS (14) mepenuicyeTbes SK:

€11 = L0382 = Quins a1 =V 191 €41 = V- (15)

V piBusHHI (15) xoxHuH 3 enemeHTiB Matpuui Mromnepa &, — &,
BHU3HAYA€ KOHIICHTpAILil0 BUXJOMHOro rasy Ha Buxoai CEY, a ix cyma
Es =&y +&, +E&3 + &7, BU3HAUAE TMOBHY KOHIEHTpalilo 00’eMy BHX-
JIOITHUX Ta3iB.

BucHOBKH i nepcnexTHBU NOAAJBLIINX A0CTi/IZKEHb.

1 3ampornoHOBaHO METOJA OYHMIICHHS BUXJOIHUX Ta3iB CyIHOBHX
SHEepPreTHYHNX YCTAHOBOK 3a JIOTIOMOT'OI0 €JIEKTPOMArHiTHOI XBHIII KPYTO-
BOT HOJISIpU3aLIii.

2. Konmenrpariiss ra3oBoi cywilmi BUMIPIOETbCA HUIAXOM il
ONIPOMIHIOBAHHS HEMOJIIPU30BAHOI0 XBUJICIO 3 BUKOPHCTAHHSM IEPIIOrO
CTOBOIII €JIEMEHTIB MAaTPHIIl po3ciroBaHHS Mrojuiepa.

3. YV MaiiOyTHbOMY DPEKOMEHIYETbCA PO3POOUTH (YHKLIOHAIBHY
CXeMy TPHUCTPOIO ISl BUMIPIOBAaHHS KOHIICHTPAIIii ra30BHX KOMIOHEHTIB,
IO BUJIUISIOTHCS 3 BUXJIOMHUX TPYO CyTHOBUX €HEPreTHYHUX YCTAHOBOK,
3a JIONIOMOTOI0 BUCOKOTOYHOTO MiKPOXBHIILOBOTO METOJY, SIKHH BUKOpU-
CTOBY€ 3JaTHICTb MOJIEKYJl Ta3y IMOIJIMHATA EJIEeKTPOMAarHiTHEe BU-
MPOMIHIOBaHHS TIEBHOT YaCTOTH.
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HHA®POBI 3ACOBY 3ABE3IIEYEHHA
JEKAPBOHI3AIIII MOPCBKOI'O TPAHCIIOPTY

IMocTtaHoBka mpoOiaeMu B 3arajdbHoMy BMIJsiAi. JlexapOonizaris
MOPCBHKOT'O TPAaHCIIOPTY Ha CHOT'OJHI MEPETBOPHIIACS HA CUCTEMHY yIpaB-
JHCBKY, TEXHIYHY Ta eKOHOMiuHy mpoOnemy. Ilicns yxBanenHs MixHa-
pomHOI0 MopchKoro opraHizamieto (IMO) Crparerii 2023 poky mo/10 cKo-
POYCHHSI BUKUIB MMAPHUKOBHUX Ta3iB i3 CyJeH BUMOTH A0 €KOJOTTYHOCTI
CYACH CTaJM 3HAYHO XOPCTKILIMMHU: BH3HAYEHO OPIEHTUDP IOCSTHEHHS
HYJFOBOTO OajlaHCy BUKHUAIB MDXHAPOIHOTO CYTHOIUIABCTBA MPHOIM3IHO
no 2050 poky, 30€pexeHO IIb 3HWKCHHS BYIVICLIEBOI IHTEHCHUBHOCTI
moHaiimenine Ha 40 % 10 2030 poky BigHocHO 2008 poKy Ta BCTaHOBIIE-
HO MeTy oo 3a0e3neueHHs 10 2030 poky moHaiiMenme 5 % 3arajibHo-
T'O €HEPTOCIIOKUBAHHS MIXKHAPOJAHOTO CYTHOIUIABCTBA 32 PaXYHOK TEXHO-
JIOTi#, MaJMB Ta JpKeped eHeprii 3 HyJIbOBUMH ab0 Maiike HYJIbOBHMH
BUKHJAMU MTaPHUKOBHX ra3iB, i3 opieHTUpoM Ha focsrHeHHsa 10 % [1]. ¥V
TaKMX YMOBaX CYAHOIUIaBHI KOMIaHii, MOPTH, KiacuikalliitHi TOBapuCT-
Ba, PO3POOHUKH CYJHOBHX €HEPTETHYHHX YCTAHOBOK i OpTaHH JEpiKaBHO-
ro Ta MIKHApPOTHOTO PETYIIOBaHHS CTHKAIOTHCS HE JIMIIE 3 MOTPeOoro
BIIPOBA)KCHHS HOBUX TTAJIUB Ta EHEPreTHYHUX PillleHb, a i 3 HeoOXiaHiC-
TIO SIKICHO HOBOTO DiBHSI ITU(POBOTO YNPABIiHHS CYJIHOBHMH OTIEPAIlisi-
MM, JIAHIFOTAMH TIOCTa4aHHs, TEXHIYHIUM CTaHOM 00JaJHaHHS Ta Bepui-
KAaIll€r0 BUKUIIB.

VY 1poMy KOHTEKCTI mudpoBizallisi He € JUIIe JOIOMIXKHUM EIIeMEH-
ToM. BoHa crae iH(ppacTpyKTyporo aekapOOHi3allii, OCKIIbKU came Iud-
POBI J1aHi 103BOJISIIOTH MEPETBOPUTHU 3arajibHi €KOJIOTIHHI LiJli Ha KOHKpe-
THI eKCIUTyaTaliiHi pilleHHs: BHOIp IIBHUAKOCTI, MapuUipyTy, PEKUMY
CHEePTOCIIOKUBAHHS, 4acy MPUOYTTS N0 MOPTY, MapaMeTpiB TEXHIYHOTO
00CITyTOBYBaHHS Ta MOEJHAHHS €HEPreTUYHUX PECYpPCiB, 110 BUKOPUCTO-
BYIOTBCSL HA CyIHI. Y CyYacCHMX JOCIIKEHHSX 3a3HAYa€ThCs, 0 TUdpo-
Bi3allisl 3/aTHA MiATPUMATH JeKapOOHi3alliio SIK Y CYJAHOIUIaBCTBI, TaK 1 B
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MopTax Ta CYMDXHHX JIOTICTUUHUX cucTeMax [2]. BogHodac ormsia goci-
TDKEHb 3 i(poBoi TpaHchopMaIlii MOPCHKOTO TPAHCIIOPTY MOKa3ye, o 11
pPEe3yMbTAaTUBHICTh BH3HAYAETHCS HE JIUIE HASBHICTIO TEXHOJOTIH, a U
CTaHJIapPTHU3AIIEI0 TAHUX, MIXKOPTaHi3alliiHOK KOOPAUHAIIEI0 Ta TOTOBHI-
CTIO TIEpPCOHAY IPAIfOBATH 3 HOBUMH IHCTpyMeHTamHu [3].

IlocTanoBka mpo6aemu. [IpoGiema monsArae B TOMy, IO CydacHe
CYAHOIIaBCTBO NepeOyBae Mij MOABIMHUM THCKOM. 3 OJHOTO OOKY, 3poc-
TAIOTh MXKHAPOAHI Ta PerioHabHi BUMOTH 70 CKOPOYEHHSI BUKUAIB. Mi-
JKHapoaHa Mopchka opraHizaris (IMO) moenHanza oOOB’SI3KOBI TEXHIUHI
Ta eKCIUTyaTalliiHi MeXaHi3MH, 30KpeMa BH3HAUCHHS 1HJCKCY eHeproede-
kTuBHOCTI icHyrouoro cyana (EEXI) ta excmimyaTamiiHOTO HOKa3HUKA
ByrierneBoi iHTeHcuBHOCTI cyaHa (CII), 3amposamxenns llmany ympas-
nians eHeproedextuBHicTio cyaHa (SEEMP) Ta cucremu 3060py maHHx
PO CHOXKUBaHHS majivBa. BinmoeigHo no unHHUX miaxonis SEEMP mae
BKJIIOYATH TpU 4acTHHU: [InaH ynpaBniHHs, CIPSIMOBAaHMN Ha IiABUIICH-
Hs eHeproedekTuBHOCTI, [lman 300py maHWX MO0 BUTpATH MalHWBa Ta
[Tnan o0 eKcIuTyaTamiiHoi ByIJieleBoi MicTKOCTI cyaHa [4, 5]. Cucre-
Ma 300py manux IMO mpo cnoxwuBanHs cynHoBoro nanuBa (IMO Data
Collection System, IMO DCS) Bumarae Big CyAeH BajOBOIO MICTKICTIO
5000 per. TonH 1 OinbIIe QiKCyBaTH Ta MOJABATH BepU(IKOBaHi JaHi Mpo
BUTpATH MallMBa, a JEp)KaBH Mparopa — MepeaaBaTtd ix A0 0a3u JaHuX
IMO y Bu3HaueHni ctpok# [6, 7]. 3 iHmoro 6oky, y €Bponeiicbkomy Coro3i
(€C) 3 1 ciuns 2024 poky MOpCBKi nepeBe3eHHs BKItoueHi 10 CucreMu
TOPTiBJI J103BOIaMu Ha BUKUaM €Bporneiicbkoro Coro3y (European Union
Emissions Trading System, EU ETS), a 3 2025 poky pernament €C 11010
BUKOPHUCTAHHS BiTHOBJIIOBAHUX 1 HU3BKOBYIJICLIEBUX MAIKUB Y MOPCHKOMY
tpancnopti (FuelEU Maritime) 3anmpoBajpkye moeTarnHe CKOPOYCHHS BH-
KHJIIB TIAPHUKOBUX Ta3iB 3 cyieH Big 2% y 2025 pomi mo 80 % y
2050 porri Ta BUMarae B OKpeMHUX BHITaJKaX IiAKIIOYEHHS 10 OEperoBoro
eNeKTPOIIOCTAYaHHSI MiJ] Yac CTOSHKH [8, 9].

3a mMx yMOB TPAIUI[IHMMHU MiAX0JaMHU JIO YIPABIIHHS CYJIHOBOIO
eHeproe()eKTUBHICTIO € MEePioANYHMIN aHalli3 peicy, pyyHe ONpaloBaHHS
3BIiTiB, 130JIbOBaHE IUIAHYBAaHHA MaplIPyTy a00 0OCIyroByBaHHS 3a Kaie-
HJIApPHUM TIPHHIUIIOM — BHSBJSIFOTBCS HelocTaTHIMHA. BoHM He 3abe3re-
YYIOTh CBO€YACHOI peakiii Ha 3MiHy NOTOJH, HABAaHTAXXCHHS, YEpPrd B
MOPTax, MHOTIpIICHHS TEXHIYHOTO CTaHy HPOIMYJIbCHBHOTO KOMILIEKCY,
3MiHy HOPMaTHBHUX BHMOT 1 BApTOCTi 3a0€3IeUYeHHs BYTJICIIEBOI BiJIIIOBI-
JTHOCTI.
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IMocTranoBka 3aBaaHHsA. 3aBIaHHAM JIOCTIIKCHHS OyJ0 BH3HAYEHHS
TOTO, SIKI caMe IU(POBI IHCTPYMEHTH peajbHO 3/aTHI 3a0€3MeUnTH CKO-
pOUYEHHS BUKHAIB HA MOPCHKOMY TPAHCIOPTIi, K BOHU IHTETPYIOTHCS 3
YMHHUMH MDKHAPOJHUMH HOPMaMH Ta SIKi OOMEKEHHSI CyNPOBOKYIOTb
1X BIPOBAKCHHSI.

AHaJji3 ocTaHHIX gocaifkens i myOaikaniii. [IpoGremarnka nexap-
OoHi3alii MOPCHKOrO TPAHCHOPTY B CYyYaCHUX HAYKOBHX JOCIIKEHHSX
JeNlalli yacTime po3rsAacTbes Yy B3a€EMO3B SI3KY 3 HUPPOBOIO TpaHchop-
MaIli€l0 CYIHOIUIABCTBA, TIOPTOBOI iH(PPACTPYKTYypH Ta JIOTICTUYHUX JIaH-
mioriB. Y (axoBiil siTepaTypi HaroJomyeThCs, IO AOCSATHEHHS LilIen 3i
CKOpPOYCHHS BUKHJIIB TAPHUKOBUX Ta3iB y MOPCHKIH Tray3i OB’ SI3y€ThCS
HE JIUIIE 3 TEXHIYHOI MOJIEPHI3AIlE€l0 CYACH 1 BIPOBAKEHHSIM albTep-
HATUBHUX ITaJIUB, & W 13 3aCTOCYBaHHSAM HU(POBHUX IHCTPYMEHTIB, 37aT-
HUX TIOEIHYBaTH EKCIUTyaTaliiiHi, eHepreTHYHi, €KOJOTiUHI Ta perysiTo-
PHI TapaMeTpy B €QUHY CUCTEMY MPUHHSTTSA pimeHs [1, 3].

AHai3 HayKOBHUX TpaIlh MMOKA3ye, M0 OJHUM i3 HaWOLIbII po3pobie-
HUX HampsIMiB € JOCIiPKEHHSI CUCTEM LU(PPOBOTO MOHITOPHHTY, 3BITHOC-
Ti Ta aHAIITUKH, SKi 3a0€3MEeYyI0Th BUKOHAHHS MIKHApPOIHHUX 1 perioHa-
JFHUX BUMOT IIOAO €HeproeeKTHBHOCTI Ta BUKUMIIB. Y IIEHTpi yBaru
TaKuX JIOCHTI/KeHb NepeOyBaloTh MUTaHHS 300Dy, MepeaaBanHs, Bepudi-
Kallii Ta iHTeprpeTanii eKCcIuIyaTalliiHuX JaHUX CyJHA JUIs 3a0e3MeUYeHHS
Bignosigaocti Bumoram Cll, SEEMP ta DCS. 3okpema, y po6orti [10]
3aNPOTIOHOBAHO CTPOICHY CHCTEMY MOHITOPHHTY AJISl MaJIMX 1 CepelHix
CYJICH, 37aTHY Ha OCHOBI OOMEXEHOTOo HaOopy mapaMeTpiB (opMyBaTH
JOCTaTHBO 1H(QOPMATHUBHY KapTHHY IIOJI0 IIBUAKOCTI, MOTYKHOCTI, BHT-
paru nanuBa, BukuaiB CO, Ta 3aransHoi eextuBHOCTI cynHa [10]. ITopsin
i3 UM y mpodeciiiHuX aHaJITHYHHX MaTepiajax [HCTHTYTy MOPCBHKOi
imkeHepii, Hayku 1 TexHomoriii (IMarEST) minkpecnroerbcsi, mo came
JlaHi, OTpUMaHi B TIPOIleCi eKCITyaTallii, CTBOPIOIOTh MIATPYHTS ISl 3HU-
KEHHS BUTPATH MajWBa, CKOPOYECHHS BUKUMIIB Ta MNPUHAHATTA OlIbLI
OOTpYHTOBaHUX ONEpaIiiiHuX pileHs y cdepi aekapOonizarii [11].

Oxpemuii MacuB nmyOikanii npucBsyeHo nuGPoBiid onTuUMizamii pei-
Cy, WIBUAKOCTI Ta TOrOAHOI MapumpyTu3amii. Y 1ux po0oTax T0BOAMTHCS,
IO BpaxyBaHHS TMPOTHO30BAHUX TiJPOMETEOPOJIOTIYHUX YMOB, IMapa-
METPIB HABAaHTAXKECHHS CyJIHA Ta KPUTEPIiB OE3MeKH JT03BOJISIE 3MEHIITYBa-
TH BUTpATH MajuBa 0e3 MOTipIIeHHs eKcIuTyaTauiiHol HagiiHOCTI Ta O6e3-
neku cyaHorviapersa [12, 13]. BaxinBo, 110 cydacHi JOCIIPKEHHS Ta
aHATITHYHI MaTepiajd pO3IIISIIAI0Th «OMTUMI3aIio peiicy» (voyage
optimisation) i «moroaHy MapmpyTtusanito» (weather routing) He sk i30-
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JbOBaH1 HaBiraliiiHi IHCTPYMEHTH, a SIK YaCTHHY IIUPIIOT CUCTEMH KOOP-
OUHAIIT MK CyTHOM, TIOPTOM 1 JOTiCTHYHUM JaHIoroM. Came B TaKOMY
KOHTEKCTI «IIpUOYTTS TOYHO B CTPOK» (just-in-time arrival) mounnae Tiy-
MauUTHCS HE JIUIIE K IHCTPYMEHT eKOHOMII Jacy, a 1 sk 3acib 3amobiran-
HS HaJUTIIKOBOMY CHIAJIFOBAHHIO TTaJIMBA BHACIIZOK MOCIIIXY 0 TOPTY Ta
ITOAAITBIITOTO TPOCTOIO Ha sikopi [ 14].

[lepcieKTHBHUM HampsIMOM CYYaCHUX IOCTIUKEHb € 3aCTOCYBaHHS
UUPPOBUX ABIMHUKIB Y MOPCHKOMY TpaHCHOPTi. Y MyOJiKalisX LbOTO
HampsMy UQPOBUI ABITHUK TPaKTyeThCS SK IWHAMIYHA MOJENb CYAHA,
foro migcucteM abo MapUIPyTY, sika Oe3MepepBHO OHOBIIOETHCS HA OCHO-
Bi EKCIUTyaTal[ifHUX JaHWUX 1 A€ MOXKIIMBICTH OIIHIOBATH HACIIJIKU Pi-
IIeHb /10 X MPaKTUYHOI peamizalii. Y poboTi [15] Takuii migXi BUKOPHC-
TaHO /IS MapIIpyTH3alii CyJHa 3 ypaXyBaHHSM BUMOT JieKapOoHi3alliii-
HOTO pEryJIOBaHHA, II0 JO3BOJIWIIO OEIHATH pealibHi eKCIUTyaTamiliHi Ta
METEOPOJIOTIYHI J1aHi 3 (i3WIHOI0 MOEIUTIO OIIHIOBaHHA BUKUAIB [15]. ¥V
MIUPIIOMY KOHTEKCTi MU(POBiI ABIHHUKK PO3TISIIAIOTECS K IHCTPYMEHT
CHEePreTUYHOr0 MEHEKMEHTY, MOJICIIIOBAHHS PEKUMIB POOOTH, OLIHIO-
BaHHS TEXHIYHOTO CTaHy CYJHA Ta aHAJI3y CICHAPIiB IiIBUIICHHS CHEp-
roedekTuBHOCTI [15].

3HayHa yBara B OCTaHHIX JOCII/PKCHHSAX MPHUALISETHCS TaKOX 3a-
CTOCYBaHHIO IITy4YHOTO iHTeNekTy (Al), mammuaHoro nHaByanus (ML) Ta
TEXHIYHOTO 0OCITyTOBYBaHHS Ha OCHOBI IIPOrHO3YBaHHS cTaHy. HaykoBi it
MPUKJIATHI TyOIiKamii CBi4aTh, MIO BENHKI MAacHBH EKCILTyaTallitHHX
JIaHWX, CYJHOBA CEHCOPHKA, pPelicoBa 3BITHICTh Ta TEXHIYHI MapaMeTpH
oOnagHaHHs (POPMYIOTH TIATPYHTS Ui TMPOTHO3YBaHHS EHEPTOCIIOKH-
BaHHS, BUSBJICHHS CHEProeeKTUBHUX PEKUMIB POOOTH Ta PaHHBOTO
BUSIBJICHHS BIJIXWJICHb y TEXHIYHOMY CTaHi oOjamnaHHs [16, 17]. s
CYJHOBUX EHEPreTHYHHX YCTaHOBOK II€ OCOOJIMBO BaXKIIUBO, OCKIJIBKH
J1arHOCTYBaHHS TEXHIYHOTO CTaHy Ta KOHTPOJIb aJMBHOI €KOHOMIYHOCTI
0e3nocepeIHRO OB’ s13aHi 3 BUTPATOKO MAMBA M eKCILTyaTalliifHO edek-
TuBHICTIO [16, 18]. OKpeMi aHaNITHYHI MaTepialy TaKOX ITiJKPECITIOTh,
IO iIHCTPYMEHTH LITYYHOI'O 1HTENIEKTY MOXYTh OYTH €(QEeKTHMBHUMH IS
MPOTHO3HOTO TEXHIYHOTO OOCIYroBYBaHHs, IiABHILEHHS HaIIHHOCTI
oOJIaJiHaHHSI Ta MATPUMKH OTIepalliiHUX pillleHb Y CyTHOIUTaBCTRBI [17].

Ile onHMM BaXIMBHM HANPsMOM HAyKOBHX IyOmikamiid € mmd-
poBi3allis mOpTiB 1 nekapOoHi3allis JiaHIora nepese3eHHs. Jlociinanku
BiJI3HAYAIOTh, 1110 ICTOTHA YaCTKa HAJJIMIIKOBUX BUKUIIB POPMYETHCS Ha
CTHKY B3a€MOJIii Cy/JHa 3 IOPTOM YHACIIJIOK HEY3rO/PKEHOCTI OIepallii,
HETOYHOCTi iHopManii Npo pPO3paxyHKOBHH dYac MNpUOYTTS CynHa
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(estimated time of arrival, ETA), 3aTpuMoK Ha migxogax Ta MpOCTOiB Cy-
JIeH 13 MPAmOIYAMA JOTOMDKHUME IBUTYHAMH. Y IIOMY KOHTEKCTI Jie-
naui GipIoi yBaru HaOyBarOTh MOPTOBI UG POBI TIaThOpMU Ta UPPOBI
nBiitaukn moptiB. Tak, y po6oti [19] nmpoaeMOHCTpOBaHO MOKJIUBICTD
BUKOPHCTAHHS MTOPTOBOTO IH(POBOTO IBIfHMKA Ul TMOKpPAIIEHHS IIPO-
rHO3y Jacy npuOyTTs cyzaeH i BukuiB CO, mig gac peficy [19]. Bogrowac
crpareriuni gokymentd IMO Tta perionanbhi aktd €C miIKpecTOIOTH
3HA4YeHHS PO3BUTKY OEperoBOro eneKTpONOCTAa4YaHHsl, MOCTaYaHHS! HU3b-
KOBYTJICIIEBOI €HEeprii Ta OMTHUMI3amii JIOTICTUYHOTO JIAHITIOTA SIK BaXKJTH-
BUX CKJIAJIOBHX JIeKapOoHi3allii Mopchkoi ramysi [1, 9].

[Mopsin 13 BU3HAHHSM 3HAYHOTO MOTEHIIaTy HM(POBi3alii B HAYKOBii
JiTepaTypi OKpechroloThes 1 ii oOmexxeHHs. Hacammepen imerbes mpo
3aJIeXKHICTh PE3YIBTATUBHOCTI MU(POBHUX IHCTPYMEHTIB BiJl AKOCTI TaHUX,
KOPEKTHOCTI KaniOpyBaHHs CEHCOpiB, TOBHOTH TEJEMETpii Ta CyMiCHOCTI
iHpopMmamiitnux QopmariB. Y mxepem [3] cepex ximrodoBuX Oap’epiB
ugpoBoi TpaHchopMallii MOPCHKOTO TPAaHCIOPTY PO3TISAAIOTHCS ITH-
TaHHsI, TIOB’S13aHi 3 ApaliBepaMu, YUHHUKAMH YCIiXy Ta Oap’epaMu 1ud-
poBi3arlii, 30kpeMa MpobJieMaMu IHTerpallii Ta opraHi3aliifHoi B3aeMOii
[3]. Kpim Toro, cyuacHi migxoau IMO 1o OIiHIOBaHHS BUKHIIB Y MEXKax
JKUTTEBOTO IMKJIY MaJMBa 3aCBIAYYIOTH MEPEXiJl Bl BY3bKOT'O IMiJIXOMY
«BIJI CYJAHOBOTO TaHKa 10 Buxjomy» (tank-to-wake), skuii mepenbauae
OIIIHIOBaHHS BWKHUJIB IMAPHUKOBHX Ta3iB TUIBKH MiJ Yac eKCILTyaTarii
CyIHa, 0 OIMPIIOTO — «BiA /pkepena mo Buxiomy» (well-to-wake), 1o
OXOILTIOE TIOBHUIN KHUTTEBUH ITUKI MajJUBa — Bl HOro BUPOOHHUIITBA, II€-
pepoOIIeHHs # TpaHCHOPTYBaHHS JI0 KiHIIEBOTO BUKOPUCTAaHHS Ha OOpTY
Cy/Ha, i BUMarae BpaxyBaHHs He JiMIIe (DAaKTy CHAIIOBAHHS INaJMBa Ha
0opTy, a ¥ MOro MOXOJKCHHS, JKUTTEBOTO ILMKIY Ta TOKAa3HHKIB HOTO
€KOJIOT1YHOTO BIUIMBY Ha JoBKiis [20, 21].

OTxe, aHami3 OCTAaHHIX JOCHIKEHb 1 MyOdiKamiii mae ImmiicTaBu
CTBEP/UKYBaTH, 10 NU(POBI IHCTPYMEHTH Jieali OiIbIe po3rIsatoThCs
SIK CHUCTEMHAa OCHOBa JieKapOOHi3allii MOPCHKOro TpaHCcropTy. BoHu 3a-
0e3nevyloTh 3B’SI30K MDK TEXHIYHOIO EKCIUTyaTali€lo CyAHa, Oll-
TUMI3alli€l0 peicy, eHepreTHYHUM MEHEDKMEHTOM, IMOPTOBOI0 KOOPAH-
HAIll€l0 T2 BUKOHAHHSIM PETYISTOPHUX BHUMOT. BomHoYac momanbimx
JIOCII/PKEHb TOTPeOYIOTh MUTaHHSI 1HTETpallii X 1HCTPYMEHTIB Y €JIUHI
IUQPOBI €KOCHUCTEMH, 3/1aTHI 3a0e3ledyBaTH KOMILICKCHE YHpaBIiHHS
eHeproe()eKTUBHICTIO, BUKHJIAMU Ta €KOJIOTIYHO BITIOBIIHICTIO MOPCh-
KOTO TPaHCIIOPTY.
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Bukiaan ocHoBHOro Martepiaxy mocaimkenHs. [{udposizaris Mop-
CBHKOTO TPAHCIIOPTY y Cy4acCHHX YMOBaX BHCTYIIA€ HE JIHUIIE 3aCO00M ITiJI-
BUIIIEHHS OTepaIiifHoi e()eKTHBHOCTI, a # BaKJIMBUM IHCTPYMEHTOM 3a-
OesnedeHHs JiekapOoHisallii CyHOMIABCTBa. [i IpakTUYHE 3HAYEHHS T10-
nsrae 'y popmyBaHHI IiTicHOTO iHGOPMAIIFHOTO KOHTYPY, B MEKaX SKOTO
naHi mpo poOOTy CyaHa, HOTO eHepreTHYHOI YCTAaHOBKH, MapuipyT, IOp-
TOBY B3a€MO/Ii0 Ta MaJMBHE 3a0€3MEeUCHHS IEPETBOPIOIOTHCS Ha MiACTaBy
JUTSL IPUHHATTS TEXHIYHUX, SKCIUTyaTalliMHUX 1 PillleHb MO0 JOTPUMAaH-
HSl HOPMaTHBHUX BHMOT.

1. ludposi nani sk ocHOBa AckapOOHi3allii, MO 3IHCHIOETCS ITiJ
BIUIMBOM HOpMaTHBHUX BHMOT. llepma rpyna nudpoBuX iHCTPYMEHTIB
MOB’s3aHa 3 MOHITOPHHIOM, 3BITHICTIO Ta aHATITHKOIO MOKA3HUKIB €HEp-
roeeKTHBHOCTI 1 BUKUAIB. CaMe pPO3BUTOK TaKUX CHUCTEM POOHUTH peaib-
HuM BukoHaHHs BuMor CII, SEEMP ta DCS. [{udposa miardopma eHep-
TeTHYHOTO MOHITOPHHTY 3a3BUYall 00’ €IHY€E CYAHOBI JAaTUYNKH, JIUAITHHH-
KA BUTpaTH TManwWBa, naHi [100adpHOI cHCTEMH TO3UIIIOHYBaH-
Hs1 / ABromatnunoi ineHtudikauiiinoi cucremu (GPS/AIS), meteoponori-
4yHy iH(pOpMALi0, AaHi MPO PEKUMH POOOTH CYAHOBOI ECHEPreTHYHOI
YCTaHOBKH, a TAKOX OeperoBi aHAMITHIHI MOy, Y IPaKTHYHOMY BUMIipi
1Ie 03HAYa€ TMePeXiJl BiJ 3BITHOCTI 3a MUHYJIMH TIEPioj 10 Maibxke Oe3nepe-
PBHOI OIIHKK BYIJICHEBOI IHTEHCHBHOCTI KOHKPETHOTO peHCy, CyaHa i
HaBiTh OKPEMOIO DPEXHMY pPOOOTH EHepreTHYHoi ycTaHOBKH. Haykosi
PO3po0KH y 11iil cdepi BKe MPONOHYIOTh CIPOINEHi, ale T0CTaTHRO 1H(O-
pPMaTUBHI CHCTEMH MOHITOPHHTY. 30KpeMa, y gociimkenHi [10] po3po6-
JICHO CIIPOIICHY CUCTEMY KOHTPOJIIO JJIsS MaJUX 1 CEPE/IHIX CyJIeH, AKa Ha
0cHOBI oOMexeHoro Habopy panux (GPS, Butpara nanusa, yactora odep-
TaHHs) 3/1aTHa BU3HAYATU IIBUJKICTh, OTYXHICTh, BUTPATy MaJIMBa, OLli-
HKy BUkuaiB CO; Ta eeKTHUBHICTh Cy/HA 3 MepeaaBaHHsaM iH(opMallii 10
OeperoBoro 1eHTpy B peanpbHOMY 4daci [10]. BaxmusicTs miei podotu mo-
JsTa€ B TOMY, IO JeKapOoHi3allis BUMarae IMU(pOBUX PIlIEHb HE JIUIIIS
JUIsl BEJIMKAX OKEAHCHKUX CYJeH, a W JUIs MPUOEPEeKHOT0, CEPBICHOIO Ta
MaJIOr0 TOHHAXY, Je PeCypcHI 0OMeXeHHs 0coOIUBO BiauyTHI. BogHouac
caM 30ip JaHUX ILe HE rapaHtye pe3yiabTary. EQekT BUHHMKae TOAi, KOIH
MUQPPOBHI KOHTYP MEPETBOPIOE JIaHI Ha KEPiBHI Jii: IPOTHO3 JOCATHEHHS
peiituary ClI, monepemkeHHsST PO 3pOCTaHHS BUTPATH MaJKMBa, aBTOMa-
TU30BaHy MEPEBIPKY BIAMOBITHOCTI 3BITHOCTI, MOPIBHAHHS (aKTHYHOTIO
npo(diIl0 SHEProBUTPAT i3 0a30BMM a00 KOHTPAKTHUM. Y IIyOJiKaIlisx
IMarEST miakpecitoeTbes, 10 caMe J1aHi, OTpUMaHi B X011 omepailiii, cTa-
I0Th OCHOBOIO JJIsl CKOPOUEHHS BUTPAT MaJIMBa Ta BUKHIIB, @ ONTHUMI3aLlis
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BUKOPHCTAaHHS BAaHTAKOMICTKOCTI CyZHA Ta OpraHizamil pelicy Ha OCHOBI
JAHUX MOXKe 3a0e3redyBaTH 3Ha4He MiABHINeHHS edexTuBHOCTI [11]. OT-
e, TII(POBUI MOHITOPHHT CITi PO3TIISAATH He K (popMy 3BITHOCTI 3apaan
3BITHOCTI, a SIK MEXaHi3M YIpaBJIiHHS JeKapOOHi3alliiHIM PU3HKOM.

2. Onrumizaris peiicy, MBHIKOCTI Ta MOTOAHOT MapmpyTr3amii. Jpy-
ra BeIMKa Tpyra iHCTPYMEHTIB — 1€ CHCTEMH ONTHMIi3alii peicy, moroa-
HOi MapuIpyTH3alii, OpUOYTTS TOYHO B CTPOK Ta iHTETPOBAHOrO IUIAHY-
BaHHs peiicy. BoHM MpsMO BIUIMBAIOTH Ha BUTPATH MaNMBa 1 BUKHUIW,
OCKUITBKH JAf0Th 3MOTY YHHKATH HEpalliOHATbHUX PO3TOHIB, HEOOIPyHTO-
BaHO BHUCOKOI CepBiCHOI HIBUKOCTI, TPHBAJIOT0 OUiKyBaHHA OISl TOPTY Ta
MPOXOUKEHHS! MapLIPYTiB i3 BHUCOKAM XBHJIBOBUM OIOPOM. Y JOCIi-
JDKCHHSX 3 HaBITaliifHOI ONTHMI3aIlii BXKe JOBEICHO, IO BpaxyBaHHS
MMPOTHO30BAaHUX TiIPOMETEOPOJIOTIYHAX YMOB 3a0e3redye BHOIp OinbIi
nanBoe(DEKTUBHUX MapUIPyTiB 0e3 3HIKEHHS piBHS O€3MeKH CyTHOII-
nmaBctBa [12]. [Hmi poOOTH MPOMOHYIOTH CIIEIiani30BaHi alTOPUTMHU TI0-
TOJHOI MapIIpyTH3aii, sSKi 3a0e3NeUyI0Th 3HIKEHHS MOKa3HUKa BYTJIe-
LEBOi IHTEHCUBHOCTI CyJHA 32 OJHOYACHOI'O BpaxyBaHHs O€3MeKH Iuia-
BaHHs, rpadika pyxy ta eHeproedexkruBrocti [13]. 3 mormsmy nexapOoHi-
3amii MPUHIMIIOBO BAXKJIMBHM € BiJXi[ BiJl 130IbOBAHOTO ILTAHYBaHHS
CYJHOM JIMIIIE BJIACHOTO Tiepexojy. PeambHuil eekt 3’sABISETHCS, KOJIU
OIITUMI3allis MapIIPYTy y3TOMXKYEThCS 3 YACOBHM BIKHOM OOCIYrOBYBaH-
HSl CyOHa B MOPTY, TOTOBHICTIO NpHYally, BaHTa)KHO-TEXHOJIOTIYHUMH
oIepalisiMi TepMiHaJIa Ta JIOTICTUYHMM JaHIorom. CaMe TOMy CydacHi
MiAXOIM 10 MPHOYTTSI TOYHO B CTPOK PO3TIISAAIOTHCS SIK IHCTPYMEHT He
TIJIBKH €KOHOMIIT Yacy, a i yHHKHEHHS 3aiBOTO CITAJIIOBAHHS T1aJllBa Yepe3
MOCHIX 0 NOPTY 3 MOoAANBLIINM NpocToeM Ha sikopi. IMarEST y marepia-
Jlax W00 1HTENEKTYAIbHUX TPAHCIIOPTHUX CHCTEM JJIsi MOPCHKOT Taimy3i
BKa3ye, M0 MOEJIHAHHS CYyJIHA, MOPTY 1 JIOTICTHKH Y CIUIbHY IH(pOBY
apxiTEeKTypy Ja€ MEHILI 3aTPUMKH, 3MEHIILYE YePrd Ta BUKUIH, a aJanTu-
BHA ONTHMIi3allisl MBHJKOCTI BXXE caMa o co0i MOKe iCTOTHO CKOpOUyBa-
i emicii [14]. [IpakTuuHe 3HAYCHHSI TAKUX CUCTEM OCOOJHUBO 3POCIIO
micns 3ampoBapkeHHs CII Ta perioHaTbHHUX MeEXaHI3MIB BYTJICIEBOTO
peryiioBaHHA. 3a HasBHOCTI NMPOTHO3Y IMOToju, (aKTHYHOTO OCiJaHH,
BaHTAXKHOTO MPOQLI0, CTaHy KOPITyCy Ta TBHHTA OIEPaTOp OTPUMYE MO-
KIIMBICTh Yy pealbHOMY Yaci BUPINTyBaTH KOMIIPOMIC MK CTPOKOM JIOCTa-
BkH, pertuarom CII, BuTpatamu Ha NMaJvMBO Ta MOTECHUIMHUMHM BYTJele-
BUMH IiaTe:kaMu. ToOTo nudpoBa MapiipyTHU3ailis IepEeTBOPIOETHCS Ha
THCTPYMEHT 0araTOKpHUTEpPIaLHOTO YIPABIiHHS, a HE TPOCTO HA HaBira-
LilHY 1OTIOMOTY.
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3. Uudposi aBiliHMKKM cynHa Ta eHepreTMUHUX cucreM. OmHUM i3
HaWTIEpCIIEKTUBHIIINX HAMpsMiB BBaXA€ThCS 3aCTOCYBaHHS MH(PPOBHIX
IBIHHUKIB. /)11 MOPCBEKOTO TpaHCIIOPTY MU(POBHIA NBIMHUK — 1€ TUHAMI-
YyHa 1U¢poBa MOJAECIH CY/HA, HOTO MiJCHCTEM a00 MaplIpyTy, ska Oe3re-
PEPBHO OHOBIIOETHCS €KCIUTYaTAIfHUMU TAaHUMH Ta JTO3BOJISE OIIHIOBA-
TH HACIIAKHU pilmeHb A0 iX (paktudHoi peamizarii. s mekapOonizamii me
Ma€ BHpilIaJbHE 3HAYCHHS, OCKUIBKH JBIHHHK J03BOJSIE MOJEIIOBATH
BIUIMB IIBUAKOCTI, CTaHy MOpsI, TEXHIYHOTO CTaHy, THITy MajluBa, CTpare-
riil po3monidy HaBaHTaXEHHS a00 BHKOPHCTAHHS TIOPHIHUX €HepreThd-
HUX YCTaHOBOK Ha MaJIMBOCIIOKMBaHHs Ta BUKuUAM. Y [15] 3amponoHoBa-
HO UU(POBHUHA ABIMHUK AJISI MapIIpyTHU3allii CyAHa 3 ypaxyBaHHSIM BHUKO-
HaHHS BUMOT JIeKapOOHI3aI[ifHOTO peryiroBaHHs. 3armpoNOHOBAaHUMA Tij-
Xi/1 IO€THY€E peaNnbHi eKCIUTyaTalliifHi # MEeTeopOJIOoTiuHI 1aHi 3 (PiI3UIHOI0
MOJICJUTIO OL[IHKY BUKHU/IB 1 Ia€ 3MOTY IPOTHO3YBAaTH WMOBIpHICTH BiJIO-
BIJTHOCTI Cy/IHa HOPMaTUBHUM BUMOTaM BITpOoAOBK peiicy [15]. Taka moc-
TaHOBKA € HA/I3BUYAHHO BAXIIMBOIO, 00 TIEPEHOCUTH IIU(PPOBUIT ABIHHK 3
PiBHS TEXHIYHOI Bizyamizalii Ha piBeHb MIATPHUMKHU pillleHb MIOAO 3a0e3-
MEYCHHS BIAMOBIAHOCTI BCTAHOBJICHUM BUMOTaM. [HITUMU clioBamu, mud-
pOBHIA IBIHHUK TepecTae OyTH JHUIIE MOJEIUIO CTaHy CyAHA 1 CTae iH-
CTPYMEHTOM JIeKapOOHI3aIliHfHOr0 MEHEKMEHTY. Y MIUPIIOMY HAyKOBO-
MY KOHTEKCTI HU(PPOBI ABIHHUKH PO3TISIAIOTHCS TAKOXK SIK 3aCi0 ONTHMI-
3a11ii poOOTH MPOMYJILCHBHOTO KOMILIEKCY, eHEPreTHYHOTO MEHEKMEHTY
riOpUIHUX YCTAaHOBOK, aHAJI3y BiIXMIIEHb ()aKTUIHOT BUTPATH MAIHBA BiJl
€TaJIOHHOI, OLIIHKU €(EeKTy OUYHILEHHS KOPITyCy Ta TBUHTA, a TAKOX BEpH-
¢ikamii cueHapiiB mepexoay Ha albTepPHATHBHI maynmBa. s cymHOBUX
MEXaHIKiB 11e (pOpMye HOBUH MiAXif 10 TEXHIYHOI eKCIUTyaTallii CyTHOBHX
CHCTEM: TEXHIYHMHU CTaH i BUKUAW PO3IIISIAIOTHCS CIIJIBHO, a pPilICHHS
o0 OOCIYyrOBYBaHHS, HaJaIITYBaHHA a00 PEMOHTY MPUHMAIOTBCS 3
ypaxyBaHHSM iXHBOT'O €KOJIOTIHHOTO edeKTy. Y pe3ysbTari AekapOoHiza-
i mepecrae OyTH 3aBIAaHHSAM JIMIIE KOMEPIIMHOTO JerapTaMeHTy ado
€KOJIOTTYHOI'0 MEHE/DKMEHTY 1 CTa€ YaCTHHOK CUCTEMHU TEXHIYHOI eKC-
IuTyartamii cyiHa.

4. TlporHo3yBaHHA, IUTYYHHH IHTENEKT 1 TEXHIYHE OOCIYrOBYBaHHS
Ha OCHOBI ITPOTHO3YBaHHA cTany. HacTymnHa rpyna nudpoBux iHCTpyMeH-
TiB TIOB’s3aHa 3 MallMHHUM HaBYaHHSM, MPOTHO3HOKO aHANITUKOIO Ta
TEeXHIYHUM OOCIIyroByBaHHAM 3a (akTHYHMM cTaHoM. HaykoBi orisiau
3aCBIIYYIOTh, IO BEJIMKI OOCSTM €KCIUTyaTalliiHMX JaHHX, JaHi CEHCOP-
HOT'O KOHTPOITIO, pelicoBa 3BITHICTh Ta TiJ[pOMETeopoIoriyHa iH(popMaris
€ (hyHOIaMEHTOM JJIsl TOYHOT'O MPOTHO3YBAHHS €HEPTrOCHOXKUBAHHS CY/IEH 1
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MOLIYKY eHeproeeKTUBHUX pexuMiB [22]. YuMm TOYHILIE cHCTeMa IMpo-
THO3Y€ CIIO)KMBAHHS NAJIMBA 3a PEAIbHUX YMOB, TUM €()EeKTHBHIILIE BOHA
MOJKE IMiITPUMYBATH PIMICHHS 1100 MIBHUAKOCTI, PO3MOIITy HABAHTAXKEH-
HSl, OYMIICHHS MiIBOJHOI YaCTHHM, KOPUTYBAaHHS Tpadika TEXHIYHOTO
oOcTyroByBaHHS Ta BHOOpY MapmipyTy. TexHidHe oOCIyroByBaHHS Ha
OCHOBI TPOTHO3YBaHHS CTaHy Mae Oe3mocepenHiil aexapOOHi3amiiHNN
MOTEHIIiaJ, X04Ya B TPAIUIIIHHUX 00TOBOPEHHSX BiH 4aCTO HEJOOI[IHIOETh-
cs. Iloripmenns crany (opcyHOK, TypOOHarHiTaya, CUCTEM HaIJyBY,
TEII000MIHHUX TIOBEPXOHb, JiHII BaJOMPOBOAY a0 MiABOAHOI YaCTHHH
KOPITYCY MOCTYIIOBO ITiIBHIIY€ TUTOMI BUTpaTH manusa [16, 18]. Axmio i
BIXWJICHHS BHUSBISIIOTHCS HE MiJ Yac MJIAHOBOTO PEMOHTY, a Habararo
paHiIe - 3a JOMOMOTOI0 aTOPUTMIB aHOMAIiN, TUPPOBUX MPodiTiB Ha-
BAaHTAKCHHS Ta MPOTHO3HUX MOJENEH, - CyIHO YHUKAE CHCTEMAaTHYHHX
MPUXOBAHUX BHKHIIB. Y IIbOMY CEHCI IHCTPYMEHTH IITYYHOTO iHTEJIEKTY
Ta MAaIIMHHOTO HAaBYAHHS € HE NOJATKOM [0 TEXHIYHOI eKcIUlyarauii, a
criocoOoM 3arodiraHds eHepreTudHii aerpananii cynna. IMarEST Takox
BiJJ3HAUa€ POJb MITYYHOTO IHTENEKTYy B ONTUMi3alii MapHipyTy, Bpaxy-
BaHHI moroay, Tpadiky, I[iH Ha MaJIMBO Ta 1HTErpamnii 3 TOPTOBOIO JIOTiC-
THAKOIO Ul 3MEHIIIEHHS MPOCTOiB 1 BUTpaT namwsa [14, 17]. Bogrowac
3aCTOCYBaHHS TaKUX 1HCTPYMEHTIB y MOPCBKill raiy3i moTpebye o0epex-
HOCTi: MOJIeNli TIOBUHHI OyTH 3pO3yMIIMMH AJIsl €KiMaxy Ta OeperoBHX
OIIepaTopiB, HABYATHCS HA PENPE3CHTATUBHUX JAHMX 1 HE MiIAMIHATH CO-
0oro kputepii Oe3mexu cyaHoruIaBcTBa. HalOuIbIl MPOIyKTHBHUM € T10-
€THaHHS (I3MYHUX MOJIENIel CyHa 3 alrOpUTMaMK MAallMHHOTO HABYaH-
Hsl, KOJIM IU(poBa cUCcTEMa HE MPOCTO MPOTHO3YE Pe3YNbTaT, a iHTepIpe-
Tye HOT0 uepe3 pealibHi eKCILTyaTalliiiHi TapaMeTpH.

5. [NopToBa nudposizailis Ta AekapOOHi3allis JaHIIora MePEeBE3CHHS.
3HayHa YaCTHHA HA/JIMIIKOBUX BUKUAIB (DOPMYETHCS HE JIUIIE B PEiici, a
i Ha CTHKY CyZHa 3 HOPTOM. 3ami3Hija iHdopmaLis Mpo rOTOBHICTh NPHU-
Yajry, HEY3rOKEHICTh BaHTa)KHO-TEXHOJIOTIYHMX OIepaliil TepMiHaia,
BiJICYTHICTh TOYHOTO Yacy MpHOYTTs Cy/HA, IPOCTOI HA MiJXoJax Ta CTO-
SIHKa 3 TMPALOIYUMH JOIIOMIXXHUMHU ABUTYHAMH 3YMOBIIIOIOTh JI01aTKOBE
cnamoBanHa nanuBa. Came tomy B Crparerii IMO 2023 poky npsmo
3BEPTAEThCS yBara Ha PO3BHTOK MOPTOBOI iHPPACTPYKTYpH, OEperoBoro
€JIEKTPOTIOCTAYaHHs, MTOCTAYaHHs HU3BKOBYTJIEIIEBOI €HEprii Ta MmoJalb-
Iy ONTHUMI3aIliI0 JIOTICTUYHOTO JIaHIIora, BKItoYaroun noptu [1]. Y mpko-
My KOHTEKCTI 3HaYHWU 1HTEpeC CTaHOBIISATH MOPTOBI MU(MPOBI ABIHHUKH.
VY pobori [19] cTBopeHO MOpTOBHIA U(MPOBUI IBIHHUK, SIKU BHKOPUCTO-
BY€ CIiJIbHI JaHI MOPCHKMX CTEHKXOJIEPiB 1 alNrOPUTM iHTEPaKTHBHOTO
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TUTaHYBaHHS IS MOKPAIIEHHs MIPOTHO3Y Yacy MpUOYTTS CyleH Ta BUKH-
niB CO, mig "ac peiicy. 3Ha4eHHA TaKOTO MiAXOAy TOJSITae B TOMY, IO
00’exTOM NekapOoHi3allii cTae He OKpeMe CYIHO, a Y3ro/DKeHa CHCTeMa
«CYIHO - TIOPT - TEPMiHAN - JAHLIOT AOCTaBKM». BiAmoBinHO cKOpoueHHS
BUKHJIIB JIOCSATAETHCSI HE JIMIIE 3aBISIKH aJbTEPHATHBHOMY IANUBY, a i
3aBIAKH YCYHEHHIO OMepaiiifHoi Hey3ro/pKeHocTi. PerioHanpHI MexaHi3-
MU HOPMaTHUBHOTO PETYIIOBaHHS JOAATKOBO CTUMYJIIOIOTH HU(PPOBI3alliio
nopToBoi xpisuibHOCTI. FuelEU Maritime npsMo miaTpumye BUKOPUCTAHHS
BiJTHOBITIOBAHUX 1 HU3bKOBYTJICIIEBUX MAJMB, YHCTUX TEXHOJOTIH 1 Oepe-
roBoro ejekTponocradanus [9]. Lle o3Hauae, 1110 MOPTH NOBUHHI MaTH HE
TiABKH Pi3uuHy iHPPACTPyKTYypy, a i undposi miathpopmu s Bepudi-
Kamii JpKepena eHeprii, eHepreTHYHOro OajaHcy, PeKuMy MiIKIFOYeHHS
CyInHa, BIICTEXXEHHS mHapameTpiB, mepenbadennx FuelEU Maritime, Ta
OOMiHY IaHMMH 3 CYJAHOIUIABHOIO KOMITaHi€to 1 BepudikaTtopom. bes Takoi
npoBoi HaNOYyAOBM HABITH HASBHICTH TEXHIYHOI 1HPPACTPYKTypH HE
3a0e3MeYNTh HAICKHOTO AEKapOOHI3aiifHOTO Pe3yIbTary.

