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Cmamms  npucesiueHa Ni08UWEHHIO HAOIUHOCMI CONI06020 Kinbys mypbonacnimaua Napier NTI-10
d8onanusHozo cyornosozo ousens Wdrtsild WOL34DF' y cknadi enepeemuunoi yCmaHo8Ku manKepa-2a3oe03d.
Axmyanvhicmo OOCHIONCEHHS 3YMOGIEHA WUPOKUM NOWUPEHHIM OBONANIUSHUX CEePeOHbO0Oepmosux Ousenie
muny DF na cyonax 0ns nepesesenHs CKpanieHoz2o 2asy, d maxkoic 3HAYHOIO YACMOMON 8i0MO8 CONI0B8020
Kiibysi mypOOHASHIMAYA, CAPUYUHEHUX MEePMOMEXAHIYHUMU HABAHMAICEHHAMU Md MEEePOOUACMUHKOBOIO
eposicio. Memooonoziuny 0cHO8Y O0CHIONCEHH CMAHOGIAMb MPUBUMIDHE 2€OMEMPUYHE MOOCNIOBAHHI 6
cepedosuwyi AutoCAD ma uucenvne mooeniosanns 3a 0onomozoro xmapnoi CAE-nnamgpopmu SimScale:
CFD-ananiz (OpenFOAM) 0ns oyinku 2a300uHAMIiYHUX NPOYECi8 Y NPOMOYHIU YACMUHT MA MeMOO CKIHYeHHUX
enemenmis (Code Aster) Ons ananizy cmamuyHux i mepmMoMexaHiuHux Hanpyxcens. Pesyismamu mooenoganns
NOKA3aU, WO 30HU MAKCUMATLHUX HANPYXHCEHb KOHYEHMPYIOMbCA ) MICYAX nepexoody «10NamKa—KopiHby md
«xopnyc—onopay. Ha ocHo8i 6useieHux 3aKOHOMIpHOCMEU 3anPONOHOBAHO MOOEPHI308AHY KOHCMPYKYIIO:
86€0€HO OKpY2lleHi 2eoMempUudHti nepexoou (2anmeni) y KPpUMUYHUX 30HAX, WO OANI0 3MO2Y 3HAYHO 3HUSUMU
NiKOGI KOHYeHmpayii mepmMOMeXaHiuHux HANPYAHCEHb | SMEHUUMU PUSUK 3APOONCEHHS GMOMHUX MPIiuHn 6e3
BMIHU 2A300UHAMIYHUX XAPAKMEPUCUK NOMOKY Md cXeMu Kpinjienus eremenma. Bucnosxu: zanpononosanuii
KOMAAEKCHUU nioxio — noeonannss 3D-modemosanns, CFD ma cmpykmyprozo ananiszy — 3abesneuye Haoiiuny
OYIHKY pecypcy i Modice Oymu 3acmoco8anuli 05 G0OCKOHANICHHS THUUX eleMeHmMi8 CYOHOBUX eHepeemUYHUX
YCMAHOBOK.

Knrouosi cnosa: osonanusnuii ouzenb, mypOOHAOOYEAHHS, HAOIHICMb, CONIOGe Kilbye, O0OUUCTIOB8ANbHA
eiopoeazoounamixa, CFD-mooenroeanns; SimScale; Wiirtsildi W6L34DF.

DOI: 10.33815/2313-4763.2026.1.32.006-019

Beryn. CywacHuil po3BUTOK MOPCBKOTO TPAHCHOPTY CYNPOBOKYETHCS TOCHIICHHSIM
€KOJIOTTYHUX BUMOT Ta HEOOXIAHICTIO MiJBHILEHHS €HEproe(eKTUBHOCTI Cy/THOBUX €HEPreTUYHHX
YCTaHOBOK. Y IIbOMY KOHTEKCTI JIBOTIAIIMBHI cepeHb000epToBi au3eni tuny DF xommanii Wartsild
HaOyJIM MIMPOKOTO 3aCTOCYBAaHHS Ha CyJTHAX JUIS TEPEBE3CHHS CKPAIUICHOTO IMPHUPOJHOTO Ta3y
(LNG), ockimbku 3a0e3MeuyroTh 3HIKCHHS BUKHIIB OKCHIIB a30Ty Ta BYTJCKUCIOTO Tasy.
Boanouac 3a6e3nedenHs ix HafiitHOI Ta 0e3mepebiitHOi pOOOTH € KPUTUYHO BAXKIUBUM (DaKTOpOM
0e3IeKHu CyTHOTUIABCTBA Ta EKOHOMIYHOT e(DeKTHBHOCTI eKcIuTyarailii cyne [1, 2].

@ o pyopuku exnioueno cmammi 3a cneyianvnicmio J5 «Mopcokuit ma enympiwinii 600HUIL MPAHCHOPM)
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[IpakThka ekcruryaTarii JBOIMAIUBHUX AHW3EIIB y TA30BOMY PEKHMiI POOOTH CBIIYUTH PO
MiABHUILEHY YacTOTy BiJIMOB €JIEMEHTIB CUCTEMH TypOOHAJIyBaHHS, 30KpeMa COILJIOBOTO KiIbLs
TypO1HHOI YaCTUHU TypOOHarHiTaya.

VY nochikeHHI OCHOBHY yBary MpHUIUIEHO POOOTI JBUTYHA Yy Ta30BOMY pEXHMI NpHU
HOMIHAJIbBHOMY HaBaHTaXXE€HHI1, 10 € XapakTepHuM i ekcrryartanii LNG-tankepis.

ComnoBe Kijblle TypOIHHOI YacTMHM TypOOHAarHiTaya Mpalioe B YMOBaX I1HTEHCHBHHX
TEPMOMEXaHIYHUX HAaBaHTAKEHb, BKIIOYAIOUYM BHCOKI TEMIEpaTypd BHUXJIONHHX ra3iB
(500630 °C), 3HauHi rpagi€eHTH TEMIIEPaTyp, MyJbCallii THCKY Ta BILIUB TBEPIOYaCTUHKOBOI epo3il
(Solid Particle Erosion, SPE). 3rimno 3 pe3yabraramm anamizy BiaMoB metojgom Fault Tree
Analysis, epo3iiiHi Ta 3a0pyAHIOBaJIbHI MpOLIeCH TyPOIHHOI YACTUHH € OJIHUMH 3 OCHOBHMX MPUYUH
BUXOIy TypOOHArHITauiB 3 Ja1y, 3 IMOBIpHICTIO BiiMOB Ha piBHi 0,08-0,12 [9].

AHani3 HayKOBHX JDKEpesl IIOKasye, 0 MpolieMaTHKa HaIiiHOCTI TypOOHarHiTa4iB
CY/JHOBHX JIBUTYHIB aKTHBHO JOCIIIJDKYEThCS. 30Kpema, y poboTax [6, 7] cucTeMaTu30BaHO THUIIOBI
BI/IMOBH Ta iX JIarHOCTHYHI O3HaKH, a B [9] MpoBeIeHO KIIbKICHY OILIIHKY MMOBiIpHOCTEH BiIMOB
eneMeHTiB cucteMu TypOonaaayBanusa. CFD-nociimkeHHs ra30JuHaMIYHUX MPOIECIB y COIMIOBHUX
amapatax npezcrasieni y [12, 13], Toai sik y pobotax [16, 17] BukOHaHO aHali3 MILHOCTI Ta
BTOMHOI JIOBIOBIYHOCTI COIUJIOBHX KUIELb 3 YypaxyBaHHSIM TEPMOMEXaHIYHUX HaBAHTaXEHb 1
TBEPIOYACTUHKOBOI €po3ii.

Bomnowac OuUIbIIICTE ICHYIOUMX JOCIHIIKEHb PO3TIIANAIOTh Ta30JIMHAMIYHI Ta MIIHICHI
acleKTH 130JbOBaHO, 0€3 KOMIUIEKCHOTO BpaxyBaHHS B3a€MOJIl TEIJIOBUX 1 MEXaHIYHHX
HaBaHTAXXCHb Y PEaJbHUX YMOBaX EKCIUTyaTallii Cy/IHOBUX €HEPreTHYHNUX YCTaHOBOK. KpiM Toro, y
HAYKOBIH JiTepaTypi MNpPaKTUYHO BIJACYTHI poOOTH, CHpPSMOBAaHI Ha ONTUMI3aLl0 TeoMeTpii
COIIOBOrO KUIbL TypOoHarHiTauiB Tumy Napier NT1-10 nns nBonmanuBHux ABuryHiB Wairtsild
W6L34DF.

Metoro poOOTH € NiABUINEHHS HAAIMHOCTI COIUIOBOrO KibI TypOoHarHitada Napier
NT1-10 nuiIXoM YAOCKOHAJ€HHS MOro TreoMeTpii Ha OCHOBI KOMIUIEKCHOTO YHCEJIBbHOTO
MO/ICITIOBaHHS.

JInst MOCSITHEHHsI TIOCTaBJICHOI METH BHPINIYIOTBCS TakKi 3ajJadi: aHami3 yMOB poOOTH
eJIEMEHTa Ta iIeHTU]IKAIls 30H KpUTUYHUX HAaBaHTaKEHb;, PO3poOKa Ta BepHQiKallisi TPUBUMIPHOT
reoMeTpuuHOi Mozemi; npoBeaeHass CFD-anami3y ra3oauHamMiyHUX TPOIECIB Y MPOTOYHIN YaCTHHI,
BUKOHAHHS TEPMOMEXaHIYHOTO aHalizy MeToaoM ckiHueHHuX eneMeHTiB (FEM); po3poOka Ta
OIliHKa e(PEKTUBHOCTI MOACPHI30BAHOT KOHCTPYKITii.

HaykoBa HOBHM3Ha poOoTu momnsirae y KomiuiekcHOMY mnoenHanHi CFD-anamizy Ta
TEPMOMEXAHIYHOTO MOJIEIIOBaHHA JUIsl OLIHKM Hampy>KeHO-A1e()OpMOBAaHOTO CTaHy COILUIOBOTO
KUTBIS,, BUSBICHHI KPUTHYHUX 30H KOHIIGHTpALii HANpyXeHb 3 YpaxyBaHHSM pealbHUX
TEMIIEpaTypHUX TPAaI€HTIB, a TaKOX OOIPYHTYBaHHI TeoMeTpuyHOI Moaudikamii (BBEICHHS
pamioHaNIbHUX TajiTeNiB), IO 3ale3nedye 3HIWKEHHS pIBHSI HaNpyXeHb 0e3 TOTipIIeHHs
ra30JUHaMIYHUX XapaKTePUCTUK MOTOKY.

3 ormsamy Ha BUKIAAEHE, IS JIOCITHEHHS TMOCTaBJIEHOI MeTH Oyjo o0paHo 00 €KT
JOCIIJKEHHS, 110 BIANOBIIa€ TUIIOBUM YMOBAM €KCIUTyaTallii JBONAJIMBHUX CYJTHOBUX IM3€IiB, Ta
PO3pOOIEHO METOOJIOTII0 KOMIUIEKCHOTO YHCENBFHOTO MOJENIOBaHHsA, sika noegnye CFD-anamiz
ra3olMHaMIYHUX MPOIECIB 13 TEPMOMEXaHIYHUM aHalli30M METOJIOM CKIHUEHHUX €JIEMEHTIB.

Martepianun Ta meroam. OO0’ €KTOM JOCHIDKEHHS € JBOTMAJIMBHHNA CEpeIHbOOOEPTOBUI
muzenb  Wartsila WO6L34DF y ckimami  eHepreTHYHoi YCTaHOBKM TaHKepa-ra3oBo3a. Sk
JocHiaHUIBKIA npototun obpano cynno MARAN GAS CHIOS (IMO: 9753014) — rankep-
razoBo3 (LNG carrier) Tuny Segregated Ballast Tanker, moOGynoBanuit y 2019 poui Ha Bepdi
Daewoo Shipbuilding & Marine Engineering (IliBnenna Kopes). JlomomixkHa eHepreTudHa
YCTAaHOBKA CyJIHA BKJIIOYae aBa ausenib-reHepatopu Wairtsildi WOL34DF motyxknictio 2880 kBT
KOXHUH [3].

Texuiuni xapakrepuctuku nBuryHa WOL34DF: 4-taktHuil psaHuil  6-IMIIHIPOBUI
JIBOTIAJIMBHUH JBHUTYH; Aiamerp mwrmiagpa 340 mm; xix nopmHs 400 MM; HOMiHaJIbHA TTOTYXHICTh
2880 kBt npu 720 006/xB; BUKUAK y razoBoMy pexxumi — Bignosigatots IMO Tier III; y nuzensHomy
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pexumi — IMO Tier II. Cuctema KOHTPONIO HAIAYBY CKJIAAEThCS 3 KIAlaHA IEPEIMyCKy
BuxJsionHux raziB (Waste Gate) ta GaiinacHoro kianaHa nositps [3].

Typ6onarnitau Napier NT1-10 (Frame FJ, Specification FIA051, cepiitauit Homep 712899)
KOHCTPYKTHBHO MICTUTh OJHOCTYIICHEBY OChOBY TypOiHYy Ta BIALIEHTPOBHII KOMIpecop, 00’ eTHaH]
CHUTBHUM pPOTOpOM. MakcuManbHa MBUAKICTE o0epTanHs — 31200 00/XB, MakcuMaibHa
Temreparypa rasis Ha Bxoai — 650 °C.

Ha ocHOBI TEeXHIYHMX XapaKTEpUCTUK OOpaHOro 00’€KTa JOCIIKEHHS C(HOPMOBAHO
CHUCTEMY T'PaHMYHMX YMOB JUJIsl YMCEIBHOTO MoJentoBaHHsA. OCKUJIbKM JOCTOBIPHICTbh PE3yJbTaTiB
CFD- Ta TepMOMEXaHIYHOTO aHali3y Oe3MocCepelHbO 3aJECKUTh Bil KOPEKTHOCTI BXITHHUX
napamMeTpiB, BXiJHI MapaMeTpyu BU3HAYAIUCH BIAMOBITHO O pealbHUX PEKHUMIB pOOOTH JABUTYHA
W6L34DF npu 100% HaBaHTaxe€HHI — 3 YypaxXyBaHHSIM OCOOJMBOCTEH Ta30BOr0 PEXUMY
JIBOTIAJIMBHOTO LIUKJTY Ta XapaKkTepucTHK TypOoHarnitaua Napier NT1-10.

Bxigni mapamMerpu Ta rpaHuM4YHi yYMOBM MOJAeNOBAaHHA. BXinHI mapameTrpu Ui
YHCEJIbHOIO EKCIIEPUMEHTY BH3HAYEHO BIJIOBITHO JO CTEHJOBUX BUIPOOyBaHb JABHUIYHA
W6L34DF npu 100% naBanTaxkenHi [3]. TemnepaTypa BUXJIONHUX ra3iB nepeja TypOOHarHiTaueM
Bapitoe B pmiamasoni 396-551°C, cepeaHe 3HaueHHs — Osmsbko 508 °C; xapakrepHa
HEpIBHOMIPHICTh MK LuIiHApamMu csrae 155 °C (pi3HMLST OCEpEeTHEHUX 3a LUKIOM TEeMIEpaTyp
BUXJIOITHUX Ta3iB Ha BUXO/Il 3 OKPEMUX LWIIHAPIB 3TiAHO 3 JTaHUMU CTEHIOBHX BUMPOOYBaHb [3]),
110 € MPUYNHOIO HEPIBHOMIPHOT'O TEIJIOBOTO BIIMBY Ha KOHCTPYKLIIO.

Takuii pexxumM 3  MaKCUMQJIbHOI  MDKUWIIHIAPOBOIO  HEPIBHOMIPHICTIO  00paHO
LIJIECIPSIMOBAaHO SIK KOHCEPBATUBHUM CLEHapiii HaBaHTa)XEHHSA: BIH BIJANOBIAAE€ peajIbHO
3a(hiKCOBaHUM CTEH/I0BUM JIaHUM BUpOOHUKA [3] 1 3a0e3meuye OLiHKY HaIpyKeHO-1e(OPMOBAHOTO
CTaHy COILJIOBOIO KUIbLS 32 HAMOLIbII TEPMIYHO HECHPUSTIMBUX YMOB, LIO0 € CTaHIAApTHOIO
MIPAKTHUKOIO MPU PO3PAaXyHKY Ha MILHICTh BIANOBIAHUX €JIEMEHTIB €eHEPreTUUHUX YCTaHOBOK.

MacoBuii mnoTik BuxsonHuUX Tra3iB g 6L34DF y ra3zoBoMy pexumi CTaHOBUTH
m = 4,58 kr/c; TucKk HagayBHOro moBiTps — 3,35 Oap; yacToTa oOepTaHHS TypOOHarHiraua —
26 718 06/x8 [2]. CTaTHuHMIA THCK HA BUXimHil Mexi BctaHoBieHO P = 1,2-10° Ia.

XapakTepHe 3Ha4YeHHs uucia PelHonbaca CcTaHOBUTH Re = 1,2:10%, mo Bimmosimae
MOBHICTIO TYpOYJICHTHOMY PEXHUMY Teuii.

Jlns MOJeNIOBaHHS TEIIOOOMIHY CKJIaJ, BUXJIOIMHMX Ta3iB AM3ENs y PEKUMI NEepeBa)KHOT
poboTH Ha MeTaHi MpuBEACHO 10 ekBiBaieHTHOI Mozaeni CO2 3 MeTor 30epekeHHS OCHOBHUX
TeII0(i3MIHUX BJIACTUBOCTEH (3 IEBHUM CIIPOIICHHSM ).

OOrpyHTyBaHHS BUOOPY TPHMATOMHOTO ra3y. [l MoJentoBaHHS MOTOKY BUXJIOITHUX Ta3iB
JIBUTYHA BUKOPHCTAHO €KBIBaJEHTHY Mozenb Ha ocHOBI CO2. Bubip oOymoBienuit tum, mo CO2 €
OHUM 13 OCHOBHUX TpPHUATOMHHX KOMIIOHEHTIB BHXJOMHMUX ra3iB mopsx i3 H20 Ta
XapaKTepU3yeTbCs TEMI0(I3UYHUMU BJIACTUBOCTAMH, OJIM3BKMMM JO BJIACTUBOCTEH peasbHOI
ra30Boi CyMillI 3a TOCIIKyBaHUX TeMriepaTyp. He3Bakaroun Ha Te, 110 HaHOTbITY MAaCOBY YacTKY
y CKJIaJll BUXJIOMHUX Ta3iB cTaHOBUTH N2, came CO2 Oyno oOpaHO SK PO3paxyHKOBUW ra3 IJis
3a0e3neueHHs] 30€peKEeHHSI KIIFOYOBHX TEIO(I3UUHUX XapaKTEPHCTUK CEpelOBHINA, 30KpeMa
TEIUIONPOBITHOCTI, JUHAMIYHOI B’S3KOCTI Ta MHUTOMOI TEIUIOEMHOCTI, $KI BH3HA4alOTh
IHTEHCUBHICTh KOHBEKTHBHOTO TEIUIOOOMIHY y MPOTOYHIM YaCTHHI. 3a TeMIIepaTtyp BUXJIOMHHX
razie 500-630 °C noMiHyHOUMM MEXaHI3MOM TeIIoNepeiadi € KOHBEKIIiS, TOJI SK BHECOK
paniaiiifHoro TerIooOMiHy € He3HaYHUM 1 B IaHOMY JIOCJIJDKEHHI HEe BpaxoByBaBcs. [IpoBeneHmii
aHaJi3 MoKasye, 10 BIUIUB BUOOPY KOHKPETHOTO Ia3y-eKBIBaJE€HTa Ha Pe3yJbTaTH PO3PaxyHKY €
HECYTTEBHM Y MEXax IMOCTaBJIeHOI 3a7aui. Pa3om i3 TMM 3amiHa peaibHOr0 0araTOKOMIIOHEHTHOTO
CKJIaJly BUXJIOITHHX Ta31B €KBIBaJCHTHOIO MOCIUTIO Ha 0CHOBI CO2 pO3IISIIAEThCS K TPUITYIIICHHS
JOCITIJIKEHHS 1 TOTpedye MoIaNbIIoi eKCIepUMEHTaIbHOT BepudiKallii.

CFD-po3paxyHOK BUKOHAHO y CTalliOHApHIN MOCTaHOBII 13 BUKOPUCTAHHSM TYpOYJEHTHOT
moeni k—o SST. Ha Bxopi 3amano macoBy BuTpaty (mass flow inlet), Ha BUX0O/1 — CTATUYHUN TUCK
(pressure outlet). I'pann4Hi yMOBH Ha CTiHKaX NpuitHATI stk adiabatic no-slip.

[TapameTpu Martepiay COIJIOBOTO KiNBIS — >KapOMIITHUN HiKeNIeBHH CIUiaB: Moayih FOHra
E = 2,05-10! IIa; xoedinient Iyaccona v = 0,28; ryctuna p = 8150 kr/m>; koeillieHT TemnnoBoro

@ o pyopuku exnioueno cmammi 3a cneyianvnicmio J5 «Mopcokuit ma enympiwinii 600HUIL MPAHCHOPM)
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posmmpenns o = 1,25:10° K, nutoma tennoemuicts ¢, = 435 JIx/(xkr-K); TemnonpopinHicTh
x =12 Bt/(M-K). Mozaenb noBeaiHKu MaTepiany — JiHIHHO-TIPy»KHA 130TPOIIHA.

BceraHoBieHI TpaHWYHI yMOBH pEai3ylOThCS B paMKaxX BiJMOBITHOTO MaTEMAaTHUIHOTO
amapary, 1o onucye (pi3uuHi mpouecu y MpOTOYHIN YaCTHUHI COMIIOBOTO KiibIls. {15 KOpeKTHOro
BIITBOPECHHSI B3a€EMOJIi Ta30/MHAMIYHUX Ta TEPMOMEXaHIYHHUX SIBUI BUKOPUCTOBYETHCS CHUCTEMA
nudepeHiiaTbHIX PIBHAHB 30€pe)KeHHS, BUKIAIeHA HIKYE.

MartemaTtuyHa Mojeab. ['a30uHaMiIuHI NpPOLECH Y MPOTOYHIM YacTUHI TypOOHAarHiTada
OIUCYIOTHCSL CUCTEMOIO PIBHIHD 30epexeHHs MacH Ta iMiyJibcy [10]. PIBHSHHS HEpO3pUBHOCTI:

V-u=0.
PiBusinus imnynscy (HaB’e—Ctokca):
p-(ou/ot+ (u-V)u)y=-Vp+uVzu+f,
1e U — BEKTOp LIBHIKOCTI; P — TUCK; t — 4ac; p — ryCTHHA; u — JMHAMIiYHa B’s3KicTh; f — BekTOp
00’eMuux cui, V — oneparop HaOa.

I'pannvni YMOBHU TEIJIOOOMiHY Ha MOBEPXHI JIOMATKUA 33/Ial0ThCS 3aKOHOM KOHBEKTHBHOI
TerIoBiIadi (3akoH Herorona—Pixmana):

g= h'(Teasy - TcmiHKu)
7ie ( — IIJIBbHICT TEMIOBOTO MOTOKY Ha MOBEpXHi, BT/M%; h — koedirienT Temnosimnaui, Br/(m?-K);
Toasy — Temmeparypa ra3oBOTO MOTOKY; lcmimu — TEMIEpaTypa MOBEpPXHI CTIHKM. 3Ha4YECHHS
koedimienTa TeroBiamadi Bu3HauaeThess 3 CFD-po3paxyHKy Ta mepenaeThes sIK TpaHUYHI YMOBH
JI0 TEPMOMEXaHIYHOT MOJIEIII.
CraTHyHMiA CTPYKTYpHHUI aHaJli3 BUKOHYETHCS HAa OCHOBI PIBHSHHS pPIBHOBAard TBEPIOTO
Tina:
V-o+b=0,
JIe G — TCH30p HAIPYXeHb; b — BekTOp 00’ €MHUX CHIL.
J1ia AiHIHO-TIPYKHOT'O MaTepially BUKOPUCTOBYEThCS 3aK0H ['yka:

o=C:g,
Je ¢ — TeH30p HampykeHb; C — TEH30p MpPYKHUX KOHCTAHT (TEH30p MKOPCTKOCTi); & — TEH30Dp
nedopmartii.
Temosi gedopmariii BpaxoByIOTHCS SIK:
eth=a AT 1
Je &th — TEH30p TeIUIoBHX Jaedopmairiif; o — KoedillieHT TerIoBoro posmmpenHs; AT — mpupict
Temrneparypu; [ — OAMHUYHUHN TEH30D.

OckinpKkH TeMIepaTypu BHUXJOMHUX ra3iB jocsaraioTe 550-630 °C, cTpykTypHUE aHami3

JIOTIOBHEHO TepMoMexaHiuHuM [16]. TemnsioBi mporecu onucyroThes PIBHAHHSAM TEIIONPOBIAHOCTI:
pcp (OT/o) =V - (k'V-T)=0Q

1e p — ryCTUHA; C, — MUTOMA TEIUIOEMHICTh MPHU MOCTIHHOMY THUCKY; 1 — Temmeparypa; t — vac;

k — koedirieHT TemmonpoBigHocTi; Q — 00’€MHa MOTYXKHICTh TEILIOBOIO JuKepena; V — omeparop

Habma.

HaBenena cuctema pIiBHSHb € TEOPETHYHOIO OCHOBOK Il TIPOBEIEHHS YHCEIHHOTO
eKCIIepUMEHTYy, OJIHAaK ii MpaKTUYHA peaji3alis NoTpedye Creniati30BaHOro IMPOrpaMHOTO
CepelioBUINIa Ta KOPEKTHO TMOOYJI0BaHOI pPO3PaxXyHKOBOI CITKA. TOYHICTH TUCKpeTH3aIlii
BU3HAYAJbHUX DIBHSHb, SKICTh alpOKCHUMAIlli KPHUBONIHIMHUX TOBEPXOHB JIOMATOK 1 JOCTATHS
IIITBHICTE CITKM Y 30HaX OYIKYBaHUX KOHIICHTPAIlM HAMpyXeHb € KIOYOBUMHU (DakTOpamw, M0
3a0e3MeuyroTh BiIOBITHICTh YHCEIBHOTO PO3B’SA3KY pealbHUM (Hi3WYHHUM Tporecam. 3 OrJisiLy Ha
e, BUOIp TmporpaMHUX 3aco0iB Ta TapaMeTpiB PO3PaxXyHKOBOI CITKH  3JiHCHIOBaBCS
[UTECTIPSIMOBAaHO — 3 YpaxyBaHHSM crnenu(ikd JOCTIKYBaHOI TeoMeTpii Ta Xapakrepy
TEPMOMEXaHIYHIX HABAHTAKCHb.

ISSN-print 2313-4763; ISSN-online 3041-1939 @



m [H>keHepia y TPaHCIIOPTHIN raaysi

IIporpamue 3a0e3nevyeHHs] Ta po3paxyHKoBa ciTka. TpuBHUMipHAa reOMETpUYHA MOJEIH
COIUIOBOTO KUNbLA Ta KyTOBOro marpyOka po3pobseHa B cepepoBuilli AutoCAD Ha ocHOBI
HaTYpHUX BHMIPIB JTOCIIHPKYBaHOTO elleMeHTa. UrncenbHe MOJICTFOBaHHS BUKOHYBAJIOCH HA XMapHIi
CAE-mnargopmi SimScale 3 Buxkopucranusm po3s’s3yBauiB OpenFOAM (CFD) ta Code Aster
(FEA), mo mo3BoJsie MPOBOAWTH CEpiiiHI iTepamiiHi cuMyIsimii 6e3 HEeOoOXiTHOCTI Y JOKaJbHHUX
oOuncmoBaIbHUX cepBepax [16]. Po3paxyHkoBa ciTka — TiOpuaHa IIECTUTPAaHHO-TOMIHAHTHA 3
0a30BUM PO3MIpOM KOMIpPKH 3 MM, 3arajbHa KUIBKICTh eleMeHTiB — 621 386. Bubip mapamerpis
CITKH IPYHTY€ETHCS Ha KOMIIPOMICI MIXK TOYHICTIO OOUYMCIICHHSI TPAJi€HTIB TUCKY M TeMIlepaTypu Ta
JOCTYITHUMH OOYHCITIOBAIBHUMH PECYypCaMH, 3 O0OB’SI3KOBUM aHAII30M 301KHOCTI (IOCITIIKEHHS
KOHBEPIeHLii CITKH) y 30HaX KPUBOJIIHIMHUX KaHATIB 1 KPOMOK JIOTIATOK.

Bautiamist uricenbHOT MOJIe1 BUKOHYBAJIACh MIJITXOM TIOPIBHSIHHS OTPUMaHUX Pe3yJIbTaTIB 3
JTaHUMH, HaBeJAeHUMH y [16, 17], mo moka3ano y3rojpkeHicTh y Mexax 5—-10% s KIIFouoBUX
napaMeTpiB HANPy>KEHOTO CTaHY.

PesynbraTu Banmigauii yruceabHOT MoJiesi HaBeAeHO B Ta0u. 1. [IopiBHSAHHS 3 JiTepaTypHUMHU
naHuMH [16] mokasye, 1110 BIAXUICHHS KIOYOBUX IapaMeTpiB He nepeBuiye 5%, 1Mo niaTBepIKye
a/IeKBaTHICTh 0OpaHOi MOJIeNi Ta TPAaHUYHUX YMOB.

Tabmuus 1 — [TopiBHAHHS pe3yIbTaTiB MOJICIIOBAHHSA 3 JTITEPaTypHUMH JaHUMU

Hlapamemp Present study Reference [16] Deviation, %
MakcuMalbHI Hallpy KeHHS
(®on Mizec), MIla 342 360 50
MakcumainbHa Temreparypa, °C 612 590 3,7

Cepenne BinxuieHHs CTaHOBHUTH 4,35%, 110 3HAXOIUTHCS B MEXaxX JOMYCTHMHUX MOXHOOK
CFD-monentoBanHs 11 TypOyJICHTHHX TEUil.

Onucanuii KOMIUIEKC MPOrpaMHMX 3aC00IB 1 MapaMeTpiB po3paxyHKOBOI CITKH 3a0e3reqnB
HeOOXiHy MIATOTOBKY JO NPOBEICHHS YHUCENBbHOrO eKcrepuMenty. OTpuMmaHi pe3ynbTaTu
MOJICIIOBAHHS ~ PO3TJISAAIOTBECSA  TOCHIJOBHO:  CHOYATKy — aHANI3yIOThCSd  Ta30AMHAMIivHI
XapaKTePUCTHKHU Tedii y MPOTOYHIM YacTHHI COIUIOBOTO KUIBIIS, IO € OCHOBOIO JJISl MOAABIIOrO
TEPMOMEXaHIYHOTO aHaJIi3y.

PesyabTatu. 'azonmuamiunmii aHamdiz — moasi mBUAKoOcTel. Bizyamizamis pe3ynbrariB
CFD-po3paxyHky 0a30B01 KOHCTPYKIIii BUSBHJIA XapaKTEPHUN PO3MOJIIT MIBUAKOCTEH Y TPOTOUYHIM
4acTUHI coryioBoro Kimbis (puc. 1). Ilepen BXomoM y JOMaTKK ra3d MarOTh HU3BKY IIBHJKICTSH 1
MiABUIIEHUH CTaTHYHUHA TUCK; y 3BYKEHHI MIDK JIONMaTKaMH BilOYBa€ThCS pi3Ke NPHCKOPEHHS
MOTOKY — (OPMY€EThCS PEAKTUBHUU CTPYMiHb, IO MEPETBOPIOE TMOTEHIIIIHY €HEpriro TUCKY Ha
KiHeTHYHY. MaKcHMallbHI IIBUAKOCTI CHOCTEPIraloThCs Ha BHXOJI 3 MIKJIONMATKOBOTO KaHAIY 1
BIJIMOBIJIAIOTh 30HAM 3€JIEHOTO, JKOBTOTO Ta YEPBOHOTO KOJBOPIB Ha KOJBOPOBIH KapTi.
HepiBHOMIpHICTh TOJNS MIBHIKOCTEH € 3aKOHOMIPHUM HACIHIIKOM TeOoMeTpii Mpodisto JIOmaTKu:
pi3Ha KpHWBHU3HA, 3MIHHUHN pajiyc 1 JOKaIbHI «ropja» KaHary (OpMYyIOTh HEOJHAKOBI IIBHUIKICHI
TOJISL B3/IOBXK BUCOTHU TIPO(IITIO.

VY BHYTpIIIHIX KyTOBHX 30HAaX JIONMATKH 3a(iKCOBAHO JIOKAJIbHI PEHUPKYJIALIl Ta BUXPOBI
CTPYKTYpH, IO Bif0OpakaloThcs SK TMOBiINBHI 30HM HA Bisyamisamii. IX HasBHICTB 3yMOBIEHa
pi3kor0 3MiHOIO (OpMH KaHally Ta HeiJealbHUM KYTOM BXOJYy MOTOKY. Taki 30HU BiJIpUBY
MiABHUILYIOTh aepoJUHAMIYHI BTpATH, 301UIbIIYIOTh TYpOYJEHTHICTh 1 CIPHUSIOTH HEPIBHOMIPHOMY
TETIOBOMY HABAaHTA)KEHHIO HA TIOBEPXHIO MaTepiamy.

MaxkcumanbHi MIBUAKOCTI Ta30BOr0 IOTOKY Ha BHXOJl 3 MDKIONATKOBOIO KaHAIy
ckianaTth ~300 m/c, 1m0 BiANOBIZA€ TUMOBUM 3HAUYEHHSAM Ul COIUIOBUX arapariB CyJHOBHUX
TypOoHarHiTauis [12, 13].

Mo pybpuxu éxnioueno cmammi 3a cneyianvricmio J5 «Mopcokuii ma éHympiuwiniii 600HUTL MPAHCHOPHL)




HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m
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Pucynok 1 — Po3mozin mBHAKOCTEH TOTOKY ¥ MIDKJIOMATKOBUX KaHAIAaX COIUIOBOTO KiJIBIIS
(J1iBOpYdY — MO3I0BXKHIH TIepepi3, MpaBopyd — (GpoOHTATbHA IUIONIHA)

OTpumaHa KapTHHA IOJIIB IIBUAKOCTEH € HEOOX1JHOI MepelyMOBOIO AJIS iHTepHpeTallii
pO3MOJLTY CTaTUYHOIO THUCKY: BIJIMOBIAHO 10 pIBHSHHS bepHysUll, 30HM MaKCHUMAaJbHOTO
IIPUCKOPEHHS IMOTOKY BIANOBIAAIOTH JIOKAJIBHUM MiHIMyMaM CTaTUYHOIO THCKY, TOAI SK
YHOBUIBHEHHS Te4ii Yy BXIAHIM 4YacTHHI KaHaly CYNPOBOJUKYETHCS HOro MiABUIICHHSIM. Takum
YMHOM, HEpPIBHOMIPHICTh NOJS IMIBUAKOCTEH, 3adikcoBaHa y miapo3aum 3.1, 3aKOHOMIpHO
MIPOSABIIIETHCS Y XapaKTEPHOMY PO3MOJLII TUCKY B3JOBX MPOQUIIO JIONATKU — 1110 1 € IPEeIMETOM
HACTYIIHOT'O €Tally aHalizy.

Po3nonin crarmyHoro Tucky. AHaii3 1oJisl TUCKY BHUSIBUB PI3KHMH mepenaj MK BX1JIHOIO
(J1iBOIO) YACTUHOIO KaHaly, /¢ TUCK € MaKCHUMaJbHHUM, Ta BHXIJHOIO (IIPaBOI0) 30HOIO, IO
BIJIMIOBIJA€ 3a/laHOMY CTaTUYHOMY THUCKY Ha BHUXOJl. 3HaYEHHS CTaTUYHOTO THUCKY Ha MepenHii
KPOMLII JIOMATKU CYTTEBO MEPEBUILY€E THUCK Ha 3aJHINA KPOMIIi, 110 CTBOPIOE 3rMHAIBHUN MOMEHT 1
Mi/IBUIIEH] HANIPY)KSHHS Y KOPEHERBi# 30H1 mpodio (puc. 2).

3Ha4yeHHs TUCKY Ha pHUC. 2 MpeACTaBieHI B aOCOMIOTHINA LIKaNi BIAMOBIIHO 10 TPAHUYHUX
yMOB MojentoBaHHs. CTaTHYHUN THCK HAa BHXITHIA MeEX1 BCTAHOBJICHO Ppux = 1,2:10° Ila
(aOcomroTHMIA), IO BIAMOBiA€ yMOBaM MIiCIS COIUIOBOTO amapary 3 ypaxyBaHHAM BHUTpAT y
BUITyCKHOMY TpakTi. [lepenaa TucKy MiX BXOZOM 1 BUXOJIOM 13 MIXJIONATKOBOTO KaHally (opMmye
MIPUCKOPEHHS Ta30BOr0 MOTOKY Ta € PYLIHHOI CHIIOIO JUIs TYpOIHHOTO CTyIEHs. XapaKTepHUH
nepenaj CTaTUYHOTO THUCKY MK TEpeTHbOI0 Ta 33aTHHOI0 KPOMKAaMHU JIOTIATKA CTAHOBHTH 3a
pesynpTatramMmu CFD-pospaxynky mnopsinky 150-190 kIla, mo € ¢i3u4HO OOTpYHTOBAHUM IS
COIUIOBOIO anapaTy TypOOHarHiTad Ipu 3aJlaHoMy TUCKY HaaayBy 3,35 Oap.

Pressure Pa

0 6.4 127 191 255 31.82

III | ll I-

- A

PucyHoxk 2 — Po3moaisl CTaTHYHOTO THCKY Ha MTOBEPXHSIX
JIONATOK COTUIOBOTO KibIs (aOCONMIOTHUH THCK, [1a)
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BceranoBneHuid po3mojil CTaTUYHOTO THUCKY CIIYTy€ BXIJHUMH JaHUMM JJIs  OLIHKU
MEXaHIYHO1 BIJMOBiAI KOHCTPYKIi: Tepenaj THUCKY MDK NEpeIHBOI Ta 3aJHBOI0 KPOMKaMU
JOnaTKu (GOpMye 3THHATBHUI MOMEHT, BEJIMYMHA SIKOTO BU3HAYA€ PIBEHb CTATUYHUX HANPYKEHb Y
HECYYMX €JIEMEHTaX COIMJIOBOTO KUIBbILS.

CraTuunuii aHaJji3 Hamnpy:KeHb 0a30Boi KoHcTpykmii. 3a pesynpraTamu CFD-
PO3paxyHKy BUKOHAHO aHaJIi3 CTATUYHUX HABAHTA)XEHb, 110 TIIOTh HA €JIEMEHTH COIUIOBOTO KiJIBIIS.
OTtpuMaHi JaHl CBIAYaTh, 110 HABAHTAXXEHHS HE MEPEBUILYIOTH JOIMYCTUMUX MEX JJI Marepiaity
KoHCTpyKuii. IIpodine jomaTok He 3a3HAa€ KPUTMYHOIO 3TMHAIBHOTO MOMEHTY BiJ Iepenajy
TUCKIB, & MaKCHMaJbHI HANpPY>KEHHS 3aJIMILAIOTHCA HUKUYMMHU 33 MEXY TEKy4OCTi Ta MOMITHO
HIDKYMMM 32 TPAaHUYHI 3HAYCHHSI TEPMOBTOMH CIUIaBY (pHC. 3).

JUis  OWIHKM Tpale3aTHOCTI KOHCTPYKIT BHUKOPHUCTAaHO KpPUTEPI EeKBIBaJIEHTHUX
HanpyskeHb 3a Mi3ecoM. MakcuManbHI €KBIBAJIEHTHI HaNpy>KEHHsS CTaHOBIATh omax = 342 Mlla,
10 CTAHOBUTH ONM3BKO 57% Big Mexi TeKydocTi marepiainy (oy = 600 Mlla ans xapomiHOro
HIKEJIEBOI'0 CIUIaBy IpU POOOYMX TeMIleparypax), 110 HiATBEPKYE HAsIBHICTb JOCTATHHOTO 3amacy
MILIHOCTI Ta BIJCYTHICTh PU3UKY ILUIACTUYHOI Aedopmaliii B yMOBaxX eKCILTyaTarii.

OTtpumane CIiBBIJHOUIEHHS Gmax/Cy < 0,6 BIAMOBIAA€ JOMYCTUMHUM KPUTEPIAM MIITHOCTI A7
€JIEMEHTIB, IO MPAIIOIOTh B yMOBaX TEPMOIMKIIYHOTO HABAHTAKEHHS.

Ha puc. 3 mnpeacraBieHO po3MOALT NOBHUX IEPEMILIEHb COIJIOBOTO KUILSA i €0
CTaTMYHUX HABaHTa)XEHb BIJ] Mepenaay TUCKY MK BXOJIOM 1 BUXOJOM MDKJIOINATKOBOI'O KaHaly.
MakcumanbHe TMepeMillleHHs 3a(iKCOBaHO Ha BHUXIJHMX KpPOMKax JIOATOK 1 CTaHOBMTH
Umax = 0,01-0,15 MM, mo0 € HE3HAYHWM 3a XapakTepHUMH pO3MipamMH eJeMeHTa. Posmomin
MepeMillieHb € PIBHOMIpHUM, 0€3 JTOKaTbHUX KOHIIEHTPAIIiH, SIKi MOTJIM O CBIAYUTH MPO MOTEHIIHHI
OCEPEIKU 3aPOKEHHS TPIUH y PEKUMI CTATUIHOTO HAaBAHTAKEHHS.

Pucynok 3 — Po3moist mOBHUX NEepeMillleHb COIIIOBOTO KUTBIIA i/l CTATHIHHUMHU
HaBaHTaXEHHIMH BiJI Tiepenay THCKY (MaKCUMalIbHE TepeMilleHHs Umax = 0,01-0,15 mMm)

[Torpu Te, 110 CTATUYHUI aHANi3 HE BUSBUB KPUTUYHUX HANPYXKEHb 32 YMOB HOPMaJIbHOTO
HABaHTAXXCHHS, BIH BPaxOBY€ JIMIIE MEXaHIYHY CKJIAJOBY CHJIOBOTO BIUIMBY Ha KOHCTPYKIIIIO.
VY peanbHUX yMOBax €KCIUTyaTallii COIJIOBE KUIbIE OJHOYACHO 3a3HA€ IHTEHCUBHOTO TEIUIOBOI'O
BIUIMBY BUXJIOMHUX Ta3iB, IO CYTTEBO 3MIHIOE HANpPY>KEHO-AC(POPMOBAHHMIA CTaH eJIeMEHTa
MOPIBHSHO 3 130T€PMIYHUM BHITaJIKOM.

Tepmomexaniunuii anajiz. TepmoMmexaHIUHHWN aHai3 BHUKOHYBAaBCS BIATOBIAHO 10
METOJMKH, omucaHoi y [16], i3 3acTOCyBaHHSM pEAJICTUYHMX TEMIEpPaTypHUX CLEHapiiB 3i
3MIHHMM TETJIOBUM HAaBaHTA)KEHHSM Yy Yaci. 3HaUEHHS TEIUIOBOTO MOTOKY Ha BHYTPIIIHIN MOBEPXHI
COILIOBOTO KiNlbIA 3MiHIOBAJIMCA BiINOBIZHO 0 PeaJbHOrO TEPMIiYHOTO pexkuMy: Bijg 225-10° Br/m?
y cTabinbHOMY CTaHi 0 MaKCHMAIBbHOTO (max = 312-10° BT/M? y MOMEHT pi3KOTO MiJBHIIEHHS
HaBaHTAXECHHA IBUTyHa. TeMmepaTypHi LMKIM Ta MIBUAKICTH HArpiBY/OXOJIOKEHHS MPHUUHATO
3rimHo 3 [16]. 3BedeHi mapameTpw TpaHUYHHX YMOB Ta MaTepialy MOJCIIOBAHHS HABEIACHO B
Tab. 2.
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Tabmuus 2 — 3BeieHi mapaMeTpy rPaHUYHUX YMOB Ta MaTepialy MOJICITIOBAaHHS

Ilapamemp 3Hauennn Hocepeno

MacoBa BuTpaTa rasis m 4,58 xr/c [2]
Temnepatypa rasis (cepenHs) 508 °C [3]
THCK Ha BUXOi 1,2:10° ITa [3]
KinbKicTh eleMeHTIB CITKU 621386 -

Monyas FOnra marepiany E 2,05-10' ITa [16]
Koedimient ITyaccona v 0,28 [16]
TeTTOB I TTOTIK (max 3,12-10° Bt/m? [16]

BcranoBieHo, 1110 HailOUIbII pi3KUI TeMIepaTypHUIl TPaJi€HT CIIOCTEPIraeThCsl HAa BUXIIHIN
KpPOMIII JIONATKU COIJIOBOTO Kinblis (puc. 4). 3a3HayeHa 30Ha € KPUTUYHOK 3 TOYKH 30Dy
TEPMOBTOMH: TIO€JHAHHS IIBHIKOTO OXOJIOKEHHS Ta30BHM IIOTOKOM, ITIKOBOI TeMIIepaTypu Ha
BXOJIl Ta JIOKAJIbHUX 3MiH IIBUAKOCTI 3yMOBJIIO€ IHTEHCHBHI TeMIepaTypHi rpaaieHTH. [Ipaktuuna
CTATUCTUKA BIJIMOB TIATBEPDKY€E, IO CaMe€ BHXiJHA KpPOMKAa HaW4acTIle TMOTEpHae Bij
MIKpOTPILLUH, €pO31HHO-TEPMIYHUX MTOIIKOXKEHb Ta JIOKaIbHUX Aedopmartiii [17].

[ligBumieHi TepMOMEXaHIYHI HampyXeHHs 3a(iKCOBAaHO TaKOX Yy MICISX NPUMHUKAHHS
JONAaTOK J0 30BHIIIHBOIO Ta BHYTPILIHBOTO KUIBLIEBUX IOSICIB, Y BY3bKMX KOPEHEBHMX O0JIACTSIX
nepexoay mpodiIro B OMOPHY YaCTHHY, a TAKOXK IO MEPUMETPY KPITUICHHS COIUIOBHX CEIMEHTIB 10
koprmycy. Came 1 mepexifiHi T'€OMETpUYHI 30HHM XapaKTepU3yIOThCA PI3KUM IEpernagjoM
YKOPCTKOCTI, 10 CIpPHsIE€ KOHLEHTpallli Hallpy>KeHb. XapakTep po3NOJALIy HalpyX eHb Y CUMYJIALIT
MOBHICTIO 30iraeTbCsi 3 TUIOBUMM MICIFIMH pYHHYBaHHS, 3a(piKCOBAaHHUMU B pEaJTbHOMY
eKcIuTyaTaliinomMy cepenoBui [16].

PucyHok 4 — Po3noziist TeMrepaTypHOro rpajii€eHTa Ha IOBEPXHi JIONATOK COIJIOBOTO KiJIbIIs

[IpoBeneHuit TepMOMEXaHIYHMM aHaNl3 JaB 3MOTY HE JIMIIE KUIBKICHO OIIHUTH PIBEHBb
Hampy»XeHb y JTOCHiPKYyBaHOMY €JIEMEHTI, a W YITKO JIOKali3yBaTH 30HH IX MaKCHMAaJbHOI
KOHIEHTpallli — MepexiJl «JIoMaTKa—KOpPiHb», 3’€IHAaHHS «KOPIYC—OMOpa» Ta BHUXITHI KPOMKH
nonatok. CaMe I MPOCTOPOBAa BU3HAUEHICTh KPUTUYHUX 30H € KIFOUYOBOIO TEPEIyMOBOIO IS
PO3POOKM aIpPEecHOr0 KOHCTPYKTHBHOIO PILLIEHHS: 3aMICTh 3arajibHOTrO MiJCUICHHS KOHCTPYKIIii
abo 3MiHU MaTepiaiy, 1o MoTpedyBano O CYTTEBUX TEXHOJOTIYHUX 1 €KOHOMIYHHX BHUTpPAT, CTA€
MO>XKJTUBUM JIOKaJIbHE BJIOCKOHAJICHHS T€OMETpIi eleMeHTa Y BUSBIEHUX OCEpe/IKkax KOHIEHTparlii
HanpykeHb. Ha 1iif OCHOBiI 3ampOINOHOBAHO MOJEPHI30BaHY KOHCTPYKIIIO COIUIOBOTO KiJbIIS,
€(DEeKTUBHICTD SIKOT MEPEBIPEHO MOBTOPHUMH CUMYJISAIISIMHU.

MoaepHizoBaHa KOHCTPYKIliE COIJIOBOro Kiabma. Ha migcraBi  BUsBIECHUX
3aKOHOMIPHOCTEH HampyXeHO-1e()OPMOBAHOTO CTaHy 3alpPOIOHOBAHO KOHCTPYKTHUBHI 3aX0Ju
3HIDKEHHSI TKOBUX KOHIICHTPAII HANpPYXXEHb Y KPUTUYHHUX 30HAX. KITFOWOBHM IHXXEHEPHUM
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pIlIEHHSM € BBEJCHHS OKPYTJIEHUX T€OMETPUYHHUX MEPEXOIiB TalTelliB 3 palioHaIbHO IMiIiOpaHM
paAilycoM y MICIISIX «JIOMaTKa—KOPiHb» Ta «KOpIyc—omnopay. Taka Moaugikallisi 3MEHIIy€e JTOKaIbHI
TPAJI€HTH JKOPCTKOCTI ¥ PIBHOMIPHO PO3MOLNIs€ HANPYXKEHHS MO OUIBIIINA TUIONII MOMEPEYHOTO
nepepizy (puc. 5).

3a pe3yabpTaTaMy MOBTOPHUX CUMYJISIIIiH, MIKOBI 3HAYEHHS €KBiBAJICHTHHX HarpyxeHb (DoH
Mizec) 3Hm3mnaMcd npubauzHo Ha 18-25% y KpUTHYHMX 30HAX, a00 3HUKIM MOBHICTIO, IIO
MIATBEPKYE JOUUIBHICTh 3alIPOIIOHOBAHOrO pillieHHs. BaxkiuBo, 110 3MiHa reomeTpii He noTpedye
MoudiKalii CXeMHU KpIIJICHHS eJleMEeHTa 4YM OyJb-SKUX IHIIMX KOMIIOHEHTIB TypOOHarsiraya.
3arajbpHa aepoiMHaMIYHa €(PEeKTUBHICTH COIJIOBOIO KaHATy MPHU LbOMY HE MOTIPIIYETHCS, OCKIIIBKU
paniyc ranteiii o0OpaHO 3 ypaXyBaHHSM aepOJMHAMIYHUX BUMOT JI0 MPOIMYCKHOI 3/1aTHOCTI KaHaIy
[19, 21].

Von Mises Stress = bar

lesd 18000 26000 34000 42000 Sesd
1} .

= | o

A rS

a) 0)
Pucynoxk 5 — IlopiBHstHHES po3noziny HanpyxeHb (Don Mizec):
a) opuTiHAIbHA KOHCTPYKIISA; 0) MOIEpHI30BaHA KOHCTPYKIIisl 3 TANTEISIMH

CykynHICTh pe3yibTaTiB, OTPUMAHUX Ha BCIX €Tamax YHCETbHOTO0 MOJENIOBaHHS — BiJl
ra30JJMHAMIYHOTO aHaNi3y TMOJIB MIBHUIKOCTEW 1 THUCKY IO CTaTUYHOTO Ta TEPMOMEXaHIYHOTO
aHaJIi3y HaIpy>KeHO-1e(OPMOBAHOTO CTaHY 1 BepHudikallii MOJIepHI30BaHOI KOHCTPYKIIT — JO3BOJISIE
MEePeUTH 10 KOMIUIEKCHOTO OOTOBOpPEHHS BHUSBICHUX 3aKOHOMipHOCTeW. HacTymHuii po3min
MPUCBSYCHUN IHTEpHpeTanii OTpUMAHMX JaHUX Yy 3ICTaBJICHHI 3 pe3yJbTaTaMH IOMepeHIX
JOCIIJKeHb, OIIHII (I3MYHUX MeXaHi3MiB pPYHHYBaHHS COIUIOBOTO KUIbLA, OOTPYHTYBAaHHIO
3aMporNOHOBAHOTO0 KOHCTPYKTHUBHOTO DIIlIEHHS, a TaKOXX BHU3HAUYEHHIO OOMEXEHb JOCITIIKEHHS Ta
MEPCIIEKTUBHUX HAMPSIMIB HOTO MMOJAIBIIOTO PO3BUTKY.

O6roBopennsi. OtTpumaHi pe3ynbTaTH MiATBEPIKYIOTh, M0 OCHOBHOI TNPUYUHOIO
YTBOPEHHSI TPILIIMH Y COIJIOBOMY KUIBII € CYKyMHa [isi HEpIBHOMIPHOTO TEIUIOBOTO TOJIS Ta
MEXaHIYHUX HaBaHTa)XCHb Bij Iepemnanay TUCKYy. HepiBHOMIpHICTH TemMmepaTyp MK HHJIIHIpPaMHU,
mo gocsrae 155 °C, mpu3BOOUTH J0 HEOTHOPIAHOTO TEIJIOBOTO PO3IIMPEHHS Pi3HUX CEKTOPIB
KUTBIIS, BHACTIZOK YOrO BHHHMKAIOTH pajiajdbHI Ta KUIBLIEBI HANpPYXXEHHS — TEpPeayMoBa IS
PO3BUTKY pajialibHUX 1 MUPKYIApHUX TpimuH [16, 20]. Lle y3rokyeThest 3 THIOBUMH JeheKTamu,
OTMCAaHUMU y MPAKTHI[ TEXHIYHOTO 00CITyTroBYBaHHs ABUTYHIB THITy DF.

Cramionapua nocranoBka CFD-3amadi € CBIIOMUM CIPOIIEHHSM, MPUHHATHM BiAIOBITHO
JI0 METH JOCIHIJKEHHS — OLIIHKU CePEeIHbOCTATUCTUYHOTO HAMPY>KeHO-e(hOPMOBAHOTO CTaHy, a HE
MUTTEBUX TMyJbcauidHux edekriB. HepiBHOMIpHiICTE TemmnepaTypu Mik muiaiHapamu (155 °C)
BPaxOBY€EThCA Yepe3 3a/1aHHsI OCEPEIHEHOT0 TETIOBOTO MOTOKY Ha MOBEPXHI COIMJIOBOTO KUIBIIS, 1110
BIJITIOBiJJTa€ KOHCEPBATHUBHOMY IIIXO/Yy NPH CTalioHapHOMY aHaui3i. JlnHamiuHi edektn mymnbcarii
TUCKY 1 TeMIIepaTypH BU3HAYCHO SIK HAMPSAM MOAATBIINX JAOCHIKEHb.
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TpuBane mnepeOyBanHs wMmarepiany 3a Temmeparyp 550-630 °C Bukimkae sBHIIA
BUCOKOTEMIIEPATypHOi MOB3YYOCTI Ta 3HWKEHHS MEXI IUIMHHOCTI, IO € XapaKTepHUM 1 JAJs
HIKEJIEBUX CYIEpPCIUIaBiB MPH [HKIIYHUX HArpiBaHHAX 1 oxonomkeHHAx [22]. Epoziiini
MOLIKOJKEHHS BiJ] TBEPAMX YACTMHOK 30JHM, IO MICTATbCA Yy BHUXJONHUX Tra3aX, J0JaTKOBO
HIIIIOIOTh 3apOPKEHHS] MIKPOTPIIIMH HAa BUXITHUX KpoMKax jomatok [17, 18]. ¥V pobGori [16]
M0Ka3aHo, 110 NMPH HaBaHTa)XKEHH1 JABUryHa 85% IOMIKO/HKEHHS BiJ BTOMH Y 30HI 3’€JHAHHS
JOMATKH 3 KiJBIIEM JIOCSTAIOTh IPaHUYHOTO CTaHy — IO IUTKOM Y3TOJKYETHCS 3 BHUSBICHUMH B
HAIIOMY JOCII/PKEHH] 30HaMU MaKCUMAJIbHUX HApPy>KEHb.

3anpornoHOBaHE PIIIEHHS — BBEIEHHS TalTENiB y MEPEeXITHUX 30HAX — MIATPUMYETHCA
IIMPOKOI0 HAYKOBO-TEXHIYHOIO IMpakTHKoio. 30kpema, Bednar ta Misiotek [21] mokasyroTs, 1o
MIOBEPXHEBE 3MILIHEHHS Ta T€OMETPUYHA ONTUMI3allisd e()EeKTUBHO MiABUIIYIOTH OMIpP 3apOIKEHHIO
BTOMHHUX TpillMH. BogHowac [uisi MakcHManbHOI HAIIHHOCTI JOLIIBHO PO3IVISIHYTH TOJATKOBE
3aCTOCYBAaHHS [TOBEPXHEBUX 3MIIHIOBAIBHUX TEXHOJIOTIH (IpoOocTpymMeHeBe abo ja3epHe IIOKOBE
3MILHEHHs), L0 3a0e3neuytoTh (OpPMYBaHHS CTHCHEHHMX 3aJIMIIKOBUX HANpy>KeHb, a TaKOX
BUKOPHUCTAaHHS rapsiuoro izocraruyHoro npecyBanHs (HIP) mpu BUroTroBneHHI HOBHX €JIEMEHTIB
JUISL TABUIIIEHHS. OJTHOP1IHOCTI MIKPOCTPYKTYpH MaTepiaiy [22].

OOMeXeHHAMU JOCTIIKEHHS € BIACYTHICTh €KCIIEPUMEHTAIbHOI BepUQiKkallii Ha HATYpHOMY
00’€KTi Ta CHpOIICHHS CKJIaAy BUXJOMHUX Ta3iB 70 ekBiBajgeHTHOI Mozaeni CO:. Ilomanpmuit
PO3BHUTOK poOOTH mependayae BTOMHUN aHANI3 METOAOM stress-life, OIiHKy MIBHIKOCTI €po3ii 3a
nonomororo CFD-mMozaentoBaHHs TPAeKTOPi YACTUHOK 30J1M, @ TAKOX OLIHKY €()eKTUBHOCTI Pi3HUX
3aXUCHUX MTOKPUTTIB.

[IpoBenene OOroBOpEeHHs MIATBEP/DKYE JOCTOBIPHICTh OTPUMAHUX pe3yJibTaTiB Ta
IH)KEHepHYy  OOIPYHTOBAHICTb  3allpOIIOHOBAHOIO  pIIIEHHS.  Y3arajJbHEHHS  BHSBICHUX
3aKOHOMIPHOCTEH 1 OI[IHKa JOCATHYTHX €(eKTiB A03BOJIAIOTH CPOPMYIIIOBATH OCHOBHI BUCHOBKHU
ITOCJIIIHKEHHS.

BucHoBku. IlpoBeneHO KOMIUIEKCHHII aHali3 yMOB pPOOOTH  COIJIOBOTO  KUIBISA
typOoHnarHiTaua Napier NT1-10 nBomanuBHoro cyaHoBoro musens Wértsildi W6L34DF metogamu
OOYHCTIOBAIBHOI TiIpOTra30JWHAMIKH Ta CKIHYCHHUX €JIEMEHTIB. BCTaHOBIEHO, IO 30HH
MaKCUMaJIbHUX TEPMOMEXaHIYHUX HAIPYKEHb KOHICHTPYIOTHCS y MICHAX MEepPEeXoay «JIomaTKa—
KOPIHb» Ta «KOpIlyC—ONOpa», a TaKOXX Ha BHUXIAHHUX KPOMKax JIONATOK, fKi € OCHOBHHMHU
ocepeKaMu 3apOKEHHSI BTOMHUX TPILIMH B yMOBaX peajbHOI eKCILTyaTaIlii.

3anponOHOBAHO MOJIEPHI30BaHY KOHCTPYKIIO COIJIOBOTO KUIBIS 3 BBEACHHSAM OKPYTJIEHUX
MEePeXOdiB y KPUTUYHUX 30HAX. [IOBTOpHI CHUMyIALii MiATBEpAMIN CYTTEBE 3HIKEHHS MIKOBHX
KOHIICHTpAIlii Hanpy»KeHb 0€3 MOTipIIeHHS Ta30IMHAMIYHIX XapaKTePUCTHUK MTOTOKY Ta 0e3 3MiH y
cXeMi KpilJICHHS eJIeMEeHTA.

3actocoBanmii miaxigx — mnoeaHaHHs 3D-reomerpuuHoro mogemtoBaHHS Y AutoCAD,
CFD-ananizy Ta TepMOMEXaHIYHOTO aHaji3y y XmapHiid miardopmi SimScale — 3abesneuye
KOMIUIEKCHY OLIIHKY Pecypcy KOHCTPYKIIIl 1 MO>ke OyTH BUKOPUCTaHUN JUIsl BAOCKOHAJIEHHS 1HIIMX
€JIEMEHTIB Cy/IHOBHX €HEPreTHYHUX YCTaHOBOK.

IMomanbmi gociaizxkeHHsi OyayThb CHpPSMOBaHI Ha E€KCHEPUMEHTAJbHY IEPEBIPKY
OTpPHMaHUX PE3yJbTATiB Ta BpaXyBaHHs 0araTOKOMIIOHEHTHOTO CKJIaly BUXJIOITHUX Ta3iB.

ISSN-print 2313-4763; ISSN-online 3041-1939



m [H>keHepia y TPaHCIIOPTHIN raaysi

CIIMCOK BUKOPUCTAHOI JIITEPATYPU

1. Hristov D. Dual-Fuel Four-Stroke Lean-Burn Engine Supercharging System: Operational
Featuress. MTM - Marine Technology and Management 2022. https://stumejournals.
com/journals/mtm/2022/8/263.full.pdf.

2. Stoumpos S., Theotokatos G., Boulougouris E., Vassalos D., Lazakis I., Livanos G.
Marine dual-fuel engine modelling and parametric investigation of engine settings effect on
performance—emissions trade-offs. Ocean Engineering 2018. https://strathprints.strath.ac.uk/63557/
1/Stoumpos_etal OE_2018 Marine_dual_fuel _engine_modelling_and_parametric_investigation_o
f_engine_settings_effect.pdf.

3. Wirtsila Corporation. Wirtsild W6L34DF Dual-Fuel Engine — Product Guide / Technical
Manual. Wirtsild, Vaasa, Finland, 2019. https://www.wartsila.com/products/marine-oil-
gas/engines-generating-sets/dual-fuel-engines/wartsila-34df.

4. Li H., Zhang X., Xu F. Experimental Investigation on Centrifugal Compressor Blade
Crack  Classification Using the Squared Envelope  Spectrum. Sensors  2013.
https://doi.org/10.3390/5130912548. https://www.mdpi.com/1424-8220/13/9/12548.

5. Lei Y. G, LinJ.,, He Z. J,, Kong D. T. A method based on multisensor data fusion for
fault  detection of  planetary  gearboxes. Sensors 2012, 12, 2005-2017.
https://www.researchgate.net/publication/221967648 A Method Based_on_MultiSensor_Data_Fu
sion_for_Fault_Detection_of Planetary_Gearboxes.

6. Michalec G., Polanowski S., Lutowicz M. A Marine Engine Turbocharger as a Diagnostic
Object. Proceedings of the 10" Conference on Diagnostics of Operational Machines and Vehicles,
Bydgoszcz—Borowno, 1999. https://repository.am.szczecin.pl/handle/123456789/395.

7. Adamkiewicz A. An Analysis of Cause and Effect Relations in Diagnostic Relations of
Marine Diesel Engine Turbochargers. Scientific Journal of the Maritime University of Szczecin
2012, 31(103), 5-13. https://repository.am.szczecin.pl/handle/123456789/395.

8. Adamkiewicz A., Michalec G. Problematyka eksploatacji turbosprg¢zarek okretowych
ttokowych silnikéw spalinowych. Budownictwo Okretowe i Gospodarka Morska 2001, 4(501),
23-25.

9. KneZevi¢ V., Orovi¢ J., Stazi¢ L., Culin J. Fault Tree Analysis and Failure Diagnosis of
Marine Diesel Engine Turbocharger System. Journal of Marine Science and Engineering 2020,
8(12), 1004. https://doi.org/10.3390/jmse8121004. https://www.mdpi.com/2077-1312/8/12/1004.

10. Anantharaman M., Islam R., Sardar A., Garaniya V., Khan F. Impact of Defective
Turbocharging System on the Safety and Reliability of Large Marine Diesel Engine. International
Journal on Marine Navigation and Safety of Sea Transportation 2021, 15, 189-194.
https://www.transnav.eu/Article_Impact_of Defective_Turbocharging_Anantharaman,57,1109.html.

11. Lus T. Marine Diesel Engines Turbochargers Diagnostic Methods. Applied Structural
Health, Usage and Condition Monitoring 2012, 3, 49-54. https://www.academia.
edu/64517128/Marine_diesel_engines_turbochargers_diagnostic_methods.

12. Borovkov A., Voinov I., Galerkin Y., Kaminsky R., Drozdov A., Solovyeva O.,
Soldatova K. Design, Plant Test and CFD Calculation of a Turbocharger for a Low-Speed Engine.
Applied Sciences 2020, 10, 8344. https://doi.org/10.3390/app10228344.

13. Hoffren J., Talonpoika T., Larjola J., Siikonen T. Numerical Simulation of Real-Gas
Flow in a Supersonic Turbine Nozzle Ring. Journal of Engineering for Gas Turbines and Power
2002, 124, 395-403.

14. Choi 1., Kim H. K., Yoo B. W. An Analytical Study on the Turbocharger-Engine
Matching of the Marine Four-Stroke Diesel Engine. Proceedings of the Korean Society of Marine
Engineering Fall Conference, Busan, Korea, 2005.

15. Witek L., Stachowicz F. Modal Analysis of the Turbine Blade at Complex
Thermomechanical Loads. Strength of Materials 2016, 48, 474-480. https://scispace.com/pdf/
modal-analysis-of-the-turbine-blade-at-complex-33djh8isku.pdf.

Mo pybpuxu éxnioueno cmammi 3a cneyianvricmio J5 «Mopcokuii ma éHympiuwiniii 600HUTL MPAHCHOPHL)


https://strathprints.strath.ac.uk/63557/%201/Stoumpos_etal_OE_2018_Marine_dual_fuel_engine_modelling_and_parametric_investigation_of_engine_settings_effect.pdf
https://strathprints.strath.ac.uk/63557/%201/Stoumpos_etal_OE_2018_Marine_dual_fuel_engine_modelling_and_parametric_investigation_of_engine_settings_effect.pdf
https://strathprints.strath.ac.uk/63557/%201/Stoumpos_etal_OE_2018_Marine_dual_fuel_engine_modelling_and_parametric_investigation_of_engine_settings_effect.pdf
https://www.wartsila.com/products/marine-oil-gas/engines-generating-sets/dual-fuel-engines/wartsila-34df
https://www.wartsila.com/products/marine-oil-gas/engines-generating-sets/dual-fuel-engines/wartsila-34df
https://www.mdpi.com/1424-8220/13/9/12548
https://www.researchgate.net/publication/221967648_A_Method_Based_on_MultiSensor_Data_Fusion_for_Fault_Detection_of_Planetary_Gearboxes
https://www.researchgate.net/publication/221967648_A_Method_Based_on_MultiSensor_Data_Fusion_for_Fault_Detection_of_Planetary_Gearboxes
https://repository.am.szczecin.pl/handle/123456789/395
https://repository.am.szczecin.pl/handle/123456789/395
https://www.mdpi.com/2077-1312/8/12/1004
https://www.transnav.eu/Article_Impact_of_Defective_Turbocharging_Anantharaman,57,1109.html
https://scispace.com/pdf/%20modal-analysis-of-the-turbine-blade-at-complex-33djh8isku.pdf
https://scispace.com/pdf/%20modal-analysis-of-the-turbine-blade-at-complex-33djh8isku.pdf

HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

16.Jeon W. S., Jeong H. Structural Safety Assessment Based on Stress-Life Fatigue
Analysis for T/C Nozzle Ring Blade. Journal of Marine Science and Engineering 2025, 13(6), 1174.
https://www.mdpi.com/2077-1312/13/6/1174.

17.Jeon W. S., Park I. C. Fatigue Analysis and Solid Particle Erosion Behavior of Nozzle
Ring for Marine Turbocharger. Journal of Marine Science and Engineering 2025, 13(7), 1230.
https://www.researchgate.net/publication/393084119 Fatigue Analysis_and_Solid_Particle_Erosio
n_Behavior_of _Nozzle_Ring_for_Marine_Turbocharger.

18. Park I. C., Han M. S. Solid Particle Erosion Behavior of Inconel 625 Thermal Spray
Coating Layers. Journal of the Korean Society for Marine Environmental Safety 2021, 27, 521-528.
https://koreascience.kr/article/JAK0202120941785310.page.

19. Liu C., He S., Zhang S., Riidel U. Research on the Influence of Turbine Blade Fillet
Geometry by Strength and Modal Analysis. Proceedings of GPPS Montreal, 2018.
https://gpps.global/wp-content/uploads/2021/02/GPPS-NA-2018-0111.pdf.

20. Ryzhkov S. S. Separation Gradient Aerosol Technologies in Power Plants. Admiral
Makarov National University of Shipbuilding: Mykolaiv, Ukraine, 2017. http://onma.edu.ua/wp-
content/uploads/2016/09/Doktorskaya-Dyssertatsyya-Ryzhkov-dlya-sajta.pdf.

21. Bednarz A., Misiotek W. Z. Assessment of the Impact of Shot-Peening on the Fatigue
Life of a Compressor Blade Subjected to Resonance Vibrations. Materials 2020, 13(24), 5726.
https://doi.org/10.3390/mal3245726. https://www.mdpi.com/1996-1944/13/24/5726.

22. Zheng X.-G., et al. Healing Process of Casting Pores in a Ni-based Superalloy by Hot
Isostatic Pressing. Journal of Materials Science & Technology 2015. https://www.sciencedirect.
com/science/article/abs/pii/S1005030215001097.

REFERENCES

1. Hristov, D. (2022). Dual-Fuel Four-Stroke Lean-Burn Engine Supercharging System:
Operational Features. MTM - Marine Technology and Management. https://stumejournals.
com/journals/mtm/2022/8/263.full.pdf.

2. Stoumpos, S., Theotokatos, G., Boulougouris, E., Vassalos, D., Lazakis, I., Livanos, G.
(2018). Marine dual-fuel engine modelling and parametric investigation of engine settings effect on
performance—emissions trade-offs. Ocean Engineering. https://strathprints.strath.ac.uk/63557/
1/Stoumpos_etal OE_2018 Marine_dual_fuel _engine_modelling_and_parametric_investigation_o
f_engine_settings_effect.pdf.

3. Wirtsila Corporation (2019). Wirtsila W6L34DF Dual-Fuel Engine — Product Guide /
Technical Manual. Wirtsild, Vaasa, Finland. https://www.wartsila.com/products/marine-oil-
gas/engines-generating-sets/dual-fuel-engines/wartsila-34df.

4. Li, H., Zhang, X., Xu, F. (2013). Experimental Investigation on Centrifugal Compressor
Blade Crack Classification Using the Squared Envelope Spectrum.  Sensors.
https://doi.org/10.3390/5130912548. https://www.mdpi.com/1424-8220/13/9/12548.

5. Lei, Y. G, Lin, J,, He, Z. J., Kong, D. T. (2012). A method based on multisensor data
fusion for fault detection of planetary gearboxes. Sensors, 12, 2005-2017.
https://www.researchgate.net/publication/221967648 A_Method_Based_on_Multi-Sensor_Data_
Fusion_for_Fault_Detection_of _Planetary_Gearboxes.

6. Michalec, G., Polanowski, S., Lutowicz, M. (1999). A Marine Engine Turbocharger as a
Diagnostic Object. Proceedings of the 10th Conference on Diagnostics of Operational Machines
and Vehicles, Bydgoszcz—Bordéwno. https://repository.am.szczecin.pl/handle/123456789/395.

7. Adamkiewicz, A. (2012). An Analysis of Cause and Effect Relations in Diagnostic
Relations of Marine Diesel Engine Turbochargers. Scientific Journal of the Maritime University of
Szczecin, 31(103), 5-13. https://repository.am.szczecin.pl/handle/123456789/395.

ISSN-print 2313-4763; ISSN-online 3041-1939


https://www.mdpi.com/2077-1312/13/6/1174
https://www.researchgate.net/publication/393084119_Fatigue_Analysis_and_Solid_Particle_Erosion_Behavior_of_Nozzle_Ring_for_Marine_Turbocharger
https://www.researchgate.net/publication/393084119_Fatigue_Analysis_and_Solid_Particle_Erosion_Behavior_of_Nozzle_Ring_for_Marine_Turbocharger
https://koreascience.kr/article/JAKO202120941785310.page
https://gpps.global/wp-content/uploads/2021/02/GPPS-NA-2018-0111.pdf
http://onma.edu.ua/wp-content/uploads/2016/09/Doktorskaya-Dyssertatsyya-Ryzhkov-dlya-sajta.pdf
http://onma.edu.ua/wp-content/uploads/2016/09/Doktorskaya-Dyssertatsyya-Ryzhkov-dlya-sajta.pdf
https://www.mdpi.com/1996-1944/13/24/5726
https://strathprints.strath.ac.uk/63557/%201/Stoumpos_etal_OE_2018_Marine_dual_fuel_engine_modelling_and_parametric_investigation_of_engine_settings_effect.pdf
https://strathprints.strath.ac.uk/63557/%201/Stoumpos_etal_OE_2018_Marine_dual_fuel_engine_modelling_and_parametric_investigation_of_engine_settings_effect.pdf
https://strathprints.strath.ac.uk/63557/%201/Stoumpos_etal_OE_2018_Marine_dual_fuel_engine_modelling_and_parametric_investigation_of_engine_settings_effect.pdf
https://www.wartsila.com/products/marine-oil-gas/engines-generating-sets/dual-fuel-engines/wartsila-34df
https://www.wartsila.com/products/marine-oil-gas/engines-generating-sets/dual-fuel-engines/wartsila-34df
https://www.mdpi.com/1424-8220/13/9/12548
https://www.researchgate.net/publication/221967648_A_Method_Based_on_Multi-Sensor_Data_%20Fusion_for_Fault_Detection_of_Planetary_Gearboxes
https://www.researchgate.net/publication/221967648_A_Method_Based_on_Multi-Sensor_Data_%20Fusion_for_Fault_Detection_of_Planetary_Gearboxes
https://repository.am.szczecin.pl/handle/123456789/395
https://repository.am.szczecin.pl/handle/123456789/395

m [H>keHepia y TPaHCIIOPTHIN raaysi

8. Adamkiewicz, A., Michalec, G. (2001). Problematyka eksploatacji turbosprezarek
okretowych ttokowych silnikow spalinowych. Budownictwo Okre¢towe i Gospodarka Morska,
4(501), 23-25.

9. Knezevié, V., Orovi¢, J., Stazi¢, L., Culin, J. (2020). Fault Tree Analysis and Failure
Diagnosis of Marine Diesel Engine Turbocharger System. Journal of Marine Science and
Engineering 2020, 8(12), 1004. https://doi.org/10.3390/jmse8121004. https://www.mdpi.com/2077-
1312/8/12/1004.

10. Anantharaman, M., Islam, R., Sardar, A., Garaniya, V., Khan, F. (2021). Impact of
Defective Turbocharging System on the Safety and Reliability of Large Marine Diesel Engine.
International Journal on Marine Navigation and Safety of Sea Transportation, 15, 189-194.
https://www.transnav.eu/Article_Impact_of Defective_Turbocharging_Anantharaman,57,1109.html.

11. Lus, T. (2012). Marine Diesel Engines Turbochargers Diagnostic Methods. Applied
Structural Health, Usage and Condition Monitoring, 3, 49-54. https://www.academia.edu/
64517128/Marine_diesel_engines_turbochargers_diagnostic_methods.

12. Borovkov, A., Voinov, |., Galerkin, Y., Kaminsky, R., Drozdov, A., Solovyeva, O.,
Soldatova, K. (2020). Design, Plant Test and CFD Calculation of a Turbocharger for a Low-Speed
Engine. Applied Sciences 2020, 10, 8344. https://doi.org/10.3390/app10228344.

13. Hoffren, J., Talonpoika, T., Larjola, J., Siikonen, T. (2002). Numerical Simulation of
Real-Gas Flow in a Supersonic Turbine Nozzle Ring. Journal of Engineering for Gas Turbines and
Power, 124, 395-403.

14. Choi, 1., Kim, H. K., Yoo, B. W. (2005). An Analytical Study on the Turbocharger-
Engine Matching of the Marine Four-Stroke Diesel Engine. Proceedings of the Korean Society of
Marine Engineering Fall Conference, Busan, Korea.

15. Witek, L., Stachowicz, F. (2016). Modal Analysis of the Turbine Blade at Complex
Thermomechanical Loads. Strength of Materials, 48, 474-480. https://scispace.com/pdf/modal-
analysis-of-the-turbine-blade-at-complex-33djh8isku.pdf.

16. Jeon, W. S., Jeong, H. (2025). Structural Safety Assessment Based on Stress-Life
Fatigue Analysis for T/C Nozzle Ring Blade. Journal of Marine Science and Engineering, 13(6),
1174. https://www.mdpi.com/2077-1312/13/6/1174.

17. Jeon, W. S., Park, I. C. (2025). Fatigue Analysis and Solid Particle Erosion Behavior of
Nozzle Ring for Marine Turbocharger. Journal of Marine Science and Engineering, 13(7), 1230.
https://www.researchgate.net/publication/393084119 Fatigue_Analysis_and_Solid_Particle_Erosio
n_Behavior_of _Nozzle_Ring_for_Marine_Turbocharger.

18. Park, I. C., Han, M. S. (2021). Solid Particle Erosion Behavior of Inconel 625 Thermal
Spray Coating Layers. Journal of the Korean Society for Marine Environmental Safety, 27, 521—
528. https://koreascience.kr/article/JAK0202120941785310.page.

19. Liu, C., He, S., Zhang, S., Riidel, U. (2018). Research on the Influence of Turbine Blade
Fillet Geometry by Strength and Modal Analysis. Proceedings of GPPS Montreal.
https://gpps.global/wp-content/uploads/2021/02/GPPS-NA-2018-0111.pdf.

20. Ryzhkov, S. S. (2017). Separation Gradient Aerosol Technologies in Power Plants.
Admiral Makarov National University of Shipbuilding: Mykolaiv, Ukraine. http://onma.edu.ua/wp-
content/uploads/2016/09/Doktorskaya-Dyssertatsyya-Ryzhkov-dlya-sajta.pdf.

21. Bednarz, A.;, Misiotek, W. Z. (2020). Assessment of the Impact of Shot-Peening on the
Fatigue Life of a Compressor Blade Subjected to Resonance Vibrations. Materials, 13(24), 5726.
https://doi.org/10.3390/mal3245726. https://www.mdpi.com/1996-1944/13/24/5726.

22. Zheng, X.-G., et al. (2015). Healing Process of Casting Pores in a Ni-based Superalloy
by Hot Isostatic  Pressing. Journal of Materials Science &  Technology.
https://www.sciencedirect.com/science/article/abs/pii/S1005030215001097.

Mo pybpuxu éxnioueno cmammi 3a cneyianvricmio J5 «Mopcokuii ma éHympiuwiniii 600HUTL MPAHCHOPHL)


https://www.mdpi.com/2077-1312/8/12/1004
https://www.mdpi.com/2077-1312/8/12/1004
https://www.transnav.eu/Article_Impact_of_Defective_Turbocharging_Anantharaman,57,1109.html
https://www.academia.edu/%2064517128/Marine_diesel_engines_turbochargers_diagnostic_methods
https://www.academia.edu/%2064517128/Marine_diesel_engines_turbochargers_diagnostic_methods
https://scispace.com/pdf/modal-analysis-of-the-turbine-blade-at-complex-33djh8isku.pdf
https://scispace.com/pdf/modal-analysis-of-the-turbine-blade-at-complex-33djh8isku.pdf
https://www.mdpi.com/2077-1312/13/6/1174
https://www.researchgate.net/publication/393084119_Fatigue_Analysis_and_Solid_Particle_Erosion_Behavior_of_Nozzle_Ring_for_Marine_Turbocharger
https://www.researchgate.net/publication/393084119_Fatigue_Analysis_and_Solid_Particle_Erosion_Behavior_of_Nozzle_Ring_for_Marine_Turbocharger
https://koreascience.kr/article/JAKO202120941785310.page
https://gpps.global/wp-content/uploads/2021/02/GPPS-NA-2018-0111.pdf
http://onma.edu.ua/wp-content/uploads/2016/09/Doktorskaya-Dyssertatsyya-Ryzhkov-dlya-sajta.pdf
http://onma.edu.ua/wp-content/uploads/2016/09/Doktorskaya-Dyssertatsyya-Ryzhkov-dlya-sajta.pdf
https://www.mdpi.com/1996-1944/13/24/5726
https://www.sciencedirect.com/science/article/abs/pii/S1005030215001097

HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

Balovniev A. 1., Vrublevskyi R. Ye. Levinskyi M. V., Nikolskyi M. V., Nikolskyi V. V,
Slobodianiuk M. V. IMPROVING THE RELIABILITY OF A DUAL-FUEL MARINE DIESEL ENGINE
TURBOCHARGER NOZZLE RING BASED ON THERMOMECHANICAL AND GAS-DYNAMIC
MODELING

The article focuses on improving the reliability of the Napier NT1-10 turbocharger nozzle ring used in the
Wirtsild W6L34DF dual-fuel marine diesel engine as part of a gas carrier's power plant. The relevance of this
study is driven by the widespread adoption of medium-speed dual-fuel (DF) engines on liquefied gas carriers,
as well as the high failure rate of turbocharger nozzle rings caused by thermomechanical loading and solid
particle erosion. The methodological framework of the study comprises three-dimensional geometric modeling
within the AutoCAD environment and numerical simulation using the cloud-based CAE platform SimScale:
CFD analysis (OpenFOAM) to evaluate gas-dynamic processes in the flow passage, and finite element
analysis (Code_Aster) to analyze static and thermomechanical stresses. The simulation results revealed that
the zones of maximum stress are concentrated in the blade-to-root and casing-to-support transition areas.
Based on the identified patterns, a modernized design is proposed: rounded geometric transitions (fillets) are
introduced in the critical zones, which significantly reduces peak thermomechanical stress concentrations and
lowers the risk of fatigue crack initiation without altering the gas-dynamic flow characteristics or the
component's mounting arrangement. Conclusions: A modernized nozzle ring design featuring rounded
transitions in critical zones is proposed. Re-simulation confirmed a substantial reduction in peak stress
concentrations with no degradation of gas-dynamic flow characteristics and no modifications to the
component's mounting arrangement. The applied approach — combining 3D geometric modeling in AutoCAD,
CFD analysis, and thermomechanical analysis within the cloud-based SimScale platform — provides a
comprehensive structural life assessment and can be utilized to improve other components of marine power
plants.

Key words: dual-fuel engine; turbocharging; reliability; nozzle ring; computational fluid dynamics; CFD
simulation; SimScale; Wirtsild W6L34DF.
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OIITHIOBAHHSI EHEPTOE®EKTUBHOCTI CYJIEH BHYTPIIIIHHOT O
IIJIABAHHS 3A EKCILTY ATAIIMHUMM ITAPAMETPAMHA
CYJIHOBHUX JIBUT'YHIB

Tapacenko T. B., xm.n., OJoyenm, 3agidyeauka xagheopu iHdCeHepHUX  OUCYUNIIH
Iynaiicoxkoeo incmumymy Hayionanohoeo yHieepcumemy «(0Qoecbka MOPCbKa aKademisy,
m. I3main, Yrpaina, e-mail: tarasenko@dinuoma.com.ua, ORCID: 0000-0001-8107-3524;

3anox B. L., 0.m.n., ooyenm xagedpu indxcenepnux oucyuniin [lynaticokozco incmumymy

Hayionanvnoco ynisepcumemy «QOodecvka Mmopcbka akaodemiay, M. I3main, Vkpaina,
e-mail: zalozh@dinuoma.com.ua, ORCID: 0000-0002-5213-6896.

Toxasnuku enepeoeekmueHoCmi cyOeH GHYMPIUHb020 NIASAHHA, WO nepedysaoms 6 eKCHayamayii,
3AIUUAIOMbCA HEOOCMAMHBLO Pe2laMeHMosanumu. Bonu npooosocyioms akmueHo 00CRiONCYBAMUCs K Ha
PpecyIsImMOpHUX, MAK | HA HAYKOB0-00CHiOHUX pieHax. Cmamms npuceésadenda auanizy Cy4dcHux nioxoodig 0o
BU3HAYEHHS NOKAZHUKIE eHepeoe@eKmMUBHOCMI CAMOXIOHUX CYOeH BHYMPIUHb020 NIAABAHHSA Md WIMO6Xaig-
oyxcupis. Ocobaugy ysazy NpuoileHo €8PONeliCbKOMY KOHMEKCMY ma CReyu@iyHumM yMo8am OYHAUCbKO20
cyononnascmsa. binvuticms 8ioomux nioxo0ig Ipynmyomscsa Ha adanmayii mopcvkoeo indexcy EEDI 0o ymog
BHYMPIUWHIX BOOHUX WIAXI8. Bukonano nopisHaneHuil ananis icHyrouux memoois oyiHo8aHHs eKCHIYAMAYIIHUX
NOKA3HUKIE eHepeoeheKMUsHOCMI 3 SUSHAYEHHAM IXHIX OCHOBHUX NpUnywjeHo ma oOmedceHs. Posenanymo,
30kpema, memood benepadcvkoeo ynisepcumemy ma memoo DST, pospobnenuii na 3amosnenns Pedepanvrozo
Mminicmepcmea mpancnopmy Himeuuunu. [lokasano, wo Oinbwicms CyuyachHux nioxoodie He 6paxoeyonbs
HANEXHCHUM YUHOM DAKMUYHUI MEXHIYHUL CTNaH 20N106HUX 06ueyHie. Texwiunuii cmaun cymmego 6naueac Ha
peanibHe  CHOJICUBAHHS  NAAU6d,  epeKmugHy nOmyogicHicme i,  6iON0GIOHO, HA  eKCHIYAMAYIlHY
eHnepzoeexmusHicmo  cyoHa. Pozenanymo 3sacmocyeanms napamempuinozo OiaeHOCMYSAHH 20J06HUX
08U2YHIG 01 YMOYHEHHs eKCIIyamayitiHux napamempis pobouoeo npoyecy. Takuii nioxio 3abesneuye Qizuuno
00IPYHMOBAHY OCHOBY O0ilsl 6e3nepepeHO20 MOHIMOPUHRY eHepe0eheKMUEHOCMI CYOHA 8 YMOBAX eKCHIYAMAayii.
Obrpynmosarno HeobOXiOHIiCMb pPO3POOAEHH MPAHCHOPMAYIUHO20 MemOody, AKUU IHmMez2pye pe3yabmamu
napamempuiHo20 OiaeHOCMYSaHHs ) PO3PAXYHOK NOKA3HUKIE eHnepzoedexmusnocmi. Memoo nepedbauae
noemanHui  aumaniz  peucy 3 OughepeHyitiogaHuM  3acmMOCYBAHHAM — YMOUYHEHUX — HABAHMAIICYBANbHUX
Xapakmepucmuk 201061020 06ucyHa. Tunosi emanu OXONNIOIOMb PYX HA 2AUOOKIU 600i, NPOXOOICEHHS
MIIK0B000sl, MAHeB8PY8AHHA HA Nepekamax i npogooxy uwacmunu xapasawny. Ha yiti ocnosi Oyoyromwvcs
peanicmuuni npo@ini UMpPamu naiuea, NOMYMHCHOCMI Ma WEUOKOCMI CyOeH SHympiuHbo2o niasanHs. Lle
niosuwye O00CMOBIPHICMb | NPAKMUYHY 3HAYYWICMb OYIHIOBAHHS eHepeoe@eKmMUEHOCMI Y GHYMPIUHbOMY
CYOHONIABCMEI.

Knrouosi cnoea: snympiwmii 600HUI MPAHCHOPM, eHep2oeheKMuUsHiCmb, OYHAUCbKEe CYOHONIABCMBO;
CYOHOBUIl  OU3ETbHULL OBUSYH, NApAMempuyHe OIiAeHOCMYBAHHA;, pobouuil npoyec OBUSYHA, NUMOMA
egpexmusna sumpama nanusa;, EEDI; wmoexau 3 bapaicesum kapagarom.

