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Optimization of Electronic Speed Governor
Settings for Marine Diesel Generator

Peztome. OO6IpyHmMo8ano Memoouxy HAalAUmy8anHs eieKmpoHHO20
pezynamopa yacmomu 06epmanHs KOHMpPOIEPHO20 MUny cyoH08020 OU3eib-
eenepamopa, AKa 6pAxo8ye ICMOMHICMb 3MIHU HABAHMAICEHHSA NpU
HaUiMOBIpHIUX cmyneHesux 30ypenHsx. Buseneno saxonomipnocmi eniugy
napamempié HalQUIMYGAHHS EeKMPOHHO20 PpeyIAmopa Ha NOKA3HUKU
pobomu cyOHO80I OU3eb-2eHEPAMOPHOT YCMAHOBKU 8 YMOBAX eKCNIYAmayii.
3a  paxynox onmumizayii HanAQWIMYSAHHS NOKpAWjeHa CcMadilbHICMb
yacmomu 06epmanHsL Ou3eib-2eHepamopa Oe3 NOpPyUeHHs. Pe2laMeHMOBAHUX
cmandapmamy  8uMo2 00 pe2YllO8aHHA Hacmomu o00epmanHs nio uac
MAKCUMATLHO OORYCMUMO20 CKUOAHHS HABAHMAICEHHS.

Summary. A methodology for tuning a controller-based electronic speed
governor of a marine diesel generator has been substantiated, taking into
account the significance of load variations under the most probable step
disturbances. The relationships between the governor tuning parameters
and the performance indicators of the marine diesel generator set under
operating conditions have been established. Optimization of the governor
settings improves diesel generator speed stability while maintaining
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compliance with standard requirements for speed control during maximum
permissible load shedding.

Juzens-reneparopu () BUKOPHCTOBYIOTHCS Y CKJIaJi €HEPreTHYHHX
YCTAaHOBOK OIJBIIOCTI CyAE€H Ta MaiOTh MPOTHO30BaHY JOBTOCTPOKOBY
mepcriekTuBy [1]. OcTaHHIMH pOKaMH Yy CHCTEMax aBTOMAaTHYHOTO
perymioBaHHS JOMOMDKHHX [U3€NiB IIMPOKOTO MOIIUpPEHHS Ha0ymn
eJIeKTPOHHI perynsaTopu yacTtoté obepranHsa (PYO), moOymoBani Ha 6asi
MPOrpaMOBaHHX JIOTIYHUX KOHTPOJIEpiB. BomHouac y mporieci ekcrutyarartii
AT i3 takumu PYO wacto BHHUKaOTh MpoOJjeMH 3a0e3NeueHHs SKOCTI
PEryJIFOBaHHS YaCTOTH 00EPTaHH, ITOB’I3aHi 3 HE3a0BITBHO0 THHAMIKOIO
peryJsitopa mizx yac 3MiHKM HaBaHTaxkeHHs Ha J[[". Y pe3ynbrati 3HHKYEThCS
cTabUIbHICTB YacToTH 00epTanHs /II” Ha pi3HUX peXxuMax poOOTH Cy1Ha, IO
Oe3rocepeIHBO BIUIMBAaE Ha Oe3neKy MoperiaBcTBa. Hipkue HaBelneHO
XapaKTepHI eKCIUTyaTaliiHi BUTIaKH.

Y 2021 — 2022 pokax mpu ekcruryatanii tankepiB "NOBLEWAY",
"BRIGHTWAY" Tta "FAIRWAY", o0OmagHanux  JOIOMDKHUMH
mm3ensHuME yeranokamn HYUNDAI-HIMSEN 5H21/32, 3adikcoBano
KOJIMBAaHHS TapaMeTpiB EJIEKTPUYIHOTO CTPyMy Ta OOMIHHI KOJHBAHHS
MOTY)KHOCTI Tpu TapanenbHid poboti [I, mo mpusBogmio 10 iX
CaMOBIIBHOTO B €IHAHHS BiJ CYJHOBOI eJIeKTpoMepexi. BCTaHOBIICHO,
1110 3a3Ha4YEHI SBUILA 3yMOBIIEHI HEKOPEKTHUMH HanamtyBanHsmu PUO, siki
NPU3BOIMIM 10 TIOSBH aBTOKOJIMBAHb Y CUCTEMI aBTOMAaTHYHOTO
peryiroBanHs yactot ooepranus (CAPY).

VY mepiog 2022 — 2023 pokiB y mpomeci eKcIuIyaramii TaHKepiB
"CATALAN SEA" ta "LIGURIAN SEA" i3 IOIOMDKHUMH IU3EIIMU
HYUNDAI-HIMSEN 7H17/28 BusBieHa He3aJ0BUTbHA €(EKTUBHICTH
ABTOMATHYHOTO PEryJIIOBaHHS YacTOTH OOEPTAaHHS y IIMPOKOMY Aiana3oHi
MIBUIKICHUX PEXHMIB, IO MOTPeOyBajJO YacTOro IEepEeHAIAIITYBaHHS
perynsaTopiB.

Y 2023 — 2024 pokax mixm wac excruryatamii TaskepiB "PACIFIC
DIAMOND" ta "PACIFIC QUARTZ" i3 /II' DAIHATSU 6DK-20, a Takox
tankepiB "PACIFIC BLUE" rta "PACIFIC JADE" i3 JII' YANMAR
6EY22ALW, HanamrtyBaHHSI PEryJisiTOpiB He 3a0e3neuyBayii 3aJ0BLIBHOT
peakuii miJ 4ac BMHKaHHS/BUMKHEHHSI CIIOXMBAadiB BEJIMKOI MOTYXHOCTI,
110 TPU3BOJIMIIO A0 3HIDKEHHS CTa0UILHOCTI YaCTOTH 0OEpTaHHs Ta, y psi
BUNAJIKIB, 10 BIAKIIIOYEHHS JU3€Ib-TeHEPATOPHUX YCTAaHOBOK Bijl CYJHOBOI
SIICKTPOMEPEKI.

VY nepion 2024 — 2025 pokis Ha Tankepax "ATLANTIC EMERALD" ta
"ATLANTIC JADE" i3 ' HYUNDAI-HIMSEN 6H22CDF, a Takox Ha
taakepax "ATLANTIC BLUE" ta"ATLANTIC GOLD" i3 AT DAIHATSU
6DE-23, BusABICHO 3HIDKEHHS CTaOUTPHOCTI 4YacTOTH oOepTaHHS IIpU
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CTYIIEHEeBOMY HAaBaHTa)KCHHI CEPEAHbOI BETMUMHH, 1110 IPU3BEIIO 10 300iB y
poOOTi YyTIUBOTO EINEKTPOOOITaTHAHHS.

Le o3Hagae, mo B eKcIDIyaramii iCHye HEOOXINHICTE pPYYHOTrO
repeHanamTyBanHs enekTpoHanx PUO min wac 3mian pexxumiB podotu I
HAa OCHOBI BIi3yaJbHOI OINHKH CTaOiIBHOCTI YacTOTH OOepTaHHS, IO
YCKITaTHIOE TEXHIYHE 00CITyrOBYBaHHS Ta MiIBUIIY€E HMOBIPHICTH BiIMOB [2].

SIk  HaCHiIOK, AaKTyaJbHOIO € Tmpobiema 3a0e3nmeueHHs SIKOCTi
perymroBaHHsI 4acToTu oOepranHs cyaHoBux JII' 3 emektpornHumu PYO
KOHTPOJICPHOTO THIy ©€3 HEOOXiTHOCTI BHMYIIEHOTO MEPiOAUIHOIO
PYYHOTr0 IIepeHANIAIITYBaHHS B IIPOLIECi eKCILTyaTallii.

VY 3B’s3Ky 3 BUKJIICHUM METOKO POOOTH € 3a0€3MeUCHHS IKICHOT poOoTH
KoHTposiepHux enekrpoHHux PHYO cynnosux I' B excrityarartii.

Hdns  onrumizamii  mapamerpiB  enektpoHHnx PUYO  nominbHO
BHUKOPHCTOBYBATH MaTeMaTHYHE MOICITIOBAHHS [3], sIke 103BOJISIE MPOBOJUTH
JOCII/DKEHHSI 3 MEHIIMMH BHUTPAaTaMH PECYpPCiB, YHUKAaTH CIOTBOPEHHS
OTPUMAaHMX pE3YJIbTATIB BHIIAJKOBUMH (DAKTOpaMH Ta BiATBOPIOBATH
pi3HOMaHITHI KOMOIHAIIT eKCIUTyaTaIlifHNX YMOB CYIHOBHX JH3EiB.

SAx o6’ext mocmimkenHs obpano JI° MAN 5L23/30H Mk3 ECR 3
enekTpoHHuM  KoHTposiepauM  PUO  SaCoSq,e kommanii  Everllence Ta
BHKOHaBYMM MexaHizMoM (BM) Regulateurs Europa tumy 2800. /lana nu3ens-
reHepaTopHa YCTaHOBKA Mae HOMiHalbHY HOTYXHICTh 500 kBT 1 HOMiHaJIBHY
yactoty o6epranns 720 XB'!, € YOTMPUTAKTHOIO, TPOHKOBOIKO, HEPEBEPCHBHOIO.

Hdns  mopmemtoBanHs BHKopucrtaHa Monens CAPY  cymHOBoOro
YOTHPHUTAKTHOTO Au3ens 3 enekTpoHHuM PYUO Ta rinpasiniyaum BM, B skiii
BPaxOBYETHCS IMKIJIOBAa HECTaOUIBHICTH KpyTHOro MoMeHTy [4]. Moaens
JIO3BOJISIE  QHANI3YBaTH BIUIMB NapaMeTpiB HamamTyBanHa PUO Ha
nuHamiuHi BnactuBocti CAPY nnzens Ta BpaxoBye 3ali3HEHHS y KaHa
repefadi  Kepyrodoro BIUIMBY Bil PETYJsITOpa 1O IHU3Es, 3yMOBIICHE
OUKIIYHICTIO TI0Jjadi MairuBa Ta OCOOIMBOCTAMH 3MiHH KPYTHOTO MOMEHTY
B KPUBOIIMITHO-IITATYHHOMY MEXaHi3Mi.

Hwxk4e mnpuBeneHi 3Ha4YeHHS MapaMmeTpiB MOJAETi BiANOBIAHO 10
KOHCTPYKTOPCBHKOI JOKyMeHTaIii [5]:

yac posrony ' 7y = 1,8 c;

KyT BUIIEPE/DKEHHS YIOPCKyBaHHS nanusa ¢; = —14,5 rpan. [IKB;

HEepiBHOMIpHICTh BUMipIOBaua 4yactoTi obepranHs 6. = 0,08 BiaH. ox.;

Koe(iLieHT MiZCUIIEHHS IPONopLiiHOi aHku k, = 0,1 ... 5 BigH. 01,5

yac iHTerpytouoi tanku 7;=0,5 ... 8 ¢;

KoedimieHT mepenadi audepenmuitoroyoi Janku ky =0 ... 1 BigH. 011.;

BiTHOCHA IIMPUHA 30HU HedyTauBocTi € = 0,002 BigH. 011.;

Koe(IIliEHT Mepeadi 30HN HeIyTINBOCTI kg = | BifH. Ox.;

HEpiBHOMIPHICTH Kepyrodoro enementa BM 6., = 0,04 BigH. ox.;
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yac BM PUO 7. = 0,47 c;

Koe]iLieHT 3BOPOTHOTO 3B’ I3KY k7p = 0 BimH. 01.;

KOe(ILIEHT BHKOPUCTAHHS XOJy PEryJsaTopa MiJ Yac Mepexoxy Bif
HYJILOBOI JI0 HOMIHAJIBHOI 1MO/1avi manusa &y, = 0,8 BiIH. OI.

AHaJi3 MoTy>KHOCTEH CIOXKHMBaviB TAHKEPa Ta IXHHOTO CITiBBITHOIICHHS
3 motyxkHicTio II" (3 ypaXyBaHHIM KUTBKOCTI MPAIOI0YUX CIOXKHBAUiB HA
PI3HHUX eKCIUTyaTalliiHUX peXUMax Ta HMOBIPHOCTI IXHBOIO BMHKAHHS)
nokasas, mo CAPY cysHOBUX JU3elb-TeHEPATOPHUX YCTAaHOBOK B YMOBaxX
peanpHOI eKcITyaTalii Mae 3a0e3medyBaTH HEOOXiOHY IOHHAMIKY B
IIMPOKOMY J1iara3oHi 3MiH HaBaHTaXeHHS [6]. Y 3B’SI3Ky 3 UM, BU3HAHO
JOUUIBHUM TIPOBECTH JOCIIDKSHHS BIUIMBY BEJMYMHU CTYIEHEBOI 3MiHM
BIJHOCHOTO MOMEHTY HaBaHTaxeHHs AM, y niamazoni 10 ... 100 % na
3akumaHas gactotu obepranHs JI'. JlocmimkeHHS BHKOHAHO NPH 3MiHi
koedilLieHTa MiZICHICHHS PONOPLIHHOI JIaHKH kj,, 4acy iHTErpyl04oi JaHKH
T;, a Takox KoedimienTa mepemaui AudEpeHIliro0Y0i JTaHKU kg, OOpaHi
Jiara3oHU BapilOBaHHS MapaMeTpiB HaJIAIITYBaHHs elekTpoHHoro PUO
cyaHoBoro JII' y KOHCTPYKTHMBHO BH3HAUCHHX MEXKaxX CTAaHOBHIIM:
kpy=1...2,58ign.ox.; 7;=0,65 ... 1,85 ¢c; k4=0 ... 0,1 Bign. ox. [lapamerpu
BapitoBaHHA k, Ta T; 3MiHIOBanucs y 1,25 ta 1,3 pa3iB BignoBinHo. 3HaUeHHA
napameTpa ky 3MiHtoBasocs 3 kpokom 0,025.

VY peanpHHX yMOBax eKcrutyaranii cyqHoBux JAI" 4uM MeHI aMIutiTyan
CTYIICHEBUX 30ypeHb, TUM OuIbIla HMOBIPHICTH IXHBROTO BHUHUKHCHHSI.
BinmoBinHo, 00rpyHTOBaHMM MOKHa BBakatu HamamryBaHHs CAPY I 3
enekTpoHHUM PUO KOHTpOJIEpHOrOo THITY HA TaKy aMILTITyly 30ypeHHs, 10
Mae OiTbITy HMOBIPHICTh BHHHKHEHHS 1 BOJHOYAC Ma€ iCTOTHHIA BIUTUB Ha
nuHamiky CAPY JIT.

Ha puc. 1 naBeneno nepexignai nporecu 8 CAPY JII' MAN 5L23/30H
Mk3 ECR i3 HanamrtyBaHHAMH IPONOPLIHHO-IHTErpO-1U(pEePEHIII0I0U0r0
(ITI[T) xontponepa enexkrpoHHoro PUO SaCoSow: k,=1,0 BigH. ox.;
T:= 1,85 ¢; k;= 0 BigH. op.

®g
1.06
1.04.
1.02

0.98

0.6

Puc. 1. Ilepexinni npouecu B CAPY JII” npu ckunanHi HaBaHTaxeHH AM,
i3 HanawmryBanasmu [11] konTponepa enekrporHoro PUO
k,=1,0 Bign. on.; T; = 1,85 ¢; ks = 0 BigH. of.
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I3 puc. 1 BurumBae, mo it 30ypens 10 120 % nquHaMivHuN 3aKHU]] 4aCTOTH
o0epTaHHS cTaHOBUTH BiamoBigHo 1,1 Ta 1,5 % Big HOMIHAJIBHOI YaCTOTH
obepranns [II, a 4ac peryoBaHHs He epeBHIIye 2 c. Y niana3oHi 30ypeHb
30 ... 100 % 3axmmanHs gactotu obepranHsa Al cranoButs 2,0 ... 6,5 %, a
Yac peryJIroBaHHS 3HAXOAUThCA B Mexkax 3,0 ... 4,5 c.

Ha puc. 2 naBeneno nepexinai nporecu B CAPY JII' MAN 5L23/30H
Mk3 ECR i3 nHamamryBamasamu IIIJ[ koHTponepa enextponnoro PYO
SaCoSgne: kp = 1,25 Bign. ox.; 7; = 1,45 c; kg = 0,025 BinH. ox.

Wd

Puc. 2. Tlepexiani nporecu B CAPY JII" ipu ckuaHHi HaBaHTaxXeHHsT AM,
i3 HanmamryBanusamu [11]] korTponepa enekrpornHoro PHO:
k= 1,25 Binn. on.; T; = 1,45 c; ks = 0,025 BigH. ox.

I3 puc. 2 BumumBae, mo npu 30ypernsax 10 1 20 % nuHaAMIYHUNA 3aKUT
4acTOTH 00epTaHHs CTaHOBUTH BimmosimHo 0,9 Ta 1,4 % Bix HOMIHANBHOI
gactota obepranHs JI', a wac perymroBaHHsS He mepepuinye 2,5 c. Jmsa
30ypers 30 ... 50 % 3axkmmaHHs gactoTH oOepraHHs [T 3HAXOOWTHCS B
Mexkax 2 ... 3 %, Ipu nbOMy Yac peryJIfoBaHHS HE MEPEBUIYE 3 ¢. 3a 3MiHH
HaBaHTaXeHHs B Aianazoni 60 ... 100 % 3akumanus 3poctae a0 3,5 ... 6,0 %,
a yac peryJoBaHHs 110 4 c.

Ha puc. 3 naBeneno nepexinni npouecu B CAPY JII' MAN 5L23/30H
Mk3 ECR i3 namamryBanasmu I1IJI koHTposepa enekrponnoro PUYO
SaCoSene: kp = 1,55 Bign. on.; T; = 1,10 c; ks = 0,05 BigH. ox.

I3 puc. 3 BurumBae, mo npu 30yperssx 10 i 20 % quHaMiuHUN 3aKH]
4acToTH OOCpTaHHS CTAaHOBUTH BimmoimHO 1,3 Ta 1,6 % Big HOMIHATBHOI
yactoTr obepranns I, a uac perynroBanHs He nepesuuiye 3 c. st 30ypeHs
30 ... 50 % 3akmmaHHs 4YacToTH oOepTaHHs /[T 3HAXOIUTHCI B MeXkax
2,1 ... 2,8 % npwm gaci perymoBanas 10 3 c. Y pasi 30ypens 60 ... 100 %,
3akugaHHs craHoBUTh 3,0 ... 5,8 % 1 wac perymoBaHHS HE IEPEBHUIIYE
3,5¢c.
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Puc. 3. TTepexinni nportecu 8 CAPY /1" ipyn ckmniaHHi HaBaHTaXeHHS AM,

i3 HamamryBanHsamu [11]] korTposepa enekrponHoro PHO:
ky, =1,55 Bimn. on.; ;= 1,1 ¢; kg = 0,05 BigH. op.

Ha puc. 4 HaBeneno nepexiani nporecu 8 CAPY Il HYUNDAI MAN
5L23/30H Mk3 ECR i3 HanamryBansasmu [11]] koHTpoOepa enekTpoHHOTro
PYO SaCoSone: kp = 1,95 Binn. oxn.; Ti = 0,85 ¢; k4= 0,075 BigH. ox.

g ~

1.04
1.03

Puc. 4. TTepexinai npouecu 8 CAPY /1" ipn ckupaHHi HaBaHTaXeHHS AM,
i3 HamamryBanHsamu [11]] korTpomnepa enekrporHoro PHO:
ky, = 1,95 Bimn. ox.; T; = 0,85 c; ks = 0,075 BigH. ox.

I3 puc. 4 BurumBae, mo npu 30ypenHsax 10 i 20 % nuHaMiYHUHN 32K
4acTOTH OOCpTaHHS CTAaHOBUTH BimmosimHO 1,0 Ta 1,3 % Big HOMiIHATHHOI
gacrotu obepranng I, mpu IbOMy 9ac peryiIiOBaHHS He MepeBuIye 2,5 c.
Hus 36ypens 30 ... 50 % 3akuaanust yactotu odeprans [AI" 3HaX0qUTHCs B
Mexax 2 ... 3,5 % mpu gaci perymoBanHs 10 3 c. Y pasi 30ypens 60 ...
100 %, 3axumaHHs CTAaHOBUTH 4 ... 5 % 1 Wac peryroBaHHS HE MEPEBUIIYE
3,5¢c.
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Ha puc. 5 HaBeneno nepexinni nporecu B CAPY II' MAN 5L23/30H
Mk3 ECR i3 namamryBanusmu [11J] kontposepa enekrponHoro PUO
SaCoSone: kp = 2,45 BigH. on.; T; = 0,65 c; ks = 0,1 BigH. ox.

Og

N

S SERNEL e Y S 3
—% m g 88 & 3 ¥ e
Puc. 5. Tlepexiani nporiecu B CAPY JII' ipu cKumaHHi HaBaHTaXeHHS AM,
i3 HanawmrryBanasamu [11]] kontponepa enexkrponnoro PHO:
k, = 2,45 Binn. ox.; T; = 0,65 c; ks = 0,1 BigH. of.

I3 puc. 5 BurumBae, mo npu 30ypennsx 10 1 20 % nuHaAMIYHUNA 3aKU
yactoTi obepranHs craHoBuTh 0,8 Ta 1,3 % BiI HOMIHAIBEHOI YacCTOTH
obepranns I, a gac perymoBanss Bimnosigao 1,7 Ta 1,9 ¢. 3a 30ypens 30 ...
50 % 3akupmanHs yactotH obepranHs [II' He mepeBuinye 3 % mpu uaci
perynroBanHs 3 ¢. Y pa3si 30ypens 60 ... 100 %, 3akugaHHs CTAaHOBHTS 4 ...
6 %, a yac peryJroBaHHs He IepeBulIye 3,5 c.

I3 puc. 1 — 5 BummBae, mo mpu Oyap-sAkux (B 0OpaHOMY Aiamas3oHi
BapilOBaHHs) HANTAIITYBaHHIX pEryisiTopa IpH 3HadeHHsX AM,. no 20 %
MUHAMIYHUHA 3aKyj dYacToTh oOepTanHs cranoButh 0,8 ... 1,6 % Bix
HOMiHaNBHOT YacToTH obepranHs JI', a gac perymtoBanHs He Oumbime 2 c. Le
O3Hauae, IO ICTOTHICTh BILIMBY Ha auHamiky CAPY BenmMuuHM CTyTEeHEBOT
3MiHM HaBaHTaxeHHS 10 20 % AM, € HecyTTeBOlO. Y 3B’S3KYy 3 IUM,
ontumizauist IIIJI xontposepiB enekrponnux PUYO, ski  MOXyTh
HAJIAIITOBYBATHCS B €KCIUTyaTallii B 3aJI€KHOCTI BiJl BEIUYMHH BiIXHICHHS
(akTrynoi yactoTm obepranns /I Bix 3amaHol, JOLIJIBHA Y Jiama3oHi
BenmuanH 30ypenss 20 ... 100 %.

Jist onrTrMizaItii i3 ypaxyBaHHSM iCTOTHOCTI BIDIMBY CTYTICHEBUX 30ypeHb
Ha muHamiky CAPY oOrpyHTOBaHOMO € BennunHa 30ypeHHst 20 %, OCKUTBKH B
ekcruryatamii cyanoBux JI' MeHm amriityau € iMoBipHimmmu. s Takoi
BEJINYMHY ONTUManbHe HaamtyBanHs [11/] koHTponepa cranoBuTs: k, = 1,95
BigH. ox.; 7;= 0,85 ¢; ky= 0 BigH. ox1.
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Y nocnimkeHHi mix "onTuMaTbHEM " HATAIITYBaHHSIM eleKTpoHHOro PHO
po3yMieTbcsl Take, IO 3a0e3redye MiHIMyM 3aKHJaHHS pEryJbOBaHOI
BEIMYHMHU TIPH MAKCUMAIFHOMY CKHJIaHHI HABaHT)XCHHS 3 JOTPUMAHHIM
JIO3BOJICHOTO CTaHJapTaMH Yacy PeryiioBaHHS 4acToTu obepranas I .

Y Tabn. HaBemeHO TOPIBHAHHS EKCHEPUMCHTANBHUX 3HAUYeHb
MTOKA3HUKIB SKOCTI 31 mraTHUM (k, = 2,45 Bign. ox.; 7;=0,65 ¢; k= 0,1 Bigs.
0].) Ta 3anponoHoBanuM (k, = 1,95 Bign. oxn.; 7;= 0,85 c; ky = 0 BimH. ox.)
nanamryBarasm [11]] kouTposepa enekrponsoro PUO s mecty BapiaHTiB
CKHIAHHS/HAKHIAHHS HAaBAaHTa)KEHHS.

Tabmuis
ExcniepuMeHTaNbHI 3HAYCHHS MOKA3HUKIB SKOCTI
3anpornoHoBaHe
[lItaTtHe HamAITYBaHHS
. HaﬂaIHTyBaHHH
3MiHa
HapaHTaxenns, | AKHAGHHS ac 3aKUIAHHS ac
% HacTot! PETyIIOBAHHS HacToT! PETyIIIOBAHHS
o6eptanns I, ’| obepraHHs ’
. c 1 c
XB JAT, xB
100 — 0 43 2,7 52 2,9
100 — 50 40 3,5 19 3,3
100 — 75 37 3,4 11 2,7
0—25 39 3,5 13 2,8
0—50 45 3,7 24 3,2
50 — 100 43 4,0 23 3,7

[Ipu 3anporroroBaHoMy HanamryBaHHi PHO pernameHTOBaHI BUMOTH /10
3aKHAHHS 9aCTOTH 00EPTAaHHSI Ta Yacy PETyIIOBAHHS JOTPUMYIOTHCS B YCIX
MepexigHuX pekuMax. TakuM YUHOM, OIITUMATLHUM JIJIs1 HAiMOBIpHIIIIOTO
cyrreBoro 30yperns 20 % nanamryBanHsaM [11]] koHTpoJIEepa eneKTPOHHOTO
peryjstopa  JW3eNb-TeHEPATOPHOI  YCTAHOBKHM  BIAJIOCS  ITiABHIIUTH
CTabUIBHICTh YacToTH 00epTanHs 10 12 %.

VY xoni gocmimkenus CAPY /1T 3 enexrponanM PHO BCTaHOBIICHO:

30inbLIeHHs KoedilieHTa MiAcuieHHs npornopuiiHoi sanku [11J]
KOHTpOJIEpa BHUIIE 2 BiJH. OJ. 3MEHIIYE BEJIMYMHY 3aKUIAHHS YacTOTH
obepranust /I, mpore mnpu 30ypeHHsx, Bummx 3a 20 %, BUHHKAE
nepeperymoBandss B CAPUY  nusens-reHeparopHoi ycTaHoBku. Ilpu
3Ha4eHHAX 1 ... 1,5 BiAH. ox. mepeperyoBaHHS iCTOTHO 3MEHIIYETHCS,
mpoTe cTabiabHICTh YacToTH obepTanHs [ moripmryerbes;

3HIDKEHHA dYacy iHTerpyrorodoi sanku Himkde 0,85 c¢ 30impmrye
HecTabinbHicTh 10 0,8 % Big HOMiHaNBHOT yacToTn obepranHsa Al mpu 3MiHi
HaBaHTaxeHHi 710 40 %, a 3Hauenns 7; 1,45 ... 1,85 ¢ — TpuBamcrts
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mepexigHoro mporecy perymoBanas — Ha 0,3 ... 0,8 ¢ mpm 3MiHI
HaBaHTaxeHHs 40 ... 100 %;

30UTBbIICHHS KoedillieHTa Tmepenadi audepeHmiodoi JTaHKH He
nmokpamnye amHamiky CAPY npu 3HadeHHAX Koe(illieHTa IIiICHIICHHS
TIPOTOPIIiifHOI Manku 1,5 ... 2 BigH. ox.

I3 mporo ButumBae, mo mg enekrpoHroro PUO cynroBux I gomineHO
0o0HyNeHHA An(EepeHIifol0Y0i CKIAJA0BOI y TOENHAHHI 3 IIiBUIIEHHSIM
KoedirienTa miaCHICHHS TponopiiHol Janku 10 1,5 ... 2 BigH. oxa. Ilpu
bOMY IHTETPYIOUY CKJIaJIOBY PEKOMEHIY€eThCs 3a/aBati y mexax 0,85 ...
1,45 ¢ nmns nokpamieHHs cTabinmbHOCTI uyactotu oOepranHs [T mpu
30ypenHsx g0 40 %, Ta 3MEHIICHHI TPUBAIOCTI MEPEXiTHOTO MPOLECY
perysroBaHHs ITpy 3MiHI HaBaHTaxeHHst Ha T" 40 ... 100 %.

3anpornoHoBaHa METOAMKa BHOOpY mnapaMerpiB HanamrtyBaHHs PYO
no3Bonuiia apantysatu podoty CAPY no peansHux ymoB excrinyararii AT,
a TaKOX YCYHYTH HEOOXIJHICTP BHMYIICHOTO IEPIOAMYHOTO PYIHOTO
MepeHATATyBaHHs perynsaTopi. Ilpn 1pOMy MOKa3aHO, IO HABITH Y
HaJIAIITOBAaHOMY 3aBOIOM-BHPOOHHKOM enekTpoHHOMY PUO cynaoBux I
€ pe3epBH ONTHUMI3allil eKCIUTyaTallifHIX pPEeXUMIB 3 ypaxyBaHHSIM
ICTOTHOCTI BIUIMBY BEIWYMHH CKHJAHHS/HAKWIAHHS HABAaHTAXKEHHI Ta
HMOBIpHOCTI i1 BAHUKHEHHS B €KCILTyaTaIlil.

JIITEPATYPA
REFERENCES

1. Babamohammadi S., Birss A., Pouran H., Pandhal J., Borhani T.
Emission control and carbon capture from diesel generators and engines: A
decade-long perspective. // Carbon Capture Science & Technology. — 2025.
—Vol. 14— Ne 100379. — 34 p.

2. Stoumpos S., Bolbot V., Theotokatos G., Boulougouris E. Safety
performance assessment of a marine dual-fuel engine by integrating failure
mode, effects, and criticality analysis with simulation tools. / Proceedings
of the Institution of Mechanical Engineers Part M: Journal of Engineering
for the Maritime Environment. — 2022, — Ne 236 (2). — P. 376 — 393.

3. Gorb S., Popovskii A., Budurov M. Adjustment of speed governor for
marine diesel generator engine. // International Journal of GEOMATE. —2023.
—Vol.25.—Ne 109. — P. 125 - 132.

4. Budurov M., Gorb S., Popovskii A. Optimization of electronic speed
governors sensitivity for marine diesel engines. // Eastern-European Journal
of Enterprise Technologies. — 2025. — Vol. 2. — Ne 8 (134). — P. 26 — 35.

5. Project guide for GenSet MAN L23/30H. — Pexum pnoctymy:
https://man-es.com/applications/projectguides/4stroke/manualcontent/L23-
30H GenSet Tierll.pdf (nara 3Bepuenns: 22.03.2026).

11



ABTOMaTH3allis CyZAHOBHX TEXHIYHHX 3aC00IB Bumnycxk Ne 31

6.T'opo C. I, IMomoscekuit O. 0., bymypos M. 1. Onrtumizamis
HaJIAIITYBAaHHS pETYJISITOpAa YacTOTH OOEpTaHHSA Jau3enb-reHeparopa. //
ABTOMaTH3AIIIST CYAHOBUX TEXHIYHHX 3aC00iB: HayK.-TexH. 30. — 2023. — Bum.
28.—Opmeca: HY "OMA". -C.3 - 16.

Abstract. In recent years, electronic speed governors implemented on
the basis of programmable logic controllers have become widely used in
automatic control systems of marine diesel generators. At the same time,
during the operation of auxiliary diesel engines equipped with such
controllers, problems often arise in ensuring control quality due to
insufficient dynamic performance under load changes, which directly affects
maritime safety.

The operational cases presented in this study indicate the need for forced
periodic manual retuning of controller-based electronic governors in marine
diesel generator units based on visual assessment of speed stability. In this
regard, to ensure the required operational control quality, a study was conducted
using mathematical modeling to investigate the effect of step changes in the
relative load torque within the range of 10 ... 100 % on the speed deviation of a
diesel generator, considering variations within the design-specified ranges of
proportional gain, integral time, and derivative gain.

The results show that when using electronic governors with PID controllers,
the operation of marine diesel generators should be adapted to variable operating
conditions by optimizing controller settings for a step change in relative load
torque of approximately 20 %, which has a higher probability of occurrence
among significant load variations in practice. For such a disturbance, it is
advisable to set the derivative component of the PID controller to zero while
increasing the proportional gain to 1.5 ... 2.0 relL.un. At the same time, the
integral component is recommended to be set within the range of 0.85 ... 1.45 s
to reduce speed instability of the auxiliary unit while maintaining the transient
response duration within the limits prescribed by standards.

A methodology for selecting PID controller parameters of electronic
governors for marine diesel generators under the most probable significant
load shedding / acceptance has been proposed, allowing optimization of the
automatic speed control system in accordance with real operating conditions.
The methodology was validated on a marine diesel generator unit MAN
5L23/30H Mk3 ECR equipped with SaCoS.n. electronic governor,
demonstrating an improvement in speed stability of up to 12 % without
violating the standard requirements for speed control during maximum
permissible load shedding.
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The Effectiveness of Artificial Intelligence
Language Models in Assessing Operational Risks
on Ships

Pestome. Hessadcaiouu na 3pocmanus inmepecy 00 3ACMOCYBAHHS
WMYYHO20 IHMeAeKmy 6 CYOHOSIU NpaKmuyi, CYOHONIAGHI KOMNAHIL
BUCTOGNIOIOMb  CYMHIGU W000 HAJdiiHocmi yiei mexHono2ii nio uac
OYIHIOBAHHS ONEPAYiiHUX pUsuKie. Y cmammi HA6eOeHO NOPIGHSAIbHE
OYIHIOBAHHS  eheKmUusHOCmI  GIOOMUX ~MOGHUX MOOenell  WMYYHO2O
iHmenexmy 015 NIOMPUMKU OYIHIOBAHHA ONEPAYIUHUX PU3UKIE HA CYOHAX.
3anpononosano cucmemy Kpumepiis, wjo 0ae 3mocy OYiHUMU 61ACMUBOCHII
Modenetl, aKi Oe3nocepeOHbO BNAUBAIOMb HA NPAKMUYHY HAOiUHIicMb iX
3ACMOCYBAHHA 8 CYOHOS8Ill OIANLHOCMI, A MAKONC BUSHAYUMU MOOei, WO
3abe3neuyroms Hausuwyy AKicms auanizy. Ycmauoeneno, wo Haubinvuw
OOYiNbHUM € BUKOPUCMAHHA WIMYYHO20 I[HMeNeKmy Ond NepeuHHoi
i0enmugbixayii pusuxis, QopmysanHs nepeniky 3anobidcHux 3axodis i
NPUCKOPEHHSi OOKYMEHmY6anus pesyivmamis. Boonouac epexmusnicmo
maxkoeo nioxo0y 3anexcums 6i0 NPASUIbHO20 6UOOpy Moldeni ma
00086 ’513k0601 excnepmHuoi eepuixayii OmpuManux 6UCHOBKIG.

Summary. Despite the growing interest in applying artificial intelligence
in shipboard practice, shipping companies express doubts about the
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reliability of this technology in operational risk assessment. The article
presents a comparative evaluation of the performance of well-known
artificial intelligence language models in supporting operational risk
assessment on board ships. A system of criteria is proposed to assess the
properties of the models that directly affect the practical reliability of their
application in ship operations, as well as to identify the models that provide
the highest quality of analysis. It was found that the most appropriate use of
artificial intelligence is for the initial identification of risks, the development
of a list of preventive measures, and the acceleration of result
documentation. At the same time, the effectiveness of this approach depends
on the correct choice of model and the mandatory expert verification of the
conclusions obtained.

MixHapogHUI KOAEKC 3 YIPaBIiHHS 0e3MeTYHOI0 EKCIUTYaTaIli€l0 CyIeH
Ta 3anobiranaam 3a6pyaneHss (ISM Code) Bumarae, mo0 BITaCHUKH CYACH
a6o iHmIi cy0'eKTH, SKi B3sUIH HA ceOe BiAMOBITabHICTD BiJ CyJHOBIACHUKA
3a eKCIUTyaTalilo CyaHAa, BHU3HAYIIN CBOEI0 METOI0 "OIIHIOBAaTH BCi
BUSIBJICHI PW3UKH ML CBOIX CYAEH, IEPCOHANY Ta HABKOJIHMIIHBOTO
CCepEIOBHINA Ta BCTAHOBIIIOBATH BIAMOBIAHI 3axoau 3axucty". Ils BuMora
HaOyna uymHHOCTI 3 1 jumust 2010 poky BIANIOBIZHO 1O PE30OJOLIi
Mixuapoanoi Mmopcebkoi opranizarii (IMO) MSC.273(85).

VY HalioHaJILHOMY 3aKOHOZABCTBI aHAJIOTIUHI IOJIOKEHHS MICTSTHCS Y
myakrax 1.1 JlomatkiB 1 ta 2 no [lonoswcenus npo cucmemy ynpagninHs
Oe3nexolo cyOHONIA6cmea Ha MOPCbKOMY Ma PIuKOGOMY MPAHCHOPIMI, 10
3aTBepIKCHO Haka3oM MiHicTepcTBa TpaHcmopTy Ykpainu Big 20.11.2003
Ne 904. ¥V 1mpoMy JOKYMEHTI TakoX BHU3HAYEHO, IIO METOIO JisUTEHOCTI
CYIHOIUTaBHOI KOMTIAHII € "3abesneuenns 3axucmy 8i0 ycix pusuxis, ujo
susieneni". TepMiH BripoBapKeHHs i€l Bumord — 1 nmunas 2004 poky, ToOTO
Ha 6 pOKiB paHimie, HiX aHanorigyHoi Bumornu ISM Code.

¥V Kepisauursi [ 1] 3a3HauaeTses, mo ISM Code He Bu3Havae Oyab-1KOTo
KOHKPETHOTO MiJXOy /10 YIPaBIiHHS PU3UKAMU 1 CYJHOIUIaBHA KOMIIaHis
MTOBHHHA CAMOCTIITHO 00paTu MEeTOH, IO BiAMOBIIAOTH ii opraHi3amiiHii
CTPYKTYpi, TUIy CYAEH Ta XapakTepy rocroaapchkoi misuibHOCTi. OOpaHi
METOJU MOXKYTb OyTH OLiIbII 200 MeHII popMasi3oBaHUMHU, ajle BOHH MatOTh
OyTH CHCTEeMaTHYHUMHM, 3a0e3ledyBaTh IOBHOTY Ta e(EKTUBHICTh
OLIIHIOBaHHS 1 pearyBaHHS Ha PU3UKH, a TAKOX OYTH HAJIC)KHHUM YHHOM
3aJI0KyMEHTOBaHUMH JIISI MIITBEP/XKESHHS 00T PYHTOBAHOCTI PillIEHb.

Bigmosimao 1o 1. 6.4 JICTY ISO 31000:2018 Merneoocmenm pusuxis.
Tpunyunu ma nacmanoeu, OMIHIOBAaHHS PU3UKY BKIIOYA€E TPH MOCIHITOBHI
eTanm:

14
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1. I0oenmucpikayiro pusuxy — BUSBICHHS, PO3II3HABAHHS Ta OINC
PH3HKIB, SIKi MOXKYTh BIUIMHYTH Ha JIOCSTHEHHS LIeH opraHizarii;

2. Aunaniz pusuxy — 3’siCyBaHHS NPUPOAM Ta XapaKTEPUCTUK PUBHUKY,
BKJIFOYHO 3 OIIIHKOIO PIBHS PHU3WKY, HEBHU3HAYCHOCTEW, JKEpeN PUBHKY,
MOJIMBHX HACIiAKiB, HMOBipHOCTEH Ta e(peKTUBHOCTI HAasBHHX 3ac00iB
YTIPaBIiHHS PU3HKOM;

3. [lopienanvhy oyinKy puzuxy — CIiBCTaBJICHHS OTPUMAaHUX PE3YJIbTATIB
3 YCTAHOBJICHUMH KPUTEPisMH U BU3HAUCHHS HEOOXiTHOCTI JOTATKOBUX
i,

PesynbTaT OIiHIOBaHHA PHU3HWKY (OPMYIOTH OCHOBY JUIS MOJAJBIION
00poOKHM pHU3MKYy, siKa mepemdayae BHUOIp 1 peaizallilo  BiJIOBITHHX
BapiaHTIB pearyBaHHs. MOIIMBI BapiaHTH pearyBaHHs OXOIUTIOIOTb:

YHUKHEHHSI PHM3MKY IUIIXOM BIZIMOBM Bil JiSUIBHOCTI, siKa HOTro
CIIPHYHHSIE;

NpUHHATTS a00 HaBITh NOCWIECHHS PH3WKY 3 METOI0 BHUKOPHCTaHHS
CTIPHSITIMBOI MOXITBOCTI;

YCYHEHHS JKepelia pH3HKY;

3MiHy UMOBIpHOCTI peaizallii pu3uKy;

3MiHy IOTEHIIHUX HACTIIKIB PH3HKY;

PO3IOJIT PU3UKY MK CTOpOHAMH (HAIpHKIAL 4epe3 ayTCOPCUHI 4d
CTpaxyBaHHA);

CBiJIOME YTPUMaHHS PU3UKY Ha OCHOBI OOTPYHTOBAHOTO PillICHHS.

Meronu aHanizy pusukiB geranbHo BukiameHo y JCTY EN IEC
31010:2022.

[IpakTHKa moka3sye, 110 HOPMATHBHI NPOLIEYPH OLIHIOBAaHHS PU3HKIB Ta
ix peamizaniss B KepiBHMITBaX 13 CHCTEM yNpaBiiHHs Oe€3lEKOr0 Ha
MOPCBKHX CyJjax BUSBWJINCH HAJMIPHO CKJIQJIHUMH AJIsl CyJHOBHX EKilakiB
[2 — 4]. Tomy ocHOBHa yBara 30Cepe/KYEThCSI HE Ha SIKOCTI aHaji3y, a Ha
(hopmanbHOMY 3alOBHEHHI 3BITHUX (opM. HemooaMHOKUMH € BUIAIKH,
KOJH Ha CyJHaxX 3BiTHI ()OPMH 3 aHaNi3y PH3HUKIB 3allOBHIOOTHCS MICIIA
TIPOBEICHHS CyTHOBUX omeparii [5].

VY nyOnikauisx [6 — 8] 3amponoHOBaHO YHi(IKyBaTH 3aXonl JUIs
OLIHIOBAHHS PH3WKIB Ta TIOKpAaIleHHS aaMiHICTpyBaHHS poOOTH 3
pmsukamMu. OpHak 1i  3axoAM He 3a0e3MedyloTh  KapAMHAIBHOTO
TTOKPAIEHHS OLIHIOBaHHS OIepalifHUX PU3MKIB HA cyaHax [5].

Haii6inpI pe3ysbTaTHBHAM 3aX0JOM IOJ0 MOKPAIIECHHS OLiHIOBAaHHS
OTlepallifHUX PH3MKIB Ha CyJHAX € BHKOPHUCTAaHHS MOBHHMX MoOeiei
mryyHoro inrenexty (IHI) [2, 5]. ExcnepumeHTanbHe MOCIIHKEHHS
M0Ka3aj0, M0 BHKOPHCTaHHS TAKOTO 3aXOAy 3HAYHO IiJBHUILYE SKICTh
OLIIHIOBaHHS PH3HKIB Ta CYTTEBO CKOPOUY€E TPYAOBUTPATH.
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OnHak BUSIBUIIACS RPAKMUYHA NPOOIema: HE3BAKAIOUN HA 3POCTaHHS
inTepecy no 3acrocyBanus I y cynHoBiit npaxtuui [9], cyaHoruiaBHi
KOMTIaHi{ BUCJIOBJIIOIOTh CYMHIBH IIOJI0 HAMIMHOCTI ITi€1 TEXHOIIOTIT Ti/T 9ac
OLIIHIOBaHHS OIEpaIlifHUX pH3HKiB. OCHOBHI apryMeHTH IIOJSTAlOTh Y
TOMY, IIO:,

momeni IIII MOXyTh TeHepyBaTH TaNIONHMHALI] Ta MOMMIKOBI
TBEPKCHHS;

BiJICYTHSI BIIEBHEHICTb, 1110 3amponoHosadi LI pekomennamii moBHICTIO
BIJIOBIIAIOTH BHMOTaM peryiaropHux akTiB IMO Ta HalioHAIHHUM
MIpaBUJIaM;

HEMa€ JOCTAaTHLOTO MiATBEPKEHHS HAIIHHOCTI €KCIEPTHUX OIliHOK,
chopmoBanux 3acodbamu 11

VY 3B’S3Ky 3 IIMM METOI0 JOCJTi/ZKeHHSI € IOPIBHSUIBHE OILIIHIOBAHHS
BimomMux MOBHUX Mojeneil 111 ams miaTpUMKH OIIHIOBaHHS OTepamidHuX
PHU3MKIB Ha CyJHaX 3 aKIEHTOM Ha THX BJIACTUBOCTSX, SIKI BH3HAYalOTh
MIPaKTUYHY HAJAIWHICTB IX 3aCTOCYBaHHSI.

JUis TOpIBHAMBHOTO aHami3y HEOoOXiAHO BH3HAYHTH HaOip KpHTEpPiiB
OIIHIOBAaHHS iXHIX BigmoBiged. KimbKicTh Takmx KpHUTepiiB Mae OyTh
JOCTaTHBOIO JUTST 3a0€31eYeHHS 3MICTOBHOI IIOBHOTH aHAII3Y, ajle BOJHOYAC
HE HaaMIipHOIO, 00 He YCKIaTHIOBATH MPOIEIypPy aHaii3ly 0e3 iCTOTHOTO
Hi/IBUILEHHST HOro pe3ysbTaTuBHOCTI. OTKe, TOUIIBHO OPiEHTYBAaTHCS Ha
ONTUMAJIbHUI 0aJaHC MK MMOBHOTOIO Ta MPOCTOTOK) CHCTEMH KPHUTEPIiB.
ParionanbHicTh  1000pY KpUTEpiiB TMOBHHHA BH3HAYaTHCS METOIO
HOPIBHSHHSA 1 IPaKTHYHOIO 3HAYYIIICTIO KPUTEPIiB U IPUHHSATTS PilLICHHS
10/10 BUOOpY MoJieli, a He Juiie (GOpPMaIbHUM IHTEPECOM N0 MIMPOTH ii
MOXJIMBOCTEH. SIKIIO0 TeBHHWI KpHUTEpi HE BIUIMBAE Ha IiJACYMKOBHHI
BHCHOBOK IIPO JTOLLIBHICTh BUKOPUCTAHHS TI€T UM 1HIIIOT MOJIEINi, HOTO BapTO
pO3MIAAATH K HaAMIpHUHA. Y IIbOMY KOHTEKCTI MOXK€ OyTH 3acTOCOBaHE
Take MpPaKTHYHE MPaBHIIO: AKIIO BHIYYEHHS KPUTEPiI0 HE 3MiHIOE BHOIp
MOJIeNi, TO el KpuTepiil, iMOBIpHO, HE Ma€ BHPIIIATHHOTO 3HAYCHHS LIS
aHasizy.

VY Mexax IbOro JOCIIKEHHs MOPIBHSHHS MOBHHX MOJENel i 4ac
OLIIHIOBAHHS  OMEpallifHMX pPU3WKIB Ha Cy/JHaX 3alpoNOHOBAaHO
3MIACHIOBATH 3@ KIUIBKICTIO CYTTEBHUX PH3UKIB, BHSBICHHX MOJCSIMU, a
TaKOX Ha OCHOBI KOMIUIEKCY KPHTEpiiB i3 BU3HAYCHOIO IHTEpPIpETaIli€lo
0aJtiB, 110 OXOILITIOE:

Kinokicme ¢ppaz i3 osznaxamu eanoyurayii (GaKTHIHO TMTOMIITKOBHX
TBEPUKCHB, BUTQIaHUX MTOCHIIAHB) —
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1 — Oarato XuOHMX, BHTaJaHUX TBEPIUKEHb, SIKI POOJSATH BHCHOBKH
HEHaIIMHUMU,

2 — TOMWJIKOBUX YHM CYMHIBHHUX TBEP/DKCHb IIOMITHO Oiible
JOIyCTHMOT'0, YaCTHHA iX BIUIMBAE HAa PO3YyMIiHHS PH3HKIB,

3 — € okpeMi cyMHiBHI ab0 crmabo MiATBEepIKEHI (Qpasu, ale OCHOBHA
apryMeHTaIlisl 3aTHIIA€THCS TPABIOMOAi0HOIO,

4 —€ TOOJAMHOKI HETOYHOCTi, S5IKIi HE BIUIMBAIOTh Ha pPE3yJbTar
OIIiHIOBAHHS PU3HKIB,

5 — KJIIOYOBI TBEp/UKEHHS TPaBIONOMIOHI 1 HE MICTATh O3HAaK
rajroUHALIIT;

onepayitiHy Hebe3neky — HAasSBHICTh TOpaj ab0 BHCHOBKIB, IO
cyIepedarh BUMOTaM peryJsiTopHuX akTiB IMO 4 HaIliOHATEHUX TPABIIT —

1 — BiAMOBiAP MICTUTH HeOE3MEYHi peKoMeHaalii abo BHCHOBKH, SKi
mpsiMO  cymepevarh OOOB'S3KOBUM BHMOTaM 1 3[aTHi MPU3BECTH [0
HENpPaBWIBHUX [,

2 — € MpWHAHMHI OHA PEKOMEHIAIlis a0 iHTepIpeTais HOPMH, IO
CTBOPIOE MPAKTUUYHUN PUBHK,

3 — B HiJIOMYy BiMOBiNE Oe3meyHa, aie € cripHi a00 HeTOCTaTHRO TOYHI
(hopMyIFOBaHHS, SKI MOXYTh BUKJINKATH HEIIPABUIBHE TIIyMAYCHHS,

4 — BIJMOBIZb HOPMATUBHO Ta OMEPAIiIIHO KOPEKTHA, MOXIIUBI JIUIIIC
MaJIO3HAuYIl BIIXUJICHHS BiJl IPAKTUYHOI O€3MeKH,

5 — BIAMOBIAB TOBHICTIO Oe3MeYHa, HE MICTUTh PU3UKOBAHUX MOPAJ Ta
y3roJKEHA i3 3aCTOCOBHUMH BUMOTAMH;

pisenb  excnepmuoi Oosipu O TPOTHO3IB Kareropii BUTpaT Ta
IMOBIpHOCTI BHHUKHEHHS PU3UKIB —

1 — nmporHo3u BUTJIAJAI0Th BUIIaJIKOBUMH, BHYTPILIIHBO
HETIEPEKOHIMBUMH 200 SBHO TIOMHIIKOBUMH,

2 — OKpeMi OIIIHKA MaloTh cia0Ke OOIpYHTYBaHHs 1 BHUIVIAIAIOTh
HENpaBIOMOIiOHNMH,

3 — OpOrHO3U 3arajioM INPUIHATHI, aje CHUPAIOTHCS Ha HEMOBHE
OOTpyHTYBaHHS,

4 — mporHo3u 100pe apryMeHTOBaHi i IepEeBaKHO MEPEKOHIINBI, CYMHIBH
CTOCYIOTBCSl JIMIIE OKPEMHX OLIHOK YW JeTajed, y TOMy YHCIi uepe3
YacTKOBE IMOPYLISHHS 33J1aH0i IPOLIE/TypH OLIHIOBAHHS PH3HKIB,

5 —IpOrHO3M TIOCIIIOBHO OOTPYHTOBaHi, JIOTiYHI Ta BHKJIHMKAIOTh
BHCOKHI PiBEHb €KCIIEPTHOI AOBIPH;

eMnipudHa niomeepoA’Ccy8aHicms - 4aCTKa TBEPIKCHbD, SIKi BiIIIOBIAIOTh
JAaHUM 3BiTaM MpO aBapii, iHIMIEHTH Ta CIIOCTEPEKEHHSIM IIOPTOBOTO
KOHTPOITIO (TOOTO MiATBEPHKEHUX MPAKTUKOIO) —
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1 — OuIBIICTH TBEP/VKEHb HE IiATBEPIUKYETHCA IPAKTUKOIO YU
CIIOCTEPEIKEHHAMH, 200 CYIIepeUUTh iM,

2 — 3B'30K 3 NPAKTHKOK MPOCTEKYETHCS CIa00, MiATBEPIKYIOTHCS
JIMIIIEe OKPEMI TTOJIOKCHHS,

3 — 3Ha4YHa 4YaCTHHA TBEP/KCHb Y3TOIDKYEThCS 3 MPAKTHKOIO, alie
MiATBEPIKEHHS OXOILIIOE HE BC1 KIIIOYOBI €IEMEHTH,

4 — OiTBIIICTH KJIIOYOBHX TBEPIKCHb MIATBEPIKYETHCS MaTepiaraMu
peanbHUX BHITAKIB, IHIUIACHTIB YU CIIOCTEPCIKCHD,

5 — BCI KJIFOYOBI TBEPPKEHHSI MiATBEPKYIOThCS IPAKTUKOI0 a00 100pe
Y3rOKYIOThCS 3 EMITIPHYHUMHE JTAHUMU;

penesanmuicme i 2n1ubOUHY 6i0nogidi — BINNOBIAb JaHA IO CYTI
BIJIMIOBITHO JIO OYIKYyBaHb BiJl 3alIUTY Ta 33JaHOI MPOLEIYPH OI[IHIOBAHHS
PU3HKIB Oe3 BiIXWICHHS Y 3arajibHi MipKyBaHHS —

1 — BiAMIOBiIF B OCHOBHOMY HE BIJITIOBIJa€ 3aITUTY Ta 3aJaHill MPOLeaypi
OILIIHIOBAaHHS PU3UKIB 200 Maie MOBHICTIO Hie "yOik",

2 — IpOITyTIeH] BaXKIIMBI €TaIN 3aJaHO1 MTPOIIeIypH OLIHIOBAaHHS PU3HKIB
a0 BIATIOBIB € TTOBEPXOBOIO Ta/ab0 MIa0IOHHOIO,

3 — BiAMOBiAs B OCHOBHOMY PEJICBaHTHA 3aIUTy Ta 3aJaHiid IMpoueaypi
OIIIHIOBAHHS PU3HKIB, aJie TIINOMHA PO3KPUTTS HEOCTATHS,

4 — BianmoBigs 100pe cdokycoBaHa Ha IMOCTABICHUX 3aBIaHHSIX, aje
PO3KpHBae He BCi acleKTH pPU3UKIB a00 YacTKOBO MOPYIIYE 3ajaHy
IPOIICIyPY OILIHIOBAHHS PU3HKIB,

5 — BIJNOBiAb TOBHICTIO BIANOBIZAa€ 3amuTy Ta 3aJaHid mpouemypi
OLIIHIOBaHHS PU3HKIB Ta HE MICTUTH 3arajlbHUX MiIPKYBaHb;

KOHCUCmeHmHicmb ~ —  JIOTIYHY  Y3TOJDKEHICTh Ta  BIICYTHICTB
CYIIEPEYHOCTEN MiK YaCTHHAMH BiAIIOBIII —

1 — BimmOBiMe BHYTPINIHBO CyHEpewINBa 1 CYNMEPEYHOCTI pOOIATH il
HENPUAATHOIO JUIsl BUKOPHUCTAHHS,

2—€ TOMITHI JIOTi4HI HEY3TO/DKEHOCTi, IO BIUIMBAIOTH Ha
IHTepIpeTaIio Ta BHCHOBKH,

3 —3aranpHa JIorika 30epeskeHa, ajie 3yCTpidaroThCs OKPeMi Hey3TO/IKeHi
TOJIOKEHHS,

4 — BIAMOBiAb MaiKe MOBHICTIO JIOTIYHO Y3TOMKCHA, MOXKJIMBI JIHIIE
MaJIOICTOTHI pO301KHOCTI a0 MPOITyCKH (parMeHTIB, 110 MiATBEPKYIOTh
JIOTIKY OIIIHIOBAaHHsSI PHM3MKIB, ab0 4Yepe3 YacTKOBE IMOPYIICHHS 3aIaHoi
MPOIEAYPH OI[IHIOBAHHS PH3HKIB,

5 — BIAMOBIAbL MOBHICTIO IMOCIJIOBHA, JOTIYHO 3B'A3HAa 1 HE MICTHTH
BHYTPILIHIX MPOTHPIY;

cmpykmypoeaHicme ~ —  CTYHiHb  JIOTi4HOi  OpraHizamii  Ta
BITOPSIIKOBAHOCTI iH(pOpMAITii —
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1 — BiATIOBIIb XaOTHYHA, JIOTiIKa BUKJIAy HE IPOCTEKYETHCS,

2—€ OKpeMi eNneMeHTH CTPYKTYpH, ajie MOpSJIOK BHKIAIy
HETOCITiIOBHHH,

3 — cTpyKTypa BIiONOBiII B MHiJIOMy 3pO3yMila, Xo4ya OpraHi3amis
MaTepiary Moriia 6 OyTH Kparioro,

4 — BimmoBime B IIOMY AOOpe OpraHi3oBaHa, JIOTiKa BHKJIAAY SICHA, €
JIMIIIE HE3HAYHI JOT1YHI HEIOMIKH,

5 — BIAMOBIb 3pa3KOBO CTPYKTYPOBaHA, JIOTIYHO OpraHi30BaHa i 3py4YHa
JUTS aHATTi3Yy;

IPYHMOBHICMb NOSCHEHHs PUBWKIB — 3MICTOBHa OOIPYHTOBaHICTh
MIPUPOJIN PU3HKY, MEXaHI3MIB 1Or0 BHHUKHEHHS Ta MOXKJIMBUX HACIIKIB —

1 — mosICHEHHSI PUPOIU PU3HKIB (PAKTHYHO BiJICYTHE 200 3BOAMTHCS 10
mabIoHHUX (pa3,

2 — Ha3BaHi OKpeMi NMpHYMHH a00 HACTINKH PU3UKIB, aje MeXaHi3M
BUHHUKHECHHS PU3HKIB PO3KPHUTHH ci1ab0,

3 — pU3MKM TOSCHEHI NPHHUHATHO (3a3HAYCHO OCHOBHI IPUYHHH,
MEXaHi3M Ta HaCIiKH), aje 0e3 JOCTaTHROI eTalti3arlii,

4 — aHO JIOKJIA/IHE 1 EPEBaYKHO IEPEKOHIIUBE MOSICHEHHS PH3HKIB, X04a
OKpEeMi JIaHKH apryMeHTallii pO3KpUTO HE B IOBHOMY 00CsI31,

5—nmaHo TnuOOKe Ta 3MICTOBHE TMOSICHEHHS MPHPOAU PHU3UKIB,
MeXaHI3MIB IX BUHUKHCHHS Ta AMOBIPHHX HACJIiKIB;

mounicmes 3aCTOCYBaHHS Mpogeciiinoi, y TOMY HYHCII MOPCHKOI
MmepMIiHON02ii —

1 — TepMiHOIIOTISI BUKOPHCTOBYEThCS HEBIpHO, HempodeciiiHo abo 3
rpyOuM 3MilTyBaHHSM TIOHSTS,

2 — TEepMiHM YacTKOBO KOPEKTHI, ajie IOMITHA IUTyTaHWHA, IO 3HIKYE
AKICTh aHAJI3y,

3 — TepMIHOJIOTIA B IIIOMY IPUHHATHA 1 HETOYHOCTI HE PyHHYIOTh CEHC
BiAIoBimi,

4 — mpodeciliHi TepMiHH 3aCTOCOBYIOTBCS B OCHOBHOMY TOYHO i
JIOPEYHO, 3YCTPIYarOThCS JIUINE IMOOAMHOKI HETOYHOCTI abo HaaMipHI
CIIPOIIEHHS,

5 — TepMiHOJIOTisI KOPEKTHA, podeciiiHa i BAKOPUCTOBYETHCS CTPOTO 32
KOHTEKCTOM.

3anporoHOBaHUI KOMIUIEKC KpUTEpiiB HE CIiJ  po3risiuaru sk
yHiBepcanpHUI. Y pa3i HasBHOCTI cnenu(igHIX BUMOT IO OIIHIOBAHHS
OTepaliiHUX PU3NKIB HABEJCHHWH TIepelik Moke OyTH po3MmHUpeHuit
LIIIXOM BKJIFOYEHHS JOAATKOBHX KPUTEPIiB.