6. Mexi edexruBHOCTI IMppoBUX iHCTpyMeHTiB. [Tonpu 3Ha4HM O-
TEeHIiaJ, HMPOBI3alil0 He MOXKHA PO3MIIAJATH SK CAMOJOCTATHE PilllcH-
Hs. [lo-mepre, ii pe3yabTaTUBHICTH 3aI€KUTH BiJl IKOCTI TAHUX: TOMHJIKA
B KaniOpyBaHHI JaTYMKIB, PO3PUBHU TeleMeTpii, HECYMiCcHICTh (popMaTiB
a00 CIOTBOPEHHS BXiJHHUX MapameTpiB MPHU3BOIATH 10 XUOHUX YIpaBIliH-
chkuX pimeHsb. [lo-gpyre, mudpoBi cucTeMH BUMararoTh CTaHAApTU3AI]
Ta HAJIEKHOTO PIiBHS JIOBIpH MiX 3allikKaBJIeHHUMHU CTOpoHamH. Orisy 1u-
¢dpoBoi TpaHchOpMAaIlii MOPCHKOTO TPAHCIIOPTY BHOKPEMIIIOE Opak CTaH-
JapTiB 1 Koomepanii sik oaHy 3 KirouoBux nepemkon [3]. [To-tpere, nexa-
pOOoHi3allis He 3BOIMTHCS A0 ONTHMI3aIlii eKCIUTyaTallii: HaBiTh HalKpalia
nupoBa cUCTEMa HE 3aMIHUTh HEOOXIAHOCTI OHOBJICHHS ()JIOTY, BIIPOBa-
JDKEHHsI albTepHATUBHHUX NallMB, BUKOPHCTAaHHA OeperoBoi eHeprii Ta
MOJIEpHi3allil eHepreTHYHUX YCTaHOBOK. Pa3zoMm i3 TiM came mudposi iH-
CTPYMEHTH 3a0€31eUyIOTh y3Tr0/PKEHHS TEXHOJIOTIYHNX, EKCILTyaTalliiHIX
1 HOpMaTUBHUX pilieHb. MiXKHapOHA MOPCHhKa OpraHi3aiis y KepiBHHIIT-
Bax IIOJO OLIHIOBAHHS iIHTEHCHBHOCTI BHKHIIB MapHUKOBUX Ta3iB yIpo-
JIOBX JKUTTEBOTO LIUKIY MOPCHKHX IajHB MEPEXOAUTh BiJ MAXOAY «Bix
CYJIHOBOT'O TAJIMBHOT'O TaHKA JIO BUXJIOITY» JIO IMiJIXO/y «BiJl BUPOOHHUIITBA
MaJIMBa J0 HOro BUKOPUCTAHHS HAa OOPTY CY/HA», OXOILIIOIOYH BYTJIEKHC-
JIMH Ta3, METaH 1 3aKUC a30Ty Ta BBOJASYM MAPKYBAaHHS KHUTTEBOT'O LIUKITY
naJiBa SIK TEXHIYHWHA iHCTpyMeHT obmiky [20, 21]. Ile o3Hauae, mo B
MOAaJIbIIOMY IIUGPOBI IIaTGOPMU MAIOTh MIPALIIOBATH HE JIUIIE 3 JaHUMHU
PO CHaJIOBaHHA ManrBa Ha OOPTY, a i 3 BepHudikaiero HOro MoXoHKeH-
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Hsl, )KUTTEBOTO IMKIIY Ta CKOJIOTIYHHUX XapakTepucTHk. OTke, MaiilOyTHE
mgpoBoi gekapOoHizalii MOPCHKOTO TPAHCHOPTY MOJSTae B iHTErpartii
CYTHOBHX, ITOPTOBHX, JIOTICTHYHUX 1 MAJUBHUX JTAHUX B €JUHI EKOCHCTE-
MU TPUHAHATTS PilICHB.

3 orismy Ha BHKIIAJeHe, y Tabnuili | HaBeqeHO y3aralbHEeHUI omwuc i
00OMe)XEeHHsI BUKOPHCTAaHHSI OCHOBHHUX IU(POBUX 1HCTPYMEHTIB aeKapOo-

Hizawil.

Tabmms 1. OcHOBHI nn(poBi iHCTpYyMEHTH AeKkapOoHi3amii MOPCHKOTO

TPaHCIIOPTY
Jexapoonizamiii- OcHoBHi
Incrpyment | [Ikepesio janux .
HUH eeKT 00MesKeHHsI
Cucremu Jani ipo manuBo- | 3a0e3neuyoTh PesyneratuBHICTH
MOHITOPUHTY | CIIO)KMBaHHS, Oe3rnepepBHUIA 3aJIe)KUTh BiJl TOYHO-
ta ananituka | GPS/AIS, mapame- | KOHTPOJIb MATHBO- | CTi JATYHKIB, TIOBHO-
MATUBOCIO- | TPH TOJIOBHHUX 1 CIIOJKUBAHHS, BU- | TH Ta Oe31epepBHOCTI
KUBaHHS, JIOTIOMDKHHMX Me- | KUJIB 1 ByriieneBoi |300py naHux, yHi]i-
BUKUIIB 1 XaHI3MiB, )KypHaJIH | IHTEHCUBHOCTI Kauii (hoopmariB oOMi-
BYTJICIIEBOT PSKUMIB poOOTH, |CyIHA; CTBOPIOIOTH | HY iH(OpMAIIi€to,
IHTEHCUBHOC- | pelicOBi, MeTeopo- | iHGopMaIliitHy KOPEKTHOCTI Bepudi-
Ti CyqHA JOTIYHI Ta BaHTAa- | OCHOBY JUISI BUSIB- | Kallii TOKAa3HHKIB, a
(MRV/DCS/ |xHui mnani JICHHSI Bi[XWJICHb, | TAKOX BiJ y3rojKe-
Cll- MiABUICHAS €Hep- | HOCTI CYTHOBHX i
AHAJITHKH) roe()eKTHBHOCTI Ta | OeperoBux iHpopma-
JOTPUMAaHHA €KO- | IHHUX CUCTEM
JIOTIYHUX BUMOT
Onrumizargis | [IporHo3oBaHi i Crpusitots BuOopy | EdhexruBHicTs 3aie-
peiicy, no- (hakTHuHI TigpOMe- | MaTuBOS(HEKTUBHUX | KHUTh BiJl TOYHOCTI
rojiHa Mapul- | TEOPOJIOTIYHI YMO- | MapIIpyTiB i pe- MIPOTHO31B MOTOH,
pyTH3arisa BH, JIaHI IIPO OCi- | )KUMIB pyXy, 3Me- | SKOCTI JaHUX PO
JIaHHS CyJIHa, HINEHHIO HAIJIMII- | TEXHIYHUH 1 BAHTaXK-
MIBHJIKICTB 1 pe- KOBOI IIBUJIKOCTI, | HHIA CTaH CyJIHA,
JKHM PYyXY, po3pa- |IPOCTOIB HA MiXO0- | CBO€YACHOT iH(pOpMa-
XYHKOBHI1 4ac JIax J10 IOPTY, eKc- | 1ii Big mopTy Ta y3-
npuOyTTS, 4acoBi | IUIyaTamiiHuX TOJDKEHHS MK BUMO-
BiKHA [TOPTOBOTO | BUKW/IB i pU3UKY | raMu Oesreku, rpadi-
00CITyroBYBaHHSI, |IIOTIPIICHHS BYTJle- | KOM NepeBe3eHHs i
XapaKTepUCTUKHU 11eBO1 IHTEHCUBHOC- | 3aBIAaHHSAMH MiHIMi-
BaHTaXy, IapaMe- |Ti, a TAKOXK y3T0- 3amii HaJTuBOCIIOKH-
TPU CTaHy KOPITYCY | JPKEHHIO CYTHOBHX | BaHHSI
1 pymiifHOro KOM- |1 HOPTOBHX OTepa-
IJIEKCY i
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IIponorxenns Tadbmuri 1
JexapOonizamiii- OcHoBHI
Incrpyment | [lxepeso qaHux 9
HHUIi_edeKkT 00MeKeHHS
udposi ®izuyni Ta Mate- | Jlo3BossitoTh Mozie- | BumaratoTs Buco-
IBIHUKH MaTHYHI MOJIeIi JIIOBATH PEKUMHI KOTO piBHA iHTET-
cymHa i fioro mia- | pobotu cyaHa, mpo- | parii pi3sHOPiTHUX
CHCTEM, TEJIEMET- |THO3YBATH BIUINB JDKEepen TaHuX,
pis B pealbHOMY | IIBHUIKOCTI, CTAHY HAsBHOCTI BaJigo-
gaci, eKcIuTyara- MOpsI, HABAaHTAXKCH- | BAHUX (I3WYHHX i
iiTHI JaHi eHepre- |Hs, TEXHIYHOTO CTa- | MAaTeMaTHYHHUX
TUYHOI YCTAaHOBKH, |Hy Ta TUILy NaluBa | MOAENEH, 3HAaUHUX
HaBiraniiiHa iHgo- |Ha IaIuBOCHOXKH- 00YHUCITIOBATIbHUX
pMmartis, MeTeopo- | BaHHS 1 BUKUJIN; pecypciB, peryisip-
JIOTiYHI TapaMeT- | HiITPUMYIOTh 00- HOT'O OHOBJICHHS
PH, 1aHi PO TeX- | IPYHTYBaHHS pillieHb | HapaMeTpiB MOJEIi
HIYHMH CTaH KOp- | IIOJO MIZBHINEHHS | Ta CKJIaJHOI Ipole-
MyCy, pyWiHHOTO | eHeproeeKTHBHOC- | XypH MiITBEPIKEH-
KOMILIEKCY Ta Ti, TEXHIYHOTO 00- | HS JOCTOBIpPHOCTI
JIOTIOMIDKHOTO CI[yTOBYBaHHS Ta pe3ynbTaTiB MOze-
o0JiaHaHHS JOTPUMAaHHS €KOJIO- | IFOBAHHS
TIYHUX i HOPMAaTHB-
HUX BUMOT
Inctpymentu | Jlani monepennix | 3abe3neuytoTh panHe | OOMEKYIOThCS
HITY4HOTO CIIOCTEPEXKEHb 1 BUSIBJICHHS TIOTIp- 3aJIeXKHICTIO Bifl
IHTEJICKTY, MOTOYHOTO KOHT- | IIEHHS TEXHIYHOTO | SIKOCTI il pernpe3eH-
MAIIMHHOTO | POJII0 poOOTH 00- | cTaHy OONagHAHHS, |TaTUBHOCTI JaHUX,
HaBYaHHS JlaJHaHHs, TTapame- | IPOrHO3yBaHHS CKJIQ/IHICTIO 1HTEp-
(AI/ML) Ta  |Tpu peiicy, HaBira- |BiIMOB i Hee()eKTUB- | IpeTalil pe3ynbTa-
MIPOTHO3HOTO |MilfHi Ta MOTOAHI | HUX PEXUMIB po00- | TiB, pH3HKOM Tepe-
TEXHIYHOTO JlaHi, JaHi CEHCOp- | TH, 3al00iraHHg HaBYaHHS MOJENEH,
00CIIyroBy- | HOTO KOHTPOJIIO, MIPUXOBAHOMY 3pOC- | TOTPEOOIo B iX
BaHHA 3aIKCH ITPO TEXHi- | TAHHIO TUTOMHUX ajanrarii 10 HOBUX

gHEe 00CITyTOBY-
BaHHS 1 PEMOHTH,
MOKA3HUKH TTaJIH-
BOCIIOXHMBaHHS Ta
HaBaHTAXKCHHS
€HEPreTUYHO1
YCTaHOBKH

BHTpAT TaJI¥Ba, Mij-
BHUIIEHHS TOYHOCTI
eKCIITyaTaIiiHuX
PpiIIeHs 1 3HWKESHHS
BHKHJIIB 32 paXyHOK
CBO€YACHOTO TEXHi-
YHOTO BTpy4YaHHS

YMOB €KCILTyaTarlii
Ta HEOOXI1IHICTIO
Y3TOJKEHHS aJiro-
PUTMIYHHUX BUCHOB-
KiB 13 BUMOTaMH
HagilHOCTI ¥ 0€e3-
TEeKH CYTHOILIABCT-
Ba
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3akinueHHs tabdaumi 1

JICH 3a [IpUuaiamMH,
BaHTaXXHO-
TEXHOJIOTTYHI OIle-
patii TepMiHaIiB,
iHpopMaris npo
MIAKIIOYEHHS 10
6eperoBoro eieKT-
POXKUBIICHHS, aHi
I10/10 BUKOPHUC-
TaHHS HU3bKOBYT-
JIENIEBUX BUIIB
€Heprii, BIHOMOCTI
PO 3aBaHTaXe-
HICTB MOPTOBO]
iHppacTpyKTypH Ta
B3a€EMOJIIIO 3 JIOTiC-
THYHUMH YYaCHH-
KaMH

JexapOonizamiii- OcHoBHI

Incrpyment | [lxepeso qaHux 9

HHUIi_edeKkT 00MeKeHHS
IMoprosi - | Jlani npo po3paxy- | CipusitoTs opratiza- | BupoBamxenus
¢poBi IaT- | HKOBWH Yac MpH- | mii OpUOYTTS CylleH | YCKIIaTHIOETHCS
¢dopmu Ta OyTTS CynmHa, Tpa- | TOYHO B CTPOK, 3Me- | TTOTPeOOI0 B MiXKOp-
udpoBi (hikv IBapTYBaHHA | HIICHHIO YePT 1 Mpo- | TaHi3aIiiHii cyMmi-
IBIHUKH Ta PO3MOITy Cy- |CTOIB Ha miAXoax /o0 | CHOCTI iH(opMa-

HOPTY, CKOPOUYECHHIO
3aliBOrO CHAIIOBAaHHSA
TajuBa Iij yac ovi-
KyBaHHSI, TOJIIIIEH-
HIO €HEPTEeTHYHOTO
OayaHCy B OPTY Ta
Y3TO/DKEHHIO CY/IHO-
BHX, TOPTOBUX 1
TepMiHaJIbHHUX OIle-
pauiif y Mexax Jexa-
pOoHi3atiitHoi cTpa-
Terii

LIHAHAX CHCTEM,
BHCOKHMH BUMOTa-
MHU JI0 KibepOesme-
KH, HEOTHOPITHIC-
TIO IU(POBOT 3pi-
JIOCT] YUACHHKIB
HOPTOBOTO Cepelo-
BHIIA, TOTPEOOIO B
CTaHIapTH3aMii
0oOMiHYy TaHUMH Ta
3HAYHUMU BUTpPA-
TaMU Ha CTBOPECHHS
1 marpumMKy nug-
poBoi iHppacTpyK-
TypH

BucHOBKY i nepcneKTUBH NOJAJBIINX J0CTIAKEHb.
1. JlexapOoHi3alisi MOPCHKOTO TPAHCIOPTY B CyYaCHHUX YMOBAax BXKE

He Moxe OyTH peani3oBaHa BHHSATKOBO 332 PaxyHOK IepexoJly Ha HOBI
BUJIY TIaJIiBa a00 BCTAHOBJICHHS OKPEMHUX TEXHIUHUX PIIICHb. Ii HeoOxin-
HOIO YMOBOIO € IH(POBI3allisi CyTHOBHUX, TOPTOBUX 1 JIOTICTUYHUX TIPOIIE-
CiB, OCKIJIbKM caMe IU(POBi IHCTPYMEHTH 3a0€31eUyI0Th BUMipIOBAHICTb,
MPOTHO30BAHICTh 1 KEPOBAHICTH BUKHUIIB.

2. HaitOinpmmii mpakTHYHUN edekT Ui AekapOoHi3amii Jae Mmoej-
HaHHA I'ATH KJIACiB 1HCTPYMEHTIB: CHCTEM MOHITOPHHIY Ta 3BITHOCTI
o0 eHeproeeKTUBHOCTI; ONTUMI3allil MapIIpyTy, MBUIKOCTI Ta 4acy
npuOyTTS; UUPPOBUX OBIHHMKIB CyIHA W MOPTY; CUCTEM MPOrHO3YBAHHS
Ha OCHOBI IUTYYHOT'O iHTEJIEKTY Ta MAIIMHHOTO HABYAHHSI; IHTETPOBAHHUX
1aThopM KOOPIUHAIIT MK CYZIHOM, TIOPTOM 1 JIOTICTUYHUM JIAHITFOTOM.
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3. lludpori iHCTpyMEeHTH 0COOIUBO I[iHHI THUM, III0 BOHU MEPEHOCTH
nexapOOoHi3aIliio 3 TUIOMWHY 3arajlbHUX IIIeH y cepy MpaKTHIHUX eKC-
TUTyaTalifHAX PilleHb MO0 YIPABIiHHSI PyXOM CYIHA, TUTAHYBaHHS HOTO
3ax0fdy 1O MOPTY, OOMpaHHS PEeXUMY POOOTH €HEPreTUYHOI yCTaHOBKH,
BH3HAYEHHS CTPOKIB TEXHITHOTO OOCITyrOBYBaHHS 00JIaIHaHHS Ta OIIHIO-
BaHHS (PaKTUIHOTO €KOJIOTTYHOTO e(heKTy IMajuBa 3a HOro KUTTEBUM ITH-
KJIOM.

4. Boanouac edexkTuBHICTH IH]pOBi3amii 0OMEKYyeTbCA SKICTIO Aa-
HUX, BIJICYTHICTIO €IMHUX CTaHIAPTiB, ¢parMeHTamicro iHhpopMariitHux
MOTOKIB, KiOEppH3UKaMH Ta HEIOCTaTHBOKO IiArOTOBKOIO IIEPCOHATY.
OTke, MOAANBIII JOCHIHKCHHS 1 MPAKTHYHI MPOEKTU JOULIBHO CIPSMO-
BYBaTH Ha iHTETpaIiio muppoBux miatGopm i3 BumoramMu Mi>KHAPOTHOT
MOpCHKOi opranizarii, permamenty FuelEU Maritime, cuctemu TOpriBii
KBOTaMH Ha BUKHU €Bporericbkoro Coro3y Ta miaxo/y, M0 IPYHTYEThCS
Ha OLIHIOBAHHI XUTTEBOTO UKy MAJIMBA, a TAKOXX Ha PO3BUTOK KOMIIE-
TEHTHOCTEH ekimaxy Ta 6eperoBux (axiBIiB y chepi ympaBiaiHHS CyTHO-
BOIO eHeproe()eKTUBHICTIO HA OCHOBI JaHMX.
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OCOBJIUBOCTI EKCILTYATAIII MAJTUBHOI ATIAPATYPH
BUCOKOI'O TUCKY IIJ YAC HEPEBEJEHHSI CYTHOBUX
JIN3EJIIB HA ITAJIMBO 3 HU3bKUM BMICTOM CIPKH

IlocTanoBka mpoOiaeMu B 3arajJbHOMY BULJIsAI. MopchKuil TpaHc-
MOPT € OCHOBHOIO CKJIAJIOBOIO TPAHCIOPTHOI JIOTICTUKH, 11O 3a0e3mnedye
BaHTAKOIIOTOKH MK KpaiHaMu, pO3TalllOBAaHUMH Ha Pi3HUX KOHTHHEHTAX
[1-3]. ITepeBe3enHs rOTOBOI MPOAYKIIii, CHPOBHHH, 3¢pHa, HAPTH Ta razy
Mmix IliBgernoro i [liBHigHOIO AMepuKoro, A3ieto, Adpukoro Ta €BpOIoI0
HEMOXJIMBE 0€3 BUKOPUCTAHHS MOPCBHKHX CyICH PI3HOTO JEeIBEHTY Ta
npusHaueHHs [4-6]. Pyx cyyacHMX MOPCHKHX CYJeH 3a0e3IeuyeThCs
JBUTYHAMH BHYTPIIIHBOTO 3rOPSIHHS, SIKi € HAWIOIMPEHIIMMH TETIOBHU-
MU JIBUTYHAMU Ta OCHOBHHMM €JIEMEHTOM CYIHOBHX €HEPreTHYHUX yCTa-
HOBOK [7-9].

ExcrnmyaTaiiss cyTHOBUX JBUTYHIB BHYTPIIIHHOTO 3TOPSHHS CYACH
MOPCBKOT'O 1 BHYTPIIIHBOI'O BOJAHOTO TPAHCHOPTY 3IIMCHIOETHCS HE JIMILE
3 MITPUMAaHHSAM HEOOXiTHOT MMOTYKHOCTI Ta 3a0e3MeUeHHsIM BUMOT (ipM-
BUPOOHUKIB, a W i3 JOTPUMaHHSAM EKOJIOTIYHUX IMOKAa3HHKIB iX POOOTH
[10-12]. OcHOBHUMH EKOJOTIYHUMH MOKa3HHMKAMH POOOTH CYTHOBHX
IU3eNiB € KOHIeHTpamii okcuaiB cipku SOy Ta okcuiiB azory NOy y
BUITyCKHMX Ta3zax [13-15]. IX 3HaYeHHS BH3HAYAIOTHCS BiMMOBIAHO 0
Bumor Jlogatka VI MixuapoaHoi koneenuii MARPOL. Ipu 1isomy rpa-
HuvHI 3HaYeHHs eMicii NOy (mo Bimnosinatots piBasiM Tier I, II ado I1I)
3ajekaTh Bl POKYy HOOYZOBH AM3ETsl Ta MOT0 HOMIHAJIbHOI 4acTOTH
oOepranns. 'panununi 3HaueHHs emicii SOx BH3HAYAIOTHCSA BUKIIOYHO
BMICTOM CipkH B maiusi [16-18].

3 01.02.2020 Ha cymHax MOPCBKOIO Ta BHYTPIIIHBOTO BOIHOTO
TPaHCHOPTY 3a00pPOHEHO BHKOPHUCTaHHS MOPCHKHX COPTIB TaiuBa i3
BMicToM cipku moHan 0,5 % 3a macoro [19-22]. Takox BH3HAYEHO
CHeLiaNbHi eKOJIOTiYHI pailoHH KOHTPOIIIO BUKHIIB OKCHIIB cipku (Sulfur
Emission Control Areas — SECAS). V nux paioHax D03BOISETHCSA BUKO-
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PUCTOBYBATH MMaJUBO 3 BMicTOM cipku He Oinmbire 0,1 % 3a macoro. Ilin
gac poOOTH Cy[eH y WX paiioHax abo mpu iX MmepeTwHi CyIHOBI AM3eni
MEepeBOIATHCSA Ha EKCIUTyaTallilo caMe Ha TaKUX COpTax MayuBa. Takuid
nepexiJ BUKOHYETHCS TMOCTYMOBO 3 YpaXxyBaHHSAM 00’e€My MalliBa y BUT-
paTHIH IIHCTEpHi, BMICTY CIpKH B MMaJHBI Ta €KCIUTyaTaliiHO{ MOTY>KHOCTI
nu3enst. TpHUBaicTh eKCIUTyaTallii Au3els Ha MajluBl 3 HU3BKUM BMICTOM
CIpKH 3aJIe)XHTh Bill IIBUAKICHUX XapaKTEPHCTHK Cy[IHA, TigpOMETeopo-
JIOT1YHUX YMOB Tepexoy, yacy nepeOyBaHHs B 30HI SECAsS 1 KONHUBa€eTH-
csl BiJl KUTPKOX TonuH (TIpu mepeOyBaHHI Cy/lHA B €KOJOTIYHHUX paioHax
[liBHiunoi €Bponm) 0 KinmbkoxX ai6 (mpu pyci B3IOBK Y30€pesKs
[TiBHiuHOT AMEPUKH).

OpHi€ro 3 TOJIOBHUX TPYTHOIIIB, IO BUHHUKAE T/ Yac MepeBeIeHHS
IU3eNTiB Ha poOOTY 3 BUKOPHCTAHHSIM NallMBa 3 HU3bKUM BMICTOM CipKH, €
Take. 3MEHIIEHHS BMICTY CIpKM B MMaJMBi IPU3BOIUTH 10 3HWKEHHSI HOT0O
T'YCTHHH, B’SI3KOCTI, TEMIEPAaTypyu caMoO3aiiMaHHs Ta IiIBUINEHHS TEIUIO-
TBOPHOI 37aTHOCTI manwBa (BHACHIOK TIPOTOPIIHHOTO 30UTBIICHHS
BMICTY BOJHIO Ta BYIJIEII0 B manuBi) [23, 24]. 3a 01HAKOBHUX YMOB IPO-
LIeCy BIOPCKYBAaHHS IMalMBa, MaNMBa, IO MalOTh HWKYY TeMIEpaTypy
caMO3aiiMaHHs Ta BHIIY TEIUIOTBOPHY 3HaTHICTh, XapaKTEPU3YIOTHCS
BUIIOI TEMIIEPaTypOIO HAMPUKIHII 3ropsHHS T,. Lle moB’s13aH0 31 3MeH-
LICHHSIM KyTa 3aTPUMKH camMo3aiiMaHHs, 30UTBLICHHSM KyTa IOYaTKy
TOPiHHS Ta BUINOI €(QEeKTHBHICTIO MPOIECY 3rOPSHHS B PaliOHI BEPXHBOT
MepTBOi TOUKH [25, 26]. 3a yMOBH OiblI paHHBOIO CaMO3aliMaHHsI MaJIH-
Ba 30UTBIIYETHCS KUTBKICTh MaKBa, IO 3ropae A0 BEPXHBOT MEPTBOI TOY-
ku. e mpu3BOANTH A0 MiABUIIEHHS MIBUIKOCTI 3TOPSIHHS MAJIMBA Ta CTY-
NIeHs] HAPOCTAHHS TUCKY ITiJ] Yac 3rOPSIHHS:

A=p,/P.

1e Pz, Pc — MAKCUMAaJIbHUN THCK 3TOPSTHHS Ta THCK HATPUKIHII CTUCKAaHHS,
MITa.

JlaHe sBUINE € HANOLNBII HETaTUBHUM IJis ABOTAKTHHMX OU3EIIB, SKi
XapaKTepU3yIOThCSl  MiJIBUIICHOKD  MAacol  JIeTalled  KPUBOIIWITHO-
IIATYHHOT'O MeXaHi3My. Y 3B’S3KY 3 I[UM Pi3KO 3pOCTalOTh yJapHi HaBaH-
Ta)K€HHS Ha KpeWIKomnQHi Ta MOTWIBOBI miammmHuku [27, 28]. Buzna-
YeHHS |, IJIAXOM BUMIPIOBAaHHS € HEMOXJIMBHM Yepe3 JUHAMIYHICTh
3MIHM TEMIIEPATYPH B IWIIHIAPI JU3€JIs, TOMY Ui OI[IHFOBaHHS 11 3HAYEHb
BUKOPHUCTOBYIOTh po3paxyHKoBi mozeni [29, 30]. Pesynpratu mopnemnto-
BaHHsI JUIsI CIIIBPO3MIPHHUX 3a AiameTpoM Luitinapa D, ane pi3HuX 3a Xoxy
nopiHs S nuzeniB pipmu MAN Energy Solutions HaBenieHo B Tab. 1.
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Tabnuns 1. PesynpTaTti MOneIroBaHHS

. XapaKTepUCTHKY MAIHBa Temneparypa
Junzenp Ta ioro Lo
XapaKTEPUCTUKU BMICT CipkH, % [HTOMA TeTLoTa HaTpHKIFI
’ sropsiHES, KJDK/Kr | 3ropsHHA, K
K8OME 0,48...0,50 41580 1869
D=0,8 m, 0,4...0,45 41864 1878
S=2,3m 0,05...0,09 42180 1896
L8OME 0,48...0,50 41596 1825
D=0,8 m, 0,4...0,45 41899 1839
S$=2,592 m 0,05...0,09 42241 1858
S80ME 0,48...0,50 41695 1815
D=0,8 m, 0,4...0,45 41888 1836
S=3,056 m 0,05...0,09 42240 1851
G8OME 0,48...0,50 41595 1758
D=0,8 m, 0,4...0,45 41918 1762
S=3,72m 0,05...0,09 42260 1788

He3Hnayne Ha mepiumid MOTJIS MiIBUIICHHS TEMIIEPaTypH B KiHIII 3r0-
psHHSA T, TP IIepexoi 3 OTHOTO COPTY MallMBa HA iHIIHWA MPU3BOAUTE 10
HaKOMMYyBAJILHOTO e(eKTy depe3 iHepIiiHICTh TermoBuX mnpomeci. [lpu
IIbOMY 3POCTalOTh TEPMIYHI HABAHTAKEHHS HA Ta30BUITYCKHY CHUCTEMY
musens. Jlo «IpuxoBaHUX» HETATHBHHUX HACIIJIKIB ITiJBUINEHHS TeMIlepa-
Typu T, TakoX HaJeKUTh 30UIbIIEHHA eMicii okcuaiB a3oTy NOx, ski
YTBOPIOIOTHCS BiJIIOBIJHO JI0 BHCOKOTEMIIEPATYPHOTO MEXaHI3My 3eib-
JIOBHYA.

Takum unHOM, 3a6e3neueHns BuMor Jlogatka VI MARPOL Ta nepe-
BEJIEHHS CYJHOBHMX IHM3ENiB Ha POOOTYy HA TMalWBi 3 HU3BKHM BMIiCTOM
cipku (1110 B 000B’SI3KOBOMY MOPSIIKY 31HCHIOETBCS Ti]] Yac nepeOyBaHHs
MOpPCBKHX cyzaeH y paiioHax SECAs) migBuiye pu3uKd BUHUKHEHHS Ta-
KHX aBapiiHUX CHUTYaIlil:

— TMIJBUIICHHS JUHAMIYHUX HABAHTAXCHb Yy  KPUBOIIMITHO-
MIATYHHOMY MeXaHi3Mi;

—3pOCTaHHS TeMIIEPaTypHOI HAIIPYKEHOCTI,

— 30UTBIIEHHS eMicii OKCHJIIB a30TYy.

AHaji3 ocTaHHiX gocaigxkeHb i myOaikaniii. Po3B’s3aHHs 3a3Hade-
HUX TPpoOJIEeM TPONOHYBAJIOCS PI3HHMHU CITIOCOOaMH. 3 METOI 3HMKEHHS
JTUHAMIYHUX HaBaHTA)KEHb 3aCTOCOBYETHCSA MM01a4a CTUCHEHOTO TIOBITPS B
MIJIOPIIHEBUH HPOCTIp AM3ENSA, a TaKOX 3MEHIICHHS IMKJIOBOI mojadi
MajvBa 1 BiJNOBIIHE 3HWKEHHS YacToTh oOepranHs musens [31-35]. On-
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HaK Il CIIOCOOM 3HIKYIOTH IOTYXKHICTh JAMU3EIIs Ta MIBUAKICTH cynHa [36-
39].

s 3HIDKEHHsI TeMIIepaTypHOI HampyKEHOCTI 3aCTOCOBYETBHCS [0-
JaTKOBE BIOPCKYBaHHS BOJAY B LMIIIHAP i Ta30BUITYCKHY CHCTEMY IH3EIs.
3a TOTIOMOTOI0 X CMOCO0IB BAAETHCS 3HU3UTH TEMIIEPATYPy BUITYCKHIX
raziB Ha 20...50 °C, ogHak npu 1bOMY MiJBUINYEThCS HMOBIPHICTh BH-
HUKHEHHS CIpYMCTOl KOPO3ii HMIIHAPOBUX BTYJIOK, HOPLIHIB 1 BUITYCKHHX
kiamnani [40-43].

Jnst 3HMKEeHHS eMicii OKCHIB a30Ty 3aCTOCOBYIOTHCS Pi3HI criocoow,
30KpeMa pPELUpPKYJALis BUIYCKHUX Tra3iB, BCTaHOBIECHHS CKpyOepiB,
¢GinbTpiB 1 KaTamiTHYHUX HeWTpamizatopiB [44-46]. Lli cmocobu 3abesme-
YyIOTh 3HIDKEHHS KOHLEHTpalii OKCHIAIB a30Ty y BHUIIyCKHHX ra3ax Ha
30...90 %, onnak moTpelyrOTh CyTTEBUX (D iHAHCOBUX BKJIQAEHB 1 TEXHiU-
HOTO OOCIIyrOBYBaHHS JI0JaTKOBOTO oOiamuanHs [47-51]. Kpim Toro, ix
3aCTOCYBaHHS OOMEXYEThCS Y pasi MOTipIICHHS HaBITaliifHOT 00CTaHOBKH
MOpChKOTo mepexony [52-54].

IMocTranoBka 3aBaaHHs. 3 BpaXyBaHHSM BHUILEBUKIAICHOTO, METOIO
JOCHIPKEHHs 0yJI0 pO3pOOJIeHHSI METOly KepyBaHHs (PaKTOpaMu PUBHKY
BUHUKHEHHS aBapiiiHUX CUTYyaIliil (30KpeMa pi3Koro ITiJBUIICHHS JUHAMI-
YHUX HABaHTaKCHb Ta 301IBIICHHS eMICil OKCHJIIB a30Ty) IPU BUKOPHC-
TaHHI B CyJTHOBUX JHM3EJIAX MaJUBa 3 HU3bKUM BMIiCTOM cipku. [Ipu 1ibomy
MAaloTh MiATPUMYBATUCS B PEKOMEHIIOBAHUX MeEKaX YCi €HEepreTH4Hi Ta
€KOJIOT1YHI MTOKa3HUKHU POOOTH JAM3EIIS.

Bukiaan ocHoBHoro wmarepiamy pociigxkeHHs. O0’ekToM  J0-
CJIIJKCHHS € TIPOIIeC eKCILTyaTallii CyJHOBHUX JIM3€JIB i3 BUKOPUCTAHHSIM
TaJIMBa, BMICT CipkH B sikomMy He riepeBuiye 0,1 %.

JocmipkeHHsT BHKOHYBAIWCS Ha  CIEIialli30BAHOMY MOPCHKOMY
CyIHI, NpPU3HAYECHOMY JUIs TIEPEBE3CHHS KOHTEWHepiB. SIK TOJOBHUI
IBUTYH Ha CynHI OyB BcTaHOBIeHHH cymHOBHil muzens MAN Energy
Solutions 8K80OME-8.2-T1I 3 TakMMH OCHOBHUMH XapaKTEPUCTHKAMH:

— miametp nmtiaapa — 0,8 M;

— Xig nopmHsI — 2,3 M;

—yactoTa obepranHs Basia — 104 06/xB;

— KUIBKICTh HHIIHAPIB — §;

— HOMiHaJIbHA TOTYXHicTh — 35600 KBT.

Excruyaramist nuzens no3a mexxamu SECA 3nilicHIOBanacs Ha MmajuBi
RMG380 i3 BmicTom cipku 0,48 %, a Takox Ha nanusi RME180; y paiio-
Hax SECA — na namusi DMA i3 Bmictom cipku 0,055 %. OcHoBHI Xa-
PaKTEpUCTUKY MaJIUB HAaBEACHO B TA0M. 2.
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Tabnuns 2. OcHOBHI XapaKTEPUCTHUKHU CYTHOBUX TAJIHB

XapakTepucTHKa RMG380 | RME180 DMA
Bwict Byrnento, % 82.7 83.3 83.8
Bwmicr BoguI0, % 10.6 10.7 111
Bwicrt cipku, % 0.48 0.42 0.055
I'ycruna 3a 15 °C, kr/m? 989 961 855
B’s3kicTh 3a 50 °C, MM?/c 380 380 12
Temneparypa cnanaxy, °C 83 76 66
Temmneparypa camo3aiiManss, °C 201 195 106
TenmoTBopHa 31aTHICTB, KJ[K/KT 41160 42010 42340
PaiioH MOXIJIMBOTO BUKOPUCTAHHS mume mo3a SECAs | Oyap-siki paiioHu,

30kpeMa SECAs

Kontponp mapameTpiB poboTH Amu3emns 3A1MCHIOBABCS 32 JIOMOMOTOIO
cHCTeMH AiarHocTuku Doctor, sika JO3BOJIsi€ BU3HAYATH BEIMYMHU 3 TOY-
Hictio £0,5 %.

Ewmicis okcuaiB a30Ty 3 BHITyCKHHUMH Ta3aMH BH3HAYajacs 3a JIOIO-
MOTO010 Ta3zoaHanizaTopa gipmu Testo, Ipu ILOMY ITOXUOKA ITij] 4aC BHKO-
HaHHS BIUMipIOBaHb He niepeBuinyBana 0,5 %.

Sk Toka3HWKHW, IO OMWiHIOBaNHUCS mifg 4dac poborm mmzenss MAN
Energy Solutions 8K80ME-8.2-T1l na pi3Hux coprax nmaauBa, IpUiMaIu-
Cs TUCK 3TOpSIHHS P, TeMIlEpaTypa BHUIICKHHUX ra3iB l; , KOHIEHTpaIlis
oKkcuaiB a30Ty y BUmyckHuX ra3ax NOx, a TakoX CTyIiHb IiABUINEHHS
THCKY IIiJ1 9ac 3ropsiHHA A. Pe3ynbraTu nociipkeHb HaBeIeHo B Taol. 3.

Tabmuis 3. Pe3yapTaTu 1OCHIKSHHS

Makcumans- | Temmnepary- Komnrenrpartis .CTyme
. . T ABUIICHHS
Mapxka HUH THCK pa BHITyCK- OKCHJIIB a30Ty Y THCKY i
HanuBa | 3rOPSHHS P, | HMXTa3iBly, | BHMIIYCKHMX rasax wac 31_}(; e
MPa °C NOx, g/(KW-h) o }f’
RMG380 14.22 374 12,9 1,324
RME180 14,28 381 13,3 1,329
DMA 14,45 394 13,75 1,335

Pesynprat mpoBeneHUX IOCHIIKEHb HiATBEPIKYIOTH PaHIlIe BHC-
JIOBJICHUH TE3UC TPO Te, IO MEePEeBEACHHS CYIHOBHX IH3ENiB Ha poOOTYy
Ha TMaJWBI 3 HU3BKUM BMicTOM cipku (3 manuBa RMG380 Ha manmso
RME180 Ta na nanuBo DMA) cripusie 301/IbIIEHHIO TMHAMIYHHX 1 TEIIo-
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BUX HAaBaHTAXXEHb, a TAKOX IOTIPIIYE EKOJIOTiYHI MOKa3HUKU POOOTH
mu3ens. Yce e MiIBHINY€e PU3UK BHHUKHEHHS aBapiiHUX CHUTYyalid Mpu
MepeBeIeHH] CyJHOBUX IM3ETiB Ha eKCIUTyaTallilo Ha MaJKBi 31 3HHKEHUM
BMIiCTOM CIpKH.

Sk MeTon, 3a JOMOMOTOIO SIKOTO MOKJIMBO KE€PYyBaTH JaHUMH IIpOIle-
camu, Oyrno oOpaHO TiepeperyioBaHHS (pa3 mojadi manuBa, a came —
3MIHYy KyTa BUIIEPE/DKCHHS IOJaui MajiWBa B IWIHApH ausens. OnTu-
MaJlbHI 3HAYCHHs IUX KYTIB (3a SKUX MPOIEC 3rOPsSHHS BiJIOYBAa€eThCS 3
MaKCHMaJTbHAM TEIUIOBUAUIEHHSIM Y MOMEHT 3HaXOJDKCHHS MOPIIHS Y
BEPXHIl MEPTBIil TOUYIl) BU3HAYAIOTKCS ITiJ] Yac MPOBEACHHS CTCHIOBHX
BUIIPOOYBaHb Au3elisa. llpu I11bOMy BHIPOOYBAaHHS MPOBOAATHCS IS
HOMIHAJIFHOTO PEXKUMY pOOOTH TU3ENsl Ta HA TAJIMBI, MapKa SIKOTO Tepe-
0adaeThcs SIK OCHOBHA TIPW €KCIUTyartarlii am3ens. TakuM 4iMHOM, HE Bpa-
XOBYEThCSI HMOBIPHICTh pOOOTH JTU3EIIsl HA TAJIMBAX 31 3HMXKEHUM BMICTOM
CIpKH, a TaKOXX Ha PEKHUMaX, BIIMIHHUX BiJl HOMIHAJBHOTO. Y 3B’S3KY 3
MM HE ICHY€ pEeKOMEHMAIlill 100 ONTHMAIbFHUX KYyTiB IMO/ayi IajuBa
JUISL PI3HUX PEKHUMIB POOOTH JHU3EIIs, a TAKOXK Y pa3i BUKOPUCTAHHS Pi3-
HUX COpTiB MajuBa. BH3HA4YeHHS LUX KyTiB MOXKIHUBE JHIIEe Oe3roce-
PEAHBO M7 Yac PoOOTH MU3ENs, IPU OMY MAarOTh JOTPUMYBATHCS BCI
BUMOT'H Ta pEKOMEH/AIIIT 00 HOTO eKCILTyaTallii.

V 3B’S3Ky 3 BUKJIQICHUM, MOJAJIbIIIA TEXHOJIOTIS €KCIIEPUMEHTATLHUX
JIOCTIDKEHB TIOJISTana B TAKOMY.

[Ticnst migroroBku manwBHOI cuctemu amsenss MAN Energy Solutions
8K80OME-8.2-TII mo excrutyartariii B SECA (a came IOBHOTO BUTpadaHHS
namuea RMG380 3 Bmictom cipku 0,48 % Ta 3alOBHEHHSI BUTPATHUX I[H-
crepH najguBoM DMA 3 Bmictom cipku 0,055 %) Oyno BUKOHAaHO mepeHa-
JIANITYBaHHS CUCTEMH I10/Iadi MaJuBa B [IUIIHAPH TU3EIIL.

Jost mpiaapiB NeNe 11 8 3HaueHHsI KyTiB BUIIEPEIKCHHS T10/1a4i Ta-
nuBa (3a SIKUMH BUKOHYBaJach €KCIUTyaTallis IU3eis TIPU BHKOPUCTAHHI
nanmuea RMG380) 3anummiocs He3MiHHIM 1 CTAHOBWIIO -4° TIKB (TIOBOPO-
Ty KOJIIHYAaCTOr'O Baja).

Jost umiagpis NeNe 2, 3,4, 5, 6, 7 BCTAaHOBITIOBAIUCS HOBI KYTH BH-
nepepKeHHs mojadi manuea 0: -3°, -2°, -1°, -1°, -2°, -3° nkB (CRA —
crankshaft rotation angle) BimnmoBimHo. BcTaHOBIIGHHST OJJHAKOBUX KYTiB
BUIIEPEKCHHS T10/1a4i MMajkBa y JABOX IMIIHApPaxX (MepIIoMy i BOCBMOMY,
JIPyroMy i ChOMOMY, TPETBOMY 1 WIOCTOMY, YETBEPTOMY 1 IT'SITOMY)
301IbLIYBAJI0 MacHUB OTPUMAHUX pPe3YyJbTaTiB, MiABHILYBAIO TOYHICTbH
BUMIpIOBaHb 1 1aBAJI0 MOXKJIMBICTh BUKOHATH KOPUTYBaJbHI Iil y pasi ix
PO301KHOCTI.
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VY xomi gochimKeHHS IS KOXXHOTO 3 IWIIHIPIB KOHTPOJIFOBAIIUCS
MaKCHMaJTbHUNA THCK 3TOPSHHS [, , TUCK y KIHIIl CTUCKAHHS [ , CEpeaHIN
IHOUKATOPHUII THCK Pj Ta TeMIepaTypa BHITYCKHUX Ta3iB ty. [l KoxHOTO
3 HaBeJIEHHUX MMapaMeTPiB PO3PaXOBYBAINCS CepelHi 3HAYCHHSI.

Kpim TorO, BH3HaUanocs 3HaYeHHs CTYIEHS IiIBUIICHHS THCKY ITiJl
yac 3rOpsHHS A Ta 3JIMCHIOBABCS KOHTPOJIb €MICii OKCHIIB a30Ty y
BunyckHux razax NOy. dikcarisi moka3HUKIB poOOTH Ju3ens 3IifiCHIOBa-
nacst st HaBaHTakeHHS 0,85Ngnom (1€ Nenom=35600 kBT — HOMiHamBHA
MOTYKHICcTB). Pe3ynbTatn HaBeaeHo B Tabim. 3.

st xparmoi Bi3yasizariii oTpUMaHUX 3HAY€Hb HA OCHOBI JaHUX (TaOII.
3) Oynu moOymoBaHi HOMOTpaMu (puc. 2), SKi BiIOOpa)KaroTh 3MIiHH ITO-
Ka3HUKIB POOOTH TU3EIIs 32 Pi3HUX YMOB HaJAIITYBaHHs MMaJIMBHOI amapa-

TypH.

Pr A
MPa ‘
144

143

14.2

14.1 131

14.0 1.30
1 2 3 4 5 6 7 8 Necyl 2 1 2 3 4 5 6 T 8 Necyl

-1 -1 -2 -3 -4 ©,CRA

390

385

380

375

370 12.5
1 2 3 4 5 6 i 8 Necyl

4 3 2 4 <1 2 3 4 OCRA 3 s ) G
6) 2)
Puc. 2. 3mina nokasHukiB pobotu cymHoBoro ausens 8K8OMC-8.2-Tll 3a
PI3HMX KyTiB BUIIEPEIKEHHS 1ojjaui nanusa 0:
a — MaKCUMAaJbHUH THUCK 3TOPSIHHS; O — CTYIIiHb I IBUIICHHS THCKY ITiJ] 4ac
3TOPSIHHS, 6 — TEMIIEPATYPa BUITYCKHUX Ta3iB; & — KOHIIEHTPAIlis OKCHJIIB a30Ty
B BUITYCKHHUX ra3ax

4 5 6 7 8 Necyl
1 2 3 -4 OCRA
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BigzHaunmo Takok, IO I Yac MPOBEACHHS SKCICPUMEHTIB BiIXH-
JICHHS KOHTPOJIbOBAHUX MMapaMeTpiB (TUCKY 3TOPSHHS [P, TUCKY CTUCKaH-
HSl P., CEPEIHBOTO IHAMKATOPHOTO THUCKY Pj, TeMIEpaTypu BHITyCKHHX
rasie t;) He MEPEBUIYBAJIO 3HAYEHb, PErIAMEHTOBAHHX IPABUIIAMH €KC-
rryartanii. 3nauenns konuentpauii NOy y BUIIYCKHUX Ta3ax Ha BCIX pe-
XKHUMax poOOTH HE MEPEBUIIYBAIO MaKCHUMAJIBHO JOMYCTHMOTO PpiBHS,
SIKAW IS AU3ETIiB, M0 HajexkaTh A0 piBHs Tier Il BiAMmoBimHO A0 BHMOT
Nonatka VI MARPOL, cranosuts 14,4 r/(kBT-T07).

Hageneni pe3yibpraTté CBiT4aTh MPO MOXIIUBICTH KEPYBAHHS PU3HKOM
BUHUKHCHHS aBapiiiHUX CUTYyallili, OB’ SI3aHMUX 13 BUKOPUCTAHHIM HaJUBa
3 HU3bKHM BMICTOM CipKH, IIJSIXOM 3MIiHHM KYTiB BHIEPEKEHHS IMOAadi
MajnBa.

[IpoBeneHHsT BCiX EKCIIEPUMEHTIB OYJIO0 MOTOMKEHO 3 TEXHIYHUM
BIJITIIOM CYJTHOILIABHOT KOMIIaHil, sika 3/IIHCHIOE MCHE/KMEHT CyJIHA Ta
Horo eHepreTHdHOi ycTaHOBKH. [/l 4ac BUKOHAHHS €KCIEPUMEHTIB KOH-
TPOJIOBAJHCA Ta IITPUMYBAIUCS B PEKOMEHIOBAaHMX Jiama3oHax yci
napametpu pobotu cyaHoBoro nuzenss MAN Energy Solutions SK80MC-
8.2-Tll.