DOI: 10.33815/2313-4763.2026.1.32.020-032

Beryn. Ilompu TpuBanuii mepion, 3HauHi (piHAaHCOBI BKJIAJEHHS Ta CYTTEBI 3yCHIUIA,
JOKJIaJICHI Ha PI3HUX PIBHAX JO PO3POOJIICHHS NIpOrpaM 3i CKOPOYCHHS IIKIJUTMBUX BUKHIIB
[11-13], enepreTn4HOrO MEPEXOy Ta JOCATHEHHS IJICH eKOHaBiramii i pyXy J0 KOHIEMIIi Zero-
emission, mepeBakxHa OUTBIIICTH CY/IeH BHYTPILIHBOTO BOJHOTO TPAHCIIOPTY i Halalli pyXa€eThes 3a
paxyHOK €Heprii, 1m0 BHPOOISETHCS IBUTYHAMU BHYTPIIIHBOTO 3TOPSHHS MiJ 4Yac CIATIOBAHHS
BUKOITHOTO Ha()TOBOro majuBa. Taka cuTyallis 3yMOBJIEHA HacaMIepesa THM, 110 rnepeoda HaHHs
HasBHOTO (DJIOTY € €KOHOMIYHO HETPHWHSATHUM 1 32 BIACYTHOCTI 30BHIIIHIX IHBECTHLIH 3 OOKY
Jep’KaBHUX (OHIIB Ta BIJMOBIAHMX DPETYJIATOPHUX MEXaHI3MIB € (PaKTUYHO HEAOCSKHUM s
OUTBIIOCTI Cy/THOBJIACHHUKIB B YMOBaX Cy4acHOTO CTaHy PHHKY JAyHaicbkuxX mepeBeseHs [15, 16]. Ti
caml YMHHMKH TOSACHIOIOTh Mailke MOBHY BIJCYTHICTh HOBHX 3aMOBJIEHb Ha OYIIBHUIITBO CYJIEH, 32
MOOJAMHOKUMH BHHATKAMH, IMOB'SI3aHMMU 3 peai3allielo OKPEeMHUX IMPOEKTIB 3a MiIATPUMKHU
€spornericbkoro Corozy [2].

VY HalOmwK4iil mepcrneKTHBI OCHOBHUMH 3ac0o0aMH TPAaHCIOPTY HA BHYTPILIHIX BOIHHUX
nusixax €BpONM 3aMIIATUMYTHCS CAMOXITHI CyJHA, OCHAIEHI JBUTYHAMH BHYTPIIIHHOTO
3ropsiHHs, a Ha JlyHai — TakoX IITOBXadi 3 OapKeBHMMHU KapaBaHaMH, 110 MAIOTh aHAJIOT14HI CHUJIOBI
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ycraHoBku [1, 14]. EdexTuBHICTb BUKOPUCTAaHHS MajuBa OE3MOCEPEIHHO BIUIMBAE SIK Ha
eKCIUTyaTalliiiHi BUTpATH, TaK 1 Ha 00CSTW MIKIUIMBUX BUKWIIB miJ yac Hapirauii [3]. BHyTpimHe
CYJTHOTJIABCTBO Bi/I3HAYAETHCS 3HAYHOIO PI3HOMAHITHICTIO — BiJl OKPEMHUX CaMOXIJIHUX CYJCH JIO
BEJIMKOTOHHA)KHUX KapaBaHIB PI3HOT CTPYKTYpH Ta CKJaay, — a HOro eHeproeeKTHBHICTh, Ha
BiIMiHY BiJl MOPCHKOTO TPAHCIIOPTY, AOAATKOBO 3aJIC)KUTH BiJl TAKUX ITAPaMETPIB, SIK TIMOMHA BOIU
Ta CYJIHOBOTO XOJdy, IIBHIKICTH Teuii, TiApomeTeoposioriuni ymoBu Tomio [l14]. Bomnouac
BHYTPIIIHIA BOAHMN TPAHCHOPT MOCIJA€ BaroMe MiICLE Ha €BPOIEHCHKOMY PUHKY BaHTaXKHHX
NepeBe3eHb Ta €PEeKTUBHO KOHKYPY€E 3 aBTOMOOUIBHUM 1 3aJi3HUYHUM TPAHCIOPTOM, MEPESyCiM Y
CEerMEHTI MaCOBHX HAaBaJOYHHMX BaHTaxiB [15, 16].

MeTta pgociifkeHHsl — TIOPIBHSUIBHMM aHami3 ICHYIOUMX MIAXOMIB JIO PO3PaxyHKY
MTOKa3HUKIB €HEeProe(eKTUBHOCTI CYJ€H BHYTPIIIHHOI'O BOJHOTO TPAHCIOPTY Ta OOIPYyHTYBAaHHS
MO>KJIMBOCTEH 3aCTOCYBAHHS MapaMEeTPUYHOrO JA1arHOCTYBAaHHS JIBUT'YHIB BHYTPILIHBOI'O 3TOPSHHS
JUTS TIABUIIICHHS JOCTOBIPHOCTI TAKOTO OI[IHIOBaHHSI.

AHaJi3 ocTaHHIiX Aochailkens Ta myOJikamii. OniHOBaHHS eHeproeeKTHBHOCTI CyIeH
BHYTPIIIHBOTO BOJHOI'O TPAHCHOPTY BIIPOJOBXK OCTAaHHIX POKIB mepedyBae y (OKyci yBaru siK
MDKHApOJHHMX OpraHizallii, Tak i HaykoBoi cniabHOTH. Ha ocHOBI Mopcbkoro inaekcy EEDI Gymno
3alpoOIOHOBAHO HHU3KY aJalTOBaHMX MIAXOAIB Uil BHYTpIIIHIX BOAHUX HUIAXiB [4], 110
BpPaxoBYIOTh creuu¢iky IJIaBaHHS B yMOBaX OOMEXEeHOro QappaTepy — BIUIUB MUIKOBOJIIS,
piuKoBOi Teuii Ta KOH(Iryparii KapaBaHiB.

3okpema, fociigHuIbKa rpyna benrpaacekoro yHisepeurety (Kalajdzié, Momcilovic¢ Ta iH.)
3aMpornoHyBajla MiJIXiJ 70 OLIHIOBaHHS E€HEpProe(eKTUBHOCTI CaMOXIJHUX BAaHTAXKHUX CYyJIEH Ha
ocHosi aaantauii EEDI 1o ymoB nyHnaiicekoro cyanomnascTsa [5, 6]. Byno nmokaszano, 110 HaBiTh y
Mexax enuHoi koHuenuii EEDI pi3ni BapiantTm MmaremMaTuyHUX MoOJeNed — 3 ypaxyBaHHSIM
MOTY>KHOCTI JBUTYHa, TJIMOMHM BOAM, OCAJKW Ta Tedii JalOTh CYTTEBO pi3HI 3HAYECHHS
eHeproe(PeKTUBHOCTI 1 MOXYTh HPU3BOJUTH JO CYNEPEWIMBUX BHCHOBKIB IOJIO BIJNOBIAHOCTI
CYJIeH IPOEKTHUM KpHUTepisiM [5].

[MapanensHo, y pociimkenHi LleHTpy poO3BHUTKY CyAHOOYAIBHHX TEXHOJOTIH Ta
TpaHCHOpTHUX cucteM a1 depepanpHoro MiHicTepcTBa TpaHcnopry Himewunmnu ais
BHYTPIIIHROTO BOJHOTO TPAHCIOPTY 3alporoHoBaHo crerianizoBani iHgekcu — EEDlinland /
EEDlwv — Ta iHaekc ekcrutyaTamiiiHoi eneproedexrusHocTi (EEO) sk amamrarii mopcekux EEDI
ta EEOI no ymoB piukoBoi Hasiramii [4, 7]. [Tokazano, mo iagexkc EEO e wyrtnuBum no Bapiamiii
ITMOMHY, MIBUJKOCTI Tedil, OCaJAKM Ta HABAHTA)XXEHHS [BUTYHA, IMPOTE IEMOHCTPYE 3HAYHY
BapiaTUBHICTH PE3YJIbTATIB, 10 YCKIAHIOE MTOPIBHSHHS Cy/I€H 32 €JUHUMHU KpUTEpisimMu [6].

OxpeMuii HampsiM CTaHOBJIATH JOCIIDKEHHS y cdepl MapaMeTpUYHOro 1arHOCTYBaHHS
cynHoBux JIB3, nme 3ampornoHOBaHO METOIM KOHTPOJIO TEXHIYHOTO CTaHy 3a IHJUKATOPHUMHU
napaMeTpamMH, TEMIIepaTypor Ta CKJIAaJOM BIJNpalbOBaHUX TIa3iB, a TAKOX IHCTPYMEHTAlbHI
CUCTeMH JUIsl peaizallii Takoro JTiarHOCTYBAaHHS B pealbHUX yMoBax ekcruryaramii [10]. demami
OlIbIIe JOCHIKEHb IPONOHYIOTh YTOUHIOBATH pPO3paxXyHKH IHAEKCIB Yepe3 BUKOPHUCTAHHS
CKOpUTOBaHMX XapakTepucTuk J[B3, oTpuMaHux 3a pe3yiabTaTaMi HATYpPHUX BUMIPIOBaHb, 3aMiCTh
yCepelHEeHUX 3HAaYeHb IMUTOMOI BUTpATH MajuBa, 3aKjaJeHuX y 0a30Bi (popMyItOBaHHS 1HJEKCIB
tunty EEDI [8, 9]. KoMIiekcHi MoJielni eHepreTHYHUX XapaKTepUCTHK Ta MAaHEBPYBAaHHS CYJIEH Ha
BHYTpIIIHIX BOJHUX LUIAXaX TAKOX MIATBEPPKYIOTb CYTTE€BUI BIUIUB TiJPOJIOTIYHMX YMOB Ta
eKCIUTyaTallifHIX MapaMeTpiB Ha BUTpaATy nanuBa i o0csru Bukumis [18, 19].

ITocTanoBka mpo6jeMu. 3a3HaueHe OOIPYHTOBYE JOILUIBHICTh PO3POOJICHHS] METOJIB, IO
MOEIHYIOTh yTOYHEeHI mnapameTpu JIB3 i3 moeramHuM aHami3oM peicy 3a XapaKTepHUMHU
eKCIUTyaTallliHUMHA PEeKUMaMH: IIJIaBaHHS Ha TJIMOOKIH BOJI, MPOXiJ MITKOBOJHHMX JUISHOK,
MaHEBpPYBaHHs Ha TepekaTax, podoTa B po3iOpaHOMY KapaBaHHOMY CKiaii Tomio. llepcrnekTuBu
aTbTEPHATHBHUX BHIIB Tpomynbcii Ha JlyHal y HaWOMMK4YIA TEPCHEKTHBI 3aTUIIAIOTHCS
obMexeHumH [17], 110 101aTKOBO MiACHIIIOE BAKIUBICTh €HEProePeKTUBHOCTI ICHYIOUOTO (IIOTY 3
JIB3. BonHouac cucTeMaTH4Ha IHTErpalis pe3ysbTaTiB MapaMeTpUYHOro MA1arHOCTYBaHHS Y
METOJMKH pO3paxyHKy IHICKCIB €HEproe(eKTHBHOCTI CyJeH BHYTPIINIHBOTO IIJIABaHHS
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3aJIMIIAETHCS HEAOCTATHRO OINPAIbOBAHOIO — caMe ISl MPOTaJIMHA BU3HAYAE aKTYaJIbHICTh, HAYKOBY
HOBU3HY Ta MPAKTUYHY 3HAYYIIICTh MIPEACTABICHOTO JOCTIKEHHSI.

Bukiax  ocHOBHOro  marepiany.  3amporoOHOBaHAa  METOAOJOTIS  OI[IHIOBAaHHS
eHeproe(peKTUBHOCTI CyJIE€H BHYTPINIHHOTO BOJHOTO TPAHCIOPTY MOEIHY€E ABI B3a€MOIMOB'S3aHi
CKJIa[IOBi: TIapaMEeTpPHYHE JiarHOCTYBaHHS TOJIOBHOTO [BUTYHa BHYTDIIIHBOTO 3TOPSHHS B
peaNbHUX yMOBaX eKCIUTyaTalii Ta TOeTalHU{ aHalmi3 peiicy 3 ypaxyBaHHSIM MiHJIUBOCTI
HapiramiitHux ymoB [8, 9]. Ha BigMmiHy BiZ MiAXOAIB, IO BUKOPHUCTOBYIOTH YCEpEIHEHI abo
NacIOPTHI XapaKTePUCTUKU BUTYHA, 3aIPONIOHOBAHUI METO/] nepedadae OTpUMaHHs YTOUHEHHX
HaBaHTaXXyBaJIbHUX XapakTepuctuk JIB3 Oesmocepennpo mijg yac ekciulyarauii cygHa Ta iX
nudepeHiiiioBaHe 3aCTOCYBaHHS 11 KOKHOTO 3 BUAUICHHUX €TalliB peicy.

TurmoBmii peiic cyiHa BHYTPIIIHBOTO IIABAHHS — K CAMOXITHOT'O BAHT)KHOTO CYJHA, TaK i
mIToBXaya 3 OapXKEeBUM KapaBaHOM XapaKTEePU3YETbCS CYTTEBOK HEOJHOPIIHICTIO HaBIraumiiHUX
YMOB, 110 0€3M0CepeIHO BIUIMBAE HA HABAHTAXKECHHS TOJIOBHOTO JIBUTYHA Ta MUTOMY €(PEKTHBHY
BUTpaTy nanusa [14]. 3 MeToro miIBHUILEHHS JOCTOBIPHOCTI OLIIHIOBaHHS €HeProe(eKTUBHOCTI peiic
pO30MBa€EThCA HA TaKl TUIOBI €KCILTyaTalliliHl eTanu:

— pyX y TaOOKiil BOJI pH MOBHOMY 3aBaHTa)KEHHI Ta CTaJiil IIBUAKOCTI XOY;

—pyX B yMOBax MIJIKOBOIAS 3 OOMEKEHOI TIHMOWHOI CYJHOIUIABHOTO XOAYy, IO
CYIIPOBOJIKYETHCS 3pOCTAaHHSIM T'1IPOJMHAMIYHOTO OIIOPY;

— MPOXO/KEHHS NIEPEeKaTiB 3 BUKOHAHHSAM PI3HUX MaHEBPIB, SIKE€ XapaKTepPU3y€EThCs 3MIHHUM
PEKUMOM POOOTH JIBUTYHA Ta IMiJBUILEHOIO BUTPATOIO MAJINBA;

— IPOBOJIKA YAaCTHUHHU KapaBaHy 13 PO3JUICHHAM Oap’KeBOro CKJIaay, 110 3MIHIOE Macy Ta
riApoAMHaMIYHUN TPodisib OyKCUPOBAHOIO 00’ €KTa.

Jlisi KO)KHOTO €Tary BU3HAYAIOTHCS XapaKTepHI 3HAYCHHS HIBHIKOCTI XOJIYy, YacTOTH
o0epTaHHs Ta HABAaHTAXXCHHS TOJIOBHOTO JIBUT'YHA, SIKI BUKOPUCTOBYIOTHCS SIK BXIJHI JaHi JAJs
pPO3paxyHKy IMOKa3HUKIB eHEePTroe(EKTUBHOCTI.

be3aBapiiiHy ekculyaTallifo TOJOBHUX JBUIYHIB 3a0€3MEUy0Th LUIAXOM PpEryJISpHOTO
KOHTPOJIEO TapaMmeTpiB poOOYoro mporecy B OKpemux MmuiiHapax. CHCTEeMaTUYHHN aHalli3 IUX
rapamMeTpiB J03BOJISIE ONTUMI3YBaTH pPOOOTY JBHUTYHA, PIBHOMIPHO PO3MOJIISATA HaBaHTaKEHHS
MDK IWIHIpPAMH Ta CBOEYACHO BUSBIATH HEOE3MEUHI TEHJCHII y 3MiHI TEXHIYHOTO CTaHy
ocHOBHUX cucTeM 1 By3nmiB [10, 20]. YV koHTeKCTi 3amadi OIiHIOBaHHS EHEProeeKTUBHOCTI
napaMeTpuYHe JiarHOCTYBaHHS BHKOHYE Il OJHY KJIIOUOBY (YHKIIIO — 3a0e3redye OTpUMAaHHS
YTOYHEHHX TEPMOJMHAMIYHUX XapaKTepUCTUK pobodoro mporecy JIB3 6e3nocepenHbo B ymMoBax
eKcIutyartarii, mo € (i3uuHO OOIPYHTOBAHOK AIBTEPHATHUBOIO BHUKOPHUCTAHHIO YCEpPEIHEHUX
MACMOPTHUX MOKA3HUKIB.

[epionnyanii KOHTPOJIb A€ 3MOTY BUSIBUTH Je(QEKTH HWITIHIPIB Ta 0OCIyTrOBYIOYMX CHCTEM
JIBUTYHa, IO 3apPOKYIOTHCS y MpoIleci ekcruryaTallii. YacTuHy 3 HUX 1IeHTH(IKYIOTh 3a (OPMOIO
1HMKATOPHOI JIiarpaMy Ha AUISHKAX CTUCHEHHS Ta 3TOPSHHS, a TaKOX 3a 3HAYCHHSAMU OCHOBHHX
napameTpiB pobo4oro mnpoiecy: MakCUMalbHOTO THCKY 3ropsiHHS Pmax, THCKy KiHILS CTHMCHEHHS
Pcomp, cepennporo inmukatopHoro THCKy MIP, kyTa mouyaTKy 3rOpsiHHS TOWIO. THIIOBUMH
JIarHOCTHYHUMHM O3HaKaMu € 3HmwkeHHs MIP, Pmax a6o PComp BiZHOCHO €TaTOHHHUX 3HAYCHb.

MeTtoarka TpOBEACHHS BUMIPIOBaHb TNepeadadae BCTAHOBJIGHHS JaT4YWKa THCKY Ha
IHIUKAaTOPDHUH KpaH TiCiasd HOTro TMOMEepeaHhOr0 MPOAyBaHHA. BiOpomaTyumk MOCIiTOBHO
BCTAHOBJIIOETHCS Y TPhOX XapaKTEPHHUX TOUKaX: Ha TOPIi (OPCYHKH, HA BiJCIUIll MAIMBHOTO HACOCA
BHCOKOTO THUCKY Ta, 3a MOTpeOH, Ha KpulI nuiaiapa. s KoKHOro MOJOKEHHS BiOpoaaTyuka
CHHXPOHHO PEECTPYIOTh 1HAWKATOPHY Ta BiOpauiiHy giarpamu.

[TapanenbpHui aHATI3 IHAXUKATOPHOI Ta BIOpaIliiHUX JlarpaM J03BOJIsSE BUSHAYUTH 3aTPUMKY
camMO3aiiMaHHA TMajMBa, a TaKOX pPO30DKHICT MDK TEOMETPHYHHUMH Ta JIiiicHUMHU (dazaMu
naguBonoaadi. Ili BenWMUMHM HECyTh IIHHY JJIarHOCTHYHY iH(OpMaIlii0 Tpo MPOIECH
CYMIIIIOYTBOPEHHSI Ta 3TOPSHHA B ILWIIHAPI Ta JAlOTh 3MOTY JIOKANi3yBaTH MEPUIONPUIHHY
nedexTy. 3anpornoHOBaHUN aNTOPUTM BUSBUBCS OCOOIUBO JI€BUM MPU J11arHOCTYBaHHI MaJIUBHOI
amapaTypu BUCOKOT'O TUCKY Ta KJIalaHiB razopo3mnoairy [21].
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3icTaBieHHS OTPHUMAHUX IHAMUKATOPHUX JiarpaM 3 €TAJIOHHHMH Ja€ 3MOTY BHSBHTH
BIIXUJICHHS B POOOTI OKPEMHUX IIMITIHAPIB Ta OLIHUTH PIBHOMIPHICTh PO3MO1TY HABAaHTAXKECHHS MIXK
HUMH, TI0 € HEOOXiJHOIO YMOBOIO KOPEKTHOTO BH3HA4YeHHS (DaKTUYHOI €(DEeKTHBHOI MOTY>KHOCTI
JIBUTYHa — OJHOTO 3 KJIOYOBUX BXIJHUX HapaMeTpiB s pPO3paxyHKy eKCIUTyaTaliiHUX
MOKAa3HHUKIB €HEPTrOe(PEeKTHBHOCTI.

[Ipuknan omHOYaCHOT peecTpallii iIHIUKaTOPHOT Ta BiIOpaIiifHOl TiarpaM HaBeJeHO Ha puc. 1.
ExcrniepuMenTanbHi naHi giarHoctyBaHHs rosiopHoro asuryna SKL NVDA48 (6VDS 48/42 AL-2),
oTpHuMaHi 3a jonomoroto nopraruBHoi cuctemu DEPAS D4.0H [9, 22], noxano Ha puc. 2.

Ha puc. 1 naBeneno tumoBwmii 3BiT cuctemu niarnocryBanis DEPAS D4.0H, chopmoBanmit
3a pe3yJbTaTaMu IHIMLIIOBaHHSA HUIiHIpa Nel cepeHbOOOEPTHOrO YOTHPUTAKTHOTO AM3EIBLHOIO
neuryna SKL tumy 6VDS 48/42. 3BiT MIiCTUTh MOBHHH 00csAT maiarHOCTHYHOI iH(opMmarii, mo
aBTOMaTHMYHO (OPMY€EThCS CHCTEMOIO 3a LHMKJI BUMIPIOBAHHS: I1HAMKATOpHY Jiarpamy B
koopaunatax P(°TIKB), pospaxoBani mapameTrpu pobodoro mporecy wrmazapa (Pmax, Pcomp,
MIP), a Takox MOXiJHI MOKa3HUKHU, AKI HaJalli BAKOPUCTOBYIOThCS JJIsl OI[iHIOBaHHS €(PEKTUBHOL
MOTY>KHOCTI JIBUTYHA Ta MTUTOMOI €()eKTUBHOI BUTPATH IAJIHBA.

- . " A2 6VDS48/42AL-2 (mv Vilnius /#33/)
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Pucynok 1 — [ngukaTopHa Ta Bibpariitna giarpamu mutiagpa Nel
ronosHoro asuryHa SKL NVD48 (6VDS 48/42 AL-2) [9]

[TapanenbHO 3 1HAWKATOPHOK diarpaMoro (YepBOHA JiHISA) Y (YHKINI KyTa MOBOPOTY
KOJIIHYacTOT0 BaJla pEeECTpyeTbes BiOpomiarpama, Ha SKid  11eHTH(]IKYIOTBCS XapaKTepHi
BiOpOIMITYJIbCH:

— intake valves 3akpuTTs BIyCKHHX KIIallaHiB;

— needle up mouaTok BopcKyBaHHs nanuBa ((asa migiomy ronku GOpCyHKH);

—needle down kiHels BiopcKyBaHHsI nayuBa ((asza mocajku roJiku GOpCyHKH);

— exhaust valves 3akpuTTst BUITyCKHHX KJIallaHiB (CHHS KpHBa).

OxpiM mTaTHUX MapamMeTpiB poOOUYOTro mporiecy, BidOpoaiarpama J103BOJSE ieHTU(DIKYBATH
nedekTH MexaHi3My Traszopo3mnoniy. Ha puc. 1 dWiTKO crocTepiraerbcsi acMHXpPOHHa poOoTa
BUIIYCKHUX KJamaHiB: BiOpoimmyibc exhaust valves e€ mojaBiiHUM: CIIOYaTKy PEECTPYEThCSA yaap
OJTHOTO KJIallaHa, a 3rojioM, i3 MEeBHUM 3ami3HeHHsM 3a KytoMm [IKB, ymap npyroro. PozmBoeHHs
IMITyJIbCY CBIIYUTH MPO po30anaHCyBaHHS TPAaBEPCH MPHUBOAY BUITYCKHUX KianaHiB. J{i1st yCcyHeHHs
nedekTy TpaBepcy HEOOXiHO BIIPETYyNIOBAaTH TaKUM YHHOM, 100 0OMIBa KIJIalaHU 3aKpUBAIHCS
OJTHOYACHO, (OPMYIOUM OAMHAPHUHN BIOPOIMITYJIbC, BEpIIMHA SKOTO BiAMOBimae (aszi 3aKpUTTS
KJIATaHiB, 3a3HAYCHIM y MACMOPTHIA JOKyMEHTAIlil JABUTYHA. BUSBICHHS acCHMHXPOHHOI po0OOTH
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BUITYCKHHUX KJIAIIaHIB MAa€ BAXIIMBE TPAKTUYHE 3HAUCHHS, OCKUIBKA 1X HECHHXPOHHE 3aKpPHUTTS
CIPUYUHSE: HEPIBHOMIPHE 3HOIIYBAHHA CiIeN 1 TapiIOK KJIamaHiB; MiJBUIICHUH PiBeHb IIYMy Ta
BiOpallii MexaHi3My Ta30pO3MOJiTy; MOTIPHICHHS SKOCTI Ta3000MiHY H, SIK HACHiJIOK, 3HWKCHHS
1HIMKAaTOPHOI MOTYKHOCTI LIMJIIH/PA Ta 3pOCTaHHS MUTOMOI €(pEeKTUBHOT BUTPATH NAJIUBA.

Ha puc. 2 naBeneno 3Bexenmii 3BiT (general report) cucremu niarHoctyBanus DEPAS
D4.0H, mo MicTuTh KOMIUIEKCHY 1H(pOpMAIlilo PO TEXHIYHUI cTaH yciX HuiIiHApiB aBuryHa SKL
tuny 6 VDS 48/42. 3BiT cTpyKTypHO MOJUIEHO Ha JEKIJIbKA CEKIIIH.

VY BepxHil CeKIii po3MILLIEHO 1HIMKATOPHI JiarpamMu P(p) Ui BCIX LMIIHJPIB, CyMIIIEH B
€IMHIA CUCTEM1 KOOPJAMHAT 31 3MILIEHHSIM M0 OCl a0CLMC JUIsi HAOUHOTO BI3yaJIbHOT'O MOPIBHSHHS.
Taxe npencTaBieHHS A03BOJIS€ ONEPATUBHO OLIHUTU PIBHOMIPHICTH PO3MO/ITY HAaBAaHTAXKEHHS MIXK
UWITIHAPAMHU Ta BUSBUTH BIIXWJIEHHS Y MPOTIKaHHI poOOYOro mpouecy okpemux unuiainapis. Ha
pHC. 2 YEpPBOHUM 1 CIpUM KOJBOPOM BHJIUIEHO aiarpamMu l-ro Ta 6-ro LMIIHAPIB, JUIS SKHUX
3a(1KCOBAHO BIIXWJIEHHS MaKCUMAaJIbHOTO TUCKY 3rOpsiHHS Pmax Bij cepeHbOro 3Hau€HHs 10 BCiX
uuitiHapax nonan 3,5 %.

i rp‘ 2 [/12 6VDS48/42AL-2 (mv Vinius) =
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CYLINDER rpm Pmax Pcomp MIP Pi Pt vm Lmd Alf inj Fi inl Fi exh ditPmax ditPc

1 498 89,8 51,8 11,44 315,9 14,6 2,2 1,73 11,9° 27,6° 46,6°

498 86,1 49,0 10,67 294,8 14,0 2,23 1,76 12,1° 26,4° 41,9°

499 82,4 49,4 11,07 306,1 13,8 1,9 1,67 9,8° 24,2° 47,2°

500 85,2 57,7 13,73 380,4 16,1 1,59 1,48 9,1° 26,4° 61,9°

498 86,9 52,8 11,86 327,6 14,6 1,94 1,64 10,5° 23,5° 62°

499 77,2 54,7 11,51 318,4 14,6 1,42 1,41 12° 34,5° 63°

Pucynok 2 — ExciepuMeHTabHI JaHi A1arHOCTYBaHHS TOJIOBHOTO JIBUTYHA
SKL NVD48 (6VDS 48/42 AL-2) [9]

LN WN

Ha migcraBi cTraTUCTUYHO O0OpOOJIEHMX pe3yNbTaTiB  AIarHOCTHYHUX BHMIpIOBaHb
OyIylOTbCsl YTOUHEHI HABaHTa)XyBaJbHI XapaKTEPUCTUKH TOJIOBHOTO JBHTyHa — 3aJIeKHOCTI
nuToMoi eexTrBHOT BuTpatu nanmea SFC Bix edextuBHOI moTy)kHOCTI N€ Ta yactoTn oOepTaHHs
KOJIIHYacTOro Baja N, mo BigoOpaxaroTh (DAKTHUYHUN TEXHIYHWHA CTaH JABUTYHA Yy KOHKPETHUX
yMoBax ekcruryaTamnii. Taki XapakTepHCTUKU CYTTEBO BiAPI3HSAIOTHCS Bif MACHOPTHHUX 3aBOJCHKUX
JTAaHUX, OCKUTBKM BPaxOBYIOTh CTYMiHb 3HOIICHHS Ta MOTOYHUIN TEXHIYHUN CTaH ABUTYHA, PEKUMU
YaCTKOBOTO HABAHTA)XEHHS, XapaKTepHi IS PIYKOBOTO CYIHOIIABCTBA, a TAKOX BIUIMB SIKOCTI
3aCTOCOBYBAHOTO MajiiBa i YMOB TEXHIYHOTO 0OCITYyTrOBYBaHHS.

OTpumaHi yTOYHEHI XapaKTEPUCTHKH CIYTYIOTh BXIJIHUMH JaHUMH ISl PO3PaXyHKY
MOKa3HUKIB €HeproeeKTUBHOCTI Ha KOKHOMY 3 BUIIJICHUX €TaIliB PEeHUCy BiAMOBIAHO JIO METOTY
TpaHcopmMarlii, OmMcaHoro Jai.

OcHoBHi  pe3yabTaTH Ta iX o0oOroBopeHHsi. J[ns1  po3paxyHKy  ITOKa3HUKIB
€HEeproeeKTUBHOCTI Cy/IeH BHYTPIIIHBOTO IJIABaHHS HA KOKHOMY 3 BUIUICHHUX €TaIliB peicy y i
po0OTI TIpoaHai30BaHO ABa MiAXOAH, 3alpOIOHOBAHI B JIITepaTypi, Ta OOIPYHTOBAHO BIIACHHUI
MeTo]T TpaHchopmarii.

MeTton, 3amponmoOHOBaHUN  JOCTIAHUIBKOIO Tpymor  benrpajackkoro  yHiBEpCUTETY
(Kalajdzi¢, Momcilovié ta in.) [5, 6], IpyHTy€eTbCs Ha ajanTaiii Mopchkoro inaekcy EEDI 1o ymoB
JyHAWCHKOTO CyTHOIUIABCTBA Ta TMepeadadae BU3HAUCHHS BOX IMOKa3HHKIB — mocsbkuHoro (Attained
EEDI*) i nopmoBanoro (Required EEDI*) innekciB eHeproe)eKTHBHOCT:I.
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JIoCSHKHUI 1HACKC PO3PaXOBYETHCS 32 (DOPMYJIIOIO:

EED]* = Ppref - SFC-CF

@)
ne Peret — pedepeHcHE 3HAYEHHS MOTY)KHOCTI TOJIOBHOTO JBWUTYHA, HEOOXITHOI ISl JOCSTHEHHS
po3paxyHkoBoi mBuaKocTI V; SFC — nmuroma Butpara nanusa; CF — konsepciitauii koedimient CO2
JUIs BIAMOBIHOTO BHJYy MajiuBa; MpwT — JeIBEHT cyqHa a0o KapaBaHy; v — IIBUAKICTb CyIHA
BiTHOCHO BOJIH.

3a cBO€IO CTPYKTYPOrO Bupas (1) Maiike MOBHICTIO BiJMOBiae GopMyIIi MOPCHKOTO 1HIEKCY
EEDI, nmpore Mae cyTTeBy BIIMIHHICTh Y 3acTOCYBaHHI: pedepeHCHAa NOTYXKHICTb Psref He
npuB’si3yeTbest 10 75 % MCR, sk y migxoni IMO, a BU3Ha49aeThCsl K MOTYKHICTh, HEOOXiTHA ISt
JOCATHEHHS  PO3PAaxXyHKOBOi IIBUAKOCTI B KOHKPETHHUX HaBiralifHux ymoBax. Merox
3aCTOCOBYETHCS IS Aiama3oHiB mBUAKOCTI v = 10...22 km/rox, uncna dpyna mo rmobuni Fry =
0,40...0,65 Ta genpetita mpwt = 100...3000 T.

HopMoBaHnuii iH1€KC BU3HAYAETHCS 32 EMITIPUYHOIO 3aJIEKHICTIO!

EEDI;;eq = a - mEWT, (2)

mpwr *V

e @ i C — eMmipuuHi KOe(IIieHTH, IO PO3PAaXOBYIOTHCA OKPEMO JJs YMOB TJIHOOKOi BOJM Ta
MUIKOBOJIJIS, 3aJI€KaTh BiJl TUIY CYJIEH 1 € QYHKIISIMH IMBUAKOCTI L (U1 r1MboKoi Boau) abo yucia
@pyna no rnubuni Fry (ams ymoB minkoBons). B opuriHanbHOMY TEKCTi [5] BUKOPUCTAHO 3aImuc
“a - mpowr ©’; y maHOMy BHIAAKy 3alHC TEPeHnHCaHuil K “a - My A0S BHKIFOYCHHS
JIBO3HAYHOCTI. BiAMOBINHICTH CyAHAa BUMOTaM €HEProe()eKTUBHOCTI BCTAHOBIIIOETHCS IUIIXOM
nopiBusiEns: EEDI™ < EEDIg,,.

Mertoa, po3poOnenuii LIeHTpoM pO3BUTKY CyTHOOYIIBHHX TEXHOJIOTIH 1 TPaHCHOPTHUX
cuctem (Development Centre for Ship Technology and Transport Systems, yiicOypr) Ha
3amoBiieHHsT DenepanbHoro MiHicrepctsa TpancnopTy Himewumnu ta CESNI [4, 7], Takox
nependavyae BUBHAYEHHS JI0CSHKHOTO Ta HOPMOBAHOT'O 1H/AEKCIB €Heproe(eKTUBHOCTI.

JIOCSHKHUM 1HIIEKC /171 CY/IeH BHYTPILIHBOIO IJIAaBAaHHS PO3PaXOBY€ETHCS SK:

EEDIIWT = M; (3)

Mmpwr *V

ne Pp — mocraBneHa MOTYXKHICTh TOJIOBHOTO JIBUTYHA, IO PO3PAaXOBYETHCS OKPEMO ISl YMOB
rIMO0KOT BOAM Ta MIJIKOBOJIS 13 3aCTOCYBAHHSAM CHCTEMH 3 33 eMmipuuHUX KOe]illi€HTIB; perira
M03HAYEHb BIAMOBIAAE MPUUHIATUM Y (1).

[IpunnunoBa BiAMIHHICTH BiX Merony benrpaga mnomsrae y cmnocoOi BU3HAUYEHHS
MOTYXKHOCTi: PD po3paxoBy€ThCSI Ha OCHOBI TATOBHX XapaKTEPUCTHK KOPIYCy Ta TBHUHTA IS
0a30BOr0 3HAUEHHS INBUIKOCTI CyJHAa 3 TMOJAJIBIIMM IE€PEepaxXyHKOM B yMoBax Tedil 3i
MIBUIKICTIO 0t. METOJ 3aCTOCOBYEThCS sl cyaeH 3 ocankoro d = 2,0...3,2 m (rmboka Boja) Ta
d=2,0...2,8 m (minkoBoms), nopxuHoo L = 40...135 m, mupunoro B = 5...17 M, nenBelitom
Mmpywr = 250...6000 T Ta mBHAKIiCTIO Tewil vt = 2...8 km/rog. MeToa OXOIUII0OE YOTHPU THIH
CYJeH: CaMOXIJHI CYXOBaHTa)XHI Ta KOHTEHHEpHI CyJHa, TaHKEpH, LITOBXayl 3 HECAMOXIJIHUMHU
CEKLISMHU Ta MACaKUPChK1 CyTHA.

HopmoBsanuii ingexc niast merony DST Bu3Ha4yaeThCs 3a 3a71€XKHICTIO!

m m
EEDIgeq = ay + B, - exp (%) + v, - exp ( DWT), 4
2

—5;
Ie o4, B2, Y2, V1, 01 — eMIIpUYHI KOe(DIMIEHTH, BU3HAYCHI OKPEMO MJisi KOXKHOTO THITY CYJEH Ta
HaBIraliiHoil 30HU.

Cning 3a3Haumtd, mo B Metomi DST mokasnuku eHeproeeKTHUBHOCTI € (DYHKIIIEO
mBuakocti teuii: EEDIyr = f(vy), 10 € HOro CyTTEBOIO MEpEeBarol0 MOPIBHIHO 3 METOJOM
VHiBepcurery benrpana, sikuii Teuiro He BpaxoBye. BogHoyac 0OMEXeHHsI 32 0CaIKOI0, MPUB'sI3aHE
10 gpiametpa rpedHoro rBuHTA SIK d = 1.5Dp, 3By)Ky€ MPaKTHUYHY 3aCTOCOBHICTH METOLLY.
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Ha BimMiHy Bif pO3IVISHYTHX BHINE MiAXOJMiB, METOA TpaHCQopMaIllii, 3armporoHOBaHUN
aBTopamu [8, 9], IpyHTyeTbCs Ha NPHUHLUIOBO IHIINKM KOHLENIIl: 3aMiCTh BHUKOPHUCTAHHS
yCepeHEeHUX a00 MacMOpPTHUX XapaKTEPUCTUK JBUTYHA BIH repeadadae OTpUMaHHS yTOYHEHHX
HaBaHTAXYBaJbHUX XapakTepucTuk JIB3 OesmocepenHb0 B yMOBax eKCIUTyaTallii Ha OCHOBI
napaMeTpu4Horo aiaraoctyBaHHs [10, 20, 21] ta ix audepeHmiiioBane 3acTOCyBaHHS UII KOXKHOTO
3 BUJIIJICHUX €KCIUTyaTal[iiHUuX eTamiB peicy.

VY 3aranbHOMY BHUIVIAJIl BUTpaTa MajliBa 3a pPeiic € HeMepepBHUM IPOLIECOM, 10 ONUCYETHCS
IHTErpajoM:

CF (T
EEOl,pyage = —— Jy Ne(®) - SFC(N. (), n(t))dt, (5)
ne Ne(t) — wmwurTeBa eeKTHBHA TMOTYXHICTh TOJOBHOTO JIBUT'YHA, SK (yHKIisS dvacy t;

SFC(N,(t),n(t)) — nuTomMa BUTpaTa MajauBa sSK (YHKILIA MOTY>KHOCTI Ta YaCTOTH OOEpPTaHHS;
T — TpuBamicTe peiicy; M — maca BaHTaxXy; diprq — BIICTaHb, HAa SIKYy IEPEBO3UTHCS BaHTAXK
(TpaHCIIOpTHA BIJICTaHb), 110 MOXKE CYTTEBO BIJIPI3HATHUCA BiJ (PAKTUUHOTO LUIAXY, MPOHICHOTO
CaMOXIJTHUM CYIHOM 3 ypaxyBaHHSIM MaHEBpiB, IPOBOJKM YaCTUHH KapaBaHy uyepe3 MepeKaTH Ta
MaBY30K.

OckibKH pelic po30MBAEThCSI HA CKIHUEHHY KUIBKICTh THUIOBHMX €KCIUTyaTalllMHUX €TalliB,
KOXKEH 3 SKUX XapaKTepU3YeThCsl CTAaTUCTUYHO YCEpPeIHEHHMMM IapaMeTpaMu JBUTYHA,
OTPUMAHUMH 3a pe3yJbTaTaMM MapaMETPUYHOIO JIarHOCTYBaHHSA, 1HTerpan (5) alnpoKCHUMYEThCS
JMCKPETHOIO CYMOIO:

CF
Mm-deotal

EEOlLyage = YXN,, - SFC; (Nei,ni) “ti (6)

zie | — inJeKe eKcIutyaTaniiinoro eramny peiicy; N,, — €épeKTHBHA NOTYXHICTh FOJIOBHOTO JBUIYHA HA
i-my erani; SFC;(N,,n;) — nuTOMa BUTpaTa MajMBa Ha I-My €Talli, BU3HAYEHA 33 YTOYHCHUMH

xapakrepuctukamu JIB3; ti — TpuBamicth I-ro eramy, K — 3arajgpHa KiUIbKICTh €TaliB peEHcy;
dtotqr — TPAHCTIOPTHA BIZICTaHb (BU3HAYCHHS HABE/ICHO BHUIIIE).

OxpeMoi yBarm 3aciIyroBy€ KOPEKTHE BHM3HAYCHHS TPAHCIOPTHOI BiACTaHI diprqr Y
3HaMeHHUKY (opmynu (6). Ha BimMiHYy BiJi MOPCHKOTO CYIHOIUIABCTBA, JI€ BIACTaHb PEiCy, 5K
MPaBUJIO, 30IraeThCsl 3 BIJCTAHHIO NMEPEBE3EHHS BaHTaXy, JJs CyJICH BHYTPIIIHHOIO IJIABaHHS,
0COOJIMBO IITOBXadiB 3 Oap)KeBUMH KapaBaHaMH, Ili BEIMYMHH MOKYTh CYTTEBO pizHuTHCS [14].
QDakTUYHUN TIISX, TPONUACHMN CYTHOM, BKIIOYAaE MaHEBPH Ha TepeKkarax 3 YHCICHHUMHU
MPOBOAKaMH, OaraTopa3oBli NEPEeXoJud MK IEepeKaToM 1 MICHEM CTOSHKHM KapaBaHy IIiJ] 4ac
MaBy3KH, a TAKOXK MEePEeMIllIEHHS CyiHa 0e3 BaHTaXy y IpoIleci po3JIeHHs Ta 30upaHHs ckiany. B
yCiX [UX BWITAJKaX CyJHO BHUTpAua€e TaMBO 1 BHKOHYE pOOOTy JBHUTYHA, HE IIOB’S3aHy 3
TPaHCHOPTYBaHHSIM BaHTaXXy Ha BIAMOBIAHY BijncTaHb. Meronu benrpaackkoro yHiBepcuTery Ta
DST He po3pi3HSIOTH IIi CKJIAJIOBI, ONEPYIOYH €HHOIO «BIJICTAHHIO PEHCY», O MOXKE MPU3BOIUTH
70 CHCTEMAaTUYHOTO 3aHM)KEHHS MUTOMHUX IOKAa3HMKIB €HEproe()eKTUBHOCTI Ul ILITOBXadiB 3
BEIMKMMH W CTPYKTYPHO CKJIaJHUMH KapaBaHamu. MeTon TpaHcdopmaliii sSBHO pO3pi3HSE
TPAHCIIOPTHY BIJICTaHb dtyp; TAa QAKTUYHUM TUIAX CyJIHA, IO 3a0e3medye KOPEKTHINTY OIHKY
E€HEePTreTUYHO1 €(h)eKTUBHOCTI TPAHCIIOPTHOI pOOOTH.

Ha Bigminy Big meroniB benrpancekoro yniBepcutery Ta DST, siki BM3Ha4aooTh mapy
mokasHukiB Attained / Required i Tum camum ojapa3y BOymOBaHI B PETyIATOPHY PaMKy, METO.
Tpancopmariii Ha mepmioMy ertami 3abe3rnedye OTPUMAaHHS JOCTOBIPHOTO EKCIUTyaTalliifHOTO
nmokasuuka (Operational). Ile TPUHIMIIOBO BaKJIMBO: JOCTOBIPHICTH HOPMOBAaHOTO ITOKa3HHKA
(Required) GesmocepeaHbO 3aleKUTh Big TOYHOCTI gocspkHoro (Attained), a icHyroui MeToau
BUKOPUCTOBYIOTh [UISI HOTO pO3PaxyHKy YCEpEeIHEHI XapaKTepPHCTHUKH [IBUTYHA, IO MOXeE
MPU3BOJUTU /10 CUCTEMAaTUYHUX MOXMOOK. MeTosa TpaHcdopMalii ycyBae 1e JHKepero MOXHUOKH,
3a0e3neuyroun HaJliiHy OCHOBY JIJIsl MOJAJIBIIOTO HOPMYBAaHHS.

PesynbraTi MOPIBHAJIBHOTO aHai3y TPhOX PO3IISIHYTHX METOIIB 3BeAeHO y Tabmuui 1.
AHaJli3 BUKOHAHO 32 TAKUMHU KPUTEPISIMU: TUT MOKa3HUKA €HEProe(eKTUBHOCTI, 3aCTOCOBHICTh JI0
pI3HUX TUMIB CyJIeH Ta YMOB HaBiraiii, cnocié Bu3HaueHHs xapakrepuctuk JIB3, BpaxyBaHHS Teuii
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i TpaHCTIOPTHOI BiJCTaHi, HASBHICTb 1 OOCAT eMMIIPUYHHUX KOEQIIiEHTIB, a TaKOX OOMEKECHHS
KOXKHOTO MeTofy [4-7].

Tabmuus 1 — IlopiBHSHHS METONIB pPO3paxXyHKY IHACKCIB €HEpProeeKTHBHOCTI IS CyJIeH
BHYTPIIIHBOTO TJIABaHHS

Kpumepin

Memoo
Yuieepcumemy
benzpaoa

Memoo DST

Memoo mpancghopmauii

Tun noxasnuxa

Attained / Required

Attained / Required

Operational (Attained)

3acmocoenicmb IToomuuoxi camoximai |Iloommuoki camoximal |I[looanHOKI caMOXimHI
CyJ/IHa; KapaBaHU CyJ/IHa; KapaBaHU Cy/Ha; KapaBaHU, B T. Y.
JIeIBEUTOM JOBKUHOIO 10 135 M, |BeNHKIi; MIATBEPIKEHO IS
100...3000 T HPHUHOIO 10 17 M CaMOX1THOTO CyJHa 3
KapaBaHOM 3 5 O6apx
Hagieayitini ymosu I'mnboxa Boga ta I'muboxka Boga ta I'muboxka Boa,

MIJIKOBOIS MIJIKOBOISA MIJIKOBOJIIS, IEPEKATH,
MIPOBOJIKA YaCTUHU
KapaBaHy
Bpaxysanns meuii He BpaxoByeThes BpaxoByertbcs BpaxoByerbcs

Xapaxmepucmuxu VYcepenneni / VYcepenneni / YTo4YHEeH] XapaKTepUCTUKHU

/(B3 NaclopTHi 3HaueHHs  |macnopTHi 3HaueHHa  |SFC, orpumani 3a
SFC SFC pesyiabTaTaMu

napamMeTpu4-Hoi

JIarHOCTUKHU B peaTbHUX

yMOBax eKCIuTyaTaii
3anesrcnicme BukopucroByeThes He BuxopucToByeThCcst |BUKOPUCTOBYETHCS IS

«UWBUOKICTb — (Oa3zoBe 3HAUCHHS KOKHOTO €TaIry peucy

NOMYIICHICTb » HIBUJI-KOCTI 3

nepepaxyHKoM)

Tpancnopmna He pospizusietses Bin  |He po3pizHseTbes Bil  |SIBHO pO3pi3HAETHCA:

giocmany (aKTHUYHOTO XY (aKTUYHOTO NUIAXY dtotqr — BIACTaHb
CyJHa CyIHa NepeBE3CHHS BaHTAXKY

Bpaxysanns He nepenbaueno He nepenbaueno [Tepenbaueno (3ynuHKH,

OONOMIJICHUX MaHEBpPYBaHH)

MeXaHi3Mmie

Bukxopucmanms He nepenbaueno He nepenbaueno [Tepenbaueno

oanux RIS

Emnipuuni [pucyTHi; po3paxosani ([IpucyTtHi y Benukiii  |He morpelye emmipuaHux

Koe@iyienmu JUTSL OTHOTO 3HAa4YeHHs  [KUTbKOCTI (33); Koe(iIieHTiB BYy3bKOTO
rmOuHU (apBatepy (5 [By3pKOT0 3aCTOCYBaHHS |3aCTOCYBAaHHS
M)

Obmedxncenns He BpaxoBye Teuito;  |Oxnne 6a3oBe 3HaueHHs |[loTpebye Bepudikarii Ha
emmipuyHi koedimientu ocanku (d = 1,5Dp); po3mupeHiit BHOipii
po3paxoBaHi st oJHe 0a30Be 3HAUCHHS |CY/EH Ta TUIIIB KapaBaHy
00MEXEHUX YMOB IIBUIKOCTI

Sx BuagHo 3 Tabmuui, meronu YHiBepcutery benrpaga ta DST MmaioTh chinbHY

KOHIENTYyaJbHy OCHOBY

aJlanTaIilo MOPCHKOTO

ingexkcy EEDI

JI0 YMOB PIYKOBOTO

CYJIHOIUTaBCTBa — 1 00MBa ONEPYIOTh Maporo nokasuukis Attained / Required. IIpote BoHU CyTTEBO
PI3HATBCS B MMIJIXO0JAaX 0 BU3HAYCHHS MOTYKHOCTI JIBUTYHA Ta BpaxyBaHHs HaBiramiiiHUX yMOB.
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Meton YHiBepcuteTy benrpama oXoruiroe MUPIIAN Jiana3oH MIBHIKOCTEH Ta HE MOTpeOy€e BEIUKOT
KUTBKOCTI eMIIpUYHUX KOEQIIIEHTIB IS pO3PAXyHKY MOTYKHOCTI, MPOTE HE BPAXOBYE HIBUIKICTh
tedii. Meroq DST BpaxoBye Tewiro Ta OXOIUIIOE MIMPIIUN CIEKTP THINB CYICH, ajlieé OOMEXEeHHUN
OJHMM 0a30BUM 3HAUYEHHSIM OCaJIKM Ta MIBUJKOCTI, 10 3BYXKY€ HOro NpakTUYHY 3aCTOCOBHICTh JJIS
pearpHIX YMOB JTIyHalChKOTO CyTHOIIJIABCTBA.

ChoinpHUM 1 TPUHIMIIOBUM HEAONIKOM 000X ICHYIOYMX METOAIB € BHUKOPHCTaHHS
ycepenHeHnx abo nmacropTHUX 3Ha4eHb SFC, ki He BioOpakatoTh (JaKTUIHOTO TEXHIYHOTO CTaHy
JIBUTYHA y KOHKPETHUX yMOBax ekcrutyartauii. Ockinbku SFC BXOIUTh y YMCETBHUK PO3PaxyHKOBOI
dbopmynu Ge3nocepeHbo, Oyab-SKE BIIXHICHHS M1 MACIIOPTHUM 1 PEIbHIUM 3HAYE€HHSM ITUTOMOL
BUTpATH MaJIMBa MPU3BOJUTH JI0 CUCTeMaTu4Hoi nmoxubku y BusHadeHHi Attained EEDI — a otxe, i
y BUCHOBKAaX I10JI0 BIJIMOBITHOCTI Cy/IHA HOPMOBAHOMY TTOKa3HUKY.

3anponoHOBaHUN aBTOpaMHU METO TpaHc(opMmallii yCyBae el Hel0iK IUIAXOM 1HTerparii
pe3ynbTariB  mapamMeTpuyHoro  giarHoctyBaHHs  JB3 y  po3paxyHOK = IOKa3HHKa
eHeproeekTUBHOCTI. JloAaTKOBUMHU IepeBaraMu METOy €: IMOETATHUI aHalli3 peiicy, 110 103BOJIsE
KOPEKTHO BpaxyBaTH BCl XapaKTEpHI pPeXUMHU POOOTU JBHUIyHA; SIBHE PO3PI3HEHHS TPAHCHOPTHOI
BIJICTaHI Ta (PaKTUUHOTO IIISAXY CyJlHA; BpaxyBaHHA pOOOTH JOMOMDKHHUX MEXaHI3MIB IIij 4ac
3YIIMHOK 1 MaHEBPYBaHHS; MOXJIMBICTb BUKOPUCTAHHS JaHUX PiukoBHX 1H(pOpMaLIWHUX CHCTEM
(RIS). Bognouac meTox notpedye Bepudikallii Ha po3UIMpeHiii BUOIpLI Cy/IeH 1 THIIIB KapaBaHy, 110
BU3HAYa€ HAMPSM MOAAJBIINX JOCIHTIKCHb.

BucHoBku. [lepeBaxkHa OLIBLIICTH CYAEH, IO 3A1MCHIOIOTH NEPEBE3EHHS HAa BHYTPIIIHIX
BOJHMX LUIAXax €Bpomnu — 1 30kpeMa Ha JyHai, 1e OCHOBY (JIOTY CTaHOBJIATH CAMOXI1/IHI BAaHTaXKH1
CyJHa Ta IUTOBXaui 3 OapKeBUMHU KapaBaHaMHU — W HaJalll PyXaeTbCsl 3a PaxyHOK JIBUTYHIB
BHYTPIIIHBOTO 3TOpPSHHS, IO MPAIOI0Th HAa BUKOMHOMY MajuBl. 3a BIACYTHOCTI pPEaJbHUX
MEPCIEKTUB MAacoOBOTO IEepexoay Ha ajJbTepHAaTHBHI BHJIU TATU y HAMOMMK4YiA TNepCreKTUBi
JIOCTOBIPHE  OI[IHIOBaHHS €HEProeeKTHUBHOCTI TakuX CyJAeH HaOyBae MepIIOYeproBOro
MIPAKTUYHOT'O Ta PETYJISATOPHOTO 3HAYCHHS.

[TopiBHSUIbHUE aHaNI3 JBOX BIIOMHUX METOJIB PO3paxyHKY 1HAEKCIB eHeproe(eKTUBHOCTI —
MeToay benrpaacekoro yuiBepcurery [5, 6] ta meromy DST [4, 7] — mokasaB, mo o0uaBa
IPYHTYIOTBCSI Ha ajanranii Mopcbkoro inaekcy EEDI no ymoB piukoBoro cyaHoruiaBcTBa i
orepyroTh mapor mnokasHukiB Attained / Required. BogHouac BOHM MAalOTh CYTTE€BI CIHiIbHI
0OMEKeHHS: BUKOPHCTaHHS yCepeTHEHNX a00 MACIOPTHUX 3HAYEHb MUTOMOI BUTPATH MAJMBA, SKi
HE BIIOOpaXalOTh (PAKTUYHOTO TEXHIYHOTO CTaHy JBUTYHAa B eKCIUTyaTallii; BiJICYTHICTb
MOETAITHOTO aHaJli3y peiCy 3 ypaxyBaHHSIM XapaKTEPHHX PEXUMIB poOOTH CHIIOBOI YCTaHOBKH; a
TaKOX BIJICYyTHICTh SIBHOTO PO3PI3HEHHS MK TPAHCIOPTHOIO BiJICTAHHIO Ta (DAKTUYHUM ILIIXOM
CyIHa, 10 € 0COOJIMBO KPUTHYHHUM JUIS IITOBXAdiB 3 BEIMKUMHU Oap:KEBUMHU CKJIaJaMH B YMOBax
JOyHalicbKoro cynHormiaaBcTBa. JlogaTkoBo, MeToJ benrpajcbkoro yHIBEpCUTETY HE BpaxoBYE
MBUAKICTE Teuii, a Meroq DST oOMexeHWI BY3bKMM Mialla30HOM OCAJKHA Ta OIHUM 0a30BUM
3HA4YEeHHSM IIBUJKOCTI CyHA.

3anponoHOBaHUI aBTOpamMu MeToi TpaHcdopmarii [8, 9] ycyBae 3a3HaueHi HEHOIIKA
NUISIXOM  1HTerpamii pe3ynbpTaTiB mapaMeTpuyHoro jmiarHoctyBaHHs JIB3 — iHgukatopHOi
niarHOCTHKHU Ta BiOpomiarnoctuku [10, 20, 21] — y po3paxyHOK MOKa3HUKa €HEProeeKTUBHOCTI.
Metoa mnepenbadae moeTanmHUN aHali3 pelcy 3 JudepeHIioBaHMM 3aCTOCYBAHHSAM YTOYHEHHUX
HaBaHTAXYBaJbHUX XapaKTEPUCTUK IBUTYHA JUIA KOXXHOTO EKCIUTyaTallifHOTO eTamy: pyxy Ha
rHOOKIM BO, TTPOXO/KEHHSI MITKOBOIHUX JUISHOK, MAaHEBPYBaHHS Ha TepeKaTrax 1 IMPOBOJIKH
YacTUHU KapaBaHy. TpaHCIIOpTHA BiJICTaHb d;,tq BU3HAYAETHCS SK BiJICTaHb, HA SKY (AKTHIHO
NEPEeBO3UTHCS BaHTaX, M0 3abe3redye KOPEKTHE OLIHIOBAaHHS MHUTOMOi eHeproe(eKTUBHOCTI
BHKOHAHOI TPAHCIIOPTHOI pOOOTH.

HaykoBa HOBH3HA JOCHIDKEHHS TIIOJNAra€ B TOMY, IO BIEpIIe 3alpONOHOBAHO
METOJIOJIOTIYHUN MIAX1, SKUH TMOeAHye NapaMeTpUyHe JAiarHocTyBaHHS cynaHoBoro JIB3 i3
MOETAlHUM AaHATI30M peiicy A OTPUMAaHHSA JOCTOBIPHOTO EKCIUTyaTallliHOrO ITOKa3HUKa
eHeproe(EeKTUBHOCTI CyJCH BHYTPIINIHBOTO IIaBaHHs. Ha BigMiHY BiJl ICHYIOUHMX METOJIB, SKi
onpa3y BOymoBaHi B peryisropHy pamky Attained / Required, metox Tpancdopmariii 3abe3mneuye
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Ha/Iii{Hy JiarHOCTHYHY OCHOBY, 0e3 sKOi Oy/b-sIKe HOPMYBaHHS 3aJHMINAETHCS METOIOJIOTIYHO
BPA3JIUBUM.

IlepcnekTHBH MOAAJBIIMX AOCTIAKeHb. Pe3ynbraté AoCmiKeHHS BepH(]IKOBAHO IS
CaMOXI1JTHOTO CyJiHa 3 KapaBaHOM 13 5 0apk B yMoBax AyHaicbkoro cyaHoruiaBctBa. ITonmambini
JOCITIJKCHHST MAaloTh OyTH CIIPSIMOBaHI Ha BepH]iKaIlifo METOIy Ha pO3IMIMPEHid BUOIpII CyAeH
pi3HUX THUMIB 1 KOH]Irypaliii kapaBaHy, a TaKoX Ha po3poOJIeHHS HAa WOTO OCHOBI HOPMOBAHOT'O
nokasuuka (Required), mpumaTHOro AJsl 3aCTOCYBaHHS B PETYJISATOPHIM MPAKTUII TyHAHCHKOTO
CYIHOILJIABCTBA.
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Tarasenko T. V., Zalozh V. |I. ENERGY EFFICIENCY ASSESSMENT OF INLAND VESSELS VIA
OPERATIONAL PARAMETERS OF MARINE ENGINES

The study addresses the assessment of energy efficiency of inland vessels in service, with main engine
operational parameters as the physical basis for the calculation. The research targets self-propelled cargo
vessels and push-tow convoys of the Danube inland waterway system, where the operational regulatory
framework remains incomplete. The objective is to substantiate a diagnostics-informed assessment method and
compare it with two established approaches — the University of Belgrade method and the DST (Duisburg)
method — both derived from the maritime EEDI. The methodology combines parametric diagnostics of the
main internal combustion engine under real operating conditions with phase-by-phase voyage decomposition
covering deep-water navigation, shallow-water passage, shoal manoeuvring, and split-convoy operations. For
each phase, refined engine load characteristics — specific fuel consumption as a function of effective power and
shaft speed — are obtained from in-cylinder indication and vibration diagnostics with statistical processing.
The scientific novelty consists in the first-time integration of parametric diagnostics results into energy
efficiency calculation for inland vessels, together with an explicit distinction between transport distance and
actual vessel track — a distinction ignored by existing methods and particularly consequential for large
Danube convoys. The approach yields a reliable operational (Attained) indicator that eliminates the systematic
error introduced by averaged nameplate SFC values. Practical applications include in-service monitoring,
CESNI-aligned regulatory reporting, and retrofit decision support. The method has been verified for a self-
propelled vessel with a five-barge convoy under Danube conditions.

Key words: inland waterway transport; energy efficiency; Danube navigation; marine diesel engine;
parametric diagnostics; engine working process; specific fuel consumption; EEDI; operational indicator;
push-tow convoy.
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The article develops a generalized model of the control of ergatic navigational support systems with an
integral indicator of the influence of the navigator’s human factor. The relevance of the study is determined by
the need for a formalized consideration of the behavioral, cognitive-temporal, and dynamic manifestations of
the navigator’s activity within the contours of risk assessment, decision support, and automated control of
vessel motion. The aim of the work is to construct an integrated model that combines the systemic
representation of the ergatic system, the formalization of AIS/ECDIS data, the fractal-episodic representation
of vessel micromotions, the cognitive-temporal states of the navigator, the gravitational-inertial interpretation
of stability, and a risk-oriented control contour. The scientific novelty consists in the introduction of an
integral indicator of the influence of the human factor on the increase in the risk of the ergatic navigational
support system, which combines episodic behavioral, cognitive-temporal, dynamic-stability, and control-risk
components into a unified information-analytical contour. The numerical approbation of the proposed
indicator is intended to be carried out using the Monte Carlo method, which makes it possible to evaluate
variability, sensitivity, and the probability of transition of the system to strained and critical operating modes.
The practical significance of the work lies in the possibility of using the proposed model in decision support
systems, the diagnostics of the navigator’s state, and the automated formation of safe modes of control of
vessel motion.
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Introduction. The contemporary development of maritime transport is accompanied by an
increase in shipping intensity, the complication of the navigational situation, the expansion of the
use of automated and intelligent control systems, as well as higher requirements for the safety of
navigation. Under such conditions, the safety of navigation is determined no longer only by the
technical level of individual navigational means, but by the coherence of the functioning of an
integral ergatic system in which the navigator, the vessel, the navigational and information
environment, data display means, and decision-support contours form a unified functional space.
For this very reason, the human factor of the navigator should be considered not as an external
source of random errors, but as an internal systemic parameter that directly affects the quality of
navigation situation assessment, the timeliness of the navigator’s response, and the integral risk
level of the functioning of the ergatic system [1, 3, 7, 9].

The analysis of contemporary scientific works shows that research in this field of knowledge
is developing mainly along several interrelated but insufficiently integrated directions. The first of
them covers the issues of the human factor, organizational causes of navigational errors, and
approaches to the safe operation of vessels [1, 3]. The second is associated with the development of
ECDIS, the assessment of its influence on the navigator’s situational awareness, and the risks of
excessive reliance on navigational information systems and electronic cartography [7, 9]. The third
direction is focused on the use of AIS data as a source of intelligent analysis of vessel movement
through the classification of their trajectories, anomaly detection, and risk assessment [2, 4, 5]. The
fourth direction concerns the identification of the behavioral, cognitive, and temporal characteristics
of the navigator-operator in ergatic navigational support systems, including attention analysis,
subjective time distortion, prediction of the navigator’s actions, and analysis of his or her functional
state [6, 8, 10-12].

At the same time, most of the existing approaches remain fragmentary. Within some works,
the technical-navigational or information-system aspect predominates, while within others the
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analysis of the human factor, qualification, attention, or risk prevails; however, there is no integral
model that would combine the observed AIS/ECDIS data, the microdynamics of the trajectory, the
behavioral features of the navigator’s actions, the cognitive-temporal states, and the dynamics of
risk change within a single analytical contour. This gives rise to the scientific problem of
integrating heterogeneous layers of description — from trajectory data and features of
micromovements to models of the navigator’s state, his or her qualification parameters, and
procedures of risk-oriented control [2, 6, 10-13].

This problem becomes especially relevant under the conditions of transition from passive
recording of navigational events to the intelligent interpretation of the navigator’s actions on the
basis of informational control features. The availability of large volumes of AIS/ECDIS data creates
prerequisites for the construction of formalized models capable not only of describing the vessel’s
movement trajectory, but also of revealing hidden features of micromovements, operator instability,
deterioration in the quality of situation perception, and the transition of the system to strained or
critical operating modes.

All this determines the necessity for a unified integral indicator that would combine
behavioral, cognitive-temporal, dynamic-stability, and control-risk components within the
framework of a generalized model of the ergatic navigational support system.

Analysis of recent research and publications. In research on navigation safety problems,
an approach is increasingly dominating according to which automated systems are considered not in
isolation, but in close connection with the human factor, the operator’s cognitive workload, and the
specific features of human—machine interaction. Thus, paper [14] investigates the impact of human—
automation interaction in maritime operations, which emphasizes the need to assess not only
technical reliability, but also the operator’s ability to correctly recognize the development of
potentially dangerous modes. In paper [15], the problematics of the human factor in remote ship
operations are considered as interdisciplinary, with emphasis placed on issues of cognitive support,
communication, and the organization of supervision. Research [16] complements this direction, as it
shows that, in the transition to remote monitoring and control of autonomous unmanned vessels, the
key problem remains the preservation of adequate operator situational awareness. Taken together,
these works confirm that the human factor is not removed from the safety loop with the growth of
automation, but, on the contrary, acquires new forms of manifestation under conditions of remote
control and complex information interfaces.

A separate block of contemporary works is devoted to cooperative decision-support systems
for navigators during maneuvering and collision avoidance. Paper [17] proposes a collision
avoidance system specifically oriented toward human—machine cooperation in decision-making in
conflict navigation situations. Paper [18] reveals this issue from the perspective of the end user, as it
analyzes navigators’ attitudes toward a collision avoidance decision-support system and in fact
shows that the effectiveness of such solutions is determined not only by the algorithm, but also by
the extent to which the system is consistent with the operator’s mental model. In research [19], the
collision avoidance task for autonomous ships is considered directly under conditions of human-—
machine cooperation, which once again emphasizes the need to integrate into safety models not
only formal criteria of encounter, but also the nature of human participation in maneuver selection.
Taken together, these works demonstrate a transition from purely computational schemes to
interpretable cooperative approaches in which an automated decision must be understandable and
acceptable to the navigator.

An important direction of recent research is connected with the explainability of artificial
intelligence and the consideration of the human factor in autonomous or remotely controlled
shipping systems. Paper [20] substantiates the need for human-centered explainable artificial
intelligence for maritime autonomous surface vessels, that is, for an approach under which an
algorithm must be not only functionally effective, but also understandable to the user. Research [21]
develops a related problematic, focusing on the influence of the human factor on the safety of
remotely controlled merchant vessels. Paper [22] proposes an analysis of the influence of the
human-machine cooperation factor on risk in maritime transport based on historical data on errors
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and violations. These publications are important for the present article, since they confirm that, even
under conditions of a high level of informatization and automation, navigation safety is determined
not only by the technical capabilities of the system, but also by the quality of interface design, the
level of trust in system decisions, and the human ability to correctly interpret the information
received.

At a more generalized level, recent research is moving from the analysis of individual tasks
to a systemic understanding of the safety of human—machine interaction in the maritime field. Paper
[23] proposes an integrated framework for assessing the safety and efficiency of human-MASS
interactions, which indicates the maturity of this direction in the contemporary international
literature. Taken together, these works show that international research has already accumulated
sufficient material on HMI, remote control, decision support, explainable Al, and collision
avoidance.

At the same time, the unresolved part of the problem remains the construction of a unified
analytical model that would combine the behavioral manifestations of the navigator, his or her
cognitive-temporal states, trajectory features of vessel movement, and integral risk assessment
within a single formalized contour.

Purpose and objectives of the research.

The purpose of the article is to develop a generalized model for controlling ergatic
navigational support systems with an integral indicator of the influence of the navigator’s human
factor.

To achieve the stated purpose, it is necessary to solve the following objectives:

—to formalize the ergatic system as a unified functional space of states;

— to present AIS/ECDIS data as an external informational image of this system;

— to identify fractal-episodic features of vessel micromotions and to integrate cognitive,
temporal, and behavioral characteristics of the navigator’s activity;

—to form an integral indicator of the influence of the human factor on the increase in risk;

— to outline an approach to the numerical approbation of the proposed model by the Monte
Carlo method.

Main material of the research. Thus, the relevant scientific task is to develop a generalized
model for controlling ergatic navigational support systems in which the navigator’s human factor is
introduced into the structure of the model as an internal parameter associated with trajectory
manifestations of control, cognitive-temporal states, and changes in the risk level. Such a
formulation makes it possible to move from a fragmented analysis of individual factors to a unified
risk-oriented space of assessment and control.

Theoretical and methodological foundations of the generalized model.

The generalized control model should be considered as a state space:

E(t):<X0(t)’Xv (t)’XN(t)’XR(t» ' (1)
where Xo(t) is the state of the navigator-operator, Xv(t) is the state of the vessel, Xn(t) is the
navigational-information environment, and Xgr(t) is the regulatory-situational constraints. Such a
representation of the model fundamentally establishes that the navigator is not an external user of
the system, but enters its internal structure as one of the key control variables.

The observable informational layer of the system is defined by the relation:

Y(t)=H(E (t))+&(t), (2)
where Y(t) is the vector of observed navigational data, H(-) is the operator of mapping the internal
state of the ergatic system into measurable parameters, and &(t) is the observation error. In turn,
AIS/ECDIS data acquire a clear methodological status: they are not the system itself, but rather its
external informational image.

The conceptual-structural model of the navigator’s information field sets the context for this
system formulation. The information field is considered as a multi-level, functionally ordered set of
navigational, communication, procedural, spatio-temporal, and risk-oriented data that ensure the
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formation of a situational model of the environment, the assessment of the vessel’s state, the
selection of a control mode, and the monitoring of the results of implemented actions.

Thus, at the theoretical and methodological level, an integrated contour “navigator —
information field — technical means — external environment — control modes” is formed. It is
precisely this that determines the necessity of proceeding to the formalization of navigational
observations as the analytical layer of the system.

Formalization of navigational data and construction of the analytical space.

The basic unit is not an individual AIS/ECDIS message, but a time-ordered vessel
movement trajectory or its fragment corresponding to a certain control mode. It is the trajectory that
preserves the causal-temporal structure of the navigation process, the sequence of micro-
corrections, and local deviations from the reference line of motion.

In its minimal form, the trajectory can be represented as:

T ={ton 4l feo, ©

where @ is the set of vessel passages, tiis a time stamp, ¢i, i are geographic coordinates, and Nt is
the number of observations.
Formally, the task of normalization and unification is represented as the mapping:

F® sl 4)
where F® js the initial INS file of the k-th passage, and S® is the unified series suitable for

mathematical analysis.
The standardized trajectory series is defined as:

Sk = {(t| ’ Xi ’ yi ’ COG| ’ ROTI ' XTE' )}ll\fl (5)

where ti is time on a unified scale, (xi, yi) are coordinates in a local metric system, COG;i is the
course, ROTi is the angular rate of turn, and XTEi is the cross-track deviation from the reference

trajectory.
The temporal and spatial unification of data is formalized by the operators:
@, :Time, > t, t, esec, (6)
@, :(Lat, Lon ) —>(X,,Y,)eV?. (7

The methodological completeness of the unified representation is determined not only by the
composition of variables, but also by the system of requirements it must satisfy. Such a system is
expediently represented as:

R(S“)={R.R,R..R;,R,.R}, )

where R: is the requirement of temporal unification, Rs is the requirement of spatial and metric
consistency, Rc is the requirement of kinematic compatibility of motion parameters, Rq is the
requirement of correctness in constructing derived features, Rq is the requirement of data quality
control, and Ri is the requirement of interpretive suitability for the tasks of analyzing the navigator’s
actions. In this formulation, the unified series acts not merely as a data format, but as a structured
environment for further analytical and intelligent processing.

As a result, a unified temporal-spatial analytical space is formed in which the observed
vessel movement can already be interpreted as a carrier not only of geometric, but also of kinematic
and behavioral features.

Intelligent processing of AIS/ECDIS and identification of hidden features of the navigator’s
actions.

The generalized model cannot be limited only to the standardized series S®, since such a
series by itself still does not provide an answer to the question of the structure of the navigator’s
local actions. For this very reason, a fractal-episodic approach is used, within which the trajectory is
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analyzed not as a continuous curve, but as a sequence of local episodes of micromotions with their
own fractal and dynamic characteristics.

The formalization of the micromotion episodes constructed at the previous stages is as
follows:

& = (t?tin’t?r,]id , Xfp,eiak’Yfp,?ak’Bf,i )' ©)

which have temporal boundaries, duration, spatial reference, and a set of fractal-dynamic
characteristics.
Then, for each episode, a vector of primary fractal-dynamic features is formed:

raw _(hraw h;aW ’u;(aW, raw hraW hraw), (20)

which constitutes the primary signature of the micromotion episode.
Next, a sample of feature values is formed:

{zh ={2 (e}, (11)

after which decile binning is applied.
As a result, the six basic features of the episode are encoded by six digits, and the fractal
code of the episode is defined as:

FC —abcdef = FC —(hX,hY, X, zY,hR,hC), (12)

where a,...,f € {0,...,9} characterize the corresponding fractal-dynamic groups of features.
For the further typologization of episodes, the concept of a code family is also used:

family:abe{OO,...,99}. (13)

In parallel with fractal coding, a continuous risk indicator is calculated for each episode.
This forms the contextual component of risk and is completed by a three-level categorization into
High, Medium, and Low, where:

High < (hX 28AhY 28vhR>8vhC >8)AD; > D

fi= hight !

(14)
Medium < (hX +hY >12)v (hR+hC >12). (15)

All other episodes are automatically assigned to the Low category. In its completed form,
each micromotion episode is described by the triple:

(FC - abedef, R, RiskLevel ). (16)

Thus, the vessel trajectory is transformed into a behavioral-risk space in which local
movement fragments become formalized carriers of features of the navigator’s actions.

Integration of the cognitive, temporal, and psychophysiological states of the navigator.

The generalized model must take into account not only the external trajectory manifestations
of the navigator’s activity, but also the internal cognitive mechanisms that determine the
distribution of attention, the temporal organization of actions, and the psychophysiological state of
the operator.

The distribution of the navigator’s attention is represented as a metrized space in which
changes in the focus of perception are described by the metric:

ds? :ezdRZ—a2d<92+sin2¢9[dz//2+sin2 Rdrz]. (17)
At the same time, the complexity of the navigational situation lies in the fact that all v, are
independent of one another and cannot be mutually substituted:

vif:feF,(xy.2)ef(v),..(xy.2)ef(y)}= pryz (18)
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Let the tendency in the 3D space of alternatives be denoted as P,, where j =1,---,‘5R‘; then
the tendency along the x-axis, “vision,” will take the form:

/IC[O,S;l], if (x,¥.Z)eP
Xj(x,y,z): 1-4,if (X,y,2)eP
0,if (x,y,2)eP

where the probability that the attention object v; will have the tendency is P, :

Py (v)=vif: t e, fu)=P) 20)

Then the generalized model for all objects and individual tendencies of perception will take
the form (21):

(19)

%

Py ZX (x,y,2)p;(v)
(21)

It follows from this model that, under conditions of an insufficient level of training,
overload, or excessive complexity of the navigational situation, complete coverage of all attention
objects becomes unlikely.

To describe the temporal organization of the operator cycle, a Markov approach is used. The
probability of transition between temporal states is defined as:

P{S(t+At)=s,|S(t)=5}=p;(At), (22)
and the evolution of the probabilities of these states is described by the Kolmogorov equations:

dpi—(t)=z (02 =P (1) 2% - (23)

dt j#i j=i

The interrelated quantities & ,...,&, are represented through the corresponding relation of
the measure of possibility:

H §n(x1!""x):77{7€r:§1( ):Xw---'fno/)zxn}
=& ()1l &1 ()} Y () R

where 7 is the measure of possibility,

I" is the set of elements of the system,

R is the modal value of the possibility of the quantity,
y Is an atomic element of the system.

To normalize the quantities &,...,&,, the criterion « is introduced, which is interpreted as

the level of risk of erroneous distribution of the estimate. Accordingly, the form of the distribution
of possible polar quantities H(x) under the conditions of the fuzziness coefficient 5’ relative to the
investigated parameter «’, which characterizes the manifestation of subjective time distortion, is
described by the relations:

(24)

max X, —min x;

br — 1<i<n I<i<n ’ 25

H'(a)-H () )

a’=1(maxxi—min xij+b—(Hf(a)—H‘l(a)) (26)
2 1<i<n 1<i<n 2
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The cognitive-temporal block is completed by models of critical situations, contextual
similarity, and p-adic complexity of the situation. For this purpose, in particular, the representation
IS used:

X=a,+o,p+..c, p" ", (27)

which corresponds to the p-adic description of the level of structural complexity of perception.

Depending on the value of the degree of similarity, a logical relation arises between the
current situation g and the situation a\alphaa that is the closest in context and in the degree of past
experience. Then the comparison of the two closest situations is defined as:

sim(o,BI{x/T}) =[{x/T}, A {z/T}, ||}, (28)

where 7 is the terminal element of experience with respect to the operation being performed.

Further, it should be determined that the lower the threshold of the emotional surge of
situation g, the more difficult it is to identify a coincidence with situation «, taking into account
that:

Vo if {t/T}<{t/T}=0<Sim(oBl{t/T})<Sim(aBl{t/T})<L  (29)

It is clear that, depending on the completeness of {G(T)}, the possibility arises of
determining the maximum convergence of a and £:

sim(a.Bl{G(x)})= max ., p,, Sim(c,B{t/T}), M :HTE{T}

[G(7)], (30)

where M is the quantity of similarity, and {t/T}  is the set of terminal domains.
Thus, there is a probability of an increase in the risk of maritime catastrophes due to the
absence of the factor of “distinguishing” two situations {‘E / T}OL z{f / T}B' The only possible

distinguishing feature remains the context of the situation with emotional bursts close in their

intensity:
K™ =(Q(2).{6(c)}.{s}). (3D)
then:
Con(a,B|K™) =1 z, =1, else Con(a,B|K™)<1, (32)

where S is the set of formed experienced reactions.

In this form, the internal states of the navigator acquire a formalized status and can be
included in procedures for risk assessment and the selection of a control mode.

Formalization of the influence of the human factor on the stability, unsteadiness, and risk of
the ergatic system.

The proposed gravitational-inertial model, introducing a direct physical-analog
representation of the human factor through the position of the internal center of gravity along the
system axis, serves as the basic foundation for the analysis of the controlled dynamics of the
navigational contour in the ergatic system.

Let us introduce the normalized coordinate of the center of gravity of the human factor:

z,(t)e[0,1], (33)
where zn(t)—0 corresponds to the most stable functional state of the navigator, and za(t)—1 to the

most destabilizing one.
The normative restoring moment is defined as:

M, (6,t)=mG(t)lsing, (34)
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and the internal destabilizing moment of the human factor as:

M, (6,t)=m,g,z,(t)sino. (35)
The resulting moment of the system is determined by the relation:
M, (6,t) =M (t)+M, (6,t)-M (6,t), (36)
and the angular dynamics of the system is described by the equation:
J,0"+c,0'=M; (6,1), (37)
J,0"+¢,0" =M, (t)+(m,g,z, (t)—mG (t)1)sin6 . (38)
For small angles of deviation, when sind = 6, the linearized form becomes:
J,0"+C,0" + Ky (1)0 =M (1) (39)
The effective angular stiffness of the system is defined as:
ke (1) =mMG (1)1 —m, g,z, (1), (40)
and the critical position of the center of gravity of the human factor is given by the relation:
Zp crit (t) = M ' (41)
mhgh
while the relative stability margin is:
%Jozggg%. 42)

Further accounting for the degradation of the functional resources of the system is carried
out through the parameters:

Lo (1) =130 (1—a,2, (1)), (43)
@y (1) = @y (1— a,z, (t)) : (44)
Lo (t) =3 (t)a)s,eff (t)’ (45)
and the frequency of forced corrections is described as:
M
Q(t) — de—m(t) (46)
Ly (1)
Then the integral manifestation of risk can be represented as a normalized logistic function:

R(t)=o(a,+a[0(t)+a,|0" (t)|+aQ(t)+a, (1- (1)), (47)

where R(t) € [0,1] is the integral risk level; o(:) is the logistic normalization function; ao,...,as are
the calibration parameters of the model.

In this formulation, the human factor enters the integral dynamics of the ergatic system as an
internal destabilizing parameter, which makes it possible to move from a qualitative description of
fatigue, tension, or overload to a formal mechanism of changes in stability and risk.

Risk-oriented control contour and applied output into automated modules.

The final level of the generalized model is the transition from the assessment of states and
risk to the formation of control actions. This contour is unfolded through the p-adic structuring of
the situation, multicriteria risk functionals, admissible control domains, automated multi-target
collision avoidance, and the storm subcontour.

At the level of the p-adic description of the situation, the following representation is used:

limp"y=x, yeZ, (48)
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and the function of generating the next point:
f (x)=x%, s=2,3,...,n. (49)

This makes it possible to transition to the nearest p-adic systems along an ascending or
descending trajectory depending on the situation:

U(t) =] njrn GV (tlay) ] (50)
At the same time, the transition process is symmetric regardless of direction:
Gv* (xlb) =GV’ (xla) = (.P), mpu GV’ (tla,) NGV’ (tlb)=2. (51)

Proceeding from the proposed relations, it can be assumed that there exists a certain balance
of p-adicities for which the following holds to an equal extent:

vxe|[Gv(t)]=3Tae{a},

€ [GVT (r| a)} &dbe {b} ,X€ [GVi (r|b)].
Thus, the observed balance of transition to p-adic structures may depend both on the factors

of the level of complexity of the navigational situation (necessity) and the level of qualification of
the navigator (possibility):

Gv(t)= uae{a}GvT (t]a)= ube{b}GvT (t|b). (53)

Based on the previously considered approaches and formal descriptions, a method for
diagnosing the perception of the navigational situation is proposed, based on the accepted theory of

p-adic systems and the metric: p, (X, Y)= x> x|

(52)

The complexity of the situation requires from the navigator an appropriate level of

perception, each of which can be expressed by the spaces (X,P)V(Y,P'). Thus, for example,

decision-making in binary logic (p = 2) most closely corresponds to simple tasks requiring the
switching on or off of the navigator’s attention according to specified features. In turn, (p = 3) adds
a linguistic variable according to the principle:

P16, ) P, ))=0(%,00%,.) (54)

and transfers it to a higher level. This means that tasks solved in space Y cannot be solved in space
X. This process can be formally described using the term “subjective entropy” H_:

H :—gn(ci)-lnn(ci), (55)

Further, risk is considered as a controlled object. For this purpose, the condition of motion
without an increase in risk is introduced:

X,

p=2

%p(pt) Vo(pt)-p'(t)+ aa/t’ 0, (56)
and in the quasi-stationary case:
Vp(p,t)-p'(t)=0. (57)
For the multicriteria assessment of control quality, a vector functional is used:
j Cy( ))dt
J(x,u)= ICZ X(1).t (1))t , (58)

JCo (x(t).uy (1))
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and a penalty functional of manual interventions:
Cu = B+ By uf (D)l (59)
Threshold constraints on the quality components or aggregated risk are specified by the
formula:
C,<CP™, or > aC, <RF™ (60)

Since in real vessel traffic the problem has a multicriteria nature (interaction with a set of
targets/vessels), it is expedient to use the target vector in the form:

5]
s(x)=| )] (61)

S0 (%)
which reflects the set of performance criteria that must be coordinated. To reinforce the consistency
of the goals, a condition is applied that reflects the absence of mutual sensitivity of the criteria:

oC. L.
—L=0,1# 62
= j (62)

J
The formal formulation of the optimization problem under safety constraints is implemented
through the Lagrangian construction and the Kuhn-Tucker conditions, where the Lagrange
multipliers acquire the meaning of the “tension” of the vessel motion control process with respect to
risk and resource constraints:

L(X,A)=2S(X)—A4¢ (X)— e, (X), V,L(x,2)=0, (63)

where ¢1(x) may represent the risk corridor constraint p(p, t) < pa, and ¢2(x) may represent the
constraint on dangerous approaches/intersections of risk domains. The implementation of the
“onboard controller cycle,” as a continuous mechanism for tracking risk, is formalized through the
formulation of optimal control on an interval and the use of the Hamiltonian:

(x*,u*,t*)—>extr_[t:1F(x,u,t)dt, X'=f(xut), (64)
with the Lagrangian functional:
* ] , 4 ,
L::LO[Qﬂo+ﬂ7f-—lTx]dt:J;L(X,XJLﬂ)dt, (65)
and the decomposition:
L(xX,u,A)=H(x,u,1)—A"x". (66)

The optimality conditions in the controller contour may be represented as the choice of
control by the navigator that minimizes the Hamiltonian at each step:

« . oH
u”(t)earg min H (x(t),u, A(t)), -
together with the relations for the state and conjugate variables:

X' = ﬁ A= —@.
oA OX
The practical output into automated multi-target collision avoidance is implemented through
admissible control domains. For each j-th target, the following is specified:

Q; ={(V.K)|AV] (V,K)eSDC}, (69)

0, (67)

(68)
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and the general admissible control domain is defined as:
N

Q= |g Q. (70)
j=1
The deficit of safe actions is estimated by the indicator:
#(2(1))
p(t)=1-——22 p(t)e[0,1], (71)
(0=1-" g PO

and the target function for maneuver selection is written in the form:
IV K) = () + W, [K = K [+ W, V=V [+ WU (VK. (72)

Another applied completion of the model is the storm subcontour, where the “imaginary”
wave period is used:

plan plan

A

T= ,
1.25\2 +0.514V cosq

and the conditions of resonance-dangerous modes: 0.7T, <7 <1.3T;, 0.7T <7 <1.3T,

The PID-like law for forming the rudder angle J to achieve the desired course K and the

(73)

normalized speed control command 4 are given as follows:

5=y (V=K )4k, o, +k - [(¥,-KT)dt,  0=(7/2)-(V' V).  (79)

where Wm and wm are the measured course and angular velocity, and Vmax is the maximum
permissible speed under current conditions. These equations close the contour “assessment of the
risk state — choice of response — execution — repeated assessment,” which constitutes the content of
operational risk management.

Unlike the manual interpretation of diagrams, the risk factor is calculated automatically in
the contour of the onboard controller and is used as a criterion for monitoring the execution of the
storm scenario.

In this sense, the functioning of the system should be described as a closed contour with a
control object model and a measurement channel, where the general form of the vector model is
described as:

%(: F(X,UW,T,,T), X,=CX+g, U=F(X,,X"), X eQ (75)

Here, X is the state vector (speed, course, angular velocity, etc.), U is the control inputs, W
is the external disturbances (wave, wind), Xm is the measured state, C is the measurement matrix, ¢

is the measurement error/noise, () is the domain of nonresonant (admissible) modes, and X is the
program (target) mode.

As a result, the generalized model extends not only into the plane of diagnostics and
assessment, but also into the real contours of the automated formation of a safe vessel motion mode
under normal and difficult conditions.

Integral indicator of the influence of the human factor on the increase in the risk of the
ergatic navigational support system and its numerical approbation by the Monte Carlo method.

A logical stage in summarizing the research results is the construction of an integral
indicator that combines the already formed levels of description: the systemic representation of the
ergatic system, the formalization of AIS/ECDIS data, the fractal-episodic interpretation of vessel
micromotions, models of the cognitive and temporal states of the navigator, the gravitational-
inertial model of stability and risk, and risk-oriented control contours. As noted above, the human
factor of the navigator should be considered not as a random external disturbing influence, but as an
internal parameter of the ergatic system that determines the completeness of situation perception,
the quality of danger assessment, the timeliness of reactions, the choice of control actions, and the
integral level of vessel motion safety. This creates the basis for the introduction of a new integral
indicator of a higher level of generalization.
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Within the framework of this research, an integral indicator of the influence of the human
factor on the increase in the risk of the ergatic navigational support system is proposed:

I weoe (1) €[0,1], (76)

which is interpreted as a normalized estimate of the total risk-generating influence of the
navigator’s actions, states, and internal dynamics on the functioning of the ergatic navigational
contour at time t.

Structurally, this indicator must combine four groups of factors: the episodic behavioral
factor E(t), the cognitive-temporal factor C(t), the dynamic-stability factor S(t), and the control-risk
factor U(t). Such a decomposition corresponds to the directions of the research: fractal-episodic
analysis forms the behavioral features of micromotions; then formalized cognitive, temporal, p-adic,
and entropic characteristics are introduced; the gravitational-inertial model provides a dynamic
mechanism for the transition from the navigator’s state to a decrease in stability; and, at the final
stage, a risk-oriented contour for the selection of control actions is formed.

The basis of the integral model is expediently represented in a logistic-normalized form:

| Ao 0, +6.E (1) +0.C(t)+6,S(t)+ U (t)+ O E()C (1) +
HF%R( )— O'[+9CSC(t)S (t)—i—@SUS (t)U (t)+9EU E(t)U ('[) }

where o(x)=(L+e™) " is the logistic normalization function; 6o s the basic shift; 6, éc, ds, 6u > 0

(77)

are the coefficients of pairwise interaction. Unlike a simple linear sum, such a structure takes into
account the amplification effect, when the simultaneous growth of several unfavorable factors
brings the system into a strained or critical mode faster than would follow from the independent
influence of each of them.