19



ABTOMaTH3allis CyZAHOBHX TEXHIYHHX 3aC00IB Bumnycxk Ne 31

i peamizattii 3aBIaHHS FOTO JOCIIIKEHHS IPOIIOHYETHCS ITPOBECTH
OLIIHIOBaHHS PU3MKIB Ha IIPUKJIal KOHKPETHOI CyJHOBOI onepauii, Juist sikoi
HAKONHM4YeHO (aKkTHYHMUN NOCBiA 1 Moke OyTH 3/iHCHEHHMH eKCIIepTHHH
aHai3 OTPUMAaHUX pe3yibTaTiB. Takol CyIHOBOIO OIEpawliclo 00paHO
poborty, mo anaxizyBanace y myomikamii [5] ams Oil Tanker "Diamondway"
(delivered 21.06.2016, IMO Nr. 9742895, automation class Al, Length
Overall 277 m, Breadth 48 m, Depth 23,1 m, Laden Speed 14,60 Kts,
Displacement 79016,2 Mts).

3mict poboru: "Pemomm mpiwun y xopnyci Scrubber memodom
3eaprosanna. Tpiwunu 3Haxoo0amuvca Ha eucomi 0o 3 mempis 6i0 nionoau."

Jis TOpiBHATIBHOTO aHali3y OyJo BiliOpaHO HU3KY CyYaCHHMX BEITHKHX
MOBHHUX MOJIEINIEH, III0 PETIPE3EHTYIOTh Pi3HI MiAX0au 10 reHepatuBHoro 1
Ta HAJISKATh J0 PI3HUX EKOCUCTEM PO3POOHUKIB.

Jo mepeniky BKIIIOYEHO K 06a30Bi Bepcii Moaeneil, Tak i KoH}irypamii 3
YBIMKHEHHMH PEXHMaMHU MOCHJICHOTO MipKyBaHHS, TIMOOKOTO MHCIICHHS
abo pocmimxenHs. lle nano 3Mory OIIHMUTH HE JIMIIE 3arajibHy SIKICTh
BIJIMIOBiZICH, a W BIUTUB CICIHiaTi30BaHUX PEKHUMIB Ha TIIMOWHY aHATI3y,
JIOTIYHY MOCHIJOBHICTh, TOYHICTH apryMeHTamii Ta 3JaTHICTb MOJeIeH
PO3B’sI3yBaTH CKJIAJIHI IPUKJIA/IH] 3aBJaHHSI.

[epenix BuOpanux mMomenel (y Iy’Kkax CKOpOUCHI ITO3HAYCHHS ):

Claude Sonnet 4.6 (CS 4.6) — Benmnka MOBHAa MOJEJb, po3pobieHa
komnanieo Anthropic; BUKOPHUCTOBY€eThCS SIK 0a30Ba MOJAENb y 4YaT-00TI
Claude Ta mpu3HadyeHa AJs ialory, aHali3y TEKCTIB, IMPOTpaMyBaHHS i
po0OTH 3i CKITATHUMH 3aITUTaMHU;

Claude Sonnet 4.6 3 yBiMkHeHuM pe:xnMoM ''MipkyBaHHs" (CS4.6R)
— Ta cama MO/IelTb, aje B KOHQIrypaiii 3 TOCHJICHUM PEXUMOM MipKyBaHHS
JUTSL TIIMOIIOTO TIOKPOKOBOT'O aHATI3y 3aBllaHb;

DeepSeek-R1 (DS-R1) — Mmozens, po3pobiicHa KUTAHCHKOI KOMITaHIE0
DeepSeek 3 opieHTali€ro Ha CKIaaHi JOTiIYHI, MATEMaTH4HI Ta IPOrpamMHi
3aja4i;

DeepSeek-R1 3 yBimkHenum pe:xumom ''rvmooxe vucienns'’ (DS-R1-DT)
— JUTA OUTBII PETETBHOTO aHaJli3y CKIIQJHUX 3aIUTIB,;

ERNIE 5.0 (ERNIE 5.0) — Benuka MyJbTUMOJAQJIbHA MOJEID,
po3pobieHa KHTACbKOIO KoMmmaHielo Baidu; HaBUamacs mpaifoBaTH HE
JIMIIE 3 TEKCTOM, a ¥ i3 300paXKeHHSIMH, ayJio Ta BileO B MeXaxX €IWHOI
apXiTEeKTypH;

Gemini 3.1 3 yBiMKkHeHuM pe:xxnMoM "'mpodeciiine mucienns" (Gem
3.1-PT) — mopens, po3pobiena Google DeepMind, sika BUKOPHCTOBYETHCS
B ekocucTeMi Gemini Juist mpodeciiHuX i aHATITHYHHUX CIICHAPIiB;

GPT-5.4 (GPT-5.4) — Benuka MoBHa Mozenb kommnanii OpenAl, 1o
JIeKUTH B 0cHOBI yar-00ta ChatGPT Ta BUKOPHCTOBYETBCS ISl IIUPOKOTO
CIIEKTpa 3aBJIaHb;
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GPT-5.4 3 ysimkHenum pexumoM '"'mipkyBanns'" (GPT-5.4-R) — s
0araToKpOKOBOTO PO3B’s3aHHS 3a/1a4;

Grok 4.1 (Grok 4.1) — monenb, po3pobiicHa KommaHiero XAl, ska
BHUKOPHCTOBY€eThCS B 4ar-0oTi Grok Ta opieHTOBaHa Ha IHTEPAKTUBHE
CIUIKYBaHHs, MOIIYK iHpopMmanii i aHaJITHYHY HIITPUMKY KOPHUCTYBaua;

Kimi K2.5 3 yBimkHenum pesxkumom "mipkyBanusa" (Kimi K2.5-R) —
Mozenb kuTaiichkoi kommanii Moonshot Al 110 3aCTOCOBY€eTBCS B 4aT-00Ti
Kimi Ta opieHTOBaHa Ha CKJIaJHI areHTHI cLeHapii, MipKyBaHHsI, HOIIYK i
po06oTy 3 BenmMKUMHU oOcsiramu iHhopMartii;

Microsoft Copilot 3 yBiMmkHeHHM peskumMoM ''rian0oke MHCICHHA'
(Copilot-DT) — He okpema Moxenb, a daT-00T/Al-acucTeHT KoMmaHIil
Microsoft, sKuii BHKOPHCTOBYE BEJIMKI MOBHI MOZENI y BIACHOMY
iHTepdeiici; pexkuM «TrIMOOKEe MHUCICHHS MPU3HAYCHUN U CKIIAIHIIIAX
AQHATITUYHUX 3a]1a4;

Mistral 3 yBiMmkHeHum pexumoM ''mipkyBanHsa" (Mistral-R) —
Mozenb, po3pobimeHa  ¢paHIy3pKOIO — KommaHiero — Mistral Al
BHUKOPHCTOBY€eThCA B uat-iHTepdeiici Le Chat 3 opieHTaniero Ha renepario,
aHaii3 1 TexHiuHi cueHapii (0e3 pexuMy «MIpKYBaHHS» Ta 3 PEKUMOM
«TIIMOOKE JOCHIKEHHsD» MOJIeNb MPUIYCTHIACS TPYOMX MOMHIIOK, Y
3B’S3KY 3 UMM IIi pe)KUMH HE OYJIM BUKOPUCTAHI JIIsl TOPIBHAHHS);

Qwen3.5-Plus (Qwen 3.5+) — Benuka MOBHa MoOJielb, CTBOPEHA
komnanieto Alibaba Cloud (mouipas ctpykrypa B CiHramypi KuTailcbKoi
Alibaba Group) s aHaITHIHUX 1 TOCIITHAIIBKAX 3aBJaHb;

Qwen3.5-Plus 3 yBiMKHeHUM pe:KMMOM ''TJIMOOKOTO AOCTiTzKeHHS"
(Qwen 3.5+DR) — 3 akrieHTOM Ha 6araTOKPOKOBHH MOIIYK, aHATI3 1 CHHTE3
iHdopmarrii;

Perplexity Deep Research (PPLX-MM) — He okpema MoAenb, a
CeliaibHUH  JOCHIAHUIBKUN pexuM 1iatdopmu Perplexity, skuit
AaBTOMAaTHYHO BHUKOPHCTOBYE KOMOiHaLil0 Mojeseil Ui IPOBEICHHS
TIMOOKOTO aHami3y (y IbOMY peXuMi mmaTgopMa HE PO3KpUBaE BUOIp
MoJIeTield, sIKi BHKOPHCTOBYBAIIMCS JUISl BiIOBI1).

VYci gocmimkyBaHi MOJIeNi BUKOHAIN OIIHFOBaHHS PU3UKIB IS 3aaHOT
CyZHOBOI ormepamii Ta B OUIBIIOCTI BHIAAKIB IPOJEMOHCTPYBAIN
pe3ysbTaTH, IO MEePEBUILYBAIH SIKICTh TpaauLiiHOrO "pydHOoro" aHamizy.
BopHoyac MiX MOJENSIMHM CHOCTEPIraliMCs CYTTEBI BIIMIHHOCTI SIK Y
MMOBHOTI imeHTH(IKAIii pPHU3UKIB, TaK 1 B SAKOCTI OOTPYHTYBaHHS,
HOPMaTHBHIfl KOPEKTHOCTI pPEKOMEHIAllii, pPiBHI CTPYKTypOBaHOCTI Ta
HaIIHHOCTI TIOBTOPHOT OI[IHKH 3aJIUIIIKOBUX PU3HKIB.
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CyMapHO MOZEISIMU JUIS 3a7aHoi CyZHOBOI omnepanii izeHTH(iKOBaHI
PH3HKH:

1. IMoxke:xka abo JokambHUE BHOYX y 30HI Scrubber BHaciZOK
BHKOHAHHS BOTHEBHUX POOIT;

2. OTpyeHHsI TOKCHYHUMH ra3aMH B po0OoYiii 30Hi;

3. MMaxinHs 3 BUCOTH 110 3 METPIB;

4. YpaxkeHHsT  eJEeKTPUYHMM CTPYMOM  BiI  3BaplOBaJIbHOTO
00J1aJHaAHHSI;

5. Oniku oueit i mKipy, TEpMidHI TPAaBMHU;

6. IlapiHHs IHCTPYMEHTY Ta OCHAILEHHS HA JIOAEH, IO 3HAXOAATHCS
HIKYE MiCIlsl BUKOHAHHS POOiT;

7. NomkomkeHHst Kopmycy Scrubber uepe3 HepaBUIIbHY TEXHOJIOTIO
3BapIOBaHHS;

8. IleperpiB mepconairy mij 4ac poOOTH BCepeIHHI AUMOBOI TPyOH;

9. 3abpyaHeHHsI HAaBKOJIMIIHBOI'O CEPEIOBUIIA YePE3 MOKINBI BUTOKH
NIPOMMBHOI BOAM.

Y Tabnm. 1 HaBeneHO TMepeNiK  PH3HKIB,  1AEHTH(IKOBAHHX
JOCTIKYBAaHUMHM MOJCSIMUA ITiJ] Yac OIlIHIOBAaHHS 3a1aHol CYIHOBOI
orepartii.

AHai3 UX JaHUX Ja€ IJICTaBH CTBEPIKYBaTH, IO CyYacHI MOBHI
MOZIeJl JOCTaTHBO BIIEBHEHO PO3IMI3HAIOTH OYEBHIHI Ta Oe3moceperHbo
TIOB’s13aHi 3 OMMMCOM POOOTH PHU3HKH, TOJI SIK HETpsiMi a00 MEHII OUeBUIHI
HeOE3MEeKN BWABIAIOTBCS HHMH Tipiie. BHKOpHCTaHHS  peXHMIB
MIpKyBaHHS, TIMOOKOTO MHCJIEHHsI Ta TJTMOOKOro JOCIHIJKEHHS 3arajioM
CIpHSUIO 30UTBIIEHHIO KIUIBKOCTI 1eHTH(IKOBAaHUX PHU3WKIB, XO0Ya HE
3aBXKIH CYNPOBOKYBAIOCS MiABUIIECHHIM SKOCTI OOTpyHTYBaHHS.

3a pe3ysibTaTaMH OIHIOBAaHHS 32 3allPOIIOHOBAHUMH KPHUTEPIIMH Y
BIJTMOBIASIX JOCTIKYBAaHMX MOJCICH BHSBJICHO HHU3KY XapaKTePHHUX
HEOJIKIB, K1 BIIPI3HTUCS AK 32 3MICTOM, TaK i 32 IOTCHIIHHUM BILTHBOM
Ha MPaKTUYHY HAAIHHICT 3aCTOCYBaHHS MOJIEINCH Y CYAHOBIH MisSUTBHOCTI.

Mognenb CS 4.6 micist BXXKUTUX 3aX0IB 3aXUCTY 32 JCIKUMH PU3UKaAMU
CYTTEBO 3HIDKYE OZIpa3y ¥ MPOTHO30BaHi BTPATH 1 IMOBIPHOCTI BUHUKHEHHS
PH3HKIB, 10 BUIIISAA€ HAATO ONTUMICTHYHO O€3 BiIIOBIAHOTO MOSCHEHHS;
Ha3BaHi HeOE3MEKH € MPAKTUYHO NPaBIONOMIOHUMU Ta KOHKPETHI 3aX0H
BiJINIOBIIAI0Th MPAKTHIIL, aJIe MOJIENTb HE HABOJIUTh MMOCUIIaHHS Ha KOHKPETHI
JOKYMEHTH; TO€NHAHHIO Kareropii BTpar "myxke HHU3BKI" Ta Kareropii
HMOBIpHOCTI "HU3bKA" TOMHIIKOBO IPUCBOEHA KATETOPisl PU3UKY "HU3bKUA"
3aMicTh "HecyTTeBHI".
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Mogens CS 4.6-R ananoriudo CS 4.6 He HaBOOWTH INOCWJIAHHS Ha
KOHKPETHI JIOKYMEHTH I10/10 Ha3BaHUX HEeOE3IeK Ta KOHKPETHUX 3aXO0/IiB.

Mopens DS-R1 momuikoBo BpaxyBajia, IO POOOTH BHKOHYIOTHCS
BcepenuHi Scrubber, Toi SK y onuci cyiHa 3a3Hadyeno jgume "The Scrubber
is installed ... inside the ship's smokestack"; BBena cmipHuil crenapiit
“IOpyLIeHHS IHEPTHOTO cepeIoBuUINa / BUOYX Y BaHTQXXHHUX TaHKax’ depes
pobotu 6inst Scrubber y aumoBiii TpyOi; 3aJMIIKOBI PU3MKH INTYYHO
3aHKeHi (5 13 6 BU3HAHI HECYTTEBUMH); 3B'SI30K NMPOIIOHOBAHMX 3aXO[iB 3
MIPAKTUKOIO MPOCTEXYEThCA C€Iad0 1 MOAETh HE HABOJUTH IOCHIAHHS Ha
KOHKPETHI JTOKYMEHTH; OKpEeMi 3aXO0/I1 11010 BIUTUBY HA PU3HUKH BUKJIAICHI
HEJOCTaTHBO JOKJIAJHO; MOJENb OJHOYACHO BBaXKa€ KaTEropiro pH3MKa
"oTpyeHHs razamMu” — "KpUTHYHUM" 70 3aXOJiB, a ITCI 3aXOIB 3HHKYE
foro 10 "HecyTTeBOro" 0€3 IMEPEKOHIUBOTO IOSCHEHHS, OKpeMi JIaHKU
apryMeHTaIlii PU3UKIB PO3KPUTO HE B TMOBHOMY OOCS3i; BUKOPUCTAHUI
TepMiH "nenBedT" 3aMicTh "BOIOTOHHAKHICTB'.

Mognens DS-R1-DT nomMuikoBo NpHUIyCKae OJNM3bKE IPOXOHKEHHS
TpyOompoBozaiB Inert Gas System Oing Micus peMOHTY; HEBIAo
PEKOMEH/Iy€ YKpPHUBaTH CyCifiHi TpyOonpoBoan "a30ecTOBUMHU NOJIOTHAMH",
TOAl SK CydacHi 3BaproBajbHI blankets 3a3Buuail NMO3MIIOHYIOTBCS SIK
asbestos-free; Tak camo sk i y mozeni DS-R1 3anumkoBi pu3uKky mTy4HO
3aHWKEHI Ta BIJICYTHI MOCHJIAHHS HAa KOHKPETHI JIOKYMEHTH; HMOBIpHICTB
TIOXKEX1 Ta OTPYEHHSI OOIPYHTOBYETHCS ICHYBaHHSIM HPOLIEAYP KOHTPOIIO,
SKi TIOTIM 3HOBY TIIOJIAIOTBCSl SK 3aXOIM pearyBaHHs; OKpeMi JIaHKU
apryMeHTauii pU3UKIB PO3KPUTO HE B IMOBHOMY O00CS3i; BHKOpPHCTaHA
MTOMUJIKOBA TEPMIHOJIOTis "depryBaHHs cKpyOepa'.

Monens ERNIE 5.0 3anpornonyBaia HaAMipHO 3arajJbHUN OITUC 3aX0IiB
BILUIMBY Ha PU3UKH, 10 NOTCHIIIHO MOKE MOPYLIMTH NPAKTUYHY Oe3IeKy;
y TICPBHHHIH OIIHIII PU3HKY € SBHA IOMUJIKA: ITOEJHAHHIO KaTeropii BTpar
"Benmki" Ta Kareropii WMOBIpHOCTI '"BHCOKAa" ITOMMJIKOBO IIPHCBOEHA
KaTeropist pu3uKy "KpUTHYHUIA" 3aMiCTh "BUCOKHIA"; MOJIETb HEOAHOPA30BO
3HIDKY€E KAaTeropiro BTpAT Iichs 3axoiiB 0e3  OOrpyHTYyBaHHS, ycs
apryMeHTalis Hajgana 0e3 HOpMaTUBHOI UM eMIIPHYHOI IiJICTaBH; IIIHOMHA
PO3KPHTTSI PU3HKIB HEIOCTATHS; KOHCUCTEHTHICTD 3HIDKCHA Yepe3 OMUIIKY
B pO3paxyHKy Kareropii pH3uKy; BIiNOBiIb JOOpEe CTPYKTYpOBaHa, alie
CTPYKTYpa BIJIIOBiIi HAIOBHEHA HEOCTaTHLO; NPUYUHN PH3HKIB 1 3aX0/11
HaJaHI 3aralbHUMH (Qpa3zamMu 0e3 TeXHIYHOI KOHKPETHUKH; € CIIPOUICHHS
npodeciitniii Tepminonorii ("BUKOPUCTOBYBaTH MpaBHIIbHI MaTepiaiu Ta
iHCTpyMeHTH").
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Monens Gem 3.1-PT nomunkoBo BpaxyBaia, 0 poOOTH BUKOHYIOThCS
BcepeanHi Scrubber, Toi sk y onuci cyaHa 3a3HadeHo aume "The Scrubber
is installed ... inside the ship's smokestack"; 3aranpHa noBipa 0 TPOrHO3iB
BUTpAT Ta IMOBIPHOCTI HE BUCOKA yepe3 ci1abke 00IpyHTYBaHHS KaTeropii i
HaJTO ONTHUMICTHYHE 3MEHIIICHHS BTpaT, 30KpeMa 10 PiBHSA "IoyXe HU3bKa"
JUISl TIAAIHHS 3 BUCOTH; TJIMOMHA PO3KPHUTTS PU3HKIB HEJJOCTATHSI; BiIIOBIAb
Jn00pe CTPYKTypOBaHa, aje CTPYKTypa BIAMOBIAI HATIOBHEHA HEIOCTATHHO;
MOSICHEHHSI PHU3UKIB HAaOMIPHO KOPOTKi, MEXaHI3MH pO3BHUTKY TIOMii
PO3KPHTI OBEPXOBO, a JUIS 3aJHMIIKOBOTO PH3UKY MaiKe HEMa€e OKPEMOTO
apryMEHTYBaHHs, YOMy caMe oOpaHa HOBa KaTeropist BTpaT i iIMOBIPHOCTI;

Monens GPT-5.4 oninena sk sikicHa, ajie BOHa He JIOTATYE J10 3pa3KOBOT
yepe3 Te, 10 YaCTHHA MMOBTOPHUX OIIHOK ITiCTIS 3aXO0/iB BHIJIAIAE 3aHAITO
ONTHMICTHYHOIO, OCOOIMBO TaM, Ji¢ 3HWKEHO HE JIUIIE IMOBIPHICTh, a U
caMy TSDKKiCTh HACIIJIKIB.

Monens GPT-5.4-R Takox olliHeHa K SIKICHA, alle BOHA HE TOTATYE JI0
3pa3koBoi uepe3 Te, 10 KaTeropis iMOBIPHOCTI BHHUKHEHHS OTPYEHHS
ra3aM IHicisl 3aXOJiB INOJO BIUIMBY Ha PH3HMK PI3KO 3MEHLIYETHCS BiX
"cepennpoi” 10 "ayxe Hu3bKoi". Lle BUrisigae METOAUYHO MPUITYCTUMO, aJie
JOCHTB ONTUMICTHYHO 03 00TpyHTYBaHHS, YOMY caMme "Iy’Ke HU3bKa'", a He
“Hu3bKa”.

Monens Grok 4.1 nana pekoMmeHpaalilo "IPOBECTH Ta30BUI aHalli3
mpocTopy Scrubber 3 BUKOPHUCTaHHSAM CHCTEMH IHEPTHOTO Tasza", ska €
HEKOPEKTHOIO, OCKUIBKHM IISI CHCTEMa HE IpU3HAuYCHa JUIi Tra3oaHali3y
Scrubber. Takoxk y BIiANOBiZI HaBEAEHO XapaKTEPUCTHKH BaHTAKHHUX
HACOCIB, IKi HE MAIOTb BiJHOIICHHS JI0 OLIHIOBaHHS PU3HKIB IIPH BUKOHAHHI
3amaHoi pobotu. I[i HeToYHOCTI BiHECEHI MO TaIONWHAIKA Momemi, a
peKoMeHAallisi "BUKOPHCTAHHS CHUCTEMH IHEPTHOro rasza" TakoX [0
orepaniifnoi Hebesneku. [loBTopHA OIiHKa Kareropii pu3nky "maxiHHA 3
BucoTn" — "HeCyTTeBHH" — TMicis 3aIpOIIOHOBAHHWX 3aXOJiB BHIIIIAE
3aHA/ITO ONTHUMICTUYHOK. MoJielib He HAaBOAMTH MOCUIIAHHS Ha KOHKPETHI
JOKYMEHTH IIOJ0 Ha3BaHWX HeOe3NeK Ta KOHKPeTHUX 3axoxiB. Okpemi
3aXOAM INOJO BIUIMBY Ha PHU3MKM BHUKJIAAEHI HEIOCTaTHBO MOKJIAIHO.
OxpeMi JaHKH apryMeHTamii PH3UKIB PO3KPUTO HE B IMOBHOMY OOCH3i.
Bukopucrano tepMmiH "BHOYX03aXMCHE 3BaploBajibHE O0Ja[HaHHs", X04a
TaKkui Kigac He IicHye. Bukopucrano TtepMmiH "BHOyxo3axuileHe
3BaploBabHE 00IaTHAHHA", X04Ua TAKUH KJ1ac He icHy€. TakoX BUKOPHCTAHO
HEKOpPEeKTHY abpeBiatypy U HepyWHIBHOTO KOHTPOJIIO 3BapIOBAHHS.
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Mogens Kimi K2.5 oxpemi 3axomu 111010 BIUIMBY Ha PH3UKH BUKJIANA
HEIOCTaTHBO JOKJIAIHO; BUKOPUCTAHO TEpMiH "rapsuuili Hapsn' 3amicTh
"MOKEeXHUHN HarIsAA0BUl noct".

Mogens Copilot-DT npomyctuna "MOXIHWBHH KOHTAaKT 3 IHEPTHUM
ra3oM", Xo4a OCHOBAa TaKOTO KOHTAaKTy BIJICYTHS; pEeKOMEHAALis 'mph
HEOOXiTHOCTI — BUKOPHUCTAHHS IHEPTHOTO ra3y JJs BUTICHEHHS mapiB" y
KOHTEKCTi 3BaplOBaJLHUX PoOiT Oins Scrubber € pu3NKOBaHOIO, OCKUIBKA
MOXE CTBOPUTH KHCHEBE 30iJHEHHS pOOOYOro IPOCTOPY; IOEAHAHHIO
kareropii Brpar "cepenHi" Ta KaTteropii WMOBIpHOCTI "myke HU3bKa"
TTOMHUJIKOBO IIPUCBOEHA KaTEropisi pu3uKy "HECYTTEBHH" 3aMiCTh "HU3bKUI";
TIOETHAHHIO KaTeropii BTpar "Benuki" Ta xareropii iMOBipHOCTI "HU3bKA"
TTOMHJIKOBO TIPHCBOEHA KaTEropist pu3uKy "HU3BKHH" 3aMicTh "cepeaHiil';
MOJZIeNb HEOIHOPA30BO 3HIKYE KATEroOpilo BTpaT IMmicis 3axoniB 0e3
OOTPYHTYBaHHS; yCsl apryMeHTaIlisl HajaHa 63 HOpMaTHBHOI Y1 eMITipHYHOT
TiZICTaBH; PO3KPUTO HE BCi aCMEKTH PHU3MKIB; KOHCHCTCHTHICTh 3HIDKEHA
Yyepe3 MOMUIIKH B TEPepaxyHKy KaTeropii 3alIMIIKOBUX PU3HKIB; HEAOPETHO
BHKOPHUCTaHUU TepMiH "Ta303HEBOJHCHHS".

Monens Mistral-R 3anpornonyBaia HaaMipHO 3arajibHAI OMUC 3aX0iB
BIUIMBY Ha PU3UKH, 110 NOTCHIIIHO MOKE MOPYLIMTH NPAKTUYHY Oe3IeKy;
micIIs 3aX0/1iB MOZENb 0e3 OOIPYHTYBaHHS 3HUKYE KaTEeropito BTpaT Maixe
JUISL BCIX PHU3MKIB, 30KpeMa IJisl MOXKEXI/BUOYXy — 3 "myxe BenMKHX'" 10
"cepenHix"; apryMeHTallis TPUMAETHCS HA 3aralibHUX MIpPKyBaHHSAX 0e3
eMIIipHYHO] YW HOPMAaTWUBHOI ONOpHW; TJIMOWHA PO3KPUTTS PHU3HUKIB
HEIOCTaTHS; OKpeMi 3axOAM IIOJ0 BIUIMBY Ha pPH3WKH BHKJIAJCHI
HEIOCTaTHBO JOKJIAJHO; MOPYIICHO CTPYKTYPY BIJIOBI/I, sIKAa BUMAraeThCs
MIPOLIEAYPOIO OLIHIOBAHHS PHU3HKIB; MOSICHEHHS NPHYNH PU3HKIB 1 3aX0/1iB
Iy’e KOPOTKi; mpodeciiiHa TepMiHOJIOTiS HAAMIPHO CIpPOIIEeHA.

Mognens Qwen 3.5+ ineHTH(]iIKYBaga HEIOCTATHIO KUTBKICTh PH3HKIB,
Jana HagMIpHO KOPOTKY BiANOBigb, apryMEHTAalis SKOi TPUMA€ETHCS Ha
3araJlbHUX MipKyBaHHSAX 0€3 eMIIpHYHOI UM HOPMATUBHOI ONOPH; TIMONHA
PO3KPUTTS PU3UKIB HEAOCTATHS; OKPEMi 3aXOJU LIOJ0 BIUIMBY Ha PU3UKH
BHKIIQJICHI HENOCTaTHBO JOKJIAIHO, € TCPEHyCTKH (ParMeHTiB, sKi
iATBEP/KYIOTh JIOTIKY OLIHIOBaHHS PU3HKIB; HEJOCTATHHO PO3KPUTO ETAIH
OLIIHIOBaHHS PU3HKIB; MMOSCHEHHS IPUYHMH PU3HKIB i 3aX0/IB Jy’Ke KOPOTKi;
€ TIOOJMHOKI HETOYHOCTI B mpodeciiiHii TepMmiHomorii (BTomMa Merany
KOHCTPYKIIii, HAsIBHICTh 3QJIMIIKOBUX Ta3iB BUXJIOMY).

Monens Qwen 3.5+DR odopmuta BimoBie y BUTIAAIL 3BITY Y popmaTi
pdf mHa 17 cropinkax, 8 3 IKHX — CIIFICOK BUKOPUCTAHUX JKEepel iHpopmartii
3 IHTepPHET-TIOCWJIAHHAMH; Yy JOKJIQJHIA BIOMOBIAI  TBEPIKCHHS
MIPaBIOTIOAIOH] ajie MOBiOMIIEHO, IO POOOTH BHUKOHYIOTHCS BCEpEAWHI
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Scrubber, Toxi sk y onuci cynHa 3a3nadeno ymmie "The Scrubber is installed
... inside the ship's smokestack"; pexkomMeHnamis BUTICHITH ITapy IHEPTHUM
ra3oM y 30HI pOOIT MOXeE CTBOPIOBATH KHCHEBE 30iHEHHS; piBEHb
eKCIepTHOI JOBIpH 1O MPOTHO3iB, PEIIEBAaHTHICTh Ta KOHCHCTEHTHICTh
BIJIMOBIZII 3HIDKEHO dYepe3 MOPYIICHHS 3aJaHoi MPOIEeRypH OIiHIOBAHHS
PHU3UKIB; BUKOPHUCTAaHUI HEBHaNMi TepMiH "cTpiukoBi miardopmu” (y
BiJICOTKOBOMY BiJTHOIICHHI ITF0 IIOMIJIKY MOKHA BB)KaTH HE3HAYHOIO).

KomGinauiss ~ momeneit  PPLX-MM JONYyCTHJa  HalMeHmn
HEBIAMOBIIHOCTI NPH OLIHIOBaHHI PHM3MKIB, ajie MOMMJIKOBO BiJHECNa 10
PHU3MKIB "HOpYIICHHS BHMOT CHCTEMH YIPaBIiHHS O€3IEKOH/0XOPOHH
mpai Ta pPeryiIsTOPHHX BHMOI", Xoya BINNOBIAHO JO TPOLETYpH
OLIIHIOBaHHS PU3UKIB PU3UKH MOBHHHI OyiM (OpMyIIOBaTUCS y TepMiHax
MOXJIMBHX HETATHUBHHUX TOIIM/HACTINKIB, $AKi MOXYTh CTaTUCS B
MalOyTHPOMY BHACIIJOK BUKOHAHHS pOOOTH.

VY Tabn. 2 MOBHI MozeN MOPIBHSHO 32 JOIIOMOTOIO 3alpOIIOHOBAHHUX
KpuTepiiB. 3 TaOII. 2 1 3aranoMm 3 TOCHTiKCHHS 3pO0JICHO 6UCHOBKU:

1. IIpoBeneHe mociimKeHHS TOKa3ajo, Mo cydacHi MoBHI moxeni 11
3arajoM 3/aTHi e()eKTHBHO MIiATPUMYBATU OI[IHIOBAHHS ONEpaliitHuX
PH3HKIB Ha CyJJHAX, OJIHAK IX MPAKTUYHA IPUJIATHICTh ICTOTHO 3aJI€XKUTh Bil
KOHKPETHOI MOJIEJIi Ta PEKUMY 11 BAKOPUCTAHHS. 3a OJIHAKOBOI IIOCTAHOBKHU
3aBJaHHSl MOJeNli NPOJEMOHCTPYBAIM IIOMITHI BIJIMIHHOCTI 3a piBHEM
eKCIIEpPTHOI JIOBIpH, EMITIpHYHOIO MiATBEP/KYBaHICTIO, PEIEBaHTHICTIO,
TJIMONHOIO TOSICHEHHS PU3HUKIB, @ TAKOXX 32 HASBHICTIO O3HAK TATIOIMHAIIN
1 TOTSHIIHHO HEOC3MEYHNX PEKOMEH/IAITIH.

2. HaiiBumii miiIcyMKOBI pe3yJIbTaTH y JOCHIIPKEHH] IPOJIEMOHCTPYBAIIN
mozeni GPT-5.4-R, PPLX-MM, CS 4.6-R ta Kimi K2.5-R, sxi 3a0e3neunnm
HaWO1IBII 30amaHCcOBaHe TTOETHAHHS omepariiiHoi Oe3rekH,
CTPYKTYPOBAHOCTi, KOHCUCTEHTHOCTI, IPYHTOBHOCT] MTOSICHEHHS Ta TOYHOCT1
npodeciitnoi Tepminomorii. OcobnuBo cmin Bim3Hauntn PPLX-MM, ska
JIOITyCTHIa HaliMeHIIIe 3MICTOBUX HEBiAMOBiAHOCTEH, a Takok GPT-5.4-R 1
CS 4.6-R, o 3abe3neunny HaiOLIbII 30aIaHCOBAHE IOEIHAHHS SIKOCTI
aHaJI3Y 1 JIOT1YHOT MOCTIJOBHOCTI BiAMOBII.

OcHoBHI 0oOMexeHHs 3acTocyBaHHs moxeneir GPT-5.4 ta GPT-5.4-R
MOB’53aHi HE 3 SIBHUMHM IOMWJIKAMH YM HeOEe3NEeYHHMH IOopajiamMu, a
MEPEeBaYKHO 3 JIEUI0 ONTHUMICTHYHMM 3HMKEHHSIM OKPEMHX 3aJIMIIKOBHX
PHU3HUKIB TICIIA 3aIIPOBaDKEHHS 3aX0/(iB KOHTPOITIO, III0 BUMAarae JI01aTKOBOi
eKCIEePTHOI epeBipKH MPH NPaKTHIHOMY 3aCTOCYBaHHi.

Y momem CS 4.6-R HemocraTHS omopa Ha KOHKPETHI HOPMAaTHBHI
JUKepelna, depe3 IO HaBiTh SAKICHO c(OpMOBaHA BIATIOBIAP y TPaKTHII
motpedye noaaTkoBoi Bepudikarii.
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3. JlocmipkeHHST TakoX —I0Ka3ajo, IO pPEXHMH "MipKyBaHHS',
"rmmbokoro  MucieHHsA" Ta  "TIMOOKOro  JociipkeHHA"!  3arajiom
Hi/IBUILYIOTh pe3yJbTaTuBHICTE Mojeneid. OnHak Takuii edext He €
ABTOMATHYHOIO FAPaHTIEIO SIKOCT1, OCKUIBKM B OKPEMUX BHIIA/IKaX TIOCHIICH]
PSKUMH OIHOYAaCHO TOPOJUKYBAJIM HOBI TalIONMWHALNI, Ha UINIIKOBI
NPUIYIIEHHs: 800 METOJMYHI BIAXHUJICHHS.

4. Haii6inbIi mpoOJIeMHUMH Y TOCHIpKeHH] BUsiBHiHCs: Mmogienti Copilot-
DT, ERNIE 5.0, DS-R1, DS-R1-DT, Mistral-R i gactkoBo Qwen 3.5+,
OCKINIbKM caMe JUTsl HUX XapaKTEpHi HIXKYi OIIHKH 32 PIBHEM EKCIIEPTHOT
JIOBipH, EMIIIPUYHOI0 MiITBEPIDKYBaHICTIO ab0 onepauiiiHo Oe3neKoro.
Jonyieni oKpeMUMH MOJENSIMU TTOOAMHOKI HeOe3neuHi nopaau B cdepi
CYZAHOBHX POOIT MaIOTh MPUHIIMIIOBE 3HAYCHHS, TOMY BUKOPHCTaHHS 1X 0e3
€KCIIEPTHOTO KOHTPOJIIO HE MOYKE BBAYKATUCS JIOIYCTUMHM.

5. 3anporioHoBaHMit HA0Ip KPUTEPITB € MPAKTUYHO [IHHUM, OCKUIBKH J1a€
3MOTY OLIHIOBAaTH He JIMIIe ()OpMaIbHY HOBHOTY BiATIOBi/, a HEpeIyCiM Ti
BJIACTMBOCTI Mojienieil, sKi 0e3locepelHhO BHM3HAUYAIOTh HAMINHHICTh 1X
3aCTOCYBaHHS B CYJHOBIH MPaKTHILI.

6. IlpakTH4yHe 3HAYECHHS OTPUMAHKUX PE3YJIbTATIB MOJISTae B TOMY, LIO
MOBHI MOJIEJIi IOWIJIBHO PO3TIIANATH HE SIK 3aMiHy CyJIHOBOTO KOMaHIHOTO
CKJIay, a SIK IHCTPYMEHT 1HTEJICKTYaIbHOT MM ITPUMKH IIiJ1 Yac MiArOTOBKH,
MEPEeBIpKM Ta YTOYHCHHS OIIHOK pH3MKy. HalOiNbln JOIINEHUM € 1X
BUKOPHUCTaHHS I TEPBUHHOI imeHTH(IKalii pusukiB, QopMyBaHHS
HeperiKy 3aX0/liB Ta IPUCKOPEHHS IOKYMEHTYBaHHS pe3yJIbTaTiB.

7.3aranpHUM  BUCHOBOK JOCHI[DKCHHS IMOJIATa€ B TOMY, IO
BUKOpHCTaHHs MOBHUX Moeneit L1 1i1st oniHIoBaHHS onepaniifHuX pu3nKiB
Ha Cy/JHAaX € MepCHeKTUBHUM i MOXKe 3abe3redyBaTH CyTTEBE IIiABHUIIICHHS
skocTi aHamizy. [IpoTe e(eKTHBHICTh TaKOro MiAXoJy BU3HAYAETHCS
MPaBWJILHUM BHOOPOM MOJIEIi 1 000B’I3KOBOIO EKCIIEPTHOIO BepHDiKailieo
i BUCHOBKIB. /Iyl ekcriepTHOI Bepudikanii MOKYTh OyTH 3aiTydeHi W iHII
mozemi 1.

3po0iieHi BUCHOBKH HE € CTATUYHUMH, OCKLIbKH npupoja cuctem 1111 €
JUHAMIYHOIO: BOHM IIOCTIHHO HABYAIOTHCS, YAOCKOHAIIOIOTHCS —Ta
aIanTYIOTHCS 10 BUPINIyBaHUX 3aBaaHb [10].
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Abstract. The study examines the potential for the practical application
of modern artificial intelligence language models in the assessment of
operational risks on board marine vessels. The relevance of the research lies
in the fact that shipping companies continue to treat such technologies with
caution because of the risk of hallucinations, possible methodological errors,
and the insufficient substantiation of generated conclusions.

The aim of the study is to provide a comparative evaluation of well-
known artificial intelligence language models with regard to their suitability
for supporting shipboard risk assessment procedures. To this end, a system
of criteria is proposed that focuses on properties directly affecting the
reliability of practical application, including the presence of hallucination
indicators, the operational safety of recommendations, the level of expert
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confidence, empirical verifiability, the relevance and depth of the response,
consistency, structural coherence, the validity of risk justification, and the
accuracy of professional terminology.

The comparison was carried out using a specific shipboard operation
involving the welding repair of cracks in the Scrubber casing, which made it
possible to compare model outputs with the actual requirements of shipboard
practice and accumulated expert experience. The results show that most of
the models examined successfully identify the principal obvious risks
associated with hot work, exposure to toxic gases, work at height, electric
shock, and thermal injury. At the same time, the quality of model outputs
varies considerably: alongside strong-performing solutions, cases were
identified of unjustifiably optimistic reassessment of residual risk, the use of
questionable assumptions, and isolated potentially unsafe recommendations.

The study demonstrates that language models are most appropriately
used as an intelligent support tool for the initial identification of hazards, the
development of preventive measures, and the acceleration of documentation
processes. It is concluded that the use of artificial intelligence in shipboard
risk assessment is promising, provided that the model is selected
appropriately and that all generated conclusions are subjected to mandatory
expert verification.
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Pestome. Ilpoananizoeano eumoau wooo 3adesneyens KOPOMKOUACHO20
NepesaHmadiCeHsi  20M06HUX — CYOHOBUX — Ou3eni@  NOHAO  HOMIHATbHY
NOMYIACHICMb Y KPUIMUYHUX HAGI2AYIUHUX CUMYAYiax, a MaKodic NpaKmuyHa
peanizayis yux 6UMo2 npu KOMOIHAMOPHOMY KepYS8aHHi 4acmomoio 00epmanisi
08USYHA mMA KPOKOM 2epebHo2o esunmd. Po3paxyHkogum O0CHiONCeHHAM
BCMAHOBIECHO, WO PENCUM PeaMeHMo8ano20 nepesanmaicents na 10 % 6io
HOMIHATLHOT  NOMYX*CHOCMI  OOYiNbHO  30ilicHiosamu 3 npiopumemom y
30inblUenHi yacmomu obepmanns, a He 30inbenHAM KpoKy 2eunma. Lle
3abe3neyums 3MeHUIeHHs Menilo08020 HABAHMANCEHHs Oemanel YUniHOpo-
nopuHegoi epynu Ou3eisi 3a KpUmepicm MiHiMymy memnepamypu 2azie na Jinii
PO3UUPEHHsT  MA  RIOSUWUMb  HAOIUHICMb  PVIMIUHOT  YCMAHOBKU — NPU
PeSNaMeHMOBAHOMY NEPEBAHIMAICEHHI.

Summary. The requirements for ensuring short-term overloading of main
marine diesel engines beyond their rated power in critical navigational
situations have been analyzed, along with the practical implementation of these
requirements under combinatorial control of engine rotational speed and
propeller pitch. A computational study has established that the regulated
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overload mode by 10 % of the rated power should preferably be achieved by
prioritizing an increase in rotational speed rather than propeller pitch. This
approach will reduce the thermal load on the cylinder-piston group components
of the diesel engine based on the criterion of minimum gas temperature along
the expansion line and improve the reliability of the propulsion plant during
overload prescribed by regulations.

MopcbkuM  cynHaM  TEpiOAMYHO MOXKE 3HAJOOWTHCA pPO3BHHYTH
IIBHIKICT, WIO TMEpeBHIIyE INTaTHY eKciutyatanidHy. IlomiOHa
HEOOXiTHICTh BHHHKA€ B KPUTHYHHUX CHUTYAIisIX: YXIJICHHS BiJ 3iTKHEHHS
ab0 HECaHKIIIOHOBAaHOTO TIEPECNiyBaHHS, BHUKOHaHHS EKCTPEHOTO
PO3BOPOTY, MaHEBPH Yy BY3BKOCTSX 1 IpH CWIBHIA Tedii, Ipu poOOTi B
JbOJIOBHX BOJAX, a TAKOXK JJIsl BUXOJY 13 cepil NOCIITOBHUX YapiB XBUIIb
00 6opT cyaHa.

VY 3BS3Ky 3 UM Ha MOPCBKHX CYAHAaX IependadaeThCsi MOXIIUBICTh
KOPOTKOYaCHOTO TIepeBaHTaXeHHs TosioBHUX asuryHiB (I'J) monan
HOMIHAJIbHY TIOTYKHICTh 32 PIIICHHM KalliTaHa. BiamoBiaHo, TaHui pexum
3aKJIaJJa€ThCA B CHCTEMHU KepyBaHHA ['/] Ta akTHBYETHCS KalliTaHOM y pasi
3arpo3u Oe3reni cyaHa.

VuidpikoBaunmu Bumoramu The International Association of
Classification Societies —

myHKT 3.3 M51 (Rev. 4 Feb 2015, corr. 1 Oct. 2018),

myakTa 7.2 1 8.4 M71 (Corr. 1 June 2016),

myHKT 5.3.3 M88 (Apr. 2025) —

nepeabadeHo THIOBE cxBayieHHS [/ BHYTPINIHBOTO 3TOPSHHS MiCISA
BUNIPOOYBaHb 13 MoTy>xHicTIO 110 % Big HOMIHANBHOT, SIKa MOXKE I0CATATHCS
301TBbIICHASIM YacTOTH oOepTaHHSA Ha 3,2 % IOHAJL HOMIHAJBHY (SKIIO
JBUTYH TIpaIllO€ 32 TBHHTOBOIO 3aJIeKHICTIO) abo 30iIbIICHHIM
HaBaHTakeHH: Ha 10 % 1mpu HOMiHANBHIH 9acTOTi 0OepTaHHS, SIKIIO IBUTYH
MOYKE BUKOPHCTOBYBATHCS/BUKOPHCTOBY€EThCS HA Cy/IHaX 3 TBUHTaMH, KPOK
axux peryiasoBanuil (I'PK). Ilpudomy, SKII0 IBUTYH BUIPOOOBYETHCA Ha
CymHi mig Yac poOOTH 3a TBHHTOBOI 3aJISKHICTIO, TPUBATICTh
TepeBaHTAKYBATBHOTO pekuMy mmoBuHHA OyTH 30 xBUuH (1. 5.3.3 M8S).

AHanoriyHi 4M OJM3bKI BUMOTM IO PEXKUMIB IE€pEeBaHTaKCHHS
TOJIOBHUX CYAHOBHUX 1u3eniB € y [IpaBmimax kmacugikamiiiHIX TOBapHCTB
(tabn. 1).

Bumorn nmo BumpoOysanp ['JI He MOMMPIOIOTHCS Ha BUOIp PEKUMIB
JIM3EIIB i Yac X eKCIuTyaTalii Ha CyIHax, OJHaK BUPOOHHMKU JBUT'YHIB Y
KOHCTPYKTOPCBHKIH JOKyMEHTAIlii BpPaxOBYIOTh periaMeHTOoBaHi
BUMPOOYBaHHS 1 3a3BHYaili OOMEXYIOTh IEPEeBAHTAXKYBaIbHI PEKUMHU
gonyctumoro  motyxksictio  110%, mpu  nmpoMy — 0OyMOBIIIOIOYH
MaKCHMaJIbHY TPUBAIICTh POOOTH 3 TAKOIO IIOTYKHICTIO.
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Tabmuns 1

Bumorn peskux KnacudikamiifHIX TOBaprCTB MIOA0 PEKUMIB

nepeBaHTaxeHHs ['/]

[IpaBuso

Bumora

American Bureau of
Shipping, Rules for
building and classing of
marine vessels. Part 4.
Chapter 2. Section 1.
January 2025.

m. 13.5.4 — I'J] MatoTh mparroBaTy npu
3aJJaHuX HaBaHTAXKEHHSIX, SIKi OOMPAIOTHCS 3
ypaxyBaHHSM c(epr 3acTOCYyBaHHS Ta MalOTh
OXOIUTIOBATH SIK HOPMaJIbHUH, TaK 1
aBapiifHui peXMMHU poOOTH, BKIIIOYAI0UH
pexum 110 % HOMIHANBHOT HOTYXHOCTI 3a
MacIOPTHOO TBUHTOBOIO XapaKTEPUCTHKOIO
Ta IPY TOCTIHHIA HOMIHAIBHIN 4acToTi
obepranus (npu BukopuctanHi ['PK);

n. 13.5.4 (b) — ']l mae 3a0e3neuyBaTh peXXum
13 MaKCUMaJbHO JOIYCTUMHUM KPYyTHUM
MomeHTOM 110 % mpu 100 % wacroTi
obepranns s [']] i3 T'PK abo 3
MaKCHMAaJIbHOIO JIOITyCTHMOIO BUPOOHUKOM
noryxHictio 110 % mpu 103,2 %
HOMIHaJIBHOI 4YaCTOTH 00EpTaHHS BiAMOBIIHO
JI0 ITaCIOPTHOI TBUHTOBOI XapaKTEPUCTUKU
quist I'J] 13 rBUHTaMH, KPOK SIKUX (hiKCOBaHMI
(I'®K) — i3 TpuBaicTIO, 3aTBEPHKEHOIO
BUPOOHHUKOM JIJIs1 KOPOTKOYACHOTO
BUKOPHCTAHHSL.

Det Norske Veritas,
Rules for classification
of ships. Part 4.
Chapter 3. Section 1.
July 2025.

. 2.1.3 — MakcuMaibpHa Oe3nepepBHa
rotyxHicTh [/ Mae OyT BU3HAaYeHA TAKUM
YHHOM, 100 MOKHA OyJI0 AOCSTTH
nepeBaHTaXyBaJIbHOT MOTY>XHOCTI y 110 %
BiJl HOMIHAJIBHOI.

Lloyd's Register, LR-
RU-001: Rules and
Regulations for the
Classification of Ships,
Part 5, Chapter 2,
Section 11. July 2025.

table 2.11.1, 2.11.2 — BunpoOysanus I'J] Ha
cyaHi 3 moTysxHicTio 110 % Bix HOMiHAIBHOT;
Ha cyHi 3 ['OK npu 103,2 % HOMiHANTBHOT
4acTOTH 00epTaHHs TPUBATICTIO 30 XBUIIHH;
Ha cyHi i3 'PK tpuBanicTo, HOroukeHoro 3
BUPOOHHUKOM.

Bureau Veritas, Rules
for classification of steel
ships. Part C. Chapter 1.
Section 2. July 2025.

1. 4.1.2 (d) — po3mmpeHuii 3Bit npo
NpuiiManbHO-31aBANIbHI BUIPOOYBaHHS Ma€e
BKJIIOYATH BHIIPOOYBAaHHS IIPH MaKCHMAIIbHO
JIOIyCTUMOMY KpyTHOMY MoMeHTi (110 %)
npu 100 % uacrori obepranns aist '] i3 [PK
... TPUBAJTICTIO HE MeHIIe 1/2 roauHu.
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Hanpuknan, y TexHI4HIH AOKyMeHTamii TOJOBHHX Majlo00epTOBHX
mmsenie. MAN B&W S70MC6 (2009 p.) ta G70ME-C10.5-GI (2025 p.)
3a3HauYCHO, IO TEpeBaHTAXKCHHs, sKke Bignmoimae 110 % HOMiHANBHOI
MTOTY>KHOCTI, MO>Ke OyTH T03BOJICHE TIPOTITOM OOMEKEHOTO TIePioy Jacy —
oxHiei rognan KoHI 12 roguH. Taka )X BUMOra MIiCTHUTBCA B TEXHIUHIN
JOKYMEHTaIlii TOJIOBHOTO cepeqHbpoodepToBoro mmsenst Wartsild L20
(2002 p.). Yactota obOepTaHHS [ABUTYHa, 3a SIKOI MOXE JOCSTaTHCS
notyxHicTb 110 %, 3a3BUuaii He periIaMeHTy€eThCs, OJHAK MAETHCS HA yBa3l,
1110 BOHA HE MOKe OyTH MEHIIOIO 32 HOMIHAJIbHY.

Ha cymnax i3 I'®K, mnepeBanTaxkyBasibHa moOTYyXHicTh 110 %
JIOCSITaeThCs 301IBIIEHHSIM YaCTOTH 00epTaHHs ABUT'YHA IOHA HOMIHAIBHY
Ha 3,2 %.

Ha cynnax i3 I'PK taka noty>kHicTh MOeE JOCSTATHCS SIK 301IbIIEHHIM
4acTOTH 0OepTaHHs, TaK 1 30UMBIIEHHSM KyTa ITOBOPOTY TI'BHHTA. IIpote
(axT4HO I BUOOPY CHIBBITHOIIEHHS YacCTOTH OOEpTaHHS IBUTYHA 1
KpOKY TBHHTAa BUKOPHCTOBYEThCSI KOMOIHATOPHE KepyBaHHs (KOMOiHATOPHI
nmiarpamu), sIK€ Ha XOJOBHX pEXHMax CyAHa mepeadadae 3amaHHA
MaKCHMAaJIbHOTO KPOKY TBHHTA Ta 3MiHY IIBUAKOCTI CyHA 32 paXyHOK 3MiHA
gactotn obOepraHHs nBuryHa [1,2]. SIkmo oOmexyBaueM HaBaHTa)KCHHS
JBUTYHa 3aJaHO 4YAaCTKOBE HABAaHTAXXEHHA, KPOK TI'PeOHOr0 TBHHTA
3MEHILYETHCS J10 3HAUSHHSI, 110 BiJIIIOBIIa€ [bOMY HaBaHTAXKEHHIO.

HaOnmxeHHsI KpOKYy TBHHTA JI0 MaKCHMaJIbHOTO 3HaueHHs 3abe3nedye
HaMBHILy EKOHOMIYHICTh YCTaHOBKH, OCKUIBKM IPH BEIMKOMY KpOIIi
3MEHIIYEThCS BUTpaTa MAMBa Ha MIUTIO TIIAXY [3, 4].

SIKII0O BUKOPHUCTOBYETHCS KOMOIHATOpHE KEpyBaHHS CIIIBHO 3
o0MexyBaueM HaBaHTaKEHHS JIBUTYHA, IEPEBAaHTAXKyBaJIbHA ITOTYKHICTh B
eKCTPEeMAIIbHUX HABITAIHHUX CHUTYyalisx 3a0e3NeuyeThcsi BAMKHEHHSM Ha
MICTKy oOMexyBaua HaBaHTaxeHHsI. [Ipu Takomy BinkirouenHi I'J] He Moxe
PO3BUHYTH TOTYXHICTh TIoHAA 110 %, OCKINBKH BIAIMOBIIHO IO PE30JIFOLIi
MEPC.335(76) Bin 17.06.2021 3 mompaBkamMu y HBOTO INOBHHEH OyTH
oOMexxyBad, SKAH OJIOKye TMojady maimuBa (TaTMBHUN IHAEKC/XiA peiku
MMATMBHUX HACOCIB) IOHAJ IOITyCTHME MaKCUMaJIbHE 3HAUYCHHS (SIK IIPaBHIIO,
me 1,065 Bim HOMiHampHOI momaui, skmo [/l mparfoe 3a TBHHTOBOIO
3aISKHICTIO, a00 1,1 Big HOMiHAIBHOT TOAAYI, SKIIO YacToTa 00epTanHs I'/]
HECIIPOMOJKHa 301IBIIYBaTHCS TIOHA]] HOMIHAJIbHE).

IMpu Bigkmo4yeHHI OOMeXyBaya HAaBaHTAXKEHHS € MOXIIHUBICTH
KOPHUT'YBaTH KPOK 'BUHTA IIOTSHI[IOMETPOM Ha MYJIbTI KepyBaHHs MicTKa [2].
[oreHuiomeTp ae 3MOry 3MEHIINTH KPOK, SKIO HaBAaHTAXKEHHS JBUTYHA
CTaJI0 HAIMIpHHUM, 1 30UIBLINTH KPOK, SIKIIO BUMKHEHHs OOMeXyBaua He
3a0e3rne4nIo HeoOXiIHOTO MePEeBaHTAKYBAIBHOTO PEXKUMY.

35



ABTOMaTH3allis CyZAHOBHX TEXHIYHHX 3aC00IB Bumnycxk Ne 31

TakuM YMHOM, Yy TpaKTHUIl eKCIUTyartamii CyIeH 3 KOMOIHaTOpHHM
KEpPYBaHHSM IEPEBaHTaKyBaIbHI PEKUMH, SK MPaBHIIO, 3a0€3MeUyIOThCs
JOJaTKOBUM po3BopotoM Jionareii ['PK 6e3 3minu gactotu obepranas /1.
Ile 30epirac MakcuMaibHy EKOHOMIYHICTh PYLIHHOI YCTaHOBKH, aie
CTaBUTHCS IiJ] CYMHIB IIParHeHH:I OKPAIIyBaTH €KOHOMIYHICTh YCTaHOBKH,
KOJIM HAa TMEPEeBaHTAXYyBAJbHUX pEeXKUMax 3  ypaxyBaHHAM  IX
KOPOTKOYaCHOCTI B 0alaHCi TPHUBAIOCTI XOJIOBUX PEKHMIB CyJHA
BaXITUBIMIE 3a0e3MeUnTH 33I0BUTBHUIN nepedir podounx mporeciB y [J] 1
BiJIMIOBITHO — HAMIWHICTH PYIIIHHOT YCTAHOBKH.

VY 3B’SM3Ky 3 UMM aKTyaJbHUM € JOCITIDKCHHS BapiaHTIB PEKUMIB
nepeBaHTakeHHs ['J] mpy pi3HUX NOETHAHHSIX HABAaHTAKEHHS HA JW3ENb
PO3BOPOTOM JIONATEH 'BUHTA Ta YaCTOTH 00epTaHHs. MeTa podoTH rosisirae
y BU3HA4Y€HHI HalKpalloro MoeHaHHs KPOKY I'PEOHOr0 TBHUHTA Ta YaCTOTH
o6eptanns ['/] mpu HaBantaxensi 100 ... 110 %.

Sk 00’ext mocmimkenns oopano I'JI MaK 9M25C cyana "TIMBER
NAVIGATOR" 3 emextponanM perynstopom Regulateurs Europa Viking
35 i3 JOTIYHUM TPHUCTPOEM, SKHH BIUIMBAa€ HA KPOK TBHHTA Ta JO3BOJIIE
3amaBaTl A0 II'SITH TOYOK Ui (OPMyBaHHS KPUBOJIHIMHOI 3aJIeKHOCTI
oOmexxeHHs HaBaHTakeHHs ['Jl. Ha manmomy cymHi BHKOPHCTOBYETBHCS
KoMOiHaTOpHE KepyBaHHSI, BIAMIOBITHO 10 SIKOTO HA XO/I0BHX PEXXUMax KPOK
rpeOHOrO IBUHTA BCTAaHOBIIOETHCS MAKCHMAIBHUM y MeXKaxX OOMEKEHHs
HaBaHTakeHHs [Jl, a MIBUAKICT CyAHA PEryJIOE€ThCS 3MIHOIO YacTOTH
obepranus I'J nuIIXOM mepeMillleHHs] PYKOSTKH KEepyBaHHS Ha MICTKY B
niamas3oHi 6 ... 10 yMOBHUX OJTUHHITb.

TexHiUHI XapaKTEPUCTUKH Ta TOKAa3HUKKA poboumx mporeciB [J]
npeacTasieHi B [5]. B KocTi OmiHIOBaHHS TEIIOBOT HATIPY>KEHOCTI AeTanei
HWTIHAPO-TIOPIIHEBO] TpymH au3ens oOpaHa TemIieparypa ra3iB Ha JIiHii
posmupeHHs [6]. i MoaentoBaHHS BUKOPHCTAHO METOAUKY YHCEIBFHOTO
MOJICITFOBaHHS [7] Ta aHi XOJJOBUX BUIIPOOYBaHb cymHa [8].

VY 1abn. 2 nopiBHAHO pexxuMu nepeBanTakeHHs 110 % noTyxHOCTI [T
JIBOX BapiaHTIB MMOE€JHAHD YacTOTH 00epTaHHs ['J] Ta momayvi manusa:

pexum 1 — gactora obepranns 750 xs! (100 %) Ta momada nanuea
0,002545 xr/uuxi (110 %);

pexum 2 — gactora obepranns 774 xs! (103,2 %) Ta nogava manusa
0,002712 xr/mukn (106,5 %), mo Takox 3a0e3redye MepeBaHTAKCHHS 3a
notyxHictio 110 %.
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Tabmurs 2
Pesynbrarn MonenroBanHs pexuMiB niepeBantaxenus '/l MaK 9M25C

Ne Pexum | Pexum
ITokazuuk
3/1 1 2
1 | MakcuManbHUH THCK IUKITY, KIc/cM> 206,2 203,7
2 | MakcumanpHa TemnepaTypa uukiy, K 2033,4 | 2008,1
3 Temmeparypa B HWTIHIPI HA MOMEHT IIOYATKY 818.8 | 813.2
Bumycky, K
UYacrka Teria, Mo BiIBOAUTHCS Y CTIHKA
4 . o 9,4 9,3
MWTIHpa Ha pobounx xonax, %
5 Cepgma YMOBHA TeMIIepaTypa CTIHOK 646.6 | 642.0
nwiiggapa, K
6 | JiticHuii koeiIlieHT HAUTUIIKY MOBITPS 1,60 1,64
7 | CymapHmii KoeilieHT HAJTUIIKY TTOBITPSI 2,14 2,17
8 | Cepenns TeMmieparypa rasis nepen Typoinoro, K | 838,5 | 833,2
9 | Cymapnwuii innukaropanit KKJI 0,473 | 0475

I3 Tabn. 2 BUIUIMBae, M0 HA PEXHMI 2 TOPIBHSHO 3 PEKUMOM |
NOKPALIYEThCSl HaJIyBaHHsS ILMIIHAPIB, BHACIIZOK YOro MaKcHMajbHa
TeMIlepaTypa UMKy 1 BIANOBIHO TEMIIEpaTypy Tra3iB Ha JiHii pO3IIUpPEHHS
3meHuryrotecst Ha 25 K. OnnouacHo 3MeHmyetscss Ha 5 K cepenns
TemIlepaTypa rasis nepej Typ6inor. Lle o3Hauae, o pexxuM 0OMEKEHOTO
yacy nepeBaHTaxeHHs [/l nmouinpHime 3abe3nedyBaTH 3a paxyHOK
TIpiOpUTETY y 30iIbIICHHI 4acTOTH O0epTaHHs, a HE 30UIBIICHHAM KPOKY
T'BHHTA.