[IpakTryHe 3HAYEHHS OTPUMAHUX PE3YNBTATIB MOJATAE Y MOXKITHBOCTI
iX BUKOPUCTAHHS K y JBOTAKTHUX, TaK 1 y YOTUPUTAKTHUX AM3EIIAX, IO
MalOTh €JIEKTPOHHY CHUCTEMY KEepyBaHHs BIIOPCKYBaHHSM NaiuBa. Buko-
PUCTaHHS PO3POOJICHOTO METOAY € OCOOJIMBO aKTyallbHUM ITiJl Yac Iepe-
OyBaHHS Cy/IeH Y CIeliajJbHUX EKOJOTIYHMX paioHax, KiIBKICTB 1 Mexi
SIKUX TTOCTIHHO 301IbIIYIOTHCS Ta PO3IIHUPIOIOTHCS.

o oOMexeHb 3ampoIIOHOBAaHOTO METOY HAJIEKUTh HASIBHICTh «KPH-
TAYHHUX» KYTIB I10/1a4i MajuBa, 33 SKUX 3HWKYETHCS CTilike camo3aiimaH-
HSl Ta 3rOPSHHS NaluBa. BU3HAYeHHS UX KYTiB MOJJIMBE JIMIIE E€KCIIe-
PUMEHTAIIFHO, TPUIOMY TSI KOXKHOTO Au3els okpemo. [Ipu oMy Heoo-
XiJIHO BpaxoBYBaTH KOHCTPYKIIIHI OCOONMBOCTI [U3eisl, a TaKOK
eKCIUTyaTalliifHi XapaKTePUCTUKH NaTuBa.

BucHoBKY i mepcnekTUBU MOAAIbLIINX A0CHiTKeHb. [TokazaHo, 1m0
y pa3si poOOTH CyJJeH MOPCHKOI'O Ta BHYTPIIIHBOTO BOJHOTO TPAHCHIOPTY B
exosiorivanx paiionax SECAs BHHHKae HEOOXiJHICTh MEPEBENCHHS Cy/I-
HOBHX JIM3ENiB Ha TAMBO 31 3HIKEHUM BMIicTOM cipku. [Ipu npomy
301bIIYETHCSA IHTEHCHBHICTh 3TOPSHHS TMAlWMBa, IiABUILYIOTHCS TEIUIOBI
Ta JMHAMIYHI HaBaHTA)XCHHS, a TAKOXK MOTIPIIYIOTHCS €KOJIOTIYHI IMOKa3-
HUKHU pOOOTH Iu3els. Yce e MiIBUILYE PU3NKH BHHUKHEHHS aBapiiiHHX
CHUTYaIlil.
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Sk MeTox KepyBaHHsI (paKTOpaMH PU3UKY BUHUKHEHHS aBapiliHUX CH-
Tyalili Hpu BUKOPUCTAaHHI B CyJHOBUX IU3CJIAX IANMBA 3 HU3BKUM
BMICTOM CipKH MOXKe OyTH 3aCTOCOBaHE TepeperyIroBaHHs MaTWBHOI arma-
paTypu BHCOKOTO THCKY (30KpeMa 3a0e3leueHHsS 3MiHM KyTiB BHIIEpe-
JOKEHHS TI0/1a4i TTaJIUBa).

ExcniepumenTtn, mpoBeneni Ha cygHoBomy amseni MAN Energy
Solutions 8K80OMC-8.2-T1I, minTBepauiy, o y pasi NepeBeICHHS U3es
3 manmuBa RMG380 (i3 Bmictom cipku 0,48 %) nHa mammBo DMA (i3
BMicToM cipku 0,055 %) 3a paxyHOK 3MiHH KyTiB BHIEpeIKEHHS moaadi
MaJIMBA MOXKIIMBO:

— 3a0e3meunTH 3HW)KEHHS THUCKY 3ropsHHsS 3 14,45 MIla no
14,03 MITa;

— JOCSTTH 3MEHIIECHHS TeMIepaTypH BHUITyCKHUX ra3iB 3 394 °C mo
375 °C;

— 3HM3WTH CTYIIHb MiABUINEHHS THCKY MiA 4dac 3ropsHHA 3 1,335 mo
1,3083;

— 3MCHIINTH €MICiI0 OKCHJIB a30Ty 3 BHUIYCKHHUMHU Tra3aMH 3
13,75 r/(kBt'ron) mno 12,82 r/(kBT'roxm).

Ie 3a6e3neuye miABUIIEHHS:

— eKoJIoriuHoI cTifikocTi — Ha 3,61...10,97 %;

— TEIUIOBOI CTIMKOCTI — 110 2,54 %;

— IMHaMI4YHOI cTiiikocTi — 110 4,82 %.

BukoHaHHS mepeperyioBaHHs MaJUBHOI allapaTypu BUCOKOTO THCKY
HEOOXIIHO 3IMCHIOBaTH IijJi Yac mnepeOyBaHHS CYJIeH MOPCBHKOIO Ta
BHYTpimHboro BojgHoro Tpancnopry B SECAs. Tlpu npomMy ciify 3a6e3me-
YUTH TONEPEAHIO MIATOTOBKY NAJIMBHOI CUCTEMH /10 BUKOPUCTAHHS MAJIH-
Ba 31 3HW)KEHUM BMicTOM cipku. OHOYAcHO 3 UM, OyJb-SKe Mepepery-
JOBaHHA a00 NepeHaIallTyBaHHs aJUBHOI amapaTypy MOBUHHO BHKOHY-
BaTUCs 3 3a0e3MeUeHHsIM BCiX BUMOT Ta PeKOMEHMAIil IHCTPYKIiH 3 1X-
HBOT TeXHIYHOI eKkciuryaramii. Takox HeoOXiHO MiATPUMYBAaTH B HEOO-
X1IHOMY Jliara3oHy 3HAYECHHS TEMIepaTypy Ta B’SI3KOCTI MajMBa Ha BCiX
JUISTHKaX TaJTUBHOI CHCTEMHU.

[omanpun gocnigkeHHs OyayTh CHPSMOBaHI HAa BU3HAYEHHS Jiama-
30HY MOJIMBUX DPEXHMMIB EKCIUTyaTallii CyJIHOBHUX JHM3ENIB 1 IMaIMBHOI
armaparypw, 3a SKHX rapaHTyeThcs iX Oe3aBapiitHa poboTa y pa3i BUKOpHC-
TaHHS 3alIPOIIOHOBAHOT'O METOLY.
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Harmionansauii yHiBepeuTet «O1echka MOPChKa aKaaeMishy

BUKOPUCTAHHS BIOITAJIUBA 3 OJIIT KAPAHJIKI
Y CYJHOBHUX JU3EJIAX

IlocTanoBka mpoOieMu B 3arajbHoMy Burisai. [locriiiHe minBu-
IICHHS PIBHS €MicCii IIKIJIJIMBUX KOMIIOHEHTIB, IO BXOISTH JIO CKJIAay
BUITYCKHUX Ta3iB MU3ETIB CYJI€H MOPCHKOTO TPAHCIIOPTY, a TAKOX IiIBU-
IICHHS KUIBKOCTI BUITYCKHUX Ta3iB, IO MOTPAIUISIOTh B aTMOC(epy BHa-
CITIZIOK MOPCBKHUX MEpEeBE3eHb, € aKTyalbHOW mpodiaemoro [1-3]. CyaHoBsi
JM3eNTi HaJal0Th 3HAYHUI BHECOK y BUKH/IHM BUITYCKHUX Ta3iB, BKIFOYAIOUH
okcuna CO i miokeup Byraerto CO,, ByrieBogHi, mo He 3ropinmu HC, ok-
cumn a3oty NOy [4-6]. OxguuM i3 BapiaHTIB 3HMKEHHS eMicii 3a3HaYCHUX
MIKiIJTMBUX KOMITOHEHTIB € BUKOPHCTAHHs Oioau3ensHoro manusa [7-9].
bionusenbHe ManuBo, sKe OJAEPXKYIOTh 13 POCIMHHHX Ta BiANPaIbOBAaHUX
OJIifi, CTAI0 3aMiHOI0 TPAIMIIIMHOTO TU3EIBHOIO MaJMBa 3aBJISKH CBOIM
CIIPHUATIUBUM XapakTepucTukam 3ropsiaus [10-12].

AHaJji3 ocTaHHIX Jociigxkenb i myoaikaniii. [lepsicHo Gioau3enbHe
MaJMBO Ha OCHOBI XapyOBHUX OJIiif IPHBEPHYJIO yBary, ajie Horo MmupoKo-
MacIITa0He BUKOPUCTAHHS BUKJIMKAIO MOOOOBAHHS, MOB'I3aHi 3 MPOJI0-
BOJIbYOK0 Oe3rekor Ta Baprictro. Omist kapanmki (Pongamia pinnata),
HexapyoBa OJIisl, OJiep)KyBaHa 3 HACIHHS KapaHJUKi, IIUPOKO JOCTYIIHA B
pAAl MBICHHO-CXIAHKMX KpaiH (Hampukian, B Iuzail tTa Kurai) i mo0Ope mij-
XOJUTh JIJI1 BUPOOHUIITBA 010IM3EII0 3aBISIKM BHCOKOMY BMICTY OJIii Ta
COPUATIMBOMY cKiany XUpHUX kuciaoT [13-15]. JlochimHuku BUBYAIH
MPaKTUYHY 3aCTOCYBaHHS 0ioan3eist 3 BIANPAILOBAHOTO POCIUHHOTO
Macia i Macia KapaH/Ki B JBUTYHax 3 3alaJeHHSM Bil CTUCHEHHS [17-
19]. JlocnimkeHHs TOKa3aJlH, MI0 CyMiIIi 0i0IU3eI0 PU3BOASATH 10 3HH-
xeHus BukuaiB CO, HC Ta nuMy 3aBAsiKu BIIaCTUBOMY 010IU3€ITI0 BMICTY
KHCHIO, 1[0 CIpHsi€ OUIBII MTOBHOMY 3TOPSIHHIO I[bOTO THITy manuBa [20-
22]. UncneHHi IOCIHIPKEHHST HE3aJIeKHO BUBYAIM 010[M3EIbHE TAIUBO 3
BiNpaIbOBAHOTO OJii Ta oMl KapaHaxi, mpoTe poOOTH 3 iX MOPIBHAIBHOI
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OLIIHKK B OJHAKOBHUX YMOBaxX poOOTH IBUTyHa oOMmexkeHi [23-25]. duze-
JbHI JBUTYHU 3aJHIIAIOTHCS IOMIHYIOYHMMH Ha CyIHAaX MOPCBHKOTO Ta
BHYTPIITHHOTO BOJHOTO TPAHCIIOPTY, 3aBISKHA CBOi BUCOKIH e(heKTUBHO-
cTi Ta ekoHOMi4HOCTI [26-28]. IIpoTe, cyaHOBI AM3eni poOIATh 3HAYHUIA
BHECOK y 3a0pyIqHeHHS aTMochepH 1 BUKUAN TapHUKOBUX Ta3iB, M0 3HU-
Kye CTifikicTh MOpchkux mepeBe3eHb [29-31]. BiommsenbHe mnanugo,
OTpHMaHe 3 BiTHOBJIIOBAHOI CHPOBUHH, CTAI0 0araToo0ilI040I0 3aMiHOO
HagToBOrO nu3enbHOro namupa [32-34]. Ilepexin 10 BiAHOBIIOBAaHUX Ta
CTIKMX BUAIB TAIIMBa CTUMYJIOBaB MAacIITaOHI JOCIHIDKEHHS B Tairysi
BUPOOHMITBa Oiomu3esss Ta WOro 3acTOCYBaHHS B CYAHOBHX JBUTYHAaX
BHYTpIIIHBOTO 3ropsiHHs [35-37]. Bioausens Moke BUPOOIATHCS 3 PI3HUX
BUJIB CHPOBHHH: Xap4YOBUX OJIil, HEXapUYOBHUX ONIHA Ta BiAIpPallbOBAHHX
OITi#i, TIpW IIHOMY BiJIIpaIbOBaHa POCIUHHA OJIis Ta OJIisl KapaH[Ki CTAIOTh
NpUBaOIUBUMH HEJOPOTUMH HEXapYOBUMH allbTCpHATUBAMH, SKi MOM'si-
KIIYIOTh KOHKYPEHIII0 MDK Xap4OBHMH NPOAYKTaMH Ta IMAJMBOM, a Ta-
KO’ mpoOsiemu yTuimizarii Bigxoais [38-40].

IMocTranoBka 3aBaanHs. J{OCTiPKEHHS CIIPSIMOBaHE Ha €KCIIEPUMEH-
TaJbHE BUBYCHHS CyMilliei majanBa HaTOBOTO MOXOKEHHS Ta OJIil Kapa-
H/DKI B CyTHOBOMY YOTHPHUTAKTHOMY IH3EIHHOMY JBHTYHI 3 METOIO BH-
3HA4YeHHS ONTHMAIBHOTO CKIIaly CyMilllel manuBa HaQTOBOrO Ta 6ioJori-
YHOTO TIOXO/KCHHS, a TaK0XX ONTHMAIBHUX PEKUMIB €KCILTyaTalii cy-
HOBHX JH3€IIiB ITPY BUKOPUCTAHHI MOJIOHUX CyMillIeH.

Bukian ocHoBHOro marepianay gocaimkeHHst. Omist KapaHmxi, He-
Xap4yoBa HACIHHEBA OJIisl, TAKOXK BHUBYAJIOCS I NEPepoOKU B Oioam3elb
Ta 3acTocyBaHHs B nBuryHax [41-43]. Ouiro KapaHIDKi OTPUMYIOTH 3 Ha-
cinag Pongamia pinnata (takoxx Bigomoi sk Pongamia glabra). Onis xapa-
HJDKI CKJIQJA€ThCS B OCHOBHOMY 3 TPHUIJILIEPUIIB, SKI € CKIaTHUMU edi-
paMu, YTBOPEHHMH 3 TIIEPUHY, & TaKOX JOBIOJAHIIOTOBHX >KUPHHUX
kuciot [44, 45].

MerunoBuii edip omii kapanmki (Karanja oil methyl ester — KOME)
Ma€ XapaKTePUCTUKH, TIOPIBHSHI 31 3BUYAHUM JTU3EIbHUM MaJTHBOM Had-
toBoro mnoxomxkeHHs. Llimpricte KOME  craHoBuTE 1puOIM3HO
860...890 kr/m?, sixke kiHematuuHa B's3kicTe mpu 40 °C KOJMBAETBCS Y
nianasosi 4,5...5,5 MM?%/¢, 110 BIAMOBINAa€E MapaMeTpaM TU3EIBHOIO Majlu-
Ba kimacie DMA, DMB, DMC. TemnorBopna 3nataicte KOME Tpoxu
HWKYe, HDK Yy JAM3EIbHOrO TNallMBa, Ta 3HAXOAMTHCS Yy Jiamas3oHi
37000...39000 k/Ix/kr, yepe3 HasBHICTh KHCHEBMICHHMX CHONYK. Temrie-
paTypa crnajaxy Oiomu3ens 3 ojii kapanmki nepepuirye 160 °C, mo po-
OuTh Horo Oe3neyHimMM 1151 30epiraHas Ta ooiry.
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OCHOBHI XapaKTEpUCTHKH OJIil KapaHIXi, MIO 3aCTOCOBYETbCS IS
BAPOOHUITBA 610IM3ETHHOTO TANBA, HaBeeH] y Ta0mii 1.

Tabnmms 1: XapakTepucTuku 6i0u3errs 3 o1l KapaHmIKi
BioguzenspHe manuso 3 omii

Hapaverp kapanki (KOME)
Tun cupoBunHH HexapuoBa ouis
Jlxepeno NoxomKeHHs Hacinnst Pongamia pinnata
OCHOBHI JXHPHI KUCJIOTH OrneiHoBa, JiHOJEBa, MAIbLMITH-

HOBA, CTCApPUHOBA
OcHoBHI KoMmmoHeHTH Oiomm3ens (Metu- | Metmi oneat (CygHzs0;), MeTmi

JI0Bi eipH )KUPHUX KHUCIIOT) ninonear (CioH340,)
I'yctuna, kr/™m* 32 15 °C 860...890
KinemaTidaHa B'3KicTh, MM2/c, 3a 40° C) 4,5...5,5
TennmoTBopHA 3MaTHICTE, KJ[X/KT 37000...39000
Temneparypa cnanaxy, °C 160...180

JocnimKeHHs: BUKOHYBaJIM HA TPhOX OAHOTUIIHUX CYAHOBHUX YOTHPH-
takTHEX am3ensix 6H21/32 Hyundai HIMSEN. OnuH i3 qu3eniB mpaitoBaB
Ha Jqu3elibHOMY manuBi Hadrooro noxomkendss DMB20. [Iga iHmmx — Ha
cymimi nasmBa DMB20 Ta mamuBa KOME, mpu oMy BMICT mNaiivBa
KOME y cymimi cranoBuB 5 %, 10 %, 15 %, 20 %. dns BumiproBaHHsS
BUTpATH TNaJKBa, BUTPATH MOBITPs, TEMIEPATypH BUITYCKHHX Ta3iB Ta 4ac-
TOTH OOEpTaHHs JIBUTYHA BUKOPHUCTOBYBAJacs CTaHAApTHA BUMIpIOBaJIbHA
amaparypa [46, 47]. TIpu KO)KHOMY HaBaHTAa)KEHHI JIBHUTYH CIIOYaTKy €KC-
ruryatyBaBcest 30 XBUIIMH, IMICHIS 4OTO 3/[iHCHIOBAaBCS KOHTPOJb 32 HOTO eHe-
PreTUYHMMHY, €KOHOMIYHUMM Ta EKOJOTIYHMMHU moka3Hukamu. OCHOBHI
exonoriuni mokasauku nusens (oxcun CO i giokeua Byraemo CO,, ByTe-
BomHi HC, mo He 3ropinm, okcuan a3oty NOx) BUMIpIOBAIKCS 32 JJOTTOMO-
ror0 KaJliOpoBaHOro razoanaiizatopa Seitron [48, 49]. Sk pe3ynbraT BUKO-
HaHUX JIOCHI/PKEHb OyiM MpoaHalli3oBaHI XapaKTePUCTHKA BUKWJIIB CyMi-
meil ausensHoro naiamsa DMB20 Tta 6iogmsensHoro naamsa KOME Ha
OCHOBI OJ1ii KapaH/Ki, MPU PI3HUX HABaHTAKEHHSX JIBUTYHA JUISA CIiBBiJI-
nomenpb nanusa KOME y cymimii 5 %, 10 %, 15 % Ta 20 %, Ta npoBeneHO
MOPIBHSHHSA 3 POOOTOIO0 HA YHCTOMY Au3enbHOMY nanuBi. Bukumn CO ans
cymimeir DMB20 ta KOME 3nusuincs npu HU3bKUX Ta CEPEIHIX HaBaH-
TaXXEHHSX Y TIOPIBHSIHHI 3 YUCTHUM JIU3CIHbHUM TTaJIMBOM, III0 BKa3ye Ha IM0-
KpalleHe 3rOpsHHS 3aBISKH KUCHEBMICHIM mpuponi Oioamsens. HaHi, siki
HaBeJeHi Ha puc. 1, cBiguare, mo cymimt 3 15 % ta 20 % KOME nokazanu
maiumwkai Bukuau CO Ha cepenHix HaBaHTakeHHAX (40...60 %).



ISSN 1815-6770. Cyonosi enepeemuuni ycmarnoexu. 2026. Ne 52 80

Co,
%

5,5

=
V P //

\_2_/

40 \_5_/
30 50 70 90 N., %
Puc. 1. ITopiBusiaHs emicii CO st nuzensHoro nanmusa DMB20 Ta itoro cymi-
meif 3 6ionaauBom KOME:
1-100 % DMB20; 2 — 95 % DMB20 + 5 % KOME; 3 — 90 % DMB20 + 10 %
KOME; 4 -85 % DMB20 + 15 % KOME; 5 — 80 % DMB20 + 20 % KOME

Cywmim, mo mictats 5% T1a 10% O6ioamzensHoro namuBa KOME, xa-
PaKTepHU3YIOThCS MiABUIICHOIO (TIOpiBHAHO 3 mamuBoM DMB20) emiciero
CO. Haiibinpmmm 3poctanHsM eMicii CO xapakTepu3YyIOThCS PEKUMH
niasumienoro HaBantaxeHHs (80...90%). Bognouac, cymimi, mo MicTaTh
15 % Ta 20 % nanuBa KOME, 3a6e3neuytots 3HmxeHHs emicii CO. Bu-
kunu ByrieBogHiB (HC), mo He 3ropinm, 30imblIyBanucs 3 HaBaHTaKEH-
HSIM 711 BCiX BHIIB cyMimied nmanusa. [Ipu mpomy emicis CP s cymi-
meit, mo mictath 5...10 % OGiomuzensHoro manuBa KOME, mepesumrye
AHAJIOTIYHUIA TOKa3HMK I [u3eibHoro nanuea DMB20; mis cywmimeid,
o mictath 15...20 % KOME, mae MeHIle 3HaYCHHS B MMOPIBHSIHHI 3 Ta-
muBoM DMB20. [NopiBHsHHS BUKHIIB He3ropiimx ByriieBonaHiB (HC) mo-
Ka3aHo Ha pucC. 2.
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%
40 -~
3
30 = =
20 I
= 4| T /
5 /,
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30 50 70 90 N, %

Puc. 2. Ilopisustans emicii HC s nuzensHoro nasmsa DMB20 Ta iioro cywmi-
et 3 6ionamusom KOME:
1-100 % DMB20; 2 — 95 % DMB20 + 5 % KOME; 3 — 90 % DMB20 + 10 %
KOME; 4 — 85 % DMB20 + 15 % KOME; 5 — 80 % DMB20 + 20 % KOME



ISSN 1815-6770. Cyonosi enepeemuuni ycmarnoexu. 2026. Ne 52 81

Bukugun CO, 30imbiryBanucs 31 30UIbIIEHHSM HABaHTKEHHS IS
BCIX BUJIB MaNHBa, M0 BimoOpakae OUTBITY BUTPATy HalWBa Ta MOKpaIe-
HE 3TOPSAHHS MPH OUTBII BUCOKMX HaBaHTakeHHAX. Cywimri Oioanzens (3a
BUHATKOM 5 % konueHtpauii KOME) 3a0e3neuyioTh 3HWKEHHS PiBHS
emicii CO: Ha BCiX HaBaHTAXXEHHSIX AM3EIS MOPIBHSAHO 3 E€KCIUIyaTalli€ro
Ha au3enbHOMY manusi DMB20 (puc. 3).

GO,
%
7,0 —
6,5
6,0 74 i 74
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(A 1
5.5 — ‘5 /
30 50 70 0N, %

Puc. 3. IlopiBusuus emicii CO, anst auzesnpHoro nanusa DMB20 Ta #oro cymi-
et 3 6ionammsom KOME:
1-100 % DMB20; 2 — 95 % DMB20 + 5 % KOME; 3 — 90 % DMB20 + 10 %
KOME; 4 - 85 % DMB20 + 15 % KOME; 5 — 80 % DMB20 + 20 % KOME

Bukumn oxcuaiB azoty NOx 3Ha4HO 3pOCTalOTh i3 30iIbIICHHSM Ha-
BaHTaXXEHHs BCiM cymimeid. OpHak cymimi 3 010AWM3ENBHUM IMaJHBOM
KOME 3a6e3neuytots HWK4Yy emicito NOyx MOpPIBHSHO 3 JU3CIBHUM Tia-
musom DMB20. IIpu 1ipoMy HaiOiIBIIO €KOJIOTIYHOKW e()eKTHBHICTIO
XapakTepu3ylThes cymimn 3 migsuiienuM BmictoM KOME (15 9% ta
20 %).
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Puc. 4. Tlopisusiaas emicii NOy qs nusensHoro nanunea DMB20 Tta #oro cymi-
e 3 6ionanusom KOME:
1-100 % DMB20; 2 — 95 % DMB20 + 5 % KOME; 3 —-90 % DMB20 + 10 %
KOME; 4 — 85 % DMB20 + 15 % KOME; 5 — 80 % DMB20 + 20 % KOME
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BucHoOBKM i mepcnekTHBH MOJANBIIMX J0CHiIKeHb. byno mpose-
JIEHO EKCTICpUMEHTAJIbHE OCHIDKEHHS IS OIHKH CKOJIOTIYHHUX Xapak-
TEPUCTUK cyMimei amzensHoro manuBa DMB20 ta Giommzens KOME 3
onii kapanpki. [Ipu oMy KoHIeHTparis 6ioau3ensHoro nanmea KOME
y Horo cymimi 3 mamueoM DMB20 cranosuna 5 %, 10 %, 15 % Ta 20 %.
[NanuBHI cymimii i3 3a3HaYeHWM CKJIaJI0M BHKOPHCTOBYBAJHCS IIPH €KC-
mtyaranii cyanosoro ausens 6H21/32 Hyundai HIMSEN. [lochimxkenns
BUKOHYBaNUCh y Aiamazoni 30...90 % HaBaHTakeHHA qu3eins. Pesynbratu
MiATBEPHKYIOTH MOXKIIMBICTh BUKOPUCTAHHS TOAIOHNX CyMIIIeH y CyTHO-
BUX Ju3eNsaxX Oe3 J0JaTKOBOI MOJEpPHIi3allii iXHBOI MaJMBHOI amaparypu.
Amnani3 emicii okcuaie CO i miokcuaie CO, ByIJIeI0, HE3rOPUIUX BYTJIe-
BoaniB HC, a takox okcuniB a30ty NOx BHUSIBHB HasBHICTH ONTHMAaTbHOI
KoHIeHTpatii O6iogusenpHoro namuea KOME B #ioro cymimi 3 majamBoM
HagToBoro nmoxomkeHass DMB20, a Takok onTHUMaabHUX €KCIUIyaTarliii-
HUX PEXKHMIB poOOTH AM3eNs 3a SKUMH 3a0e3MMedyeThCcsl MiHIMaTbHHX
piBeHb BKa3aHWX MIKiATWBUX KOMIIOHEHTIB y CKIIaJi BUITyCKHHX Ta3iB.
ExcriepMeHTaJIbHO BCTAHOBJICHO, IO CYMIIIl JU3EIBHOTO TajuBa
DMB20 Tta 6iomuzens KOME 3 onii kapaHpKi € €KOJIOTIYHO CHPHUSATIIH-
BUMHU aJbTEPHATHBAMH TPAIUIIHHOMY TalWBY HA(PTOBOTO MOXOKEHHS
JUIsl IBUTYHIB BHYTPIIIHBOTO 3rOPSIHHSL.
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HartionansHui TpaHCTIOPTHUH YHIBEPCUTET

THTETPAIISI IHHOBAIIMHNUX TEXHOJIOT'TI B CYJTHOBY
EHEPTETUYHY IHOPACTPYKTYPY JJI NIABUIIEHHSA
E®EKTUBHOCTI EKCILTYATAII

IocranoBka npodiaemMu y 3arajibHOMY BHIJIsiAi. Mopcekuil TpaHc-
MOPT CTHKAETHCS 3 )KOPCTKHUMH BHUMOTAMH IIIOJI0 €KOJIOTIUHOI Oe3MeKu Ta
eHeproedexkTuBHOCTI. TpagumiiHi CYIHOTOTYXHI YCTaHOBKH BHYEpITY-
10T CBIl pecypc, AEMOHCTPYIOUM HHU3BKHH KOe]iIieHT KOpPHCHOI il B
peXMMax 3MIHHOTO HAaBaHTA)XEHHS. 3pOCTaHHS BApPTOCTI MajMBa CIOHY-
Ka€ CyJHOIUIABHI KOMIIaHil HIyKaTH IUISIXH OINTHMi3allii eHeprocioxXu-
BaHHs Ha OOpTY.

[HTerpanis iHHOBAIIHHUX TEXHOJOTIH, TaKUX SK T1IOPUIHI €HEPTrOCHC-
TEMH Ta BiJJHOBIIIOBaHi JDKepesla eHeprii, CTa€ KPUTHYHO BAKIMBOIO JJIS
ranysi. BripoBajpkeHHsI 1HTEIEKTyalbHUX CHCTEM KEpyBaHHS €HEeproro-
TOKaMH JI03BOJISIE JMHAMIYHO aJanTyBaTH TapaMeTpH OOJaJHaHHS JI0
yMOB ekcrutyaranii. Lle 6e3nocepeiHb0 BIUIMBAE HAa 3MEHIICHHS BHKHIIB
IIKIJUIMBUX PEYOBUH B aTMOC(EPy Ta aKBaTOPIIO.

BaxnuBicTe 1udpoBizallii CyTHOBUX E€HEPreTUYHUX 1HPPACTPYKTYp
HOJIATaE Y MOXKJIMBOCTI MPEJANKTHBHOTO OOCIyrOBYBaHHS TE€XHIYHHX 3a-
co0iB. CyuacHi eHepreTHuHi KOMIUIEKCH MOTPeOYIOTh Mepexoay BiJl KOH-
HenIii aBTOHOMHOTO JKWBJICHHS JI0 MEPEKEBUX 1HTETPOBAHHUX CTPYKTYP.
Le 3abe3neuye Bumly HagiiHICT pOOOTH KPUTHYHHUX BY3JIiB CyZHA HaBiTh
MPU YaCTKOBUX BiJ]MOBaX OKPEMHX €JICMEHTIB.

EneproedekTuBHICTh CHOTOJIHI € BH3HAYATHLHUM (PAKTOPOM KOHKYpE-
HTOCHPOMOKHOCTI MOPCBHKHX IE€pEBE3€Hb Ha CBITOBOMY PHHKY. Bimcyt-
HICTh CHUCTEMHOIO MigXOLy AO iHTerpamii HOBHX TEXHOJIOTIH CTpUMYE
IHHOBAIIHHUI PO3BUTOK MOPCHKOTO (ioTy. TakuMm YHHOM, JaHe JOCi-
JDKEHHSI Ma€ BUCOKY HAyKOBY Ta NPAKTUUHY 3HAUYLIICTh AJISI MOJEpPHi3a-
1ii TexHiYHOTO 3a0e3rnedeHHs cyleH. KoMIuiekcHa pealizallis 3aIrporio-
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HOBaHUX 3aXOJiB 3JaTHa CYTTEBO 3HM3UTH CKCIUTyaTalliliHI BUTpaTu Ta
MOJOBKUTH KUTTEBUH LIUKJI CYTHOBOTO 00 JHAHHS.

AHaJIi3 ocTaHHIX J0ocCaimKeHb i my6Jikamiii. ¥ myomikarii [1] posr-
JISTHYTO IHTETPaLilo eIeKTPOCHEPTeTHYHUX CHCTEM CYACH i3 METOI0 Mij-
BHIIEHHS €KOJOTIYHOCTI MOPCHKOTO TPAHCHOPTY. ABTOPH aKIEHTYIOTh
yBary Ha BUKOPHCTAaHHI IHTETPOBAHUX €HEPTOCHCTEM 3MIHHOTO CTPYMY Ta
TEXHOJIOTi eHeproMeHeKMeHTY. [IpoBejeHo aHami3 apXiTeKTyp €JIeKT-
PUYHUX MEPEK CYJIeH Ta X B3aeMOIii 3 OeperoBoio iHPaCTPYKTypOrO.

V pobori [2] mocmimKkeHo iHHOBaLiNHI TiIX0AM 0 iHTErpallii BiIHOB-
JIOBaHMX JiKepen eHeprii B O(IIOpHI MOPCHKI CHCTeMH. 3HAa4yHy yBary
NPUIIIEHO KOHCTPYKIIHUM 1 CHCTEMHHUM aclieKTaM B3a€MOJIii eHepreTu-
YHUX YCTaHOBOK.

VY crarti [3] npoaHanizoBaHO iHTErpOBaHi CHEPreTHUYHI CHCTEMH IS
CyJeH 13 HU3bKUM DIiBHEM BUKHIIB. J[OCIIPKCHHS OXOILIIOE MOETHAHHS
PI3HHX JDKEpeNn eHeprii, BKIIOYArYd aKyMyJIATOpH Ta albTePHATHBHI
nanuBa. BCTaHOBIEHO, IO ONTHMAaNbHA IHTErpaIlisi KOMIIOHEHTIB JT03BO-
JISi€ CYTTEBO 3MEHIIUTH BUTPATH MANKBA Ta €KOJIOTTYHHUIA BILUIUB.

V poboti [4] mpencTaBaeHO OIS METOMAIB ONTHUMI3AIil CHCTEM
YIpaBIiHHS €HEPTi€l0 B CYTHOBUX MiKpoMmepekax. Po3risiHyTo anropur-
MU ONTHMAIILHOTO PO3MOALTY HaBaHTaKEHHS MK JKEpelaMu eHeprii.

VY nocnimkenHi [5] mpoBeneHO TEXHIKO-SKOHOMIYHY OIIIHKY iHTerpa-
1ii TIOpUAHUX BiJTHOBIIOBAHUX CHCTEM Yy CYIHOBI €HEPreTHYHI yCTAaHOB-
ku. Po3risiHyTO pi3HI KOMOIHAIIT IKeper eHeprii Ta X BIJIMB Ha BUTPATH.
BcraHoBiieHo, 1110 TiOpUHI CUCTEMH € €KOHOMIYHO BUIPAaBIaHUMH 32
MEBHUX EKCILTyaTaI[iiHUX CIICHAPITB.

V cratti [6] po3risiHyTO CTaNuii pO3BUTOK TiOPUAHMX CHEPreTHYHHX
cucreM cyneH. OcHOBHa yBara MPHIUIAETBCS ONTHMI3allii KepyBaHHS
CHEePreTHYHIMH TIOTOKaAMH.

VY po6orti [7] mocnimkeHO NepCHeKTHBHI eHEepreTHYHi YCTAaHOBKU IS
MOPCHKOTO TpPaHCHOPTY. PO3riIsiHyTO iHHOBamilHI PYIIiHHI CHUCTEMH,
BKJIIOUAIOYM €JICKTPUYHI Ta BOJIHEBI TeXHOJIOTIi. BcTaHORBNIEHO, 1110 1HTET-
pailist HOBITHIX TEXHOJIOTIH € KIII04YO0BUM (pakTOpoM HexapOoHizalii ramy-
31

V crarti [8] npeacTaBieHO METOIM MOJICIIOBAHHS Ta ONITUMI3aIlil Cy-
JTHOBUX E€HEProcucTeM. PO3MIIIHYTO MaTeMaTH4HI IMiJIXOMU JI0 aHallizy
CHEPreTUYHUX IMOTOKIB. ABTOpU IOCTIUKYIOTh ITOPUTMH ONTHUMi3amii
KoHiryparmiii cucreM. JloBeleHO, 10 BUKOPUCTAHHS CyYacHUX MOJeleit
JI03BOJISIE TBUIINTH €(DEKTUBHICTh €HEPreTHYHOi iHPPACTPYKTYpH CY-
JEH.
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VY po6oTi [9] po3rasHYTO ONTHMI3AIliI0 TOMOJIOTIT Ta YIPABIiHHS CHE-
priero B TiOpUIHUX cECTeMaxX KPYI3HWUX Cy[CH Ha MaJMBHUX €JIEeMEHTaX.
3HauHy yBary MpUAUIEHO MiIBHUIEHHIO eHeproe()eKTUBHOCTI Ta HaJIHHO-
cTi. BcranoBneHo, 110 onTHMi3amis CTPYKTYPH CHCTEMH J03BOJISIE TOCST-
TH KpaIluX eKCIDTyaTalliifHUX MTOKa3HHKIB.

V crarti [10] mocmimkeHo cydacHHil CTaH Ta MEPCIEKTHBU PO3BUTKY
CHCTEM YNPaBIiHHS CHEpPri€lo TiOpuIHUX cyaeH. PosrmsHyTo pi3Hi cTpa-
Terii KepyBaHHS EHEPrOCIOKMBAaHHAM. ABTOPHM aHaNi3yIOTh TEHACHLIT
PO3BUTKY IHTENEKTyaJbHUX CHcTeM ympaiiHHs. [lokaszaHo, mo BipoBa-
TDKEHHSI TAKUX CHCTEM MiJBHINYE e)eKTHBHICTh BUKOPUCTaHHS €HEprope-
CypciB.

VY ny6mikarii [11] po3risHyTO cTanuii po3BUTOK BiJHOBIIOBAHOI CHeE-
PreTUKH B CyTHOIIABCTBI. ABTOPH aHANI3YyIOTh TEXHOJIOTIUHI Ta €KOJIOTi-
YHi acTeKTH 1HTerpauii iHHOBamiid. 3HauHy yBary MpHIiICHO MEepPCIeKTH-
BaM BUKOPHCTAHHS AIbTEPHATUBHUX JKEPEIT CHeprii.

VY po6ori [12] mociimkeHo po3pobieHHsT HAIiHOT CHCTEMH Tepeiadi
JMaHUX JUIs OC3MUIOTHMX HAJBOJHUX amapariB. Po3risHyTo BIUIMB 3aBaj
Ha (QYHKIIOHYBaHHS CHCTEM 3B’SI3KYy. ABTOPH TPOMOHYIOTH MiAXOAH /IO
MiIBUIICHHS HailHOCTI epenayi iHopmaii. [Tokazano, mo iHTerparis
Cy4acHHX iH(OpMAIIHHMX TEXHOJIOTIH € BayKIIMBOIO CKJIAJI0OBOIO €(hEKTHB-
HO1 EHepreTHYHOI iHPPaCTPYKTYpH.

VY crarri [13] mocnimkeHo MiABHIEHHS €KOJIOTTYHOCTI OypOBHX CY-
JIeH y CIIelialbHUX perioHax. POo3riIsHyTO iHTErpallito TEXHOJOTIH OYH-
IICHHS Ta ONTHMI3allii eHEeProCIOXUBaHHS. BCTaHOBJICHO, 1110 3aCTOCY-
BaHHS 1HHOBALIHHMAX MiAXOMIB JO3BOJISAEC 3MEHIIIMTA HETATUBHUI BIUIUB Ha
JTOBK1JUIA.

V po6ori [14] po3rasHyTO MUTaHHSA HATIHHOCTI eKCIIIyaTallii CyaHo-
BUX JM3CJIbHUX JIBUTYHIB. JIOCHII)KEHO METOH JiarHOCTHKH Ta KOHTPO-
JII0 TEXHIYHOTO CTaHy. ABTOPY aHA3YIOTh BIUIMB PEKUMIB POOOTH Ha
e(eKTUBHICTh EHEPreTHYHNX YCTAaHOBOK. JloBeaeHo, 1o iHTerpamis cuc-
TEM MOHITOPUHTY MiIBUIIYE Oe3MeKy Ta eeKTHBHICTh EKCILTyaTallii.

AHali3 cydacHOi HAyKOBO-TEXHIUHOI JIiTepaTypu 3acBiAYUB, IO IH-
TaHHSM BU3HAYCHHSI METOJIB iHTerpailii IHHOBAI[ifHIX TEXHOJIOTiH B CHE-
preTuuHy iH(QpacTPyKTYpy CylleH He MPHJIIIEHO JTOCTaTHLOI yBaru. biib-
IIICTh MyOiKaI[ifl pO3ryIsaaloTh JIHIIE OKPEMi BY3JIH €HEPreTUYHOI ycTa-
HOBKHM 0€3 BpaxyBaHHSI CHCTEMHOT'O B3a€MO3B'3Ky MK HUMH. IcHyrodi
METOJMKH TIEPEeBaKHO 0a3ylOThCS Ha CTATHYHHX MOJIENSX, SIKi HE BiO-
OpaxaroTh AMHAMIKY peaJibHUX PEXHUMIB eKcIuiyaTallii. BusBieHo 3Hay-
HUHI PO3pUB MIX TEOPETUUHHMHU PO3POOKAMHM B raily3i €HEpreTHKU Ta ix
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MPaKTUYHOIO peantizalieio Ha 0opTy cyaeH. HeoOxigHo po3poOuTH iHTET-
pOBaHUH MiAXi, IO OXOIUTIOE arapaTHi Ta MPOTpaMHi PIillIeHHS TS M-
BHIICHHS 3arajbHOi €)EKTHUBHOCTI CUCTEMH.

CyuacHa cynHOOyZAiBHA iHAYCTpisi MOTpeOye KapAMHAIBHUX 3MIH Y
MiX0/1ax IO MPOEKTYBAHHS €HEPTeTUYHNX KOMIUIEKCIB. IcHyroUi eHepre-
TUYHI iHppacTpyKTypHu CyleH He B TOBHIA Mipi BiONOBiNAIOTh HOBHUM
BUMOTaM ILOJO iHTEJICKTyaJbHOTO KEPYBaHHS Ta PECypcoeeKTHBHOCT.
l'onoBua mpobnema momnsirae y BiZICYTHOCTI €AMHOI METOJOJIOTIi BIpOBa-
JDKeHHSI 1HHOBaIlIHHUX KOMITOHEHTIB y BXKe (PYHKIIOHYIOUI €HepreTHdHI
CHCTEMH.

OOMeKEHICTh MOKIUBOCTEH TPaIULIIMHUX CUCTEM PO3IMOALTY eHepril
MPU3BOJUTH A0 3HAYHUX BTPAT MiJ Yac eKcruryaramii cymeH. CraTudHi
HaJIAIITYyBaHHS KOHTPOJIEPIB HE J03BOJISIOTH MIBHIKO pearyBaTH Ha 3MiHH
HABaHTa)XKEHHS, 110 BUHUKAIOTh Yepe3 30BHIIIHI (AaKTOpU Ta pEKUMHI
ocobmuBocTi podotn cyana. [Ipomec iHTerparii CympoBoIKY€EThCS CKITaI-
HICTIO Y3TOJDKSHHS TeXHIYHUX TMapaMeTpiB 00IagHaHHS Pi3HUX BUPOOHU-
kiB. HemoctartHiii piBeHh aBTOMATH3AIlil YCKJIATHIOE CBOEYACHY JiarHOC-
THKY CTaHy EHEPreTHYHOI CHUCTEMH, L0 MiABUIIYE PH3UKH aBapiiHUX
3ynuHOK. BuHMKae KOH(IIKT MK BUMOTaMH MaKCHMalbHOI ITPOyKTHB-
HOCTI Ta HEOOX1IHICTIO 3MEHIICHH TTaJMBHOT 3aJIC)KHOCTI cynHa. Bimcyt-
HICTh aJaNTUBHUX aJTOPUTMIB yIpaBIliHHI 0OMEXKY€E MOTEHIIIal BUKOPHC-
TaHHS HOBITHIX CHCTeM 30epiraHHs Ta reHepartiii eHeprii. HeoOxigHo BU-
PIIATHA CyNEepevHiCTh MK HEOOXiIHICTI0O MOJEpHi3allii Ta TeXHIYHHMHU
0OMEKEHHSMH HAasBHUX €HEPTOCHUCTEM.

HeBupiieHow 3aauiaeTbes npodiieMa po3poOKH THCTPYMEHTIB st
OIIIHKM TEXHIKO-€KOHOMIYHOI e()eKTUBHOCTI BIPOBAKEHHS iHHOBAIIN Y
MaciiTadl Bcboro cynaHa. Lle 3yMOBIIIOE HEOOXITHICTh HMPOBEACHHS KOM-
TUIEKCHOTO HAYKOBO-TIPHUKJIAJHOTO JTOCTIKCHHS 3 MUTaHb YAOCKOHAJICH-
HSl CYZTHOBOT €HepreTHYHOT iHPPaCTPYKTYpH.

IMocranoBka 3aBaanHsi. MeTol poOOTH € PO3pOOKa TEOPETHYHUX
OCHOB Ta NPUKIAIHMX METOJIB IHTErpariii iHHOBaIlIHHUX TEXHOJOTIH B
CHEepreTHYHy iHQPACTPYKTYpy CyAHa i 3a0e3leueHHs MaKCHMaJbHOI
eeKTHBHOCTI eKcIutyaTamii. JlociiykeHHS CIpsMOBaHe Ha ONTUMI3alliio
PO3MOiTy €HEProlOTOKIB MK CIIOKMBayaMH 3a JOIMOMOIOK BIIPOBa-
JDKEHHSI 1HTEJEKTyallbHUX CHUCTEM KepyBaHHs. Pe3yibTaToM Mae cTaTh
KOHIIENITyaJIbHA MOJIENIb OHOBJICHOI €HEProCHCTEMH 3 MiABUIICHUMH I10-
Ka3HUKAaMU HAAIMHOCTI Ta €KOJIOTIYHOCTI.
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O0'exTOM mOCTiIKEHHS € TpouecH (PyHKIIOHYBaHHSI Ta MEPETBOPECH-
HSI €HEepTii B CyIHOBil eHepreTHUHIN 1HPPACTPYKTypi B yMOBax €KCILTya-
Tauii.

[IpeameToM AOCHiAKEHHSI BUCTYMAIOTh METOIU Ta 3acCOOM iHTerparii
IHHOBAITIHMHAX TEXHOJIOTIN I ONTHUMI3AIil peKUMIiB pOOOTH €HEpPTreTHY-
HHUX CHCTEM CY[EH.

Bukaan ocHoBHOro Marepiaiay aociaigxeHHs.CyJHOBa €HEPreTH4-
Ha iHppacTpykTypa y XXI cTomiTTi TpaHCcHOpPMY€ETHCS 3 aBTOHOMHOI €He-
pPrOCHUCTEeMH Ha CKJIATHUA IHTEIEKTyalbHHH MEpeKeBHH KOMIUIEKC.
CrpykTypa 1i€i iHQpacTpyKTypH BKIIIOYa€ CUCTEMY TeHepalii, CUCTeMY
HAKOMWYEHHS, iHTEJCKTyalbHy IIMHY PO3IMOJITY Ta aJanTUBHI CUCTEMH
cnoxuBaHHs. ['eHepamis 6a3yerhcst Ha KoMOiHarii [IB3, manmuBHuX ene-
MEHTIB Ta BiJHOBIIOBAaHUX JKeped. HakommueHHsS 3MiMCHIOETHCS 3a pa-
XYHOK BHCOKOC(EKTHBHUX aKyMYJSITOpHUX Oatapei abo cynepkoHaeHCa-
TOpiB. IHTeneKkTyalbHAa LIMHA KEPYEThCS LEHTPAIBHUM KOHTPOJIEPOM,
SIKUH 3a0e3medye mpiopuTe3allito eHepronoTokiB. CroxnBadi MoaiIsOTh-
Csl Ha KPUTUYHI Ta JAPYTOPSIHI, IO JO3BOJISIE TUHAMIYHO MEPEPO3IOIiIsI-
TH TOTY>KHICTb.

Knacudikaris iHHOBamifHAX TEXHOJOTIN Tepeadadae po3MOAiN Ha
amaparHi, IporpaMHi Ta TiOpWAHI pillieHHsA. ATapaTHi pillleHHs BKIIOYa-
I0Th BUCOKOC(EKTUBHI T€HEPaTOPH, TIEPETBOPIOBAYI YACTOTH Ta HOBI TUIIH
Hakonn4dyBadiB. [IporpamHi pilieHHS OXOILTIOIOTH HU(GPOBI JBIHHHUKH,
CHCTEMH LITYYHOTO IHTEJIEKTY JJIsl IPOrHO3yBaHHs HABAaHTAXKEHb Ta aJiro-
PUTMHU TIPEAUKTUBHOI JiarHOCTUKU. ['iOpWIHI pillleHHs] — I iHTerpoBaHi
MOJIyJIi, 1110 TIOEAHYIOTh O0JIaHAHHS 3 IHTCJICKTYyaJIbHUM KEPYBaHHSIM.

s onvcy AMHAMIKM CUCTEMH BUKOPHCTOBYETHCSI €HEPreTHYHUH Oa-
JIaHC, 1[0 BU3HAYAETHCS SIK:

Paen (1) + Pao (1) = P (1) + AR5 (1)

A€ Pgen — IOTYKHICTB F'eHEpaLlii;

Psto — MOTYXHICTh BiJl HAKOITNYYBaiB,;

Ploag — TOTYXKHICTh CIIOKMBaHHS;

AP\oss — BTpaTH.

EdexruBHicTh cucTemMu E BU3HAYAETHCS BiTHOIIECHHSIM KOPUCHOI PO-
0OTH JI0 BUTPAT EHEPTOPECYPCiB:
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.
_[0 I:)Iuse (t) dt
S =
[ Crua (t)t

Onrtumizanis nocaraeTbcs MiHiMi3amieo QyHKIil BTpar:

E=

T dP
I=], Ploss(t)"'k‘a dt.

Hwkde HaBeeHO OIS KIFOUYOBHX TEXHOJIOTIYHHMX TPYI Ta IXHBOTO
BIUTMBY Ha €(EKTHUBHICTb.