The first component, the episodic behavioral factor E(t), is built on the results of fractal-
episodic analysis of AIS/ECDIS trajectories. For this purpose, a vector of primary fractal-dynamic
features of the episode is introduced:

Zl;a\IN (hraw h:aw lu;aw’ raw’hgaw’héaw)’ (78)
as well as decile coding and the FC-abcdef code, which makes it possible to move from a
continuous description of the track to a compact formal representation of local micromotions. In
addition, a continuous full episodic risk Rtht, and its categorization into High—-Medium—Low have

been constructed. Therefore, it is natural to define the aggregated episodic factor as the weighted
mean of the full episodic risk within the analyzed time window (2 (t):

> 7RY
E(t)='ewz - (79)

where yi is the weight of the i-th episode. To take into account the duration, turning intensity, and
danger category, we set:

Yi :1+77D[_)f,i + 77, @pns i + M Lhigh i + 7w Lutediom,i (80)
where D, ; €[0,1] is the normalized duration of the episode; @, ; €[0,1] is the normalized RMS of

the angular velocity; 1nighi and lmedium,i are indicators of belonging to the risk categories; #b, 7o, 14,
nm > 0 are coefficients of significance. In such a formulation, E(t) reflects not merely the average
risk of local episodes, but the integrated behavioral instability of control. The construction of this

factor directly relies on the fractal-episodic apparatus, including the features Z;aYV the FC-abcdef
code, and the categorization of episodic risk.
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The second component, the cognitive-temporal factor C(t), must aggregate such elements of
formalization as: the model of attention distribution, the temporal states of the operator cycle,
subjective time distortion, the p-adic complexity of the situation, and subjective entropy. For this
purpose, the following relation is proposed:

C(t)=a A(t)+ T (t)+apD(t)+apP(t)+a H (), (81)

where aa, art, ap, ap, aH > 0, aatat+ap+aptan = 1.

Here, A(t) € [0,1] is a normalized indicator of attention deficit or imbalance, which is
formed on the basis of the model of its distribution in metric space; T(t) € [0,1] is an indicator of
temporal instability, based on the probabilities of temporal states and the intensities of transitions
between them; D.(t) € [0,1] is an indicator of subjective time distortion; P(t) € [0,1] is an indicator
of the p-adic complexity of the current situation; Hs(t) € [0,1] is an indicator of subjective entropy.
Such a structure makes it possible to combine into one scalar parameter those cognitive and
temporal mechanisms that are mathematically formalized separately — through the metric of
attention space, Markov transitions between temporal states, fuzzy relations of subjective time
distortion, the p-adic representation of situation complexity, and models of subjective entropy.

The third component, the dynamic-stability factor S(t), is based on the updated gravitational-
inertial model, where the human factor is introduced through the coordinate of the center of gravity
zn(t), which affects the effective angular stiffness ket(t), the critical boundary zncrit(t), the relative
stability margin ust(t), the effective characteristics lser(t), wseri(t), the reserve Les(t), the frequency
of forced corrections Q(t), and the integral risk R(t). On this basis, the following is proposed:

S(t)=B,Z,(t)+ B, (1- g (1)) + B (1= L (1)) + BQ(t) + iR (1), (82)

where Be, B BL, By Br = 0, Bu+ Bu+ BL+ P+ fr=1.
Here, Z, (t)= min{l, 2, (t)/ 2y i (t)} is the normalized position of the center of gravity of

the human factor relative to the stability boundary; usi(t) is the relative stability margin;
L (t)e[0,1] is the normalized reserve of stable functioning; Q(t)<[0,1] is the normalized

frequency of forced corrections; R(t)<[0,1] is the normalized integral risk of the dynamic layer.

Thus, S(t) reflects no longer potential, but actual intrasystem destabilization caused by the
human factor. The expediency of this approach is confirmed by simulation modeling, where, when
moving from a low to a high position of zn(t), a consistent decrease in Ketf, ust, Lefr, and an increase in
Q and R, are observed, which corresponds to the transition from a stable mode to a limiting high-
risk mode.

The fourth component, the control-risk factor U(t), must reflect no longer internal states, but
the consequences of their influence on the space of admissible decisions and the “cost” of control.
For this purpose, the risk field p(p,t), the condition of motion without an increase in risk, the vector
quality functional, the penalty functional of manual interventions, the admissible control domains
Qj, Q, the indicator of deficit of safe actions p(t), and the objective function J(V,K) are introduced.
On this basis, the following is proposed:

U(t)=2,0,(t)+2,3(t)+4,Cy (1), (83)
where Ay, 13, An>0, 2, + Ao+ An=1.

Here, pa(t) is the deficit of safe actions; J(t)<[0,1] is the normalized integral control
functional; C,, (t)[0,1] is the normalized intervention penalty. For pa(t), the existing relation is
used:

_,_ M)
po(t)=1 a(@) (84)

where Q(t) is the current admissible control domain, Qo is the reference domain under a favorable
mode, and u(-) is the measure of the admissible action domain. Such a factor makes it possible to
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assess the extent to which the influence of the human factor has already led to an actual narrowing
of the safe maneuvering space.

For the numerical approbation and calibration of the integral indicator, a vector of uncertain
parameters is introduced:

©® = (0o, Ok, Oc, Os, Ou, Oec, Ocs, Osu, Oeu, a, f, A, 1, ao,...,a4), (85)
as well as a vector of random or scenario-dependent input variables:
Xt :(Rtfo,ti' Df,i’a)rms,i’ Afo Dr' P’ Hs’ Zh’ Mext’ Mdem1pQ"]’CH )t (86)

Here, ® covers the weighting coefficients of the integral indicator, the degradation
coefficients, and the parameters of logistic functions, whereas X: combines random or semi-random
variables that, in a specific time window, characterize episodic risks, cognitive-temporal states,
dynamic stability parameters, and control conditions. For the weighting coefficients «, g, 4, it is
expedient to use Dirichlet distributions, which automatically ensure non-negativity and a sum equal
to one. For the interaction parameters 6, truncated normal or lognormal distributions are
appropriate. For zn(t), a Beta distribution or a truncated normal law on [0,1] is appropriate. For

episodic risks Rthtl durations Dy, and RMS values, it is expedient to use an empirical approach

based on a real sample of AIS/ECDIS episodes, which preserves the structural specificity of the
data. For Mext and Maem, a truncated normal or lognormal distribution is appropriate, depending on
the nature of the scenario.

Calibration of the parameters of the integral model is proposed to be performed as the task
of minimizing the mismatch functional:

©=argminL (0), (87)

where

L (©) =L gips + K51 gy + KL 4 + 5,ReQ (O) VK, 20, K =1 (88)

elips dyn

Here, Aepis is the episodic component of the functional, Agqn is the dynamic-stability
component, Acri is the control-risk component, and Reg(®) is the regularization of parameters.
The episodic component may be specified as:

I‘elips = Z( I HF >R (t) o yt’)2 , (89)

where Yy, is a weakly labeled target estimate formed on the basis of the share of High—-Medium

episodes, the average episodic risk, and the spatial concentration of risk peaks in the window £ (t).
This is consistent with the constructed apparatus of local coding and categorization of episodes. The
dynamic calibration component is specified as:

Ldyn = Z

se{stab, tense, crit}

2

(90)

quC (®) - qgef

’
2

S

where g are reference vectors for the stable, strained, and critical modes, and C_]sMC (@) are the
corresponding mean values obtained by the Monte Carlo method. As g, it is expedient to use
scenario values for the low, medium, and high position of the center of gravity of the human factor.
The control-risk component is specified as:

Ly = Z[a)l( PN (£) = p2= (1)) + @, (T (1) = T (1)) + e, (Cl (1)~ C (t)ﬂ (91)
t
where w1, w2, w3 >0, w1 + w2 + w3 = 1. For regularization, the following is used:

Reg (0) - O] ©)
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Taken together, this ensures calibration of the integral indicator not according to an arbitrary
criterion, but simultaneously according to behavioral, dynamic, and applied characteristics of risk.

After calibration of the parameters, a series of Monte Carlo runs is performed. At each run m
=1,...,N, @™ and X{™ are generated, EM(t), C™(t), SM(t), UM(t) are computed, and then the

integral indicator | F(.,TLR (t) Based on the results of these runs, the following statistics are

estimated:

EI:I HF >R (t)]’ Var[l HF >R (t)] Qo.os (t)’ Qo.s (t)’ Q0.95 (t), (93)

where E[-] is the mathematical expectation, Var[-] is the variance, and Qo.os, Qo.s0, Qo5 are the
quantiles of the distribution. These characteristics make it possible not to be limited to a point
estimate of the integral indicator, but to analyze its variability and confidence bounds under given
scenario and parametric uncertainties.

For the analysis of transitions between functioning modes, it is expedient to introduce two
thresholds 71 and 72, which separate the stable, strained, and critical modes:

P (1) =P (1 eur (1) <70) Penee (1) =P (7, <1 e o (1) < 7,) P (1) =P (1 e (1) 2 7,). (94)

Then the Monte Carlo method provides not only the mean estimate of the index, but also the
probability that the system is in or will transition into each of the modes. This is especially
important for the early detection of pre-critical states and the selection of the corresponding
response mode.

To determine the dominant factors, it is expedient to apply global sensitivity analysis. For
each input parameter Xj, the first sensitivity index is defined as:

o _Van, (E[1 e 1 X5 ])

: Var(l HF—>R)

Such an assessment makes it possible to quantitatively rank the contribution of individual
factors — the episodic risk of micromotions, attention deficit, subjective time distortion, p-adic
complexity of the situation, the coordinate zn(t), the stability margin ust, or the deficit of admissible
actions pQ — to the formation of the integral indicator.

Thus, the proposed model forms a holistic deterministic-probabilistic contour for assessing
the influence of the human factor on the increase in the risk of the ergatic navigational support
system. Unlike local estimates, it combines fractal-episodic features of micromotions, cognitive-
temporal and psychophysiological states of the navigator, dynamic stability parameters of the
gravitational-inertial model, and control-risk characteristics of the domain of admissible actions. In
this case, the use of the Monte Carlo method performs not the role of a source of the model
structure, but the role of an instrument for its numerical approbation, parameter calibration,
robustness analysis, sensitivity analysis, and estimation of the probability of the system’s transition
from a stable mode to strained and critical modes of functioning. It is precisely this that makes the
proposed approach suitable both for the theoretical generalization of the research results and for
further implementation in decision-support systems and automated control of human-factor risks in
ergatic navigational support systems.

The constructed generalized model differs fundamentally from approaches in which the
human factor is taken into account only as a source of post factum error or as an external constraint
of the technical system. Within the proposed structure, the human factor enters the model in two
interrelated forms: as a source of observable behavioral-trajectory manifestations recorded in
AIS/ECDIS data and transformed into fractal-episodic signatures, and as an internal dynamic
parameter that directly changes the stability, unsteadiness, and risk of the system’s functioning
through the gravitational-inertial model.

The second strong point of the model is that it does not end at the diagnostic stage. Owing to
the p-adic description of the situation, risk functionals, domains of admissible control actions, and
the storm subcontour, the model passes directly into procedures for the automated selection of safe

(95)
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actions. Therefore, the article may be positioned not as a description of individual mathematical
tools, but as a holistic ergatic concept of navigational support management with a risk-oriented
automated output.

Simulation Modeling.

For the numerical approbation of the proposed integral model of the influence of the human
factor on the increase in the risk of the ergatic navigational support system, six scenarios were
formed, reflecting typical and practically probable vessel operating modes: daytime passage in the
open sea, coastal approach, crossing of a traffic separation scheme, night pilotage in confined
waters, movement under restricted visibility conditions, and a storm emergency-strained mode in a
narrow channel. Such a set of scenarios ensures a stepwise increase in information load,
maneuvering complexity, the level of external disturbances, and the navigator’s responsibility,
thereby creating the necessary conditions for verifying the adequacy of the integral indicator over a
wide range of functional states of the system.

Within each scenario, time series of parameters characterizing the internal state of the
navigator, external disturbances, and control conditions were specified, in particular the coordinate
of the center of gravity of the human factor zn(t), the external disturbing influence Mexi(t), the
moment of required corrections Mdem(t), the angular characteristic 6%(t), as well as the partial factors
E(t), C(t), and U(t). In addition, raw arrays of episodic, cognitive-temporal, and control-risk data
were formed for each scenario, which made it possible to implement the calculation of the integral
indicator in accordance with the structure of the model rather than on the basis of external
simplified approximations.

Table 1 records the initial configuration of the simulation and defines the physical and
operational context of the subsequent analysis. Its content shows that the scenarios were constructed
according to the logic of sequentially increasing complexity: from the open sea with a low load to
storm motion in a narrow channel with a critical level of uncertainty and a high frequency of forced
corrections. It is precisely such a construction that makes it possible to interpret the results not as
abstract mathematical values, but as estimates for real navigational situations.

The numerical approbation of the integral indicator was carried out by the Monte Carlo
method, which made it possible to take into account parametric and scenario uncertainty.

Table 1 — Initial scenario parameters of the simulation modeling of the influence of the human
factor on the increase in the risk of the ergatic navigational support system

scenario risk_level

navigation_situation

captain_interpretation

Open sea day passage, good

Stable operating mode with

S1 open_sea day low visibility, low traffic, normal L S
" minimal cognitive load
watch conditions
Coastal approach, more Growing information load
S2_coastal_approach moderate navigation objects, moderate | and need for tighter

traffic load

monitoring

S3_tss_crossing

moderate_high

Traffic separation scheme
crossing, dense crossing
traffic

Tense watch condition with
high decision responsibility

Night pilotage in narrow

Attention deficit risk and

S4_pilotage_night high fairway / confined waters high pilotage responsibility
S5_restricted_ . Restricted V'.S'b'“ty in traffic High uncertainty, strong
i very_high area, uncertainty sharply . .
visibility . temporal and cognitive strain
increased
S6_storm_channel _ . Storm approach in narrow Critical regime close to
critical channel, emergency-like

emergency

regime

systemic stability loss

At each run, the weighting coefficients of the partial factors, the interaction parameters in
the integral model, as well as the key input variables associated with the human factor and the
external operating conditions of the system were varied. As a result, for each scenario, the mean
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value of the integral indicator Ixr—r, its quantile bounds, and the probabilities of transition of the
system to stable, strained, and critical modes were obtained.
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Figure 1 — Mean values of the integral indicator of the influence of the human factor on the increase
in the risk of the ergatic navigational support system by scenarios with quantile bounds Qo.0s—Qo.95

Figure 1 reflects the main integral result of the simulation. It shows a clear monotonic
increase in the mean value of luzr—r from the first to the sixth scenario. For the scenario
S1 open_sea_day, the mean value of the integral indicator is about 0.404; for S2_coastal_approach,
0.524; for S3_tss_crossing, 0.652; for S4_pilotage _night, 0.783; for S5_restricted_visibility, 0.887;
and for S6_storm_channel_emergency, 0.950. Such a pattern indicates the high sensitivity of the
indicator to the complication of the navigational situation and confirms that the integral model
adequately reflects the growth of the risk-generating influence of the human factor. At the same
time, the quantile bounds demonstrate that, even taking Monte Carlo variability into account, the
correct ordering of scenarios by risk level is preserved.

Table 2 — Generalized results of Monte Carlo modeling of the integral indicator lzr—r by
navigational situation scenarios

scenario I_mean |_std 1_q05 1_g50
S1 open_sea_day 0.40426 0.041426 0.340121 0.402722 0.474752
S2_coastal_approach 0.523952 0.061069 0.428373 0.522832 0.62475
S3_tss_crossing 0.652503 0.070849 0.537867 0.653576 0.763895
S4_pilotage_night 0.783486 0.067119 0.669478 0.788845 0.881601
S5_restricted_visibility 0.886972 0.044208 0.807186 0.89319 0.947613
S6_storm_channel_emergency 0.949974 0.025061 0.902474 0.955075 0.981304

Table 2 numerically confirms the conclusions drawn from Figure 1 and makes it possible to
assess the limits of variability more precisely. In particular, for the first scenario, the quantile
interval is approximately 0.339-0.474, whereas for the sixth it is 0.902-0.981. This means that, as
the scenario risk increases, not only does the mean value of the integral indicator increase, but the
entire domain of its probable realizations is also shifted toward critical values. This property is
important for the practical use of the model, since it makes it possible to interpret it not only in
terms of mean estimates, but also in terms of confidence bounds of the risk state.
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Figure 2 — Probabilities of the ergatic navigational support system being in stable,
strained, and critical operating modes according to the results of Monte Carlo modeling

Figure 2 demonstrates the regime interpretation of the integral indicator. For
S1 open_sea_day, the strained mode dominates with a small proportion of the stable mode,
whereas the critical mode is practically not realized. For S2_coastal_approach, the strained mode
remains predominant, but a small proportion of critical realizations appears. In the scenario
S3_tss_crossing, the system enters a transitional region in which the strained and critical modes
have close probabilities. Beginning with the scenario S4_pilotage_night, the critical mode already
becomes almost completely dominant, while  for S5 restricted visibility  and
S6_storm_channel_emergency it effectively reaches unit probability. Thus, the integral indicator is
suitable not only for quantitative assessment, but also for the classification of system operating
modes and for identifying the threshold of transition to a dangerous state.

It is substantively important that the transition to the critical mode is observed not abruptly,
but through an intermediate strained state, which corresponds to the real logic of navigation. This
confirms the correctness of the regime scale of the model and its suitability for scenario forecasting.

Table 3 — Mean values of the partial factors E(t), C(t), S(t), U(t) and the dynamic stability
parameters by scenarios

scenario S S = S | | < g
e 17

g | g | g | E 5| 55| 25 S 5

| | | | = <F} | @ € @ 1S @

L o wn D € € 1 & O & x s &
S1 open sea day 0.163 | 0.132 | 0.134 | 0.112 | 0.811| 0.780 | 0.250 | 0.150
S2_coastal_approach 0.265| 0.226 | 0.249 | 0.209 | 0.703 | 0.741 | 0.297 | 0.245
S3 tss_crossing 0.383 | 0.328 | 0.369 | 0.305 | 0.595 | 0.704 | 0.356 | 0.340
S4 pilotage night 0.522 | 0.459 | 0.500 | 0.426 | 0.482 | 0.665 | 0.426 | 0.460
S5 restricted_visibility 0.688 | 0.598 | 0.638 | 0.565 | 0.370 | 0.628 | 0.507 | 0.600
S6_storm_channel_emergency 0.835 | 0.748 | 0.798 | 0.744 | 0.253 | 0.590 | 0.621 | 0.770
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Table 3 performs the function of the internal decomposition of the integral indicator. It
shows that, when moving from the first to the sixth scenario, not only the integral estimates
increase, but also all the main partial components. In particular, the mean value of the episodic
factor increases from approximately 0.163 to 0.835, the cognitive-temporal factor from 0.132 to
0.748, the dynamic-stability factor from 0.134 to 0.798, and the control-risk factor from 0.112 to
0.744. Thus, the increase in the integral indicator is formed not by a single local mechanism, but as
a result of a coordinated deterioration of the behavioral, cognitive, dynamic, and control contours.
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Figure 3 — Change in the mean values of the relative stability margin us (a), effective functional reserve Les
(b), forced correction frequency Q (c), and dynamic risk Rgynamic (d) across navigation scenario conditions

Figures 3a—3d confirm the consistency of the integral model with the basic dynamic
apparatus. Figure 3a shows a successive decrease in the relative stability margin ust from 0.811 for
S1 open_sea_day to 0.253 for S6_storm_channel_emergency. This means that, with the increasing
influence of the human factor, the system loses the ability to maintain a stable mode without
intensifying corrective actions.

Figure 3b demonstrates an analogous decrease in the effective functioning reserve Lest from
approximately 0.780 to 0.590. This indicates a degradation of the functional resource of the system
and confirms that the human factor in the model acts not as an external commentary, but as an
internal parameter that changes the real characteristics of the dynamics.

Figure 3c shows an increase in the frequency of forced corrections Q from 0.250 to 0.620.
Thus, as the scenario deteriorates, the system is forced to compensate for the loss of stability
increasingly often by active control actions. Finally, Figure 3d shows an increase in the dynamic
risk Rdynamic from 0.150 to 0.770, that is, from a low-risk to a distinctly critical level. Taken
together, these four figures prove that the integral indicator lxz+—r is consistent with the dynamic
nature of the system and reflects the real mechanism of transition from a stable to a risky mode.
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Figure 4 — Temporal evolution of the integral indicator I 7z in six
operating scenarios of the ergatic navigational support system

Figure 4 shows that the integral indicator changes regularly not only between scenarios, but
also over time within each scenario. For low-risk scenarios, the growth of Iuzr—r is moderate,
whereas for high-risk and critical scenarios the curves are steeper. This means that the model is
suitable not only for the static comparison of operating conditions, but also for quasi-real-time
monitoring of situation development. It is precisely this property that is fundamentally important for
decision-support systems, in which it is necessary not merely to record an already formed
dangerous state, but to track the trajectory of its approach in advance.

Table 4 — Probabilities of transition of the ergatic system to stable, strained, and critical operating
modes

scenario P_stable P_tense P_critical
S1 open_sea_day 0.0916 0.9084 0
S2_coastal_approach 0 0.986933 0.013067
S3_tss_crossing 0 0.485 0.515
S4 pilotage_night 0 0.0196 0.9804
S5_restricted_visibility 0 0 1
S6_storm_channel_emergency 0 0 1

Table 4 is a numerical complement to Figure 2 and makes it possible to trace the change in
the regime structure of the system in detail. It shows that, for the first scenario, the share of the
stable mode is about 0.092, the strained mode 0.908, and the critical mode is practically absent. For
the second scenario, the share of the critical mode is already approximately 0.013; for the third,
0.516; for the fourth, 0.979; and for the fifth and sixth, it reaches unity. Thus, the model provides a
clear quantitative representation of the transition of the system from predominantly strained to
critical functioning.
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Table 5 — Results of the sensitivity analysis of the integral indicator 1z7—r to variations in the main
model parameters

variable spearman_rank_corr

E 0.988951957
Raynamic 0.98870102
U 0.988598384

C 0.988598384

S 0.985383299

Zn 0.982032815
Lst 0.982032815
Lest 0.982032815
Q 0.956732892
O 0.051237313
Oc 0.046449323
Os 0.040946005
Ou 0.038674436

Table 5 demonstrates the results of the sensitivity analysis and is an important argument in
favor of the internal mathematical consistency of the model. The greatest contribution to the
formation of the integral indicator is made by the episodic factor E (p = 0.989), the dynamic risk
Raynamic (p = 0.989), the cognitive-temporal factor C (p = 0.988), the control-risk factor U (p =
0.988), and the dynamic-stability factor S (p =~ 0.986). A high influence is also exerted by the
coordinate of the center of gravity of the human factor zn, the stability margin ust, the effective
reserve Lefr, and the frequency of forced corrections Q. At the same time, random variations of the
individual weighting coefficients 6g, fc, 6s, 6u have a significantly smaller local contribution, which
confirms the dominance of the substantive physical-behavioral components of the model over the
technical calibration parameters. Its analysis confirms that the integral indicator is most sensitive
precisely to those factors that were theoretically laid at the foundation of the model: behavioral,
cognitive-temporal, dynamic-stability, and control-risk. This means that the model contains no
internal logical contradiction and responds to changes in key parameters in accordance with its
mathematical structure.

Thus, the set of results presented in Tables 1-5 and Figures 1-4 confirms the adequacy of
the proposed integral model. First, a monotonic increase in the integral indicator is observed with
increasing scenario risk. Second, this tendency is consistent with a decrease in the stability margin
and functioning reserve, as well as with an increase in the frequency of forced corrections and
dynamic risk. Third, the probabilistic interpretation of the results demonstrates a regular transition
of the system from stable and strained modes to the critical mode. Finally, the sensitivity analysis
shows that the integral indicator is determined precisely by the basic substantive factors of the
model. Taken together, this gives grounds to consider the proposed approach suitable for the
quantitative assessment of the influence of the human factor on the increase in the risk of the ergatic
navigational support system and for further application in decision-support systems and adaptive
automated control.

Conclusions

1. A generalized model for controlling ergatic systems and means of navigational support
has been developed, in which the navigator, the vessel, the navigational-information environment,
and the regulatory-situational constraints are considered as elements of a unified functional space.

2. It has been shown that the transition from raw AIS/ECDIS data to the standardized series
constitutes an independent methodological level of the model, at which a unified temporal-spatial
analytical space is formed, suitable for the mathematical interpretation of motion microdynamics.
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3. A fractal-episodic approach to the identification of local vessel micromotions has been
substantiated, within which episodes are encoded by the fractal code FC-abcdef, combined with the
quantitative assessment of episodic risk, and form a formalized behavioral-risk space of the
navigator’s actions.

4. Models of attention distribution, temporal states, subjective time distortion, and p-adic
complexity of the situation have been integrated into a unified cognitive-temporal block, which
makes it possible to formalize the internal states of the navigator as variables of the ergatic system.

5. A gravitational-inertial interpretation of the human factor has been formed through the
coordinate of the center of gravity zn(t), the effective stiffness keft(t), the stability margin us(t), the
frequency of forced corrections Q(t), and the integral risk R(t), which provides a formal mechanism
for the transition from the navigator’s state to the dynamics of stability of the ergatic system.

6. The applied output of the generalized model into risk-oriented and automated control
contours has been demonstrated, namely: p-adic structuring of the situation, multicriteria risk
functionals, domains of admissible control actions, automated multi-target collision avoidance, and
the formation of safe storm navigation modes.

7. An integral indicator of the influence of the human factor on the increase in the risk of the
ergatic navigational support system has been developed, which, in logistic-normalized form,
combines episodic behavioral, cognitive-temporal, dynamic-stability, and control-risk components.
This made it possible to move from the isolated analysis of individual manifestations of the
navigator’s activity to a unified quantitative assessment of the total risk-generating influence of the
human factor on the functioning of the navigational contour.

8. It has been shown that the numerical approbation of the integral indicator by the Monte
Carlo method provides the possibility of calibrating model parameters, assessing the variability and
robustness of results, determining the probability of the system’s transition to stable, strained, and
critical modes, as well as ranking dominant risk factors by means of global sensitivity analysis. This
creates the basis for using the proposed approach in decision-support systems and the automated
control of human-factor risks in navigation.
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Hoco II. C. VY3ATAJIbBHEHA MOJEJIb VYIPABJIHHA EPTATUYHUMU CUCTEMAMU
HABITALIMHOI'O 3ABE3IEYEHHS 3 IHTEI'PAJIBHUM [OKA3HUKOM BIUIMBY JIKOJICBKOI'O
OAKTOPA

YV cmammi pose’azano axkmyanvne Haykoge 3a80aHHA pPO3POONEHH Y3a2anbHeHOi MOOeni YNpasiiHHs
epeamuyHUMy CUCeMamMu HAGicayiiHo20 3ab6e3neyenHs 3 iHmezparbHuM NOKAZHUKOM 6NAUBY JH00CbKO2O
¢axmopa cyoH0800ia Ha NIOBUWEHHA PU3UKY (QYHKYIOHYBAHHA cucmemu. 3anponoHOo8aHuli nioxio
IDYHMYEMbCA HA BU3HAYEHH] Oill CYOHO0B800isd He AK 308HIUHbO20 OdJicepend BUNAOKO8UX NOXUOOK, a 5K
BHYMPIUWHBO20 NAPAMEMPA epeamudHoi cucmemu, Wo 8UHAYAE AKICMb CNPUUHAMMS HABIeayiliHoi cumyayii,
CBO€UACHICMb peakyill, xapakmep Kepyeanrvhux Oill i pigeHsb besnexu pyxy cyona. Memorw pobomu € nobyoosa
iHme2posanoi Mooeil, KA NOEOHYE cucmemue NOOaHHs epeamuynoi cucmemu, gopmanizayiro AIS/ECDIS-
Oanux, paxmanvHo-enizooHe NPeOCMAIeHHs: MIKpOPYXI8  CYOHA, MOOell  KOZHIMUBHO-YACOBUX I
ncuxoqhizionoziunux cmawie CyOHO800IA, 2paAGIMAyitiHO-iHepYIaIbHY [HMepnpemayilo CMIUKocmi ma pusuk-
opieHmosanuli Koumyp kepysauua. Hayxkoea nosusna nonsieac y 66e0eHHi iHmMe2panbHO20 NOKAZHUKA, WO 8
JI02ICIMUYHO-HOPMOBAHIU  popmi 00 ’€OHYE eni300HuUll N0GeOdiHKOBUL, KOSHIMUBHO-YACOBUL, OUHAMIYHO-
CIMIUKICHULL [ KepyBalbHO-PUSUKOBUL KOMNOHEHMU 6 €OUHUU IHpopmayitino-anarimuyHuli KoHmyp. s
yucenvHoi anpobayii modeni 3acmocogéano memod Moume-Kapno, saxuil 3abe3neyye KaniOpys8auHs
napamempis, OYiHIO8AHHA 8APIAMUBHOCTI, POOACIMIHOCI, YYMAUBOCMI MA UMOGIPHOCIEl nepexody cucmemu
00 CMiliK020, HANPYHCEHO020 | KPpUMUYHO20 pedcumis. Imimayiline mMoOentoganus Ons wecmu cyeHapiis
Hasizayitnoi cumyayii niOmMeepouno MOHOMOHHE 3POCMAHHA [HMESPATbHO20 NOKASHUKA 30 30i1bUeHHAM
CYEHapHOi CKIAOHOCMI, y320004ceHe 31 SMEHUEeHHAM 3anacy Cmitlkocmi ma pesepey QYHKYioHY8anHs, a MAKOIC
31 3POCMAHHAM YACMOMU BUMYUIEHUX KOPEeKYill | Ounamiunozo pusuxy. Ilpaxmuune snauenna pobomu nonaeae
Y MOJCIUSOCHI BUKOPUCIMAHHA 3aNPONOHOBAHOI MOOeni 6 cucmemax NiOMpUMKU NPUUHAMMA pilleHb,
MOHImMOpUH2y cmamy CyoHo800is ma adanmueHo20 AsMOMAMU308aAHO20 KEPYEAaHHs Oe3NeuHUMU PelCUMamu
PYXy CYOHa.

Knrwuosi cnosa: epecamuuna cucmema; HagieayiliHe 3abe3neyenHs; MoO0CbKull ¢axmop; Oesnexa
mopennasecmea; cyonogoodiu; AIS/IECDIS-0ani; @paxmanvro-enizoonuti ananiz; iHmesparoHUuil NOKA3HUK
PUBUKY; ABMOMAMU30BAHE KEPYBAHHS PYXOM.
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Cmamms npuceésiuena po3pooyi Mooei OYiHIOBAHHSL PUSUKY 3IMKHEHHS AGIMOHOMHUX HAOBOOHUX CYOEH 3d YMO8
HeBU3HAYEHOCMI CTNAHY HABKOMUUIHBO2O CEPedosUua Ha OCHOBI HewimKoi noziku. Posensanymo cyuachuii cman
PO36UMKY cUCmeM 3an00icanus 3IMKHEHHAM OJsi ABMOHOMHUX CYOeH MA BUSHAYEHO KIo408i npobiemu,
nos’s13ani 3 06pPOOKOI0 HeNOBHUX I HEMOYHUX HagieayitiHux oanux. IIpoeederHo NOPIGHANbHUI AHANI3 ICHYIOYUX
nioxodie 00 OYIHIOBAHHS PU3UKY 3IMKHEHHS, 30KpemMa Memooié Ha OCHOGI HAUKOpomuioi oucmawnyii/dacy
sonudicenns (DCPA/TCPA), ma ueuimkoi nociku, eusHaueHo ix nepesacu ma 00OMediceHHs. 3anponoHo8aHo
KOHYenmyaubHy MoOeib OYIHIOBAHHS PU3UKY 3IMKHEHHs CYOeH HA OCHOBI HeyimKoi 102iKu, AKka 3abesneuye
KOMAAEKCHY OYIHKY DIBHA PUSUKY 3 YPAXYBAHHAM 2eOMempUudHux napamempis 30HU 30UMNCEHHS, GNIUBY
gaxmopie HasKoIUWHBO20 cepedosuna ma IHOeKcy HegusHauyeHocmi Hagieayitinoi inghopmayii. Ocobaugicmio
MoOdeni, WO 3anpONOHOBAHA, € BUOKPEMIEHHA 2e0MEeMmpPUiH020 Md KOHMEKCMHO20 PUSUKY, d MAKOHC
3ACMOCY8aHHA 080CMYNEHeBol cucmemMu HeyimKko2o 102iYH020 GUCHOBKY 3 Ypaxy8aHHAMm odomexcenb MII33C-
72. Ilokasano, wo inmeepayis memooig He4imKoi 102iKu, OazamokpumepiaibHo20 aHalizy Mma HO8UX Ni0X00ie
00 MOOENIOBAHHS HEBUZHAYEHOCII CIMAHY HABKOIUUHBO20 CEpedosunia 0036051€ NiOGUWUMU 00CMOGIPHICHb
OYIHIOBAHHSL PUBUKY 8 YMOBAX PedibHOI eKChayamayii agmoHomuux cyoen. Hasedeno cmpyxmypy po3pobaenoi
cucmemu OYiHIOBAHHS PUBUKY, HPOOEMOHCMPOBAHO ii poOOmMY HA MUNOBUX CYEHAPISX 301UdNCEHHA CyOeH ma
BUSHAYEHO CMYNIHbL 6NAUBY 308HIWHIX (aKmopis (simep, meuis, XGUTOBAHHS) HA (YOPMYBAHHS PIGHS PUSUKY.
Busnaueno nanpsimu nooansuiux 00ciiodicens, 30KkpemMa 6UKOPUCAHHI HEeYIMKUX CUCeM ma Memooié meopii
00Ka3i6 0151 8PAXYBAHHS HEBU3HAYEHOCMI (haKmopie GNIUBY 308HIUIHLO2O CepedOsUUld HA YAPABILIHHI PYXOM
ABMOHOMHUX CYOeH.

Knrouosi cnosa: neuimxa n102ika, OYiHO8AHHA PUSUKY 3IMKHEHHS, A8MOHOMHI HA0800HI cyoua;, MASS; DCPA;
TCPA; MII33C-72; nasizayitina be3neka, He8U3HAUEHICMb, WMYYHUL IHMeNeKm, CUCIeMU YNPAGIiHHSL.
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Beryn. [HTeHCHMBHUMIT pPO3BUTOK 1HIYCTpii MOPCBHKMX ABTOHOMHHMX HAJIBOJHUX CYACH
(MASS) ynponoBk OCTaHHBOTO IECATHIITTS 3YMOBUB HEOOXITHICTH CTPIMKOTO MHEPEXOIy BiJ
MIPOCTOr0 aBTOMAaTH30BAHOTO BEJCHHS CyJIHA IO MapHIpyTy JO CTBOPEHHS Ta 3aCTOCYBAaHHS
MOBHOLIIHHUX CHCTEM CHUTYyalliiHOi OO013HAHOCTi, OI[IHIOBAHHS PHU3UKY Ta MPUUHSATTA pIilIeHb 3
yIpaBIIiHHS CYJHOM B YMOBAaX CKJIQJHOTO MOPCHKOTO Tpadiky. Sk 3a3Ha4aeThCsl y HU3LII OTJISIOBUX
poOit [1, 2], cyyacHa aBTOHOMHA HaBiraiisi BUMara€ He JHILIE TOYHOTO BU3HAYEHHSI TPAEKTOPIi
PYXY, @ ¥ 34aTHOCTI 1HTepNpeTyBaTH HasBHY HaBiraiiiiHy oOCTaHOBKY BIAIMOBIJHO /0 MPUHIIMIIIB
I00poi MOPCHKOi TMPAKTHKH Ta BUMOT MIKHApOJHUX TPaBUII IOTEPEHKEHHS 3ITKHEHb CYACH
(MII33C-72, abo COLREGsS). [Tonanpiii gociiKeHHs iHIIUX aBTOPiB [3, 4] miATBEPKYIOTh, 1110
caMe 3B’A30K MDK (QOpPMaJIbHUMHU aJIrOpUTMaMy, HOPMAaTUBHUMH TpaBUJIaMU 1 peabHOIO
MOBEJIIHKOIO CYyJIeH 3aJIUINAEThCS IIEHTPAJIbHOI0 HAYKOBOIO MPOOJIEMOI0 B CHCTEMax 3aroOiraHHs
3iTKHeHHsIM MASS.

HeoOxigqHO MiAKpECIUTH, MO Yy CTPYKTypl aBTOHOMHOI HaBiramii OIIHIOBAaHHS PHU3UKY
3ITKHEHHsSI BHCTyMae 0a30BOI0 JIAHKOIO, BiJ SAKOI 3aJeKUTh TOMAIBINIUNA BUOIp cTpaTerii
pO3XOJUKeHHs, o Bignosizae Bumoram MII33C-72, Ta BU3HAUEHHS MHOXHHH JIOIyCTHUMHUX
MaHEBpIiB cyaHa. Tak, y poOoTi [5] pU3HK pO3IISAAEThCS K TUHAMIYHA BEIMYMHA, IO Mae
BHU3HAYaTUCS B PEaJbHOMY 4Yaci 3 ypaxyBaHHSM KUIBKOX JDKEpeNl JaHuX Ta Pi3HOI BaroMocTi
(hakTOpiB BIUIMBY Y PI3HUX CIIEHapisfx. Y CBOIO Yepry, orisiaoBi mpari [1, 2], moka3ymoTs, mo 0e3
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HAsBHOCTI HaAIHHOTO MOMYJIS OIIHIOBAHHS PH3HMKY HaBITh CKJIAIHI 1HTEJEKTYyalbHI CHUCTEMH
TUTAaHYBAaHHS TPAEKTOPill pyXy CyleH 1 MOAYJIl KEpyBaHHS HE MOXXYTh TapaHTyBaTh Oe3MedHy
MOBEIIHKY aBTOHOMHOTrO cyaHa. OTKe, caMe SKIiCTh MOJEIN PU3HMKY 3HAYHOIO MIpOI0 BH3HAYAE
MPAKTUYHY NPUIATHICTH yCi€l aBTOHOMHOI HaBITAIIi{HOT CUCTEMH.

3 orysily Ha BUIEBKa3aHe, y poOOTiI 30CEPeKCHO yBary Ha BIOCKOHAJICHHI OI[IHIOBAHHS
pHU3UKy 3iTKHEHHs MASS-cylieH sk Ha KJIIOUYOBOMY €JIeMEHTI Oe3neku aBTOHOMHOi Hasiramii. Ha
BIIMIHY BiJI ICHYIOUHX MIAXOIB, 5IKI OOMEXYIOTHCS JHUIIE KIACHYHUMH MMOKa3HUKAMH 30JIFKCHHS,
abo JMIe YacTKOBO BPaxOBYIOTh BIUIMB HABKOJMIIHBOI'O CEPENOBMINA, MPOIMOHOBAHUI Hampsm
JOCTIPKEHHSI OpIEHTOBAHMM Ha I1HTErpoBaHe NoJaHHS pusuky, y sikomy DCPA/TCPA-oninka
HaBIraIiiHOi cHUTyallii AOMOBHIOETHCS OILIHKOI BIUIMBY 30BHIIIHIX (DAaKTOPIB 1 PO3IIISIAETHCS B
yMOBaX HEMOBHOTU Ta HETOYHOCTI HaBIrallIMHUX JAaHUX, XapaKTEPHOI Ui pealbHOl eKCIUTyaTarli
MASS. Taka mocTaHOBKa 3ajadi JIOTIYHO BUIUIMBAE€ 3 BHUSBICHUX Yy JiTepaTypi OOMEKEHb
MPaKTHYHOTO 3aCTOCYBaHHS iCHYIOUMX miaxomis [1, 2, 5-11].

AHaJi3 ICHYIOYHX HIiIXOZiB Ta iX o0MeKeHb. AKTYaJIbHICTH AOCHiTkeHHA. OCHOBOIO
OUTHIIIOCTI CY4YaCHUX IMAXOMIB 3 BHSBJICHHS HEOE3MEYHOro 30JMIKEHHS CYJICH 3aJUIIalOThCS
knacuyuHi nokaznuku auctaniii (DCPA) ta wacy (TCPA) naiiGinbiioro 30mmkenHs. Bumieskazane
HaBEJICHO, 30KpeMa, y poborax [6—8], ne 3a3HauyeHl MOKa3HUKU (POPMYIOTh 0a30Be reOMETpPUYHE
AP0 PUBHKY, a Jalli MacTa0yroThes a00 KOMOIHYIOThCS 3 IHIIMMU 1HAWKATOpaMH, a00 MOJar0ThCs
B HEUITKY cucTteMy BUCHOBKY. [lommpenicts Ta 0a3oBicTh 3actocyBanHs DCPA/TCPA y cyuacHiit
JiTepaTtypi HOSCHIOETbCA 1X (DI3UYHOIO 3pO3YyMUIICTIO: BOHHM BIJAINOBINAIOTH HAa JBa OCHOBHHX
MUTaHHS HaBIraTopa — HACKLIbKK OJMM3bKUM Oyne 30JIMKEHHs Ta 4yepe3 sIKWH Yac BOHO CTaHe
KpUTHYHUM. BogHoudac ciil BpaXxoByBaTH, IO cama IO COO1 TeoMeTpist 30JMKEHHS HE OIHUCYE
TTOBHOIO MIpOIO CKJIAJIHICTh peabHOTO cepenoBuia pyxy MASS.

Oco0muBO CKIAJAHUM JJs 33/a4 OLHIOBAHHS PHU3UKY 3ITKHEHb ABTOHOMHHX CYAEH €
BpaxyBaHHs BIUIUBY 30BHIIIHIX YMOB, 30KpeMa BITpPY, Teuii, XBUJIIOBAaHHS, & TAKOK HEBU3HAYEHOCTI
CTOCOBHO CIIOCTEPEKEHb 1110/10 HAABHOI HaBiraliiHoi chyaui’i 1 IPOTHO3Y CTOCOBHO 11 PO3BUTKY.
Tak, y po6orti [9] Ha ocHOBI AIS-gaHuX Ta TiAPOMETEOPOJOTIYHUX JaHUX KUIBKICHO MOKa3aHo, 10
BIUIMB BITPY 1 Tedii Ha pyX CyIeH € CYTTEBUM 1 HEOAHOPIAHUM. Y poOoti [7] BrumB
HaBKOJIMIIHBOTO CEpeOBHIIA TpeACTaBiIeHO sK okpemuil ¢axtop (Environmental Factor), skwuii
MOEIHYEThCS 3 6a30BOI0 OIiHKOI0 pu3nKy 3iTkHEHB (CRI — collision risk index) y mokasuuk ECRI-
W (exchanged collision risk index — weather). Binbm rimboko HanpsiM GopMabHOrO BpaxyBaHHS
HEBU3HAYEHOCT] BIUIMBY 30BHIIIHBOTO CEPEIOBUIIA PO3MIISTHYTO Y poOoTi [8], B sKil 1u1si 00poOKH
AlS-maHux 3acTOCOBaHO IHTEPBANBHY HEYITKY CHCTEMY JApPYyroro THITy Ta 3alpOIIOHOBAHO
3acTOCYBaHHA Teopil mokasiB 3rigHo 3 mpuHnunamu Jemmcrepa—Illeiipepa (Dempster—Shafer
fusion). TakuM YMHOM, Cy4acHHMH CTaH JOCHIPKEHb NMEPEKOHIUBO IMOKa3ye, IO JUIsl BHPIIICHHS
npobseM edeKTUBHOTO KepyBaHHS MASS-cynHaMu B yMOBax BIUIMBY 30BHIIIHIX (DaKTOpPIB
HEOOXiTHO 3aCTOCYBAaHHS TaKOi MOJENi OIIHKK pPHU3UKY 3iTKHEHb, SKa OJHOYACHO TIIOE€HYE
reoMeTpito 30JMKEeHHsI, BIUIMB HABITAI[iIHHOTO CEepeqoBHINA Ta SBHE MOJAHHS HEBU3HAYEHOCTI
BX1IHOT HaBITaIiiHOI iH(pOpMAITii.

Crnig oKpemMO 3a3HAuWTH, M0 y OUIBIIOCTI ICHYHOYHMX MPaKTUYHUX PO3POOOK MepuIum
kpokom 3anumaeThesi oduucienns DCPA i TCPA 3a BigHOCHUM pyxoM cyJeH. Taka mocTaHOBKa €
MPUPOJTHOIO, OCKITBKM 3a3HAYCHI IMOKa3HUKH O€3MOCEPETHhO  BiIOOPAKAIOTH TEOMETPIt0
HeOe3neyHoro 30mmkeHHs. Tak, y poOoTi [6] Bka3aHWid MiAXiq PO3IMIMUPEHO IS CIEHapiiB, IO
pEerIaMeHTyIOTh TPOIECH PO3XOKEHHS JEKUIbKOX CYIEH: aBTOpPU BUKOPHUCTOBYIOTH O€3pO3MipHI
DCPA' i TCPA’, BBoasTh HEUITKI ipaBmiIa BianoBigHo 10 BuMor MII33C-72 i popmyIoTh pilieHHs
Ha OCHOBI HE JIMINEC PHU3UKY 30JMKEHHS, a W KyTIB 3yCTpidi Ta BiJHOCHHX ITOJIOKEHb CYJCH.
[lepeBara BKa3aHOTO MiAXOMy TMOJSATa€ B IHTEPHPETOBAHOCTI Ta BIAMOBIAHOCTI pillleHb, SKi
MPUIMAaIOThCs, O BUMOT MOPCHKOi NMpakTUKU. BoaHodac ciif MigKPECIUTH, M0 Taka MOJAENb
CTIIMPAETHCS IEPEBAKHO HAa TEOMETPit0 30IMKEHHs Ta eKCIepTHO c(hOpMOBaHi MpaBwiia, a OTxKe il
YYTIUBICTh /10 HEBM3HAUEHOCTI 1 MOXMOOK HaBIraliiHUX IaHWX, a TAaKOXX 30BHIIIHIX 30ypeHb,
3aJIMIIAE€THCA 0OMEXKEHOIO.
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VY crarrti [12] 3po6mneno HactymHuil kpok maini: kpim DCPA i TCPA, aBTopu BpaxoBYIOTh
KyT MEPEeTUHY KypCiB 1 HaBiraiiifHe cepeoBHILE, a MOTiM, 33 JOTIOMOTOI METO/IB HEUITKO1 JIOT1KH
(fuzzy logic) i metoxy anamizy iepapxiii (AHP) GpopMyrOTh JIOKaIbHY OIIHKY MOKJIMBOCTI 3ITKHEHB
JUISL CUTYyaIlill PO3XOJKEHHS ACKIIbKOX CcyAeH. BkazaHuil miaxii Mae iCTOTHI MepeBard, TOMy IO
BiH JIO3BOJISIE aHATI3yBaTH CKJIQJHI CIEHapii pPO3XO/HKCHHS MHOXHHUA CYICH Ta J[03BOJISIE
chopMyBaTH TI€BHY KapTUHY pyxXy B 3aJaHiii akBaTopii, 0[O0 [A03BOJs€ CchOpMyBaTH
yHepepKyBaibHl (MPOAKTUBHI) i 13 3aIy4eHHSIM CHUCTEM OEperoBOro MOHITOPUHIY Ta KOHTPOJIIO
pPyXy cyaeH. Pa3oM i3 TuM, y TOCTymHOMY OIHMCI MOJIENi OCHOBHY pOJIb yC€ XK BIJIrpae CTPyKTypa
eKCIepTHO 00paHux (PakTOpiB 1 Bar, TOJII SIK MUTAHHS JOCTOBIPHOCTI Ta HEMOBHOTH BXITHUX JaHUX
HE BUHECEHO B OKpeMuil (opmanizoBanuii 0j0k. Came TOMy MiAXiJ € €PEeKTUBHUM JIHIIE MpPU
BUPIIICHHI NUTaHb OI[IHKM HAaBIrallMHUX PHU3UKIB y IEBHIM akBaTopii, IpoTe BIH HEJAOCTAaTHBHO
[IOBHO BPaXOBY€ NOXMOKU CIIOCTEPEKEHB Ta € YyTIMBHUM JI0 SKOCTI HaBiraliiHUX JaHUX.

AnbTepHATUBHUN HampsM OLIHKU PU3MKIB MPEJICTaBICHUA METOJaMU Ha OCHOBI
mBuAKicHUX 3aBaj (velocity obstacle, VO). ¥V po6oti [13] 3anmponoHOBaHO 3aCTOCYBaHHS 1HAEKCY
MPC (Most Probable Collision — ingekc iMOBIpHOTO 3iTKHEHHS), sIKHil moeaaye VO-reomMeTpiro 3
AlS-nanuMu po po3MipH CyzeH, 3aBJISKA YOMY MiJBULIYETbCA aJE€KBATHICTh OLIHKH PHU3HUKIB Y
CUCTEMAaX YHUKHEHHS 31TKHEHb. Y po0oTi [14] Bka3aHuii mixiJ po3MHUPEHO HUIIXOM 3aCTOCYBaHHS
MeToy HeniHiiHuX mBuaKicHuX 3aBaj (UNLVO), ne BpaxoBaHO AMHAMIUHI XapaKTEePUCTUKU PYXY
cyneH. B ninomy, nepeBara VO-nigxo/iB nojisrae B 4iTKid MpoCTOpOBIN 1HTepIpeTalii Hebe3neku
Ta IPUPOAHOMY 3B’S3Ky 3 MaHeBpyBaHHsAM. [IpoTe, y BKka3zaHili Ipymi METONIB 3aJUINAIOTHCS
BIIKpDUTUMU TpUHANMHI JBI IpoOJieMu: MO-Nepiie, He 3aBXKIU MPOCTO IMOEIHATH T€OMETPIIo 3
[IPaBOBOIO JIOTiKOIO AoTpuMaHHs BuMor MII33C-72 y ckiagHux 3MILIaHUX CLIEHapifx; HO-Apyre,
HaBITh KOJIM HEBU3HAYEHICTh YK€ BPAXOBYETHCS, BOHA YACTO CTOCYETHCS MEPEryCiM TUHAMIKU
PYXY, a HE IOBHOTO JIAHIIOXKKA JITaHI—1HTepIIPETaIii—BUCHOBOK.

B okpemwmii kiiac METOMIB OLIHIOBAHHS PHU3HMKIB 31TKHEHb CJiJl BUIAUIUTA METOAH, IO
0a3yl0ThCSl HA 3aCTOCYBaHHI Mojesel HeGe3neuHoi 301U, a00 oMeHy cyaHa (ship domain). Tak, y
poGoti [15] pu3MK BH3HAYAE€THCS HE JUIE 4Yepe3 OJIM3BKICTh 30JMKEHHS, a U uepe3 CTyIiHb
MOPYILIEHHS JIOMEHY Cy/JHa, BITHOCHY IIBHJAKICTh, KOMOIHAIIIO KYypCiB, TOPYIICHHS 30HH
MaHEeBpPYBaHHS Ta CKJIAIHICTh HaBirauiiHoi curyamii 30mmkeHHs. CHUIIbHA CTOPOHA IHOTO ITiIX0AY
roJIsirae B TOMYy, 110 BiH kpariie 3a kiacudni DCPA/TCPA-noporu BimoOpakae KOHTEKCT, 30KpemMa
3aIli3HIJII MaHEBPH Ta BIUIMB HaBKOJMIIHBOTO Tpadiky. BomHouac i TyT HasBHI 0OMEXEHHS: Xoua
IIJIXi7] HA OCHOB1 JJOMEHY CyJIHa J0Ope BiJoOpa’kae MpOCTOPOBO-TIOBEAIHKOBHIA acMEKT CHUTYyaIlii,
OJTHaK caM 1o co0i He BPaxOBY€ BIUIMB MOTOAHUX 30ypeHb i HE 3aMIHIOE SIBHOTO MOJIEITIOBAHHS
noctoBipHOCTI AIS-maHUX 4M yacoBe HAKOMUYEHHSI IOKA31B PU3UKY.

CyTTeBuil KpOK y HampsiMi BpaxyBaHHS BIUIMBY HAaBKOJHUIIHBOTO CEPEIOBHINA 3pOOJICHO y
npairgix [3] ta [7]. YV mepmriii poOOTI KUIBKICHO MOKa3aHO, IIO BITEp 1 TeUis pPealbHO 3MiHIOIOTH
MOBEJIIHKY CYJEeH Yy MopTax i BOJHUX NUIAXaX, MPHYOMY BKa3aHUN BIUIMB 3aJEKUTHh Bill PO3Mipy
cyaHa. Y apyriid po6oti aBTopH HopMyroTh iHTerpanbHuil mokazHuk ECRI-W nuisixoM moegHaHHS
6azooro CRI 3 morogaum (hakTopoM, MiCHIsl YOTO 3aCTOCOBYIOTH MOJIENb TITHOOKOTO HABYAHHSI JIJIs
MIPOTHO3YBAHHSA PIBHS PU3UKY 3ITKHEHHSI.

VY poborti [6] HaBemeHO IHmME MiAXiA A0 OLIBII «MOPETPAKTHYHOTO» IHJCKCY PU3HKY:
aBTOPH BBOJATH HEUITKUN AMHAMIYHUHN eminTuaHuid qomeH cyaHa (Fuzzy Dynamic Elliptical Ship
Domain), nebesneuny (dangerous domain) ta 3a6oponeny (forbidden domain) 3oHuM, mapamerp
BiZIMOBiIabHOCTI (responsibility-aware parameter) Ta BaroBe moe€gHaHHsA (HaKTOpPIB HAa OCHOBI
BJIOCKOHAJICHOTO METOAy aHamizy iepapxiii (improved AHP). BurieBkazane BaKIIMBO, OCKUIBKU
PU3UK Y TaKOMY BUMAJKY MOB’S3YETHCS HE JIUIIE 3 TEOMETPIEr0 30IKEHHS, a i 13 poJUIo Cy/IHa
BignoBiHO 10 BuMor MII33C-72 (sik cymHa, M0 TOBHHHO IMOCTYIHTHUCS JIOPOTot0, abo cyaHa, 10
30epirae Kypc i mBuAKICTh). [TogiOHMI MmiAXix TaKOXK 3aCTOCOBAHO y poOoTi [12], ne iHTerpaabHuiA
iaexc pusnky 3iTkHeHHs CRI opmyeThCst Ha OCHOBI 0a30BOTO Ta CEPEOBUIITHOTO PH3UKY, MMiCIIS
4Oro BUKOPHCTOBYETHCS JI MPUUHATTS pillieHb 3 MaHeBpyBaHHs cynHa. [IpoTe HaBiTh 3a Takoi
JeTaiizaiii MUTaHHS OLIIHKM HEBM3HAYEHOCTI HaBIraliliHUX JaHMUX, a TaKOK YacOBOI HECTAJIOCTI
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OLIIHKH 3aJIUIIAIOTHCS CIA0KO POPMaTi30BaHUMHU MOPIBHSHO 3 MiAX00M, MIPEICTABICHUM Y POOOTI
[9].

Haii0inpi mociiioBHE po3B’s3aHHs BKa3aHOI MpOOJIEMH 3alpoNOHOBAHO B poboTax [S5] Ta
[8]. V poGoTi [5] pu3HK OLIHIOETHCS SIK OaraTOKpUTEpiaibHa BEIMYHMHA 3 KITBKOX JDKEPEIT TaHuX, a
MiCYMKOBa OILliHKAa (OpMyeThCs depe3 Teopito AokasziB. Y craTTi [9] HEBH3HAYEHICTh YXKe
BHHECEHA B LIEHTP MOJIENI: IHTEpBaJIbHA HEUITKA CHUCTEMa JAPYTroro THUITY MOJEIIOE€ HEBU3HAUYCHICTh
GyHKIIA HaleKHOCTI, a KOMOiHYBaHHs JOKa3iB 3a Teopieto Jlemmcrepa—Illadepa 3abesmeuye
4yacoBy iHTerparito ¢akTopiB pusuky. Ciig TOJaTKOBO Bi3HAYWTH, IO Ui BUPIIICHHS 3a7a4
KEepyBaHHS aBTOHOMHHMMHU CyJHaMH HEIOCTAaTHbO IMPOCTO nojaTu e oauH ¢(akrop y CRI —
MOTPiOHO IIe W ONMMCATH, HACKIJILKM HAIIHHUMHU € JIaHl Ta SK 3MIHIOEThCS OIlIHKAa PU3UKY B 4Yaci.
Kpim toro, y pobotax [10] ta [15] moka3zaHo, 1110 HABITh 32 HASBHOCTI SKICHOT MOJIETIi OI[IHIOBAaHHS
PHU3UKY 3alIMIIAIOThCA MPOOJIEMHU y BUPILICHHI 337a4, MOB’S3aHUX 3 ypaxyBaHHSIM OCOOIMBOCTEH
MPaBWI PyXy CYyACH B 0OMeXeHHX Bojax. OKpeMoro MpoOJIeMOI0 € BiJCYTHICTh €UHOI CUCTEMH
TECTOBUX CLIEHAPIiB [l IEPEBIPKU CTBOPEHUX MOJIENIEH 1 aIropuTMiB KepyBaHHs pyxoM MASS.

TakuM YMHOM, NONpPU 3HAYHY KUIBKICTh JOCHIIKEHb y cQepi OLIHIOBAHHS pPHU3HKY
3ITKHEHHS CyJieH Ta KepyBaHHs pyxoM MASS, OuIbIIiCTh HasIBHUX MiAXO0IB 200 30CepeIKYIOThCS
nepeBaxxHo Ha reoMeTpii 30mmkeHHst Ha ocHoBI DCPA/TCPA, abo BpaxoBYIOTh OKpeMi KOHTEKCTHI
(dakropu, 0e3 SIBHOTO MOJIEIIOBAaHHS HEBU3HAUEHOCTI BXIJHUX AAHMUX. Y YacTHUHI poOIT JIeTalibHO
PO3IIISTHYTO MpaBWJIa IPUHHATTS pilleHb BinnosigHo a0 sumor MII33C-72 [6, 10, 16], y yactuni —
0aratocyaHOB1 CIIeHapli pO3XO/KeHHs ab0 BpaxyBaHHS OCOOJMBOCTEH MOTOYHOI HaBIramiiHOi
cutyauii [12, 14, 15], a B yacTuHI — BIUIMB HaBITaI[iifHOrO CEpelOBUINA Ta MOTOJHUX yMOB [7, 9].
Bonnouac numie oOMexeHa KUIBKICTh JOCHIPKEHb O€3MO0CEepeHbO CTABUTh y LIEHTP YyBaru
CTPYKTYpPHY HeBU3HaueHiCTh AIS-manux 1 wacoBy akymymsuitoo ¢akropiB pusuky [5, 8, 17],
BHACJII0K YOr'0 HEJOCTAaTHbHO OIPAIlbOBAHOIO 3aJIHMIIAETHCS MpoOIeMa IHTErPOBAHOTO OI[IHIOBAHHS
pu3uKy 3iTKHeHHs 111 MASS B yMoBax 0JJHOYAaCHOro BIUIMBY ()aKTOpiB BIUIMBY HaBKOJHUIIHBOTO
CEpe/IOBHINA, HEBU3HAYEHOCTI (HETOYHOCTI a00 TMOMMJIKOBOCTI) HaBITaIIMHUX [JaHUX Ta
HaBiramiHoi cutyaiii (reoMeTpii B3a€MHOT0 PO3TAIllyBaHHS Ta MApaMETPiB PyXy CYJIEH).

OTxe, MPOBEACHUN aHAII3 JIITEPATYpHUX JKEPENl HaJa€ MOXKIMBICTh BU3HAYUTH KITIOYOBI
MUTAaHHS MPOOJIEMH KepyBaHHS PyXOM aBTOHOMHHX CYJIeH Ta LUIAXH iX BHUpPIMIEHHS. Y MiICYMKY
cmpa 3azHauuTd HactynHe. llo-mepmie, BpaxyBanHsi mnapamerpiB DCPA/TCPA 3amumaerscs
OCHOBOIO Maibke BCIX Mojejel OLIHKH cTyneHs pusuky 3iTkHeHb MASS. Ilo-gpyre, cydacHi
aBTOPH BXXE HAMaraloThCsl JOMOBHIOBATH HOTO MOJAENSMH JOMEHY CYIHA, YpaxyBaHHSIM
BIIMOBiAANBHOCTI  BiAmoBigHO 10 BuUMor MII33C-72, O6araTocyAHOBUMH CIEHApisIMH Ta
BpaxyBaHHSM BIUIMBY MorogHux (akropis. [lo-Tpete, popmanpHe MomenroBaHHS HEBU3HAYEHOCTI
KOMIIIEKCHOTO BIIMBY BHII€3a3HauUE€HUX (DAaKTOPIB MOKH 1[0 MPEACTABICHO 3HAYHO BY)KUYUM KOJIOM
po6it. ToMy HEBHpIIIEHOIO paHille YACTHHOIO MPOoOJIeMHU € MoOy/10Ba TaKoi 1HTErPOBAaHOI MOENI
OLIIHIOBAaHHS pU3MKY a1t MASS, sika 0JHOYAaCHO MO€JHYBana O reoMeTpito 30JIMKEHHS, OLIHKY
CTaHy HaBIramiifHoro cepenoBuIla, 0araTocyJHOBI CII€Hapii pPO3XOJDKEHHS 1 HEMOBHOTY
(MOMUJIKOBICT, 200 HETOYHICTh) BXIIHMX HaBITaIlifHUX JaHUX Y €JUHOMY KOHTYpPi OIIIHKH.
BuieBkazane 103Bosisie chopMyITroBaTH METY Ta OCHOBHI 3a/1a4l IOCIIIIKEHHSL.

Meta Ta 3ana4i gocjaigaeHHsi. MeTol JOCHIKEHHS € po3poOka MoJeNi OLIHIOBaHHS
pPU3UKY 3IiTKHEHHS aBTOHOMHHMX HAJBOJHHUX CYJEH 3 YpaxyBaHHSM BIUTUBY HaBKOJHIITHHOTO
cepenoBuIna. [ TOCATHEHHS MOCTABIEHOI METH CJIiJ] BUPIIIUTH HU3KY HACTYITHUX 3a/1a4:

1. ITpoBecTr MOPIBHUIBHUH aHAII3 ICHYIOUUX MIAXO0/IIB A0 BUPILICHHS Mpo0OIeMH KepyBaHHS
aBTOHOMHUMH CyJHaMM Ta OLIHKHM PHU3UKIB IX 3ITKHEHHS B YMOBaxX HEMOBHOTHU Ta HETOYHOCTI
HaBIrallilHUX JaHUX 1 BIUIUBY 30BHIIIHBOTO CEPEJOBMINA, BH3HAYUTH MOXIIMBI LUIAXH 11
pO3B’sI3aHHS.

2. Po3poOuTH KOHIENTyalbHY MOJEHh OLIHIOBaHHS PHU3HMKY 3ITKHEHHS CyJIE€H Ha OCHOBI
HEUITKOT JIOTIKH, sIKa 3a0e3euye KOMIUIEKCHY OLIIHKY PIBHS PU3MKY 3 YPaxXyBaHHSAM I'€OMETPHUUHHUX
napaMeTpiB 30HM 30JIKEHHS, BIUTUBY (AKTOPiB HABKOJHUIIHBOTO CEPENOBHINA Ta IHAEKCY
HEBM3HAYEHOCTI HaBIraiiitHoi indopmariii.

ISSN-print 2313-4763; ISSN-online 3041-1939



NRWEPIWPIPY: Cynmosoninms Ta enepreTuka cymen

3. Po3pobuTu mporpamHi 3aco0u Ta MPOBECTH TECTOBE IMiTaIliiHE MOJIEITIOBAHHS THUIIOBHX
HaBIraIifHUX CUTYyaIlill 3 METOIO OI[IHKM PU3HKIB 3ITKHEHHS CYJEH 13 3aCTOCYBaHHSM PO3pOOIEHOT
MOJIEJTI.

OcHOBHA YyacTHHA. Y CTaTTi NPOMOHYETHCS MiIXiA 10 OLIHIOBAaHHS PU3MKY 3ITKHEHHS, y
SKOMY OIlIHKa PHU3UKYy 3iTKHEeHb cyneH 3a BenumumHamu DCPA/TCPA posrnsgaeTscsi y SIKOCTI
0a30BOi OCHOBHU, SIKa JOMOBHIOETHCS OI[IHKAMU 30BHIMIHIX (DaKTOpiB BIUIMBY HAaBITaliifHOTO
CEPE/IOBHINA Ta PO3TIISAAETHCS 32 YMOB HAsIBHOCTI YaCTKOBOI HEBM3HAYEHOCTI BX1IHOI 1H(opMmarltii
(HeTOYHOCTI 200 HETOBHOTH HaBiramiiHuX JaHuX). BkazaHa mocTaHoBKa 3ajadi JO3BOJISE IEPEUTH
B1Jl CIPOILIEHOi OLIHKU PHU3UKIB 3ITKHEHHS CYyJEH JIMIIEe 3a MapamMeTpaMu 30JIMKEHHS Ta iX
B3a€EMHOTO PO3TAlIyBaHHS 10 OUIBII pEanicCTUYHOrO Ta IHTErPATbHOTO OLIHIOBAHHS PHU3UKIB, SKE
Kpaie BianmoBigae crnenudini 3acrocyBanus MASS, sumoram MII33C-72, Ta peaqsHUM ymMoOBam
eKCIUTyaTallii aBTOHOMHUX Cy/IeH B yMOBaX IHTEHCUBHOT'O MOPCHKOTO Tpadiky.

[TporioHOBaHa KOHIIENITYyaJdbHAa MOJIENb OILIHIOBAHHS PU3MKY 3ITKHEHHS JUISI aBTOHOMHOTO
HAJIBOJHOTO Cy/Ha (nani — «BiacHe cynHo», BC, a6o «own ship», OS), opienToBaHa Ha poOOTY 3
HaBiramiitHoro AlS-iHdopmariiero BiTHOCHO cTaHIB CyaeH-nivied (mam — «cyaHo-uuibsy, LIC, abo
«target ship», TS) Ta BpaxoBye BILIMB ()aKTOPiB HEBU3HAYEHOCTI.

3amponoHOBaHa MOJIENb Y3TOKYETHCS 3 TEPCHEKTUBHUMU CYyYaCHUMHU TECHJICHIIISIMA
CTBOpPEHHSI METOAIB KepyBaHHiA MASS, a TakoX OLIHKH Ta 3HIKEHHS PHU3HMKIB iX 31TKHEHb:
PO3paxyHKH PU3UKIB 32 TEOMETPUYHUMH MTapaMeTPaMH B3aEMHOTO PO3TallyBaHHS Ta pyXy CyJ/IEeH Ta
PHU3UKIB, 110 BUHUKAIOTh BHACIIJOK 30BHIIIHIX BIUIMBIB [7], BpaxyBaHHs Bumor MII33C-72 y
MOETHAHHI 3 MeEXaMu JOMEHY CyJHa, [0 3a3Ha€ aJanTUBHUX 3MiH [15], BUKOpHCTaHHSA
6araToKpUTepiaJIbHUX OLIHOK Ta HEYITKOi JIoriku [8, 12, 16].

3riIHO 3 PO3pOOJIEHOI0 KOHIENTYaJbHOIO MOJEIUII0, KOMIUIEKCHA OI[IHKA DPIBHS PUBHKY
3ITKHEHHS CyAEH 3MIMCHIOEThCS UUIAXOM IOCIIOBHOTO BHUKOHAHHS HHU3KU PO3PaXyHKOBHX
MPOIIeAYP, SIK1 HABEJICHI Jai.

1. I'eomempuuna oyinka uagicayivinoi cumyayii. 3OIACHIOETbCSI BU3HAYEHHS B3a€EMHOTO
po3TalryBaHHs CyJEH Ta pPO3PaxyHOK I'€OMETPHYHHUX MapaMmeTpiB iX 30JMKEHHS — BU3HAYAIOTHCA
DCPA/TCPA koxnoro [IC. 3 MeTor0 3MEHIICHHS 3aJIeKHOCTI (DYHKIIH HAJIEKHOCTI BiJl pO3MipiB
CyllHa 3aCTOCOBYEThCS 0e3po3MipHa HOpMali3aiis BXIIHUX JaHWX, 3TITHO 3  MIIXOI0M,
3ampoIOHOBAaHUM y po0OoOTI [5]:

D" = DCPA | TCPA
Lo L o+ e

1)

ne Lo — 1oBxnHa BIACHOTO CyJHA, & — MaJluil 1OJJaHOK Il YHUKHEHHS JIIJICHHS Ha HYJIb.

JI0/aTKOBUMH JaHMMH ONUCY HaBiramiiinoi cutyamii €: Ay — BigHocHui Kypc mimi (s
pO3Mi3HABaHHsS THIy HaBiramiitHoi cuTyamii (3yCTpiyHUH Kypc, MEPeTHH KypciB, OOriH), ix
IIBUJIKOCTI Ta 3HA4YeHHA K, =||v;||/||jv,|| — BiMHOUIEHHS MWIBHAKOCTEH, SKE BUKOPUCTOBYETHCS SK
0J1HA 3 KJIIIOYOBMX O3HaK y po3mupenux CRI-meTonukax [6].

2. Busnauemns 6naugy 308HIUHLO2O  CePedoBUA Ma  [HOEKCY  HEeBU3HAYEHOCM
(Oocmogipnocmi) Hagieayitinoi inghopmayii. BIIMB 30BHIMIHBOTO CEPEIOBHUINA OIIHIOETHCS 3

ypaxyBaHHAM JIBOX CKJIAJOBHX: CTaHy 30BHimHboro cepenosuma —(E) Ta meBusnauenocti oninkm
crany 3oBHimHboro cepeposuma —(U) .

Jo cknanooi (E) BxonmaTs: Bitep (mmBHakicTh (Vg ), Hampsam (W)), BupumicTs (Vg ), Tedis
(uBuakicts (V,), Hampsam (C)), piBens xBumopauns (6amn). Cxmagosa U €[0,1] sBnse co6oro

HEUITKY OLIHKY SKOCTI HasBHOI HaBiraliiiHo-mereoposoriunoi iHopmarlii (3a 4acoM OHOBIICHHS,
Y3TOJDKEHICTIO MK JDKEpeIaMH, JUCIEpCi€l0 MPOTrHO3y abo JOCTYIMHICTIO JIAHUX), OCKUIbKU Y
KOHTEKCTI aBTOHOMHOTO CY/JHOBOJIHHS HEBU3HAYEHICTh CEPEIOBHIIA NMPOSABISETHCA HE JUILE SIK
(13MYHMI BIUIMB, a K TOMMJIKA IIPOTHO3Y Ta 3BY>KEHHS MAaHEBPOBOT'O IIPOCTOPY.
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3. Heuimxuni aociunuu eucHoeox. HeUITKMA JOTIYHWII BUCHOBOK 3IIACHIOETBHCS 3
ypaxyBaHHSM JIBOX CKIIQJOBUX: PIBHS PU3UKY 3ITKHCHHS CYJCH, SKUH OOYMOBJICHUH iX B3a€MHUM
po3TallyBaHHSM BIANOBIAHO O HaBITaliifHOI CHUTyalii, O Mae MicIle, —Rye (FIS-1 -

reoMeTpuuHMil pusuk, Bxomum: D, T, Ay k., BuXin — R, ), PU3HKY, COPHYMHEHOTO BIUTMBOM

30BHIIIHBOTO cepenoBuina, — R~ (FIS-2, pusuk 30BHINIHIX BIUIMBIB, BXoau: E Ta U, BHXIO —

Renv )
V3aranbHeHa OlLlIHKa PU3UKY, MOK€ OyTH MPEJCTABIICHA Yy BUIJISIIL:

env

R = Defuzz(G(Ry, Reny P)), 2)

e p — mapaMeTrp 4YyTJIMBOCTI MOENi, KU BU3HAYAE PIBEHb 3arajbHOr0 PU3UKY 3 ypaxyBaHHSIM
THUITy HaBiramiitoi curyanii (torpumanns sumor MII33C-72).

BiamoBigHO 10 OTpUMaHOTO PiBHS PU3UKY (POPMYETHCS BUOIp MaHEBPY aBTOHOMHOTO CY/IHA,
0 COpSAMOBaHMK Ha HOro 3MeHIIeHHs 1 Bignosigae Bumoram MII33C-72, Ta, y Bumaaky
NIEPEBUIICHHS 33JaHOT0 MOPOry, (POPMYETHCSI CUTHAT TPUBOT'H.

4. BusHnauennsi mauespy cyowa ma Oil 1020 PYWIUHO-Kepylouo2o Komniekcy. Pyx
ABTOHOMHOTO CyJHa BiAOYyBa€ThCs BIAMOBIIHO 10 3aIUIAHOBAHOI TPAEKTOpli PyXy 3a YMOB
HETICPEBUILEHHS! TOPOTOBUX 3HAYEHb PIBHSA PU3HMKY, B I1HIIOMY BHUIAJIKY 3JIHCHIOETHCS 3MiHA
TPAEKTOPIi pyxy Ta/abo MIBUAKOCTI, sika Bianosinae pumoram MII33C-72 ta 3a0e3neuye 3HHKCHHS
PIBHS PU3UKY.

CrpyKTypa 3ampOolOHOBAHOI CHUCTEMH OIIHIOBAaHHS PU3UKY 300pakeHa Ha puc. 1. Bona
BKIIIOUae B cebe: mMomaynb 300opy manux (AIS + HapiramiiiHi JaT4YUKA + METEO/T1APO), MOIYIb
OLIIHIOBaHHs reoMmeTpii 36imwkenHs Tta npornosy DCPA (oGuucienns D™, T ,Aw,k,), mMoayib

OI[IHIOBaHHS CTaHy HABKOJHUIIHHOTO CEPEIOBHINA Ta 1HICKCY HEBU3HAYCHOCTI HABIrallIMHUX JaHUX
E,U monyns meuitkoro moriunoro sucHoBky (FIS-1/FIS-2 + MII33C-72), MOAyNlb OLUHKK

1JICYMKOBOT'O PIBHS PU3UKY R Ta OIIHKM KPUTHYHOCTI CUTYaIlil, MOAYJIb IJIAHYBaHHS MaHEBpPY, Ta
MOJ1yJIb KEpyBaHHS PYIIIHHO-KEPYIOUUM KOMIUIEKCOM aBTOHOMHOTO Cy/IHA.

Moyb OL[iHIOBaHHS CTaHy Moysis po3paxyHKy Monys nianyBanus
i — . . MaHeBpy
Moy 360py Mozyib omiHKI | [ HABKOTHIIHEOIO CepEOBHIILA Hi/ICYMKOBOTO piBHst .
T2 06pOGKH HABIrALIHHOT | o) FeOMeTpVngMX napameTpiB Ta {HeKCY HeBmHaquochﬂ DH3HKY Po3paXyHOK KepyBab,
i SOIKCHHS HaBirariifHux JaHux
inpopmarii ) - R
(op DCPA, TCPA nporos R oOuinxa MII33C-72 ninaHyBaHHs
= = * o KPHTHYHOCT, TPHBOTA
s, (L) DT Ay,k, ¥ g I
- Moyib HEYiTKOro Mopyib KepyBaHHS
AlS . JIOTiYHOTO BUCHOBKY pymiiiHo-KepylounM
A -+ - -2 + A
1 FIS-1/FIS-2 + MII33C-72 KOMILIEKCOM
Mereo / Fiapo ABTOHOMHOT'O Cy/HA

Pucynok 1 — CTpykTypHa cxeMa CHCTEMH OILIHIOBaHHS PHU3UKIB 3iTKHEHh MASS

TakuM 4YHMHOM, BIANOBIAHO 0 3alpPONOHOBAHOTO METOMY OILIHKH PHU3HKIB 31TKHEHHS
ABTOHOMHHUX CYyJ€H, IPU OJHAKOBiIM reoMeTpii 30JMKEHHs, MOTIPLIIEHHS CTaHY HABKOJIMIIHBOTO
cepenoBuIa Ta/abo 3pOCTaHHS HEBM3HAYEHOCTI HABIFAI[ifHUX JAaHUX CIPHSE IMiIBUINECHHIO PiBHSI
HiICYMKOBOI'O PU3UKY, OCKUIBKHM 3pOCTa€ MOXUOKAa MPOrHO3y Ta 3MEHIIYEThCS 3arac KepOBaHOCTI
CYTHOM.

3 METOr0 MepeBIPKH MPaIe3aaTHOCTI 1 BATITHOCTI 3aIIPOIIOHOBAHOT METOJIUKHU OI[IHIOBaHHS
PU3UKIB 3ITKHEHHS AaBTOHOMHMX CYyJEH 13 3aCTOCYBAaHHSIM BHIIEHABEJACHOI MOJENi Ha OCHOBI
HEYITKOi JIOTiKH, OyJi0 po3po0JeHO aBTOPChKE MporpaMHe 3a0e3medeHHs MJisi TPOBEICHHS
iMITalifHOTO CIIEHAPHOT'O MOJIEITIOBAHHS.

[Iporpamuy peanizaiito BUKOHaHO MOBOIO JavaScript y cepeaosuiii Node.js, 1110 103BoJIsIE
3alycKaTh MOJEJIOBAaHHS JIOKaJdbHO, (opMyBaTh TabnuuHi pesynbtath y ¢opmari CSV Ta
reHepyBaT TpadivuHy Bizyamizaiiio 3MiHH PU3HKY B 4aci. Po3poOsieHe mporpamHe cepeoBHINE
MpU3HAYCHE Ui MONEPeHbOI aHATITHYHOI ampoOarlii MoJeNi B THIIOBUX CHUTYAIisiX 30JIMKEHHS
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CYICH 1 JTO3BOJISIE JOCITIIUTH, SIK 3MIHIOETHCS TIICYMKOBUH PH3UK 3AJIEKHO BiJ TEOMETpii pyXy,
CTaHy HaBKOJIMIIHBOTO CEPEIOBHUIIA, HEBU3HAUCHOCTI BXiAHUX AaHuX Ta BuMmor MII33C-72.

[lepen modaTkoM IMITAIIfHOTO MOJETIOBAaHHS B MPOTpaMi 3aJal0ThCs OTIOPHI MapaMeTpu
CIICHApiI0 MOJIETIOBAHHS: KiJBKICTh CYJ€H, MOYATKOBI KOOPAWHATH BIIACHOTO CyJHA Ta I[LIbOBUX
CyJlleH, IIBHJIKICTh, KypC pyXy, THII CHUTyamii 30JMXKCHHs, pOJIi CyJIeH, a TaKOX MapaMmeTpu
HABKOJIMIIIHBOTO CEPEIOBUIIIA: IIBUIKICTh BITPY, IIBUAKICTh TE4ii, piBEHb XBUIIOBAHHS, BUIUMICTh
Ta YMOBHa OIliHKa IKocTi AIS-nanux. /[t K0’kHOTO Cy/1Ha pyX 3a/1a€ThCs y IBOBUMIPHIH IUIOIINHI,
KOOpJIUHATH TOJAIOTHCS B MOPCHKHMX MUJISIX, MIBUIKICTh Yy BY3JlaX, a Kypc y rpamycax. Takox, 3
MeTOI0 po3paxyHKy BemuuuH D” Ta T 3a3HauaeThes noBxkuHA L BracHoro cymua (y HaBeIeHHX
HUKYE CIEHAPIsIX iMITAIliHHOTO MOAENOBaHHS 3acTocoBaHo 3HaueHHs L=100 m). /{7151 OLliHKH piBHA
pU3UKY 3acTocoBaHO HacTynHy JiHrBicTHuHY mkanty: 0.00-0.30 — nuzpkwii; 0.31-0.60 — cepenniii;
0.61-0.80 — Bucoxwuii; 0.81-1.00 — kpUTHYHUIA.

Tabmus 1 — Crenapii iMiTaliiiHOTO MOAETIOBAHHS HABIral[IHUX CUTYaIlii

TpbOMa CyHAMH B
oOMeskeHil akBaTopii

TTOMIipHHH BiTep,
IHTEHCUBHUM JIOKAIBHHAN
Tpadix

B3a€EMOJIIE 3 IBOMa
LC, pi3Hi pomi s
nap cyjeH

Ne | Kinokicmo Tun cumyauii Cman nasxonuminvoco | MII33C-72-pons Ilogedinka I]C
cyoen 301udCeHNA cepedosuua BC1IcC abo zpynu cyoen
1 2 3 4 5 6
1 2 Pyx Ha 3ycTpiuHHX Kypcax [MTomipHwmii BiTEp B3aemue po3xomxke- IIporuozoBana,
3a MOMipHHUX YMOB 10-15 Bys3., HHs, 00UIBa CyIHA CBOEYACHA PeaKIlis
XBUIIIOBaHHS 2 Oaw, JFOTH 34 JIOTIKOO 000X cyzaeH
no0pa BUAUMICTD 3yCTPIYHOTO
30MKEeHHS
2 2 Pyx Ha 3ycTpiuHHX Kypcax [TomipHi ymoBH, B3aemue InepTHa abo 3amizHiIa
3a MOMipHHUX YMOB J00pa BUAUMICTD PO3XOKEHHS, peaxiist
0e3 cBoeyacHOI 3MiHH 3aTpUMKa MaHEBPY
kypey LIC e
3 2 [lepetun kypcis, Jlo6pa BUAUMICTD, BC - cynHo, mo mae LC nie
BC moBHHHO MOCTYIHTHUCS ciabka Teyist MOCTYMUATHCS MIPOrHO30BAHO,
JIOPOTOI0 noporoto, 1IC — 30epirae Kypc i
CyJTHO, 1110 30epirae IIBUJIKICTh
KypC 1 HIBUAKICTH
4 2 Ieperun kypciB 3a yMOB Bitep 22-28 By3., BC — cynno, mio mae | TloBesinka 3arajiom
CHIJIBHOTO BITpY Ta Teuil teuist 1.5-2.0 By3., MOCTYTUTHUCS MIPOrHO30BAaHA, aje
XBHUJIIOBaHHS 3—4 Oann Joporoto, LIC — MaHEBp yCKIIaJHEHUH
Cy[THO, 110 30epirae 30BHIIIHIMA
Kypc 1 MIBUAKICTH 30ypeHHsIMHU
5 2 ITeperun kypciB, y sskomy | [TomipHi ymMoBH, m00pa BC — cyaHo, sixe ITopyenss npaBun
BC 306epirae kypc i BHINMICTh 30epirae Kypc i MII33C-72,
mBUIKiCTh, aste [[C He mBUaKicTs, [1C — BiZICYTHi
BHUKOHYE OYiKyBaHHUI CYJTHO, 1[0 Ma€ CBO€YACHUI MaHEBD
MaHEBp IIOCTYIIUTHUCS 1c
JIOPOTOI0
6 2 OOriH 3a cnokiiiHux ymoB | Cnokiiine Mope, noopa | CyaHo, sike oOrausie / [IporHozoBana
BUIUMICTD CYJTHO, SIKE MOBEIiHKa, CTabIbHA
00TaHSIOTh IIBUJIKICTb,
MPOTHO30BAHUM
MaHEBp
7 2 OOriH i3 panToBUM Crokiitae mope, noopa | CyaHo, sike oOraHse / HecnoxiBane
3MEHIICHHSAM IIBUAKOCTI BHIUMICTh CYITHO, SIKE 3MEHIICHHS
c 00raHsroTh mBuakocti [IC
8 3 BararocynaoBa cutyartis 3| OOMexeHa akBaTOPis, BC onnouacno OmHe cyIHO Hmie

MIPOTHO30BAHO, iHIIIE
pearye i3 3ami3HEHHIM
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ITponmosxenns Tabmui 1

3 4 5 6
4 BararocynnoBa curtyanist 3| OOMexeHa akBaTopis Just pizHUX map YacTkoBO iHepTHA
YOTHpMa Cy/HaAMH Ta MaHeBpY, OMipHe OJTHOYACHO peakis cylieH,
pizaumu MII33C-72- XBIJIIOBAHHS, BUHHKAIOTh PO oOMerkeHa akBaTopis
pomsMu HeomHOpinHUHA Tpadik | cynHa, mo 30epirae JUISL MAHEBPY
KypC 1 MIBUAKICTB, Ta
CyZHa, 1[0 Ma€
MOCTYIUTHUCS
JOPOTOI0
2-3 Cutyanis «toproBensHe | Ilpubepexnmii paiion, | Poiub 3amexurs Bin Heperymnspaa
CyIHO + puOOIOBHE MMOMipHE XBIJIIOBaHHS, | (PaKTHYHOTO CTAaTyCy TpaekTopis abo
CyITHO» aKTHBHA pHOOJIOBHA puOOIOBHOTO CyAHA 3MiHHUH pEXUM
00CTaHOBKa Ta reoMeTpii IIBAIKOCTI
30JIMKEHHS pHrOOJIOBHOTO Cy/IHA
11 2-3 [eperun kypciB i3 [TomipHi moroaui ymoBH,| Poib BuzHauaerhes | [ToBenminka yacTkoBO
HEIIOBHUMH 200 ajie HU3bKa SKicTh AlS- 3 HIKYOIO CIIOCTEPEKyBaHa,
BicyTHIMH AlS-nanumu JaHUX JIOCTOBIPHICTIO uepe3 IPOTHO3 PYXY
HETOBHOTY AaHUX HECTIHKHUA
12 3+ BararocynnoBa cutyanist | Buanmicts < 1 muii, st kiTbKOX map ITepeBaxHO
3a TI0TaHO1 BUJMMOCTI XBHWJIIOBaHHS 3 Oai, CyJICH BUHUKAIOTh obeperxHa, ane
00OMEeXEeHUI POoCTip pi3Hi poii, oKpeMi HEO/IHOpiHA 32
IUISL MAaHEBPY B3aeMOi TEMIIOM PeaKIis
noTpeOyIOTh KOXKHOTO CyIHa 3
TEpMiHOBOTO MaHEBPY IpyIH
CyZHa, 1[0 Ma€
MOCTYTTUTHUCS
JOpOTOI0
13 4+ BararocyzHoBa cutyartis Birep 25-30 By3., Jis KipKOX map Opne cyaHO nie
13 CHJIBHUM BITPOM, teuis 1.5-2.0 By3., CyJIeH BUHUKAIOTh HerepenoauyBaHo/
TE4i€ro Ta XBHJIIOBaHHS 4—5 OaliB, pi3Hi pouni, PHM3HUKOBO, 1HIII
HerepeadauyBaHOIO 3HW)KEHA BUJIUMICTh OKpeMi B3aeMOIii MaHEBPYIOTH 3
MOBEAIHKOIO0 OJTHOTO i3 oTpedyroTh 0OMEXECHHIMHU
CyJiIeH TEPMIHOBOI il
14 2 Ieperun kypciB 3i YckinaaHeHi, ane BC — cyano, mo mae | LIC 306epirae kypc i
CBO€YACHUM MAHEBPOM | KOHTPOJIbOBaHI YMOBH: MOCTYIHTHCS mBuaKicTe; BC
BC BiTep O1M3bKO 22 BY3., nopororo; LIC — CBOEYACHO BUKOHY€E
Tedist Onm3bko 1.4 By3., | cynHo, mo 30epirae MII33C-72
XBIITIOBaHHS 3—4 Oann, | Kypc i DIBUOKICTE | -y3romkeHHit MaHEBD,
TTOMipHa BUIUMICTD BHACJIIIOK YOTO
JTUCTAHIIIA
PO3XO/IKEHHSI
301IBIIYEThCS, &
PH3HK [TOCTYOBO
3MEHIIYETHCS
15 2 OOTriH 13 KOPEKIIi€l0 IMomipHo ycknanueni | CynHo, sike ooranse / | LIC pyxaeTbes cTano,
JCTaHIIT YMOBHU: CYJIHO, SIKE BC kopurye
BiTep OJMU3bKO 23 BY3., 0OTaHSOTh, TPA€EKTOPit0 OOTOHY Ta
Tedist Onm3pko 1.3 By3., | B3aeMHa cuTyaniiiHa | minTpumye O6e3nedny
XBIITIOBaHHSA 3—4 Oaiw, BiJINIOBiTAJTEHICTH OOKOBY JWCTAHIIIIO,
TTOMipHa BUIUMICTD yepes mo DCPA
30impmyethes, TCPA
BIIIAIAETRCS, a
MICYMKOBHH PHU3UK
3HUIKYETBCS

VY mporeci poOOTH mporpamMa MOJEIIOE MePEMIIICHHS CY/IeH y Yaci 3 (pikcOBaHMM YaCOBHM
kpokoM. Ha koxxHomy kpoti 1utst koxxHoT nmapu «BC — LIC» 06uuncioThes napaMeTpy HalOImK4oi
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touku 30mxeHHss DCPA 1 TCPA, iX HopMOBaH1 3Hau€HHs, Ta BU3HAYAETHCSI TEOMETPUYHUIN PU3UK
Rgeo. Jlami oxpeMo 3IIHCHIOETBCS PO3PAaXyHOK PHU3UKY Renv, 110 BpaxoBye BIUIUB BITpY, Teulii,
XBWJIIOBaHHS Ta BUAMMOCTI. Takox ¢opmyeTbes 1HAEKC HeBu3HaueHocTi U, sikuii BijoOpakae
HaAIMHICTh BXIJHUX JaHMX 1 HOporHosy pyxy cyzaeH. MII33C-72 BHUKOPHUCTOBYIOThCS SIK
nporeypHuil Moan(ikaTop, o A03BOJISIE BpaxyBaTH, yi € BC cyTHOM, 110 MOBHHHO MOCTYIUTHCS
JIOPOTOI0, CYyTHOM, II0 Ma€ 30epiratu Kypc i MBUAKICTh, 800 YYaCHUKOM 0araTocyaIHOBOI CUTYyallii
31 3MIIIAHUMHU POJISIMHU.