Y pe3ynmpTari AOCHiIKEHHS MPOMOHYEThcs Ha cyaHax i3 I'PK mms
nepeBanTakeHHss [Jl nmo moryxkHocti 110 % 306impmryBatw 4acToTy
obepranus nuzens mo 103,2 %. Taka pekoMeHnmaIiss Ma€ BUKOHYBaTHUCS 3
OJHOYAaCHUM HAJAIITYBaHHSIM OOMEXyBaua, SKHH OJOKye mopady IaianuBa
(manuBHUK 1HAEKC/XiJ pEHKH MaIWBHUX HACOCIB) TOHAJA JOMYCTHME
MakcuMaiabHe 3HadeHHs 106,5 %.

Takox citijt BpaxyBaTH, 10 IPU BEIMKOMY OIOpI PyXY CyJHa 0OMEKEHHs
nogayi naiusa 106,5 % Moxe He J03BONUTH 30UIBIINTH YAaCTOTY 00epTaHHS
I'T no 103,2 %. Y takoMy BUNajKy, 1100 HE 3MEHIIYBaTH KPOK BPYyYHY,
PEKOMEH/IYEThCSI BUKOHATH KOHCTPYKTOPCHKE OIPALIOBAaHHS aBTOMATH3aLlil
TIpoliecy KOPUTYBaHHS KPOKY I'peOHOro TBUHTA. BinmoBigHui npucTpiil Mae
3MEHIIYBaTH KpPOK TI'peOHOro TBHHTA, SKIIO 4YactoTa obepranns [J] He
nmocsirna 103,2 %.

Takum umaOM, it [/, axi mpamrorote Ha ['PK, BcraHoBmeHo, 1mIo
periiaMeHTOBaHUH pexxuM nepeBanTaxeHHs 110 % moninbHo 3xificHIOBaTH

37



ABTOMaTH3allis CyZAHOBHX TEXHIYHHX 3aC00IB Bumnycxk Ne 31

3 IIPIOPUTETOM Yy 30UIbIIICHH] YaCTOTH 00EpTaHHS, a He 30IBIICHHAM KPOKY.
Le 3a06e3meunTh 3MEHIICHHS TEIIOBOTO HABAHTAXEHHS JICTAJICH IIMITIHIIPO-
MOPLIHEBOT IPYNH M3 32 KPUTEpieM MIHIMyMy TeMIIepaTypH rasis Ha
JiHIT PO3MMPEHHS Ta MiABUINUTH HANIAHICTD PYMIIHOI yCTaHOBKH Y
KPUTHYHUX HABITaIlIHHAX CUTYAIIisX.

HactynHi gmocmimkeHHS IUTaHYIOTBCS B 00JacTi  OOTPYHTYBaHHS
JOLIIBHOCTI iHTETrpallii 3aco6iB aBTOMATH3AIlii IIPOIiecy KOPUTYBaHHS KPOKY
rpeGHOr0 TBHUHTA y MpOTrpaMHe 3a0e3MeveHHs CUCTEM aBTOMATHYHOI'O
KepyBaHH:.

JITEPATYPA
REFERENCES

1. Pitch Control System QTAGG. — Visteras: Q-TAGG R&D AB, 2023.
-2p.

2. T'op6 C. U., JIsanbkun A. C., Ueptkos I'. 1., Bepnareiii H. Y. Onpir
9KCIUTyaTalli ¥ HACTPOWKH CHCTEMBI YIIPABIICHHS [JIAaBHBIMHU JIBUTATEISIMU
u BuHTamu perymupyemoro mara KAMEWA nHa cymax tuna "FOmmyc
Oyuuk": Mopckoii TpancnopT. Cepust "TexHudeckas dKCIUTyaTalust
¢mora". Okcmpecc-uadopmanms. — Bem.  3(599). - M.. B/O
"Moptexuadopmperiama”, 1985. — 35 c.

3.Moon J., Je M., Hwang S. A study on performance and exhaust
emission characteristics according to the controllable pitch propeller
operation of two-stroke diesel engine in sailing condition. // Journal of
Advanced Marine Engineering and Technology. — 2024. — Vol. 48. — No. 6.
—P.384-391.

4. Tian W., Lang X., Zhang C., Yan S., Li B., Zang S. Optimization of
Controllable-Pitch Propeller Operations for Yangtze River Sailing Ships. //
Journal of Marine Science and Engineering. —2024. — Vol. 12. —Iss. 9, 1579.
—21p.

5.Top6 C.I, bymypor M.I. BuGip pexumiB mnepeBaHTaXKCHHS
TOJIOBHOTO JAW3ENs HA CyHIHI i3 TBHHTOM, KPOK SIKOTO peryibOBaHUU. //
CynHOBa eNneKTpoiHKeHepis, eNeKTpOoHiKa i aBromaruka: marepiamm XII
Mixuap. HayK.-TexH. KoH}., M. Ozeca, 22 — 23 mucrom. 2022 p. / Ham. yH-T
"Opec. mopcrka akan.". — Ogeca, 2023. — C. 101 — 107.

6. Gorb S. I, Budurov M. L. Increasing the accuracy of a marine diesel
engine operation limit by thermal factor. // International Review of
Mechanical Engineering. —2021. — Vol. 15. — Ne 3. —P. 115 — 121.

7.Topo C.I., Kapmimo O.}). Po3paxyHok poOouux mpoIieciB
CYJHOBOTO Ju3elis: HaBy. mocid. — Omeca: HY "OMA", 2020. — 88 c.

38



ABTOMATH3AIIis CYTHOBHX TEXHIYHUX 3aC001B Bunyck Ne 31

8. Acceptance test record Ne 271204 of engine MaK 9M25C. — 2011. —
Ne 45229. 21 p.

Abstract. The study examines the problem of ensuring a regulated short-
term overload mode of main marine diesel engines on vessels equipped with
controllable pitch propellers in situations where the vessel must temporarily
develop a speed higher than its normal operating speed, for example, when
avoiding a collision, performing an emergency maneuver, navigating in
confined waters, operating in strong currents, or sailing in ice conditions.

The regulatory prerequisites for such an operating mode are considered,
and it is shown that the possibility of overloading the main engine up to 110
% of its rated power is stipulated by the requirements of classification and
regulatory documents, as well as by the manufacturers’ technical
documentation for marine diesel engines.

The main focus is placed on selecting the most rational method of
implementing overload operation on vessels with controllable pitch
propellers, where the required power can be achieved either by increasing
engine speed, by increasing propeller pitch, or by a combined use of both. It
is noted that in actual practice, under combinator control, priority is usually
given to increasing propeller pitch. However, such an approach is not
optimal from the standpoint of the diesel engine’s thermal stress and the
reliability of the propulsion plant.

To substantiate the optimal solution, a computational study was carried
out using the MaK 9M25C main engine of the vessel TIMBER
NAVIGATOR equipped with a combinator control system as an example.

As an evaluation criterion, the gas temperature along the expansion line
of the working cycle was selected, since it characterizes the thermal load on
the components of the cylinder-piston group. A comparison of two variants
of the 110 % overload mode showed that the preferable option is the one in
which priority is given to increasing engine speed to 103,2 % while limiting
fuel supply to 106,5 %, rather than to increasing propeller pitch at nominal
engine speed. This option improves cylinder charging, reduces gas
temperatures along the expansion line and before the turbine, and thereby
decreases the engine’s thermal stress.

The practical value of the study lies in the fact that its conclusions make
it possible to improve the reliability of the main diesel engine in critical
navigational situations. The article is of applied significance for the design
and adjustment of automatic control systems for ship propulsion plants
equipped with controllable pitch propellers.

39



ABTOMATH3AIIIs] CYJTHOBUX TEXHIYHUX 3aCO0IB Bunyck Ne 31

YK 621.431.74 ARTICLE HISTORY
DOI: 10.31653/1819-3293-2026-1-31-40-54 Received 02.04.2026
Accepted 05.05.2026

T'op6 Cepriii IBanoBuu', Bynypos Mukona Iroposuy?,

[Monoscwkuii Onekciii IOpiiiosuy®

Harionanshuii yaiepcurer "Onecbka MopcbKa akagemist”, Oneca, Ykpaina
gs@onma.edu.ua', budurovuk@gmail.com?,
alexejpopovskij57@gmail.com?

E¢exTuBHICTE METOAIB MOLIYKY eKCTPEeMyMYy IIPH
ONTHMI3alil eJICKTPOHHOI'0 PEryJIATOPA 4YacTOTH
00epTaHHA CyTHOBOI'0 IH3eJIs

Gorb Sergii!, Budurov Mykola?, Alexey Popovskii®

National University "Odessa Maritime Academy", Odessa, Ukraine
gs@onma.edu.ua', budurovuk@gmail.com?,
alexejpopovskij57@gmail.com?

Effectiveness of Extremum-Search Methods in
Optimizing the Electronic Speed Governor of a
Marine Diesel Engine

Pe3stome. /locniodiceno egpexmugnicme cneyianizosanux Memooie nOuLyKy
excmpemymy npu ONMuMizayii Hanaumyeanb eneKmpoHHO20 pecyisimopa
yacmomu obepmanns Nabtesco MG-800 y cknadi 2010681020 cyOH08020
ousenss MAN B&W 6S60MC-C7 6 ymosax Oii MOPCbKO20 XBUTIOBAHHSL.
Ilokazano, wo epadienmuuii memoo 3abe3neyye GUCOKY WBUOKICMb
30iicHoCmi, ane € YYymaueum 00 JOKATbHUX eKCIpeMyMie, mooi sK
CUMNIIEKCHUL MemOo0 HAOIUHIULE BUBHAYAE 00ACMb 210DATIbHO20 ONMUMYMY,
npome 6UMA2ae KOHMPOMIO panudHux ymos. besepadienmuuii memoo I yka-
Jlicusca  3abesneuye Hatienubuie MIHIMI3Y6AHHS KPUMepPIio 3d  PAXYHOK
Oinbwioi  Kinbkocmi  imepayitt i NIOGUWEHUX OOYUCTIOBATIGHUX GUMPAN.
Busnaueno ennus subopy Kpoxy nowyky ma 0ianazomnie 3miHu napamempis Ha
ULMOGIPHICTG 30I0HCHOCTI 00 IOKATBHUX eKCIPEMYMIS.

Summary. The effectiveness of specialized extremum-search methods for
optimizing the tuning parameters of the Nabtesco MG-800 electronic speed
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governor as part of the main marine diesel engine MAN B&W 6S60MC-C7
under sea-wave operating conditions has been investigated. It is shown that
the gradient method provides a high convergence rate but is sensitive to
local extrema, whereas the simplex method more reliably identifies the
region of the global optimum, although it requires control of boundary
constraints. The derivative-free Hooke—Jeeves method ensures the deepest
minimization of the criterion at the cost of a larger number of iterations and
increased computational effort. The influence of the choice of search step
and the ranges of parameter variation on the probability of convergence to
local extrema has been determined.

CyuacHi perymstopu gactotu obepranas (PYO) cynmHOBHX IH3ETBHUX
YCTaHOBOK (YHKIIOHYIOTh HA OCHOBI CKIQJHUX AaJTOPUTMIB, y SKUX
peari3yroThcsa HeMiHIMHOCTI, 3yMOBIICHI 00ME)XEHHSIM BHYTPIIIHIX CUTHAIIIB
1 IMHAMIYHOIO aJianTalli€ero OJOKIB MEPETBOPEHHS 3aJIeKHO BiJl TapaMeTpiB
30yprorounx BIUIMBIB. CyTTEBI HENHIMHOCTI B CHUCTEMi aBTOMAaTH4YHOTO
peryiroBanHs yactotu obepraHHs (CAPY) nu3enbHUX YCTaHOBOK TaKOX
OB’ s13aHi 3 UKJIIYHICTIO pOOOYOro MPOIECy AU3EIiB, 0COOIMBOCTIIMH TXHIX
HABaHTKYBAIBHUX XapaKTEPUCTUK 1 KOJMBAHHSIMHM HABaHTA)KEHHS B
YMOBaX MOPCHKOTO XBHJIFOBAHHS.

[Tpn onTrMi3anii KOHCTPYKTHUBHUX 1 HANAIITYBAILHUX NapameTpis PUO
HENHIMHUI XapakTep CHUCTEMHM aBTOMAaTHYHOTO pEryJIIOBaHHS MOXe
MIPU3BOAUTH IO BHUHUKHEHHS JIOKAIBHHX EKCTPEMyMiB. Y pe3ynbTari
3Hali/IeH] 3HAUCHHS ITapaMeTpiB MOXKYTh BHUSBHTHUCS JINIIIE JIOKATBHO, a HE
riobanpHO onTuManbHUME. [lomiOHa mpobnema cmoctepiramacs mpu
onTuMi3alii TiIpaBIiYHUX i30APOMHHX peryisaTopiB [1 — 5] i gacTkoBO
MIPOSIBUJIACS B XO/Ii ONTHMI3allil eJICKTPOHHOTO KOHTPOJICPHOTO PErysiTropa
Konsberg DGS C20 [6].

Y poboti [1] 3acTOoCOBaHO TpAIIEHTHHA METOJ 3HAXO/KCHHS
eKCTpeMyMy LUIbOBOT (YHKIII JUIs ONTHMI3alil perpeciiiHoi Monueni
rizpomexaniunoro PUYO y cknani ronosroro neuryHa (I'J]) cyana. [porec
OIITHMI3allil OXOIUIIOBAB aMIUTITYAHO-4aCTOTHI XapaKTEPUCTUKH JN3EIBHOT
YCTaHOBKH Ta peryistopa. CyTb METONy MOJISITaE B TOMY, 110 B OyIb-Kil
ToUli (HaKTOPHOTO MPOCTOPY OOUHCIIOETHCS BEKTOp TIpadieHTa (YHKIIIT,
SIKUI BKa3ye HaNpsMOK HAWIIBUAIIOTO CHamaHHA (3pOcTaHHsA) QyHKIil. Y
bOMY HAIPSIMKY 3IiHCHIOETBCS PYX TPOTSATOM TIEBHOTO KPOKY. Y KiHIII
KpOKy Tpami€eHT 3HOBY OOYHCIIOETBCS, 1 TIpouedaypa pO3paxyHKY
oBTOPIO€eThCA. LIIBUIKICTE HAOMMKEHHS 10 €KCTpeMyMy (YHKIIIT 3aJIe)KUTh
BiJl aJIroputMy BHOOpPY KpOKY TEPEMIIEHHsI Y3JIOBX TpajieHTa.
Haifuacrime Kpok BUOMPAETHCSI 3 YMOBHU PYXY B3/I0BXK I'PaJlieHTa IOTH, IOKU
HE NPUIHHAETHCS CIaJaHHs (3pOCTaHHs) ONTUMI30BaHOT (QyHKIIT.
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VY poborti [2] moka3zaHo, IO IepeBaraMy CTaHAAPTHOI'O CHMILIEKCHOTO
METOy TOIIYKYy eKcTpemyMmy s rixpasmiyaoro PHO e #ioro mpocrora,
MOJIMBICTH ypaxyBaHHS OOMEKEHb Ha 3Ha4eHHA (DaKTOpiB, a TaKOX
MOXJIUBICTB JO/aBaHHS a00 BUKIFOUCHHS 3 PO3IILLY OKPEMHX (aKkTOpiB y
TIPOIIECi EKCIIEPUMEHTY.

3acTocyBaHHA KOMIUIEKCHOTO METONYy NOMIyKy ekcrpemymy [3] y
PO3B’sA3yBaHiil 3a1a4i Py MOTPATUIAHHI B 00JIaCTh JIOKAJIBHOTO EKCTPEMYMY
y (hakTopHOMY ITPOCTOPI MPU3BOIUIIO A0 3YHHHKH MPOIEAYPU ONTHUMI3aliT,
OCKIJIbKM BIJIIOBIIHO [0 QJITOPUTMY METO/AY BiIOYBA€ThCS 3MEHILECHHS
KPOKY po3paxyHKy. KpiM TOro, Ha mo4aTKOBHX eTamax OITHMIi3alliiiHOl
MIPOLIEYPH EKCIIEPUMEHTH ITIPOBOJSATHCS 13 BHKOPHUCTAHHSM TI'eHEpaTopa
BUNAJKOBUX YHWCEJ, IO Yy OIIBIIOCTI BHIAAKIB IS BXKE JOCTaTHBO
ontuMizoBaHoi  KoHcTpykuii PUO  mnpusBoamio 10 HOTipIICHHS
OIITIMI30BaHUX ITAPAMETPIB.

Kpamux pesynbrariB ontumizamii OyI0 JOCATHYTO TPH 3aCTOCYBaHHI
MaTeMaTHYHOTO METOMy MOUIyKy ekctpeMyMy ['yka-J[xuBca [4], inest sikoro
mojisirae 'y TO€QHAHHI JBOX ONTHMI3aIlifHUX mpouemyp: '"mocmimHoro"
MONmIyKy 3 I[HKIYHEM  [epedopoM  ONTHMI30BaHMX  3MiHHHX 1
"MpUCKOPIOBaJIBHOTO"  MOIIYyKy 3a 3paskoM. "Jlocmimumi"  momryk
CIIPSIMOBAaHMN Ha BUSBICHHS JIOKAJbHOI MOBEMIHKM ITiIbOBOI (DYHKIT Ta
BU3HAYEHHS HANPSMKIB pyxy "B31oBx spiB". Ilomyk 3a 3pa3koM mnossirae y
BUKOHAHHI OJIHOTO KPOKY 3 HOBOi TOYKH, KOOPAMHATH SIKOI BiAINOBIJAIOTH
YCHIIIHAM MPUPOLIEHHSIM ITapaMeTpiB, Y3JOBXK IPSIMOI, 1110 3’ €AHYE L0 TOUKY
3 moyatkoBoto. [lepeBaroro meToay € Te, 10 3aCTOCYBaHHS HE TPU3BOINTH JI0
TIOTIpIIEHHS 3Ha4YeHHs Iib0BOI (QyHKIIT MOPIBHSIHO 3 11 3HAYCHHSIM SIK Y
MTOYATKOBIH, TaK i B HACTYIMHHX 0a30BHX TOYKaX (PaKTOPHOTO IPOCTOPY,
HABITP 32 HASBHOCTI KITBKOX JIOKAIBHUX MIiHIMyMiB Y IX OKOJIi.

VY po6oti [5] BUKOPHUCTaHO METO]] BHITAIKOBOTO TOIIYKY €KCTPEMyMY,
SIKUH XapaKTepU3y€eThCS K eEKTUBHHUN 1 TOCUTH MPOCTHI B peaizallii npu
ONITUMI3aIlil CKIIAAHUX aHATITHYHUX MoJelneil. 3a HasIBHOCTI y paKTOpHOMY
MPOCTOPI  BENHMKOi  KUIBKOCTI  JIOK&IBHUX  €KCTPEMyMiB  METOJ
PEKOMEHI0BaHO 3aCTOCOBYBATH 3 BUKOPHCTAHHSM aJJalITHBHOTO aJITOPUTMY
31 3MIHHMM KpOKOM. Y IIbOMY IrOPUTMI BHIagKOBI  BUOIpKH
BUKOPHCTOBYIOTBCS IJIsl BU3HAYEHHSI HANPSIMKY IOLIYKY, @ JOBXKHHA KPOKY
3MIHIOETBCSI BIJIIOBIHO /IO JOCSATHYTOTO piBHS MiHIMI3alil LiJIbOBOT
¢yskmii. Takuil aganTUBHUA MiAXiq JO3BOJSE OalaHCYBaTH — MiXk
rJI00aJbHAM — TOUIYKOM 1  JIOK&IBHUM  YTOYHEHHSM, IiJIBUILYIOYH
HMOBIpHICTh  3HAaXO/DKEHHS TJIO0ATBHOIO MIHIMYMYy B  CKJIAJHUX
0araTOBUMIipHUX MPOCTOpaX.

[pu onrrumizartii enexrponHoro PUYO y hakropHOMY TIpOCcTOpi 30ypEeHb,
10 IifOTh Ha AU3€Th M 9YaC XBUIFOBAHHSA MOPSI, ONTUMI3aIiifHi IpOLeaypH
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TaKOX IOTPAILISIOTH Y JIOKAIBHI eKCTPEMYMH KPUTEPiI0 ONTUMAIILHOCTI [6].
Hanpuknan, mpu BHKOPHCTaHHI CTaHIApTHOTO TPAIiEHTHOTO METOAY Y
MPaKTHYHIH 3a]a4i oNTHMi3awii HaJalTyBaHHs €JIEKTPOHHOIO PEryJsTopa
Nabtesco MG-800 0y710 oTprMaHO 3HAYCHHS KPUTEPII0 ONMTUMAIBHOCTI, IO
NepEeBUIYE AHAJOTIYHUH TIOKa3HUK JUII METOAY IOKOOPAMHATHOI
ontumizamii Ha 19 % [7]. Takum dYMHOM, YyHACHiZOK 30DKHOCTI OO
JIOKaJIbHOTO eKCTPEMyMy 3HAYEHHS KPHUTEPII0 ONTHMAIBHOCTI BHSBHIIOCH
TIpIIMM, IO TaKOX CYIPOBODKYBAJIOCS 301IBLICHHSIM HECTaOUIbHOCTI
yacrotu obepranns [,

OpHak, TONIMPHUTH PE3YJIbTaTH JOCTIKEHb 13 rigpasiaiunumu PUO Ha
SJIEKTPOHHI HE MPEICTABISETHCS MOXKIIMBHUM, OCKLUIBKH TU3€IbHI YCTaHOBKU
3 EJEKTPOHHUMH pEryJjsiTopaMH KOHTPOJIEPHOTO THILY, SIKIi OCTaHHIMHU
pOKaMH HaOyJIM MIMPOKOTo MOIIMPEHHS, MalOTh JOJATKOBI HaJAIITYBaHHS,
30KpeMa IapaMeTpiB JIOT1YHOT YaCTHHH, 0OPOOKH Ta OOMEKEHHS CUTHAIIB,
BHKOHaBYOro mexaHizmy (BM), agantuBHOI Kopekuii Tomo. Y 3B’S3Ky 3
UM 3aBJAHHS ONTHMIi3alil HamamrtyBaHHs enekTpoHHHX PYO cyrreBo
YCKJIAIHUIIOCS Ta CTaJI0 OUTBII OaraTopakTOPHUM.

TakuMm 9UHOM, iCHy€ mpakTHYHA TpoOieMa BHOOPY METOMy IOLIYKY
eKCTpeMyMy npu onTuMizamii emexktpoHHoro PUO musemiB, nuHamidHi
PEXKHUMH SIKHX OB’ sI3aHI 3 MOPCHKUM XBUITFOBAHHSIM.

Meroro  JOCHIDKEHHS €  OliHKa  MOMJIMBOCTEW  3aCTOCYBaHHs
CIIeliaTi30BaHUX  METOJIB  TIOIIYKY eKCTpeMyMy IIpd  ONTHMi3arii
HajamTyBaHHs enektponHoro PUO /1 st 3a0e3neueHHs 3HAXOKEHHS
1100aJIbHOTO ONTHMYMY Ta 3MEHILEHHSI KIMOBIPHOCTI MOTPAIUISIHHS B JIOKAJIbHI
eKCTPEMYMH KPUTEPII0 ONTHMAIBHOCTI B yMOBaX XBHIIIOBAHHS MODSI.

OcCKiJIbKHY 1IUTb0BA (QYHKIIIS Y 3a3HaUCHiH 3a1a4i Mae CKIIaJHUH XapakTep
11i rpadiuna iHTEpIIpETAaLis SBJISIE COOOKO TIOBEPXHIO 3 MHOXKHHOIO JIOKATEHIX
MIHIMyMIB, SK KpHUTEpid ONTHMAIGHOCTI OOpaHO MiHIMyM HECTaOlLIFHOCTI
PETYIBOBAHOTO TIapaMeTpa, TOOTO aMILTITYAHN KOJWBaHb YacTOTH O0EpPTaHHS
auzens Ao, . Leil MiHiMyM Mae 10cAraTUCs NpH HAHIMOBIPHIIINX 3HAUEHHAX

3MiHM aMIUITy 1 30ypeHHs (8)) Ta 1mepiofy KOJMBaHb (XUTABUIL CyJHA) Ha
TOJIOBHY IU3€JIbHY YCTAHOBKY [7].

Y pobori [8] mokazaHo, mo npu ontumizanii mapamerpis PHO B ymoBax
XBHJIIOBaHHSI MOPSI JIOCSITAIOTHCS ITPAKTHYHO OHAKOBI PE3YJIbTATH SIK MPU
BHKOPHCTaHHI JeTepMiHOBaHOI (pyHKIIT 30yprotodoro BIumBy Ha ['/], sika
BpaxOBY€ 3BOPOTHHH BIUIMB AW3eIs HA 30ypeHHS, TaK i IPH BUKOPUCTAHHI
3BHUAiiHOI cuHycoinmu. Y 3B 3Ky 3 IUM JJIsI MOAEIHHOTO TOCHIKCHHS
muHaMigyHEX Xapaktepuctuk CAPY Bukopucrana ¢opma 30yprorodoro
BILUIMBY Y BUIJISI CHHYCOIANTbHOT (pyHKIIIT.

Jliis po3B’si3aHHS 3a1a4i ONTHMI3alii BUKOPHUCTAHO MOJENb i3 poOoTH
[9], sika nmo3BONsAE aHaNi3yBaTH BIUIMB KOHCTPYKTHBHHUX 1 IapameTpiB
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HanamryBanas PUO wa nuaamivai BimactuBocTi CAPYU nmusens. Mopens
BPaxOBY€E ITUKJIOBY HECTaO1IbHICT KPyTHOTO MOMEHTY MPOTSITOM poO0YOoro
[UKITY, IHepLiiHI BIIACTHBOCTI JHM3EIIS Ta 3aIli3HCHHS B KaHAaJ1 ITepeJaBaHHs
KEpYIOUoro BIUIMBY BiJl PETynsATOpa (3yMOBIEHI HUKIIYHICTIO MOadi
MajuBa Ta OCOOMMBOCTAMH  (OPMYBaHHS KpPYTHOTO MOMEHTY B
KPUBOIIHNITHO-ITATYHHOMY MEXaHi3Mi).

[Iponenypy onrumizamii nposenero mra I'/JI MAN B&W 6S60MC-C7,
obnasnanoro enekrpoHauM PYO Nabtesco MG-800. [IBuryH i3 npsmoro
nepenayerd Ha rpeOHUIl TBUHT, KPOK SKOro (iKCOBaHMW, Ma€ HACTYIIHI
TexHiuH1 xapakrepuctuku [10]:

niametp numinapa — 600 mm;

xig mopurHs — 2400 mMM;

HOMiHaJIbHA TTOTY>KHICTh — 13560 kBT;

HOMiHaJTbHa yacToTa obepranus — 105 xB™;

CepeHIN IHANKATOPHUIA THCK — 19 Kre/cm?;

MaKCHMaIlbHUH THUCK 3ropsHHS — 150 kre/cm?.

Juis 3MeHIIeHHs BIULTMBY 0OMe)keHb Tojadi nanuBa Ha auHaMmiky CAPY
JOCIIIKEHHS BUKOHYBAJIOCS IIPH CEPEAHPOMY HaBaHTa)KEHHI IBUTYHA 75 %
BiJl HOMiHAJIFHOTO, IIIO BiAIMOBIIA€ EKCIUTyaTalliiHOMY PEXHUMY 3 YaCTOTOIO
obepranns 95,4 x'.

UYuciioBi 3Ha4YeHHS BUKOPHCTAaHUX IapaMeTpiB MOJENl BiANOBINAIOTH
KOHCTPYKTOPCBHKIH JJOKyMeHTauii gociiukyBanoro ausens ta PO [11]:

yac po3rony nuzens T, =2,3 c;

KyT BHIIEPE/DKEHHS YIOPCKYBaHHS MaJMBa Ha HOMIHAJIBLHOMY PEXHMI
¢; =—2,5 rpan. IIKB;

yac 3amizHenss 1, = 0,026 c;

yac BM PUO 7. =0,4 c;

HEpiBHOMIPHICTh Kepytodoro enementra BM 6., = 0,04 BigH. ox.;

Yyac po3roHy BUKOHABUYOTO enekrpoasuryna 7. = 0,03 c;

Koe(]IiLi€HT MiJCHICHHS NPONOPLIHHOI IaHKH kp = 2,2 BiJH. O.;

yac iHTerpyrodoi 1aHku 7; =2 c;

koe(ilieHT nepeaayi audepeniiodoi 1anku k; = 0 BiAH. o

BiZIHOCHA LIMpHHA 30HH HewyTiauBocTi € = 0,005 BigH. of1.;

Koe(illieHT repeaydi 30HU HeyTIuBOCTi kg = 0,5 BiiH. ox.;

Koe(ilieHT mnepenadi JaHKA (opcyBaHHS PO3rOHY 1 TallbMyBaHHS
BHKOHABYOTO €IEKTPOABUTYHA k, = 0,4 BiJH. O1.;

KOeQIIlieHT Tepenavi 3BOPOTHOTO 3B’SI3KYy 3a YaCTOTOK OOepTaHHS
BHKOHABYOTO €IEKTPOIBUTYHA k, = 0,06 BimH. O11.;

KOeQiIlieHT BUKOPUCTAHHS X0y PEryJIATOpa PH MEePEX0i BiJl HyIHOBOT
[oJayi majuBa 10 HOMIHAJILHOI k., = 0,8 BigH. 011.;

Koe(]imieHT 3BOPOTHOTO 3B’ 3Ky krp = 0 BimH. 0f1.
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HocnijkeHHsT BIUIMBY mapamerpiB enekTpoHHoro PYO Ha 3HaueHHS
MiHIMYMY [iTb0BOI (DYHKIII1 BHKOHAHO MTOYSPTOBUM BapiFOBAaHHIM KOKHOTO
3 00paHux HanamTyBaHb okpemo (¢ =0 ... 0,08 BigH. ox.; k, = 0,1...5 BigH.
on.; 7;=0,5...8 c) NOWIYKOBUMH METOJAMH IAKETy KOMI IOTEpHOI
Matematuku (rpamieaTHuM — Gradient descent, cumruiekcHUM — Simplex
search, meronom I'yka-/IxuBca — Pattern search). BOyznoBaHi mpouenypu
OIITHMI3aIli] JUIsl 3aBEpILEHHS iTepalliifHOro mpolecy MiHiMi3auii HijbOBOT
(GyHKIIT 32 3aMOBYYBaHHIM BUKOPHCTOBYIOTh 3HAUEHHS BEJIMUUHH KPOKY.
I[Ipy mpoMy dYac MOHENIOBaHHA OOpaHO pPIBHUM MOJBIHHOMY IIepioay
XUTaBHUIll, [0 BUKIIIOYHB BIUIMB TPUBAIOCTI MEPEXiJHOIO IPOIECY Ha
TOYHICTh BU3HAUEHHS KPUTEPIIO0 ONTHMAILHOCTI.

Ha puc. 1 300pakeHnii, sSIK NpHKIan, pe3yabTaT MOIIYKY MIHIMyMy
KPHUTEPII0 ONTUMAJbHOCTI INPH ONTHMI3allil BiJHOCHOI HIMPUHH 30HU
HEUYYTJIMBOCTI PETYJIATOPA TPAJIEHTHUM METO/IOM.
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Puc. 1. Pe3ynpraT onTrMizallii BiZTHOCHOT IMUPUHH 30HU HETYTIINBOCTI
PYO rpasnieHTHUM MeTOIOM

Ha puc. 1 BuaHO, oo mpoueaypa ONTHMI3aUil rpalieHTHUM METOIOM,
sika 32 3aMOBYYBAHHSIM JUIsl ONTHMI3allii BIATYKY BUKOPHCTOBYE alTOPUTM
MIOCITIJOBHOTO KBaJIpaTHYHOrO MporpamyBaHHs y O¢yHKmii fmincon (i3
ypaxyBaHHAM 3aJaHUX OOMEKEHb), MOXKE BHSIBHTHCS HEIOCTaTHBO
e(eKTUBHIM y BHOOpI HOBOTrO HAIPSAMKY pyXy HOUIYKY ekcTpemymy. Lle
MOSICHIOETBCS THUM, IO JUIS CKJIAIHUX LUIbOBHX (yHKUIH, (yHKIIOHATIbHI
MOBEPXHI SKHX MalOTh MHOXHHY JIOKaJbHHX MiHIMyMiB, BHOIp TOYKH
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MiHIMyMy Ha IOIepeaHiN iTepauii K TO4aTKOBOI /IS TIOIIYKY HACTYITHOTO
MIHIMQJILHOTO 3HA4YCHHS, MOXKE HE 3a0e3[eYnTH BHCOKOI WMOBIpPHOCTI
3HaXOJUKEHHSI TJI00aJIBHOTO MIHIMYMY.

Ha puc. 2 300pakeHuii, sSIK NMpHKIa[, pe3yJbTaT HOUIYKY MiHIMyMy
KPHUTEpPII0 ONTUMAJbHOCTI MpU ONTUMI3amii KoedimieHTa MiACHICHHS
HPOTOPLIHHOT JIAHKH PEryJIsiTopa CUMIIIIEKCHUM METOIOM.
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Puc. 2. PesynpraT ontuMizartii koedimieHTa MiICHICHHS MPOMOPIIIHOT
nmaakn PYO cUMIUIEKCHUM METOIOM

Ha puc. 2 BuAHO, IO CUMIUIEKCHUH METOJ| HOIIYKY Ul ONTHMi3awil
BIITYKYy, KWW BHKOpHCTOBYEe (yHKIf0 fminsearch, Moxe BHABIATHCS
e(eKTUBHUM JUISI MOZEJeH, sKi MICTATh HEeNiHIHHOCTI, IPOTE€ METOJ €
HEIOCTaTHHO aJANTOBaHUM 1O CUTyalid 3 OOMEXEHHSAMH Ha IapaMeTpu
OITUMi3allii.

Ha puc. 3 300pakeHmii, SIK TPHUKIAL, PE3yNbTaT IMOMIYKY MiHIMyMy
KPHUTEPII0 ONTUMAJIBHOCTI INPH ONTHMI3alii 4Yacy IHTErpyrouoi JIaHKH
perynsatopa MetogoM I'yka-/I>xuBca.

Ha puc. 3 BugHo, mo wmeron ['yka-/[kuBca, SIKUH BHKOpPUCTOBYE
¢yHKIiro patternsearch, peaiizye po3MIMPEHUN METO II100aTHHOTO MOMITYKY
JUIsL onTHMi3amii BiATyKy, IIo morpedye 3HauyHOI KinbKocTi itepamiid. Lle
MOB’S3aHO 3 PI3HOK BEIMYMHOI KPOKIB TPUPOCTIB 33 PIi3HAMHU
apryMeHTaMH IITFOBOI (DYHKIi, OCKUIBKH IOIyCTHMI Mialla30HA 3MiHU
KO)KHOTO ONTHUMI30BaHOTO IapamMeTpa MOXYTh BIJIPI3HATHCS OIMH BiX
OJTHOTO Ha TMOPSIJIKH.
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Puc. 3. Pesynprar onrumizarii yacy inrerpyro4oi anku PHO meronom
I'yka-JlxuBca

PesynpraTi onTumizamii npu  BapilOBaHHI IapaMeTpiB  BiIHOCHOI
IIMPUHA 30HA HEYYTJIMBOCTI €, BiTH. OJ., KOeQillieHTa IiJCUICHHS
MIPOMOpIiifHOl JTaHKU Kkp, BIAH. OA., Ta 4acy IHTerpyrouoi jaHku T, c,
enekrponHoro PHO 3Beneni y Taou. 1.

Tabmmns 1
Pe3yabTat IOYEpProBoi ONTHMI3allil KOKHOTO 3 00paHuX
HanamrtyBanb PHO

CriertiamizoBanmuii Onrumizosani 3HaueHHS KPUTEPII0

METOJ TTOIIYKY Hz};;l\f;z; onTuManbHoCTI A®, *1072
€=0,0114 2,394
I'pamienTHHI ky=3,25 1,977
T;=2.88 1,816
€=0,0115 2,392
CuMrutekcHUH ky =3,249 1,975
T;=2.879 1,815
€=0,0115 2,392
I'yka-JlxmuBca ky=3,25 1,975
T;=2,8876 1,809
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Y  pesymprari  moueproBoi  onrtumizanii  mapamerpis  PUO
CIIelliai30BaHMMH METOJAaMH BCTAHOBJICHO, 110 BH3HAYaJbHUH BIUIMB Ha
MOWHY MIHIMYMY KPHUTEpil0 ONTHMAIbHOCTI YHMHHUTH KOEQILi€HT
TTiICUIICHHS IPOIIOPLIHHOT JIAHKH, 3HAXO/PKEHHS SIKOTO TpadivHO BUTJIsIIAE
SIK TTIOCTYNOBUI BuXij Ha 1m1ato. CyTTEBUH BIUIMB CIIOCTEPIra€ThCS TAKOX 3
00Ky Yacy IHTErpyrodol JaHKH Ta MEHII BHPQXCHHUH 3 OOKYy BIIHOCHOI
LIMPHHYU 30HH HEUYTJIMBOCTI, IIPOTE iXHI 3HAYSHHS MAIOTh NPH rpadidHOMY
MIPEACTaBICHH] BUIIIS YiTKO BUPQKEHUX MIHIMYMIB.

[epeBipky 3MiHH MOJIOXEHHS €KCTPEMYMY IIPH 3HAWACHHX ONTHMYyMax
napaMeTpiB HaJAIITYBaHHS BUKOHAHO JIJIs BUIIAJIKIB MMOTIAPHOI ONTHUMI3aIlil
napamerTpiB: € Ta ky; T; 1a €; k, Ta T

Ha puc. 4 300paxenuit, sk MpUKIa, IPOIeC ONTUMI3allii CHMIUIEKCHUM
METOAOM 32 KOC(II[IEHTOM MiICHICHHS IPOIMOPIIAHOI JaHKA Ta YacoM
IHTErpyI040i JJaHKU EIEKTPOHHOTO PETYIATOPA OJJHOYACHO.

(TP IRETA=10] ©

s s

e LoD
Vaisbie

CustomReq

—— Cusionitaa

[ Crterin
[ cumaoman

Iteration

Puc. 4. Pesynprar momapaoi onTumizariii KoedirieHTa miacuieHHs
MIPONOPIIHOI JIaHKHU Ta Yacy iHTerpytouoi janku PUO cuMIniekcHIM
METOJOM

I3 puc. 4 BumIMBae, MO MHiJ Yac 3aCTOCYBAHHS CHMIIIEKCHOTO METOLY
MOJKE BUHHUKATH IOTpeda B OOMEXKEHHI KUIBKOCTI iTepalliii uepe3 Te, 110
3a/aHi TpaHUYHI 3HAYCHHS MapaMeTpiB MOXYTh ITHOPYBaTHCS B MpOIIECi
MOIIYKY ONTHMYMY.

PesynbTati momapHoi ontuMmizauii mapamerpiB enektponHoro PUO
CIeIiaTi30BaHUMHU METOJJaMH TIOITYKY €KCTPeMyMY 3BeeHi y Ta0. 2.
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Tabmums 2
PesynpTaTn momapHoi onTuMmizanii oOpaHMX HalaITyBaHb
enextponnoro PHO

o . ) ) 3HaueHHS KPUTEPI0
CrnemnianizoBanuii | OnTUMi30BaHi BHAUCHHS | (o HOCT AB,
METO/I MOLIYKY napameTpiB 102
€=0,008; k, = 3,225 2,042
I'pagieHTHUI T;=2,841; €= 10,0091 2,063
k,=3,25; T;=2,854 1,875
€=0,0112; k, = 3,2571 1,959
CuMILIEKCHUI T;=2,8499; ¢ =0,0109 1,989
k, = 3,2449; T;=2,8755 1,867
€=0,0111; k, = 3,2566 1,954
I'yka-/IxuBca T;=2,848;,£=0,011 1,987
ky,=3,242; T;=2,875 1,868

IlepeBipka 3HaiIeHNX ONTHMYMIB Yy BHITaIKaX MOMApHOI OMTHUMIi3aIlil
iTR0BOT (DYHKIIII CremiaTi3oBaHIMU METOJaMH TI0Ka3aja, 10 MOJI0KEHHS
EKCTPEMYMY MOKE 3MIHIOBATHCS:

M dYac ONTHMi3amii BiATHOCHOI IIMPUHH 30HH HEUYYTIHBOCTI
enekrpoHHOro PYO pa3zom i3 koedimieHTOM MiICHIICHHS MPOIOPIiTHOT
JaHKW abo 3 4YacoM IHTErpyro4oi JIaHKH CIIOCTEPIraeTbcsi IEBHE
MOTTHOJICHHS €KCTPEMYMY;

MIPU OJHOYACHINA omTuMi3armii Koe(illieHTa MiJICHICHHS MPOIOPIIiTHOT
JAHKK Ta 4Yacy IHTErpyrodol JaHKH BifOyBaeThCs HE3HAUHE 3MII[CHHS
EKCTPEMYMY B MIPOCTOPI MapaMeTpiB.

BusnaueHo, 1110 3MiHa 3HaYE€HB OJTHOTO 3 TApaMeTpiB k), a00 7; 3yMOBITIOE
TAKOX 3MiHY 3HAYEHHS BiJIHOCHOI IIMPUHU 30HU HEUYTIMBOCTI PETYIIATOPA.

Ha puc. 5 300pakeHwmii, sk TPUKIAA, MPOIEC ONTHMI3alii 0a30BHX
3HayeHp napamerpiB PUO rpamieHTHUM METOAOM 3a TphOMa OOpaHHMU
HAJIAIITYBAaHHSMH OJTHOYACHO.

Ha puc. 5 BUIHO mpolec MNOIYKYy ONTHMyMYy UUIbOBOI (GyHKIIT
rpaJiEHTHUM METOJIOM, OJIHAK, NIO0ANIBHUHN MiHIMyM OyJI0 3HAWJICHO JIUIIIE
MiCJISE MOBTOPHOTO TOMIYKY €KCTPEMYMY 3 TOUKH JIOKATBHOTO EKCTPEMYyMY .

PesynbraT OararonapamerpuydHoi onTtuMizaiii enekrpoHHoro PYO
CICIiaTi30BAHUMHU METOJIJaMH TIOIITYKY €KCTPEeMyMY 3BeZICHI y Ta0. 3.
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Puc. 5. [Ipomec baratonapamMeTpryHOI ONITUMI3AIli] TapaMeTpiB
HaJIAIITyBaHHA elekTpoHHOro PUO rpagieHTHIM MeTo10M

Tabmmns 3
Pesynbraru OararonapameTpu4yHOi ONTHMI3aLiT 00paHKX HAJIAIITYBaHb
enextponHoro PUO

. . ) . 3HaueHHs KPUTEPIO
CrenianmizoBaamii | OnTumizoBaHi 3HAYCHHS ONTUMATEHOCTI
METOJ MTOMITYK napameTpiB — b
A HOMYRY pamMetp AB, 107
. . €=0,0105; k, = 3,2412;
I'panienTHUI T,=2.8755 1,819
N €=0,0113; k, = 3,2518;
CumriekcHAM T,=2.883 1,804
€=0,0114; k, = 3,2529;
I'yka-Ixusca T,= 2875 1,803

TakuM 9HHOM, TPaJi€HTHHN METOJl Ma€ BHCOKY IIBHIKICTH 301KHOCTI,
asie Moke He 3a0e3MeYnTH MOMIYK TI00aJbHOr0 MiHIMyMy, 30KpeMa, 4epe3
HasIBHICTh HENHIHHOCTEH (HEeUYTJIMBOCTI, HACHUCHHSI, 3aMI3HEHHSI TOIIO) Ta
30DKHICTB JI0 JIOKaJIbHO HEONTUMAILHUX PO3B’s3KiB. Lle 03Hauae, 110 y pasi
HOro BUKOPUCTaHHS MOXe 3HaI00UTHCS a0 TOIepeHE 3BY)KEHHs 00J1acTi
JIOTMYCTUMHUX 3HaYCHb ONTUMI3AIiHHUX MapaMeTpiB, abo y ISsKUX BUMAIKAX
MOBTOPHOTO TOIIYKY €KCTPEMYMY 3 TOUKH JIOKAIBHOTO MIiHIMyMY.

CUMIUTeKCHIH MeTOH 3a0e3MeurB JAOCTATHBO TOYHHMH IMOIIYK 00jacTi
rI00aBHOrO  ONTHMYyMY Ta TPOAEMOHCTPYBaB C(EKTHBHICTH TIPH

50



ABTOMaTH3allisl CYZJHOBHX TEXHIUYHHX 3aC001B Bumnyck Ne 31

ONTUMI3aIlil MapaMeTpiB EIEKTPOHHOTO PEryysiTopa y CKIaai CHCTEMHU
ABTOMATHYHOTO PETYJIOBAHHS 3 BUPaXCHUMH HENiHIHHOCTAMHU. BogHOUac
IIpH H0T0 3aCTOCYBaHHI MOXJIMBHIA BHXiJ 32 MEXi 3aJaHUX OOMEXEHb, IO
moTpedye KOHTPOIIO TPaHHYHUX YMOB, 30KpeMa, OOMEKEHHSIM KiTBKOCTI
iTepartiii.

BesrpanientHuit METO[, I'yka-/xuBca  103BOJIUB OTpUMAaTH
HaUTOYHINIMKA pe3yJbTaT ONTHUMI3allili Ta MPOAEMOHCTPYBAaB IIOCHIJOBHE
HaOJIKEHHS IO TI00aIhHOTO ONTHMAIBHOTO PO3B’S3KY, HE3BAKAIOUM Ha
JIOKaJIbHI 0COOJIMBOCTI LiNbOBOT (YHKIIT. MeTo BUSIBUB BUCOKY CTIHKICTh
JI0 BIUTMBY HENIHIHHOCTEH CHCTEMH aBTOMATHYHOTO PETYJIIOBAHHSI, OJHAK
XapaKTEPU3yBABCsS HAHTPUBANIIINM IPOIECOM 301KHOCTI 1, BIAMOBIIHO,
MiIBUINCHIMA OOYHCITIOBAIbHUMU BUTPATAMHU.

Ha puc. 6 HaBenena nepeBipka 3Hal€HOTO ONTUMYMy MeTooM I'yka-
J>xuBca 3a TppoMa 00paHuMU TapameTpamu eaekTporHoro PUO ogHOYacHO
IIPY BUKOPUCTAHI ONITUMI30BaHUX 3HAYCHb HAJIAIITYBAHHS.

ron: Parslel tices Lineanzstcr Oabon:

< i (i e

o cwen wn

Gustorries

= Varsbie moview

Puc. 6. Ilepesipka 3HailineHoro ontumymy meronom I'yka-JlxuBca

I3 puc. 6 BUmIMBaEe, MO MiHIMyM KpPHUTEPII0 ONTHMAIBHOCTI IPH
nepeBipmi MetomoM ['yka-JlmBca mormmbuscs Ha 0,035°102 mpu
HEe3HaYHOMY 3MillleHHI eKCTpeMyMy B ripoctopi napametpis € = 0,0117; k, =
3,3612; T;=2,7955.

VY pe3ynbTaTi JOCTIIKESHHS TaKOXK BCTAHOBJICHO:

y pa3i 3By)KEHHS 00JjacTi 3HA4YCHb ONTHUMI3AIlIHHUX MapaMeTpiB
(Hampuxiiaz, Tpu IXHBOMY MONEPEIHHOMY PYYHOMY OIPAIfOBAaHHI) IPHU
BHKOPHCTAaHHI CIICiaTi30BaHUX METOIIB MOMIYKY CKCTPEMyMY HMOBIpPHICTh
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3YIMHKM TpoLEeAypH onTHMizalii udepe3 "3ycTpiHyTHil" y (axTopHOMY
MIPOCTOPI JOKAIBHUN €KCTPEMYM 3HHXKYETHCS Tpruoan3Ho 10 70 %o;
3aJIeXHICTh LUIbOBOI (DYHKIIT BiJ IapameTpiB onTHUMIi3alii peryistopa
Ma€ HETJNAIKUP XapakTep, M0 Ha OKPEeMHX KpOKaX ONTHMIi3aliifHOi
MIPOLEAYPH TNPHU3BOAWUTH 1O NPHUWHATTA HE HAWKpamuX pileHb IOJO
mepeMimieHHss 'y (aKkTOPHOMY MIPOCTOpi Ta IMiABHILYE IHMOBIPHICTH
TTOMMIIKOBOTO Bi/ITAJIEHHS BiJl TOUKH TTI0O0AIBHOTO EKCTPEMYMY;

NpY BUKOPUCTAHHI CHELiaJli30BaHUX METOJIB IOIIYKY E€KCTpEMyMy B
3aja4yl onTHMizalii HajamTyBaHHA enekrpoHHoro PUYO cyanoBoro [']]
YacTO CHOCTEPIraeThcs 3MiHa IOJIOKEHHS eKCTpeMyMy abo 301KHICTB 10
JIOKQJIBHUX EKCTPEMYMIB KpPUTEPII0 ONTHUMAIBHOCTI, $Ka 3yMOBJIEHa,
30KpemMa, BHOOPOM KPOKY MOIIYKY (y TOMY YHCIi IpH HOTO aBTOMAaTHYHOMY
BH3HAYCHHI).

I[pu 3miHi mapamerpiB enexTponHoro PUQO KOHTpoJepHOrO THITY
3aNIe)KHO Bif pekuMy poOotu [/ iMOBipHICTE BHHHKHEHHS JIOKAIBHUX
EKCTPEMYMIB KPUTEPII0 ONTUMAIFHOCTI B ()aKTOPHOMY IPOCTOPi 30ypeHb
Ha JAW3eNb, XapaKTepHHX JUId PEalbHOI eKCIUTyaTalii MOPCBKHX CYyIEH
(croxacTuyHOMY 30ypeHHI), MOYKE 30UIBIIMTHUCS, 10 MTOTPEOYE T0IATKOBOT
HepeBipKu.

Bucnosnmtoemo  Basiunicte M. B. JleBiHcbkOMy 32 3MiCTOBHE
00OrOBOPEHHS MPOLECAYPH ONTHMI3aIlii 13 BUKOPUCTAHHIM KOPHCTYBAIbKUX
BuMOT [12] Ta HamaHi peKOMEeHAAIIi.
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Abstract. The study focuses on the problem of tuning electronic speed
governors for marine diesel engines operating under sea-wave-induced
dynamic modes, where pronounced nonlinearities and multiple local
extrema of the optimality criterion significantly complicate the search for
globally optimal settings. In such automatic speed control systems, nonlinear
effects arise from internal signal limitations, deadband, delays, actuator
dynamics, and the cyclic nature of the diesel working process, which often
lead to convergence of optimization procedures to locally, rather than
globally, optimal solutions. Under these conditions, the choice and
configuration of extremum-search algorithms have a decisive influence on
the quality of the obtained tuning parameters and on the stability of the
controlled engine speed.

The aim of this work is to evaluate the effectiveness of specialized
extremum-search methods for optimizing the tuning parameters of the
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Nabtesco MG-800 electronic speed governor of the main marine diesel
engine MAN B&W 6S60MC-C7 under sea-wave conditions. Using a
mathematical model of the automatic speed control system, the influence of
the relative width of the deadband, proportional gain, and integrator time on
the minimum of the engine-speed instability criterion was investigated by
means of gradient, simplex, and Hooke—Jeeves pattern-search methods
implemented in a computer mathematics package. It is shown that the
gradient method provides a high convergence rate but can fail to locate the
global minimum due to the presence of nonlinearities and convergence to
local extrema, which may require narrowing the admissible parameter ranges
or restarting the search from the previously found local optimum. The
simplex method more reliably identifies the region of the global optimum
and demonstrates good performance in systems with pronounced
nonlinearities, although it may violate specified parameter bounds and
therefore requires careful control of boundary conditions and limitation of
the number of iterations. The derivative-free Hooke—Jeeves method ensures
the deepest minimization of the optimality criterion and exhibits high
robustness to nonlinearities, at the expense of a larger number of iterations
and increased computational effort. The influence of the search step and
admissible parameter ranges on the probability of convergence to local
extrema has been clarified, and practical recommendations have been
formulated for the sequential, pairwise, and multi-parameter optimization of
electronic speed governor tuning parameters for marine diesel engines using
built-in extremum-search procedures of a computer mathematics package.

54



ABTOMATH3AIIis CYTHOBHX TEXHIYHUX 3aC001B Bunyck Ne 31

YK 629.5.083.4:004.8 ARTICLE HISTORY
DOI: 10.31653/1819-3293-2026-1-31-55-65 Received 01.03.2026
Accepted 27.03.2026

JleBincpkuit Makcum Banepiiiosnu!, Jleincekuii Banepiit MuxaitnoBuy’
Hamionansauit yHiBepcuteT «Onecbka MOpChKa akanemis», Oneca,
Vkpaina!

OnecbKuil HalliOHANBHKI TEXHOMOTIUAMI yHiBepeuTeT, Oneca, Ykpaina?
MaxLevinskyi@gmail.com!, ValeryLevinskyi@gmail.com?

IIpenukTHBHA MO/I€JIb OLlIHIOBAHHS PU3HKIB
3aTPUMAaHHS CY/eH i3 3aCTOCYBAHHAM IITYYHOI'0
IHTeJIeKTY Ta aHCaMOJIeBUX METOiB MAIIIUHHOI'O

HaBYaHHSA

Levinskyi Maksym!, Levinskyi Valeriy

National University «Odessa Maritime Academy», Odessa, Ukraine
Odessa National Technological University, Odessa, Ukraine
MaxLevinskyi@gmail.com!, ValeryLevinskyi@gmail.com?

2
1
2

Predictive model for ship detention risk
assessment using artificial intelligence and
ensemble machine learning methods

Pe3ome. Y cmammi posensdacmuvcs  nioxio 0o  asmomamusayii
OYIHI0B8ANHS PUUKIE OepoicasHo2o nopmoeozo koumponio (PSC) na ocnosi
ananizy Oamux WOPIYHUX 36iMi6 BOCbMU PELIOHATLHUX MEMOPAHOYMIG
(MoU). 3anpononogano memooOuKy 3acmMOCY8aHHSA — IHCMPYMEHMIE
wmyunoeo iumenekmy — 30Kkpema, NLP-mooeneii ma ancambiegux
Memooi8 MAUUHHO20 HABYAHMS — OISl CUHME3Y OAHUX i3 2emepo2eHHUX
oocepen (Paris MoU, Tokyo MoU, Black Sea MoU, EMSA ma in.).
Pezynomamom pobomu € xonyenyis npeouxmueHoi mooeni HA OCHO8I
JnocicmuyHoi  pecpecii, w0 0036014€ NPOSHO3Y8AMU  UMOGIDHICMb
sampumants cyona P(d) na ocnoei n'smu Kiouo8ux 03HaK: OPUCOUKYID
npanopa, petimuney eusHanoi opeanizayii (RO), 6iky cyoua, pecionanvHozo
Koegiyieunma ma icmopii nonepeounix incnekyiiu. Bemanoeneno, wo Tokyo
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MoU oOemoncmpye Hnatiguwuil cepeOHill pi6eHb 3amMpUMAanb, md Mae
Haubinbw  penpesenmamugny  GubOipky 0 Haguauua. I[Ipaxmuuna
3HAYyWicms  NIOMBEPONCYEMbC  MONCIUBICINIO  IHmezpayii mooeni 6
cucmemu YApaseniHHa 0e3nekoi CYOHONIABHUX KOMNAHIL ma OC8imHi
npozpamu MOpPCbKUX 3axkiadie euuoi oceimu.

Summary. The article presents an approach to automating Port State
Control (PSC) risk assessment based on the analysis of annual reports from
eight regional memoranda of understanding (MoU). A methodology is
proposed for applying artificial intelligence tools — namely NLP models and
ensemble machine learning methods — for synthesizing data from
heterogeneous sources (Paris MoU, Tokyo MoU, Black Sea MoU, EMSA,
etc.). The result is a conceptual predictive model based on logistic regression
for estimating ship detention probability P(d) using five key features: flag
Jurisdiction, recognized organization (RO) rating, ship age, regional
coefficient, and previous inspection history. It is established that the Tokyo
MoU demonstrates the highest average detention rate, and its dataset is the
most representative for model training. The practical value is confirmed by
the possibility of integrating the model into safety management systems of
shipping companies and maritime higher education programs.

MixHapoJHe MOpCBKE MpaBO  IIOCTIHHO  YCKIJIQJHIOETBCS — Ta
PO3IIMPIOETHCS: BiMMOBiTHO 10 Pe3omorii Acambnei IMO A.1187(33) [13],
HEIOBHHUH mepenik O0OB'A3KOBMX BHUMOI MDKHApOJHMX KOHBEHLIH 3
MOPCBKOTO CyHIHOIDIaBCTBa Hamiuye Omm3pko 1000 mo3mmiid. 3a Takoi
KUIBKOCTI PETyJIATOPHUX BUMOT TOPYIIEHHS 3 OOKY CyICeH € NPaKTHYHO
HEMHUHYYHMH, IO 1 IPU3BOAMTH JO iX 3aTPUMAaHHS OpraHaMH JEPXKaBHOTO
noptoBoro koHTposto (Port State Control, PSC). Pazom 3 Tum came
incnekmiitHa misueHICTE PSC Qopmye yHIKaIbHUI MacuB JaHUX, SKHAN
BIZIKpUBA€E PUHLIUIIOBO HOBI MOXKJIMBOCTI JIJIsl 3aCTOCYBaHHS IHCTPYMEHTIB
ITyYHOTO IHTENEKTY 3 METOI IPOAKTUBHOTO YHPABIIHHSI pPU3HKOM
3arpuMaHHs. 31 3pOCTaHHSIM IHTEHCHBHOCTI CBITOBOTO CYAHOIIJIAaBCTBA Ta
MIPUCKOPEHUM 3alpoBa/LKEHHSIM HOBUX ekosoriunmux crannapris (CII, EU-
ETS) nepexin Bi peakTHBHOTO JI0 IPOAKTHBHOTO aHATI3y CTAa€ HarajibHOIO
norpeboro ramysi [15].

AHaIi3 HayKOBHX MyOJiKalliii CBITYUTH MPO 3POCTAIOUYHHA iHTEpEC IO
3aCTOCYBaHHS METOAIB MAalIMHHOTO HABYAHHS JUIS aBTOMAaTH3allii pU3HK-
OpIEHTOBAHOTO BigOOpPY CyIeH Ha MepeBipKy. Y HocmimkeHHsIX [7 — 9]
anpoboBano aHcamOneBi meromam (Gradient Boosting, Random Forest),
MalmuHA  OomopHUX BekTopiB (SVM) Ta 0GaeciBChbKi Mepexi, 1o
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JIEMOHCTPYIOTh TOYHICTh BHSBJIICHHS 3aTpuMaHb Ha piBHI 71 — 78 %
nopiBHSAHO 3 42 % mpu pydHoMY BinoOopi cyzaeH iHcriekTopamu Paris MoU.
3okpema, aBTOopamu [11] mokaszaHo, mo cxemMa BHOOpPY O3HAK Ha OCHOBI
SVM 1no3BOisiE CYTTEBO TIABHIIMTH SKICTh IepenOadeHHs 3aTpUMaHb
HaBiTh 3a YMOB He30amaHcoBaHMX KiaciB. Y poboti [12] pozpobieHo
iepapxiuHy Kiacu(ikamito KaTeropii aedexTiB 3 BUKOPHUCTaHHSAM Teopil
HEepCIEKTHB, IO JO3BOJISIE BpaXyBaTH HEJIIHIHHICTh CYIXKEHb MPO PU3HK.
3a3HaueHl MIXOAW MiATBEPIWIN NEPCHEeKTHBHICTH 3actocyBaHHs I B
rany3si PSC, onHak MaroTh CyTTEBI OOMEKEHHSI.