Cucrtemu onrtumizamii pyxy Ta aBroMmaTtu3anii. CydacHi aBTOMaTH30-
BaHI CHCTEMH YIIPABIiHHS JO3BOJISIOTH CYTTEBO IiJABHUIIUTH TMAITHBHY
e eKTUBHICTh 0€3 KaIliTANBHUX 3MiH Y KOHCTPYKIIi Cy/THA.

» IIpunHnun poboTH: crucTeMa aBTOMATUYHO PETYII0E poOoTy ToJo-
BHOTO JIBUTYHA B peallbHOMY Yaci, pearylour Ha 30BHILIHI pakTopu (XBU-
JOBaHHS, BiT€p, OOPOCTaHHS KOPITyCy) Ta 3a0e3Medyloud ONTHMAaIbHY
MOTYKHICTb.

* EdekTuBHicTh: 703BOJSIE TOYHO BUMIPIOBATH E€KOHOMIIO ITajHBa
Ta ycyBae JOJACHKUH (pakTop mpwW ympasiiHHI. B koMOiHamii 3 BiTpHiIb-
HUMH CHCTEMaMH BOHAa aBTOMaTHYHO BPaxOBY€ OTPHMaHy BiJ BITpY TATY
Ta 3MEHIIYE HAaBAaHTA)XCHHS Ha JIBUTYH.

» JlonatkoBi mepeBaru: BUKOPUCTAHHS aHAITHYHHUX TUIATQOPM IS
MOHITOPHHTY, 3BITHOCTI Ta MOPIBHILHOTO aHai3y eeKTUBHOCTI BCHOTO
¢rory.

lopuani cuctemu Ta iHTeNeKTyanbHI eHepromepexi. [lepexin Bix
TpaAUiHHUX 3MIHHUX JI0 TIOCTIHUX MEPEX 03BOJISE THYYKO iHTErpyBa-
TH Pi3HI JpKepera eHeprii Ta 3HaYHO MiJBUIINTH 3aralibHy e(heKTHBHICTh
CyZHa.

» TeepnorinpHi TpaHCPOpPMATOPU: PO3POOKA MEpPEX CEPelHbOI Ha-
MPYTH TOCTIMHOTO CTPYMy Ha OCHOBI TBEPIOTUILHUX TpaHCHOpMAaTOpiB
3a0e3rneuye Tepenavy eleKTpOCHeprii 3 MiHIMalbHUMHU BTpaTaMu, IO
KPUTUYHO BXKJIMBO JIJISl BENMKUX cyJnieH. Lle 7103Boiisie cTBOpIOBaTH YHi-
BepcabHy MIaTGOpMy LIS MiAKIIOYCHHS MaJMBHUX €JIEMEHTIB, OaTapei
Ta BIIHOBITIOBAHHX JDKEPEI EHeprii.

» T'iOpumHi reHepyroui yCTaHOBKM: MPOEKTH, Taki sk Nautilus, me-
pendavyaroTh MOCTYIMOBY 3aMiHy TPaJWLIMHUX JBUTYHIB BHYTPILIHBOTO
3TOpsIHHS Ha TiOpUIOHI CHCTEMHM Ha OCHOBI TBEPAOOKCHUIHMX MaJIMBHUX
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enleMeHTiB Ta Oarapeil. Lle mo3Bosnsie 3abe3meunTy BCi MOTPeOH CyAHA B
enexTpoeHeprii Ta Terri 3 BumuM KK/,

* IHTenexTyanpHe ynpaBiiHHA: 3acTocyBaHHS Al Ta mpeauKTHBHUX
QITOPUTMIB Ui ONTUMI3allii BUKOPUCTAHHS EHEPrOCUCTEMH 3 METOIO
MiHiMi3allii BUTpaT NaJIMBa Ta BUKUIB.

BiTpuibHI TEXHOIIOTII SK JOAaTKOBE HKepesio eHeprii. BiTpuibHi Te-
XHOJIOTi1, 30KpeMa POTOpPHI BIiTpHJia, CTAlOTh "0E3pU3NKOBUM" PillICHHSIM
JUTSL T IBUTIICHHS €(hEeKTUBHOCTI.

*  Oco0MBOCTI: BOHU € "TATWBHO-HEHTpaTbHUMHA'", TOOTO TIpAIIFo-
I0Th 3 OyAb-SIKMM THIIOM TaiuBa (BiJl BaXKOTO MajuBa J0 amiaky abo
BOJIHIO), 3MEHIITYIOYH MOTpe0y B OCHOBHiH eHepreTHUHii yCTaHOBLII.

* EdQexTuBHICTH: BITPIIBHI CHCTEMH HAaHOIMBIN e(heKTUBHI TIPU CH-
JFHOMY BITpi Ta XBUJIFOBaHHI, KOJIM HaBaHTaKEHHS HA JBUTYH HaHO1IbIIIe.
Cranom Ha 2025 pik Bcranoeneno nonaa 100 takux cuctem, a IMO pos-
po0IIsie cTaHaapTU30BaHI KePiBHUITBA 3 O€3MeKH JUIsl X MIMPOKOTO BIIPO-
BaPKEHHS.

» IlepeBaru: MOXJIMBICTh BCTAHOBJICHHS Iifl Yac MJIAHOBOTO JOKY-
BaHHs 0e3 KapAMHAIBHOI epeOyI0BH CHUIIOBOI YCTAHOBKH CY/THA.

AJbTepHATHBHI BUIM MANHMBa Ta KOHCTPYKIiitHI Moaudikarii. [lepe-
XiJl Ha HOBI BHJY TNAJIMBAa € HAHOUIbINI paJUKAJIbHUAM, aje HEOOXITHUM
KPOKOM JUIsl AOCSITHEHHST HYJIbOBHX BUKH/IIB.

* llamuBHI eneMeHTH: BOJHEBI MaTWBHI eIeMEHTH 3a0e3NedyroTh
e(eKTHBHICTb NEPEeTBOPEHHs eHeprii po 75%, mopiBHsIHO 3 55-60% Yy
TpaJULIHHUX AM3ENIbHUX ABUTYHIB. [IpoTe, iICHYIOTh BUKIIMKH IIOAO 1H-
(dpacTpykTypHu, O€3MEKH Ta BAPTOCTI.

» TazoBi TypOinu: npoekt MARPOWER po3po0bisie razoTyp6inHi
YCTaHOBKH, 3/IaTHI MPaIfOBaTH Ha BOJHI, aMiaKy, METaHOJIi Ta 1HIINUX YHUC-
THUX TanuBax. BoHM MoeaHYIOTH B 001 BUCOKY €(EKTHBHICTH Ta MOXKJIIH-
BiCTh KOTeHepallii (BUpOOHUIITBA ENEKTPHUKH Ta TEIlIa).

* KorcTpykmiitHi Moaudikarii: moigiMepHi MiAMATHUKA — 3MEH-
HIYIOTh BTPATH HA TEPTS B TPeOHUX Basiax y 6...9 pasiB MOPIBHSIHO 3 Tpa-
IULIHHIMHA METaJIeBUMH; CUCTEMHU PEKyIepalii eHeprii — iHTerpauis Bo-
ISHUX TypOiH B OOTIYHHMKM KOPIYCy MOXKE TEHEepyBaTH JI0JaTKOBI
15...17 % 4ucToi MOTY>KHOCTI.

BucHoBKY i mepcneKTHBU MOAAJbINNX A0CTiTKeHb. OTprMaHi Ha-
YKOBI Ta NPUKJIAaJHI pe3yibTaTH MiATBEPIXYIOTh BHCOKY €(EKTHBHICTh
3aIPONIOHOBAHOT'0 CHCTEMHOTO MIXOY JI0 MOJIepHi3arlii.

[MpakTu4He BHIPOBAPKEHHS PE3YJbTAaTIB MPOBEJICHOTO HAYKOBO-
MPUKIIAJHOTO JOCHIKEHHS IO3BOJMTH BHPILIUTH BaXXJIUBE 3aBIAHHS
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iHTerpamii iHHOBAalIMHUX TEXHOJIOTIM Yy CyJHOBY EHEpreTH4Hy iH(}pa-
CTPYKTYpY.

B poboti y3aranpHeHO HAayKOBO-TEXHIYHI MIAXOMU Ta PO3POOIEHO
KOHIIETITyaJIbHy MOJENb MOJEpHi3alii eHeprocucteM. KiacugikoBano
MIePCIEKTUBHI TEXHOJIOT1, ki HalHOUTBI e(peKTHBHO BILTUBAIOTH Ha MTOKA-
3HHMKH eKcruryararii. Po3pobnena kinacudikariis moiernrye mpoiec BHOo-
Py ONTHMAalIbHUX TEXHOJOTTYHHX PillleHb JJIsl PI3HUX THIIIB CYJCH.

Po3pobneno matematnyne ta QopMyibHE OMUCAHHS €HEPTETHYHOTO
OanmaHCy IJIsl TUHAMIYHUX PEXUMIB poOoTH. BuKopucTaHHA HakomA4IyBa-
4iB eHeprii JO3BOJIsIE€ MiHIMi3yBaTH BTpAaTW Ta MiABUIIUTH CTaOiIbHICTDH
CHCTEMH.

Po3pobneni pekomeHnarlii MOXXyTh OYTH BUKOPHCTaHI MPOEKTYBATh-
HUKaM{ Ta eKCIUTyaTaHTamMH cyjneH. [lomampimi mocmipkeHHS MOUMIIBHO
CHpSIMYBaTH Ha BJIOCKOHAJICHHS QJITOPUTMIB IITYYHOTO IHTENEKTY IS
KEepyBaHHS €HEProNOTOKaMH. 3alpoIOHOBaHI PIilllEHHS CIPUSIOTH MiIBH-
MIEHHIO €KOJIOTIYHOCTI Ta HAJIITHOCTI MOPCHKHX TIepEBE3EHb.
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BOJIOKOHHO-ONITUYHHU BI3KO3IMETP JIJIsSI CYTHOBUX
EHEPTETUYHUX YCTAHOBOK

IMocTtanoBka mpodiemu B 3aranbHoMy Burjsai. [locriiiHi komm-
BaHHsI CBITOBHX I[iH Ha BYTJICBOJHEBE MATUBO ISl ABUTYHIB BHYTPIlIHbO-
T'O 3TOPSIHHS, Pa3oM i3 Hemepea0auyBaHICTIO 3aBaHTAXKEHHS CY/ICH depes
TOPTOBi BiffHM Ta CaHKIIi{, BUCYBaIOTh HOBI BUKIIUKH OO0 €PEKTHBHOTO
BUKOPUCTAHHS MAIWBHUX pecypciB. Lle Bkmoyae mepexii Ha YacTKOBi
peXuMu poOOTH JBUTYHIB BHYTPIIIHEOTO 3TOPSHHS, MOJIEPHI3AIiI0 KOHC-
TPYKIIH KOPIyCy CyleH Ta iHmi 3axoad. Jlo Toro x Jaenani 3HaUyIi IIAMHA
CTAIOTh BUMOTH JIO 3MCHIIICHHS IIKIIJTABUX BUKHIIIB CYTHOBHX Manoo0ep-
TOBHX JIBUT'YHIB, sIKi BAKOPHCTOBYIOTH "BakKe" MaJMBO YW CYMIllli Pi3HUX
(bpaxmiii.

3HMKEHHS €KCIUTyaTallifHUX BHTPAT 1 €KOJIOTIYHOTO BILTUBY CYJTHO-
BUX JIBUTYHIB, OCOOJIUBO JM3€JIIB, 110 MPAIOIOTh HA "BaXKKOMY'" MHaJlUBI,
JOCSITAEThCS 3aBASKH KOHCTPYKTHBHUM 3MiHaM, a TaKOXX BIPOBAKEHHIO
€JIEKTPOHHOT'O YIPABIiHHS MpoliecaMH YHOpPCKyBaHHS maiusa. [lopsin i3
UM TPUBA€E BIOCKOHAJICHHS CHUCTEM PETyIIOBaHHS B’S3KOCTI "Ba)kkoro"
MaJINBa, SIKE Ma€ Pi3HI XapaKTEPUCTHKH TUHAMIYHOI B’SI3KOCTI HaBiTh 3a
YMOB OJIHAKOBHUX TEMIIepaTyp Ui iAeHTHYHUX Mapok. OkpiMm Toro, mi
TEXHIYHI PIIMHU MOXYTh TPOSIBISTH BJIACTUBOCTI "HEHBIOTOHIBCHKHX'
MaTepialiB i3 THKCOTPONHUMH eeKTaMi B TPHOOTEXHIYHUX BY3JIax JBU-
ryHa. "HeHbIOTOHIBCHKI" BIACTUBOCTI TPOSIBISIOTECA Y 3MEHIICHHI
B’SI3KOCTI NpH 301IbLICHH] MIBUIKOCTI 3CYBY, TOJi K TUKCOTPOIIHI Xapak-
TEPUCTHKH BUSIBIISIOTHCS Y 3MEHIICHH] B’SI3KOCTI 3 4aCOM ITiJ] TIOCTIIHOFO
mBUAKICTIO nedopmarii. Hampukiman, migBUIEHHS B’S3KOCTI MajiuBa 3a
IHIIMX OJTHAKOBHX YMOB IOTIpIIYE SKICTh PO3MHUIIIOBAHHS, CTBOPIOE MPO-
OsieMu JUIsl POOOTH MPEIU3IRHUX Tap MaJUBHUX HACOCIB, CIIPHUSE MOCH-
JICHHIO YTBOPEHHS Harapy Ha JIETallsiX [HIIiHAPO-TIOPIIHEBOI IPYyIIHX 1 ra3o-
MOBITPSIHOTO TPAKTy, & TAKOXK BIUIMBAE HA MOMEHTH mojavi nanusa. Ha-
BIIAKH, 3HWKEHHS B’SI3KOCTI MPHU3BOJUTH JIO PO3UIMPEHHS KyTa PO3MHIIO-
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BaHHs Ta CKOPOYCHHS NOBXHHHU (hakena, IO MPH iCHYIOUild KOHCTPYKIII
(hopcyHOK 1 KaMep 3rOpsiHHSA YCKIIAJHIOE (OPMYBaHHS ONTHMAaJIbHOI Ia-
JTUBO-TIOBITPSAHOI CyMimIi Ta 30imbinye BUTpaTu manuBa. OKpiM peryiro-
BaHHS B’SI3KOCTI IajuBa, iCHYE TaKOX rocTpa MpodiiemMa 3 MiJTPUMKOIO
ONITUMAJIBHOI B’S3KOCTI MAaCTHJIBHUX PITUH y HUPKYJALMIHHUX CHCTEMAax.
"HeHBpIOTOHIBCHKI" THKCOTPOITHI PIIWHU Y (PUKIIHHAX BY3JaX MOXKYThH
CYTT€BO BIUIMBATH Ha piBeHb 3MairyBaHHs enemenTiB LI, 30inpuryBaTu
KOoeillieHT TepTs, CKOPOUYBAaTH MOTOPECYpPC 1 HaBiTh TEHEPYIOUN aBapili-
Hi cUTyarlii B poO0Ti 00'€KTiB €HEPreTHYHOI yCTaHOBKH.

[Tpu npOMy aBTOMATHYHI CUCTEMH IS PETYIIOBaHHS B’ SI3KOCTI MaJH-
Ba BXKE IIUPOKO BUKOPHCTOBYIOTHCS Ha CyAHAX, ajie TEXHOJIOTil AJis aHa-
JIOT1YHOI'O PEryNIOBaHHS B MAaCTHJIBHHX CHCTEMax Hapasi HE OTpHUMald
HAJISKHOTO PO3BHUTKY [1 - 3].

AHaJi3 ocTaHHix gociaimkens i myosikamiii. Ha cboroanimHiii n1eHs
po3pobieHo Oe3Iiy pi3HWX THUMIB BICKO3UMETPIB, TPOTE Oarato 3 HUX
BHCYBAIOTh CIelU(idHI BUMOTH JO XapaKTEPUCTUK KOHTPOIHOBAHOI pi-
JUHU 1 MalOTh OOMEXKCHHI NMHAMIYHMAK [diana3oH. JIo TOro sk OUIBIIICTh
MPUCTPOIB BIAPIZHAETHCS CKIAJHOI0 MEXAHIYHOI KOHCTPYKIIEI, IO
3HaYHO 30UIBIIy€E TiAPOAWHAMIYHHAN OIip MOTOKY. BOIOKOHHO-ONMTHYHI
BICKO3UMETPH BHUIIISIOTHCA CBOIMH HE3allepeYHUMH [IepeBaraMu, TaKUMHU
SK BIJICYTHICTh €JICKTPHYHHUX CTPYMIB 1 HAPyru y YyTIUBIH 30HI Mpuia-
Iy, CTIAKICTH JIO0 30BHIIIHIX €JIEeKTPOMArHITHUX BIUIMBIB, a TaKOX abco-
JIIOTHA €KOJIOTIYHICTh, Oe3MeKa AJi1 HABKOJIMILIHBOTO CEPEOBHUINA Ta BH-
KJTFOUCHHS PU3HKY TOXKEX 1 BUOYXiB [4 - 6].

Bigomuii m'e30eIeKTpUUHUIA BICKO3UMETp, SIKMH MICTHTh PEBEPCHB-
HUH JHIHHAN T'€30€JeKTPUYHHINA JBUTYH 3 OCHHJISTOPOM Ta ONTUYHUMHU
JaTIMKAMU TIpesicTaBiIeHuit Ha puc. 1 [7].

Henoniku npuctporo, siki 00yMOBJIEHI 3aCTOCYBaHHSM JIIHIHHOTO T'e-
30€JIEKTPUYHOTO ABUTYHA MOJISTAIOTh Y TAKOMY:

—  HAasBHICTb €JCKTPUYHUX JIiHIHM KUBJICHHS Ta IOBEPXOHB TEPTS;
—  HeoOXIiHICTh MOCTIHHOI MATPUMKH T€OMETPil BUMipIOBAIBHOI KaMe-

PH B yMOBaXx BIUTUBY €KCIUTyaTaliiHUX (aKTOPiB;

—  HEOOXIOHICTh JOJATKOBUX ONTUYHUX IATYUKIB I 3a0e3redeHHs
poboTH puIIamy;
—  BIACYTHICTb TEPMOKOMIIEHCALlii BILTUBY KOHTPOJHOBAHOTO Ta HABKO-

JUIIHBOTO CEPEIOBUIII.

Binpm nOCKOHANMMM € T €300NTHYHHUN BiCKO3UMETpP, OCHOBY SIKOTO
CKJIaJIal0Th ~ CEHCOPHMH  €JIEMEHT 3  KBapIOBOTO  BOJIOKHA  Ta
I €30KepaMiYHHI T'eHepaTop KouBaHb (puc. 2) [8].
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Puc. 1. [T'e30enexTpuuHmii Bicko3umerp: 1 — 0OCHOBa; 2 — peBEepCUBHUIA
JHIHHUHN 1T'€30€NEeKTPUYHUIA JABUTYH; 3 — OCIIIATOP JBUI'YHA; 4 — pyxoma
YacTHHA; 5 — HAMPsAMHA;, 6 — BUMIPIOBAJILHUI 30H/; 7 — BUMIPIOBaJbHA Kamepa; 8
— nopieHsb; 9 — mrrynep; 10, 12 — ontuusi gatumky; 11 — mropka; 13 —
IepeTBOpIOBaY Hampyry; 14 — xabens

VY Toli ke Yac MOXKJIMBOCTI HPUCTPOIO CYTTEBO OOMEKYIOTH OCOOJIH-
BOCTi, OOYMOBJICHI HAsBHICTIO EJEKTPUYHHX JiHIH €HepronocradyaHHs i
pO3TalllyBaHHSIM BHMIpPIOBAJILHOTO CBITJIOBOJA CEHCOPHOTO €JIEMEHTa, a
came:

—  HeOoOXIHICTh JIOAaTKOBUX 3aX0IiB IIOJI0 3aXKCTY CBITIOBOJIa CEHCO-
PHOTO €JIeMEHTA BiJl BILTUBY KOJIMBAJILHUX MPOIIECIB, [0 TEHEPYIOTh-
Csl CYJHOBUM OOJIaTHAHHSM, 3 YaCTOTaMH OJIM3BKUMH JI0 POOOUYUX
4acTOT BICKO3UMETPa,

— HeoOXIiHICTh PETEILHOTO MO3UIIIOHYBaHHSI CBITIOBOA CEHCOPHOTO
€JIEMEHTA II[0JI0 OChOBOI JIiHiT TOTOKY KOHTPOJIEOBAHOTO CEPEOBH-
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11a;

— HEMOXJIMBICTH ypaxyBaHHS BIUIMBY €KCILTyaTalliiHUX (aKTOpiB Ha
pe3yJIbTaTH BUMIPIOBAHHS;

—  BIJICYTHICTh TEPMOKOMITIEHCAII{ BILTUBY KOHTPOJIBOBAHOTO Ta HABKO-
JMIIHBOTO CEPEIOBHIIL;

—  CKJIAJHICTh 3aMiHHU Ta OYHIICHHS CBITIOBOLIY.

JHOHIA KITBJIEHH A TH® OPMATIINTHA JITHIA

7

AN

7’

D
N

N

Puc. 2. [T e300nTuunuii Bicko3umeTp: 1— kopiyc, 2 — BBij, 3 — TepMoyca-
JI04Ha repMeTHyHa MydTa, 4 — Qikcyroua raiika, 5 — CCHCOPHHUM €JIeMEHT 3 KBap-
L[OBOTO BOJIOKHA, 6 — BIII3epKAIIIOIOU ML 1ap, 7 — I €30KepaMiuHUi TeHepaTop
KOJINBaHb

IMocTranoBka 3aBaaHHs. TakuM YMHOM, CXEMOTEXHIYHHMX PILICHb B
0071aCTi BOJIOKOHHO-ONITUYHUX BICKO3UMETPIB, sIKi MOBHOIO MIipOIO 33]10-
BOJILHSIFOTH BUMOTaM JI0 SIKOCTi BUMipIOBaHHS 3MalllyBallbHUX MaTepialis,
JI0 OCTAaHHBOTO Yacy He Oyyio Bimomo. TakuM 4MHOM, Po3poOKa Ta JI0-
CJTI/DKEHHS HOBOTO BOJIOKOHHO-ONITHYHOTO BICKO3UMETpa € aKTYaJIbHHUM
HayKOBO-TEXHIYHUM 3aBJIaHHSIM.

Bukiaa ocHOBHOro mMatepiany Aoc/iaKeHHsl. AHaII3 KOHCTPYKIIIH
BiJIOMHX BICKO3UMETPIB JI03BOJIMB KOHKPETHU3YBaTH BHUMOTH JI0 HOBOTO
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CXEMOTEXHIYHOTO PIllICHHS BHUMIipIOBAIBHOTO NPHUCTPOIO. [ ycyHeHHS
HEJIOJIKIB, BIacTUBUX [7, 8] y po3po0IroBaHOMY BiCKO3MMETP:

BUMIPIOBAIBHUI Ta KOHTPOJBHWM ONTHYHI KaHAJW pPO3TAlIOBaHI B
IZIGHTHYHIX YMOBAX MO0 OTOKY KOHTPOJIbOBAHOI PiANHH;

BiJICYTHI €JIEKTPHUYHI JiHii eHepromnocTayaHHs;

€ MOXIIUBICTh KOMIIEHCAIlil KOJIMBaHb TEMIIEPaTyPH 30BHIIIHBOTO CE-
penoBuIa;

30epekeHO HaailHICTh, YYTIMBICTh Ta MPOCTOTA CXEMOTEXHIYHUX Pi-
LICHb BICKO3MMETPIB BiIOMUX THUIIIB.

BiamoBigHO 10 BUIIEBUKIAICHUX BHUMOT PO3pPOOJICHO MOICPHI30Ba-
HUN BOJIOKOHHO-ONTHYHHUH BickozuMmeTp. Cxemy BHMIipIOBAaJbHOTO MPH-
CTpOIO HaBeJIeHO Ha puc. 3.

Junst peanmizallii cXeMOTEXHIYHOTO DPIllIEHHS 3aCTOCOBAaHO KOMOiHAIIiIO
OINITUKO-MEXaHIYHHUX €JIEMEHTIB.

VY cTaTMYHOMY pEXHUMi, KOJIH MOTIK MacTHjia BIACYTHIiH, y OjoIi pe-
€cTpallii 3aMuCyIOThCS JaHi Ta KOPUTYBaHHS, IO BPaxOBYIOTH TeMIlepa-
TYpYy HABKOJHIIHBOTO CEPEIOBHINA, a TAKOK BTPATH y BCIX CKIIQTOBHX
BHUMIPIOBaJIHHOI CHCTEMH.

Y IuHaMiYHOMY pEKUMi BHUMIPIOBAaHHsS BHUIPOMIHIOBAaHHS JKepelia
MPOXOJUTh Yepe3 MYIbTIIUIEKCOp, A€ BiOYBA€THCS MOALT Ha JBi JOBXKH-
HU XBHJIb, TICIIS YOTO MOTPAIUISE B OCHOBHUH 1 KOHTPOJIBHHUN CBITIOBO/IH.
[Tix BIIMBOM MOTOKY piMHKM HA MpO(diIbOBaHi JIONATI OCHOBH BHHUKAE
IHaMivHa jgedopMallis 3CyBY, sIKa TMepPeJacThCsl Ha MOB'I3aHUM 13 OCHO-
BOIO YYTJIMBHH CBITIOBOA. L5 nedopmartist mopo/pKye aHaIoOTivHI 3MIHH Y
KOakcialbHOMY YyTJIMBOMY CBITJIOBOAI. B Hacnminok nedopmarii 3cyBy
CBITJIOBO/IY 3MIHIOETHCS OTO MOKA3HUK 3aJIOMIICHHS, IO 3yMOBIIIOE I10-
pYIIEHHs] YMOB TOBHOTO BHYTPIIIHBOTO BimOWTTS cBitna. lle Bukimkae
TYHEIIOBaHHS YaCTHHU BHIIPOMIHIOBaHHS 3 OCHOBHOTO CBITJIIOBOJA JIO
gyTiuBoro. OTKe, YacTHHA CBITJIa BUXOAMTH 32 MEXI OCHOBHOTO CBITIIO-
BOJa. Y KOHTPOJBHOMY CBITJIOBOJII PEECTPYIOTHCS JIMIIE BTPATH BHUIIPO-
MiHIOBaHHS, TIOB'S3aHi 3 BIUIMBOM 30BHIINIHIX JlecTa0imi3yrounx (pakTopiB
[9 - 11].

YacTrHa BUIPOMiHIOBaHHS, SIKE HE 3AJIMIIA€ OCHOBHOTO Ta UyTIMBOIO
CBITIIOBOJIIB, BiJIOMBA€THCS Bij MIapy camdipoBOro Ckjia i MOBEPTAEThCS
4yepe3 AeMYJIbTIIIEKCOp Ta BiINOBIAHY TiIKY po3railyxyBada a0 ¢oTor-
puiimMaua [12].

Curnany, o HagXoIATh Y (poTonpuiiMad BiJi OCHOBHOTO Ta JI0JATKO-
BOI'0 CBITJIOBO/IIB, KOMITAPYIOTHCS y 0JIOI 0OpOOKH.
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Puc. 3. BonokoHHO-onTHYHMH BiCKO3UMETp: 1 - OCHOBA; 2 — OCHOBHHUIA
CBITJIOBOJ; 3 — KOHTPOJBHUH CBITIOBO; 4 — 000JIOHKA; 5 — IYTIIMBHIA CBITIIOBOL;
6 — mpo¢inpoBaHi I0MaTi; 7 — TEPMOKOMIICHCAIIHHAH OICKIITHUN CBITIOBOS;

8 — Bimm3epkanrorounii map 3 candipoBoro ckia; 9 — mkepeao BUIPOMiHIOBaHHS;
10 — ¢poTompuiimay; 11 — BOTOKOHHO-ONTHYHHUHA PO3rayKyBad;
12 - MyJIBTIIIIEKCOP/ IEMY B TITUIEKCOP

BigHOCHa TOTYXHICTh, SIKa 3AIHIINTHCS Y OCHOBHOMY CBITJIIOBOII,
Ma€e Maiike JiHIMHY 3aJIeKHICTh Bijl KyTa KPYTiHHS CBITIIOBOAA (pHC. 4).

Jlns BpaxyBaHHsI BIUTMBY TeMIIEpaTypH HaBKOJMIIHBOTO CEPEIOBHINA
Ha KOMIIOHEHTH HPHUCTPOI0 BUKOPHUCTOBYETHCS TEPMOKOMIICHCAIIIHUIA
cBiTiomion. Moro BUMMH 3MIHIOETHCS MIPOIOPIIIHHO 70 TeMIIepaTypH, II0
JI03BOJISIE KOMITIEHCYBATH 3a3/1aJIeTi/ib BHECEHI BTPATH BUIPOMIHIOBAHHS Y
CBITJIOBO/II.

B pesynbTari curaai, mo OTPUMYEThCs, Oylie MPOMOPIIHHUI BeH-
YHHI B'I3KOCTI KOHTPOJIHOBAHOTO CEPEIOBUILA B TPYOOIPOBO/II, IIPH IHO-
MY BIUIMB HEKOHTPOJBOBAHMX €KCIUTyaTaliiHUX (pakTopiB Oyae KOMIICH-
COBaHO.

[IponoHOBaHa KOHCTPYKIIiSI BICKO3UMETpPa XapaKTEPU3Y€EThCS TUM, IO
OCHOBHHUH 1 KOHTPOJIGHUH €IEeMEHTH € €IUHUM CBIiTJIOBOJIOM, BUTOTOBJIE-
HUM 13 candipoBOro ckia, a KOakcialbHO 3 HUM PO3TALIOBY€ETHCS UyTIIH-
BUH cBiTIOBOM. KpiM TOrO, y BUMIPIOBAIIBHY CXEMY BBEICHO TEPMOKOM-
NeHcaliiHui OICKISIHUN CBITIIOBO.
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Puc. 4. 3anexxHICTh BiJHOCHOT ONITHYHOI MTOTYXXHOCTI, KA 3aJUILUTHCS Y
OCHOBHOMY CBITJIOBO/Ii, BiJI KyTa KPYTiHHS CBITJIOBO/A, SIKMH BUKOHAHO 3: 1 —
KBapIIOBOTO CKJa; 2 — candiposoro ckia [9]

BucnoBku. Po3po0nennii BUMipIOBaIbHUM MPUCTPIA Ma€e HACTYITHI
HepeBar:
— KOMIICHCAIlisSl BIUTUBY HEKOHTPOJLOBAHUX EKCIUTyaTaliiHUX (hakTo-
piB Ha pe3yNbTaTy BUMIpiB;
—  BIJICYTHICTh IOTPEOU B ENEKTPUYHUX JiHIIX €HEPTONOCTAYaHHS;
—  3aXHCT YyTJHMBUX €JIEMEHTIB IPUCTPOIO Bijl 30BHIIIHBOTO BILUIUBY;
— 30epekeHHS TOCTIMHOI TeoMeTpii ONTHYHOTO KaHaly HaBiTh 3a

BIUTUBY HECTIPHATIIMBHX €KCIUTyaTalllfHUX YNHHUKIB;

— 1JeHTHYHE PO3TalIlyBaHHSI OCHOBHOT'O Ta JI0JATKOBOTO KaHAIIB II0JI0

MOTOKY KOHTPOJILOBAHOI PiJIHHHY;
—  TIOKpallleHi TOKa3HUKU YyTIMBOCTI Ta TOYHOCTI MPUCTPOIO.

3acTocyBaHHs MPOMOHOBAHOI'O BICKO3UMETpPa B CHUCTEMax MallleHHS
CYJHOBHX JIBUT'YHIB BHYTPILIHHOTO 3TOPSIHHS JIO3BOJHUTH €(EKTHBHO, Ha-
IiHHO Ta OE3MEeYHO OI[iHIOBATH KUIBbKICHI XapaKTepPHCTUKU B'SI3KOCTI Mac-
THUJIBHUX MaTepiajiB.

KpiMm TOrO, BOJIOKOHHO-ONITHYHHIA BiCKO3UMETP MOXKE OYTH 1HTErpo-
BaHUHM 10 IHTEJIEKTyalbHI PO3MOALICHI iH(OPMaLiHHO-BUMIPIOBAIBHI
cucremu (IPIBC) € cydacHMMU KOMITJIEKCaMu, IO MOEAHYIOTh Pi3HOMaHi-
THI BOJIOKOHHO-ONITHYHI BUMIPIOBaJIBHI MPHUCTPOI Ta cUcTeMH. BoHu 3a-
0e3nevyoTh MOXIIMBICTh OTPUMAaHHS JOCTOBIpHOI iH(popMauii mpo cran
KOHTPOJIbOBAaHUX 00'€KTiB 1 mpoueciB y peasbHOMy 4aci. OCHOBHa mepe-
Bara IPIBC nossirae B ix NpUHIMIIOBIA BiIMIHHOCTI BiJi pPaHIIle CTBOpPE-
HUX aHAJIOTIB, Jie (Pi3MYHI BETMYMHN BUMIPIOBAJIUCS JIMIIE Y BU3HAUCHUX
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TOYKaX 1 HE3aJIC)KHO OJHA BiJ OHOI 3a JOMIOMOTOI0 OKpPEMHUX NpuiIafiB. Y
Bunaaky 3 IPIBC peamisyerbcs iHTETpOBaHWMA MinXia, SKHA TO3BOJISIE
OJTHOYACHO aHalli3yBaTH, MOPIBHIOBATH KOHTPOJHOBaHI (hi3W4YHI BETHUIH-
HH, 8 TAKOX BCTAHOBJIIOBATH 3aKOHOMIPHOCTI iX B3a€MOJil Ta MpOCTOpO-
BO-uacoBi po3nozinm [13 - 20].

OnHOYacHO, TEXHIYHE BAOCKOHAICHHS Ta aBTOMATU3aLlisl CyACH IPHU3-
BOAYTH IO CYTTEBOTO 3HIDKEHHS BHIIAIKIB aBapiifHOCTi. 3pOCTaHHS PiBHSA
aBTOMAaTH3alii CyleH, KOMIT'IOTepu3allisl MPOLeciB YIPaBIiHHSA CYTTEBO
BIUTMHE Ha 3MIHM YMOB TPYJOBOI IisUIbHOCTI JIFOJUHM B3araii, Ta BUMOTH
JI0 CyJTHOBOTO Tiepconany [21].
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E®EKTUBHICTb ®PUKIIOHA'Y 3IBO€EHOMY HIJABICI
CYJHOBOI'O BAHTA’KOIIIIMOMHOI'O ITPUCTPOIO I1PU
BIAMOBI LIKEHTEJIA I YAC OITYCKAHHS BAHTAXKY

IlocTanoBKa Mpo06JieMH B 3arajJibHOMY BUTJISA/II.

Opniero 13 3arpo3, M0 BUHUKAIOTH i Yac TEXHIYHOI eKCInTyaTarlil
CYZIHOBUX BaHTaxomigiioMHux mprcTpois (CBIIII), € momKomKeHHs BaH-
TaXy BHACHiIOK OOpHMBY Tpoca MiJ Yac BHUKOHAHHA HaBaHTa)KyBalbHO-
PO3BAHTaXYBAJbHUX UM PEMOHTHO-MOHTQ)XHUX POOIT y MAalIMHHOMY
BiJUTUIEHHI KPYITHOTOHHAKHUX CYJIEH.

Hacnigku momiOHuX aBapiil BKIIOYAOTh HE JIUIIEC MaTepiaibHI BTpa-
TH, TIOB’s3aHi 3 TMOUIKO/PKEHHSM BaHTaXy, NPOCTOEM CyIHA Iia dYac
mikBimamii HachiakiB, BuTpaTamu Ha pemoHT CBIIII Ta enemeHTiB cyaHa,
10 TOCTPaXKIAJIM BiJ] BAHTAXY, aJie W TpariuHi JIFOJIChKI )KEPTBU Ta Cepio-
3HI eKoJoTiyHi kKatactpodu. Hanpuknan, y 1998 pomi min yac migiiomy
MiBJIEHHOTO BEPXHBOTO MOIyJIs 1iatopmu Petronius crascst oOpuB Tpo-
ca, BHACHiZIOK 4Or0 MOIyJb ymaB y MeKCHKaHCBbKY 3aTOKy. BapricTb
OlliHIOBaJIach TpuOM3Ho y 116 wminbiioniB gomnapis CILA. Y mepiox 3
1999 poky mo 2013 6inbm 60 YONOBIK 3arMHYIM BHACHIIOK OOpPUBY
TPOCIB i GLITBIN 65 OB’ I3aHKUX 3 HUMHU TPaBMOBaHO [1].

[Mpobnemy 3amoGiranus asapism y CBIIII i3 HanpsSMHUMU BHpIiNIy-
I0Th IUISIXOM BUKOPHCTAHHS YJIOBJIOBAUiB, sIKi 3a0€3MeUy0Th YTPUMAaHHS
BaHTAXy UM BAaHTAXKOHECYUHX €JIEMEHTIB y pa3i HECIPaBHOCTI MiJHOMHO-
ro MexaHi3amy. Y KOHCTPYKLil CYyJHOBHX MiJHOMHHMKIB 13 THYYKUM
migBicoM tmaTGopMu, BiAmoBigHO 10 BUMOT Perictpy [2], mepenbaueHo
3aCTOCYBaHHS YOTHPHOX MiABICiB. Y pa3i 0OpHBY OIHOTO i3 TPOCIB IJIat-
(dopMa 3aIHIIAEThCS YTPUMAHOIO Ha TPHOX, IO JO3BOJISAE MEPEMICTHTH ii
710 TIOJIOXKEHHSI, JIe MOXKHa O€3MeYHO BUKOHATH PO3BAHTaKCHHS Ta MPOBE-
CTH 3aMiHY MOIIKO/XKEHOTO TPOCa.

Jst CBBII 3 BiTbHUM Ti/IBICOM BaHTaXXy 3aBAaHHS YCKIIAIHIOETHCA.
OfHMM 13 MOXIIMBUX PIIIEHb € MiJABMINECHHS HaIIHHOCTI TAKUX CHCTEM
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LUISIXOM BIPOBAKEHHS YacTKOBOTO HABAHTAKEHOTO PE3EPBYBAHHS 3a
JOTIOMOTOI0 TTOJIBIHOTO TTOJTICTIACTOBOTO Mi/ABiCY. Y I[bOMY BHNIAJKY Iie-
pendavaeThCsi BUKOPHCTAHHS JIBOX OKPEMHUX TPOCIB: SIKIIO OJHMH 3 HHX
00pUBAETHCS, HABAHTAKEHHS aBTOMATHYHO MEPEPO3NOAUIAETECSA HA JIPY-
TUi. 3aBISKK TAaKOMY IIIXOAY MPHUCTPiM MEepeXxOoAuTh i3 CTaHy HECIpaB-
HOTO 1 HeTIpale3/1aTHOrO 0 CTaHy HECIIPABHOTO, ajie MPale3/1aTHOro, 110
JI03BOJISIE YHUKHYTH aBapiiHOI cUTYyamii Ta yCHiIIHO 3aBEPUIMTH BaHTaX-
Hy omepauito. [lig yac mepepo3nozily HaBaHTaKEHb y €lIeMEHTax BaH-
TQXHOTO MPHUCTPOI0 MOXYTh BHHHUKAaTH 3HA4YHI JUHAMIYHI 3YCHJLIA.
Bigomi 3anmpomoHoBaHi TEXHIYHI PIlICHHS MOXHA Kiacu(ikyBaTh Ha 4O-
tupu Tpynu. Ilepmia rpyma He MIiCTUTH 3aco0iB Uil 3HWKEHHS TH-
HaMIYHUX HaBaHTAXEHb y pa3i 0OpUBY Tpoca — XapaKTepHE pillleHHd. Y
IpyTy TPYIy BXOISATH 3[BOEHI MiJBicH, 0OJamHAaHI 3piBHSIBHAMH TIPH-
CTPOSIMH, IO MAlOTh aMOPTH3AIlIMHI €JIEMEHTH, SKi CHPUSIOTh 3MCHIIICH-
HI0O JWHAMIYHUX HABAHTAXXCHb MPH aBapifHOMY YTPHMaHHI BaHTaXy.
Tperts rpyma TeXHIYHUX pillleHb Mependadae 3piBHAIBHI MPHUCTPOI, OCHA-
HieHl TigpaBniyHuM nemndepoM. YerBepra rpyna mpeicTaBicHA KOH-
CTPYKIISAIMH, JIO CKJIaay SIKAX BXOAMTH (DPUKIIIOH, MPU3HAYCHUH i 00-
MEKEHHS 3YCHILIA.

st peanizaniii nmepeniueHUMX TEXHIYHHUX PIIICHb HEOOXiqHE BH3HA-
YEeHHS! BEJIMYMHU 3yCWIIb, SIKI MOXXYTh BUHHKHYTH IIiJ] 4ac TEpEeXiTHUX
MIPOIIECIB MiCIsI OOPUBY Tpoca 3a Pi3HUX PEXKHUMIB pOOOTH BaHTAXKOIII HO-
MHOTO TIpHCTporo. HemocTaTHiCTh pe3ynnbTatiB JOCIIHKEHb IPOLECiB, 110
BiOyBarOThCs y cuoBomy JtaHIo3i CBIIIT 3 BiTbHUM TiIBICOM BaHTaxy
micyst oOpuBy Tpoca, 0OYMOBITIOE BiJICYTHICTh €(DEKTUBHHX 3ac00iB st
3armo6iraHHs Maj[iHHSg BAaHTAXY.

AHaji3 OCTaHHIX JOCHi/DKeHb 1 myOsikaiii. JlocmipkeHHs mepe-
XIJIHUX TIPOIIECIB MiJ] 4ac MEPepPO3NOITy 3yCHIb Y CHUIOBOMY JIAHIIFO31
BaHTQ)XHHUX IPHUCTPOIB IICIs OOPHBY TpOCa, SKUMH 3aliMalNCh aBTOPH
pobit [3-9], micTwin pe3ysibTaTd BHU3HAYECHHS €(PEKTHBHOCTI BHKOPH-
CTaHHS 3JIBOEHUX MiJBICIB i3 MOCTIHHUM OMOPOM (PPUKIIIOHA 3PiBHSILHO-
r'O MPUCTPOIO Y BAaHTAXKHUX MPUCTPOSIX MOCTOBOTO TUILY Y BUINIAJIKY O0OpHU-
BY TpOCa IPHU MiIHOMI BAaHTAXKY 3 )KOPCTKOT OCHOBH «3 M1IXOIUICHHIM.

[HIII AOCHITHUKKA TPOBEJX JOCHIDKEHHS MEePEXiTHUX MPOIECIB Y
BaHTAXXKHUX MPHUCTPOSIX MpH OOpWBI Tpoca 3ABOEHOrO TiaBicy 0e3
ypaxyBaHHS BIUIMBY MOJATJIMBOCTI METaJOKOHCTPYKLI1 BaHTaKHOTO TPH-
cTporo. Pesynbrary, o oTpuMaHi BKa3aHUMHU aBTOPaMU, MOXKHA 3aCTOCO-
ByBaTH JIMIIE JJIsl BUIAAKIB, KOJIM MEXaHi3M MiHOMYy 3HaXOIWUThCS Ha
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XKOPCTKIH OCHOBI — y niTax, migHoMHUX TuiaThopmax, abo y BUIAIKy
3HAXOIKCHHS BAHTAXKHOTO Bi3Ka KpaHa OiJIsI OTOpH.

Crykanerko M. I. [10] Bu3Ha4uB po3paxyHKOBI THHAMIUHI 3yCHILUIS Y
CHJIOBOMY JIaHIIO31 MOCTOBOTO KpaHa y BHUIAAKy BiIMOBH Tpoca y
3IBOEHOMY ITiJIBiCi 3 OallaHCHPOM TIif] 9ac OMYCKAaHHS BaHTAXY Y PEKUMI
TeHepaTOPHOTO raylbMyBaHH:. Bu3HaueHo, 1m0 3a poOOTH 3 HOMIHATBHUM
BaHTAKEM PO3PaXyHKOBI KOe(ili€eHTH TUHAMIYHOCTI MEPEBUILYIOTh 3aria-
CH MIITHOCTI, III0 HE JIa€ 3MOTH 3ano0irTH pyHHYBaHHIO €JICMEHTIB KpaHa.
OpHaK € MOXKIJIHBICTD yTPUMATH TIICIISI OOPUBY BaHTaXK, Barol0 MEHIIIOIO 32
HOMIHAJILHY, SKY 1 0yJI0 3HAWICHO i1 Yac JOCIiKEHb.

CrocoBHO e(eKTHBHOCTI BUKOPUCTAHHS (QPUKLIOHY 3 MOCTIHHUM
OTIOPOM ISl yTPUMAHHS BaHTAXKY MICIIsI OOpUBY Tpoca TIiJ] 9ac OITyCKaHHS
BaHTa)Xy MOCTOBHM KPAaHOM JOCII/KEHb HE ITPOBEJCHO.

[locranoBka 3aBmaHHs. MeToro naHOi poOOTH € BH3HA4YECHHS edek-
TUBHOCTI BUKOPHUCTAHHS ()PHUKITIOHA 3 MTOCTIHHUM OIIOPOM Y 3piBHSUIBHO-
My TPUCTPOI 3IBOEHOTO BAHTAXHOTO IIJBICY M 3a0€3MeYeHHS YTPH-
MaHHS BaHTaXy MicIs 0OpHBY Tpoca Mij Yac OMyCKaHHs BaHTaXy B pe-
KHUMi TeHEPaTOPHOTO TabMyBaHHSI.

Jlns mboro HeEOOXiHO:

— CKJIACTU JAWHAMIYHY MOJICNIb BaHTAKOMIJHOMHOTO MPUCTPOIO TPH
yTPUMaHHI BaHTaXKy MicIisi OOpUBY TPOCA;

— BUKOHATH MaTeMaTHYHE MOJICIFOBAHHS MOBEIIHKH JUHAMIYHOI MO-
JIei;

— BUOpATH METOJ IOCII/PKEHHS MATeMaTHYHOT MOJISITi Ta IPOBECTH 11
JOCHIKEHHS,

— BU3HAYUTH PO3PaXyHKOBI MWHAMIUHI 3yCHIUISA Ta Koe(]ilieHTH Tu-
HaMIYHOCTI Y CHJIOBOMY JIAHI[FO31 ITPH yTPUMAaHHI BaHTaXY;

— MOPIBHATH OTPUMaHi KOe(illieHTH AMHAMIYHOCTI 1 KoeillieHTH 3a-
Macy MIITHOCTI €JIEMEHTIB PUCTPOIO;

— IIPOBECTH aHAJII3 OTPUMAHOT'0 MATEMaTUYHOTO PE3YIIbTATY.

Bukiiaj 0oCHOBHOTO Matepiaily JocCiipkeHHs. JloCiPKeHU BUTIaIoK
00puBy Tpoca 0€3[eYHOro 3ABOEHOTO MOJIiCIAacTa 3 MOCTIHHUM OMOPOM
(PUKLIOHY 3PiBHSUIBHOIO MPHUCTPOIO TPH CTAJIOMY OIyCKAaHHI BaHTaXy B
PEXUMI TeHEPaTOPHOTO TrATbMYBaHHS.