3a pe3ynbTaTaMM IMITaliHHOTO MOJENIOBAHHS BHILIEHABEICHHUX CLIEHapiiB Oynu OTpUMaHi
OKpeMIl Ta y3arajibHeH1 OL[IHKU PiBHIB PU3UKY (TalI. 2).

Tabmuis 2 — Pesynbpratu fuzzy-based ouiHOBaHHS pU3HKY 31TKHEHHS CYJEH 3a CLIEHapisiMuU

No DCPA, nm TCPA, x¢ U Rgeo Renv Riotal Pigensv puzuxy
1 0.28 12 0.18 0.64 0.24 0.49 Cepeniii
2 0.19 10 0.22 0.76 0.25 0.67 Bucoxkwuit
3 0.26 13 0.18 0.58 0.20 0.54 Cepenniit
4 0.24 12 0.38 0.61 0.62 0.72 Bucoxkwuit
5 0.25 12 0.22 0.60 0.24 0.80 Bucokuit
6 0.40 22 0.10 0.32 0.10 0.23 Hwuspkwuii
7 0.20 10 0.18 0.71 0.12 0.64 Bucoknit
8 0.19* 8* 0.40 0.74 0.44 0.76 Bucokwuit
9 0.16* ™ 0.46 0.80 0.48 0.83 Kpurnunmii
10 0.22 10 0.52 0.64 0.36 0.75 Bucokwuit
11 0.26 13 0.72 0.58 0.20 0.68 Bucokuit
12 0.18* 8* 0.65 0.75 0.71 0.86 Kpurnunwuii
13 0.15* 6* 0.68 0.84 0.83 0.92 Kputnunuii
14 0.85 24 0.16 0.18 0.22 0.28 Husbkuit
15 0.70 25 0.12 0.22 0.10 0.24 Husbkuit

* — y 3a3HaUEHMX PAJKAX PIBEHb PU3UKY PO3PAXOBAHO JUIsl HAHOUIBII HEOE3MEYHOTO CyIHA

Jlnst GaratocyJHOBHX CIIEHApiiB MporpaMa BUKOHYE IOMAapHE OIlIHIOBAHHS B3a€EMOJINA MiX
BJIACHUM CYJTHOM 1 KOXXHUM IIUIbOBUM CYAHOM. Y TIOTOYHIM peamizamii A MiJCyMKOBOTO
MIPEJICTaBIICHHS OOMpaeThCs HAWOUTBII HeOe3levHa mmapa CyJieH 3a MaKCHUMaJbHUM 3HAYCHHSIM
Rtotal. Takuii minxin A03BONsS€ BUAUTUTH HAHKPUTHUYHINIY B3a€MOJII0 B MeXax 0araTocyIHOBOT
HaBiramiiiHoi curyartii. Pesynbratn pobotu mporpamu 30epiraroTecst y BUrIsiai tTadauips CSV, ski
MOXYTh OyTH BUKOPHCTaHI Ui TOJAIBIIOr0 aHamidy Ta moOymoBu rpadikiB. JlogaTkoBO
nporpamHe 3abe3nedeHHst popmye rpadiuHy Bizyamizario 3MiHH Riotal, Rgeo Ta Renv y waci mist
KO>KHOTO OKpeMOro clieHapito. Taka Bi3yami3alis J03BOJISIE€ MPOCTEXKHUTH, K MiJICYMKOBUN PH3UK
3MIHIOETBCS BIIPOJIOBK PO3BUTKY KOHKPETHOI cuTyarii 301mKkeHHs. Ha puc. 2 HaBeIeHO NpuKian
po0OoTH IIporpaMu IS ClieHapiro 4.

OxkpiMm TpadikiB AT OKPEMHUX CIIEHApiiB, MporpaMHe cepeaoBuIle (HOpMy€e TOPIBHIIBHY
Bi3yauni3alilo JWHAMIKK MiJCYMKOBOTO PU3MKY JUISI KUJIBKOX PEMpe3eHTaTUBHUX cleHapiiB. s
MPUKJIQTy TaKOTro TOpPIBHSHHSA 00paHo cueHapii 1, 4, 8, 13 Ta 14, sKi OXOIUIIOIOTH Pi3HI THITH
CUTYyallili: 3yCcTpid Ha 3yCTPIYHUX KypcaX, MEPEeTHH KypCiB 3a CKJIATHUX YMOB, O€3MEYHUN OOTiH,
0araToCyJJHOBY CHTYallil0 Ta KPUTHYHY OaraToCyJHOBY CHTYaIlif0 32 YMOB CHJIBHOTO BIUIUBY
cepelioBUINA. 3a3HaYeHa MOMJIMBICT JO3BOJISIE 3pOOMTH HAOYHE TOPIBHSIHHA BiIMIHHOCTI
OTPUMAHUX pIBHIB PH3UKY 3ale)KHO BiJ THUIY 30JMKEHHS, 30BHIIIHIX YMOB Ta CKJIQJHOCTI
HaBiraiiitHoi curyariii, puc. 3.
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3 METOK TMIJBWINEHHS BiJATBOPIOBAHOCTI JIOCHIKCHHS BUXIJIHUNA KOJI aBTOPCHKOTO
MIPOrPaMHOTO CepeloBUILA PO3MIILIEHO y BIZIKPUTOMY GitHub-peno3uTopii:
https://github.com/Ipelykhivskyi/mass-collision-risk- S|mulat|on [18].

CueHapiit 4 — nepeTuH Kypcis 3a ymos cunbHOro BiTpy Ta Te!
BITEQ 22-28 kn, Te 1.5-2.8 kn, xsunwBawHs 3-4 G6anu. 0S - give-way; TS — stand-on. Moseginka 3aranoMm nNporHo3oBaHa, ane MaHesp yCKNafHeHWH 30BHIWHiMK 36ypeHHaAMK

i T e ey

CSV saved to: /Users/leonidpelyhivskyi/PhD/projects/mass-collision-risk-simulation/simulation_results/scenario_4_results.csv
SVG plot saved to: /Users/leonidpelyhivskyi/PhD/projects/mass-collision-risk-simulation/simulation_results/scenario_4_risk_plot.svg

PucyHok 2 — 3MiHM T€OMETPUYHOTO, CEPEIOBUIIIHOTO Ta MiJICYMKOBOTO PH3HKY 3ITKHEHHS JUIs CLICHapito 4

MopieHAHHA auHaMiku R

\otal BV1A PENPE3EHTATUBHUX CLEHapiiB

= Cu. 1: R=0.49
= Cu.4:R=0.72
0.8
= Cu. 8: R=0.76

= Cu. 13: R=0.92

0.6
= Cu. 14: R=0.28

0.4

MipcymkoBuin puank Riotal

0.2

0.0 T T T |
0 5 10 15 20
Yact, xs

Pucynoxk 3 — [lopiBHSHHS TUHAMIKH ITiICYMKOBOTO pru3uKy Rtotal miist pisHUX clieHapiiB

Peno3uropiii MICTUTh peai3amlil0 CIEHAPHOTO MOJENIOBAaHHS, MPHUKIAAH BXIIHUX
cueHapiiB, pospaxyHok DCPA/TCPA, nHopmamizaimito mapameTpiB 30JUXKEHHS, OIIHIOBAaHHS
TE€OMETPUYHOTO Ta CEPEJOBHIIHOTO PHU3UKY, IHAEKCY HEBH3HAYEHOCTi, JOTPUMAHHS BHUMOT
MII33C-72 ta dopMyBaHHS MiICyMKOBOTO PU3HUKY.

Crnig 3a3HauWTH, 1O pPO3pobIeHEe MporpamMHe 3a0e3meueHHsT HOCUTh JOCITITHHUIBKHH 1
JEMOHCTpAIIHUI XapakTep, 1 HOro OCHOBHE IMPU3HAYCHHS TOJSITae B anpoOariitHii mepeBipin
JIOTIYHOT y3TO/PKEHOCTI 3ampoIrOHOBAHOT MOJIEN Ta JEMOHCTpAIlil MOMJIHMBOCTI ii IMOAANBIIOI
MporpamMHOi peajizalii B CUCTeMax MATPUMKH MpUUHATTS pimeHb MASS. Iloganpima Basmigartis
MoJleni Mae TependadyaTd BUKOPUCTAaHHS peanbHUX AlS-manux, AlS+weather BubGipok a6o
npogeciifiHOro HaBiramifHOro CUMYJISTOpA.

BucHoBku. Po3po0iieHO KOHIENTyallbHy MOJETh OLIHIOBAaHHS PU3HMKY 3ITKHEHHS ISt
aBTOHOMHUX HAJBOJHHX CYJCH, SIKa MOEIHY€E KJIACHUHI mapameTpu DCPA/TCPA 3 I0JaTKOBUMHU
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KiHeMaTHYHUMH iHguKatopamu (Aw,K,) Ta QakTopamMyu BIUIMBY HAaBKOJMIIHBOIO CEPETOBHUINA

(BiTEp/TEUis/XBIITIOBAaHHS/BUAUMICTD), IO JO3BOJIIE BpaxyBaTH OCOOJHMBOCTI OIIIHKH PH3HKIB
3iTKHEHb Ta TPOIECIB KEPYyBaHHS, sSKi MpPUTaMaHHI aBTOHOMHUM HaaBomHuM cyaHam (MASS).
BinMiHHMME pucamu, 10 BU3HAYalOTh HAYKOBY HOBHM3HY 3aIllPOIIOHOBAHOTO MIIXOJY Y HOPIBHSAHHI
3 BXKE ICHYIOUMMH, € Te, [0 Y pO3poONieHId MOAEeNi MOEIHAHO, alleé CTPYKTYPHO PO3MOIiICHO
BpaxyBaHHS HaBIraliiHUX pPU3UKIB, OOYMOBJIEHMX K TE€OMETPUYHUMH MapaMeTpaMmu
pO3TallyBaHHs Ta PyXy CYAEH, Tak 1 (pakTopaMu BIUIMBY 30BHIIIHBOI'O CEpPEIOBHILA, HEMIOBHOTU
a00 MOMUJIKOBOCTI HasSBHMX HaBIralliiHUX JaHUX, a TAKOXK JOoTpuMaHHsIM Bumor MII33C-72.

[IpakTyHe 3HauYeHHsI PO3POOKM MOJIAra€ B TOMY, IO IPONOHOBAHA MOJENb MOXE OyTH
BUKOPUCTaHA $IK JUIi OLIHKM PH3UKY Yy AaBTOMAaTH30BaHMX CHUCTEMax IUIaHyBaHHS MaHEBPY
aBTOHOMHUX CYJIEH, & TAKOX y OeperoBUx LIEHTpaX MOHITOPUHTY pyxy MASS.

OOMexeHHs: MOJieNl € TUIIOBUMH JUIsl HEUITKMX CUCTEM 3aCHOBAHMX Ha MpaBmiax — (QyHKIIT
HaJIE)KHOCTI Ta IpaBWiia NOTpeOylOTh KaniOpyBaHHA MijJ paiioH IJIaBaHHS Ta Kiac cyaHa. Takox
CJIil BpaxoBYBaTH, WLIO JJIsl CTBOPEHHS NPAKTUYHO MPHJIATHUX Ta CEPTU(IKOBAHUX CHCTEM
aBTOMATHU30BAHOTO KepyBaHHS pyxoM MASS norpiOHa HajexkHa Bajifallisi Ha IIMPOKOMY HabOpi
CIICHapiiB Ta 30BHIMIHIX ()aKTOPiB BILUIMUBY.

IlepcnekTHBH MOAAIBIINX A0CHiIxKeHb. [lofanbui 10CHiKEHHS JOUUIBHO MPOBOAUTH Y
HanpsIMKy BHBYCHHS BIUIMBY Ha PIBE€Hb PU3HKIB 3iTKHEHh MASS okpemMux pailoHIB IUIaBaHHS,
THUIMIB CyJIeH Ta MOTroJHUX yMOB. OKpeMHUM BaXXJIMBUM HANPSMKOM MOAAIBIINX JOCITIIKEHb TOCTA€E
BU3HAQUYEHHS Ta BHBYCHHA EMIIIPUYHUX 3aKOHOMIPHOCTEHl MOBENIHKM CYJIEH Yy THUIIOBHX
HaBITal[IfHUX CUTYaLIAX Ta I1] BIUIMBOM XapaKTEPHUX IOTOIHUX YMOB.
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Ben A. P., Pelykhivskyi L. O., Voronenko S. V. A COLLISION RISK ASSESSMENT MODEL FOR
AUTONOMOUS SURFACE VESSELS CONSIDERING ENVIRONMENTAL INFLUENCES

The article is devoted to the development of a fuzzy logic-based model for assessing the collision risk of
autonomous surface vessels under conditions of environmental uncertainty. The current state of development
of collision avoidance systems for autonomous vessels is considered, and the key challenges associated with
the processing of incomplete and imprecise navigational data are identified. A comparative analysis of existing
approaches to collision risk assessment is carried out, in particular methods based on the distance and time to
the closest point of approach (DCPA/TCPA) and fuzzy logic, with their advantages and limitations determined.
A conceptual fuzzy logic-based model for ship collision risk assessment is proposed, providing a
comprehensive evaluation of the risk level by taking into account the geometric parameters of the encounter
area, the influence of environmental factors, and the uncertainty index of navigational information. A
distinctive feature of the proposed model is the separation of geometric and contextual risk components, as
well as the use of a two-layer fuzzy inference system that takes into account the constraints of COLREGs-72. It
is shown that the integration of fuzzy logic methods, multi-criteria analysis, and new approaches to modeling
environmental uncertainty can improve the reliability of risk assessment under real operating conditions of
autonomous vessels. The structure of the developed risk assessment system is presented, its operation is
demonstrated using typical ship encounter scenarios, and the degree of influence of external factors, including
wind, current, and sea state, on the formation of the risk level is determined. Directions for further research
are identified, in particular the use of fuzzy systems and evidence theory methods to account for the uncertainty
of environmental factors affecting the motion control of autonomous vessels.

Key words: fuzzy logic; collision risk assessment; autonomous surface vessels; MASS; DCPA; TCPA;
COLREGs; navigational safety; uncertainty; artificial intelligence; control systems.
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SHUKEHHS ITYMOBOTI'O 3ABPYTHEHHA CYJEH HIJISIXOM
CIHHEKTPAJIBHOI IJIEHTU®IKALII BIFPOAKYCTHYHUX
IMPOLECIB IN3EJIb-TEHEPATOPA

Kyuepenko B. YO., acnipanm, cmapwuii euxnaday xagheopu cyOHOB0OIHHA i MOPCLKOL
besneku (00ecbk020 HAYIOHANLHO2O MOPCbKO2o YHisepcumemy, M. Odeca, Yxpaiua,
e-mail: kucherinho@gmail.com, ORCID: 0009-0008-4906-9726;

Measuuk O. M., o0.m.H., npoghecop, 3asioyseau kagedpu cyOHOBOOIHHA [ MOPCLKOL

oesneku (00ecbk020 HAYIOHAILHO2O0 MOPCbKo20 YHigepcumemy, M. Qdeca, VYkpaina,
e-mail: m.onmu@ukr.net, ORCID: 0000-0001-9228-84509.

YV oanini pobomi nooano pezynrbmamu excnepumMenmanbHo20 OOCHIONCEHHs. Ma CNEKMPAIbHOL OlaeHOCMUKU
BIOPOAKYCMUYHUX NPOYeCi8 CYOHOBOI eHepeemuyHol YCMAaHO8KU 6 YMOBAX MPbOX XAPAKMEPHUX PeNCUMIE
EeKCRLyamayii: Xonocmo2o xo0y, 4acmroeo2o nasanmaoicenus 18 kBm ma poboyoeo nasanmaoicenns 36 kBm.
Axmyanvricmb  00CHIONHCeHHsT 00YMOBNIEHA CYHACHUMU GUMO2AMU 00 3HUJICEHHS NIOBOOHO20 ULYMOBO2O
BUNPOMIHIOBAHHS CYOeH, NIOBUUEHHS DI6HS eKON02IUHOI be3neKu MOPCbKO20 MPAHCHOPMY Ma HeoOXIOHIiCmIo
B600CKOHANEHHL Memo0ie 6opmoeoi diazHocmuKyu Odxcepei CmpyKkmypHoeo wymy i siopayii. Ocobaugy ysaey
NPUOINEHO AHANI3Y HUZLKOYACMOMHUX CKIAO008UX, fAKI € HAUOLnbwl IHOOPMAMUSHUMU NPU OYIHIOBAHHI
MEeXHIYHO20 CMAHY CYOHOBUX OU3ETbHUX eHepeemUYHUX YCMAHOB0K I (hOpMYSaHHI NI0BOOHO20 AKYCMUYHOZO0
noas cyouwa. ObpobienHs eKCnepuMeHmMAalbHUX CUSHANI8 SUKOHAHO MemoOOM OUCKDEMHO20 NepemeopeHHs.
Qyp’e 3 nooanvuum GUOLIEHHAM OOMIHYIOUUX 2APMOHIYHUX KoMnoHewmig y Oianasowi 0-200 Ivy. [na
00CIOHNCeHHsT BUKOPUCMAHO Pe3VIbMami  OOHOYACHO20 3aNUCy AaKYCMUYHUX [ 8ibpayitiHux cueHauis,
OMPUMAHUX 13 3ACMOCYBAHHAM CEHCOPHUX KAHANI8 KOHMPOIIO CIMPYKMYPHUX KOIUBAHb A HUZLKOYACTNOMHOL
akycmuku. Y npoyeci cnekmpanibHo20 aHanizy 8CMAHOGNEHO, WO HAUOLIbU THHOPMAMUBHUMYU € 2APMOHIKU
25,1; 50,2, 100,2; 150,4 ma 1755 [y, ski nog’sisami 3 nopsaokamu o00epmanHs 6any, YUKIOBOHO
HEPIBHOMIPHICMIO KPYMHO20 MOMEHMY, THEPYIUHUMYU CUNAMU NOPUIHEBOI epYnU, PE30OHAHCHUMU KOTUBAHHAMU
KOHCMPYKMUGHUX eNleMEeHMI8 ma CMPYKMYPHUM NepeodéaHHsM 8iOpayiinoi eHepeii Kopnycom CyOHO80i
VCMAHOBKU. 3anponoHO8AHO GUKOPUCHAHHS [HME2POBAHO20 AHANIZY AKYCMUYHUX | 6IOPAYIUHUX KAHANIE 5K
ehekmueHo20 IHCMpyMeHmy O KOHMPONIO KPUMUYHUX Dedcumie podomu CYOHOBUX eHepeemUuYHUX
VCMAHOBOK, GU3HAYEHHS KOeDIYiEHmMa HepiGHOMIPHOCMI 00epMAaHHsL KOMIHYACMO20 8AJlY, PAHHbO2O BUSGIEHHS
Oeghexmie ma OOTPYHMYBAHHS eKCNLyamayiiHux 3axo0i8 3i 3HUNCEHHS UWYMOBO20 SUNPOMIHIOBAHHS CYOeH |
niosuUUeHHs eKOI02IYHOI eqheKMUBHOCI MOPCbKO20 MPAHCHOPIY.

Knrouosi cnosa: cyonosa ewmepeemuuna yCmaHo8Kd, 6iOpOAKyCmMuUKd, Ni080OHe UyMo8e SURPOMIHIOBAHHS,
ouckpemne nepemeopenHa @Dyp’e; cnekmpanvuull awaniz;, Koeghiyienm HepigHOMIpHOCMI 00epmMAaHHs
KOMIHYACO020 8ay; 8ibpayis, 2apMoHiKu.
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Beryn. CynHOBI  Ju3enb-T€HEpaTOpPHI YCTAaHOBKM € OJHMMH 3 OCHOBHHX JDKEpen
HU3bKOYACTOTHOI BiOpamii Ta CTPyKTypHOrOo IIyMy Ha MOPCBKHX CyaHax. JluHamiuHi
HaBaHTAXEHHS, 110 BHHUKAIOTH YHACHIJIOK HEPIBHOMIPHOCTI KpPYTHOTO MOMEHTY [JU3€J,
MEePiOANYHOI i Ta30BUX Ta 1HEPIIMHMUX CHJI KPUBOIIMITHO-IIATYHHOTO MEXaHI3My, NepeaaroThCs
yepe3 OMOpHiI eleMeHTH, QyHJIaMEHT 1 KOPITyCHI KOHCTPYKIIi cyfaHa. Y pe3yibTaTi GOpMYyeThCsS
CKJIagHe BiOpOaKyCTHYHE TOJIe, SIKe BH3HAYA€ PiBEHb IIYMY B MAIIMHHOMY BIIJIJICHHI Ta MOXKE
BIUIMBATH Ha IiJIBOJIHE IIIyMOBE BUIIPOMIHIOBAaHHS CyJHa. Y CydyaCHMX yMOBaXx eKcIUTyaTalii cyaeH
aKTyaJbHUM € HE JIMIIE 3HWKEHHS IHTErpallbHOTO DPIBHS IIyMy, a W BHU3HAYEHHS KOHKPETHHX
YaCTOTHUX  CKJIAJIOBUX, TMOB’SI3aHMX 13 poOOTOI0  BaJONpPOBONY, IOPILIHEBOI  IPYIH,
ra30po3MOAIIBHOTO MeXaHi3My Ta KOHCTpyKTuBHUX eneMmeHTiB CEY. Tomy BukopucTaHHSA
CIIEKTPAJIBLHOTO aHATI3y aKyCTHYHUX 1 BIOpAIIMHUX CHUTHATIB € JOMUIBHHM 1HCTPYMEHTOM IS
JIarHOCTUKY JKepes BiOpoaKyCTUYHOTO 30yKEHHS Ta OOTPYHTYBaHHS €KCIUTyaTallifHUX 3aX0JliB
3MEHIIEHHS IIyMy.

IMocranoBka mnpodaemu. KomepiiiliHe CyJHOIIABCTBO PO3TISAAETHCS MIKHAPOIHUMH
OpraHi3aIlisiMu sIK OJJUH 13 CYTTEBHX YMHHUKIB aHTPOMOTEHHOTO MiJJBOJHOTO IIyMYy, a MepersHyTI
pexomenmamnii IMO MEPC.1/Circ.906 Bu3Ha4aroTh HEOOXITHICTH MiABUINCHHS yBaru J0 JHKEPE
1IyMy, eKCIUTyaTaliiHUX PEeKUMIB Ta MPAKTUUHUX 3aX0/iB Horo 3HkeHHs [1]. s cyaHa mym He
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€ 130JJbOBaHUM aKyCTUYHUM SIBUIIEM. BiH GpopMyeThCs yepes MoCiiIoBHII eHepreTHYHUH JIaHIIIOT:
pobouunii mporec au3ens, KOJWBaHHSA KPYTHOTO MOMEHTY, BajoOIpOBiJA, OMOpPH Ta (yHIAMEHT,
KOPITyCHI BiOpailii, BUITPOMIiHIOBaHHS Y BOJIHE CEPEJOBHINE. Y CydacHUX poOOTax 3 BUMIPIOBAHHS
BUITPOMIHEHOTO CYJTHOBOTO IIYMY IMiIKPECTIOEThCS HEOOX1HICTh BY3bKOCMYTOBOTO CIIEKTPAIILHOTO
aHaJlizy, OCKUIBKM TpPETHHOKTaBHI CMYTM 4YacTO HEJOCTAaTHI IS BIIOKPEMJICHHS OKPEMHX
MEXaHIYHUX TOHAJIBHHMX ckiamoBux [2]. Jlocmimkenns «Vibration and Radiated Noise of a Small
Ship» noxa3zaino, 110 NO€JHAHHS BUMIPIOBaHb MiJBOJHOrO IIyMy 1 BiOpaliii Ha OopTy Aae 3Mory
MOB'SI3aTH OKPEeMi KOMIIOHEHTH CIIEKTpa 3 KOHKPETHHUMH JDKepellaMH y JIBUTYHI Ta KOPITyCHIN
CcTpyKTypl [3]. AKTyanbHICTh pOOOTH TAaKOXX BU3HAYAETHCS THM, IO BiOpaIliiiHi MOKa3HUKH CyJIHA
MAaloTh MOJBiMHE 3HAUYEHHS. 3 OAHOTO OOKY, BOHU € O3HAKOIO TEXHIYHOIO CTaHy MEXaHi3MiB, a 3
IHIIOTO — TIepeyMOBOIO (POpPMYBaHHS CTPYKTYPHOTO IIyMY, SIKHW Y MOJATBIIOMY MEPEXOAHUThH Y
nigBoJHe uryMmoBe BunpoMiHtoBaHHs. Cranaaptu ISO 6954 1 ISO 20283-5 Bu3HauaOTh MiIX0AH 110
OLIIHIOBaHHS BiOpaliif Ha cyJHax 1 BUMIpIOBaHHs BiOpauiii 00epTOBUX MEXaHI3MIB, a MPAaKTUYHI
KepiBHUITBA KiIacU(iKalliiHUX TOBAPUCTB PEKOMEHIYIOTh BPAXOBYBATH SIK JKepesa 30yIKeHHS,
TaKk 1 LUISIXM IepeJaBaHHs BiOpauiil yepe3 KOHCTpYKIito [4-9]. OcHOBHa HayKOBO-IIPHUKJIaJHA
npobiemMa MoJsrae y ToMy, 0 301IbIIEeHHs] HAaBAaHTAXKEHHS CYJHOBOI €HEPreTUYHOI YCTAaHOBKU HE
3aB)KAM TPU3BOAUTH 0 JIHIHHOTO 3pocTaHHs IryMy. YacTHHAa TapMOHIK MOXKE ITOCHIIIOBATHCH,
YacTUHA — 3MEHILIYBATUCS, a OKPEMI IMO03alopsIKOBl CKJIAZOBI MOXYTh CBIAYUTH PO PE30HAHC,
HEPIBHOMIPHICTh 4acCTOTH 00epTaHHA a00 HECTalllOHAPHICTH poOOUYOTO Tpolecy. ToMy MpoCTOro
KOHTPOJIIO IHTErpajJibHOIO piBHSA BiOpawii HEJOCTaTHBO MAJS BHU3HAYEGHHS JpKepena mymy. Y
MPaKTUIll eKCIUTyaTallii HEOOXIJHO MaTH MOXJIMBICTh 3a CIEKTPaJbHUM CKJIaJO0M CHUTHAJIB
BU3HAYUTU JDKEPENO IMOXO/KEHHS CKIAJOBUX CIEKTpa, KPUTHYHI YacTOTH, KPUTUYHI PEKUMHU
HAaBaHTAKECHHSI 1 MOXJIMBI EKCIUTyaTaIiiiHI 3aXOoAu 3HIKEHHS BIUIMBY. [[1s 1boro motpiOHO
noeaatu Mmetoau DFT-mocnipkeHb CHEKTpalbHUX —CKIAJ0BUX BiOPOAKyCTUYHHX TPOLECIB
JIBUTYHA, aHaJ13 HEPIBHOMIPHOCTI YaCTOTU 00€pTaHHs, CTaHJAPTU30BaH1 MiJIXO1 10 BUMIPIOBAHHS
Ta npakTHuHi pexkomenpamii IMO mon0 3MEHIIEHHS MiJBOJHOTO LIYMOBOI'O BUIIPOMIHIOBAHHS
[1, 5-6].

O00’exT i nmpeamer aociaimkeHHss. O0’€KTOM JOCTIDKEHHs € BIOpOaKyCTHYHI TPOLIECH Y
CYIHOBI EHEpPreTHYHill yCTAaHOBI IHM3EILHOTO THITy IPH PI3HUX pEKUMaxX HaBaHTAXKCHHS.
[IpenMeToM HOCHIIKEHHS € CHEKTPalbHI XapaKTePUCTUKA HHU3BKOYACTOTHMX AaKyCTUYHHX Ta
BIOpaIiifHUX CHUTHAJIB, a TaKOX I1X 3B’A30K 13 TapMOHIYHUMH TOpSIAKaMU OOepTaHHS Baiy,
YaCTOTOI HEPIBHOMIPHOCTI 00€pTaHHS Ta CTPYKTYPHUM IITyMOM.

AHani3 ocTaHHix gociaigxedb i myOJikauniii. dyHnaMeHTaNbHUN HaNpsiM BUMIipIOBaHHS
BUIIPOMIHEHOTO CYJHOBOTO IIyMYy pO3BHBA€THCS 4YEpe3 METOAM BU3HAYCHHsS DIBHS JpKepena 3
ypaxyBaHHSIM BTpaT MOIIUPEHHS, TIAPOAKyCTHUYHUX YMOB 1 pexumy pobotu cyaHa. Wang Ta
CIIBaBTOPU 3aMpOINOHYBAIM METOJIUKY BUMIPIOBAHHS IIYMYy CyJHAa Y MUIKOBOJII 3 OJHOYACHUM
BUKOPUCTAHHSAM KIJIbKOX BHUMIpPIOBAJBHUX CTAHIIM Ta OILIHIOBAHHSAM CreKTpa Jpkepena [2]. Takuit
MIIXi € BaXJIMBUM JUIsI 30BHINIHIX TiAPOAKyCTHUYHUX BHUMIPIOBaHb, OJIHAK JJIA IIi€i poOOTH
TOJIOBHOIO € TOTIEPEIHS A1arHOCTHKA JDKEepeI IIyMy Ha OOpTY 3a BIOpOaKyCTUYHUMH CHTHAJaMH. Y
po6oTti Gloza po3rasHyTO BHMIpIOBaHHS IIyMy Ta BiOpallii Majqoro CyJHa 3 JU3EJIbHAM JIBUTYHOM
notysxHicTio 20 kBT, 1e BAKOPUCTAHO J1Ba B3a€MOIOMIOBHIOBAJIbHI METO/IN: CTATUYHE BUMIPIOBAHHS
IiJIBOJTHOTO ITyMy 1 OOpTOBE BHMIiprOBaHHsS BiOparlii. BaxnuBuM pe3yabTaTOM € BHKOPHUCTAHHS
(GyHKIIT KOTepeHTHOCT] JUIS 3B'A3yBaHHS OKPEMUX KOMIIOHEHTIB MiJABOAHOTO IIYMY 3 BIOpYIOUUMHU
yacTuHaMu ABUTYHa [3]. V miii poOOTI MaHWi MiAXiJg aJanTOBaHO Yy BHIJISAAI 31CTaBIICHHS
aKyCTUYHHX Ta BiOpamiiHUX KaHaJiB 1 BU3HAYCHHS Y3TO/DKEHUX TOHAJIBHMX KOMIIOHEHTIB. [lis
CYJTHOBUX JH3ENIB BaXXJIUBUMHU € HE JIUIIE CIEKTP IIyMy, a il mapamMeTpuyHa J1arHOCTUKA ITHUKIIB.
Po6oru BapGanmst P. A., MinueBa [I. C. ta 3anoxa B. I. moka3ytooTs, 1[0 MO€AHAHHS CUTHAJIB
TUCKY Yy HWIIHAPI Ta BIOPOAKyCTHYHOTO JaTyWKa JAa€ 3MOTY OIIHIOBATH CTAOIIBHICTH MPOIIECIB
YIIOPCKYBaHHsI, 3TOPSHHS 1 pOOOTH KJIAMTAaHHOTO MEXaHi3My B pexuMi peanbHoro vacy [10-14]. Lew
MiOXiT METOAMYHO ONM3BKUN 1O HAIIOTO JOCHIPKEHHS, OCKUIBKM aMIUIITyAH CIEKTPaJbHUX
CKJIAJIOBHX aKyCTHYHUX Ta BiOpamiiHUX CUTHANIIB IOB’s3aHiI 3 POOOYMM MPOIECOM 1 YacTOTOIO
HepiBHOMIpHOCTI oOepraHHs. JliarHOCTWYHEe 3HAYEeHHsS BIOpaliHHUX MapamMeTpiB (POPCYHOK,
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MAJIMBHUX HACOCIB 1 KPYTWJIBHUX KOJHMBAaHb TaKOX IIITBEPIPKEHO Yy CYYacHHX JOCIIiIKEHHIX
cynHoBux auseniB [12—14]. V poboTax moa0 MeTOMAIB 3HUKEHHS T1APOaKyCTHYHOTO IIyMYy CyJHa
OOIpYyHTOBaHO HEOOXIIHICTh IHTENEKTYaJIbHOTO MOHITOPHHTY BiOpaliif, aKyCTHYHOTO IIymy i
po3paxyHKy KoeillieHTa HEepiBHOMIPHOCTI oOepTaHHs KojdiHyacTtoro Baimy [15]. ¥V momanemomy
JOCITIJKCHHI BIUIMBY YIPAaBIiHHS CyJIHOM IMOKa3aHO, IO KOPEKIis Kypcy BiIHOCHO XBHJIBOBOTO
¢bpoHTy, nudepeHTy 1 MBHUIKOCTI MOXKE 3MEHIIYBAaTH TiAPOJWHAMIYHY aCHMETpil0, KPYTUIIbHI
HaBaHTAXEHHsI Ta CTPYKTYpHUH 1mym [16].

Meta Ta 3aaaui gociaizxxeHHsi. MeTO0 poOOTH € €KCIIEpUMEHTAJIbHE OLIHIOBAHHS 3MiHU
CIEKTPATbHUX XapaKTEPUCTUK HHU3bKOYACTOTHOTO AaKyCTHYHOTO Ta BIOpAIIfHOTO CHUTHAJIB
CYJHOBOI €HEpPreTMYHOi YCTAaHOBKM Ha TPhOX pEXHMMax poOOTH 3 NOAAJBbIIMM BU3HAUYEHHSIM
CHEKTPaJIbHUX CKJIAJIOBHX, MOB'SI3aHUX 3 00EpTaHHSAM Bajy, HEPIBHOMIPHICTIO YaCTOTH OOEpTaHHS
Ta MOXJIMBUM MEPEXOJO0M CTPYKTYpHHX BiOpaliil y mifBOAHE IIyMOBE BHUIpPOMiHIOBaHHSA. [lyis
JOCSTHEHHSI METH BUKOHAHO TaKi 3aBJaHHS: OIMCAHO CEKCIIEPUMEHTAIbHY YCTaHOBKY Ta KaHAIIU
BUMIPIOBaHHS; BH3HAYEHO YAaCTOTHI KOMIIOHEHTH aKyCTHYHOro 1 BiOpaliiiHOro CHrHAIB;
chopMOBaHO MaTeMaTU4Hy MoJenb rapmoniyHoro curHairy, DFT, RMS, korepentHocti Ta
pO3paxyHKy KoedillieHTa HEpIBHOMIPHOCTI OOepTaHHS KOJIHYACTOrO Bajy; BCTAHOBIJICHO 3B’S30K
MDK CHEKTPaJbHUMHU CKJIaJ0BUMU aKyCTHUHOTO Ta BIOpamifHOr0 CHUrHamiB 1 KOe(ilieHTOM
HEPIBHOMIPHOCTI 00€pTaHHs Ha PI3HUX PeXMMax HaBaHTaKEHHs; OOIPYHTOBAHO MPAKTHUYHI METOU
3MeHIIeHHs BiOpaiii Ta mrymy. HaykoBa HOBHU3HA POOOTH MOJISITaE Yy KOMIJIEKCHOMY BCTaHOBJICHHI
KUIBKICHOTO B3a€MO3B’S13Ky MK PEXHMMOM HABAHTA)XKEHHS CYJIHOBOI €HEPreTUYHOI YCTaHOBKH,
Koe(iliEHTOM HEPIBHOMIPHOCTI OOEpTaHHS Bally Ta CHEKTPAIbHOIO CTPYKTYPOIO HU3bKOYACTOTHUX
BiOpoakycTHUHUX cuUrHaiiB y aianazoHi 10-200 I'u. YnockonaneHo MeToJ BiOpOaKyCTHYHOI
nmiarHocTukd CEY 1uisixom 1HTErpoBaHOro aHalli3y aKyCTHYHMX Ta BiOpaliiiHMX KaHaliB 13
BUKOPHUCTAaHHAM BY3bKOCMYTOBOT'O CIIEKTPAJIBHOIO pO3KIaxy Ta (YHKIIT KOrepeHTHOCTI, IO
JI03BOJIsI€ 11€HTU(DIKYBATH JDKEpena CTPYKTYPHOI'O IIIyMy 3a TapMOHIYHUMH MOPSIKAMH.

Matepiann Ta Meroau AocCaizKeHHA. JlOCTIKEHHS HPOBOJMIUCS Ha J1abOpaTOpHOMY
CYJTHOBOMY JH3eJIb-TEHEPATOPHOMY arperaTi Ha 0a3l YOTUPHUTAKTHOTO IU3EIHHOTO JIBUTYHA
Weichai WP4CD66E200, 3 HoMiHaJIbHOIO TIOTYXHicTIO 66 KBT mipu yactoTi o0epranns 1500 06/xB.
3araibHUl BUIIIS J1aOOPATOPHOTO JU3ENIb-TEHEPATOPHOTO arperaTry, Ha SKOMY IPOBOJIMIINCS
eKCIIepUMEHTaIbHI BUMIPIOBAHHS, HaBeJeHO Ha puc. 1. J[BUIYH YKOMIUIEKTOBaHUI reHEpaTOPHOIO
ycranoBkoro CCFJ-50J-W nominanbpHOIO moTykHicTI0O 50 kBt, Hampyroro 400 B i wactoToro
reHepoBaHoro ctpyMmy 50 I'm. OCHOBHI TeOMETpUYHI NapaMeTpH KPUBOLIUITHO-IIATYHHOI'O
MeXaHi3My CTaHOBJIATH: JAiameTp Imuiinapa — 105 mm, xig mopuas — 130 MM, pagiyc KpuBOIIHUIa —
65 MM, goBxkuHa maTtyHa — 203 MM, CTymiHb CTHUCKY — 18. YV X0Ii eKCHepuMeHTY AOCTIIKEHHS
MIPOBOJIUITUCS Y PEKMUMAX aKTUBHOTO €JIEKTPUYHOTO HaBaHTakeHHs 18 kBT Ta 36 kBT.

N

Pucynoxk 1 — Jluzens-renepatopuuii arperat Weichai WP4CD66E200

JlocmipkeHHsT BIOpOAKyCTHUHUX XapaKTEPUCTHK CYTHOBOI EHEPreTHYHOI YCTaHOBKH
NPOBOAMJIMCS 13 3aCTOCYBaHHSIM OaraTOKaHaJIbHOI CHCTEMH 300py JaHHX, IO BKIIIOYaja
aKyCTUYHHHN ceHcop (enekrpeTHuit Mikpohorn EM-6022P) 3 ¢pinerpom HY 31 cmyroro mpomyckanHs
Bia 10 mo 200 I'u, BiOpauiiinuii akcenepomerp tuiy IEPE AC150-1A, 3 HOMiHaTBHOKO Yy TIMBICTIO
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100 mB/g, naTamk TuCKy ra3iB y mwiiHApi (BcTaHOBiIeHUH Ha nepmomy nwrtiaapi) CPS-03 IMES
(0...300 bar, 4...20 mA) ta matuuk oOeptiB KB (122 imn/06). BcraHoBieHHst BiOpaliiiHOTO
akcenepomerpa tuny IEPE ACI150-1A na xpumimi OwiiHgpa AW3eNb-TeHepaTopa HaBEICHO Ha
puc. 2. BumipioBaHHS BHUKOHYBAIHUCA Y TpPbOX XapaKTepHUX peXHMax poOOTH YCTaHOBKU:
XOJIOCTHH XiJ, YaCTKOBE HaBaHTaxeHHs 18 kBT 1 HaBaHTaxeHHs 36 KBT. Y KOXHOMY pexXuMi
aHaJi3yBaJIUCS JBa OCHOBHI KaHaJM: KaHaJl HU3bKOYACTOTHOI aKyCTHKH Ta KaHajl BiOpaliiiHoro
CHUTHAJly, a TaKOX JaHi 3 JaTd4uka OO0epTiB 1 JaTdyWka THCKYy Ta3iB y LWIHAPL, SKi
BUKOPHUCTOBYBAJIUCSA JJIS BUAUICHHA poOOYOro IMKIY JBUIYHA Ta pO3paxyHKy 4YacTOTH
HEpPIBHOMIPHOCTI ~ oOepTaHHsA. J[Is  KOHTPOJIIO  CHEKTPadbHOI  CTPYKTYpH  JOJATKOBO
BUKOpUcTOBYBanucss WAV-daiinu, chopmMoBaHi 3 EKCIEPUMEHTAIBHUX YaCOBUX peani3alii
curHamiB. CUTHAIM 3 JATYUKIB OOPOOJSUIMCS METOJOM JMCKPETHOro mepeTBopeHHs Dyp'e, 1o
JI03BOJIMJIO BUJUIMTH TapMOHIYHY CTPYKTYpy KoimBaHb Yy aianazoHi no 500 I'm. OcHoBHui
aMILTITyTHUA aHai3 BUKOHaHO y miama3oHi 0—200 I'm, OCKUIbKM came BIH OXOIUIIOE€ OCHOBHY
4acTOTy OOepTaHHs Bajy Ta KpaTHI FApMOHIKH, SIKI MAlOTh HalOUIbIIe 3HAUYEHHS ISl CTPYKTYpPHOT'O
1 miaBogHOro 1mymy. Jins cnekTpanbHOi 00poOKH BIOPOAKYCTUYHHMX CUTHAIIB BUKOPHUCTOBYBAJIOCS
nporpamue 3a0e3neuenns RightMark Audio Analyzer, sike 3acTOocOBYyBanocst st By3bKOCMYTOBOT'O
FFT/DFT-ananisy WAV-curnaiis, moOy/J0BH aMILTITYIHO-4aCTOTHUX CIIEKTPIB Ta imeHTU(IKAIT
rapMOHIYHMX ckiafoBux y niamazoni 0-500 T'm. Ilporpamuuii kommiekc 3abe3nedyyBaB
Bi3yalli3allil0 TOHAJIbHUX KOMIIOHEHTIB, KOHTPOJIb CHEKTPAJbHOI CTPYKTYpU Ta MOPIBHSUIBHUN
aHaJli3 aKyCTHYHUX 1 BiOpaumifHUX KaHaliB y pi3HUX pekumax HaBaHTaxeHHs CEY. Ludposa
00poOka curHalliB BUKOHYyBajacsi y cepenoBuili Python i3 Bukopucranusm 0i0miorek NumPy,
SciPy Ta Matplotlib. PeanizoBano anroputMu IUCKpeTHOro mnepeTBopeHHs Dyp’e, nuppoBoi
¢binpTpanii, CHEKTPaJbHOIO OILHIOBAHHSA, ABTOMATUYHOIO BHM3HAUYEHHS IIKOBUX TapMOHIK Ta
noOynosu DFT-cnekTpiB BiAmoBigHO a0 kiaacuyHoro miaxony FFT-owiHioBaHHS crneKTpaibHOI
uribHOCTI [17]. Lle n03BOIMIO BUKOHATH TOYHY CHEKTpaJIbHY 1€HTU(IKAIi0 BIOpPOaKyCTHYHUX
IIPOIIECiB, aHAJII3 TAPMOHIYHUX MOPSAKIB 1 MATOTOBKY HAYKOBO KOPEKTHUX IpadiyHUX MaTepialiB.

Pucynok 2 — B16pau1HHHH akcenepometp tuny IEPE AC150-1A

BumiproBanbHi TOYKH, HANpsIMA KOHTPOJIKO Ta JiarHOCTUYHE MPH3HAYCHHS KOXKHOTO
CHUTHAITy CHCTeMaTU30BaHi B Ta0. 1.

Tabmuus 1 — BuMiproBanbHi TOYKH Ta AiarHOCTHYHE MPU3HAYEHHS CUTHAIB

Touka eumiprosanns Hanpsamu konmponio Konmponvosanuii epexm /ianazon eumipioseans

yAapHi Moii UKy, IMIYJIbCH
XY, Z YIOPCKYBaHHS, CUIIN 1HEPILiT 10-500 I'n
00epTOBHX Mac

BiOpaniiinuii akcenepoMeTp
Kpuika muiaapa

BiOpamiiinuii akcejiepoMe BEpTHKAILHHIL, repeaaBaHHs BiOparii y KopIryc
P POMECTP MOTIEPEYH U, P 1op Yy kopryc, 10-1000 I'g
OyHIaMEeHT JBUTYHA o JIOKaITbHI PE30HAHCH
O3 J0BKHIHN
AKYCTUYHHUN CEHCO . HU3bKOYACTOTHUI aKyCTUYHHUN
. Y P BEPTUKATIbHUN . yu 10200 I’
6ins [, Kpuiika numminapa BIATYK, CTPYKTYPHHM LIyM
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HopmaTuBHa ©6a3a Ta Metoaum BuMipwoBaHHs. OuiHOBaHHS BiOpamii Ta mymy
BUKOHYBAJIOCS 3 YpaxyBaHHSIM MI)KHapOJIHOI HOPMAaTUBHOI 0a3u, sika periIaMeHTYeE sIK BUMIpIOBaHHS
Ha CyJAHI, TaK 1 MiJXOAW J0 3MEHIICHHS MiJBOJHOTO IIyMOBOro BHIIpoMiHIOBaHHI. ISO 6954
BCTaHOBIIIOE MiAXiJ A0 OLiHIOBaHHS BiOparii Ha OOpTy CyAeH 3 MO3Hullli BIJIMBY Ha eKimax 1
xuta0Bi npumimenHs. [SO 20283-5 pu3Hauae miaxoau 10 BUMIpIOBaHHS BiOpariii 00epTOBHX
MexaHi3MiB Ha cynHax. [SO 17208-1 BukopucToBy€eThCs y cdepi BUMIPIOBAHHS MiJBOJIHOIO IIyMYy
cyaen y rimubokiit Bozai, a IMO MEPC.1/Circ.906 ¢popmye 3aranpHi mpakTUYHI peKOMEH AL 010
smenmeHHss URN [1, 4-6]. Jlns 3aranbHOTrO OIIHIOBAaHHS MEXaHI4HOI BiOpamii MamuH TakoX
BpaxoBaHo nosnoxeHHs ISO 20816-1 [18]. Baxnuso 3a3nauntu, mo [SO 6954 BukopucToBYy€eTHCA
JUISL OLIIHIOBaHHS BiOparliil 3 mo3uilii mpuIaTHOCTI CyJHa A0 MPOKMUBAHHA Ta POOOTH eKimaxy, TOMl
sk ISO 17208-1 3acTocoByeThCs Uil 30BHIIIHIX TAPOaKyCTUYHUX BUMIPIOBaHb MiABOHOTO IIyMY.
Y miif poboTi 1i CTaHZApTH BUKOPUCTAHO K METOAOJOTIYHY OCHOBY [uii OOpTOBOI
BiOpoakycTtuyHoi miarHocTukd kepen URN, a He sk MOBHY TpoLeaypy 30BHIIIHBOTO
riIpOaKyCTUYHOTO BUIIPOOyBaHHs. llpakTmuHa MeToIMKa BHMIPIOBAHHS mependadyae KOHTPOJIb
BiOpaliil y AEKUIbKOX HamnpsMKaX, OCKUIbKM BEPTHUKaJbHI, IONEpPEeYHl 1 MO3J0BXKHI CKJaJ0Bl
MOXYTb MaTH pi3Hi Jkepena 30y keHHs. /[ rojgoBHOro JBUryHa HalOIbIl iHGOPMATUBHUMH €
TOUYKH Ha KPUILIKaxX IWIIHAPIB, PyHIAMEHTI, MIAIIUITHUKOBUX ONIOpax Ta BUIbHOMY KiHIN Baiy. s
aKyCTUYHOTO KaHaJy Ba)XXJIMBO 3a0€3MEUNTH CTablIbHE MOJOKEHHS JaTYMKa, OJIHAKOBY BIJICTaHb J10
YCTAaHOBKH Ta HE3MIHHI YMOBH 3alKCy JJis BCIX pexxuMiB. HopMaTHUBHI JOKYMEHTH, BUKOPUCTAHI SIK
METOJI0JIOTiYHAa OCHOBa JJIsi  OLIHIOBaHHS BiOpamii, moIymy Ta MiJIBOAHOTO LIYMOBOI'O
BUITPOMIHIOBaHHS, TIOJJAaHO B Ta0II. 2.

Tabmuis 2 — CrannapTu BUMIpIOBaHHs BiOparii Ta urymy

Jokymenm

00’°ekm oyiHOBAHHA

Knrouoeuii napamemp

3acmocysanna y pooomi

IMO MEPC.1/Circ.906

MiBOHE IIIYMOBE
BUIIPOMIHIOBAHHS CYJICH

mkepena URN,
eKCIUTyaTalliiHi Ta
KOHCTPYKTHBHI 3aX0/11

OOIPyHTYBaHHS IPAKTUIHOTO
3HWKEHHS IIyMy

I1SO 6954:2000

BiOpaitist Ha OOpTY cyneH

KOPEKTOBaHa BiOPOIIBUAKICTD
RMS y niamazoni 2—-80 I'a

OIliHKAa BIUTMBY BiOpamii Ha
eKinax

ISO 20283-5:2016

00epTOBI MEXaHI3MHU Ha
CyaHax

RMS, FFT, nanpsamku
BUMIPIOBaHHS

ouinka CEY, nusens, HacociB
Ta BaJOIPOBOLY

ISO 17208-1:2016

iABOTHUN IIIyM CyIHA

PiBEHB JUKEpesa Ta YMOBH
BUMIpIOBaHHS

METOOJIOTIYHa Oa3a 1
MaiOyTHBOTO 3ICTaBICHHS 3
URN

ABS Guidance Notes on
Ship Vibration

KOHTPOJTh CYTHOBHX
BiOparii

pE30HAHC, KOHCTPYKTUBHA Ta
MeXaHIYHa BiOparrist

NpaKTHYHA IHTEpIpeTaLis
KPUTUYHHX YacTOT

I1SO 2923

BUMIpIOBaHHS IIyMYy Ha
CyIHax

BumiproBaHHS iIHTEHCHBHOCTI
AKyCTUYHOTO IIyMY

110 dB(A) max ms
MAIIMHHOTO BiIIJIEHHS

MaremaTuyHa MoOjAeJb I0CTIKeHHsA. MaTeMaTuuyHa Mojzenb poOboTu mobOyjoBaHa Tak,
mo6 06e3nmocepeIHbO OMUCYBAaTH EKCIIEPUMEHTAbHI CHUTHAlM, OTPHUMaHI 3 aKyCTHUYHHUX Ta
BiOpatiiiHux KaHaiiB. Mojenb He € a0CTPAaKTHOI, & 3aCTOCOBYETHCS JUISl TOSCHEHHS! KOHKPETHHUX
CHEKTPAIbHUX MiKiB, BUABIEHUX Yy PeXHMax xojoctoro xoay, 18 kBt i 36 xBr. Bona noennye
TapMOHIYHUN OIUC CUTHANly, AUCKpeTHe mnepeTBopeHHs Dyp'e, eHepreTnuHe RMS-ouiHioBaHHS,
KOeQillieHT HEepPIBHOMIPHOCTI 0OOepTaHHS Ta KOTEPEeHTHICTh MK KaHajamMu. BiOpoakycTuyHuit
CHUTHAJI PpO3TJSIAEThCS SK CyMa TapMOHIYHHUX CKJIAJOBHX, IO (HOPMYIOTBECS BHACIIIOK
NEePIOANYHMX MpolieciB y au3eni. OCHOBHUMHM (DI3MUHUMHU JDKepelaMu € 00epTaHHs Bally, IMITYJIbCH
3rOpsiHHA, po0oTa KIAMaHHOIO MEXaHI3My, HEpIBHOMIPHICTb KPYTHOTO MOMEHTY Ta
HECKOMITEHCOBaH1 CUJIH 1HepLii 00epTOBHX Mac.

N
SO = ) Ay sin@fyt + ) (1)
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ne S(f) — mMuTTEBe 3HAYCHHS aKyCTUYHOrO abo BiOparmiiiHoro curHamy; An — amriityma N-i
rapmoniku; fn — wacrora rapmoniku, I'i; ¢n — ¢asoBuil 3cyB, pag; N — KUIBKICTh ypaxoBaHUX
rapMoHik. Jlyis Hammoro ekcriepuMenTy Gopmyna (1) o3nauae, mo miku ot 12,6; 25,1; 50,2; 100,2;
150,4 Ta 175,5 ' MoxXyTh OyTH IHTEpIPETOBaHI SIK TapMOHIYHI ab0 cyOrapMOHIYHI CKJIaJOBi,
OB’ s13aH1 3 TpoliecaMu 00epTaHHs, pOOOYUMHU TaKTaMH Ta CTPYKTYPHUMH PE30HAHCAMH, KOXKHA 3
SAKMX Ma€ BJIaCHY aMIUTITyay Ta ¢izuuHe Jpkepeno. Hanpukian, 3poctanHs A, npu nepexoxi Big 18
kBT 10 36 kBT iHTEpIIpeTYy€ThCS SIK 3pOCTaHHS €HEPTii BiAMOBIAHOTO MEXaHIYHOTO 30yHKCHHS.
N-1

Xy = ~i5rn 2
k — Xn € N ()

n=0

ne Xi — KOMIUIEKCHA CIIEKTpajbHa CKJIAJ0Ba; X, — N- JUCKpETHUH Bk curHainy; N — KIJIbKICTh
BiJUTIKIB; K — HOMEp CIIEKTPaIbHOTO BiJIIKY; | — YABHA OJMHUII.

dopmyna (2) BHUKOPHUCTOBYETHCS JJIA TEPEXOMy BiJl YaCOBUX peaizalliii CUTHAJIB 10
gacToTHOI oOnacti. Came BOHa J1a€ 3MOTY BU3HAUUTH CIEKTPaJbHI KOMIIOHEHTH 3 YaCTOTHHUM
PO3IIJICHHSIM, 3 TOYHICTIO, 10 BU3HAYAETHCS MapaMeTpaMy JUCKPETHU3Allil Ta JOBKHHOIO peaizarii
CUTHAJIy, Ta MOPIBHATH PEKUMH POOOTH 3a OJJHAKOBOIO YACTOTHOIO CITKOIO.

fa=m fo=moest 3

1€ f, — 4acToTa m-To MOpsiAKy, ['I; M — MopsI0K rapMOHIKH; fo — OMIOpHA YacToTa obepTanHs, ['11;
RPM — gactora oGepranHs Baiy, 00/XB.

®dopmyna (3) BUKOPHUCTOBYEThCA I ileHTH(]IKaIIl TapMOHIYHUX TOPSAIKIB Y CHEKTpax
aKyCTUYHHUX Ta BiOpamiiiHux curnamiB. Ha i1 OCHOBI BUKOHAHO CIIBCTABJICHHS €KCIEPUMEHTAIBHO
OTPUMAHUX YAaCTOTHUX IIIKIB 13 PO3PAXyHKOBHUMH MOpSAIKaMU OOepTaHHS KojiH4YacTtoro Bany. Lle
JTO3BOJIMJIO BCTAHOBUTH BIAMOBITHICTh MK JIOMIHYFOUUMH CIIEKTPAIBHUMU CKIagoBumu 25,1; 50,2;
100,2; 150,4 Ta 175,5 ' 1 XapakTepHUMH MPOIIECaMU POOOTH CYITHOBOI €HEPreTUYHOI yCTAaHOBKH.
VY poboTi onopHa yactota obepTanHs aBuryHa (25,1 I'm) ans inTepnperaliii pexxuMiB IpURHATA SIK
OCHOBHa rapMoHiKa poOodoro cmnektpa. Tomy wactorm 25,1; 50,2; 75,3; 100,2 'l BiamOBigalOThH
nopsiakam 1X, 2X, 3X i 4X, 1m0 € 3pydHUM ISl iHKEHEepHOi TiarHoCTUKU. CIif 3a3HAa4YMTH, 110
criekTpaibHa ckiagoBa 50,2 ['m mae OKpeMy CBOIO TPUPOY TMOXO/KEHHS, IIOB’SI3aHy 3
HECKOMITEHCOBaHUMH CHJIaMU iHepIii 00epToBUX Mac Ta poboToro mwiiHApiB. Tomy B poOorti ii
OCHOBHUH CHEKTPaTbHUN MOPSIO0K MO3HAYAETHCSA K 1Y,

| N

1 5
XpMSs = fl"\_' z Z X5 ("’)

N

€ Xpys — CEPENHbOKBAApPATUYHE 3HAYCHHSI CHUTHANY; X, — BIUIIK CUTHAIY TICIS YCYHECHHS
nocTiiiHo1 ckiamoBoi; N — kinmbkicTe BimmikiB. RMS-mokasauk y dopmyni (4) xapakTepusye
€HepreTUYHU piBeHb curHaimy. s BiOpamiifHOro KaHaly BiH TIOB’S3aHUM 3 IHTEHCHUBHICTIO
MEXaHIYHOTO 30y/KeHHS, a AN aKyCTUYHOIO KaHaly — 3 IHTErpajJbHUM pPiBHEM aKyCTUYHOI
aKTUBHOCTI Yy BUOpaHOMY Jiana3oHi 4acToT.

Wmax — Wmin
= ——

(5)

1e 0 — Koe(illieHT HepIBHOMIPHOCTI 00E€PTaHHS, Mmax — MAKCHMAaJIbHA MHTTEBA KyTOBA IIBHUJIKICTD,
pan/c; wmin — MiHIMaJIbHA MUTTEBA KyTOBa IIBHUJIKICTb, Pajl/C; Wavg — CEPENIHS KYTOBA MIBUAKICTh 3a
muki, pan/c. @opmyna (5) BUKOPUCTOBYETHCS SIK CHPOLICHMN BapiaHT OLIHKK KoedilieHTta
HEPIBHOMIPHOCTI 0OepTaHHs, Y SKOMY aHATI3yEThCS BIAXMICHHS MUTTEBOI KyTOBOT IIBHIKOCTI Bij
CepeIHbOT0 3HAYCHHA 3a IUKI. s Hamoi Au3enb-reHepaTOpHOl YCTaHOBKU OyJio NPOBEICHO
TEOPETHUYHUNA PO3PaXyHOK O JUIsi BUOpPAaHMX TPhOX PEKHMMIB HABAHTAKCHHS Ta PO3PaxXyHOK O 3a

Wayg
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naanMu 20 TUKITIB 3 BUKOpHUCTaHHAM aartymka obeptiB KB (122 immynben/o0) Ta 3a maHuMuU
aKyCTHYHOTO ceHcopa. [[ns BuileHHs LUKy (CHMHXpOHi3alii) Oylo0 BHUKOPHUCTAHO CHUTHAN 3
JaT4YMKa THCKY Ta3iB y MWTHAPL. 1 po3paxyHKy wmax, @min Ta Wavg OyJI0 3aCTOCOBAHO AUCKPETHE
neperBopeHHs Dyp'e. Po3paxyHOK davg IO CHTHaNy 3 aKyCTUYHOIO CE€HcOpa OyB NMpOBEICHHUN 3a
naaumu 20 ukITiB Ha gactorax 25 ta 50 I'm. PesynmbpTaTél po3paxyHKy IpeCTaBiICHI y Ta0umil 3.
3pocTaHHs O MPOSBISETHCS Y MOCWIEHHI CKJIAJOBHUX CIEKTpy Ha yacrotax 25,1, 50,2, 100,2 ta
150,4, 175,5 I'u y BiOpauiifHOMY CHEKTpi, @ TAKOXK Y PO3LUIMPEHHI IIyMOBOro (oHY, 110 BKa3ye Ha
HiABHILEHY Iepeady MeXaHIUHUX KOJIMBAaHb Y KOPIYCHI KOHCTPYKIIi.

Jia  3icTaBieHHS aKyCTMYHUX Ta BiOpamiiHMX KaHaJIB Yy YacTOTHIA  00JacTi
BUKOPHCTOBYETHCS (DYHKIIiSI KOTEPEHTHOCTI. Y Mexax wiei podorn X(t) mpuilHATO SK 4YacOBUIA
curHai BiOpamiiiHoro kanany I[EPE-akcenepometpa, a Yy(f) — sk 4acoBuil CHrHajg aKyCTHYHOTO
CeHcopa.

|6y (P
Gxx(f) ) ny(f)

ne y*y(f) — kBagpar korepeHTHOCTI MiXK BiOpariiinuM curaaiom X(t) ta akyctuaaum curnanom Y(t);
Gxy(f) — B3aemna cnekrpanbha ryctuna; Gx(f) 1 Gyy(f) — aBTocmekTpanbHi ryCTHHH BiAOBIIHUX
kaHauiB; f —gacrora, ['n. 3HaueHHs yy(f), Omu3bKe 10 1, CBITYUTH MPO CIIBHE HKEPEIO YaCTOTHOI
CKJIQJIOBOT y JBOX KaHallaX, a 3HadyeHHs, Onm3bke 10 0, BKasye Ha cinaOkuii a0o BUIIAIKOBUI
3B’s130K. Dopmyria (6) 3aCTOCOBYETHCS LISl OI[IHFOBAHHS CTYIICHS B3a€EMO3B'SI3KY MK aKyCTHYHHMU
Ta BIOpamifHUMHU TMpoliecaMu. 3a pe3ysibTaTaMU pPO3paxyHKIB BCTAHOBJICHO BHCOKI 3HAYCHHS
KBaj[paTta KorepeHTHocTi y*y(f) y miamaszoni ocHoBHuX rapmonik 25,1; 50,2; 100,2 Ta 150,4 'y, 1o
MiATBEP/KY€E CHUIbHE MEXaHIYHE TIOXO/KCHHS BIAMOBIIHUX CIEKTPAJbHUX CKJIAJ0BUX Ta
CTPYKTYpHHUI XapakTep rnepeaadi KoIMBaIbHOI eHeprii BiJl ABUTyHA 10 aKyCTUYHOTO CEPEIOBUIIIA.

(6)

nyz f) =

Tabmuus 3 — [ani po3paxyHKy KoedimieHTa HEpiBHOMIPHOCTI 00€pTaHHs KOJIIHYACTOTO BaJTy

0,
Pospax. no o6epmam KB Pospax. no akycm. cnekmpy davg (%)

Pesicum Teop. ouinka 6(%) 5(%)
g 1X(25T'y) 2X, 1Y (50I'y)
Xounoctuit Xizg 0,33 0,901 5,59 5,30
18 kBt 0,48 1,05 3,11 5,31
36 kBt 0,64 1,41 3,97 0,9
Kputnuna mexa 3 145 3pocTae BiOparlis, pusuK
JIUT. DKEpe ’ CTPYKTYPHUX PE30HAHCIB

TeopernyHo 31 30UIBIIEHHSAM HaBaHTAXEHHS KOE(IIIEHT HEPIBHOMIPHOCTI YacTOTH
o0epTaHHs 3pPOCTA€, OCKUTBKU 30UTBIIYETHCS aMILUTITYAa HUKJIOBUX KOJUBAaHb KPYTHOT'O MOMEHTY.
OnHak B EKCHEPHMEHTI 3aJeKHICTh MOXKE BIJIPI3HATHCS: Ha XOJOCTOMY XOJi HECTaOlIbHICThH
3TOpSIHHSI Ta POOOTa PETYyJSATOpPa MOXKYThH 30UIBIIyBaTH KOE(]Ili€eHT HEPIBHOMIPHOCTI OOEpTaHHS,
TONI SK Ha CEepelHIX HaBaHTAXEHHSIX MPOIeC 3TOpsHHSA CTalLIi3yeTbea. ToMy MpakTUUHUN
KoeillieHT HepiBHOMIPHOCTI 0OepTaHHS BU3HAYAETHCS HE JIMIIE Ta30BUMH CUJIAMH, a W JJMHAMIKOIO
peryisTopa, reHeparopa Ta KpyTHJIBHUMH KOJMBaHHSAMH BajonpoBony. Hwxue nHa puc. 3, 4 —
MpeCTaBIIeHI MOPIBHAIBHI eHepreTiuyHi PSD-criektpu BiOpaiii i aKyCTHKH JUTsl pEXKUMY XOJIOCTOTO
Xony; Ha puc. 5, 6, 7, 8 — mpeacTaBieHI MOPIBHAILHI eHepreTuuHi PSD-cmextpu BiOparii i
aKyCTHKH JIJIS PeKUMIB aKTUBHOTO HaBaHTaxkeHHs 18 kBt i 36 kBT, a Ha puc. 9, 10, 11, 12 —
aMIUTITy/IHI CIIEKTPHU JUISI LHUX PEXKUMIB. AMIUTITYIHI CIEKTPH IMOOYJIOBaHI B OJUHHMIISLX
BiOponpuckopeHHast (J) Ta B oaMHUIX akyctmuHoro Tucky (Ila), siki mepepaxoBaHi 3rigHO 3
Koe(illieHTaMU TapyBaHHs TaTYHKIB.
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Pucynok 3 — CriekTp akyCTUYHOTO CUTHAITY IIPH XOJIOCTOMY XOZi
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Pucynok 4 — Criektp BiOpaliifHOro KaHary mpu X0JIOCTOMY XOZi

Left channel
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Pucynox 5 — CriekTp akyCTHYHOT'O CHTHATY TP HaBaHTaKeHHI 18 kBT
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Pucynok 6 — Criektp BiOpaniifHOro kaHary rmpu HaBaHTakeHHi 18 kBT
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Pucynok 7 — CriekTp akyCTHYHOTO CHUTHAITy IPY HaBaHTa)KeHHi 36 KBT
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Pucynok 8 — Cniextp BiOpaniiHOTro KaHaly MpH HaBaHTaKEHHI 36 KBT
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Pucynok 9 — Ammnitynauit DFT-ciexTp BiOpatiifiHoro kaHaity npy HaBaHTaxeHHI 18 kBT
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Pucynok 10 — Ammutitynanit DFT-cniekTp akycTHYHOTO KaHaTy py HaBaHTaxeHHi 18 kBT
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Pucynok 11 — AmMmunityaanit DFT-cnextp BiOpaniiHOro KaHamy Ipyu HaBaHTaKeHHI 36 KBT
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Pucynok 12 — Ammtitynauniit DFT-criekTp akycTHYHOTO KaHaIly MpH HaBaHTaKeHHi 36 KBT
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OcHoBHi pe3yJbTaTH Ta ix 00roBopeHHs. OJHUM 13 OCHOBHHX PE3yJIbTATIB JTOCIIHKCHHS
€ BCTAHOBJICHA BHCOKa KOTEPEHTHICTh MIX CIEKTPaJIbHUMH CKJIaJOBUMHU CHTHATIB BiOparii i
aKyCTUKH y BUMIiproBaJibHOMY niana3oni yactor Big 10 mo 200 I'm. Bucoki 3HaueHHsS KBajpara
korepeHTHOCTI p*y(f) Ha wacrorax 25, 50, 100 i 150 T'm, Big 0,909 10 0,996, cBiguarh, 11O
aKyCTUYHI TAaPMOHIKM HE € BHITQJKOBHMHU ITYMOBHUMH KOMIIOHEHTaMH, a (hOPMYIOTBCS BHACIIIOK
CTPYKTYpHOI BiOpawii au3enb-reHepaTopHoi ycTaHoOBKU. OcoOnmBO BHCOKHI 3B’s30Kk Ha 50 I'n
MiATBEP/KYE Tepeiady MeXaHIYHUX KOJIMBAaHb Y aKyCTHUYHE TT0JIC.

TeopeTnunuii Ta ekcIepUMEHTAJLHHN pPO3PaxXyHOK KoedilicHTa HepiBHOMIpPHOCTI
o0eprannsa KB. TeopernuHo po3paxoBaHuil Koe(illieHT HEPIBHOMIPHOCTI 0OEpTaHHS AJisl JBUTYHA
Weichai WP4 npu npuiiHATHX napaMeTpax MOMEHTY iHepuii 3HaxoauTbes B Mexax: 0=0.33-0.64%
o BinmoBigae HOPMAIBHOMY PEKUMY POOOTH Ta HE MEPEBUILYE YMOBHY KpUTUUYHY Mexy 1,45%.
OnHak ekcrnepruMEeHTallbHI 3HAYSHHs, OTPUMaHi 32 po3paxyHKOM 1o JaTyuky obeptiB KB, a Takox
13 aKyCTHYHOTO CHUTHAJly METOJO0M TapMOHIYHOIO aHali3y, BUSBUIMCS IMOMITHO BumuMH. Lle
CBIAYMTH IMpO Te€, IO peajlbHA CUCTEMa <«JBUTYH-TEHEpaTop» Mae J0JAaTKOBlI JpKepena
HEPIBHOMIPHOCTI, 5Kl HE BPaXOBYIOThCS CIPOILIEHOK TEOPETUUHOIO MOJEILIIO.

Oco001MBOCTI pe:KMMY X0JI0CTOr0 X0y. sl X0JI0OCTOro X0y XapaKTepHi:

— HAWO1IBIIIA aKyCTHYHA HEOAHOPITHICTD ITUKITY;

— BUCOKI 3Ha4eHHs rapMoHik 25 ta 50 I'iy;

— migBuieHi RMS Ta mikoBi 3Ha4€HHS aKyCTUYHOTO CUTHATY.

Ile mMOSICHIOETBCS HU3BKUM CEpeiHIM €(QEKTHUBHUM THUCKOM, HECTAaOUIBHICTIO MpoIecy
3rOpPSIHHSA, HEPIBHOMIPHICTIO 10/aul MajuBa, HOTIPIIEHHSIM [TOBTOPIOBAHOCTI pobounx nukiis. [Ipu
bOMY HaBITh 3a BIJHOCHO HEBEJIMKOTrO KoeQilieHTa HEpPiBHOMIPHOCTI oOepTaHHsS O 3a
TaXOMETPUYHUM METOJOM CIIOCTEPIraeThCs 3HAyHA LMKIIYHA HEOJHOPIAHICTh aKyCTUYHOI'O
curHairy. MoxHa 3poOUTH BHCHOBOK, 1[0 aKyCTUYHUI aHali3 BUSBHUBCS 3HAYHO UYTJIMBIIIMM J10
HECTallILHOCTI MPOIECy 3rOPsHHS, HK KJIIACUYHUN aHaji3 yactoTu 00eptiB KB.

Oco0uBocTi pe:xxumy 18 kBT. Ha HaBantaxenHi 18 kBT 3araiabHa HEpiBHOMIPHICTh YaCTOTH
o0epTaHHs davg SMECHIITYETHCS 32 JAHUMU aKyCTHYHOTO CEHCOPa BiIHOCHO PEKUMY XOJIOCTOTO X0y,
onHaK rapMoHika 50 I'l1 y criekTpi akyCTHKH 1 BiOpallii 3aJIUIIaeThCs MaKCUMaIbHO BUpaKeHO0. 1le
O3Hayae, M0 JOMIHYIOYHM (DaKTOpOM CTa€ HEPIBHOMIPHICTh OKPEMHX pOOOUYMX TaKTiB IMIIIHAPIB.
®di3uYHO 1€ BiAMOBiAA€ OLIBIN CTa0ITLHOMY OOCPTAHHIO KOJIIHYACTOTO Bajly, ajie Ie HEJOCTaTHhO
PIBHOMIpPHIH pOOOTI OKpEeMHX HUTIHIIPIB.

OcodauBocTi pexxumy 36 kBt. VY pexxumi HaBaHTakeHHs 36 KBT BimOyBaeThCsl 3pOCTaHHS
ra30BUX CWJI Ta TaHTEHIIAJbHOI CHJIM HA KPUBOIIWII. BCTaHOBIEHO pi3Ke 3MEHIIEHHS davg MPU
PO3paxyHKy 3a JaHUMU ckanoBoi 50 I'l, 110 ¢BITYUTH PO BUPIBHIOBAHHS POOOTH LMJIIHAPIB MPU
301TbIIEHHI HaBaHTaXEHHS. TakoK MOXHA BIJI3HAYUTH 30UIBIIEHHS HEPIBHOMIPHOCTI YacTOTH
o0eptiB KB 1 miagBuIeHHs davg 32 po3paxyHKaMH Ha cKi1aJoBiil 25 ['11, 110 KOpentoe 3 TEOPEeTUYHUM
PO3PaxXyHKOM Ta PO3paxyHKOM 3a gardukoMm oOeptiB KB. Lle cBimuuTh mpo Te, IO IMiIBUIIYETHCS
rio0anbHa MOJIYJIALIS KPYTHOIO MOMEHTY, BIUIMB 1HEpIii CHCTEMH 1 BIUIMB TIeHepaTopa Ta
€JIEKTPOMArHiTHOTO MOMEHTY. Takuii pexxuM € HaiOLIbII iHPOPMATUBHUM JUTSI BU3SHAYCHHS 3B'SI3KY
MDK KOe(IIIEHTOM HEPIBHOMIPHOCTI OOepTaHHS ¢ Ta aKyCTHYHMM BiIrykoMm. CrekTpasibHi
XapaKTepUCTHKH JEMOHCTPYIOTh HAsSBHICTh UITKO BHUPAXEHHX TapMOHIYHHX CKJIQJOBUX,
MIOB’A3aHUX 13 KIHEMATHKOK OOEpTaHHs Baly, poOOTOO MOPIIHEBOI IPyHH Ta ra3opo3NoAlIbLHOIO
MexaHi3my. Halibinem 3HauymmMu y BCix pekmmax € vacrotu 25,1; 50,2; 100,2; 150,4 Tta
175,5 T'n. Yacrora 25,1 't po3risimaeTbes ik ocHOBHA TapMoHika obepranus KB 1X, 50,2 I'm — six
ocHOBHa poOoua rapmonika 1Y Ta 2X, 100,2 I'm — sk apyra rapmonika 2Y ta 4X, 150,4 I'm — sk
TpeTs rapmonika 3Y Ta 6X, a 175,5 I'm — sixk 7X 1 11 cyTTeBe 301IBIICHHS y CIIEKTPI MOXKEe OyTH
MOB’si3aHA 3 JIOKAJTBHUM CTPYKTYPHUM PE30HAHCOM a00 3 EJNEeKTPOMATrHITHUMHU IyJIbCaIliIMU
reHepaTopa, CKIaJOBUMU MEPEKEBOI YaCTOTH, IyJbCalliIMU €JIEKTPOMArHiTHOIO MOMEHTY POTOpa.
[osiBa M03amoOpsIIKOBUX KOMIIOHEHTIB MOKE BKa3yBaTH Ha PE30HAHCHI SBHINA, Ne(EKTH KPIIJICHb
a00 HEpIBHOMIPHICTh HABAaHTAXXEHHS BaJOMPOBOMY. I[HXKEHEpHY IHTEPIpPETAIil0 OCHOBHHX
YaCTOTHUX CKJIQJIOBUX, IX TAPMOHIYHHUX MOPSIKIB, IMOBIPHHX JDKEPEI Ta A1IarHOCTHYHOTO 3HAYCHHS
HaBeeHO B Tall. 4.
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Tabmuns 4 — [nearudikaris vacroTHux ckianoBux CEY

Yacmoma, I'y Ilopsaook Hmogipne dxcepeno Miaznocmuyne 3nauyenns
LUKJIOBA HEPIBHOMIPHICTb, JTOTIOMIXkHI 03HaKa HU3bKOYaCTOTHOT MOJTYJISILIT
251 1X MeXaHi3MHU, HEPiBHOMIPHICTh KPyTHOTO Ta 3arajibHO HEpIBHOMIPHOCTI
MomeHTy KB 4acTOTH 00epTaHHS

JIpYTHH MeXaHIYHHH IMOPSI0K 0OepTaHH

BaJly, OCHOBHA TapMOHIKa OB’ s3aHa 3 0a3oBa iarHOCTHYHA YacTOTa,

50,2 2X, 1Y POOOTOIO LMITIHAPIB Ta 3TOPSHHSIM, 3 XapaKkTepu3ye piBHOMIPHICTb pOOOTH
HECKOMITEHCOBAaHIMH CHJIaMH iHepLii 2-To |IIMIIHAPIB
HOPSAAKY

ITOCUJICHHS IIUKJIOBOI JUHAMIKH,

1002 4X 2V MTOpIIIHEBA TPyIa, 3STOPSHHA, iHepIIiiiHi 03HaKa POCTY HABAHTAKEHHS Ta
' ' cHIn nepenadi cui y pyHAaMeHT, IOKa3ye
PiBHOMIpHICTH poOOTH IITIHAPIB
. XapaKTepU3ye mepeaady CTPYKTYpHOT
CTPYKTYPHI pe30oHaHCcH QyHIaMEHTa YU . ’
150,4 6X, 3Y PYKTYPH1 pe bynn BiOpaIlii Ta MOXJIUBE i ICHICHHS
OTIOp, TAPMOHIKHU Ta30BHUX CHJI
KOJIUBaHb KOPITYCY
JIOKAIbHUI CTPYKTYPHUI pe30HaHC abo
eJIEKTPOMArHiTHI IyJbcalii regeparopa
175,5 7X p Y 1 patopa, 30Ha JOJATKOBOTO KOHTPOITIO

IyJIbCcalii eleKTPOMArHiTHOTO MOMEHTY
poTopa

Excnuryarauiiini MeToam 3MeHIIeHHs1 BiOpaumii Ta mymy. Pe3yinbraT CHEKTpajabHOTO
aHaJizy MO3BOJISIIOTH HE JUIIe (IKCYBAaTH MiJBUINEHHS PiBHS IIyMy, a ¥ BHU3HAYaTH NPUYUHHU
BiOpOaKyCTHYHOTO 30Yy/PKCHHs Ta BIAMOBIAHI eKCIUTyaTamiiHi 3axomu. IlifcuiaeHHsS TapMOHIKH
50,2 T'm cBiguuTh NPO HEOOXIAHICTH KOHTPONIO 00epTiB, OamaHCyBaHHSA Ta CTaOUIBHOCTI
najguBonoaadi. 3pocranns ckiaagoBux 100,2 ta 150,4 I'm moxxe OyTH TMOB’si3aHE 3 MOCHUIICHHSM
UKJIOBOI TUHAMIKH, CTAHOM TOPIIHEBOI TPYIH, KIAIAaHHOTO MEXaHi3My Ta orop ABHryHa. IlosiBa
MO3aMOPSAIKOBUX KOMIIOHEHTIB MOX€ BKa3yBaTH Ha PE30HAHCHI sBHINA, JePEKTH KpiljeHb abo
HEPIBHOMIPHICTh HaBaHTKEHHS BaJOTIPOBOAY. 3 YpaxyBaHHSM pE3yJbTaTiB MOMEPEIHIX
JocIiKeHb 1 pekoMeHnanin IMO, ekcrutyaTaliiliiHe 3MEHIIICHHS BIOPOAKyCTHYHOTO HABAaHTA)KCHHS
MOXE TaKOX IepeadadaTd ONTUMI3AII0 IBUAKOCTI, Kypcy, KpeHy Ta mudepeHty cynHa [16]. V
Mexax Ii€i poboTH 11 (PakTOpU pPO3IISAAAOTHCS SK TMEPCHEKTUBHUN HaIpsiM  MOJAAJIbIIOro
3icTaBJIeHHS TaOOPaTOPHHUX BiOPOAKYCTUYHUX O3HAK 13 pealbHUMH CYJHOBUMH pexumamu [1, 16].
PesynpTatu AoCHiKEHHS MOXYTh OyTH OCHOBOIO JJisi pPO3POOKHM MeToAy Oe3KOHTaKTHOTO
BUMIpIOBaHHSI yacToTH oOepTanHs KB nBuryna ta koedilieHTa HEpiBHOMIpHOCTI 0OepTaHHS O,
BU3HAYCHHS YaCTOTHHUX CMYT 3 IIJIBHIICHUM piBHEM mapameTpiB BiOpartii. i moka3HMKH MOXYTb
JIOTIOBHUTH 1H(GOpMATUBHY 0a3y aJalnTUBHOI CUCTEMH KepyBaHHs cyAaHOM. OTpHMaHi pe3yiabTaTu
MIITBEP/UKYIOTh €DEKTHUBHICTD CIIEKTPAILHOTO aHaJIi3y /ISl BA3HAYEHHS JIKEPeI BiOpOaKyCTHIHOTO
30y PKEHHS 32 CITIBBITHOMIEHHSIM CIICKTPATbHUX CKIIAJOBHX.

BucnoBku. Y po0oTi NMpoBeAcHUN MOPIBHSUIBHUI CIIEKTPAIBHUA aHaJli3 JaHWUX Yy CMYy3i
gactor Bix 10 mo 200 I'm, oTpuMaHUX 3 JAaTYMKIB aKyCTUKW 1 BiOpamii mpu BUMpPOOYBaHHSX Y
1a00paTOpPHUX yMOBaxX CYJIHOBOTO Ju3eib-reHeparopa Ha 0a3l YOTUPUTAKTHOTO JU3EIHHOTO
nsuryna Weichai WP4CD66E200 3 HOMiHaNBHOIO MOTYXHICTIO 66 KBT mpu dacToTi obepTaHHs
1500 06/xB Ha peXHMMi XOJIOCTOTO XOAY 1 peXHMaX aKTUBHOTO EJIEKTPUYHOTO HABAHTAXKEHHS
18 kBt ta 36 kBT. Pe3ynpTatM JOCHIIKEHHS CBig4aTh PO BHUCOKY KOTEPEHTHICTh MIX
CIIEKTPAaJbHUMH CKJIQJIOBUMHM CHUTHaTIB BiOparii 1 akyctukw. lle miaTBepmkye, IO CKIIaJI0Bi
aKyCTHYHOTO CIIEKTpa MOPO/IKYIOThCS CTPYKTYPHOIO BiOpalli€lo JBHTyHa. BH3HAYE€HO OCHOBHI
JIarHOCTHYHI CKJIaJ0BI cHekTtpy rapmonikm 25,1; 50,2; 100,2; 150,4 Tta 175,5 T'm, sxi
XapaKTepu3yloTh MpPOIECH OOEpTaHHA Bally, IMKJIOBY HEpPIBHOMIPHICTb poOOOTH AM3ens Ta
CTpYKTYypHi KonuBaHHs eneMeHTiB CEY. [lopiBHSHHS aMIUNITyJHUX CHEKTpiB BiOpawii y cmy3i
gactor Big 10 mo 200 I'm moka3ye miABHINEHHS pPIiBHSA BIOPONPHCKOPEHHS TpH 30UTBIICHH]
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AaKTUBHOTO E€JICKTPUYHOTO HABAHTAXKCHHA. TakoX 31 30UTBIICHHSM aKTUBHOTO EIEKTPHUYHOTO
HAaBaHTAXXCHHsI BIAOYyBaeThCcsl 30UIbIIEHHS KoedilieHTa HepiBHOMIpHOCTI obepranHs o. Lle
MiATBEP/KEHO TEOPETUYHHM PO3PaXyHKOM, PO3PaxyHKOM 3a JaHUMH 3 jaartyuka obeptiB KB, a
TaKOK PO3PaXyHKOM 3a JJaHUMH CIIEKTPAJIBHOI0 aHaJIi3y aKyCTHYHOIO CUTHAIY poO0YOro LUKIY Ha
OCHOBHII 9actoti obepranus 1X (25,1 I'm). HeoOXigHO BiA3HAYUTH, MO davg, PO3PAXOBAHUHN 32
aKyCTHYHUM CUTHAJIOM, BUSIBUBCS OUIBIIKMM Yy MOPIBHSIHHI 3 pO3paxXyHKOM 3a TaTYHMKOM 0OEpTiB, 1110
00yMOBJICHO CITOTBOPEHHSIM aKyCTUYHOTO CHTHAJIy Ha HU3bKHX YacTOTaX TAaKUMH SBUINAMH, SK
iHTepEepeHLIisl; TaKOXK HAaKIAaJaloTbCs CUIHAJIM BiJ BUXJIOIMHOIO KOJIEKTOpa 1 pOoOOTH KIiamaHiB.
Xoya 1mi curHajgud OUIBII BHUCOKOYACTOTHI, BOHHM MOJEIIOIOTHCS OCHOBHOKO YaCTOTOK pPOOOTH
nsurysa. Ilonpu ne, y poOoTi moka3aHo, 1[0 aKyCTUYHMHA CHTHAJl MOXE BUKOPUCTOBYBATUCH SIK
HENpsIMUM 1HAMKATOpP HEPIBHOMIPHOCTI 4YacToTH oOepraHHa. [apmonika 25 [’ Bignosimae
rino0anbHId 4acToTi HepiBHOMIpHOCTI oOepranHs KB, a po3paxyHok dayy Ha wactori 50 I'ng
XapaKTepu3ye HEPIBHOMIPHICTh OKpeMHUX poOoumux TakTiB. 30uibmeHHs ammmityau 1Y (50,1 ')
KOpeJroe 31 301IbIIeHHSIM piBHS BiOpompuckopeHHs y cmy3i yactoT Big 10 mo 200 I'u. Moxna
3poOUTH BUCHOBOK, I1I0 aHAJI3 CUTHAIY aKyCTUYHOI'O CEHCOpa y HU3bKOUYACTOTHIW CMy31 JO3BOJISE
OLIIHIOBAaTH CTaH pPOOOTH JABHUIYHAa 3a BHUICTIEPEPAXOBAHUMHU IapaMeTpaMu O€3KOHTAKTHUM
METOJIOM, IO € BAYKJIIMBUM Y CYJTHOBUX YMOBaX.

IlepciekTHBH NMOJANBIINX JOCTiZKeHb. [lofanbil TOCTIIKEHHS JOLUIBHO CIPSMYBAaTH
Ha CHHXPOHI3AII0 CHEKTPaJbHOro aHaiizy 3 (a3or oOepTaHHS Baly, MOOYJIOBY KOI'€pEHTHHX
3aJIeKHOCTEH MIDK aKyCTUYHUMH Ta BiOpaliiiHUMU KaHalaMH JUIsl PI3HUX THIIB CyJHOBHX
JIBUTYHIB, @ TaKOX Ha €KCHEPUMEHTAJbHY IMEPEBIpKY MIarHOCTUYHHUX O3HAK Yy pealbHUX YMOBax
eKCIUTyaTalii CyJHa 3 ypaXyBaHHAM IIBUIKOCTI, XBUIIOBaHHS, KypCy, KpeHy Ta AU(EpEHTy.
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Kucherenko V. Yu., Melnyk O. M. REDUCING SHIP NOISE POLLUTION THROUGH SPECTRAL
IDENTIFICATION OF DIESEL GENERATOR VIBROACOUSTIC PROCESSES

The paper presents the results of an experimental vibroacoustic investigation of a marine diesel generator
operating under three characteristic conditions: idle running mode, partial load of 18 kW, and working load of
36 kW. The relevance of the study is associated with current international requirements aimed at reducing
underwater radiated noise generated by ships, improving the environmental safety of maritime transport, and
enhancing onboard diagnostic methods for marine power plants. Particular attention is devoted to low-
frequency spectral components related to shaft rotational dynamics, cyclic irregularity, structural vibration
transmission, and tonal acoustic excitation. Experimental measurements included simultaneous acquisition of
acoustic and vibration signals obtained from low-frequency acoustic channels and structural vibration sensors
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installed on the diesel-generator system. Digital signal processing was performed using the Discrete Fourier
Transform and Fast Fourier Transform algorithms with subsequent narrowband spectral analysis in the
frequency range of 0-200 Hz. Additional processing included RMS evaluation, harmonic order identification,
and comparative analysis of acoustic and vibration spectra. The results demonstrated that the most informative
spectral components correspond to frequencies of 25.1, 50.2, 100.2, 150.4, and 175.5 Hz. These frequencies
are associated with shaft rotational orders, piston-group inertial forces, cyclic combustion irregularity,
torsional oscillations, and structural resonance processes. It was established that the 18 kW operating
condition provides the most balanced spectral structure, while the 36 kW mode is characterized by increased
harmonic saturation and higher rotational non-uniformity. The proposed integrated vibroacoustic approach
can be applied for onboard condition monitoring of marine power plants, early detection of developing
mechanical defects, evaluation of structural vibration processes, and operational reduction of ship-generated
underwater radiated noise.