BonHovac nepeBakHa O1IBIIICTD HassBHUX JIOCHIPKEHD 30CEpe/KeHa Ha
JaHuxX onHoro mMemopanaymy — Paris MoU a6o Tokyo MoU — Tta He
posrisiaae npodiiemMy cuHTe3y rereporeHHUX PDF-3BiTiB 13 pi3HUX peTioHiB.
HeBupimieHnMH 3aMIIalOThCS MMUTAHHS: aBTOMAaTH30BAaHOTO 00'€HAHHS
6a3 1aHNX BOCEMH PEriOHATBHIX MEMOPAHIYMIB B €MHY CTaHAAPTU30BAHY
HaBYaJNbHY BHOIpKY; BpaxyBaHHA pPETiOHATBHO-CIEIU(PIYHNX BaroBUX
KOeQIIiEHTIB Yy MEXaX €IUHOI MOJIENi; TMHAMIYHOTO JOHABYAHHSI MOJEII
TP BUXOJ1 HOBUX IIOPIYHUX 3BiTiB 0€3 MOBHOTO NIEpEeHABYAHHS. Y CYHEHHS
3a3HA4YEHMX MTPOTAINH € 3aBJaHHSIM MPOIIOHOBAHOTO JOCIIIKEHHS.

Metor [aHOi POOOTH € pO3poOKa KOHIEHTYaIbHOI apXITEKTYPH
MIPEAMKTUBHOT MOJIEJi OIIHIOBaHHS PU3MKIB 3aTPHMaHHs CyJIeH Ha OCHOBI
CHHTE3Y JIJaHUX 13 BOCbMH PETiOHAILHUX MEMOPAHIYyMIB i3 3aCTOCYBaHHSIM
NLP-mozeneld Ta aHcam01eBUX METOAIB MAlIMHHOIO HaBYaHHS, a TaKOX
(dopmarmizamiss MaTeMAaTHYHOTO amapary MoIem Yy BHUDILINI (QyHKIIT
HiMoBipHOCTI 3aTpuManHs P(d).

Sk OCHOBHHI KOPITYC AOCIiIKEHHsS Oy BUKOPUCTAHI MIOPiYHI 3BIiTH
BOCHEMH PErioHATBHUX MeMopaHIyMiB 3a 2023 — 2024 p.: Paris MoU, Tokyo
MoU, Black Sea MoU, Indian Ocean MoU, Mediterranean MoU, Abuja
MoU, Caribbean MoU Ta Vifia del Mar Agreement [1 — 3].
JlonaTKkoBUM JIXKEpEIoM CIyryBall aHAIITHYHI MaTepiajan €BpONerchKoro
areHrcTBa Mopchkoi Oesneku (EMSA) ta momosins EMSAFE 2025 [4].
Cykynuuit MacuB Hasiuye nonazn 80 000 3anuciB npo iHCHeKuii.

Ockinpkn BuximHi 3BiTH MoU sBisitore coboto PDF-mokymentn 3
PI3HOIO CTPYKTYpOIO Ta OpMaTyBaHHSM, JUIS IX aBTOMAaTH30BaHOi 0OPOOKH
3aCTOCOBYBAIMCh Mojen o0poOku mpupomHoi moBu (NLP): Ha erami
BIUTy4eHHs iH(popMalii BUKopucToByBasiachk 0i0mioreka spaCy Ta perynspHi
BHpa3y; CTAaHJAPTHU3AIiS HECYMICHUX ONWHUIIb BUMIpY Ta KiIacu(ikamiiHIX
KoIiB Ae(eKTiB 3MiMCHIOBAIACh 3 BHKOPUCTaHHSM KpoOc-pedepeHcHOT
tabmumi THETIS [16]. IlincymxoBa 6a3a maHux oO'eqHaHa B €IWHHA
cranapruzoBanuii popmat JSON/CSV 115 HoAanbLUIOro HaBYaHHS MOJIET.
KonBeep 00poOKH TaHUX BKIIOYAE YOTUPH KPOKH.
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Kpoxk 1. Bunyyenns nanux: PDF — texcroBwuii map (pdfminer) — NLP-
MIAPCHHT — CTPYKTYpPOBaHi 3aIliCH.

Kpok 2. Hopmamizauis: koxysanus nedekriB 3a THETIS-konamu,
yHigikanis npanopis 3a ISO 3166-1.

Kpok 3. 30arauenns nanux: monmaBaHHs Equasis-arpuOyTiB (THn/Bix
cynHa, RO, xnac).

Kpok 4. ®opmyBaHHS HaB4aibpHOI BHOIpKM: HYacoBa cTpaTHdikaiis
(80/20 train/test split).

Ha ocHOBi cuHTe30BanmMx maHuX 3a 2023 — 2024 p. BUABICHO 3HAYHY
TeTEePOreHHICTh MOKa3HUKIB 3aTpUMaHb y PI3HUX perioHax caity. Sk
BUIUIMBAE 3 Tabn. 1, Aiana3oH cTaBoOK 3aTpuMaHHs Bapitoerbes Big 0,62 %
(Abuja MoU) mo 5,0 % (Tokyo MoU), mo Bka3zye Ha HEOOXiTHICTH
BKJIFOUEHHS IO MO PerioHanbHO-crelu(iyHnX BaroBux KoeQiieHTiB.

Tabmuns 1

HopiBusutpHNI anani3 epexruBHOCTI PSC 32 perionamu (2023-2024 p.)

CraBka . 1II-
Memopanaym .y PiBeHb .
. Iucnekuiit | 3aTpuMaHb | 3aTpUMaHHS, LiHHICTB
/ Perion N PU3HKY
% TaHuX
Black Sea N
MoU 4 000 188 4,71 Bucokuit | Cepenast
Tokyo MoU 32 054 1600 5,0 Bucokuii | Bucoxka
Paris MoU 17 000 800 4.7 Bucokuii | Bucoka
Indian Ocean N
MoU 5000 200 4,0 Bucokwuit | Cepenns
Mediterranean | ¢ 200 33 Cepenwiii | Cepenms
MoU
Viia del Mar 3500 95 2,7 Cepenniii | Hwuzbka
Caribbean iy Hdyxe
MoU 540 15 2,8 Cepenniit KA
Abuja MoU 3204 20 0,62 Husekuit | Husbka

Hpumimra: «Cmaska 3ampumanHsy — GIOHOWEHHS KIIbKOCMI 3amMpPUMAHUX
cyoeH 00 3a2anbHOi KiTbKOCMI iHCneKyill y pe2ioni 3a 36imuuti nepioo. Pieens pusuxy:
00 1,5 % — nusvkuil, 6io 1,5 00 3,5 % — cepeonitl, 6i0 3,5 % — eucoxuil. LLI-yinnicmo
danux: 0o 1000 — oyace Huszvka, 6i0 1000 oo 4000 — nussxa,; 6io 4000 oo 12000 —
cepeons, 6i0 12000 — sucoxa.
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3a piBHeM pu3MKy ocoONuBY yBary npusepTaioTh Black Sea MoU,
Tokyo MoU, Paris MoU. Ha mpormnexnoMmy moimoci — Abuja MoU:
HACTUTPKA HHU3bKE 3HAUCHHS HAaWIMOBIpPHINIE CBiTYUTh HE CTUIBKHA IIPO
BHCOKHI TEXHIYHHH CTaH CYyJeH, CKUTBKH IpPO MEHII >KOPCTKI KpuTepii
knacudikarmii qedexti mopiBHsAHO 3 Paris ado Tokyo MoU.

3 TOYKM 30py pPENpe3cHTaTUBHOCTI HaBYANBHOI BUOIPKH HAWOLIBII
uinauM € MacuB Tokyo MoU: takuii oOcsiT JO3BOJSIE MOJIENI BUSBIATH
PiIKicHI, ane KpUTHYHI naTepHu Ae(EeKTIB, IKi TyOISTHCS B MAJIHX BUOIpKaX.
OnTUManbHUM IT1X0I0M € 3BAKEHA arperailist JaHuX YCiX MEMOPaHIyMiB 3
ypaxyBaHHsIM 1X o00cary Ta 3acrocyBaHHsM TexHiku SMOTE s
OayaHcyBaHHs KJIaciB (3aTpuMaHi / He3aTpuMaHi cyiHa) [7].

Amnani3 nanux 3a 2023 — 2024 p. BUSBUB IpyIy NPAIopiB i3 CHCTEMHO
BHCOKHM pPIBHEM HEBIAMOBITHOCTI B yCiX KJIIOUYOBHX MeMOpaHAyMax. Sk
rmokazaHo B Tabn. 2, mparmopu Kamepyny Tta TanzaHii AeMOHCTPYIOTH
cepelHi CTaBKH 3aTpUMaHHsI Ha piBHi 24,8 % ta 22,1 % BianosimHO —y 5 — 6
pa3iB BHUIIIEe CEpeIHBFOCBITOBOIO OKa3HUKA [1, 2].

Tabmuus 2
EdexruBHicTs npamnopis aepskas 3a perionamu Paris MoU Ta Tokyo MoU
(2023 - 2024 p.)

Paris MoU, Tokyo Cepenne, .

IIpanop cynna % MoU. % o Kateropist pusuky
Kawmepyn 22,3 27,3 24,8 Kputuunnii puzuk
Tan3anis 20,5 23,7 22,1 Kputuunnii puzuk
CeH”.[‘-KlTC i 11,5 28.6 20.1 Jyxe BUCOKHUIT
Hesic pHU3HK
Benis 15,4 19,2 17,3 Bucokuii puzux
I'pysis 12,0 16,5 14,3 Bucoxuii pusuk
Toro 10,8 13,9 12,4 Bucokwuii pu3uk
[Tanama 3,1 3,8 3,5 Husbkuii pusnk
Mapmaninosi N

2,1 2,6 2,4 Husbkuit pusnk
0-BU
Baramu 1,5 1,9 1,7 Mimivas it
PH3HK

. MinimManbHul

Jlibepis 1,8 2,2 2,0
pH3HK
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Oco0nuBHiA iHTEpeC CTAaHOBHUTD JIMCHEPCis PU3HKY 32 PETiOHAMH JUIS
onnoro npamnopa. Tak, anst Cent-Kite i Heic piBens 3arpumans y Tokyo
MoU (28,6 %) maiixe B 2,5 pa3u nepeBunlye mnokasHuk Paris MoU
(11,5 %). Lle minTBepaKy€e HEOOXITHICTH BKIFOYEHHS IO MOIENi KpOC-
perioHanpbHUX BaroBUX KOEQIMi€HTIB: 3HAUCHHS f1 (PU3HK Mpamopa) Mae
PO3paxoBYyBaTHCh OKPEMO ISl KOXKHOTO PErioHy, a He sK Ii1o0ajbHa
CKaJIIpHA BEIHYHHA.

EdexTuBHicTh BH3HAHOI OpraHizamii € JAPYrUM 3a 3HAYUMICTIO
npeauktopom. Jligepu ramyzi — ABS, DNV rta Lloyd's Register —
crabinpHO 30epiratots cratyc «High Performance» [10]. Opranizamii
kareropii «Low Performance» (International Register of Shipping,
Hellenic Register) cTBOpIOOTH CHCTEMHI pU3UKH. 3TiaHO 3 nanumu Black
Sea MoU, nedexrn, nos'szani 3 HenoriasnoM RO, KOHIEHTPYIOTHCA
mepeBaXHO y cdepax Oe3meku moperaBctBa (18,5 %) ta moxexHOT
6e3neku (16,3 %) [3]. Y Mozmeni nponoHyeTbes He OiHapHa Kiacudikamis
RO, a tpupiBHeBa moOpsAOKOBa O3HaKa 3 HENiHIHHEM mmTpadoM 3a
HaJexHicTh 1o kateropii Low Performance.

3ampomoHOoBaHAa MOIeTs 0a3yeThCs Ha aHCaMOJIEeBHX METOAax
MmamuHHOTO HaB4yaHHA (Gradient Boosting / XGBoost), sxi Ha
¢iHaIbHOMY KpOIi BiKaNiOpOBaHi METOJOM JIOTiCTUYHOI perpecii s
OTPUMaHHs IHTEPIPETOBAaHUX IMOBIpHICHHX ouiHOK [8]. Monueib
npuiiMae Ha BXiJl BEKTOp o3Hak X = {fi, f2, f3, fa, f5} BIANOBiAHO IO
CTPYKTypH, TpeactaBieHol B Tabn. 3 (mpodimi nedekTiB 3a THIAMHU
CyJieH) Ta Ta0u. 4 (Omuc 03HaK).

Tabnums 3
[podini nedexTi y po3pisi THMIB cyaeH, % BiJl 3arabHOI KiTBKOCTI
BusiBieHux nopymess (EMSAFE 2025) [4]

T TMoxkexna fOHCTpYK“i” HSO.LAS MARPOL, P"TYGB' ISM/
WII CyJTHA Gesmexa, % MeXaHi3Mu, aBiraris, o 3aco0u, SMS. %
% % %

Tenepanbinid 27 18 15 12 16 12
BaHTaXx
bankepu 20 27 14 11 15 13
XimidHi 18 15 12 22 14 19
TaHKepU
Konreiirepo- 22 16 13 14 17 18
BO3U
Hagrosi 16 14 11 26 16 17
TaHKepI/I

* [losnauerno 0oMiHyl04y Kamezopito 0eghekmie 0Jisk KOJCHO2O0 MUNny CyoHa
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Tabmnums 4
BekTop 03HaK MPeTUKTHBHOT MOJETI: CKIIAJ, BaTH Ta JpKEpesa JaHuX

Bekrop | HaiimenyBannsa | Bara .
Tun nanux IIpumiTka
03HaK 03HAKH ()
Koed. pusnx Kirouoswmit
fi . amf; Y 0,28 | JuaamiuHui KiacugikaTop
parop JiepKaBU Ipanopa
f Peiitunr RO 0,22 |KareropianbHuii High / Mgdlum / Low
‘ — TpH piBHI
X . Henepepsuuii  |Hemninilina — ¢yHKIis:
S Bik cynua 0,18 (HedxiH.) €KCIOH. 3picT > 15 p.
KopuryBanus Ha
fa Per. koedimient | 0,17 |CraTUCTHYHUI | perioHANbHY
crenudiky
£ AIcmpm 3 0,15 | Yacosuii pn 3Ba>1<‘eHe cepelHe 3a
‘ IHCTIeKLIIH 36 mic.

Jominyroui kareropii nedekris (mo3HaueHi B Ta0. 3) € IpiOPUTETHUMHA
3MIHHAMHU TP CHeMiaTi3anii Moesi Ml KOHKPeTHUH cermeHT duoty. s
CYIIeH TeHepaJbHUX BaHTAXIB IIe MoKeXkHa Oesreka (27 %); s Oankepis —
CTPYKTYpHI AedexTu Kopmycy i MexaHi3miB (27 %).

3HaueHHs Bar P, 110 HaBeleHi B Tabi. 4, 3alpONOHOBaHI SIK anpiopHi
OLIIHKH U KOHIenTyaiapHoi Moneni. Bi = 0,28 (mpanop) — apryMeHTOBaHO
yepe3 15-kpaTtHui po3puB cTaBOK 3arpuMaHHs Mix Kamepyn 22 — 27 %
npotu baram 1,5 — 1,9 % (auB. Tabun. 2).

B2 = 0,22 (RO) — yepe3 mpsMy 3aJEKHICTh SKOCTI TEXHArJIsAy Bif
KaTeropii opranizaii, makpimieHo nocumanasma [3, 10].

Bs = 0,18 (Bik) — 4epe3 HemiHilfHe 3pocTaHHA micis 15 pokis, Bke
onucane QyHKIl€w Q(Age).

B4=0,17 (perioHanbHU Koedili€eHT) — Yepe3 CHCTEMHI BIIMIHHOCTI MiX
MEMOpaHIyMaMH y CYBOPOCTi Kiacudikarii qedeKTi: Hanmpukiaz, po3puB
Mk Abuja MoU (0,62 %) ta Tokyo MoU (5,0 %) 3a omHaKoBOTrO
TEXHIYHOTO CTaHy CyJICH CBIIYHMTh HE PO PeaibHy Pi3HHUIIIO B PUBHKY, a IIPO
Ppi3Hi iHCTIeKIiHHI cTaHAapTH (IUB. Tadm. 1).

Bs= 0,15 (icTopis iHCHEKIii) — yepe3 Te, MO0 [EeH MOKA3HUK € ITOXiTHIM:
BiH BX€ OIIOCEPEIKOBaHO BifjoOpakae BILMB mpanopa ta RO, 3adikcoBanuii
y TIOTIIepeIHIX MepeBipKax.

Ix emnipuuHe yTOUHEHHS € 3aBIAHHAM MOAANBIIMX JAOCITIKEHb.
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KitouoBuMm enementom Mogeni € ¢yHkuis P(d) — HMOBIpHICTE
3arpumanHs cynHa (Detention Probability), mo npuiimae 3HaueHHS B
niamasowi [0, 1]. [Ind i BU3HAYeHHS BUKOPHUCTOBYETHCS TAKHHA JBOCTAITHUN
MIIX1I.

Kpok 1. O6uunciieHHs 3BaXeHOT JTiHIHHOT KOMOiHAIlT 03HAK

z= B() + Blfl + Bsz + B3(P(Ag€) + B4ﬁl- + Bsf59

ne ¢(Age) — wHenmimifiHa OyHKIiA 3HOCY CyaHa, IO BigoOpakae
eKCIOHEHITIATFHO 3POCTAIOYNI PU3UK Y Mipy CTapiHHS:

¢(Age) = In(1 + max(0,Age — 15)).
Kpok 2. 3acTocyBaHHs JIOTiCTUYHOT (CUrMOiHOT) QyHKIIT aKTHBaIi]

P(d)=0c(z2)=1/(A +e7%).

IeperBopennst ¢(Age) IPYHTYETbCS HAa CIIOCTEPEIKEHHI, IO CyAHA
cTapmii 3a 15 pOKiB JOeMOHCTPYIOTH HEIPOIOPIIfHO BHCOKY YacTOTy
cTpykTypHuX aedextis [6]. Koedinient Bo sBsie co0010 BUTbHMI WiIEH, 0
BioOpaxkae «0a30BUi» piBEHb PHU3HWKY JUIA TIHOTETHYHOIO i1CabHOTO
CynHa.

IpomoHy€eThCs HACTYITHA iHTEpIIpeTaIlisi BuxijaHoro 3Hauenus: P(d) >
0,7 — CyZHO MO3HAYAETHCS K «BHCOKOPU3UKOBE» Ta PEKOMEHIYETHCS IS
npiopurersoro Binbopy (Priority Inspection Target); P(d) € [0,4; 0,7] —
craugaptauii MoHitopuHr; P(d)< 0,4 — HU3BKHH PHU3HK, PO3IIAPCHHUI
IHTepBaI MK IHCTIEKITiSIMU.

KputnuHolo ~ mepeBaroro  3alpoNOHOBAaHOI  apXiTEeKTypu €
ABTOMATH30BaHMH MEXaHi3M JIOHaBYaHHS MOJEIl IMPH BUXOII HOBHX
mopiuaux 3BiTiB MoU. NLP-koHBeep 3miHCHIOE: CHHTaKCHYHHHA pPo30ip
HOBOTO 3BiTy; OHOBJICHHS BIIIOBITHHX 3amuciB y 0a3i JaHWX O3HAK;
nepepaxyHoK KoediuieHTiB [ dyepe3 mpouenypy IHKpPEMEHTaIbHOTO
HaBuaHHs. Le 3a0e3neuye akTyalbHICTh MOJIeINi 0€3 HEOOX1THOCTI TOBHOTO
nepeHaB4aHHs 3 Hyns [11].

Jani Tabn. 3 miATBEpIKYIOTH TINOTE3y MPO TUHO-cnenrdivHi npodini
PU3UKY: U1 KOXHOI Kareropii ¢ioTy icHye noMiHyroda o0Jjacts
HeBiNmoBigHOCTEeH. IIpakTHYHMIA BHCHOBOK IIOJNSAra€ B TOMY, IO B
apXiTeKTypi MOJeNi THIl CyIHa Ma€ BHUCTYIATH HE IIPOCTO JIOJATKOBOIO
03HAaKOI0, a epeMukaueM migmozaeneii (model switcher): 11t KOXKHOTO THITY
¢roty dopmyerscs okpemuid mpo¢ias Bar B, MO0 aKIEHTYe HaiOiLIbII
3HAYYIl [UIS HBOTO NPEAWKTOpH. TakWih WiAXim peami3yeThcs uepes
iepapxiuny knacudikauito (Hierarchical Classification Framework) [12].
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3arajoMm 3 JOCIiKEHHS 3pO0JICHO 6UCHOBKU:

1. BusBieHo 3HayHy perioHajbHY I'€TEpPOreHHICTh: Jiala3oH CTaBOK
3arpuMmanHsl ctaHoBuTh 0,62 — 5,0 % 3ajexHO BiJ MEMOpaHIyMy, IIO
00YMOBJIIOE HEOOXIJTHICTh BKJIIOYEHHS PETriOHAIBHOTrO KoedillieHTa fa 10
BEKTOpA O3HAaK.

2. ®opmaiizoBaHO MaTeMaTHYHUH amapat Mojnenmi depe3 (QYHKIIO
sorictuanoi perpecii P(d) = o(Bo + X B;f;) 3 HeNMiHIAHIM [EPETBOPEHHSIM
@(Age) nns o3Haku BiKy CyjaHa.

3. BcraHOoBICHO, 1110 HAO1IBII 3HAYYIIMMH IPEAUKTOPAMH 3aTPHMaHHS
€ pu3uk nparnopa (B1 = 0,28) ta pelituar Bu3HaHOI opranizamii (B2 = 0,22).

4. Bussneno tumno-cnenn¢idai mpodisi gedexTiB: JOMiHAHTH TOKEKHOT
0e3meKn I TeHePaIbHOTO BaHTAXY, CTPYKTYPHUX Ae(eKTiB s Gankepi
TOLIO.
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Abstract. The continuous growth in the volume of international maritime
regulatory requirements — IMO Assembly Resolution A.1187(33) lists
nearly 1,000 mandatory obligations — makes ship deficiencies practically
inevitable, which in turn leads to vessel detention by Port State Control
(PSC) authorities. At the same time, the PSC inspection database — covering
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large amount of inspections annually across regional memoranda —
constitutes a unique dataset that enables the application of artificial
intelligence tools for proactive detention risk management. The article
presents a methodology for applying Al tools — specifically NLP models
(spaCy, pdfminer) and ensemble machine learning methods (Gradient
Boosting/XGBoost) — for synthesizing structured information from the
annual reports of eight regional MoU: Paris, Tokyo, Black Sea, Indian
Ocean, Mediterranean, Abuja, Caribbean, and the Vifa del Mar Agreement.
A review of existing studies shows that such methods achieve detention
prediction accuracy of 71 — 78 %, significantly outperforming manual
inspector selection (~42 %). However, most prior work focuses on a single
memorandum and does not address cross-regional data synthesis or dynamic
model updating. A four-stage processing pipeline is described: PDF
extraction, normalization against THETIS deficiency codes and ISO 3166-1
flags, data enrichment with Equasis attributes, and temporal stratification. A
comparative analysis reveals significant heterogeneity in detention rates
from 0.62 % (Abuja MoU) to 5.0 % (Tokyo MoU). The predictive model is
formalized as a logistic regression function P(d) over an ensemble output,
using a five-dimensional feature vector with prior weights justified by
domain logic: flag risk (B:1=0.28), RO rating (B.=0.22), ship age with
nonlinear transformation @(Age) (Bs=0.18), regional coefficient (Bs=0.17),
and inspection history (Bs=0.15). Ship-type-specific defect profiles and a
hierarchical model-switching architecture are proposed. Integration of the
model into company safety management systems and maritime education
programs is substantiated.
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INTELLIGENT VENTILATION CONTROL
SYSTEM FOR SMALL AND AUTONOMOUS
VESSELS

Pestome. Ilpedcmaenena iHmenekmyanvHa cucmema  YnpaeiiHHs
BEHMUNAYIEIO NPUMIWEHb MUNOBUX MATOMIDHUX MA ABMOHOMHUX CYOEH.
Axmyanvricms  0ocniodcenHs 00ymMosnena HeoOXIOHICMIO NiOGULYEHHS
HaodiHoCMi ma adanmueHoCmi pooomu CyOHOBUX BEHMUNAYIUHUX CUCTHEM
8 YMOBAX 3MIHHUX eKCNAYamayiiHuX HABAHMANCEHb Md O0OMENHCEeHUX
eHepeemUyHUX pecypcie. 3anponoHo8aHO MemoOUKy «HACHIOYIY020
HeupoynpasninHay, oe Helipomepesscesuli konmponep (HMK) nasuaemocsa
Ha baszi pobomu aoanmusnoeo I11/]-pecynamopa. Mooenoganus cucmemit 8
naxemi MATLAB niomeepouno, w0 8UKOPUCMAHHI AN2OPUMMY HABYAHHS
Jlesenbepea-Mapreapoma 3abe3neyye GUCOKY MOUYHICMb MA WEUOKICb
peaymosanns. Taxoow, 0151 RIOBUUEHHS HAOTUHOCME CUCMEMU YNPABIIIHHSL
3anpPONOHOBAHO eKCNEPMHY CUCTEMY, KA 00360I8€ ONEPAMopy epekmusHo
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VApAGNAmMYU 8  pedtcumi  OUCMAHYILIHO20 — KepYBaHHsA  napamempami
senmunayii 3 bepecoeozo abo cyonogozo LY.

Summary. An intelligent ventilation control system for typical small and
autonomous vessels is presented. The relevance of the study is driven by the
need to increase the reliability and adaptability of marine ventilation
systems under varying operational loads and limited energy resources. A
"mimic neurocontrol” methodology is proposed, where a neural network
controller (NNC) is trained based on the operation of an adaptive PID
controller. System modeling in the MATLAB package confirmed that the use
of the Levenberg—Marquardt learning algorithm ensures high accuracy and
regulation speed. Furthermore, to enhance the reliability of the control
system, an expert system is proposed, allowing the operator to effectively
manage ventilation parameters in remote control mode from a shore-based

or shipboard central control station.

Binomo, 1110 MaJOMIpHi CyqHA - [I¢ HEBEJIUKI CyTHA (KaTepH, sIXTH 1 T.1I.
JIOBXKUHOIO 110 24 M), sKi, SIK IPaBUJIO, OCHAIICHI aBTOMATH30BaHUMH a00
ABTOMAaTHYHUMH CHCTEMaMHM YIpaBIIiHHs, HaBiramii Ta MOHITOpUHTY. B
JaHWil dYac pO3BHTOK MAIOMIPHHUX CyJCeH IIOB'A3aHUH 3 aKTHBHUM
BIIPOBA/DKEHHAM TEXHOJIOTIM INTYYHOTO IHTEJIEKTY: CEHCOPHHX CHCTEM,
Iareprery peueit (IoT), undpoBux miardhopm MOHITOPHHTY, AKi HOPMYIOTH
KOHIIETif0 ""cMapT-cyAeH" - IHTEIeKTyalbHUX CyACH 3 aJalTHBHUMH Ta
eHeproeeKTUBHUMH CHCTEMaMH JKUTT€3a0e3MeUeHHs, Hapiramii Ta
yopaBmiaag [1 - 3]. HaromicTe, He3BaKarouW Ha BHCOKHI ITOTEHILIal
HITYYHOTO 1HTEJIEKTY B CYJHOILIABCTBI, OTO BIPOBAKECHHSI 3aJICKUTD BiJl
BUPIIICHHS I[IJIOr0 Psi/ly TEXHIYHUX Ta IPABOBUX NPOOIIEM.

3okpema, I HaB4aHHSA HelpomepexeBoro koHtpoiepa (HMK)
MoTpiOHa HasBHICTH BEIMKOro 00csATy BuUMiproBaibHHX aaHux (Dataset)
KOHTPOJILOBaHKX MapaMeTpPiB CYJAHOBOT0 OOJIaHAHHS IPH EKCIUTyaTalii Ha
PI3HHX peKMMaxX HaBaHTa)KCHHS, yMOBaX IUIAaBAaHHS, MaHEBPYBAaHH TOIIO.
Pazom 3 THM, peanbHi MOPCHKI JIaHi 9acTO HEMOBHI a00 pi3HOPI/IHI, MICTSTh
ITOMHJIKM BHMIpIB Ta ITOTaHO BiIOWBAIOTH PIKICHI, alleé KPUTHYHI aBapiiHi
curyarii. llle omHiero BayKIHMBOIO HPOOJIEMOIO € BiICYTHICTH TOCTATHBOI
KUTBKOCTI MDKHAPOJHHUX CTAaHAAPTIB Ta HOPMATHBIB, IO PETYIIOIOTH
BHUKOpHCTaHHA HefipoMepexeBnx (HM) Ta iHIuX iHTENeKTyaTbHUX CHCTEM
Ha aBTOHOMHHMX Ta TPaAUIIIHUX CyAHAaX.

Jis X BIIpOBaKEHHS, Ha JYMKY aBTOPiB, MO>Ke 3HaTOOUTHUCS:

- po3poOKa METOIIB MEePEBIPKH Ta Baigallii MATEMATHYHUX MOJEICH Ta
QITOPUTMIB YIPABIIHHSA IPALIOIOYUX HAa OCHOBI METOMIB MAITHHHOI'O
HaBYaHHS;

- MiATBEPKEHHS HaAIHHOCTI IHTENEKTyalbHIX CUCTEM KEepyBaHHS;
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- CTBOPEHHS 3araJbHONPUHHATUX METOIUK PO3POOKH, HaBYAHHS Ta
BUNIPOOYBaHHA Ha CyJHI HEHPOHHHMX MEpeX Ta IHIIMX IHTENEKTyaJbHUX
cucTeM aBToMaTHYHOTO ynpasiiHHS (CAY).

Ampobartisi 3aIIpOTIOHOBaHUX —TIAXOIB 10 300py HAaBYAIBHHUX NAHWUX
o070 BHUMIPIOBANBHUX TapaMeTpiB Ui HaBYaHHSA I1HTEIEKTYyaJbHUX
(mefipoMepe)keBUX) CHCTEM YIPaBIiHHSA, MOJCTIOBAaHHA Ta OI[IHKA
MMOKA3HUKIB AKOCTI TEpeXiTHUX IPOIECiB MOXXKe OYyTH KOPHCHOIO IS
MoJaNbIIoro BrpoBamkeHHs B CAY sk TpaauilifiHUX, TaK 1 aBTOHOMHHX
CYJIEH 1 € aKTyaJbHOIO HayKOBOIO 33/1a4€l0.

TakuM 4MHOM, METOO JTOCIIIIPKEHHS € PILICHHS MMPHUKJIaHOTO 3aBJaHHs
po3pobku iHTenektyanbHoi CAY miaTpuMmaHHS 3a7aHoi TeMIeparypu
MOBITPS B NPUMIILEHHSIX MaJOMIPHOTO THIIOBOTO ab0 aBTOHOMHOT'O CyJHa
(LITY, mammHHE BiIIUIEHHS, KAalOTH, TOIIO) 1 aHami3 e(eKTUBHOCTI
3aMpoMOHOBAHUX ITiXOIIB.

Juis aHamizy MOKIMBHX IDIAXiB BUPIMICHHS 3aBOaHHS 300py JaHUX
KOHTPOJIbOBAHUX MAapaMETPiB Ta MOJAJBIIOI PO3POOKH IHTEIEKTyalbHOI
CAY mnpomnoHyeTbCss BUKOPHUCTAHHS METONWKH «HACHTiTyBaHHS» (depes
IIMPOKE BUKOPHUCTaHHA Ha cyaHax TuroBux I11/I-perynsaTopis).

Metoguka «Hachigyode HeipoynpaBiaiaHS» (Neurocontrol learning
based on mimic, Controller Modeling, Supervised Learning Using an
Existing Controller) [4] oxoruttoe cucremu Helipoynpasiinss, B skux HMK
HABYA€ThCS Ha YCIILNIHUX NPHKIaLax poOOTH TUHOBOro amanTtuBHOro 11
a6o IIIJI-xonTponepa mo 3BopoTHOMY 3B’si3ky (puc. 1). Ilpu mpomy
ajanraris TUIIOBUX peryisTopiB 3a3BUYai BUKOHY€ETHCS
BHCOKOKBaJIi(piKOBaHUMH  eKcliepTaMu-onepatopamu, a HM cucrema
MOHITOPHHTY 3allaM'TOBY€ 3aJICKHICTh MDK BXIJHHUMH Ta BHXIIHUMHA
napamerpamu CAY.

r
— e

PID controller Object >

I
I
I
L —

Neural network
—>

Puc. 1. Cxema cucteMu ynpaBiiHHS Ha OCHOBI METOIUKH «HACIITYIOYOTO
YIPAaBIiHHD): 7 - 3aBIAHH, U-KepyBaHHS;) - PEryJIbOBaHUI apaMeTp
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Jns  ampoOariii 3armpoIioHOBaHOTO MiAXOAY TPONOHYETHCS aHalli3
CHCTEMH YIIPABJIIHHS CYJAHOBOIO BEHTHJISILIEIO. YIIPaBIiHHS BEHTHJISLIEIO
Ha CyAHaX 3JiHCHIOETHCS Yepe3 aBTOMAaTH30BaHI abo pydHi CHCTEMH, IO
3a0e3MeTyI0Th IPUIUTB Ta BUTSDKKY MOBITPS AJIS MIATPAMKH MIKPOKITIMATY,
BHUJAQJIEHHS IIKIUIMBUX Ta3iB Ta IOXKexHOI Oesmexkn. CrucreMa BKIIFOYAE
BEHTHJISITOPH, ITOBITPOIPOBOIM, 3aCHiHKH Ta NATYMKH, IO IPALIOIOTH Y
peXuMax MOCTIHHOI UPKYIIALii a00 Ha BUMOTY (HAIPUKIA], Y MAITUHHOMY
BI/UIJICHHI a00 JKATIIOBMX Oiokax). Bimomo, 1mo cywacHi cynHa
BUKOPHCTOBYIOTh CUCTEMH LIEHTPAII30BaHOTO KOHTPOJIIO, SIKi aBTOMATHYHO
PEryJIIOI0Th IIBUIKICTE BEHTHWIATOPIB Ta ITOJIOXKEHHS 3aCIiHOK Ha OCHOBI
JIAaHUX JIaTYUKIB TEMIIEpaTypH, BOJIOTOCTI Ta BMICTY Ta3iB.

MoxHa BiA3HAYMTH, W10, HANPUKIAA, Yy 3aBJAHHSAX YIpaBIiHHS
SNEKTPONPUBOAAMH BEHTHIIATOPIB CYyJHOBUX mpuMimeHs HM BumuThCs
MTOBTOPIOBATH ONTHMAaTbHI PEXVMH PETYIIOBaHHS Ha OCHOBI 3i0paHUX
maanx (muB. puc. 1). IlepeBaroro oOpaHOro MeTomy 300py JaHHX € HOTO
MIPOCTOTa — MOKIIMBICTD 3HATTS JaHHX 13 MPALIOI0Y0i CHCTEMH YIPaBIiHHS
0e3 3MiHH apxiTekTypu o0'ekta Ta migBHIICHHA amantuBHOCTI CAY,
ockibkn HM 3naTHa anpokcuMyBaTH CKIIaJHI HEJHIWHI 3aJIeKHOCTI, SIKi
Ba)KKO IIPOMOJIEIIIOBATH ISl ONITUMI3AI] TPATUIIIHHUX PETYIISITOPIB.

Jlnst 360py nanux Ta HaByaHHs HMK npoBeneHo MoientoBaHHS TUTIOBOT
CAY uactoTu 00epTaHHs eJIeKTPOBUTYHA CYJHOBOTO BEHTIIIATOPA.

PerymioBanHs MIBHAKOCTI OOEpTaHHS [BHUTYHa IIOCTIHHOTO CTpyMy
BEHTWIATOpA 3IIHCHIOETHCS NUIIXOM 3MIHM HANpyrW >KUBJICHHS IpH
HE3MIHHOMY MarHiTHOMY IIOTOMLI JBUTYHA. Y HbOMY PEXHMi 0 OOMOTKH
30yKCHHS TIIBOIUTHCS TOCTilfHA HAmpyra, TOAI SK SKIp JIBUTYHA
MAKIIOYAETECS 10 JDKEpeTa peryiaboBaHoi Hampyrd. TakuMm YHHOM,
(aKTUYHO BHUKOPUCTOBYETHCS IBHUTYH 3 HE3QJIEKHUM 30YIUKECHHAM.
3acTocyBaHHS METOIy PETYJIIOBaHHS IIBHAKOCTI IUIIXOM 3MiHU HANPYTH €
CHEPreTHYHO  JOLIIbHHM, OCKIJIBKH BOHO HE  CYIPOBOIKYETHCS
JOIaTKOBUMH BTPAaTaMy HOTY>KHOCTI B IBUTYHI.

MaremartuuHa MOJeNb JBUTYHa IIOCTIHHOTO CTpPyMy CYyIHOBOTO
BEHTWJIATOpA pealizoBana B Oibmiorewi SimPowerSystems niakera MatLab 'y
po3nini Machines [5]. Konraktu F+ ta F— npusHaueHi uis MigKITFOUCHHS
Hanpyru 30yJDKeHHs, 1o 3a0e3rnedye (OpMyBaHHS MAarHiTHOIO HOTOKY.
KonTakti A+ Ta A— BUKOPHUCTOBYIOTBCS IS MIIKITIOUSHHS 0OMOTKH SKOPSI
JI0 CHJIOBOTO JKepelia XUBJICHHs (puc. 2).

AKTHBHE HaBaHTA)XCHHS JIBHTYHA BBOJHTHCS Yepe3 BipTyaJbHHUH BXiJ
TL (aus. puc. 2).
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J1o0 ] Nommal Tl 55 e 19 €S Y | b B E S
L Block Parameters: DC Machine Ex
DL machine [mask] (ink) 1

Implements a separately excited DL machine. Access is provided to the field
cannections so that the machine can be used as a shunt-cannected or a

series-connected DL machine.

>TL m> Parameters

EE Rt T S
. P | [ J— Show detailed parameters -
B¢ Machine

Armature resistance and inductance [Ra [ahms] La (H) 1

[11.201215]

Field resistance and inductance [Rf [ahms] LF [H] ]
[251.3156]

Field-amature mutual inductance Laf [H]
1.576

Totsl inertia  (ka.m"2)

0.02215

Viscous friction coefficient Bm (M.m.s)
0.002953

Coulomb friction torque TF (N.m)
05161

Initial speed (rad/s)
o

el ol Aol

Puc. 2. BikHO mapameTpiB ABUI'YHa BEHTHIIATOPA

Buxigni mapamerpu Mojeni — 4yactora oOepTaHHs, CTpyM OOMOTKH
sxops (la), ctpym 30ymkenns (If) ta enekrpomarnitHuii momeHT (Te) —
(opMyIOTBCS Ha MYJBTUIUICKCOPHIM mmHI m (puc. 3). Takumit miaxin
JI03BOJISIE 3/IIIICHIOBAaTH KOMIUIEKCHHH aHAIII3 JUHAMIYHUX XapaKTEPUCTUK
IBUTYHa Ta OLIHIOBATH €(EKTHUBHICTH CHUCTEMH AaBTOMAaTHYHOTO
PETYITIOBaHHS.

Ha neprmomy (BepXHBOMY) BHXO/Ii Jli€ 9acTOTa 00epTaHHA (IIBUAKICTS),
Ha IHIIOMY — CTPYM OOMOTKH SIKOpSA, Ha TPETbOMY — CTpyM 30y/DKEHHS Ta
Ha YETBEPTOMY — €JICKTPOMArHITHUI MOMEHT ABHUTYHA (IMB. pUC. 3).

Step. -
P A
Sy w Function Block Parameters: Bus Selector < ||

BusSelector

This block acospts 3 bus as input which an be created from 3 Bus Crestor, Bus Selector or 3 block that defines its output
using a bus abiect. The left listbar shouws the signals in the input bus. Use the Select buton to select the autput signals.
The ight listbor: shows the selections. Use the Up, Down, or Remove button 1o reordes the selections. Check ‘Dutput as
bus'to autput a single bus signal,

Parsmeters
Sigriaks in the bus Find Selected signals Up
Shesd v (/3] Spesd w (rad/s]
At curert 13 (4] SEEEL> | amature curentia (4) Doy
Field current if (&) Refresh Femove
5¢ Veitage Sour

Elecirical torque Te fnm)
.

[ Output as bus

Puc. 3. Cxema niIkiIr0ueHHs IBUTYHA JI0 JUKepea )KUBJICHHS Ta BUOIp
rapameTpiB KOHTPOJIIO POOOTH JIBUTYHA CYJHOBOTO BEHTHJISITOpA
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st hopMyBaHHS TOYATKOBHX AaHKUX Oya mooynosana CAY 3 THIIOBUM

[I-perynaropom,
cucremax (puc. 4).

powergui

>l

d F+

Q) F

\
S

"
A,

A
i

WBIAKOCT BEHTUNATOPA
d v [rad/s)>

<Spepd wm (HJEl

Darunk
wsiakocTn

SIKUA 3aCTOCOBYEThCSA B TPAAUIIHHUX CYIHOBHX

nominka

Perynstop

1418§]

55
1255 +1

ynpaesinus
KaHan TemnepaTypy noBiTpa

Puc. 4. Monens CAY nBuryHa BEHTHUIJISTOPA IIPH BIUIMBI 30BHINIHBOTO
30ypeHHs — 3MiHHU TEMIIEPaTypH MOBITPS

Y mpoueci MozieIOBaHHS Ha 00’ €KT YIIPaBIiHHS HAKJIaJaJI0Cs 30BHILITHE
30ypeHHs — 3MiHa TEMIIEpaTypH MOBITPS y IPUMIIIEHHAX cyiHa. [lnHamiuHa
MOJIeJb, 110 ONHCY€E 30ypeHHS, pealli3oBaHa y BUTILAI iHEPIIHHOT JTaHKH.

Bimomo, mo TemmepaTypa MOBITpS B NPUMIIIEHHI 3MIHIOETBCS HE
MHUTTEBO, a 3 TIEBHOIO TEIUIOBOIO iHepIiero. lle MOsCHIOETBCS THM, IO
MOBITPS. MAa€ TEIIOEMHICTh, OTOPODKYBaJbHI KOHCTPYKILii (CTiHH,
MEePEerOpOAKH, CTeNsd) AaKyMyNIOIOTh TEIUIO, a TakKOoX BigOyBaeTbcs
TEIUTO0OMIH 13 30BHIIIHIM cepeaoBHIeM [6].

JuaaMidaa MoJens KaHaly 30ypeHHS:

de(’) DO o1y = K -u(),

ne 0(%) — BiAXUICHHS TeMIIepaTypH MOBITPs Bijl TOYATKOBOIO 3HAYCHHS;

u(t) — xepyrounii BIUIMB (IIOTY)KHICTb HArpiBaHHs;/OXOJOMKEHHs abo
BUTpAaTa IOBITPsI);

T — mocTiiiHa yacy 00'€KTa, 10 XapaKTepU3ye TEIUIOBY 1HEPILiIo;

K — xoedimieHT mepenadi 00'ekta yrnpapiiHHS.

Jliist cucteMu yrnpaBiliHHSL BEHTHIISITOPOM AATUMK IIBHIKOCTI 00epTaHHs
(TaxoreHeparop, AaTYMK XoJuia 3 QLIBTPAIIIEO TOIIO) TAKOXK MPEIACTABICHO
IHEpIIHHOIO JIAHKOIO MEePIIOro MOPSIKY, OCKUIBKHA BUMIPIOBAJIBHUI TPaKT
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Mae BJIaCHy IMHaMiKy Ta ¢inprpamito. Jliama3oH 3MiHM TeMIlepaTypu
MOBITPs B IpOrpami iMiTyeThes B Mexkax Bia 5 1o 22 °C.
JluHamiyHa MOJIeNb JaT4rKa IBUIKOCTI:

T, -%w@) K, o),

e ®(t) — bakTHyHa KyTOBa WIBHAKICTE 00CPTAaHHS IBUTYHa;
y(t)— Buxiguuit curHanm gartduka (Hampyra a6o  rudposumii

€KBiBaJICHT);

T, — mocriiiHa 9acy JaT4mKa;

K, — xoeimieHT nepenadi (4yTIANBICTD) TaTIHKA.

Iponec amanranii [1IJ]-perymsaropa g0 pi3HHUX 30yprOBAIEHUX BILIHBIB
BHKOHYBaBCS 3a jgomomoroio  BOyzoBaHoro B MATLAB meromy
aJIalITUBHOTO yNpaBiiHHsA (puUc. 5).

%
Fle Edit g
‘Sample time (-1 for inneried): -1
Discrete-time
Mo Compensator formula E
© N
=] petip X
a ' LN
B Min intslzaton  Ouputsatuation  DataTypes  state b P Tuner (otorPID Controle) -t Plot Refrence acking o x
— | Controller parameters POTUNER EREEET=0]]|
| Souree: itemal Pt Tipe PDF  Domai
Pl v Tme v
5 | Proportonal (): 165 Forx Prabl _—
& Unpet  @Optos L AdPa v
Integral (1): 0.62
— AT comoum oeson
Derivative (D): 0.2 5 | Step Plt: Reference tacking
5 3
! 3 Step Plot: Reference tracking
Filter coefficient (N): 100 2
—— Tuned esponse
Automated tuning = = Block response
Select tuning method: Transfer Function Based (PID Tuner App) o ]
1B Enable zero-crossing detection

Amplitude

5 15 2 2%
Controller Parameters: P = 1.648, | = 0.6239, D = -0.2797, N = 0.69¢

avan Tewnepanyon o

Puc. 5. ABronanamryBanus I11/] - perynsropa 3a 1onoMororo
mporpaMHOro Metony 3irnepa — Hikombsca

Ha puc. 5 Bkazani ontumainbHi napamerpu HanamryBanns P = 1.65 (Kp),
1(Ti)=0.62, Kn (D)=0.2.

Takox y mpoueci monemoBaHHsi TpamuuiiiHoi CAY 3ailicHioBanacs
3MiHa 3aBJaHHS PETYNIATOpPa 4acTOTH OOEpTaHHs JABUTYHA 3AJIEKHO Bij
TemIiepaTypu noBitTps (puc. 6). [lpu minBuILEHHI TeMIepaTypH MOBITPS Yy
MIPUMIIIEHHSAX Cy/lHAa BEHTWJIATOP MOBHHEH IIPALIOBAaTH IIBHJIIE, TOOTO
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IBUJKICTE Horo oOepTaHHS O€3MOCEpeHBO BIUIMBAE HA IHTCHCUBHICTH
TEIUIO0OMIHY.

powergui
whinkooTs BeHTNATPA
e

%3] Block Parameters: Step2 X <sffpafmraor

<Spepa wm (ad

1 nowinea
Ss+1

Raranw

Step
Qutput a step.

Parameters

Step time:
10

Initial value:
1000

Final value:
2000
Sample time:
0

@ Interpret vector parameters as 1-D B+l .

) ' ynpasrinn
@ Enable zero-crossing detection Kawan TemnepaTypH NoBITpS

9 oK Cancel Help Apply

Puc. 6. 3miHa 3aBaHHs1 KOHTPOJIEPA IIUIIXOM KOPUTYBaHHsI TapaMeTpiB
TEMIIEPaTypH Yy MPUMIIICHHSAX CyHA

[epexinni npouecu CAY noxkasasni Ha puc. 7.

S <Spwed wan (rads)>

2000 — S—

50— =

Puc. 7. Ilepexinni npouecu anantuBHoi CAY yacToTi oOepTaHHS JBUTyHA
BEHTWIATOpA NPpH Iii 30ypeHHs (3MiHM TeMIepaTypH HOBITPs)
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Yac nepexignoro nporecy CAY tpoxu 6Ginbie 10 ¢, To6TO peryistop
IIBUJKO BiIIpAIbOBYE 3MiHY 3aBIAaHHS Ta KOMIICHCAIliI0 30ypeHHs (AuB.
puc. 7).

VY mporeci 300py maHumx ans mopamsimoro Hapuanas HMK ysara
30CepepKyBanacs Ha 3aJIe)KHOCTI MK KepYIOUMM BIUIMBOM Ta IIOMHIIKOIO
yIpaBJiHHS, OTPHUMAaHMX 3a JOIOMOIOI BipTyalbHUX oOcCHMIOrpadiB

(puc. 8).

WBIKOCTE BEHTWARTOPA

o [radis )

wem (ract

Perynstop

-~

——{ﬁ

Yphanhee KAHAN TEMNEPATYPH NOBITDR

Puc. 8. Monens CAY g 300py AaHUX TIPH 3MiHI TeMIepaTypH MOBITps Ta
3aBJIaHHS [UIsl BEHTHIISITOpA (IIBUIKOCTI 00€pTaHHS IBUTYHA TMOCTIHHOTO

CTpyMmy)

Jns  waBuanns HM  perymsaropa Oyma copmoBana  0Oasa
eKCIIEPUMEHTAIHUX  JIaHWX, 10 BijgoOpakae JAWHAMiKy 00’ekrta
yIpaBIiHHS.

Y mporieci MOJICITIOBAaHHS PEECTPYBAINCS TaKi CUTHAIIH:

- TeMreparypa mnoitps (K);

- 3aJ1aHa MBUAKICTh 00epTaHHS JBUTYHA BEHTHIATOPA (Z);

- xepytounii BrumB (U);

- mommika (E).

Jis oTpuMaHHS KOPEKTHOI HaBYAJIbHOI BHOIPKHM CHCTEMa YIpaBIiHHS
MOBUHHA (DYHKI[IOHYBAaTH B PI3HUX PEeXKHUMaX:

1. IlyckoBwii pexuM.

2. Tlepexiani mporecu (pi3ke 3MiHCHHS 3aBIaHHS TEMIIEPATypH).

3. VYcraneHui pexum.
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4. PobOora mpH 3MiHM 30BHIIIHBOI TEMIIEpaTypd Ta BIUIUBY IHIIUX
30ypeHb.
®parmenT HaBYanbHOI BUOipku mist HMK waBeneno Ha puc. 9.

% [Catibr -l - A A=
By -
¢« XK Y- - d-A- =
sydep obmena LpngT r
AS = I 34
A B s D
1 |K E z u
2 0,50 -16,80 2000 2024
3 2,50 -13,10 1800 1822
4 8,10 -9,60 1600 1670
5 10,40 -7,40 1500 1525
6 12,50 -3,80 1400 1413
7 22,40 12,60 400 405
8 | 30,23 18,50 100 50
9 |34

Puc. 9. ®parment Bubipku (Dataset) s HaBuanas HM

Y MalIMHHOMY HaBYaHHI BHMKOPHCTOBYIOTH EMIIPUYHE MPaBHIO
BH3HAYCHHS PO3Mipy HaBYAIILHOI BUOIPKH:

N=>10-W,
ne N — po3mip HaBuasnbHOi BuOipku; W — kinmbkicte Bar HM, mio
HaCTPOIOIOTHCSL.
Hanpuxnaxn, HM mae y cBoiii apxitekrypi: 3 Bxoau, 10 HeipoHiB y
npuxoBaHomy mapi i 1 Buxig (U), mpubmuzao 50 ... 70 BaroBmx

koeinientiB. Toji MiHIManbHUH 00CAT HaBYaIbHOI BUOipku: N =500 ...700
3HAUYCHb.

Jnst moOyzoBH CHCTEMH YIpaBJIiHHS 00paHO JIBOLIAPOBY apXITEKTYpY
MIPSIMOT'O TTOIIMPEHHS.

CucreMn BEHTHWIAIII OMYCKAIOTh HEBENUKY IMOXUOKY PETYIIOBAHHS
TEMITEpaTypH, TOMY BUMOTH JI0 00CATY HaBYaJbHUX JaHUX HIDKYi, HIXK JUIs
KPUTHYHUX CUCTEM YIPABIiHHS CYIHOM.

Eran po3po6kxu HM cucremu ympaBniHHS BUKOHaHO y nporpami Neural
Network Toolbox makery Matlab (puc. 10).

- Iepesiada BX1IHUX JIaHUX Ha BXiTHUH 1Iap;

- 3B@KyBaHHS CHTHAJIIB 3 BUKOPUCTAHHSIM BaroBUX KOE(IIli€HTIB;

- 3aCTOCYBaHHs (QYHKILIT aKTHBAIii;

- Iepefava pe3yJbTaTy Ha HACTYIHHUH mIap;

- OTPMMAaHHS BUX1IHOTO CUTHAITy CHCTEMH YIIPaBIIiHHS.
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4\ Neural Fitting (nftool)

Netwaork Architecture
Set the number of neurons in the fitting netwark’s hidden layer.

Hidden Layer Recommendation

Define a fitting neural network. Return to this panel and change the number of neurons if the network does

not perform well after trainin
Number of Hidden Neurons ad pe 9

Restore Defaults

Neural Network

ST i e

P Change settings if desired, then click [Next] to continue.

= Neural Network Start 1 welcome @ Back % Next @ Cancel

Puc. 10. Bu6ip kinekocTi mapis HM npsimoro posnosciomkenns (Feed
Forward)

Aunroput™ pobotn HM Bkitouae Kijibka eTaris:

[epeBaru o6paHoi apxiTektypr HM:

BUCOKa WIBHAKICTE oOuucieHb. Ilicns naBuanns HM mpamoe mysxe
LIBHJIKO, 10 BaXKJIUBO JUIS CUCTEM PEalbHOTO 4acy;

CTIHKICTB 710 IIYMIB JaHUX.

Ha nymxy psamy Buenux [7, 8] HM oOpanoi apxitekrypu moOpe
MIPALOIOTh HABITh 32 HASBHOCTI MOXHOOK ATYMKIB Ta MIyMiB BUMIipiB. s
HaBYaHHSA HelpoHHOI Mepexi (HM) obpano amroputm JleBenOepra-
Mapxksapara (puc. 11).

Anroputm JleBen6epra-Mapxksapara (Levenberg-Marquardt, LM) €
e(eKTUBHIM METOJZIOM OINTHMI3allil, M0 MOEIHYE BIACTHBOCTI METOAY
HAWIIBUJIIOrO CIycKy Ta Merony HeroroHa. BiH 3actocoByeTbest st
MiHIMi3alil cepeHbOKBaAPATUIHOI (QYHKIIT TOMUIKH [7]

E(@):%Z(M_;)z,

~

Ie V;— WiTbOBE 3HAYCHHS, ); — BUXiJ HEHPOHHOI MEPEKi.

[lepeBaroto 00paHOro anropuTMy HaBYaHHS € BHCOKA IIBHJKICTBH
301KHOCTI Ta e(peKTUBHICTh JUIsl HEHPOHHUX MEPEX MajJoro i cepeaHbOro
po3mipy.
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-\ MNeural Network Training (nntraintool) — ><

MNeural Network

Hidden Qutput
nput OCutput

Algorithms

Data Division: Random (dividerand)

Training: Levenberg-Marquardt (trainim)
Performance: Mean Squared Error (mse)
Calculations: MEX

Progress
Epoch: o [ 7o2iterations 1000
Time: 0:00:02
Performance: 1.77e+06 [ 283e w09 ]| oc.oo
Gradient: 6.08e+-06 [ owora2 | 1.00e-07
Mu: 0.00100 1.00e-06 1.00e+10

“alidation Checks: o | o &
Plots
Performance (plotperform)
Training State (plottrainstate)
Error Histogram (ploterrhist)
Regression (plotregression)
Fit (plotfity
Plot Interval: ' 1 epochs

&3 Training neural network. ..

Stop Tr. a & cancel

Puc. 11. [Ipouec HaBuaHHsT HEHPOHHOT MEPEXKi 3a aJTOPUTMOM
JleBenOepra-Mapksapara

WBIQKOCT BEHTHNATOPE

nominka

Dariuk
WBIAKOCTH

YNpaBNIKHA

KaWan Tesneparypn nosiTpa

Puc. 12. Monemoanas HM CAY (ycraneHunit pexxim)

71



78

ABTOMaTH3Aallis CyZAHOBHX TEXHIYHHX 3aC001B Bumnycxk Ne 31

Etamu monemoBanns HM CAY B pisHUX pexumax poOOTH HpH 3MiHi

3aBJaHHS Ta TEMIIEpaTypd IOBITPS (3MiHA TapaMeTpiB IepeAaBaNtbHOI
¢yHKIil) HaBeneHo Ha puc. 12 — 15.

AHali3 Yacy peryioBaHHS TepeXimTHuX mporeciB (muB. puc. 13, 15)
moka3aB mokpamersas meuakoaii HM CAY B 2 pazu OpiBHIHO 3 THITOBOIO
CAY 3 III[J-perymstopoM. Takok mporecun MaiOTh OUIbII IUTaBHUI
xapakTep 6e3 3aKHIiB, [0 TO3UTUBHO BIUIMBAE HA POOOTY BEHTUIIATOPA.

<5 wm [ras, <Armatury cument 8 (AP
-1

1000

(=)
[=2)
-

o

o

7

Puc. 13. Ilepexinuuii nporiec HM CAY

Discrete
., 5e-05s.

powergui

WBIAKOCTb BeHTURATOPA

I/

Rarumk
wsiakocTn

ynpaenikms

KaHan TemnepaTypy nosiTps

Puc. 14. MopentoBanust HM CAY npu 3MiHI TemMriepaTypu HOBITpsI.
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£ <Speed wm (radls)>, <Ammature current a (A)>
, > .

4000 =

L E— —

2000/

| I | |
2 3 4 5 ] 7 8 9 te

Puc. 15. Tlepexinuauii mporiec HM CAY

IMpu perymoBanHi 0e3 pI3KUX CTPUOKIB (3aKkuiiB) mapaMeTpiB
BEHTWIATOP HE 3a3HA€ Pi3KUX 3MiH MBUAKOCTI oOepTanHs. Lle mpusBoauth
JI0: MCHIIIOTO 3HOCY MIIIIUITHUKIB, 3HWKCHHS BIOparliif, 301UTbIICHHS
TEPMIiHY CIIy’)KOM BEHTHIATOpA. TakoX CNEKTPOJABUTYH BEHTUWISATOPA HE
MiJTa€ThCS YaCTUM HaBaHTaXKEHHSAM. be3 mepeperymoBaHHS cucTeMa HE
poOUTH 3aliBUX KOPEKIIif, BEHTIIATOP MPAIIO€ ONMKYE IO ONTUMAIBHOI
po00Y0i TOYKH Ta 3MEHIITYETHCS CIIOKUBAHHS EIEKTPOSHEPTii.

Pazom 3 Tum 1o 3arpo3 Bukopuctanast HM y CAY MokHa BiTHECTH Te,
o HM HaB4aeThCs TUIIIE HA TOBEIHII, IKY IEMOHCTpYe€ agantuBHuA [11/1-

perynsaTop. Takox mig yac 3BUYaiiHOI eKCIUTyaTallii piJko BUHIKAIOTH Pi3Ki
TEIUIOBI HAaBaHTa)KEHHsI, BIIMOBHU BEHTWIALII Ta IHIN aBapiliHI CHTYaIlii.
Tomy HaBwanpHa BHOIpKa HE 3aBXKAM MICTHUTH  OIMCH aBapiiHHUX
CHUTYAIIiif, IO IMiJ] Yac eKCIUTyaTamii Ha CyOHI MOXXe NpPHU3BECTH JI0
HenepeadaYeHNX HACIiAKIB.

Jus migsumieHHs HaxiitHocTi CAY TpOMOHYEThCS BUKOPHCTOBYBATH
riOpUIHY TEXHOJIOTIIO, IO BKIIIOYAE YYacCTh OIEpaTopa 3a JIOTIOMOTOI0
CHCTeMH [UCTAHLINHOTO KepyBaHHS Ta CUCTEMH MHIATPUMKH MPHUHSTTS
pilieHb (HEYITKOT eKCIIEPTHOI CHUCTEMH ).

3anpornoHoBaHa HEYITKa EKCHEepPTHAa CHCTeMa pealli3oBaHa MOBOIO
MAIlMHHOTO HaBuyaHHs Python y mporpamMHOMY CepemOBHINI BHKOHAHHSI
Google Colab (puc. 16), koa mporpamu BifpenaroBaHo 3a IOMOMOTOIO
ChatGPT.