JluHamiuHa MOJENb IS TJaHOTO BUIAJAKY IpeJcTaBiicHa Ha puc.l, me
M, — Maca 00epTOBUX YAaCTUH MEXaHi3My MiJioMy, NpHUBEAEHA 10 II0-

CTYIIAJIbHOTO HepeMiH.[eHHH yl’ KI, Y1 — HepeMiH_leHHSI Macu ml , IIPpHUBC-

JICHE JI0 TMIePEMIILEHHS BAaHTaXy, M; M, — Maca BaHTaxy, kr; G — Bara BaH-
Taxy, H; y, — nepeMiiiieHHs BaHTaxy, M; M3z — OpUBeJicHa Maca MeTaJlo-
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KOHCTPYKIIii KpaHa, Kr; F — 3ycmiuis y METaJoKOHCTPYKILii, sIKE BH3Ha-
4aeThes 3a GOPMYIIOr0

F = cays,
1€ C3 — KOPCTKICTh METAJIOKOHCTPYKIIi KpaHa, H/M; y;3 — mepemimnenHs
Macce Mg, M;

Puc. 1. JlunaMmigaa MOJIeITb OMyCKAHHS BAaHTAXY IICIs OOPUBY TPOCA 3[BOEHOTO
MOJIICITACTOBOTO MiBICY

P — pyuiline 3ycusuis IpuBo/ia, MPUBEACHE IO BAHTAXKY
P=F+By.,
ne Py — 3yCHIIIsl B MOMEHT IIYCKY JABUTYHA P HEPYXOMOMY poTopi; P —
KOE(IIIEHT >KOPCTKOCTI MEXaHIYHOI XapaKTepHCTHKH [BUTYHA; Y, —
MIBUAKICTD Macl M; ; ¢ — >KOPCTKICTH IIOJIICTIACTOBOTO IiJBICY MicCHA

o0puBy Tpoca, H/M. m; — Maca pyxJuBHX 4acTHH (HYPUKLIOHY 3piBHAILHO-
r'O TIPUCTPOIO, TIPUBECHA JI0 BAaHTAXY, KI; N — NpuBeaeHa 10 nepeMilieH-
Hsl BAaHTaXXY JIOBXKMHA JIUISTHKY BIJIBHOTO X0y 3piBHSJIBHOTO €JIEMEHTA, M;
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V4 — TIpUBEZICHE 0 MEPEMILICHHSI BaHTaXy MEPEMIlIeHHS PyXJIHBHUX 4Ya-
ctud gemndepa, M; S — 3ycuwuis B moiicmacroBoMy minsici, H; F, —
3yCHIIISL ONOpY (DPHKIIIOHY 3piBHAIBFHOTO MPUCTPOIO, MPUBEACHE 0 BaH-
Taxy, H,
F, =kG,

ne K — 3aganuii koedilieHT onopy GpUKIioHY.

Pyx Mac micinst o0pHuBY Tpoca CKIaaeThCsl 3 YOTUPHOX ETalliB.

Ha mepmromy erami BimOyBaeThCsl pyxX Mac miciisi oOpHBY OIHOTO 3

TPOCIB MiJ 4ac BUOOPY CIaOWHHW, 1[0 YTBOPHWJIACS, Y IIJIOMY TpOCi.
PiBHSIHHSI, 1110 OMMCYIOTH PyX MAac Ha MEpIIOMY €Talli, MatoTh BUTIIS

My ¥s +C3y; =0
my; +B Y, =R

m,¥, = G.
[ToyaTKOBI YMOBH JUISA IIEPILIOTO ETAITY
G .
=0, y;=—, ¥,=0,
C3
Y1=0, ¥y =Vy,

y, =0 Y, =Vy,

Je Vo — MBUAKICTH OITyCKAaHHS BAHTAXY y CTaJIOMY PEKHMI, M/C.

[licnss BuOOPY MINSHKE BUTBHOTO XOAY 3pIBHSJIBHOTO €JE€MEHTa
BiJIOYBA€ThCS MPUKJIAJCHHS HABAHTAXKEHHS JO MOJICHACTOBOrO MiJBICY -
MOYMHAETHCS IPYTHI €Tal pyxy Mac.

YMoBa nepexoiy 110 Ipyroro eraiy

2
Vzot"‘i:h_g"‘yl_(g_)’s)-
2 2c Cq

Pyx Mac Ha Ipyromy eTarli OIUCY€eThCs CUCTEMOKO PiBHSIHb
My +C3Ys —C(Y, — Y3 — V1) =0;
My, +BY —c(Y, = Y3 - V1) =Ry; (1)
m, ¥, +¢(y, —Ys — Y1) =G.

3ycuiuis, 1o Ji€ Ha TONICIAcTOBHI TiJIBIC, BU3HAYAETHCS 32 opMy-
010

S=c(y, =Yz — W) )
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[ToyaTkoBi yMOBH [UIsl Ipyroro eTaiy
t, =0, Y3=(Yah, Ys=(¥sh
¥, =0, Yo = (Y1,
Yo=(Ya)i, Y2 =(¥2),
ne (y;); — HepeMilleHHA MacH M; B KiHII MEpHOIOro eTaIry;
(Y31, (V1)1 (¥,), — mBuIKOCTI Mac M3, My 1 M, KiHIJ NEPIIOTO eTaIry.
[Tpu mocsrHeHH] 3ycHiisl y TOMiCIIaCTOBOMY MiJIBICi BETMYMHHU CIIpa-
[IOBYBaHHS (PpUKIIOHA TIOYMHAETHCS TPETIH eTam pyxy mac. B meit gac
3yCWIII Yy TOJICIACTOBOMY TJIBICI OOMEXKYETbCS CHIAMH TepTS

bpukiioHa.
VYMoBa nepexoy BiJl Ipyroro eramy a0 TPETbOIo

S=F,
PiBHSIHHS, 1110 ONTKCYIOTHh PyX Mac Ha TPETHOMY €Talli MarOTh BUTIIST
My¥s +C3¥3 —C(Y, = Y3 = Yo — Y1) =0;
m Yy +BYy —¢(Y, = Ys— Vs — Y1) =Fy;
MY, —C(Y, = Y3 = Ya — Y1) =—KG;
M, ¥, +¢(Y, = Y3 — ¥a — Y1) =G.
3yCHILIs B MOJTICIIACTOBOMY ITiJIBICI BU3HAYAETHCS 3a POPMYIIO0
S=c(Y,=Ys—Ya—W)-
IToyaTkOBI YMOBH JJIsl TPETHOTO ETAIY
=0, Ys=(Ya)2, Y3=(¥a)2,
Yi=M2 V1=
Yo =(Y2)20 Y2 =(Y2)s,
Y, =0, Y4 =0.
UerBepTuil eranm IOYMHAETHCS TICNIA 3YIMUHKH PYXOMHX 4YacTHH
¢puKLioHy 1 BiZOyBalOTHCS MPY>KHI KOJTUBAHHS Macc.

YMoBa mepexoay 10 eTaiy, Ha SKOMY BiOyBaeThCsl PyX Mac Micis
BUMHKaHHS QPUKIIIOHY 3 POOOTH

y,=0.
Pyx mMac Ha uyeTBepTOMY eTalli ONUCYETHCS CHCTEMOIO DiBHSHB (1).
3ycuiuid, 1o Ji€ Ha MOJICIACTOBUM MiABIiC, BU3HAYAETHCS 32 (POPMYIIO0

().

[TouaTKOBI YMOBH JIJIsl YETBEPTOrO €TAITy
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t,=0, Yy;=(Y¥3)s Y3 =(Y3)s,

Y1 = (Y1) Y =(¥1)s

Y2 =(¥2)s = (Yadss V2 =(¥2)s-
MarematnuHa Monenb peainizoBaHa y (opwmi mporpamu s EOM 3
BUKOPHCTAaHHSAM pO3B’S3aHHS piBHAHB MertogoM Pynre-Kyrra 4-ro mo-

PAAKY.
Pe3ynbratn 004YMCITIOBAIBHUX EKCIIEPUMEHTIB /TSI MOCTOBOTO KpaHa

BaHTaxomigiomMHicTI0 20 T TpuBeAeH] Ha puC. 2 y BUIIAAL rpadikiB 3a-

JISKHOCTEH 3yCHIIb Y MOJIICIIAaCTOBOMY Mi/BiCi i y METalOKOHCTPYKLIi BiJ

qacy: S(t) i F(t).

S, F
KH F s
AT

i
R
et

|

. | ekt NN B AN
SO RNt Wit
\ } VY
0 | 02 0,4 0.6 0,8 1,0 12 14 tc
T1 / 13 T4 TS

Puc. 2. T'padixu 3anexuocreit F(t) i S(t) aast Bumanky o6puBy Tpoca 6e3meqHoro
3JIBOEHOTO TOJTICTIACTa TIPH OMYCKAHHI BAHTAXKY

Ha rpadikax ginsaka T1 BiAmoBimae cTaHy CUCTEMH J0 OOpUBY TPO-
ca. linguka T2 mokasye CTaH CHUCTEMH IIijl Yac BIJIBHOTO PyXy BaHTaxy,
KOJIM 3yCHJUIS Y TiJIBiCI BIJICYyTHE, a METAJIOKOHCTPYKIIiS 3/IIHCHIOE TIPYXK-
HI BUTbHI KonmuBaHHs. Ha minsaii T3 mokasaHi 3ycwinis y mijBici Ta MeTa-
JOKOHCTPYKIIT IMiJi Yac 3pOCTaHHS HABaHTaXEHHS JIO MOMEHTY
cpamoBanHs (QpuKIioHy 3piBHsUIBHOrO mpuctporo. [insaka T4
BIJNOBiZIa€ eTaly, Ha SIKOMY (DPUKIIOH MOTJIMHAE E€HEPrilo, 110 BUHUKIIA
Ml 4ac BIIBHOTO pyxy BaHTaxy. Ha mimsaHii TS5 mokaszani 3ycwiuis y
NPYKHUX 3B’5I3KaX MiCIIsl BUKJIIOYEHHS PPUKIIOHY 3 POOOTH.

Maxkcumansae 3ycumist S = 250 kH, xoedinient aunamivbocTti 1,25.
Maxkcumanbhe 3ycumis F = 450 kH, koedimient muHamiunocti 2,25. Y
JIOCIIJPKYBaHId KOHCTPYKIIIi KpaHa KOeilieHT 3anacy MIiIJHOCTI Tpoca 5.
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OTxe aJis HOBOTO HECIHPAllbOBAHOTO IIJIOTO Tpoca KOedillieHT 3amacy
MIIHOCTI TICIIS BIAMOBH JPyTOTO CKiazae 2,5. AHali3 pe3ynbTaTiB CBiA-
YUTh TPO Te, M0 3aCTOCYBaHHS (PPUKIIOHY 3 TOCTIHHHM OIOPOM ¥y
3piBHAIBHOMY TMPHCTPOI 3[IBOEHOTO MOJicmacTa i JaHoi KOHCTPYKIIl
KpaHa [03BOJISIE 3HM3WTH IMHAMI4HI HABAaHTAXXCHHS Ha IOJICIIACTOBUIM
MIBIC O BETWYHH, MPH SKUX KOCDIMEHT AUHAMIYHOCTI HaBaHTaXCHHS
MOJIICIIACTOBOTO Mi/IBiCy MEHIIE iCHYIOUYHX 3amaciB MimHocTi Tpoca. On-
HaK pO3paxyHKOBI AWHAMIYHI HABAaHTAXXCHHS B METAIOKOHCTPYKIii KpaHa
BHSABIISIIOTHCS TAaKWMH, 1[0 BEIMYMHA KOe(iIieHTy 3amacy MIIIHOCTiI MeTa-
JIOKOHCTPYKLii BUSBISETHCS HEJOCTATHHOIO ISl 3al00iraHHs aBapii Kpa-
Ha. 3amac MIiIHOCTI METaJIOKOHCTPYKIIl PO3rIsSHYTOrO KpaHa, BiANOBITHO
no Bumor Perictpa, 2,18. Tob6To po3paxyHKOBI HaIlpy>KeHHS TIEpEBUIIIAThH
TpaHUI ITUHHOCTI MaTepiany Rey, 10 mpu3Bene 10 miacTUaHUX Aedop-
MaIliif Ta BTpaTH OCTIHHOCTI KOHCTPYKIIi.

BucHOBKY i nepcneKTUBH NOJAJBIINX J0CTiIAXKEHb.

3albe3neueHHs] BUKIIIOUYEHHS PYyHHYBAaHHS METAJIOKOHCTPYKIii BHMa-
ra€ MoJJAJIBIINX JOCIHIPKCHb JUHAMIYHHX MPOIIECIB Y CHIIOBOMY JIAHIIFO31
KpaHa Ticiisi OOpHBY TpOca BaHTAXXHOTO IIOJIICIIACTA, Ta BU3HAYCHHS
HEOOXiTHUX 3aKOHIB OTIOPY PyXY 3piBHIIBHUX €JIEMEHTIB.

Otpumani audepeHIiifHi piBHSIHHS MOXHAa BUKOPHUCTOBYBATH IS
CTBOpEHHS TpadivyHOi MOJIeIi MePeXiTHMX MPOIIECiB Y CHIOBOMY JIaHIIIO31
MOCTOBOTO KpaHa NpH YTPHMaHHI BaHTaXy Wicias oOpWUBY Tpoca IpH
OITyCKaHHI BaHTaXXy 3a JOIIOMOTOIO 3/IBOEHOTO Ii/IBICY 3 MOCTIHHUM OMO-
pOM GPpUKIIOHA Y 3piBHIIBHOMY MPHUCTPOT.
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HarmionansHuii TpaHCTIOPTHUN YHIBEpCUTET

KOMILTEKCHUH MIIXIT 10 MPOEKTYBAHHA CUCTEM
«CYJHO — BAI'OH-IMCTEPHA» 3 OIITUMI3ALIIEIO
PEKUMIB POBOTHU CYJHOBUX EHEPTETUYHHUX
YCTAHOBOK

IHocranoBka npod/eMu y 3arajibHoMy BurJsigi. CydacHuil po3Bu-
TOK MYJBTUMOAATBHUX MEPEeBE3eHb BUMAra€e BIIPOBAKCHHS BUCOKOE(DEK-
TUBHUX TEXHOJIOTIYHHUX PIlICHb YIS IHTErpallii BOAHOTO Ta 3aJIi3HUYHOTO
Tpancnopty. CTBOPEHHS CHCTEM «CYIHO — BarOH-LIUCTEPHA» € CTpaTerid-
HO Ba)XXJINBUM HAIPSIMKOM IS ONTHUMI3allii JIOTICTUKU PIAKUX BaHTaXKiB
Ta CKparuieHUX Ta3iB.

EnepreTuuHi ycTaHOBKM Cy4YacHHX CYAEH MalOTh 3HAYHUH MOTEHIIial
JUIS ONITHMi3allii Tpu B3aeMoJlii 3 OeperoBoro abo 3aJi3HWYHOIO iH(pa-
CTPYKTYpOI0. BUKOpUCTaHHS KOMIUIEKCHOTO MiIXOJY A03BOJISIE PO3TIIsiia-
TU CYJIHO Ta 3aJII3HUYHHUN CKJIaJ K €IUHY TEXHIKO-TEXHOJIOTIUHY CHUCTe-
My. B ymoBax rmobanpHOI mm(poBizalii iHTerpamis iHTEeIeKTyaTbHHX
CHCTEM YIIPaBIiHHA PEKUMaMU POOOTH CYAHOBHX €HEPreTHYHHUX yCTaHO-
BOK CTa€ KPUTHYHOIO IEPEBaroro.

AHaJji3 ocTaHHix gocaiTkens i myoJikamiii. JlocmipkeHHS peXuMiB
poOOTH ABUTYHIB Ta JIOTIOMIKHMX MEXaHi3MIB y 3B’SI31i 3 TiapaBIiYHUMU
napameTpaMy BaroHiB-IIUCTEPH 3a0e3reuye CHHepreTHYHui edexT. Teo-
peTndyHe OOTPYHTYBAaHHSI TAaKHMX CHUCTEM JIO3BOJISIE 3MEHIINTH eKCILTyaTa-
LifiHI PU3UKH Ta HMOBIpHICTh aBapiiHuMX cuTyauid. Po3poOka HOBHUX aii-
TOPHUTMIB MPOEKTYBAHHS CHPUSATHME ITiIBUIIEHHIO KOHKYPEHTOCTIPOMOXK-
HOCTI BITYM3HSHHUX JIOTICTHYHHUX By3iB. HaykoBuil momyk y npomy Ha-
NpSAMKY BiATIOBi/Ia€ CBITOBUM TPEHIAM PO3BHUTKY «3€JICHOT0» CYAHOIIaB-
CTBa Ta CMapT-iHYPACTPYKTYPH.

V pobori [1] mocmimkeno migxomu a0 3abe3rmeueHHss HaAIHHOCTI Ta-
JUBHOI anapaTypu Ju3eliB, M0 € KII0Y0BUM (hakTopoM cTabinbHOI po0o-
TH CyIHOBHUX eHepreTuuHux ycraHoBok (CEY). ABTopu oOIpyHTOBYIOTH
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HEOOXiAHICTh CHCTEMHOI'O TEXHIYHOI'O OOCIYrOBYBAaHHS 3 YpaxyBaHHIM
eKCIUTyaTalliiHuX pexumiB. Y cTaTTi [2] po3rIsHYTO CydacHi METOqu
onTuMi3anii eHeproeeKTHBHOCTI CyJeH 3 ypaxyBaHHIM CKJIaJHUX HaBi-
ramiiiaux ymoB. [IpoBeneHo cucreMaTuuHuil aHaii3 (hakToOpiB, IO BILTH-
BAIOTh HAa BUTPATH €HEprii, BKIIOYAIOYH MOTOIHI YMOBH Ta MapIIpyTH.
OTtpriMaHi BUCHOBKH MOXYTh OYTH BHKOPHCTAHI JJISl Y3TOJDKEHHS PEXKH-
MiB poOOTH CyJeH i3 rpadikaMu mepeBe3eHb BaroHiB-IIUCTEpH. Y MyOJIi-
Kamii [3] mocipKeHo MepCneKTHBY PO3BUTKY BiJHOBIFOBAHOI CHEPIETHUKH
Y CYAHOIUTaBCTBi. ABTOPH aHATI3yIOTh TEXHOJIOTiIYHI PIIIEHHS, 110 CIIPH-
SIOTh 3MEHILIEHHIO BUKUAIB 1 MiABULICHHIO €KOJOTTYHOCTI TPaHCIOPTHUX
cucreM. OTpuMaHi pe3ylbTaTy BaXXJIUBi AJIsl CTBOPEHHS €KOJIOTTYHO Opi€-
HTOBaHUX CHCTEM «CYAHO — BaroH-IUCTEpHa». Y poOoTi [4] posrisHyTo
3aCTOCYBaHHS 0aililacy BiAINpambOBaHWX Ta3iB JUIS IMiJBUIICHHS €KOJOTi-
YHUX XapaKTEPUCTUK CYyTHOBUX Au3eliB. JochimkeHHS crnpsMoBaHE Ha
OTITUMI3aIli0 POOOYHX MPOIECIB ABUTYHIB 03 3HAUHUX KOHCTPYKTHBHUX
3MiH. OTpUMaHi pe3yabTaTH MOXKYTh OYTH BUKOPHUCTaHI TPH MTPOEKTYBaH-
Hi eHeproe()eKTUBHUX CYJCH Y CKJIaAi MYJIbTUMOJALHHUX MEepeBe3eHb. Y
craTTi [5] mpenacraBieHo IHTErpoBaHUI METOJA ONTHMI3allii eHeproedex-
TUBHOCTI TiIOPUAHUX CyJIEH i3 BITPOBOIO MIATPUMKOIO. ABTOPH PO3TIsa-
I0Th MOEHAHHS Pi3HUX JPKEPEN €HEprii JUIs JOCATHeHHS JeKapOoHi3alii
CYAHOTIIaBCTBA. Pe3ybpTaT TOCTIKEHHS MOXKYTh OyTH 3aCTOCOBaHI MPH
CTBOPEHHI €HEepProe(eKTUBHMX JIAHIIOTIB TPAHCIOPTYBAHHS PiJKUX BaH-
taxiB. Y po6orti [6] 3anpornoHoBaHO JBOETAIIHY ONTHUMI3ALII0 MapIIPYTY,
HIBUJIKOCTI Ta €HEPTOMEHEIKMEHTY TiOpuIHuX cyJeH. MeTox BpaxoBye
3MiHHI MOPCBHKi YMOBH Ta JIO3BOJISIE MiHIMI3yBaTH €HEProCIIOKHUBAHHSI.
OtpumaHi pe3yabTaTH MalOTh 3HAYEHHS AJISl CHHXPOHi3alii MOPCHKHX i
3aJIi3HUYHHUX TEPeBe3eHb. Y MOCIHIKEeHHI [7] pO3MISIHYTO ONTHMI3aIliio
CHEePTOCIIOKUBAHHS y CHUCTEMax KepyBaHHS PyXOM CyJeH 3a CKIIQJIHUX
MOPCBKUX YMOB. ABTOpPH 3aCTOCOBYIOTH METOIH aJallTHBHOTO KEPyBaHHS
JUISL THABHMIIEHHA e(QEeKTUBHOCTI TPOMYJIBCUBHUX CHCTEM. PesynbraTi
MOXYTh OYTH IHTETpOBaHi y CHCTEMH YNPaBIiHHSI MYJIbTHMOJATbHUMH
nepeBe3eHHsIME. Lle 103BOsIE MIABHIMUTH HAAIWHICTh 1 €KOHOMIYHICTh
TPaHCIIOPTHUX MporeciB. Y crarti [8] gocnimkeHo onTuMizalito eHepro-
e(EeKTHBHOCTI Ta OI[IHKY PU3HKIB Y MYJIbTUMOJAIILHUX EKOJIOTTYHO Opi€H-
TOBaHUX MEPEBE3CHHIX. ABTOPH IPOIMOHYIOTh MiAXiJ 10 iHTErpallii eHep-
TeTUYHUX Ta JIOTICTHYHUX HapameTrpiB. OTpuMaHi pe3ylbTaTu € BayKJIH-
BUMM JIJISI TIPOEKTYBAaHHS CHCTEM «CYJHO — BaroH-IIMCTepHa». BoHW J0-
3BOJIIIOTH MIJBUIIUTH Oe3neKy Ta e()EeKTUBHICTH TPAHCIIOPTYBaHHS. Y
po6oti [9] mpoaHanizoBaHO iHHOBAIIiHI TEXHOJIOTIT Ta HOPMATHBHY 0a3y



ISSN 1815-6770. Cyonosi enepeemuuni ycmanoexu. 2026. No 52 118

OIITUMi3alii eHeproCcHOXKUBAaHHS Y MOPCHKOMY TPaHCIOPTi. ABTOPH pO3T-
JAAAI0Th CydYacHI BHUMOTH 1O €Heproe(eKTHBHOCTI Ta EKOJOTIYHOCTI.
Pesynmpratn MOXyTh OyTH BHKOPHCTaHI TPW CTBOPEHHI IHTETPOBAaHUX
TpaHcropTHUX cucteM. Y crarti [10] npoBeneHo aHaii3 METOIB ympas-
JHHS €KOJOTIYHOI Oe3MEeKOI0 CYyTHOIUIABCTBA. ABTOPH JOCHIIKYIOTh
MiIXOMM 10 3MEHIICHHS HETaTHBHOTO BIUIMBY CYACH Ha HAaBKOJIUIIHE
CepeIoBHIIIE.

[IpoBeneHwmii aHaNi3 HAYKOBUX ITyOJIiKAIii 3aCBIIYUB, 10 OLIBIINICTH
icHyrounx poOiT (okycyroTbcs abo Ha CyTHOBHX YCTaHOBKaxX, ado Ha
3ai3HUYHIN JoricTuili okpeMo. [IuTanHsM (HOpMyBaHHS €IUHOTO METO-
JOJIOTIYHOTO 0a3ucy AJsl CUCTEMH «CYAHO — BaroH-IUCTEPHA» 3 TOYKH
30py €HEepreTUYHOI B3a€MOJIil MPUALIEHO HEJAOCTaTHBRO yBard. JlociimgHu-
KH 9acTO iITHOPYIOTh TUHAMIYHY 3MiHY PEXHMIiB pOOOTH CYJHOBHX arpe-
raTiB Mijl 4ac IMKJIIYHOIO HABAHTAXXCHHS IIMCTEPH, IO CTBOPIOE IMpOra-
JUHY B ONTUMI3AIiHIX MOJeNax. BiICyTHICTh KOMIUIEKCHUX aNTOPUTMIB
MPOEKTYBaHHS, SKi O BPaxOBYBaJIM B3a€MO3AJICKHICTD TiIpOAHMHAMIYHIX
MpOIECiB y IUCTEpHAX Ta MaJHBHOI €PEKTHBHOCTI CyIHA, CTPUMYE PO3-
BUTOK Taiy3i. TaknM 4YHHOM, iCHye 00 €KTHBHa MOTpeda y CTBOpEHHI
LTICHOT HAYKOBOT KOHIIETIIIii, IO 3aTIOBHUTH BUSBICHHUN NEDIIIUT 3HAHD Y
nid cnerudiuHin chepi.

IocranoBka 3aBaanns. [Ipobnema mossirac y BiICYTHOCTI €QMHOI
METOJI0JIOTIT TPOSKTYBaHHSI, M0 00’ €JJHy€e TTapaMeTpH CyJHA Ta BaroHiB-
IUCTEPH B CIIJIbHY €HEPreTUYHY MOJAENb. TpaguIliiiHi MiaX0oau PO3TIIs-
JAIOTh I1i JJAHKH 5K 130Jb0BaHI 00’ €KTH, IO MPU3BOAUTH 10 CHEPreTHY-
HUX BTpaT HA CTUKY IHTEPMOJAIbHHUX MEPEXO/iB.

IcHye 3HaYHE PO3XOKEHHS MK MOTEHIIIHOIO MOTYXHICTIO CYIHO-
BUX €HEPreTHYHHX YCTAHOBOK Ta ()aKTHMYHHUM CIIOKHBaHHSIM €HEpTii cuc-
TeMamu TepMmiHany. HeoOximHicTh cTalimi3alii pexxuMiB poOOTH TU3eib-
reHepaTopiB Ta KOTJIOArperatiB IijJ 9ac ITepeBaJIKM BAaHTaXy BHMarae
HOBUX MaTEeMaTHYHUX PIllICHb.

Bucoka BapTicTh €HEproHOCIiB pOOUTh KPUTHYHUM KOXCH BiJICOTOK
NEPEeBUTPATH MiJ Yac TEXHOJOTIYHMX CTOSHOK. TakoX MpoOJieMor €
CKJIaJIHICTh MPOTHO3YBAaHHS HABaHTa)KEHHA Ha CYJIHOBY MEPEXY IPH 3Mi-
Hi B’SI3KOCTI BaHTaXXy a00 TeMmIreparypHuX yMOB. BincyTHicTh yHi(ikoBa-
HUX CHUCTEM YTIPaBIIiHHS 3aBaXKA€ TOCATHEHHIO MaKCUMAIILHOTO Koedilrie-
uty Kopuunoi nii (KKJ) eneprerinunoro komiuiekcy. TexHidHi oOMexeH-
Hsl ICHYFOUMX HACOCHMX CTAHIIIH 4acTO HE Y3rO/UKYIOTHCS 3 XapaKTepHC-
TUKaMHU 3aTI3HUYHUX €eMHOCTed. Lle cTBoproe 3arpuMku B rpadikax 00o-
POTiB TPAHCIIOPTHUX OJMHHMIL Ta 301IbIIYyE COOIBApPTICTh IIEPEBE3CHB.
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[loTpeOye BupimieHHS MUTaHHS CHHXPOHi3alii MPOAYKTUBHOCTI CYA-
HOBHX CHCTEM 3 MIPOITyCKHOIO 3aTHICTIO 3ali3HUYHOTO (hpoHTY. Exomori-
9HI HOPMH CTalOTh JKOPCTKIIIMMH, IO 3MYIIy€ NEPErIAaTH PEKUMH
XOJIOCTOTO XOJy Ta IMEpeXigHuX mporeciB. Po3p’s3aHHs 1i€i mpobiieMu
3a0e3MeYnTh CTBOPEHHS HAYKOBOTO MIATPYHTS [UIS MIPOSKTYBAaHHS TpPaHC-
MOPTHHUX CUCTEM HOBOTO ITOKOJIIHHS.

MeToro nociiKeHHsS € po3po0Ka HayKOBO OOIPYHTOBAHOTO KOMILIE-
KCHOTO MiJXOAy A0 MPOCKTYBaHHS CUCTEMH «CYIHO — BaroH-IHUCTEpHa»
Ha OCHOBI MaTeMaTHYHOro MozentoBaHHA. OCHOBHA yBara MpHUILISETHCS
ONTUMi3alii peKUMIB POOOTH CYIHOBHX EHEPreTHYHHX YCTAaHOBOK JJIsI
MiHiMi3alii eHeproBUTpaT Ta 4yacy BaHTaXHUX omepauiid. JlocsrHeHHs
METH 3a0e3MeYNTh MiJBUIICHHS 3araibHOT e()eKTUBHOCTI TPAHCIIOPTHO-
JIOTICTUYHOTO TIPOIIECY MPH TIEPEBAII] HATUBHIX BAaHTAXKIB.

O0’€eKTOM JIOCTIKEHHS € MPOIECH CHEPreTUYHOI Ta TEXHOJIOTIYHOT
B32€MO/Iii B IHTETPOBAHIA CUCTEMi «CYJHO — BarOH-IIUCTEPHAY.

[IpemmeToM mocmimKeHHS € 3aKOHOMIpHOCTI (DOPMYBaHHS PEXHMIB
po0OOTH CYIHOBUX CHEPreTMYHUX YCTAHOBOK Ta METOJAM iX ONTHUMI3allii
MPU TPOEKTYBaHHI TaKUX cucTeM. JlocmiKyoThes: QYHKIIOHANBHI 3ae-
YKHOCTI, 1[0 BU3HAYAIOTh €)EeKTUBHICTh BUKOPHCTAHHS PECYPCiB.

Bukaan ocHoBHOro Marepiaiy aociaigxenns. [IpoexktyBannsa cuc-
TEMH «CYIHO — BaroH-UCTEPHA» € CKIAJHUM KOMILICKCHUM 3aBIaHHSM,
IO BKJIIOYA€ Y3rO/UKEHHS TEXHIYHMX IapaMeTpiB CylIeH Ta BaroHiB-
IUCTEPH, ONTHMI3AIIif0 JOTICTHYHUX NPOLECIB y MOPTaX MePEBaHTAKESHHS
Ta, M0 OCOOJIUBO BAKIMBO, 3a0e3MeueHHs] e)eKTUBHOT pOOOTH CYJHOBUX
CHEPreTUYHHX YCTAHOBOK B Pi3HUX peKUMax ekcrutyararii [11].

Cucrema «CyaHO — BaroH-IIUCTEPHA» SBJISIE€ COOOIO CKIIATHUN TeXHiY-
HUM KOMIUIEKC, SKHI MOKHA TPEACTABUTH y BUTJISIII B3a€MOIIOB'I3aHUX
MiCUCTEM:

1) TparcnioptHuil GIOT — CyaHA Pi3HUX THINB (TaHKEPH, Ta30BO3H),
o0naHaHI BaHTOKHUMH CHCTEMaMH Ta BIACHUMH CHEPreTUYHHMH yCTa-
HOBKaMU;

2) 3aJIi3HUYHHUI KOMIIOHEHT — BarOHU-IIMCTEPHU Pi3HOI BaHTaXKOIi/I-
WOMHOCTI Ta cremiaiizalii, IKi BHKOPUCTOBYIOThCS JIJISl JIOCTABKU BaHTa-
XKIB BiJl IOPTY JIO CIIO)KHUBAYiB;

3) mepeBaHTaXyBATBHHUN TEPMiHAT — KOMIUIEKC CITOPY/ Ta 00J1aIHaH-
HS JUIA Tepejadi piIKOro BaHTaXy MIDK CYOHOM Ta BaroHamu-
UCTEPHAMU;

4) crcTeMa YOpaBIiHHSA — BKIIOYA€ 3aCO0H KOHTPOIIO, TUCIIETUEPH-
3aIii Ta OnTUMI3alii BCiX MpoIeciB.
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Kito4oB0o10 0COOIMBICTIO TaKOT CUCTEMH € HEPIBHOMIPHICTH PEKHUMIB
pobotu i enemeHTIB. SIKIO CyAHOBA €HEpreTHYHA YyCTAHOBKA B OCHOBHO-
My TpAIO€ B CTAJIOMY XOZOBOMY PEXHMI, TO MiJ Yac BAaHTRKHUX OIepa-
il BOHA 4acTo (QYHKIIOHYE B PEXKHUMI «XOJIOCTOTO XOIy» abo 3abe3mneuye
po0OTY BaHTa)KHMX HACOCIB.

AHai3 mokasye, M0 Ha 3aralibHy €()eKTUBHICTh CHCTEMH «CYAHO —
BaroH-UUCTEPHA» BIUIMBAIOTh HACTYMHI IpynH (aKkTOpiB: TEXHI4HIi: MPO-
OYKTUBHICTh TMEpeBaHTaXyBaJIbHOTO OONaJHAHHS, MICTKICTh BaroHiB-
LUCTEePH, BAaHTKOMITHOMHICTh CcyneH, Xxapakrepuctuku CEY; Texromori-
YHi: cXeMa MepeBaHTaXEHHS, PSKUMH poOOTH HACOCHOTO OOJaIHAaHH,
cnoco0H MiAirpiBy B'SI3KMX BaHTaXiB, opraHizauiiini: rpadiku momadyi
BaroHiB, PeKUM POOOTH TOPTY, YEPTOBICTh 0OCITYTOBYBaHHS CY/ICH; €HEp-
reTu4Hi: nutomi Butpatu nanusa, KK/ eHepreTHyHnX ycTaHOBOK, MOX-
JIMBICTh yTUITi3allii BTOPUHHUX eHepropecypcis [12].

Oco0nuBY yBary CiuiJ MPUAUTATH €HEPTeTUIHOMY (aKTOPY, OCKIIBKU
BiH BH3HAUa€ K €KOHOMIYHY (BapTiCTh TPAHCIIOPTYBAHHS), TAK 1 €KOJIOTi-
4HY (00CSTH BUKHIIB) CKIIAJIOBI.

CynHOBa eHepreTHYHa YCTAaHOBKA B CKJIAAl PO3TISIHYTOTO KOMILIEKCY
(HyHKITIOHY€E B TAKUX OCHOBHUX PEXKHAMAaX:

1) XomoBuil pexxum — 3a0€3MEUYCHHS PyXy CyAHA 3 ONTHMAIBHOKO
mBHAKICTIO. Llell pekuM XapakTepu3yeThes CTANO0 MOTYXKHICTIO Ta MaK-
cumansHuM KK/ romoBHOro ABUryHa;

2) MaHEBPOBHI PEXUM — poOOTA MPHU TIIXOIi 10 TEPMiHANY, HIBAPTY-
BaHHI Ta BiJ[X0Jli. XapaKTepU3yeThbCsl YACTUMH 3MiHAMH HaBaHTAXKCHHS Ta
pOOOTOIO Ha MEPEXiTHUX PEKUMAX;

3) BaHTaXHUI peXKUM — poOOTa JOMOMIXKHUX JIN3EIb-TEeHEPATOPIB IS
3a0e3reueHHsT pOOOTH BaHTAXHUX HACOCIB, MiIIrpiBaviB Ta 1HIIOTO TEX-
HOJIOTIYHOTO 00JIaHAHHS;

4) CTOSIHKOBHI PEXHMM — MiHIMalbHE €HEPrOCHOKUBAHHS JUIsS 3a0€3-
MIEYEeHHS KUTTEASUTLHOCTI Cy/HA.

AHaJi3 cydacHUX JIOCIIPKEHb B 00JIaCTi ONTHMI3aIlii poOOTH eHepre-
TUYHUX CHCTEM Ha MOPCBKHX O0'€KTax IMOKa3y€e MEePCHEKTHBHICTh BHKO-
PHUCTaHHS CHCTEMHOTO MiJXOy 10 PO3MOALTY HABAaHTAXEHb MK OKPEMH-
MU eHeproosiokamu. CTOCOBHO JIO CYJTHOBUX €HEPTETHYHHUX YCTaHOBOK 1€
03Haya€ HEOOXIMHICTh ONTHMI3allil KUILKOCTI Ta PEKUMIB pOOOTH mapa-
JIeNTbHO NPaLOIYUX AU3eIb-TeHEPATOPIB.

OntuMansHUi po3no/isl HaBaHTaKeHHs Mix arperatramu CEY nopu-
HEH 3a0e3medyBaTu:
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* MiHIMaJIbHy MUTOMY BHTpATy NaJIMBa MPHU 33JaHOMY CYMapHOMY
HaBaHTa)KEeHH]
* PpiBHOMipHE BUPOOJIEHHSI MOTOPECYPCY JBHUTYHIB
* pe3epBYBaHHS MOTY>KHOCTI JUIsl KpUTUYHUX CIIOKUBAYiB
*  MIiHIMI3aIlif0 BUKHAIIB MIKITUBUX PEIOBHH
MarematndHO 3amadya onTuMizaiii Moxe Oytu copmyrnboBaHa Ha-
CTYITHUM YHHOM:

minzn:bi(Pi)-Pi;

ne bi(P;)— muToma BuTpata mamuBa i-ro arperary Sk (yHKIis Horo
MOTYXKHOCTI Pj mpr 0OMexeHHSX
n
I:>i = Psar’ I:)i,min < I:)I < Pi,max'

i=1

OCOOJUBICTIO CHCTEM «CYJTHO — BaroH-IUCTEPHA» € T€, M0 BaHTaXKHI
orieparlii CTBOPIOIOTH CIIEIU(IYHANA PEXUM CIIOKHBAHHS €IEKTPOeHepril
Ha cynHi. [ToTyXHICTh BaHT@)XHHUX HACOCIB MOXKE JOCATaTH COTECHb KiJO-
BaT, 1[0 BUMAarae po0OTH KiJIbKOX JONOMIKHHUX JAM3E]Ib-TEeHEPATOPIB.

JocmimkeHHs MOKa3yoTh, IO TPAAULIHHUHN MiAXi, KOJIH BCi HEOO-
XiHI HACOCH 3aITyCKAIOTHCS OJHOYACHO HAa MAKCHUMAJBHY IPOTYKTHB-
HICTh, € Hee()EKTUBHUM. 3HAYHO KpallUX pPe3yJIbTaTiB MOKHA JIOCSTTH,
3aCTOCOBYIOUH: KacKaJHE PETYIIOBaHHS — ITOCITIJJOBHE BKIIOUCHHS HACO-
CiB y Mipy 30UTbIIEHHS NOTPEOM B MPOIYKTHBHOCTI; YaCTOTHE PETYIIO-
BaHHS — 3MiHa IIBHIKOCTI 00€pTaHHs HACOCIB 3a JOIMOMOTOI0 IEPETBOPIO-
BaviB YaCTOTH; CHHXPOHI3AIiI0 PEKUMIB — y3TOJKECHHS TIPOYKTHBHOCTI
CY/ZIHOBUX HACOCIB 3 TPOIYCKHOIO 3[aTHICTIO 3aJi3HUYHOTO TEePMiHAITY
[13].

Jisi KOMIUIEKCHOT ONTHUMI3alii CUCTEMH PO3pOOJICHO MaTeMaTHYHY
MOJIeIb, SIKa BPaXOBY€ B3a€MO3B'I3KH MixX ii enemenTamu. LlinsoBa QpyHK-
i BKJIFOYA€E CKJIAAO0BI:

1) exonomiuny: K =C +C +C +C — min;

TaJIBO amopT obcmyr €KOJIoT

2) enepretuuny: F, = ZECHM - ZE — min;

yTUI
3) exonoriuny: F; = choz + szOx +stox — min.
3aranpHa onTHUMIi3aliiiHa 3a7a4a € 0araTOKpUTEpialbHOK. Baxknueum
aCIeKTOM KOMIUIEKCHOTO MiZXOy € onTuMmiszaiis rpadikiB mojayi Baro-
HIB-I[UCTEPH Iiji NepeBaHTaXeHHs. JlOCI/KEHHS B rajy3i OnTHMI3alil
JIOTICTUKH MOPCBKUX OTEpaliii J€eMOHCTPYIOTh, 110 BUKOPUCTAHHS METO-
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IiB Kjactepusalii Ta 0araroeTarmHOro IUTaHYBaHHsS JO3BOJISIE CYTTEBO
3HU3UTH BUTPATH pecypciB . JIs cucTeMU «CYIHO — BaroH-IIUCTEpHAY 1e
O3Haua€: Y3TrODKEHHsI 4acy MpHOYTTS BaroHiB 3 MepioJamMy BaHTAXHIX
orepaliil CyaHa; TpyImyBaHHs [I0Ja4 JUI1 3MEHIICHHS KiJTbKOCTI MaHEBpPO-
BUX OIepalliif; BpaxyBaHHs OOMEXEHb MO OJHOYACHOMY 3HAXOJKECHHIO
BaroHiB Ha TEPMiHAJII.

PesynbTat MoAentoBaHHS MOKa3yIOTbh, 110 ONTUMAJIbHE TJIaHyBaHHS
JI03BOJISIE CKOPOTUTH Yac CTOSHKHU CyJHA IiJl BAHT&KHUMHU OIEpallisiMu,
o Oe3mocepeaHbo BILIMBAE Ha eekTuBHicTh podotn CEVY [14, 15].

Ha ocHoBi nipoBesieHOTO aHamizy chopMyIbOBaHO PEKOMEHMAIIIT 110-
10 BUOOpYy oONaZHaHHA Il CTBOPEHHs HOBMX ab0 MOJEepHi3alii iCHyIo-
YHUX CUCTEM «CYJHO — BArOH-IIUCTEPHA:

- CY/JIHOBa CKJIaJI0Ba: BIPOBA/KCHHS YaCTOTHO-PETYIbOBAHUX TPH-
BOJIB BaHTa)KHUX HACOCIB; BUKOPUCTAHHS CUCTEM YTHJIi3allii Teluia BU-
XJIOTTHHX Ta3iB TOJIOBHUX JIBUTYHIB JJIS MiAIrPiBy BaHTaXKiB; BCTAHOBJICH-
HSI CUCTEM MOHITOPUHTY MaJUBHOI €(DeKTHBHOCTI.

- OeperoBa ckjagoBa: oOJaJHAHHS TEPMiHAy CHCTEMaMHU 4acTOT-
HOTO PEryJIOBaHHs 3ai3HWYHUX HACOCHUX CTaHI[ii; BOPOBA)KCHHS aB-
TOMAaTH30BaHUX CHCTEM KOMEPILIHHOTO OOJIIKY; BUKOPHCTAHHS HAKOIHYY-
BaJIbHUX €EMHOCTEH IS BUPIBHIOBAHHSI MTIKOBUX HABAHTAXKCHb.

- Oprasi3alliiiHa CKJaJI0oBa: 3alpOBaKCHHS €JMHOT JUCTIETICPCHKOT
CHCTEMH YIPAaBIiHHS; PO3pOOKa ONTHMATBHUX PEKUMHUX KapT JJIs pis-
HUX YMOB €KCIUTyaTallil; BIPOBa/PKCHHS CUCTEMH MTPOTHO3HOTO aHAJi3y Ta
a/IalITHBHOTO TUIAHYBaHHSI.

BucHoBKH i mepcneKTHBH MOJATBIINX A0CHiTxKeHb. OTprMaHi pe-
3yJBTATH MiATBEPPKYIOTH TiOTE3y PO HEOOXITHICTh PO3TIISAY CyIHA Ta
3aJTI3HUYHOT 1HPACTPYKTYPH SIK EIMHOTO SHEPreTHYHOTO JIAHIIIOTA.

[MopiBHSHHS 3 ICHYIOUMMH METOJaMU MPOEKTYBAaHHS IMOKA3aJlo mepe-
Bary KOMIUIEKCHOTO MiAXOMy B MUTAHHAX MaJHUBHOI EKOHOMIYHOCTI.
Bcranosneno, mo ontumizamist pexxumiB CEY n103Bosisie He Jniie eKoHO-
MUTH PECYPCH, a i TOI0BKYBAaTH MOTOPECYPC arperaris.

Pesynbpratu BKa3yloTh Ha Ba)KJIMBICTh BUKOPHUCTAHHS YAaCTOTHHX II€-
PETBOPIOBAYIB y CHCTEMax BUCOKOI MOTYKHOCTI. BusiBneni 3akoHOMipHO-
CTI MOXYTb OyTH BUKOPUCTAHI JIUIsl aBTOMATH3aIIi1 ITPOIECIB HA HAJIMBHUX
TepMiHaJIaX.

Po3pobnena KoMIDIEKCHa METOAMKA JO3BOJSE 00’ €IHATH TEXHIYHI
XapaKTepUCTUKU CY/IHA Ta BarOHIB-IUCTEPH y CHUIbHY MoJenb. OnTuMi-
3allisi peKUMIB POOOTH CYJHOBUX CHEPreTHYHHX YCTAaHOBOK 3a0e3reuye
3HAYHE 3HIKCHHS BUTPATH MaJIMBA.



ISSN 1815-6770. Cyonosi enepeemuuni ycmanoexu. 2026. No 52 123

Bcranosieno, mio kiro4oBuM (HakTopoM e(eKTHBHOCTI € MiATpUMKA
po0OTH NBUTYHIB Y 30HI MiHIMaJIBFHOI MUTOMOI BUTpATH MajiwBa. Pe3ymns-
TaTH AOCIIIKEHHS € 0a3010 Ul CTBOPEHHS HOBUX TaJly3€BHX CTaHAAPTIB
MPOEKTYBaHHSA IHTEPMOJANbHUX TepMiHamiB. JlaHWH MigXiJ BigKpuUBae
MEePCIIEKTHBU ISl TTOJAIBIIOTO PO3BUTKY IHTEIEKTYyalbHUX TPAHCIOPT-
HHUX CHCTEM.
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DYNAMIC FAILURE RISK ASSESSMENT IN SHIP POWER
PLANTS USING COGNITIVE DIGITAL TWINS

Statement of the problem in general terms. Modern ship power
plants represent (SPPs) highly integrated complex technical systems
(CTSs) operating under uncertainty, dynamic loads, and continuously
changing environmental and operational conditions [1, 2]. The increasing
level of automation and the transition toward autonomous and remotely
operated vessels significantly intensify the requirements for reliability
assessment, fault prediction, and real-time failure risk management.

In recent years, digital technologies for system monitoring and predic-
tive maintenance [3, 4], including digital twins (DTs) [5], intelligent sen-
sor platforms, and data-driven models, have been axrusao developed in
various engineering domains [6, 7, 8]. Qi and Tao provided a comprehen-
sive overview of DT applications and demonstrated their potential for
lifecycle management and failure prediction in complex industrial systems
[6]. Semeraro et al. conducted a systematic review of the DT paradigm
and highlighted methodological gaps related to the formalization of cause-
and-effect relationships and system-level integration [7]. Lv et al. ana-
lyzed the implementation of DTs in the marine industry and emphasized
the early stage of methodological maturity and the lack of unified frame-
works for maritime applications [8]. For complex cyber-physical systems,
including power plants, reliability analysis and control architectures based
on cyber-physical system technologies and industrial automation frame-
works have been proposed [9]. However, such approaches are mainly
architecture-oriented and do not provide dynamic risk assessment mecha-
nisms or integrated failure propagation modeling. Recent research on en-
gineering dynamics and DT modeling indicates the need for advanced
simulation frameworks capable of capturing nonlinear system behavior
and dynamic structural-functional interactions [10]. Nevertheless, existing
approaches primarily focus on structural modeling and simulation accura-
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cy and do not integrate cognitive models and real-time telemetry-driven
risk assessment.

Therefore, a scientific and technical problem exists in developing in-
tegrated methods for dynamic assessment of structural and functional
failure risks in SPPs based on the integration of DTs, cognitive modeling,
and real-time telemetry data. This gap determines the relevance and ne-
cessity of the present study.

Analysis of recent studies and publications. The rapid development
of Industry 4.0 technologies has significantly transformed approaches to
monitoring, diagnostics, and prognostics of complex technical systems.
Among these technologies, the concept of the DT has emerged as a key
enabler for transitioning from traditional schedule-based maintenance
toward intelligent condition-based and predictive maintenance strategies.
By providing continuously updated virtual representations of physical
assets, DTs support improved decision-making, enhanced reliability, and
proactive risk mitigation.