Key words: marine diesel generator; vibroacoustic diagnostics; underwater radiated noise; spectral analysis;
vibration; harmonics; rotational irregularity; marine power plant.
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B icuyrouux cyuacumux cyoHosux cucmemax MOHIMOPUHEY HABKOIUUIHLO2O CEPeO08Ud MPAOUYILIHI
be30pomosi npomoxoau maxi ax Wi-Fi, Bluetooth ma cminerhukoi mepedici, e 8i0n08I0AOMb BUMO2AM UWOOO
3a6e3neuents HeoOXIOHO20 0OANAHCY 6 JNAHYIO3I eHeP2OCHONCUBAHHA — paldiyc NOKpUmms — 6apmicme
po3eopmanus  Mmepedxci. B axkocmi anemephamueHozo piuieHHsA, AKe ONUCAHO 8 cmammi, HeoOXiOHO
BUKOPUCTNOBYBAMU MAKI HOBIMHI HAYKOGI MEXHON02il, AK MOOYIAYIs 8eIuKo20 padiyca 0ii ma ii 10KanbHo20
Mepedxceso2o pieHa. Bonu moocyms pozensoamucs AK KA0U08I pilieHHs, wo 00360JA10Mb pO320pMamu Ha
CYOHI Mepedici 3 ABMOHOMHOI0 POOOMOIO KIHYeBUX NPUCPOi8 mepMiHOM 00 KilbKoX poxis. [lns npoyecy
nepedaui OAHUX y PO3NOOUIEHUX CUCMEMAX MOHIMOPUHSY NAPAMEmpie HAGKOIUWHLO20 Cepedosuyd 6
MAWIUHHOMY 8I00INeHl CYyOHA OYNI0 BUKOHAHO MOOEN08AHHS NPONYCKHOI 30amuocmi [ npogedeHa OyiHKa
yacmomu pobomu cucmemu. J[jisi akmusayii 6Cix npucmpois cyoHo80i Mepedci 3anponoHO8aH0 GUKOPUCTAHHSL
Memooy nepconanizayii. ExcnepumenmanbHum wisixom ompumana oyiHKa napamempie, o oOnucyoms saKicmo
cmapmy MiKpOKOHmMPOLepa nio 4ac KOHMPOIbHUX 3anycKig, cmabinoricms pobomu ALII, noxasnukie cencopie
memnepamypu, 80J1020CMI i OCEIMIEHHA.

Knrouosi cnoea: cyonosa noxanvHa Mmepedcda, MOHIMOPUHZ NAPAMEMPI8 MIKpOKIiMamy, apximexmypa
cucmemu; Memoo nepcoHanizayii.
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Beryn. Benuka KiIbKICTh MPOMHUCIIOBUX TEXHOJIOTIH HampsiMy 3ajeXKUTh BiJ TII00ATIBHHUX
KJIIMAaTHYHHUX 3MiH. J[0 TaKUX TEXHOJIOT1H HajeXaTh CyJHOBI CHCTEMH 3a00py MOBITpSI, sSIKE We Ha
3TOpSIHHS NajuBa, Ha BEHTUJISALIIO MPUMIIIEHb, HA JOBUIbHI CY/THOBI TEXHOJIOTIYHI MPOIIECH 1 T. 1H.
[1]. HeoOXximHiCTh palliOHAIBPHOTO BHUKOPUCTAHHS TOBITPSHUX  PECypciB  TOTPEOYIOTh
BIIPOBA/KEHHS ~ €HEProeeKTUBHUX CHUCTEM  MOHITOPUHTY  IapaMeTpiB  HABKOJHUIIHBOTO
CepeIOBUINA, 3/IaTHUX MPAIIOBATH aBTOHOMHHM YWHOM TPOTATOM TPHBAJIOTO YacCy 3 YpaxyBaHHSIM
3MiH OCBITJICHHS, TEMIIEpaTypH, TUCKY a0o BojiorocTi. Ha TenepimHiil 4ac B iCHyIOUMX CYJTHOBUX
crUcTeMax MOHITOPUHTY TpaaulliifHi 0e3apoToBi mpoTokonmu Taki sk Wi-Fi, Bluetooth Ta
CTITBHUKOBI MEpPEXi, HE BIAMOBIAAIOTH BHMOTaM MI0J0 3a0e3nedeHHs HEeoOXiTHOTO OallaHCy B
TaKOMY JIAHITFO31 eHEPTOCIIOKUBAHHS, SK: Pa/ilyC MOKPUTTS — BapTICTh PO3TOPTaHHS Mepexi [2].

B sKkocTi anbTepHATHBHOTO pilIeHHS HEOOXIJHO BUKOPHCTOBYBAaTH HOBITHI HayKOBI
pimeHHs, mo Oa3yroTbcs Ha TexHojorii ¢ismuHoro piBHs LoRa (Long Range — TtexHomoris
MOJyJIsLil BenuKoro pajniyca aii) Ta ii mepexxeBoro piBHI LoRaWAN (Long Range Wide Area
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Network — mepeskeBuit iporokon s LoRa) [3]. Came BOHM MOXYTh PO3IIISAATUCS SK KJIFOYOBI
pIlIeHHSI, K1 [TO3BOJISIIOTH PO3rOPTaTH  CYJIHOBI Mepexi 3 aBTOHOMHOIO pOOOTOI0 KIHIIEBUX
MPUCTPOIB TEPMIHOM JI0 KUIBKOX POKiB. Taka aBTOHOMHICTD € KpUTHYHUM (PAKTOPOM TSI SHHKCHHS
eKCIUTyaTalliiHUX BUTpAT Ta 3abe3meueHHsl Oe3mepepBHOCTI MOHITOPHMHTY i 4ac poOOTH CyIHA

[4].

VY BUMAaKy, 10 PO3IIIAAAETHCS, HAHOUIBII CYyTTEBA MPOOIIeMa MOJIArae y HU3bKii IIBUAKOCTI
nepenayl JaHuX 3 (I3MYHOrO PIBHS apXITEKTYpU CTEKY 3aJisiHUX HPOTOKOJIiB. BTpara makeriB
JaHUX dYepe3 iHTepdepeHiito, Koii3ii ado 3aTiHEHHS CUTHATy MOXYTbh MOPYILIYBaTH LITICHICTh
YaCOBUX PAJIKIB JaHUX y TaKUX cxoBumax ganux sk PostgreSQL a6o MS Excel. Hu3zpka mBuakicTsh
TaKOX CTBOPIOE KPUTHYHY NMpoOJIeMy NEpEeBUILEHHS OUYiKyBaHHsS Ha MOBIJOMJICHHS TalimMepom. B
apxitektypi LoORaWAN BiacyTHi BOy0BaHI ME€XaHI3MU aBTOMATHYHOI KOMIIEHCAIlli TaKUX BTpaT
Ha piBHI cepBepa [4].

Ha mizncraBi BuIieo3HayeHOTO, JJIA JTOCHIKEHHS, IO OMHCAaHO B CTaTTi, OyJ0 0OpaHo
mporec mepenadi AaHUX Y pO3MOAUICHMX  CYAHOBHUX CHUCTEMax MOHITOPUHIY IapaMeTpiB
HaBKOJIMIIHBOTO CEpeNOBHINA. | O0JIOBHA MeTa BHKOHAHUX JOCTIDKeHb Oyjia TpU3HAYCHA
JIOCITIJKEHHIO METO/IB Ta 3ac00iB 3a0e3neueHHs iCHOCTI JaHuX y Mepexax LoRaWAN.

AHami3 ocraHHix [gochaimkeHb, Ta myOgaikanii. Konnemmisi  «lHTEpHETY pedeii»
BU3HAYA€ThCS AK [yIo0anbHa Mepeka (i3MYHUX OO0 €KTIB, OCHAIIEHUX CEHCOpaMu Ta
KOMYHIKalisIMH, JJi iXHbOI B3a€MOJI1i Ta OOMIHY JaHUMHU Oe3 O6e3mocepeIHbO y4acTl JIIOJIUHU. 3a
OLIIHKAMH aHAJITUYHUX areHmii, 7o mouyatky 2020 poky rio0ambHO KIIBKICTh MiJKIIOYCHHX
MIPUCTPOIB BKE MEPEBUILNIIA KUIBKICT Y 25 MUIbSIPIB OAUHUL [5, 6].

bazoBa TexHomoris Oe3nporoBoi Moayssauii LoRa ©Oyma pospoGnena ¢paHily3pKum
crapraniom «Cycleo», a y 2012 poui kopmopaitis Semtech mpuadana ioro Ta 3amaTeHTyBala IO
TEXHOJIOT110, 1110 00YMOBIIIOE 3aKPUTHI TEXHOJIOTTUHUI CTEK PiBHA (PI3MYHOTIO KaHAIY.

[Ipotokom LoRaWAN Bu3HaueHudd Ta aKTHBHO TIPOCYBA€THCA HEMPUOYTKOBOIO
opranizauieto «LoRa Alliance», no ckiany sikoi BxoasaTth moHaja 500 kommnaHii-y4yacHMKIB, SIKi
MaloTh Oe3rocepenHiil BIUIUB Ha CTaHIApTU3allilo0 Ta MacoBe posropranHs LPWAN-texHonoriii y
cBiri [7, 8, 9].

SAxmo Opatu macmtabHi loT-cuctemu, To KiIacndHa KIIIEHT-CEPBEPHA MOJIENb (KO KOXKEH
KJIIIEHT HampsMy 3BEpPTA€ThCS Ha CcepBep) Mae MOMITHI oOMexeHHs. BoHa mpalitoe, ane He 3aBxau
3py4HO 1 HE 3aBXAW €PEKTUBHO, OCOOJMBO KOJIM KOMIOHEHTIB Oarato. Y po6ortax [10, 11]
MOKa3aHo, 1110 JIOT1YHIIIe TUBUTHCS B OIK MaTepHy «BUaaBelb-mamucHUK» (Publish-Subscribe, a6o
Pub/Sub). Lle Oinpin THyYKHH MiAXiA A aCHHXPOHHOI KOMYHIKalii MiX BEJHKOI KUTBKICTIO
posmnoaiieHux eaemMeHTiB [12, 13, 14].

ITin wac po3poOku eHeproe)eKTUBHOI CYJHOBOI CHUCTEMH MOHITOPHHTY TapameTpiB
HaBKOJIMIITHBOT'O CEPEJIOBHUINA Ha MiACTaBl TexHoJoTii ¢izmunoro piBHsA LoRa Ta ii mepexeBoro
piBHs LoORaWAN 0yB 0OpaHmii HanpsSIMOK, BaXKJIMBICTh SKOTO, IETAIBHO PO3TISIHYTO B podoTax [3,
9, 15, 16]. Bin noB’s3aHmii 3 po3pOOKOIO MEXaHi3My KOMIIEHcaIlli BTpaT makeTiB gaHux. Llei
HanpsSMOK 3a0e3revye MUTICHICTh YaCOBUX PSIIB JAHUX MPH MOCTIHHOMY 3aHECEHHI iX y CXOBUIILE
TAHUX.

Merta Ta 3agaui JgociaizxeHHsi. MeToio poOOTH € po3poOKa pPO3MOMAITIEHOT CUCTEMHU
MOHITOpHHTY Ha 0a3i TexHosorii LoRaWAN 3 peamizamiero MexaHi3My KOMIIEHCaAIlii BTpaT
MOBIIOMJICHb Ta BaNiJalii JaHuX ajs 3a0e3nedeHHs 3anucyBaHux a0 Tabmuii MS Excel wacoBux
PAIIB TaHUX.

Jlnst #ioro monanblioi MpakTHYHOI peamizamii Oynu chopMyiIbOBaHI JOCITITHUIBKI 3amadi
mon0: oOrpyHTyBaHHs BHOOpYy cTeky LoRaWAN s moOyaoBH CHCTEMH MOHITOPHHTY Ta
JOCTIPKEHHS TIPOIIECY MOIIUPEHHS paiocurHaTy B JnianazoHi 868 MI .

J10o TOJIOBHUX 3a/1a4 JOCIIJKEHb BITHOCSATHCS:

— po3poOka maTemMaTu4HOi Moieni OroKeTy JiHii 3B's13Ky (Link Budget);

— PO3paxyHKH TaKMX XapaKTEepUCTHK paJlioKaHay sK: YyTIMBIcTh mpuiiMada, SNR (Signal-
to-Noise Ratio — cmiBBigHOMICHHST cUTHANY 10 HasBHOro mymy) Ta ToA (Time on Air — wac
nepenayi curHany B edipi) i 3a0e3rneueHHs BiAMOBITHOCTI PETYISITOPHUM HOpMaM;
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— po3poOKa apXiTeKTypH pPO3MOIICHOI CUCTeMH Ha 0a3i Mikpo cepBiciB y Docker
(mnatdopma KOHTEHHepHu3alii MPOrpaMHOro 3a0e3MeyYeHHs), sKa BKIOYA€ IIJII03, MEpEeKeBUH
cepeep ChirpStack (mporpamMHuii KOMIUIEKC 13  BIAKPUTHM BHXIIHUM KOJOM, SIKUH
BUKOPHUCTOBYETHCS JIIsl po3ropTaHHs npuBaTHUX Mepexk LoRaWAN) ta cepBep noaaTkis.

Pe3ysabTaT TAa MeTOAM AocCTilKeHHs. 115 BUpimIeHHS CPOPMYITbOBAaHUX HAYKOBUX 33124
OyJIM BUKOPUCTaH1 HACTYIHI METOAM JOCI1KEHHS:

— aHAJIITUYHUM METO/1 epCcoHaNi3alii Ta aHaIl3 HOpMaTUBHOI 0a3U MPOTOKOJIIB;

— MaTeMaTU4YHe MOJICJIIOBAHHS PaJ{IOKaHAIy Ta PO3paxyHOK OIOJUKETY JIiHIH 3B A3KY;

— METOJ| aJNrOpUTMIYHOI OOpOOKM JaHUX 3aco00aMM BI3yaJbHOTO MpPOrpaMyBaHHS 3
BUKOPUCTaHHSAM CKPHIITIB;

— eKCIIEPHUMEHTAIIbHUI METO]] HaJalTyBaHHS OOJaJHAHHS 3 PO3TOPTAHHSIM CEPBEPHOTO
IIPOrPaMHOTro 3a0€3MeUYEeHHS;

— QHAJIITUYHUN METO]| OIIHIOBAHHS OTPUMAaHHMX [AHWX Yepe3 CTaTUCTUYHE (OpPMYBaHHS
BHCHOBKIB Ta OLIIHKY I€PCIIEKTUB CUCTEMHU.

CytHicty crpykrypu Mepexi LORaWAN. Ilin uyac po3poOku mepexy LoRaWAN
HEOOXIJTHO pO3IJIsiaTH SK CKIagHy cucteMy. BoHa € cykynHicTio HaOopy 00’€KkTiB (KiHLEBI
MIPUCTPOi, LUIIO3HM, PIBHI CEpBEPIB), SIKI MAIOTh BHU3HAUEHI BIACTUBOCTI Ta (DIKCOBaHI MPOTOKOJIU
B3aeMojii. LleHTpanbHOIO 3ajadero MiJg 4Yac po3poOKH € BU3HAUYEHHS YMOB DPO3MOBCIOJKECHHS
pajiocurHany B CKJIaJHUX yMOBaX €KCILIyarallli Cy/iHa Ta po3po0Ka MexaHi3MiB KOMIIEHCAIlil BTpatT
KOPHUCHOT'O HaBaHTa)KEHHsI MOBIIOMJICHb Ha PiBHI IPOrpaMHOro CTeKy. JlOLiIbHICTh BUKOPUCTAHHS
Mepe:xki LoRaWAN y mopiBHSHHI 3 I1HIIMMHU MepexamMu Jy>K€ HasBHO JE€MOHCTPY€EThCS
MOPIBHSJIBHUM aHaJi30M 0€3pOTOBHX MPOTOKOJIIB KOMYHIKAIIil, 10 OKa3aHui y Tabnuui 1.

Tab6mursa 1 — [MopiBHANBHMH aHaNi3 0€3IPOTOBHUX MPOTOKOJIIB KOMYHIKAITI1

Texnonocia | Cnociéo komyHnixauii Hanvuicmo (m) Homyxucnicmy nepedaui
(mBm)
Bluetooth [ Mana nanbHicTb npubauzHo 10 npubIu3HO 2,5
WiFi Masna ganpHICTb npubiu3HO 50 npubim3Ho 80
4G /5G CTiNbHUKOBHH 3B’SI30K | IPUOIH3HO 5 THCSY npudmmsao 500
LoRa LPWAN 2—5 Tucsuy (MiCTO), HpI/I6J'H/I3H0 20
5—15 Tucs4 (ciibcbka MIiCIEBICTb),
Oimprme 15 Tucsu  (mpsma  JiHis
BHIUMOCT)

bazoBa TexHosoris 6e3aporoBoi Moayisiii LoRa oOymoBiroe 3akpuTHH TEXHOJIOTIUYHUN
CTeK piBHA (PI3UYHOTO KaHATy B SKOMY JAJBHICTh 3B 53Ky MK IepelaBadeM Ta MpHiiMadyeM €
BEJIMUMHOIO, IO 3MiHIOEThCS. BoHa 3anexuTh Bin (aktopa po3mmupeHHs crekrpa (Spreading
Factor) Ta xapakTepuCTHUK cepeoBHINA MOMMpeHHs curHamy — Big 0,3 kbit/c mo 5,5 kbit/c
BIJIIIOBITHO.

Apxitektypa cyaHoBoi Mmepexi LoRaWAN  0Gasyerbcss Ha 3ipKoBil TOmojorii B sKiit
KIHIIEBUH TIPUCTPI € aBTOHOMHHM MOJyJieM. BiH CKiIagaeThCcs 3 palliouacTOTHOTO MpHiiMaya-
nepezaBayda 3 aHTEHOIO Ta MIKPOKOHTpOJIepa, 10 BiANOBigae 3a 00poOKy maHux 3 ceHcopis. Ilpu
1HTerpamii JO0JaTKOBUX CEHCOPHHX €JIIEMEHTIB KIHIIEBHH MPHUCTPiii HaOyBae (PYyHKIIOHATBHOCTI
BiJITAJIEHOTO JTATYHKA.

1111103 € KOHIIEHTPATOPOM 1 BUKOHYE POJIb MOCTA, SIKHH CKJIAJIA€EThCS 3 Paaio MOAYJS Ta
MiKporporecopa st 00poOku nakertiB nanux IP. Bid 3gaTHuil 0JHOYaCHO MPOCITYyXOBYBAaTH KiJIbKa
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YaCTOTHUX KaHAJIB Ta BCi KOE(]IMI€EHTH pO3MIMPEHHS CIEKTpa Ha KOXKHIM dYacToTi. Y HboMy
BUMAJKY 3HAYHO ITiIBUIY€THCS HMOBIPHICTh IPUIOMY CUTHAIIB.

MepexeBuil CyHOBUW cepBep MpUMaEe MaKeTH ITaHWX BiJ YCiX ILIO3IB Ta BUKOHYE IX
neayrutikamito/ginerpamito. Ilicns oO6poOku Ta nemudpyBaHHS MAKETIB BIH MaplIpyTHU3ye iX
1H/IMBITya IbHO HAa KOPEKTHHUH cepBep nonaTkiB. Ha cepBepi BinOyBaeThCs KiHIIEBa 00pOOKa JaHUX
Juis KopuctyBaya. [Ipu HeoOXiqHOCTI HA/ICUITaHHS BIAMOBiI 400 KOMaHIN HAa MPUCTPIN, CyAHOBUN
cepBep [0JAaTKIB HAJACHUJIAE€ 3allUT MO HU3XIAHOMY 3’€lHaHHIO. MepexxeBUil CyIHOBHI cepBep
BH3HAYa€ ONTUMAJIbHUM LUTI03 JUIs TPAHCIALIT IIbOIO HU3X1JHOTO 3’ € THAHHS.

3aBasSKM BCIM CBOIM BIIACTUBOCTAM 0a30Ba TEXHOJIOTiS Oe3aporoBoi Moxyisamii LoRa
HaOyBa€e IMIMPOKOrO 3aCTOCYBaHHS HA CyJHAX BOJHOIO TpaHcHopTy. HasBHUM mnpukiazom €
JUCTAHLIMHUNA MOHITOPHUHT JIOBUIBHUX IapaMeTpiB HABKOJIMIIHBOTO CEPEIOBUINA: KOHTPOJIb PIBHS
piaMHU y pe3epByapax Ta CyHOBHUX TaHKAaX; MOHITOPHHI OKAa3HUKIB/CTaHy 3aC001B BUMIPIOBAHHS;
MOHITOPUHI MapaMeTpiB TUCKY, BOJIOrOCTI Ta TeMIIEpaTypd y MaIIMHHOMY BIJJUIEHI CyJHA Ta
KPUTUYHHUX CEPEJIOBUIIAX BCEPEMHI BAaHTAXXHUX TAHKIB; 3al00IraHHs MpOLecaM 3HEBOAHIOBAHHS
a00 BHCHXaHHS BaHTaXy B TPIOMax; KOHTPOJIb YMOB TPAHCIOPTYBAaHHS Ha CYIHAaX BOJIHOTO
TPaHCHOPTY O10JIOT1YHO AKTUBHUX BaHTAXIB.

Mojaesil0oBaHHS NPONMYCKHOI 31aTHOCTI i 4acToTm podoTH cucremMu. MonemtoBaHHS
IIPOIYCKHOI 3AaTHOCTI MOKJIMBO BUKOHYBATH 3a JOIOMOTror0 Habopy napaMeTpiB. ['00BHUM 3 HUX
€ FSL (Free Space Path Loss — BTpaTu curHainy y BUIbHOMY IIPOCTOpP1) — 3MEHILIEHHS IHTEHCUBHOCTI
CUTHAJIy BHACIIZOK PO3LIMPEHHs (GPOHTY XBUJI1 O Mipi BijaneHHs Bia Jukepena [7]. Y mpocTopi 3
JIHIEIO TPAMOI BUIMMOCTI CHJIa CUTHAy OOEpHEHO MpomnopliiiHa kBaapaTy BijacraHi. KigbkicHe
3HA4YEeHHs BTPAT y BIIBHOMY NPOCTOPI € 0a30BOI0 CKJIAZIOBOIO OIOJKETY JIiHII 1 OOUMCIIIOETHCS 3a
¢dbopmynoro @piica, MoK(DIKOBAHOKO I 3py4HOCT] po3paxyHKiB y LoRaWAN-mepexi:

L, =20Log,, 4”:”:, (1)

ne Lis — BTpatu y BibHOMY mpocTopi, J[0; d — mucraHilis MK KiHIIEBUM MPHUCTPOEM Ta MLTIO30M,
kM; f—poboua yactora, MI'I1; C — MIBUAKICTH PO3MOBCIOKEHHS €JIEKTPOMATrHITHUX XBHJIb, M/C.
Hacrynaum mapamerpom € 3ona @penens. BoHa Bu3Hauae SIKICTh Ta IHTEHCHBHICTh
pamiocurHally B yMOBax mpsiMoi BUAMMOCTI. L5 30Ha € emimncoimoM, B 00’eMi SKOTO iCHY€E TpsMa
JIHIS TOIIMPEHHS] CUTHAY MK KIHIIEBUM MPUCTPOEM Ta 1Tro30M [8]. He 3anexHO Bijx HassBHOCTI
psIMOi BUIUMOCTI, OyJib-siKa MEpeIiko/ia, mo MmoTpamisie B 30Hy OpeHens (Hanmpukiaa, perbedHi
CYJTHOBI BaHTa)XHI €IIEMEHTH, HAJICTPOWKA Cy/HA TOIIO), MOKE CIPUYUHUTH OCIAOJICHHS CUTHATY
gyepe3 iHTepEepeHIlito MpsSMOro Ta BiIOUTOTO CUTHATIB. Y IIbOMY BHIIQJIKy MaKCHUMAaJbHHNA pajiyc
nepmoi 30Hu Dpenens (Imax), U0 3HAXOAUTHCS TOCEPENMHI AMCTaHIli, pPO3paxOBYe€TbCA 3a

dhopmyoro [8]:

r =8,657 % (2)

ne I — paaiyc 30uu, M; D — nucraHiis Mix mepenaBadeM Ta mnpuiiMadem, kM; f — poboua gacrora,
T

VY €spormi, BKIIOUAOYH YKpaiHy, BUKOPUCTOBY€ThCS dacToTHUH Tuian EU863-870 MIw.
Jotpumanns BctaHoBineHux ETSI perymstopuux HOpM € 060B’si3koBuM [1]. ETSI posmominse
cmyry 863 MI't — 870 MI'ty Ha I’ sITh CyOJiIIEH30BAaHUX MiJIiaMa30HIB, K 3a3HAUYEHO B TaOIHUII 2
[4]. Koxken migmiama3oH Mae€ KOHKPETHI OOMEXKEHHS, SKHX KIHIIEBI TPUCTPOi TMOBHHHI
JOTPUMYBATHUCS.
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Taomuus 2 — Iligmianazonu ETSI [4]

Haiimenyeanna | Hianazon, MI'y Obmedrncenns
G 863-870 EIRP menme 25 MBT — pobouwnii ukn menmie 0,1 BigcoTka
Gl 868-868,6 EIRP mene 25 MBT — po6ounii nuki Mennie 1 Bigcotka
G2 868,7-869,2 EIRP menme 25 MBT — po6ounii nukn menme 0,1 BizcoTok
G3 869,4-869,65 EIRP menme 500 MBT — pobGounii niukit menire 10 BiIcOTKiB
G4 869,7-870 EIRP menme 25 MBt — poGounii nukir MeHtie 1 BimcoTka

Crnenudikaniss LoORaWAN BHKOpPUCTOBYE JIMIIE TPH Aialla30HU CMYT MpOIycKaHHs: 125
KI'n, 250 KI'ny ta 500 KI'n. V eBpomnelicbkoMy perioHi BUKOPUCTOBYIOTbCS CMYTH IPOIYCKaHHS
125 ta 250 KI'11 BigmmoBigHO.

Kanan 3B’s3Ky BH3HAYaeTbCs SIK Y3TOJKEHUN HaOlp KOHKPETHHUX IapaMeTpiB: HECy4yoi
gacrotu CF (Carrier Frequency — Hecywya uyacrtora), cMyru mnpomyckanHs (BW) Ta daxtopy
PO3IIMPEHHS CIEKTPA.

3B 530K MiJK HECYUOIO YacTOTOIO Ta Jiana3oHOM KaHay (HIKYA fuuxe Ta BUmMA feuy gacToTn)
BH3HAYAETHCS HACTYTHUMU dopmyiiamu [9]:

foo= o, -, ®3)
: ) 2
_f B @)

HUuC Hecyua 2

[Tpu 06poO1Ii HU3X1THOTO 3B SA3KY, JUISL CIOTIB OYIKYBAaHHS JAiI0Th HACTYIIHI IPaBUJIa:

— s RX1 (mepiie BiKHO MPUHOMY CUTHAITY) BUKOPUCTOBYIOTBCS Tl JK 4aCTOTH BUCX1JTHOTO
KaHay, o i u1g nepeayi;

— m1s1 RX2 (apyre BIKHO MpUKWOMY CUTHAITy) BHKOPHUCTOBYETHCS (hIKCOBaHA J0JAaTKOBA
9acTora.

Kinuesuit mpuctpiii 3MiHIOE KaHal MCEBIOBUIIAAKOBIM YMHOM JJIsi KOKHOI Iepenadyi, 10
3HAYHO IMiJIBUMIYE CTIHKICTh CUCTEMH 0 JIOKAIBHUX 1HTepPEpEHTIIiil.

Texnomnoris LoRa rpyHTyeThCS Ha cXeMi MOJYJIAIII 3 PO3MIUPEHUM CIEKTPOM, BIIOMIN K
CSS (Chirp Spread Spectrum). Lleit MeTon CHEKTPaJIbHOIO PO3IIMPEHHS BHKOPUCTOBYE
ITUPOKOCMYTOBI, JIIHIHHO-4aCTOTHO-MOYJIbOBaHI IMIYJbCcH Uil KoayBaHHS maHux [3, 9]. CSS
Koaye iH(opMaIlito 3a JOMOMOTOI0 IUKIIYHOTO 3CyBY 4acToTh Hecydoi xBmii. CSS € curnamom,
4acToTa SIKOro JIHIMHO 3pocTtae abo cmamae. Ha pucynky 1 moxxHa moGauutu, mo y LoRa
MOBIJJOMJICHHSI KOAYETHCS HE 3MIHOIO YacTOTH, a 3MIHOIO MOYaTKOBOI (a3u (a00 TOUYKM MOYATKY)
IUKITIYHO TToBTOproBaHoro CSS, mo Takox HaznBaroTh LoRa-momysitiero.

HemopynboBaHWin curHan MopynboBaHWin curHan
f(Buwa) f(Bnwa)

T

f(Hrwa) f(Huwa)

Pucynok 1 — Po6ota LoRa-momymsmii
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Metoa akTuBanii npucTpoiB Mepe:xi. /s akTuBamii Ha CyJHI BCiX MPUCTPOIB MEpexki
HaWOUIBII aJleKBaTHUM € BUKOPHUCTAaHHS METOAy IMepcoHamizaimii. Bin mepenbauyae momepemHe
KOH(QITypyBaHHS KIHIIEBOTO TPHUCTPOIO Ta CYTHOBHUX CEPBEpIB yCiMa HEOOXITHUMH CECiiHUMHU
KIIoYaMu Ta aapecamMu. Y IIbOMYy MeEXaHi3Mi BiJICYyTHI OOMiIH MOBIAOMJICHHSIMH 3alUTy Ha
MPUETHAHHS, a TaKOXX BIANOBIMI Ha mei 3amut. KiHIEBUH TPUCTPI Ta CYJHOBHUA MEpPEKEBUN
cepBep He 30epiraiorb DevEUI (yHikaneHuMil ineHTHdikaTop npuctporo), AppEUI (yHikanbHui
inentudikatop apoxarka) ta AppKey. 3aMicTh HUX NPUCTPOIO MOMNEPEAHBO IMPHUCBOIOKOTHCS
DevAddr, NwkSKey ta AppSKey (xmtou mudpyBanHs nonatka). [Ipuctpiii iHilitoe 0OMiH JaHUMU
o/lpa3y, HaJCWIalo4Yu 3amu(poBaHi Ta MIAMUCAHI MakKeTH. AJie 1€l METOJ BBaXKAETHCS MEHII
oesneunum nopiBassHo 3 OTAA (Over-The-Air Activation — Biakputa 0e31poTOBa aKTHBAIiS),
ockinpku Kitoul NwkSKey (mepexeBuit ceciitauii kiirou) Ta AppSKey (ceciitHuil K104 J0/aTKa) €
CTaTUYHHMHU 1 HE OHOBIIIOIOTHCS. [liarpama 1poro mpouecy npejacTaBieHa Ha pUCYHKY 2.

Knrou NwkSKey BHKOpUCTOBYEThCS KIHIEBUM IPUCTPOEM Ta CYJHOBHUM MEPEKEBUM
CepBepoOM ISl pO3paxyHKy Ta Bepudikamii KOAy IUIICHOCTI ycix makeTiB AaHux. Ilpu mpomy
KOPUCHE HABaHTa)XCHHS IIHPPYETbCS Bl KIHLEBOIO IPUCTPOIO J0 CYIHOBOTO MEPEKEBOI0
cepsepa.

Kitou AppSKey BUKOpPHUCTOBY€EThCS KIHIIEBUM IMPUCTPOEM Ta CYTHOBUM CEPBEPOM JOATKIB
JUIs HAacKpi3HOTO MM(pyBaHHA Ta JemudpyBaHHS KOPUCHOIO HaBaHTaxeHHs. [lompu 1e,
LUTICHICTh Ha PIBHI JOJIATKIB HE TAPAHTYETHCS, 00 Mepeka MOKE 3MIHIOBATH BMICT MTOBITIOMJICHHS,
aJie BC1 Cy/IHOBI MEPEKEBI CEpBEPU BBAXKAIOTHCS YMOBHO JOBIPEHUMH BY3JIaMH.

Cepsep
ponarkis
(CybA
// PostgreSQL)
KiHuesun N _ Mepexesui
NPUCTPIN ¢— LWmo3 v I COpaep
il ChirpStack
\\ Cepsep
‘\ ponatkis
(Tabnuun
MS Excel)
g 0 DevAddr DevAddr DevAddr
KiHyesmi AppSKey* MepexeBun  NwkSKey* Cepsep AppSKey*
npucTpiv NwkSKey* cepsep popaarkis

Pucynox 2 — AxTuBaIisi IIITXOM TIepcoHaTi3aIii

Bisyanizauis nanmux. Ilin dyac gocmipkeHb i BUBEACHHS TOJIOBHUX MOKa3HHKIB
BUMIPIOBaHHS MOKAa3HUKIB MIKPOKJIIMaTy B MAaIIMHHOMY BIJUIUIEHI cyJaHa OyB po3poOsieHuit
inrepeiic. Moro kmouoBoro uactuHOW0 € rpadiku, sKi peamizoBami uepes Chart.js. Bi6miorexa
npaitoe Ha HTMLS Canvas. Ilig yac po60TH peHAEpUHT € BUCOKOIIBH/IKICHUM HaBITh Y BUMAJKY,
KOJIM TOYOK JaHUX CTae Oarato.

OHoBNEHHSI JaHUX 3poOiieHO 0e3 mepe3aBaHTaKEHHS CTOpiHKU, ToOTO uepe3 AJAX.
JavaScript Ha KJII€HTI KOXHI KiJIbKa CeKyHJ Bianpanise acuHxpoHHi 3anuTh fetch() no REST API
cepBepa (/api/data, /api/stats 1 moai6si). Jam npuxoautb JSON, 1 1ieit JSON BUKOPHUCTOBYETHCS IS
OHOBJIEHHS 3HaueHb Yy DOM Ta 151 nepemMasiboByBaHHs rpadikis.

Crunizamis iHTepdeiicy Oyma BukoHana Ha ©0a3i Bootstrap 5. 3aBmsku npomy OyB
OTpUMaHUIl Cy4acHUI BUIJIS 1 HOpMaJbHA aJIaTUBHICTh MiJ Pi3HI eKpaHu Oe3 3aiiBOro py4yHOTro
CSS. Jlns Bi3yaJIbHOI J€Tai30BaHOI MIATPUMKH Ta MEPEeXoay BiJ TaOJIW4YHOTO 1HTEpdeicy Oynm
nonani ikonku Lucide. [lpuxian iHTepdeiicy A BUMIPIOBaHHS TOJOBHUX IapaMeTpiB
MIKPOKJTIMAaTy y HAaBKOJUIITHROMY CEPEIOBHII IMOKa3aHUN HA PUCYHKY 3.

Mo pybpuxu éxnioueno cmammi 3a cneyianvricmio J5 «Mopcokuii ma éHympiuwiniii 600HUTL MPAHCHOPHL)
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Jlist BimoOpaskeHHsT 9aCTOTHOTO PO3MOJITY 3HAYCHb OYJI0 BHKOPHCTAHO TICTOTpaMH, IO
JIONIOMararoTh OL[IHIOBaTH CTaOUIBHICTh mapaMeTpiB. [Ipukiian Takoi Bi3yanizalii HOTOKOBUX JaHUX
BCEPEIMHI MAIIMHHOTO BiJIIJICHHS Cy/THA IMOKa3aHW HA PUCYHKY 4.

@} 10T Dashboard 08 roncewa [ Cratuctuka A7 Tpewp || FicTorpamu
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Pucynoxk 3 — InTepdetic cTOpiHKHM PO3IMNPEHOT CTATUCTHKH

{©} 1oT Dashboard 08 ronceqa [ Cratmctuka A2 Tpeng || Mctorpamm
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Pucynok 4 — CropiHka 3 ricrorpaMamu

Momnitopunr 3miH MikpokjaiMaTy. B sKocTi HasBHOTO NpHUKIAaTy MOHITOPUHTY 3MiH
MIKpOKJIIMaTy BCEpeIMHI MAIlMHHOIO BIUIUIEHHS CyJHa Oylla MpOBEAEHA cepis eKCIEepHUMEHTIB
IIOZ0 BUMIpPIOBAaHHS MOTOYHUX 3HAYEHb TEMIIEPATypH 1 BOJIOTOCTI TOBITPS y HABKOJUIIHBOMY
CepeIoBUIIll Ta PiBHS OCBITJICHHS NMPUMILIEHHA. Y IIUX €KCIIepUMEHTax OyB 3aJisHUI cepBepHUil
3aCTOCYHOK, JIOTiKa SIKOTO 0a3yBajacs Ha aCHHXPOHHIHN Mozeni 6i6miorexu Paho-MQTT.

Anroput™M 0OpoOKM JAaHUX CEPBEPHUM 3aCTOCYHKOM IOKa3zaHUM Ha pucyHky 5. Ilig uac
HOT0 BUKOPHCTAaHHS OCHOBHHU IMOTIK BHIJISIAaB HACTYITHHM YWHOM: BUKOHYBAJIacs iHIIiai3allis
kiienTiB (Uit MQTT ta SQlite), BcTaHOBIIOBAJIOCH MIJKIIOUEHHS 10 Opokepa, peani3oByBaiacs
MiNUCKa Ha arperoBaHy Ttemy iot/devices/+/data. ['omoBHa mepeBara ajaroputMy IOJISATAE B
onHopiBHeBoMy wildcard-cumBoai MQTT, sikuit 103BoJIsAB NpuitMaTu AaHi BiA yCiX MPUCTPOIB.

ISSN-print 2313-4763; ISSN-online 3041-1939
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CTapT cepeicy
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Pucynok 5 — AnroputM 00poOKH 1aHUX CYJHOBHM CEPBEPHUM 3aCTOCYHKOM

CynHOBUH CepBEpHUI 3aCTOCYHOK, MICISI MPUHOMY JaHUX, 3aXOJUB Y HECKIHUCHHHH ITHKJI
ouikyBanHs (loop forever()), a came: mig dYac BXOIy TIOBIJOMIICHHS, BOHO (OpPMYBAIOCS SIK
OaifroBuit MacuB (msg.payload), a moTiM peai3oByBajIlCh HACTYIHI KPOKHU: OalTH JEKOAyBaIHCs B
psanok (UTF-8) i mapcunr mporo psaka sk JSON-00’exTa; mapanenbHO aHaji3yBajacs Tema
MOB1AOMJIEHHS (msg.topic) 1 3 Hel BUTATyBaBcs ineHTHdikaTop npuctporo (device id); dopmyBaBcs
00’ext Point (Touka nanmux) Ha ocHoBi maHuX 3 JSON (moss) Ta Temu (Tern); copMoBaHa Touka
JAaHUX 3amucyBajack y 6azy SQlite.

Takuii anroput™m 00poOku mganux y Burisai callback cmparoByBaB KOXHOTO pa3sy, KOJIA
JOCTaBIISUTHCS. HOB1 TIOB1IOMJICHHS.

Jiist poboTH CyTHOBOI CHCTEMH MOHITOPWHTY 3MiH MIKPOKIIIMaTy BCEpEAMHI MAIIMHHOTO

Mo pybpuxu éxnioueno cmammi 3a cneyianvricmio J5 «Mopcokuii ma éHympiuwiniii 600HUTL MPAHCHOPHL)
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BIJUIUICHHS cyAHa Oynu miniOpaHi mudpoBi i aHamorosi ceHcopu. Bubip poOuBcs 3 orisigy Ha
JOCTYTHICTh, TPOCTOTY MIAKJIIOUEHHS 1 aIeKBaTHY BIPOT1IHICTH JJIsl MOOYTOBUX 3a]1a4.

Temmeparypa i BIZHOCHA BOJIOTICTh BUMIiproBanucs 3a pomomororo matauka DHT11, mo
MIiCTHTh pE3HCTHBHMI eneMeHT s Bojorocti ta NTC-Tepmicrop mms Temmeparypu. Moro
MAKITIOYEHHS 0 MIKPOKOHTpOJIepa BiJOyBaIOCs Yepe3 BIACHHUHA OJHOMPOBIAHUN MpoToKoa Single
Wire 3 BuKopucTaHHS juiie onHoro mudposoro miHy. Jliamazon obmexxenr DHTI11 cknanae:
Bouioricte 20-90 %, temmneparypa 0-50°C. Cencop DHTI11 € crabinmpHUM 1 Mae 3aBOJCHKE
KaJiOpyBaHHS.

KonTpons ocBiTiieHocTi OyB peani3oBaHUM 3 BHUKOPUCTaHHSIM MoOAyds Ha 0Oa3sl
¢doropesuctopa (LDR) y sikoro mpuHiun po6otu 06a3yBaBcsi Ha 3MEHIICHHI ONOPY 13 3pOCTaHHSIM
CBITOBOTO NOTOKY. byB BukopucTranuii Moayib 3 BXiiHuM AianazonoMm ALl mo nopisaioe 0—1,0 B
1 BiH MaB JIUIbHUK HANpYTH, 100 CUTHAI OYB y JIOITyCTUMHUX MEXax.

[1ig yac MOHITOPUHTY JaHUX BUKOPUCTOBYBAJIMCh CTATUCTHYHA OOpOOKa Ta aHajl3 TPEHIIB.

[Tpuknan craTucTU4HOI OOpOOKM IMOKa3zaHWM Ha pHcyHKax 3—4 ne BigoOpaxeHi OiIbIn
pO3MIMPEH] METPUKM JJI1 KOKHOTO IlapaMeTpy HaBKOJUIIHBOIO CEpEelOoBHUIA: MiHIMAaNbHI,
MaKCUMallbHi, Cepe/IHI 3HAUCHHsI 1 CTAHJapTHE B1IXUJICHHS.

AHai3 TpeHaiB, 110 MOKa3aHUI Ha PUCYHKY 6, Bi3yalbHO B1100pakaB JiHIIHY perpecito Ta
3rmajpkeHl rpadikud KoB3HOro cepeanboro. Came Ha MiJCTaBl TakuX Ppe3yJIbTaTiB MOXKIHBO
MpUOJIM3HO OLIHIOBATH 1 MPOTHO3YBAaTU 3MIHM MIKPOKJIIMATy BCEpEIMHI MAIIMHHOIO BIJIUICHHS
CyIHa.

@ loT Dashboard Of ronosna [ Cratmetuka A2 Tpeug ||| MieTorpamu

AHanis TpeHgiB

MporHos 3miH Ta 3rNagxyBaHHA WYMIB OaTHMKIB

f Temneparypa & BonoricTe

Nivlama perpecia (Mpordoa) NiHlAna perpecia (Mporkoa)

A Koe3He cepegHe (Moving Average)

PinbTpaua wynie (BlkHo IrNagxyBaHHA = 5 ToYOK)

Pucynox 6 — BimoOpakxeHHS TPEHIIB 3MiHH MIKPOKIIMATy B MallTMHHOMY BiJIIUUICHHI CyIHA
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s 30epexxeHHs icTopii BUMipIOBaHb BUKOPUCTOBYBAJIACS PEJISAIiifHA CUCTEMa KepyBaHHS
6a3amu nanux SQLite. Bona He BuMarae BCTaHOBIIEHHS okpemoro cepepHoro II3 ockigbku €
oxuuM (daitom iot data.db. CripoekToBaHa cxema 0a3u JaHHX CKJaaanacs 3 TaOuuil 3 mosssMu: id:
yHIKaIbHUH 17eHTH(iKaTOp 3amucy (MEepBUHHUI KIOY); timestamp: MiTKa 4acy (MPOCTaBISEThCS
aBTOMAaTHYHO CEPBEPOM y MOMEHT OTPHMAaHHS JaHWX); temperature: 3HAYCHHS TEMIIEpaTypu
(miticHe ymcno); humidity: 3HadeHHst BonorocTi (aiiicHe umcio); light level: piBeHb ocBiTaeHOCTI
(mi¥icHe 4ncIo).

Bax<imBuM nuTaHHAM Y pOo3po0IieH il cucTeMi MOHITOPUHTY TapaMeTpiB 3MiH MIKpPOKIIiMaTy
€ TIepeBIpKa CTapTy MIKPOKOHTpoJiepa MICis mojadi >KuBjieHHS. KoM XKUBIEHHS IMiJIKIIIOYCHE,
ESP8266 3aBantaxye mpomuBky MicroPython i1 3amyckae ¢aitn boot.py. Ilix yac TectyBaHHS B
yMOBaxX pOOOTH Cy/HA, pe3yJbTaTh SKOTO IIOKa3aHI Ha PHUCYHKY 7, OyJO BHKOHAHO MAECATH
KOHTPOJIbHHX 3alycKiB npucTporo. CepenHiil yac BiJf MOMEHTY I0Jladi HaNpyrH O MOBIJOMJIEHHS
PO TOTOBHICTh y KOHCOJ CKiaaaB 1.5 cekyHau. Y 1ieil 4acoBUi TPOMIKOK BXOJIUTB 1 1HIIIIATI3AIIis
BHYTpilIHBOI nepudepii, 1 HaamTyBaHHSA NOPTIB BBOAY-BUBOY.

Yac xonoaHoro cTapTy ESP8266 (10 3anyckis) Peakuia ALM Ha piBeHE 0CBITNEHHS

-=- Cepeane: 149 ¢

1000 4

150

1.48 4
200 1
147 4

o 2 4 6 8 Tempsga Hanigrempaga OCBITNEHHA KIMHATH HacTinsHa namna MakcuMankHe CBiTNO
Hamep 3anycky YMoBW ocaiTReHHA

Yac, ¢
3HaueHHA ADC (0-1024)

Pucynok 7 — TectyBaHHs *uBIIeHHS Ta cTa0inbHICTh podoTu ALIII

[Tix yac mpoBeACHHS Cy/THOBUX €KCIIEPHUMEHTIB OKPEMO TNepeBipsiiacs CTablIbHICTE pOOOTH
ATl npu 3umtyBaHHi gaHuX 3 ¢oTopesnctopa ockiabku BXim AO Ha ESP8266 Mae By3bkmii
niamazon Hampyru 0-1.0 B, a cam momyns Qotopesucropa sxkuButhes Bim 3,3 B. Ilim wac
eKCIIEpUMEHTAJIbHOI MePEeBIPKH KOPEKTHOCTI poOOTH AibHUKA Hanpyru Ha miati NodeMCU Oyno
3a(hikcOBaHO, 110 MPH MAKCUMAaJIbHOMY OCBITJIIEHHI CYJHOBOI'O MAIIMHHOTO BiJTUIEHHS 3HAYEHHS
AUII noxomumo go 1024. [Ipu BiACYTHOCTI CBITJIOBOTO TIOTOKY BOHO Majajno a0 5—10 oguHUI.
To6To0 y3ropkeHHs piBHIB HANPYTH BiAMPaLbOBYBAJIO 3MiHU SKICHO Ta a/IeKBATHO.

TectyBaHHs afexBaTHOCTI Moka3HUKIB ceHcopa DHT11 Oyno mpoBeneHo y MOpPIBHSHHI 3
noOyTOBUM TE€PMOMETPOM-TirpoMeTpoM. ExcrepuMeHT MpoBOJIMBCS MiJl Yac eKCIUTyaTallii cyaHa
npu Temnepatypi nositps 24°C. Piznung B moxaszax temneparypu mMik DHTI11 Tta eranonHum
npuctpoem cranoBmia 0,5-1,0 °C. Ile BkiagaeTbcst y macrnopTHy HoxuOky patumka (£ 2°C) i
BKa3zy€e Ha sIKiCHy poOoty ceHcopa. [lo Bomorocti po30ixkHicTh Oyma Omu3bko 4-5 %, mo mist
OIOJKETHOT'O CEHCOPA € TAKOXK MPUITYCTUMHUM.

Cencop DHT11 mae neBHy inepuiiinicts. Moro peaxiis Ha pi3ky 3MiHy TemmepaTypu
(Hampukiag, mpu o0JyBiI CTpyMEHEM TeIIoro MoBiTps) 3aiiMae mpubimsno 10-15 cexyna. Tomy
IHTEpBaJl OMMUTYBaHHSA y HpOrpaMHOMY Kol (pa3 Ha 2 CEeKyHIW) BUIJSAA€ JTOCTATHIM: 3MiHU
¢ikcyroThes, ane mpouecop He Oye HaBaHTaXyBaTUCS 3aiBUMHU 3aITUTaMU.

BucnoBku. Y po6oti Oyna BupilieHa 3ajada MpOEKTyBaHHsA cyaHOBOI loT-cucremu nmms
MOHITOPUHTY TOJIOBHUX (DI3UYHUX IMApaMeTpiB HABKOJIMIIHBOTO cepenoBumia. B ymoBax pobotu

m o pyopuku exnioueno cmammi 3a cneyianvnicmio J5 «Mopcokuit ma enympiwinii 600HUIL MPAHCHOPM)
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CyJlHa cHCTeMa peari3ye 30ip, mepeaaBaHHs, 30epeKeHHS Ta Bi3yali3allilo JaHUX JaTYUKIB Ha 0a3i
MikpokoHTpoJiepiB cimeiictBa ESP 1 mporokony MQTT. [N'onoBHuMH mnepeBaramMu po3poOieHol
CYIHOBOI CHCTEMH €: €Heproe(heKTUBHICTh, HAAIHHICTh, TPOCTOTA MACIITAOyBaHHS.

Po3pobnena mnporpamHo-amapaTHa apXiTeKTypa BKJIOYae CeHCOpHUM By3on (Ha ESP),
Opokep, CepBepHHI 3aCTOCYHOK 1 BeO-iHTepdelic. Bubip amapaTHOi 4acTHHH JO3BOJIMB 3pOOHUTH
CYJHOBY CHUCTEMY JICIIEBOIO 3 MOXKJIMBICTIO PO3LIMPIOBaHHS. PeanizoBaHO MOBHUM UK POOOTH —
B1JI MOMEHTY 3YMTYBaHHS JaT4YMKa A0 MosiBU nudp y Opaysepi.

ExcniepumeHTanbHe OLIHIOBaHHS pO3p00JIeHOT CyTHOBOT CUCTEMU MOHITOPUHIY MapameTpiB
3MiH MIKpOKJIIMATy BCEPEAMHI MAIIMHHOTO BIJ/IIEHHS [10Ka3aJl0 BUCOKI AKICHI MOKA3HUKHU I/ Yac
MIEPEBIPKU CTApPTy MIKPOKOHTpoJepa Mmicias moaayi skuBiaeHHsA. OTpuUMaHI 4HCEIbHI MapaMeTpu
II0JI0 BHUMIPIOBAaHUX 3HAY€Hb TEMIIEPaTypH, BOJIOTOCTI Ta OCBITIEHOCT! BIAMNOBIJAIOTH MaJluM
NoXMOKaM Ta BKa3ylOTh HAa BHCOKY SIKICTb PO3pOOJIEHOI CYyJHOBOI MEpeXi 3a YMOBHM MiHIMaJbHOT
KUIBKOCTI 3aIUTIB.

IlepciekTHBH NOAAJIBIIMX JOCJHiIXKeHb. B SKOCTI TOJOBHOrO HAaMpsMKY HOJAJIBIIMX
JOCTIPKEHb HEOOXITHO BUIUIMTH JI0aBaHHSI AJITOPUTMIB CTATUCTUYHOIO AaHAJI3y TPEHMIB 1
ricrorpaM. BHacniok iX BOpOBaKEHHS MOJKJIMBO NPOTHO3YBaTH poOOTY YChOIO OOJIaJHAHHS
MalIMHHOIO BIJIUIEHHS CyJIHA 3 BUKOPUCTAHHSAM PETYJISITOPIB BUTPATH TOJIOBHUX pOOOYHX areHTiB,
10 MTyTh Ha TEXHOJIOT1YHI CyIHOBI IPOLIECH HATPiBaHHS 00 OXOJIOKEHHS.

Po3mmpeHHss MOXJIHMBOCTEH CHCTEMH TaKOX MOXJIMBO JOCSTHYTH y pa3i HpPOBEACHHS
JOCIIJDKEHb I0JI0 YAaCOBHUX XapaKTEpUCTHK MepeAayl JaHWX MiJ 4Yac 30UIbIIEHHS CTaOlIbHOCTI
pobotu kanany 3B’s13ky MQTT. 'ooBHUMU pe3ysibTaTaMu B LIbOMY BUIIQJIKy MaloTh OyTH AaHi PO
Te SK LIBUAKO cepBep oOpoOiisie 3amuTH, 1 K CUCTEMa pearye Ha JUHAMIYHI 3MIHM IapaMeTpiB
HaBKOJIMIIHBOTO CEPEIOBHIIIA.
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Nikolskiy V. V., Malakhov O. V., Nikolskyi M. V., Palagin O. N., Naydyonov A. I. SYSTEM FOR
MICROCLIMATE PARAMETERS MONITORING OF THE VESSEL’S HOUSING AREAS

In existing modern vessel environmental monitoring systems, traditional wireless protocols such as Wi-Fi,
Bluetooth and cellular networks do not meet the requirements for ensuring the necessary balance in the chain
of energy consumption - coverage radius - cost of network deployment. As an alternative solution, which is
described in the article, it is necessary to use such new scientific technologies as long-range modulation and
its local network layer. They can be considered as key solutions that allow deploying networks on vessels with
autonomous operation of final devices for up to several years. For the data transmission process in distributed
systems for monitoring environmental parameters in the vessel's engine room, bandwidth modeling was
performed and the system operating frequency was estimated. To activate all devices of the vessel's network,
the use of the personalization method was proposed. An experimental assessment of the parameters describing
the quality of the microcontroller start during test runs, the stability of the ADC operation, and the indicators
of temperature, humidity and lighting sensors was obtained.

Key words: vessel's local area network; monitoring of microclimate parameters; system architecture;
personalization method.
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KOHIEIITYAJIBHA TUHAMIYHA MOAEJIb ® YHKINIOHAJIBHOI'O
CTAHY OIIEPATOPA 3 YPAXYBAHHSIM B3AEMOJI ®I310JOITYHUX,
KOI'HITUBHUX TA OIIEPAINIMHUX ®AKTOPIB I3 ML-KOPEKII€IO

IlerpoBcbkuii A. B., k.m.1., doyenm xkaghedpu nasieayii ma ynpaeninHs cyoHom XepcoHcbKoi
oepoicasnol mopcwbkoi akademii, m. Xepcown, Ykpaina, e-mail: andreyanybody@gmail.com,
ORCID: 0000-0002-3337-9577.

Y cmammi 3anpononosano 2ibpuony ounamiuny mooenv yHKYIOHANILHO20 CIMAHY ONEpamopa 8 MOPCbKUX
MPAHCNOPMHUX CUCIEMAX, KA 6pAX08YE B83A€MOOI0  (DI3i0N02IUHUX, KOSHIMUBHUX MA ONEePayiiHux
gaxmopis. AxkmyanvHicms 00CHIONCEHHSA 0OYMOBIEHA 3HAYHUM NIUBOM JHOOCbKO20 (hakmopa Ha Oe3nexy
CYOHONNABCMBA, 30KpeMa pOJIIO GMOMU MA KOSHIMUGHO20 HABAHMAICEHHS YV GUHUKHEHHI aA8apiliHux
cumyayiil. Icuytoui nioxoou 00 oyiHKU cmawny onepamopa, AK NPasuio, po3ena0arms OKpemi acnekmu yici
npobiemu ma He 3abe3neyyromo iHMe2pO8aAHO20 ONUCY npoyecie. Y pobomi po3podieHo OUHAMIYHY MOOeb,
wWo onucye sMiHy (Dizion02iuHol 6momu, KOSHIMUBHO20 HABAHMANCEHHS MA XAPAKMEPUCTUK ONepayiiiHo20
cepedosuwia y 4aci 3 ypaxyeawHsam ix HeniniuHol e3aemooii. Ocobausicmio 3anponoHo8aH020 nioxody €
BUKOPUCMAHHS MemOoOi8 MAWUHHO20 HABYAHHS Ol KOpPeKyil 3anumkoeoi noxubku 6azo8oi moodeni, wo
0036071€ NIOGUWUMU TNOYHICMb NPOSHO3VEAHHS Oe3 empamu IHMepnpemosanocmi pesyiomamis. Y axocmi
Memooy MAWUHHO20 HAGUAHHS 3ACMOCO8AHO 2padienmuull Oycmune. Hadano cmpykmypHo-noeiuni cxemu
peanizayii modeni ma npedcmagieno OemanbHull aleopumm, aKi 3a2ai0M HA0awms NOGHe YAGIEeHHs 6Ciel
KOHYenyii modeni. 3anpononosana mooenb modxce Oymu GUKOPUCMAHA AK OCHO8A Onsl NoOYO008U cucmem
RIOMPUMKU NPUUHAMMS DieHb y MOPCbKUX MPAHCROPMHUX CUCMEMAX ma RIOGUWEeHHs PIiGHs De3neKu
CYOHONIABCMEA.

Kntrouosi cnosa: smoma onepamopa, inoexc PFI; b6esnexa cyononnaecmesa; ML, epadienmmuuti 6ycmune.

DOI: 10.33815/2313-4763.2026.1.32.100-113

Beryn. 3aGe3neueHHst Oe3neku CyTHOIUIABCTBA € OJHIEI0 3 KJIIOUYOBUX 3aJad Cy4yacHOI
MOPCBHKOI 1HAYCTpIi, y fAKIi JroACbKUM (hakTop BiIIrpae BHU3HAuYalbHYy poiib. He3Bakarounm Ha
PO3BUTOK aBTOMAaTM30BAaHUX CUCTEM YIIPABIIiHHS, OMEpPATOp 3aJUIIAETHCS LEHTPAIBHOIO JAHKOIO
MPUMHATTA pilIeHb Y CKJIAJHUX HaBirauifHuX yMoBax. UHcCIeHH1 JOCHIIKEHHS MOKa3ylThb, 110
3HaYHa YaCTMHA MOPCHKUX IHIIMJCHTIB MOB’s3aHa 3 MOMMIIKAMH JIIOJAMHHU, Cepell SKHX OCOOJIMBE
Micle 3aiiMae BToMa. Broma oneparopa BIIMBae Ha yBary, IBHUJIKICTh peakiii Ta sSIKICTb IPUUHATTS
pilieHs, 10 6e3MocepeHbO MiIBUIILYE PU3UK aBapiiHUX CUTYyalliH.

CkJyaHICTh aHaJi3y LbOTO SIBHILA MOJiArae B Horo 6araToakTOpHIN HmpUpoJll, OCKUIBKU
BTOMa (OPMYETbCS MiJ BIUIMBOM (Di3100T1YHMX, KOTHITUBHMX Ta 30BHIMIHIX (akTopiB. o
¢b131070T1YHUX (aKTOPIB HAJNEKATh MOPYLICHHS CHY, TPUBAJIICTh pOOOTH Ta IIUPKAIHI PUTMHU, TOAL
SK KOTHITHBHE HABAaHTAXKCHHS BU3HAYAETHCA CKIATHICTIO 33/Ja4 1 piBHEM 1HQOpMAIiiHOTO
nepeBaHTakeHHs. OmepaniiiHi yMOBH, 30KpeMa IHTEHCHBHICTh CYJHOINOTOKY Ta HaBirauiiHa
00CTaHOBKa, TaKOXX CYTTEBO BIUIMBAaIOTh Ha CTaH omepaTopa. Bzaemomis mmx QaxkTopiB Mae
HETIHIMHUHI XapakTep 1 MOXe MPU3BOAUTH J0 PI3KOT0 MOTipIeHHs (YyHKIIOHATBHOTO CTaHy HaBITh
IIPYU HE3HAYHUX 3MiHAX YMOB.

IlocranoBka mpo6JemMu. ICHyroUl MAXOAW IO OIIHKA BTOMH Ta PHU3UKY, SK TPABHUIIO,
PO3IIISIIAIOTh OKpeMi acmhekTH wiei mpobinemu. biomaTematuuni Mozeni €QeKTHBHO OINHUCYIOTh
(1310710T14YHI TIPOLIECH, ajleé HE BPAXOBYIOTh KOTHITUBHE HABAHTAXKEHHS. Y CBOIO Yepry, KOTHITUBHI
Mojieni 0a3yroThes Ha cy0’eKTMBHUX OLIIHKAX 1 He BioOpaxkaroTh (izionoriuHy quHaMmiky. Meroau
MAIIMHHOTO HABYAaHHS JO3BOJISIIOTH JIOCSATAaTH BHCOKOI TOYHOCTI NMPOTHO3YBaHHS, MPOTE YacTO
BUKOPHCTOBYIOTHCS SIK ‘“dOpHUH MUK’ 0e3 ¢izuuHoi iHTeprpeTaltii. [le oOMexye iX 3acTocyBaHHS
y KpUTHYHHUX CHCTEMaX, JIe BaXKJIMBA MOSICHIOBAHICTh PE3yJIbTATIB.

TakuM 4MHOM, aKTyaJlbHOIO € 3ajJaya PO3pOOKM IHTErPOBAHOIO MIJIXOAY, SKUH MOEIHYE
¢i3ionoTiyHi, KOTHITUBHI Ta onepaiifHi pakropu B €quHii Moaeni. OcoOnMBOro 3HauUeHHs Ha0yBae
BpaxyBaHHS TMHAMIYHOTO XapaKTepy MpOIeCciB Ta HENiHIMHOT B3aeMoJii Mik ckiagoBumu. Kpim
TOTO, HEOOXITHUM € BHKOPHUCTAHHS METOJ[IB MAIIMHHOTO HaBYaHHS Yy Croci0, 1mo 30epirae
IHTEPIPETOBAHICTh MOJIETI Ta MiABUIILYE 1 TOYHICTD.
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AHani3z gocaizxennb i mybJikaniii. CydacHi TOCTIKEHHS NEMOHCTPYIOTh, IO JIFOJCHKUN
(hakTop € MPUYMHOIO OUTBIIOCTI I1HIMAEHTIB, MPU IILOMY BTOMa YacTO BHCTYMA€ JATEHTHOIO
MPUYMHOIO, SIKa He BimoOpakaeTbes y 3BiTax mpo amapii [1, 2]. AnHamiz aBapifiHUX IaHHX i3
BUKOPUCTAHHSAM CTAaTUCTHYHUX Ta MAIIMHHUX METOAIB IIOKa3ye, IO ITHOPYBAaHHS BTOMH
MIPU3BOIMTH JIO0 HEAOOI[IHKY PU3HKIB 1 CIOTBOPSHHS Moeiel 6e3neku [ 1, 3].

Broma QopmyeThecs mia BIITMBOM KOMIUIEKCY (DaKTOPIB, BKIIOYAIOUM TPUBATICTH POOOTH,
MOpPYIIEHHA CHY, OpraHi3aliiiHi yMOBU Ta IHIUBIAyajbHI XapakTEepUCTUKU omepaTopa [4, 5].
JlocmiKeHHs IcuX0¢i310JI0TYHOT0 CTaHy MOPSKIB MOKa3y0Th, IO 11 (PaKTOPU B3a€EMOJIIIOTH MIXK
co00I0 Ta CTBOPIOIOTh HEINIHIHHY CHCTEMY, y SKIH HaBITh HEBEJNMKI 3MIHH YMOB MOXYTh
MIPU3BOJUTHU J0 3HAYHOTO MOTIPIICHHS CTaHy [6, 7]. Y 3B’43Ky 3 LIUM 3aCTOCOBYIOThCSI Pi3HI METOAU
OLIIHKM BTOMHM, BKJIIOYarO4M (i310JI0T14HI, MOBEAIHKOBI Ta cyO’ekTuBH1 migxoau. dizionoriyi
MeTOoIM 6a3yI0ThCsl Ha aHasli31l O10CUrHaJIiB, MOBEIIHKOBI — HA XapaKTepUCTUKAX BUKOHAHHS 3a/1ad,
TOJI1 SIK Cy0’€KTHBHI METO/IM BUKOPUCTOBYIOTh ONUTYBAIbHUKH [4, 6].

OxpeMuit HanpsIM JTOCTIIKEHb OB’ I3aHUH 13 OL[IHKOIO KOTHITUBHOI'O HAaBAaHTAXKEHHS, SIKE €
KpUTHYHUM (pakTopoM epeKTUBHOCTI onepaTopa. lllupoko BukopuctoByetbes inaekc NASA-TLX,
SAKUM J103BOJISIE OLIIHUTH OaraToBUMIpHY CTPYKTypy HaBaHTaxeHHs [8, 9]. [locmimxeHHs
MOKa3ylTh, IO IMiJABUIIECHE KOTHITUBHE HAaBAaHTAKEHHS MPHU3BOJUTH 10 3HIKCHHS YBarw,
30UIbIICHHS Yacy peakuii Ta 3pocTaHHs HMoBipHOCTI momuiok [10, 11]. ITpu ubomy BcTaHOBIIEHO,
0 pIBEHb HABAaHTA)KCHHS 3aJIeXUTh BIlJ CKJIAJHOCTI 3ajaayli, JOCBIAY oOIEeparopa Ta YMOB
cepepoBuma [11, 12]. Ilonpu mupoke 3acTocyBaHHs, LI MiJXOAW MAIOTh OOMEXKEHHS, 30KpeMa
CyO’€KTUBHICTb OLIHKH Ta BIJICYTHICTh JMHAMIYHOTO OIIUCY MPOLECIB.

BaxuuBy posb y CydacHUX JOCHIJDKEHHSX BIAIPAOTh onepariiiHi naHi, 3okpema AlS, sxi
JIO3BOJISIIOTH  OIIHIOBATH HaBiramiiHe cepenoBuie. AlS-maHi BUKOPUCTOBYIOTHCS JUIsl aHAI3y
LITBHOCTI TpagiKy, MPOrHO3YBaHHS TPAEKTOPIN Ta BUsABIECHHSA aHoMamiil [13, 14]. 3acTocyBaHHs
METO/[IB MAaIlIMHHOTO HaB4YaHHS 10 AlS-maHux 103BOJIsi€ aBTOMAaTUYHO BU3HAYATH CKJIQ/IHI CIIeHapil
PYXY CyZ€H Ta OL[IHIOBaTH piBeHb pU3UKY [15, 16]. Lle cTBOpIo€ OCHOBY A iHTErpalii 30BHILIHIX
YMOB Y MO/IEJi JIFOJICBKOTO CTaHy.

MeTtoan MalIMHHOTO HaBYaHHS HAOyJIM 3HAaYHOTO MOUIMPEHHS y 33Jayax aHalli3y PU3MKY Ta
BTOMHU. BOHU 103BOJNSIOTH BUSIBIIATH CKIIQJHI HENIHIHHI 3aJIE)KHOCTI Ta B3aeMoii Mixk (pakropamu
[1], [17]. 3okpema, 3acTOCyBaHHS aHCAMOJIEBHX METOJIIB Ta HEUPOMEPEK JTO3BOJISAE TIABUIITUTH
TOYHICTb TPOTHO3YBAaHHSI CTaHy oreparopa Ta WMoBipHocTi iHmmaeHrtiB [9, 18]. JlomaTkoBo,
CydYacHi JIOCNI/DKCHHSI TMPOMOHYIOTh MYJBTHUMOJAIbHI TIAXOMU, SKI IMOEAHYIOTH (hi310JI0T1UHI
CUTHAJIH, TIOBEAIHKOBI XapaKTEPUCTUKH Ta KOHTEKCTHI faHi [19], [20].

Pazom i3 Tum, ML-miigxoau MaroTh CyTTeBI 0OMexkeHHsI. OCHOBHOIO MTPOOJIEMOIO € iX HU3bKa
IHTEpPIPETOBAHICTh, IO YCKJIATHIOE BHKOPHCTAHHS Y KPUTHYHUX cuctemax Oesmeku [17]. Kpim
TOTO, TaKi MOJIENI € YyTIIMBUMHU JI0 SKOCTI JAHUX 1 MOXKYTh JIEMOHCTPYBaTH HECTaOIIbHICTh MPH
3miHi yMOB [3]. Lle oOMexye iX mpakTUIHE 3aCTOCYyBaHHS 0€3 10IaTKOBUX 0OMEKEHb Ta KOHTPOITIO.
VY BiANOBiAR Ha 1 OOMEXKEHHS CyYacHI JOCIHIDKEHHS MEPEeXOJsITh 0 TIOpUIHUX MIIXOMIB, SKi
MOEAHYIOTh (Pi3UUHO OOIPYyHTOBaHI MOJENi Ta MallMHHE HaBYaHHS. Taki MiIXOAHM J03BOJIAIOTH
30eperTy IHTEPIPETOBAHICTh 0A30BUX MOJENICH 1 BOJHOYAC BpaxyBaTH CKJIAIHI HEJiHIWHI epeKTH
[9, 17]. Bonn mnepenbavaroTh BHKOpPHCTaHHS ()i3MUHMX a00 E€KCIEPTHHUX MoJened sk 0a30BOro
PiBHS 3 MOAAIBIIO KOPEKINi€ro 3a qomomoror ML (machine learning).

TakuM 9MHOM, aHAIII3 JIITEPATypH MOKA3ye, IO ICHYIOUl MiAXOAH IO MOJCIIOBAHHSI BTOMU
Ta PU3UKY B MOPCHKMX CHCTEMax pPO3BHUBAIOTHCSA Yy TPhOX OCHOBHUX HampsAMKax: (i3iojoriuHi
MoOjIeTTi, KOTHITHBHI Mojem Ta ML-miaxoman. OmHak iX iHTerparlis 3aJIMIIa€Tbcs OOMEXKEHOIO, 110
OOTPpYHTOBY€E HEOOXIJHICTh PO3POOKM TIOpPHIHHUX MOJCNCH, SKI TOEAHYIOTh (Hi310JIOTIUHI,
KOTHITUBHI Ta ornepauiiiHi GakTopy 3 BUKOPUCTAHHAM MAIIMHHOTO HABYAHHS.

OcCHOBHUI HayKOBUI PO3PUB MOJIATAE Y BIACYTHOCTI IHTETPOBAHOI MOJIEN], SIKa OJJHOYACHO:

— BpaxoBye (i3i0J0riuHUI cTaH onepaTopa;

— OIUCY€ KOTHITUBHE HaBaHTAXXECHHS;

— 1HTerpye omnepariitai ymoBH (30kpema AlS-nani);
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— BpPaxoOBY€ TUHAMIKY IPOLECIB;

— MOJIETIO€ HEelNiHiMHI B3aeMOJi1 (GaKTopiB;

— 1 1pu mpoMy 30epirae iHTepIpETOBaAHICTb.

Metoro aaHoi podoTm € po3poOka TIOPUIHOT MOJEN OIIHKH CTaHy oOIeparopa, sKa
iHTerpy€e (i3i0NOriuHi, KOTHITHMBHI Ta omnepauiiiHi (akTopu 3 BHUKOPHUCTAHHAM MAIIMHHOTO
HaBYaHHS JUISl KOPEKLIi 3aJMIIKOBOi MOXUOKH. 3ampONOHOBAaHUM MiJX1J JO3BOJISIE BpaxyBaTH
CKJIagHYy CTPYKTYpPY B3aeMOJIill MK (pakTopamMu Ta MiJBUILUTH JIOCTOBIPHICTH HPOTHO3YBaHHS
PHU3UKY B yMOBaX peajbHOI eKCIUTyaTallii.

O0’exTOM 0CTIIZKeHHA € (QYHKI[IOHAIBHUI CTaH OlepaTropa B MOPCHKHUX TPAHCHOPTHUX
cuUcTeMax, sIKUi (OpMYyeTbCS M1l BILIMBOM (P1310JI0T1YHOI BTOMH, KOTHITUBHOT'O HaBaHTa)KEHHS Ta
OTIepaIlifHMX YMOB HaBIralliiHOTO CEPEIOBHIIIA.

3agaui qocaizkeHHs: PO3POOUTH TUHAMIYHY MOJENb (DYHKI[IOHAILHOTO CTaHy orepaTopa,
1m0 BKJIOYae (i3l0JOTIYHY BTOMY, KOTHITHBHE HABAaHTAKCHHS Ta ONEpaliiiHl  (QakTopw;
(opmatizyBaTH B3a€MOJIIIO CKIIQJI0OBUX MOJEII 3 ypaxXyBaHHAM HETIHIMHUX €(PEeKTIB i KOHTEKCTHUX
3MiHHUX (HI4, Tpadik, mepeBTOMa); peanizyBatu ML-Kopekilito Mojen Ha OCHOBI IpaJi€HTHOTO
OyCTHHTY JJIs1 3SMEHILIECHHS TOXUOKH MTPOTHO3Y.

MeTtoau nOCTiIZKeHHs: MaTeMaTHYHE MOJENIOBAHHS AMHAMIYHUX MPOLECIB; HETIHIHHUI
aHaJi3 B3aeMoOJil (akTOpiB; METOIM MALIMHHOTO HaBYaHHsS (TrpagieHTHUI OyctuHr ans residual-
KOPEKIIiT).

OcHoBHa yacTuHA. Y po6oTi [21] moOynoBano 6a30By MOZAENs BU3HAUCHHS PiBHS BTOMH
mrypmana Predictive Fatigue Index (PFI): PFI = f(F,C,0), ne KoxHa CKJIaJ0Ba BKE Ma€e CBOIO
dhopmamizariiro:
ne F — depe3 CoH 1 9ac aKTUBHOCTI;

C — gepe3 3a1a4i, MOBIAOMJICHHS, CKJIATHICTD;
O — uepe3 norofy, Tpadik, Hiy.

Mix CKJIal0BUMH HEMA€ IMHAMIYHOIO 3B S3KY.

3 METOI0 MiJBUIICHHS TOYHOCTI MPOTHO3YBAaHHS PIBHA BTOMH CYAHOBOIiSI 3alPONOHOBAHO
po3mupeHHs 0a3oBoi Moaenmi PF| mmmsxom BBeIEHHS JMHAMIYHOI €BOJIIOIIT CKIIAIOBUX Ta
BpaxyBaHHS X B3a€MHOro BIUIMBY. Ha BigMiHy BiJ CTaTHYHUX MPEICTABICHb, CKJIAIOBI
(hi310JIOTIYHOTO CTaHY, KOTHITUBHOT'O HaBaHTA)XCHHS Ta OIMEPAIlIfHOTO PU3HKY € CEHC PO3TJISHYTH
SIK 9aCOBI TIPOIIECH, 10 3MIHIOIOTLCS Y TUCKPETHOMY Yaci.

JUis AMHAMIYHOTO PO3MIMPEHHS MOJENi KOXXKHY CKJIaJ0By MOJEN MOXKHa OIHMCaTH
PIBHSHHSIM CTaHy:

— ¢i3iosoTiuHa BTOMA:

F(t+At) = F(t) + aleleep(t) + a;Tyork () +azR(t) 1)

1€ Dgjeep — NeQIuT CHY;
Tywork — TPUBAJICTH Oe3MepepBHOI AKTUBHOCTI;
R(t) — BigHOBIIECHHS;
Q. — BIUTUB AeIINUTY CHY;
Q,— HAKOTIMYEHHS BTOMH;
Q3 — MBUIKICTH BiTHOBJICHHS.
a,+ a,+ az;=1
— KOTHITUBHE HaBaHTA)KEHHS:

C(t +At) = CO) + W (b)) + BM(£)+5A(L) )

ne W (t) — xiIbKicTh 3aj1a4;

M (t) — IHTCHCHBHICTb MTOBIOMJICHB;
A(t) — apanTanis oneparopa;

1 — BIUIHB 3aja4;
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[, — BILIUB TIOBIIOMJICHB;
p5 — eexT amanTarrii.

Bit+ B+ Bs=1

— OmepauiifHuil pu3nK:
O(t + At) = y1Weather(t) + y,Traf fic(t)+y;Night(t) (3)

ne Weather(t) — ckinagHiCTh HOTOJJHUX YMOB;
Traffic(t) — inTeHcuBHICTH Tpadiky (3a KUIBKiCcTIO cyneH 3 AlS-omiTkamm);
Night(t) —3mina yactun nobu, Night(t) € [0; 1];
Y1 — BIUIMB IOT'OJJHUX YMOB Ha BTOMJIEHICTh IITYPMaHa;
¥, — BIUIMB HACUYEHOCTI Tpadiky;
¥3— NOTCHILIWHUIN BIUTHB YACTUHH OO HA BTOMJICHICTD.
itytyz=1
[HTerpanbHUi MOKAa3HUK BU3HAYAETHCS SIK:

PFlpgse(t) = wp(t) F(t) + weC*(t) + wo0(t) 4)

1e Wg, W¢, Wy — BaroBi KoeQilieHTH, W + we + wy = 1.
Ha BiaMiHy BiJl HE3aJIE€XKHOIO PO3IJISAY CKIAJOBUX, Y 3alPOINIOHOBAHIN MO/EI BBOIUTHCA iX
B3aeMHMI BruB. Hanpukian, ¢i3ionoriyHa BToMa MiACUIIIOE KOTHITUBHE HABAHTAKECHHS:

() =COA +AF (D) (5)

ne Arp — KOedillieHT BIUIMBY BTOMH Ha KOTHITHBHI TIPOIECH, a, HANPUKIAL, KOTHITUBHE
HaBaHTAXCHHSI PUCKOPIOE HAKOITUYCHHS BTOMHU:

F(t + At) = F(t + At) + 1:.C*(t) (6)

ne A¢ — KoeQilieHT BIUIMBY KOTHITUBHUX MPOIECIB HA BTOMY.
[Ipn wupomy omnepaniiiHi ¢GakTopu MOXKYThb MOJETIOBATH OOUABI CKJIAAOB1 (BILIUB
orepariiftHuX (pakTopiB Ha (i3i0IOTIYHHUN CTaH Agp):

C'@) =C(A+2,0(), F@)=FO1+r0() (7)

Takum ymHOM, cucTeMa HaOyBa€ HENIHIMHOTO XapaKTepy, MO J03BOJISIE BpaxyBaTH e(exT
«KaCKaJHOT0» 3pOCTaHHSI HABAHTAKECHHS:
8MOMa — 3HUICEHHSA Y8aA2U —> 3POCMANHHS KOCHIMUBHO20 HABAHMANCEHHS — uje Oilbuia 6moma —
SHUMICEHHS Y8a2u — 3pOCMAHHI KOZHIMUBHO20 HABAHMANCEHH — We OLIbula 8moma.

Tonmi 3 ypaxyBaHHSM JUHAMIKH Ta B3a€MOIl KOMIIOHEHTIB TMPOTHO3 pIBHSI BTOMH
BU3HAYAETHCS SIK:

PFlpueo(t + At) = F(F(t + Ab), C*(t + At), O(t + At)) + &, (8)

1€ €y7, — KOPEKIisl HA OCHOB1 MAaIlIMHHOTO HAaBYaHHS.

VY peanbHUX yMOBax Taka opMajbHa MOJENb CBIIUUTh, 10 OJJHAKOBA KUIBKICTh 3a/1a4 MpU
pI3HOMY piBHI BTOMH Ja€ PI3HUN PU3MK, TaKOXX HIYHI YMOBU HE JIMIIE JOAAIOTh PU3UK, a U
MiJCWIIOI0TH Jif0 iHmMUX (akTopiB. Taka Mojenb 34aTHA BUSBISITH NPUXOBAaHI KPUTUYHI CTaHH,
KOJM omeparop me (opMaabHO y HOpPMaJbHOMY CTaHI, aje€ CHCTeMa BXKE€ IPOrHO3YE pi3Ke
MOTipIICHHS.

Jns mpakTUYHOrO 3acCTOCYBaHHS 3allpONIOHOBAHOI JMHAMIYHOT MOJENl HEeOoOXiJHO
BU3HAYUTU MApaMeTpH, Aiarna3oHH 3MiH 3MIHHUX Ta METOAM iX igeHTH(ikauii. Y maHii poOoTi
BHUKOPHUCTOBYETHCS KOMOIHOBaHHMH MiJXiJd, IO TOEIHYE EKCIEPTHY iHIIIAII3aIlii0, HOPMaTi3alliio
BXIIHUX JJAHWUX Ta TOaJIbIIIe YTOUHSHHS apaMeTpiB 3a gonomMororo nanux (data-driven).
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3anpornoHoOBaHa MOJENb CKJIANAETbCA 3 JBOX (DYHKI[IOHAIBHO BIJOKPEMJICHHX DIBHIB.
[lepmmii piBeHp — aHamiTU4Ha (0a3oBa) Mojenb, IO (GOpMye MEPBUHHY OILIHKY 1HAEKCY
(YHKIIIOHAJIFHOTO CTaHy Ha OCHOBI (i310JIOTIYHMX, KOTHITUBHUX Ta ONepaIiiifHux 3MiHHUX. [pyruit
piBE€Hb — MOAYJIb MALIMHHOTO HABUAHHS, SIKUI HE 3aMiHIOE 0a30BY MOJEIb, & BUKOHY€E KOPEKIIO ii
3aJIMIITKOBOI TOXMOKM, BPAaxXxOBYIOUHM HEJIHIIHI 3aJeKHOCTI Ta 1HAWBIMYyaldbHI OCOOIMBOCTI, HE
OXOIUICHI aHAJIITUYHUM OIHCOM.

Hpyruii piBens moaeni — ML-miaxi.

Marematuuna moaenb ML-kopekuii PFI:

PFI(t) = PFlpqse(t) + ep () (9)
dopMyeMO BX1THHI BEKTOD:
x(t) = [F(@), C(t), Ot), Dsieep(t), Twork(t), R(2), W(t), M(t), A(t), Weather(t),
Traffic(t), Night(t)]
Kopexuis:

em(t) = fo (x(8), h(1)) (10)
ne fp — ML-monens;
h(t) —icropuunuii craH (am’athb).
ITpu BuGOPI rpagieHTHOrO OYCTHUHTY:
K

(D) = ) ahy (x()
k=1

ne: hj, — cnabki Mozeni (aepeBa pilieHs);
K — KIIBKICTB iTepartiil.

[TepeBaroo BUKOPUCTAHHS TPaliEHTHOTO OYCTUHTY € BU3HAUEHHS HEJIHIMHOCTI mapaMeTpiB.
Takum YMHOM, MOJIYJIb MAIIMHHOTO HaBYAHHS BUKOHYE BUKIIOYHO (DYHKIIFO KOPEKIIii 3aJIMIIKOBOT
noxubku 6a3oBoi aHamiTHuHOI Mojeni. Lle 3a0e3neuye 30epexkeHHsT (Pi3MUHOI iHTEPIPETOBAHOCTI
OCHOBHMX KOMIIOHEHTIB, TOAl sk ML-Moaynh KOMIIEHCYE HEBpaxoBaHI HEMiHINHI edeKTH,
MiK(DaKTOPHI B3aEMOJIi1 Ta IHAUBITyallbHI 0COOIMBOCTI ONEpaTopa.
Hapuannst mozieni yepe3 miiboBy (DYHKIIIIO:

Y(t) = PFlyeqi(t) — PFlpgse(t) (11)

ToOTO MO/IENTH BUMTHCS CaMe TTOMMJIITI.
Minimisyerscs GyHKItis moMunks (GyHKINS BTpar):

i S (50~ fo(x®)) 12

t

Z (fo(x(t)) - (PFIreal - PFIbase))2

t

min
{a,By. 2}
Ananranist mogeni (uepe3 Exponential Moving Average, EMA):

emr(t) = pfo(x(®)) + (1 — p)ey(t — 1) (13)
p € [0.1;0.5]
Oowmexennst mogeni: F(t),C(t),0(t), PFI(t) € [0;1]
3nauenHss HacwdeHocTi (carypamist): PFI(t) = min(1, max(0,PFI(t))). Hanpuknan,
Gbiznani oomexenns (caryparis st F(t)):
— cOH < 0 — HEMOKJIUBO;
— YacOBE HABAHTaXXCHHs > max — 00pi3Ka JJ0 MAaKCUMAaJIbHOTO 3HAYCHHS;
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— JioriuHi oOMexeHHs: nipu F(t) — 1 edexkTuBHICTh 3HIKY€EThes, a ipu C(t) — 1 3pocrae
pusuk nomuiku C(t) = min(1, max(0,C(t))).

OOmesxeHHs Kopekii: £y (t) € [—6; +6], 6 € [0.1;0.3].

ML-xopexktist (€ (t)) GakTHUHO € THAUBITYATBHOIO MOMPABKOIO MTYpMaHa, sIKka BPaXxOBYE:
HIBUAKICTH BTOMJIEHHSI KOHKpeTHOro OOW (BaxToBHil odiliep HaBIramiifHOrO MICTKa), peakIliio Ha
HIYHI 3MiHHU Ta Ha MOBEIIHKY B YMOBAaX IEPEBaHTAKCHHSI.

OcTaroyHa MOJETb:

PFI(t) = weF(t) + weC* () + woO(t) + fo(x(£)) (14)

3anponoHoBaHa cuctema piBHAHb (1)—(7) € HeniHINAHOI JUHAMIYHOIO CHCTEMOIO 3
oOmexeHuMH 3MiHHUME cTany F (t), C(t),0(t) € [0;1].

CriiikicTh MO 3a0€3MeUy€EThCS TAKUMH (PaKTOpaMH:

— o0MexeHicTIO (pa30BOro MPOCTOPY: BCi 3MiHHI HOPMaJi30BaHi, 110 BUKIIOYa€ HEOOMEKEHE
3pOCTAaHHS; HASIBHICTIO AEMI(YIOUUX KOMIOHEHTIB (y (i310J10T14HIM MOJEINi — WIEH Bi1JHOBJICHHSA
R(t), a y korHiTuBHi# — ananrauis A(t);

— OamaHcoM mapaMeTpiB: cHCTeMa € CTIMKOI 3a YMOB:
CepeIHbOMY), IO BIATOBiAA€ (Pi3UUHOMY CEHCY BiIHOBIICHHS;

— MVCHUNIATUBHICTIO CHCTEMH: TPH BiJICYTHOCTI 30BHilIHIX BumBiB (W — 0, Traffic — 0)
crcTeMa MpsIMYyeE JI0 CTAIliOHAPHOTO CTaHy.

TakuMm yuMHOM, MOJENb HE JAEMOHCTPY€ HECTIMKOCTI, a ii moBeaiHka oOMexeHa (i3U4HO
IHTEpPIPETOBAHUMH MEKAMH.

Mogens Mae TUHaMIYHMM XapakTep Ta Moke OyTu ¢opmaiizoBaHa y BUIJISAL CHCTEMH
TudepeHLiaJbHUX PIBHSAHB, OJHAK y MeXaxX JaHOoi poOOTHU PO3IJISAA€ThCS Ha KOHLENTYallbHOMY
PiBHI 13 aKIIEHTOM Ha CTPYKTYpHI Ta (yHKIIOHAJIbHI B3a€MO3B’ I3KH.

Ha puc. 1 npeacrasneHo ¢gopmanbHy cxemy B3a€MOJIl BIUIMBIB Ta BU3HAYEHHS [TOTOYHOIO
iHTerpajgbHoro nokasuuka PFl ta fioro nporao3Horo 3HaueHHs.

T RO —

a3 =y, 3 =P+ P, (B

®dizionoriuHnin ctaH

F(t + At) = F(t) + ale,m ‘- aszmk 3R’
[Crosomae_|>@——
A
[Comomor }-+®
B3aemopis B3aemogia
v

KOrHiTMBHE HaBaHTaXKEeHHSA

KII'IbKICTb 3apay O

A A

Tpa¢|K

HNHMM yac @—'

Ct+Aat)=C(t)+ W+ B,M- B,A

KoHTekcTHi
L MoaynwioYi paktopu

) A vy

3

v

Barosi
koedilieHTH

ML
Kopekuis

OnepauinHuin pusmnk

O(t) =y, Weather + v, Traffic + y, Night

o ]

v v

OnepauinHuin pusmnk

O(t) = y,Weather +y,Traffic +y, Night|

v

MNporHo3 pigHa BTOMU
PFI(t + At)

€,

mi

IHTerpanbHuit NOKa3HUK

PFI(t) = w_F(t) +W, C(l)‘woO(()oem

Pucynok 1 — dopmMasbHa cXxeMa B3aeMO/Iii BIUIMBIB Ta BU3HAYCHHS IHTETPAJIbHOTO Mmoka3Huka PFI
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CtpyKTypHO-JIOTiuHA cxema (OpMaIbHOI MOJENI TOKa3y€e€ KOHIENTyallbHI MOMEHTH ii
peamnizariii (puc. 2).