EKCIIEPTHA CUCTEMA KEPYBAHHA BEHTUWIALIEIO
CYAHOBOI'O IIPUMIIIEHHA 3 KOHTpolneM €HEpProcloXUBaHHSI
SJICKTPOJIBUTYHA BEHTHIISITOPA

[oTykHicTh IBUTYHA MOCTIHHOTO CTPyMy — 5 KBT

It Google Colab moTpibHo BcTaHOBUTH 0i07Ti0TEKY
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Ipip install scikit-fuzzy

import numpy as np

import skfuzzy as fuzz

from skfuzzy import control as ctrl
import matplotlib.pyplot as plt

1. BxinHa 3MiHHA — TemMIieparypa moBiTps

temperature = ctrl. Antecedent(np.arange(0, 51, 1), 'temperature')

2. Buxinna 3MiHHA — IIBUJIKICTh BEHTHJIATOPA

fan_speed = ctrl.Consequent(np.arange(0, 101, 1), 'fan_speed')

3. OyHKIIT HAICKHOCTI TEMITEPATyPH

temperature['cold'] = fuzz.trimf(temperature.universe, [0, 0, 15])
temperature['normal'] = fuzz.trimf(temperature.universe, [15, 23, 30])
temperature['hot'] = fuzz.trimf(temperature.universe, [25, 40, 50])

4, OyHKIIIT HAIEKHOCTI IIBUIKOCTI BEHTUIISTOPA

fan_speed['low'] = fuzz.trimf(fan_speed.universe, [0, 0, 40])
fan_speed['medium'] = fuzz.trimf(fan_speed.universe, [20, 50, 80])
fan_speed['high'] = fuzz.trimf(fan_speed.universe, [60, 100, 100])

5. IIpaBuiia eKCIEpTHOI CUCTEMHU

rulel = ctrl.Rule(temperature['cold'], fan_speed['low'])
rule2 = ctrl.Rule(temperature['normal'], fan_speed['medium'])
rule3 = ctrl.Rule(temperature['hot'], fan_speed['high'])

6. CTBOpEHHSI CUCTEMHU KepyBaHHSA

fan_control = ctrl.ControlSystem([rulel, rule2, rule3])
fan_simulation = ctrl.ControlSystemSimulation(fan_control)

7. BBeZieHHS TeMIiepaTypH OIepaTopoM

temp_input = float(input("BBenites Temmeparypy HOBITps Y NPHMIIICHHI

C):")
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fan_simulation.input['temperature'] = temp_input
fan_simulation.compute()

8. Po3paxyHOK IIBUIKOCTI BEHTHIISITOpA

speed = fan_simulation.output['fan_speed']
print("PexomennoBaHa mBHAKICTE BeHTWISITOpA: ", round(speed,2), "%")

9. Po3paxyHOK CIIOXMBaHOT NOTYHOCTI JIBUTYHA

motor power max =5 # MakcuMaJbHa ITOTYKHICTh IBUryHA (KBT)
power_consumption = motor_power_max * (speed / 100)
print("CrnioxxuBaHa noTyxHicTh ABHryHa:", round(power consumption,2),
"KBT")

10. ExcriepTHa mopaaa momo eKOHOMIi eIeKTpOeHepTii

print("\nPexomennariis ekcrieptHOi cucteMu:")
if power_consumption > 4:

print("Bucoke eneprocrnoxxuBanHs.")

print("MoxJMBa €KOHOMisl  €JIEKTPOEHeprii HUIIXOM  3MEHLICHHs
UIBUIKOCTI BEHTHJISATOPA.")

print("PexomennyeTbes mepeBipuTH:")

print("'- MO>XJIMBICTH 3HIM>KeHHS WBKHIKOCTI HA 10-20 %")

print("- cTaH BEeHTWIALIHHNX KaHATIB")

print("- eeKTUBHICTH MPUPOIHOT BEHTHIIALIT")
elif power _consumption > 2:

print("CepenHiii piBeHb €HEPrOCTIOKHUBAHHA.")

print(" Inst ekoHOMIi enekTpoeHeprii MokHa:")

print("- 3MEHIIUTH MBHUAKICTh BEHTHISATOpPa TIPH  CTAOUTBHIN
Temmeparypi")

print("'- BAKOPUCTOBYBATH MEPIOANYHHUI PEKUM BEHTHIISLIT")
else:

print("Hu3zbke eneprocroxupanHs.")

print(""Pexum BenTHILIT € eHeproedeKTHBHUM.")

11. Bizyasi3zamuist pe3yiabraTy

fan_speed.view(sim=fan_simulation)
plt.show()
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12. I'pachik 3a11€KHOCTI CHOXKMBAHOT MOTY>KHOCTI BiJl TEMIIEPATYPH
temps = np.arange(10, 45, 1)
powers =[]
for t in temps:
fan_simulation.input['temperature'] =t
fan_simulation.compute()
speed = fan_simulation.output['fan_speed']
power = motor_power_max * (speed / 100)
powers.append(power)
plt.plot(temps, powers)
plt.xlabel(" Temneparypa mositps (°C)")
plt.ylabel("Cnoxxusana norysxsicts (kBT)")
plt.title("EneprocroskuBaHHs BEHTWIIATOPA 3aJISKHO Bl TeMneparypu')
plt.grid()
plt.show()
Kinens mporpamu

[Iporpama 03BOJIsIE OIIEPATOPY BKA3aTH MOTOYHY TEMIIEPATypPy HOBITPS
B MpUMINIEHHI Ta BHJA€ BIAMOBIOHI pEeKOMEHAAIii MIOJ0 IJIABHOTO
KEepyBaHHS IMIBUAKICTIO BEHTWIATOpPa Ta MOTYXHICTIO JBUTYHa 32
JIOTTIOMOT'00 ITUPOTHO-IMITYJILCHOT MOAyIALi, BOymoBanoi B HMK.

pltgcf( )
plt.shou( )

#Koweny nporpamms!
R R A S DU S L
Bseaim Temneparypy nositps y npumiteni ( °C): 20
PexomenpoBana weugKicTs sentunsTopa: 45.0%
Pexomenpopanwii crynine Harpisy: 0.77

Pexomenzaui KOHTPOIO CUCTEMM:
- BeHTUNATOP : OMTUMaNbHa WBMAKICTS.

- Harpis: ysimKHeHo (nomipHuii pisens).

- 3aranuHuii cran: parypa s craGin

- Buxigui Keposani: nomipuwii pisew HarplsanHs | TemnepaTyph.

OYHKUIT HAEXXHOCTI BXIAHUX 3MIHHUX

Hanewwicts

Puc. 16. BikHO HEHIiTKOI €KCIIEPTHOI CHCTEMH Y XMapHOMY cepgici Google
Colab
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TakuM YMHOM, Ha OCHOBI aHaNi3y IEpeXiTHUX MpoLeciB  Oyio
BCTaHOBJICHO, 1110 3acTocyBaHHs HM y cucremax ynpaBiliHHS BEHTHIISLIEIO
Ha CyIHaxX JEMOHCTPY€ CYyTTEBI IepeBarn IOPIBHSIHO 3 KIACHYHUMH
miaxogamMu. Mojens HaBYyeHa Ha OCHOBI  pOOOTH  aJalTHBHOTO
[I-perymnaropa, ycrmaakoBye Horo crabilbHICTD, aje BomHodac HaOyBae
3HAYHO IMUpUITy 3AaTHiCTh no axmantamii. lle mo3Bossie edexTuBHIIIE
KepyBaTH YacTOTOI0 OOepTaHHS BEHTWIATOpA, 3a0e3Medyroud IUTaBHIIIe
HepexijiHi MpoIecH Ta IMIBUALLY PEaKililo Ha 3MiHY YMOB. 3aBASKH I[bOMY
HM cucrema ctBoproe Oiblil KOM(POPTHUN MIKPOKIIMAT Y MPUMIILEHHSX
CyJlHA Ta MiIBUIIYE CHEProePEKTHBHICTh POOOTH CICKTPOJABUTYHIB.

Jlo mepeBar mnpexacraBneHoi wmeronuku HaBuaHHI HM CAY 3a
napamerpamu agantusHoro ITI/I-perynsTopa MoXHa BiZJHECTH BiJICYTHICTb
HeoOxiHoCTi 300py BenmuKkoro Habopy JaHux Ha Oepesi. JlaHi Ui HaBYaHHS
MOYKHa OTpUMYBaTH Oe3ImocepeHbo B Mpolieci ekciutyararii cyaaa. [Tokn
HM naBuaetbes, kepyBaHHS BUKOHYe TrIoBHi [111-perymstop, skuii roope
BUBYEHMH 1 IIMPOKO 3aCTOCOBYETHCS Ha cCyaHax. Lle 3HWKye pH3HK
HecTablTbHOCTI CHCTEMH.

Taxoxx, micist HaB4aHHS Ha qoaaTtkoBux manux, HMK 3modke: 3MeHIINTH
€HEProCIOKMBAaHHA BEHTWJSITOpA, IIBHIIIC pearyBaTH Ha 3MiHHU
TEeMIIepaTypH, BpaxoByBaTH J10JJaTKOBI apameTpH (Bosoricts, CO,, Ta iH.).
BripoBa/pkeHHsST 3alpOITIOHOBAHOI CHCTEMH YIPABIIHHS MOXE CYTTEBO
MiJBUINUTH HAIIAHICTE OONAJHAHHS, 3HU3UTH CHEPrOCIOXKUBAHHS Ta
ONlEpaTHBHO  CTalOlLTi3yBaTW  KOHTPOJIBOBAaHI  HapaMeTpyd  CYAHOBOI
BEHTWIIALT K TPAJAUIIITHUX, TaK 1 aBTOHOMHHX CYJICH.
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Abstract - The article considers the current problem of creating an
intelligent ventilation control system on small and autonomous vessels,
where ensuring a stable microclimate in conditions of limited energy
resources is of particular importance. The main attention is paid to the
application of neural network algorithms in automatic control systems for
fan electric motors, which allows to increase the energy efficiency and
adaptability of the equipment. A method of training a neural network
controller based on an adaptive PID controller is proposed, which provides
optimization of transient processes and reduces the system response time by
approximately half without the occurrence of overregulation. The choice of
the structure of the direct propagation neural network and the use of the
Levenberg—Marquardt algorithm for effective parameter adjustment are
justified.

Additionally, a fuzzy expert system has been developed that provides the
possibility of remote ventilation control both from the central station of the
vessel and from a shore station, which creates conditions for intelligent
decision-making support. This approach increases the reliability and
flexibility of control in conditions of variable external factors, in particular
temperature fluctuations and various operating modes. The system modeling
was performed in the Matlab Simulink environment using the Neural
Network Toolbox package, which allowed us to study the dynamic
characteristics and confirm the effectiveness of the proposed methods.
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The results of the work show that the use of a neural network controller
in combination with a fuzzy expert system provides increased performance,
stability and energy efficiency of ventilation equipment of small vessels,
creating the prerequisites for the implementation of modern intelligent
technologies in maritime transport.

The proposed system can be integrated with existing ship information
and control systems without significant hardware changes. The conducted
studies confirm the feasibility of using intelligent control methods in specific
operating conditions and variable loads. The results obtained open up
prospects for further improvement of the adaptation algorithms and self-
learning of the system. The practical implementation of the development can
allow increasing the efficiency of operation of autonomous and typical
vessels and reducing energy resource consumption.

Keywords: intelligent control system, marine ventilation, small and
autonomous vessels, mimic neurocontrol, neural network controller,
adaptive PID controller, Levenberg-Marquardt algorithm, expert system,
remote control.
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PROSPECTS OF USING THE BLYNK IOT
PLATFORM FOR MARINE MONITORING
SYSTEMS

Pezome. Cmammsa npucesuena auanizy mMeXHIYHO20 NOMeEHYIany
nramepopmu Blynk y cneyughiunux ymosax mopcvkoi excniayamayii, a
maxodxc oyiHyi nepcnekmus ii inmezpayii 6 iCHy0OUI cucmemu CyOHO8020
MoHimopuHey. [[na nepesipku MONMCIUBOCMI epheKmUBHO20 SUKOPUCTIAHHS
nramepopmu  Inmepnemy — peueti  3acmOCO8Y8ANOCA  MOOENOBAHHS
Helipomepedcegoi  cucmemu  A0ANMUBHO20 — KePYBAHHA  OBUSYHOM
senmunsmopa. Heiipomepearcy peanizosarno moeoio npoepamyeanns C** ma
inmeeposano 6 xoumpoaep Arduino Uno. Modenoganus netipomepedicegoi
CAY 3 konmponepom, oamuukom memnepamypu ma KOHMypom KepyeaHHs.
weuokicmio 00epmanHs 08USYHA 30IUCHIOBANOCS 6 OHAAUH-NAAMPOPMI
Tinkercad. Pezyromamu moOenosants npo0eMOHCmMpY8aiu npocmomy ma
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ao0anmueHicmes 3anpPONOHOBAHUX NPOSPAMHUX I MEXHIYHUX piuleHb OJis
CYOHOBUX CUCHEM MOHIMOPUH2Y MA KEPYBAHHSA MEXHIUHUMU RAPAMEmpPamil.

Summary. This article is devoted to the analysis of the technical
potential of the Blynk platform in specific conditions of marine operation, as
well as the assessment of prospects for its integration into existing ship
monitoring systems. To verify the feasibility of the effective use of the Internet
of Things platform, 3D modeling of a neural network system for adaptive fan
motor control was applied. The neural network is implemented in the C++
programming language and integrated into the Arduino Uno controller.
Modeling of the neural network ACS (Automatic Control System) with a
controller, temperature sensor, and motor speed control loop was carried
out using the Tinkercad online platform. The simulation results
demonstrated the simplicity and adaptability of the proposed software and
hardware solutions for marine monitoring systems and technical parameter
control.

B ymoBax cywacHOoi mudpoBizamii MOpcpKoi Tamy3i Ta PO3BHTKY
koHmemniii Smart Shipping ogHUM i3 OCHOBHHUX HAMpPsIMIB € TEXHOJOTISA
npomuciaoBoro Iurepuery peueit (IloT), sxa nmo3Bomsie 00’eaHaTH
KOHTpOJIEpU Ta JIaTYUKH CyTHOBOI'O OOJNIaJHAHHS B €JUHY iH(opMauiiHy
Mepexy. Take 00’eiHaHHS CIpHs€E MiJBHIICHHIO PIBHS KOHTPOJIIO Ta
KEpyBaHHSI TEXHOJIOTIYHMMH IapaMeTpaMH $K TpaauMLiiiHOro, TaK 1
aBTOHOMHOTO cyaHa [1 - 3].

TpamuniiiHi CHCTEMH CyIHOBOTO MOHITOPDHMHIY Ta KEpPyBaHHS YacTo
BIZIPI3HAIOTBCS ~ BHCOKOK  BApTICTIO  BIPOBAJUKCHHS,  3aKPUTOO
apxXiTeKTypoI0 Ta CKJIAagHICTIO MacmTa0yBaHHSA. Y IIbOMY KOHTEKCTI
aKTyaIbHHM CTa€ MOIIYK THYYKHX KpPOCILIAT(GOPMOBHX PIllleHb, 3MaTHUX
3a0e3meunT! omepaTHBHUKA 30ip Ta Bi3yalmizalilo MaHUX Y PeXHUMI
peasbHOr0 4Yacy 3 MOJXKJIHMBICTIO KOHTPONIO 3 OyAb-IKOTO MOOITBHOTO
NPUCTPOIO Ha CyHI abo y pa3i aBToHoMHOro0 cyaHa i3 LIITY odicy Ha Gepesi
[4].

OnHi€ro 3 HAWOUIBII NEPCIIEKTUBHUX TUIATGOPM AJIsl BUPIILICHHS 3aBIaHb
JUCTAHIIITHOTO KEepYBaHHS Ta MOHITOPHUHTY € cepenouie Blynk [5], mo
JIO3BOJISIE  CTBOPIOBAaTH IHTYITMBHO 3pO3yMini iHTepdelcu. 3aBasku
MATPAMII LIMPOKOT 0 CIEKTpa amapaTHUX 3aco0iB
(Bin Arduino Ta ESP32 1o mpoMHCIOBHX KOHTpOJEpIB) Ta XMapHii
inppacTpykTypi, Blynk BimkpuBae mmpoKi MOXIHMBOCTI IS CHCTEM
JOHMCTAaHLIHOrO MOHITOPHHTY. TakoX BHIAEThCS aKTyaIbHUM BHBUYCHHS
norermiany miardopm [P (IaTepHery pedeit) ans cucTeM KepyBaHHS, IO
MIPALIOIOTh HA OCHOBI HeHpoMepex, 3 ooy Ha IepCHeKTHBHICTh JaHOTO
HampsAMy B CyTHOOYIiBHIN iHIycTpii. MeToro cTaTTi € po3podKa MpUKIaLy
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TEXHIYHOTO TIPOTOTHITY IHTEJIEKTYaJbHOI CHCTEMH MOHITOPHHTY Ta
KEpyBaHHS JABUTYHOM BEHTHJISITOpA 3a JIONMOMOTOI0 OHJIAHH — Tuiathopmu
Blynk.

Blynk — me ymiBepcambHe cepemoBuile s po3poOKH MOOLTEHUX
inTepdeiiciB y cucremax Iarepuery peueit (IoT). 3a momomoror 1poro
CepBiCY MOXKHA OIlepaTHBHE CTBOPHTH IPOTOTHII, PO3TOPHYTH MEPEKY Ta
OUCTAHIIIfHO KepyBaTH CyTHOBHM oOnamHaHHAM. Jlane pimeHHs €
MOBHICTIO IHTETPOBAHUM 1 HE 3aJIeKHTh BiJl anapaTHol 0a3u, MOETHYIOUN B
co0i XMapHi cepBicH, IHCTPYMEHTH aHAJITHKU Ta MOXJIMBOCTI MalllMHHOTO
HaByaHHs. BOHO mpomnoHye TMOBHMH Habip NporpamMHOro 3abe3IeueHHs,
HEOOXIZIHOTO Ui TPOEKTYBaHHS, BIIPOBA/UKEHHS Ta  BiAJAJICHOTO
aZMiHICTpyBaHHS MIAKIIOUYEHHUX BY3JIiB Oy Ib-KOr0 MaciTaly.

Cricok 001aiHaHHS Ta KOMIIOHEHTIB IPOEKTY:

Wi-Fi monyns ESP8266 ta kontposnep Arduino;

cmapthoH (Android/iOS) i3 BctaHoBIeHNM 3acTocyHKOM Blynk;

Wi-Fi mepeska 3 1OCTynoM 10 iHTEpHETY;

BUKOHABYI MPHUCTPOI: pelie, AaTYUKU, KOHTPOJEPH, EIEKTPOABUTYHH
TOLIO;

OJIOK KHBIICHHS JJIs1 KOHTpoJepa Ta MoAyiiB (abo >KMBIEHHSA uepes
USB-nopT Bij KoMIT'10Tepa).

HenrpampauMm enemMeHTOM cucteMu € Moayiab Wi-Fi  NodeMCU
ESP8266, 10 SKOro miAKIOYAIOTHCS JATYMKH T4 BUKOHABYI MEXaHI3MHU.
Monyns B3aeMoJi€ 3 XMapHUM cepBepoM Blynk depes 6e31poToBy Mepexy.
Omnepatop 3a J0IOMOT0I0 MOOUIBHOT'O 3aCTOCYHKY B PEaIbHOMY 4aci Kepye
MIPUCTPOSIME T2 OTPUMY€ JaHi BiJ ceHcopiB. Cxemy poOOTH cHcTeMH
MOKa3aHo Ha puc. 1.

INTERNET gz

Blynk App NodeMCU ,ﬁ

Puc. 1. Cxema nepenaui iHpopmariii Ta ynpasiiHHSI 00TagHAHHM [5]
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st peanizauii mpoexty Oyii0 BUKOHAHO TakKi €TaIy: Ha NepIioMy eTarti
3xilicHeHo miakmoueHHs Moayist ESP8266 no nnardopmu Blynk (puc. 2), a
TaKO’X HAJAIITOBAHO HA3BY MEPEeXi Ta mapoisb (puc. 3).

1) Select device type

® ESP8266 ESP32 LoRaWAN

NodeMCU 1.0 (ESP-12E Module)

CONTINUE

Cordi

Puc. 2. [ligxmroueHHst Morynist y mporpami Blynk

Quickstart
Qi

Which hardware are you using?

i

Whatls your devica connectivity type

D

Gttt

Puc. 3. [ligxmrouenns qo mepexi Wi-Fi

Ha nactynmaOoMy erami 6ymo o6pano cepenosutie po3podku Arduino IDE
[6] mist HammMcaHHS MPOTpPaMy IUCTAHILIAHOTO KepyBaHHS 00JaTIHAHHIM
moayis (puc. 4).

Quickstart

Which 1DE do you use?

Puc. 4. Bubip cepenoumma Arduino IDE s nucranmiiinoro kepyBanHs
0o0naTHaHHIM
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[Ticnst BcTanoBieHHs 6i0mioTex A miaTpuMkH miardopmu Blynk ta
monyns ESP8266 y nporpami Arduino IDE Oyno Bukopucrano kox Juis
KepyBaHHS CBITJIONIOZOM MOAYJS 3 METOK IEPEeBIPKU MiIKIIOYCHHS Ta
BiJIIAJICHOTO YIPaBIiHHA 32 JIOTIOMOTOI0 cMapTQoHa (pruc. 5).

@ shotch v | Arduio DE236 8 X
dain [t Cuors o

00 7

"THPLALPSE -Up"
*quickstart De
"M 1]OEBN

BUTATHTH

BIynkESP32 BT WF

Bisia =5

122 v

BCTAHOBHTH

Blynkethernet Manage

1n22,Col 31 NodehCl 1059125 Mo va cons (32 B

Puc. 5. Kox nporpamu

Jamni Oyno BHKOHAHO MigKIIOUEHHS A0 3acTocyHKy Blynk (pmc. 6) Ta
nepexiJ o peIakTopa KHOIIOK KepyBaHHL.

Congrats!

Hardwars i3 Sk Library Coce Deice actiation

Your device is online! Time to push some buttons!

Puc. 6. IligkirodeHHs 10 MCHIO KEpYBaHHS MPUCTPOEM
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[Micns migxmoveHHss MoayJst 1o cMmaptdoHa 3 iatdopmoro Blynk y
MEHIO 3aCTOCYHKY OyJio pO3poOJICHO MHEMOCXeMy 3 KHOIKAaMH JUIs
MUCTAHIIITHOTO KepyBaHHS OOJNaIHAHHSAM (CBITJIONIOAOM Ha MOIYJi) 3a
JIOTIOMOT0I0 MOOITEHOTO IIPUCTPOIO Ta KoMm rotepa (puc. 7 — 10).

L] C % blynkcloud/dashboard/157741/global /devices/1/ 157741 /devices/514105/dashboard o
B Blynk.Console My organization - 4411WV~ | & Messages used. 20 of 2000k Aekdl %
& GetStaried x

Quickstart Device « onire
2 Viadmih B My

aion - 441TWV

i Deshboards @

B Cuslom Data @ 0 ® & = Bed

@ Devices

¥ Automations

& Users
8 Organzations

b FlestManagement >

@ nappiessagng

Puc. 7. Intepdeiic po3pobku MEEMOCXeMH B 3acTOCYHKY Blynk

Bl ByrkConsdle  Wyonwimion 460 P Sl @ o
e x = Quickstart Template - e BEE
CUICKSTART TEMPLATE
& Daso
8 CusiomDaia & Home Datastreams
% Dotasteans Q + NewDub
% Dveioper Zone 8 (5
B e o 4 Datastreams
@ ™

% Automati % futomston Tery 1 SoitchCortrol w eger

Swieh Vo reger
fl Organzatir # Comection Liecyce

Seconcs Iteger

o
‘
HEEN

P 4 Button Image

Puc. 8. Konoirypartis enemeHnTa IUCTaHIIITHOTO KepyBaHHS (KHOIIKH)
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Digital Pin Datastream
NAME ALAS

=
= | DigitalPind Digital Pin 0 .

Jse letters, digits an
PN PNMODE

0 Qutput
(B Enable history data

ADVANCED SETTINGS

Cancel Create

Puc. 9. BcraHoBiieHHS pe)XuMy poOOTH KHOITKM KEpyBaHHS

B Blynk.Console Iy organization - 4411WV 0] Messagea used 937 o 2000k FUTES

s hca = Quickstart Device « crire

ot = fﬁ & Viadmin B My organization - 4411WV

8 CustomData ® 0 ® & = KE
v 1h h 14

@ Devices Button Control

Y Automation: Ol’lo

& Usen

fl Organas el

X »

= T anagemen >

@ Iniop Messagng

Puc. 10. Bizyamizarist TUCTaHIIIITHOTO KEPYBaHHS CBITJIOIIOIOM 32
JTIOTIOMOT'OIO BiJPKETa KHOIKH

PobGoty mporpamMu 3 KepyBaHHS CBITIOAIONOM 31 cMapTdoHa Ta
MEPCOHAIBHOr0 KOMIT I0TEpa MOKa3aHo Ha puc. 11.

Jns momanbIioro BUKOPUCTAHHS CHUCTEMH HCTaHLIHOTO KOHTPOIIO
niependagaeTrhes migkarodeHHs Monyist ESP8266 no kontponepa Arduino
Uno (puc. 12) Ta 3aBaHTaXEHHS HPOTPaMHOTO KOXY UII MOHITOPHHTY
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TEMITEpaTypH MOBITPS Y CYJJHOBHX NPUMILICHHSX 1 aJalITHBHOTO KEPYBaHHS
BEHTWIATOPOM 3aJIEKHO BiJl TOKa3HUKIB TEMIIEPATYPH.

a) o N

Cuickstar Dovice

T okt e bt i £ e it
- F

118

1

0)

Puc. 11. KepyBanns cBitinogionom moayinst ESP8266 31 cmaptdona y
3actocyHKy Blynk (a) Ta 3 komm’toTepa (mrepeBipka 3B’43Ky) (0)
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ESP&266-01

Puc. 12. Cxema minkmtouenHs moayiist ESP8266 no kontponepa Arduino
Uno

[Mporpama nmust koHTpoiepa Arduino BHKOPHCTOBYE MJATUUK IS
BUMIpIOBaHHS TEMIIEPATYpPH MOBITPS y MPUMIIIEHHAX Ta aJallTUBHO Kepye
JBUTYHOM BEHTHJIATOpPA 3aJIEKHO BiJl OTPUMAHHUX ITOKa3HWKIB. Emymsmis
TEXHIYHOTO Ta MPOTPAMHOrO pileHHs poboTm iHTenekryansHOi CAY
BHKOHYBajacs y nmporpamaomy cepenosumii Tinkercad [7].

Y NpoeKTi BAKOPUCTOBYBAIUCS TaKi KOMIIOHEHTH:

naryuk temneparypu TMP36 — ananoroBuit ceHcop, sSIKWil BHMiprO€
TeMITepaTypy HaBKOJIMIIIHBOT'O CEPENIOBHUINA 1 BUJIA€ BIIIOBIAHY HAIIPYyTy Ha
BHUXO/II;

makerHa miara (breadboard) — mpuctpiii s mBHAKOrO 30MpaHHS
CJICKTPOHHUX cXeM Oe3 mnasHHS (Mae psAd OTBOPIB i3 BHYTPILIHIMHU
METAJIEBUMH KOHTAaKTaMW Uil 3’€JHAaHHS BHBOJIB KOMIIOHEHTIB, IO
JIO3BOJISIE JIETKO 3MiHIOBATH KOH(DITYPaIlito CXEMH).

OcHoBHi XapaktepucTuku natanka TMP36:

THT CUTHAITY: aHAIIOTOBHI (BHUXi/IHA HAIIPyTa 3MiHIOETHCS BiATIOBITHO 10
TeMIepaTypHu);

niama3oH Temmepatyp: Bix -40 °C o +125 °C;

TOYHICTh: pubM3HO +1 °C y miana3oHi KIMHATHHX TEMIICPaTyp;

BuXizHa Hanpyra npu 25 °C: npubnusno 0,75 B;

kaniopyBanus: 10 MB Ha xoxen rpagyc Llenscis (0,01 B/°C);

xuBieHHs: 2,7 B — 5,5 B (MoxJiiBe npsime minkiroueHHs 10 Arduino);

®dopmyia st obuncnenHs remneparypu (y rpagycax Llenbcis):

7(°C)=,,-0.5)-100,

— Hanpyra Ha Buxoni aarauka TMP36 (B).

ut

e V

out
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MaxkeTHa TUTaTa BHKOPHCTOBYETHCS IS TIOJCTIICHHS ITiJ € THAHHS
enemeHTiB 10 Arduino UNO. JlaTunk Mae BOyJOBaHHMH TEpMicTOp, TOMY
JIOJATKOBUN pe3uncTop He morpibeH. JliBuil ApiT maTdymka BiATOBimae 3a

JKUBJICHHS, CCPCIHIA BHUIAE 3HAYCHHS Vom,

a KpalHIi npaBuid — 3a
3a3eMJICHHSL.

Buxonanus podotn y BipryansHOoMy cepenosuili Tinkercad mo3Bommio
MpoTecTyBaTd cxemy ©Oe3 ¢isngaux KommoHeHTiB. Maramk TMP36
MPOJEMOHCTPYBaB CTaliIbHY POOOTY Ta BHCOKY TOYHICTH BUMiPIOBAaHB;
HWOro MOXXKHAa YCHIIIHO 3aCTOCOBYBAaTH B CHUCTEMax KIIMAaT-KOHTPOIIO
NPUMILIEHb Ta MPOBI3IHHUX YCTAaHOBKAX Cy/HA.

Kontponep Arduino [103BOJISIE 3YMTYBATH CHTHAJIM 3 JATYUKIB 1
KepyBaTH iHIIMMH IPUCTPOSIMHU (CBITIOA10IaMH, MOTOPAMH YH TUCTIIICSIMH )
3a JIOIOMOro IporpamyBaHHs MoBowo C/C++ y cepenoBulli po3poOKu
Arduino IDE.

Crin BpaxyBaTH, IO JUIS pealti3almii TeXHIYHOTO MPOEKTY Ha CyAHI 3
MOTY>)XKHHMH €JICKTPOIBUI'YHAMH Tepe10a4acThCsl CUIOBE PO3B'sI3aHHSL.

Arduino peanizye HepoMepe)KeBHI alTOPUTM YIIPABIiHHA, a CHIOBY
gactuHy (220 B, 5 BT — mWOTYyXHiCTP BEHTHWIATOpPA) KOMYTYE
eJIEKTPOMArHiTHHH KOHTakTop. CXxeMa WiAKIIOYeHHS Yy BipTyalbHOMY
cepenosuii moaemoBanas CAY mokazana Ha puc. 13.

Cer 0O

=
BB s O:=0
DB~ D@8 -« : e R

Barumc reuneparypu [TM..

= e

, m=

Puc. 13. Cxema migkiIro9eHHS KOHTPOJIepa 10 JaT4YHKa Ta ABUTyHA
BEHTUIIATOPA
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Ha Biaminy Bin xmacuunoro I11J[-perynsitopa, e Taki mapamerpu, siK
KOe(ILi€HTH ITOCHIICHHS, HAJIAIITOBYIOTHCS 3a37ajeri/lb 1 3aIMIIAIOThCS
HE3MIHHUMH, HeHpomepeka MO)KEe HAaBUATHCS B IPOIECi eKcIulyaramii Ta
migOupatd BaroBi KOeii€HTH IS ONTHMI3allii POOOTH TPHBOIY
BeHTHIATOpA. e 0cOOIMBO BaXITHBO JUTS CyAHOBHX CHCTEM BEHTWIIALLIL, 1€
YMOBH pOOOTH TOCTIfHO 3MIHIOIOTBCS: TEMIIepaTrypa HaBKOJIHIITHHOTO
CEpe/IOBUINA, 3aBAaHTAXKECHHS CYyJIHA, KUIBKICTh JIIOJACH Yy MPUMIIICHHSX,
TEIUIOBUIIJIEHHS O0JIaHAHHS TOILIO.

Heitpomeperxeri anroputmu e)eKTHBHO MPAIFOIOTH 13 HEMIHIHHUMH Ta
cKIaaHuMH o0'ektamu ynpasiiHHg. CyJqHOBa BEHTHJISALINHA CUCTEMa €
0araTo3B'sI3HOI0 Ta HEIHINHOI0, a 11 TOYHa MaTeMaTH4YHA MOJEIb YacTo
HeBizoMa abo 3aHaaro ckiagHa. Ha Bigminy Bin I1IJI-perymsaropa, sikuii
no0pe TpaIoe JHIe Ui BIAHOCHO TMPOCTHX JIHIHHUX —CHCTEM,
HelipoMeperka 3/1aTHa arnpoKCUMYBAaTH CKJIaJHI 3aJIeKHOCTI 0e3 SIBHOTO
3aIaHHSI MOJENI.

Jus peamizamii HEHpOMEPEKEBOTO YHpPABIIHHA 3 IUIABHOIO 3MiHOIO
IIBUAKOCTI 00epTaHHS BEHTWIIATOpA 3AJICKHO BiJI TEMIIEpaTypH TOBITPSA B
MIPUMIIICHHAX CyIHa 0yJI0 HAMMCAHO MPOTPaMHIIA KOJ.

/I ====TIAKJIIOYEHHS ====
// TMP36 -> A5

// MOSFET / Bertunsrop -> D6 (PWM)
const int tempPin = AS5;

const int fanPin = 6;

// Mexi TemMnepatypu

const float minTemp = 20.0;
const float maxTemp = 50.0;

// Mexi PWM

const int minPWM = 100;

const int maxPWM = 255;

// TlapameTpn HaBYAHHS

float learningRate = 0.05;

// Baru neiipomepexi (terep HE const)
float wl =2.5, bl =-1.2;

float w2 =-2.0,b2 =1.0;

float vl =0.7,v2=10.3;

float b_out = 0.0;

// 3MiHHA TIAaBHOCTI

float smoothPWM = 0;

// tanh moximHa

float dtanh(float x) {
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return 1.0 - x * x;

}

void setup() {
Serial.begin(9600);
pinMode(fanPin, OUTPUT);

}

void loop() {
/| ====3UNTYBAHHS TMP36 ====
int rawValue = analogRead(tempPin);
float voltage = rawValue * (5.0 / 1023.0);
float temperature = (voltage - 0.5) * 100.0;
/| ====HOPMAIJIIBALIS] ====

float normTemp = (temperature - minTemp) / (maxTemp - minTemp);

normTemp = constrain(normTemp, 0.0, 1.0);
/I
/] ====TIPSIMUI T[TPOXI]] ====
//
float h1 = tanh(w1 * normTemp + b1);

float h2 = tanh(w2 * normTemp + b2);

float output =v1 * h1 +v2 * h2 + b_out;

float nnValue = (output + 1.0) / 2.0;

nnValue = constrain(nnValue, 0.0, 1.0);

// ====1UIb (1o xo4emo) ====

// Yum BUIIa TemIieparypa — TuM Ounbimit PWM
float target = normTemp;

/| ====TIOMUIJIKA ====
float error = target - nnValue;
/

/| ====BACKPROP ====
//

// TpaieHT BUXOIY

float dOut = error;

// OHOBJICHHS BUXITHHX Bar

vl += learningRate * dOut * hl;

v2 += learningRate * dOut * h2;
b_out += learningRate * dOut;

// TlomuKa 1y1st IPUXOBAHOTO Iapy
float dH1 = dOut * vl * dtanh(h1);
float dH2 = dOut * v2 * dtanh(h2);

// OHOBIICHHS Bar MPUXOBAHOTO IIapy
w1 += learningRate * dH1 * normTemp;
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bl +=learningRate * dH1;
w2 += learningRate * dH2 * normTemp;
b2 += learningRate * dH2;
//
// PWM
//
float targetPWM = minPWM + nnValue * (maxPWM - minPWM);
smoothPWM = smoothPWM + 0.1 * (targetPWM - smoothPWM);
analogWrite(fanPin, (int)smoothPWM);
/| ==== BUBIJ] ====
Serial.print("Temp: ");
Serial.print(temperature);
Serial.print(" | PWM: ");
Serial.print((int)smoothPWM);
Serial.print(" | Error: ");
Serial.println(error);
delay(200);

}

Po6Gora neitpomepexeBoi CAY mokazana Ha puc. 14.

- —- Alk Bpews MogenupoBaHs: 00:01:05 (20 Kon | M ocranosims mogenuposaine TSI
e

b & 1(AduinoUnoR3)

@ nmos transistor
© ﬁ l I

B

- minEy)) 10

CERM - smoothEW)

Puc. 14. HeiipomeperxxeBa CAY NBUTYHOM BEHTHJISITOpA Ta MEpeXiaHi
mpolecu
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IIpn MonemoBaHHI 3MIHM TeMIepaTypd HOBITPS CHOCTEPIraeTbes
IJJaBHE Ta JAWHAMIYHE PETyIIOBaHHS YacTOTH OOEpTaHHSA OBHUTYHA. 3i
3pOCTaHHSAM TEMIIEPaTypyd MPOMOPIIHHO 30ULIBIIYEThCS — IIBHIKICTH
o0epTaHHS 3 HACTYIIHAM aHAJIOTIYHUM 3HIDKEHHSIM TpPH OXOJIOKCHHI.
OtpuMaHi pe3ysibTaTH MiATBEPKYIOTh €(EKTHBHICTD (YHKIIOHYBaHHS
3alpOIIOHOBAHOI CUCTEMH.

VY Xoni BUKOHAHHS MPOEKTY OyJIO peaai3oBaHO YCIIIIHE MMiIKIF0YCHHS
monynsi ESP8266 nmo xmapuoi loT-mmatrdopmm Blynk, mo mo3sommio
OpraHi3yBaTH AWCTAHIIHHUKA MOHITOPHHI Ta KEPyBaHHS IPHCTPOEM yepe3
MOOUTEHHMI 3acToCyHOK. [IpoBeneHi HaJamTyBaHHS IPOAEMOHCTPYBAIH
npocrory inTerpauii ESP8266 3 indpactpykryporo Blynk Tta BHCOKY
e(EKTUBHICTH TaKOi B3a€MOJIII.

3aBIsiKM BUKOPHCTaHHIO TOTOBUX 0i0mioTek Ta iHCTpymeHTiB Blynk
3abe3medeHo cTaOinmpbHUA OOMIH JaHUMH MDK MIKPOKOHTPOIEPOM Ta
CepBEPOM y pEeXHMi peasbHOro Yacy. Lle mamo MOKIMBICTH ONEpaTHBHO
TepeiaBaTh MOKa3HUKU CEHCOpPIB, KEPyBaTH BUKOHABYMMH MPUCTPOSIMH, a
TaKOX OTPUMYBATH 3BOPOTHHUH 3B’ 530K Y MOOITBHOMY 3aCTOCYHKYY.

TakoXx BHKOPHCTAaHHS HEHPOMEPEKEBOTO AITOPUTMY YTPaBIIHHSA
JI03BOJISIE BPAXOBYBATH HE JIMILIE ITIOTOYHE 3HAYEHHS TEMIEpATypH, a U ii
3MiHy B 4aci, NMPOTHO3YIOUM IIOJAJIBIIYy IOBEIIHKY cuctemu. lLle nae
MOXJIMBICTh ~ 3a3JJJIeTiib  KOPUTYBaTH  INBUJKICTH  BEHTHIISATOPA,
3amo0irarouu  meperpiBy  ab0  MEPEeOXOJO/DKCHHIO. TakuM  YHHOM,
BIIPOBA/DKEHHS y CYAHOBI CHCTEMH MOHITOPUHTY 3allpOIIOHOBAHUX
TEXHIYHMX 1 MPOIPaMHUX pIllICHb J03BOJISE BHUPIIIMTH HU3KY HayKOBO-
MPUKIaJHAX 3aBIaHb 3 JAUCTAHIIHHOTO Ta aJaNTUBHOTO YIpaBIiHHA
CYZAHOBHMMH arperaTamy.
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Abstract. This article is devoted to researching the possibilities of
integrating modern Industrial Internet of Things (IIoT) tools into the
maritime industry within the Smart Shipping concept. The authors analyze
the technical potential of the universal Blynk IoT platform as a flexible and
cost-effective alternative to traditional marine monitoring systems, which
are often characterized by closed architecture and high implementation costs.

The main focus is on the development and testing of a technical prototype
for an intelligent remote control system for marine equipment. As part of the
research, an adaptive fan motor control system was designed based on
the Arduino  Uno microcontroller, the ESP8266 Wi-Fi module, and
the TMP36 precision analog temperature sensor.

The scientific novelty of the work lies in the implementation of a neural
network control algorithm developed in C++ instead of classical PID
controllers. The authors substantiate the advantages of the neural network,
particularly its ability to self-learn during operation and adapt to non-linear
environmental changes, such as fluctuations in ambient temperature,
equipment heat dissipation, and ship room occupancy.

The practical part of the study was implemented through 3D modeling
and emulation on the Tinkercad online platform. The developed model
allowed testing the stability of data transfer between the controller and the
Blynk cloud server in real-time. The graphical user interface (mimic
diagram) created in the Blynk application provides the operator with the
ability to visualize sensor readings and remotely adjust technical parameters
from a smartphone or PC.

The simulation results confirmed the high accuracy of the neural network
system, smooth motor speed regulation, and a reduction in mechanical loads
on the equipment. The proposed solution demonstrates ease of scalability
and high adaptability, enabling the resolution of relevant scientific and
applied tasks regarding the intellectualization of remote control for ship
units.
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Pestome. YV cmammi poszenamymo cucmemue OazamokpumepianvHe
OYIHIOBAHHS MEXHON02I OeKapOOHI3ayii MOpPCbKO20 MPAHCNOPMY 3
VPaxy6auHsAM — MEXHiYHUX,  eKOHOMIYHUX,  eKCHIyamayiunux  ma
ingppacmpykmypnux  pakmopis.  Hocnioxcenna  nokasano, wo -y
KOpOMKOCMPOKOSI NepCnekmugi Haubinbul payioHarbHUMU € MexHON02il
nocmynogoi  dekapOouizayii, mooi AK Yy 00820CMPOKOBOM) HACOBOMY
20pU30OHMI CYMMEBO 3pOCmaAe NPUOAMHICMb Oe36yeneyesux eHepeemuyHux
cucmem. Ompumani  pezyrbmamu  RIOMEEPOACYIOMb  HEOOXIOHICMb
BUKOpUCIANHA 0A2AMOMEXHON02IYH020 MA CecMeHMHO-OPIEHMOBAH020
nioxo0dy 00 0ekapOOHI3ayii MOPCLKO2O MPAHCHOPNLY.

Abstract. The article considers a systemic multi-criteria assessment of
maritime transport decarbonization technologies considering technical,
economic, operational, and infrastructure factors. The study demonstrates
that gradual decarbonization technologies remain the most rational in the
short-term perspective, while the suitability of zero-carbon energy systems
significantly increases in the long-term horizon. The obtained results
confirm the necessity of a multi-technology and segment-oriented approach
to maritime transport decarbonization.
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JexapOoHizalliss MOpPCBKOTO TPAaHCIIOPTY € OAHUM 13 KJIIOYOBHX
HaNpsIMiB Cy4acHOTO €HEPreTHYHOTO IIEpPEeX0ay Ta CKOPOYECHHS BUKHJIIB
MAPHUKOBUX Ta3iB y TJI00anmbpHIM TpaHcmopTHIA cuctemi. [locuneHHS
MDKHApOJHHX €KOJNOTiYHMX BHMor, peamizamis IMO 2023 GHG
(Greenhouse Gas) Strategy, 3pocTaHHS BapTOCTI TPAAWIIIMHHUX ITaJIWB 1
HEOOXiTHICTh Tepexory A0 HU3BKOBYTIIEHEBOI EKOHOMIKH (DOPMYIOTH HOBI
TEXHIYHI Ta eKOHOMiI4HI YMOBH ()yHKITIOHYBaHHS CBITOBOTO CyIHOIIJIABCTBA.
BigmoBimHO 10 Cy4acHHX MDKHApOAHUX IIiJIed MOPCHKHI TpPaHCIOPT
MOBHHEH 3a0€3MEYUTH CYTTEBE 3MEHIICHHSA BHKHAIB A0 2050 poky, 110
CTUMYJIIOE  PO3BUTOK  albTEPHATHMBHUX NalKMB, EHEProe(eKTUBHUX
TEXHOJIOTiH Ta HOBUX MiAXOMAIB O (JOPMYBaHHS CyHOBUX €HEPreTHYHUX
cuctem [1, 2].

Mopchkuil TpaHCIIOPT XapaKTEePU3YeThCS 3HAYHOIO PI3HOMAHITHICTIO
eKCIITyaTaliifHuX npodiiiB, piBHIB €HEProCHOXUBAaHHS, aBTOHOMHOCTI Ta
iHQpacTpyKTYpHHX oOMexkeHb. KoHTelHepoBo3m, OaJKepu, TaHKEpH,
MMacaKUPChKi, O(ImIOpHI Ta cHemiami3oBaHi CygHa MAalOTh Pi3HI PEXKUMHU
eKCIuTyaTarii i moTpeOyIoTh PI3HUX €HEPreTUYHUX pillleHb. Y pe3yibTaTi
TEXHOJIOTis, sIKa € €(eKTHBHOIO JJISI OTHOTO CerMeHTa (pioTy, Moxke OyTu
TEXHIYHO CKJIQJHOI0 a00 €KOHOMIYHO HepalliOHaJhbHOI AJis iHmoro. lle
CBIIYMTh TPO HEMOXKJIHMBICTh BUKOPHCTaHHS €JUHOTO YHIBEPCAILHOTO
miAXoay 10 JekapOoHi3alii MOPCHKOrO TpaHCIOPTY. Y  OLIBMIOCTI
JIOCITIPKEHb MOPCBKE CyTHO PO3IIISIAETHCS SIK IHTErPOBaHa eHepreTHYHa Ta
eKCIlTyaTalliifHa cucTemMa, y MeKax sSKOI B3a€MOMIIOTH KOpPIYC CyJHA,
pylIiliHa yCTaHOBKa, JOTMOMIXKHI MEXaHi3MHU, CHCTEMH €HEPrOCIIOKUBaHHS,
MAJIMBHA CHCTeMa Ta eKCIuTyaTauiiiHe cepenosuiue [3,4]. EdexruBHicTh
TEXHOJIOTiH JekapOoHi3amii BH3HAYAETHCS HE JIMIIE PIBHEM CKOPOYCHHS
BUKHIIB, a # MOMJIMBICTIO IHTErpamii TEXHONOTii y KOHKpETHHH
eKCIUTyaTaliianii  mpodine  cymHa 3 ypaxyBaHHAM  OesIlekw,
iH(QPACTPYKTYPHOI TOTOBHOCTI Ta EKOHOMIYHOI IOMITBHOCTI [3, 6].

Jost OLIIHIOBAHHS TEXHOJIOTIA nexapOoHizarii JIOLIIIIBHO
BHKOPHCTOBYBATH OaraTOKpHUTEpiaabHUN aHAJI3 MPUIHATTS pimens (Multi-
Criteria Decision Analysis — MCDA) i3 3aCTOCYBaHHSIM METO/y PAHTOBOTO
omintoBanus kpurepiie (Rank Order Centroid — ROC) ta meToay 3BaxeHOl
cymu (Simple Additive Weighting — SAW). 3anpomoHOBaHU# ImiaXif
JO3BOJISIE  IHTETPYBaTH TEXHIYHI, CKOHOMIYHI, eKCIUTyaTaIlliiiHi Ta
iHppacTpyKTypHi (aKTOpH y €AMHY CUCTEMY OLiHIOBaHH:S. Ha BiqMiHy Bix
METO/IiB, OPIEHTOBAaHMUX BHKIIIOYHO HA PIBEHb CKOPOYEHHS BHKHIB, JaHa
CTPYKTypa  3a0e3ledye  MOJMJIMBICTb  KOMIUIEKCHOTO  OLIHIOBaHHS
MPAaKTUYHOI ~MPHUIATHOCTI TEXHOJOTIH Ml Cy4acHOIO MOPCBKOTO
TpaHcnopty [7 - 9]. KoHnenrtyanbHa CTpyKTypa B3aeMOJii CyZJHOBHX CHCTEM
Ta QaKkTopiB JeKapOOHi3aIlii MOPCHKHX Cy/IeH HaJaHa Ha puc. 1.
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Puc. 1. KoHuenTyanbHa CTpyKTypa B3a€EMOJI1 CyJHOBHX CUCTEM Ta
(axTopiB exkapOOHi3aLlii MOPCHKHX CYJICH

Y Mexax [IOCHIDKCHHS IPOaHAi30BaHO JECATh TEXHOJIOTTYHHIX
ANBTEPHATHB, M0 OXOILTIOIOTH SK aJbTCPHATUBHI MAJMBHI PINICHHS, TaK 1
3aXO0[TH IMiBUIICHHS CHEPrOePEKTHBHOCTI.

JIo OCHOBHHX aNbTEPHATHBHHUX TIaJlUB BIJHECEHO OiomanmBa, sKe
CKJIamaroTh TigpoBaHi pociamHHI Mactmia (Hydrotreated Vegetable Oil —
HVO), ckpamnennit npuponumii ra3 (Liquefied Natural Gas — LNG),
CKpaIIeHHH TpUpoJHUK Tra3 OiojoriuHoro moxomkeHHs — BioLNG,
ckpamiennii 6iora3 (Liquefied Biogas — LBG), metanon, BOJeHb Ta amiak
[10 - 12]. JonmaTkoBo pO3MISIHYTO TiOpPHIHI EHEPreTHYHI CHCTEMH,
eKCIUTyaTalliiHl  3axoau, TiAPOAMHAMIYHI MoOgudiKkaIli, yTHI3aIlio
BIJIIIPAI[bOBAHOTO TEILIA TA BITPOIOMIOMIKHI PYIIiiiHI CHCTEMH.

OIiHIOBaHHS BUKOHYBAJIOCS 33 KPHUTEPISIMU TMOTCHIIATY CKOPOUCHHS
BUKH]IIB, TEXHIYHOI MPUAATHOCTI, EKCIUTyaTalliifHoi  CyMICHOCTI,
€KOHOMIYHOI JOLIJIBHOCTI, IOCTYIHOCTI IH(PAcTpyKTypu, Oe3meku Ta
TEXHOJIOTIYHO1 3piyocTi. [y 3a0e3neueHHs MOPiBHIOBAHOCTI TEXHOIOTIH
BHKOPHCTOBYBAJIACs €IUHA I sTHOAbHA CHCTeMa OmiHroBaHHA [13, 14].
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JuHaMika iHTerpaybHOI MPUAATHOCTI OCHOBHUX TEXHOJIOTIN IeKapOoHi3arlii
MOPCBKHX CYJICH BiIOBIZHO JI0 Ii€l TEXHOJIOTIi HajaHa Ha pHC. 2.
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Puc.2. [lunamika iHTErpagbHOI IPUAATHOCTI OCHOBHUX TEXHOJOTIH
nekapOOHi3alii MOPCHKUX CYACH

JlomoMiXKHI ~ TEXHOJIOTIT MIJABHIICHHS CHEProe()eKTUBHOCTI TaKOK
BIJIrpaloTh BXJIMBY pOJb y TMpoleci jJekapOoHi3alii MOpCHKOro
TpaHcriopty. [inpomunamiuni  Mmoamdikamii  Koprycy, onTumizamis
IIBUAKICHUX PEXHMIB, CHCTEMH YTHII3aIlil BiIIpalbOBaHOTO TEIUIa Ta
BITPOJOMIOMDKHI pYINiHI CHCTEMH 34aTHI 3a0e3ledyBaTH CKOPOYCHHS
CHEPrOCIIOKUBAHHA y MeXKax 5 ... 25 % 3aleXHO BiJ THIy CylHA Ta yMOB
eKcIuTyararlii. Xo4a Taki pillieHHs He 3a0e31edy0Th IOBHOI IeKapOoHizallil,
BOHH JIO3BOJISIFOTH CYTTEBO 3MEHIIUTH CIIOKMBAHHS IAJIMBA TA IOKPALIUTH
3arajibHy eHepreTudHy e(eKTUBHICT cyaeH [15 - 17].

BaxuBoO 0COOJMBICTIO CyYaCHOTO CHEPreTHYHOTO IEPEXOAY €
nocTynoBe (opMyBaHHSI KOMOIHOBaHMX CY/JHOBUX €HEPreTUYHUX CHCTEM.
Pe3ynbraTti OCHIPKEHHS! TOKa3ylOTh, IO HAWOUIBII e(QEKTUBHHMH Y
MIEPCIIEKTUBI MOXXYTb CTaTH IHTErPOBaHI PIlICHHS, SKI MMOEAHYBATHMYTh
IbTEPHATHBHI IaJMBa, CUCTEMH HAKOIIMYEHHS eHeprii, LU(poBi cUCTEMU
ONTHMI3allil EHEepProCHOXXMBaHHSA Ta JIONOMDKHI  eHeproe(eKTHBHI
TexHonorii. Takuid MinXiZ 03BOJISIE 3MEHIIMTH TEXHIUHI PH3MKH Ta
3a0e3mednTH OBl THYYKY aJalTallil0 MOPCHKOTO TPAHCIOPTY IO 3MiH
MDKHapOJHHUX €KOJIOTIYHUX BUMOT.
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OxpeMy poiib y mpoueci JexapOoHi3alii BifirparoTs iHGPaCTPyKTypHI
(akropu. PiBeHb pO3BUTKY MaNMBHOI iHPPACTPYKTypH 3HAYHOIO MIipOXO
BH3HAYA€ IIBHJKICTh BIPOBA/UKEHHS ajbTEPHATHBHUX EHEPreTUYHUX
PpiIIeHB.

Hdna LNG Tta wmeranomy Bxke (opMyeTbcsi MiKHapomgHa Mepexa
OyHKepyBaHHS, TOAI K IS BOIHIO Ta aMiaKy iHQpacTpyKTypHI 0OMeXeHHS
3aJIMILIAIOTHCS OJJHUM 13 TOJIOBHUX CTPUMYBAJIBHUX (akTopiB. Y pe3ysbTari
HaBITh TEXHOJOTi{ 3 BUCOKHM IOTEHIIAJIOM CKOPOYCHHS BHKHIIB MOXYTb
MaTu OOMEeXeHe MPaKTHYHE 3aCTOCYBaHHS Ha Cy4yacHOMY €Talli PO3BHTKY
MOPCBKOTro TpaHcnopty [18 - 20].

Kpim iH(ppacTpyKTYypHHUX acleKTiB, CyTTEBHH BIUTUB MalOTh €KOHOMIYHI
¢daxTopu. Bapricte MozepHizamii cyneH, HEOOXiJHICTb BCTaHOBIICHHS
HOBHX NaJMBHUX CHCTEM, 3MiHAa KOHCTPYKIiI NaJMBHHUX TaHKIB Ta
BIIPOBA/DKEHHS JOJATKOBUX CHUCTEM O€3MeKH 3HAYHO BIUIMBAIOTH Ha
pamioHaNbHICTh BHUKOPHCTAaHHS OKpeMHX TexHojorii. s Oimpmocti
CYIHOBJIACHUKIB KOPOTKOCTPOKOBa E€KOHOMIYHa e(pEeKTHUBHICTH
3QIMIIAETBCS OJHUM 13 KIIFOYOBHUX KPHUTEPIiB MPUUHATTS PIllleHb, IO
MOSICHIOE 30€peXEHHS BHCOKOI aKTyaJbHOCTI TEXHOJIOTIH MOCTYITOBOI
nekapOonizartii [21 - 23].

BaxnmBuM pe3ysbTaToM AOCIIKEHHS € TaKOXK IiITBEPIKEHHS TOTO,
o e(eKTUBHICTh TEXHOJOTiH JeKapOoHi3alil CyTTEBO 3aJE€XKHUTh BiJ
YacOBOT'0 TOPU3OHTY OI[IHIOBAHHS.

Texnomorii, sKi JEMOHCTPYIOTb BHCOKMH pIBEHb IPAaKTHYHOI
MPUAATHOCTI Yy  KOPOTKOCTPOKOBIH MEpCIEKTHBi, HE 00OB’S3KOBO
3aIMIIATHMYTHCS IOMIHYIOYHMH Y IOBFOCTPOKOBOMY Tepioai. Hampukiaz,
OiomasmBa Tumy HVO Ta ekcruryaramiifHi 3aXxoaW MAarOTh HaWBHIII
IHTeTpaJbHI OIIHKM Ha TIOYaTKOBUX eTamax JeKkapOoHi3amii 3aBIsaKd
MOJKJIMBOCTI IIBHIKOIO BIIPOBAKCHHS 0€3 CYTTEBOI MOAEPHi3allil CyaeH.
I[Ipore y mepcnektuBi a0 2035 poky iXHIH TOTEHIiaX MOCTYIIOBO
OOMEXYEThCSI HEOOXIZHICTIO JIOCSTHEHHS OUIbLI TIJIMOOKOrO  PiBHS
CKOPOYCHHSI BUKHUJIIB.

BonHouac BozieHb Ta aMiak, sSIKi Ha Cy4acHOMY €Talli XapaKTepH3yoThCs
BUCOKHMHM  TEXHIYHUMH Ta  1HQPAaCTpYKTypHHMH  pU3UKaMH, Y
JIOBI'OCTPOKOBOMY 4aCOBOMY T'OPU3OHTI JIEMOHCTPYIOTH 3HAaUHE 3POCTaHHS
iHTerpanmbHOi  mpuaatHocTi [24,25]. Lle mOSACHIOETBCS  OYIKYBAaHMM
PO3BUTKOM TEXHOJOTiIH 30epiraHHS Ta TpPaHCIOPTYBaHHSA TaJiBa,
YIOCKOHAJIICHHSIM [TJINBHUX €JIEMEHTIB, 3HH)KEHHSAM BapTOCTI BAPOOHUIITBA
«3€JIEHOT0» BOAHIO Ta MOCTYNOBUM (POPMYBAHHSIM MIKHAPOAHOI MAJINBHOT

1HQPACTPYKTYPH.
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PesynbraTti owiHOBaHHS HajaHi y TaOmumi 1, y SIKMi BHUKOpHCTaHa
IIKana BUMIipIoBaHHS Bix 1 o 5, ne 1 — HaliMeHIa, 5 — HalBHUIIA OIiHKA
e(eKTUBHOCTI BUKOPHCTAHHS METOJLY YH TEXHOJIOT1i.

Taomums 1
Y3aranpHeHi iHTerpaibHi OLIHKH PalliOHATBHOCTI TEXHOJIOT1H
TexHoorist 2025 | 2030 | 2033 | 2035
Drop-in 6iomammea / HVO 4.5 4.4 4,1 3,8
LNG /BioLNG / LBG 3,1 34 3,9 4,0
MeTtaHom 3,2 3,6 4,0 4,1
Bonenn 2,1 2,6 3,5 4.2
Amiak 1,9 2,4 3,6 4.3
['iOpuHi cuctemMu 3,5 3,8 4,0 4,0
Excrutyarartiiiai 3axomm 4,7 4.5 4.2 4,1
lNppoguHamivHi Mogudikarii 3,0 3,2 3,3 3,8
YTuimizalisi BiApanboBaHOTO TEIUIa 2.8 3,0 3,1 3,6
BitpogomoMi>kHHA pyX 29 3,1 3,4 3,7

He wmenm BaxumBuM  (aKTOPOM  3aJMINAETHCS  MiKHApPOJTHE
perynoBaHHs. BripoBa/pkeHHs TOKa3HUKY BYTIIEICBOT IHTEHCUBHOCTI CyTHA
(Carbon Intensity Indicator — CII) Ta innekcy eneproedexrunocti (Energy
Efficiency Existing Ship Index — EEXI) Ta iHIIUX eKOIOTiYHUX MEXaHI3MIB
MOCTYNOBO (hOPMY€ HOBI BHMOTH J0 €HEProe()eKTHBHOCTI Ta BYIJIELEBOi
IHTEHCHBHOCTI MOPCHKMX II€PEBE3eHb. Y pe3yNbTaTi eKOJIOTiuHI Kpurepil
CTalOTh ~HE JIMIIE TEXHIYHMM, a H CeKOHOMIYHUM  (HhaKTOpOM
KOHKYPEHTOCIIPOMOXKHOCTI ~ MOpPCBKOTO  TpaHcmopTy. lLle cTumysroe
CYIHOBJACHUKIB IO BIIPOBA/KCHHS TEXHOJIOTIH MeKapOOHi3alii HaBITh Y
BUIIaJIKaX, KOIM KOPOTKOCTPOKOBA EKOHOMiYHA e(EeKTHBHICTh TaKHX
pitIens 3anumaeThest ooMexxeHoro [26 - 28].