In recent years, DTs have increasingly been recognized not only as
monitoring tools but also as essential instruments for safety analysis and
risk assessment. Zio and Miqueles emphasized that DT-based frameworks
are becoming central in emergency management and reliability engineer-
ing, while also highlighting persistent challenges related to uncertainty
guantification, model validation, and real-time risk propagation in inter-
connected systems [11]. These limitations are particularly critical in com-
plex infrastructures, where failures may cascade across subsystems. The
integration of DT technology into industrial and infrastructure projects
introduces multidimensional risk dynamics. Ibrahim et al. provided a
causal analysis of DT implementation, identifying governance, data relia-
bility, and operational complexity as major factors influencing risk during
DT adoption [12]. Similarly, comprehensive reviews of DT applications
in infrastructure management underline the importance of combining loT,
Al, and simulation capabilities, yet point out that many existing studies
remain focused on monitoring rather than adaptive risk-oriented decision
support [13]. To address risk evaluation within DT environments, re-
searchers have proposed extensions of classical reliability assessment
methods. Li et al. demonstrated how improved FMEA techniques can be
incorporated into DT project operation to strengthen risk identification
and prioritization [14]. However, such approaches often remain limited to
static evaluation schemes and do not fully capture the dynamic evolution
of risks under real-time telemetry updates. Probabilistic DT frameworks
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have recently gained attention as a means to support reliability-based
maintenance optimization. For instance, probabilistic DT models have
been successfully applied to offshore wind turbine maintenance planning,
integrating reliability metrics with cost-aware decision-making [15]. Nev-
ertheless, these methods are frequently domain-specific and do not direct-
ly address highly coupled safety-critical energy systems such as ship pow-
er plants, where structural dependencies play a dominant role. Emerging
research further highlights the development of risk-aware DT paradigms.
The concept of “Risk Twin” has been introduced to enable real-time visu-
alization and control of structural risks, demonstrating the growing inter-
est in DT-based risk analytics [16]. Risk-aware DT applications have also
been explored in intelligent transportation and mobility systems, where
real-time driver and infrastructure risk assessment becomes essential for
operational safety [17]. In parallel, adaptive planning strategies for predic-
tive DTs have been proposed, emphasizing the need for dynamic and self-
updating risk management mechanisms [18]. Despite this progress, major
gaps remain in the integration of cognitive reasoning and dynamic risk
propagation modeling within DT architectures. Recent studies confirm
that DT adoption for predictive maintenance is expanding rapidly, yet
many implementations still lack robust mechanisms for holistic system-
level risk assessment and explainable decision support [19]. Furthermore,
security and trustworthiness issues, including cyber-physical vulnerabili-
ties and Al-driven uncertainty, represent additional challenges for reliable
DT deployment in critical infrastructures [20, 21].

These unresolved limitations are particularly evident in ship energy
systems, where ship power plants consist of strongly interconnected sub-
systems such as fuel supply, lubrication, and cooling networks. Failures in
such environments may propagate rapidly, requiring adaptive and cogni-
tively informed risk assessment models beyond conventional diagnostics.

To address these challenges, the present study proposes a cognitive
DT framework for the dynamic assessment of failure risks in ship power
plants. By integrating cognitive simulation modeling with graph-based
representations of structural and functional dependencies, the proposed
approach enables real-time adaptive updating of risk indicators using te-
lemetry-driven information. This methodology provides a practical foun-
dation for improving operational safety, resilience, and proactive mainte-
nance decision-making in complex maritime energy systems.

Setting the task. The objective of this paper is to develop and justify
an integrated method for dynamic failure risk assessment of SPPs based
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on a cognitive DT that combines DT technology and cognitive simulation
modeling, using real-time telemetry data to quantitatively evaluate struc-
tural and functional risks and to predict cascading failure scenarios.
Presentation of the main research material. The analysis and as-
sessment of failure risks in CTSs, in particular SPPs, in modern conditions
require the integration of classical reliability assurance methods with
modern approaches to digitalization. Stream analytics and intelligent di-
agnostic models form the information base for monitoring and predicting
technical condition, expanding the capabilities of traditional methods. The
basis remains a conceptual model that formalizes the interdependencies
between elements, processes, and factors that influence failure risk. It is
based on a systemic representation of the CTS as a set of interconnected
elements interacting under conditions of uncertainty. In this approach, the
risk of CTS equipment failure is considered as a function of the probabil-
ity of failure and potential damage, and the assessment is carried out tak-
ing into account both structural and functional interrelationships between
CTS subsystems. To formalize these interdependencies, a cognitive simu-
lation model (CSM) is used, representing the system as a directed graph
where nodes correspond to aggregates, subsystems and functional states,
and arcs correspond to cause-and-effect relationships. This approach al-
lows describing the structure of interaction and modelling the propagation
of disturbances and failures through the hierarchy of elements. In the con-
text of digital monitoring, diagnostics and forecasting of the technical
condition of CTSs, CSM can use data from digital platforms and remote
control systems to refine the parameters and relationships between ele-
ments. However, its main goal is to formalize the cause-and-effect rela-
tionships between failures, impacts and consequences, which allows for
scenario analysis of risk development and forecasting of their temporal
dynamics. The source of input data for CSM is digital monitoring plat-
forms and the DT of the CTS. The DT accumulates the results of diagnos-
tics, forecasting and assessment of the remaining service life of CTS
equipment, forming a stream of parameters used to update the nodes and
connections of the cognitive model. Thus, CSM does not duplicate the
functions of DT, but uses it as a source of reliable data on the state of ob-
jects and external influences, thereby ensuring the realism of CTS equip-
ment failure risk analysis scenarios. To ensure the practical applicability
of CSM, it is important to establish a link between the abstract elements of
the model and real operational data. In the context of digitalization, this
role is performed by DT, which provides the cognitive model with reliable
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information about the actual technical condition of the system. DT accu-
mulates telemetry data streams and the results of diagnostic and predictive
models (e.g., DCT, RUL estimates), forming a unified digital representa-
tion of the dynamic state of the object. This data is fed into the cognitive
model in real time, where it is used to update cause-and-effect relation-
ships, revise factor weights, and refine risk indicators. Thus, the integra-
tion of DT and CSM creates a closed-loop risk analysis cycle: from diag-
nostics to impact assessment and the formation of risk management rec-
ommendations.

Digital Twin Cognitive
Simulation
el Model
.. SEfisoFdata Data Exchange Layer
- Streaming Factors
analytics Interface >
- Diagnostic and Fail
prognostic Data Bus / AP AIUEES
modules
Consequences

\ Risk analysis results /

Fig. 1. Interaction between the DT and the CSM for risk assessment

Mechanism of dynamic linkage between DT and cognitive model.
The conceptual interaction architecture presented in Figure 1 requires a
robust mathematical formalization of the processes within the data ex-
change layer. To transform the CSM from a static graph into a dynamic
predictive tool, a multi-stage algorithm for real-time weight recalculation
is implemented. This algorithm ensures that telemetry data from the DT
directly influences the propagation characteristics of the destructive mod-
eling impulse (DMI).

1. Data transformation and normalization pipeline

The linkage between the physical state (DT) and the risk model
(CSM) is established through a four-stage pipeline:

1.1. Diagnostic vector acquisition — the DT continuously streams a
high-frequency telemetry vector S(t)={p:, pz, ..., pn}. For the ship's fuel
system, these parameters include pump discharge pressure, fuel tempera-
ture, motor vibration levels, and filter differential pressure;

1.2. Standardized degradation mapping — to ensure comparability
across different physical units, each parameter p; is converted into a di-
mensionless degradation index d;<[0, 1];
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1.3. Sensor fusion and aggregation - multiple diagnostic signals af-
fecting a single component are aggregated into a composite health index
using importance weights;

1.4. Dynamic weight adaptation — the transition matrix of the CSM is
updated, altering the "conductivity" of the graph for the DMI simulation.

2. Mathematical formalization of weight recalculation:

2.1. Parameter normalization

The degradation index d; for each sensor is calculated based on its
proximity to the operational limits:

0, if pye is with in noinal range

di = Mi if P fact exceeds Prom

pcrit - pnom
1! If pfact 2 pcrit

where pg, is the current value, p,,, is the manufacturer's recom-

mended setting, and p,;, is the safety shutdown threshold
2.2. The weight update function
The cognitive weight D) which represents the probability or in-

tensity of failure propagation through an edge or node, is updated using a
non-linear exponential function. This function mimics the "tipping point"
behavior of mechanical systems where risk increases rapidly as limits are
approached:

k
@y (1 +1) = 02035 'eXp[o‘Z_l:Bi,J O j (t)]-

where Oy); (t+1) — is the updated weight of the j-th element (node or
arc) at time t+1;

base

Dav)j — is the initial topological weight based on system design and

redundancy;
j — is the unique index of the component in the system graph;

Kk
i — is the index of a specific diagnostic sensor ZBU linked to com-
i=1
ponent j;
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o — is the global sensitivity coefficient (controls how aggressively the
model reacts to any degradation);
Bij — is the local importance coefficient of the i- th sensor for the j-th

Kk
component, satisfying ZB”
i=1

The integrated reliability indicator of CTS elements - technical risk -
is a combination of the probabilities of occurrence of hazards of a certain
class (Pyi) and the losses resulting from accidents and undesired events
caused by technical imperfections or violations of the operational rules of
technical systems (Yy):

R=[(RY0): (P Y2 ) (P Yo ) |

The probability assessment of a node (edge) failure in the CTS CSM
is determined based on the Bayesian method of CTS analysis [22]:
P(D|C)-P(C)

P(D)

where P(C) — is the prior probability of hypothesis C of node (edge)
failure;

P(CID) — is the probability of hypothesis C given event D occurs
(posterior probability);

P(D|C) —is the probability of event D given hypothesis C is true;

P(D) — is the total probability of occurrence of event D

To evaluate the functional operability and the corresponding damage
of a CTS, a normalizing impact (NI) is applied to the nodes and edges of
the CTS CSM digraph. The NI is defined in accordance with the Birn-
baum criterion [23]. The NI in terms of evaluating the functional operabil-
ity of the system F(t) and an individual edge (node) fy)(t) is defined as
follows:

P(C|D)

oF (t)
afa(v) (t) .

The evaluation of the CTS functional operability using NI is carried
out in three stages. At the first stage, the operability of the CTS in a fully
functional (fault-free) state is assessed. At the second stage, the sequential
failure of individual elements and inter-element links (IL) of the CTS
CSM is simulated, and the assessment of a partially faulty system is de-
termined for each structural component (SC). At the third stage, quantita-

Ob,, (ilt)=
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tive estimates of the functional damages of an element and IL are per-
formed. The quantitative estimate of the functional damage of a CTS ele-
ment under F (nominal operability), F; (system operability under failure of
the i-th element (v;)) is determined as follows:

Yy, =F-F.

Quantitative assessment of the functional damage of the subsystem
under Fj — the operability of the system with the j-th subsystem being
faulty (a):

For the CTS CSM, the risk assessment of the failure of the affected
vertex (edge) of the model is determined as the product of the probability
values of failure of the vertex (edge) of the CTS CSM and the correspond-
ing assessment of the functional damage of the affected vertices (edges) of
the digraph. The CTS digraph G(V,A) consists of n vertices (nodes) and m
arcs (directed edges). The set of graph vertices is V- (V={vi}, i=1,n) The
set of (ordered) pairs of vertices, called arcs (directed edges) of the graph,
is A— (A={aj}={vi, w;}, j=1,m), where vertex v is called the start, and w
the end of the arc. The reliability value of the CTS aggregate correspond-
ing to vertex v; is determined by

Vi (1) =R, (t<T).

If it is possible to distinguish constructive or functional aggregates of
the CTS, the graph vertices correspond to the structural aggregates of the
system, and the graph edges correspond to the interconnections (IC). If it
is difficult to distinguish aggregates, the graph vertices correspond to the
system parameters, and the graph edges represent the cause-and-effect
relationships between the parameters. Multiple edges may enter or leave a
node. In this case, one speaks of a set of edges incident to a given node of
the graph. Each edge is incident to two nodes located at its ends. The qual-
itative representation of the state of the CTS aggregates and ICs is ex-
pressed by a functional dependency between the states of the aggregates
or ICs, as well as by a certain type of loading from external or internal
influences. Assessments in emergency scenarios of structural and func-
tional failure risk of the CTS, taking into account the interconnection and
interaction of its elements, include the following stages:

1) identification of interconnection and interaction of SC within the
hierarchy and topology of the CTS, taking into account the used resource
of ESI (energy, substance, information);
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2) construction and analysis of the CTS CSM;

3) assessment of structural and functional damages of the CTS;
4) assessment of structural and functional risks of the CTS.
State parameter set of CTS elements:

I:Fvn’Fvl’ zw Z]’H (t) deb}

where F, , — is the nominal operability of the element;

F,1 — is the operability of the element in the case of its partial loss;

i, 8; — Is the incoming and outgoing influences for the CTS element;

i, j — is the ordinal number of the incoming and outgoing influence for
the CTS element;

K, m — is the total number of incoming and outgoing influences for the
IL element;

H, (t) — is the transfer coefficient of the change in the amplitude of
the destructive modeling impulse (DMI);

HY (1) = ,Vmpr(t+1)

mlmpk (t)
tude of the DMI at moments in time t and t+1;
Ky 4 — IS the coefficient of the degree of damage of the element
State parameter set of the IC of the CTS:

=[|: o SV W;Hr?](t);KA.d.b:I’

an’’ alr

s Mitog, (), Mig, (t=1) —is the value of the ampli-

where F,, is the nominal operability of the IC;
Fa1— is the operability of the IC under partial degradation;
z — is the type of ECI resource;

HZ (t) — is the amplitude variation transmission coefficient IC
M, (+) | .
HE nt)=—o0——, m |mpk ®, mImp (t=1) is the value of the ampli-
mImpk )
tude variation transmission of the DMI at moments in time t and t+1;
Kaqp — IS the coefficient of the damage degree of the IC

To assess the functional damage of the CTS, a normalizing influence
is applied to the vertices and edges of the directed graph of the IC CTS.
When assessing the structural damage of the CTS, it is assumed that the
initial state of an element (CSM) corresponds to 0 if the DMI does not
pass through the element (CSM), and to 1 if the IC passes through the
element (CSM). Resetting the state values of the elements (IC) before
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each subsequent iteration of DMI propagation through the IC is performed
at. The influence of the DMI on a vertex (edge) of the directed graph of
the CSM CTS at a discrete time moment t is defined as:

Wa(v)j (t)
Way i (E=DKy 45K agp
where imp; (t) — is the impulse vector for the edge with index j;

1- impj ®=

W, (), Wy (t—1) — is the weight value of the edge (vertex) at

time moments t, t-1.
When passing through the IC from v; vertex to vertex w; , the impulses
imp; and imp; are related by the relation:

imp; (t+1) =imp, (t)- H3 (t).

When passing through a vertex from the i-th IC to the j-th IC, the im-
pulses imp; and imp; are related as follows

imp; (t+1) =imp; (t) - Hy (t).
The completion of DMI propagation (completion of the simulation
cycle) over the directed graph is determined by the total residual energy of
the impulses in the system. The simulation terminates when the sum of the

magnitudes of all active impulses falls below a predefined sensitivity
threshold &:

S= {iimpi (t)} <g,
j=1

where M — is the total number of edges and nodes in the CSM;

imp;(t) — is the magnitude of the impulse at the j-th element at discrete
time t;

¢ —is the sensitivity threshold (convergence criterion), typically set to
£=10" or determined by the specific precision requirements of the digital
twin’s diagnostic modules.

Introducing the ¢ threshold prevents infinite computation loops and
accounts for "insignificant" disturbances that no longer have a measurable
impact on the structural or functional risk of the system. This approach
aligns the cognitive model with the discrete-time data processing intervals
of the DT. The DMI is generated at a conventionally defined affected
vertex (edge), propagates to subsequent vertices (edges), sequentially
disabling the interconnected SC of the CSM. The degree of damage from



ISSN 1815-6770. Cyonosi enepeemuuni ycmanoexu. 2026. No 52 135

the DMI to an element (CSM) of the CTS is determined by the damage
degree coefficient of the element (IC):

Ko — w, (t+1)
T w0 (1-m, ©)
Kadn Mo (1)

w0 (1-my, ©)'

where w,(t), wa(t), wy(t+1),w,(t+1) — is the value of the weight of an
element (CSM) at time moment before t and t+1 after the impact of the
DMI

A gradation of damage degree coefficient values by the level of dam-
aging influence of each element on the structure of the CSM is assumed as
follows: greater than 0.7 — maximum emergency; from 0.7 to 0.3 —
preemergency; less than 0.3 — non-emergency. The values of structural
damages resulting from the affected i-th vertex, j-th edge of the directed
graph for the total number of affected vertices (b), edges (c) of the CSM:

by _c

YS(Vi) N S(A,-)ZM

The quantitative assessment of structural damage from an affected
vertex (edge) of the CSM CTS is determined by the damage due to loss of
connectivity of the CTS topological structures as the ratio of the affected
aggregates to the total number of aggregates (ICs) of the CTS under a
single aggregate (IC) failure and unobstructed propagation of the CSM
through the CTS. The quantitative assessment of functional damage from
an affected vertex (edge) of the IC CTS is determined by the damage due
to the disruption of the functioning of aggregates (ICs) as the ratio of the
CTS operability under its partial degradation by an aggregate (IC) to the
nominal operability of the CTS. The failure risk assessment of an affected
vertex (edge) of the IC CTS is defined as the product of the probability
values of failure of the vertex (edge) of the IC CTS and the corresponding
assessments of the structural and functional damages of the affected verti-
ces (edges) of the directed graph.

To assess the functional damage of the CTS during the propagation of
the harmful influence (HI) along the directed graph of the IC CTS, a ma-
trix of values is formed, where each vertex and each edge is assigned a
numerical value of the HI magnitude. Initially, all HI magnitude values
are assumed equal to 1. During the propagation of the HI along the di-



ISSN 1815-6770. Cyonosi enepeemuuni ycmanoexu. 2026. No 52 136

rected graph, they change proportionally to the weighted values of the SC.
Based on Birnbaum’s criterion, the HI magnitude value for a selected
vertex (edge) of the directed graph of the IC CTS is expressed as the
product of the HI magnitude value for the preceding vertex (edge) and the
weight value of the selected vertex (edge). For a vertex of the directed
graph of the IC CTS, into which several edges enter, the HI magnitude
values of

M) = m; )

m (O =5 M (-1 +5;-m, (t-1);

where s;, Sj — is the weight of the i-th vertex and the j-th edge;

m;(t), mi(t-1) — is the magnitude of the HI passing through a vertex or
edge at time moments t and t-1.

Quantitative assessments of functional damages are determined for: a
failed element (v;) as the difference between the nominal operability of the
CTS and the operability of the system under failure of element (v;); a failed
IC (&) as the difference between the nominal operability of the CTS and the
operability of the system under failure of IM (&) . Structural failure risk of
the i-th element and the j-th IC of the CTS is determined as

RSVi :YSVi : pVi (t);
Ravi =Ysai ’ pai (t);
where p, ), Pa, (t) — is the are the probabilities of failure of the af-

fected i-th element and j-th IC of the CTS
The structural failure risk of all elements and ICs of the CTS is

M
RV =D Ry, -, ()
ij

M
R =D Ry, - Py, (1),
The failure risk assessmejnt under structural damage from the affected
i-th vertex of the CSM CTS is
Rsvi = ksvi Py, (t);
where kg, — is the structural damage assessment from the affected th
vertex of the CSM CTS
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The failure risk assessment under structural damage from the affected
j-th edge of the CSM CTS is

Rsaj :ksaj ’ paj (t),
where kSaj — is the structural damage assessment from the affected j-

th edge of the CSM CTS
The functional failure risk of the i-th element and j-th IC of the CTS is

RfVi :YfVi : pVi (t)’ Rfaj :Yfaj ' paj (t)
The functional failure risk of all elements and ICs is

N M
Rl\éfvi :ZRM . pvi (t), Réfaj :ZRfaj : paj (t)
i J

The failure risk assessment under functional damage from the affected
i-th vertex of the CSM CTS is

RfVi = kfv, : pVi (t)7
where Ky, — is the functional damage assessment from the affected i-

th vertex of the CSM CTS
The failure risk coefficient under functional damage from the affected
j-th edge of the CSM CTS is

Rfaj = kfaj ' paJ (t)’
where kfalj — is the functional damage assessment from the affected j-

th edge of the CSM CTS

The probability of failure of elements and ICs is determined as
n, n,.
P =-1p N
! T ! T
where B, — is the probability of failure of the i-th element of the

CTS;
Paj — is the probability of failure of the j-th IC of the CTS;
n, —is the number of failures of the i-th element of the CTS;
Ny — is the number of failures of the j-th IC of the CTS;

T — is the duration of statistical testing.
As a basis for determining the values of failure probabilities of ele-
ments and ICs of the CTS, the data from [24] may be used. The depend-
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encies of the total structural and functional failure risks on the probabili-
ties of complete and partial failures of all elements and ICs of the CTS
servicing systems are determined by the total values of failure risks and
the total probabilities of failure of elements and ICs of the CTS as

N M
ZPVi ij
R =—t— P=2—

N M

where Py is the sum of failure probability values of the CTS ele-
ments;

Pa — is the total failure probability value of the CSM ICs;

N — is the number of CTS elements;

M — is the number of CTS ICs

To rank the obtained assessment of structural and functional failure
risks of the CTS in emergency scenarios, the generalized Harrington de-
sirability function is used to evaluate the failure risk level: 0-0.2 — mini-
mal, the consequences of the accident are minimal and do not have a sig-
nificant impact on the operation of the CTS; 0.2-0.37 — acceptable, the
consequences of the accident are insignificant, allowing the CTS to oper-
ate without repair; 0.37-0.63 — maximal, the consequences of the accident
allow CTS operation after repair works are performed; 0.63-1 — critical,
the consequences do not allow the CTS to be operated.

Let us consider the functional diagram of the fuel system (Fig. 2) of
the main engine of a SPP that uses diesel fuel and heavy fuel oil. It con-
sists of storage tanks for diesel fuel (F1, FS1) and heavy fuel oil (F2,
FS2), pumps F3 and FS3, heaters F4 and FS4, two heavy fuel oil separa-
tors (F6, FS6) and one diesel fuel separator (F5), separator pumps (F7,
FS7, FN7), the diesel fuel service system (F8) and the heavy fuel oil ser-
vice system (F9, FS9), circulation tank F10, booster pumps F11 and FS11,
heater F12, bypass pipeline section F13, filters F14 and FS14, and a high-
pressure pump. Redundancy is provided for pumps F3 and F11 (FS3 and
FS11 respectively) and for separators F5 and F6 together with heaters F4
and pumps F7. Tanks F1, FS1, F2, FS2 and filters F14, FS14 can operate
according to a continuously energized standby scheme. In the event of
failure of any of the standby elements of the system, the main engine can
be switched to diesel fuel. Expert and statistical assessment of SPP opera-
tion indicates that approximately 40% of failures are attributable to the
diesel fuel equipment and fuel system, with the majority of failures being
associated with breakdown of components operating under high pressure
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conditions (high-pressure fuel pumps, injectors, etc.). Redundancy is pro-
vided for pumps F3 and F11 (FS3 and FS11 respectively) and for separa-
tors F5 and F6 together with heaters F4 and pumps F7. Tanks F1, FS1, F2,
FS2 and filters F14, FS14 can operate according to a continuously ener-
gized standby scheme. In the event of failure of any of the standby ele-
ments of the system, the main engine can be switched to diesel fuel. Ex-
pert and statistical assessment of SPP operation indicates that approxi-
mately 40% of failures are attributable to the diesel fuel equipment and
fuel system, with the majority of failures being associated with breakdown
of components operating under high pressure conditions (high-pressure
fuel pumps, injectors, etc.).

The study of the effects of the DMI and HI on the CSM CTS was car-
ried out in a developed software package based on the cross-platform Py-
thon language. To represent the input data of the elements and ICs when
modeling emergency scenarios in the CSM CTS, the JSON format was
used. The visualization of the graphs was performed using the Graphviz
software product. MS Office and OpenOffice were used to analyze the
research results. To test the method for assessing the structural and func-
tional failure risks of the CTS in emergency scenarios (Fig. 3).

Fig. 3. Graph of the ship power plant fuel system
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The modeling process for assessing the functional failure risks of the
CTS elements and 1Ms was carried out in accordance with the algorithm

shown in Fig. 4.
JSON data

[ 1

[ CSV data ]{ Dot files 1

MS Office,

| Make script J
Open Office L

| Graphviz

Png files

Fig. 4. Algorithm of the CTS operating conditions simulation process

To complement the workflow illustrated in Figure 4, it is necessary to
specify the internal data structure of the JSON input file used by the Py-
thon simulation script. This specification acts as a standardized interface
between the diagnostic telemetry gathered by the DT and the risk calcula-
tion engine of the cognitive model. Providing this schema is crucial for
the scientific reproducibility of the study and its practical scalability.

Purpose of the JSON schema - the implementation of a structured data
format serves three primary objectives:

- decoupling of systems - it separates the data acquisition layer (sen-
sors/DT) from the analytical layer (CSM), allowing the risk model to be
updated without altering the underlying telemetry hardware;

- dynamic reconfiguration — it enables the simulation engine to rebuild
the system graph "on-the-fly" whenever a redundant component is activat-
ed or deactivated;

- standardization: it follows modern industrial loT standards, facilitat-
ing integration with cloud-based monitoring platforms.

JSON data schema example - the system graph is represented as a
structured object containing lists of nodes (components) and edges (inter-
element connections).

{

"system_id": "SPP_Fuel_System_v2",
"nodes™: [

"id": "F11",
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"label™: "Booster Pump",
"p_failure™: 0.002,
"base_weight": 1.0,
"type": "mechanical”
}
{ "id™ "F12", "label": "Fuel Heater", "p_failure™: 0.005,
"base_weight": 1.0 }

1
"edges": [
{
"source": "F10",
"target™: "F11",
"resource": "fuel_flow",
"weight": 0.85
}
{ "source": "F11", "target™: "F12", "resource": "fuel flow",
"weight": 0.90 }
]
}

Data field description:

nodes — a list of objects representing system components: id - unique
identifier (e.g., "F10") corresponding to the functional scheme and the
DTs sensor mapping; base weight - the initial cognitive weight of the
node, which is dynamically recalculated based on real-time telemetry
updates;

edges — a list of directed arcs representing functional interdependen-
cies: source / target: origin and destination nodes of the destructive model-
ing impulse (DMI) propagation; weight: the strength of the cause-and-
effect relationship, determining the rate of failure propagation across the
system topology.

This technical detail, combined with the methodology in Figure 4,
provides a complete roadmap for deploying the risk assessment frame-
work within a digital shipboard environment.

The recalculated weights are then compared against the Harrington
desirability scale. If w,);(t+1)>0.63, the system automatically triggers a
high-intensity DM to simulate the "worst-case™ cascading failure scenario
starting from that specific component. The selection of nodes F10, F12,
and GD as critical points in risk analysis is o6ycnosneno their topological
position in the graph and functional. To illustrate the algorithm, consider
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the booster pump F11. The DT monitors two primary signals: discharge
pressure (p,) and vibration velocity (p,).

Scenario 1. Nominal operation: telemetery: p;=4.0 bar (Nominal: 4.0),
p.=2.5 mm/s (Nominal: 2.0, Crit: 7.0); Indices: d;=0, d»=0.1; result:
w{F11} remains near its base value. Risk levels in Figures 4 and 6 remain
in the "Safe" zone (<0.37).

Scenario 2. Impending cavitation or bearing wear: telemetery: pres-
sure drops to 3.2 bar (d;=0.4), vibration rises to 5.5 mm/s (d,=0.7); aggre-
gation: with p,=0.4 and ,=0.6, the composite degradation D=0.5. Impact:
The weight of the outgoing edge F11—F12 more than doubles. In the next
CSM iteration, the DMI propagates more aggressively through the fuel
line, causing the functional risk Ry, for the entire SPP to cross the critical
threshold of 0.63.

This detailed mechanism bridges the gap between low-level sensor
data and high-level strategic risk assessment, allowing the SPP operator to
visualize how a minor mechanical deviation in one pump increases the
structural vulnerability of the entire power plant. The results of the calcu-
lated values of the structural and functional risk assessment for the verti-
ces and edges of the CSM CTS are presented in Figs. 5-7. This section
provides the simulation results for the structural and functional risks of the
SPPs fuel system, based on the developed CSM. The results are interpret-
ed according to Harrington's desirability scale, where values below 0.37
indicate a "Safe/Acceptable" zone, 0.37-0.63 represent a "Maximum/Pre-
emergency" zone, and values above 0.63 denote a "Critical/Emergency”
zone.
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Fig. 5. Structural risk of system elements
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Figure 5 illustrates the structural risk distribution across 25 nodes of
the fuel system. The analysis reveals that nodes with built-in redundancy,
such as the fuel transfer pumps (F3, FS3) and the separators (F5, F6, FS6),
maintain risk levels within the "Safe" zone (Ry;<0.37). This confirms that
the system'’s topological connectivity is robust in its initial stages. Howev-
er, a significant spike is observed at node F10 (Circulation Tank), reach-
ing a critical value of 0.85. As a non-redundant convergence point for
both diesel and heavy fuel lines, F10 represents the most vulnerable bot-
tleneck in the system's architecture. Similarly, the main engine node (GD)
and the pre-filter heater (F12) exceed the 0.63 threshold. The results sug-
gest that any failure at these "serial" points directly compromises the con-
nectivity of the entire fuel supply chain, necessitating prioritized monitor-
ing through the DT.

The risk assessment of the inter-element connections (Figure 6) shifts
the focus from the components to the integrity of the transport channels.
While the initial supply lines from the storage tanks (e.g., F1—F3) show
minimal risk due to the abundance of alternative paths, the risk escalates
sharply in the distribution manifold. The connections following the circu-
lation tank (F10—F11) and the final delivery line to the engine
(F14—GD) are identified as critical, with values exceeding 0.90. This
indicates that the "structural health" of these specific pipeline segments is
as vital as the performance of the pumps themselves. The high risk associ-
ated with the F12—F14 segment highlights the criticality of maintaining
the thermal state of the fuel before filtration; a breach or blockage in this
segment leads to immediate functional degradation of the SPP.

== Risk value
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Fig.7. Functional risk of system components

Figure 7 presents the functional risk, which integrates structural con-
nectivity with the severity of operational consequences. Following the
statistical data cited in the study, which attributes approximately 40 % of
failures to high-pressure fuel apparatus, the model shows elevated risk
levels for the booster pumps (F11/FS11) and the main engine (GD). Un-
like the purely structural analysis, the functional risk for node GD reaches
its peak (0.95+), reflecting the catastrophic impact of a failure in fuel in-
jection or atomization. The "Maximum risk" zone (0.37-0.63) encom-
passes the filtration unit (F14), suggesting that while the system might
remain connected, a loss of filtering capacity significantly degrades the
quality of the combustion process. These findings emphasize that risk
management strategies in a Digital Twin environment must prioritize not
just the existence of a flow path, but the operational parameters (pressure,
purity, temperature) maintained by these critical components.

Based on the cognitive simulation of the SPPs fuel system, the most
significant elements were identified and ranked by their impact on system
reliability. Table 1 provides a quantitative summary of the structural and
functional risks, categorized by the Harrington desirability scale.

The data in Table 1 clearly distinguishes between the "redundant safe-
ty" and "serial vulnerability" of the system:

critical zone (R>0.63): the GD, F10, and F12 elements represent the
highest risk. The Main Engine (GD) shows the peak functional risk due to
the statistical severity of high-pressure equipment failures. The Circula-
tion Tank (F10) is identified as the primary structural bottleneck; its non-
redundant nature makes it a single point of failure that compromises the
entire fuel supply chain;
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Table 1. Risk assessment summary for key fuel system components
Element | Component | Structural |Functional | Harrington |Element ID
ID name risk (Rgi) | risk (Ryi) | scale level
Flo | Circulation 0.85 0.91 Critical F10
tank
Frp | Final fuel 0.65 0.72 Critical F12
heater
F14/Fs14| Finefilters 0.40 0.52 Maximum | F14/FS14
(parallel unit)
Booster Maximum/
F11/FS11|  pumps 0.28 0.44 reemeraenc F11/FS11
(redundant) P gency
F4/Fs4 | Drimary 0.35 03g | Maximum/ Ly ee,
heaters acceptable
Transfer
F3/FS3 pumps 0.25 0.28 Acceptable F3/FS3
(redundant)
Fy sy | Deselol 0.15 0.18 Minimal | FL/FS1
storage tanks

maximum risk zone (0.37-0.63): components such as F14 and F11
fall into this category. While they possess some level of redundancy or
bypass capability (e.g., F13 for the heater or parallel filters), their degra-
dation significantly increases the system's operational stress;

safe zone (R<0.37): redundant pumps (F3/FS3) and storage tanks
show minimal risk levels, confirming that traditional hardware redundan-
cy effectively mitigates topological vulnerabilities in the early stages of
fuel processing.

This summary allows the DTs diagnostic system to prioritize alarm
thresholds and maintenance schedules, focusing on the top three critical
nodes to prevent cascading SPP failures. The developed method, validated
through cognitive simulation modeling, makes it possible to identify the
interrelated and interacting elements, interelement connections, as well as
the degree of their influence on the assessment of the structural and func-
tional risk of CTS failures, which in turn enables the automation of deci-
sion-making processes in emergency scenarios during CTS operation. The
identified interdependencies and interactions of structural components
within the hierarchy and topology of the CTS make it possible to deter-
mine the magnitude of the damaging influence of each system component
in emergency scenarios on the structure of the CTS. The method’s proce-
dures are easily formalized and transformed into a computational algo-
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rithm and model for the assessment of structural and functional risks,
which is important for CTS with a large number of elements and inter-
element connections.

Discussion and comparative analysis of risk assessment methods.
The effectiveness of the proposed integrated approach (DT-CSM) is best
demonstrated by comparing it with traditional reliability assessment meth-
ods widely used in the maritime and industrial sectors, such as failure mode
and effects analysis (FMEA) and fault tree analysis (FTA). The integration
of DTs with CSMs provides a paradigm shift from static reliability estima-
tion to dynamic risk management. Unlike FMEA/FTA, the DT-CSM meth-
od treats risk as a dynamic variable. By utilizing the algorithm described,
the cognitive weights of the system graph are updated every few millisec-
onds based on actual telemetry (vibration, pressure, temperature). This al-
lows the system to detect an escalating risk before a failure occurs. By em-
ploying the destructive modeling impulse (DMI) and the Harrington desira-
bility scale, the proposed method identifies "gray zones"— conditions that
are neither fully operational nor failed, but exhibit maximum structural risk.
This granularity allows for condition-based maintenance (CBM) rather than
fixed-interval maintenance. The shift from traditional methods to DT-CSM
facilitates an evolution in how shipboard systems are maintained: reactive
(traditional) — repair after failure (High risk for SPP); preventive (FMEA-
based) — periodic maintenance based on average statistics (Leads to over-
maintenance or missed early wear); predictive (DT-CSM-based) — mainte-
nance triggered by the functional risk threshold Ry;>0.63. This ensures that
resources are focused on critical bottlenecks like node F10 or F12 only
when real degradation is detected by the DT. A key differentiator of the
CSM s its ability to model non-linear interdependencies. In an FTA, de-
pendencies are hard-coded via logic gates. In the proposed CSM: feedback
loops — the graph naturally represents circular dependencies (e.g., fuel heat-
ing affecting pump efficiency, which in turn affects heating stability); im-
pulse propagation — the DMI mimics the physical flow of a disturbance. A
vibration spike in pump F11 doesn't just "fail" that node; it weakens the
"structural health” of all subsequent nodes (F12, F14, GD) proportionally to
the weights of the arcs, providing a more realistic "heat map" of system
vulnerability.

The proposed method leverages a modern software stack (Python,
JSON, Graphviz), providing significant advantages in terms of computa-
tional efficiency and integration: computational complexity — while large
fault trees suffer from exponential state space explosion, the impulse
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propagation algorithm in the CSM operates with a complexity of O(N+M)
per iteration, where N and M are the numbers of nodes and edges, respec-
tively. This allows for near-instantaneous risk recalculation for systems
with hundreds of components; data interoperability — the use of JSON-
based configuration files allows for seamless integration with industrial
loT platforms and DT databases, unlike the static spreadsheets typical of
FMEA

The comprehensive comparison of the technical, methodological, and
operational attributes of the discussed is summarized in Table 2.

Table 2. Comparative summary

Proposed DT-
Feature FMEA FTA CSM Method
Expert judgment / Statistical proba- Real-time telemetry
Data source history bility +DT
Monthly / yearly - Continuous (ms
Update frequency audits Periodic updates intervals)
. . Logic gates Impulse propagation
Failure modeling Independent modes (AND/OR) (DMI)
Naturally
Interdependencies Poorly addressed Difficult to model represented via
graph
Computa_ltlonal Manual entry / Boolean algebra Python-ba_sed graph
basis tables engine
Data format Static docs / excel Diagram files Strulr_:tured JSON
ive stream
Decisi Manual report Probabilistic Automated risk
ecision support ; o
analysis estimation alerts
. . Risk priority . - Structural/functional
Risk metric number (RPN) Failure probability risk (Rq, Ry)

Analysis of Table 2 highlights the fundamental shift from document-
centric reliability engineering (FMEA/FTA) to data-centric risk manage-
ment (DT-CSM). The primary advantage of the proposed method lies in
its computational basis and update frequency. While traditional methods
rely on discrete, human-led audits, the DT-CSM engine operates autono-
mously in millisecond intervals. Furthermore, the transition from risk
priority numbers (RPN) to a dual-metric approach (structural and func-
tional risk) allows for a more nuanced understanding of system health. For
instance, a high structural risk in a pipeline (e.g., the line to the engine
GD) can be identified even if the individual pumps are functioning nomi-
nally, a scenario that is often overlooked in traditional independent-mode
FMEA. This integration of real-time telemetry with graph-based impulse
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modeling provides the necessary technological foundation for autonomous
decision support systems in modern ship power plants. The transition to a
DT-CSM framework enables the automation of decision-making. In
emergency scenarios, while an FMEA report would be buried in docu-
mentation, the DT-CSM system provides the operator with an immediate
visualization of the "at-risk™ path (e.g., the critical line from F10 to GD),
allowing for preventive intervention and mitigating the 40 % of failures
typically associated with high-pressure fuel systems.

Conclusions and prospects for further research. The results of the
study confirm the high efficiency of integrating DT technologies and cog-
nitive simulation modeling, enabling automated risk assessment with a
system response time within 50-100 ms, which meets the requirements
for real-time control. The developed method for dynamic failure risk as-
sessment ensured the identification of critical nodes in the SPP fuel sys-
tem, where functional risk values reach 0.98 for the main engine (GD) and
0.91 for the circulation tank (F10), exceeding the criticality threshold of
the Harrington scale (0.63) by 45 %. The practical value of the work is
confirmed by the model's ability to identify "hidden risk zones" (0.37—
0.63) for elements with partial degradation that are typically ignored by
traditional binary FTA methods, while the presence of structural redun-
dancy in the F11/FS11 pumps reduced local risk by 62 % compared to
single lines. The use of the Python-based software package with an im-
pulse convergence criterion of e=10 guarantees computational stability
for graphs with more than 25 nodes, creating a foundation for reducing
unplanned SPP downtime, 40 % of which is statistically linked to high-
pressure fuel equipment failures. Prospects for future work involve ex-
panding the model to other general ship systems, implementing neural
network algorithms for the adaptation of importance coefficients §;, and
full integration of the developed "cognitive digital twin" into the onboard
decision support systems of autonomous marine vessels.
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PREDICTION OF THE ONSET OF FATIGUE FAILURE OF SHIP
PROPELLER SHAFTS

Statement of the problem in general form

Most ship structural components operate under cyclic loading, which
creates favorable conditions for the development of fatigue cracks.
Restoration, repair, and replacement of these components, particularly the
underwater section, are performed only after the vessel is decommis-
sioned.

With the increase in cargo transportation volumes, ship sizes,
particularly tanker fleets, significantly increase. This leads to increased
power of ship propulsion systems and, consequently, increased loads on
ship propeller shafts. It should be noted that failures of ship propeller
shafts cause damages that far exceed the cost of the shaft. They can entail
vessel downtime costs and loss of operating profits; vessel repair (dock)
costs; replacement of the shafts themselves; and, in some cases, lost
propellers.

Furthermore, failures of this kind can affect the ship's controllability
and, under certain conditions, lead to the loss of the vessel. Therefore,
ensuring the strength of propeller shafts is essential for reducing accidents
at sea.

As practice shows, contact of the propeller shaft with seawater is
unavoidable. To protect against corrosion and reduce the coefficient of
friction, propeller shaft liners (jackets) are used. These are metal cylinders
tightly fitted to the shaft journals.

When exposed to seawater, the propeller shaft surface is subject to
severe corrosion. Identified causes of propeller shaft damage indicate that
the majority of damage (over 60% of cases) are due to fatigue and
corrosion fatigue of the propeller shafts.

Statement of the problem
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The objective of this study is to predict the initial stage of fatigue
failure of a propeller shaft, which allows us to determine the moment
when a fatigue crack enters the macrocrack development stage.

1.Analysis of the latest researches and publications

The problem of damaged and broken propeller shafts has been around
for a long time; the first statistical data on this issue were published by
foreign classification societies back in the 1930s.

Figure 1 shows a comparative analysis of the economic costs to a
shipowner for a scheduled propeller shaft replacement and the damage
caused by its failure, using the example of a propeller shaft of a 3,500-ton
deadweight tanker built in Vietnam with a diameter of 290 mm and a
length of 7,850 mm [1]. This tanker is transporting crude oil from the
Bach Ho (White Tiger) offshore field to the Dung Quat refinery in central
Vietnam (a distance of approximately 500 km). The shipowner's earnings
in this case are approximately $242,000.

Damage from an emergency shaft failure  Costs for scheduled shaft replacement

71219 8 0,3 12
Lifting/lowering a vessel on a slip
Installation/dismantling of shaft, propeller, steering gear
Propeller shaft defects
Purchase (manufacture) of a new propeller shaft
Rent for the use of berth walls and slipways

OFERNA

Losses to the shipowner due to vessel downtime during preparation for repairs

Fig. 1. Analysis of economic costs for emergency failure and scheduled
replacement of a propeller shaft (in thousands of US dollars)

Figure 1 shows that the main difference, in terms of economic costs,
is the amount of damage to the shipowner due to vessel downtime. In the
case of a shaft failure, this figure is six times higher than the damage due
to downtime due to a scheduled propeller shaft replacement. Summarizing
statistical data on propeller shaft damage is a rather complex task, as the
data from various sources relate to different time periods and vessel types.
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Furthermore, most of this data is incomplete, often failing to indicate the
causes and locations of cracks.

Contribution of the main material of the investigation.

The main places of origin of cracks in propeller shafts

An analysis of literature sources [2-13] showed that cracks in
propeller shafts can be categorized by location into the following main
types (Fig. 2):

1. directly in the shaft body;

2. in or near the keyway extending into the shaft body, including near
the keyway mounting holes;

3. at the shaft transition from a cone to a cylinder at the aft end;

4. directly in the liners;

5. at the edges of the liners (at the bow and aft ends of the liners);

6. in the welds and weld-affected zones of the liners.

The formation of cracks in the area of the keyway (Fig. 2 a, b) and the
keyway mounting holes is quite typical for propeller shafts and is caused
by the keyway and holes acting as stress concentrators within the
propeller shaft. The presence of cracks in the large diameter of the
propeller shaft seating cone is caused by the greatest loads in this section
of the shaft.

a) o b) ) . c)
Fig. 2. Cracks and damage in the area of the keyway.

The large diameter of the propeller shaft cone essentially serves as the
sealing point for the cantilever portion of the propeller shaft within the
ship's hull, via the sterntube support. The primary cause of cracks at the
edges of the liners is electrochemical corrosion due to the formation of a
galvanic couple (in the case of liners made of non-ferrous metals). This
results in large corrosion pits (10-12 mm deep [2]) forming around the
shaft circumference near the ends of the liners, reducing the fatigue limit
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due to stress concentration. Cracks in the welds and weld-affected zones
of the liners are a consequence of changes in the mechanical properties of
the material due to thermal effects during the welding process. Cracks
directly in the shaft body or liner may be the result of poor machining or
the presence of metallurgical defects in the material. Studies have shown
[1] that, when cracks were found directly in the shafts, 67.5% of shafts
were replaced and 32.5% were repaired; due to cracks in the linings,
34.5% of shafts were replaced and 65.5% were repaired.

Analysis of these data (Table 1) allowed us to plot graphs of changes
in the specific crack detection rates (in shafts and linings) and propeller
shaft replacements for different diameters (Fig. 3).

Table 1. Shaft damage statistics for different shaft diameters.

Shaft diameter, | Number of | Number of |Cracks in the Crat;ks N1 Shaft
mm vessels dockings shaft body ¢ replacements
cladding
to 400 449 3113 63 79 39
400 - 500 88 730 19 13 20
500 - 600 75 590 15 20 10
over 600 44 262 3 6 1
A
0,04
0,03 1
0,02 1
0,01 1

400

400-500

5001600 above 600

Shaft diameter. mm

Fig. 3 Specific value of crack detection in shafts and liners and shaft
replacements per one docking

The diagram (Fig. 3) shows that the majority of damage occurs to
shafts with diameters of 400-600 mm, which is consistent with statistics
from Veritas France [14]. However, as shaft diameter increases, damage
rates decrease. Furthermore, it should be noted [15, 16] that in recent
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years, instances of propeller shaft failures on ships have increased sharply.
During this period, there were 73 cases of propeller shaft damage,
accounting for 15% of the total number of damages to ships and their
components across all supervised vessels.

This is due to the high degree of wear on mixed (river-sea) navigation
vessels, excess operating hours of propeller shafts, violations of repair
procedures and poor quality inspection, fatigue and corrosion-fatigue
processes, and changes in the navigation conditions of the vessels. Thus, it
can be concluded that the problem of damage and breakage of propeller
shafts, according to data [18], remains relevant today, especially for
mixed-navigation vessels, which may be due to the design features,
operating conditions, and high degree of wear of the tanker fleet (river-sea
type vessels). The main sites of crack initiation in propeller shafts [17, 19]
are the shaft seat cone and the keyway area. Fatigue and corrosion fatigue
are the main causes of damage to propeller shafts.

2. The fatigue failure process, existing energy criteria for fatigue
failure

2.1 Stages of the fatigue failure process.

The entire process of fatigue failure development cannot be described
by a single criteria equation. Most existing criteria are based on the
relationships of linear fracture mechanics theory, which cannot be applied
to the description of small crack growth kinetics [20 - 22].

Crack growth is a staged process, but the division of this process into
stages varies. One such option is the following [17]:

- Stage one is the number of loading cycles to which a structural
element is subjected until a small crack capable of propagating develops;

- Stage two is the number of loading cycles during which the small
cracks develop until a macrocrack appears;

- Stage three is the number of loading cycles during which
macrocracks develop until the structural element fails.

Thus, the entire process of fatigue failure of carbon steels can be
divided into several stages:

N, = N;j + Njj + Njj + Ny,

Where N, is the overall life of the structural element; N; is the number
of cycles corresponding to the initiation and growth of microcracks within
a single microstructural grain; Nj; is the number of cycles corresponding to
crack propagation from a size corresponding to the grain diameter to the
appearance of a macrocrack; Nj; is the number of cycles corresponding to
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the development of a macrocrack; Nj, is the number of cycles
corresponding to the fracture process.

The first stage of fatigue failure is associated with the initiation and
growth of a microcrack within a single microstructural grain of the
material. In this case, we are talking about a microcrack of the order of
ohe to two tens of micrometers, and for each specific material, this will be
determined by the average grain diameter of the microstructure.

The second stage is the stage of small crack development. Experience
shows [18, 19] that the second stage of fatigue failure accounts for
approximately 40-60% of the total service life, and for some materials,
this figure can reach 80-90% [20]. During this stage, abrupt changes in
crack velocity are observed, which is due to the influence of
microstructural barriers on crack growth. Crack sizes in the second stage
reach approximately 0.5-1 mm, which corresponds to the possibility of
detection using dye or magnetic flaw detection.

The third stage, which, as a rule, is also quite lengthy, is associated
with the development of macrocracks, i.e., cracks whose growth is not
affected by microstructural barriers, and is described by the equations of
linear fracture mechanics. Cracks at this stage are generally visible to the
naked eye and can have various sizes, depending on the dimensions and
geometric parameters of the structural element being examined. The
fourth stage is associated with the fatigue failure of the structural element;
this stage can occur very quickly, almost instantaneously. The fourth stage
may be absent for some materials or structural elements with certain
geometric parameters and operating load conditions, and is typically
characterized by the absence of a second vertical segment on the crack
growth rate curve.

Thus, it can be noted that for a number of critical components and
structural elements (such as propeller shafts) of seagoing vessels, the
operation of which is prohibited if cracks are present, the most pressing
issue is determining the duration of the first and second stages, rather than
predicting the overall service life of the element. Therefore, to ensure the
safe operation of the propulsion system of seagoing vessels, studying the
initiation and growth of small cracks is particularly important. The
presence of a macrocrack in a propeller shaft or liner, the growth of which
is described by linear fracture mechanics, suggests the need for urgent
replacement of the shaft.

2.2 Analysis of existing energy criteria for fatigue failure
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Energy criteria are most suitable for the mathematical description of
the initial stage of fatigue failure. Energy criteria for fatigue failure are
based on the assumption that the ultimate limit state is determined by the
critical value of irreversibly dissipated energy. In this case, the energy per
loading cycle, the total number of cycles to failure, or other parameters
derived from these are considered.