1. 3aranbHa cTpykTypa ribpugHoi AuHamiuHoi moaeni (HDM-OFS) 2. disionoriyHa mogens (auHamika BToMM)
Henocwn T i inr il i Morosa Tpadix | | Hismmit vac E !
(Dsleep) pobotn (Rest) w) M) (A) (Weather) | | (Traffic) (Night) ' + @, - Hepocun (Dsleep) |
hork ' |
l fhvorio l l l l l l l i F(t) > +a, Tpusanicrs poborn (Twork) —» F(t+AY) | 1
l \ - @ - BignounHok (Rest) H
DigionorivHa mogent KorHitneHa mopens OnepaviitHa mogens ORI oW RN, i
F(t) () of) 3. KorHiTeHa moaens (AMHaMiKa KOrHITUBHOTO HaBaHTaXEeHHS)
l C(t) 1 - !
F) o) : i = :
4’| InTerpauis |‘7 | C(t) > + B, Nosigomnenns (M) > Ct+At) | |
H |
‘ \ = B, - AnanTauis (A) E
I Basosuii nokasHuk PFI | P ORI . | i
‘ 4. OnepauiHa mopens (yMOBM cepeaoBuiLa)
Mikopekgr | reessezzessroaspemeness R R R S E s s R B IREERRARAEEY
(rpagieHTHUA BycTUHr) Morosa Tpadik Hiunuit vac
l (Weather) (Traffic) (Night)
DinansHuii nokasumk PFI l I Y * Noropa I I Y2 - Tpadik l I ¥a - Hishwit vac I

5. ML-ko| st ({ Ha in nomunui) 6. O0pOSKA NAHMX TAIMORGAIOBAHHAI | Mocmccccacaccacaaccasrocatmororsacecccanronccaccannmcasnensad

Rawi AIS
(vpadix)

Rani
HABAHTAKEHHA

Mereopani
(noropa)

| Lani chy

(Hopmaniaauin, EMA, GopMyBanHs 03HaK)

Y ) v
[f0 ] [ ] [ on ]

[ I J
[]

| basosuit nokasuuk PFI l
v

ML-kopexuis
(rpapieHTHI ByCTHHT)

| MNonepeans o6pobka |

Basosiit E. ML-mopens PFl =
C(t) NOKAIHHK [ | (rpagicnThuit (3 APFI (% PFl,,.,
PFI ¢ GycTunr)

+ APFI

o B, I Buxignuit nokasHuk PFI I

Pucynok 2 — CTpyKkTypHO-JIOTiuHa cXeMa BH3HaueHHs iHTerpaipbHoro PFI

Mogens 4yyTivBa A0 HOopMalizauii 1 ToMy i mapamMeTpu HOTpiOHO KamiOpyBaTu Mia TUI
Cy/IHa, paiiOH IJIABaHHS 1 EKIMax.

Vi cknanoBi MpU3BOIATECS 10 Oe3po3mipHoro Burisny: F(t),C(t),0(t), PFI(t) € [0,1].
Hopwmanizarnisa Hagae MOXIIMBICTh MOPIBHSHHS KOMIIOHEHTIB, CTIMKICTh MOJENI 1 KOPEKTHY pOOOTY
BaroBUX KOEQiIli€HTIB.

[Tpuknan HopMmaizarii. dizionoris:

Topr — T,
pt sleep
Dsleep =max|0,——

To
pt
norm __ TWOTk (15)
work = max |1, T
max
KorniTnBHe HaBaHTaXEHHS:
wnorm — Mnorm — (16)
]
Wmax Mmax

Po3pobnennii anroputM pearmizamii mozeni (puc. 3) Hamae YSIBICHHS IOCIHIiTOBHOCTI
pO3paxyBaHb, a M0 OKPEMHUX KOMIIOHEHTAX — MOJATBIINX JOCIIIKEHb.
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( MOYATOK )

A

1. 36IP OJAHUX
®dizionoriyHi aaHi KoruiTueHi gani OnepauiiHi aaxi
TpusanicTs cHy (roa.) IuTeHcmBHICTL 3apay (W) Moroga (Weather)
Tpusanicts pobotu (roa.) IHTeHcuBHICTL Nosigomnexs (M) Tpadik (kinekicTe cyaeH AIS)
Mepioau sianounHky (roa.) PiseHb apnanTauii (A) Hiunnia vac (Night)

v v v

2. MOMEPEAHA OGPOBKA JAHUX

2.1 Hopmanizauis 2.2 3rnapxysanHs (EMA) 2.3 O64MCIEeHHA NOXIAHNX 3MIHHUX
MaciuTaByBaHHs BCiX AMIHHIX 3acTocyBaHHsA @KCTOHEHUIHOro AedbiumT ey Dy (t)
Ao pianasony [0, 1] Koeaworo cepearboro (EMA) Tpusanicts po6otn Ty, (1)

A0 LWYMHUX 3MIHHUX

Pisenb sigHoBnenHs R(t)

v . v

3. ®IBI0NIOrYHA MOENb 4. KOrHITUBHA MOENb 5. ONEPALINHA MOLENb
(BTOMA) (KOrHITUBHE HABAHTAXEHHSA) (CKJNTAQHICTb CEPE[JOBULLA)
3.1 [nHMAIMHE OHOBNEHHA 4.1 [QuHamiuHe OHOBNEHHS 5.1 O6uncneHHs onepauinHux akTopis
chizionoriyHoi BTOMU KOrHITUBHOrO HaBaHTaXXeHH:
Weather(t) € [0, 1]
F(t + At) = F(t) + ay Dgeep(t) C(t + At) = C(t) + B, W(t) Nore(0)
Traffic(t) = tanh ("—’) €0,1]
+ ay Ty (t) — a3 R(t) + BaM(t) — B3A(%) k
Night(t) € [0, 1]
3.2 ObMexeHHs (Hacu4HeHHs) 4.2 O6MeXeHHS (HacU4EHHS) 5.2 InTerpaLiis onepaviitHix dakTopie
| F(t) = min(1, max(0, F(t))) ] | C(t) = min(1, max(0, C(t))) | O(t) = vy, Weather(t) + y, Traffic(t) + y3 Night(t)
ae+y2+y=1
3.3 Buxia 4.3 Buxin 5.3 Buxia
| F(t) € [0, 1] | | c@) e [0,1] | | o) € [0.1]
6. IHTEFPALISA MOAENEN (BA30BU NMOKA3HUK) 7. ML-KOPEKUIS (TPALIEHTHUA BYCTUHT)

5 1 D i
6.1 O6uucneHHs 6a3osoro iHaekcy PFI 71 hopmysahinsiisxiptiono seiaopa A ML

X(#) = [F(2), C(2), O(1), Dyteep(t): Trwork(2), W(t), M(2),

i —> A(#), Weather(t), Traffic(t), Night(t)]

Ae wr +we+wo =1

7.2 Mogenb rpagieHTHOro 6ycTuHry

6.2 OBMeKeHHs (HacUueHHs) APFIy (1) = fop(X(2)
(HaBYeHa Ha ICTOPUYHUX AaHnX)
» —_ 1 DI
PFlpase(t) = min(1, max(0, PFl,..(t))) 73 OoMaNeRA KIpeKi

APFly; () = max(—6, min(APFIy; (8), 6))
ae & — MakcumanbHuin gonycTumun ennns ML

\ 4
8. ®IHANTbHUI MOKA3HUK PFI

9. OLIHKA PIBHS1 PU3UKY
9.1 Knacudikauis 3a noporamu

8.1 O6'egHanHA 6a3osoro iHaekcy Ta ML-kopekuii

10. 3BEPEXEHHSA

| PFI(t) = PFlygge(t) + APFIy (2) ] PFI(t) < 0.33 Hutabkutii puank PE3YNLTATIB
8.2 ObMexeHHs (Hacu4eHHs % - = 36epexeHHs sHaueHb
( ) 0.33 < PFI(t) < 0.66 CepeaHivt pyank PFI(t), F(2), C(t), O(t)
| PFI(t) = min(1, max(0, PFI(t))) | PFI(t) = 0.66 Bucokuin pyuank Ta BCIX 3MiHHMUX
. y 6asy paHnx
8.3 Buxia 9.2 ®opmyBaHHA pekoMeHaaUii / nonepeaxeHs
l PFI(t) € [0,1] |
TAK

11. HACTYNHUN KPOK YACY?

t=t+ At

KIHEUb

Pucynok 3 — Biok-cxema BU3HaueHHs iHTerpansHoro PFI

OOroBopeHHs i pe3yJabTaTH A0CHiTKEHb.

Omnepariitni pakTopu:

— Weather € [0;1] (3a mkanoro bodopra abo iHIEKCOM XMapHOCTI/SICHOCTI);
— Traffic € [0; 1] (mwinsHicts AIS);

— Night € {0;1}a6o0 [0,1] (sx mepexinna QyHKIis).
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[Mpumyctumo, mo koedimieHTu (o, i, Vi) BU3HAYAIOTh «IIBUJIKICTh HAKOITUYECHHS» €(EKTIB.

Tonai y ¢izionoriyniii Moaeni peKOMEHI0BaHI Jiara3oHu A7 KOe(illi€HTiB:

a, € [0.05; 0.2] — BruuB Henocwity;

a, € [0.01; 0.1] — HakOoTMYECHHS BTOMU;

a; € [0.05; 0.3] — mBHAKICTH BiTHOBIICHHS.
Hampuxnan, skmo az > ap, TO JIOAUHA J00pe BIIHOBIIOETHCS, a HAaBMNaKW — MHAE IIBHJIKE
HAaKOMTUYCHHS BTOMHU.

JIy1s1 KOTHITHBHOT MOJIEJIi peKOMEHI0BaHI iana3oHu i KoeillieHTiB:

p1 € [0.05; 0.3] — BruTuB 3a1a4;

B> € [0.05; 0.25] — BIUIMB NOBiIOMJICHb;

B3 € [0.05; 0.2] — amanTaris.

st omepamiifHOT MoJeni PEeKOMEHIOBaH1 Jlarna3oHu JJisi  KOE(IIIEHTIB: ¥4,V V3 €
[0.2;0.5].

KonkpeTHi 3HaueHHs OyJp-SKUX KOe(QILIEHTIB MOXHA pO3paxyBaTH, HaPUKIIAJ, METOIOM
aHanizy iepapxiii (MAI), B AKOCTI BXiIHUX JaHUX OOMpPATH peanbHi MOKA3HUKU BTOMH OKPEMOIO
mrypMaHa. Byayerbcs MaTpuisl TapHHX TOPIBHSIHB (Hampukian, Traffic BaximBimmid 3a
Weather,a Night -MeHIII BOXKITHBUIA):

Weather  Traffic  Night

Weather 1 1/2 2
Traffic 2 1 3
Night 1/2 1/3 1

[Ticns mopMmasmizanii oTpuMani Baru cknanyTs: ¥y, = 0.30, y, = 0.50, y3 = 0.20. 'onoBauM
3aJMIIAETBCS THUTAHHS: SK 3aJaBaTH 3HAYCHHs JUISI TMOJAIBIIOrO po3paxyBaHHs MAI Bar
koMItoHeHTiB. [1o kommonenTi Weather, sk npukiana, 6amu no mkam bodopra / 12:

YMoBH Bodopr 3navyenHs Weather
IITHITb 0-1 0.0-0.1
cmaOKwii BiTED 2-3 0.2-0.3
MOMIpHHIN 4-5 0.4-0.6
CHJIBHUI 67 0.7-0.8
HITOPM 8+ 0.9-1.0
Mo xommnonenti Traf fic (nani odoupatu o AlS 3 caiity marinetraffic.com):
Traffic = M (17
max

Nppax — MaKCHMasbHa KUIBKICTH (32 CTaTUCTHKOIO) CYAIB Y JaHiil YaCTHHI akBaTOPii;
Nipips — HOTOYHA KiIBKICTh CY/IiB.
ITo kommnonenti Night nist BpaxyBaHHS CyTiHOK:

Night = (1 + e_"(t_tm'ghf))_1 (18)

PiBenb BroMu 1o akropax (aediut cHy, 3a BIIHOBJICHHS cTaHy Binnosifae R(t)):

Dsieep = max(0; 0.8 — Sleep) (19)
Dgjeep = max(0; 8 — SleepHours) /8: (20)
Sleep Dgieep
8 ron 0
6 rox 0.25
4 ron 0.5
0 rox 1
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Hopwmanisanis Dge,, HaBeneHo y (19) Sleep € [0;1], a disnunuii cenc — (19) SleepHours €
[0; 8].
HopmyBanHs 110 KITBKOCTI BiANpanboBaHuX roauH: Ty, = HoursWorked /12.
MALI noGpe mpairoe Uit onepariiiHoi KOMIOHEHTH Ta BIUIMBY (PaKTOPIB HAaBAaHTAXKCHHS,
aze ripmie ays $i3ioorii (TyT Kpale KaaiOpyBaTH 1Mo JaHuX).
Taxum ynnom MAI nae crapTosi Bary, a notiMm ML (OyCTHHT) — KOPEKIIist:
aifinal — ali\/IAI + AagVIL

JlonaTkoBO MOKHA BBECTH KOHTPOJb 3a CTAOUIBHICTIO 3Ha4YeHb: Ap + A; < 1 (came mi
KOMITOHCHTH MOXYTh MPUAMATH HAUOLIbIIT 3HAYCHHS).

TumoBuME 3HaueHHS Bar MOXyTb Oytu: wg = 0.4; we = 0.35; wy = 0.25, ame BHOUI
30UIBIIY€EThCS Wp, @y CKJIaIHIN HaBiramii — we.

Meronamu ouinku napamerpiB MoxkyTh OyTH: IMO pexomennanii (International Maritime
Organization), mpaBuia HECEHHS BaXTH, JOCBII IITypMaHiB.

[Tomani, mOpiBHIOIOYM Pi3HI MOJAETI, MOXHA CKJIACTH TaOJMII0 TOPIBHSIHHS TIO
MO>KJIMBOCTSIX BUKOPUCTAHHS Y MOJICIISIX MTapaMETPiB:

Tabmuus 1 — [opiBHsIbHA TaOIML TIAXO/IB 10 MOJIETIOBAHHS PiBHS BTOMU

- .. . . . AIS/ . .
Iioxio Dizionozia | Koznimuegnicmep /Munamixa | ML | Inmepnpemosanicmo
cepeoosuuie

®dizionoriubi
Mozel

KoruitusHi
Mozel

AIS/
orepariiiai — — + + + —
Mojeni

ML (data-
driven)

Iiopuani
Moaeai

BucHoBkH. Y po0OOTi 3aITpONOHOBAHO TIOPUAHMN MiIXi1 10 MOAETIOBAHHS CTaHy oIreparopa
Ta OLIHKH PU3UKY, SKUH TOe€AHye (I3MYHO IHTEPHPETOBAHY CTPYKTYpy MOJeENi 3 MeToJaMu
MAIIMHHOTO HAaBYaHHS. 3alpOMOHOBAHO €IMHY MOJEIb, IO 00 €IHYE TPH KIFOUOBI KOMIIOHEHTH:
(izionoriyAMil cTaH (BTOMa), KOTHITMBHE HABAaHTAXKCHHS, OlepalliiHe cepeloBHIle (Ha OCHOBI
AlS-nannx). Ha BigmiHy BiJ iCHYIOUHMX MiAXOJIB, Ili KOMIIOHEHTH PO3TIIAJAIOTHCS HE 130J1b0BAHO, a
SIK B3a€MOTIOB’s13aHa cucTeMa. Takox Ha BIAMIHY BiJl CTATUYHUX MOJIENIEH, 3alIpOIOHOBAHMM MiIX1]
BPAaXOBY€E YaCOBY €BOJIIOIIIO CTaHy OIEpaTopa, M0 JT03BOJISE OMUCATH MPOIEC HAKOMMUEHHS BTOMHU
Ta 3MIHYy HaBaHTaXEHHS y 4aci. Y MOJeNi SBHO BpPaxOBAaHO B3a€EMOJII0 MK KOMIIOHEHTaMH,
30KpeMa: BIUTUB (hi3i0JIOTIYHOT BTOMH Ha KOTHITHBHY €(QEeKTHBHICTH, TIOCHJICHHS HAaBaHTA)XCHHS B
yMOBaxX BHUCOKOro Tpadiky, MOpPOroBi e(eKTH MEepeBTOMH, IO IO3BOJISE€ aJeKBAaTHO OIMMCATU
CKJIQJIHI CIIeHapii, sKi He BiIOOpa)XkaroThCs y JHIHHUX MOAeNsX. ByJIo 3acTOCOBaHO KOHIICTIIIIO
residual learning, y sxiii MamMHHE HaBYaHHS HE 3aMiHIOE€ 0a30BY MO/IENb, & BAKOPUCTOBY€ETHCS IS
CTaOUTBHICT, MOJCHI TpHU OOME)eHOMY 00cs31 JaHuX. BBeleHI KOHTEKCTHI 3MiHHI (HANpPUKIA,
HIYHUN PEeKUM, IHTEHCHBHICTH TpadiKy, mepeBToMa), siki GOpMyIOThCSI Ha OCHOBI pealibHUX JTaHUX,
BpaxoByIOThCsl Y ML-koMmoHeHTi. JlJis MoAenmiOBaHHS 3alUIIKOBOI MOXMOKM ©0a30BOi Mojeni
BUKOPUCTAHO METOJ TPaJIEHTHOTO OYCTHUHTY, y SKOMY (QYHKIIS KOpEKIii NpeICTaBISE€TbCA Y
BUTJIAII CyMH CIIa0KUX MoJieneil (nepeB pimieHs). Ha koxHil iTepatii 341CHIOETHCS alpOKCUMAITis
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3aJIMIITKOBOI MOXMOKHM TOMEPEAHBOTO KPOKY, IO O3BOJISE IOCIIJOBHO 3MEHIIYBATH 3arajbHy
noMuiky mozeni. Takuil migxin 3abe3meuye BpaxyBaHHsS HENIHIMHUX 3aJ€KHOCTEH, B3aeMOIii
(akTOpiB Ta KOHTEKCTHHX yYMOB MpU 30€peKeHHI IHTEpIpPEeTOBAaHOCTI Mojeni. Moxaens 30epirae
MOXKJTUBICTh IHTEpHpETallii pe3ynbTaTiB, OCKUIbKH 0a30Ba 4yacThHa Mae (izuyHmii 3MicT, a ML
BUKOPUCTOBYETBCSI JIMIIE JJII KOPEKLIi, TaKoX BHECOK KOXHOro QakTtopy Moxe OyTu
MpoaHani3oBaHuil okpemo. Takuii MigXia 03BOJISIE BpaxyBaTH HENiHIMHI B3aeMojii (akTopis,
3a0€e3MeYuTH IHTEPIPETOBAHICTh Ta MIJBUIIMTUA TOUHICTh IPOrHO3YBaHHS CTaHy onepaTtopa. Hanani
KOHIIETITYaJIbHI CXeMH peaizallii MoJieli Ta allrOpUTM JIii, 3alpOIIOHOBAHO0 OJIOK-CXEMOIO.

IlepciekTHBH MOJAJNBIIMX JTOCJHiIXKeHb. [lepCeKTHBH TOHANBIINX JIOCIHIIKEHb
MOJISAITAlOTh 'y MPOBEACHHI EKCHEpUMEHTaJIbHOI Bajdijalii 3alpoNOHOBAHOT MOJIENI Ha OCHOBI
peabHUX JaHUX CYJHOBOI eKCIUTyaralii, 30KkpeMa (i310JI0TYHUX MOKA3HUKIB ONEpaTopiB, TaHUX
AIS Ta napameTpiB HaBiraliifHoro cepezoBuia. BaxxuBuM HampsiMOM TaKOX € ajanTaiis MoJell
0 1HAMBIAYy&JIbHHUX OCOOJIMBOCTEH oOmepaTopiB LUISIXOM MEepcoHami3alii HnapaMmeTrpiB Ta
BUKOPUCTaHHS METO/IIB OHJIalfH-HaBYaHHS.
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Petrovskyi A. V. CONCEPTUAL DYNAMIC MODEL OF OPERATOR FUNCTIONAL STATE
CONSIDERING THE INTERACTION OF PHYSIOLOGICAL, COGNITIVE, AND OPERATIONAL
FACTORS WITH ML-BASED CORRECTION

This article proposes a conceptual hybrid dynamic model of the operator functional state in maritime transport
systems, taking into account the interaction of physiological, cognitive, and operational factors. The relevance
of the study is driven by the significant impact of the human factor on maritime safety, particularly the
influence of fatigue accumulation and cognitive workload fluctuations on decision-making processes and the
occurrence of accidents in complex and time-constrained navigation conditions. Despite extensive research in
this domain, most existing approaches to operator state assessment consider these factors separately, and do
not provide an integrated and dynamically evolving representation of their interaction, which significantly
limits their applicability in real-world operational environments. The proposed model introduces a unified
framework for describing the temporal evolution of the operator’s functional state as a multidimensional
construct that combines physiological fatigue, cognitive workload, and operational context variables. The
model reflects the cumulative and nonlinear nature of fatigue development, the variability and sensitivity of
cognitive load to task demands, and the influence of external factors such as traffic density, environmental
conditions, and operational complexity. Particular attention is given to the dynamic coupling between these
components, which enables capturing feedback effects and interdependencies that are critical for realistic
modeling of human performance in maritime systems. A key feature of the approach is the integration of a
machine learning-based correction mechanism into the analytical core of the model. Specifically, gradient
boosting is employed to approximate residual errors of the base conceptual model, allowing the identification
of complex nonlinear relationships and latent dependencies that cannot be explicitly formalized. This hybrid
structure ensures a balance between interpretability and predictive capability, preserving the transparency of
the model while enhancing its adaptability to empirical data. Although the model is formulated at a conceptual
level, it provides a basis for further formalization and numerical implementation in simulation and decision-
support environments. The proposed approach can be used as a foundation for intelligent decision support
systems in maritime transport, contributing to improved situational awareness, adaptive workload
management, and enhanced navigation safety through a more comprehensive and flexible evaluation of
operator performance.

Key words: operator fatigue; PFI index; maritime safety; ML; gradient boosting.
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TEOPIA PYXY CYJHA HA IIOBOPOTI IIPU BYKCUPYBAHHI
I3 BPAXYBAHHAM OCTAHHIX JOCATHEHB TEOPII TA ITPAKTUKHA

ToBcTokopuii O. M., x.m.H.., doyenm, Kaniman 0aneK020 NIABAHHA, 3asidyéau Kagheopu
YnpaeninHs cyoOHoM, XepcoHcbKka OepocasHa Mopcvka axademis, M. Xepcow, Ykpaiua,
e-mail: otovstokory@gmail.com, ORCID: 0000-0003-3048-0028;

Harpubenbnuii 1. A., doxkmop neoazociunux Hayk, npoghecop, Oekan ¢haxyromemy
CYOHOB00IHHA,  XepCcOoHCcvbKa — OepiicasHa  Mopcvbka — akademis,  Xepcow,  Vkpaiua,
e-mail: yar1507@ukr.net, ORCID: 0000-0003-3266-5798;

Mareituyk B. M., doxmop ¢inocoii, doyenm rageopu ynpaeninus cyonom, Xepconcoka
oepoicasna Mopcbka axkademis, M. Xepcow, VYkpaina, e-mail: mateichykv@gmail.com,
ORCID: 0000-0001-9328-0651.

06’ exmom 00cniOdiceHHs € npoyec nosopomy cyoeH npu Oykcupysauti. Cmamms npuceésadena 3 sACy8aHHIO
NON0JICEHHS DA308UX MOUOK NOBOPOMY CYOHA npu OYKcupyeauti. Y Oyxcupyeanni bepyms yuacme MiHIMyM 08I
00uHuyi: 6ykcup i 00’exkm Oykcupysauna. Ilonodcenna 6a308ux moyox € pisHUMU O KOHCHO20 3 VUACHUKIG
npoyecy 6ykcupyeauHs. Bio nonodcenHs 0a308ux MOUYOK 3An€AHCUMb MPAEKMOPIA OYKCUPHO20 KAPABAH).
Cnouamky eusHayaromscs 6a308i mouku 018 6ykcupa ma 0ns 06 ’€kma OyKcupy8anHs. 3’ac08VEmMbCA, Wo npu
OYKCUPYSaHHI Ni0 yYac noeopomy OYKCUD MONCYMb OUIKY8amu CepuosHi Hebesneku: 2ipOiHe [ NONONCEeHHS.
«8 IeWamaxy, sIKi MONCymv npu3eecmu 00 nepekudanis Oykcupa.

Topisuiotouu nonepedni Odicepena wooo0 YbO2O NUMAHHA 3 ’SICOBYEMbCS, WO Npoyec NOBOPOmy npu
OYKCUPYBAHHI PO3215I0A6CS He MAK, K NPONOHYE CYHACHA 3MICTNOBHA MOOEb NOBOPOMY CYOHA.

Kpim susnauenus 6a306ux mouox nogopomy ycix y4acHuxie OYKCUpY8anHs UHUKAE nompeba 3’sicysamu, sK
06yoymob pyxamuceb Oykcup, 0b’ekm OykcupyeaHnus i OykcupHa ninis. Lle makoodic niusae Ha aKeamopirn, Ky
3aumae OykcupHuil kapasaw npu nosopomax. Lo ennusac ma Oesnexky nnasawus. s NOACHEHHA Yb0O2O
NUMAHHA PO32NIA0AEMBCA NPUKIAO PYXY cucmemu cyOHO-0yKcup + celicMiune 00IA0OHAHHSA, PO3KIA0AEMbCA HA
KOMNOHEHMU | aHaNi3yEMbCA.

Taxoorc pozensioaemuvcs asapis, AKa cmanacs 3 6YKCUpOM-aKope3a8isHUKOM 3ad805KU 2iPOiHeY.

YV eucnoskax nokasyemuca nonoscenHs 6a306ux Mo4oK NOOPOmMY npu OYKCUpy8auHi i 3Mina iXHiX no3uyii npu
PI3HUX MAHeepax, y momy qucii i npu Hebe3neuHux cumyayisx «2ipoine» i «y Jnewamaxy. Hadaromwvcs
pexomenoayii MMO wo0o 3anobicanms yux cumyayiil [ nponosuyii, wo nompioHo pooumu, Koy NOMpanuul y
NONONCEHHS (Y IeUamaxy.

Knrwouoei cnosa: oyxcup, o0’ckm Oykcupysamnms; 2ipoine, NONONCEHHS «V Jewamaxy, mpacKkmopis pyxy,
yeHmp 06epmants; NoaoC NOBOPOMY,; OYKCUPHA MOYKdA.

DOI: 10.33815/2313-4763.2026.1.32.114-129

Beryn. BykcupyBaHHsS — omepartisi, sika JOCHTb 4acTO TPAIUIIETHCS B MOPCBHKIN MPAKTHIII.
3HaHHS 3aKOHOMIPHOCTEH pYyXy Cy/AeH OYKCHPHOIO KapaBaHy MiJBHIIY€ TOYHICTh BHUpPAXyBaHHS 1
HAaHECEHHS Ha KapTy MapuipyTy OYKCHPHOTO KapaBaHy, III0O B CBOIO Yepry, MiIBHUIIYE O€3MeKy
OykcupHOro kapasaHy. Kpim Toro, nmpu BHKOHaHHI omepauii OyKCHpyBaHHS MOXYTh TPAIHUTHUCh
Hebe3MeuHi ABMINA, AKi 3arpOKyBaTMMYTh CyIHY. IX Tako MOTPiOHO 3HATH, PO3MJIAHYTH,
MIpOaHaJi3yBaTH 1 3pOOUTH BUCHOBKH, SK 1X MOXKHA YHUKHYTH.

BykcupyBanHs — 1ie omnepaliisi, KO ojiHe cyJHO (Oykcup) TsrHe abo IITOBXa€ 1HILIE CYIHO
a00 1HIIMIA TpeIMeT.

BykcupyBanus Moxe OyTH aBapiiiHUM a00 MJIaHOBHM.

VY pasi m1aHoBoro OyKCUpyBaHHs 3a3BHYail BUKOPUCTOBYIOTH CHEIlialibHE CyaHO (OyKcup),
SIKe Ma€ OYKCHpHE CIIOPS/DKCHHS 1 TPU3HAYCHE JIUIsl TaKuX poOiT. B odrmopanx xommanisx 6araTo
OyKcupiB, 1 OyKCUpYyBaHHs — OJIHA 3 OCHOBHHX OTIEpAIliil 11 HUX. 3aBISKH IIbOMY CJIiJ] TOBOPHTH
PO 3ariaHOBaHe OyKCHPYBaHHSI.

BukopucToByouM HOBUIl MOIJIAA Ha MOBOPOT CyJHA, 3MICTOBHY MOJIENb ITOBOPOTY CY/IHA,
noTpiOHO BHMKOPHUCTATH iX IS PO3MIISAAYy Tporecy OykcupyBanHs. Lle 3Mo’ke OIIHUTH Tpoliec
OykcUpyBaHHs 3 TOIVISAY BpaxyBaHHsS HOBITHIX JOCSTHEHb 1, MOXKJIMBO, BUSIBUTH SIKICh CTOPOHHU
IIBOTO TIPOIIECY, SKi He BPaXOBYBAINCS paHillIe i MOXKYTh OyTH HEOE3EYHUMH, SIKIIO 1X HE B3STH 10
yBaru 3apas, HalpHuKiIaJ, SsBULIE TIpIHTY.
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IMocTtanoBka npodaemu. [Ipu po3rmsai npouecy OyKCUpyBaHHS MOTPIOHO BpaxyBaTH, SK
BU3HAauYaTH 0a30B1 TOUKH MPOIECY MOBOPOTY NpU OYKCUPYBaHH1, BUBHAYUTH, AKi HEOE3MeuH1 SBHILA
MO>KYyTh BUHUKHYTH 1 SIK M 3a00IITH.

AHaJi3 ocTaHHiX aocaigkeHb Ta nmyouaikaniil. [TutanHs OykcupyBaHHS OOrOBOPIOETHCA
JTABHO 1 JYMKH aBTOPIB HA Te, JIe 3HAXOJATHCS 0a30Bi TOUKH IMOBOPOTY K OYKCHpa, Tak 1 00’€KTa
OyKCcHpYBaHHSI PO3PI3HAIOTHCA.

B [1] aBTOpM pPO3’SICHIOIOTH OCHOBHI TOJIOKCHHS OyKCHpyBaHHs Oe3 3raiku npo 0a3oBi
TOYKH MpoLecy OyKCUpyBaHHS.

VY poOoti [2] BuKJIafeH] 3arajbHi OPUHLUIN MOPCHKUX OYKCHPOBOK, JaHI TEOPETUYHI 1
NPAaKTUYHI OCHOBU 1 MPUHLUUIM pPO3paxyHKy OYKCHUpHHX JiHIM 1 mialip OykcupyBalbHUKA,
PO3TIISIHYTI Ppi3HI CXeMH 3aBElEHHs 1 YCTAaHOBKH OYKCHpHOI Oparu i OyKCHpHHMX TiHIB IS
OykCyBaHHS CyIiB Ta IHIIMX IUIaBy4yMX OO'€KTIB, BKJIIOYAIOYM YCTAaHOBKM, OOJIaJHaHHA Ta
maTGopmu.

B omnepamii OykcupyBaHHs OepyTh yyacTb K MIHIMYM JBa 00 €KTH: OyKcUp 1 00’€KT
OykcupyBaHHs. [ Toro mo6 mst oneparisi Baajiach, HoTpioHO, 1100 OYKCHp 3a JOMOMOTOI0 CBOTO
yIopy I'BUHTA MIT [TOJI0JIATH OMIp SIK 00’ €KTa OyKCUPYBaHHS, TaK 1 CBii BIACHUIA.

Artopu B [3] BBaXawTh, 0 BXJIMBO PO3YMITH BIUIUB IOJIFOCA TOBOPOTY Ha Oy/b-siKe
CYJHO, ajie 0cOOMMBO Ha OyKCHpH i yac OyKCHpYBaHHS. 3HaHHS IOJIOCA MOBOPOTY JONOMArae
KamiTaHy OyKcupa 3pOo3yMITH, sIK OyKcHpoBaHa OJUHHIS OyAe KepyBaTHCS B PI3HUX CUTyallisiX.
[InaByua omuHHIST 00EpTAETbCS HABKOJIO TOYKH, PO3TAIIOBAHOI B3IOBXK 11 JIOBXKHHH, SKa
HA3WUBAETHCS TOJFOCOM TIOBOPOTY, 1 KOJIM TPHUKIAJAETHCS CHJIa, BOHA TIOBEPTAETHCS HABKOJO i€l
Touku. Li cuin MOXXyTh OyTH pyXamu KepMa, OyKCUPOM, SIKUH TSATHE B OJHOMY HAIPSIMKY, BITPOM
a6o Teuiero. [lomokeHHS MOTIOCa TTOBOPOTY 3MIHIOBATHMETHCS 3aJICKHO BiJ IIBHUIKOCTI, OCAIKH,
MiJK1IEBOTO MPOCBITY, PO3MIPY/THILy K€pMa, KOHCTPYKIIii Oykcupa Ta GOopMH KOPITyCy.

Takox BaXJIHMBO PO3YMITH, SIK 3MIHIOETHCS TIOJIFOC TIOBOPOTY OyKcupoBaHoi oauHulli. CyiHO
abo Oaprka, 3ynMHEH1 y BoJi 0e3 3acTOCyBaHHs 30BHILIHIX CHJI, MATUMYTh HOJIOC IOBOPOTY, ILO
30ira€eThbest 3 NEHTPOM IIABYUYOCTI, SIKUW 3HAXOAUTHCS MPUOIN3HO MocepeanHi cyaHa. Komu cyaHo
pyXaeTbCsl BIIEpE], TONIOC TOBOPOTY pPYyXaTUMETbCs BIEpeld. 3a3BHuail, BiH pyXaTUMETbCs
npubin3HO Ha 25% NOBXHUHU OyKCHPOBAHOTO Cy/IHA JIO HOCA M Yac pyXy BIepea i HaBMaKH, SKIIO0
pyXaTUMeTbCs Ha3ajl.

Tak aBropu [4] BBaxaroTh, 1o mnomtoc mnosopory (ITIT) Oykcupa 3HaxoauThes B 1/3
JOBXUHU CyJHA BiJ (OPIITEBHS IIiJI Yac XOAYy BIEpPe] 1 MEPEeMINIyeThC B OyKCHPHY TOYKY
(BT — Touka, B sKiii cmiia OyKCHPHOTO TpOca MPHUKIAMAETHCA 10 OyKCHpa) TOJI, KOJIH OYKCHpP
motparisie y “irons” (puc. 1).

IToiroc TOBOPOTY PYXa€THCS 10 KOPMH, KOJIU TPOC
3aKpiIUIeHNH Ha KOpMi
Cuna Taru 6yKCHPHOT JIiHii FIVOT POINT

MOVES TOWARD THE STEAN

WHEN HAWSER CAPTURED ASTERN
TOWING TENSION FONCE L
—— —
—}/ \/ ez
= - ﬂUDDER FORCE \
BokoBa cuna kepma
FOR HEAVY TOWLINE TENZION, THE PIVOT

FOINT MAY COINCIDE WITH THE STERN
ROLLERS, PLACING THE TUG IN IRONS

JUi1st ciiIbHOTO HATATY OYKCHPHOTO TPOCa TOUK{A)
MOBOPOTY MOJKe 30iraTics 3 KOPMOBUMH POJIMKAMH, IO Tomoc moBopoTy Ge3

CTaBHUTh OYKCH| TIOJIOXKCHHS «B JICLIaTax».
yrenp y 1 00’exTa OyKCHpyBaHHS

Cuna tru OyKCUpHOT JTiHil FIVOT POINT

- —_ WITHOUT TOW
i TOWING TENSION FORCE /
—— N WINCH
[> W ‘\£\
nuboER Poncev\t .
e N

Bokosa cuna kepma 4 H-g OXIMAT

T POINT

WITH TOW W
HAWSER CARTURED

IpH gnmmm noftioe l'lOBOpOTy 3 GyKCHPOM, KOJIH TPOC

3aKp1HJ'IGHO B IOJIO’KEHH] Ha KHEXTaX
CONDITION A DECREASES TURNING MOMENT MORE THAN CONDITION &
CONDITION A CAN PLACE TUG "IN IRONS * THEREFORE,
AECOMMENDED TOWPOINT FOR MANEUVENING 18 TOWING WINCH
OR H-BITTS SHOWN IN CONDITION 8
YMoBa a 3MCHIIY€E HOBOpOTHHﬁ MOMEHT GIHBUJC, HIK ymoBa b.
YMoBa a Moxke nocTaBUTH Oykcup "B senara”, ToMy peKOMEeHI0BaHOI TOYKOI OyKCHPYBaHHS

JUIsL MAHEBPYBAHHSI € OyKcHpHa Jiebizika abo OyKCUpHI KHEXTH, sSIK TOKa3aHO B YMOBI b.

Pucynok 1 — IMonoxenns I1I1 npu xom0Bi Biepex i mpu cutyarii “in irons”[4]
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Kamitan Cauvier H. y [5] BBaxkae, 1110, SIKIIIO TP XOJOBI CyIHA Ha3aa OyKCHUp, KW i€ Ha
YKOII y KOpMOBIil uacTuHi cyaHa nepecysae 111 cyana B 1/3 noBxkuHH cyaHa BiJl (GOPIITEBHS.

Kamitan Butusina P. y [6] mosicHio€, 1110, SIKIIIO CYJTHO HE Ma€ X0y BiTHOCHO BOAM 1 OYKCHP
LITOBXa€ Horo B paifoHi Mizeds cyAHa, CyAHO Oyae pyxaTuch jaroM. SKmo x Oykcup
nepeMicTUTbCss B KopMmy Bin minmens, III1 mepemictuthes Brepen i Oyne naneko momepeny 3a
Mexxamu cyaHa. [Ipu nopanemomy pyci Oykcupy B kopmy IIIT Oyne nHabmmkatucs 0O cyiHa,
nepeiie B MEeX1 KOpIrycy 1 O0yie pyXxaTtucst Aajii MoKu OYKCUp HE JOCITHE KOpMH. SIKIIo % OyKcupu
3 pi3HUX OOKIB 3 OJIHI€I0 CHJIOIO 1 HA OJHAKOBUX BIJICTaHAX BiA Mijens OyAyTh IUITOBXAaTH CYJIHO.
Bono 6yne obepraTucs HaBKOJIO IIEeHTpa OOKOBOTO OTIOPY.

Astopu B [7] Ta [8] posrmsmaroTh BapiaHT pyXy CylIHa JaroMm IiJ Ji€0 ABOX OYKCHPIB.
Bonu BBaXkaroTh, M0 MOTIOC MTOBOPOTY MEPEMIIIY€ETHCSI BCEPEANHI KOPITYCYy CyIHA.

Astopu B [9, 10, 11] BHCIOBIIOIOTE CyMHIB Y NMPaBUJIBHOMY PO3IJISAL NOJOKEHHS TOII0Ca
noBopoty, a B [10] BuC/IOBIIOE TOUKY 30py, IO MOJOKEHHS IMOJIFOCA TIOBOPOTY NpH il Oykcupa
BPaxOBYETbCS HEMPABUIIBHO.

Agtopu B [12], [13] nponoHy0Th HOBY CXeMy MOBOPOTY Cy/HA. 3TiIHO 3 i€ CXEMOIO MPH
BUKOHAaHHI IOBOPOTY MOTPiOHO 3HATH MOJIOKEHHS TAKUX TOYOK:

— Hentp o6epranns (I1O), Touka, B sKiii MOMEHT 1HEpIli CyJHA € HaWMEHIINM 1 B SKOi
BIJIPaxOBYIOTbCS BCl OOKOBI CHJIM 1 MOMEHTH LuX cui, a Takox ruiede [II1. Ilpu nmpuxiagansi
6okoBoi cuin B 11O oGepranpHOro pyxy He BiiOyBaeThcs. BinOyBaeThcs nullle MOCTYNaIbHUN PyX
y Oik nii 60koBoi cuiu. L{O 3MmimyeTbess Ha3ycTpid MOTOKOBI BOAM 1 HA BIJCTaHb MPONOPLIHHY
MO3I0BKHIH IIBUIKOCTI;

— INomtoc moBopoty (I1IT) — Touka, HABKOJIO AKOI MOBEPTAETHCS CYIHO, Apeid nopiBHioe 0 1
OOKOBa MBUAKICTH JOPiBHIOE ().

Jlns kepyBaHHS KyTOBUM pPyXOM Ha OUIBIIOCTI CyA€H BUKOPUCTOBYETHCS OJHE CTEPHO.
BinxuieHHs cTepHa, KpIM CTBOPEHHS KEPYIOUOr0 MOMEHTY, IPU3BOJUTH TAKOXK 1 10 MOSBU OOKOBOI
cunu. bokoBa cuia 1 Kepytounii MOMEHT BUKJIMKAIOTh MOSIBY OOKOBOI'O 1 KYyTOBOI'O PyXy OJAHOYACHO.

[1].

Ha pucynky 2 HaBeneHo rpadidHe ysBICHHs MOJII0Ca TOBOPOTY CYJIHA.

' Y0
/ | 11 | ‘;Z. ol LI I]] T —— ) V
- Vv 1] T .
1o -/
(v, 0)
0
‘r_ | o ~—‘~__—'\
[ WL LT |

Lo Yol Nt

Pucynok 2 — I'padivne ysiBiIeHHS PO MOJIIOC TIOBOPOTY:
a) eMIopy MWBUAKOCTEH OOKOBOTO 1 KyTOBOTO pyXy HaBkojo L{O
0) cyma emtop HIBHAKOCTEH OOKOBOTO 1 KyTOBOTO pyXy HaBkoino L{O

Sx BugHO 13 puc. 2.0), HyJIbOBE 3HAYCHHS CyMapHOi OOKOBOI MHIBHIKOCTI BHUSBHIIOCS
3MILLIEHUM Ha BificTaHb R Bix neHTpy oOepranHs. Lle moaoxkeHHs Ha3UBAEThCA MOJIIOCOM ITOBOPOTY.
JlBa pyxu, HaBeJEHI Ha puUC. 2.a) Ta CyMapHHH pyX, HaBeJeHUH Ha puc. 2.0), SBIAIOTHCS
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€KBIBaJICHTHUMH, a 3HAYUTh, OOKOBHH 1 KyTOBUI pyx HaBKosio 11O MOXyTs OyTH 3aMiHEHI OJHUM
KyToBUM pyxoM HaBkoiio IIII. ITonmoxkeHHst momoca nmoBopoTy R Mo)kHa 3HalTH y aHANITUYHOMY
BUIJISIII, BUXOJSTYH 13 YMOBH Vy +w,R=0 3BIIKH,

R=-— (1)

ne R — Bigcrans Big 11O mo III1, m;
Vy —6oKOoBa MBUIKICTh CYTHA, M/CEK;
@z — KyTOBa MIBUKICTh Cy/IHA y KaHAIII pUCKaHHs, rpaj/cek [14].

VY BuUMagky, Koiau 0O0epTajibHOrO pyXy HeMae, KyToBa MIBHIKICTh @z = 0. 3rigHo 3
dopmyoro (1) y TakoMy BHITaIKy OTPUMYEMO HEBH3HaueHicTh npH auteHHi Ha 0. Tobro, IIIT
3HAaXOAMTbCA B HECKIHYEHHOCTi, IO BIANOBIAE MPSAMOJIHIMHOMY HOCTYHNAJIBHOMY pyXy 1
BifCyTHOCTI oOepranbHOro. Ll (dopmyna BHKOPHCTOBYEThCS B YCiX BHIIQJKaX BHU3HAYCHHS
nonoxxenHs I111.

VY po6ori [15] aBTOp MOKasye, sik MoxHA po3paxysatu nonoxenus 11O Tta I Ha npaxTwiii.

barato yBaru mpuaiis€Tbcs MOMONAHHIO HEOE3MEUHUX SBHIL, TAaKHX, SIK «ripaiar». Ilix
BITUBOM 30BHIMIHIX ()aKTOPiB, KOJIM CYIHO, 3a3BUYail OYKCHp, OYKCUPYETHCS JIAroM 10 OyKCHPHOT
TiHIT 1 He MOXE BHHTH 3 I[LOTO TMOJIOXKEHHS, CTBOPIOETHCS CUTYaIlisl, KA HA3UBAETHCS «TIPIIHI»
(girding).

Tak, y po6orax [16] (puc. 3), [17] (Puc 4.) ta [3] Puc. 5) nokasani npukiaad yTBOPEHHS
«TIPIIHTYY.

Pucynok 3 — [Ipuknan ripAiHTy, 010 TPanuBCs
npu OykcupyBaHHi Oapxi [16]

Pucynok 4 — Ipukiaz ripaiHry, o TpamuBcs Ipy poOoTi
OyKcHpy B KOpPMi Cy/iHA sIK yTpuMyBada [17]

Speacd Ahesd

Pucynok 5 — Ilpuknan ripAiHry, KOJIH B TaKy CHTYAIIifo
noTparuisie O0yKcup 3akpirieHuit Ha Hocy cyaHa [3]
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dakTopu, sIKi MOXKYTh IIPU3BECTH JI0 CUTYAIlil «TipAIHTY»:

— IIpunatHicTh Oykcupa — MOTY>KHICTh, PO3MIP, MAHEBPEHICTh Ta BUIUMICTb.

— JloBxkuHa OYKCHPHOTO TpOca — KOPOTKi TPOCH 3MEHIIYIOTh 9ac pPeaKIlii.

— Touka OykcupyBaHHs — CTBOPIO€ HETATUBHY CHIIY CTIMKOCTI.

— XapakTepuCcTUKH OYKCHPYBAIBHOTO TPOCa — pO3Mip, Bara, iMITyJIbC.

— Kyt 6ykcupHoro Tpoca.

— YMOBUM HaBKOJIMITHBOTO CEPEIOBHINA — BITEP, MPUILIIUB, TEUisl, TTTMOMHA BOJIH.

— BonounenponukHicts Oykcupa [16].

[TpuknamiB, KoK MPH TIpAIHTY CTaiucs aBapii Oykcupis, Oyio aexineka [16, 17, 21, 22].
Haii6inbur pe3onancHuM OyJa karactpoda Oykcupy-skopesasizauka “Bourbon Dolphin” [22].

12.04.2007 oykcup-sikopesasizuuk “Bourbon Dolphin” mpamtoBas Ha 3aBe3¢HHI SKOPIB IS
HamiB3aHypeHoi Oypooi “Transocean Rather” y Hopse3bkomy mopi. ['ubuna mopst 6ymna 1100 m i
3aBO3HIIMCH SKOPI 3 AKIPHUMH JTIHISMHU TOBXHHOI 0Jin3bK0 3500 M, sIKi CKIIQAaJUCh 3 JIAHIIIOTIB 1
TpociB. Ha Toil yac morogHi ymMoBU OynM HAaCTYNHHMM: MiBJICHHO-3aX1IHUM BiTep 10 35 By3miB 1
XBHJIFOBAHHS 3 BUCOTOIO 3HAYHUX XBWJIb OJM3BKO 3,5 M, @ MAKCUMaJIbHUX — A0 7 M.

Pucynok 6 — Cynuo Bourbon Dolphin
B 16.31 12.04.2007 p., [22]

Ha gac 16.31 “Bourbon Dolphin” BurpaBus Bxe 1817 M nanmiora i npudausao 220 m
Tpoca. (puc. 6). XBHIIOBaHHS 1 BiTep 3HOCHIIU Horo 3 Kypcy. Ha 1mieii yac Bin OyB Ha aucraniii 2119
M BiJI MICIISI TIOKJIQJaHHs sIKOps i Ha 948 M OyB 3HeCeHMH Bij JiHII MpOKIaaAKu skops. “Bourbon
Dolphin” maneBpyBaB, 100 MPOJOBKUTH sSIKOpe3aBe3eHHs. SIKipHA JIiHIA Jiekada Ha maiay0i Mix
nBoMa OyKCHUpHMMM IUTU(GTaMu mpaBoro Oopty. JIiBi mTudgTu OynM B HACTyIHOMY CTaHI:
BHYTPIlIHI{ OyB OMYyIICHHA, a 30BHIIIHIH — migHaTHid. “Bourbon Dolphin” namaraBcst HAOIH3UTUCH
710 JIiHIT IPOKJIaJaHHs KOs, MAIlIMHY MTPALIOBATIN 3 MAKCUMaIbHUM HaBaHTa)XEHHAM. SIKipHa JiHisA
MEePeMICTHIIACh JIiBOPYY, OYKCHp TMOYaB XWJIMTHCS Ha JiBHHA OOpT. BHYyTpimHiN mTH(T mpaBoro
6opty omycTwid. SIKipHa JiHIs HepeMicTUiIach 0 30BHIMIHBOrO mrudTa jJiBoro 6opty. Tpoxu
mizuime “Bourbon Dolphin” 30inpmmB kpeH Ha niBuil O6opt. [IpaBuil ABUIYH 3yHHHUBCS,
Tpamuiock 3HecTpymieHns. O 17.08 “Bourbon Dolphin” nepeBepuyscs [22].

[Micns nexinbkox MOAIOHUX aBapii, 3aBepIIATBLHOIO 3 sIKKX Oyia aBapis “Bourbon Dolphin”,
MDKHApOJHI MOPCHKI oprasi3aiii, Taki sk MMO, knacudikaliiini ToBapucTBa 1 1HIII opraxizarii,
MOBs13aHi 3 II€I0 TEMAaTUKOIO, BCTAHOBWJIM HOBI BUMOTH O CyJeH, SIKi 3aifHATI B OyKCHUpYyBaHHI,
SKOpE3aBe3eHHl 1 MOAIOHUX oImepalisiXx, CTOCOBHO HOPMYyBaHHs O€3NeKH NpU MPOBEACHHI TaKuX
omepariii [18, 23]. Lle crocyeTbcs B mepiry 4epry HOPM OCTIHHOCTI. BkasyeThcs, 1Mo CcyjHa,
3aiiHATI B OYKCHUPYB&JIbHUX OIEpallisX, MOBUHHI MaTH JOCTaTHI{ 3amac OCTIMHOCTI, 11100
MPOTUIISTH MOMEHTY, IO HAXWISIE, SIKHHA BUHHKAE BiJ Mii OykcHpHOI JiHII 0e3 3arpo3u Oe3neKu
CyIHy-Oykcupy [24].
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Merta Ta 3aga4i gocaimkeHHsa. MeTo IOCIIIKEHHS € BU3HAYSHHS IIOJIOKEHHS 0a30BHX
TOYOK MOBOPOTY IpU OyKCHUPYBaHHI 1 BAKOPUCTAHHS iX MiJ yac KepyBaHHS OyKCUPHUM KapaBaHOM
[IpY BUKOHAHHI TIOBOPOTIB 1 IPY 3an00iraHHi BAHUKHEHHIO HEOE3MEYHNX CUTYAITiil.

3anaui gocaigxeHHs. 3ajauaMyl IOCTIIKEHHs €: aHai3 JIITEpaTypHHUX JKepen Ta MOLIyK
AQHAJIOTIB 1 MPOTOTHUMIB; pPO3po0Ka CXEMU MOBOPOTY OYKCHPHOTO KapaBaHy, 3 YypaxXyBaHHIM
nepemimieHHss 0a30BUX TOYOK MiJl YaC MaHEBpY, MOCTIOBHOCTI Al MpHU MOBOPOTI OYKCHUPHOTO
KapaBaHy 3 BUKOPHCTAHHSIM KOHIIETIIIT MTOJF0Ca IIOBOPOTY.

Bukinagennss ocHoBHOro marepiamy. [lonokeHHss 0a30BUX TOYOK 3MICTOBHOI MO
oBOpOTy 00’ekTa OykcupyBaHHs. [Ipu OykcupyBaHHI KapaBaH MOX€E PyXaTHCh 31 IIBUIKICTIO, sIKa
HE MEpEeBMIYBATUME MAKCUMaJIbHOI, TOOTO, KOJM OIip BChOTO KapaBaHy HE INEpPEBUILYyBaTHME
MaKCHUMaJIbHOTO ymnopy reuHTa. OCKUIbKM CTEpHYBaHHS Oyne BiAOyBaTHCS LUIIXOM Iepa 4Yd Iep
KepMa, 110 po3TalloBaHi B KopMi, noitoc nmoBopoty (I1I1) 6ykcupy Oyne posraioBaHHii y HOCOBIH
vacTuHi cyaHa [13].

I1ix yac MOBOPOTY Cy/IHA KAPTHHA 3MIHIOETHCS.

[ToTpi6HO Oyne BpaxoByBaTH TakoK NoJjiokeHHs OykcupHoi Touku (BT) — Touku, B skiii
cujia HaTATY OyKCHPHOTO Tpoca MPHKIIAAAEThCS 10 Oykcupa [4].

B imeani BT mae Oytu posramoBana B 11O [13], mo0 Hamatu OyKCHpPY MaKCHMabHY
cBoOOy oOepTaHHA NMpH cTepHyBaHHI. Och YoMy OyKCUpHY JIeO1IKy BCTAaHOBIIOIOTh SIKOMOTa Aaji
BIIepea BiJ KopMu Ta sikomora Ommxde no 1O, nackinpku ne moxnuBo. bykcupna neOinka
posramoBaHa mioHaiiomwkue Big 1O, a momoc nosopoty (IIIT) 6e3 06’exTa OykcupyBaHHS IpH
KepyBaHHI CyJiHa 3BUYalHUM KE€PMOM, SIKE PO3TalllOBaHE B KOPMI Cy/HA, 3a3BHYail po3TalllOBaHUN
Ha LEHTpabHiH JiHii TpuOIM3HO Ha OJHIN TpeTHHI NTOBXUHU Oykcupa Bix Hoca. Touku 11O ta 111
— 0a30Bi TOYKM 3MICTOBHOI Mozeii moBopoTy cyana [13]. 3 mnpaktuuHoro morisay, bT
M03HAYa€ThCs K OyKkcupHa jebinka a0o OyKCHUpHI KHEXTH, SKIIO0 BOHM BCTaHOBJIEHI a00 JOJAaTKOBI
€JIEMEHTH, Ha K1 MOXe ONupaTucs OYKCUPHUHN TPOC NPU MaHEBPYBaHHI.

Opnnak npu posranryBanHi OykcupHoi BT 6sm3bko g0 1O npu HanpsiMKy OyKCHpHOI JiHii
nepreHauKyspHo 1o Il BuHuKae ayxe BUCOKa WMOBIPHICTD TipaiHry. «[ipaiHry — 1e cutyaris,
KOJIM CYJTHO, 3a3BUYail OyKkcHp, OyKCHUPYETHCS JITaroM J0 OYKCHPHOI JIiHIT 1 HE MOYK€ BUUTH 3 IIBOTO
TIOJIOYKECHHSI.

FBiﬂHOBJ’I}OBaﬂbHOFO MOMCHTY
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HanpsMox taru OykcupHOI TiHii

Pucynok 7 — Cutyartis TipAiHTy, KOJIM HAMPSMOK TATH OyKCHUPHOI JIiHiT cTae
NEPIEHIUKYISPHUM 10 JAiaMeTpaibHOl IomuHu Oykeupa. Cuiy, mo IitoTh
mig yac OyKCUpyBaHHS Y TOPU30HTAIbHIN TUTOLIMHI

[Ilo cTocyeThcst TOPU3OHTATBHOT IJIOMIUHA, TO HA PHUC. 7 BUIHO, 10 OOKOBUMH CHJIAMH, SIK1
JIIOTh B MPOTUJIIC)KHUX HAMPSMKAX 1 HAMArarThCs epebOpOTH OHA OJIHY € CHJIA TATU OyKCHPHOI
miHIT 1 cHUia BIHOBIIOBAJIBHOTO MOMEHTY. 3 TOINISLMy O€3leKd HaMm  TOoTpiOHO, 1100
Bi/IHOBJTIOBATBHUI MOMEHT 3aBK/IM OYB HE MEHIIIUN Hi’K MOMEHT CHJI, 1110 HAKPEHSIOTh.

Tenep po3ristHEMO J1iF0 O0KOBHX CHJI Y BEpTUKAJIBbHIN TUIONIHHI (puc. 8).

ISSN-print 2313-4763; ISSN-online 3041-1939 119



NRWEPIWPIPY: Cynmosoninms Ta enepreTuka cymen

Cuna Tru OyKcupHOT JIiHii

- 'Ilneye momeHTy
CHIIM TATH
OyKcHpHOI JiHil
i cuim yrnopy
TBHHTA

IIneue MOMEHTY CHIIM TATH
GyKCHpHOI JIiHiT i cHiH omopy
BOJH KOPITYCY

Cuuia omnopy BOAM KOpPITyCy

Cuna ynopy rBuHTa

BumiroBxyBanbHa cuia — cuina Apximezaa .
IIneue BIJHOBJIIOBAJIBHOT'O MOMCHTY
Pucynok 8 — Cuny, 1o OitoTh mig yac OyKCHUpyBaHHS
y BepTHKaJIbHi# ruronuHi [3]

SIKmo HampsMOK OyKCHUpPHOI JIiHII ONMHUTHCS TNEPHEeHIAUKYJSPHUM 10 JiaMeTpalbHOI
mIomuHn Oykcupa (puc. 7), TO B BEPTUKAJIbHIM IUIOIMIMHI Ha HBHOro OyjAe MiSTH MOMEHT, IO
HaxXWisie, CTBOPEHMU CWIIOIO TATH OyKcHpa, sika mpukianeHa no bT, ta cuioio omopy Bomu, sika
MPUKJIaJIeHa 10 IIEHTPY OOKOBOIO OMOpPY, TOYKH, SIKA MPU BIJICYTHOCTI MO3JIOBXKHBOI MIBUAKOCTI
cmiBnanae 3 neHTpoM Benu4uHHU (Lper) — meHTpOM mizBoaHOi yacTuHHM Oykcupa. [Iporucrostu
IbOMY MOMEHTY OyJie BIIHOBJIIOBaJbHHI MOMEHT, YTBOPEHUH CHIIOI Baru, sika NMpUKJIaJeHa 0
LB, i cmiioro Apximena (BUIITOBXYBAIBHOIO), sika MpukiIaaeHa 10 [ger. 1o cui, siki yTBOPIOIOTH i
MOMEHTH, MOXE J0JaBaTHCh IMOINEpeYyHa CKIaJ0Ba CUIM YNOPY IBUHTA B TOM YW 1HIIUN OiK
3ale)KHO Bi Mepekiaaku kepma (puc. 8). SKIo MOMEHT, IO HaxwWwise, MNepeOiIbIIUTh
BI/IHOBJIIOBAJIbHUIA MOMEHT, CYJHO MOX€ HEpeKUHYTUCh. [ OpH30OHTAaIBbHUII MOMEHT, SIKUN
YTBOPIOETHCSI CHIIOKO TATH OYKCHpHOI JiHil, mo npuknagera g0 bT 1 cuinoio BiIHOBIIIOBaIHLHOTO
MOMEHTY, sika mpukiaaeHa a0 1O, Oyae 1ocuth MamuM 1 He BIUIMBATUME Ha MEpeMillieHHsT 6a30BUX
TOYOK 1 HAMPSAMKY pyxy Oykcupa depes te, mo bT posramosana monaitdmmxae o LO.

Li#i mpoOnemi MpUALIAETHCS yBara i B CBITOBOMY MOpPChKOMY criBToBapucTBi. Tak, y [18]
cynaMm-mocrayaabHuKaM B odiiopi mpucBsuyBaiacs riaBa 4.5 "Offshore supply vessels", ne
nepepaxoBaHi KpuTepii ocTiiHOCTI s Takux cyaeH. Ilicis karactpodu 3 «Bourbon Dolphiny
MMO npwuitasiiio  Resolution IMO  A.749(18) [23], ne Oynu TpUAHATI OOMEXCHHS IS
MaKCHUMAaJbHO JOMYCTUMHUX BEPTHKAIbHUX Ta TOPU3OHTAIBHUX (TOMEPEYHUX) CUJI/HATATIB, SKi
MOJKe BUIPOOYBaTH CyJIHO B HaWOUIbII HECHIPUATIMBUX YMOBAX JJIsi TOMEPEYHUX CHJI/HATATIB JI0
JOCATHEHHSI MaKCUMAJIbHOTO KyTa KpeHy, OOMEXEHOro OJHMM 3 HAaCTYMHHUX KYTiB, 3aJIEKHO BiJl
TOTO, SIKUM 3 HUX MEHIITHM:

1. KyT kpeny ekBiBasieHTHU 3HaueHHI0 GZ, 1m0 Bianosinae 50% Big GZmax;

2. Kyt 3anuBanHs poOo4oi nanyou, npuuoMy nanyda BBaXKaeThCs INIOCKOIO;

3.15°.

Mix OykcupoM 1 00’€KTOM OYyKCHpPYBaHHS MOXYThb OYyTH BEJIMKI BIIHOCHI pyxu. Mix
OYKCHUpHUM TPOCOM 1 KOpPMOIO OyKcHpa TakoX MOXYTb OyTH 3Ha4HI BIJHOCHI pyXH, OCOOJIMBO
MOBOPOT a00 3MIIIEHHS B MOMNepedyHOMY HampsMky. OOnagHaHHS A7 KOHTPOJIO IMX PYXiB
€BOJTIOIIOHYBAJIO MPOTATOM 1CTOPii OyKCHpyBaHHS. 3apa3 i IbOTO0 BUKOPUCTOBYIOTh BEPTUKAJIBHI
obepranbHi Bamu Ha kopMmi (Stern Rollers), nHopmanceki mTudgtu (Norman pins) (puc. 9),
cramioHapuuii roo(ror) (puc. 10a), roo-manmtor (Gob Chain) (puc. 106), TpocoBi BiaATsIKKH (pHC.
11) [3].

WAV 10 py6puku exnioueno cmammi 3a cneyiansnicmio J5 «Mopcokuii ma enympiwiniii 600nuii mpancnopmy
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Pucynok 9 — HopMmaHChKi ITH(TH
(Norman Pins [4]
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Pucynok 10 — Cramionapauii ror (ro6) — mpucTpii ajs 3ano0iranHs

puckaHHIO OykcupHOro Tpoca (a), Ta ['or (ro0) iaHIor — NpucTpii
JUIS 3ar00iraHHs pUckaHHio OykcupHOTo Tpoca (0). Doro aBTopa
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Pucynok 11 — BcTaHoBIEHHS TPOCOBOI BiATIKKY [3]

SIK BUJHO 3 pHUC. 5 MpH TIpJIHTY CYJHO PO3TAIOBYETHCS JIArOM 10 OyKCHpHOI JiHIi 1 He
MOXE BUKOHYBATH OOEPTAJbHMMA pyX. A SIKII0 OOEPTAIBHOTO pPyXy HEMae€, TO HEMaE KyTOBOL
MIBUJKOCTI 1, 3rifHo 3 popmynoro (1) IIT posramosyerses mo minii JI1 y HeckinuenHocti. A BT
cniBmanaae 3 11O, sxuii 3a BIACYTHOCTI TTO37IOBKHBOTO pyXy Oykcupa criBnaae 3 [[B.

[nstxoM 3MilIeHHS TOUKH OyKCHPYBaHHS B KOpMY a00 3a JOIOMOTOIO BIATSKKH 3 JaHLIOTa
a00 TPOCy CXWJBHICTh JO TIpAIHTY OyKCHpYy MOXXHA TOKpAIIMTH Ha KOHBEHIIIWHUX OyKCHpax
(puc. 11). T'o6-Tpoc abo JAHIOT, SIKHI 1HOJI HA3WBAIOTh BY3/CYKOI0, — II€ KOPOTKHil Tpoc abo
JIAHIIIOT, KWW MIBHJIKO NMPUEIHYIOTHCS 10 OYKCHUpPHOI JiHIi B KOpMOBIii yacTuHi Oykcupa. Takum
YMHOM, BUKOPHUCTaHHSI BIATSKKM €(PEKTHBHO MepeMilllye TOUKy OyKCHUpyBaHHS Hazai, Oynxue 10
kopmu Oykcupa. lle Hamae kamitTany Oykcupa OUTBIIMIA KOHTPOJbL 1 3a0e3meuye OUIbITY
MaHEBPEHICTb, 100 3armo0IrTH TIPTIHTY, KOIU OyKCHp BUKOHYE pOJib KOpMOBOro Oykcupa. Jleski
MOPTOBI a/IMIHICTpAIlii BUMAraoTh, 00 yCi KOHBEHIIIHI OYKCHPH BUKOPUCTOBYBAJIN BIATIKKY.
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TpocoBa BiaTsKKa (TakoX ii HA3WBAIOTh BY3EUKOIO) MOXE OyTH BCTAHOBJICHA PI3HUMHU
crocobamu, BKIIOYAIOYM CIoci0, 3a3HayeHWid Ha PUCYHKY 110, siki BUKOPHUCTOBYIOTH JOBXKHUHY
TpOca, 3aKpilicHy Ha OyKCHpi, SKH TPOXOJHWTH Yepe3 K03 a0o BIIANOBIMHUN KPOHINTEHH Ha
LEHTpanbpHIN NiHii poboyoi mamyOu. Ha kiHII Tpoca yTpuMmyeTbcs BelHKa ckoOa, sKa KpIMUTHCA
HaBKOJIO OyKCHpHOI JiHii. Bennka ckoba BiTbHO KOB3a€ B3M0BXK OykcupHoi minii. Komm Oykcupha
JiHIS pyXaeTbes 10 60pTy OyKCUpa, TPOC BY3/I€UKH HATATYETHCS 1 yTPUMY€E TOUKY OYKCUPYBaHHS B
KOpMi 1 OJM3BKO 7O CEpPeAWHH CyAHA. [HIIMM METOJ0M BCTAHOBIJIECHHS TPOCOBOI BIATSKKUA €
HasBHICTb OKpeMoi JeOiAKH 3 TPOCOM, SKHH BUKOHYE POJb BIITSDKKH, IO BEJAEC 4Yepe3 BEpTIIOr,
pO3TalllOBaHUI Ha LIEHTpaJIbHIN JiHII B KopMi Oykcupa. CkobOa BUKOPUCTOBYETHCS ISl KOB3aHHS
B3JIOBXX OYKCHpHOI JiHii, a je0ika BUKOPUCTOBYETHCS MJsl BapilOBAHHS JOBXHHHU TI00-TPOCY.
OueBHIHO, 110 JIOBKUHY HE MOXKHA 3MiHIOBATHCh, KOJIU T00O-TPOC 3HAXOAUTHCS i HaTsrom [3].

3aBIAKM UM MPUCTPOSIM MMOBIPHICTh TipJiHIa 3HAYHO 3MEHIIYEThCS 1 KalliTaHy Oykcupa
MOTPIOHO TUIBKM MOHITOPUTHU HATAT OYKCUPHOTO Tpoca, 11100 BiH HE MEPEBUILYBaB JI03BOJIEHI MEXI
[18, 23, 24].
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Pucynok 12 — Po3BopoT y ropu3oHTaNbHIH IDIOMIHHI OyKCHpa, 0 Ma€E Xif BIIepe,
i1 Ai€10 TIapH CHIL: CHJTH HATSTy OYKCUPHOTO KaHara, npukiaaeHoro 1o bT,
IO MepeHeceHa OiIble B KOpMY, 1 CUIIM ONIOpY BOJH, 110 MpuKiIaneHa B g,

VY pa3si, xomu Oykcup ine Bnepen i BT mepenecena B xopmy Bia LB, mpu nHampsmMky
OyKCUPHOI JIiHII MepneHAUKYJISIPHO JiaMeTpalbHill IUIONIMHI, cujia HaTATy OyKCHUpPHOI JiHii, 110
npukianeHa 10 bT 1 cuna omopy Boau, mo npukianaeHa 1o [[Ben, skuif po3TamoByeThCss HA OTHIN
BepTukaii € LIB, yTBOpIOIOTH mapy cuJI, 1[0 MparHe PO3BEpHYTH OyKCHp 3 MOJOXKEHHS 1 10
nosioxkeHHsa 2 (puc. 12). Sxmo npotunii miii mapi cun Hemae, To OyKCHUp Tak 1 po3BepTaeThes 1
3anoOirae ripainry. lle BigOyBaeTbcs TOMy, IO Y TOJOXKEHHI | BiJHOBIIOBAJIbHUI MOMEHT
3QJICKUATh BIJ TOMEPEYHOI METAllEHTPUYHOI BHUCOTH, a B TOJOXKEHHI 2 — BiJ MO3J0BXKHBOT
METalleHTPUYHOT BUCOTH, siIKa B 0arato pas3iB Oinbla i TOMy OCTiMHICTH CynHa B OaraTo pasiB
O1/Ib1Ia B MTO3/I0BXKHBOMY HAIIPSIMKY, HIJK Y TIOIIEPEYHOMY .

Arne 3aBaHHsAM OyKcHpa € BiTOyKCHUPYBaTH SIKHICh 00’€KT y 3aBJlaHy TOUKY, TOMY BiH Mae
BUKOPUCTOBYBaTH TATY TIBMHTA JJs YTBOPEHHs MO3J0BXHBbOI IIBHJIKOCTI 1 IEpO KepMa JJis
BIJIXWJICHHS TIOTOKY BiJ] TBUHTA 1 yTBOPEHHS CHJIM B MTOTPiOHOMY HanpsMky (puc. 13), ne

Fynop — ymop reuHTa OyKcupa;

WY, Jlo py6puku exnioueno cmammi 3a cneyiansnicmio J5 «Mopcokuii ma enympiwiniii 600Huii mpancnopmy
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Fonip — crta onopy Boau Oykcupa;

Fynop — Fonip= Frsiri — cuita Tsiru Oykcupa;

Fonip 5T — cuta Tsru OyKcHpHOI JiHii (omip 00’ €kTa OyKCHpYyBaHHS);

Fonip 5T X — CHJIa TATH OyKCUPHOI JiHIT — TO3I0BXKHS CKJIa/I0Ba;

Fonip 5T Y — crJ1a TArM OyKCHUPHOI JIiHII — TIONepeyHa CKJIa10Ba;

Fonip K — CHJIa OTIOPY BOJIU MEPEKIIAZICHOMY KEPMY;

Fonip K X — CHJIa OIIOPY BOJIU MEPEKIACHOMY KEPMY — IO3/I0BXKHS CKJIaJI0Ba;

Fonip K Y — CHJIa OIIOPY BOJIM TIEPEKIIAJICHOMY KepMY — MOTIEpEeYHA CKIIaI0Ba.

s 3anoOiranns ripaiary BT mepecyBaroTh sikomora jgaini B KopMmy. YsBimo, mo BT
po3TallioBaHa MaKCUMAaJIbHO B KOPMI, y pailoHI pO3TalllyBaHHs BEPTUKAJIbHUX 00EpTabHUX BaliB.
Ilepo kepma po3TalIoBaHe TaKOXK Y KOPMI 1 3aJI€KHO BiJi KOHCTPYKLIi IIEHTp Iepa KepMa MOXe
OyTu TakoX Ha oAHii BepTukaii 3 bT.

Po3knanemo cuity Tsaru OykcupHoi JiHii Fonip 5T Ha m0300BXHIO Fonip 5T X Ta monepeuny Fonip
5T Y CKIaa0Bi. Crily Ommopy BOAH MEPEKIAACHOMY KepMy Fonip K TAKOX PO3KIIaIEMO Ha MO3I0BXKHIO
Fonip k x Ta momnepeuny Fonip K Y CKIa/I0BI.

st pyxy Bmepen, sK Bxke OyJio 3rajjaHo BUINE, Tsra rBUHTa Frarm mae mepeBepiryBaTh
cyMapHuit onip 6ykcupa Fonip + Fonip kK x 1 00’ €kTa OykcupyBaHHS Fonip 5T X.

[lonepeuni >k CKJIAAOBI CHJIM TATM OYKCUPHOI JiHIT Fomip BT Y Ta CHJIM ONOpPY BOAM
nepekaaieHoMy KepMmy Fomip K Y OyayThb HNPOTHIISTH OJHA OJAHIN 1 YCKIAQJHIOBATH KepyBaHHS
cynHoM. IlonoxenHst BT 1 HaTAr OyKCHPHOIO TpOca CTBOPIOIOTH MOMEHT, SIKMM MPOTU/IIE MOMEHTY
KepMa 1 0OMeXye MOBOPOTHHUI pyx Oykcupa. 3AaTHICTh OyKcHpa A0 YTPUMYBAaHHS KYpCy CTa€ BCe
OUIbLI YCKJIaJHEHUM, OCKUIbKM TOYKa OyKCHUpYyBaHHS IepeMillyeTbcsi naini Hazan. lleit Bruius
MOCWITIOETBCS. HAa HU3BKiM a00 HymboBii mBuuakocti) [4]. Ilpu npomy Oykcup crae He3qaTHHM
3MiHIOBaTH Kypc. lle € mnosnokeHHs, KoM OyKcHp MOTparuisie B IOJIOKEHHA ‘B KaiinaHax”
(“in irons”). Tepmin “B kaimanax” (“in irons”) [4] BBaxarw Kpaile 3aMiHUTH TEPMIHOM ‘B
jematax’”’, SKUH MOKa3ye, 0 CyAHO TBOMA OOKOBMMH CHUJIAaMHU 3aTHCHYTE B TAKOMY ITOJIOKEHHI, 110
HE MOXE 3MIHUTH KypC, BUKOPHCTOBYETHCS JJISI ONUCY YMOB, KOJM NPOTUIIFOYMNA MOMEHT
OyKCHpHOTO Tpoca Takuil caMuii abo OUIBLINI 32 TOBOPOTHUI MOMEHT, CTBOPIOBAHUN KEPMOM Ta
IHIIUMU TigpoAnHaMiuHUMH cuiaMu. Toxai Oykcup cTae He3gaTHUM KepyBaTu. Lle moxe craTtHcs,
Ko cuil Fomip kK Y Ta Fomip 5T Y OymyTh dopiBHIOBaTH ofHa onHid. Y 1eid MomeHT BT
MEPETBOPIOEThCS B TOUKY 3 HeoOMexxeHuMm omopom [12, 13]. Tomy 11O mepemimyrotbes B BT.
Bbykcup He moxe 3MiHIOBaTH Kypc. CuTyallisi cTae cxoxoro 3 ripiainroMm. Pa3 Oykcup He Moxe
3MIHIOBAaTH Kypc, o0epTanbHoro pyxy Hemae i I1I1 3008 no ninii JII1 y HeckiHU€HHOCTI.

Sk Tibku OyKcUp Mepecusitoe TiAry OyKCHUPHOI JiHII, 3HOB 3 ABISETHCS TO3/I0BXKHS
mBHaKicT, O mepemimtyerscsi B mojoxkeHHs nomepeny LB i1 Oykcup crae kepoBaHuM. A
MOJIOKEHHS «B Jlemarax» € ayxe HeOesmeunmM. llpum mepeHecenni BT y kxopmy Bce 0OnHO
30epiraeTbcst HeOe3Mmeka TipAiHTY 1 nepekuaanns cyaHa. Lle nyxe cxoxke Ha karactpody Oykcupy-
skopesaBizHuka “Bourbon Dolphin” [22].

— < meg

Pucynox 13 — Cutyarisi, KoJii OYKCHp OTIMHIETHCS «B JICIIATAX)

Fouip <

ITosiokeHHss 0a30BMX TOYOK 3MICTOBHOI Mojesi MOBOPOTY 00’€KTa OyKCHPYBaHHS.
Tenep po3rasiHEMO TOJOXKEHHS 0a30BHX TOYOK 3MICTOBHOI MOJEINi MOBOPOTY CyAHA Ha 00’ €KTi
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OoykcupyBaHas. [lonoxenns LB BupaxoByeTbcs MO BaHTAXKHOMY IDIaHY 00 €KTa OyKCHpYBaHHSI.
ITonoxenns IO mpu BimcyTHOCTI Xoay cmiBmagae 3 mnojoxeHHaM LIB. Ilpu mouatky pyxy
nostoskeHHs [111 3anekuTh Bijl IOJIOKEHHS TOYKHU MPHUKIaIaHHs 00koBoi crii. Cuiia Taru Oykcupa
npukinageHa 10 BT o00’ekty OykcupyBaHHS, sSiKa 3HaXOAWUTHCS B Horo mepeadii vactudi. Ilpu
npsimoutiHiiHOMY pyci 111 06’ exTa OyKcupyBaHHS 3HAXOIUTHCS B HECKIHYEHHOCTI.

ITpu puckanHi 00’ekTa OyKCHUpPYBAaHHS CUTYaIlisl CTA€ CXOXKOI0 3 PUCKaHHSAM CyJHA HAaBKOJIO
SKIPHOTO KJIt03a TIpH CTOSHIN cyaHa Ha skopi. (IIpu cTosHI Ha SKOPI CYyJHO BUKOHYE CKJIAIHHIMA
PYX: PyX BIJHOCHO SIKIPHOTO KJF03a, SIKMH BHCTYINA€ B SIKOCTI TOUYKH 3 HEOOMEXKEHUM OIOpOM, 1
PYXy CaMoro SIKipHOTO KJII03a BIJTHOCHO SIKOPsI 00 YaCTHHMU SKIPHOTO JIAHIIIOTA, SIKUI 3aHypeHHUH Yy
IPYHT — 3aJIe)KHO BiJ HaBaHTaxeHHs). ToOTo, puckaHHs BinOyBaeTbcs BiHOCHO BT 00’ekra
OyKCHpYBaHHSI, SKHI pO3TAIIOBAHUI Y HOCOBIM YaCTHHI CyTHA.

Ha tpenaxepi "Navi-Trainer Professional 5000" (Wartsild) OyB mpoBeeHHii eKCIIEPUMEHT
moBopoTy Oykcupa 3 00’exkToMm OykcupyBaHHs. Ha puc. 14 mokasaHi pe3yJbTaTH €KCIIEPUMEHTY. 3
L[OTO PUCYHKY MOYKHa 3pOOMTH BHUCHOBOK, LII0 IIPU MOBOPOTI OyKcupa 3 00’ €KTOM OyKCHpYBaHHS
OCTaHHIH ITOBTOPIOE TPAEKTOPiIO OyKCHUpa 3 OUTBIIUM BHHOCOM Ha 30BHIIIHIA OIK TOBOPOTY 3a
paxyHOK iHepLii IpAMOJIIHIHHOTO pyXy 00’ €kTa OyKCUpYyBaHHs, IKUI HAMaraeThCsi 3SMiHUTU OyKCUD
IIUITXOM MPHUKJIaIaHHsT O0KOBOT CHIIH, TIPUKIIAJCHOT B HOCOBIM YacTHHI 00’ €KTa OYKCUPYBaHHS.
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Pucynok 14 — IToBopot Oykcupa 3 00’ €KTOM OyKCHUpyBaHHSI.
Ckan 1 3 tpenaxepa "Navi-Trainer Professional 5000" (Wirtsild). ®oto aBTopa

Pucynok 15 — [ToBopot O6ykcupa 3 00’ €KToM OYKCHpPYBaHHSI.
Ckamn 2 3 tpenaxepa "Navi-Trainer Professional 5000" (Wartsild). ®oto aBTopa

Ha niBiif wactuni puc. 15 mnokasaHa mnaHenb KepyBaHHA OyKCHpOM, a Ha MpaBiil —
TpaekTopisi pyxy Oykcupa i 00’ekra OyKCHpYBaHHS 1 YHMCJIOBI JaHi MOBOPOTY OyKkcupa i 00’ekrta
OykcupyBaHHs. s 06’ekra OykcupyBanHs BT Oyne B micui KpiruleHHs OyKCHPHOTo Tpoca 10

o pyopuku exnioueno cmammi 3a cneyianvnicmio J5 «Mopcokuit ma éHympiuwininl 600HUI MPAHCHOPM»



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

00’exTa OykcupyBaHHS, TOOTO B HOCOBiH "actuHi. [{O 3Haxomutbes Takox y BT. Po3ramryBanus
IIIT 3amexuth Bl OOKOBUX ULIBUAKOCTEH HOca Ta KOpMH. SIKIIO B JaHOMY BHUIAAKy BOHHU
cupsiMmoBaHi B oauH Oik (y Oik miBoro 6opry), To IIIl Oyne momepemy Hocy cyaHa. SIKmo x
HIBUAKOCTI OynyTh pisHOcmpsiMoBaHuMHU (y Oik pizHux 6OoprtiB), To 1[I Oyme B mMexax Kopriycy
CyJtHa OJIVOKYe 0 KiHIA CyJTHA, e OOKOBA MIBUAKICTH MEHIIIA.

ITpu 3MiH1 HanpsIMKY pyXy OyKcHpa, HalpUKIaJ, 3 HAIPsSMKY 3a FOJUHHUKOBOIO CTPIIKOIO
Ha HaIpsIMOK MPOTH T'OAMHHUKOBOI CTPUIKH, 00’€KT OyKCHPYBAaHHS TAaKOX 3MIHIOE CTOPOHY PYXY
BITHOCHO HUIAXYy OyKcHMpa, 3ajJMIIAlOuMCh 3aBXIUd Ha 30BHIIIHBOMY Oowli Bif pyxy Oykcupa
(puc. 16).

e v [T

1 wemo-snage / - J
W AQREPw e ks Do x> BRAHS BEH.

Decth 763 m Wind 250knt0900°  CumentOOknt000"  2472° 26ldmnm  49°25136N  OOFOTEZW  1:3500 0000 1220407

Pucynoxk 16 — Tpaekropist ToBOpoTy OyKkcupa 3 00’ €KTOM OyKCHpYBaHHS PH 3MiHI HANPSIMKY PyXYy.
Cxkan 3 3 Tpenaxepa "Navi-Trainer Professional 5000" (Wartsild). ®orto aBTopa

[Ipu pyci cyaHa narom mif aiero 1Box Oykcupi [7, 8] aBTopu BBaxatoTh, 1o I1I1 pyxaerscs
BIIEpe]] — Ha3aJl 3aJeKHO BiJ] HAIIPSIMKY PyXy Cy/AHa 1 HE BUXOAMTH 3a MEXi Koprycy cyaHa. Llei
Bunagok posnissHytaid 'y [15]. Ilpu omgHakoBiii mBuakocTi 000X OyKCHpIB — BIJCYTHICTB
no310BxHbo1 mBuaAkocTi. L{O cniBnagae 3 LIB. III1 — y HeCKiHYEHHOCTI.

[Ipy HasBHOCTI PI3HUII B HIBUAKOCTI PyXy OyKCHpIB, KOJM BOHU OOMJIBa PyXalOThCS B
onHoMy HampsaMmky — IO 3mimyerbcs B 0ik Oykcupa 3 MeHmoro mBuakictio. IIIT Oyne
PO3TaIIOBYBATHCH 32 MEKaMH CyJTHA B HAIPSIMKY OyKCHpa 3 MEHIIIOO MIBHIKICTIO.

Ile TmymadeHHsi 0a3yeTbcs Ha HOBOMY OadeHHI 3MICTOBHOI MOJEJ IMOBOPOTY CYJIHA,
BHKJIaJIcHOMY B cTaTTsx [12, 13].

OcHOBHI pe3yJiIbTaTH Ta iX 00rOBOpPEHHSI.

1. V crarti mokaszaHo, IO IMOJIOKEHHS 0a30BHX TOYOK IMOBOPOTY, MOKa3aHE B JDKepenax
[3, 4, 7, 8], He BiamoBigae miiCHOCTI.

2. 3aBasKU 1[bOMY MOSICHEHHs cutyanii “girding” («ripaiar») Ta “ in 1rons” («B nemarax)
TAKOX HE BiAMOBiIae MiHCHOCTI.

3. Hapani mosichenns curtyaniii “girding” («ripaiar») ta
ypaxyBaHHSIM OCTaHHIX JOCSITHEHb TE€Opii Ta MPAKTUKH.

4. Nonmaue nmousTTs OykcupHoi Touku (BT) — Toukm, B sIKiil cuiia HaTATY OYKCHPHOTO Tpoca
MPUKIAAAETHCS O OyKCUpa, siKa BXOAUTH JI0 MEpeiKy 0a30BUX TOUOK MOBOPOTY OyKcHpa.

5. Takox m0 meperniky 0a30BHX TOYOK MOBOPOTY OYKCHpa BXOJIUTH LEHTP BETUUMHHU —
LIEHTP MiABOJIHOI YaCTUHU OYKCHpA.

6. BukopucroByroun TtpeHaxkep "Navi-Trainer Professional 5000" (Wartsild) asropu
JOCTIANIN TPAEKTOPIIO pyXy OyKcupa 3 00’ €KTOM OyKCHPYBaHHS.

(13

in irons” («B nemaraxy») 3
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BucHoBku.

— IIpu po3paxyHKy MOBOpOTy Oykcupa OepyThCsl A0 yBaru HacTymHI 0a30Bi TOYKHU: LIEHTP
Baru (LUB), nentp BenmnuuHu (Llgen), mentp obepranns (L1O), Oykcupna touka (BT), momroc
noBoporty (I1IT).

— Ilpu O6ykcupyBanHi 3a kopmoro Ha Tpoci [{O Oykcupa — monepeny LB, III1 — nonepeny
O B Mexax Kopmycy cyHa.

— IIpu nonosxenni «ripaiar» O 6ykcupa — B BT, I1I1 — y HeckiHU€HHOCTI.

— Ilpu nmonoxenni «B nemarax» — L{O Oykcupa — y BT, IIIl — y nHeckinyenHocri. Lle
TTOJIOXKEHHS CXO0KE Ha MOJIOKEHHS «T1PIIHTY.

— Ilpu monoxeHHi Oykcupa OJM3BKOMY 10 MOJOXKEHHS « B jemiarax» — L[O Oykcupa
nepemimyetbes B Oik BT, I1I1 — nepemintyerbest Biepes 3a MEXi CyIHa.

— Ilpu pyci Buepen BT 06’exra Oykcupysannsa nonepeny LB, IO cninanae 3 BT, TIIT —
nonepeny 11O 3a mexxamu Kopirycy 00’ €kTa OyKCHUpyBaHHS.

— Ilpun OykcupyBaHHI OyKCHp pyXa€TbCsi IO HaMIYeHIH IUIAHOM IIepexoay TpaeKTopii
MepEeHIM XOJIOM.

— OO0’€eKT OyKCcHpyBaHHS PyXa€eThCs 110 TPAEKTOPIT, IKa aCUMIITOTUYHO IIparHe J10 TPaeKTopii
Oykcupa. [lpu moBopotax TpaekTopis pyxy o0’ekra OykcupyBaHHS Oyjie PO3TAlIOBYBAaTHUCH 13
30BHIIIHBOT0 OOKY IIOBOPOTY.

— JI7st BUXO/Ty 3 TIOJIOKEHHS «B JienaTax» MoTpiOHO 30UTbIIEHHS TTOTYXHOCTI, SIKIIO € TaKa
MOJKJIMBICTh, 1 IPOJIOBKEHHS PyXy BHepel. SIKk MOKIMBOCTI 301JIbIIEHHS OTY>KHOCTI BXKE HEMae,
MO>KHa 3MEHILIUTH MOTY>KHICTh, HA/JIaTH MOKJIMBICTh OYKCHUpPHIH JIiHII PO3BEPHYTH OyKCHDP B3JOBXK
OyKCUpPHOI JiHIi 1 MOTIM 3HOB 3017bIIYBATH MOTYXHicTh. Lle 301IBIMIMTH OCTIHHICTH Oykcupa i
3aBaauTh HeOe3neui. Po3irHaBmm OyKCHpHHUM KapaBaH 10 MOXKJIMBOI IIBUIKOCTI HA HOBOMY Kypcl,
MO’KHA ITOYMHATH MOCTYNOBUI Mepexij Ha monepeaHii Kypc.

IlepciekTHBH NPOJAOBKEHHSI AOCTiMKeHHs. J[0aTKOBOTO JOCHIKCHHSI BHMAarae
noBeliHKa OYKCHPHOI JiHii 1 BCi€l cucTeMu Oykcup — 00’ €KT OyKcupyBaHHs Ipu MOBOPOTi. Takox,
OCKUTBKHU IS CTATTS OIKCY€E TOJIOKEHHsI 0a30BHX TOYOK MOBOPOTY CHUCTEMH OYKCHp Ta 00 €KT
OyKCUpPYBaHHs, 110 € OKPEMUM MPHUKIAIOM 3MICTOBHOI MOJIeNI IpOIlecy MOBOPOTY CyJHa, TO Oyne
JOUUTBHAM TIPOJIOBXKYBATH JOCIHI/DKEHHS Ha 1HIIUX THMAX CYy/AEH, HApPUKIaJA, Ha JBOTBHHTOBUX
CyJHax, Ha CyAHax 3 a3umojamMH Tomlo. Takok MOXXKHa PO3MJIAHYTH JEsKl CyJIHOBI omeparii,
HaTpUKJIa/, BapTyBaHHA ABOX Cy/EH OJHE 70 OJHOTO B MOPi Ha X0y, Cy/THa Ha X0y JI0 Cy/IHA Ha
SIKOP1 TOIIIO.
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Tovstokory O. M., Nahrybelnyi Y. A., Matejchuk V. M. TOWING TURN THEORY TAKING INTO
ACCOUNT THE LATEST ADVANCEMENTS IN THEORY AND PRACTICE

The object of the study is the process of turning vessels during towing. The article is devoted to finding out the
position of the base points of the vessel's turn during towing. At least two units take part in towing: the tug and
the towed object. The positions of the base points are different for each of the participants in the towing
process. The trajectory of the towing caravan depends on the position of the base points. First, the base points
for the tug and for the towed object are determined. It turns out that when towing, during the turn, the tug can
expect serious dangers: girding and the position "in irons", which can lead to the tug tipping over.