[lepceKTUBHUM HAmNpsMOM IIOJANbLIMX JOCHIIDKEHb €  TaKOXK
IHTerpawis KUTTEBOTO LUKITY [IaJIMBA Ta EHEPIeTHYHUX CHCTEM Y CTPYKTYPY
0araToKpUTEpiaIbHOTO OLIIHIOBAHHS. Y CydYacHHX YMOBax e()eKTHBHICTh
TEXHOJIOT1T BU3HAYAETHCS HE JIMIIE eKCIUTyaTal[iiHIMHI BUKUIaMH Ha O0pTY
CyZIHa, aJie i IOBHUM JKHTTEBUM IMKJIOM BUPOOHHLITBA, TPAHCIIOPTYBAHHS
Ta 30epiraHHs eHeproHociiB. Came ToOMy jefaii OUTBIIOrO 3HAYCHHS
HaOyBatoTh migxoaun Well-to-Wake (Imiaxiz KOMIUIEKCHOTO OIiHIOBaHHS
BUKUAIB MapHUKOBUX Ta3iB MPOTATOM YCHOTO MAJMBHOTO LUKIY — BiX
BHPOOHHIITBA MAJHMBA A0 HOTro BUKOPHUCTAaHHs Ha 6opTy cyana) Ta Life Cycle
Assessment (OLIHIOBaHHS JKATTEBOTO MUKy TEXHOJOTII ab0 MPOAYKTY 3
ypaxyBaHHAM €KOJIOTIYHOTO BIUIMBY Ha BCIX eramax BHPOOHHITBA,
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eKCIUTyaTalii Ta YyTWIi3alii.), fKi JO3BOJSIOTH OLIHIOBAaTH pEabHUN
eKOJIOTIYHNH e(eKT anbTepHaTHBHUX naiaus[29, 30].

Jns okpeMux TEXHOJOTIH pI3HUII MK JIOKAJIbHAM CKOPOYEHHSAM
BUKHUIB Ta TIOBHUM >KUTTEBUM IIMKJIOM MOXKe OyTu cyTTeBoto. Hanpukman,
e(eKTHUBHICTD BOIHIO a00 amMiaKy 3HAYHOIO MipOIO 3aJEKHUTh BiJl DKeperna
BHPOOHHIITBA eHEPTii. BUKOpHCTaHHS «3€IeHOr0» BOAHIO, BUPOOIIEHOTO 32
PaxyHOK BiJHOBIIOBAHHX [DKEpeN eHeprii, 3abe3medye 3HAYHO BHIIMN
EKOJIOTIYHUN e(eKT MOPIBHAHO 3 TEXHOJOTISIMH, IO 0a3yrThCs Ha
BUKOITHOMY T1aJIMBI.

KpiM eKoJOriYHMX acIleKTiB, MOJAIBIINA PO3BHTOK MOPCHKOTO
TpPaHCIOPTY Oyje 3ajekaTH BiJl IMIBUIKOCTI TEXHOJOTIUYHOI MOJEpPHI3aIii
cBiTOBOrO ()U10TYy. 3HAUHA YAaCTHUHA iICHYIOUHX CyJIeH Oyila CIPOEKTOBAHA JIs
BHUKOPHMCTaHHS TPaJULIHHUX MAIMBHUX CHUCTEM, TOMY IOBHHH Iepexi] 10
0e3ByTIIEIIeBUX TEXHOJIOTIH MOTpeOyBaTHMe TPUBAJIOTO IIEepioy ajamnTarii.
Y GaraTh0oX BUIAIKaX MOICPHI3aIlisl iCHYIOUHX CyJIeH € TEXHIYHO CKJIaTHOIO
a00 EKOHOMIYHO OOMEXEHOIO, IO JOAATKOBO IMiJACHIIOE aKTyalbHICTh
TepexiTHUX TEXHOJOTiH Aexapoonizamii [31 - 33].

BaxnmuBuM (akTOpOM 3aNWIIAETHCS 1 HEPIBHOMIPHICTH PO3BHTKY
MDKHApOJHOI TOPTOBOi iH(pacTpykTypu. HaBiTh 3a yMOBH aKTHBHOTO
PO3BUTKY JIbTEPHATHBHUX EHEPTETHMYHUX CUCTEM OKPEMi PEerioHH MOXYTh
CYTTEBO BIJIPI3HATHCS 3a PIBHEM TOTOBHOCTI JI0 BHKOPHUCTAaHHS HOBHUX
nanu. Lle cTBOpIOE H0OAATKOBI €KCIUTyaTalidHI pU3UKU ISl CYAEH, SKi
MPaIIOIOTh Ha IMI00AJIbHUX MapLIpyTax, Ta 0OMEXYy€e HIBHIKICTD MEPEXO0.Ly
JIO OKpEMUX OE3BYTIJICIICBHUX PIIICHb.

VY pe3ynbrari HalOUIBII peaTiCTHYHUM CLIEHAPIEM PO3BUTKY MOPCHKOTO
TPaHCIIOPTY y HaWONIDKYl JIECATHIITTSA € TOEIHAHHS KUIBKOX HarpsiMiB
nexapOoHizamii ogHodacHO. Jlo TakWX HamNpsMIB HaJeKaTh IIiJABHIICHHS
eHeproe)eKTUBHOCTI, BUKOPUCTAHHS MEPEXITHNX aJbTEPHATHBHUX IAJINB,
PO3BHTOK TiOPUAHUX CHEPTETHYHHUX CHCTEM Ta MOCTYIOBE BIIPOBAKECHHS
0e3BYIIICIIEBIX TEXHOIOTIH.

3amponoHOBaHUN Yy JOCHIKCHHI OaraTOKpuTepialbHUN — MiAXig
JIO3BOJISIE  BPAaxOBYBATH CKJIAAHUNA B3a€EMO3B’SI30K MK TEXHIYHUMU
XapaKTepUCTHKaMHU CyJeH, E€KOHOMIYHUMHU (axTopamu,
IHQPACTPYKTYpPHUMH OOMEXEHHSMH Ta MIXHapOJHUMH €KOJIOTTYHHUMHU
BuMoramu. Lle 3a0e3nedye MOKIMBICTh (hOpMyBaHHS O1IbIT OOTPYHTOBAHMX
cTpareriii nexapOoHi3auil sIK JUIsi OKPEMHUX CYAEH, TakK 1 Ui MOPCHKOTO
TpaHCIIOPTY B oMy [34 - 36].

PesynbTaTi gocmiypkeHHs MiATBEPIKYIOTh HEOOXIHICTh MEPEXOIy Bil
VHIBepcallbHUX MOJeJeH JekapOoHi3amii 0 CerMeHTHO-OPi€HTOBaHUX
I IXO/iB, IKi BPaXOBYIOTh CIIeNN (iKY eKCIUTyaTallil pi3HUX THIIIB MOPCHKUX
CyA€H Ta OCOONMBOCTI iX €HEPreTWYHHX CHUCTEM. BuKopHCcTaHHS
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0araTOKpUTEpiaJIbHOTO aHajli3y CTBOPIOE OCHOBY JUISI KOMILIEKCHOTO
OLIIHIOBaHHS TEXHOJIOTIH JekapOoHizamii Ta Moxe OyTH BHKOPHCTAHE ITiJ
yac (opMyBaHHS JOBrOCTPOKOBOI IOJNITHKH PO3BUTKY MOPCBKOTO
TPAHCIIOPTY B YMOBaX IJI00aIbHOTO €HEPreTHYHOTO IIEPEXOY.
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Abstract. The article considers modern approaches to maritime
transport decarbonization under the conditions of the global energy
transition, strengthening international environmental regulations, and the
necessity to reduce greenhouse gas emissions in shipping. The study
analyzes the implementation of alternative fuels and energy-efficiency
technologies for different segments of the maritime fleet considering
technical, economic, operational, and infrastructure factors. A marine vessel
is considered as an integrated energy and operational system whose
efficiency depends on the interaction of energy, technological, and
operational parameters. A multi-criteria decision-making approach (MCDA)
combined with ROC weighting and the SAW method was applied for the
assessment of decarbonization technologies. The study includes the analysis
of alternative fuel solutions such as drop-in/HVO biofuels,
LNG/BioLNG/LBG, methanol, hydrogen, and ammonia, as well as
supporting energy-efficiency technologies. Dynamic assessment of the
technologies was performed within the time horizon up to 2050. The results
demonstrate that gradual decarbonization technologies remain the most
rational solutions in the short-term perspective, while the suitability of zero-
carbon energy systems significantly increases in the long-term horizon. The
obtained results confirm the necessity of a segment-oriented and multi-
technology approach to maritime transport decarbonization.
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Pestome. Posensitymo mexmonozito KOHmpouo eKoN02i4HUX NOKA3HUKIG
CYOHOBUX OU3ENbHUX 0BUSYHI6 NIO 4aC BUKOPUCTNAHHA NAIUBA OIONOCITUHO20
noxooocenusi. [ cyonoeozo ousens 9S50ME MAN-B&W ecmanosneno,
wWo nid 4yac BUKOPUCMAHHI NATUBHUX CyMiutell, 00 CKIAdy AKUX 6X00umb
naiueo Hagmosozo noxoddxcenns RMG380 ma nanuso 6ionoeiunozo
noxooocennsi FAME B100, moociuso excnepumeHmanivbHe 6U3HAYeHHs
KYmig sunepeoxcents nooaui naiuea 3a aKkumu 3a0e3neyyemuvca MiHiMalbHe
30inbulenHa  emicii  oxcudie azomy 3 OOHOYACHUM  OIUILKUM OO
MAKCUMATLHO20 3HUNCEHHAM eMicii 0iokcudie gyeneyro.

Summary. The technology of controlling the environmental performance
of marine diesel engines when using fuel of biological origin is considered.
For the 9S50ME MAN-B&W marine diesel engine, it was found that when
using fuel mixtures that include RMG380 petroleum fuel and FAME B100
biological fuel, it is possible to experimentally determine the fuel advance
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angles that ensure a minimal increase in nitrogen oxide emissions with a
simultaneous close to maximum reduction in carbon dioxide emissions.

Juzeni BIZHOCATBCA 10 HAWOUIBII PO3MOBCIOKCHUX TETUIOBHX
JBHUTYHIB, III0 BUKOPHCTOBYIOTHCSI Ha CyJJHAX MOPCHKOTO Ta BHYTPILTHBOTO
BogHOTO TpaHcmopty [1-3]. Tlepur 3a Bce me moB’s3aHe 3 HAHMEHIIOKO Y
TOPIBHSAHHI 3 IHIINMH THUMAMH TEIUIOBHUX JABHTYHIB (IApOBHX KOTIIB Ta
ra30BHX TypOiH) MATOMOIO BUTPATOIO MAIMBA Ta HAWOUIBIINM Y TIOPIBHSIHHI
3 UMM JK€ TCIUIOBUMH JBHTYHamMH KoedimieHToM KopucHoi mii. o
0Ce3yMOBHHX IIEpEBar CyJIHOBHX IH3CIIB TaK0XX BIIHOCHTHCS MOIKIJIHUBICTh
301IBIICHHS TXHBOT MOTYKHOCTI IIISIXOM 30UThIICHHS KiJIbKOCTI IWITIHPIB
32 YMOBOIO TaKMX X CAMUX iXHIX T€OMETPUYHUX PO3MIpPIB — METOAY, L0
HEMOXJIMBUH JIJIs TAPOBUX KOTIIIB Ta Tra30BUX TypOiH [4 - 6].

OTpuMaHHS KOPUCHOI pOOOTH y CYAHOBHX IHU3EISX HEMOXIJIHNBO 0e3
BHUKOPHCTAHHS PiJIKOTO ITanBa — JUKepesa eHeprii, 10 BHKOPUCTOBYETHCS Y
95 ... 98 % 3i Bci€l KUTBKOCTI TU3EIiB, IO Ha TENEPIITHIA 9ac 3HAXOAATHCS
y ekcruryaranii [7 - 9]. YV ocTaHHI pOKH Ha CyTHaX MOPCHKOTO TPAHCIIOPTY
BCTaHOBJIOIOTHCS mu3eni kiacy Dual Fuel, mo mpamroroTs sk Ha piakomy
manuBi HaQTOBOTO IMMOXOKEHHS, TAKOXK 1 Ha HAPTOBOMY ab0 MPHUPOTHOMY
ra3i. Ilpu mpoMy y OUTBIIOCTI BHMAAKIB Ii JU3€Nli BCTAHOBIIOIOTHCS Ha
CyZHaX, SIK TepeBO3sATh HAQTOBUII UM MPHUPOAHUIA Ta3 SIK BaHTAX, YaCTHHA
SIKOTO BUKOPHCTOBYETHCS SIK MaNWBO sl au3eniB. OIMHOYACHO 3 UM L
CyJAHa BUKOHYIOTh OajiacTHI HaBiramidHi Nepexoau, HPOTArOM SKUX
eKCITyaTallisi Ju3ejiB BUKOHYETbCS Ha PLAKOMY ManuBi HadTOBOTO
noxokeHHst. 11le MeHIa KiTbKiCTh MOPCHKHX CyZIeH oOaHaHa AU3eNsIMH,
ITi1 yac eKCIUTyaTalil IKUX BAKOPUCTOBYIOTHCS METHIIOBI CITUPTH 200 edipH.
3a pi3HUMHU OIIIHKaMH, pi/Ike NaJNBO Ha(TOBOTO TOXOMKEHHS Oy ie 3aiiMaTh
JOMIHYIOUMH CTaH TOPIBHAHO 3 IHIIMMH BHJAMH TalWBa Ha MPOTHA3i
Haiomokunx 15 ... 20 pokis.

3ropsHHS TaauBa HA(PTOBOTO TOXOMKEHHS Yy CyJHOBHUX JH3EISAX
CYIPOBOIKYETHCSI yTBOPEHHSIM BUILYCKHHX I'a3iB Ta iXHIM MTOTPAIUITHHIM Y
atMocdepy. BumyckHi rasn CyZHOBHX AW3€TiB € 0araTOKOMIOHEHTHOIO
CYMIIIIIO IO CKJIAAY SKOI y TOMY YHCII BXOISATh TOKCHYHI PEUOBHHHU
(macammepen oxcuau a3ory NOx) Ta pPEUYOBHHH, IO MPHU3BOAATH J0
301IbIIICHHSI TAPHUKOBOTO eekTy (Hacammepen aiokcun Byrieio CO»). 3a
UMM MTOKa3HUKAMH BUKOHYETHCS OLIHKA EKOJIOTIYHOCTI pOOOTH CyTHOBUX
nuserniB. Uepes 1e eKclulyaramis CyJHOBHX JM3€JliB BUKOHYETHCS 3
3a0e3Me4YeHHsIM MiHIMaJIbHO MOJKJIMBOTO PIBHIO eMicii BKa3aHMX PEUOBHH.
BMicT oOkcumiB  a30Ty 'y BUIIyCKHHX Tra3ax CYAZHOBHX JIM3EIiB
pernamentyetbest Bumoramu Jlonatky VI MAPITOJI Ta 3ainexuTs Bi poKy
moOyIOBH CyAHAa Ta YaCTOTH OOEpTaHHsA Baly am3els. PiBeHp emicii
JIOKCHy BYTJIEIIO HE PErIaMEeHTYeThCS MIKHAPOAHUMH BHMOTaMH, ale €
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OCHOBHOIO CKJIaJIOBOIO, 32 SKOIO OLIHIOEThCS JIeKapOOHi3allisl Ta 3eJieHe
cynnoruiasetso [10 - 12].

BoHouaC 3 UM, OTPEOHU B PiAKOMY MBI MOCTIHO 3pocTaioTh. Moro
BUKOPHCTAHHS SK 1 paHillle MOLIMPIOEThCS HAa BCI BUIM TPAHCIOPTY —
ABTOMOOLIBHOTO, aBiallifHOTO, 3aJlI3HUYHOT0, BOJHOTO (5K AJISI MOPCHKHX
CYZEH, TaKOX 1 JJIs CyJIeH BHYTPIIIHFOTO BOAHOTO TpaHcnopry). [IpuponHi
3amaci HadTH (IK OCHOBHOTO J[DKEpeia pIAKOTO TajiBa) MIOPIdHO
3HWKYIOTBCS, BIAKPUTTS HOBHX DOJIOBHII MepecTtac OyTH peajbHICTIO,
00csry BUIOOYTKY pEerJIaMeHTYIOThCsl KpaiHaMH-BUPOOHUKAMH Ta 3aJ1€KaTh
BiJl MOMITHYHAX PHU3HKIB [13, 14].

3a3HaueHO € OJHIEI0 3 NMPUYMH BUKOPHUCTAHHS B AU3EIAX MOPCHKHX
CyA€H JIbTCPHATHMBHUX BHIIB TalHMBa, HEHA(PTOBOrO ITOXOPKEHHSI.
[HTEeHCHBHI JOCTIKEHHST MOXKJIMBOCTI HOTO 3aCTOCYBaHHS HPOBOISTH Y
JaHuit dWac y pisHux kpaiHax [15 - 17]. OcCHOBHMMH BHJIaMHU
AIBTEPHATHBHOTO T1aJMBa €: 3piJHKEH] roprovi ra3u, BOAEHb, CIIUPTH Ta 1X
cyMimi 3 HaQTOBHM ITaIMBOM, POCIHHHI OJii, IITYYHE ra3oBe Ta PiIKe
nanuBo (6ioras Ta 6iomanuBo). OMHUM 3 HAHOLIBII POITOBCIOIKCHUN BHIIB
IbTEPHATUBHOTO ManuBa € OioguszensHe [18 - 20]. ['onoBHOIO HIepeBarow
LIBOr0 TajMBa HaJ IHIIMMU € 30ir HOro OCHOBHUX XapaKTEPUCTHK
(macammepen ryCTHHH Ha B’s3K0CTi) 3 HaroBrM mamuBoM [21 - 23]. Ie nae
3MOT'Y BUKOPHCTOBYBATH UL IOJa4di BHOPCKYBaHHs 010IM3€IEHOTO AINBa
B LWJIIHJP JU3EJsl Ty XK caMy HajMBHY anapaTrypy, sika BUKOPHCTOBY€ETHCS
JUIA BIIOpCKYyBaHHS HadToBOoro mnammBa [24 - 26]. Takox Bimmamae
HEOOXIHICTh JOaTKOBOTO BCTAHOBJICHHS OKPEMOi MAJIMBHOI CHUCTEMH.
[NepexauyBaHHs Ta nojayda 0i0M3eIbHOTO MATKBA A0 IMATUBHOI alaparypu
BHCOKOTO THCKY MOXKE€ 3/iHCHIOBAaTHCS 3a JIOTIOMOTOIO TOTO 3K CaMoro
oOJlasiHaHHS, IO BUKOPHCTOBYETbCS JUIA IIepeKadyBaHHSA Ta Mojadyi
Ha(ToBOrO NManusa [27 - 29]. Bunukae yuiie HeOOXIAHICTh Y BCTAHOBJICHHI
JIOZIATKOBUX BUTPATHHUX LHCTEPH 010AM3ENHHOTO MajMBa Ta 3MIIIYBaIbHOT
abo 103yrouoi YCTaHOBKHM 3a JIONIOMOTOIO SIKOi OilofW3eNbHE MNalHBO
JOJA€THCS 10 00’ eMy Ha()TOBOTO TajIiBa.

Yepes BiAMIHHMHI BiJ HAQTOBOTO ManuBa CTPYKTYPHHA, EIEMEHTHUI Ta
¢dpakuiiiHuii ckyaa, 3ropsiHHS Oi10JM3EIBHOTO MalnBa BiJOYBA€THCS 3
iMoo edexTuBHiCcTIO. l{e mpU3BOANTE 10 3MIHHM €KOJOTIYHIX MOKa3HHUKIB
poOOTH CyAHOBHX JW3€NIB Ta CIIOHYKaE [0 MOMIYKIB HaHOUIBII
pamioHaNbHUX PEXHMIB iX eKCIuTyaTamlii IMiJ yac BUKOPHCTaHHS IaliBa
OionorigHOTO MOXOMKeHH [31, 32].
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HocnijkenHs, mo Oynu CHpsIMOBaHI Ha pEryJIIOBaHHS EKOJIOTIYHUX
MTOKA3HHUKIB CYTHOBHUX IU3EIiB MiJ YaC BUKOPUCTAHHS HaJuBa 010J0T19HOTO
MOXO/KEHHsS, BHKOHYyBaJMCh Ha CcyAHi kimacy Ro-Ro. OcHosHi
XapaKTEepPUCTUKHU Cy/iHa HaBeJeHi y Tabu. 1. SIk rojoBHMI ABUTYH Ha CyJHE
BCTaHOBJICHO cymgHoBui am3enmb 9SS0ME MAN-B&W, ocHOBHI
XapaKTEePUCTUKH SIKOT0 HaBeJIeHI y Tab. 2.

Tabmums 1
OCHOBHI XapaKTepPUCTUKHU CyAHA
[apameTp 3HaucHHA
JoBxrHa MakcHMajbHa, M 183,3
JIoB)XXHMHA MiX MEPIEHANKYIISIPAMHA, M 172,8
[lImpuHa 33 MiICTBIIIIAHTOYTOM, M 32,1
Ocazika y TOBHOMY BaHTaXy, M 9,15
Bucora, m 45,8
BomoToHHAXHICTE, TOHH 27994
Jenselr, ToHH 13523
BanTaxomiCTKICTh, aBTOMOO1JTIB 4910
Pix nmoGynoBu 2014
Tabmums 2

OcHoBHi xapakrepuctuku quzenst 9ISSOME MAN-B&W

Tun JBoTakTHUH
HiameTp muminapa, M 0,5

Xi1 mOpIIHS, M 2,0
YacTora 06epTaHHs, XB~! 127
KinmbKicTh IATIHIPIB 9
EdexTrBHA MOTYXKHICTB, KBT 14220

Ilin wac 3HAXOKEHHS CyOHA Yy 30HAX CIEIalbHOTO EKOJIOTiYHOTO
koHTpommo SECAs excrumyarariisi n3eisi BHKOHYBalIach 3 BUKOPUCTaHHAM
nanmnBa DMA10. [lig gac 3naxomkennas cyaaa noza SECAs ekciuryaTais
Iu3ens BUKOHYBaslach 3 BHKoOpHucTaHHAM namuBa RMG380. Takox mus
nuzenst Oyno rmepenbadeHo BukopucTaHHsi OlonanuBa FAME B100.
OCHOBHI XapaKTePUCTHKH KB Ha/laHi y Tadnumi 3.

Yepes MeHIIly Y HOPIiBHSHHI 3 TTAJIMBOM HA(TOBOT'O MPOXOKEHHS HUKUY
TEIUIOTBOPHY 3JIaTHICTh, MAJMBO OIOJOTIYHOIO MOXOJKCHHS Y OUIBIIOCTI
BUIAJIKIB HE BUKOPUCTOBYETHCS SIK OKpeMe JpKepeno eHeprii. Haibunbioro
TIONIMPEHHS] BOHA HalyJo y CKJajai cyMimed 3 HadTOBUM manuBoM. 30ir
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3Ha4YeHb I'yCTHHA ManuBa 0i0J0TriYHOTo MOXO/KEHHS Ta HahTOBOrO NakBa
JI03BOJISIE BUTOTOBIIIOBATH IXHI CyMillli 6e3MocepeiHbO0 y MAMBHINA CHCTEMI
JIN3eIiB, IIIXOM BUKOPUCTAHHS JO3EPHUX YCTaHOBOK [33 - 35].

Tabmuns 3
OCHOBHI XapaKTePUCTHKH MaJIIB
IMapameTp DMAI10 | RMG380 | FAME B100

Bwicr B manmsi:

Byrienio C 87,3 85,2 77,2

BoaHio H 11,8 10,1 12,2

cipku S 0,08 0,5 0,003

kucHio O 0,31 1,47 10,38

BoJsioru W 0,07 0,1 0,062

3014 A 0,44 2,63 0,155
[Tapamerp DMAI10 | RMG380 | FAME B100
B’s3xicts 3a 15° C, mm*/c 6,3 363 83
I'ycruna 3a 15° C, kr/m® 868 916 894
Hiwicia Tennorsopra 42220 | 39630 37250
31aTHICTh, Oy, KJK/KT

JocmimKkeHHsT 3 BU3HAYCHHS BIUIMBY HaJIFBa O10JIOTIYHOTO MOXOIKCHHS
Ha CKOJIOTIYHI MMOKa3HWUKU cyaHoBoro mausens 9SS50ME MAN-B&W
BUKOHYBAJIOCH JUTS TAJIMBHUX CyMilIeH, ski ckiaanaim 95 % nanusa RMG380
ta 5 % namuBa FAME B100, a Takoxx 90 % RMG380 Ta 10 % FAME B100,
85 % RMG380 ta 15 % FAME B100. HaBanraxxenus na nmsens 9SSOME
MAN-B&W 3wmiHtoBasiock y giamasoni 60 ...90 % Big HOMiHAIBHOI
mOTY>KHOCTi. OCHOBHAMHE CKOJIOTIYHUMH TOKa3HUKAMH, [0 BUMIpPIOBAIICH
i 9ac JOCHTiKeHb, Oyimn eMicis okcuaiB a3ory NOx Ta emicis JiOKCHIY
Byruento CO,. Pe3ynbrat gociipkeHb HaBesieHi y Tadu. 4, 5.
Tabmums 4

Ewmicis okcuais azoty NOx, r/(kB1-rom), mig gac pi3HIX YMOB €KCIUTyaTaii
cyaHoBoro auzens 9SSOME MAN-B&W

Hagan- RMG380 95 % RMG380 | 90 % RMG380 | 85 % RMG380
Ta)KECHHS +5 % B100 +10 % B100 +15 % B100
60 9,56 10,64 10,86 11,07
70 10,65 11,86 12,24 12,49
80 11,14 12,58 12,89 13,07
90 11,48 13,09 13,37 13,56
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Tabmnuus 5

Ewmicis miokcuny Byrieiro CO,, %, i yac pi3HUX YMOB €KCIUTyaTarlii
cyaaoBoro amenst 9SSOME MAN-B&W

Hapan- RMG380 95 % RMG380 | 90 % RMG380 | 85 % RMG380
TaKCHHS +5 % B100 + 10 % B100 + 15 % B100
60 5,93 5,39 5,27 5,17
70 6,16 5,46 5,38 5,29
80 6,36 5,53 5,47 5,36
90 6,56 5,65 5,55 5,42

Jis xpamnoi Bizyanizanii pe3yapTaTy, o HaBeaeHi y Tabm. 4,5, momani
y BurIsini xiarpam (puc. 1).

RM| IRM|
2
:
60 70 l«—80 l«—90 ?

a) 0)

Puc. 1. Emicist okenaiB a3oty NOx (@) Ta giokcunay Byrierto CO, (6) mig
4ac pi3HUX YMOB eKcIutyaTarii cyaHoBoro auzens 9SSOME MAN-B&W:
RM — manmmBo RMG380; 1, 2, 3 — cymimri 95 % RMG380 + 5 % B100,
90 % RMG380 + 10 % B100, 85 % RMG380 + 15 % B100 Biamnosigao

Lo ]

PesynpraTn, mo HaBeneHi y Tabn. 4,5 Ta Ha puc. 1, cBigUaTh, IMpo
PI3HOCTIPSIMOBAHICTh il MaJMBa 0i0JOTIYHOTO TOXO/PKECHHS HA €KOJIOTIYHI
MTOKA3HUKU POOOTH CYIHOBUX JTU3ENIB, a CaMe MPU3BOJATH 0 301IbIICHHS
eMicii OKCHJIIB a30Ty Ta 3MEHIICHHS JiOKCHIy Byrielro. [le moscHroeThes
OUTBIIIMM BMICTOM KHCHIO y CKJIaJli TTAJTUBa 010JIOTIYHOTO MmoXoKkeHHs. [1i
yac 3rOpsiHHS MOAIOHOTO MajwBa 30UTBIIYETHCSA TeMIepaTypa B HMTIHIPI
JIM3EIIsI, CaMe 1€ CTa€ MPHYUHOIO CKIIJly BHITYCKHHUX ra3is.

YrupaBiiHHS €KOJOTiYHMMH TOKAa3HUKAMH CYJHOBUX ITH3EINIiB ITiJ] Yac
BUKOPHCTaHHS IMajxuBa 0i0JOTIYHOTO MOXOMKEHHS MOXIIHBO 32 PaXyHOK
3MiEM (a3 manuMBomogauyi — 30UTBIIEHHS, a00 3MEHIIEHHS KyTa
BUIIEPEDKCHHSI MOJa4l MajuBa. 3 METOI IATBEPDKCHHS i€l TimoTe3n
BUKOHYBajioch BuUMiptoBaHHs emicii NOx Tta CO, 3 BUIyCKHMMH ra3amu
cyanoBoro juszenst 9SSOME MAN-B&W 3a pi3HHX KyTiB BUIEPEIKEHHS
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mojiavi majarea B UIiHap au3zess ©. Jliana3oH 3MiHK IIUX KyTiB OyB 00paHO
3 PEKOMEHIOBAHOTO (hipMOIO-BHPOOHUKOM Ta CKianaB -6 ... -2 rpaa. [IKB
(me TTIKB — moBOpOT KONIHYATOTO BaTy IUA3EI).

JocmimpkeHHs 3 BU3HAYCHHS €KOJIOTIYHUX MOKa3HUKIB mu3enst 9SSOME
MAN-B& BUKOHYBaNWCh y 3a3Ha4CHOMY JAialla30Hi 3 KPOKOM 3MiHH KyTa
BunepepkeHHs nomaui manmusa 0,5 [IKB. Ha xoxxHOMYy 3 mocmimkeHUX
PEeXKHUMIB JIM3€Jb SKCIUTyaTyBaBcsl 4 TOIUHU, TIPU [IbOMY HIATPUMYBAIUCH
CTaJI TIOKAa3HUKH y CHCTEMaX MAIlIEHHS Ta OXOJIOKEHHSI.

CKOpoOdYeHI pe3ysIbTaTH I[HX JOCIIKEHb (IO BIAMOBIAATH BHIIAIKY
BUKOpHCTaHHs MaMBHOI cymimi 85 % RMG380 + 15 % B100 — six Takof, 3a
SIKOKO CIIOCTEPIraeThcss MakcuMalbHe BinxuieHHs emicii NOx ta CO,, Ta
60 %-my Ta 90 %-My HaBaHTa)XEHHIO) HaBeAeH1 y Tabi. 6, 7.

Tabnuus 6

Ewmicist okcuniB a3oty NOx, 1/(kBT-T01), 32 pi3HUX KYTIiB BUIIEpEHKCHHS
mofadi manuBa cygaoBoro amsens 9SSOME MAN-B&W

Ha- Kyt BunepemkenHs moaadyi nanuaa, 0, rpag [IKB

Bamtam ) gl 55| 5 | 45| 4 | 35| 3 | 25| =2
JKCHHSA

60 | 11,68 11,32]11,06/10,86|10,65]10,43|10,24|10,06| 9,86
90 14,22 | 13,83]13,55|13,33]13,14[12,93|12,62|12,38]12,08

Tabmuus 7
Ewmicis miokcuny Byriemio CO,, %, 32 pi3sHUX KyTiB BHIIEpEIKEHHS MMogaqi
nanuBa cyaHoBoro amsenst 9SSOME MAN-B&W

Ha- Kyt BunepemkeHHs noaadi nanusa, 0, rpax [IKB
Bamras ol s5 | 05 | 45| 4 | 35| 3 | 25| 2
JKEHHS

60 5,02 | 5,09 | 5,16 | 521 | 526 | 53] 533 ] 535 5,36
90 5,26 | 5,33 | 541 | 5,47 | 5,52 | 5,57 | 5,61 | 5,64 | 5,67

BinHocHa 3MiHa 3HaueHb emicii okcuaiB a3oTy ANOx Ta mioKcuay
Byraeiio A CO; po3paxoByBaiach 3a BUpa3aMu:

_ Noiloo _ NO;ME

AI\IOX NO §ME

-100%; 1)

COZRME _ COZBIOO
CoRME
2

ACO, = -100%; 2)
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ne NOSM®, NOY'® — ewmicis okcuiB a30Ty 11iJl 4ac BUKOPHCTAHHS NAlINBA
HajToBoro moxomkeHHs RME380, a Takox ioro cywmimi 3 mHaaTuBOM
6iosoriuHoro noxopkennst FAME B100, r/(kBr-rox);

COSM®, COP'™ — ewmicist TioKCHAIB BYIJIEIO T/ Yac BHKOPHCTAHHS
nanusa HadToBoro noxomkenHss RME380, a Takox #oro cyMili 3 majJmuBoM
6iomoriunoro moxomkenus FAME B100, %.

Pesynbraty, 1o otpumani 3a Bupazamu (1), (2) HaBeneHi y Tadun. 8, 9.

Tabmums 8
BinHocna 3mina emicii okcuaiB azoty ANOgx, %, 3a pi3HUX KyTiB
BUIIEpe/KeHHs oayi nanuea O muzens 9SSOME MAN-B&W

Ha- Kyt Bunepemkenss mogavi nanusa, 0, rpag [IKB

BaHTa ol ss | s | 45| 4 | 35| 3 | 25| -2
JKCHHSA

60 [15,20/14,02/12,8411,99|11,15]10,47| 9,97 | 9,62 | 9,46
90 19,821 18,75 117,53 | 16,62 | 15,85] 15,09| 14,48 | 14,02 | 13,57

Tabmuis 9
BinnocHa 3mina emicii giokcuny Byrierio COa, %, 3a pi3HUX KyTiB
BUTIEpeIDKEeHH ofayi mamisa © nuzens 9SS0ME MAN-B&W

Ha- KyT BunepepkeHss nopaui nanmmsa, 0, rpax [IKB
B 6 | 55| 5 | 45| -4 |35 3 | 25| 2
JKSHHS

60 [15,20)14,02]112,84|11,99|11,15|10,47| 9,97 | 9,62 | 9,46
90 119,82|18,75]|17,53 16,62 |15,85| 15,09 14,48| 14,02 13,57

3a pesynbraramu Tabi. 6 - 9 moOyoBaHi BiAMOBIIHI AiarpaMu Ha puc. 2.

3a3HauMMO, 10 TSI BCIX PEXKUMIB SKCIUTyaTallil JU3elIs 3HAUCHHSI eMicii
okcnaiB azoty NOx He mnepeOinbIIyBajlo MaKCUMAaJIbHO MOXIIMBOTO, SIKE
pernamentyethes Jonatkom VI MAPIIOJI Ta ansa nuzens 9SSOME MAN-
B&W, 1mo BcTaHOBIEGHWII Ha pO3TISIHYTOMY CYAHI  IOPiBHIOE
14,4 v/(kB1-rom).

PesynpraTi HaBeOeHHWX MOCHIIKEHb IO3BOJIAIOTH 3pOOHTH HACTYITHI
BUCHOBKH.

1. IToctyroBe 3MEHIIEHHS 3aIlaciB MajuBa HAQTOBOTO MOXOMKEHHS Ta
3MiHHa JMHaMiKa WOro BapTOCTI MNPH3BOAUTH JO BUKOPHCTaHHS Y
S€HePreTHUYHNX YCTaHOBKAaX CYICH MOPCHKOTO Ta BHYTPIIIHHOTO BOJHOTO
TPAHCIOPTY MAIUB HE 0I0JOTIYHOrO MOXOMKSHHS, OJHUM 3 TAKHX IAJIUB €
6iommzensHe mammBo FAME B100. 36irmm  XapakTepHCTHKH T'yCTHHHU
maguBa HAPTOBOrO Ta MajluBa OI10JOTIYHOTO TIOXOKEHHS JIO3BOJISE
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yTBOpIOBAaTH ixHi cymimi. Yepe3 OiNbII HHU3KY TEIIOTBOPHY 3AaTHICTH
najuBa OlOJIOTIYHOTO IOXO/PKEHHS y TOPIBHSHHI 3 Ha()TOBUM NaJIMBOM
pamioHanbHUI BMICT OiOMM3ENBHOTO TajdWBa B TAaKUX CYMIMIax He
nepesuntye 15 % 3a macoro.
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Puc. 2. 3miHa eKOMOTiYHAX MTOKa3HUKIB poOoTH cyaHoBoro am3ens 9SS0ME
MAN-B&W iz yac pi3HHX yMOB HOT0 eKCInTyaTarii:
RM — nanmmBo RMG380; 1 ...9 — cymimi 85 % RMG380 + 15 % B100;
®, grad ARC — angle rotation of crankshaft / moBopoT xomiHYaToro Bamy

2.Yepe3 BiOMIHHUK Big HAPTOBOTO TalMBa EIEMEHTHHH CKIaj
0ioM3eMpHOrO aNMBa (HacaMmIiepe] MCHITY KUTBKICTh BYTIICITIO Ta OLITbITY
KUTBKICTh KHCHIO) T/ 9ac 3rOpSHHS CyMillli ITNX MaJB BiIOYBa€eThCA 3MiHA
€KOJIOTIYHHX MTOKa3HUKIB poboTu am3ens. st cymroBoro amsens 9SSOME
MAN-B&W B piana3osi #oro excruryarariiaux HaBaaTaxeHs 60 ... 90 %
Ta 5...15% Bmicty GiogmsensHoro maauea FAME B100 y ckmazi iioro
cymimi 3 nanmuBoM RMG380 ekcriepiMeHTaIbHO BCTAHOBIIEHO 30UIbILIEHHS
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Ha 11,72 ... 18,1 % ewmicii okcuaiB a3oty NOx 3 0OJTHOYaCHUM 3MCHIIICHHS
Ha 9,1...17,5 % ewmicii miokcuais Byriemo COs.

3. ExcriepuMeHTaIIbHO JIOBE/ICHA MOXIJIUBICTh YIIpaBITiHHS
EKOJIOTIYHAMH TIOKa3HWKaMHU CYJIHOBHX AW3EIIB IiI 9ac BUKOPUCTAHHS
manuBa OiOJIOTIYHOTO TMOXO/PKEHHS MUIIXOM peryioBaHHS (a3 momadi
ManuBa B IWIHAP OU3ENA. 3 PEKOMEHIOBAaHOTO (HipMOIO-BHPOOHUKOM
niarma3oHy KyTa BHUIEPEDKCHHS I[0Jladi IMajirBa MOJKIMBE BHU3HAYCHHS
TaKWX, 32 SKHMH 3a0e3MeUy€eThCsl MiHIMAIbHE 301IbIICHHS eMicii OKCHIIB
a30Ty NOx 3 0JHOYaCHUM OJIM3bKHM 0 MAKCUMAJILHOTO 3HHKCHHSIM eMicCil
nmiokcuais Byriero COz. Y BCIX pO3IJISHYTHX BHITaJKaX €Micis OKCHIIB
a30Ty He mepeOuTblIyBana 3HAYCHHS, IO OOMEXKYETHCA BHMOTaMU
Honatky VI MAPIIOJI.

4. 3HWKEHHS eMicii TIOKCHIy BYTJICLIO ITiJl 4ac BUKOPUCTAHHS I1ajHBa
010JIOTIYHOTO TTOXOKSHHS (SIKE ITiJ] Yac MPOBEICHHS TOCTIIKCHD JOCITAI0
15,2...19,8 % cmpuse 3MEHIIEHHIO IAPHUKOBOTO  eQeKTy Ta
3a0e3MedeHHIO 3eJICHOTO CYAHOTIABCTBA.
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Abstract. The technology of controlling the environmental performance
of marine diesel engines when using fuel of biological origin is considered,
which consists in changing the fuel advance angles into the diesel cylinder.
The gradual decrease in oil fuel reserves and the variable dynamics of its
cost lead to the use of non-biological fuels in the power plants of sea and
inland waterway transport vessels, one of such fuels is biodiesel FAME
B100. The coincident density characteristics of oil fuel and fuel of biological
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origin allow the formation of their mixtures. Due to the lower calorific value
of fuel of biological origin compared to oil fuel, the rational content of
biodiesel in such mixtures does not exceed 15 % by weight. For the 9S50ME
MAN-B&W marine diesel engine in the range of its operational loads of
60 —90% and 5 — 15 % of the content of biodiesel FAME B100 in its mixture
with RMG380 petroleum fuel, an increase of 11.72 — 18.1 % of the emission
of nitrogen oxides NOx with a simultaneous decrease of 9.1 — 17.5 % of the
emission of carbon dioxide CO, has been experimentally established. The
possibility of controlling the environmental indicators of marine diesel
engines when using fuel of biological origin by adjusting the phases of fuel
supply to the diesel cylinder has been experimentally proven. From the range
of fuel supply advance angles recommended by the manufacturer, it is
possible to determine those that ensure a minimum increase in the emission
of nitrogen oxides NOx with a simultaneous close to the maximum reduction
in the emission of carbon dioxide COy. In all cases considered, the emission
of nitrogen oxides did not exceed the value limited by the requirements of
Annex VI of MARPOL. The reduction of carbon dioxide emissions when
using fuel of biological origin (which during the research reached
15.2 - 19.8 %) contributes to the reduction of the greenhouse effect and
ensuring green shipping.
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AUTOMATED FIBER-OPTICAL DEVICE FOR
TEMPERATURE CONTROL OF GAS
TURBINE ELEMENTS

Pestome. Hauibinow epexmugnumu ceped CyuacHuUX € cucmemu
MOHIMOPUHEY MEXHIYHO20 CMAHY CYOHOBUX 2A30MYPOIHHUX YCIMAHOBOK, AKI
3acmocogyioms  nioxoou, w0  b6azyiomeci  Ha  Oe3nepepeHOM)
CnocmepedCenHi 3a IMiHamy MexXHiYHUX napamempie nPpoma2om mpuano2o
nposedenns sumiproéans. OOHAK iX PO36UMOK MAE Ne6HI 0OMedIceHHs uepe3
HEOOCKOHANICMb  CYYACHUX — GUMIDIOBAYIE  HAOBUCOKUX — MEMNEpamyp
arcaposoi mpyou mypbinu. Memoro danoi pobomu € cmeopenHsi HOGIMHIX
3aco0i6 GUMIPIOBAHHA MEMNEPAMYPHUX NOJIE HCaApo6oi mpyou 2a306ux
myp6in. O6'ekm Oocniddcennss — npoyecu OpmMy68anHs i nNepemeopeHHs
BUMIPIOBAILHO2O CUSHATY 8 NPUCPOSX KOHMPOI0 memnepamypu. Piwenns
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npoodnemu  00cA2A€EMbCA WIAXOM  PO3POOKU  [HHOBAYIUHO20 BOJOKOHHO-
ONMuUYHO20 OAMuUKa 3 MOOUPIKOBAHOIO KOHCMPYKYIEIO —4YMAUBO20
enemenma. Biominnicms npononosano2o 0amuuxa noisieac 8 momy, wo 0
BUPOOHUYMBA 3ACMOCOBAHT ANbMEPHAMUGHT CKIOMAMEPIau.

Summary. The most effective modern systems are those for monitoring
the technical condition of ship gas turbine units, which employ approaches
based on continuous observation of changes in technical parameters over
extended measurement periods. However, their development faces certain
limitations due to the imperfections of modern ultra-high-temperature
sensors for turbine flame tube. The aim of this work is to create state-of-the-
art means for measuring temperature fields in gas turbine hot walls. The
subject of the study is the processes of forming and converting the
measurement signal in temperature control devices. The problem is solved
by developing an innovative fiber-optic sensor with a modified design of the
sensing element. The proposed sensor differs in that alternative glass
materials are used in its manufacture.

CyTTeBuil BIUIMB CYOHOBUX Ta3oTypOiHHuMX ycrtaHoBoK (CI'TY) Ha
Oe3meKky CyOHOIUIABCTBA BHMAarae CTBOPEHHS YMOB ix Oe3medHol
excrutyaraitii. L{e mocsiraeTbcst BIPOBAPKEHHSIM Ta 3aCTOCYBaHHIM CHCTEM
TEXHIYHOTO JiarHOCTYBaHHS Ta IIPOTHO3YBaHHS TEXHIYHOIO CTaHy.
KirouoBoro ocobnusictio CI'TY, mo Bu3Havae miaxia g0 JiarHOCTyBaHHS,
€ BKpail BHCOKE TEIUIOBE Ta CHJIOBE HABaHTAXXCHHS Ha EJIEMEHTH
koHCTpykmii. Ili HaBaHTaxeHHS (DAKTUYHO MJOCSTAIOTh BEPXHBOT MEXKI
MIIHOCTI, 1 OyAb-sIKe NMEPeBUIIEHHS JOMYCTUMHUX 3HAYEHb MOKE TPU3BECTH
JI0 pyHHYBaHHS KOMIIOHEHTIB, a B Pe3yJIbTaTi — O BUXOAY 3 JIaxy BCi€i
ycraHoBKH. /{7 3amoOiraHHsS TakKUM CHTYaIlisiM HEOOXiTHHN peTenhHHA
KOHTPOJIb OCHOBHHMX TEPMOTa30[MHAMIYHMX IapaMeTpiB [BUTYyHA 3
BHUCOKHM CTYIIEHEM TOYHOCTI Ta ocToBipHOCTI. Kpim TOr0, 00p0obKa maHmx
Ta TMPUUHATTS PIllleHb 3 AIarHOCTHKH YacTO MOTPEOYIOTh ONEpaTHBHOTO
Hi/IX0/1y B pealIbHOMY 4aci, 11100 OIepaTUBHO BilpearyBaTH Ha 3MiHH, JJOKU
napaMeTpH 3aJIMIIAI0THCS Y IOMYyCTUMUX PaMKax.

Inmoro BaxximBoro ocobnuBicTio CI'TY € BiaCyTHICTH pe3epBOBaHUX
eJIEMEHTIB 4 By3JiB. Kamepa 3ropsiHHsS € OIHMM 3 TakuxX BY3JiB, AeTali
SIKOTO TIOCTIMHO MIiAJAIOTHCS MOTYXXHAM JUHAMIYHMM Ta TEIJIOBUM
HaBaHTaKEeHHsAM. IIpoBeseHHS TOCTIHHOTO MOHITOPUHTY TIPOTSTOM
3HAYHUX NEPiofiB Yacy TEIIOBOTO CTaHy XKAaPOBUX TPYO Ta BUSBICHHS 30H
meperpiBy iX BHYTPIOIHIX CTiHOK J[Ja€ 3MOTY 3a3Jalierigh 3amolirtu
aBapiifiHUM Ta KaractpodiyHuM Haciiakam [1, 2].
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OCHOBOIO BHMIpIOBIBHUX CHCTEM TEIUIOBOTO CTaHy >KapoBUX TPYO i3
3aCTOCYBaHHSM OINTOBOJOKOHHMX JIaTYMKIB € aHali3 CIEKTpiB Ta
IHTEHCHUBHOCTI MOYAaTKOBOTO ONTHYHOI'O BHIIPOMIHIOBaHHS Ta 3BOPOTHOrO
PO3CIsIHOTO CBiTHa MiCIIA HOTO MPOXOKEHHS Yepe3 CBITIOBOL [3, 4].

OpmHMM 13 HAUTIOIMPEHNX PilIeHb TSI MOHITOPUHTY PO3IIOALTY BUCOKOT
TEMIIepaTypu € PO3MOAiICHI BOJIOKOHHO-ONITUYHI JATYUKU TEMIepaTypu
(BOJT) ma ocHOBI poscitoBaHHsS Pamana. Y maTdyukax I[bOTO THITY
IHTEHCHBHICTh CTOKCOBOI KOMIIOHEHTH HPAKTHYHO HE CXWJIbHA JIO BILIMBY
TEeMIIepaTypy, B TOM 4Yac SIK IHTEHCHBHICTh @HTHCTOKCOBOi KOMIIOHEHTH
YiTKO 3aJ1eXKUTh BiJ Hel. LInsgxom BU3HAaYeHHs BITHOIIECHHS iHTEHCUBHOCTEH
LUX JIBOX KOMIIOHEHT MOKHa TOYHO BU3HAUYUTH TEMIIEPATYPY.

OcHoBHi Henoniku PamaniBcekux BOJIT moB's3aHi 3 00MeEXEHOIO
TOYHICTIO, BUCOKOIO BapTICTIO OOJNagHAHHS Ta YyTIMBICTIO JO 30BHIMIHIX
(akropiB. BoHN BiqMIHHO MiIXOIATH IS PO3MOIIIICHNX BHMIipIOBAaHb Ha
JECATKaX KiJIOMETPIB, ajile MOCTYMAIOTHCS 3a CTabIIBHICTIO Ta MPOCTOTOIO
TPaIULifHAIM TOYKOBUM JATYHKAM.

Kpim Ttoro, Pamanicekum BOJIT mpuramanni Taki HETONIKH, SIKi
CYTTEBO OOMEXYIOTH iX BUKOPHUCTAHHS Yy 3afadyax MOHITOPHHTY apOBHX
Tpy6 I'TA:

- HHU3bKa IPOCTOPOBA PO3ALIbHA 3/1aTHICTh. 3a3BUYail cTaHoBUTH 0,5

2 M, 1m0 OOMEXYye MOXKJIHMBICTh TOYHOTO JIOKAIBHOTO KOHTPOJIO
Temrieparypu. s 3aBaaHb, A€ BaXkJIMBa BUCOKA JeTallizallis (Hanpukiasi,
KOHTPOJIb OKPEMUX BY3J1iB YCTaTKyBaHHS), LI€ € 3HAYHNM;

- oOMerkeHa TOYHICTh BUMIpiB. AOCOTIOTHA ITOXHOKA MOXKE TOCSTaTH
+1 ... 2°C.IloTpibHO 3acTOoCyBaHHS CKJIQJHUX METOJIB KOMIICHCAIl Ta
KaxiOpyBaHHS;

- BHCOKa BapTicTb oOmamHaHHs. [lns pobGotu  HEoOXimHi
CICIiai30BaHi ONTOCNEKTPOHHI aHai3aToOpH (Ja3epu, CHEKTPOMETpH,
¢doTomeTekTOpH), MO POOHUTH CHUCTEMY HAIKOIITOBHOIO IIOPIBHSHO 3
KIIACHYHUMH JIaTYNKAMHU;

- Yy TJIMBICTH JI0 30BHIMIHIX (DaKTOPiB: MEXaHIYHI HAIPYTH y BOJIOKHI
MOXYTb CIIOTBOPIOBATH CHTHAJ; 3a0pYy/JHEHHS Y1 MOIIKO/HKEHHS O00JIOHKH
3HWKYE HAJIIHHICTB; TOTPiOHA aKypaTHa MPOKJIA/IKa Ta 3aXUCT Kabeto.

- CKJITagHICTh 00poOkn naHux. Curnan PamMaHiBCHKOTO po3CitOBaHHS
ciabkuii, morpedye CKIAIHUX alroputmiB ¢inbTpamii Ta aHamizy. e
301IBIIy€E Yac BiATyKy Ta HABaHTAKCHHS Ha O0YUCIIIOBAJIbHI CHCTEMU;

- HE € ONTUMAIBHUMH JUTs 3aBJIaHb, A€ MOTPiOHA BUCOKA TOYHICTh Ta
JIOKATLHUH BUMID [5 - 9].

Bpumoenisceki BOAT 3a0e3neuyroTs po3noiieHMH MOHITOPHHI Ha
JiecsITKaxX KUTOMETpiB, ajie IXHI HeJIOTIKH MOB'S3aHi 3:
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— BHCOKOI BapricTio oOmamHaHHsA. [ poOOTH HEOOXimHI MOTYKHI
J1a3epH, CIEKTPOMETPH Ta aHAII3aTOPH, IO POOUTH CHCTEMY 3HAYHO
nopoxdoro 3a PamaniBceeki DTS 1 TiM OisbIlie KITACHYHUX TEpMOIIap;

—  CckiIagHicTIO 00poOKHM JaHWX. BprimmioeHiBChKe po3citoBaHHS ciadke i
motpeOye CKIAJAHUX aNropuTMmiB iHTepmperanii. Lle 30impnrye uac
BIJI'YKY Ta HABaHTA)XEHHS Ha O0YKMCITIOBAIIbHI CHCTEMH;

—  OOMEXEeHOI TOYHICTIO. AOCOJIOTHA NMOXMOKa 3a3BHYail CTAHOBUTH
+0,5 ... 1°C, mwo ripme, HiX y ruatnHoBUX TepmooripiB (RTD), ane
Kpauie, Hix y Pamanicpkux DTS.

—  HU3BKOIO IIPOCTOPOBOIO PO3IUIEHOIO 3/1aTHICTIO;

—  YyTIHUBICTIO 0 MexaHi4yHOi Hampyru. Jledopmanii Ta po3rsryBaHHS
BOJIOKHA BIUIMBAIOTh Ha CHTHaJ, LI0 MOXE MPU3BOJUTH JIO
TTOMHUJIKOBHX [1OKa3aHb;

—  cxiagHicTio excruryaranii. [ToTpiOHumit KBamidikoBaHU ITepCcOHAT IS
HaJalITyBaHHA Ta OOCIYroBYBaHHA, M0 OOMEXye MacoBe
BITPOBAPKCHHS;

— HE ONTHUMAJBHICTIO JIJIS 3aBlaHb, Ji¢ TOTpPiOHA BHCOKA TOYHICTH Ta
JOKaBHUHA BUMIp [5 - 9].

BOJAT 3a3HadeHWX THINB, CTBOpPEHI Ha OCHOBI TpaJWIiHHIX
CBITJIOBOIB, BXKE€ IIHIUIM MEXi MOXIHMBOCTI CBOTO BIOCKOHaJIEHHS [9].
ITomaneie mominmeHHss MeTposioTiuHuX XapakTepuctuk BOJIT HaiOimbIm
JOLUILHO 3/IHCHIOBaTH 32 pPAaxyHOK 3acTOCYBaHHsS allbTEPHATHBHUX
ckiomatepiaiis [9 - 12].

Merta pociikeHHs] — BA3HAYCHHS BUIIIB Ta CIIOJIYyYeHb CKJIOMaTepialiB
qutst crBoperHst BO/IT, ki mpaioloTh NpoTSIroM 3HaYHUX TEPMiHIB 4acy B
YMOBax Ha/IBUCOKUX TEMIIEPATyp.

Ha ocnoBi ananizy noreHmiiHuX MoximuBoctedi BOAT ammiiTyaHOl
MOJYJIAIIT i METOJIIB KOPEKIIii ITOTpilIHOCTEH BOIOKOHHIX BHMIPIOBAIEHUX
NIEPETBOPIOBAUIB 3aCTOCOBAHO HACTYNTHUH aJTOPUTM CHHTE3y CTPYKTYPHOI
mozeni (puc. 1) [13].

3a ocHOBy oOpanuii pospobnenmii xommaniero "LIOS Technology
GmbH" TemmiepaTypHUii 1aT4UMK, 3aCHOBaHUI Ha MeTOAI pediekroMeTpis
yacrotHoi obusacti (Optical Frequency Domain Reflectometry (OFDR)).
Jarduk mpairoe He B 4acOBOMY Jiala3oHi, SIK TeXHiKa, sKa Mpaloe 3a
metogoM Optical Time Domain Reflectometer (OTDR), a B 4acToTHOMY.
BignosigHo 1o merogy OFDR iHTEHCHBHICTB Jla3epa MPOTIroM iHTepBaLy
Yyacy BUMIPIOBaHHS MOJYJIIOIOTHCSI CHHYCOIOJIOHO, a 4acToTa y BHIJISII
JHIHHOT 9aCTOTHOI MOIYJAII1. BiTXUIeHHS YacTOTH € TIPSAMOIO IPHYUHOIO
JOKJIBHOTO ~CIpAallbOBYBaHHS peduiekToMerpa. MomaysiboBaHe —CBITIO
Jazepa MpsAMye y CBiTIOBOJ. YacTWHA NMEpPEeTBOPEHOrO BHIPOMIHIOBAHHS
PpYXa€eThesl y 3BOPOTHOMY HAIPSAMKY J0 OJIOKY popMyBaHHs curHamy. [loTiM
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Bpaxyeamsa eEMor o GyHKOIOHAIBHOT CTPYKTYPH

BH2HA9eHHA DIBHA EILTHEY .
i e N 3abeaneweHnA JoCTATHROT
&2 BOJIT AHBYIOCTL

[

Bubip ¢izaarnx apam, axi iminilow0TE 3MiHY IHTEHCHEROCTI BHOPOMIHIOBAHES

& <b &
JedopMamia 9y THBOrO OnrHYHE TYHETFOBAHHA 3MiHA reoMeTpil
€TeMEHTY EHTIPOMIHIOBAHHA OITHIHOTO KAHATY
|
| z I

|

Brbip ayraaecro exeMeETY

CrenjaneHEni BEONOKOHHEH CEITI0BOT CTAaHJAPTHHE BOIOKOHHHH CBITIOBOR
| I
37aTHICTE 10 peiEEHHAIPHAETY CHCTEMH MiniMizanis BEApTOCTI IPHCTPOR

i i

Bpaxyeamns zaransEax eamor go crpykrypa BOIT

Cinres crpykrypHoi mogexi BOIT

Puc. 1. Aaroputm cuntesy BOJT ast KOHTpOJIS %KapoBUX TPYO
ra3oTypOIHHUX JIBUTYHIB

BUKOHYETBCS CHEKTpalibHa (DUIBTpAIlisl CBIiTJIa 3BOPOTHOTO PO3CIFOBAaHHS,
HOro MEepeTBOPEHHS y BHUMIPIOBAIBHMX KaHAaX eJNeKTPUYHI CHUTHAJH,
IOCWJICHHS Ta eJleKTpoHHa o00poOka. Mikpomnponecop NpPOBOJIUTH
po3paxyHOK TmeperBopeHHs @Dyp'e. AMIIITyna KpUBHUX 3BOPOTHOTO
PO3CifOBaHHS TIPOIIOPIliifHa IHTEHCHBHOCTI BiAIOBITHOTO KOMOIHAIIIHHOTO
po3ciroBaHHs. 3 BIIHOLICHHS KPHBUX 3BOPOTHOTO PO3CIIOBAHHS OICPKYIOTh
TEMIIepaTypy BOJOKHA B3OBXK CBITIOBOJHOTO KabeIro.
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OnTu4HiI BOJIOKHA Y TaTYUKY MAIOTh aKpWJIOBE IIOKPUTTS 200 MOKPUTTS,
0 3aTBEPIUIO B pe3yJibTaTi yNbTpagioneToBOrO BUIIPOMIHIOBAHHS,
TIpUAATHI 1718 Tiana3oHy TeMneparyp jume 1o 80 ... 100 °C.

BpaxoByroun HassBHI 0OMEKEHHS, JOCIIIKEeHA MOTECHITiITHa MOMKIIUBICTh
BUKOPHCTaHHA aJbTEPHATUBHUX BHIIB CKJIOMATEpialiB JJsi CTBOPEHHS
gyTuBHX enemeHTiB BOJT.

OCHOBHOIO BHMOI'OI0 JI0 ONTHYHHUX MaTepialiB, IO BiJPi3HSIOTHCS
KOMIUIEKCOM ONTHYHUX 1 MEXaHIYHHX XapaKTepHCTHK, € iX 3JaTHICTh
3a0e3rneuyBaTd OTPUMAaHHS BIPOTiJHOT JiarHOCTHUYHOI iH(popmauii B
eKCTpEeMaIIbHUX YMOBAX €KCILTyaTallii Ta BUCOKY JIOBIOBIYHICTb.

Haii6Ginpmry — yBary, sK aJbTEpHATHBHOTO CKJIOMarepiainy Juis
BUTOTOBJICHHS onTHuHKX eneMeHTiB BO/IT npuBepHyiu Taku mMarepiaim sk
CKJIO 3 PYTHIIy Ta IITYYHOTO candipy.

Pytun (TiO,) Mae BUAaTHY CTIHKICTh 10 KOPO3ii 3aBASIKH CBOET MIUTBHIN
TETParoHaNbHIM KPHUCTANIYHIA CTPYKTYypi, XIMI4HIH 1HEPTHOCTI Ta
CTaOUTBHOCTI TiJ BIUIMBOM 30BHIMIHIX (akTopiB. Bucoka MIUTBHICTE i1
TBEPIICTh 3a0e3MeUyI0Th MaTepiany OIp OO0 CTHPAaHHSA i MEXaHIgHOTO
HaBaHTAKCHHS, @ HOTO TEPMOCTIHKICTD J03BOJII€ BUKOPHCTOBYBATH PyTHII
Yy BUPOOHHIITBI BOTHETPUBKUX MaTepialliB Ta 3aXMUCHUX MTOKPUTTIB.

binpui crabinbHa CTPYKTypa pyTHia, MOPIBHSIHO 3 aHAaTa3oM, pOOHTH
HOro MEeHII CXWJIBHUM JI0 XIMIYHHMX PEakKIliif, 0 JO3BOJISIE 3aCTOCOBYBATH
HOro B arpecMBHUX cepeoBHIax. BiH NPaKTHYHO HE PO3UUHSETHCS Y BOJI
Ta JEMOHCTPYE BHCOKY CTIHKICTb O OIJIBLIOCTI KHCJIOT, a TaKOoX [0
yIbTpadioeTOBOro BUIPOMIHIOBaHHS Ta aTMOC(hepHHX BIUIMBIB. Marepiai
30epirae cBOi BIacTUBOCTI mpu HarpiBanHi 10 600 ...700°C, mo oco0arBo
Ba)KJIMBO VISl IIPOMHCIIOBHX TTOTPEO.