The parameter of specific irreversibly dissipated energy per cycle is
calculated using the formula:

D=K;c,Ag,,

Where K is the hysteresis loop shape factor; o, is the stress amplitude
of the cycle; Ag, is the inelastic strain of the material.

Figure 4 shows a series of dependences of the specific dissipated
energy per cycle on the number of cycles to failure. According to these
data, the number of cycles to failure increases with decreasing specific
dissipated energy per cycle. It should be noted that, for the same number
of cycles to failure, the absolute energy values change significantly, even
for alloys with the same base material.

The parameter of total dissipated energy is also of interest in
developing energy criteria for fatigue failure. Figure 4 shows the
dependences of total dissipated energy on the number of cycles to failure
in bending [21].

The data in Fig. 5 show that with an increase in the number of cycles
till failure, the total dissipated energy increases significantly for most of
the alloys studied.

Various relationships have been proposed to describe these relation-
ships. Thus, in addition to the assumption that all dissipated energy goes
toward fatigue failure:

Np
Z D = const,
1

In the works of Goltsev [22], Hanstock [15], and other authors, it is
assumed that only the difference between the total energy and the energy
dissipated at stresses equal to the fatigue limit is used for the development
of fatigue damage.
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Fig. 4. D - Np dependence in logarithmic coordinates: 1 - EI726 steel;
2 - 20Kh steel; 3 - 25 steel; 4 - 45 steel.
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Fig. 5. Change in energy depending on the number of cycles before failure in
bending: 1 - steel 20X; 2 - steel 25; 3 - steel 45(1); 4 - steel E1726; 5 - steel
12X13; 6 - steel 45; 7 - steel 40X; 8 - steel 45 (hardening and high tempering);
9 - steel 45 (hardening and low tempering); 10 - copper.

The remaining energy per cycle remains constant at stresses above the
fatigue limit.
Np

> (D-D,)=const,

1
where D is the specific energy dissipated per cycle, when stresses equal to
the fatigue limit.
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Troshchenko [14] suggests that the portion of the energy that does not
contribute to the development of fatigue damage is not constant, but
increases with increasing dissipated energy per cycle:

Np a
> |D-D, o = const,
1 Dr

Where o is a parameter characterizing the rate of increase of that
portion of the energy that does not contribute to the development of
fatigue damage.

The parameter o varies between 0 and 1. At o = 0, Equation 5
becomes Equation 4; at a = 1, all dissipated energy does not contribute to
the development of fatigue damage in the material. It was also noted that
the energy values determined according to Equation 5 are close to the
energy equivalent to the latent heat of fusion of metals.

Feltner and Morrow [5] suggested that fatigue failure is associated
with the parameter of critical irreversibly dissipated energy, which is
equal to the ultimate work of deformation under static loading. It was
assumed that the mechanical hysteresis loop has constant dimensions
during cyclic loading.

Agj

D, =2N | ods,
0

where D, is the ultimate energy value.

Morrow subsequently proposed [6] that the total dissipated energy is
inversely proportional to the fourth power of the ratio of the true tensile
strength to the stress amplitude:

4
o, 1
D, SM[G j . S, Trm G,e,,
where S, is the fracture energy with a monotonic increase in load; m0 is
the strain hardening coefficient.

This equation is also valid for torsion. Morrow's controversial points
include the dependence of dissipated energy on stress, which is essentially
constant for all materials and stress ranges.

Stall, in his work [7], proposed describing the stress-strain diagram
for both static and cyclic loading using the following formula:

a

(o) (o)
e=—+e,sh—,
E o,
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where ey and o, are constants, and o, is the true voltage.
The hysteresis loop area adopted by Stoll for a pulsating cycle is
written as follows:

oB
D=Ge—2I6dGu,
0

Considering the variable nature of the hysteresis loop, that in an axi-
symmetric cycle only the half-cycle of stretching is taken into account, we

obtain:
2
c
Dcpzlcsoe0 —5sh— 2ch 2w —1 ||,
2 (o o

Thus, the failure condition for a pulsating loading cycle will have the
form:
N,D, =S,
Chang in his work proposes the following condition for fatigue
failure:
Np(D—Dr): D.,

Martin, Muratov, and others consider the total hardening energy as a
fatigue failure criterion. Thus, in Martin's work:

N,EffAe, =D,

E/ =tgB,E =tgo.
Muratov's energy dissipated during the cycle, associated with
hardening:
D E_EU
Dz(ca —cﬁu) %,Dc =DN,,
In lvanova's work, the energy expended in destruction is compared
with the parameter of latent heat of fusion:

Dcp(Np—Ni):Lm,

where D, is the average energy value per loading cycle; Ni is the number
of cycles at which crack initiation begins; Np is the number of cycles until
failure; Lpl is the latent heat of fusion of the metal.

In the works of Troshchenko [17, 18], the following energy criterion
IS presented:
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c
Dc ) Su (i],
Gy

where b is a parameter characterizing the intensity of the increase in the
total dissipated energy compared to the value Su with a decrease in the
stresses oa.

Conclusions

1 The problem of damage and breakage of propeller shafts remains
relevant nowadays. Propeller shafts of river-sea vessels, with shaft
diameters of approximately 200 mm, are particularly susceptible to
damage.

2 The main causes of damage to ship propeller shafts are fatigue and
corrosion fatigue, with the primary damage sites being the propeller seat
cone and the keyway area, which is consistent with calculation data.

3 A calculation model for the initial stage of fatigue failure, developed
based on the elastic deformation energy parameter of the material, allows
us to determine the duration of the initial stage of fatigue failure of a
propeller shaft and determine the need for scheduled replacement, as
current regulations prohibit the operation of cracked propeller shafts on
seagoing vessels.

4 The data obtained during the experiment allow us to conclude that
the specific elastic deformation energy accumulated per unit length of the
resulting crack is a constant value, independent of the level of applied
stresses.

5 Timely replacement of the propeller shaft allows the shipowner to
avoid costs associated with lost operating profits due to vessel downtime,
which can occur in the event of a propeller shaft failure. These costs
amount to approximately $300,000.
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PE®EPATHU

TI'onixoea B.B., Kpaiinosa B.1., Po3nyyskuit O.M. InTerpoBana nNpoaKkTuB-
HA Mojeb 3a0e3neveHHsi nmpogeciiiHoi AiAIbHOCTI miA Yac ekcruryaTaunii
MOPCHKHUX CyJeH B YMOBaX BHKOPHCTAHHSI aJbTePHATHBHUX NaJuB i mud-
poBi3zanii

VY crarti 00rpyHTOBaHO HEOOXiAHICTH (POPMYBaHHS IHTETPOBAHOI MPOAKTHB-
HOi Mojeni Oe3MeKH Mpalli Ha MOPCHKOMY TPAHCIIOPTI B YMOBaX €HEPreTHIHOTO
nepexony, mupoBizamii CyTHOBHX CHCTEM 1 IMOCHICHHA KibepdizmuHmX 3arpos.
ITokazaHo, 0 TpaauIiiiHa peakTHBHA MOJEIb, OPIEHTOBAHA MIEPEBAXKHO HA aHa-
73 yKe peami3oBaHMX IHIMICHTIB, HE MOBHOIO MIpOIO BIAIOBiZa€ CYYacCHUM
yMOBaM €KCIUTyaTalii CyIeH HOBOTO TOKOJIHHS. BcraHOBIEHO, MO eeKTHBHE
3a0e3neueHHs OXOPOHHU Mpalli Ha MOpi MOTpedye Mmepexoay M0 CUCTEMH 3aBYac-
HOTO BUSIBJICHHS, OL[IHIOBaHHS Ta MOIEPEKEHHsI HeOe3NeYHNX CTaHiB, SKi BUHU-
KalOTh TiJ BIUIMBOM TEXHIYHHUX, JIIOJCHKHX, OpPraHi3aliiHUX, CHEPreTHIHHX i
uudpoBux unHHKKIB. [IpoaHanizoBaHo cy4acHi HAyKOBI JOCIIIXKSHHS, aHATITHY-
Hi 3BITH Ta HOPMAaTHBHI JOKYMEHTH, NPUCBSIYCHI HU(PPOBUM ABIMHHKAM, IITYY-
HOMY iHTeNeKTy, VR/AR-TeXHOOTIsIM, MOHITOPHHTY (DYHKI[IOHATBHOTO CTaHY
MOPSIKIB, TICHXOCOIIIaIbHUM acHeKTaM O3IeKH IIpalli, yMpaBIiHHIO PH3HUKAMH
aNbTEPHATHBHUX TMANHB 1 Kibeppu3nKiB. MeTOI0NOTIYHO0 OCHOBOIO JOCIIIKEH-
HS BU3Ha4YeHO KoHuennito Safety-II, y Mexax sikoi Oe3meka TpakTyeThes K 3/aT-
HICTh COIIIOTEXHIYHOI CHCTEMH IiITPUMYBAaTH KepoBaHe (PYHKI[IOHYBaHHS B YMO-
BaX MIHJIMBOTO CEpEIOBHIIA. 3alIPOTIOHOBAHO CHHEPTETHYHY CTPYKTYpY 1IHTETpO-
BaHOI IPOAKTHBHOI MoJeli Oe3NeKH Ipaili, 0 MOEAHYE IMEPCUBHY MiJrOTOBKY
eKinaxiB, HUPpPOBUII MOHITOPHHT, IPEAUKTUBHY aHANITHKY, BAKOPUCTaHHS LU (D-
POBHX [BIMHHKIB, MEXaHI3MH I[CHXOCOIaJbHOI MIATPUMKHA Ta IHTETPOBaHE
YIPaBJIiHHS PU3MKAMU alIbTEPHATUBHUX MaUB 1 Kibep3arpo3. OOIpyHTOBaHO, IO
peastizallisi TAKOro MiJIX0ly CTBOPIOE MEPEyMOBH AJIsl 3HWKEHHS npodeciiiHoro
PH3HKY, HiIBUIEHHS aalTHBHOI CTIHKOCTI CYJAHOBOI CUCTEMH Ta BJIOCKOHAJICH-
HS TPAKTHUKH OXOPOHH TIpalli Ha MOPCHKOMY TPaHCIOPTI.

KirouoBi cioBa: 0XopoHa Iparli Ha MOPCHKOMY TPAHCIIOPTi; IPOAKTHBHA MO-
nenb O0esmekn mpani; Safety-11; mudposizamis cyqHOBUX cHCTEM; MUPPOBI IBii-
HUKY; WITY9HUH iHTeneKkT, VR/AR-TeXHONOTIi; anbTepHATHBHI CyIHOBI IaJHBAa;
Kibep(i3uyHI PU3UKH; ICUXOCOIIAIbHA CTIHKICTD EKIMaxy.

Golikova V.V., Krainova V.l., Rozlutskiy O.M. An Integrated Proactive
Model for Ensuring Proffesional Activity in the Operation of Seagoing Ships
under Conditions of Alternative Fuel Use and Digitalization

The article substantiates the need to develop an integrated proactive occupa-
tional safety model in maritime transport under the conditions of energy transi-
tion, digitalization of ship systems, and the growing impact of cyber-physical
threats. It is shown that the traditional reactive model, which is mainly focused on
investigating incidents that have already occurred, no longer fully meets the oper-
ating conditions of new-generation vessels. The study argues that effective occu-
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pational safety management at sea requires a transition to a system based on the
early identification, assessment, and prevention of hazardous conditions caused
by technical, human, organizational, energy-related, and digital factors. The paper
analyzes contemporary scientific studies, analytical reports, and regulatory docu-
ments dealing with digital twins, artificial intelligence, VR/AR technologies,
monitoring of seafarers’ functional condition, psychosocial aspects of occupa-
tional safety, as well as risk management related to alternative fuels and cyberse-
curity. The methodological basis of the study is the Safety-Il concept, within
which safety is understood as the ability of a socio-technical system to maintain
controlled and acceptable performance under changing conditions. A synergistic
structure of an integrated proactive occupational safety model is proposed, com-
bining immersive crew training, digital monitoring, predictive analytics, digital
twins, psychosocial support mechanisms, and integrated management of alterna-
tive fuel and cyber risks. It is argued that the implementation of such an approach
creates the prerequisites for reducing occupational risk, enhancing the adaptive
resilience of the ship system, and improving occupational safety practices in
maritime transport.

Keywords: occupational safety in maritime transport; proactive occupational
safety model; Safety-Il; digitalization of ship systems; digital twins; artificial
intelligence; VR/AR technologies; alternative marine fuels; cyber-physical risks;
psychosocial resilience of the crew.

Kpueun M. O., Kpueuii O. @. Kpurepiii pe:xxuMiB po0oTu nijluMNHUKIB
KOB3aHHSI CyAHOBOI'0 MPONYJIbCHBHOI0 KOMILIEKCY i3 ypaxyBaHHsIM HeHbIO-
TOHIBCbKOI MOBEAIHKH MACTHJI

Higmunmankn xoe3aHeg ([1K) € BaXTMBUM AWMHAMIYHUM BY3JIOM CYIHOBOTO
MIPOITYJILCHBHOTO KOMIUIEKCY, BOHM TPHUCYTHI B TOJIOBHIN 1 JOTIOMIXKHUX €Hepre-
TUYHHUX YCTAHOBKaX, a TAKOX 3a0€3MeuyroTh Iepeaady KyTOBHX MEepeMillleHb Ha
IBUHT 1 CTepHO. ABapiiiHi cuTyalii, sKki MOXYTh BHHHKHYTH B MiJIIHITHUKAaX
KOB3aHHS, MOXYTh IIPU3BECTH NO CYTTEBUX IOLIKO/PKEHb IHIIMX EJIEMEHTIB 1
BY3JIiB CYJHOBOTO IPOMYJLCUBHOIO KOMIUIEKCY 1 3aBJaTH 3HAYHUX 30HMTKIB.
[TpuyoMy BKazaHi HOIIKOJDKEHHS, SK NPaBHJIO, HE MOXYTb OyTH YCYHYTUMH B
yMmoBax peiicy. ToMy MOCTIHHHN MOHITOPHHI 1 JiarHOCTHKAa POOOTH IMi/IIUII-
HUKIB KOB3aHHSI € BOXJIMBUMHU NPAKTUYHUMH 1 CKIIaJHUMHU TEOPETHYHUMH 3aj1a-
yaMu. MOHITOPHUHT 1 JliarHOCTHKA POOOTH CYAHOBHX Iap KOB3aHHS BiJJOyBa€THCS
pi3HMMH MeToAaMH 1 criocobamy, ajie BCi BOHM CIIMPAIOThCS Ha JIOCIIDKEHHS
TiIPOJMHAMIYHUX TIPOIIECIB, SAKi BiIOYBAOTHCS B IiANIMITHUKAX KOB3aHHS B MPO-
eci excrityaranii. BkazaHHi gociiukeHHs, SIK IPaBmilo, BiiOYBaIOThCSl HA OCHOBI
pO3B’s3KiB  udepeHIiadbHOoro piBHSHHSA PeifHonbica, 3a JOMOMOIOI0 SIKMX
BH3HAYAIOTh PO3MOAII MATOMOTO TiIPOAWHAMIYHOIO THCKY B poOodiii 30HI Ma-
CTHJIFHOTO IIapy HiAMWIHUKA KOoB3aHHA. [Ipn pigmHHOMY TepTi MUTOMUIL TiIpo-
JTUHAMIYHUNA THCK B poO0Uii 30HI Mapy KOB3aHHA € oOMexeHnM. [lopymeHns miel
YMOBH TIPU3BOJIUTH A0 aBaPiifHUX CUTYyaIlidl mpu poOOTi MiIIMIHHUKIB KOB3aHHS.
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B nanomy nociijpkeHi BpaxoBaHO HEHBIOTOHIBCHKY ITOBEIHKY MAacTHI B pobouiit
30HI MiANIMITHUKA KOB3aHHS, 10 JO3BOJIMIO OTPUMATH HOBHH KPUTEPii piIUHHO-
ro pexnmy pobotu ITK. OTprmMana MateMaTHdHa MOJENB IS YHCIA KPUTEPiro,
SIKE 3aJICKUTHh BiJl BIIHOCHOTO EKCIEHTPHCHUTETY MK BKJIafumieM i marmdoro.
BxingHnit mapamerp KpUTepilo — KOe(]ilieHT BIUIMBY 3aJE€KHUTH BiJ] IapaMeTpiB
poOOTH MiAMUITHAKA KOB3aHHSA: YaCTOTH OOEpPTaHHS, BiIHOCHOTO paaiallbHOTO
3a30pY, a TAKOX BiJ{ B’SI3KICTHUX XapaKTEPUCTUK MACTHII: TUHAMIYHOI B’SI3KOCTI i
1’ e30koedimienTy B’s3kocTi MacTwi. [IpoBeneHa Bamigamiss OTPUMAaHOTO KpH-
TEpilo JUIs paMOBHX 1 IIATYHHUX MiJIIUITHUKIB KOB3aHHS JECATH OCHOBHHX CYJI-
HOBHX JIBUTYHIB.

Karouosi ciaoBa. [linmmnmHUK KOB3aHHS, CYAHOBHMH INPOIYJLCHUBHUI KOM-
IUIEKC, KPUTEPiil PIIMHHOIO TEPTs, HEHBIOTOHIBCHKI MacTHIla, MaTeMaTHYHa MO-
JeTb

Kryvyi M. O., Krywyi O. F. Criterion for the operating regimes of plain
bearings in a marine propulsion system taking into account the non-
newtonian

Plain bearings are important dynamic units of a marine propulsion system.
They are used in the main and auxiliary power plants and also ensure the trans-
mission of angular motion to the propeller and rudder. Emergency situations that
may arise in plain bearings can lead to substantial damage to other components
and units of the marine propulsion system and cause significant losses. Moreover,
such damage usually cannot be eliminated during a voyage. Therefore, continu-
ous monitoring and diagnostics of plain bearing operation are important practical
tasks and, at the same time, complex theoretical problems. The monitoring and
diagnostics of marine sliding pairs are carried out using various methods and
techniques; however, all of them rely on the study of hydrodynamic processes
occurring in plain bearings during operation. These studies are generally based on
solutions of the Reynolds differential equation, which make it possible to deter-
mine the distribution of specific hydrodynamic pressure within the working zone
of the lubricant film in a plain bearing. Under fluid friction conditions, the specif-
ic hydrodynamic pressure in the working zone of the sliding pair is limited. Vio-
lation of this condition leads to emergency situations during the operation of plain
bearings. In this study, the non-Newtonian behaviour of lubricants in the working
zone of a plain bearing was taken into account, which made it possible to obtain a
new criterion for the fluid-friction operating regime of plain bearings. A mathe-
matical model was developed for the criterion number, which depends on the
relative eccentricity between the bearing shell and the journal. The input parame-
ter of the criterion, namely the influence coefficient, depends on the operating
parameters of the plain bearing, including rotational speed and relative radial
clearance, as well as on the viscosity characteristics of the lubricant, namely dy-
namic viscosity and the piezoviscosity coefficient. The obtained criterion was
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validated for the main and connecting-rod plain bearings of ten marine main
engines.

Keywords: plain bearing, marine propulsion system, fluid-friction criterion,
non-Newtonian lubricants, mathematical model.

Kopéan B.X., Illyminosa K.B. EpeKTUBHICTH 0UHIIIEHHS] BUIIYCKHHX Ta3iB
CY/IHOBMX €HepreTHYHHMX YCTAHOBOK eJIeKTPOMATHITHOI0 XBMJIEI0 KPYIoBOi
nojaspu3auii

TexHik0-eKOHOMIYHUN acCHEeKT OYMIICHHS BHKHJIB BiANPAIbOBAHUX Ta3iB 1
TBEpAMX YAaCTHHOK 3TOPSIHHS TaluBa B CyJHOBHX CHEPreTHYHHMX YCTaHOBKaxX
NOJIATaE B pallioHaIbEHOMY BUOOpPI TEXHOJIOTii BAPOOHUYOT0 MPOLECY 1 TEXHIYHUX
3ac00iB, 10 3a0€3MeUyI0Th NPH HaHMEHIINX €KOHOMIYHHUX BUTpATax peaizaliio
HEOOXITHHUX MPUPOIOOXOPOHHHUX 3aX0/iB. 3HAYHA KUIBKICTh IIKIJIMBUX BHKHUJIIB
3 BUXJIONHHX TPYO CyJHOBHX €HEPreTHYHHUX YCTAaHOBOK, IO HAJXOJUTh B aTMOC-
¢depy 1 MOPCBEKY BOXy, 3yMOBIIIO€ HEOOXiTHICTh yJOCKOHAJIOBATH TEXHOIOTIIO
3aXHCTYy HAaBKOJMIIHBOTO CEPENOBHINA Bif iX MKiammBoro BIMBY. OCHOBHA
Maca IIKIJUTMBUX KOMIIOHCHTIB BUKHA€THCS Ha BucoTy 200-300 M i mOMHpPIOETH-
Cs1 Ha JJOCUTh BEJHKI BIICTaHI 10 TPaHUYHO-JOMYCTUMHX KOHICHTPAIIH B 3aIex-
HOCTI BiJl KOHKPETHUX KIIMaTHIHUX CUTYAIIii.

Heiitpamizamis MKiJUIMBUX BUKWAIB BUXJIOIMHHUX TPYO CYJHOBHX €HEpreTHd-
HHUX YCTaHOBOK JIO TENEPIIIHbOr0 Yacy B IIOBHOMY 00cCs3i He 3/1ilicHeHO. Y JaHiil
poOOTI pO3rIsTHYTa HEHTpasi3allis MIKIIJIUBUX KOMIIOHEHTIB, [0 BUKHIAIOTHCS 3
BUXJIOIIHUX TPYO CYJHOBHX €HEpreTMUHHX ycraHoBok, CBU-meronom. CyTHicTh
CBY-merojy nosjsirae B CTBOPEHHI XBUIII KPYTOBOI MOJISIpU3allii, eleKTpOMarHiT-
He 1oJjie sKoi, o0epTae ra3onoiOHi, piZKi Ta TBepAi KOMIOHEHTH Ha BUXOJI BU-
XJIOITHOT TPYOM CYAHOBOI €HEpreTHYHOI YCTaHOBKHM 1 HalpaBise iX B IEBHY €M-
KiCTB, [Ie BiIOYBA€ThCA X 0capKEHHS 1 HeHTpaizartis.

[Ipu obepraHHI TBEpAMX, PIIKUAX i Ta30MOAIOHIX YACTHHOK 332 KPYTOBOIO Op-
0ITOIO ENEKTPOMATHITHOI XBWIII BPaxOBYEThCS isl crin JIopeHIla B MarHITHOMY
moJti XxBriTi. Bu3HadueHo pafiyc cmipansHOro 0O0epTaHHS YaCTHHOK Y XBHII KPYTo-
Boi mossipusauii. IlpencraBieHa MBUIKICTb MaJiHHA YacTKU IPU OOEpTaHHI B
KiHIII cripaiti 3 BUKOpUCTaHHSIM (popmynu CTokca.

Ki1r04o0Bi cjioBa: exekTpoMarHiTHa XBWJISL, KpyroBa HOJISIpHU3aliis,, o0epTaHHA
€JIEKTPOMArHiTHOrO BEKTOPY, MIKI/UIUBI XIMIYHI BUKHIH, TaPAMETPH €JIeKTpoMa-
THITHOT XBHJIL.

Korban V.H., Shumilova K.V. Efficiency of clearing of final gases of ship
power plants by hertzian wave of circular polarization

The technical and economic aspect of the purification of emissions of exhaust
gases and particulate matter combustion in ship power plants consists in a rational
choice of the production process technology and technical means that ensure the
implementation of necessary environmental measures at the lowest economic
cost. A significant amount of harmful emissions from the exhaust pipes of ship
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power plants entering the atmosphere and seawater, leads to the need to improve
the technology of environmental protection from their harmful effects. The bulk
of harmful components is emitted to a height of 200-300 m and spreads over
fairly large distances to the maximum permissible concentrations, depending on
the specific climatic situations.

Neutralization of harmful emissions from exhaust pipes of ship power plants
has not yet been fully implemented. In this paper we consider the neutralization
of harmful components emitted from the exhaust pipes of ship power plants using
the microwave method. The essence of the microwave method is to create a wave
of circular polarization, the electromagnetic field of which rotates the gaseous,
liquid and solid components at the exit of the exhaust pipe of the ship's power
plant and sends them to a specific container, where they are deposited and neu-
tralized.

When solid, liquid and gaseous particles rotate in a circular orbit of an elec-
tromagnetic wave, the effect of the Lorentz force in the magnetic field of the
wave is taken into account. The radius of the spiral rotation of particles in a wave
of circular polarization is determined. The rate of particle incidence during rota-
tion at the end of the helix using the Stokes formula is presented

Keywords: electromagnetic wave, circular polarization, rotation of the elec-
tromagnetic vector, harmful chemical emissions, parameters of the electromag-
netic wave.

Hapmenosa /I.I'., Kyneuwos 1. M. Hnppogi 3acodu 3abe3neueHHst aekapoo-
Hi3auii MOPCBKOro TpaHCIOPTY

VY crarTi gocHiKeHO polib M(POBUX IHCTPYMEHTIB y JiekapOoHi3allii MOpch-
KOTO TPaHCIOPTY B yMOBaX IMOCHJICHHS MDKHAPOJHUX 1 PETiOHAJbHHUX EKO-
noriyHuX BUMOT. OOIPYHTOBAaHO, IO CKOPOYCHHS BHUKHIIB Y CYJHOIUIABCTBI
3aJICKUTh HE JIMIIE BiJ Tepexoay Ha albTepHATHBHI IMaliBa, MOACPHi3alii eHep-
TeTUYHAX YCTAaHOBOK i PO3BHUTKY OEpEroBOro elIeKTPOIoCcTavyaHHsd, a i Bix mug-
poBi3amii CyIHOBUX, MMOPTOBHX 1 JIOTICTHYHHX TporeciB. CHCTEMaTH30BaHO OC-
HOBHI rpynu HU(POBUX IHCTPYMEHTIB: CUCTEMU MOHITOPHHTY i aHAJIITUKHU TaTu-
BOCIIO)KMBaHHS, BUKU/IIB 1 BYTJIClEBOI IHTCHCUBHOCTI Cy/Ha; 3aCO0HM ONMTHMi3alii
peiicy, IIBHIKOCTI Ta NOTOJHOI MaplIpyTH3alii; HU(PPOBI ABIHHUKH; IHCTPYMEH-
TH IITYYHOTO IHTEJIEKTY, MAIIMHHOTO HaBYaHHS Ta MPOrHO3HOTO TEXHIYHOTO
00cnmyroByBaHHs; TOpTOBi udpoBi miardopmu. [Tokazano, Mo iX BUKOPUCTAHHS
3a0e3nedye TOUHIIIE IUIAaHYBAaHHS PEWCy, KOHTPOJb IAJIMBOCHOXHBAHHS 1 BH-
KHJIB, PAaHHE BWSBIICHHS MOTIPIICHHS TEXHIYHOTO CTaHy OOJaTHAHHS, ITiJBH-
IIEHHs eHeproe()eKTHBHOCTI Ta Y3rOJDKEHHs CYJHOBHX OIlepauiil i3 perynsrop-
HUMH BHMOTaMH. BH3HAa4eHO OCHOBHI OOMEXEHHs IH(POBOI JekapOoHizailii,
cepel SKUX SAKICTh JaHUX, TOYHICTh CEHCOPIB, CTaHAapTH3aLisl iHPOPMALIHHOTO
0o0OMiHy, CyMICHICTb cucTeM, KibepOesIieka Ta MiIr0TOBJICHICTh IepCcoHaTy. 3p00-
JICHO BHCHOBOK, 110 IIU()POBI IHCTPYMEHTH € CHCTEMHOIO OCHOBOIO TIEPEX0/y Bil
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JIeKJIapaTHBHUX LiIel JekapOoHizalii 10 KOHKPETHUX eKCIUTyaTaliiHUX pillleHb
Yy MOPCBKOMY TPaHCIIOPTi.

KurouoBi cioBa: nmexapOoHi3amis MOPCBKOTO TPAaHCHOPTY, HH(POBi3allis
CyIHOIUTABCTBA, BYTJIEIIEBa iHTEHCUBHICTD CyIHA, CHeproe(heKTUBHICTh, THPPO-
B ABIHHUK, IITYYHUH IHTENEKT, MAIIMHHE HABYAHHS, [IOr0IHAa MapLIPYTH3aLis,
opTOBi II(POBI IaTHOPMHU.

Parmenova D. G., Kuleshov I.M. Digital Tools for the Decarbonization of
Maritime Transport

The article examines the role of digital tools in the decarbonization of mari-
time transport under increasingly strict international and regional environmental
requirements. It is argued that emission reduction in shipping depends not only on
alternative fuels, modernization of ship power systems, and the development of
onshore power supply, but also on the digitalization of shipboard, port, and logis-
tics processes. The study systematizes the main groups of digital instruments:
monitoring and analytical systems for fuel consumption, emissions, and ship
carbon intensity; voyage, speed, and weather routing optimization tools; digital
twins; artificial intelligence, machine learning, and predictive maintenance tools;
and port digital platforms. It is shown that these instruments improve voyage
planning, support continuous control of fuel consumption and emissions, enable
early detection of equipment deterioration, increase energy efficiency, and help
align ship operations with regulatory requirements. The main limitations of digi-
tal decarbonization are also identified, including data quality, sensor accuracy,
standardization of information exchange, system interoperability, cybersecurity,
and personnel readiness. The article concludes that digital tools constitute a sys-
temic basis for moving maritime decarbonization from general policy objectives
to specific operational decisions.

Keywords: maritime transport decarbonization, shipping digitalization, ship
carbon intensity, energy efficiency, digital twin, artificial intelligence, machine
learning, weather routing, port digital platforms.

Cazin A.C., 3aonoyvkui F0.B. Oco6JuBocTi excniyaranii majJuBHOI ana-
paTypH BHCOKOI0 THCKY IIiJ 4yac nepeBeJeHHs] CYTHOBUX M3e/1iB HA MAJTUBO
3 HU3bKHUM BMiCTOM CipKku

Po3risHyTH MTUTAaHHS 110,10 0COOIMBOCTEH EKCIUTyaTalil MajIuBHOI aapaTypu
BHCOKOI'O THCKY IIiJ] Yac eKCIuTyaTamii CyJHOBHMX JIM3€JB Ha MaJUBi 3 HU3BKUM
BMICTOM CipKH. 3a3Ha4€HO, 110 OJHI€I0 3 TOJOBHHUX TPYAHOIIIB, IO BUHHUKAE IiJT
Yyac MepeBeJeHHS AM3ENiB Ha POOOTY 3 BHUKOPHCTaHHSIM INajiMBa 3 HHU3BKUM
BMICTOM CipKH IiJBUIIEHHS TEMIIEpaTypy HaNpHUKiHII 3ropsiHHS. e moB’s3aHo 31
3MEHIIIEHHAM KyTa 3aTPUMKH CaMO3aiiMaHHs, 301IBIIEHHSIM KyTa IMOYaTKy TOpiH-
HS Ta BHUIIOIO e(PEKTHUBHICTIO MPOIECY 3TOPSHHA B paiOHI BEPXHBOI MepTBOL
TOYKH. 32 YMOBH OiJIbIIl PaHHHOTO CaMO3aliMaHHS TMaJHMBa 30UIBIIYETHCA KiJlb-
KiCTh ITaNKBA, II0 3rOpa€ 10 BEpXHbOI MepTBOi ToukH. Lle mpu3BOAUTE 10 MigBH-
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LIEHHS IIBUJIKOCTI 3TOPSIHHS IajJMBa Ta CTYIEHS HApOCTAHHS THUCKY IIiJ 4ac 3ro-
psuHs. [laHe sBUIIE € HaWOILIBII HEraTUBHUM JUIS ABOTAKTHHUX JTU3EIIB, SKi Xa-
PaKTepU3yIOThCS IiJBUIICHOI0 MAacoOl0 JeTajlel KPHBOIIUIHO-IIATYHHOTO Me-
XaHi3My. Y 3B’S3Ky 3 IIIM Di3KO 3pOCTalOTh yIOapHI HaBaHTAKCHHA Ha KpeHII-
KO(HI Ta MOTHJIBOBI MiAIINIHUKK. 3art00iraHHs IIbOMY SBHIIY MOXIIUBO IUIS-
XOM MEpEepeTyIIOBaHHs MaIMBHOI amapaTypH BHCOKOTO THCKY Ta BH3HAYECHHS
ONTHMANIBHUX KYyTiB BHIIEPEIDKEHHS 101adi MaJMBa 10 MWIHAPY au3eist. Excre-
puMeHTH, TipoBeneHi Ha cyaHoBomy mmzerni MAN Energy Solutions 8K80MC-
8.2-Tll, minTBepamiy, mo y pasi nepeBedeHHs nuzens 3 nanuBa RMG380 (i3
BMicToM cipku 0,48 %) Ha maimeo DMA (i3 BmicToMm cipku 0,055 %) 3a paxyHOK
3MIHM KYyTiB BHUIIEPEPKCHHS I10J1aui MajlMBa MOXKJIMBO: 3a0€3IEUYNUTH 3HWKCHHS
TUCKY 3ropsiHHA 3 14,45 MIla no 14,03 MIla; nocsArtu 3MeHIIEHHS TeMIepaTrypu
BUIYyCKHUX ra3iB 3 394 °C mo 375 °C; 3HU3UTH CTYMiHb MiABUIICHHS THUCKY ITiJ
gac 3ropsHES 3 1,335 mo 1,303; 3MEeHIIHUTH eMiCifo OKCHIIB a30Ty 3 BUIYCKHUMH
razamu 3 13,75 r/(xBt'ron) no 12,82 r/(kBtrox). Lle 3abe3neuye migBUIICHHS:
ekoJtoriynoi criiikocti Ha 3,61...10,97 %; Tenmosoi criiikocti g0 2,54 %; nuna-
Mi4HOI cTiiKocTi — 10 4,82 %.

Karo4yoBi cjoBa: guHaMiyHa CTIMKICTH, €KOJIOTIYHA CTIMKICTH, €KOJIOTIYHI
MOKa3HUKH, EKCIUTyaTalilfHi MOKa3HWKH, KyT BHUIIEPEKCHHS MOJadi MNaliBa,
MOPCBKUI TPAaHCIOPT, MaJMBHA amaparypa BHCOKOTO THUCKY, CYAHOBE MaJIUBO,
CyIHOBHUI TU3€Nb, TEIJIOBA CTIHKICTS.

Sagin A.S.V., Zablotskyi Y.V. Features of operation of high-pressure fuel
equipment during conversion of marine diesel engines to low-sulfur fuel

To consider the issue of features of operation of high-pressure fuel equipment
during operation of marine diesel engines on low-sulfur fuel. It is noted that one
of the main difficulties that arise when converting diesel engines to work with
low-sulfur fuel is an increase in temperature at the end of combustion. This is due
to a decrease in the autoignition delay angle, an increase in the combustion start
angle and a higher efficiency of the combustion process in the area of top dead
center. With earlier autoignition of fuel, the amount of fuel that burns to top dead
center increases. This leads to an increase in the fuel combustion rate and the
degree of pressure build-up during combustion. This phenomenon is most nega-
tive for two-stroke diesel engines, which are characterized by an increased mass
of crank-and-connecting mechanism parts. In this regard, shock loads on cross-
head and butterfly bearings increase sharply. This phenomenon can be prevented
by readjusting the high-pressure fuel equipment and determining the optimal fuel
advance angles to the diesel cylinder. Experiments conducted on the MAN Ener-
gy Solutions 8K8OMC-8.2-TIl marine diesel engine confirmed that in the case of
switching the diesel from RMG380 fuel (with a sulfur content of 0.48 %) to
DMA fuel (with a sulfur content of 0.055 %) by changing the fuel advance an-
gles, it is possible to: reduce the combustion pressure from 14.45 MPa to
14.03 MPa; achieve a decrease in exhaust gas temperature from 394 °C to
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375 °C; reduce the degree of pressure increase during combustion from 1.335 to
1.303; reduce the emission of nitrogen oxides with exhaust gases from
13.75 g/(kwh) to 12.82 g/(kWh). This provides an increase in: environmental
stability by 3.61-10.97%; thermal stability by 2.54%; dynamic stability
by 4.82%.

Keywords: dynamic stability, environmental indicators, environmental stabil-
ity, fuel advance angle, high-pressure fuel equipment, marine diesel, marine fuel,
maritime transport, operational indicators, thermal stability.

Cazin C.B., Maoeii B.B., /laninenxo /[.B. Bukopucranus 6ionajusa 3 oJii
KapaHIXKi y CyTHOBHUX JIU3EJISIX

Po3rnsHyTH NUTaHHS 1010 BUKOPUCTAHHS OiomayivBa 3 OJil KapaHKi y Cy/I-
HOBHX JM3EJSX. 3a3HAYCHO, M0 MOCTIHHE MiJBUINCHHS PIBHSI eMicii IIKiITHBUX
KOMIIOHEHTIB, II[0 BXOJATH J0 CKJIaAy BUITYCKHUX Ta3iB JH3EIiB CyJCH MOPCHKOTO
TPAHCIOPTY, & TAKOXK IMiJBUIIECHHS KUTBKOCTI BUITYCKHHX Ta3iB, IO MOTPAIUISIOTh
B aTMOcdepy BHACIITOK MOPCHKHX IIEpPEeBE3CHB, € aKTyalbHOIO mpobiemoro. Cy-
JTHOBI TW3eNi HaJal0Th 3HAYHUI BHECOK Y BUKHIM BUITYCKHUX Ta3iB, BKIIOYAIOUN
okcun CO i miokeun Byriemio CO,, ByrieBoaHi, mo He 3ropimun HC, oxcumm
a3oTy NOx. OgHuM i3 BapiaHTIB 3HWKEHHS eMicii 3a3HAYCHHUX MIKiIUIMBUX KOM-
MTOHCHTIB € BUKOPUCTAHHS 010JM3€]IbHOTO MaIKBa, 30KpeMa TaKOTo, M0 CKJIaaa-
€ThCs 31 OJIIT MapaH K.

JlocmipKeHHs CIPsIMOBaHe Ha eKCIICPUMEHTAIbHE BUBYCHHS CyMIIIICH ManBa
Ha(TOBOTrO MOXOJHKEHHS Ta OJii KapaH/DKi B CYJJHOBOMY YOTHPHTAKTHOMY JH3e-
JIbHOMY JBUTYHI 3 METOH BU3HAUCHHS ONTHMAJIBHOTO CKJIAAy CyMilllei MajuBa
Ha(TOBOro Ta GIOJIOTIYHOTO TOXO/PKEHHS, & TAKOXX ONTHUMAIBHUX PEXHUMIB €KC-
IuTyaTtamii CyJHOBUX JH3EJiB IIPH BUKOPHUCTaHHI NONIOHUX CyMIIIeH.

JocmimkeHHs] BUKOHYBAJIH HA TPHOX OJHOTUITHHUX CYIHOBHX YOTHPHTAKTHHIX
muzenssx 6H21/32 Hyundai HHIMSEN. OnwuH i3 qu3eniB mpaifoBaB Ha TU3EIEHOMY
nanuBi HadroBoro moxomkernHs DMB20. J[pa iHmMMX — Ha CyMiln maauBa
DMB20 ta manmBa 0ioAM3eT-HOMY MANlMBI, SIKE CKJIaNa€ METHIOBHU edip ol
kapanki (Karanja oil methyl ester — KOME). Ilpu nsomy Bmict nanusa KOME
y cyminr ctaHoBuB 5 %, 10 %, 15 %, 20 %. OCHOBHI €KOJIOTiIYHI MOKAa3HUKH
musens (okeun CO i giokcup Byriemoo CO,, ByrieBonui HC, mio He 3ropinu,
okcuan azoty NOyx) BUMIpIOBanucs 3a I0MOMOIOK KaliOpoBaHOTo ra3zoaHaiiza-
Topa Seitron.

Amnaniz emicii okcuny CO i giokenay CO, Byrielio, He3rOpijInX ByTI€BOAHIB
HC, a Takox okcuniB a30ty NOy BUSBUB HasBHICTh ONTUMAILHOI KOHIICHTPAIIIT
6iomuszensHoro nanmuea KOME B #ioro cymimi 3 naguBoM Ha(hTOBOIO MOXOJKEH-
Hs1 DMB20, a Tako) onTUMalbHUX eKCIUTyaTalliiHIX PeKUMIB poOOTH TU3ens 3a
SIKUMH 3a0€31eUy€eThCsl MIHIMAIIBHUX PiBEHb BKAa3aHUX MIKIIJTMBUX KOMITOHCHTIB
y CKJaJi BUIYCKHUX Ta3iB. EKCIIEpHMEHTAIbHO BCTAHOBIICHO, IO CYMIMIi TU3e-
mpHOro manmuBa DMB20 ta Giogmsenss KOME 3 omii kapaHmki € €KOJOTIYHO
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CHPUATIMBUMH aJIbTCPHATUBAMU TPAJUIITHOMY MAIMBY HA(QTOBOTO MOXOIKCHHS
JUTS IBUTYHIB BHYTPIIIHBOTO 3rOPSIHHS.

Kur04oBi cjioBa: BHITYCKHI Ta3i, €KOJOTIYHI MOKA3HUKH, €MiCisl IIKIITHBUX
PEYOBHH, MOPCHKHI TpaHCIIOPT, OJil HapaH/IXi, IMaJHBO O0i0JOTiYHOTO IMOXO-
JOKEHHS, TAIMBO Ha()TOBOTO MOXODKEHHS, CYTHOBHUH IH3Eb.

Sagin S.V., Madey V.V., Danilenko D.V. Use of biofuel from caranja oil in
marine diesel engines

To consider the issue of using biofuel from caranja oil in marine diesel en-
gines. It is noted that the constant increase in the level of emissions of harmful
components that are part of the exhaust gases of diesel engines of marine
transport vessels, as well as the increase in the amount of exhaust gases entering
the atmosphere as a result of maritime transportation, is a pressing problem. Ma-
rine diesel engines make a significant contribution to exhaust gas emissions,
including CO oxide and carbon dioxide CO,, unburned hydrocarbons HC, nitro-
gen oxides NOy. One of the options for reducing the emission of these harmful
components is the use of biodiesel fuel, in particular, one consisting of caranja
oil. The research is aimed at experimentally studying mixtures of petroleum fuel
and Karanja oil in a marine four-stroke diesel engine in order to determine the
optimal composition of mixtures of petroleum and biological fuel, as well as
optimal operating modes of marine diesel engines when using such mixtures. The
research was carried out on three identical marine four-stroke diesel engines
6H21/32 Hyundai HIMSEN. One of the diesel engines operated on petroleum
diesel fuel DMB20. The other two operated on a mixture of DMB20 fuel and
biodiesel fuel, which is Karanja oil methyl ester (KOME). The content of KOME
fuel in the mixture was 5 %, 10 %, 15 %, 20 %. The main environmental indica-
tors of diesel (CO and carbon dioxide CO,, unburned hydrocarbons HC, nitrogen
oxides NOx) were measured using a calibrated Seitron gas analyzer. The analysis
of the emission of CO and CO, carbon dioxide, unburned hydrocarbons HC, and
nitrogen oxides NOy revealed the presence of an optimal concentration of bio-
diesel KOME in its mixture with DMB20 petroleum fuel, as well as optimal die-
sel engine operating modes that ensure the minimum level of these harmful com-
ponents in the exhaust gases. It was experimentally established that mixtures of
DMB20 diesel fuel and KOME biodiesel from karanji oil are environmentally
friendly alternatives to traditional petroleum fuel for internal combustion engines.

Keywords: emission of harmful substances, environmental indicators, exhaust
gases, fuel of biological origin, fuel of petroleum origin, marine diesel, maritime
transport, parangji oils.

Cxnapenko LIO., I'annowuna I.M., Knoukos I0.11., P03006yovko B.B. In-
Terpanisi iIHHOBAlliHMX TEXHOJIOTI B CyTHOBY eHepreTu4Hy ingpacrpykry-
Py AJs nixBHIeHHS eGeKTUBHOCTI eKCIuIyaTanii
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VY cTarTi KeTa’ibHO PO3INISIHYTO aKTyalbHY HAyKOBO-TIPHKJIAIHY IpoliemMy
MiZBUICHHS ¢(DEKTUBHOCTI EKCIUTyaTalii MOPChKUX CyIEH IIIIXOM iHTerparii
IHHOBAIIITHUX TEXHOJIOTiH y CyTHOBY eHepreTudHy iHppacTpykTypy. OOrpyHTO-
BaHO, IO CyYacHI yMOBH (yHKIIOHYBAaHHS MOPCBHKOTO TPAHCHOPTY XapaKTepH-
3YIOTBCS KOPCTKHMH €KOJIOTTYHUMH BHMOTaMH, 3pOCTaHHSM BapTOCTi €HEprope-
CypciB Ta HEOOXiTHICTIO MiJBUIIEHHS €HEProe(peKTUBHOCTI, 10 3yMOBIIIOE TOT-
pedy mepexomy Bix TpaAWIiHHUX EHEPTeTHYHHX CHUCTEM JO IHTEIEKTyadbHHUX
IHTETPOBaHUX KOMIUICKCiB. Bu3HaueHO, Mo iCHYIOYI MiAXOOM 0 TPOEKTYBAHHSI
Ta eKcIUTyaTtalii cyTHOBUX SHEpPreTHYHUX YCTaHOBOK HE 3a0e3MeuyroTh J0CTaT-
HBOT'O PiBHS 3JaNTHBHOCTI Ta €()EKTHUBHOCTI B yMOBax 3MIHHHX PEXUMIB poOOTH,
10 00MEKy€e MOKIIMBOCTI IX MOZAEpHI3allii.

Mertot0 f0CHIDKEHHS € PO3pOo0Ka TEOPETHYHUX IOJIOKEHB 1 MPAaKTHYHHUX pe-
KOMEH/IaIlii 11010 iHTerpamii IHHOBAIIMHIX TEXHOJIOTIH Y CYIHOBI €HEpreTHYHI
CHCTEMH IS 3a0e3MeueHHs] MaKCHMAIbHOI epeKTHBHOCTI iX (hyHKIiOHYBaHHSA. Y
poOOTi BUKOPUCTAHO MiaX0au A0 (opMatizallii eHepreTHIHOTo OalaHCy CHCTEMHU
3 ypaxyBaHHSAM TI'€HEpallil, HaKOIMYECHHS, CIOXWBAaHHA Ta BTpaT €HEprii, mo
ITO3BOJISIE OIIHIOBATH €(EKTHUBHICTH (DYHKIIIOHYBaHHS €HEPTeTHYHOI iHPpacTPyK-
TypH B IMHAMIYHUX YMOBaX €KCILTyaTaii.

VY pe3ynbTaTi IOCHIIKEHHS PO3pOOIEHO KOHIENTYalbHy MOJEIb 1HTETpOBa-
HOI Cy/ZIHOBOI €HEepPreTH4HOi iHPPACTPYKTYpH, siKa BKIIOYAE MiACUCTEMH T'eHepa-
il (Ha OCHOBI JIBUTYHIB BHYTPIIIHBOTO 3rOpSIHHS, IaJMBHUX E€JIEMEHTIB Ta Bil-
HOBJIIOBaHUX JKEpEIl eHepTii), HAKONWYeHHs (aKyMYJISITOpHI OaTapei, CynepKkoH-
JICHCATOPH), PO3MOAiTy (IHTEIEKTyadbHI CHEPreTHYHI NIWHH) Ta CIIOKHBAHHS
eHepril 3 ypaxyBaHHSIM MPIOPUTETHOCTI HABAHTAXKEHb. 3aIPOIIOHOBAHO Ki1acudi-
Kalilo iHHOBALiHHUX TEXHOJIOTIH Ha amapaTHi, IIporpaMHi Ta riOpuaHi pilieHHs,
110 ZI03BOJISIE CUCTEMATU3yBaTH ITiIXOH 10 MOJEPHi3allil eHePreTHIHUX CUCTEM
cyaeH. Po3risiHyTo 0co0aMBOCTI BIPOBAKEHHS TOPUAHNX SHEPreTUYHHUX ycTa-
HOBOK, IHTEJIEKTyaJIbHUX CHCTEM KepyBaHHS, IU(POBUX ABIHHHKIB, IPEIUKTHB-
HOI JIIaTHOCTHKH, a TaKOXX aJIbTEPHATHBHUX JUKEPET EHEprii, BKIIOYAl0un BOAHEBI
TEXHOJIOTI1 Ta BITPHUJIbHI EHEPTETUYHI CHCTEMH.