When comparing previous sources on this issue, it turns out that the process of turning during towing was not
considered in the way that the modern substantive model of vessel turning suggests.

In addition to determining the basic turning points of all towing participants, there is a need to find out how
the tugboat, the towed object and the towing line will move. This also affects the water area occupied by the
towing caravan when turning. Which affects the safety of navigation.

An accident that occurred with an anchor handling tugboat due to girding is also considered.

The conclusions show the position of the base turning points during towing and the change of their positions
during various maneuvers, including in dangerous situations of "girding” and "in irons". IMO
recommendations are provided for the prevention of these situations along with guidance on actions to be
taken if you get into a "in irons" position.

Key words: tugboat; towed object; girding; position "in the iron"; trajectory of movement; center of rotation;
pivot point; towing point.
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The article proposes a mathematical model of the transport problem taking into account the priorities of cargo
suppliers, which is focused on increasing the efficiency of transport flow management in conditions of
heterogeneity of transportation participants and different levels of their importance. In modern transport and
logistics systems, situations are increasingly arising when cost minimization is not the only and sufficient
criterion for transportation efficiency. In practice of operating transport systems, there is a need for priority
service for individual suppliers, which is due to the strategic importance of cargo, limited delivery time, social
significance or terms of contractual obligations. Such cases include the transportation of humanitarian aid,
energy resources, perishable products, medical products, as well as ensuring the continuity of critical
production chains. The model is based on a lexicographic approach, which provides priority consideration of
supplier priorities with subsequent minimization of transportation costs without the use of weight coefficients.
Such a formulation of the problem increases the objectivity of decision-making, eliminates subjectivity in
choosing model parameters and allows for the formalization of hierarchical requirements in transport
planning. An algorithm for constructing a reference plan that takes into account the hierarchy of suppliers and
combines it with local minimization of transportation costs has been developed. The potential method for
finding the optimal plan has been improved by introducing restrictions on permissible recalculation cycles,
which allows preserving the priority structure of the problem at the stage of iterative optimization. The
proposed model can be applied in the practice of freight transportation with a hierarchical structure of
participants.

Key words: transport problem; potential method; freight transportation; optimal delivery plan; supplier
priorities; lexicographic optimization; transport logistics.
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Introduction. Effective management of transport processes is one of the key components of
the functioning of modern logistics systems. The tasks of distributing cargo flows between suppliers
and consumers arise in various sectors of the economy - from industry and the agricultural sector to
energy, trade and humanitarian logistics. In most cases, such tasks are formalized in the form of a
classical transport problem, which allows determining the optimal transportation plan based on the
criterion of minimizing total transport costs, provided that consumer demand is met and suppliers'
resources are fully used.

However, the practical conditions of operation of transport systems often go beyond the
classical assumptions. In real logistics processes, suppliers can have different levels of importance,
due to strategic, economic or social factors. In particular, this may apply to the transportation of
humanitarian cargo, medical products, fuel and energy resources, products with a limited shelf life
or servicing critical production facilities. In such cases, not only cost minimization is of paramount
importance, but also ensuring priority service for individual suppliers.

Ignoring this aspect in the classical transport model can lead to situations where the
economically optimal transport plan does not meet the real needs of the system, as it does not
guarantee the priority delivery of goods from the most important suppliers. This necessitates the
expansion of traditional approaches to solving transport problems by taking into account additional
criteria, in particular priority.

One effective approach to taking into account the hierarchy of importance is the use of
discrete priority indicators that allow formalizing the order of service of suppliers. This approach
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allows combining economic feasibility with practical requirements for the functioning of transport
systems, ensuring a balance between minimizing costs and fulfilling priority tasks.

In this context, it is relevant to develop mathematical models of transport problems that take
into account the priorities of suppliers, as well as appropriate algorithms for solving them. Of
particular importance is the construction of such methods that allow integrating priority into the
process of forming both the reference and optimal transportation plans without significantly
complicating the computational procedures.

Thus, the study of transport problems taking into account priorities is a relevant scientific
and applied direction, which is of great importance for increasing the efficiency of management of
transport and logistics systems in the conditions of increasing complexity and dynamism of modern
€conomic processes.

Analysis of recent achievements and publications. Modern linear programming transport
problems are evolving towards a more complex model structure, transition to multi-criteria
formulations, and consideration of additional conditions of priority, uncertainty, and dynamics of
logistics systems.

A generalized mathematical and information model of the transport problem, focused on
increasing the efficiency of freight transportation, is presented in [1], which lays down basic
approaches to the formalization of transport flows in complex economic systems. However, the
work does not consider the problem of taking into account discrete priorities of suppliers and their
hierarchical influence on the formation of the transportation plan.

Further development of the classical transport problem taking into account the structural
features of suppliers and their grouping is considered in [2], which creates the prerequisites for
introducing additional characteristics of suppliers, in particular their priority when forming
transportation plans. However, this model does not provide for lexicographic optimization and a
mechanism for preserving priorities when searching for the optimal plan.

In [3], optimization of freight delivery processes at the enterprise level is considered, which
allows taking into account organizational constraints and forming more adaptive transport solutions.
However, the problem of formally introducing a hierarchy of suppliers into a classical transport
problem is not raised in this study.

An extension of the transport model for the case of using different types of vehicles is
presented in [4], where the heterogeneity of transport resources is taken into account, which
indirectly affects the priority of using individual transportation directions. At the same time, the
paper does not investigate the issue of priority service of suppliers as a separate optimization
criterion.

Multi-criteria transportation models with fuzzy parameters were investigated in [5], where
decision priorities can be specified through weights and fuzzy estimates of the importance of
suppliers or consumers. However, the use of weights does not provide a rigid hierarchy of priorities,
which is implemented in the lexicographic approach of the proposed work.

In [6], a model of a sustainable supply chain is proposed, in which the priority of orders and
goods is taken into account through a multi-level decision-making system, which allows managing
the order of satisfaction of needs. However, the paper does not consider the modification of the
classical transportation problem and methods for its solution taking into account the priorities of
suppliers.

Environmental and stochastic aspects of transport planning are considered in [7], where
priorities can be formed as additional criteria along with cost and delay minimization. However, the
issue of constructing a mathematical mechanism for preserving the priority structure during
transport plan optimization is not investigated.

Dynamic transport systems with real-time adaptive routing are presented in [8], which
allows changing transportation priorities during the execution of the transport plan. However, the
main focus of the work is on routing, and not on the problems of distributing cargo flows between
suppliers and consumers.
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Integrated transport systems for combined transportation are considered in [9], where
different types of flows can have different levels of priority in a single transport network. At the
same time, the issue of formalizing the priorities of suppliers within the classical transport problem
remains beyond the authors' attention.

Modern artificial intelligence methods for optimizing logistics processes are summarized in
[10], in particular for problems where order priorities are determined dynamically based on
environmental data. However, the work does not propose a mathematical model of the
transportation problem with a clear lexicographic structure of criteria.

Environmentally oriented freight routing models are investigated in [11], where priorities
can be related to minimizing the carbon footprint of individual shipments. However, the problem of
prioritizing suppliers depending on their importance is not considered in the work.

Multi-criteria models for perishable goods delivery in [12] consider priority according to
time constraints and the level of criticality of delivery. However, these approaches focus mainly on
routing and time parameters, rather than on the hierarchy of suppliers in the transportation problem.

Applied optimization algorithms in specialized logistics systems are considered in [13],
where the priority can be determined by the specifics of the industry, in particular pharmaceuticals.
However, the work lacks a formalization of the transportation problem with discrete supplier
priorities and corresponding constraints on the optimization process.

Hybrid intelligent traffic routing systems in [14] allow combining different optimization
criteria, including the priority of individual routes. However, the issue of modifying the classical
potential method to preserve the hierarchy of supplier priorities is not considered.

A systematization of vehicle routing problems is presented in [15], where it is shown that
modern models increasingly include elements of priority transportation planning. However, the
problem of constructing a transportation problem with lexicographic optimization and supplier
priorities remains insufficiently studied.

Thus, the analysis of modern research shows that although multi-criteria, fuzziness and
dynamism are widely used in transport problems, the issue of formal introduction and algorithmic
consideration of supplier priorities in the classical transport problem remains insufficiently
developed. This necessitates the development of a mathematical model of the transport problem
with lexicographic consideration of supplier priorities and modified methods for constructing
reference and optimal transportation plans.

Goal and problem statement. In modern transport and logistics systems, situations are
increasingly arising when cost minimization is not the only and sufficient criterion for
transportation efficiency. In the practice of operating transport systems, there is a need for priority
service for individual suppliers, which is due to the strategic importance of the cargo, time
constraints, social significance or terms of contractual obligations. Such cases include, in particular,
the transportation of humanitarian aid, energy resources, perishable products, medical products, as
well as the maintenance of critical production chains.

The classical transportation problem, which consists in finding a transportation plan with
minimal costs, provided that the demand of all consumers is satisfied and the suppliers’ inventories
are completely removed, does not take into account such aspects. In it, all suppliers are considered
equivalent, which can lead to economically optimal, but from a practical point of view unacceptable
solutions, when less important suppliers are served before more priority ones.

In this regard, a scientific and applied problem arises of developing such a model of the
transport problem that would allow taking into account the hierarchy of importance of suppliers and
ensure priority execution of transportation for objects with a higher priority level, without violating
the general balance constraints of the system.

The aim of the work is to develop a mathematical model of the transport problem with the
priorities of cargo suppliers, in which each supplier is assigned a discrete priority indicator, as well
as to form an effective algorithmic approach to its solution. In particular, it is planned to build a
model with a lexicographic formulation of the objective function, where the dominant criterion is
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the maximization of the volume of transportation from suppliers with higher priority levels, and the
secondary criterion is the minimization of total transport costs.

An additional task of the research is to develop modified methods for constructing reference
and optimal transportation plans that would ensure that priorities are taken into account at all stages
of solving the problem. This involves adapting classical approaches, in particular the least cost
method and the potential method, by introducing rules that limit permissible redistributions of cargo
flows according to the hierarchy of priorities.

Thus, the problem statement consists in determining a transportation plan that satisfies all
balance constraints, ensures maximum consideration of supplier priority in the lexicographic sense,
and at the same time minimizes total transportation costs.

This paper proposes a conceptual mathematical model of the transportation problem,
focused on formalizing the mechanism for taking into account supplier priorities and building an
appropriate algorithmic approach to the solution.

Presentation of the main research material. Let there be given m cargo suppliers Az, Az,
..., 4i, ..., Am, Which have cargo concentrated in quantities ai, az, ..., am units, respectively. This
cargo needs to be transported to n cargo consumers Bi, B, ..., Bj,..., Bn, Who need it in quantities ba,
bz, ..., bn units, respectively.

Unlike the classical transportation problem, each supplier Ai a discrete priority indicator is
matched a discrete priority indicator is matched p; € P, where Pis the set of possible priority
values:

P ={pi;p2; i Pm}- 1)

The higher the value p;, the higher the priority of the corresponding supplier, reflecting the
need for priority shipment from him. The priority values may coincide for any number of suppliers.

It should be noted that in the case where all p;are the same, the proposed model reduces to a
classical transportation problem.

It is also assumed that suppliers' priorities may coincide.

In the form of the cost of transporting a unit of cargo from any supplier to any consumer,
given in the form of a matrix:

Cll C12 'Er) Cln
Cz 1 CZZ s CZn (2)
Crmi Cmz - Con
or abbreviated:
C::

]

where i is the number of the cargo supplier, i = 1, m;
j — cargo consumer number, j = 1, 7.
It is necessary to draw up a transportation plan that:
1) ensures priority shipment of cargo from suppliers with the highest priority;
2) satisfies the needs of all consumers;
3) has the lowest total cost.
Let us denote the transportation plan by:

X = {xll;xlz; vy X1 X215 X225« Xons o5 Xm1r Xm2s ...;xmn}, (3)

where x;; — the amount of cargo transported from supplier Ai to consumer B;.
Let's build an objective function taking into account the priority of cargo suppliers.
Since the problem contains two criteria, it is advisable to use a lexicographic formulation.
The first (main) criterion is priority maximization.
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For further formalization, let us introduce a set of different priority values that are actually
implemented for given suppliers, and order them in descending order:

Pt = {p®,p®, .. p®)}, )

where p(l) > p(z) > e > p(k)

Here P* < P — is the set of unique priority levels without repetitions and is the p— r-th
level in descending order.

For each priority level, p™ we enter the value:

=, D (5)

i:pizp(r) j=1

which determines the total volume of cargo S, exported from suppliers with the corresponding
priority level p™.

Taking into account the introduced notations, the optimality criterion is formulated as a
problem of lexicographic maximization of the following vector:

(51,53, ..., S;) = max. (6)
lex

This approach means that optimization is performed sequentially by priority level: first, the
volume of transportation for suppliers with the highest priority level is maximized, then, among the
solutions obtained, the volume of transportation for the next level is maximized, and so on. Thus,
the possibility of improving the performance of lower priority suppliers by reducing the volume of
transportation for higher priority suppliers is excluded.

The second criterion is cost minimization.

Among the set of transportation plans that are optimal in the lexicographic sense, the plan
with the minimum total transportation cost is selected:

F=0C11"%11+Cp X2+ + Cip X1+ Coq " Xoq + G " Xgp + 000+ Gy " Xgpy +
+
+Cn1 " Xm1 + Cnz "Xz + 2+ G " X =

m n (7)
= Zci]"xi]’ﬁmin
i=1 j=1
under the conditions of fulfilling the balance constraints of the transport problem:
[ n
Z Xij=a;, L=1m,
j=1
m
< Z xij = by, j=1n, ®)
=1
>0

Thus, the objective function of the specified transport problem, taking into account the
priorities of suppliers and the economic criterion of cost minimization, can be formulated in a single
generalized statement. Since the problem simultaneously considers two different criteria -
maximizing priority- weighted transportation volumes and minimizing the total cost of
transportation - it is advisable to use a lexicographic approach to optimization.
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To coordinate the optimization directions, the second criterion, which corresponds to the
minimization of total transportation costs, is reduced to a maximization problem by changing the
sign of, i.e., the quantity is considered —F.

Such a transformation allows us to consider both criteria in a single vector form without
changing the substantive interpretation of the problem.

As a result, the generalized optimization criterion can be written as lexicographic
maximization of the vector:

(81; S35 .3 S; —F) —» max. 9)
lex

In this entry, the first components of the vector S,, r = 1,k, determine the levels of
transportation performance for suppliers in descending order of their priorities, ensuring a strict
hierarchy of service. This means that the optimization process first achieves the maximum possible
transportation performance for suppliers with the highest priority level, and only then does the
following levels take into account.

The last component of the vector, equal to —F, reflects the economic criterion and ensures
the selection of the least costly transportation plan among all solutions that are optimal in terms of
the priority component. Thus, the proposed form of notation provides a clear separation of criteria
according to their importance and implements the principle of sequential (lexicographical)
optimization without mutual compensation between priority and cost.

The solution of the proposed transport problem taking into account the priorities of suppliers
is carried out in two interconnected stages using modified classical approaches to constructing the
reference and optimal plans. At the first stage, a reference plan is formed, which takes into account
both the structure of transport costs and the priority of suppliers, after which the resulting plan is
subject to further improvement using the modified potential method taking into account the priority
constraints.

Let's consider the algorithm for constructing a reference plan.

The construction of a reference plan for a transportation problem with supplier priorities is
carried out by gradually examining the rows of the transportation table in accordance with the
decreasing level of supplier priority.

Let us consider a set of suppliers A = {4;}%, with priorities p;, a set of consumers
B = {B,}j-,, and a set of valid cells of the transport table.

Let's introduce the set of active suppliers:
1={12,..,m}. (10)

The algorithm is executed until the set is completely empty 1.
First, the maximum priority level among active providers is determined:

p" = maxp;, (11)

and a set of suppliers of this level is formed:

I"={iel:p;=p"}. (12)

Next, any element is selected i* € I*and the corresponding row is examined i*.
This line defines the set of minimum values:
‘Q‘i* = {] € {1, ...,n}: Ci*j = mkin Ci*k}' (13)
An index is selected j* from the set Q;- for which the minimum cost rule is satisfied (in case

of ambiguity, the choice is arbitrary).
The value of transportation is formed:
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xi*j* = min(ai*, bj*) (14)
After that, the residual values are updated:

!
(15)
— pg — ik ek
bl = by — xpoje.

If a;» = 0, then i* is excluded from the set of active suppliers:

I' =1\ {i*}. (16)

If b;- = 0, the corresponding consumer is considered satisfied and no longer participates in
further iterations.

After that, the procedure is repeated, starting with determining the new maximum priority
among the updated set I, until complete completion I = @.

The resulting matrix X = {x;;} is a reference plan for the transportation problem, built
taking into account the hierarchy of supplier priorities and local minimization of transportation
costs within each row.

Now let's consider a method for finding the optimal plan for a transportation problem taking
into account supplier priorities. For this, the potential method is used, modified to take into account
the priority hierarchy.

Based on the found reference plan, a planning table is built, which is supplemented by the
potentials of suppliers w;and consumers v;.

The number of occupied cells is first checked. If it is less than m +n — 1, the plan is
degenerated by introducing zero transports into free cells with the lowest cost values until the
required number of basic cells is reached.

Next, one of the potentials (usually for the supplier with the largest number of basic cells) is
taken equal to zero. The values of the other potentials are determined from the conditions:

Uu; + Uj = Cij (17)

for all basic cells.
After that, the optimality condition for free cells is checked:

U; + Uj < Cij' (18)

If this condition is met for all free cells, the resulting plan is optimal.
In the opposite case, for each cell in which the optimality condition is violated, the value is
determined:

Aij =ui+vj—cij. (19)
Among such cells, the cell (i*/j*) with the maximum value is selected A;;, which is
considered as a candidate for inclusion in the basis.
For the selected cell, a closed cycle is constructed, the vertices of which are alternately
marked with the signs "+" and "—", starting from cell (i*/j*).
Next, among the cells of the cycle marked with a
value is determined:

ijo

w__

sign, the minimum transportation

6 = min x;;. (20)

Unlike the classic potential method, this stage introduces an additional check related to
supplier priorities.
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Let the cell for which the minimum is reached 6 belong to the row i~, and the initial cell
(i*j*) to the row i*. The transition to a new plan is allowed only if one of the conditions is met:

i~ =t

(21)
Di- = Pi+-

That is, transportation exclusion is allowed only for the supplier whose priority is not higher
than that of the supplier for whom transportation is increased.

If the specified condition is met, a new plan is formed by adding the value 8 to the cells of
the cycle marked with a "+" sign and subtracting it from the cells marked with a "—" sign.

If the condition is not met (i.e., the cycle assumes a reduction in transportation for the
supplier with a higher priority), the constructed cycle is rejected, and the cell (i*j*) is not
considered a candidate for inclusion in the basis.

It should be noted that the proposed restriction on permissible cycles is heuristic in nature,
as it is aimed primarily at the practical preservation of the hierarchy of supplier priorities in the
optimization process.

In this case, the transition is made to the next cell with violation of the optimality condition
(by decreasing value 4;;), for which the cycle is again constructed, and the specified condition is
checked.

If none of the cells for which the optimality condition is violated satisfies the specified
constraint, the current plan is considered optimal in the sense of a priority problem.

Conclusions. Thus, the paper presents a conceptual mathematical model of the transport
problem taking into account the priorities of cargo suppliers, built on the basis of a lexicographic
approach to optimization (1)—(9). A method of combining two criteria is proposed, which ensures
the dominance of supplier priority over the minimization of transportation costs without the use of
weight coefficients, which increases the objectivity of decision-making.

A modified algorithm for constructing a reference plan has been developed (10)—(16), which
provides for a phased filling of the transport table in accordance with the decreasing level of
supplier priorities, taking into account the minimization of costs within each row. This allows
taking into account the hierarchy of suppliers when forming a transportation plan at the initial stage.

The potential method for finding the optimal plan has also been improved (17)—(21). The
proposed modification consists in introducing restrictions on the permissible recalculation cycles,
which makes it impossible to reduce transportation from suppliers with a higher priority. This
ensures consistency of criteria and preservation of lexicographic optimality in the process of solving
the problem.

In general, the proposed approach extends the classical transport problem and allows
formalizing problems in which, along with cost minimization, it is necessary to take into account
the hierarchy of suppliers. The results obtained can be used in the practice of freight transportation
when building models for managing transport flows in logistics systems of varying complexity.

Prospects for further research. A promising direction is to expand the proposed model by
taking into account the priorities of not only suppliers but also consumers. This will allow for more
flexible transportation plans that take into account the criticality of meeting the demand of
individual destinations, for example, depending on the urgency or importance of orders.

Of particular interest is the study of dynamic priorities that change during the transportation
process. In particular, it is possible to take into account time factors, delays, changes in demand or
external conditions that affect the order of service. This opens up opportunities for building
adaptive models of transport tasks that can respond to changes in the environment in real time.

Mo pyopuku éxnroueno cmammi 3a cneyianvnicmio J5 «Mopcokuii ma énympiwiniii 600HUI mpancnopmy



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

REFERENCES

1. Slavych, V. P. et al. (2025). Mathematical and information model of a special type of
transport task as a tool for increasing economic efficiency of freight transportation. Artificial
intelligence as a tool to protect the economy from disinformation: innovative solutions and
international practices. Riga, Latvia: Baltija Publishing. 258 p. http://doi.org/10.30525/978-9934-
26-586-0.

2. Slavych, V. P., Dobrova, K. D. (2020). Model’ ta metod znakhodzhennya opornoho ta
optimalnykh planiv modifikovanoyi transportnoyi zadachi u vypadku hrupuvannya postachal'nykiv
vantazhu. Prykladni pytannya matematychnogo modelyuvannya. No 1. P. 187-193.
http://doi.org/10.32782/2618-0340/2020.1-3.19.

3. Ghosh, S., Roy, S. K., Fiigenschuh, A. (2022). The multi-objective solid transportation
problem with preservation technology using Pythagorean fuzzy sets. International Journal of Fuzzy
Systems. Vol. 24. P. 2687-2704. http://doi.org/10.1007/s40815-021-01224-5.

4. Slavych, V. P., Yel'nyk, V. V. (2023). Optymizatsiya protsesu dostavky vantazhu
hazopostachal'noho pidpryyemstva. Visnyk KhNTU. No 2 (85). P. 84-89. http://doi.org/10.35546
/kntu2078-4481.2023.2.11.

5. Babaee Tirkolaee, E., Aydin, N. S. (2022). Integrated design of sustainable supply chain
and transportation network using a fuzzy bi-level decision support system for perishable products.
Expert Systems with Applications. VVol. 195. 116628. http://doi.org/10.1016/j.eswa.2022.116628.

6. Slavych, V. P., Biloushchenko, D. Yu. (2025). Model of the transport problem in the case
of cargo delivery by two different types of vehicles. Naukovyi visnyk KhDMA. No 31. P. 178-186.
http://doi.org/10.33815/2313-4763.2025.2.31.178-186.

7. Babaei, A. et al. (2023). Sustainable transportation planning considering traffic
congestion and uncertain conditions. Expert Systems with Applications. Vol. 227. 119792.
http://doi.org/10.1016/j.eswa.2023.119792.

8. Danchuk, V. et al. (2023). The optimization of cargo delivery processes with dynamic
route updates in smart logistics. Eastern-European Journal of Enterprise Technologies. Vol. 2 (3).
P. 64-73. http://doi.org/10.15587/1729-4061.2023.277583.

9. Hatzenbiihler, J. et al. (2023). Modular vehicle routing for combined passenger and
freight transport. Transportation Research Part A: Policy and Practice. Vol. 173. 103688.
http://doi.org/10.1016/j.tra.2023.103688.

10. Chen, W. et al. (2024). Artificial intelligence in logistics optimization with sustainable
criteria: a review. Sustainability. Vol. 16 (21). 9145. http://doi.org/10.3390/su16219145.

11. Song, R. et al. (2023). Optimizing freight wvehicle routing in dynamic
time-varying networks with carbon emission analysis. Sustainability. Vol. 15 (21). 15504.
http://doi.org/10.3390/su152115504.

12. Liang, X. et al. (2023). Bi-objective multi-period vehicle routing for perishable goods
delivery considering customer satisfaction. Expert Systems with Applications. Vol. 220. 119712.
http://doi.org/10.1016/j.eswa.2023.119712.

13. Ait Mamoun, K. et al. (2024). Vehicle routing optimization algorithms for
pharmaceutical supply chain: a systematic comparison. Transport and Telecommunication. Vol. 25
(2). P. 161-173. http://doi.org/10.2478/ttj-2024-0012.

14. Daneshvar, H. et al. (2023). Hybrid intelligent transportation system for
routing optimization. Decision Making: Applications in Management and Engineering. Vol. 6 (2).
P. 907-932. https://doi.org/10.31181/dma622023899.

15. Konstantakopoulos, G. D. et al. (2022). Vehicle routing problem and related algorithms
for logistics distribution: a literature review and classification. Operations Research International
Journal. Vol. 22. P. 2033-2062. http://doi.org/10.1007/s12351-020-00600-7.

ISSN-print 2313-4763; ISSN-online 3041-1939 139


http://doi.org/10.30525/978-9934-26-586-0
http://doi.org/10.30525/978-9934-26-586-0
http://doi.org/10.32782/2618-0340/2020.1-3.19
http://doi.org/10.1007/s40815-021-01224-5
http://doi.org/10.35546%20/kntu2078-4481.2023.2.11
http://doi.org/10.35546%20/kntu2078-4481.2023.2.11
http://doi.org/10.1016/j.eswa.2022.116628
http://doi.org/10.33815/2313-4763.2025.2.31.178-186
http://doi.org/10.1016/j.eswa.2023.119792
http://doi.org/10.15587/1729-4061.2023.277583
http://doi.org/10.1016/j.tra.2023.103688
http://doi.org/10.3390/su16219145
http://doi.org/10.3390/su152115504
http://doi.org/10.1016/j.eswa.2023.119712
http://doi.org/10.2478/ttj-2024-0012
https://doi.org/10.31181/dma622023899.
http://doi.org/10.1007/s12351-020-00600-7

m TpaHCHIOPTHI TE€XHOAOTI1

Adonin M. O., Caasuu B. I1., Bagiiiuyk K. O. MOJIEJIb TPAHCIIOPTHOI 3AJIAUI 3 TTIPIOPUTETAMMU
JJI ITIOCTAYAJIBHUKIB BAHTAXY

Y cmammi 3anpononoeano mamemamuuny mooenb mMpancnopmHoi 3a0ayi 3 Ypaxyeawusim npiopumemis
HOCMAYANbHUKIE BAHMAICY, KA OPIEHMOBAHA HA NIOBUWEHHST eeKMUBHOCHI YNPAGLIHHS MPAHCROPMHUMU
NOMOKAMU 8 YMOBAX HEOOHOPIOHOCMI YUACHUKIB Nepese3eHb ma PizHo2o pieHs IXHboI 3Hauywocmi. ¥ cyuachux
MPAHCNOPMHO-02ICMUYHUX CUCmeMax 0edati yacmiule 6UHUKAIOMb CUMYayil, Koy MIHIMI3ayis umpam He €
€OUHUM [ QOCMAMHIM Kpumepiem epekmuernocmi nepesesensv. Y npaxmuyi QyHKYIOHY8AHHA MPAHCNOPMHUX
cucmem iCHyE HeOOXIOHICMb Nepuiouepo8020 00CIY208Y8AHH OKPEMUX NOCMAYANLHUKIB, WO 3YMOGIEHO
CMpAmeziuHow BANCTUBICMIO BAHMAIICIB, 0OMENCEHICMI0 Yacy O00CMABKU, COYIANbHOK 3Hauywicmio abo
YMOBAMU KOHMPAKMHUX 30006 '3aHb. [J0 Makux eunaoKié HALexicamsb Nepese3eHHs 2yManimapHoi 0onomoau,
eHepzopecypcie, uWBUOKONCY8HUX NPOOYKMIB, MEOUYHUX NPenapamis, a maKoic 3abe3neyeHHs be3nepepsHocmi
KPUMUYHUX 8UpPOOHUYUX NaHyloeie. Modenv Oasyemuvca Ha JNexkcuxozpagiyHomy nioxodi, Axul 3abesneyye
nepuioyepeoge 8paxy8aHHs Npiopumemie NOCMAYAIbHUKIE (3 NOOANbUIOI0 MIHIMI3AYIEID MPAHCNOPMHUX
sumpam 6e3 GUKOPUCMAaHHs 6azosux Koe@iyicumis. Taxa nocmanoska 3a0aui niosuwye 00 €KMUGHICMb
NPULHAMMSL PieHb, YCy8ae cyd €EKmueHiCms npu 6uOOpi napamempis mMooeii ma 00360J€ opmanizysamu
iepapxiuni eumozu 8 MpaHCnopmHoMy NAAHY8aHHI. Po3pobieno aneopumm nobyoou onopHozo HAAHY, WO
8paxosye i€papxito NOCMAYANbHUKIE I NOEOHYE 11 3 JOKAILHOW MIHIMI3AYIElo 6apmocmi Nnepese3eHs.
Yoockonaneno memoo nomenyianie onst 3HaxX00HCEHHA ONMUMATLHOZO NAAHY ULISAXOM B8EOEHHS 0OMEdNCEHb HA
donycmumi YUKIU NepepaxymKy, wjo 0036014€ 30epicamu npiopumemuy CmpyKmypy 3adadi Ha emani
imepayitinoi onmumizayii. 3anpononosana moodenv Modce Oymu 3ACMOCOBAHA 8 NPAKMUYL BAHMANCHUX
nepegezens 3 IEPapXiuHO CIMPYKMYPOIO YUACHUKIG.

Knrouosi cnosa: mpancnopmua 3adaua, memoo NomeHyianie, 8aHMAICHI nNepese3eHHsl, ONMUMATbHUL NIAH
docmasku, npiopumemu NOCMAYAIbHUKIB, 1eKCUKOSPADTUHA ONMUMI3ayis, MpaHcnOPpMHA 102iCMUKA.
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The effective organisation of multimodal transport involving maritime shipping during emergencies is
significantly hindered by systemic legal conflicts. This study addresses the urgent need for quantitative tools to
manage these hidden legal vulnerabilities. Objective: To develop a methodological framework for the Barrier
Analysis of Legal Risks (BALR) for multimodal transport operators and to quantitatively assess the probability
of these risks materialising under extreme conditions. Methods: The study proposes an exploratory integration
of engineering safety models into legal risk analysis. It combines Gibson and Haddon’s energy-barrier theory
with J. Reason’s ‘Swiss cheese’ model to identify legal conflicts as latent system conditions. Furthermore, it
adapts the HEART (Human Error Assessment and Reduction Technique) methodology to mathematically
calculate the adjusted probability(Pscor) of a legal risk occurring, utilising error-provoking condition (EPC)
coefficients. Results: Based on the analysis of six key legal conflicts, a comprehensive BALR matrix was
developed. Three risks were classified as 'CRITICAL' (P, ~1.0): the 'patchwork’ network liability model, the
archaic maritime exemption for navigational errors, and the legal vacuum regarding force majeure under
martial law. The original concept of 'legal practical drift' is introduced to explain how emergency stressors
erode compliance procedures. Practical implications: The study demonstrates that digital technologies,
specifically 'Digital Twins' telemetry and electronic records under the 2025 UN Accra Convention, act as the
most effective compensatory barriers. The calculated BALR matrix provides multimodal operators with a
practical decision-support tool for internal compliance audits and offers supplementary analytical arguments
for international transport arbitration.

Key words: multimodal transport; HEART; the ‘Swiss cheese’ model; legal conflicts; barrier analysis;
transport; risk assessment; mathematical model; prognostication; mechanical resilience.
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Introduction. The effective organisation of multimodal transport involving maritime
transport requires not only the technical coordination of different modes of transport, but also the
ability of operators to function within a legal framework that is largely uncoordinated. In a previous
study by the authors [1], it was established that Ukraine’s regulatory framework in this area
contains systemic legal inconsistencies. Specifically, the provisions of the 2021 Law ‘On
Multimodal Cargo Transport’ conflict with the Merchant Shipping Code of Ukraine (MSCU), the
Civil Code and key international conventions. That article provided a detailed description of the
existing conflicts. The aim of this study, however, is to carry out a quantitative analytical
assessment. In other words, to determine the mathematically substantiated probability of each legal
risk materialising and which of them should be prioritised for managerial intervention.

The issue becomes particularly acute under martial law, when unprecedented physical
threats arise: GPS spoofing in the Black Sea, the danger of mines, air raid alerts during cargo
inspections at ports, and the urgent need to change logistics corridors. There is a practical and
academic need for quantitative tools to identify, assess and manage legal risks. In other words, tools
that could serve as a basis of evidence in arbitration proceedings. From a transport systems
engineering perspective, legal conflicts are treated in this study not as abstract legal issues, but as
operational constraints that directly influence the reliability and safety of multimodal logistics
chains.

Problem statement. A significant proportion of academic research in the field of transport
law focuses on issues of de lege ferenda — the reform of legislation. This overlooks a fundamentally
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important practical consideration: how should an operator manage legal risk right now, given the
current imperfect legal framework? Legal conflicts (online liability, an outdated provision of the
Civil Code of Ukraine regarding navigational errors, differing limitation periods, and the legal
vacuum created by martial law) are latent factors. They exist at all times, but are only ‘activated’
when triggered by an insured event or arbitration proceedings. Quantifying them is essential for
setting management priorities.

Analyses of recent studies and publications. The legal aspects of multimodal transport are
being actively studied by scholars both in Ukraine and abroad. V. V. Dobrovolska [2] examined the
commercial and legal nature of multimodal transport contracts. Kirillova, O. V., and Kirillova, V.
Yu. [3] identified terminological inconsistencies between the 2021 Law and international standards.
Kunda N. T. [4] examined the evolution of liability regimes in international conventions. A parallel
area of research concerns security management theory. The fundamental framework here is Gibson
and Haddon’s energy-barrier theory [5, 6]. According to this theory, an incident occurs due to the
absence or breach of the barrier between the source of danger and the vulnerable target. This
approach was further developed in J. Reason’s ‘Swiss cheese’ model [7]. It describes the occurrence
of system failures caused by the simultaneous failure of multiple protective barriers. S. Snook’s
theory of ‘practical deviation’ [10] explains the mechanism by which practices gradually diverge
from normative guidelines. The HEART [11] method is widely used for the mathematical
assessment of the probability of error. The role of the human factor in maritime incidents was
investigated by V. G. Torsky and L. A. Pozolotin [12]. Data generated by digital twin systems are
accepted as evidence in logistics disputes due to their immutability, reproducibility and
comprehensive documentation [13].

However, a critical review of the literature reveals a fundamental gap: none of the
aforementioned approaches has integrated the legal aspects of cargo liability with the methodology
of engineering barrier analysis. This gap defines the scope of this study.

Aims and objectives of the study. The aim of the study is to conduct an analytical
assessment of the organisational and legal risks associated with cargo loss in multimodal transport
during emergencies. To achieve this aim, a special toolkit for barrier analysis and risk forecasting
(BALR) is being developed. The toolkit is based on the integration of three methodological
approaches: energy-barrier theory, the Reason model and the HEART methodology.

Research objectives:

1. To systematise the legal conflicts identified in [1] in terms of safety management theory
(active failures / latent conditions);

2. To develop an original concept of the ‘legal practical drift” as a mechanism for the erosion
of legal compliance in emergency situations;

3. Adapt the HEART methodology and calculate the adjusted probability (Pscor) of legal
risks materialising;

4. Develop a BALR matrix and formulate recommendations on the use of digital
technologies as compensatory barriers.

Main part. The main part of the study is structured into six interconnected sections. The
first section presents a comparative analysis of international maritime liability regimes and the
Ukrainian Merchant Shipping Code. The second section applies Gibson—Haddon energy-barrier
theory and Reason's "Swiss cheese” model to reframe legal conflicts as latent systemic conditions.
The third section introduces the original concept of "legal practical drift" to explain how
compliance procedures erode under emergency conditions. The fourth section adapts the HEART
methodology for the mathematical quantification of legal risk probabilities. The fifth section
synthesises the findings into an integrated BALR risk matrix. The sixth section formulates practical
recommendations, with particular emphasis on digital technologies as compensatory barriers.

1. A comparative analysis of legal regimes: from the Hague Rules to the Merchant
Shipping Code of Ukraine (MSCU). A fundamental factor contributing to legal uncertainty is the
absence of a single, unified international regime. Attempts to establish such a regime have failed to
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secure the necessary number of ratifications. A comparative analysis of the key regimes is provided

in Table 1.

Table 1 — Comparative analysis of international maritime transport regimes and the Merchant
Shipping Code of Ukraine (MSCU)

Characteristics

The Hague-Vishy
Rules (1924/68)

The Hamburg
Rules (1978)

The Rotterdam
Rules (2008)

The Merchant
Shipping Code of
Ukraine (1995)

Scope of
application

Basis for liability

Port-to-port
(«from hook to
hook»)

Guilt + a wide
range of
exemptions
(navigational
error, fire, etc.)

Port-to-port +
overland transport
under a single
contract

Presumption of
guilt, limited list
of exemptions

«Door-to-doory,
including
multimodal stages

Presumption of
guilt, extended list
of circumstances

Port-to-port (similar
to the Hague-Vishy
Rules)*

Fault + Retention of
dismissal for a
navigational error*

Limits (maritime) 666.67 SDR per 835 SDR per 875 SDR per 666.67 SDR per
package or unit, or package or unit, or package or unit, or package or unit, or 2
2 SDR per 2.5 SDR per 3 SDR per SDR per kilogram
kilogram kilogram kilogram
Limitation period 1 year 2 years 2 years 1 year (Civil Code /
MSCU)*
Navigation error Grounds for not an exemption  not an exemption Grounds for
dismissal exemption*
Electronic Not regulated Mentioned Dedicated chapter ~ Not provided for*
documents

Note.* indicates an archaic provision generating legal risk. Source: compiled by the authors based on
[1,14-17].

As demonstrated in Table 1, the MSCU aligns most closely with the archaic liability model,
offering the least protection for cargo owners' interests. The network liability model of the 2021
Law generates a 'patchwork’ system: the sea leg — 2 SDR/kg, road transport (Convention on the
Contract for the International Carriage of Goods by Road, CMR) — 8.33 SDR/kg, rail transport
(Agreement on International Goods Transport by Rail, SMGS) — full value. The amount of
compensation depends not on the actual damage sustained, but on the ability to localise the place of
loss or damage — which, in the context of armed conflict, is frequently impossible.

2. Legal Conflicts as «Latent Conditions» in Gibson—Haddon Energy-Barrier Theory
and Reason's Model. The central theoretical proposition of the BALR framework is the integration
of energy-barrier theory and the 'Swiss cheese' model into the domain of transport law. According
to Gibson and Haddon [5, 6], a hazard materialises when the barrier between the source of danger
and the vulnerable target is breached. Reason's model [7] elaborates the anatomy of this failure.
According to this model, the defensive system comprises multiple layers («slices of cheese»), each
containing 'holes' — that is, vulnerabilities. This multi-level barrier concept effectively illustrates
how independent technical or organizational vulnerabilities can align to trigger systemic failures
[8]. Reason draws a fundamental distinction between:

1. active failures — unsafe acts committed by frontline operators with a direct and immediate
impact (erroneous decisions made by crew members or freight forwarders);

2. latent conditions — concealed regulatory and organisational deficiencies that exist long
before an incident occurs.

Losses occur exclusively when the 'holes' across different layers align, forming a «trajectory
of accident opportunity». Applying this framework to multimodal transport:
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— vulnerable target: the cargo owner's guaranteed right to financial compensation;

— source of danger (kinetic trigger): emergencies — consequences of armed conflict, GPS
spoofing, air raid alerts at ports;

— protective barriers: a through-transport contract, an insurance policy, cargo inspection
records;

— latent conditions (‘holes’): legal conflicts — network liability, the outdated MSCU
provision, differing limitation periods.

The protective barriers operate at four levels [9]: 1) the liability limits barrier — the 'hole' of
unlocalised loss; 2) the negligence protection barrier — the 'hole' of the MSCU navigational error
exemption; 3) the procedural barrier — the 'hole' of conflicting limitation periods; 4) the force
majeure barrier — entirely absent due to the legal vacuum surrounding martial law.

3. The Concept of 'Legal Practical Drift' under Emergency Conditions. Snook's theory
of «practical drift» [10] describes the phenomenon of gradual divergence of actual practices from
normative guidelines. The authors' concept of «legal practical drift» explains the degradation of
cargo control procedures during crises. During an air raid alert at a port, personnel accelerate
container handling operations, as a result of which seal verification and the drawing up of
commercial acts may be overlooked — a 'normalisation’ in the interest of physical safety. The
activation phase occurs at the moment of arbitration proceedings: the evidentiary basis (a cargo
inspection record at the modal interface) is absent, the loss becomes 'unlocalised’ and triggers the
lowest liability limit under the network model.

4. Adaptation of the HEART Methodology: Analytical Calculation of the Adjusted
Probability. The HEART methodology [11, 18] provides a quantitative measurement by
classifying the operator’s actions according to task types and adjusting the baseline error probability
by multiplying it by the environmental probability of failure (EPC). The adapted task types are
shown in Table 2.

Table 2 — Types of HEART tasks adapted to the legal decisions of a multimodal transport operator

90% confidence Legal context for the multimodal

Code | Task type description Pbase . . .
interval transport operator during emergencies

Totally unfamiliar task

performed under stress Operator actions in an unforeseen

A . . 0.55 0.35-0.97 emergency (infrastructure shelling,
without analysis of .
GPS signal loss)
consequences
Restoring a svstem Restoration of the logistics chain
B ; gasy 0.26 0.14-0.42 following the destruction of a
without feedback :
transshipment hub
Complex task requiring Route planning under new legal
C deliberation and 0.16 0.12-0.28 conditions (EU overland transit
specialist knowledge corridors)
Simple task under time Documentation processing and cargo
D pressure or with 0.09 0.06-0.13 inspection during transshipment under
reduced attention an air raid alert

Routine, highly
E  practised task requiring 0.02 0.007-0.045 Verification of standard documentation
no special demands

Source: compiled by the authors based on the adaptation of the HEART methodology [11].
Note: P__and P.___ are dimensionless probability values ranging from 0 to 1.0.

base scor

The error-producing conditions (EPC) are presented in Table 3. Each condition represents an
external factor that elevates the baseline probability of operator error beyond the nominal level
established by the HEART methodology. The weighting coefficient of condition presence (wi)
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reflects the degree of its actual influence in a given situation: from 0 (condition absent) to 1.0
(condition fully active). For conditions of elevated operational stress, a value of wi =1.0 is adopted
in this study.

Table 3 — Specific error-prone conditions (EPCs) in the adaptation to the legal context

Error-provoking

M condition (EPC)

Max Legal context in multimodal transport

EPC-1 Underestimating the 17.0 Failure to comply with legal formalities prior to the
potential significance of occurrence of an insured event or arbitration
the situation

EPC-2 Lack of time to identify ~ 11.0  Severe time pressure when processing documents due to

and correct errors logistical delays or the threat of shelling
EPC-3 Lack of independent 3.0 Failure to carry out a legal review of the contractual
oversight documentation prior to signing
EPC-4 Lack of experience in 3.0 First experience of using alternative routes during martial
unusual situations law
EPC-5 Ambiguous objectives and 2.5 Conflict between the provisions of the MSCU, the 2021
conflicting demands Law, and the Civil Code
EPC-6  Lack of feedback onthe 2.5 There is no mechanism for notifying the operator of
results of actions changes in law enforcement practice
EPC-7  Emotional stress / a state 1.3 Martial law conditions, mine hazards, GPS spoofing,
of heightened anxiety threats to the crew
EPC-8 The impact of an 1.15  Use of ports and routes under dual jurisdiction

unfavourable operating
environment

Source: compiled by the authors based on an adaptation of the HEART methodology [11].

Note: '‘Max' column represents the maximum weight of the error-producing condition as per the HEART
methodology.

To clarify the analytical mechanism of the BALR framework, it is essential to trace how
legal conflicts enter the HEART calculation. Initially, existing legal conflicts create a latent
systemic vulnerability. During an emergency, this vulnerability manifests as specific Error-
Producing Conditions (EPCs), such as severe time pressure (EPC-2) or emotional stress (EPC-7).
These EPCs directly influence the operator's decisions, forcing deviations from standard
compliance procedures to prioritise physical safety. Finally, this degraded decision-making
environment is mathematically quantified in the HEART model by applying the corresponding EPC
multipliers to the base probability. Furthermore, for the calculations in this study, the condition
presence multiplier (w;) is deliberately set to 1.0. This represents a worst-case scenario modelling

approach, reflecting the reality that under extreme emergency conditions (e.g., active shelling or
sudden infrastructure destruction), negative environmental factors exert their maximum disruptive
impact on human cognitive performance.

The HEART mathematical procedure involves calculating the adjusted probability (P, )

using Formula 1:
P.=P

scor base

><H[(EPCi ~1)x wi+1] (1)

Where B, is the nominal probability; EPC, — the maximum coefficient of the i—th
condition; wi — the weighting coefficient for the presence of a condition (0 < wi <1). For critical

risks during emergencies, wi is taken as 1.0. The numerical values for EPC coefficients (e.g., 17.0,
11.0) are standardized metrics derived from the original HEART methodology validation studies
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[11], representing the maximum potential multiplier of error for specific environmental conditions.
Let us present a detailed calculation in Formula 2 for a «patchwork» liability scenario (type C,
P..=0.16; EPC-1 x 17.0; EPC-2 x 11.0):

base
Por =0.16x[ (17.0-1)x1.0+1]x[ (11.0-1)x1.0+1] = 29.92 )

scor
Since the probability cannot exceed 1.0, the result is recorded as P, =1.0 (CRITICAL).
For the MSCU standard regarding navigation error, the calculation is performed using Formula 3
(Type A, B, =0.55; EPC-7 x 1.3; EPC-3 x 3.0):

P =055x1.3x3.0=2.145 1.0 (CRITICAL) 3)

scor

In the event of a conflict of limitation periods, the period is calculated using Formula 4 (type

D, B, =0.09; EPC-5 x 2.5; EPC-6 x 2.5):
P =0.09%2.5%x2.5=0.563 (HIGH) (4)
In the absence of electronic document flow, it is calculated using the Formula 5 (type E,
P.. =0.02; EPC-2 x 11.0; EPC-8 x 1.15):

P, =0.02x11.0x1.15=0.253 (MEDIUM) (5)

scor

This calculation transforms the subjective assertion that «the operator acted negligently»
into a supporting analytical argument for arbitration.

5. The BALR risk matrix: a synthesis of qualitative and quantitative analysis. By
integrating the results of comparative legal analysis, Reason’s model and HEART’s mathematical
calculations, the author’s BALR matrix systematises key conflicts (Table 4). The risk level is
colour-coded: red — critical (P,,, >0.90), yellow — high (0.40-0.89), green — medium (< 0.40).

cor —

Table 4 — Matrix for the barrier analysis of legal risks (BALR) during emergencies

Legal conflict / risk factor HEART Pbase EPCs_(coeff|C|ents) Pscor BALR risk level
type involved
«Patchwork» liability: non- EPC-1 (x17.0) EPC-
localised loss of cargo C(0.16) 0.16 2 (x11.0) 1.0*%* CRITICAL
(network model)
Retention in the UMSC of the EPC-7 (x1.3)
provision on exemption from A (0.55) 0.55 EPC-3 (x3.0) 1.0** CRITICAL
liability for navigational errors
A legal vacuum regarding EPC-7 (x1.3)
force majeure and insurance A (0.55) 0.55 EPC-4 (x3.0) 1.0** CRITICAL
against military risks
Conflict of limitation periods EPC-5 (x2.5)
(1 year under CMSU vs 2 D(0.09) 0.09 EPC-6 (x2.5) 0.563 HIGH
years under the Hamburg
Rules)
Absence of mandatory electro- EPC-2 (x11.0)
nic document management (vs E (0.02)  0.02 EPC-8 (x1.15) 0.253 MEDIUM
Regulation (EU) 2020/1056)
Terminological inconsistency: D(0.09) 0.09 EPC-5 (x2.5) 0.225 MEDIUM

«multimodaly» vs «intermodal»

Note 1. ** — a calculated value of > 1.0 is recorded as the maximum probability. Source: compiled by the
authors.

Note 2: P_.. and P__ are dimensionless probability values ranging from 0 to 1.0.

base scor
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6. Recommendations: digital technologies as compensatory barriers. At the legislative
level (de lege ferenda), the priorities are: 1) the removal from the Ukrainian Code of Merchant
Shipping of the exemption from liability for navigational errors; 2) a gradual transition from a
networked to a unified model of liability; 3) the development of provisions regarding force majeure
and insurance against military risks.

At the operational level, given that paper-based document workflows are vulnerable to
‘practical disruption’ during emergencies, digital technologies become the key mitigating factors:

1. Digital Twins technology [13]. The use of IoT sensors (temperature, vibration,
geolocation), integrated into the container’s digital twin, allows the exact time and location of an
incident to be determined. This approach aligns with the broader trajectory of maritime safety
research, which increasingly identifies digital twinning and data-driven simulation as key tools for
risk mitigation [19]. This eliminates the legal problem of ‘unlocalised loss’. After all, arbitrators
receive indisputable telemetry data to apply the correct liability limit.

2. The 2025 UN Accra Convention [21, 22]. This UNCITRAL instrument legalises
electronic cargo management documents (eNCDs) for all modes of transport. The introduction of
eNCDs physically prevents a «legal practical drift». As the electronic system will not allow the
cargo verification step to be skipped during transit, it creates a reliable evidential basis regardless of
infrastructure damage.

Main results and discussion. The developed BALR matrix objectively identified three
critical risks (P, ~1.0): «patchwork» liability under the network model, the retention of an

archaic provision in the Ukrainian Code of Merchant Shipping concerning navigational errors, and
a legal vacuum regarding martial law. One risk is classified as «HIGH» (P, =0.563): conflict of

limitation periods. Two risks are < MEDIUM» (P, <0.40).

An important methodological outcome is the ability to compare heterogeneous risks using a
single numerical criterion. In particular, the risk of the absence of e-document flow (P, =0.253)

(is significantly lower in priority than the conflict of limitation periods (P, =0.563)). However, it

should be noted that both conflicts are often mentioned in academic works as being of equal
significance. The HEART calculation transforms subjective assessments into a supporting
analytical argument. This can serve as a supplementary justification in international transport
arbitration: quantitative proof of systemic shortcomings in legislation successfully refutes
opponents’ references to the ‘unpredictability’ of events.

The proposed concept of a “'Legal Practical Drift’ explains the actual mechanism by which
even companies with skilled legal departments systematically find themselves unprotected. The
problem lies not in a lack of knowledge, but in the absence of a mechanism for continuously
monitoring the compliance of operational practices with legal standards — the equivalent of an
internal security audit under the ISM Code.

Validation of the BALR Framework: A Simulated Case Study. To demonstrate how the
BALR matrix applies in practice, consider a simulated scenario based on current emergency
realities. A multimodal operator is transporting high-value energy equipment from a European port
to Ukraine. During the modal interface (transshipment from ship to truck), an air-raid alert occurs.
Operating under severe time pressure and stress (EPC-2 = 11.0, EPC-1 = 17.0), the terminal
personnel rush the transshipment without proper cargo inspection and documentation—a classic
manifestation of 'legal practical drift'. Upon arrival, the cargo is found damaged. Because the exact
location of the damage is 'unlocalised’, the operator faces the 'patchwork’ liability conflict.
Consequently, the carrier successfully invokes the lowest maritime liability limit (2 SDR/kg)
instead of the higher road transport limit or full compensation. The BALR matrix accurately
anticipates this systemic failure, identifying it as a CRITICAL risk (P, =1.0). Furthermore, the

framework dictates the solution: had the operator deployed the recommended compensatory barrier
(10T sensors integrated into a Digital Twin), the irrefutable telemetry data would have pinpointed
the exact time and location of the damage. This would override the human procedural error,

cor
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circumvent the ‘patchwork’ liability loophole, and ensure fair compensation. This example
illustrates how BALR effectively transforms abstract legal uncertainties into manageable
engineering parameters for decision-making.

The integration of smart contracts and electronic negotiable documents (eNCDs) into the
Digital Twins ecosystem as a technological mechanism for managing legal risks. A pragmatic
solution for mitigating critical risks (P, ~1.0), identified in the BALR matrix, is the creation of a

closed technological ecosystem that combines the regulatory framework with engineering
functionality. The foundation for such a system was the UN Accra Convention on Negotiable Cargo
Documents. It was adopted by the General Assembly on 15 December 2025. This revolutionary
convention legalised electronic negotiable documents (eNCDs). As a result, they became fully-
fledged documents of title for all modes of transport. eNCDs are based on the principles of the
UNCITRAL Model Law on Electronic Negotiable Records (MLETR).

The risk mitigation mechanism is implemented through the integration of electronic
transaction documents with Digital Twins technology, based on a blockchain platform and smart
contracts. The logic behind this interaction works as follows:

1. Generation of objective data (digital twins): The multimodal container is equipped with a
network of 10T sensors that continuously monitor its precise location, temperature, vibration levels
and the integrity of the seals. This telemetry data forms a virtual copy (digital twin) of the cargo. It
reflects its physical condition in real time during transit.

2. Data security and immutability (Blockchain): As traditional centralised systems are
vulnerable to tampering, telemetry data from sensors is transmitted directly to a distributed ledger
(blockchain). This ensures the integrity, traceability and cybersecurity of the data.

3. Compliance automation (Smart contracts): A smart contract acts as the legal bridge
between the physical cargo and the electronic certificate of ownership (eNCD). The blockchain
cannot retrieve external information on its own. This is why special intermediary programmes —
‘oracles’ — are used. They transfer telemetry from the Digital Twin to the smart contract. If an
emergency arises during transport (for example, a seal is damaged at the port or there is a critical
change in temperature as a result of an emergency), the smart contract immediately records this
breach of conditions.

The smart contract immediately records this breach of terms. The key legal consequence of
such integration is that the smart contract automatically, consistently and without human
intervention records the exact time and location of the incident. This provides arbitration with a
100% reliable evidence base. Specifically, it completely resolves the problem of ‘unlocalised loss’
in a fragmented (networked) liability system. The technological architecture simply does not allow
the system to pass the cargo on without digital recording. In doing so, it physically blocks the
possibility of a ‘legal practical drift’ arising, as discussed in this study.

Limitations of the Study The proposed BALR methodology is subject to several
limitations. First, the model currently lacks a large empirical dataset of arbitration cases to
statistically calibrate the outcomes. Second, the adaptation of standard HEART metrics to legal
scenarios inherently involves subjective EPC weighting by experts. Third, the fact that several risks
reach the probability ceiling (P,,, =1.0) indicates the extreme nature of the modelled emergency

conditions, rather than serving as an exact statistical prediction. Consequently, this framework is
intended primarily as an exploratory decision-support tool for prioritising managerial interventions
and legal compliance audits, rather than a tool for exact mathematical prognostication.

Conclusions. Firstly, the BALR concept developed here is a first in Ukrainian transport
science. It integrates Gibson-Haddon’s energy barrier theory [5, 6], Reason’s ‘Swiss cheese’ model
[7] and the HEART methodology [11] into the field of regulatory compliance. This demonstrates
that emergencies act as kinetic triggers, exploiting hidden legal ‘loopholes’ to cause financial harm.
Moreover, the three such loopholes identified in this study have a calculated probability of
materialisation, P, =1.0 (CRITICAL).

scor

cor
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Secondly, distinguishing between active failures and latent conditions opens up new avenues
for arbitration arguments. In particular, analytical justification of systemic legislative shortcomings,
expressed through specific ratios such as EPC-1 x 17.0 and EPC-2 x 11.0, provides a strong basis to
challenge opponents’ claims regarding the «unpredictability» of staff errors.

Thirdly, the concept of ‘legal drift’ [10] explains the mechanism by which security barriers
break down under extreme pressure. In such cases, routine procedural oversights turn into legally
irreversible losses.

Fourthly, the HEART calculation [11] (Pscor) has mathematically demonstrated how
emergency conditions transform legal errors into virtual guarantees. Specifically: «patchwork»
liability (type C, B, =0.16) resulted in P_, =0.16x17.0x11.0=29.92 —-1.0 (CRITICAL);

exemption from navigational error (type A, P .. =0.55) resulted in
P =0.55x1.3x3.0=2.145—1.0 (CRITICAL); the legal vacuum regarding force majeure in a

base
state of martial law (type A, B, =0.55) also reached P, =1.0(CRITICAL). The conflict of

limitation periods (type D, R, =0.09) resulted in P, =0.09x2.5x2.5=0.563 (HIGH) . Whereas
the absence of electronic document management (type E, PR__=0.02) resulted in

base

P.. =0.02x11.0x1.15=0.253 (MEDIUM) . This value, whose priority is 2.2 times lower than that

of conflicting limitation periods, despite the fact that both are often regarded as equally significant
in academic literature.

Fifthly, it has been demonstrated that the most effective compensatory barriers are the
implementation of eNCDs in accordance with the 2025 UN Accra Convention [20, 21] and digital
twin technology [13]. These provide strong analytical support based on telemetry. In particular,
these technologies are capable of legally pinpointing the loss of cargo, thereby directly eliminating
the highest-priority risk (P,,,, =1.0) inthe BALR matrix.

Prospects for Further Research. A prospect for future research is the applied verification
of the BALR matrix. In other words, this should be based on real-life court and arbitration cases
involving Ukrainian logistics operators in emergency situations or during periods of martial law.
Future research may also involve the development of standardised contractual clauses for the main
configurations of multimodal routes.
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Ioparim A. M., Kiuaesumos K. M. AHAJIITUYHA OIIHKA TIIPABOBUX PHU3UKIB VY
MVYJIbBTUMOJAJIBHUX TIEPEBE3EHHAX I3 3AJIYUEHHAM MOPCBKOI'O TPAHCIIOPTY B
HAJI3BBUYAMHUX CUTYALIISX

YV yii cmammi npedcmaeneno OocniodxcenHs asmopié 3 aHALIMUYHOL OYIHKU PUBUKIE ) MOPCHKUX
MYTIMUMOOATILHUX Nepede3seHHAX nid dac Hao3euuannux cumyayiti 6 Ykpaini. Bouma 0a3yemvca na
NONnepeoHbOMy OO0CHIOJCEHHI, 5IKe CUCMEMAMUYHO BUAGIANO CUCMEMHI Npasosi Kourikmu. Y cmammi
NpONoOHyEMbCsl OpuciHanvHa memooonozis bap'eprnozo ananizy npasoeux pusuxie (BALR) ons onepamopis
MYTbMUMOOATLHUX Nepege3eHb. Bnepue 6 yKpaincoKiti mpancnopmHuo-npasosit Hayyi Memooono2is inmezpye
081 KOHYenmyaubHi pamku: meopito eHepeemuynux oap'epie I'ibcona ma XaoooHa 6 NOEOHAHHI 3 MOOeNI0
opeanizayitinux aeapii Pisona («weelyapcokutl cupy») 0asa aKicHoi idenmuixkayii npasosux Kongnikmis Ak
JIAMEHMHUX YMO08, aKMUBOBAHUX MPUSEPAMU HAO3BUUAUHUX cumyayill, ma Kinokichy memooonoeito HEART
0N MamemamuuHoi OYIHKU UMOGIDHOCHEL 3 BUKOPUCMAHHAM YM08, wo nopodxcyioms nomunxku (EPC).
THobydosano mampuyio pusuxie BALR 3 pospaxosanumu ckopucosanumu timosipnocmamu (Pscor). Tpu pusuxu
ompumany cmamyc KPUTHUYHHUH (Pscor = 1,0): «<k1anmuxoéay cucmema 8ionosioansHocmi 3a Mepescesoio
MOOeILIo, 3acmapiie 36iIbHeHHs 610 Hasieayitinux nomunox y Kooekci mopeosenvhoeo mopenniascmea Yxkpainu
ma npasosuil 6aKyym wooo gopc-masxcopy ma 6oeunozo cmary. Ooun pusux € BUCOKHM (Pscor = 0,563);
0éa ¢ CEPEJ[HIMU. Konyenyis «npagogoco NpaxmuyHO20 3CY8Y» 6800UMbCsL O/l NOACHEHHS MEXAHIZMY
NOCMYN08020 pPYUHY8aAHHA OOMPUMAHHA NPAGOSUX 6UMO2 6 YMOBAX HAO3BUYAUHO20 ONepayilino2o
Hasanmaosicenns. Texnonozis yugposux ositinuxie ma Axkpcvka konsenyis OOH npo nepecogipni eanmasichi
Ookymenmu 2025 poky eusHawewi sAK OCHOBHI KoMNeHcayiuwi Oap'epu. Pesynomamu 0ocniodiceHHs
0eMOHCMPYIOMb, WO KINbKICHA OYIHKA PU3UKIE Nepemeopioe Cy0'€eKmueHi npasosi CyOHCeHHs Ha OONOMINCHI
AHATIMUYHI AP2YMEHMU, WO MONCYMb OYMU GUKOPUCMAHI 8 MIJNCHAPOOHOMY MPAHCHOPMHOMY apOimpaici.
Cmpyxmypa BALR 3acmocosna do 3axonooasuoi peghopmu, po3snooiny KOHMPAKMHUX PUSUKIE ma pO3POOKU
cucmem MOHIMOPUH2Y OOMPUMAHHS 8UMO2, V32000ceHux 3 modennto ISM Code.

Knrouosi cnosa: mynemumooanvhi nepegesenus;, HEART,; modens «wiseiyapcvbkozo cupy», npasosi Kouaisiiy
bap'epruii ananiz, MpaHcnopm; OYIHKA DPUSUKIE, MAMEMAMUYHA MOO€elb; NPOSHO3Y6AHHA, MEXAHIYHA
cmiliKicme.
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The paper presents the results of experimental studies aimed at improving the operational and repair
characteristics of water transport surfaces by developing and implementing new polymer coatings with
improved anti-corrosion characteristics. The main purpose of the study is to establish the patterns of the
influence of heterogeneously dispersed fillers on the corrosion resistance of epoxy composite coatings. The
epoxy oligomer ED-20, polymerized with polyethylenepolyamine (PEPA), was used as a matrix for protective
coatings. To modify the polymer structure, a filler system was used, which includes a nanodispersed fullerene-
carbon black mixture (30-40 nm) and microdispersed trimethoprim (5-10 wm). Optimization of the
composition was carried out using the method of mathematical planning of experiments in the
STATGRAPHICS® Centurion XVI software environment. Corrosion resistance was studied using impedance
spectroscopy, which determined the electrical resistivity and capacitance of the coatings in three model
aggressive media: a 10% sulfuric acid solution, acetone, and seawater (35%o). It was found that the
introduction of trimethoprim contributes to additional chemical crosslinking of the polymer matrix, while the
nanodispersed filler forms the effect of a “labyrinth structure”, reducing the diffusion permeability of the
coating. It was experimentally confirmed that the developed compositions increase resistivity (0.25-0.29 Q-m?)
and decrease capacitance (16-27 pF/m2), indicating the formation of a dense, hydrophobic, and structurally
stable polymer network. The maximum values of the studied parameters are characterized by the EC-3 coating,
which exceeds the performance of the base matrix by 56% and HEMPEL, HEMPALIN ENAMEL coatings by
24-28%. A generalized model of the mechanism underlying increased corrosion resistance is proposed, based
on three key processes: chemical crosslinking, nanomodification, and hydrophobicization of the polymer
structure.

Key words: water transport; navigation equipment; anti-corrosion protection; coating composition; model;
marine environment.

DOI: 10.33815/2313-4763.2026.1.32.152-163

Problem statement. The problem of protecting water transport surfaces against corrosion
stems from the fact that a significant number of components, mechanisms, and equipment are made
of steel and iron-based alloys and are installed in open areas (decks), which involve operation in
conditions of intense exposure to an external aggressive environment. Even materials with
increased corrosion resistance are subject to deterioration under the influence of seawater,
atmospheric moisture, salt fog, acid rain, and organic solvents. This, in turn, leads to deterioration
in the operational characteristics of structures and a decrease in their reliability and durability. This

Mo pyopuku éxnroueno cmammi 3a cneyianvnicmio J5 «Mopcokuii ma énympiwiniii 600HUI mpancnopmy


mailto:oo.sapronov@gmail.com
https://orcid.org/0000-0002-4327-4293
https://orcid.org/0000-0003-0797-5276
mailto:defold.fp@gmail.com
https://orcid.org/0000-0002-4327-4293

HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

problem is quite relevant for deck mechanisms and metal structures, including navigation
equipment, which are constantly exposed to variable climatic and mechanical loads. The destruction
of protective coatings and the appearance of microcracks and defects contribute to the penetration
of corrosive components into the metal base, which initiates electrochemical corrosion processes.
The consequence of this is not only the deterioration of the equipment'’s technical condition, but also
significant economic costs associated with the repair and maintenance of these elements [1-3].
Therefore, the task of developing new protective coatings for shipboard equipment is directly
related to the problems of technical operation, maintenance, and repair of water transport facilities,
which determines the practical relevance of the study to the thematic scope of the journal in the
field of transport technologies and transport service systems.

Analysis of recent publications and research. In most scientific works, considerable
attention is paid to increasing the corrosion resistance of polymer coatings by introducing
nanodispersed fillers. In particular, in [4, 5], it was established that nanoparticles of metal oxides
and carbon materials contribute to the formation of a “labyrinthine structure”, which significantly
complicates the diffusion of water, oxygen, and ions to the metal surface. Similar results are
reported in [6], which demonstrate the effectiveness of using carbon nanostructures to enhance the
barrier properties of epoxy systems. At the same time, an important direction is the chemical
modification of the polymer matrix. In the works [7, 8], it was shown that the introduction of
amine-containing organic compounds increases the crosslinking density of the polymer network,
thereby improving the mechanical and anti-corrosion characteristics of coatings. However, such
approaches are mostly considered separately from the use of nanofillers. In works [9-11], it is
shown that the combination of differently dispersed fillers allows simultaneous increases in the
density of the polymer structure, reductions in permeability, and improvements in the mechanical
stability of coatings during operation. At the same time, the analysis of literary sources indicates
that the use of active organic compounds as structural modifiers of epoxy coatings remains
insufficiently studied. In particular, there are no systematic studies devoted to assessing their
influence on the crosslinking of the polymer matrix, the formation of the microstructure, and the
long-term corrosion resistance in aggressive environments.

The purpose of the work is to investigate the effect of differently dispersed fillers on the
corrosion resistance of protective coatings.

Materials and research methods. To create new protective coatings, an epoxy oligomer of
the ED-20 brand (ISO 18280:2010) was used, and the polymerization was performed with an
amine-type hardener, polyethylenepolyamine PEPA (TU 6-02-594-73).

To improve the corrosion resistance of the developed coatings, the following were used:
nanodispersed fullerene-carbon black mixture (NFCM), 30...40 nm; biocidal filler trimethoprim
C14H18N4Os (TMP), 5...10 um. Optimization of the content of heterogeneously dispersed fillers in
the epoxy binder when creating new protective coatings was performed using the
STATGRAPHICS® Centurion XVI software package.

The modified epoxy matrix was prepared according to the procedures described in the works
[12-15].

The corrosion resistance of the developed and known protective coatings was determined by
measuring changes in specific resistance and specific capacitance using an RLC meter (type E7-22).
The thickness of the coatings was measured using a CM8811FN thickness gauge. The study was
carried out for 30 days at T = 293 + 2 K. The obtained values of the specific resistance and specific
capacitance of the coatings were converted using the formulas:

p=p-S, Qm )]
c = C/S pF/m? (2)
S = 7D2/4, m? (3)
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The base material was selected as shipbuilding structural steel Q235, measuring
80x40x2.0 mm, used for the manufacture of hull and internal structures of ships where high loads
are not expected, in particular, elements of navigation equipment. At the same time, the working
area of the coatings was 0.00512 m? (the area on both sides of the plate was taken into account,
taking into account the side surface with a thickness of 2.0 mm).

Research results and their discussion. The operation of ship equipment and mechanisms
occurs under conditions of intensive exposure to aggressive environments, which increases the
requirements for the protective characteristics of coatings. In this regard, increasing the corrosion
resistance of polymer coatings used to protect metal structures is particularly important. The
effectiveness of such materials is determined not only by their initial properties, but also by the
ability to maintain operational characteristics over a long period of operation in difficult marine
environment conditions. At the same time, one of the determining indicators of the functional
suitability of polymer coatings is their barrier ability, i.e., the ability to limit or significantly slow
down the diffusion of corrosive components, such as water, oxygen, and salt ions, to the surface of
the metal base. The penetration of these agents initiates electrochemical processes that lead to
material degradation and corrosion of metal surfaces, even those made of alloys. An equally
important characteristic is the ability of coatings to maintain a high level of adhesion to the
substrate, ensuring reliable contact between the polymer layer and the metal, as well as sufficient
cohesive strength, which determines the integrity of the coating. Loss of adhesive or cohesive
strength leads to the formation of defects, microcracks, and delaminations, which significantly
accelerate the penetration of aggressive media and, accordingly, the corrosion destruction of metal
surfaces. In addition, the operational durability of polymer systems largely depends on their
resistance to external factors, in particular, high humidity, temperature fluctuations, ultraviolet
radiation, and the influence of chemically active substances. Prolonged exposure to external factors
leads to the physicochemical degradation of the polymer matrix, accompanied by structural
transformations and a decrease in the coatings' barrier and protective properties. For water transport,
these effects are especially critical for navigation equipment housings, foundation pedestals, deck-
mounted support elements, exposed metal casings, and other functional surfaces that require stable
performance characteristics during long-term service. In this regard, the developed coatings should
be considered not only as new material compositions, but also as a practical means of increasing the
operational reliability and maintainability of ship equipment, which corresponds to the thematic
area J5. In this regard, optimizing the structure and physical-mechanical and diffusion
characteristics of coatings to minimize their permeability to corrosive agents is one of the priority
areas of research in the field of knowledge "Transport and Services". The results obtained can be
used to improve the corrosion and wear resistance of vehicle surfaces, thereby increasing
operational reliability and reducing maintenance and repair costs.

The study used a basic epoxy matrix and developed a series of protective coatings based on
ED-20 epoxy resin using a bidisperse filler: dispersed trimethoprim (5...10 pm), nanodispersed
fullerene-carbon black mixture (30...40 nm). It should be noted that the optimization of the
heterogeneous filler content in the epoxy binder was performed using the STATGRAPHICS®
Centurion XVI application package. Based on the obtained mathematical models [14], the
following compositions of protective coatings were obtained, which were tested in various
aggressive environments:

— EC 1 — control matrix (epoxy resin ED-20 + hardener PEPA);

— EC 2 — epoxy resin ED-20 (100 %) + hardener PEPA (10.0 %) + trimethoprim (5.0 %) +
nanodispersed fullerene-carbon black mixture (0.050 %);

— EC 3 — epoxy resin ED-20 (100 %) + hardener PEPA (10.0 %) + trimethoprim (10.0 %) +
nanodispersed fullerene-carbon black mixture (0.050 %);

— EC 4 — epoxy resin ED-20 (100 %) + hardener PEPA (10.0 %) + trimethoprim (15.0 %) +
nanodispersed fullerene-carbon black mixture (0.050 %).

The values of the specific resistance and specific capacitance of the developed protective
epoxy composite coatings were compared with the values of 2 known coatings HEMPEL (white
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color) and HEMPALIN ENAMEL (yellow color), which are used to protect elements of navigation
equipment (Fig. 1).

HEMPEL coating (white color) is intended for anti-corrosion protection of metal structures,
in particular decks, superstructures and elements of navigation equipment of ships.

HEMPALIN ENAMEL (yellow color) is intended for visual identification of dangerous
objects, in particular elements of navigation equipment.

Thus, the selected comparison objects and the illustrated application areas confirm the direct
practical orientation of the study toward shipboard technical systems and navigation equipment,
rather than toward generalized laboratory models only. This strengthens the applied significance of
the work for the field of water transport operation and maintenance.

Figure 1 — Navigation equipment of the container ship SPYROS V with applied coatings (arrows show:
coating of elements of foundation pedestals for fastening elements of navigation equipment; surfaces
for visual identification of dangerous objects that are a source of electromagnetic radiation)

The corrosion resistance was determined using impedance spectroscopy at 1 kHz over
30 days of immersion of samples in model aggressive environments: 10% sulfuric acid solution
(H2S04), acetone (C3HsO), and seawater (35%o, Na*, Cl-, Mg?, SO.*). The choice of these
environments is due to the following:

1. Sulfuric acid solution (H2S0a4) is a typical component of acid rain, which can settle on the
hull of a ship or navigation equipment during a prolonged stay in ports with a high level of
industrial pollution.

2. Acetone (CsHsO) is a polar organic solvent that well simulates the process of swelling,
dissolution of weakly cross-linked areas of the polymer, and therefore allows you to assess the
resistance of the coating to dissolution and leaching.

3. Seawater is a permanent working environment that comes into contact with ship
equipment, in particular navigational instruments installed on the deck or on open superstructures.
Accordingly, direct contact with seawater spray and atmospheric moisture is formed. Salinity of
35%o, which is equivalent to 35 g/kg NaCl, corresponds to the conditions of the open ocean and
provides an adequate simulation of sea voyages.

The experimental testing methodology involved tracking the dynamics of changes in the
specific resistance of coatings (p, Q-m?) and specific capacitance (c, pF/m?), which are integral
characteristics of the anti-corrosion barrier.

Before applying both developed and commercial protective coatings manufactured by
Hempel, a comprehensive preparation of the metal substrate was carried out. The preparatory
operations included mechanical surface treatment to remove oxide films, corrosion products, and
surface contaminants (Fig. 2). In addition, such treatment contributed to the formation of a
developed microrelief structure of the surface, which provides an increase in the contact area and,
accordingly, improved adhesive interaction of the coating with the substrate. Additionally, the
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surface was degreased with acetone (CsHsO), an organic solvent that effectively removes both polar
and non-polar organic contaminants, thereby improving wetting of the metal surface by the
developed polymer composition. Coatings were applied to samples on both sides, made of
shipbuilding structural steel grade Q235 with dimensions of 80 x 40 x 2.0 mm. This approach
provided a unified framework for evaluating the effectiveness of both developed and known
coatings in experimental research.

“ « F
T o .
¢ o)
e
- b4 £
F 3 1
3

Figure 2 — Experimental specimens made of shipbuilding structural steel Q235

After preparatory operations on the metal substrate, protective coatings of various
compositions were applied using pneumatic spraying (Fig. 3). The use of this method makes it
possible to assess the technological properties of the compositions from the standpoint of their
practical suitability for use in the field of maritime transport, in particular during maintenance of
equipment for navigation systems of ships. Pneumatic spraying ensures the formation of a uniform,
thin-layer, homogeneous coating by dispersing the material over the surface, meeting the conditions
for mechanized or automated application in dock and operational (ship) conditions. A similar
approach allows us to assess the ability of epoxy compositions to self-level and their tendency to
form a continuous, defect-free film. These characteristics are critically important for protecting
navigation equipment, which is subject to increased requirements for corrosion resistance and
operational reliability. Thus, the applied approach ensures obtaining objective information on the
behavior of coatings in conditions as close as possible to the real operation of sea vessels and the
performance of routine maintenance work.

Figure 3 — Appearance of coatings applied by pneumatic method: 1, 2 — EC-1; 3 — EC-2;
6 — EC-3; 9 -EC-4; 10, 11, 12 - HEMPEL,; 13, 14, 15 - HEMPALIN ENAMEL

Mo pyopuku éxnroueno cmammi 3a cneyianvnicmio J5 «Mopcokuii ma énympiwiniii 600HUI mpancnopmy



HaykoBuii BicHMK XepPCOHCBKOI Iep3KaBHOI MOPCEKOI akageMil m

Study of the values of resistivity and specific capacitance in a sulfuric acid environment
(Table 1, 2). According to the results of the analysis of experimental studies obtained during 30-day
exposure, it was found that the control coating EC-1 is characterized by the lowest values of
resistivity, which monotonically decreases from p = 0.19-0.21 Q-m? (during the first 10 days) to
p=0.16 Q-m? (after 20 days of exposure in an aggressive environment). Such dynamics is due to
the increased permeability of the epoxy matrix for hydrogen ions (H*) and sulfate ions (SO4%),
which intensify the processes of physicochemical destruction of the polymer network. At the same
time, an increase in the specific capacitance of the experimental samples from ¢ = 21 pF/m? to
¢ = 35 pF/m? was observed, which indicates a gradual saturation of the polymer volume with
ionized particles, probably due to the existing structural defects.

Table 1 — Resistivity values obtained during the study of protective coatings

p (Sulfuric acid), Q-m? p (Acetone), 2-m? p (Seawater), 2-m?
Name
of coatings Trial period, days
0 10 | 20 | 30 0 10 | 20 | 30 0 10 | 20 | 30
EC-1 0.21|0.19 |{0.16 | 0.16 | 0.23 | 0.21 | 0.18 | 0.18 | 0.24 | 0.22 | 0.22 | 0.22
EC-2 0.28 | 0.27 | 0.23]0.23|0.30| 0.29 | 0.25| 0.25 | 0.30 | 0.29 | 0.28 | 0.28
EC-3 0.28 | 0.27 | 0.27 | 0.25|0.30 | 0.29 | 0.26 | 0.26 | 0.30 | 0.29 | 0.29 | 0.29
EC-4 0.27 |1 0.24 | 0.22|0.22 | 0.29 | 0.26 | 0.25| 0.25 [ 0.30 | 0.28 | 0.28 | 0.28
HEMPEL 0.27 1024 10.19|0.19|0.29| 0.25 | 0.21 | 0.21 [ 0.29 |0.28 | 0.23 | 0.23
HEMPALIN
ENAMEL 0.270.23|0.19|0.18|0.29| 0.21 | 0.17| 0.17 | 0.29|0.28 | 0.24 | 0.24
Table 2 — Specific capacitance values obtained during the study of protective coatings
¢ (Sulfuric acid), pF/m? ¢ (Acetone), pF/m? c (Seawater), pF/m?
Name of
coatings Trial period, days
0 10 | 20 | 30 0| 10 | 20 | 30 0O | 10 | 20 | 30
EC-1 24 | 30 | 35| 35 |24 | 35 | 39| 40 | 24 | 27 | 28 | 28
EC-2 16 | 20 | 21 | 21 |16 | 25 | 30 | 28 16 | 17 | 19 | 19
EC-3 15 | 20 | 22 | 22 | 15| 29 | 29 | 27 15 | 16 | 16 | 16
EC-4 17 23 24 24 | 17| 29 30 29 17 | 17 18 18
HEMPEL 22 | 29 | 33| 33 |20 27 | 31| 31 | 23 | 27 | 27 | 27
HEMPALIN
ENAMEL 24 | 29 | 36 | 36 | 25| 35 | 42 | 42 | 24 | 27 | 30 | 30

The results obtained indicate insufficient barrier efficiency of the coating, which is
associated with the presence of microdefects and the diffusion-open morphology of the polymer
matrix. The combination of these defects accelerates the penetration of an aggressive environment
to the metal base. At the same time, the developed epoxy composite coatings — EC-2, EC-3, EC-4
demonstrate improved protective characteristics, in particular, reduced permeability of aggressive
components. The values of the specific resistance for samples EC-2 and EC-4 exceed the similar
indicator of the control coating by 37-43% (Table 1). The highest resistivity value among the
developed coating compositions was found for EC-3 (p = 0.27 Q-m?). The increase in resistivity by
56% compared to the control sample indicates the formation of a denser and structurally ordered
coating, which complicates the diffusion of aggressive ions in its volume.

The study's results suggest that trimethoprim, owing to its pronounced amine functional
groups, can interact with the epoxy matrix by forming chemical bonds with epoxy groups. This
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process contributes to additional crosslinking of polymer chains, leading to a denser, structurally
stable polymer network. As a result, the cohesive strength of the coating increases, its permeability
to aggressive ions and water molecules decreases, and its resistance to physicochemical degradation
in corrosive environments increases. In addition, enhanced crosslinking of the polymer can reduce
the formation of micropores and microcapillaries within the polymer volume, further improving the
material's barrier properties. The introduction of a nanodispersed fullerene-carbon black mixture
performs several equally important functions. Firstly, nanoparticles fill the existing nanopores and
other defects of the polymer matrix, creating an additional physical barrier for the diffusion of
ionized and molecular components of the aggressive environment. Secondly, nanosized particles
can distribute mechanical stresses in the coating during operation, thereby reducing the formation of
cracks and defects in the polymer layer. Thirdly, the fullerene-carbon black phase can partially
interact with the polymer matrix, increasing its structural integrity and stability over a long period
of exposure and, therefore, during operation. Thus, the combination of trimethoprim and
nanodispersed filler produces a synergistic effect, enhancing the barrier and durability of epoxy
coatings.

Experimental data obtained for known HEMPEL and HEMPALIN ENAMEL coatings show
that, under sulfuric acid conditions, on the 30th day of testing, the resistivity of the samples exceeds
that of the similar indicator for the unfilled epoxy coating by 12-18%. This indicates a slight
increase in barrier ability, due to partial compaction of the polymer and limited physicochemical
interactions among the components in these coatings' compositions. At the same time, the resistivity
indicators remain 24-28% lower than those of the developed EC-3 coating, indicating a
significantly higher efficiency of the developed coating compositions in preventing the penetration
of aggressive ions and molecules into the metal base.

Such a comparison emphasizes the importance of chemical modification of the polymer
matrix and the introduction of nanodispersed compounds to increase the operational reliability of
the coatings. In practical terms, the 56% increase in resistivity relative to the control sample
(unmodified epoxy matrix) indicates the formation of a denser, structurally ordered polymer
network, which significantly hinders the diffusion of corrosive ions within the developed coating.
This is critical for protecting metal surfaces from degradation in highly corrosive environments,
such as seawater and acidic solutions, which are common during long-term operation of water
transport surfaces. From the standpoint of practical application, this result means that the developed
EC-3 coating can provide longer preservation of the functional state of ship equipment surfaces,
slower development of under-film corrosion, a lower probability of coating failure during service,
and reduced frequency of scheduled repair interventions. In addition, improved barrier
characteristics create prerequisites for extending maintenance intervals and lowering operating costs
for shipboard structures and navigation equipment exposed to aggressive marine factors.

Study of the values of resistivity and specific capacitance in an acetone environment. A
comprehensive analysis of experimental data indicates that acetone, as an organic solvent, affects
the polymer coating through several interrelated mechanisms. First, the solvent causes swelling of
the material due to the penetration of acetone molecules into the free volumes of the polymer's
amorphous phase. Second, acetone partially dissolves weakly cross-linked matrix fragments,
leading to local disruption of polymer chain cohesion and the formation of microdefects in the
coating structure. In the control sample EC-1, these processes are shown as a gradual decrease in
resistivity from p =0.23 Q-m? (at the beginning of exposure) to p =0.18 Q-m? (after 30 days of
exposure in an aggressive environment). At the same time, an increase in the specific capacitance
from ¢ =24 pF/m? to c¢=40pF/m? was observed. The increase in capacitance indicates the
accumulation of polar solvent molecules within the polymer volume, leading to increased dielectric
polarization and destruction of the matrix's amorphous phase. These changes indicate a high
permeability of the control coating for polar molecules and its limited barrier ability during a long
exposure period. Significantly more stable studied parameters characterize the developed epoxy
compositions EC-2, EC-3, and EC-4. After 30 days of exposure, the resistivity of these samples
remained within the range of p =0.25-0.26 Q-m?, and the specific capacitance did not exceed
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¢ = 27-29 pF/m?. Such stability is explained by the formation of a three-dimensional, densely
crosslinked, hydrophobic polymer network that significantly limits acetone penetration. In addition,
the presence of trimethoprim in the coating as a structural modifier enhances synergistic effects:
trimethoprim promotes additional chemical crosslinking of polymer chains, while nanoparticles fill
nanopores and defects, increasing the barrier properties and mechanical stability of the coating.

Comparative analysis showed that the resistivity of commercial HEMPEL coatings after
30 days of exposure in an acetone environment exceeds the indicator of the unmodified epoxy
matrix by 16%, but remains 19% lower than that of the developed EC-3 coating. The alkyd coating
HEMPALIN ENAMEL demonstrates a decrease in resistivity by 5.5% compared to the epoxy
matrix. This difference is explained by the chemical nature of the polymer systems: alkyd coatings
are polyesters modified with fatty acids or oils, with a lower crosslinking density and a more polar
structure containing hydrophilic groups (—-OH, —COOH). These groups actively interact with polar
solvents, increasing permeability and leading to a more pronounced decrease in the coating's barrier
properties. Thus, the results obtained demonstrate the complex effect of the solvent on the studied
characteristics of polymer coatings. Penetration of acetone molecules into the free volume and
micropores leads to swelling and partial destruction of the amorphous phase, a decrease in
resistivity, and an increase in specific capacitance. At the same time, the introduction of
trimethoprim (as a modifying additive) and nanofiller into the polymer matrix enabled the creation
of a denser, hydrophobic, and three-dimensionally crosslinked network, which reduces the diffusion
of polar molecules, maintains the stability of electrophysical parameters, and increases the
operational reliability of coatings in aggressive environments. These data are important for
optimizing the composition of epoxy coatings and ensuring their high resistance to organic solvents
in marine and industrial practice.

Study of resistivity and capacitance values in seawater (Table 1, 2). In seawater, the epoxy
matrix EC-1 was characterized by a resistivity p = 0.22-0.24 Ohm-m?, a decrease in which was
observed after the tenth day of exposure. A similar effect indicates partial hydration and diffusion of
chloride ions to the metal substrate. At the same time, the specific capacitance was — ¢ = 24—
28 pF/m?, indicating the partial presence of water molecules in the polymer's pores. Regarding the
studied epoxy composite coatings, we can state that they exhibit high barrier characteristics, as the
values of the studied resistivity and capacitance did not change significantly over the entire
exposure period (30 days). The obtained values of resistivity and capacitance indicate the formation
of a dense structural-hydrophobic network that effectively prevents the penetration of moisture and
aggressive chloride ions into the metal base.

As in previous model aggressive environments, the obtained values of resistivity and
capacitance of known coatings from HEMPEL and HEMPALIN ENAMEL are greater than the
value of the resistivity of the epoxy matrix, but are less than the value of the resistivity of the EC-3
coating.

Analysis of the obtained parameters allows us to state the following. The control epoxy
coating EC-1 is characterized by a resistivity within p =0.22-0.24 Q-m? at the initial stage of
exposure. After the tenth day of exposure, a gradual decrease in the studied indicator was observed.
The decrease in resistivity can be explained by the partial hydration of the amorphous phase of the
polymer matrix and by the diffusion of chlorine ions (Cl") toward the metal substrate. Water
molecules penetrating the matrix pores increase the specific capacitance from ¢ =24 pF/m? to
¢ = 28 pF/m?, indicating the initial integration of the polar environment into the polymer's internal
volume and a partial change in the coating's dielectric properties. These processes are a typical
manifestation of the electrochemical interaction of the polymer matrix with aggressive components
of seawater, which can lead to a local decrease in the material's barrier efficiency and the
development of the initial stages of corrosion on the metal base. The developed coatings (EC-2, EC-
3, EC-4) exhibit much more stable properties. During 30 days of exposure, the specific resistance
remained practically unchanged at p = 0.25-0.26 Q-m?, and the specific capacitance did not exceed
¢ = 27-29 pF/m?. Such stability indicates the formation of a dense, three-dimensionally crosslinked,
hydrophobic polymer network that effectively limits the penetration of ions and water molecules.
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Modification of the polymer structure with trimethoprim enhances crosslinking, increasing the
cohesive strength and structural integrity of the matrix. The nanodispersed fullerene-carbon black
mixture fills the existing nanopores and defects, thereby reducing capillary permeability and
increasing the material's barrier properties.