EnexTpoonTuuni XapakTepUCTUKH  pyTHIa  3aleXaTb BiZ
KpucTanorpapiqHoi CTPYKTypH, HAasBHOCTI JOMIIIOK, OeQeKTiB Ipar,
TEMIIepaTypy Ta HaBKOJWITHIX yMOB. KiTto4oBuii BIUTHB MaroTh i30MOpdHI
3aMilIeHHs Ta JIETYBaHHA IEpPEXiTHAUMU METallaMH, OCKUIBKHU i (GakTopu
3MIHIOIOTh IIOKAa3HWK 3aJIOMJICHHS, [ICJIEKTPUYHY TPOHUKHICTh Ta
edexruBHicTh edexty Keppa.

JienekTpuyHa NPOHHMKHICTh PYTWJIA NPH MiJIBUILEHHI TEMIIEpaTypu
MIOMITHO 3MEHIIY€EThCS: NpuOan3HO Big 120 npu KiMHATHIN Temreparypi 10
80 ... 90 mpu 300 °C. Iloka3HUK 3aJOMIICHHS TaKOX 3aJICKHUTh Bif
Temriepatypu. [lpu HarpiBaHHi BiH 3HW)KY€TbCS BHACJIJIOK 3MEHIIEHHS
MTOJISIPU3YEMOCTI KPUCTAIIUYHKUX TpaT 1 MOCHIICHHS TEIJIOBHX KOJHMBaHb. Y
niarmaszoni Temneparyp 20 ... 300 °C mOKa3HHK 3aJOMIICHHS MOXe
samkyBatucst Ha 0,01 ... 0,03 ommuumi. Lle MOSCHIOETBCS TOCHICHHIM
TEIJIOBUX KOJNMBAaHb IpaT, IO MPU3BOIUTH 10 3HIKEHHS Yy3TODKEHOCTI
OUMONBHUX ~ BiArykiB. Omke BigOyBaeThCs OFHOYACHE 3HIKCHHS
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JUCNEKTPUYHOI TPOHUKHOCTI, MOJIIPH3YEMOCTI 1 MOKa3HUKA 3aJIOMIICHHS
(puc. 2) [13].

m

pYTHI
A=1,55 mKr

2,720

2,695

2,690

2,685

2,690

25 70 150 200 250 300 «C

Puc.2. 3anexHicTh MOKa3HUKA 3AIOMJICHHS PYTHJIA Bl TEMIIEPATypH 3a
JTIOBKUHY XBHJII BUIIPOMiHIOBaHHS 1,55 MkMm [13]

BapricTh pyTHia CHIIBHO 3aJISKUTh BiJl SIKOCTI, IPH3HAYEHHS Ta 00cATY
3aKyMiBJIi: TEXHIYHUI MIOKCHA TUTaHy B YKpaiHi KOIITYe MPHUOIM3HO Bix
149 ... 238 TpH/KT, a IMITOPTHI MTpeMiaNbHi pyTHIBHI COPTH HA MIXKHAPOJHUX
Maiimanankax MoxxyTh gocsrata 80000 ... 110000 rpa/T.

Cam¢ipoBi  ONTHYHI  BOJOKHA  BiAPI3HAIOTBCS  YHIKAJIBEHOIO
TepMocTiiKicTio (0 ~2000 °C), BUCOKOIO MEXaHIYHOIO MIIHICTIO (B 5 pa3iB
MIIHIIIE 3a CKJO, CTiHKI 0 BHCOKMX THCKIB 1 ymapiB) 1 XiMIYHOIO
iHepTHICTIO (IHEPTHI 0 OLIBLIOCTI KUCIIOT 1 JIYriB, HE CXMIIBHI 10 KOPO3ii).
e poOuth iXx He3aMiHHMMHM MJIs JaT4MKIB Ta [epejadi CBiTia B
eKcTpeMallbHUX YMOBAX. IXHs KIIF0uOBa mepepara — cTabinbHa po6oTa Tam,
Jic KBapIOBI BOJOKHA PYHHYIOThCSA. ONTHYHMIA Tianma3oH: MPO30PICTh Bil
170HM 10 5,3MKM, 1110 J103BOJISIE BAKOPUCTOBYBATH Y IIUPOKOMY CIIEKTPI.

Onnak, cargipoBi ONTHYHI BOJIOKHAa KOWITYIOTh Yy JECSITKH pasiB
JIOpO’KYe 3a KBapIIOBi: X I[iHa MOJKE IOCATaTH COTEHB JIOIapiB 3a METP, TOI
SIK KBaplLIOBiI BOJIOKHA MacoOBOT'O BUPOOHHIITBA KOIITYIOTH JIYEH] LIEHTH 3a
MeTp. Ane cangipoBi  BOJIOKHA €  €IUHOIO  AIBTEPHATHBOIO
BHCOKOTEMIIEPaTypHOMY Iiana3oHi, e KBapLOBi BOJOKHA PyiHYIOThCs [9,
14 -17].
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Ilo crocyerscst BuOOpy TtHmy onrtuuHoro kanamy BOJT, Tto
BUpIIIAJBHUM apryMEHTOM Ha KOPHCTH 3aKpUTOTO KaHaly OYJo Take.
BOJAT 3 BiAKpUTHM ONTHYHMM KaHAIOM MalOTh HU3BKY UYTJIMBICTH
MIEPETBOPEHHS, HEONTHUMI30BaHy KOHCTPYKIII0 BHACHIZOK TpPYyIHOIIIB
MaTeMaTHYHOTO OMHCY MOZETI, HHU3bKY CTIMKICTh TOBEpXOHb ONTHYHOI
CHCTEMH 10 BIUIMBY JIeCTaOiTi3yrounx (akTOpiB, IO CYTTEBO 3HMXKYE X
MeTpoutoriuHi xapakrepuctuku [10].

TakyuM YMHOM HAyKOBO-TEXHIYHE 3aBJIaHHS, SKE€ CTBOPEHO 3alUTOM
NPAKTHKH, BHUPIIIYETHCS THM, L0 NPONOHOBAaHUI BOJOKOHHO-ONTHYHUI
JaTYMK TEMIIEpaTypu CKIAQNAeThCs 3 JDKEpeNna BHUIPOMIHIOBAaHHS,
¢doronpuiimaya Ta CBITJIOBOJIB. JI>Kepeno BHIIPOMIHIOBAaHHS Ta
¢orompuiiMay crioyrydeHi 3 IBOOIYHIM ONTHYHUM PO3TaITy)KyBadeM, SKHH
3B'S3aHUH 3 CBITJIOBOAOM KOMyTamidHMM. CXEeMOTEeXHIUHE pilleHHS
MIPOIIOHOBAHOTO AATYUKY TOSICHIOETHCS pHC. 3.

1 3 4 5
/ r
> _____ ==
\j\i 6 7
Puc. 3. BoOIOKOHHO-ONTHYHUI JaT4MK Temmepatypu: 1 — Kepeno

BHUIIPOMiHIOBaHHS;, 2 — (oTompuitmMad; 3 — ONTHYHUI po3raimyxysad;, 4 —
CBITJIOBOJ] KOMYTAIlifHWH; 5 — KoakcianbHa OOOIIOHKAa 3 pyTWiy; 6 —
OCHOBHHH CBITJIOBOJ 3 car()ipoBOro ckjia; 7 — BiJyI3epKaJIIOI0uuii map; 8§ —
(oxoH

BinMiHHICTE IaTYMKa MOJNSATAE y TOMY, IO CBITJIIOBOJ KOMYTAIlIHHUN
CIOJTyYCHHUH 3 KOAKCIAIbHUM CBITJIOBO/IOM, CEPIIEBHHOIO SIKOT'O € OCHOBHHHN
CBITJIOBOJ 3 camgipoBOro ckjia, a HABKOJIO HBOT'O MICTHTHCS KOaKCialbHA
obonoHKa 3 pyTmwiy. OCHOBHHIl CBITIOBOX 3 camdipoBOrO CKJIa TaKOX
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HEPO3 €MHO CIOJNYYEHHH 3  BIJUI3EPKAIOIOYMM I[IapoM. A MiX
¢dorompuiiMayeM Ta po3ranryKyBaueM pO3TAlIOBAaHWN ONTHYHHNA (POKOH.
OnrtuuHuii OKOH JO3BOJISIE BHUKOHATH OUIBII TOYHE CHONYYCHHS T'UIKH
posramyxyBada Ta aKTHBHOI HUISHKH (orompuiiMada 6e3 J0ZaTKOBOTO
IOCTHPYBaHHS.

VY cratuuHOMY pekuMi (pekuM KamiOpoBKH), TOOTO MPH CTaHJAPTHHUX
YMOB 30BHIITHBOTO CEPEIOBHINA, Y JUKEPEIli BUITPOMiHIOBAaHHS T€HEPYETHCS
BUIPOMIHIOBAHHSI, SIKE KPi3b PO3Tally)KyBad, HAIXOIUTh 10 KOMYTalliiHINA
Ta OCHOBHOTO CBITJIOBOJIB. ¥ OCHOBHOMY CBITJIOBOJI 3 camipOBOro Ckia
BiZI0YBA€THCS 3MEHIIICHHSI IHTEHCHMBHOCTI ONITHYHOT'O BUIIPOMIHIOBAaHHS, 110
MIPOXOJUTh CKPi3b HBOTO, SIKE OOYMOBJIEHE 3aTyXaHHsSM Yy Marepiaii
CBITJIOBOJY il BIUIMBOM €KCIuTyaTamiiHuX QakropiB. [HTEHCHBHICTH
BHUIIPOMIHIOBAHHSI, SKE BiAOWBAETBHCSA BIJ BIAI3EPKATIOIOYOTO IIApy Ta
MoBepTaeThCst A0 (orompuitMada depe3 KOMYTaliiHWH CBITIIOBOZ,
po3ranryxyBad Ta (QOKOH, PIKCY€EThC 1 3a11aM’ITOBYETHCS SIK TIOMIPaBKa.

VY nmuHamigHOMY pexumi (podounii pexum ['TY) BinOyBaeThcst 3MiHA
MOKa3HMWKA 3aJIOMJIEHHS KOakciadbHOI O00O0JOHKHM. B Hacmigok dYoro
BiIOYBA€TbCA TOPYIICHHS YMOB IIOBHOTO BHYTPIIIHBOTO BiIOMBaHHS
CBiTNIa, $KE& BHHHKAE SK BIJKIUK Ha TYyHENbHE II€pPEKadyBaHHS
BUITPOMIHIOBAHHsSI 3 OCHOBHOTO CBITJIOBOAY Ha30BHI. IlopylieHHS yMOB
NOBHOTO BiJOMBaHHS CBITJIa y OCHOBHOMY CBITJIOBOZAI HaXOAHTh CBOE
BiZIoOpa)KeHHsI y 3MiHI BEJMYMHM IHTEHCUBHOCTI BHUIIPOMIHIOBAHHS, SKE
BiIOMBAETHCS BiJl BII3EPKAIIOIOYOTO MIapy.

Jln1s moyaTKoBUX YMOB 3a KOHCEpBallii ONTHYHOT MOTY>XHOCTI [18 - 23]

2
sin’| CL 1+(BR_BT]
2C
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2
sin?|cz 1+(—BR ﬁT)
2c

Pr(z) = 1+(3R—5T)2
2c

IloTykHicTh, IO TMEPEHAETHCA 3 OJHOrO XBHJICBOAY [0 1HIIOTO,
3aJICKUTh BiJ KoopauHatd L. MakcHManabHE 3HAYCHHS Ii€i MMOTY)KHOCTI
P)acc BUBHAYAETBCS 32 YMOBH, 10 z = L. Y 1IbOMY BHUIAJAKY MiHIMajbHE
3HAYCHHS MOTYXKHOCTI PRryin, O 3aJMINAETHCS B OCHOBHOMY CBITJIOBOI 3
canipoBOro Cckja, i MaKCHUMAaJbHE 3HAYEHHS MOTYXKHOCTI Pryex ¥
KOakcianbHOI 000JIOHII 3 PYTHILY IOPIBHIOIOTH BiJIIIOBIIHO:

1+ 1+(BR _BTT
2C

VYnockonanena mozpens BOJT mae Hu3ky oOMexeHb y cBoiil cdepi
3actocyBanHs. OIHUM 13 KIIIOYOBHUX OOMEKEHb € BapTICTh, SIKa MOKHU IIe
MEPEBHUIIYE BapTICTh JATUYHKIB, SIKI CTBOPCHI HA 0a3i KBapIOBUX ONTUYHUX
BOJIOKOH.

VY 3B’A3Ky 3 IMM JOUUIBHO Tepen0aduuTH MEXaHi3MH BJIOCKOHAJICHHS
TEXHOJIOTIYHOTO TPOIECY HAHECCHHS PYTIJIOBOI OOOJOHKM Ha OCHOBHHU
CBITJIOBOJ] 31 INTYYHOTO candipy.

OpHielo 3 HAMBOXIMBIOIMX IepeBar YIOCKOHAJIeHOI Momermi € ii
aIalITUBHICTD 110 BHOOPY JIOKATBHIX POOOYHMX TOYOK IS KOXKHOTO KaHAITY
QUCTaHIiifHOTO 30HAYBaHH:A. lle mae 3Mory HamamTyBaté KoHQIrypamii
($ha30BOro 3CyBy BIAMOBIAHO 1O BHMOTI JIHIHHOCTI ab0 YyTJIHMBOCTI.
[Nopanbumnii pPO3BUTOK 3alPOIOHOBAHOIO IJAXOLY MOXKE MOJSITaTH Y
BUKOPHCTAHHI BIPTYaJbHUX TNPUCTPOIB JUIS BHU3HAUEHHS BIPTyalbHUX
BUMIPIOBAJILHUX JIiHIH 3aTPUMKH, a TakoX Juisi 3abe3nedyeHHs (QyHKiA
camoigenTudikamnii Ta aprogiarnoctuku BOJIT Ta aHanoriyHuX JaTYHKIB.
Lle craHe BayKIIMBIUM KPOKOM Yy BIOCKOHAJICHHI OIIMUTYBAIBLHOI TOIOJIOTIT JUTst
koHkpetHux I'TY [24 - 29].
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3anpornoHoBaHe cxemorexnigHe  pimenns  BOJT  3aBmsaku
3aCTOCYBaHHIO ONITHYHHX €JIEMEHTIB 3a0€311eUnTh TaKi CKJIJ0B1 TEXHIYHOTO
eeKTy:

- OLTBII ameKBaTHE MEPETBOPEHHS TEMIIEpaTypu y >KapoBOi TPyoOi
I'TY y 3Minn iHQOpMAaIliifHOTO CUTHATY;

- KOMIICHCAI[IF0  BIUIMBY  JOecTabimi3yrounx  (akTopiB  Ha
BUMIPIOBAJIbHUI KaHAII IaTYHKY;

- MOXITMBICTh CTBOPEHHSI PO3TaTy>KEHOT MEpEeKi KOHTPOJIIO ra30BOTO
cepeoBUINa B 0COOIMBUX YMOBAX;

- MBUIIECHHS SKOCTI (DYHKIIIIOBaHHS 32 PaXyHOK BHKOPHUCTaHHS
MarepialiiB 3 OJIM3bKUM KOe(il[IEHTOM TEIUIOBOTO MOUIMPEHHS Ta 00paHHs
pamioHaNbHOI CXeMH MOJYJISIIT OITOPHOTO BUIIPOMIHIOBAaHHS;

—  IOXeXeBHOYX00e3NeyHiCTh ITPH 3aCTOCYBaHHI.

Ha BiaMiHy Bin iCHYIOUYMX, 3allpONOHOBAaHE CXEMOTEXHIUHE PilICHHS
CIIPOMOKHE 3HAYHMM YHHOM 30UTBIIMTH poOOYmMiA  [iama3oH Ta
iHBapiaHTHICTH 10 eKCIDTyaTaliiHUX (PaKTOPiB BUMIipPIOBAIEHOTO 3aco0y [30
- 32].
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Abstract. One of the key indicators of the economic efficiency of a gas
turbine unit (GTU) is the service life of its individual components,
particularly those that need to be replaced during scheduled maintenance, i.e.
the so-called ‘consumables’. Extending the service life of these components
until they need to be replaced or repaired makes it possible to reduce the
frequency of maintenance, cut costs associated with taking the engine out of
and putting it back into service, and lower the risk of emergencies. Such
components include, for example, turbine blades, combustion chamber
components, bearings, parts of the lubrication and cooling systems, and
others. One of the main factors affecting the service life of these components
is the actual operating conditions, which can be determined both by the
specific characteristics of the engine’s operating processes and by the
conditions of its use on the test bench. The wear and tear of these
components, caused by operational processes, most often manifests itself as
physical damage resulting from thermal or mechanical stresses.
Consequently, the development or modernization of GTU components and
assemblies requires a detailed study of their resistance to high temperatures
and mechanical stresses. To address this challenge, a new circuit design for
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a temperature sensor for the inner surface of the combustion chamber’s
heating tube has been proposed. The distinctive feature of this sensor lies in
the use of a switching optical fiber combined with a coaxial optical fiber.
The main element of the latter is a sapphire glass optical fiber surrounded by
a coaxial rutile cladding. In addition, the sapphire optical fiber is integrally
connected to a reflective layer. An optical coupler is located between the
photodetector and the splitter, ensuring precise alignment of the splitter
branch with the active region of the photodetector without the need for
additional adjustment.
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FIBER OPTIC SENSOR FOR CONTROLLING
PROPELLER SHAFTS

Pesztome. [Ipoananizoeano eumocu w000 Mempono2iunozo 3abe3neqeHnHs
npoyecy meH30Mempii 2peOHUX 8anie cydacHux cyoeH. Ananimuunum
00CNIONCEHHAM BCNAHOBNEHO, WO CXEMOMEXHIYHUX piulenb 6 obnacmi
B010KOHHO-ONMUYHUX TMEH30Mempis, AKi NOBHOW MIpOI0 3A00801bHAIOMb
BUMO2AM 00 AKOCMI KOHMPOJIO 8a10npogodie I'B, 0o ocmannboeo uacy ne
o6yno eidomo. [na nodonanHa yici npobdiemu 3anponoHO8AHO HO8e
cXeMOmexHiuHe pilenHs 60J10KOHHO-ONMUYHO20 OAMYUKA O KOHMPOIIO
eenuyuH Kpyminua epedonux eanie. OCHo8HA GIOMIHHICMb 0AMYUKA NOJALAE
Y 3aCmMOCY8aHHI 3aKpUMO20 ONMUYHO20 KAHATY HA OCHOGI ONMUYHOZO
MYHEIbHO020 epexkmy 3 O00HOHACHOI Oeopmayicio 3cy8y md BUSUHY
yymaueoeo  enemenmy. ILle  3abesneuumv  3MEHWEHHS  6NAUBY
0ecmabinisyrouux — eKCHAyamayitHux gaxmopie Ha MOYHiCb  ma
8IPOCIOHICMb BUMIDIOBAHD.

Summary. The requirements for metrological support of the process of
tensometry of propeller shafts of modern vessels have been analyzed.
Analytical research has established that until recently, circuit solutions in
the field of fiber-optic strain gauges that fully meet the requirements for the
quality control of propeller shafts were not known. To overcome this
problem, a new circuit solution of a fiber-optic sensor for controlling the
values of propeller shaft rotation has been proposed. The main difference of
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the sensor is the use of a closed optical channel based on the optical tunnel
effect with simultaneous shear and bending deformation of the sensitive
element. This will ensure a reduction in the impact of destabilizing
operational factors on the accuracy and reliability of measurements.

VY craizomy pexumi poOOTH, MiJ Yac OJHOYACHOTO BIUIMBY KPYTHOTO
MOMEHTY BiJl CyIHOBOIO [BHIyHa Ta TI'peOHOr0 TBHHTA, aMIUIITYIN
KPYTHJIBHUX KOJIMBaHb rpeOHOro Bamy (I'B) MOXyTh BUHHKATH SIK Y MEXax,
TaK 1 IM03a pe30HaHCHMM Iiama3zoHoM. Ilin 9ac mporo mpoumecy craia
BEJIMYMHA KyTa 3aKpydyBaHHS MOXE TPUBAJIHMH 4ac CyTTEBO MEPEBHIYBaTH
npumryctuMi BenmuuHH [1, 2]. Pe3oHaHCHI sBWIIAM, IO BUHHUKAIOTH Y
BaJIONIPOBOJaX BHACIIIOK PO3BUTKY KPYTHJIBHUX KOJHMBaHb, € IDKEPEIIOM
BUHHMKHEHHSI TEXHOI€HHHMX aBapiii, sKi MOXYThb MaTH KaracTpodiuHi
Hachigku [3]. Tomy mpoTupist AeCTPYKTUBHOMY IIpOLIECY BHHHUKHEHHS
HeOe3MeYHNX KPYTWJIBHHX KOJIMBaHb HANpsMy OOYMOBIIIOE CTaH Oe3leKu
KUTTEASITBHOCTI HA MODI.

Crangapr ISO 3046-5:2001 BuMmarac BpaxyBaHHSI BHECKY YCIX
TapMOHIHHUX CKJIaIOBUX KPYTHIBHUX KOJIIMBAHb y BCbOMY Jiana30oHi 9acToT
obepTaHHs BaJONPOBOY [4].

CyuacHi 3acobu Ta mnpucrpoi mns TeHzomerpii ['B mpamtorors y
CKIagHUX YMOBaxX, IO XapaKTEPH3YIOTHCSA BIUIMBOM JECTA0ITI3YIOUNX
¢axropiB ([I®). Cepen HUX — KOHLEHTPOBAHI €IEKTPOMArHiTHI Ta TEMJIOBI
mons, BiOparii, a Tako)X TOTYXKHHH JIOKaIbHHH BIUIMB CYZHOBOTO
eHepreTuaHoro obnagHaxus [5 - 9]. Brme JI® Ha icHYr0Ui TEH30JaTIUKH
BiZIOYBAETHCS y TaKUH crocio.

BoJI0OKOHHO-ONITHYHHI TEH30/1aTYMK MICTUTh BUIIPOMIHIOIOUHIT BIIPi30K
BOJIOKOHHOTO CBITJIOBOZA 1, IIO Tpa€ poib JpKepesa BUIPOMIHIOBAHHS, JI0
SKOTO HaIXOAWTh BHUIPOMIHIOBAaHHS Bia Jjasepa abo ceiTiomiona 2, i
MPUHMAIBHOTO BOJIOKOHHOTO CBiTI0BOAa 3 (puc. 1) [10].

[MpuitmManbHuii CBITIOBOA Tpae poisib (oTompuiiMaya, 3 BUXOLY SIKOTO
BUIIPOMIHIOBaHHS 4 peeCTpyeThCsl IpHiiMadeM BUIpOMiHIOBaHHS. OOnaBa
BIJIPI3KM BOJIOKOHHOI'O CBITJIOBOJa MAlOTh CBITJIOBOAHY CEPLEBUHY 5 i
obomoHKy 6. OOuABa BIAPI3KH CBITIIOBOJA 3aKPIILTIOIOTECA KieeM 7 abo
IHIIAM CIOCOOOM Ha MOBEPXHI KOHTPOIbOBaHOro o0'ekta. [lpu mpomy
BIJICTaHb MK KPITUICHHSMH CBITJIOBOJ]a CTAHOBHUTH BHMIipIOBAIBHY 0a3y L
3HA4YEHHs SKOI BHOMPAEThCS 3 MaKCUMAaJbHOrO 3HaueHHs Jedopmarii
PO3TATYBaHHSA-CTHCHEHHS! KOHKPETHOTO KOHTPOJbOBaHOro o0'ekra. s
TOro, MO0 OCi Bigpi3KiB BOJIOKOHHUX CBITIIOBOMIB 30iranmcs NpH 3MiHi
BiZICTaHI MIX TOPISIMH CBITJIOBOAIB NpH 3MiHI JIedopMarii, CBITIOBOIU
PO3MIIIYIOTECS y BLIBHO PO3TAIIOBaHiM Ha MOBEpPXHI 00'€KTa KOHTPOIIO
BTYJLI 8, B sIKilf BOHU MOXYTb IT€PEMIILIATUCS.
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Puc. 1. Cxema BOJIOKOHHO-ONTHYHOTO TEH30aTYNKa TOPLEBOI cxemu: 1 —
BiZIpI30K BUIIPOMIHIOIOYOTO CBITJIOBO/Y; 2 — BHIPOMIHIOBaHHS, UIO
BBOJUTHCS y CBITIIOBOX; 3 — BIJIpPI30OK NpHHAMAaJbHOrO CBiTIOBONY; 4 —
BUIIPOMIHIOBAaHHS, IO NOTpamisie Ha ¢orompuiiMad; 5 —cepleBHHA
CBITJIOBOJA; 6 — 000JIOHKA CBITIIOBOY; 7 - IIPUCTPiil KPIiIJIEHHS CBITJIOBO/IA
Ha MMOBEpXHi 00'€eKTa KOHTPOIIO; 8 — BTYyJKa, 10 HeHTpye. CTpisika BHU3Y
TOKa3ye Xxapakrep nedopmanii 00'ekra

[puniun pobOOTH MEpeTBOpIOBavYa 3aCHOBAHMN Ha TOMY, IO
BHITPOMIHIOBAaHHSI 3 XBUJIEBOIY PO3XOANUTECS B allePTYPHOMY KYTi i, y Mipy
BilMaJIeHHd BiJ BHUIIPOMIHIOIOUOTO TOPIS CBITJIIOBOJA, CHEPreTHYHA
OCBITJICHICTh Oy/€ 3MEHIITyBATHUCSH, 1, OT)KE, 3MEHIITYBATUMETHCS CUTHAJI, ITI0
pEECTPYETHCHL.

Ockinbky abCONMIOTHI 3HaYeHHsI iedopMartii po3TsAryBaHHs i CTUCHEHHS
MPY IPUAHITHUX 3HAYCHHSIX BUMIPIOBAHOT 023K CTAHOBJISATH JIUIIIE OAMHUII
a00 COTHI MIKpPOMETpIiB, JJs TIJBUIICHHSA YyTJIMBOCTI TEH30JaTUYUKa
MPOCTIp MK BUXIIHUM KIHIIEM BHUIIPOMIHIOIOUOI'O BOJIOKHA 1 BXIJHHM
KiHIIEM TPUIMaTbHOTO BOJOKHA 3alOBHCHHWHA PIIMHOIO 3 BEIHKHM
KOe(IIieHTOM MOTJIMHAHHS Ha TOBKUHI XBIJII BUIIPOMIHIOBAHHS.

Opnak, 3 puc. | TakoX BHIUIMBAaE, MO BiJKPHUTI TOPICBI MOBEPXHI
MiJIAI0THCST JISCTPYKTUBHOMY BIUIMBY B Tpoleci ekcrutyaraiii. Cepen
(akTopiB, IO CHOPHUSIOTh pPYHWHYBAHHIO ONTHYHHAX BOJOKOH, CIIJ
BUOKPEMHUTH BILUTUB BOJIOTH, KUCIIOTHOTO Ta JIY’KHOTO CEPEIOBHIIA, & TAKOXK
MEXaHIvHi Jii Ha IXHIO IOBEPXHIO.

Aney[7,11] 3a3HaueHo, 110 JIP Ta pianHa 3alI0OBHEHHS 3HAYHUM YHHOM
BIUIMBAIOTh HA CTaH TOPLIEBUX IIOBEPXOHb ONTHUYHHMX BOJOKOH. lle
HEeraTMBHO  BiJIOMBAa€TbCS HAa  MapaMeTpu Ta  XapaKTEPUCTHUKU
BUIIPOMIHIOBaHHS y ONTH4YHIN cucremi narynka. OKpiM MeXaHIYHHX
VIIKO/KCHbB, SIKi CIPUYUHSIIOTh BUHUKHCHHS TOAPSAIHUH 1 IOPCTKOCTEH,
ICHYIOTb 1 1HIII IPUYMHY TOSIBH HEOTHOPiqHOCTEH. 30KpeMa, 1ie Moxe OyTH
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3a0pyAHEHHS NOBEPXHi, MPOHUKHEHHS 1 KOHJICHCAIisl BOJIOTH ITiJ] 9ac Pi3KUX
TEeMITEpaTypHUX IepenajiB, a TakoX AedopMallii IMOBEpXOHb MiJ MHi€l0
MEXaHIYHUX BILIHBIB.

PyliHyBaHHS CKJISHHX MaTepialiB Mif BIUIMBOM BOJIOTH Ta BHCOKHX
TeMmreparyp o0yMOBIIEHE CTUMYILOBAaHUM TiApOIi30oM. Y pe3ynbTaTi IbOro
MIPOIIECY MOJIEKYJIA BOAM TIOSTAITHO iHTETPYETHCS B HAPYKEHHUH 3B'30K Si-
O-Si, po3prBarOUn HOTO i CTBOPIOIOYM HOBI 3B'SI3KM Yepe3 aTOMH BOJHIO.
Bech mporiec BiOyBa€eThcsi B MOBEpXHEBOMY Imapi ckia. J[ns BiAKpuTHX
MOBEPXOHb CKJIa MOPYIICHHS MICTKOBOTO 3B'SI3Ky MIXK 10HAMH KPEMHIiIO
YTBOpIOE JIBa HECTaOUIbHI pi3HO3apsypKkeHi pamukand. LI pagukamm
BUPI3HSAIOTHCS ~ BUCOKOIO PEAKTHUBHICTIO JO MOJIEKYJ OTOYYIYOTro
cepenoBuina, ocoomuso 10 H,O. YV pe3ynbTari aToM KPEeMHII0 3B I3y€ETHCS 3
rpymoto OH, mo ¢opmye yrpynosanus Si-OH, Bimome $K cHiIaHOI.
CuItaHONBHI TPyNU XapaKTepPU3YIOThCS XIMIYHOIO aKTHBHICTIO — 10H BOJIHIO
H ™oxe Jerko mepeMilnyBaTUCs Ta  3aMIHIOBAaTHCS  IHIIUMHA
(YHKIIOHATEHIMHA CTHIOTyKaMH. TakiuM 9iHOM, Ha MOBEPXHI CKJIa MOXYTh
YTBOPIOBATHCS 1HIII OKCHIM, a 32 MEBHUX YMOB HaBiTh (OpPMyBaTHCS IIiTi
mapy. 3roJIoM Ha TOBEPXHi afcopOyIOThCs MOJIEKYIH BOJH, IO JOCSATAIOThH
JUHAMIYHOI PIBHOBArW 3 BOISHOIO MAPOI0 Y HABKOJIHUIIIHBOMY CEPEAOBHIIIL.
XiMiuHO 3B's13aHUI 1Iap BOAU Ma€ TOBIIMHY 0113bk0 107'° cM 1 Ha3uBaeThCs
HNOCTIHHUM TiJPaTOBAaHUM ITOBEPXHEBUM LIApoM. MexaHi3MH BOJHOI
(TiApoNiTHYHOT) Ta KUCJIOTHOI KOPO3il MAlOTh CXOXICTh: y 000X BUIagKax
OCHOBHa Jisi CHpSIMOBaHAa Ha KaTiOHM-MOAM(IKaTOpH, IepeayciM Ha
peakuiifHO aKTUBHI Jy>kHI 10HH. SIKII0 B 3BUYaHHOMY CKJIi TipOJIiTHYHA Ta
KHCIJIOTHA KOPO3isd € HE3HAYHUMH, TO JIYXKHI PO3YMHU BHUKJIIMKAIOTh 3HAUHY
Jerpajamiro OimbIIOCTI BHUAIB CKIA, PYWHYIOUM HaBiTh iX CiTYacTy
CTPYKTYpY. |HTEHCHBHICTH IIbOTO TIPOLIECY 3POCTAE EKCIIOHEHMIANBHO 3i
30iBIIEHASIM KOHIIEHTpamii Jiyry Ta TemmnepaTypu. Ilicist 3aBeprieHHS
peakiii 3 JyraMu Ha IMOBEPXHi MPOIEC MEePEXOANTh y TNIMOMII IMapy CKIIa,
MPOHUKAIOYM Yepe3 CiT4acTy CTPYKTypy CHIIiKaTiB. Takum dnHOM,
mojanblia jaerpaaaiiis HaOyBae nudysiiiHoro xapaktepy. Lleit mexaHizm
cTae mie OUIbII AKTHMBHUM 3a YMOB IMIiJBHUIICHOI TeMIlepaTypu Ta
301JIBIIEHOTO BMICTY JIY)KHUX KOMITOHEHTIB Y CKJIi. YTBOpEHHH y mporeci
peak1ii map NOCTYIOBO MOTOBIIYEThCS, CIPUAIOYH 3POCTaHHIO MOPHCTOCTI
Ta IJIOIII MOBepXHi ckia. LIg mopucra moBepxHs akTHBHO ajcopOye BOIy
HaBiTh (I3MYHMM LULIXOM 3aBISKH KalllJIpHUM CcHiaM. Y pe3ynbTari
BIUTY’)KCHWH BEpXHIH IIap ckia po30yxae, YTBOPIOIOYM Tellb KPEMHi€BOi
kuciiotd ToBmmHOK 10 100 ... 200 HM. 31 30UIBIIEHHSM TOBIIUHH 1
MTOPUCTOCTI BIITYXKEHOTO IIapy KOPO3iHHHUH MPOIEC MOXKE MOIINPIOBATHCS
Ha HIDKY1 CTPYKTYPH CKJIa, IO 3PEIITOI0 MPU3BOANTH J0 HOTO MMOCTYHOBOTO
pyliHyBaHHS. B ymMoBax 0OMeEXEHOI BOJIOTOCTI XiJl peakliid 3MiHIOETHCS.
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[TouaTkOBHH TiAPOII3 i3 YHCTOK BOAOKO MEPEXOANUTh Y JIYKHY B3aEMOJIIIO,
IHTEHCHBHICTB SIKOT 3pOCTa€ IPH MiABUILCHHI TemItepaTypu. JIy>KHni BIumB
MPU3BOAUTE J0 PyHHYBaHHS KPEMHE3EMUCTOrO KapKaca CKJia, (OpMyouH
Ha #Oro moBepXHi MOMKOMKeHHH Imap. O4YeBHOHO, L0 YTBOPCHHS
MOCTIHHUX ~ JCCTPYKTYPOBAaHMX TIIOBEPXHEBHX IIAapiB CIpHUSE 3MiHi
LIOPCTKOCTI KPaiiOBUX ONTHYHUX MOBEPXOHb. JIOCIIPKEHHS LIbOT0O POLECY
JEMOHCTPYIOTB, IO i3 MiABUIIEHHIM IIOPCTKOCTI IIOBEPXHI BX1THOTO TOPLIS
OIITHYHOT'0 BOJIOKHA 3MIHIOETHCSI €()EKTHBHICTh BBEICHHS BUITPOMIHIOBaHHS
Ta fioro MoaoBUi ckiaf [7].

Kpim Toro y narymkax 3 BIIKPUTHM ONTHYHMM KaHAJIOM BiJCYTHS
MOXIIMBICTh ~ KOMIIGHCAIlll TEMIIepaTypHUX KOJIMBaHb 30BHILIHBOTO
cepeIoBHUIIIa.

TakuM 4YMHOM, SIK METy JOCHIDKCHHS JIOIUIBHO 3a3HaulTH
3a0e3medeHHs BUCOKOT e(DeKTUBHOCTI BUKOPUCTAHHS Ta HAIIHHOCTI poOoTH
BaJiB TpeOHMX TBHUHTIB Yepe3 BIPOBa/KCHHS HOBITHIX 3aco0iB
JiarHOCTYBAaHHS Ta MPOTHO3YBAaHHS TEXHIYHOTO CTaHy, AKi 3a0e3MedyroTh
MiJBUIIEHHS BipOTiTHOCTI TPOIECiB MiarHOCTYBAaHHS BajiB 3a PaxyHOK
BUKOPUCTAHHS TPUHIUIIB YaCTKOBOi 1HBapiaHTHOCTI IO 3OBHIIIHIX
HEKOHTPOJILOBAHUX BILIMBIB HA BUMIPIOBaHHS

OcobauBocti BrumBy [I® Ha mapaMeTpu BOJIOKOHHO-OITHYHOTO
TEH30aT4YMKYB JI03BOJIMB KOHKPETH3YyBaTH BIMIHHOCTI, SIKI MalOTh OyTH
MpUTaMaHHI HOBOMY CXEMOTEXHIYHOMY pIIIEHHIO BHMipIOBaJIbHOTO
nmpucTporo. [yt BIIOCKOHAIEHHS EKCIUTyaTallliHUX XapaKTepUCTHK Y
PO3pO0IIOBAHOMY TEH30METPI:

- BUMIPIOBAJIbHUI ONTHYHUNA KaHAJ MOBUHEH OYTH 3aKPUTHM SKUil
0a3yeTbCsl HA OZHOMOJOBUX CBITIIOBOAAX. Lle MOB'SI3aHO 3 THM, IO TaKi
CBITIIOBOAM 3a0e3redyioTh OiNbINMi [dialma30H 3MiHM CUTHAIYy IIPOTH
0araToMOIOBUX IIPH OJHAKOBHX 3HAYCHHIX aMILTITyau Aedopmartii;

— 3abe3nedeHa iHaBpiaHTicTh 10 D;

- 30epeXeHO HAAIHHICTh, IyTIMBICTD Ta MPOCTOTa CXEMOTEXHITHUX
pilIeHs TEH30METPiB BiTOMUX THIIIB.

CyThb 3alpoONOHOBAaHOTO KOHCTPYKTUBHOTO DIIICHHS BIOCKOHAJIEHOTO
JIaTYMKa MOJISIra€ y 3aCTOCYBAHHI 3aKPUTOTO ONTHYHOTO KaHaly Ha OCHOBI
ONTUYHOTO TYHEIBHOTO e(eKTy 3 OJHOYACHOK Ae(OpMAIli€r0 3CYBY Ta
BUTMHY 4YyTJIMBOro eineMeHTy. Ha puc. 2 mpezicraBieHa cxema Takoro
JlaTYHKa.

OCHOBOIO 3aIPOIIOHOBAHOIO JATYHKA € KOMOIHOBAaHUI CBITIOBOJ, SIKU
CKJIQJIA€THCSl 3 TIEPBHHHOTO CTPHIYKHEBOTO CBITJIIOBOAY 3 Ta BTOPHHHOTO
KOaKCiaJIbHOTO CBITJIOBOLY, 110 BKPUTI 3aTJIHOIO 3aXHCHOIO 000JIOHKOIO 5.
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IR

1
r

Puc. 2. BoJIOKOHHO-ONTUYHHI TATYUK HA OCHOBI ONTHYHOTO TYHEIHHOTO
edexty: 1 — rpeGHMI Bast; 2 — )KOPCTKI OMOpH; 3 — MEPBUHHUM CTPHKHEBUI
CBITJIOBOJ; 4 — BTOPUHHHM KOAKCiaIbHUI CBITIOBOI; 5 — 3arajbHa 3aX¥CHA
obomoHKa; 6 — OICKISIHMHA TEpPMOKOMICHCYIOUMH CBITIOBOm;, 7 —
BiII3epKAIOI0UN 1map

[TepBUHHMIA CBITJIOBOJI OPCTKO 3adikCOBaHMH Yy omopax 2, sKi
MOHTYIOTbcs Ha I'B 1. BropuHHMI CBITJIIOBOA OpCTKO 3adikcoBaHMN
OJJHMM KIHLIEM JIMIIEe Ha OAHIM omopi. MK NEpPBUHHUM CBITJIOBOJIOM Ta
BOJIOKOHHO-ONTHYHOIO JIHI€IO 3B'I3Ky BOYZOBaHO IUISHKY OiCKIISTHOTO
TEPMOKOMITICHCYIOUYOT'0 CBITIIOBOAY 6. 3MiHa BEIMYNHY BUTHHY ITi/1 BIULTNBOM
Temmeparypu ~ OyTH  iHINIIOBaTH  3MiHY  BEIHYMHH  ONTHYHOTO
BHUIIPOMIHIOBaHHS, IO 3aJUIIae OICKISHUN CBITIIOBOA. TakoX MEepBUHHHUN
CBITJIOBOJ] Ha OJJTHOMY 3 TOPIIiB Ma€ BiIA3EPKATIOI0UAN TIap 7.

IIpu BunmkHeHHI y ['B medopwmartiii 3cyBy omopm TakoXX 3CYBalOTHCS
OJTHA TIO BiTHOIICHHIO JI0 1HIOi. B HACiTOK 90TO Y TEpBUHHOMY CBITJIOBOI1
BiOyBatoThes AedopMalii 3cyBy Ta BUTHHY 3a CIIPaJbHOIO TPAEKTOPIEIO.
Iporecu, sKi BigOyBalOTHCsI, HAXOAATh CBOE BIAOUTTS y 3MiHI IOKa3HUKA
3aJIOMJICHHS TIEPBUHHOTO CBITJIOBOJY Ta MPOILECY TYHEIIOBAHHS ONTHYHOI
MOTYXKHOCTI 3 IEPBUHHOTO JI0 BTOPHHHOTO CBITJIOBOJY.

BennunHa 3MiHM TOKa3HKMKA 3aJIOMJICHHS [TPH 3TMHAHHI Ta KpyueHHi OB
[12, 13]

* 1
n =n,+ —(—2xpcosq>+x2p2cosz(p+ vzp2 ),

2n,
Jie 119 — MOKa3HUK 3aJIOMJICHHSI HEHAIIPY>KEHOI'O0 OIITUYHOI'0 BOJIOKHA,

¥ 1L — mapamMeTpu KPUBU3HH Ta KPYUIEHHS OCi, BUTHYTOTO 10 cripaii OB
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R 1
= =2

2 2 2
R? J{p) TR +(pj
2n 2n

(¢ — KYT, SIKHH BiJpaxoByeThCs Bif oci x(&);

R, p - paniyc Buruny oci OB i kpok cripaii BiAIOBigHO.

Toni xoedilieHT ONTHYHOTO TYHENBHOTO 3B SI3Ky MK NMEPBUHHUM Ta
BTOPUHHHUM CBITJIOBOJAMH

(e ) e[ -E)) )
(52—]‘2”22)0]}32 (kp(lfz—nzz)2 Kf(p ( d)

JIe 12 — MOKa3HUK 3aJIOMIICHHSI BTOPUHHOTO CBITJIOBO/IA;

k — XBUIBOBE YHCIIO;

K — pynkuis beccens;

[ — pi3HHIS MOCTIHHMUX TOIIUPEHHS Yy MEPBUHHOMY Ta BTOPUHHOMY
CBITIIOBOJAX;

A BeTMYMHA ONITUYHOI OTY>KHOCTI BUTIPOMIHIOBAHHS, SIKE BiIOMBAETHCS

BiJl BiII3EPKAIIOIOYOT0 IIapy Ta MOBEPTAETHCS M0 (OTONMpHiiMada MOXKeE
OyJie BUBHAUYEHA SIK

sin2 CL 1+|:(BR _BT +BE +BH):|
2C

P(z)=]1- 2 P, (D
+|:(BR _BT +BE +BH):|

2C

ne Py — cymapHa HOTYKHICTb, YBeZIeHa B KOaKCiaJIbHy CTPYKTYpY;

Br — cTana mommMpeHHs y NepBUHHOMY CBITJIOBOJI;

Bt — mocriitHa MOMMPEHHS Y BTOPUHHOMY CBITIIOBOI;

B> — 30inpLIeHHS TOCTIMHOI TOMMPEHHS Yepe3 eNNTHYHICTb
KOaKCialbHOI CTPYKTYPH;

BH — 30inpImICHHA TOCTIHOI MOIMpeHHS dYepe3 30ypIOBaHHA, IO
MOPYLIYIOTh HUPKYJIAPHY CUMETPII0 KOAKCiadbHOI CTPYKTYPH;

L — nomxnHa KOAaKCiaTbHOI TUITHKE KOMOIHOBAHOTO CBITJIIOBOLY.

OyHKI11is nepeTBOpeHHs, nodyaoBaHa 3a (1) HajaHa Ha puc. 3.
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Pr, BiZl. 0]
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0,50
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1 1.5 2 o, rpaj
Puc. 3. 3anexHiCTh ONTHYHOI TOTY)XHOCTI BHIIPOMIHIOBaHHS, SKe
BiJJOMBAETHCS Bi/l BIA3EPKAIIOIOYOTO IIapy, BiJl BEIWYUHHU KyTa KPYTiHHS
JUISL CBITJIOBOJLY 3 caripoBOro cKja

025

VY TO# camuif yac pe3yNbTaTH MOJAETIOBAHHS IOKAa3HUKIB MEPBUHHOTO
CBITJIOBOJY, SIK UYTJIMBOTO €JIEMEHTa TEH30METpa, NPH BIUIMBI 3CYBHHX
nedopmalliii TOKa3yroTh, IO 3 Teopii MPYKHOCTI, MaKCUMaJIbHE 3HAYCHHS
MMOKa3HUKA 3aJIOMJICHHS CIIOCTEpITaeTbcs O 30BHIMIHBOI  MEXi
cBiTIIOBOAa. TidBKH 3aCTOCYBaHHS IITYYHOTO camdipy sSK MaTepian st
BUTOTOBJICHHS IIEPBUHHOTO CBITJIOBOJY [O3BOJSIE JOCATTH BHCOKHX
3Ha4YeHb BJIACHUX YacCTOT 3a 30€pEeKEHHsI CTaHAapTHOTO PO3MIPHOTO PsIILy
[14, 15]. Jnsa po3ummpeHHS HaWOUIbII pPaIiOHAIBLHOTO OXHOMOJIOBOTO
PEKUMY TEH30METPY HPOIOHYEThCS BUKOPUCTOBYBAaTH IEPBUHHUIM
CBITJIOBOJ 13 JENIPECOBAaHOI0 CEPLEBHHOI0. 3HIDKCHHS ITOKa3HHKa
3aJJOMJICHHSI CEpLEBHHHU JO3BOJSIE 3MEHIIUTH KUIBKICTH CHMETPUYHHX
XBHJIb, 1110 TIOMINPIOIOTHCS, 3 HOTHPHOX /10 ABOX.

Jutst iHImX npo¢idiB MOKa3HUKA 3aJIOMIICHHS, Ha KPUTHIHUX YacTOTax
CIIOCTEPITaeThCsl BHUTIK OOOJIOHKOBHX XBWJb Yy 3OBHIIIHE CEPEIOBHIIE,
OCKIJIBKH TIOPYITY€ETHCSI YMOBA IIOBHOTO BHYTPIIIHBOTO BiTOOpakeHHS Ha
Mexi "000JI0HKA - HAaBKONUIIHE cepenoBuie”. [IpnaomMy BUTIK y ZOBKIILIA
MTOYMHAETHCS PaHille, HDK y BHYTPIMIHIO 00mMacTh. Y TakOMy BHIAAKY TO
MOPYIICHHS YMOBHM MOBHOTO BHYTPILIHBOTO BiZJOOpa)KCHHS BiIOYBa€eThCs
CIOYATKY Ha MEXi "CepIieBHHA - 000JIOHKA'", a HE HA KOP/OHI "000JI0HKA -
HaBKoJMIIHE cepepoBuiie”. Lle npu3BoaUTE 10 MoYaTKy "BTiKaHHA" XBUIIb
y CeplEBHHY CBITIIOBOAA
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TakuM YMHOM, 3alpPONOHOBAaHMH TE30JaTYMK Yy 3MO31 3a0e3neunTH
O1IBII BipOTi/IHI pe3yIbTaTH MOHITOPHHTY CTaHy BaJiB I'peOHMX TBUHTIB 32
paxyHOK Oimpmioi criikocti mo BIumBy J® 3aBASKH 3aCTOCYBaHHIO
3aKpUTOMY ONTHYHOMY KaHamy. Kpim Toro, 3acrocyBaHHS OiCKIISTHOTO
TEPMOKOMIICHCYIOUOTO CBITJIOBOJIA JIO3BOJIUTH CYTTEBO HIiBEIIOBATH BILIHB
TEMIYHHUX IOJIiB CYAHOBOTO OOJIaTHAHHS.

Jlo nomaTkoBUX TiepeBar BAOCKOHAIEHOI MOJENi TEH30MeTpa CIif
BIZIHECTH aJAlTUBHICTh OO BUOOPY JIOKAILHHX POOOYMX TOYOK JUIst
KOXKHOTO KaHaly MUCTaHIIIHOro KOHTpoiwo. lle m03Bosise po3poOiisaTu
ONTHUMaNbHI KOH(}Irypamii iHTesekTyanbHoi iH(opMaliitHO-BUMIPIOBAIBHOT
CHCTEMH Ha OCHOBI BOJIOKOHHO-ONITHYHMX TexHoJorid. [lomanbmmit
PO3BHUTOK TaKOTO ITiJXO/Y IOJISITAE Y 3aCTOCYBAHHI MEPEXi MPUCTPOIB IS
JIiarHOCTYBaHHS YChOT'O IIPOMYJIbCUBHOTO KOMILJIEKCY Ta CaMOiieHTH hiKatii
Ta aBTOJIarHOCTHKY BUMIPIOBAJILHHUX IIPUCTPOIB 13 3aCTOCYBaHHIM HOBITHIX
THITiB ONTHYHOTO BOJIOKHA [16 - 22].
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Abstract. Modern tools and devices for tensometry of propeller shafts
operate in difficult conditions, characterized by the influence of destabilizing
factors. Among them are concentrated electromagnetic and thermal fields,
vibrations, as well as the powerful local influence of ship power equipment.
These disturbances significantly complicate or even make it impossible to
effectively diagnose and predict the technical condition of shaft lines with
respect to torsional vibrations. Analysis of modern solutions demonstrates
the need for modern means of tensometry that would meet the requirements
of modern technical operation and repair. First of all, these are fiber optics
devices that are insensitive to most destabilizing factors (DF) inherent in
operating conditions. At the same time, an analysis of literary sources
showed that until recently, circuit solutions in the field of fiber-optic
tensometers that fully meet the requirements for the quality control of shaft
lines of ships were not known. Thus, the development and research of a new
fiber-optic strain gauge is an urgent scientific and technical task. Analysis of
the designs of known strain gauges allowed specifying the requirements for
a new circuit design of the measuring device. To improve the operational
characteristics in the developed strain gauge:

- the measuring optical channel must be closed;

- there is a possibility of compensating for fluctuations in the external
temperature;

- the reliability, sensitivity and simplicity of the circuit designs of strain
gauges of known types are preserved.

The essence of the proposed design solution of the improved sensor is to
use a closed optical channel based on the optical tunnel effect with
simultaneous shear and bending deformation of the sensitive element. Fig. 3
shows a diagram of such a sensor.
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To expand the most rational single-mode mode of the strain gauge, it is
proposed to use a primary fiber with a depressed core. Reducing the
refractive index of the core allows reducing the number of propagating
symmetric waves from four to two.

The implementation of more advanced information and measurement
systems will significantly affect the restoration and promotion of the
competitive development of national maritime enterprises and inland
waterway transport enterprises, the development of competitive human
resources, and the introduction of digitalization principles in the
management of technical operation and repair of vessels
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SCENARIO APPROACH TO FORECASTING
THE TRANSITION TO ECO-NAVIGATION

Pe3rome. Hogi npasuna €C ma IMO cmocosHo 6umoe 00 6uxkuoie
NAPHUKOBUX 2A318 CYMMEGO SNIUHYMb HA CYOHONIABCHIBO, 3VMOGIIOHOYU
3HAYHI PIHAHCOBI HACTIOKU 3A1e)CHO 8I0 0OpaHoi cmpamezii OOMPUMAHHS
8UMO2 OJil KOHKDEMHO20 CYOHA, BKIIYAIOYU 3ACMOCYBAHHSA MEXHON02I]
dual-fuel. 'V Oocniosxcenni 3mo0envosano cyeHapiti nepexody 00
eKkoHaegicayii  Ha NpuKnaoi  yHigepcanbHo2o CYXOBAHMANCHO2O
CepeOHbOMOHHANCHO20 CYOHA 0e3 1020 MOoOepHi3ayii 3 Ypaxy8aHHaAM
000a6anus cymichux 6io-naiug (maxuii nioxio modxce 6ymu 3acmoco8aHo
OISl MPAHCNOPMHUX CYOer OyOvb-axux munie). Ha nepuiux emanax nicis
HaOymms — YUHHOCMI  HOBUX  HOPMAMUGHUX  3HaAYenb  eukuou 11
8i0nosioaroms 6cmanosieHum eumozam. Llmpapui cankyii poznournymocs
Jume Ha mpemvoMy emani CKOpoueHb HopMmamusis. /s cyOHOo8IacHuKa,
SAKULL eKCHIYAMY€ 0eKibKa 0OHOMUNHUX CYOeH MAaKull anaiz 0ae po3yMinHs
wiisxie onmumizayii gumpam ma 0oyiibHOCMI 00 €OHAHHS 8i0N0GIOHOCHII,
wWo pobums 3acmMocy8aHHs CYMICHUX eKON02TYHUX UOI8 NAIUBA eKOHOMIYHO
BUNPABOAHUM.
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Summary. New EU and IMO greenhouse gas (GHG) regulations will
significantly affect shipping, creating substantial financial implications for
applying different compliance strategies, including dual-fuel technologies.
This study considers a transition scenario to eco-navigation using the case
of a medium-sized bulk carrier without retrofitting, but with the integration
of compatible biofuels — an approach applicable to vessels of various types.
In the initial phases following the introduction of new limits, the vessel’s
GHG emissions remain compliant, with penalties arising only in the third
stage of reductions. For shipowners operating several similar vessels, such
analysis provides insights into cost optimization and the economic
Justification of compliance pooling, thereby supporting the adoption of
compatible alternative fuels.

CyuacHe CyOHOIUIaBCTBO — TPaJHLIHHO CTOITh Iepex MOCTIHHUMHU
BUKJIMKaMH, ITOB'A3aHIMH 3 ITiIBUIIIEHHSIM BUMOT 3a0€31e4eHHs HaaifHOCTi,
Oe3meKkn TepeBe3eHbh Ta 3a0e3rmedeHHs Horo ekoHoMidHOCTi. CTpiMkuit
TEXHOJIOTIYHAN PO3BUTOK CIIPHSE€ BIPOBA/KCHHIO HOBITHIX 3aco0iB
KOHTPOJIIO, aHAaNi3y Ta MOHITOPHHTY pyXy CyIeH s 3a0e3lmedeHHs
HaBUIIOTO PIBHSA EKOHOMIYHOI (YHKIIOHATHHOCTI Ta IONEPEKCHHS
MOXITUBHX Heronanok. Cepesl HOBUX BUKJIMKIB, SIKI MAIOTh OCOOJIMBY yBary
UL pO3MIANY, CJiJl IMIJKPECHUTH TaKoX NpodiieMy KOHBEHLIHHOTO
3a0e3neueHHst eHeproedeKkTUBHOCTI poOoTH (JoTy, sika CTae OAHUM 3
KITIOYOBHX 3aBJaHb Y c(hepi CBITOBOrO CyAHOIIIABCTBA.

Beeneni Ha mouarky 2020-x pokiB JlupekTHBM Ta iHII aKTH
€Bporeiicekoro Corosy (€C) 1mo/10 CKOPOUYCHHS BUKHUIIB TTAPHUKOBUX T'a3iB
BiJl CyJIcH BHYTPIIIHBOTO iaBaHHs [ 1], Permament (€C) 2023/1805 Bin 13
BepecHs 2023 poky [IOJO BUKOPUCTAHHS  BiHOBIIOBAaHUX  Ta
HU3BKOBYTJICIIEBUX BHIB MTAJINBA B MOPCHKOMY CEKTOpi Ta MPO BHECEHHS
3miH g0 Jupextusu (€C) 2019/944 i Permamenty (€C) 2019/943 (nami 3a
TEKCTOM 3aCTOCOBY€EThCS HeopMabHa KOpoTKa Ha3Ba — FuelEU Maritime)
JUT MOPCBKHX CyJIeH, a Takok oHoBJieHa Ctpateris /MO 1moa0 CKOpOYEeHHS
BHKH/IIB MAPHUKOBHUX Ta3iB BiJ MKHAPOIHOTO CYIHOIUIABCTBA CTBOPIOIOTH
Y3TrOJDKEHY CHCTEMY PEryJIOBaHHS, sIKa MaTUME CyTTEBHH BILIMB Ha rajy3b
CYAHOILJIABCTBA,  30KpeMa  uepe3  IOCHICHHS  MOHITOPHHTY  Ta
3arpOBaPKCHHS JIOJaTKOBUX (hinaHCOBUX 3000B’s13aHb ULt
CYZHOBIIACHUKIB. 3a HassBHUMH OLIHKAMM Ta IMPHUKIJIAAHUMHU PO3paxyHKaMHU
creHapiiB ekcruryaranii ¢uioTy Taki peryisTOpHI 3aXOIH IPU3BOIATH 0
BiJYyTHOTO 301JIBIICHHS CYKYITHHX BHUTpAT, IO 3yMOBIIOE HEOOXIIHICTH
3aB4acHOro (opMyBaHHS CTpaTeriii pearyBaHHsS, CIPSMOBaHHUX Ha
OIITHMI3aIlil0 BUTPAT Ta BPaxXyBaHHS KOMEPIIHHOTO BIUIMBY E€KOJOTiYHUX
BHMOT Ha €KOHOMIYHICTh ITePEBE3EHb.
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[TuranHs oliHIOBaHHS €HEProe(eKTUBHOCTI Ta EKOJOTIYHOCTI podoTH
¢oTy B yMOBax EHEPreTUYHOTO TIEPEXOAy JUIl BHYTPIIIHBOTO
CYZHOIIJIaBCTBA Ta MOPCHKHX NEPEBE3EHb PO3TILIIAIOTHCS Y HU3II CyJacHUX
pobit. VY poboti [l] mpoaHami30oBaHO MigXOOW [O OIIHIOBaHHSA
€HeproeeKTUBHOCTI Cy/ICH Ta BILTUBY PEKMMIB €KCILTyaTallil Ha BUKHIN
MMapPHUKOBHUX Ta3iB y KOHTEKCTI MEepeX0oAy Ha aJbTepHATHBHI BUIHW ITaJHBA.
Y 3apyOiKHHX [JOCHIIKEHHSX 3HAYHY YBary NPUIUICHO BIUTUBY
BIIPOBA/KCHHS perysaTopHuX pexxumiB €C, 3okpema FuelEU Maritime Ta
€BpoIneiHchKOi CUCTEMH TOPriBIi BHUKHAAMH NapHUKOBHX rasiB (EU
Emissions Trading System, EU ETS), Ha CTpYKTypY BUTpAT CyIHOBJIACHHKIB
i ¢QopmyBaHHs cTparerii JOTpUMaHHS BUMOr. Y JOKyMeHTI [2]
MIPEACTaBJICHO CLIEHAPHUI aHaJli3 PI3HMUX cTpareriii BianosigHocti FuelEU
Maritime nnsi HOBoro Oanikepa, BKJIIOYHO 3 IO€JHAHHSAM 3axOfiB 3
MiZABUIIEHHS EHEProeeKTUBHOCTI, BHUKOPHCTAHHSIM  aJIbTEPHATHBHUX
MMaJIUB Ta MEXaHi3MaMu 00’eIHaHHs BiAmMoBigHOCTI. [IpakTWuHi acmekTu
(hopMyBaHHS IiH HA TPAJUIiiHI Ta aJbTEPHATUBHI MANKBa TSI MOPCEKOTO
TPaHCIIOPTY HABEJCHO B Taly3€BHX JPKEpesiaX, a METOIWYHI MiIXOAW IO
pospaxysky BukuniB [1I" y mepepaxynky Ha CO,-ekBiBaJICHT — y MaTepiaiax
PamkoBoi kouBenmii OOH mpo 3miHy kiimary. PerymsaropHuii KOHTEKCT
CKOPOYCHHSI BUKHUIIB Bix cyaHomuiaBcTBa B €C I0MaTKOBO BHUCBITICHO B
iHpopManiiHIX Martepianax €BpPOKOMICIT, Je OKPECIeHO POJb MOPCHKOTO
CEKTOpY B JIOCSATHEHHI KiiMaTn4HuX el Corosy.