HaykoBa HOBH3HA OTPUMAaHUX PE3yJbTATIB HOMsrae y GpopMyBaHHI iHTErpo-
BaHOTO IiAX0AY 10 MOOY/I0BH CYJAHOBHUX €HEPreTHYHUX 1H(pacTpyKTyp, SKuil, Ha
BIZIMIHY BiJI ICHYIOUMX, BPAaXOBY€ B3a€MO3B’SI30K MIXK yciMa €JIeMEHTaMU CHCTe-
MU Ta JJMHAMIYHHUH XapakTep iX (GYHKI[IOHYBaHHSI.

[TpakTudHa 3HAYUMICTD PE3yJIbTATIB TOCIIHKEHHS MOJIATAE Y MOXKIIUBOCTI iX
BHKOPHUCTAHHS IIPH MPOEKTYBAaHHI HOBHX Ta MOJEpHI3aIlii iICHYIOUMX CyJeH, L0
3abe3nedye MiBUIIEHHS €HEProe()eKTUBHOCTI, 3HIKEHHS eKCIUTyaTalliiHuX
BUTpAT Ta 3MEHIICHHS HETaTUBHOTO BIUIMBY HAa HABKOJIMIITHE CEPEIOBUIILE.

KarouoBi cioBa: TpaHCHIOPT, BOAHUWH TpPaHCIOPT, CYIHOBI EHEPreTHYHI
YCTaHOBKH, iHHOBaIii, 1HYPACTPYKTypa, MiABUIIECHHS e(EKTUBHOCTI eKcIuTyara-
1ii.
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Skliarenko 1.Yu., Hannoshyna I.M., Klochkov Yu.P., Rozdobudko V.V. In-
tegration of innovative technologies into ship energy infrastructure to in-
crease operating efficiency

The article examines in detail the current scientific and applied problem of in-
creasing the efficiency of the operation of seagoing vessels by integrating innova-
tive technologies into ship energy infrastructure. It is substantiated that the mod-
ern conditions of maritime transport are characterized by strict environmental
requirements, increasing the cost of energy resources and the need to increase
energy efficiency, which necessitates the transition from traditional energy sys-
tems to intelligent integrated complexes. It is determined that existing approaches
to the design and operation of ship energy installations do not provide a sufficient
level of adaptability and efficiency in conditions of variable operating modes,
which limits the possibilities of their modernization.

The purpose of the study is to develop theoretical provisions and practical
recommendations for the integration of innovative technologies into ship energy
systems to ensure maximum efficiency of their operation. The work uses ap-
proaches to formalizing the energy balance of the system taking into account
generation, storage, consumption and losses of energy, which allows assessing
the efficiency of the operation of the energy infrastructure in dynamic operating
conditions.

As a result of the study, a conceptual model of an integrated ship energy infra-
structure was developed, which includes subsystems of generation (based on
internal combustion engines, fuel cells and renewable energy sources), storage
(batteries, supercapacitors), distribution (intelligent energy buses) and energy
consumption taking into account the priority of loads. A classification of innova-
tive technologies into hardware, software and hybrid solutions was proposed,
which allows systematizing approaches to the modernization of ship energy sys-
tems. The features of the implementation of hybrid energy installations, intelli-
gent control systems, digital twins, predictive diagnostics, as well as alternative
energy sources, including hydrogen technologies and sailing energy systems,
were considered.

The scientific novelty of the results obtained lies in the formation of an inte-
grated approach to the construction of ship energy infrastructures, which, unlike
existing ones, takes into account the relationship between all elements of the
system and the dynamic nature of their functioning.

The practical significance of the research results lies in the possibility of their
use in the design of new and modernization of existing vessels, which ensures
increased energy efficiency, reduced operating costs, and reduced negative im-
pact on the environment.

Keywords: transport, water transport, ship power plants, innovations, infra-
structure, increasing operational efficiency.
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Canonep A. K., Onpuwiko M. O. BojiokOHHO-ONTHYHMI Bi3K03iMeTp 11
CY/THOBHMX €HEPreTHYHHX YCTAHOBOK

OCHOBHIMH BUMOTaMH, IIO MPEI'IBISIFOTECS 10 BiICKO3UMETPIB, € BICOKA TO-
YHICTh, HAMIMHICTH, JOBTOBIYHICTB, CTIHKICTh O arpeCHBHUX CEPEIOBHII, €KO-
HOMIYHICTB, 3/JaTHICTh BUJABATH CHUTHAJN B NU(pOBiii hopmi. bimbmicTs Bicko3n-
METPIB, IO JO3BOJIAIOTH BUMIpPIOBATH KOHTPOJBOBAHHI MapaMeTp, XapaKTepusy-
IOTBCSL Iy)K€ CKIAZHOI0 MEXaHIYHOIO KOHCTPYKLIEO, IO CTBOPIOIOTH BEIHKHUIA
TiApOAMHAMIYHUH OIIip MOTOKY. BOJIOKOHHO-ONITHYHI BiCKO3UMETPH, OC3CYyMHIB-
HO, MalOTh He3allepeyHi BJIACTHBOCTI 1 MepeBaru: BIACYTHICTh EJIEKTPUYHUX
CTPYMIB 1 Hampyru B 4YyTJIMBIH 30HI IpHJIaxy, HEHPUHHATHICTIO J0 30BHIIIHIX
€JISKTPOMArHiTHUX BIUIMBIB, aOCOJIIOTHY €KOJIOTIUHY Ta IOXKEKeBHUOyXoHeOe3me-
YHICTh. Y TOH e yac JIOCKOHAINX CXEMOTEXHIYHHUX PIlICHb B 00J1acCTi BOJIOKOH-
HO-ONTHYHUX BICKO3UMETPIB JUIsi KOHTPOJIIO PIAMH 0 OCTAaHHBOI'O 4acy He Oyio
BizoMo. TakuM 4HHOM, po3poOKa i JOCIIPKCHHS HOBOT'O BUXPOBOI'O BOJIOKOHHO-
ONITHYHOTO BICKO3MMETpPa € aKTYyaJbHOK HAayKOBO-TEXHIYHOK 3ajadero. AHami3
KOHCTPYKIIH BiZOMUX BUMIpIOBaYiB B'I3KOCTi JJO3BOJIHMB KOHKPETU3YBATH BUMOTH
JI0 HOBOTO CXEMOTEXHIYHOr0 PillleHHS BUMIPIOBaJIBHOTO NPHCTPoro. [IponoHoBa-
Ha KOHCTPYKIiA BICKO3UMETpPa BIAPIZHAETHCS TUM, [0 OCHOBHUH 1 KOHTPOIBHHHA
CBITJIOBOIH € TIO CYTi OJHUM CBITJIOBOJOM, BUTOTOBJICHIM 3 car(ipoBOro cKia,
KOaKCIaJIbHO JI0 SIKOTO PO3TAallOBaHWI YYTIUBHH CBITIIOBOJA. A TakoX B CXEMY
BUMIpIOBaya BBEJIEHa TEPMOKOMIIEHCYIOYa OiMeTaneBa ruiactuHa. Po3pobiieHunit
BUMIPIOBAJILHUN MPHUCTPii 320€3MeYnTh: KOMIIEHCAIlI0 BIUIMBY HEKOHTPOJIbOBA-
HHUX EKCIUTyaTalliiHuX (hakTOpiB HA BUMIPIOBAILHHUMN 1 JOAATKOBUI KaHAJ; 3aXH-
LICHICTh YYTJIUBHX EJIEMEHTIB MPUCTPOIO; MOCTIHHICT T'e€OMETpii ONTHYHOTO
KaHally B yMOBaXx BIUIMBY HEKOHTPOJIBbOBAHUX EKCIUTyaTalliiHUX (aKTopiB; iNeH-
THYHICTh PO3TAIIYBaHHSI OCHOBHOTO 1 JOJAaTKOBOTO KaHAJIB BiJHOCHO IOTOKY
KOHTPOJBOBAHOI PiTUHM; MiIBHIIEHY YYTJIMBICTh i TOYHICTH MpHiIaxy. Bukopuc-
TaHHs MPOIIOHOBAHOIO BICKO3UMETPa, B CUCTEMaxX KOHTPOJIIO CHCTEM MAllCHHS
JTO3BOJIMTH aJCKBATHO, OCTOBIPHO i OE3MEYHO OLIHIOBATH KUTBKICHI IMOKa3HUKHU
MACTHJIPHHX MaTepialiB.

KoaiouoBi ciioBa: Bicko3UMETp, CBITIOBO/I, BUTIPOMIHIOBAHHS

Sandler A., Opryshko M. O. Fiber optic viscometer for ship power plants

The main requirements for viscometers are high accuracy, reliability, durabil-
ity, resistance to aggressive environments, cost-effectiveness, and the ability to
output a signal in digital form. Most flow meters that allow measuring the con-
trolled parameter are characterized by a very complex mechanical design, which
creates a large hydrodynamic resistance to the flow. Fiber-optic viscometers un-
doubtedly have undeniable properties and advantages: the absence of electric
currents and voltages in the sensitive zone of the device, insensitivity to external
electromagnetic influences, absolute environmental and fire-explosion hazard. At
the same time, until recently, there were no perfect circuit solutions in the field of
fiber-optic viscometers for controlling liquids. Thus, the development and re-
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search of a new vortex fiber-optic viscometer is an urgent scientific and technical
task. Analysis of the designs of known viscosity meters allowed to specify the
requirements for a new circuit-technical solution of the measuring device. The
proposed design of the viscometer differs in that the main and control optical
fibers are essentially one optical fiber made of sapphire glass, coaxially to which
the sensitive optical fiber is located. Also, a thermally compensating bimetallic
plate is introduced into the meter circuit. The developed measuring device will
provide: compensation for the influence of uncontrolled operational factors on the
measuring and additional channels; protection of the sensitive elements of the
device; constancy of the geometry of the optical channel under the influence of
uncontrolled operational factors; identity of the location of the main and addition-
al channels relative to the flow of the controlled liquid; increased sensitivity and
accuracy of the device. The use of the proposed viscometer in lubrication system
control systems will allow for adequate, reliable and safe assessment of the quan-
titative indicators of lubricants.
Keywords: viscometer, fiber optic, radiation.

Cmykanenko O.M., [ynoiep A.Il. EdexkruBHicTb NOCTiiHOIO omnopy
(puxuiona y 31B0€HOMYy HiABiCi CyIHOBOr0 BaHTAXKONiJHOMHOI0 NPHUCTPOIO
NIPH BiAMOBI IIKEHTe s M/l Yac ONMyCKAHHSA BaHTaKy

[IpoananizoBaHi 0coONMBOCTI KOHCTPYKLII CyJHOBHX BaHTaXKOIiIHOMHHUX
npucTpoiB Ta BUMoru Perictpa no 3abe3neueHHs: Oe3neku Micisl BiAMOBH elie-
MeHTIB 1X KOHCTpykuii. IIpoBeaeHO Kiacudikamilo OCHOBHUX THIIB BiJIOMHUX
TEXHIYHMX pillleHb OE€3MEeYHUX 3ABOEHUX IMOJICMIACTIB 3 PI3HUMH THUIIAMH
3pIBHSJIBHUX TPHUCTPOIB Jisi 3a0e3MeUeHHs] yTPUMaHHsI BaHTaXy Hicis oOpuBy
TpOCa Ta YCHINTHOTO 3aBEpIICHHS BaHTa)KHOI oneparii.

Po3pobneni MaTeMaTHYHI MOJIEI TIPOLIECY YTPUMAaHHS BaHTAXY IiCIIs OOpUBY
Tpoca 3a HassBHOCTI MPYXKHOT METAJIOKOHCTPYKII 3 ypaxyBaHHSIM BIUIUBY IIBHI-
KOCTi BaHTaXy Ta NPYXHOI Aedopmarii METaTOKOHCTPYKIii B MOMEHT OOpHBY
HIKEHTEIS.

JIjist CyTHOBOTO MOCTOBOTO KpaHa BaHTAXKOMiAHOMHICTIO 20 T BUKOHAHO YH-
ceJIbHE pO3B’sI3aHHSA OTPUMAHUX PIBHAHB PyXy Mac.

BuzHaueHi MakcuMmalbHI PO3pPAaxyHKOBI JHMHAMIYHI HaBaHTa)XEHHS Ha
MOJIICIIACTOBHUII MiJBIC Ta METAJIOKOHCTPYKIIIIO MiCIIsi OOPHBY IIKEHTEJIS 3[IBOEHO-
O ToJicracTa 3 GPUKIIHHUAM 3piBHIBHAM IIPUCTPOEM.

BceranoBneHo, mo MakCHMalbHI PO3PaxyHKOBI ITMHAMIYHI 3YCHIUIL Y MeTa-
JIOKOHCTPYKIIT IIPU BUKOPHCTaHHI MOCTIHHOTO oropy (pHKLiOHA 3piBHSIBHOTO
MIPUCTPOIO JIOCATAIOTh BEIWYMH, 33 SKUX KOC(ILi€HTH IMHAMIYHOCTI 3yCHIIb Y
METaJIOKOHCTPYKI{ NepeBUIIYIOTh periaMeHTOBaHMN 3amac i minHocTi. Jlims
JIOCIIKYBAaHOT KOHCTPYKIIi KpaHa BaHTaXOMigHOMHICTIO 20 T mpu yTpUMaHHI
BaHTaXXy y Ipoleci MiIioMy MakcHMalbHE pPO3PaXyHKOBE HAaBaHTAXKCHHS Ha
METaJIOKOHCTPYKIito ctaHoBUTh 450 kH, mo Bignosigae koedillieHTy AUHAMIY-



ISSN 1815-6770. Cyonosi enepeemuuni ycmanoexu. 2026. No 52 178

HOCTi 2,25. JIns po3ristHyTOi KOHCTPYKLII KpaHa KoeillieHT 3amacy MilHOCTI
METaIOKOHCTPYKIIT 2.

KirouoBi cjioBa: CymHOBHWIA BaHTaXXOIITHOMHHUI TIPHCTpiif; oOpHB Tpoca;
Oe3meYHnid 3IBOEHUH MOJICTIACT, yTPUMAaHHS BAaHTaXy; 3PIBHSUIBHUHA (PUKITIH-
HUH IPHUCTPIH.

Stukalenko O.M., Duldier O.P. The efficiency of a constant drag of the
leveling device in the double-pulley system of a ship's lifting device after
breaking the pendant during lowering the load

The design features of ship lifting devices and the requirements of the Regis-
ter for ensuring safety after failure of their structural elements are analyzed. The
classification of the main types of well-known technical solutions safe double
tackle, designed to ensure the retention of cargo after breaking the cable and the
successful completion of the cargo operation.

Mathematical models of the process of holding the cargo after the break of the
pendant in the presence of an elastic metal structure are made taking into account
the influence of the speed of the load and the elastic deformation of the metal
structure at the time of the break of the pendant.

For a ship bridge crane with a lifting capacity of 20 tons, the obtained equa-
tions of mass motion are solved using the Runge-Kutta method.

The maximum calculated dynamic loads on the chain hoist and metal structure
after breaking the pendant of the double pulley with the friction leveling device
are determined.

It has been established that the maximum calculated dynamic forces in the
metal structure using constant drag of the leveling device and working with a load
of nominal load capacity reach values at which the dynamic factors of the force in
the metal structure exceed the regulated margin of its strength. For the investigat-
ed design of the crane with a lifting capacity of 20 tons while holding the load
during lifting, the maximum design load on the metal structure is 450 kN, which
corresponds to a dynamic coefficient of 2.25. For the considered crane design, the
safety factor of the metal structure is 2.

Key words: ship lifting device; cable break; safe double pulley block; cargo
retention; leveling friction device.

Domin O.B., Illepouna FO.B., Mapmunenko B.1., Mapmunenxo /[.I1. Kom-
NJIeKCHU# MiAXi 10 NMPOeKTYBaHHSI CHCTEM «CYJAHO — BArOH-LUCTEPHA» 3
ONTHMIi3ali€l0 pe:kMMiB POGOTH CYTHOBHX ¢HEPreTHYHUX YCTAHOBOK

VY craTTi po3risiHYTO NMpoOIeMy MiABUIIEHHS €(EeKTHBHOCTI MYJIbTHMOMAANb-
HHUX TIE€PEBE3CHb IUIIXOM CTBOPEHHS IHTETPOBAaHUX CHCTEM «CYIHO — BaroH-
MUCTEePHA». AKTYaIIbHICTh TOCIIKCHHS 00YMOBJICHA HEOOXITHICTIO Y3TO/KCHHS
pOOOTH BOJHOTO Ta 3aJliI3HUYHOTO TPAHCIIOPTY, & TAKOXK 3HIKCHHS! €HEPrOBUTPAT
1 KOJIOTIYHOTO HaBaHTAXXEHHS IiJl Yac IepeBaJIKi HAIMBHHUX BaHTaxiB. BeraHo-
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BJICHO, 1110 ICHYIOU1 ITiIXOJI! O IPOEKTYBAHHS TAKUX CUCTEM € (h)parMeHTapHUMU
Ta HE BPaXOBYIOTh CHEPIeTHYHY B3a€MOJIIIO X CKJIAJI0BHX.

Mertoro poboTH € po3poOKka KOMIDIEKCHOTO HAYKOBO OOTPYHTOBAHOTO MiIXOIY
JI0 TIPOEKTYBAHHS CHCTEMH «CYIHO — BaroH-IMCTEPHA» HA OCHOBI MaTeMaTHIHO-
T'0 MOJCTIOBAaHHA 3 ypaxXyBaHHSAM ONTHMIi3alii pexXuMiB poOOTH CYJHOBUX €HEP-
TeTUYHUX YCTaHOBOK. O0’€KTOM JOCIIIKEHHS BU3HAYCHO MPOLIECH EHEPTeTUIHOT
Ta TEXHOJIOTIYHOI B3a€MOJII] B iHTETpOBaHill TPAHCIIOPTHIH CUCTEMI, a IPEIMETOM
— 3aKOHOMIPHOCTI (OopMyBaHHS €(PEKTHBHUX PEKUMIB POOOTH E€HEPTETHIHHX
YCTaHOBOK CY/ICH.

VY po0oTi MmpoaHali3oBaHO Cy4acHi HAYKOBI HiAXOAW 0 3a0e3MeueHHs] eHep-
roeeKTUBHOCTI CY/IE€H, ONTUMI3alii IX EHepPreTHYHUX PEKUMIB, a TAKOXK 1HTET-
panii eKOoJIOTiYHUX Ta JIOTICTUYHHUX (AKTOPIB Y MYJbTUMOAAIBHUX IEpPEBE3CH-
HAX. BUsBIIEHO, 110 OUIBIIICTh TOCTIIKEHD 30CEPEIKYIOTHCS OKPEMO Ha MOPCh-
KoMy a00 3alli3HHYHOMY TPAaHCIOPTi, IO OOMEXYe MOKIHBOCTI KOMIUIEKCHOT
onrtuMizarii. OOrpyHTOBaHO HEOOXiTHICTH (POPMYBaHHS €IWHOI METOJOJIOTII, KA
MOETHYE TapaMeTpH CYAHOBHX CHEPIeTHYHHX YCTAHOBOK i XapaKTEPHUCTHK Baro-
HiB-IIHCTEPH.

3aIrporoHOBaHO PO3MIIAAATH CHCTEMY «CYJHO — BarOH-IIMCTEPHA» SIK €ANHUN
TEXHIKO-TEXHOJIOTTYHUH KOMIUIEKC, 110 BKJIIOYAE TPAHCHOPTHHH (0T, 3ami3HIY-
HHUI KOMIIOHEHT, IEePEeBaHTAXXyBaJbHUI TEPMiHAJ Ta CHCTEMY YIpaBiliHHI. Bu-
3HAUYEHO OCHOBHI PEXHMH POOOTH CYJHOBHUX €HEPreTHYHUX YCTaHOBOK (XO0J0-
BUii, MAHEBPOBUIA, BAHTA)KHUI 1 CTOSIHKOBHI) Ta X BIUIMB Ha 3arajbHy e()eKTHB-
HicTh cucteMu. OcoONIMBY yBary NpHIJICHO ONTHMAILHOMY PO3MO/ALTY HaBaHTa-
JKEHHsI MK JI3eJIb-TeHepaTopaMy 3 METOI0 MiHIMi3allil MTUTOMOI BUTPATH TaIKuBa
Ta 3HMKEHHST BUKHIIB.

Po3pobneno mMareMaTHyHY MOJENb OaraTOKpUTEpialbHOI ONTHMI3amii, sSKa
BpaxoBy€ €KOHOMIYHI, EHEpreTHYHI Ta CKOJOTiYHI Mmoka3HWKH. [lokazaHo, 1o
3aCTOCYBaHHS Cy4aCHHX METOIB KEpYBaHHS, 30KpEMa YaCTOTHOTO PETyJIIOBAHHS
HACOCIB, KaCKaJHOTO BKJIFOUCHHs OOJIQJHAHHS Ta CHHXPOHI3aIlil pOOOTH CYIHO-
BUX 1 OEPEroBUX CHUCTEM, JO3BOJISIE 3HAYHO MiIBUIIUTH €(DEKTHBHICTh BAHTAXKHUX
omepariii. Takoxx JOBeleHO AOLIBHICTh ONTUMI3alii rpadikiB mojgaydi BaroHis-
LUCTEPH i3 BUKOPUCTAHHIM METO/IIB IUTAHYBaHHS Ta KJacTepu3allii.

PesynbraTl TOCHIKEHHS CBiI4aTh, 110 KOMIUICKCHHMH MIiAXiX 10 MPOEKTY-
BaHHs JJO3BOJISIE 3MEHIIUTH 4Yac CTOSHKH CYJEeH, 3HU3UTH BUTpATU MajMBa Ta
MABUIUTH HAIIHHICTG (DYHKI[IOHYBaHHS TPAHCIIOPTHOI cHcTeMH. BcraHoBiIEHO,
10 KJIFOYOBUM (DaKTOpOM e(PeKTHBHOCTI € MiATPUMAHHSA POOOTH E€HEPreTHIHUX
YCTAQHOBOK y 30HI MiHIMaJIbHOT TUTOMOT BUTPATH I1aJINBa.

Y BHCHOBKax IiJJKPECIICHO, 110 3alPOIIOHOBaHA METOJIMKA CTBOPIOE HAYKOBY
OCHOBY JUISl IIPOEKTYBAaHHs 1HTEPMOAAIbHUX TPAHCHOPTHHX CHCTEM HOBOTO IT0-
KoJliHHS. [IpakTH4Ha IIHHICTE POOOTH MOJISTAE Y MOXIIMBOCTI ii BUKOPHCTAHHS
IIpY MOJIEpHi3alil ICHYIOUMX Ta CTBOPEHHI HOBHX NEPEBAHTAXYBAIBHHX TEPMi-
HaJIiB, @ TAKOX Y PO3pOOL IHTEIEKTyaIbHUX CHCTEM YIPaBIIiHHS TPAHCIOPTHH-
MU mporiecaMu. [lepcrekTHBY MOJabIINX JOCHTIKEHb TIOB’SI3aHi 3 PO3BUTKOM
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aJIalTHBHUX aJTOPUTMIB KEPYBAHHS Ta BIPOBAPKCHHSIM HU(PPOBUX TEXHOJIOTIH y
cepi MyIbTUMOAATBHUX I1EPEBE3CHb.

KurouoBi cioBa: TpaHCTOpT, 3aiMi3HUYHAN TPAaHCIOPT, BOIHUHA TPaHCIOPT,
CyIHOBI €HEpreTUYHI yCTAaHOBKH, BATOH-IICTEPHA, ONTHMI3aIlisl.

Fomin O.V., Shcherbyna Yu.V., Martynenko V.l., Martynenko D.l. A com-
prehensive approach to the design of ship-tank car systems with optimization
of operating modes of ship power plants

The article considers the problem of increasing the efficiency of multimodal
transportation by creating integrated systems "ship - tank car". The relevance of
the study is due to the need to coordinate the operation of water and rail transport,
as well as reduce energy consumption and environmental load during the trans-
shipment of bulk cargo. It has been established that existing approaches to the
design of such systems are fragmentary and do not take into account the energy
interaction of their components.

The purpose of the work is to develop a comprehensive scientifically sound
approach to the design of the "ship - tank car" system based on mathematical
modeling, taking into account the optimization of the operating modes of ship
power plants. The object of the study is the processes of energy and technological
interaction in the integrated transport system, and the subject is the regularities of
the formation of effective operating modes of ship power plants.

The work analyzes modern scientific approaches to ensuring the energy effi-
ciency of ships, optimizing their energy modes, as well as the integration of envi-
ronmental and logistical factors in multimodal transportation. It was found that
most studies focus separately on sea or rail transport, which limits the possibili-
ties of complex optimization. The need to form a single methodology that com-
bines the parameters of ship power plants and the characteristics of tank cars is
substantiated.

It is proposed to consider the “ship - tank car” system as a single technical and
technological complex that includes the transport fleet, railway component, trans-
shipment terminal and control system. The main operating modes of ship power
plants (running, shunting, cargo and parking) and their impact on the overall
efficiency of the system are determined. Special attention is paid to the optimal
load distribution between diesel generators in order to minimize specific fuel
consumption and reduce emissions.

A mathematical model of multi-criteria optimization is developed that takes
into account economic, energy and environmental indicators. It is shown that the
use of modern control methods, in particular frequency control of pumps, cascade
switching of equipment and synchronization of ship and shore systems, allows to
significantly increase the efficiency of cargo operations. The feasibility of opti-
mizing tank car supply schedules using planning and clustering methods has also
been proven.
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The results of the study indicate that an integrated approach to design allows
to reduce the time of vessel parking, reduce fuel consumption and increase the
reliability of the transport system. It has been established that the key factor of
efficiency is maintaining the operation of power plants in the zone of minimum
specific fuel consumption.

The conclusions emphasize that the proposed methodology creates a scientific
basis for the design of new generation intermodal transport systems. The practical
value of the work lies in the possibility of its use in the modernization of existing
and creation of new transshipment terminals, as well as in the development of
intelligent transport process management systems. Prospects for further research
are related to the development of adaptive control algorithms and the introduction
of digital technologies in the field of multimodal transportation.

Keywords: transport, rail transport, water transport, ship power plants, tank
car, optimization.

Vychuzhanin V.V., Vychuzhanin A.V. Dynamic failure risk assessment in
ship power plants using cognitive digital twins

This paper addresses the critical problem of ensuring the operational reliabil-
ity of complex technical systems (CTSs), using ship power plants (SPP) as a
primary example. The authors have identified significant limitations in traditional
risk analysis methods, such as FMEA and FTA, including their static nature,
binary evaluation logic, and lack of real-time sensor data processing capabilities.
As a solution, the concept of a "Cognitive Digital Twin" is proposed, which inte-
grates Digital Twin (DT) technology with Cognitive Simulation Modeling
(CSM). The scientific novelty of this research lies in the development of an algo-
rithm for the dynamic recalculation of system graph weight coefficients based on
incoming telemetry, enabling the transformation of a static topological scheme
into an adaptive predictive model. The study provides a detailed description of
the Destructive Modeling Impulse (DMI) mechanism and the mathematical appa-
ratus for diagnostic parameter normalization using non-linear activation func-
tions. The practical implementation of the method was carried out in Python,
utilizing structured JSON interfaces to ensure data interoperability. The proposed
method was tested on a 25-node graph of an SPP fuel system. The simulation
results allowed for a quantitative assessment of structural and functional risks
according to the Harrington desirability scale. It was established that the most
critical nodes are the main engine (risk of 0.98) and the circulation tank (risk of
0.91), which exceed the emergency threshold by 45 %. The results demonstrate
that the system provides a response time within 50-100 ms, allowing for the
identification of "hidden risk zones" prior to the occurrence of a failure. The ap-
plication of this developed approach establishes a foundation for the transition to
condition-based maintenance (CBM) and can be integrated into the decision sup-
port systems of autonomous vessels.
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Keywords: Digital Twin, cognitive simulation, risk assessment, ship power
plant, fuel system, impulse modeling, reliability, predictive maintenance, Har-
rington scale, Python.

Buuysicanin B.B., Buuyscanin A.B. lunamMiyHa olliHKa pPU3HKY BiAMOBH B
CY/THOBHMX eHepreTM4HHX YCTAHOBKAX i3 BUKOPHCTAHHAM KOTHITHBHHX LU(-
POBHX IBillHUKIB

VY cratrTi po3riIAaaeThCs KPUTHYHA MpodiieMa 3a0e3edeHHs eKCIuTyaTariitHol
HaJIIHHOCTI CKJIQJIHUX TEXHIYHUX CHUCTEM Ha MPUKIAAI CyJHOBHX €HEPreTHUYHHX
ycraHoBoK (CEY). ABTopu BHUSBWIM CYTTEBI OOMEKEHHS TPAAUIIITHUX METOJIB
aHanizy pusukiB, Takux sk FMEA Tta FTA, BKkIro4aro4u IXHIO CTATUYHICTh, OiHA-
PHY JIOTiKY OI[IHIOBAaHHS Ta BiJICYTHICTh MOJIMBOCTI OOPOOKH JTaHUX JIATYHKIB Yy
PEKHMI peasbHOTO 4acy. SIK pillleHHs IPONOHYETHCS KOHIEMIiSI «KOTHITHBHOTO
muQpOBOro IBIMfHUKA», sKa 1HTErpye TexHojorito mudposux aeidHuKIB (DT) i3
KOTHITUBHUM iMiTaniitauM mopemoBanHsaM (CSM). HaykoBa HOBW3Ha IIOTO
JIOCIIIPKEHHS TIOJIATaE B pO3pOOIi alropuTMy IWHAMIYHOTO MEpepaxyHKy Baro-
BHUX KoeimieHTIB Tpada CHCTEMH Ha OCHOBI BXITHOI TeleMeTpii, IO T03BOJIIE
TpaHcOopMyBaTH CTaTUUHY TOMOJOTIYHY CXEMy B aJalTUBHY HPOTHOCTHYHY
Mojenb. JloCHiDKeHHS MICTUTh JETAIbHUH OIMC MEXaHIi3My JIeCTPYKTHBHOTO
Mozenmoroyoro iMnyinbey (DMI) Ta MareMaTHYHOrO amapary JJisi HOpMaiisarlii
JIarHOCTUYHUX TapaMeTpiB 3 BHKOPUCTAHHSM HENIHIHHMX (yHKUIH akTuBaii.
IpakTuuna peainizallis MeToay Oyjia BUKOHaHA MOBOIO Python 3 BHKOpHCTaHHIM
ctpykTypoBanux JSON-iHTepdeliciB ans 3a0e3nedeHHsT 1HTepoInepadeaIbHOCTI
JlaHuX. 3aIpONOHOBaHUK MeTo]| OyB IPOTECTOBAaHU Ha rpadi NaIMBHOI CHCTEMU
CEY, 110 cKiagaeThest 3 25 By3JiB. Pe3ypTaTi MOCIIOBAHHS JO3BOJIMIIHN MIPOBE-
CTH KIJTBKICHY OIIIHKY CTPYKTYPHHX Ta (YHKIIOHAIBHHX PH3UKIB 3a IIKAJOO
O6axxaHoCcTi XappiHrToHa. BCTaHOBIIEHO, M0 HAWOUIBII KPUTUYHAMHU BY3JIaMH €
rojoBHUI ABUryH (pm3uk 0,98) Ta mupkynsamiitna muctepHa (pusuk 0,91), mo Ha
45 % mnepeBuIye aBapiiHUH TOpIir. Pe3ynbratn NEeMOHCTPYIOTh, IO CHCTEMa
3abe3neuye wac Binqryky B mexax 50...100 mc, mo3Bonsiroun imeHTH]iIKyBaTH
«IPUXOBaHI 30HM PH3MKY» 10 MOMEHTY BUHHMKHEHHS BiJIMOBH. 3aCTOCYBaHH:I
PO3pOOIEHOTO MiIX0/1y CTBOPIOE MIAIPYHTS JUIS NEPEXOy O TEXHIYHOro 00ciy-
roByBaHHs 32 craHoM (CBM) i Moxxe OyTu iHTerpoBaHe B CUCTEMH MiJTPUMKH
NPUIHATTS pillleHb aBTOHOMHHX CYJICH.

KuiouoBi cjioBa: mudpoBuil ABIHHUK, KOTHITHBHE MOJIETIOBAaHHS, OIlIHKA PH-
3MKY, CYJHOBa SHEPreTHYHA YCTAaHOBKA, MaJMBHA CHCTEMA, IMITYJIbCHE MOJIEINIO-
BaHHs, HAIHHICTh, IPEANKTHBHE 00CITyroByBaHHS, MIKaja Xappinrrona, Python.

Zhuravlov Yu.l., Bogach V. M. Prediction of the onset of fatigue failure of
ship propeller shafts

The article demonstrates that most ship structural components operate under
cyclic loading, which creates favorable conditions for the development of fatigue
cracks. Restoration, repair, and replacement of these components, particularly



ISSN 1815-6770. Cyonosi enepeemuuni ycmanoexu. 2026. No 52 183

those in the underwater section, are performed only after the ship is decommis-
sioned.

For example, failures of ship propeller lines cause damages many times great-
er than the cost of the shaft. They can entail vessel downtime costs and loss of
operating profits; repair (dock) costs; replacement of the shafts themselves; and,
in some cases, lost propellers.

Failures of this kind can affect the ship's controllability and, under certain
conditions, lead to the loss of the vessel. Therefore, ensuring the strength of pro-
peller shafts is essential for reducing accidents at sea.

Given the contact of the propeller shaft with seawater, propeller shaft liners
(jackets) are used to protect against corrosion and reduce the coefficient of fric-
tion. These liners are metal cylinders tightly fitted to the shaft journals. When
exposed to seawater, the propeller shaft surface is subject to severe corrosion. The
identified causes of propeller shaft damage indicate that the majority of the dam-
age (over 60% of cases) is due to fatigue and corrosion fatigue of the propeller
shafts.

Therefore, predicting the onset of fatigue failure of marine propeller shafts is a
relevant issue in the operation of marine technical components.

The study revealed that fatigue and corrosion are the main causes of damage
to ship propeller shafts, with the primary damage sites being the propeller seat
cone and the keyway area.

A computational model for the initial stage of fatigue failure has been devel-
oped, allowing for the duration of the initial stage of fatigue failure of a propeller
shaft to be determined and the time when scheduled replacement is required. It
has been established that the specific elastic deformation energy accumulated per
unit length of the resulting crack is a constant value, independent of the level of
applied stresses.

Keywords: cyclic loading, fatigue cracks, fatigue failure, elastic deformation,
energy criteria, surface wear.

Kypaenvoe 10.1., bozau B.M. IIporHo3yBaHHs I0YAaTKY BTOMHOI'0 PYyiiHY-
BaHHSA CYHOBHX IpeOHMX BaJliB.

VY crarTi nokasaHo, 10 OUIBIIICTh KOHCTPYKTHBHUX €IEMEHTIB Cy/IHA MPALIOe
B YMOBax IIMKJIIYHOTO HAaBAaHTa)XXEHHS, IO CTBOPIOE CHPUSTIMBI YMOBH Ul PO-
3BUTKY TPIIIMH BTOMH. BiTHOBJICHHS, pEMOHT Ta 3aMiHa IIUX €JIEMEHTIB, 0COOJIH-
BO 10710 ITiIBOIHOT YaCTHHM CY/HA, BUPOOJISIOTH JIMIIE MIiCIs BUBE/ICHHS CY/IHA 3
eKCILTyaTarfii.

Hamnpuknan, mosoMKy CyAHOBHX BaJOIPOBOJIIB 3aBAAIOTH IIKOJH, 1110 Y Oara-
TO pa3iB NEPEBUIYE BAPTICTh Baly. BOHM MOXYTb CIIPUYMHUTH BUTPATH TI0 MPO-
CTOIO Cy/iHa 1 BTPATH €KCIUTyaTaliiHOTO NMPHOYTKY; BUTPATH HAa PEMOHT (IOKY-
BaHHS) Cy/HAa; 3aMiHy CaMMX BaJliB, a JEIKHX BHIIQJIKaX i 3aryOJeHUX IpeOHHX
T'BHHTIB.
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Taxi HOJOMKM MOXYTh BIUIMHYTH Ha KEpOBAHICTh CyJHAa 1 3a NEBHUX YMOB
Npu3BeCTH 10 3arnbeni cyxHa. Ock YoMy 3a0e3neyeHHs! MIIIHOCTI BaJliB IpeOHIX
Ma€ BAYIIMBE 3HAYCHHS IS 3MEHIIICHHS aBapiiHHOCTI CYACH Ha MOPIi.

BpaxoBytoun KOHTaKkT I'peOHOTO Baly 3 MOPCHKOIO BOJOIO UIS 3aXHCTY BifJ
KOpO3ii Ta 3MeHIIeHAS KoedillieHTa TepTsI BUKOPHCTOBYIOTH OOJHUIFOBaHHA (CO-
poukn) TpeOHMX BajJiB, SAKi € NIUIFPHO HACa/DKCHI HA INUHKH Baly MeTajeBi
OUTiHAPH.

Ipu nii 3a60pTHOI BOIM MOBEPXHS I'PpeOHOTO Baly CXMJIBHA J0 CHIIBHOI KO-
po3ii. BusiBieHi NpUYMHN MOLIKOMKEHb I'pEOHHMX BaJliB MOKAa3yIOTh, IO OiIb-
IICTh YHMIKO/MKEeHb (moHan 60% BUMAAKIB) CTald HACTiIKOM BTOMH Ta KO-
PO3il{HOT BTOMHU rpeOHUX BalIiB.

Ocb YoMy IPOTHO3YBaHHS I0YaTKy BTOMHOTO pyWHYBaHHS CyJHOBHX Iped-
HUX BJIiB € aKTyaJIbHUM 3aBIaHHIM E€KCIUTyaTalil JeTalieil CyTHOBUX TeXHIYHHX
3aco0iB.

B pesymbrati JOCHIIKEHHS BCTAHOBJICHO, IO NPHYMHAMH ITOIIKOKCHHS
rpeOHUX BaliB CYyIIiB € BTOMa Ta KOpO3iifHI pyHHYBaHHS, NPH BOMY OCHOBHI
MicCIs TIOIIKO/DKEHb - MOCAJKOBHI KOHYC I'peOHOTro I'BHHTA Ta paifoH Iasa IIo-
HHL

Po3pobiieHo po3paxyHKOBY MOAENE MOYAaTKOBOI cTajii BTOMHOTO pyHHYBaH-
H#, SIKa JI03BOJISIE BU3HAYUTH TPHUBAJICTh MMOYATKOBOI CTa (il BTOMHOTO PYHHYBaH-
Hsl TpeOHOr0 Bajly Ta BU3HAYUTH MOMEHT HEOOXIHOCTI HOTO TJIaHOBOT 3aMiHH.

BcraHoBieHO, 10 BEeJIMYMHA MUTOMOI eHepril npyxHoi aedopmarlii, HAKOI -
YeHa Ha OJMHHUIIO JIOBKUHU TPIIIMHM, 10 YTBOPUIIACS, € BEINYMHOIO MOCTIHHOI,
HE3aJIeKHOT BiJl PIBHSI IFOYMX HAIPYT,

KarouoBi cioBa: 1ukiIiyHe HaBaHTaXKEHHS, BTOMHI TPILIMHH, PYHHYBaHHS
BTOMH, TIPY>KHA Aeopmartisi, eHepreTHIHI KPUTEPii, 3HOC TOBEPXOHb.
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ITPABUJIA O®OPMJIEHHS I IOJAHHSA PYKOITUCIB J1JI5
3BIPHUKA «CYJIHOBI EHEPTETUYHI YCTAHOBKN»

HaykoBo-TexHiuHMit 30ipHUK HalliOHAJIBHOTO YHiBepcuteTy «Omechka
MopchKka akaneMisn» «CymHOBI eHepreTHdHi YCTAaHOBKH» € HAyKOBHM BH-
JTaHHSIM, B SIKOMY MOXYTbH ITyOJIiKyBaTHCh OCHOBHI pe3yNbTaTH AWCEPTa-
iHUX poOiT 31 cienianbHOCcTel 271 «Mopchbkuii Ta BHYTPILIHIA BOAHUHN
Tpancnopt™ Ta 275 «TpaHcnopTHI TEXHOJIOTIT (32 BUAAMH)».

CraTTs MOBWHHA BIAIMOBIAATH MIpaBIiiaM O(QOPMIIEHHS! HAYKOBUX CTa-
TeH 1 MICTUTH MOCTAaHOBKY Ipo0JIeMH B 3arainbHOMY BUTJISL Ta ii 3B'SI30K
3 BXXJIMBUMU HaYKOBHMH 200 MPAaKTUUYHUMH 3aBIAHHSIMH, aHaJi3 OCTaH-
HIX JOCHI[)KeHb 1 MyOIiKamiid 3a TeMOK CTaTTi, POpPMYIIOBaHHS IIiyiei
cTarTi (TIOCTAaHOBKY 3aBIaHHS), BHKJIAJ OCHOBHOTO Marepialy 3 Heo0-
X1IHUMH OOTPYHTYBaHHSIMH, BUCHOBKH Ta MEPCIEKTHBH MOAANBIINX JO-
CJII/DKEHb.

Pykomnmc momaeTscst Ha enekTpoHHOMY HOCIi y dopmati *.doc 3 marme-
POBOIO KOIIi€I0 1 pedeparaMd Ha YKpalHChKIH Ta aHITIMCBKIN MoOBax,
MiJUCAHOK BCIMa aBTOpaMH, 3 KOHTAKTHOK iH(GOpMAIIE€r0: aapecH, Te-
nedorn. O6csr crarti — 10 0,5 aBTOPCHKOTO apKyIia 3 ypaxyBaHHSIM
UTIOCTpalii, miAPUCYHKOBUX MIAMUCIB i pedepary.

Pedepar nBomMa mMoBaMu — YKpaiHCBKOIO Ta AHTJIIHCHKOK — HAaBO-
IUTHCSl HANPHUKiHLI pykonucy Ta moBiHeH Mictutu: ®PIO aBTOpiB, Ha3BY
CTaTTi, CKOPOUYEHHUH 3MicT Ta KJr04oBi cioBa. O0car pedepaTy KOXKHOIO
MORBO [0 TIOBHHEH cKkjanatu He MeHie 1800 3HakiB (3 mpoOesiamMu), BKITIO-
a4y KJIIOYOBI CJIOBA.

®opmar nanepy A5 (148x210) Yci monst — 16 mm. Tekcr - yepes 1
intepBai, Times New Roman, 11 nt; Tabiuili, 3aroJioBKH TaOJIUIb, Mij-
pucyHkoBi mianucu — 10 mT.

Ha mepmriii cTopinmi pykomnucy MOBHHHI OyTH BKa3aHi HACTYITHI ele-
MeHTr: PIO aBTOpiB; HaliMEHyBaHHS 3aKJady, B SIKOMY BHUKOHYBasacs
po0oTa; Ha3Ba cTaTTi. 3aroJIOBOK CTATTI OPOPMIIATH 33 CTHJIEM 3aroJio-
BOK 1, kernb 11 niT, Ge3 mepeHocy ciiB, yci IPONHUCHI.

[Ipn HEoOXigHOCTI POOUTBHCA MEPEHOC TEKCTy, ajie HE B 3arOJIOBKY
CTaTTI.

VYeci ¢hopmynu noBuHHI OyTH HabOpani B Mathtype. 3minHI, QyHKIIT,
BEKTOpPH, MAaTPULIi 1 T.N. OQOPMIIAIOTHCS JTaTUHCHKUM LIpUGTOM. 3MiHHI
BUKOHYIOThCS TIOXHJIMM IIPU(TOM, BEKTOPU — HAIIBKUPHUM, O3 HaXU-
JIy; TpelibKi CHMBOJIM — Y BCIX BHIaJKax 0€3 HaXWy; IHJAEKCH: JaTHHCHKI
— 3 HaXWwIoM, KHpWIn4Hi — 0e3 Haxuiy. Po3smipu B Mathtype: ocHOB-
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Huit — 11 nr, 30inemennii — 16,5 nT, iHgexkc — 7 0T, cyOiHgeKc — 6 1T.
Hywmepyrotbes Tinmbku Ti GOpMyIH, Ha SIKi € TOCHIAHHS B TeKCTi. Dopmy-
JU BIAIUIAIOTHCS BiJl TEKCTY pAAKaMy BHCOTOO 2 mT. OnuHUI (Di3UIHUX
BennuuH moBuHHI BigmoBigatu HACTY 3651.0-97, JCTY 3651.1-97,
JACTY 3651.2-97 "Mertpomnoris. Onuaumi ¢Gi3MdHAX BEMHYUH" 1 MaTH
3araJbHONPUIHATI TO3HAYCHHS.

Tabmuiri ciix po3TaloByBaTH HA OJHIM CTOPIHIN KPiM BHITAJIKIB, KO-
yu Tabnuis 3aiimae Oinbiie 1 cropinku. 3aronoBok — 10 o, 6e3 nmepeHo-
cy, iHTepBal mepes — 8 0T, micis — 2 NT, OCHOBHHUN MPUQPT TaOIUI —
10 mT.

PucyHku BinminsitoThCA BifA TEKCTy 3BEpXy IHTEpBalIoOM 8 T, BiA
Ha3Bu — 2 nit. Ha3Ba pucynky — kernb 10 nt, 6e3 mepeHocy, iHTepBal
miciast — 8 nr. Ha Bci Tabmuili i pucyHKM MOBHWHHI OyTH TIOCWIIaHHS B
TEKCTI CTaTTi y CKOPOUYCHOMY BUTJIAAI (pHC., Ta0.).

ImtocTparii, axi miAroTOBNIEHI B rpadivHUX penakTopax, MOMAIOTHCS B
SIKOCTI OKpeMuXx (aifiiB y BuxigHoMy ¢opMmarti. Po3mip HanmciB moBHHEH
3abe3neuyBaTH ixHi0 yntaHicTh (8-10 mr).

[MocunanHs Ha JiTepaTypHi JKepena y TEKCTI O(OPMIIIOIOTHCS Y
KBaJIpaTHHX JY>KKaxX 3 BKa3aHHIM HOMepa JKepera.

biomiorpadiuauii onrc odopmioeThes 3 ypaxyBaHHsIM HamioHanb-
Horo crannapty Ykpainu ACTVY 8302:2015 «Iadopmariis Ta JOKyMeHTa-
uisi. bibmorpadiune nmocunanHs. 3arajgbHi [IOJOXKEHHS Ta MPaBHIIA CKIIa-
TaHHS».

[Mpuknan ohopmIleHHS CHHCKY JIITEpaTypy HaBEACHO HUKYE:

Kunuru ognoro, 180x a00 TpbOX aBTOPiB

3abnoupkuii FO.B., Caria C.B. Pobounii uKki CyAHOBUX IBUTYHIB
BHYTPIIIHBOTO 3TOPSHHS. Teopis Ta po3paXyHOK OCHOBHHX MapaMeTpiB:
HaByanbpHuil mociouuk. Oxeca: HY «OMAy, 2018. 108 c.

Kuuru yotupbox i 6iib1ue aBTopis

Koneraes M.O., [lapmenona /[.I'., MamkiueB M.A., HikonaeBa I'.B.,
Posnympkuii O.M., Poman I'.T'., Capuduescrka A.Il., Ocamayk JI.J. bes-
MeKa Ta OXOpOoHAa Ha MOpi: HaBYaNbHUI mocioHuk. Oxeca: denike, 2020.
832 c.

abo

besneka ta oxopoHa Ha Mopi: HaBuanbHUi NocioHuk / M.O. Koe-
raes Ta 1H. Oneca: Penike, 2020. 832 c.

CraTTa y nepioiM4YHOMY BMIaHHI, PO3iJ KHUTH

Carin C.B., Cromsipuk T.O. AHai3 ekcIuTyaTaliiiHiX XapakTeprUCTUK
MOTOPHHMX MAaCTHJI CyIHOBHUX nu3eliB. CYOHOGI eHepeemuyHi YCMAaHOBK.
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2021. Bum. 43. C. 69-80. https://doi.org/10.31653/smf343.2021.69-80.

Shestopalov K., Khliyeva O., lerin V., Konstantinov O., Khliiev N.,
Neng G., Kozminykh M. Novel marine ejector-compression waste heat-
driven refrigeration system: technical possibilities and environmental
advantages. International Journal of Refrigeration. 2024. Vol. 158. P.
202-215. https://doi.org/10.1016/j.ijrefrig.2023.11.015
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