A comparative analysis of the studied parameters of known coatings manufactured by
HEMPEL and HEMPALIN ENAMEL showed that the resistivity of these systems exceeds the
corresponding indicators of the unmodified epoxy matrix, but remains lower than that of the EC-3
coating. This emphasizes the advantages of the developed compositions, since their three-
dimensional structure provides the maximum barrier for the diffusion of chlorine ions and water
molecules. The HEMPALIN ENAMEL alkyd coating, unlike epoxy systems, demonstrates a
decrease in resistivity by 5.5% compared to the epoxy matrix, which is explained by the chemical
nature of alkyd polymers: they are polyesters modified with fatty acids or oils, with a lower
crosslinking density and the presence of polar hydrophilic groups (—-OH, —COOH), which actively
interact with polar components of seawater. Thus, the results obtained demonstrate the complex
influence of the marine environment on the characteristics of the developed and known polymer
coatings. Unmodified epoxy systems exhibit a gradual decrease in barrier properties due to
hydration and ion diffusion, whereas modified coatings with a three-dimensionally crosslinked,
hydrophobic structure maintain stable resistivity and capacitance throughout the entire exposure
period. This emphasizes the feasibility of using modified epoxy compositions to protect metal
structures in the marine and coastal industries, as they provide high resistance to the penetration of
aggressive components of seawater, reduce the risk of corrosion, and extend the service life of
structures and functional surfaces in water transport. The obtained effect is of direct practical
importance for the maintenance of navigation aids, deck equipment, open-area metal assemblies,
and fastening elements of marine technical systems, where corrosion damage usually leads to
deterioration in reliability, increased maintenance labour intensity, and additional repair costs.

At the same time, the obtained results allow explaining the mechanism of increased
corrosion resistance in seawater, based on the presented model (Fig. 4), which includes: chemical
crosslinking, nanomodification, and hydrophobization of the structure.

EPO.\:\' matrix E}Ig”l. anti-corrosion coating Agg environment
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Figure 4 — Model of the mechanism for increasing the corrosion resistance of the developed epoxy
composite protective coatings in the seawater environment: 1 — schematic representation of nanoparticles;
2 —nucleation of sub-film corrosion; 3 — adsorption of C14H1sN4Os on the surface of particles of the
nanodispersed fullerene-carbon black mixture; 4 — formation of new structures CH(OH)-CH2-NH-R>
(B-hydroxamine) in the polymer bulk

If we consider the mechanism of chemical crosslinking, then trimethoprim performs the
function of additional hardening due to the presence of two primary amino groups interacting with
the epoxy rings of the epoxy oligomer ED-20 (proven by the method of wide-angle X-ray
diffraction and IR spectral analysis) [13]. This forms additional covalent bonds, increasing the
network density and reducing the diffusion permeability of the epoxy composite coating to the base.
While the epoxy matrix does not contain, in its structure, characteristic barriers that reduce the
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diffusion permeability to the metal base, which accordingly affects the values of the specific
resistance and specific capacitance.

If we consider the mechanism of nanomodification, the introduction of nanodispersed
fullerene-carbon black mixture 1 forms a diffusion barrier due to the “labyrinth structure”,
increasing the time required and complicating the path of water molecules and dissolved ions
through the polymer matrix to the base.

Hydrophobization of the structure. First of all, it is necessary to take into account that new
structures 4 (B-hydroxyamine structures CH(OH)—CH2—NH-R2) form in the volume of the modified
polymer, which, in terms of strength indicators, prevail over the basic ones [14]. It is also necessary
to consider the adsorption of C14H18N4O3 on the surface of particles of the nanodispersed fullerene-
carbon black mixture due to the n—m interaction 3. However, it is necessary to consider the complex
effect of trimethoprim and the nanodispersed fullerene-carbon black mixture, which provides a
decrease in the polarity of the coating due to a decrease in the number of free hydrophilic groups
(OH-, —COOH), which is confirmed by lower capacitance values (relative to the control sample) for
the developed epoxy composite coatings in all environments during 30 days of exposure. It is also
possible to consider the stabilization of the diffusion process over time, due to the stabilization of
the specific resistance and specific capacitance over 30 days, indicating the absence of structural
destruction and degradation at the interface between the phases "polymer-filler-substrate".

Based on the conducted experimental studies and the presented mechanism of increasing the
corrosion resistance of the developed coatings, it was established that the most effective anti-
corrosion coating is EC-3, which contains epoxy oligomer ED-20 (100 %), trimethoprim (10.0 %),
nanofullerene-carbon black mixture (0.050 %), and hardener PEPA (10 %). The complex use of
fillers provides not only a high level of protection in conditions of aggressive environments, but
also stability over a long period of operation.

Conclusions. Based on the comprehensive studies conducted, the following was established.

1. It was experimentally proven that in three aggressive environments — acidic (10% H2SOa),
acetone (C3HsO), saline solution (35%o, Na*, Cl-, Mg?", SO.>) — the developed coatings provide
significantly higher values of specific resistance (within p = 0.25-0.29 Q-m?) and lower values of
specific capacitance (within ¢ =16-27 pF/m?), compared to the epoxy matrix and well-known
coatings from HEMPEL and HEMPALIN ENAMEL. This indicates the effective formation of a
stable, nano-strengthened, and hydrophobic polymer structure. Significant barrier protection is
created by the sample EC-3 (100 % of epoxy oligomer ED-20 + 10.0 % of trimethoprim + 0.050 %
of fullerene-carbon black mixture ED-20 + 10.0 % of hardener PEPA), which provided maximum
protective characteristics in all studied environments, demonstrating minimal changes in the values
of specific resistance and specific capacitance during 30 days of exposure. In practical terms, the
obtained results indicate the possibility of using the developed coating to improve the corrosion
protection of navigation equipment, deck mechanisms, supporting metal structures, and other ship
surfaces operated in aggressive marine conditions.

2. A model is proposed that reveals the idea of the mechanism of increasing the corrosion
resistance of the developed epoxy composite coating modified with trimethoprim and a
nanodispersed fullerene-carbon black mixture. The model is based on a comprehensive analysis of
experimental results and summarizes the main structural and chemical processes that occur during
the action of aggressive environments, in particular:

— chemical crosslinking of the polymer matrix due to the interaction of the primary amino
groups of trimethoprim with the epoxy oligomer ED-20, which ensures the formation of additional
covalent bonds and a decrease in the diffusion permeability of the coating;

— nanomodification associated with the formation of a labyrinth structure in the volume of
the epoxy network due to the introduction of a nanodispersed fullerene-carbon black mixture, which
inhibits the transfer of ions and molecules of the aggressive environment;

— hydrophobization of the polymer structure due to a decrease in the content of hydrophilic
groups (-OH, —COOH), due to the synergistic action of fillers, including the n—m interaction
between trimethoprim and the graphite-like surface of the NFCM particles.
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3. The practical effect of implementing the developed EC-3 coating consists in reducing the
diffusion permeability of the polymer layer, slowing corrosion initiation on the metal substrate,
preserving the protective integrity of the coating during prolonged exposure, and improving the
operational and maintenance characteristics of water transport equipment surfaces. Compared with
the base epoxy matrix, the developed composition demonstrated an increase in resistivity of up to
56%, and compared with commercial coatings HEMPEL and HEMPALIN ENAMEL, an advantage
of 24-28%, which confirms its higher functional efficiency under simulated service conditions.

The developed epoxy composite coatings should be used to improve the operational and
repair characteristics of metal structures and equipment for navigation aids used by vessels
operating under prolonged exposure to aggressive environments.

Prospects for further research. Prospects for further research are associated with expanding
the range of operational factors affecting the developed coatings, in particular by studying their
resistance to ultraviolet radiation, cyclic temperature changes, mechanical wear, and long-term salt
fog exposure. It is also advisable to investigate the adhesion strength of the coatings after prolonged
service, their crack resistance, and the possibility of industrial implementation for the protection of
shipboard navigation equipment, deck mechanisms, and other metal surfaces of water transport
facilities.

The publication contains the results of research funded within the framework of the named
scholarship of the Verkhovna Rada of Ukraine for young scientists — doctors of science for 2025
(Resolution of the Verkhovna Rada of Ukraine dated August 21, 2025 No. 4583-1X).
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Canponos O. O., CimanenkoB A. JI., baura M. M., lanunenko /1. O., lllapanos B. /I., CanponoBa A. B.
MIABUIIEHHA EKCIUTY ATALIMHO-PEMOHTHHUX XAPAKTEPUCTUK I[MTOBEPXOHb
OBJIAJJHAHHA BOJHOI'O TPAHCIIOPTY HIJIAXOM  BITPOBAJDKEHHS  TTOJIMEPHUX
[NIOKPUTTIB

Y pobomi mnasedeno pesynvmamu excnepuMeHmanbHUX OOCHIONHCEHb, CHPAMOBAHUX HA NIOBUUEHHS
EKCNILYamayitiHO-pEMOHMHUX XAPAKMEPUCIIUK NOBEPXOHbL BOOHO20 MPAHCHOPHY WLISXOM PO3POOLEHHs mda
B8NPOBAOIICEHHS HOBIMHIX NOAIMEPHUX NOKPUMMIG i3 NOKPAWEHUMU AHMUKOPOIIUHUMU XAPAKMEPUCMUKAMU.
OcHo8HOW0 Memoto 00CNiONHCEHHs € 8CMAHOBIEHHS 3AKOHOMIpHOCMEl 8NIUB)Y PI3HOOUCHEPCHUX HANOBHIOBAUI8
Ha KOpO3ilHy MPUBKICMb eNOKCUOHUX KOMNOZUMHUX NoKpummis. Sk mampuyio Ons cmeOpeHHs 3aXUCHUX
NOKPUMMIE GUKOPUCMAHO enoKkcuonuti oaicomep EJ[-20, saxuil nonimepusysanu noiiemuiieHnoaiamiHoM
(IIEITA). s mooughikayii cmpyxmypu noaimepy 3aCmMOCO8AHO CUCMEMY HANOBHIO8AYIE, WO GKIHUAE
Hanooucnepcry @ynepeno-cascogy cymiut (30-40 um) ma mixpooucnepcruii mpumemonpum (5—10 mrm).
Onmumizayito cknady KOMRO3Uyiil 30IUCHEHO I3 3ACMOCYBAHHAM Memoody MAMeMAaAmuyHo20 NIAHYEAHHSA
eKcnepumenmy 3  uUKopucmauuam npocpamnozo  cepedosuwa STATGRAPHICS® Centurion XVI.
Jocnioocenuss KOpo3itiHoi cmitikocmi UKOHAHO MemoOoM IMNeOaHCHOI CNeKMPOCKONIT WIAXOM 8USHAYEHHS
NUMOMO20 eleKMPUYHO20 ONOpY Mda NUMOMOI EMHOCMI NOKPUMMIE ) MPbOX MOOEIbHUX aACPECUBHUX
cepedosuwax: 10 % posuumi cipuanoi xucnomu, ayemoui ma Mopcvkill 800i (35%o). Bcmanosneno, wo
86€0€HHSL MPUMEMONPUMY CHPUAE O00AMKOBOMY XIMIUHOMY 3ULUBAHHIO NONIMEPHOI mampuyi, mooi AK
HaHOOUCNEPCHUTl HANOBHIBAY (opmye epekm «1abIpuHmMoBoi CmMpyKmypuy, 3meHuylouu Ougysiiny
NPOHUKHICMb NnoKpumms. ExcnepumeHmansHo niomeepodiceHo, wjo po3pobieni Komnosuyii 3abesneuyromo
niosuwenns snauenns numomozo onopy (0,25-0,29 Om-m?) ma suuscenns numomoi emnocmi (16-27 n®@/m?),
wo ceiduums npo GOpMYsanHs WiNbHOL, 2i0poobHOI ma cmpyKmypHO CmabiIbHOI NONIMEPHOL cimKu.
Makcumanvnumu 3HaueHHAMU OOCHIONCY8AHUX napamempie xapakmepuzyemocsi nokpumms EKII-3, saxe
nepesuwye nokasHuku 6azoeoi mampuyi na 56 % ma noxpummie HEMPEL, HEMPALIN ENAMEL — na
24-28 %. 3anponoHo6ano y3azanbHeny Mooeib MeXanizMy ni0guujenHs Koposiunoi cmitikocmi, wo 6a3yemucs
Ha mMpbOX KIOUO0BUX Npoyecax. XIMIYHOMY 3WUBAHHI, HaHOMoOu@ikayii ma 2iopogobizayii cmpykmypu
nonimepy.

Knrouosi cnosa: 6o0nuii mpancnopm; Hagicayitine 001A0HAHHS, AHMUKOPO3IUHUIL 3AXUCM; CKAAO NOKPUMMISL,
MOOeNb; MOpChKe cepedosuiye.
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The article presents a transport problem with a threshold change in transportation tariffs, in which the cost of
transportation depends on the volume of cargo between specific suppliers and consumers. The relevance of the
study is due to the spread of flexible tariff mechanisms in modern transport and logistics systems, under which
reduced or wholesale tariffs are applied when a certain volume of transportation is exceeded. Similar
approaches are used in cargo consolidation systems, long-term contracts, multimodal transportation and in
organizing regular deliveries of large batches of products. A mathematical model of the transport problem is
proposed, in which for each “supplier-consumer” pair basic and reduced transportation tariffs are set, as well
as threshold values of cargo volumes, after which the alternative delivery cost is applied. The objective
function of the problem is constructed taking into account the dynamic change in transportation costs
depending on the volume of transport flow and the system of balance constraints of the transport problem. A
modified method for constructing a reference plan based on the classical least cost method has been
developed, which takes into account the possibility of switching to reduced tariffs when reaching
transportation threshold values. A modified potential method has also been proposed for finding the optimal
plan, which provides for repeated updating of the effective cost matrix and recalculation of potentials after
each cargo redistribution. Unlike the classical transport problem, in the proposed model the structure of
transport costs can change directly in the process of forming a transportation plan. The practical significance
of the study lies in the possibility of using the developed model to improve the efficiency of freight
transportation management in the conditions of wholesale tariffs and dynamic changes in the cost of delivery.
Key words: transport problem; transport logistics; potential method; reference plan; optimal plan; threshold
tariffs; variable transportation cost; freight transportation.
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Introduction. Effective management of transport flows is one of the key tasks of modern
logistics systems, as it directly affects the level of costs, delivery speed and overall productivity of
supply chains. The tasks of optimal distribution of goods between suppliers and consumers are
traditionally formalized in the form of a linear programming transport problem, which allows
minimizing the total transportation costs subject to balance constraints.

In the classical formulation of the transport problem, the cost of transporting a unit of cargo
between a specific supplier and a consumer is considered a constant value that does not depend on
the volume of the transport consignment. This approach is sufficient for basic planning models, but
does not take into account important practical features of real transport and logistics systems.

In modern conditions of operation of transport networks, differentiated tariff policies are
increasingly used, which provide for a decrease in the cost of transportation with an increase in the
volume of cargo between individual participants in the logistics process. Such mechanisms are
typical for wholesale transportation, long-term contracts, cargo consolidation systems, as well as for
integrated logistics platforms, where the cost of delivery is a function of the intensity of the
transport flow.

The presence of threshold values of transportation volumes, after which reduced tariffs are
applied, leads to the fact that the structure of transport costs becomes dependent on the
transportation plan itself. This, in turn, significantly complicates the mathematical model of the
problem and makes it nonlinear in nature. Under such conditions, classical methods of constructing
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an optimal plan require significant modification, since the choice of transportation route affects not
only the current cost, but also the future tariff structure in the system.

Thus, there is a need to develop new approaches to modeling transport problems that take
into account the variability of transportation costs depending on the volume of transport flow. Of
particular importance is the construction of algorithms that allow adapting classical optimization
methods, in particular the potential method, to the conditions of threshold tariff functions without
significantly complicating computational procedures.

In this regard, the study of transport problems with a variable transportation cost structure is
a relevant scientific direction that has important applied significance for increasing the efficiency of
management of modern transport and logistics systems.

Analysis of recent achievements and publications. In the work [1], a mathematical-
information model of a special type of transport problem is proposed to increase the economic
efficiency of freight transportation. The main attention is paid to the construction of a modified
transport model and algorithms for determining rational transportation plans. However, the work
does not consider the dependence of the cost of transportation on the size of the cargo and there is
no mechanism for automatic change of tariffs when the specified threshold values are exceeded.

In [2], a modified transportation problem is considered in the case of grouping cargo
suppliers and a method for finding reference and optimal transportation plans is proposed. The
study is focused on the structural features of building a transport model, but it does not take into
account the situation when the cost of transportation varies depending on the volume of transported
cargo between specific suppliers and consumers.

In the study [3], a multi-criteria transportation problem is considered, taking into account
product storage technologies and fuzzy sets. The work takes into account complex decision-making
conditions and the multi-criteria nature of optimization, but it does not investigate the mechanism of
the threshold change in transportation costs when certain transportation volumes are reached.

In the work [4], the problem of optimizing the process of cargo delivery of a gas supply
enterprise was investigated. The main emphasis was placed on minimizing costs and improving the
logistics processes of the enterprise. However, the work did not take into account the possibility of
using different transportation tariffs depending on the size of the transported cargo.

In the article [5], a model of integrated design of a transport network and supply chain for
perishable products using a fuzzy two-level decision support system is proposed. The work covers
the issue of optimization of transport costs, but does not consider the transport problem with
variable tariffs depending on threshold values of transport volumes.

In [6], a model of the transport problem in the case of cargo delivery by two different types
of vehicles is considered. The study takes into account the features of the use of different types of
transport and the corresponding tariffs, but the change in the cost of transportation depending on the
quantity of cargo for a specific cell of the transport table is not considered.

The study [7] considers the problem of sustainable transport planning taking into account
congestion and uncertain conditions. The main emphasis is on the adaptability of the transport
system and taking into account external factors. However, the work does not propose mechanisms
for changing the cost of transportation depending on the size of the transported cargo.

In [8], approaches to modeling transportation processes under variable system parameters
and adaptive redistribution of freight flows are considered; however, the dependence of
transportation tariffs on shipment volume and the mechanism of threshold-based cost changes for
individual supplier—consumer pairs are not taken into account.

In the article [9] the problem of vehicle routing for combined passenger and freight
transportation is considered. The main attention is paid to routing and coordination of
transportation, however, there is no model of the change in the cost of delivery depending on the
amount of cargo transported.

The paper [10] provides an overview of the use of artificial intelligence in logistics
optimization problems. The study covers a wide range of modern methods for optimizing transport
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processes, but the issue of constructing a transport problem with variable threshold tariffs is not
considered separately.

In the article [11], optimization of freight transport routes in dynamic networks with carbon
emissions in mind is investigated. The authors take into account environmental criteria and variable
traffic conditions, but the mechanism of dependence of the transport tariff on the size of the cargo is
absent in the work.

In [12], a multi-criteria multi-period routing problem for the delivery of perishable goods is
considered. The proposed approach takes into account the level of consumer satisfaction and
delivery time parameters, but does not take into account the change in transportation costs
depending on the volume of transportation.

In [13], a comparative analysis of routing optimization algorithms in pharmaceutical supply
chains is conducted. The main emphasis is on the efficiency of routing algorithms, but the transport
problem with variable tariffs when threshold values are exceeded is not investigated.

In [14], a hybrid intelligent transport system for optimizing transportation routes is
proposed. The study focuses on the use of intelligent decision-making methods, but the issue of the
threshold change in transport costs depending on the volume of transportation is not considered.

The article [15] provides an overview of vehicle routing problems and corresponding
algorithms for logistics systems. The work systematizes modern approaches to transport
optimization, but does not contain models of the transport problem with variable tariffs depending
on the size of the cargo between suppliers and consumers.

A comparative analysis of the reviewed studies has shown that most existing transportation
models are based on the assumption of fixed transportation tariffs or take into account additional
factors in the form of fuzzy parameters, multicriteria optimization, fixed costs, or routing
constraints. In contrast to these approaches, the proposed study considers a transportation problem
in which the transportation cost directly depends on the volume of the transport flow and changes
when predetermined threshold values are reached. Such an approach makes it possible to model
wholesale tariff mechanisms and discount systems that are practically not considered in existing
transportation models and are not taken into account in classical transportation problem
formulations.

Thus, the analysis of modern scientific research has shown that, despite the significant
development of transportation models and optimization methods, insufficient attention has been
paid to transportation problems in which transportation costs depend on cargo volumes and change
when predetermined threshold values are reached. In addition, existing studies do not propose
approaches for constructing initial feasible and optimal transportation plans under conditions of
dynamic tariff changes during cargo redistribution. This creates the need for developing appropriate
mathematical models and solution methods adapted to threshold tariff mechanisms.

The scientific novelty lies in the development of a transportation problem with a variable
structure of transportation tariffs, in which the effective transportation cost matrix is iteratively
dependent on the current transportation plan and is updated during its construction. Additionally, a
modified method for constructing an initial feasible solution is developed, and the potential method
is improved, both involving dynamic recalculation of effective costs and potentials at each step of
the solution process.

Goal and problem statement. In modern transport and logistics systems, flexible tariff
mechanisms are increasingly used, in which the cost of transportation depends on the volume of the
transport consignment. In the practice of freight transportation, situations are common when, when
a certain volume of delivery is exceeded, reduced or preferential tariffs are applied for individual
routes. Similar approaches are used in wholesale transportation systems, long-term contracts, cargo
consolidation, multimodal transport schemes and in organizing regular deliveries of large volumes
of products.

The classical transport problem involves the use of a constant matrix of transportation costs,
in which the tariff for each “supplier-consumer” pair does not depend on the volume of the transport
flow. This formulation is effective for problems with fixed transport tariffs, but it does not allow
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taking into account the change in the cost of transportation with an increase in the volume of
delivery. As a result, the optimal plan obtained by classical methods may not correspond to the real
economic conditions of the transport system, since it does not take into account the possibility of
reducing costs through the use of wholesale tariffs.

In this regard, there is a need to develop a mathematical model of the transport problem, in
which the cost of transportation is determined not only by the transportation route, but also by the
amount of cargo transported. A feature of such a problem is that the structure of transport costs can
change directly in the process of forming a transportation plan depending on the achievement of
threshold values of transport flows.

The aim of the study is to develop a mathematical model of the transportation problem with
a variable structure of transportation tariffs, in which the effective transportation cost matrix is
iteratively dependent on the current transportation plan and is updated during its formation, as well
as to develop methods for finding an initial feasible solution and an optimal plan based on
modifications of the least cost method and the potential method.

To achieve the set goal, it is planned to:

— formalize the dependence of transport costs on the volume of transportation;

— construct the objective function of the problem taking into account the threshold change in
tariffs;

— develop a modified method for constructing a reference transportation plan;

—to improve the potential method for problems with a variable structure of transport costs;

— to form an algorithm for iterative improvement of the transportation plan, taking into
account the dynamic change in tariffs in the process of redistribution of cargo flows.

Thus, the problem statement consists in determining a transportation plan that satisfies the
balance constraints of the transport system and ensures the minimization of total transportation
costs under the conditions of applying threshold tariffs and changing the cost of transportation
depending on the volume of transport flow.

The proposed model is intended for freight transportation planning problems in logistics
systems with wholesale or contract-based tariffs, particularly for distribution of homogeneous
goods between suppliers and consumers in centralized supply systems, logistics hubs, and
distribution networks where discounted tariffs are applied when shipment volumes exceed
predefined thresholds on individual routes.

Presentation of the main research material. Let there be given m cargo suppliers
A A, .. A, ..., Ay, Which have cargo stocks concentrated in the quantities a4, a,, ..., a,, of units,
respectively. This cargo must be transported to n consumers By, B, ..., Bj, ..., By, Whose needs are
in by, by, ..., by, the units, respectively.

Unlike the classical transportation problem, in the proposed model the cost of transportation
depends not only on the transportation route, but also on the volume of cargo transported between
the corresponding supplier and consumer.

For each supplier-consumer pair, the following values are set:

1) the basic cost of transporting a unit of cargo;

2) reduced (preferential) transportation cost;

3) the threshold value of the transportation volume, after which a reduced tariff is applied.

The basic transportation costs are given by the matrix:

C11 C12 en Cln
C = Cy1 Gy o Cop , (1)
Crn1i Cnz - Cun

where c;; — the cost of transporting a unit of cargo from the cargo supplier Ai to the consumer of the
cargo Bj (i = 1,m; j = 1,n).
Reduced transportation costs are given by the matrix:
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! ! !
C11 C12 ClTL
! ! !
C’ — C21 622 e CZ?’L . (2)
! ! !
Cm1i Cm2 o Cimn

Moreover, the following condition is met:
Vi,j Cl,] < Cij'

The threshold values of transportation volumes are given by the matrix:

hiy hiz o hip
H=(ha1 haz o hom 3)
hmi hma - hpn

where h;; — the minimum transportation volume, after which (i; j) a reduced tariff is applied for the

route.
Let us denote the transportation plan by:

X = {115 X125 oo} X1} X215 X225 wers Xop) oo X1 Xm2s -3 Xmnts 4)

where x;; — the amount of cargo transported from supplier Ai to consumer B;.
Then the actual cost of transporting a unit of cargo for the route (i;j)is determined by the
relationship:

i Cijy  Xij < hyj
Cij(xij) = {c{j, xy > hy. (5)

In this case, when the threshold value h;; is exceeded, the reduced tariff c;; is applied to the
entire transportation volume x;; for the corresponding supplier—-consumer pair, i.e., the tariff switch
has a full (non-marginal) effect.

Thus, when the established threshold value is exceeded, an alternative (reduced)
transportation tariff is used for the corresponding route.

It is necessary to find a transportation plan (4) that:

1) ensures full removal of cargo from all suppliers;

2) satisfies the needs of all consumers;

3) minimizes the total cost of transportation taking into account the threshold change in

tariffs.

The objective function of the problem has the form:

F=¢11(x11) X910 + C1a(x12) X950 + -+ E1n(X1p) * X1y + G20 (X21) * Xpq + Cap(x22) “ X35 +
ot Eppn (o) X + o+ Cna (1) Xma + Ena (Xm2) * Xma + - + En (mn) * X =

= X% Z}lﬂ 5ij(xij) " X;j = min (6)

Taking into account expression (5), the objective function (6) can be written in expanded
form:

Cl'jxl'j, xij Shl]

- min 7
xij > h’l] ( )

F=Yn" "
Zl—lzj—l{cl{jxi

jP

It should be noted that due to the dependence of transportation costs on the volume of the
transport flow x;;, the proposed model belongs to the class of piecewise-linear transportation
problems. The objective function contains threshold points of tariff changes, at which a transition

from the basic transportation cost to a reduced (discounted) cost occurs. Thus, unlike the classical
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linear transportation problem, the proposed model is characterized by a piecewise-linear cost
function whose parameters change depending on transportation volumes.
Optimization is performed under the balance constraints of the transport problem:

m

Z. Xij = bj, j=1,m, ®)
i=1
xij = 0.

Thus, the proposed mathematical model of the transport problem takes into account the
change in transportation tariffs depending on the volume of transport flow between individual
suppliers and consumers. Unlike the classical transport problem, in which the cost matrix is
constant, in the proposed model the structure of transport costs changes in the process of forming a
transport plan depending on the achievement of threshold values of supply volumes. This allows
formalizing transport planning problems in the conditions of applying wholesale tariffs, discount
systems or contractual terms of transport.

Based on the formulated mathematical model of the transport problem with threshold values
of the transportation cost, we will consider the procedure for constructing a reference plan, which is
an adaptation of the classical least cost method to the conditions of variable (threshold) tariffs.

Method and algorithm for finding the reference plan of a modified transportation problem.

To build the reference plan, a modified least cost method is used, which takes into account
the change in transportation costs depending on the volume of cargo between a specific supplier-
consumer pair.

In each cell of the transport table, the possible volume of transportation is defined as:

xii™ = min(4;, B)). 9)

The rule for determining the cost of transportation. We enter the following parameter ¢;; -
the effective cost of transportation, which will be determined under the condition of the following
threshold transition:

N {Cij' Xir}lax < hij’
Cij =

, 10
Cij’ xg'lax > hl] ( )

Thus, the transportation cost for each cell is dynamic and depends on the possible load
volume.

Algorithm for constructing a reference plan.

Step 1. Initial analysis of the transport table. For all free cells, the possible volume of
transportation is determined x;;**and the threshold condition is checked h;;. Based on this, the
current matrix of effective costs is formed ¢;;.

Step 2. Selecting the minimum value. Among all free cells (iy;j,), a cell is selected for
which:

51'0]'0 = min 5”
Step 3. Destination of transportation. The volume is recorded in the selected cell:
= min(4,; ,B; ).

X lo’ “Jo

loJo
After that, an adjustment is made to the inventory and demand balances, and the corresponding row
or column is excluded from further consideration (in case of complete exhaustion).

Step 4. Update values. After each step, all remaining cells are rechecked:

1) the possible volume of transportation is calculated;

2) the fulfillment of the threshold condition is checked,;
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3) the effective cost is updated ¢;;.

Step 5. Iterative process. Steps 2—4 are repeated until all consumer needs are fully satisfied
and suppliers’ stocks are exhausted.

The proposed algorithm differs from the classical least cost method in that the choice is
based not on static cost values, but on a dynamically changing matrix of effective costs, which takes
into account the possible transition to a reduced (wholesale) price when a threshold transportation
volume is reached.

The next stage after building a reference plan and taking into account threshold changes in
transportation costs is the procedure for improving it in order to achieve optimal distribution of
cargo flows.

Method for finding the optimal plan (modified potential method).

After constructing the reference plan, its improvement is performed based on the modified
potential method, adapted to the conditions of variable (threshold) transportation costs.

Step 1. Checking the reference plan for degeneracy . The following condition is checked for
the constructed reference plan:

N=m+n-1,

where N — the number of occupied cells.

In case of violation of this condition, zero (fictitious) transportations are entered into the
corresponding cells without violating the structure of the plan.

Step 2. Calculation of potentials. A system of potential equations is constructed for all
occupied cells:

u; + vj = ¢y,
where ¢;;is the effective cost of transportation, which is determined taking into account the
threshold rule.

The potentials u;, v;are determined in the classical way with one of them fixed (for example,
u, = 0).

Step 3. Checking the optimality conditions. For all free cells, the score is calculated:

Aij = El] - (ui + Uj)

—If A;; = Ofor all free cells, the plan is optimal.
— If there are cells with A;; < 0—the plan needs to be improved.

Step 4. Selecting a cell to improve the plan. In case of violation of optimality, a set of cells
is considered for which:

For each such cell, a closed load redistribution cycle is built.

A feature of the modified approach is that the assessment A;;is determined taking into
account the current effective cost ¢;;, which may change in the process of cargo redistribution.

Step 5. Construction of a cycle and redistribution of the load. For the selected cell, a cycle is

constructed in which the vertices are alternately marked with the signs “+” and “—".
It is further defined:

6 = min(x;; in cells with a "-"),

after which redistribution is performed:

—in cells with a "+" sign: x;; = x;; + 6,

—in cells with a "—" sign: x;; = x;; — 6.

Step 6. Update transportation costs. After each redistribution, a threshold condition check is
performed:
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— if after increasing or decreasing the volume the condition is met x;; > h;;, then the

reduced value is applied c;;;

— if the condition is not met, the base value is used c;;.

As a result, the effective value matrix changes ¢;;, which requires recalculation of the
potentials.

Step 7. Repeated iteration. After updating the plan, the algorithm returns to the stage of
calculating potentials and checking optimality.

The procedure is repeated until the condition is met for all free cells:

Thus, the proposed method is a modification of the classical method of potentials for the case when
the cost of transportation depends on the volume of cargo and can change when the specified
threshold values are reached. Unlike the classical approach, during each iteration, dynamic updating
of individual elements of the cost matrix is possible due to the transition between regular and
wholesale tariffs. This, in turn, leads to the need to recalculate the potentials and re-check the
optimality conditions after each redistribution of cargo in the cycle. This approach allows you to
take into account the impact of variable tariffs on the total cost of transportation and provides the
opportunity to find a more cost-effective transportation plan under threshold pricing conditions.

Conclusions. Thus, the paper considers a modified transport problem in which the cost of
transportation depends on the volume of cargo between specific suppliers and consumers. The
proposed model takes into account the threshold effect of tariff changes, which allows formalizing
situations of wholesale transportation using reduced (discounted) costs.

It has been shown that the introduction of threshold tariff values leads to the formation of a
piecewise-linear transportation problem model in which the structure of the cost function changes
depending on transportation volumes. This makes it possible to describe more adequately the real
operating conditions of transportation and logistics systems that apply wholesale and preferential
tariff schemes.

A modified method for constructing a reference plan has been developed, which is based on
the classical least cost approach, but supplemented by a procedure for preliminary verification of
the possible volume of transportation and appropriate cost adjustment. This ensures a more correct
choice of transport routes at the initial stage of solving the problem.

A modified potential method is also proposed for finding the optimal plan, which takes into
account the dynamic change of the cost matrix in the process of iterative redistribution of loads. It is
shown that this feature leads to the need to recalculate the potentials and check the optimality
conditions after each cycle.

The proposed model allows taking into account threshold values of transportation volume
and correctly describing the economic conditions of transport processes, expanding the capabilities
of classical transport optimization methods.

The developed model can be applied in freight transportation practice to simulate real
logistics systems with wholesale discounts and restrictions on transportation volumes.

Prospects for further research. Further research should be directed at expanding the
proposed model by introducing stochastic or fuzzy parameters of transportation costs and threshold
values of cargo volumes. This will allow taking into account the uncertainty of real logistics
processes and increasing the adequacy of the model in practical application.

A separate direction of further research is the software implementation of the proposed
algorithm and conducting numerical experiments to analyze the behavior of the model for different
structures of transport problems and different values of threshold levels. This will allow assessing
the stability of the algorithm and the features of the formation of an optimal plan in conditions of
dynamic changes in transportation costs.

ijo
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Cunasuu B. I1., Agonin M. O., Pycascbka O. O. MOJIEJIb I METO/] PO3B’SI3AHHSI TPAHCIIOPTHOI
3AJIAUI 3 ITOPOT"'OBOIO 3MIHOIO TAPU®IB ITEPEBE3EHHA

Y cmammi npedcmaeneno mpancnopmuy 3a0avy 3 nOpO208OI0 3MIHOIO MApuqhié nepesesenus, y SKil
sapmicms MPAHCNOPMYBAHHSL 3ANENCUMb 610 00CSA2Y 8AHMANCY MINC KOHKPEMHUMU NOCMAYAIbHUKAMU MA
cnooicugayamu. AKmyanvHicmeb  OOCHIONCEHHS  0OYMOBNEHA NOWUPEHHSIM Y  CYYACHUX MPAHCHOPMHO-
JIO2ICMUYHUX CUCMEMAX 2HYYKUX MAPUQHUX MeXaHizMie, 3a AKUX NpUu NnepesuyeHHi nesHozo o00csazy
nepese3eH s 3aCmoco8yIombCs 3HUdICeHi abo onmogi mapugu. I[100iOHI nioxoou GUKOpPUCHMOBYIOMbCA Y
cucmemax KoHCOnioayii 6aHmaicie, 00620CMpPOKOGUX KOHMPAKMAX, MYTbMUMOOAIbHUX NEPeBe3eHHAX ma npu
opeanizayii pezyiapHux NOCMABOK GeIUKUX NApmiti NpoOYKyii. 3anponoHo8aHo Mmamemamudny Mooenb
MPAHCNOpmMHOI 3a0ayi, y AKI 018 KOHCHOL Napu «NOCMa4aIbHUK—CRONCUBAY» 3A0AI0MbCsL 0A308i MA 3HUNCEHT
mapugu nepese3eHHs, A MAKONC NOPO208i 3HAUEHHA 00CA2I8 6aHMANdCY, MNICAA NePesUUeHHs AKUX
3ACOCO8YEMbCS ANbMEPHAMUSHA apmicms docmagku. Ilobydosano yinbosy yHkyiro 3a0aui 3 ypaxyeaHHaM
OUHAMIYHOI 3MIHU 8apMOCMI Nepese3eHHs 3ANeNHCHO 8i0 BelUHUHU MPAHCHOPIMHO20 NOMOKY ma cucmemu
banancosux obmedicenv mpancnopmuoi zadaui. Po3pobneno moougikosanuii memoo nodyoosu ONnopHO20
NIAHY HA OCHOBI KIACUYHO2O MemoOy HAUMEHWOol eapmocmi, SKUl 8paxogye MOJNCIUBICIb Nepexody 00
BHUJICEHUX — mapughie  npu  OOCSCHEHHI NOPO2OGUX 3HAUEHb NEPEeBe3eHHs.  3anponoHO8AHO  MAKONC
MOOUQIKo8anuti Memood NOMEeHYIanie Ol 3HAXOONCEHHs. ONMUMANIbHO20 WIAHY, V SAKOMY NepedbaueHo
NOBMOPHE OHOBNIEHHS. MAmMpuyi eQexmugHux eapmocmell i NepepaxyHox NOMEHYianie RiCis KONCHO2O0
nepeposnodiny eawmadxcy. Ha eiominy 6i0 kiacuunoi mpancnopmuoi 3adaui, y 3anponoHOSaHil mooeii
CMPYKMypa MpAancROPMHUX SUMPAM MOJce 3MIHIO8AMUC 0e3nocepeonHbo 8 npoyeci (OpMy8aHHs NIAHY
nepegeszens. [lpaxmuune 3HaUeHHs OOCHIONCEHHS NOIALAE Y MONCTUBOCTI BUKOPUCMARHS PO3POOIEeHOT Mooeri
01 NiOBUUEeHHS e(DeKMUBHOCII YNPABLIHHA 6AHMANCHUMU NEPeBe3eHHAMU 8 YMOBAX 3ACMOCYBAHHS ONMOBUX
mapughis i OUHAMIUHOI 3MIHU 8aPMOCMI OOCMABKU.

Knrwuosi cnoea: mpauncnopmua 3adaua;, mpaHcnOpmHA NO2ICMUKA, Memo0 NOMeHYianie;, ONOpHULl NIaH
ONMUMANLHULL NAAH, NOPO20GI mapughu,; 3MIHHA BAPMICTNb NEPEGE3EHHL, GAHMAIICHI NEPeGe3eHH.
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The growing complexity and uncertainty of multimodal transport systems require the development of advanced
methodological approaches for performance evaluation. This paper presents a structured analysis of
contemporary research on multimodal transportation efficiency, focusing on deterministic, multi-criteria, and
stochastic modeling approaches. The review reveals that deterministic models, although widely used, fail to
adequately capture the inherent variability of logistics processes, leading to overly optimistic performance
estimates. Multi-criteria approaches improve the comprehensiveness of evaluation but often remain limited by
their deterministic nature and subjective weighting schemes.

This study proposes a novel stochastic framework for assessing the performance of multimodal transport
systems based on an Integrated Performance Indicator (IPE) that simultaneously accounts for delivery time,
transportation cost, and reliability.

The proposed approach formalizes the transport process as a stochastic dynamic system, where key
parameters such as travel time, delays, and operational costs are modeled as random variables. To capture the
inherent uncertainty, a Monte Carlo simulation method is employed, allowing the estimation of the probability
distribution of the IPE rather than relying on deterministic point estimates. Additionally, a nonlinear extension
is considered to account for the increased sensitivity of system performance to risk factors.Simulation results
demonstrate that deterministic approaches tend to overestimate system efficiency, while stochastic modeling
reveals a significant reduction in expected performance due to variability and risks.

The findings confirm that incorporating stochastic modeling and integrated performance metrics provides a
more realistic and robust basis for decision-making in multimodal logistics. The proposed framework can be
applied to route selection, risk management, and strategic planning of transport operations, particularly in
environments characterized by high uncertainty and dynamic disruptions.

Key words: multimodal transportation; logistics optimization; modeling; risk management; Integrated
Performance Indicator.
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Introduction. Modern research in the field of multimodal transport systems focuses on
improving the efficiency of logistics processes in the context of the growing complexity of global
supply chains [1-4]. The main approaches to assessing efficiency can be divided into deterministic,
multi-criteria and stochastic.

Deterministic models, which are widely used in classical transport problems [5], are based
on the use of average or fixed values of parameters, such as delivery time, transportation cost and
infrastructure capacity. In particular, in [6] a cost minimization model is proposed taking into
account time and environmental factors. However, such approaches are based on fixed parameters
and do not take into account the randomness of the transport process, which leads to an
overestimation of efficiency.

Despite the simplicity of implementation and interpretation, such approaches have a
significant drawback - they do not take into account the uncertainty and random nature of logistics
processes. As a result, the resulting estimates may be significantly overestimated and do not reflect
the real conditions of the functioning of transport systems, especially in conditions of instability.

Analisys of recent studies and publications. Multi-criteria models are more flexible, as
they allow taking into account several factors simultaneously. For example, in [7] a combined
approach using DEA and multi-criteria optimization was used, which takes into account time, cost
and environmental indicators. However, most of these models remain deterministic and do not
integrate uncertainty into the evaluation process. A separate direction is research devoted to the use
of stochastic models and simulation modeling methods, in particular the Monte Carlo method [8].
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Such approaches allow taking into account the randomness of the parameters of the transport
process, including delays, weather conditions and technical failures. However, in most works
stochastic analysis is used mainly to assess individual indicators, such as delivery time or the risk of
delay, without integrating into a single generalized efficiency criterion. In [9] a stochastic model of
transportation planning using mixed nonlinear programming was proposed. Similarly, in [10]
Monte Carlo was used to analyze routes and costs. Despite this, most studies apply stochastic
analysis only to individual parameters (time or cost).

Modern research also actively uses algorithmic and intelligent methods. For example, in
[11], an approach based on reinforcement learning is proposed to take into account time uncertainty.
However, such methods are difficult to interpret and do not always provide transparency in
decision-making. Another important direction is robust optimization. In [12], it is shown that taking
into account uncertainty allows to increase the stability of decisions, although this may increase
costs.

In addition, considerable attention is paid to the environmental aspects of transportation. In
[13], route optimization is considered taking into account CO: emissions and energy factors.
However, a literature review [14] confirms that most current approaches face scalability,
complexity, and limited real-time applicability.

Considerable attention in modern research is paid to the digitalization of logistics systems
[15, 16], including the use of information platforms, Internet of Things technologies, blockchain
and artificial intelligence. These approaches are aimed at increasing transparency, coordination and
speed of data processing in transport systems. However, in most cases there is no formalized
mathematical model that would allow to quantitatively assess the impact of digital solutions on the
efficiency of logistics processes.

It should be noted that multi-criteria optimization methods [17], including approaches based
on Pareto analysis and weight functions [18], allow to simultaneously take into account several
efficiency indicators, in particular time, cost, energy consumption and environmental factors.
However, most of such models, such as those shown in [19, 20], consider the criteria in a
deterministic formulation, which limits their applicability in real conditions. In addition, the choice
of weight coefficients is often subjective, which reduces the objectivity of the results obtained.

Thus, the analysis of modern scientific approaches allows us to identify a number of
unresolved problems. First, there is no universal indicator that would simultaneously take into
account the time, economic and risk characteristics of multimodal transportation. Second, there is a
gap between stochastic modeling methods and multi-criteria approaches to assessing efficiency.
Third, the impact of digital logistics systems on the parameters of transport models in a formalized
form remains insufficiently studied. In this regard, the development of an integrated approach that
combines stochastic modeling, multi-criteria optimization and assessment of the impact of digital
technologies is relevant.

Purpose and objectives of the study. The object of the study is the process of functioning
of multimodal transport systems under conditions of uncertainty, characterized by variability of
delivery time, transport costs and reliability of logistics operations.

The subject of the study is methods and models for assessing the efficiency of multimodal
transportation, taking into account the stochastic nature of transport processes, as well as the impact
of digital logistics solutions on their parameters.

The choice of research methods is based on the analysis of modern scientific approaches,
which revealed the limitations of deterministic models, insufficient integration of multi-criteria and
stochastic approaches, as well as the lack of formal consideration of the digitalization of logistics
systems.

The aim of the research is to improve the efficiency of multimodal maritime transportation
by developing an intelligent risk-based decision support system that combines stochastic modeling,
multi-criteria optimization, and assessment of the impact of digital technologies.

To achieve the set goal, the following tasks have been formulated:

— construction of a formal model;
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— development of a simulation apparatus;

— quantitative assessment of efficiency.

Main Section. Multimodal transportation is considered as a complex stochastic system in
which different types of transport, infrastructure elements and information flows interact. In the
conditions of modern logistics chains, such systems operate under the influence of numerous
random factors, in particular delays, changes in speed, infrastructure overload and external risks,
which is confirmed by modern research in the field of multimodal transportation [21, 22]. Risk
modeling is carried out using probability distributions to describe delays, cargo losses, weather
effects and technical failures [23]. The main tool is the Monte Carlo method [8], which is one of the
key tools of stochastic modeling and has significant advantages over deterministic and classical
analytical approaches, especially when studying complex logistics systems. This method allows for
the explicit consideration of random factors by using probability distributions of parameters. Unlike
deterministic models that give one fixed value, Monte Carlo allows you to obtain a distribution of
possible outcomes, which is especially important for transport systems where delivery times are
random, delays are stochastic, and costs vary under the influence of external factors. In addition, it
allows you to estimate not only the average value, but also the variance, confidence intervals, and
probabilities of achieving a certain result, since probabilistic approaches demonstrate greater
resistance to errors and biases compared to deterministic models. It also allows you to determine
which parameters have the greatest impact on the result and how changing one factor changes the
entire system, because unlike deterministic models, where there are 1-3 scenarios, Monte Carlo
allows you to analyze thousands of scenarios and obtain statistically sound decisions.

The primary advantages of Monte Carlo simulation, as outlined in [24-26], include its
rigorous, comprehensive, and probabilistic nature. This approach is particularly well-suited for risk
management and making complex decisions. It is highly valuable in analyses where precision is
critical. Relying solely on deterministic methods for significant strategic decisions without
accounting for uncertainty can be risky.

Therefore, according to [26] and [27], multimodal transportation can be represented as:

MM:{SI,Sz,...,Sn}, (l)

where S; is transport segment (river, sea, road);
n is number of route segments.
Total delivery time is defined as the sum of the travel times of individual route segments:

T = ;(Vi +A), )

where: L; is length of the i-th route segment;
V; is random speed;
A; is random delay (port, weather, operational);
n is number of segments.
Speed is modeled as a normally distributed random variable:

V; ~ N(uV;, o). ©)

where: u is the mathematical expectation;
o is the square deviation;
N is normal distribution law (Gaussian distribution).
The distributions of random variables 4; can be determined by the exponential distribution:

A; ~ Exp(ud;, 04;) 4
The probability of a missed deadline is then determined by the formula:
Pdelay = P(Teotar > Trnax)- (5)

where: T, 1S maximum allowable delivery time;
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T;otar 1S the total delivery time. It can be determined by:

Teotar = ?:1 T;. (6)
Total transportation costs are determined:
C = Cfuel + Cport + Cdelay + Crisk- (7)

where Cryers Cport: Caetay Crisk these are fuel costs, port costs, time costs and unforeseen costs

respectively.
We get the expected value:

E(C) = ~¥N_, C(k). (8)
Reliability is defined as the probability of meeting the delivery deadline:
R = P(T < Terig), 9)

where T,,;; — maximum allowable delivery time.

Construction of a formal model. There is a methodology for multi-criteria optimization of
maritime transport under conditions of uncertainty of the external environment [10]. Also, many
researchers determine that the most rational way to solve transport problems under conditions of
uncertainty is multi-criteria optimization. in which there is a vessel loading, delivery duration,
transition speed, load on the main engine, fuel consumption, deviation from the route, transportation
cost [10-13].

We propose to introduce an Integrated Performance indicator of Efficiency (IPE), which is
a multi-criteria optimization parameter that combine s time efficiency, economic efficiency, risk
resistance and reliability for multimodal transportation. The integral efficiency index (IPE) is
defined as the weighted sum of the normalized utility functions of delivery time, transportation cost
and route reliability and can be determined by the formula:

IPE(UT, Uc, UR' UN) = Wr- UT + WC - UC + Wpg * UR + Wy - UN’ (10)
where Uy = —2L is delivery time, U, =<2 is cost, Up = R = 1 — Paelay, 1S route

T NPV
reliability; Uy = Py
ref

Trefs Crep — base (initial) values of delivery time and cost, respectively; wr,we,wg wy is
weighting factors.

total
is economic efficiency; T;,:q; 1S expected delivery time; C is expected cost.

wr +we +wg +wy =1, (11)

Normalization is carried out relative to the baseline scenario T,.r, Cy.r, Which ensures the
dimensionlessness of the indicator and the possibility of comparing alternative logistics solutions.

An integral indicator of the efficiency of a multimodal logistics system is proposed, which
simultaneously takes into account the time, economic and risk characteristics of transportation, as
well as the investment feasibility of digitalization.

Based on the calculation of the Saati matrix for 4 elements, the following values of weight
coefficients were obtained w; = 0,34, w, = 0,29, wy = 0,20, wy = 0,17 to constrain the
objective function:

max IPE(U) (12)

Where U = (Ur, U, Ug, Uy) is logistics parameters. For C(U) < Cpaxr» T(U) < Tax
R(U) < R,4x- IPE application area summarized in a table 1.

Table 1 — Interpretation of IPE

IPE Interpretation

> 0.8 Highly efficient system
0.5-0.8 Acceptable

<05 Inefficient
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The IPE evaluation criterion is defined as:
AIPE = IPEgy — IPEp g0, (13)

where [PEy is integral indicator of effectiveness from the implementation of solutions.
IPE} s 1S ntegral indicator of the effectiveness of the basic model.
If AITIE >0 - the solutions are effective, the implementation of the appropriate
management policy is considered appropriate.
Let's take into account the military situation as a risk function, then wi = f(R),, the result
of IPE calculations is shown in Fig. 1
1.075

1.050 A

1.025 A

1.000 A

IPE

0.975 A

0.950 A

0.925 A1

0.900 A

T T
0.5 0.6 0.7 0.8 0.9 1.0
Reliability R

Figure 1 — Graph of the dependence of the integral efficiency indicator IPE = f(R) on reliability

As shown in Fig. 1, the integral efficiency indicator has a monotonic dependence on the
probability of delays. The increase in risk leads to a proportional decrease in the efficiency of the
logistics system. It is determined that the critical zone is the value Py;4,>0.4, at which the system
loses its economic feasibility. Instead, in the range of 0.05-0.25, an optimal balance between costs,
time and reliability of transportation is ensured. at R = 0.8— IPE ~ 1 (balance point).

Areas of application of the integral efficiency indicator (IPE):

— route selection;

— transportation optimization;

— ETA planning;

— carrier selection;

— transshipment planning;

— fleet management;

— investments in digitalization;

— selection of logistics corridors;

— port efficiency assessment;

— route instability;

— military risks;

— alternative corridors (Danube, Black Sea, etc.).

Criteria efficiency limits:

If wy > we, wy — then the system is based more on speed and it is possible to ignore costs.

If Pyeray — 0.5 —the IPE indicator becomes unstable, at 0.7 < R < 0.98 —IPE is effective
and the system is stable, outside this range — the system is risky.
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Development of a simulation apparatus. Taking into account the uncertainty of the
parameters of the transport process, the integral efficiency indicator is considered as a random
variabl:

IPE = IPE(T,C, R). (14)

For its evaluation, the Monte Carlo method was used, which is one of the key tools of
stochastic modeling and has significant advantages over deterministic and classical analytical
approaches, especially when studying complex logistics systems. The main advantage of the Monte
Carlo method is the ability to explicitly take into account random factors by using probability
distributions of parameters.

Unlike deterministic models that give one fixed value, Monte Carlo allows you to obtain a
distribution of possible results [24]. This is especially important for transport systems where:
delivery time is random, delays are stochastic in nature, and costs change under the influence of
external factors. Therefore, the Monte Carlo method provides a more realistic and justified
assessment of the efficiency of multimodal transportation, which is critically important in dynamic
and unstable logistics environments.

Accordingly, in each iteration we will simulate random values of speed and delays, and then
calculate the delivery time, transportation cost, and reliability index. The total delay is defined as:

N
1
Pdelay_h = NZ I(Ttotalk > Trnax) (15)
k=1

where N is number of simulations; I is indicator function.
The code Monte Carlo algorithm is given showen in Figure 2.

BN gencrate random speed V;

- RS 0 — -
Fori=1..N: generate random delay A;

calculate total delivery time T;;

Calculate present value (NPV) calculate total transportation costs C;;
calculate inteoral efficiencv index [PE

Figure 2 — Monte Carlo algorithm

Calculate for each iteration the time of passage of the i-th segment:

Ti=i+A1i+L—2+A2i (16)
Vii T Vo '
Costs:
C; = f(Ty) (17)
Ry = 1(T; < Terir) (18)

The integral efficiency indicator is used as the objective function of the stochastic multi-
criteria optimization problem of multimodal transportation.

T C
rEf‘I'Wc'rEf‘l‘WR'Rl"l‘WN'
T; Ci

NPV

IPE(U) = wy - T

(19)

Optimization is carried out by means of multiple Monte-Carlo simulation of possible
configurations of the logistics system with the subsequent search for the configuration that provides
the maximum value of the integral efficiency criterion.
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Simulation result. Let's calculate for the base scenario, parameters: T, = 60 hours,
Cref = 3000€,NVP,.; = 7800000€.
For an alternative scenario, we assume: T =55 hours, C = 2700€, R = 0.82, NPV =
8800000€.

Calculation:

wr = 0.34,w, = 0.29,wy = 0.2, wy = 0.17

R=1-0.18=0.82
3000

IPE(U) = 03422402922+ 0.2-0.82 + 0.17 - =+ =
S5 2700 78

=034-1.091+0.29-1.111+0.2-0.82+0.17-1.13 =
=0.371 + 0.3223 + 0.246 + 0.164 = 1.021
IPE >1,AIPE = +0.11%

With equal weight coefficients, IPE = 1.021 was obtained, which indicates an increase in
the efficiency of the system compared to the basic variant. IPE has a monotonic dependence on the
reliability of the route. An increase in the R indicator leads to a proportional increase in the
efficiency of the logistics system.

Calculations considering the Monte Carlo distribution will be based on uncertainty of risk
occurrence.

Simulation results (N = 1000) showed: IPE = 0.52.

The results shown in Fig. 3 show that /PE drops when we start to consider risks. Therefore,
the real system is much less efficient due to uncertainty, since delays "eat™ efficiency and speed
variation has a critical impact.

The obtained distribution demonstrates that even with favorable average parameters, the
system is characterized by a decrease in efficiency due to the influence of stochastic factors.

This confirms the need to consider risks when evaluating logistics decisions.

Monte Carlo Distribution of IPE

250
2001 ‘
g I
< 150
Q
S
i=3
= l
N I
50 - I.
O - T T
04 0.5 0.6 0.7 0

. 8 0.9 1.0
IPE

Figure 3 — Distribution of IPE depending on the frequency of risk occurrence

The integral performance indicator correlates with financial results, in particular with net
present value (NPV), where the growth of IPE corresponds to the increase in the economic
feasibility of logistics solutions: NPV = f(IPE),

The adopted basic values and parameters for modeling are presented in the table 2.
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Table 2 — Parameters for simulation

Parameter Value
Transportation volume, t/year 120000
Base transportation cost, EUR/t 65
Annual costs, EUR 7800000
Discount rate 0,1
Delay before implementation, % 24,12
Delay after implementation, % 8,6
Cargo losses before implementation, % 3
Cargo losses after implementation, % 1
Project period, years 5
Number of Monte Carlo iterations 500

The formulation of the optimization problem can be reduced to rzrel?/[X(R' M) on condition

Ttotal < Tmax’ C< Cmaxa Pdelay <e¢ (20)

where M — management policy (digital architecture).
A Python program was developed for modeling. Therefore, to normalize the pairwise
comparison matrix, the following weighting coefficients were obtained:

wr = 0.34, we =0.29, wgy = 0.2, wy = 0.17.
The initial parameter input screen and part of the code are shown in Fig. 4

# Monte Carlo Analyzer v.2 (Compare two sc..  — (u] X 50 def ca lc_e'F'Fic iency(
=== Scenario A: Before digitalization --- 52 C mean
i ssetortetuntive tete () Ve 120000 - ’
Basic transportation cost (€/t) (3] 53 p_dEIEy,
Annual costs (EUR) 7800000 54 NPV mean,
Investments in digitalization (EUR) 0 -
Expected savings in mines (in %) 0 55 T_ref=50,
Expected savings max (in %) 0 56 C ref=1e7,
Discount rate (in fractional form, e.g. 0.1)  0.10 — 'F
Implementation delays (1,0, hour) 2412 57 NPV_ret=1e6,
Post-implementation delays (1o, hour) 24,12 58 alph a=0.34,
Cargo losses before implementation (in %) 3 _ |
Cargo losses after implementation (in %) 3 59 beta=o. 29’
Project period (years) 5 60 gamma=e. 2@,
N (number of Monte Carlo 500 _ .
~-Scenario B: After digitalization — 61 delta=0.17):
Transportation volume (t/year) 120000 62
Basic transportation cost (€/t) 65 _ _
Annual costs (EUR) 7800000 63 R=1 P_de 1 ay
Investments in digitalization (EUR) 1100000 64
Expected savings in mines (in %) 8 65 E=(
Expected savings max (in %) 15 &
Discount rate (in fractional form, e.g. 0.1)  0.10 66 alpha (T_V'E‘F ,/ (T_mean + le- 6] ) +
Implementation delays (1,0, hour) 2412 67 beta * (C ref / (C mean + le—6)j +
Post-implementation delays (L0, hour) 8,6 s o —
Carge losses before implementation (in %) 3 68 gamma R+
Cargo losses after implementation (in %) 1 /9 delta * (va mean / (NPV ref + 19_6) )
Project period (years) 5 - -
N (number of Monte Carlo iterations) 500 70 )

Run comparison Open last report 71

72 return E

Ready

Figure 4 — The initial parameter input screen and part of the code of programm

Monte Carlo simulation is implemented by repeatedly generating random scenarios of the
functioning of a multimodal transport system. In each iteration, the following are randomly
generated: time delays; economic effect of digitalization; extreme logistics events; freight losses;
total logistics costs. To generate random variables, the following are used: normal distribution — for
modeling standard delays; uniform distribution — for estimating the range of savings; binomial
mechanism — for generating extreme risk events. The part of the code where random variable
generation is implemented is shown in Fig. 5.
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131 for 1 in range(N): 167 for t in range(1, T proj + 1)
132 168 D
133 saving = np.random.uniform(save min, save max) 160 1
134
135 delay_before = np.random.normal(mu_no, sigma no) 170 )
136 delay_after = np.random.normal(mu_with, sigma_with) L1
137 172 npv_results.append(npv)
138 delay before = max(delay before, 9) 173 time results.append(total time)
139 delay_after = max(delay_after, ©) 174 cost_results.append(cost_after)
140 175
a1 # extreme events 176 npv_results = np.array(npv_results)
142 if np.random.rand() < p_extreme: . -
. 177 time_results = np.array(time_results)
143 delay_before += np.random.uniform(48, 120) - -
144 178 cost_results = np.array(cost_results)
145 if np.random.rand() < p_extreme * 8.5: 179
146 delay after += np.random.uniform(24, 72) 180 delay prob = np.mean(time results > np.mean(time results))
147 181
148 total_time = delay after 182 summary = {
149 183 "npv_results”: npv results,
150 cost_before = t() 184 "time results": time results,
151 transport_base + 185 "cost_results": cost results,
152 delay before * 1000 + - -
153 loss_before * transport_base 186
154 ) 187 "mean_npv": np.mean(npv_results),
155 188 "std_npv": np.std(npv_results),
156 cost_after = ( 189
157 transport_base * (1 - saving) + 190 "mean_time": np.mean(time_results),
158 delay_after * 1000 + 191 "mean_cost": np.mean(cost_results),
159 loss_after * transport_base 192
1:? ) 193 "delay_prob": delay prob,
162 annual_saving = cost _before - cost_after o4 o
163 195 "p_positive"”: np.mean(npv_results > @)
164 npv = ( 196 K
165 np.sum([ 197
166 annual saving / ((1 + r) ** t) 198 return summary

Figure 5 — The part of the code where random variable generation

Each iteration generates a separate scenario for the development of the logistics system,
after which the integral efficiency indicators and net present value (NPV) are calculated.

1000 Monte-Carlo iterations were performed within the framework of the study, which
allowed obtaining a statistically representative distribution of possible results.

A comparison of two scenarios is envisaged:

A (initial state) and B (state of the system after the implementation of risk assessment
digitalization systems).

After modeling, the calculation results obtained are given in the table 3.

Table 3 — Simulation results

Scenario | Mean NPV (million €) |Median NPV (million €) P(NPV>0) |Std dev (million €)
Before 0.88 0.52 57.60% 3.94
After 8.73 8.18 99.00% 3.93

Graphs comparing the results are shown in Fig. 3.
IPE, = 0.43, IPE; = 0.53
AIPE =012 = 12%

Probability of negative NPV, = 42.40%, NPV = 1%.

Quantitative assessment of efficiency. The IPE distribution for scenario B is shifted
towards higher values and is characterized by lower variability (Fig.6). This indicates an increase in
the average level of efficiency (Fig. 7 and Fig. 8); a reduction in the risk of inefficient
implementations and a stabilization of the logistics process.
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Figure 8 — Distribution of the integral indicator for the options 4 and B

Scenario B demonstrates a higher expected economic benefit compared to A — the
implementation of digital solutions is economically feasible according to average estimates.

Implementation reduces the probability of losses (negative NPV).

Conclusions. The integral efficiency indicator is a generalized criterion for evaluating
multimodal transportation, which combines time, economic and risk characteristics into a single
function. Its application allows not only to compare alternative logistics solutions, but also to
formalize the task of optimizing routes under uncertainty. Unlike classical approaches, the proposed
indicator takes into account the stochastic nature of transport processes, which makes it suitable for
practical use in modern conditions of instability of logistics systems.

The constructed mathematical model allows taking into account the random nature of key
parameters of the transport process, in particular delivery time, delays and transportation costs. The
results of simulation modeling showed that different management policies can significantly differ in
terms of the "cost-risk™ ratio.
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The improvement of the integral indicator by 11% was due to the fact that the coordination
of multimodal transportation allowed: to reduce unproductive downtime; to reduce transshipment
costs; to reduce operating costs; to optimize the use of ship batches. This ensured a decrease in total
logistics costs and an increase in net discounted income (NPV).

this was implemented by reducing and reducing additional delays in the event of crisis
situations. As a result, the dispersion of the transport process decreased and its stability increased.

The proposed integral performance indicator allows for a comprehensive assessment of
alternative logistics solutions and to justify the choice of the optimal management architecture for
early risk detection; delay prediction; route reservation; adaptive transportation replanning.
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Kummaeskuit 0. C. IHapko O. B. CTOXACTUYHE MOJEJIOBAHHA E®EKTHUBHOCTI
MVYJIBTUMOJAJIBHUX TPAHCIIOPTHUX CUCTEM 3 BUKOPUCTAHHSIM IHTETPOBAHOI'O
[NOKA3HUKA E®EKTUBHOCTI TA MOJEJIFOBAHHA METOJOM MOHTE-KAPJIO

3pocmaroua cknaduicme ma HeBUIHAYEHICMb MYAbIMUMOOANLHUX MPAHCHOPMHUX CUCEM BUMA2AI0omb
PO3POOKU nepedosux MemoOoI02IYHUX Ni0X00ié 00 OyiHKu eghekmuenocmi. Y yitl cmammi npeocmaeieHo
CMPYKMYPOBAHUU — AHANI3  CYYACHUX  OOCNIONCEHb  eheKMUHOCmi  MYIbMUMOOAIbHUX — Nepese3eHy,
30CePedANCYIOUUC HA OeMEPMIHOBAHUX, OALAMOKPUMEPIATLHUX A CMOXACMUYHUX NI0X00aX MOOENI0BANHSI.
O2na0 noxasye, wjo 0emepmiHo8ani Mooei, Xoua Ui WUPOKo SUKOPUCMOBYIONMbCS, He 8PAX08YIOMb HALENCHUM
YUHOM NPUMAMAHHY MIHIUGICIb NOZICMUYHUX NPOYeCis, wo Npu3eooums 00 HAOMIPHO ONMUMICHMUYHUX
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oyinok egexmusnocmi. bacamoxpumepianvni  niOXo0u nNOKpawylOmvo NOGHOMY OYIHKU, ale YACMO
3ANUUUAIOMBCA 0OMENCEHUMU CBOEI0 0eMePMIHOB8AHOI0 NPUPOOOI0 MA CYO'EKMUBHUMU CXeMAMU 36AHCYBAHHA.
3anpononosano Hogy cmoxacmuumy ~CMpYKMypy —OAsf  OYIHKU — eDEeKMUSBHOCMI  MYIbMUMOOUTbHUX
MPAHCROPMHUX cucmem Ha OcHogl Inmezpoeanoeo nokasuuxa egpexmuenocmi (IPE), saxuii oonouacho
8PAX0BYE HAC OOCMABKU, BAPMICIb MPAHCROPMYBAHHSL MA HAOIUHICMb.

3anpononosanuil nioxio opmanizye mpaHcnopmuuil npoyec SIK CMOXACMUYHY OUHAMIYHY cucmemy, oe
KAHOUY06I napamempu, maki sik 4ac NOOOPOIICI, 3aAMPUMKU MA eKCALYaAMAayiiuHi 6Umpamu, MOOeTIOMbCS 5K
8UNAOK06I 6enuyunuy. /[1a 6paxysanHs Hegio'eMHOI HeGUSHAUEHOCMI BUKOPUCTIOBYEMbCA MEMOO MOOENIOBAHHS
Monme-Kapno, wo 0o3sonse oyinumu po3nodin umosipwocmeii IPE, a ne nokiadamucs Ha O0emepmiHO8aHi
moukosi  oyinku. Pezynomamu  moolenioéanus NOKA3VIOMb, WO  O0eMEePMIHOBAHI  NIOX00U  CXUNbHI
nepeoyin8amu egheKmusHicms cucmemu, mooi K CMOXACMUYHe MOOEN0BAHHS BUSBIAE 3HAUHE 3HUICEHHS
OUIKY8aHol ehexmusHocmi uepes MiHAUBICIMb MA PUSUKU.

Pezynemamu niomeepoicytoms, w0 NOEOHAHHA CIMOXACMUYHO20 MOOETIO8AHHS MA IHMEeZPOBAHUX NOKA3HUKIE
egpexmusnocmi  3abesneuye OibUL  peanicmuuHy ma HAOIUHY OCHO8Y Ol NPUUHAMMS PiuleHb )
MYToMUMOOANbHIN J02icmuyi. 3anpononosana cmpykmypa Moice 6ymu 3acmocosana 0as subopy mMapupymy,
VAPABTIHHS PUSUKAMU A CIMPATNE2IYHO20 NIAHY8AHHS MPAHCTIOPIMHUX ORepayil, 0cobIu60 6 cepedosunax,
WO XapaKxmepusylomsCs BUCOKOI0 HEGUSHAUEHICMIO Ma OUHAMIYHUMU 3005MU.

Knwouosi cnosa: mynbmumooanivHi nepeeeseHHs; ONMuMIzayis J02ICIMUKY, MOOeNI08AHHI; YNPAGIIHHSL
pusuKamu; iHmezpatbHull NOKA3HUK.

© Zhyshchynskyi Y. S., Sharko O. V.

Crartio npuitasaTo 10 penakiii 08.05.2026

186

o pyopuku exnwueno cmammi 3a cneyianvnicmio J5 «Mopcokuit ma éHympiuwiHiil 600HUTL MPAHCHOPM )



HaykoBuit BicHUK XepCOHCBKOI Aep3KaBHOI MOPCHKOI akageMii m
BUMOI'U 1O O©®OPMJIEHHA MATEPIAJIIB

Jlo npyky TpHMAIOTBCS CTATTI YKPATHCHKOK YHM AHTIIMCHKOI MOBAaMH, IO MiCTATh
pe3yNbTaTh BIACHUX OPUTIHANBHUX JOCITIIKEHb, SKI MAlOTh HAYKOBY 1 MPAKTUYHY I[IHHICTH 1 HE
myomikyBanucs aoci. Jlo ApyKy He IpUWMarOThCS CYTO OTJISIOBI CTAaTTi. BiAMOBIMANBHICTE 3a 3MiCT
CTaTTi HECe aBToOP.

3rigHo 3 BuMoramu 1. 3 Ilocranosu Ilpe3unii Bumoi Atectamiiinoi Kowmicii Ykpainu
Ne 7-05/1 Bin 15.01.2003 p., HayKOBi CTATTI, IO HAJAIOTHCA 10 IPYKYy, MMOBHUHHI MICTUTH HACTYIIHI
€JIEMEHTHU: MMOCTAHOBKA MPOOJEeMH Yy 3araJbHOMY BUIJIAI Ta 11 3B'SI30K 13 BaXXJIMBUMU HAyKOBUMH
YY OPAaKTUYHUMU 3aBJAaHHSAMU; aHaN3 OCTAHHIX JOCHI/PKEHb 1 MyOmiKamii, y sIKUX 3all04aTKOBAaHO
PO3B'sI3aHHS J1aHOT MPOOJIEMHU, Ha SIKI MOCHJIAETHCS aBTOP; BUALICHHS HEBUPILICHUX paHillle YaCTHH
3arajibHOI MPOOJIEeMH, SKUM IPHUCBSUYETHCS CTATTs; (POpMyItOBaHHS MLijedl cTaTTi (IOCTaHOBKA
3aB/IaHHA); BUKJIQJICHHS OCHOBHOIO MaTepialy JOCHIDKEHHS 3 TIOBHUM OOIPYyHTYBAaHHSAM
OTPUMAaHUX HAYKOBUX pE3yJbTaTiB; BHUCHOBKM IOJIO JAHOTO JOCHIKCHHS Ta MEepCIeKTUBU
MOJTANTBIINX HAYKOBHX JIOCII/PKEHB Y TaHOMY HAIPSIMKY.

Obcaz cmamen — 10...15 cTOpIHOK, BKJIIOYAIOYM BCl MaTepiaid, y T. 4. TaOJIUL, PUCYHKH,
rpadiku Ta COUCOK JiTepaTypHuX Jukepen. CymapHuil o0car puCyHKIB 1 TaOJIMLb IOBUHEH OyTH HE
o6inb11e 30% 00csIry OCHOBHOI YaCTHUHH.

Odopmnenna cmammi. Ha mepiniii cTopiHmi pykomucy 3a3HadaeTrhes kon YK, HazBa
po6oTH, Mpi3BuUllle, 1HILIAIN Ta HAYKOBHM CTYIHb (3BaHHA) aBTOpa(iB).

Koo Y/IK — o niBomy kparo, po3mip mpudty — 10.

Ha3zea — 110 neHTpy OpyKOBAaHUMHU JiTepaMu (LpUQT KUpHUIL, po3mip mpudty — 14).

Ingpopmauin npo aemopa(is). mpizBuile, IHIIIATH, HAYKOBUW CTYyMiHb, BUYCHE 3BaHHII,
nocajia, MOBHA Ha3Ba yCTaHOBM a0 I'poMaJIChbKoi oprasisaii, nepxasa, e-mail, ORCID aBtopa —
KypCHBOM, T10 JIIBOMY Kpato, po3MipoM mpudry 12.

Texcm nanaetscst y gopmarti pegakropa MS Word mpugrom Times New Roman, po3mip
mpudty — 12, inTepBan — 1.

Hapamempu cmopinku (onuis Mero A, TlapameTpu CTOPiHKH):

— po3Mip nanepy — A4: 210*297 mwm;

— Opi€HTAllis apKylla — KHIKHA (a1b00MHA HE JO0IMYCKA€EThCS);

—monst — 2,00 cm;

— namitypka — 0,00 cm;

— KoJioHTuTyau — 1,30 cm;

— ab3arHuii BigcTyn — 1,25 cM, BUPIBHIOBAHHS 3a IIUPUHOIO, CTOPIHKH HE HYMEpYyBaTH.

V' cmammi nasoosmvcs minoku mi gopmynu, pucynku, madbauyi, wo 3abesneuyioms
PO3KpUmMms 3MICIy npeocmasneno20 00CI0NCEeHH, 6CI 60HU NOBUHHI MAMU NOCUNAHHS 6 MeKCMI
cmammi.

@opmynu 1oBUHHI OyTH HaOpaHi 3a JOOMOTroo BOy10BaHOTO peaakropa ¢popmya Equation
Editor. Bci ¢opMynu BCTaBisOThCSA B TaOJIUIIO 3 HEOKPECIEHUM KOHTYPOM, IIO CKJIAJa€ThCs 3
JIBOX KOJIOHOK: y TepIlii 3HaxoAuTbes (opMyna 6e3 abzaily 1 BUpIBHSHA MO LEHTPY, Y APYTii —
HoMmep dopmyru Tex Oe3 ab3airy 1 3 BUPIBHIOBAHHSIM IO IEHTPY. Meka MiX KOJOHKaMHu TaOJInIl
BCTaHOBJIIOETHCS HA MO3HAuIi 14 cm.

Ile crocyeTbecst TakoX GopMmys 1 cUMBOIIB (OpMyI, SIKI CTOATh MO TekcTy. Ilapamerpu B
penakTopi ¢opMys MOBUHHI B TOYHOCTI BiJMOBIAaTH HaBeAeHUM HIpK4e. Po3mipu (Ormilis MeHIo
penaktopa Equation Editor: PO3MIP, Busnauuru ...):

— 3Buuaiinuil 12 nr.

— Kpynnuii innexc 7 or.

— JlpiOHuii iHaEKC 5 TT.

— Kpynuuii cumson 18 nt.

— Jpi6uuii cumBoin 12 mT.

Ta6nuyi nadbuparotsest y Microsoft Word.
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Pucynku noBuHHI OyTH YOpHO-OinmMMu, Oa)kaHO TPO30OPHMHM, 1 BCTaBiieHI y (aii craTTi.
®opmat pucyHkiB (tif, pcx, bmp Tomo) moBuHeH OyTH CyMiCHUH 3 pelakTopoM TekcTy Microsoft
Word. Po3ninbna 3gatHicTh prcyHKiB — He MeHie 300 dpi.

Cmpykmypa cmammi:

— BCTYIL;

— MOCTaHOBKA MpobieMu;

— aHaJIi3 OCTaHHIX JOCIIDKEHB Ta My OJiKaIliii;

— MeTa Ta 3aJa4i JOCHIIKEHH;

— BHUKJAJ OCHOBHOTO Marepiady (METOAM IOCHI/DKEHHS, pO3B'SI3aHHS 3amad  Juis
3a0e3MeueHHs TOCATHEHHS MTOCTAaBICHOT METH);

— OCHOBHI pe3yJIbTaTH Ta IX 0OTOBOPEHHS;

— BUCHOBKU;

— MEPCIEKTUBU MOIAJBIINX JTOCITI[KCHD;,

— CMHCOK BUKOPUCTAHOI JIITepaTypH.

OCHOBHI O3 MOXYTh MaTH Ha3BH, JIEIIO BIMiHHI BiJl IPUBEICHUX BUIIEC HAaliMEHYBaHb
31 30€pEIKECHHSIM 1X 3arajibHOI JIOT1YHOT IMMOCIiJOBHOCTI.

Cnucox euxopucmanoi nimepamypu NOJAETHCSA 3araJbHUM CIIMCKOM Yy KiHII PYKOIHUCY
(MOCTMIIOBHICTh — y TOPSAKY 3TaJyBaHHS [0 TEKCTY) 3TiTHO 31 BCTAaHOBJICHHMH BUMOTaMH
crangapty JCTVY 8302:2015. Crnucok mae HamigyBatu 15...30 HaliMeHyBaHb, 3 SIKUX MiHIMyM 2/3
omyOJIikoBaHMX 3a ocTaHHI 10 pokiB, 3 HUX HE MeHIIe 5 3akopAoHHUX. He menmie 3 mocunans Mae
OyTd Ha cTaTTi 3 BUAAHb, IO IHACGKCYIOThCcs 0Oazamu Scopus Ta/abo Web of Science Core
Collection. O6¢sr camoruTyBaHHs (MIOCHJIAHHS Ha CBOI MoOIepeaHi myOikailii) JOIMyCKaeThCs HE
Oinbiie 1/3 3aranbHOi KUTBKOCTI JPKEPEIL.

JIo crarTi TakoX HaBOAMTHLCS Tepelik Jiteparypu nartununeto (References), mms iioro
oopmnenns BUKOpUCTOBYeThCS APA-ctunb. CHuCOK JliTepaTypd TpaHCIITEPYETbCS abo
MePEKIIAAEThCS aHTIHChKOI0 MOBOW. TpaHciiTepyBaTH iH(pOpMaIlito HEOOXIHO BiAMOBIIHO 0O
nocraHoBu KaGinery MinictpiB Ykpainu Big 27.01.2010 «IIpo BHopsiaKyBaHHsS TpaHCIiTEparii
YKpaiHChKOTO ai(haBiTy JaTHHUIEIO» (TpaHCIITEpAIlil0 YKpPaiHChKOI MOBHM MOJKHA 3JIIMCHHUTH 3a
nocwnanHsaMm http://ukrlit.org/transliteratsiia#tsource=0JzQsNGAOYLQuNGIOLXQstGB0OYzQutC40
Lk= [oOpatu ctangapt: [lacnoptauii (KMY 2010)]). TpaHcmitepyBatu Kepena, sSKi MUITYThCS
JATHHUIICIO HE TIOTPIOHO.

Cmpykmypoeani anomauyii yKpaiHCbKOIO MOBOIO o0Ocsrom Big 150 mo 250 cnmiB Ta
aHTIIHCHKOI0 MOBOIO 00csiroM He MeHie 1800 3HaKiB HAAIOTHCS: HA MOBI OpPHUTIHATY CTaTTi Tepe;]
BCTYIIOM, Ha 1HIIH MOBI1 — TICJIS TEKCTY CTATTI. Y KiHIII aHOTAIliii HABOATHCS KITFOUYOBI CIIOBA.

OcHoeHi eumozu 00 aHomayii.

— aHoTamis Mae OyTH HamWcaHa TakK, MO0 MaTH MOXJIMBICTH OYTH TPEICTABICHOIO 1
CIPUIHSTOIO YNTaueM OKPEMO BiJ CTATTi;

— aH”oTamis Mae OyTH 1mo30aBiieHOI0 MyOstoBaHHS iH(OpMaIlii, 0 HaBeJIeHA B 3aroJIOBKY
CTATTI;

— aHoTallis Mae OyTu iHOOPMATUBHOIO, 3MICTOBHOIO, MICTUTH KOPOTKY iH(OpMAIif0 Mpo
JOCIIJKeHHS, 10 TPEJICTaBlIeHI B aHOTOBaHIA poOOTI — ramysb, A0 AKOi BIIHOCHUTHCS POOOTa,
aKTyaJIbHICTh, 3ACTOCOBAH1 METO/IU, OCHOBHI PE3yJIbTaTH, IX 3HAYEHHS TS TEOPil Ta MPAKTUKH;

— peueHHs, BUKOpHCTaHi B aHoTanii MaoTh Mictut 10...20 cmiB, OyTH 3pO3yMUTUMH IS
yuTava 0e3 3aliBOi MpUMITHBI3aIlii,

— Y TEKCTi aHOTAIlii CJTiJT BUKOPHCTOBYBATH KJIFOUOBI CJIOBA 3 TEKCTY CTaTTI,

— aHOTAIlisl aHTJIIHCHKOK MOBOIO HE Ma€ OYTH CIIIIMKUM AyOIIOBaHHSIM aHOTAIlli YKpaiHChKOIO
MOBOIO, a OYTH CaMOCTIHHUM ILTICHIM TEKCTOM.

Jlokymenmu, w0 nooaromscs 00 peoaxkuii.

Jis  myOumikarii aBTOp TOBHMHEH HAJaTH JO PEAAKIll eJIeKTPOHHOK TIOMTOK (Ha
nomrry journalnvksma@gmail.com) enekTpoHHHI BapiaHT HACTYITHUX JOKYMEHTIB:

— KOMIT FOTepHUH BapiaHT CTAaTTi — Qaiisr, HabpaHuii y penakropi Microsoft Word;

— (hails1 KOXKHOTO PUCYHKA, BKIIFOUEHOTO B CTATTIO, OKPEMO.
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Kpim Tekcry crarTi aBTOpOM(aMu) HaJarOThCA:

— CTPYKTypOBaHa aHOTAIlisl Ta KIIOYOBI CJIOBa YKpAiHCHKOIO 1 AHIJIICHKOIO MOBaMH,
BKJTIOYAIOYM HA3BY CTATTI Ta MPi3BUINA aBTOPiB JBOMA MOBAMH — Ha OKPEMii CTOPIHIIL;

— JLEH31MHMI JOTOBIp MiAMUCAHHUH yciMa aBTOpaMH;

— BizomocTi mpo aBTopiB (mpi3BHIIE, iM's, 10 OATHKOBI, BUCHHUI CTYIiHb, BUCHE 3BAHHS,
Micuie poboTH, mocaga, qoMainHs abo ciyxO0oBa aapeca, KOHTaKTHUN TenedoH, e-mail, HayKoBi
inTepecu aBropi, ORCID aBTopa(iB)) — Ha OKpeMii CTOPIHII.

CrarTi, mojmaHi Ha po3IJILA, MPOXOAATH IEPEeBIpKYy Ha IUIariaT Ta NOJBiiiHe cline
peuiensyBaHHs. JIJisi perieH3yBaHHs pelakiliiHa KOJIETish MOKE 3alydaTH CTOPOHHIX (DaxiBIliB 3a
BIJIMOBIHUM HAIIPSIMOM.

Penakuiiina koseris 3anuinae 3a co0O0 MpaBO NMPUHMATH PIILIEHHS LIOJO0 BIAMOBIIHOCTI
NPEJCTaBICHUX POOIT HampsMaMm >KypHairy. Marepianu, mo He o(OpMIIEHI 3TiHO HaBeIeHHX
MPaBUJI, MICTATH TUIAriaT, Y4 HE BIAMOBIAAIOTH HAMPsIMaM KypHAITy OyyTh BIAXUJICHI.

Ionoxcennsn npo Kongioenyinnicmo

Imena Ta enexkTpoHHI ajapecH, BKazaHl KOpPUCTyBauaMM Ha CaMTi LbOTO KypHaly, OyIyTb
BUKOPUCTaH1 BUKJIIOUHO JJIs1 BUKOHAHHS BHYTPILIHIX TEXHIYHHUX 3aBJIaHb I[bOIO JKypHaJly; BOHU HE
OylyTh IOIIMPIOBATUCH Ta MEPEIaBaTUCh CTOPOHHIM 0cO0aMm.
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DESIGN REQUIREMENTS FOR SCIENTIFIC WORKS

Only articles in Ukrainian or English containing the results of authors own original research,
which have scientific and practical value and have not been published yet, could be accepted for
publication. Purely review articles are not accepted for publication. The author is responsible for the
content of the article.

According to the requirements of item 3 of the Resolution of the Presidium of the Supreme
Certifying Commission of Ukraine No. 7-05/1 dated 15.01.2003, scientific articles submitted for
publication should contain the following elements: statement of the problem in a general form and
its connection with important scientific or practical tasks; analysis of the recent studies and
publications in which the solution to the problem, which the author refers to, was initiated; selection
of previously unresolved parts of a general problem, to which the article is devoted; formulation of
article goals (statement of the task); presentation of the main material of the study with a full
justification of obtained scientific results; conclusions and prospects for further scientific research
in this area.

Article total volume allowed is 10...15 pages with all materials embodied, including tables,
figures, graphs and reference list. The sum of figures and tables should be no more than 30% of the
research body.

Article design. The following information shall be placed on the first page of the
manuscript: Universal Decimal Classification (UDC) index, article title, surname, initials, and
scientific degree (academic status) of the author (s).

Universal Decimal Classification (UDC) index is to be placed on the left side, font size — 10 pt.

Article title is to be placed in the centre in block letters (bold type, font size — 14 pt.).

Information about an author (s): surname, initials, academic degree, academic status,
occupational  title, full name of institution or public organization, country,
e-mail address, author’s ORCID is to be indicated in Italics, on the left side, font size — 12 pt.

The text is to be given in MS Word document format, font — Times New Roman, font size —
12 pt., line spacing — 1.

Page setup (menu option FILE, Page setup):

— paper size — A4: 210*297 mm;

— paper layout — book (album is forbidden);

— margins — 2.00 cm;

— casework — 0.00 cm;

— page header/footer — 1.30 cm;

— paragraph indent — 1.25 cm, full justification, no page numbering is required.

The article is to contain only those formulas, figures, tables that provide disclosure of the
content of the presented research, all of them must be referenced in the text of the article.

Formulas should be typed using the built-in Equation Editor formula editor. All formulas
are to be inserted into a table with no outline, consisting of two columns: the first column is to
contain a formula without a paragraph and centre justified, the second one is to contain a formula
number (if any), without a paragraph and centre justified. The border between the columns of the
table isto be setat 14 cm.

This also applies to formulas and formula characters that appear in the text. The parameters
in the formula editor must exactly match the following:

Sizes (Equation Editor menu option: SIZE, Determine ...):

— Regular 12 pt.

— Large index 7 pt.

— Small index 5 pt.

— Large character 18 pt.

— Small character 12 pt.

Tables are to be made up in Microsoft Word.
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Figures should be black and white, preferably transparent, and inserted into the file and
article print. Figure format (tif, pcx, bmp, etc.) must be compatible with the Microsoft Word text
editor. Figure resolution is to be at least 300 dpi.

Article structure:

— introduction;

— statement of the problem;

— analysis of the recent research and publications;

— the purpose and objectives of the research;

— statement of the main material (research methods, problems solutions to ensure the
achievement of the objectives);

— discussion of results;

— conclusions;

— directions for further research;

— reference list.

The main sections may have names that are slightly different from the names given above
while maintaining the general logical sequence.

Reference list is to be given in the form of a general list at the end of the manuscript (the
sequence is to be in the order of citation) in accordance with the established requirements of DSTU
8302: 2015 standard. The list should contain total 15...30 titles, of which at least 2/3 published in
the last 10 years, of which at least 5 foreign. There should be at least 3 references to articles from
publications indexed by the Scopus and/or Web of Science Core Collection databases. The amount
of self-citation (links to your previous publications) is allowed to be no more than 1/3 of the total
number of sources.

The article is to be followed by the reference list in Roman alphabet (References). ARA-style
is to be used when executing it. The reference list is to be transliterated or translated into English.
Information transliteration is required to be in accordance with the Resolution of the Cabinet of
Ministers of Ukraine dated 27.01.2010 “Concerning the regulation of Ukrainian alphabet
transliteration by Roman alphabet” (Ukrainian language transliteration can be done at http:
/ukrlit.org/transliteratsiia#source=0JzQsNGAOY LQUNGIOLXQstGB0OYzQutC40Lk=[selectstandard:
Passport (CMU 2010)]).

It is not required to transliterate the sources written in Roman alphabet.

Structured abstracts in Ukrainian (150 to 250 words) and English (not less than 1800
words) languages are given as follows: an abstract is given before the introduction if it has been
executed in article source language, but if an abstract has been executed in a language different
from article source one, an abstract is given after the text of the article. Keywords list is given under
the abstract.

Basic requirements for abstracts:

— the abstract must be written in such a way as to be able to be presented and perceived
separately from the article;

— the abstract must be devoid of duplication of information given in the title of the article;

— the abstract should be informative, meaningful, contain brief information about the
research presented in the annotated paper - the field to which the work belongs, relevance, applied
methods, main results, their significance for theory and practice;

— the sentences used in the abstract should contain 10...20 words, be understandable to the
reader without excessive primitiveness;

— keywords from the text of the article should be used in the text of the abstract;

— the abstract in English should not be a blind duplication of the abstract in Ukrainian, but
should be an independent, complete text.

The documents to be submitted to the editorial office.

In order to be published, the author is required to submit electronic
(to journalnvksma@gmail.com) version of the following documents to the editorial office:

— electronic article — a file, typed in Microsoft Word editor;
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— a separate file of each figure included in the article.

Along with the article text, the author (s) must submit:

— structured abstract with keywords list in both Ukrainian and English languages, including
article’s title and author (s) surname (s) in three languages — on a separate page;

— license contract;

— information about authors (surname, name, middle name, academic degree, academic title,
place of employment, occupation title, home or work address, contact telephone number, e-mail
address, scientific interests of authors, author (s) ORCID — on a separate page.

Articles submitted for consideration are checked for plagiarism and double-blind peer
review. For review, the editorial board can involve external experts in the relevant direction.

The editorial board reserves the right to make decisions regarding the compliance of the
presented works with the directions of the magazine. Materials that are not designed according to
the above rules, contain plagiarism, or do not correspond to the directions of the journal will be
rejected.

Privacy Statement

The names and email addresses provided by users on journal’s site, shall be used solely to
perform the internal technical tasks of this journal; they shall not be distributed or transmitted to
any outside parties.
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