OcHOBHa MeTa BHMOT 3BOAMTBHCS JIO MOCTYIIOBOTO CTYHIHYAacTOTO
3HW)KEHHS. IHTEHCHUBHOCTI BHUKHUJIB MapHUKOBMX Ta3iB B KIHLIEBOMY
migcyMky 10 80 % 3 2050 poxy. CyaHoBlIacHHKaM HaJgaeTbCs KiJbKa
THYYKHX MEXaHi3MiB JUISl TOCATHEHHS JTOTPHUMAaHHS BHMOT 3aKOHO/IABCTBA
(Permamenty), BKIrOUarouWm OaHKIBCBKI —oOIepamii, 3amo3W4eHHsS Ta
00’eTHAHHSA, a TAKOX IITpadHI BUTIATH (OUiKYETHCS, IO BapiaHT HIYOTO HE
pobutu Ta cmmarutd mrpad Oyme MOpOXKYMM, HDK IHIII cTparerii
BiMTOBITHOCTI).

Buknau napHUKOBHX Ta3iB pO3paxOBYIOTHCS, BKIIIOYAKOUM BHUKHIHY,
NOB’si3aHI 3 BWAOOYTKOM,  KYJBTUBYBaHHSM, BHPOOHHIITBOM i
TPaHCIIOPTYBAHHSM MaJIMBA, HA TOJATOK O BUKHJIB BiJl CHIAIOBaHHS a0
MIEPETBOPCHHS eHepril Ha OopTy cynmHa (KoHuemniis well-to-wake). Takox
BKJIFOUCHO CHCTEMa JXHMBJICHHS OEpEroBOI0 E€HEpri€lo, M0 MOJA€ThCs Ha
cyano. Kpim Toro, icHyloTh KoeQillieHTH BHHAaropojgy 3a BHKOPHCTaHHS
MIEBHUX BIJHOBIIIOBaHUX BUIB namuBa (RFNBO) (HanpuKiaa, BBOISTHCS
CTeliaJIbHI IS CyJIeH 3 BITDOBUMH CHIIOBUMHU YCTaHOBKAMH).

V¥ crpykrypax €C cucteMHO (OPMYETHCS Ta MOCTIHHO PO3BUBAETHCS
CKJIalHE HOPMAaTHBHE PpETYyJIOBaHHS IIMTAaHb CKOPOYECHHS BHUKHIIB
MMapHUKOBUX Ta3iB Bif CyqHOIUIaBCcTBA: ¥ 2024 poi B paMKax makery Fit for
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55 cynHorutaBcTBO BxKe BKIOUEHO 0 Cmcremu Toprieii Bukugamu €C
(ETS), a 32025 poxy HabyB unHHOCTI MOpcbkuii pernament Fuel EU. 1106
rapaHTyBaTH JOCSTHeHHA 1Iineil oHoBieHoi Crtpaterii IMO mono
CKOPOYEHHS BUKHU/IIB TTAPHUKOBHX I'a3iB BiJ MI>XHAPOIHOTO CyIHOIUIABCTBA
(2023 IMO GHG  Strategy), Opramizamis  po3po0Omsie  Habip
CEpEeIHbOCTPOKOBUX 3aXO[iB, IO BKIIOYATHME, 30KpeMa, IJI0O0AIbHUI
MATMBHUHM CTaHIAPT Ta €KOHOMIYHHN MEXaHi3M [iHOYTBOPEHHS Ha BUKUAN
MapHUKOBUX ra3iB. [IUTaHHS KOHKPETHHX MapamMeTpiB 1 CTPOKiB
3allpOBa/DKEHHST LUX 3ax0JiB nepeOyBac Ha CTaaii MDKAEPXKaBHUX
MIEPErOBOPiB, Ha MOMECHT IIJATOTOBKH CTaTTi OCTaTOYHI HOPMATHBHI
pilIeHHsI Ile HEe YyXBAJEHO, a pPErioHalibHI peXuMH, 30kpema FuelEU
Maritime ta EU ETS, QaktuuHo (OpMyIOTb OCHOBHE peEryJsITOpHE
CepeIOBUILE JUIs CY/IHOILIABCTBA.

BpaxoByroun TpuBanMii TepMiH CIIy)OW CyJeH, CyJHOBIACHUKU
MMOBMHHI INITOTYBaTHCS JO 3allPOBA/DKCHHA MaWOYTHIX TIpaBWII, IO
BCTaHOBIIIOIOTh BUTPATH, a TAKOX OOMEXKEHHS Ha IHTEHCHBHICTh BHUKHJIB
MIApPHUKOBUX Ta3iB y manuBi. SIk KOKHE OKpeMe CyIHO, TaK i BECh CKJaj
¢G0Ty HEOOXimHO MWiAroTyBaTH A0 pobOoTH y MailOyTHBOMY, B SIKOMY
BUKHIU OyIyTh MaTH IPOTHO30BaHY BapTiCTh. TeXHIYHI Ta E€KOHOMIiYHI
YHHHUAKA I1i€i MpoOJIeMH TICHO B3a€MOIOB’sI3aHi, a caMe — Kpaiia
MiArOTOBKA TEXHIYHUX aCIIEKTIB MPU3BEIE 0 BiICYTHOCTI 400 HIBETIOBAHHS
wrpadiB. Y Takii cuTyauii cyaHoBiIacHMKaM OyJe BaXKJIMBO MaTH
3a3Jalerijb IpaBuibHI CTpATerii Ta IHCTPYMEHTH pillIeHHs L€l MpoOiIeMH.
MeTta mOCIHiIKEHHS — CIICHAPHO OIIHUTH TEXHIKO-CKOHOMIYHI HACiJIKU
Nepexoy ICHYIOUMX BaHT@XHHMX CYIEH JO0 eKOHaBiramii B yMoBax
3anpoBampkeHHsS BUMOT FuelEU Maritime ta IMO mMOIO CKOPOYCHHS
suknais [T

3amaul mocimimkeHHS — adHami3 unHENX BuMor €C Tta /MO mono
ckopouerns BukuaiB [1I" Bix cyHOIIIABCTBA, pO3POOICHHS Ta PO3PAXyHOK
KUTPKOX CIIEHapiiB eKCIuTyaTalii CyXOBaHTQ)XHOTO CygHA 3 Pi3HHMH
CTpaTeTisIMH CyIHOBIIaCHHWKA, OIIHIOBAaHHS IXHIX CYKyIHHX BHUTpaT Ha
TAJIUBO, IJIATEXK] 32 BUKUIU 1 IITpadu NPOTATOM PO3PaXyHKOBOTO MEPioTy
Ta TOPIBHSHHS OTPUMAaHMX pE3yJbTAaTiB JJsl BUSBICHHS EKOHOMIYHO
JOLJIBHUX BapiaHTIB MIEPEXO1y 10 CKOHABIraIlii.

3 1 ciuns 2025 poxy HaOyB unHHOCTI FuelEU Maritime, 3rifHO SIKOTO
cyana moHax 5000 GT, ski mnepeBo3siTh BaHTaxi a00 MacaxxupiB y
KOMEPIIHHIX NUIIX y €BponeiickkoMy Coro3i / €BpornelchKiii eKOHOMIYHIN
30Hi (€E3), mOBHHHI BiIIOBiJaTH IIOPIYHAM BUMOTAM MO0 iHTEHCHBHOCTI
BUKHIB apHUKOBHX Ta3iB (I1I') well-fo-wake, TOOTO 32 IOBHUH YKUTTEBUI
LUK Bl BHUAOOYTKY IQIbHOTO JO HOTO KIHIEBOTO BHKOPUCTAHHSL.
IaTencuBHICTE MapHUKOBHX Tra3iB, TCO/M/Ix:
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Total GHG emissions

GHGintens = X fwina

Total energy from fuels+Total shore power+ReWRrNBO

ne Total GHG emissions — 3aranbHi BHKUAW MAapHAKOBHUX rasiB, TCOy;
Total energy from fuels — 3aranbHa KUTBKICTH BHKOPHUCTAHOI €Hepril
nanuB, MJx; Total shore power — 3arajpHa KibKICTH BHKOPUCTAHOI
eHeprii Big 6eperosoro nmocrayanss, MJIx; Rewgrrypo — BUHATOPOKCHHSI 32
BUKOPHCTAHHS TICBHUX TOHOBJIOBAHUX BHUJIB albTEPHATUBHUX IAJIUB,
MJIK; fiving — 0€3p03MipHHIA KOS]IlIEHT BUHATOPOKCHHS 32 BUKOPUCTAHHS
BITPOBHX CHJIOBUX YCTaHOBOK.

Buknay mapHUKOBUX Ta3iB (YMCENbHUK Yy (OPMYJIi) pO3paxoBYIOTHCS,
BKIIIOYAIOYM BUKHJM, IIOB’SI3aHI 3 BHJOOYTKOM, KYyJIbTHBYBaHHSM,
BUPOOHUIITBOM 1 TPaHCIIOPTYBAHHSM IaJIMBa, HA JOJATOK JI0 BUKHUIIB Bij
CTAIOBaHHs a00 TepeTBOpeHHs eHeprii Ha 6opTy cynHa. Jlo po3paxyHKy
KiTBKOCTI eHepril (3HaMeHHUWK (opMyJH) KpiM 3araiabHOI eHeprii Bix
CIIAJIIOBAHHS TAIBFHOTO BKIIFOUCHO J>KUBIICHHS OEpEroBOIO EHEpriero, o
moaeTbess Ha cynHo. KpiM Toro, icHYyIOTh KOe]ilieHTH BHHAroponu 3a
BUKOPHCTaHHA IIEBHUX BiTHOBIIIOBaHWX BHUIB maiuBa (RFNBO) i nnd cyaeH
3 BITPOBHMH CHJIOBHMH YCTaHOBKAMH.

BuMoru moYMHAIOTBCS 31 3HIDKCHHS IHTEHCUBHOCTI  BUKHJIB
NapHUKOBHX Ta3iB Ha 2 % npotsarom 2025 — 2029 pokiB BiIHOCHO cepeHbOT
IHTEHCHBHOCTI BUKHJIIB MapHUKOBHX raziB y 2020 pomi. [Totim e minsose
CKOpo4YeHHs 30ubinyeThest 10 6 % mporsirom 2030 — 2034 pokiB 1 jpaii
npuckoproetses: 14,5 % 32035 poky, 31 % 32040, 62 % 3 2045 i, Hapenri,
80 % 32050 poky. CyTHOBIaCHUKAaM HATAEThCS KUTbKA THYYKUX MEXaHi3MiB
JUIL  JIOCATHEHHS JOTPUMaHHS BHMOT 3aKOHOJABCTBA, BKJIIOYAIOUN
0aHKIBCBKi oOmeparii, 3amo3udeHHs Ta O0’€IHaHHS, a TaKoX MmTpadHi
BHUILIATH (OYiKYETHCA, IO BapiaHT HIYOTO HE pOOWTH Ta CILIATHTH IITpad
Oyzae DOpoKYMM, HiXK iHII CTpaTerii BiAIIOBIAHOCTI).

Cepen ycix 3amiKaBICHHX CTOPIH HaHOIMBIINK pPETYIATOPHUN Ta
(inaHCOBUII TATap MpHIIQNae HAa CYAHOBJIACHWKIB, YMi CyJHA HOBHHHI
HIOPIYHO 3BITYBaTH Mepesi KOMIETEHTHUMHU OpraHaMH JiepiKaB mparopa ta
npuOepekHUX JepkaB (aAMIHICTPALisIMM, YIOBHOB2)XEHHUMHU OpraHaMu
KOHTPOJIIO 3a BUKOHAHHSIM BuMor FuelEU Maritime, EU ETS Ta iHImx
€KOJIOTIYHUX PeryJaTopHuX pexxumis). [Ipu cramiit poboTti ¢uoty MoxHa
CrpoOyBaTH OLIHUTH BapTiCTh Hopanblioi podboru B Mmexax €C / €E3
icHytounx cyneH. IToniOuuii aHammi3 OyB 3poOJyeHUMil Al TIHOTETUYHOTO
HoBoro Oankepy Dw = 80000 T, sikiif yMOBHO BBEJCHHUII B €KCILTyaTaIlilo 3
moyaTkoM it HoBux BUMOT FuelEU Maritime 1 npauroBatume 20 poKiB,
To0T0 m0 2044 poky BkimoyHO [2]. Bu3HaueHO KilbKa CTpaTerii,
MTOYMHAIOYN 3 «HE POOWUTH HIYOro Ta IDIaTUTH IITpad» i Aaji MOCTYIOBO
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30ULIBIIYIOYM 3aXOAM 3 MiABUINEHHS €Heproe()eKTHBHOCTI, 10JaBaHHS,
Hanpuknan, bio-MGO 'y 3BUYaliHI JBUTYHHM, BHKOPHCTaHHS IHIINX
IBTEPHATUBHUX BUIIIB IaNBa, OeperoBoro >xuBiieHHs Tomo. Lli crparerii
B CepeIHFOMY IIPOIIOHYIOTH, IIOPIBHSAHO 3i cTparerieto bio-MGO, eKoOHOMITO
mo 16 %, abo 21 mma. gon. CHIA. Takox y poboti [2] omiHIOETBCS
MOJJIMBICTH 00’€THAHHS BiJIOBIITHOCTI, SIKE Ma€ MOTEHIiaJl IHCTPYMEHTY
JUTA PO3IOIUTY BUTPAT MK CyJHAMH, SIKi MPALIOIOTh y MOBHIN, YaCTKOBIH
Bignosignocti 1o BuMor FuelEU Maritime, abo 30BCiM HE BiIIOBiIalOThL
TakuM BuMoram. lle momomarae 3amyCTHTH pealbHUil Oi3HEC-KeWc s
Cy/IHa, SIKE TOBHICTIO BUKOPHCTOBYE CBOIO MOTYXHICTh Ha E€KOJOTTYHOMY
nanwmsi [5].

B roii xe yac, 3151 CyTHOBJIACHMKIB, sKi 710 2025 poKy JIesKHii 4ac Bxke
npamtoany Ha €C / €E3, Ta MaroTh cyaHa, TOOYAOBaHI paHilllc BBEJCHHS B
JiI0 3rafaHuX BHMOT, aKTyalbHO MaTH pPO3YMIHHS MEpCIEKTHB JUIs
ICHYIOUHX CYJIEH. 3actocyeMo aHaJIOTTYHHUI MiXig IS
CEpEeTHHOTOHHA)KHOTO YHIBEPCATBHOTO CYyXOBaHTaXXHOTO cyxHa Dw =
57000 T 2012 poky moOymoBM Ta BBEICHHS B eKcIDTyaTamiro (Tadm. 1).
CydacHi BHUMOTH [0 €HEProeeKTHBHOCTI Ta EKOJOTIYHOCTI Ha dac
BBEAICHHS B CEKCIUIyaTallil0 IbOTO CyAHA II€ HE 3aCTOCOBYBAIHCA.
3a3HauuMO TaKOX, L0 TMPUB’s3Ka J0 caMe TaKoro TUIY Cy/JHA YMOBHa,
TOOTO TaKWi MiAXiJ MOXKe OyTH BUKOPHCTAaHWM JUIsi TPAHCIIOPTHHUX CYJECH
OyIb-sKHUX TUIIB TOHHAXXeM moHan 5000 GT.

Tabmuns 1
ExcruryarariiiHi XapakTepuCTHKH CyAHA

Jlenset 57000 T
Pik mobymoBu 2012
TepmiH exciutyaranii 3a YUHHUMHA 13 pokiB 3 2025 o 2037
BuMoramu FuelEU Maritime BKJIFOYHO
CepenHbopiuHa BUTpaTa Majinsa, 14700 T (632100 I"1x)
ekxBiBaneaTHOr0O MGO, Yy TOMY
YHCII:

B peiici 14500 T (623500 I'JTIx)

Y Ipugasy 200 T (8600 I'1x)

Paiion excruryararii 50 % B mexax €C / €E3

PosrnsnyTi  BapiaHTH eKkcIuTyaTamii mboro cygHa ©0e3  cyTTeBoi
MonepHizamii (tabm. 2), TimpKM 3 XOJAaHHSIM OiomamuBa, CyMiCHOTO 3i
3BHYallHUM TIaJJMBOM BHUKOITHOTO MOXOkeHHs. CkiagHimi BapiaHTH
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3aCTOCYBaHHSl aJbTEPHATUBHHUX MNAJIUB (METaHOJ], aMoHii, LNG), Takox
MOXYTb OYTH PO3TJISIHYTI Y MOJAIBIIOMY.

Tab6murs 2
BapianTu excruryararii cyHa
[o3na- Omnmc cTpaTerii CyJHOBIaCHUKA [NanuBo abo
YCHHS €KBiBaJICHT
maJmBa
1 be3 MoaepHizawii 3 omnatoro mrpadis MGO
2 be3 MomepHizaiiii, 3 3aCTOCYBaHHIM MGO
3axO0/iB 3 eHepProe()eKTUBHOCTI, 3 OILIATOO
mrpadiB
3 Bukopucranss 101aTkoBo 610-MGO MGO / 6i0-MGO
4 Bukopucranns 101aTkoBo 610-MGO, 3 MGO / 610-MGO
3aCTOCYBaHHSM 3aXOJIiB 3
eHeproeheKTUBHOCTI
5 Bukopucranns 101atkoBo 6i10-MGO, 3 MGO / 6i10-MGO
I AKJIFOUEHHSIM 10 OEPEroBOro XKHUBJICHHS

Takox 3ayBaXMMO, IO PO3TILINAETHCS eKCILTyaTallist CyAHa y pexuMi
50/ 50, To6to TinbkH 50 % wyacy peiiciB cynHO TepeOyBa€e B MEKaxX 30HH
€C/€E3.

Po3paxyHOK BapTOCTi BAKOPHUCTAHOTO 32 IIEPioj eKCIlTyaTalil nanuBa He
MOKe OyTH BUKOHAHUM 3 ypaxyBaHHSAM KOJIMBaHb [[IH Ha PUHKY [aJUB. AJie
JUIS1 OL[IHKY CTpAaTeriil BBXKAETHCS 3a JAOLIJIbHE IPUHHITH YMOBHO MOCTIiHI
3Ha4YeHHs BapTocTi MGO Ha piBHi 1276,50 nomn. CILIA / T; bio-MGO (six
mpukuan) 856,50 momn. CIIA / T — BigmoBigao 1o uin y Porrepnami (Plattz
Rotterdam) na 24.04.2026 [3]. dnsg po3paxyHKy KiUIbKICHHX IOKa3HHUKIB
Bukuais I1I" y exBiBanenti CO, BuKOpucTaHO KanbKyistop Cekperapiaty
UNFCC (United Nations Framework Convention on Climate Change) [4].
Po3Mmipu mTpadHUX BHUIDIAT BiAMIOBIAIOTH pO3paxyHKOBiH cxemi FuelEU
Maritime. Po3Mipu BHeckiB 10 ¢GoHay €Bpomneiicbkol CHCTEMH TOPTIBII
Bukunamu (EU Emissions Trading System (ETS)) BiIIOBinaloTh YMOBHIN
Baprocti 100 momr. CIIA 3a 1t BukumiB y exBiBaieHti CO, 06e3
ypaxyBaHHs PUHKOBUX KOJIMBaHb.

Pe3ynbraTi OLIHKY NpeCcTaBiIeH] y BUMIISAL Hiarpam Ha puc. 1 —Stay
MTOPIBHSUIbHIN Ta0MI. 3.
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€HeproeeKTUBHOCTI, 3 OIIIATOI0 MTpadiB)
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Puc. 5. Crpareris 5 (BukopucranHs 1o1atkoBo 6i0-MGO, 3
M IKTFOYCHHSIM 0 OeperoBOro KHBICHHS )

Taomums 3
3BeneHa TabIHIS Pe3yIbTATIB MOPIBHIHHS MOXKIMBUX CTPATETii
CYIHOBIIACHUKA

3aranbHa
OuiHouyHa | BapTiCTh
Howmep HaitvenyBanns BapTicTh 3a | 32 2026 - | Hakonuyena
2026 -2044 | 2044 p., |HEBIANOBIHICTS,
cTparerii MTOKAa3HUKA
p., MIIH. MJIH. TCOze
jgomt. CHIA|  nmosni.
CIIA
3axoau 3 0
eHeproeeKTUBHOCTI
Bbeperose kuBJIEHHS 0
Butrparu sza MGO 178,263
! Butparu Ha 6i10-MGO 0 305,937 ~33285
Buecku no EU ETS 50,420
ItpadHi BUTpaTH 29,841
HonarkoBuii mrpad 47,413
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3aranpHa
OmiHovyHa | BapTICTh
Howmep Haiimenysasss BapTicTh 3a | 3a 2026 - H.aKom/.me.Ha
2026 -2044 | 2044 p., |HEBIAIOBIIHICTS,
cTpaterii MTOKa3HUKA
p., MJTH. MJTH. TCOsze
nomn. CIIA|  pomt.
CIIIA
3axonm 3 | -16,044
CeHEepProepeKTUBHOCTI
Beperoe »KHUBJICHHS 0
Burpauene MGO 162,220
2 Burpauene 6i0-MGO 0 262,363 -30290
Buecku no EU ETS 45,886
IItpadHi BUTpaTH 27,156
JonarkoBuii mrpad 43,145
3axonu 3 0
eHeproeheKTHBHOCTI
BeperoBe XUBICHHS 0
Burpauene MGO 124,435
3 |Burpauene 6i0-MGO | 41,069 | 20159 82
Bueckn no EU ETS 35,195
IlItpadHi BUTpaTH 0
JonarkoBuii mrpad 0
3axonu 3 ‘ 116,044
eHeproeeKTUBHOCTI
Beperose XuUBJICHHS 0
Butpauene MGO 108,391
4 Bupaucnc 6i0-MGO | 41,069 | 164974 7
Bueckn no EU ETS 30,658
IlITpadHi BUTpaTH 0
JlonarkoBuii mrpad 0
3axomu 3 0
eHeproeeKTUBHOCTI
Beperose kUBJIECHHS -4,851
Burpauene MGO 119,584
> [Burpaucne 6i0-MGO | 41,069 | 120923 82
Buecku no EU ETS 33,823
[ItpadHi BUTpaTH 0
JonarkoBuii mrpad 0

BpaxoByloun TOTEHIi#HI (iHAHCOBI HACHIJKA PI3HUX TEXHIYHUX
pilleHb, a TaKoX BPaxOBYIOYM MOXJIHMBOCTI THYYKOrO MiJXOLy JIO
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3aCTOCYBaHHS THX YH IHIIMX TEXHOJOTIH, KOXHIA CTOPOHI JOILUIBHO
3a3/1aJierib OLIHIOBATH CBOI MOTEHIIITHI 3000B’13aHHS Ta IPHUBIJIE, a TAKOX
T€, SIK BOHM MOXXYTh BIUIMHYTH Ha IXHI KOMEpLiHHI yroan Ta yroau IoJo
BIMOBIMHOCTI. SIKIIO Taku yMOBH HE IependadeHi y KOHTpakTax, yci
BHUTpPATH JIATAIOTh Ha CyTHOBIAcHWKaA, abo omepaTopa cynmHa, abo iHIIOi
opraHisarmii, ocobw, BiIMOBimambHOI 3a BHPOBAaKEHHS MiXHAPOIHOT
CHCTEMH YyTIpaBIiHHA 0€3MeKoi0 (Y KOHTEKCTI JOTpUMaHHS MiXHapOIHOTO
KOJIeKCy 3 ynpaBninus 0e3nexoto, MKYDB, International Safety Management
Code). Jlns cynHOBIAacHUKIB 1 (paxTyBaJbHHUKIB THI JOrOBOpPY
(paxTyBaHHS BH3HA4a€, KPiM 1HIIOTO, BIUIMB KOXKHOTO y4acHHKa Ha BUOIp
MaJIMBa Ta, BIAMOBIIHO, TEXHIYHUN 1 €KCILTyaTaliiHUN KOHTPOJh OaNaHCy
BignoBizHOCTI BuMoram FuelEU no xiHus nepiogy waprepy. IlepeBipeni
JlaHi PO BUKHUIM CTAIOTh XXUTTEBO BAXJIMBUM €IEMEHTOM HE TIJIBKH JUIs
BIJIOBITHOCTI, ale W U1 MiATPUMKH OIEpallifHOI Ta KOMEpIiHHOI
LITICHOCTI B MOPCHKOMY IIAHITFO)KKY CTBOPEHHS BapTOCTI Ta B3araii
CBITOBOTO CyIHOIIJIABCTBA [5].

IMO Taxox TPOmOBXKYE PO3pOOISITH HOPMATHBHI 3aXOAH, CIPSIMOBaHI
Ha CKOpPOYEHHS BHUKHIIB MApPHUKOBHX Ta3iB Bil MDKHApOTHOTO
CYIHOIUTaBCTBA, Y PO3BUTOK oHOBJIeHOI Ctparterii moxo Bukuais I1I" (2023
IMO GHG Strategy). Y 2025 poui Ha Haa3BuuaiiHiit cecii Komirery 3
Mopcbkoro cepenosuiia (MEPC) 0yiio IOropKEHO 3araibHy CTPYKTYpPY Tak
3BaHoro IMO Net-Zero Framework niisi BHECEHHS BIIIOBIIHUX HONPABOK
1o Nonatka VI MARPOL, oqHak IXHE OCTaTOYHE YXBAJICHHS BIJKJIACHO, a
TIEPErOBOPH MTPOIOBXKYIOTHCS 3 OPIEHTHPOM Ha MPUHHATTS HE paHille KiHIs
2026 poky. Y pasi 3ampoBaXKCHHS TII00abHOTO MTATMBHOTO CTAaHAAPTy a0
puHKOBOTO MexaHizMy /MO €sporneiicbknii Coro3, 3TiIHO 3 OTOJOMECHUMH
HamipaMu Ta neperisiiosumu nonoxxkeHasmu B EU ETS 1 FuelEU Maritime,
Ma€ TEPEeTJSIHYTH BIIACHI PEXWMH pETyIIOBaHHA, MO0 MiHIMI3yBaTu
IyOITIOBaHHS BUMOT Ta MO/IBiiHE HABaHTAKEHHSI HA CY/IHOBIIACHHKIB.

BucnoBku. /Iy 06paHoro cynHa Ha MEPIINX ABOX €Talax CKOPOUCHHS
BukuniB III' B mexax €C / €E3 HOpMH BHUKHIIB BUKOHYIOTBCS, IO HE
MIPU3BOUTB JI0 3aITPOBA/PKEHHS ITPaQHUX CaHKIIIH. AJle, B)Ke Ha TPEThOMY
eTani 3MEHIIMTH BUKHIM 0 HOPMATUBHHUX 3HA4YeHb 0€3 BIIPOBA/KCHHS
CHeLiaIbHUX TEXHOJIOTIH HEMOXIMBO (y JAHOMY BUIAIKy PO3IIISTHYTHH
TEXHOJIOTIYHUI BapiaHT BUKOPUCTAHHS JTOJJATKOBO CyMICHOTO NajiBa 0io-
MGO, ane MOXIUBHUM € JI0JaBaHHs Oy/b-SKOTO CYMICHOTO €KOJIOT14HOT'O
IBTEPHATUBHOIO NanuBa). [IOpiBHSIHHS 3araJbHOi BapTOCTI MOMJIMBUX
cTpareriii CyJHOBJIaCHUKa IToKa3ye pizHuio B 1,35 ... 1,83 pa3u Ha KopuCTh
cTpareriii eHeproe)eKTHBHOCTI Ta BUKOPHUCTAHHS AJIbTEPHATHBHUX JKEPET
EHeprii MPOTH CTpaTeTii «He POOUTH HIYOTOY.
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Kpim Toro, 3a pe3ynbraTamMy OINpaIfOBaHHS YHHHAX BHMOI OTPUMAaHO
MATBEP/PKEHHST TOTO, IIO 3alPONOHOBAHUI Yy JaHOMY JIOCHIJPKCHHI
QITOPUTM NPOTHO3YBaHHS OJHAKOBO YCIIIIHO MOXE OYTH 3aCTOCOBaHHM
IUTA YCIX THITIB TPAHCIIOPTHUX CYICH, sIKi MaloTh ToHHaX noHax 5000 GT ta
MPaoTh 3 3axoxaMu B Mexi €C / €E3.

HasBHi ¢iHaHCOBI MOXIIMBOCTI Ta HACHIAKHM Pi3HUX TEXHIYHUX pilIeHB
JUTA TIOJAJIBIIO] PO3PaxyHKOBOI eKCIUTyaTallii CyiHa, a TaK0XXK MOXIIMBOCTI
THYYKOTO TIiJXOMy JIO 3aCTOCYBaHHsS THX 4YM IHIIMX CIHEIiaJbHUX
TEXHOJIOTIH, 3000B’SI3YIOTh CyIHOBJIACHHKA pEaJbHO OI[IHIOBATH CBOI
(paxToBi 3000B’s13aHHS, 104X HA MOMEHT IIPHHHSATTS pilLICHHs MTPUBiIeET, a
TaKOX T€, SIK BOHM MOXYTh BIUIMHYTH Yy IOJAjbIIOMY Ha MOJJIHBI
KOMEpLilHI yromd Ta KOHBEHLIHHI perjaMeHTHI Yroad II0JO
BIIMOBIMHOCTI. SIKIIO Taku yMOBH HE MepeadadeHi y KOHTpaKTax, Yci
BUTpaTH JIATAalOTh Ha CyAHOBIAcHWKa, abo omeparopa cynHa. J[lms
CYJTHOBJIACHUKIB (OIIEepaTopiB CyAHA) HOMepeaHid (piHaHCOBO-aHATITHIHUH
aHalli3 MOMUIMBHX BapiaHTIB 3aCTOCYBaHHS CIICIIIaIbHOI TEXHOIOTIl
ckopoueHHs BukHiB [1I" BU3HAYae BUPIMIATHHUNA BIUTMB HA TEXHIYHUH Ta
eKCIUTyaTalliiHui KOHTPOJb OayaHcy BimmoBigHOCTI BUMoraM FuelEU no
KiHIA mepioxy daprepy abo poO3paXxyHKOBOTO TEPMiHY eKCIDTyaTarii.
TToniOHUII aHaimi3 CcTa€ >KUTTEBE BAXKIMWBUM CJIEMEHTOM HE TUIBKH IS
BIMOBIAHOCTI, aje ¥ AId MIATPUMKH OIEPaIlidiHOI Ta KOMEpIiHHOI
IITICHOCTI B3araji CBiTOBOI'O CYHOILIABCTBA.
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Abstract. New regulations issued by the European Union (EU) and the
International Maritime Organization (IMO) concerning greenhouse gas
(GHG) emissions are expected to have a profound impact on the shipping
industry, resulting in significant financial implications for shipowners
seeking to comply with these requirements. These regulations necessitate the
consideration of various compliance strategies, including the potential
adoption of dual-fuel technologies, to reduce emissions in line with legal
standards. This study presents a scenario-based analysis of the transition to
eco-navigation using the example of a medium-sized bulk carrier, without
undertaking major vessel retrofitting, but incorporating the use of compatible
biofuels. Such an approach can be extended to other types of cargo vessels,
providing a generalizable framework for evaluating compliance strategies.
In the early stages following the implementation of the new regulatory limits,
the vessel’s GHG emissions remain within the prescribed thresholds, with
penalties only anticipated during the third stage of emissions reductions. The
analysis demonstrates that for shipowners operating multiple vessels of the
same type, scenario-based planning can offer valuable insights into
optimizing operational costs and assessing the potential benefits of pooling
compliance efforts. This, in turn, enhances the economic feasibility of
introducing compatible alternative fuels while ensuring adherence to
regulatory requirements.

By providing a structured assessment of emissions trajectories and
compliance pathways, this study emphasizes the importance of strategic
planning in the context of evolving regulatory frameworks. The findings
underscore that careful consideration of vessel-specific operational
parameters, fuel choices, and multi-vessel management strategies can
mitigate financial risks and facilitate the cost-effective adoption of
environmentally friendly technologies, thereby supporting the broader goal
of sustainable shipping.
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Optimal control for electric ships’ propulsion
motors during braking

Pestome. 3anponoHo8ano memoo pO3PAXYHKY ONMUMANbHUX 3AKOHI6
VNPAGNIHHA — 2peOHUMU  eNIeKMPOOBUSYHAMU — NIO0  YAC — 2ANbMY8AHHSL.
Yoockonaneno npoyedypy eanomysanns. Pospobreno npoyedypy noutyky
ONMUMANLHO20  3AKOHY VNPAGIIHHA HANPY2010  JHCUBNEHHS  2pedHOo20
eneKmpoosueyHa Ni0 uYac nepexooy U020 8 PpextcUM OUHAMIYHO2O
eanomyganisi. OYiHeHO BNMIUE 306HIWHIX (akmopie ma KOHCMPYKMUGHUX
napamempie  CyOH08020 NPONYILCUBHO20 KOMHIEKCY HA — OMPUMAHI
onmumanvui piutenns. Buaeneno napamempu, éniug skux € cymmesum. 3a
pe3yribmamamy. ONMUMI3AYIUHUX PO3PAXYHKIE NOOYOOBAHO ONMUMATbHI
3AKOHU YNPAGNIHHA 2peOHUMU elleKmpoogueyHamu. Bonu 3abesneuyromo
MIHIMANbHULL  4ac — 2aNbMY8AHHA — €l1eKMPOOBUSYHI8 3  OONYCHMUMUMU
Jdiana3oHamu  3MiH  DeNCUMHUX  MNOKA3HUKI6  YCIX  CKIA008UX
elleKmpoeHepeemudHoi YCmMaHo8KU eneKmpoxooy.

Summary. A method for calculating the optimal control laws for
propulsion electric motors during braking has been developed. The braking
procedure has been improved. A procedure has been developed for
determining the optimal control law for the supply voltage of the propulsion
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electric motor during its transition to dynamic braking mode. The influence
of external factors and design parameters of the ship propulsion system on
optimal solutions is assessed. The parameters that have a significant
influence have been identified. Based on the results of optimization
calculations, optimal control laws for propulsion electric motors were
constructed. These laws ensure a minimum braking time of the propulsion
electric motors with acceptable ranges of changes in the operating
parameters of all components of the electric ship electric power plant.

Jlo OCHOBHUX KpUTEpiiB OLIHKKM e(EeKTHBHOCTI pPOOOTH TrpeOHUX
SJIEKTPUYHKX YCTaHOBOK enekTpoxoiB (I'EY) BinHOCATBCS MOKa3HUKH, IO
B IIEPIIIY Yepry XapakTepu3yIloTh Oe3NeKy BUKOHAHHS CyAaMH MaHEBPEHUX
ornepaniid. BimmoBizno no CraHmapTiB MaHEBPEHOCTI CYyJEH, CXBaJICHHX
04.12.2002 Komiterom 6e3nexu Ha Mopi IMO (Pezomomiiss MSC.137(76)),
JI0 OCHOBHUX MaHEBPIB, ITOKa3HUKH SIKUX KOHTPOIIOIOTHCS, BITHOCATHCS, Y
TOMY 4YHCIi, BHUNPOOYyBaHHS aKTHBHUM TalbMYyBaHHAM 3 KOHTpOJEM
JaIbHOCTI MUIAXY CyJHA 3 MOMEHTY, KOJHM HA€ThCA KOMaHIAa HAa MOBHHUH
Ha3aJl A0 3YNHHKH cyaHa y Boli. CTOCOBHO CYyZEH 3 €IEKTPOPYXOM, 10
TaKUX MOKA3HHUKIB BiHOCHTBCS, MEpPII 3a BCE, TPUBATICTh TaIbMyBaHHS
rpeonnx enekrpoaBuryniB (I'E/l). Came meil moka3HUMK BIUIMBAaE Ha
TPUBAIIICTh T'AJIbMYBaHHSI CAMOTO €JIEKTPOXO0/1a 1 Ha BEJTMYMHY IaJbMiBHOT'O
nuiixy. s OIHIOBaHHS IUX IMOKAa3HWKIB BiAmoBiaHO a0 CTaHoapTis,
MOXYTb OyTH BUKOPUCTaHI IBa METO/IH: BUITPOOYBaHHsI MacIITaOHOT MOIETi
a00 KOMIT'TOTEPHI IPOTHO3M 3 BUKOPUCTAHHSIM MaTeMaTUYHUX MOJIEINei 1ist
IIPOTHO3YBaHHS BiAMOBIIHOCTI OKA3HUKIB Ha €TaIli IPOEKTyBaHHs IPEOHUX
SJICKTPUYHHUX YCTAaHOBOK. TakuM 4MHOM, TpHUBAIICTh TanbMyBaHHs ['EJ] —
Ty — MOXHAa BHKOPHCTOBYBAaTH SK OCHOBHMH KpUTEpid OLIHKH
e(EKTUBHOCTI YIIPaBIiHHA TPEOHUMH EIIEKTPOABUTYHAMH €IICKTPOXOIiB Ha
TaBMIBHUX pexuMax poOoru. [lomyk HaWkpammx s 3abe3rmedeHHS
MiHIMQJIBHOTO Yacy TalbMyBaHHS 1)/ 3aKOHIB YIPaBIiHHSA TpeOHUMH
€JIEKTPOABUTYHAMH €JICKTPOXOIiB € METOIO ITi€l poOOTH.

B ocHOBiI MaTeMaTHYHOTO OMHUCY POOOTH IPeOHHUX EIEKTPOABUTYHIB Y
rajJbMiBHUX PEKUMAaX MOKJIJCHO OCHOBHE PIBHSHHS JMHAMIKH

de
Ju dt = My = Mp,

ne Jy — IpUBEJCHUIl 10 Bally rpeOHOro ABUI'YHa MOMEHT 1HEpLii JBUTYHA,
rpeOHOro rBUHTA 1 IPUEJHAHUX 10 HHOTO Mac BOJIH;

M)y Ta @y — 00epTOBUIT MOMEHT Ta KyTOBa IIBUAKICTh 00epTanus ['EJ];

Mp — MOMEHT OnOpy rpeOHOr0 TBUHTA.

Sk rpeOHI eNeKTPOIBUTYHH B TI'PEOHUX EIEKTPUYHUX YCTaHOBKaX
Haiyacrime BUKOPHUCTOBYIOTh ACHHXPOHHI JaCTOTHO-KEpOBaHi
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SJICKTPOJBUTYHH. B OCHOBI MoOYyJOBM MaTeMaTHYHOI'O OIHCY IPOLECIB B
TaKMX JBUTYHaX NOKJAJCHO TOYHY KJAcH4Hy cxemy 3amimeHHs A/l
Hampyra Ha 3aTHCKa4yax cTaTopa BBAXKAETHCS CHHYCOINaIbHOI, HACHYCHHS
CTaJli MAIIHU HE BPaXOBYETHCS, PO3IOALI IIOTOKY 110 HOBITPSIHOMY 3a30py
NIPUIMAEThCS] CHHYCOI A IbHIM, BTPATH B CTaJll BPaXOBYIOTHCS MPUOIN3HO,
y poropi He BpaxoByOThCsi [l]. 3 ypaxyBaHHSAM TakuxX HPUIYIICHB
00epTOBUI MOMEHT YacCTOTO-KEPOBAHOTO ENIEKTPOJBHI'YHA BH3HAYAETHCS
CHIBBIHOIICHHSIM
My = kyly®ycose,,

ae [y — CTPyM eNeKTPOJBUIYHA;

@), — Mar"iTHUM MOTIK;

cOoS( — KOe(ilIEHT MOTYKHOCTI eJIeKTPOABUTYHA;

kv — koedilieHT MponopLiHOCTI.

Cucrema ynpasiiHHs meperBoptoBadamu dacrotu (ITH), Bim sxux
OJIEP)KYIOTh JKUBIICHHS TPEOHI €JIEKTPOBUTYHH, ()OPMYE JIBA CUTHAIIN — 110
BIJTHOCHIH YacTOTI 0 Ta BITHOCHOI HAIIPYTH Y.

MomeHT omopy rpeGHOTo rBUHTa Mp € CKIaJHOI0 (YHKII€I0 4acTOTH
obepraHHs ©p (Op = ®p) Ta MBHIKOCTI PYXYy CyOHA V, i BH3HAYAETHCS
PEBEPCUBHOIO TiIPOAMHAMITHOIO XapaKTEPUCTHKOO TBUHTA [2]:

Mp = ay(wp/0py)? + by (wp/wpe) (W/vg) + c;(v/v0)?,
ne ax, by, ¢» — xoeQillieHTH YHIBEpCAIbHOI XapaKTEPUCTUKU TBHHTA
(ToCTiiiHI y IEBHUX Jianla30HaX 3MiHU Op TA V;

ingexkc «0» BiAMIOBiae 3HAUCHHIM PSKUMHHX MOKAa3HHKIB (30KpeMa —
®p 1 V) Ipu pyci cynHa 3 HOMIHAJIBHOIO IIBHIKICTIO, TIPM HOMIiHAIBHIH
4gacToTi 00epTaHHs rPeOHOTO TBUHTA.

BinMinHOIO0 0c00NMHBiCTIO pOOOTH €IEKTPOXOIiB Ha MaHEBPaX € Te, II0
TPHUBAJICTh MEPEXiTHUX IPOLECIB y TpeOHIH eNeKTPUYHIH yCTaHOBII
BUSBJIIETHCSL TOPIBHSAHHOIO 3 TPHBATIICTIO MEPEXiTHUX IMPOIECIB y pPyCi
camoro cynHa. ToMy HpUIYIIEHHS MPO CTAIICTh WIBHIKOCTI PyXy HpH
aHanizi nepexigHux npoueciB y I'EY (sk 1 HaBmakm — mpuIyIIeHHS MPO
CTANICTh ®p TPH OIIHII [BHIKOCTI CyAaHa) He mnpuiHsATHI. [lpu
MaHEBpYBaHHI BCl CKJIaJOBi IPOIYJIGCHBHOTO KOMIUIEKCY EJIEKTPOXOAa
MPalIOIOTh Y HEBCTAHOBICHUX pEXUMaX, IepeOyBalodd B TiCHOMY
B3a€MO3B's13Ky. Lle 03Hauae Te, 110 Mpy aHasIi31 TATEMIBHUX PEKUMIB pOOOTH
TpeOHUX ENEeKTPOABHUTYHIB IX CJIiX pO3TJSLIATH B €IHOCTI 3 IHIINMH
eNIEMEHTaMH CyJHOBOI'O MPOIYJIbCHBHOTO KOMIUIEKCY, IO BKIFOYA€E B cebe
1 eTeKTPOCHEPTeTHYHY YCTaHOBKY, 1 TpeOHI TBUHTH, i Kopmyc cyaHa [3].
Jlime B Takiif MOCTAaHOBIII MOYKHA TIPOBECTH JOKIATHUNA aHANI3 MPOIECiB
raJfbMyBaHHS TpEeOHMX EJeKTPOIBUTYHIB 1 copoOyBath BiAUIyKaTh
Hakkpamny 3akoHd ympaeiainaa ['EJ[ 3 Meroro MiHiIMi3amii TpPUBaIOCTI
rajbMyBaHHs .
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Ha nepmomy eramni raibMyBaHHS €JIEKTPOXOAY T'PeOHHI €lNEeKTPOIBUTYH
MEPEeBOANTLCS B PEXKUM JTUHAMIYHOTO TanbMyBaHHA. [lIs 1mporo
MIEPETBOPIOBAY YAaCTOTHU IIEPEBOIUTHCS Y BUIIPSIMIIIIOUHI PEXUM 1 B CTATOP
I'EJ momaetbess moctiiiamit ctpym. [lpm mepeBemenHi [IY B pexum
BumpsiMiieHHS B ooMoTkax ['EJ] nesikmit gac 30epiraeThcst 3MiHHa HAIIPYyTa,
o0 BIUTMBAEe Ha mporec rampmyBaHHS ['EJl, ToMy Hampyra mocTiifHOTO
ctpymy Ha cratop 'EJl moBuHHa monmaBaTHCs i3 3aTPUMKOIO B Haci Ta 3
KIHIIEBOIO MIBUAKICTIO HApoCTaHHs [3, 4].

VY 3arajpbHOMY BHIN3JKy 3aKOH 3MIHM BiJHOCHOI HAaIllpyrd MOXHa
NPE/ICTABUTH y BUTJISII €KCIIOHEHIIIHOT 3aJIe)KHOCTI:

Y =vVse(1— eXp(_kyt))a
I Vst — 3HAYEHHSI BITHOCHOI HAITPyTH, 1110 BCTAHOBUIIOCS;

k, — xoediLi€eHT, 0 BU3HAYAE MIBUAKICTh HAPOCTAHHS HAIPYTH.

HasBHiCTh 3BOpOTHHX 3BSI3KiB 3a HBHJAKICTIO Ta MomeHToM ['EJl i
Oe3iHepUiifHICTh 3MIHM MOCTIHHOI CKJIagoBOI CTPyMy Ha BHUXO.I
MIEpeTBOpIOBaYa YacTOTH [Jal0Th MOXIIMBICTh 3HAWTH Ta peali3yBaTd
ONTHMAIBHUNA PEXUM JUHAMIYHOTO TaJbMyBaHHs, IO 3abe3meuye
HalKpali 3HaYCHHS BIIOBIIHUX MOKA3HUKIB SKOCTI.

3aBoaHHsl IOLIYKY ONTHMAJIBHUX 3aKOHIB YIpaBIiHHSI 00'€KTiB
NnoAIOHOTO THUITY BIIHOCSTHCS OO O0JIacTi HENIHIHHOTO MpOorpamMyBaHHS i
TMOJISITAlOTh 'y 3HAMIEHHI eKCTpeMyMy LinboBol1 GyHKIIT LX) npH 3amaHuX
oOMexeHHsIX g(k) y Burisial HepiBHocTeld. HeoOXinHO MiHIMI3yBaTH MeBHY

uinboBy Qyskuito £k), k€ E" npu p niHIHHAX OOMEXKEHHSX Yy BHUIIISAL

2(B=0, j=1, .., p, ne E'— nomyctuma 06IacTh 7-MipHOTO MPOCTOPY.
OnTuManbHe pillleHHS CKIAAa€ThCS 3 ONTUMAIBHOT TOUKH K+ = [Ki», Ko+, ...,
k] Ta BiAnoBigHOTO iH 3Ha4YeHHs! 1{Tb0BOT (yHKIT L&) [5].

MMin fk) B paHoMy BHIAQAKy CIiJi PO3YMITH HESIBHO BHPaXCHI
3aJIeKHOCTI KPUTEPIF0 ONTHMAIBHOCTI 737 BiJl ONITUMI30BaHUX IMapaMeTpiB
Vst Ta k. OOMexxeHHs1 gf(k) 3a0e3MedyIoTh JOMYCTHMI Jialla30HU 3MiHU
PSKMMHUX IOKA3HHUKIB BCIX CKIAaJOBHX YacTHH eJIEKTPOCHEPreTUYHOT
YCTaHOBKH €JIEKTPOXO0/a.

3nadeHHs 7) 3HAXOIATHCA B PE3YNBTaTi PO3paxyHKy MAaHEBpIB, IO
ONHCYIOTBCS CKIIAAHOIO CHCTEMOIO anredpaidHuxX Ta IudepeHmiaTbHuX
piBHsHB. CHcTeMa BU3HAYAE TEPEXiHI pSKUMU POOOTH BCHOTO CYTHOBOTO
NpPOIYJbCUBHOTO KOMIUIEKCY, SIKMH BKJIIOYAa€ TIEPBUHHI JIBUTYHH,
CHHXPOHHI FeHepaTopH, IIepeTBOPIOBaYl YaCTOTH, IpeOHI eJIeKTPOIBUTYHH,
rpeOHI I'BUHTH, KOPITYC eNeKTpoxoa. MareMaTHyHa OCTaHOBKaA 3a/ad, sKi
BUPILIYIOTHCH, MpOLEAYpH Ta AITOPUTMH PO3POOJIEHOTO METONIY
onTHMI3alii 3ampornoHoBaHi B pobori [3, 6]. BoHm mnokazamm cBoiO
e(eKTUBHICTh MiJ 4Yac PO3B’A3aHHs 3a7ad Takoro Tumy. Y mid poOoTi
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TIpeCTaBICHI Pe3yJIbTaTH ONTUMI3alifHUX pPO3paxyHKIB, NMPOBEICHHUX 3a
JIOTIOMOT'0I0 IIMX METOJIiB, CTOCOBHO PO3IJISTHYTOI 3a/adi.

Onrtumizaniss ynpaBiliHHS TI'peOHOI0 EHEpPreTHYHOI0 YCTaHOBKOIO B
peXHUMI AUMHAMIYHOTO rajJbMyBaHHS 3BOJHUTHCS O MOLIYKY ONTHMAaIbHOTO
pitneHHs

* % * .
Y =Vse(1 —exp(=kyT));
* — *

TMmin - T(y ) ’

ne y., ta ki — onTHMalbHi 3Ha4eHHS mapaMeTpiB yy Ta k,; T = vot/L —
ySt Y p P1B Yst V> 0

0e3pO3MIPHUN BIJHOCHUN 4Yac;, Vo — MIBHUIOKICTE PYXY CyaHa, L — JOBXHHA

2 2
cynna o KBJL; ¢ — norounwuit uac; Ty, — 3HAYEHHS HiNb0BOT QyHKIIT — Ty
— B ONITUMAaJIbHIN TOYII.

Y npotieci NOIIyKy ONTHMAIBHOTO PILLICHHS BEJIUKA yBara HpUALIse€ThCs
obmexeHHsIM gi(k), 1m0 3abe3edyloTh JOMyCTUMI 3HA4YeHHS OCHOBHUX
rapameTpiB eJIeKTPOCHEPreTHYHOI YCTaHOBKH [ 1, 7].

HaiiBaxxmuBilMM 3aBIaHHIM, SIKE JIOBOJAMTHCS BHPIIIYBaTH IIij 4ac
TIOLIYKY ONTHMAaJIbHUAX 3aKOHIB KEpyBaHHS I'PEOHUMHU €JIEKTPOABUTYHAMH, €
JOTPUMAaHHS €HepreTHYHOTO OaIaHCy PEeKUMY AWHAMIYHOTO TalbMyBaHHS.
CyTb 1i0ro nousira€ B HACTYITHOMY.

IToBHa eHeprisi TambMyBaHHS — CHEpris, IO HaAIdIIIAa B TpebHY
ycraHoBKy mpu rambMyBaHHI ['EJ[ Big modaTkoBOi MBHIKOCTI HOTO
00epTaHHs [0 HyJISl BU3HAYAETHCS SIK

Wy =[] dw,
e

Iepumit momaHok TpaBoi yacTWHU piBHAHHS (1) BiAmoBimae eHeprii,
OTPHUMAaHOI BiJl TBHHTA, IO IIPAITIOE B PEXKHIMI TiApaBIiuHOl TYypOiHH, IpyTuit
— KIHEeTHYHOI eHeprii, 3amaceHoi YaCTHMHAMH [BUTYHA, BaJIOIPOBOAY i
rpeGHoro TBUHTA 3 IPUECAHAHUMHU 10 HOI'O MacaMu BOJOH.

VY cBoto uepry, eHepris, o Hajiinua go I'EY, mae Oyt ButpaueHa y
BUIJISII BTPAT Y CUCTEMI €JIEKTPOPYXY

T
Wpgp = [, (APpgp)dt,
e
_ Ipg \? 2.
APppp = ¥ Py + A(wy)?%;

IpBn
XPy — cymapHi BTpaTH y Mifll y HOMIiHATbHOMY PEXHMIi 3 YpaxyBaHHIM
OTIOPY JAUHAMIYHOTO TajbMyBaHHSI,
Ipp— HaBEJICHUIT CTPYM JIBUTYHA Y PEKMMI AUHAMIYHOTO TaIbMYBaHHS;
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A — cymapsi Brparu tepts B [E/L.
CyMapHi BTpatH B Mini
2Py = Pyot+ Pps = Pyo+ kps Prepn,
ne Ppp — IOTY>KHICTh BTpaT y OMOpax AMHAMIYHOTO TaJIbMyBaHHS;
Ppep, — HOMIHATBHA TTOTYXHICTH Ha Bary ['E/I;

kpp — KpaTHICTB OITOpPY JMHAMIYHOTO TaIbMyBaHHS,
;]
Ppgp
SIKIO  BUKJFOUMTH MOMJIMBICTH Tepeavi eHepril pekymeparii 10
MIEpPBUHHUX JIBUTYHIB, YMOBOIO JOTPHUMAaHHS €HEPreTHYHOro OanaHcy oynie

W < Wrey. (2

TakuMm dYnHOM, KOCQIIiEHT kpp — HaWBaXIMBIMKN mTapamerp, IO
BIIMBAE HAa OpraHi3aIliio mporuecy TUHAMIYHOTO TalbMyBaHHA. BiH omiHO€
MOJKJIMBICTH PO3CIIOBaHHS MOTY)KHOCTI peKyIeparii Ha aKTHBHUX OIOpax
CHCTEMH €JIEKTPOPYXY, TOOTO OI[IHIOE MOXIIMBICTh peaiizaiii pexuMy
JMHAMIYHOTO TallbMyBaHHsI 0€3 IeperpiBy OCHOBHHMX CKJIAJOBUX YaCTHH
€JIEKTPOIIPUBOLY.

OWiHNTH BIUIMB IIbOTO HAMBAXIUBIMIOro mapamerpa (a 3apa3oMm i
NMPU3HAYUTH JOMYCTUMI Jiala30HH 3MIHM WOTr0 3HAYCHb) MOXKHA 32
pe3yiIpTaTaMu JOJATKOBUX JOCIIKEHB, PE3YJIBTATH SKAX MPEICTABICHI Y
Tabm. 1.

kDB

Tabmuus |
Bruiue kpaTHOCTI kpp Ha ONTHMAJIBHE PINICHHS
INouaTkoBa Kparnicts onopy OntuMalbHi pileHHs
MIBUAKICTH JUHAMIYHOTO . . .

Vin ransMyBaHHS kpp Vst ey Tu
0,367 0,15 0,685 3,055 0,55
0,367 0,12 0,685 3,055 0,55
0,367 0,10 0,455 2,99 1,03
0,367 0,09 0,40 2,99 1,67
0,771 0,15 0,68 3,085 1,94
0,771 0,11 0,68 3,085 1,94
0,771 <0,11 HeMae pileHHs: eHepris

pekynepauii He Moxe OyTH
po3cisiHa Ha aKTUBHHUX OIOpax
I'EY

VY Ttabn. 1 HaBeneHO pe3ynbTaTh ONTUMI3alii 3aKOHIB yIpaBIiHHS
IPEeOHUMHU CNIEKTPOIBUIYHAMH IPU Pi3HHX 3HAYCHHSX kpp HA MaluxX Ta
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BEJIMKUX HIBUAKOCTSIX Vi, PYXy cylnHa. AHani3 ix mokasye take. [Ipu mamux
LIBUIKOCTSIX PYXY SIBHO HPOCTEKYETHCS BIUIMB kpp 1 Ha ONTHUMalbHI
napameTpu 3aKOHIB ynpaBiiHHs, i Ha Ty. IIpu BEIMKHX IIBUAKOCTSX
mapaMeTp kpp «IPAIIOE» Y PEKIMI «TaK-Hi» — a00 TO3BOJISIOUH peallizyBaTu
PEXUM AMHAMIYHOTO TabMyBaHHsI, a00 Hi (32 yMOBOIO (2)), HE BIUTUBAIOYH
TIPY IIbOMY Ha ONITUMAJIbHI 3aKOHH.

OpHak ciig MaTH Ha yBa3i, o0 kpp — 1€ KOHCTPYKTHBHHUU ITapaMerp
rpeOHOI eJIEKTPUYHOI YCTAaHOBKH, SIKUH IiAOMpAEThCs TaKMM YHHOM, 1100
HOJIETIIMTH MOJIJIMBICTH peaiizauii pe)xuMy TUHaMIYHOTO rajbMyBaHHS Y
BCHOMY Jiama3oHi 3MiHH IIBHIKOCTI Vi, BUXOASYM 3 LBOro, a TaKOX
3BaKalouu Ha Te, mo mpu kpp<0,12 crpimMko 3pocrae (muB. Tabm. 1)
TPUBAIIICTD rajibMyBaHHs Ty, JOLIJIBHO MPUHHSITH BETHYUHY kpp TAKOIO, KA
JIOPIiBHIOE MiHIMaJIBHO JOIyCTUMOMY 3Ha4eHHIO — kpp = 0,12 (3a ymMOBOIO
(2) MakcUMaTBHOTO 3HAYCHHS IBUIKOCTI Viy).

Ha momryk onTUManpHHX HapaMeTpiB 3aKOHIB YNPaBIiHHS BIUIMBAE
HU3Ka 30BHIMHIX (GakTopiB, 0OOyMOBICHHX yMOBaMH BUKOHAHHS MaHEBPIB
Ta KOHCTPYKTUBHHUMH IapaMeTpaMH CylHa i mapamerpamu Horo rpeOHoi
ycraHoBKH. CTymeHi IXHBOTO  BIUIMBY  BHUSIBICHO  JOJAaTKOBHUMH
pO3paxyHKaMu, pe3yJIbTaTH SKNX HaBEICHI HIDKIE.

HaiiBaxxiBimmMM 1mapaMeTpoM, SIKHH BIUIMBAE Ha TPUBAIICTB MPOLECY,
JMHAMIYHOTO TalbMYBaHHS €, SIK OYJIO 3a3HAYCHO BHIIE, NIBUJKICTh Cy/HA
Vin Y MOMEHT TIepexoqy TIpeOHOI YCTaHOBKH B TalbMIBHHH pexum [8].
LixxoM IpUPOIHO CINiJ O9iKyBaTH iCTOTHOTO BIUTUBY I[OTO ITapaMeTpa i Ha
OINTUMAJIBHI PIlLIEHHS, 10 OTPUMYIOThCS B XOJ1 onTuMizanii. st ananizy
XapakTepy Ta CTYICHIO BIUIMBY IIBHIKICTH V;, Ha ONTHMAJIbHI PIiICHHSA,
MIPOBEJICHO CEpil0 pO3paxyHKIB MIPH PI3HUX 3HAYEHHAX Vi,. Pesyipratn
pO3paxyHKiB HaBeeHO y Tabui. 2

Tabmws 2
BIinB mo4aTKoBOI MBUIKOCTI Vi HA ONITUMAJIBHE PIIICHHS
OnTuManbHi pillIeHAS
ouatkosa OnrtumanbHi 3Ha‘[eHH5f UT;, .
T — napameTpH B ONTHMAJIBHIH TOYIl
Vi ky T

0,253 0,710 3,0 0,44
0,336 0,689 3,055 0,55
0,472 0,68 3,045 0,69
0,568 0,685 3,045 0,86
0,729 0,68 3,075 1,46
0,771 0,68 3,085 1,94
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Sx BuaHO 3 Taby. 2, TMOYATKOBA WLIBHJKICTH CyJIHAa BIUIMBAE Ha
ONTUMAITFHE pIMIeHHSA. 31 3MIHOI V;, ONTHMANbHI MapaMeTpH 3aKOHY
YIPaBIiHHSA BiJHOCHOK Hampyroo ¥y =y (Yg, Ky, T) 3MiHIOIOTECA, ane
HE3HAYHO, TOJII K TPUBAIICTH rajibMyBaHHs (3Ha4eHHsI Ty y ONTUMATbHIN
touti — Ty = T(y™)) oyke CyTTEBO 3aleXuTh BiJ Vi, Lle nae migcraBy
BIJTHECTH Vj, IO CYTTEBUX YMHHHUKIB.

Hacrynuum ¢aktopom, BIIMB SIKOTO Ha 3aKOHH YIpaBIiHHS TPeOHUMHU
€JIEKTPOJBUTYHAMH HEOOX1IHO OILIIHUTH, € BIIHOCHA INOMHA BOIU

5 h
T=gp
ne h — rmubuHa Boau; H — ocamka cyaHa.

HeoOximHicTh BpaxyBaHHS /iy 00yMOBIICHA THM, IO IIPH MaHEBPYBaHHI
CyIHa Ha BOJI KiHIICBOI TIMOMHN CYTTEBO 3MIHIOIOTHCS CHIIM Ta MOMCHTH,
10 TiFOTH SIK Ha KOPIYC CyIHA, TaK i Ha ioro pymrii [9]. BpaxoByBaTu BIUIUB
ITTMOMHY BOJX JIOLIIBHO IIPH JOKPUTHYHUX IIBHIKOCTSIX

F. =—2<06

BpaxyBaTu BITMB rITHOMHM BOJM MOXHA [8, 9]:

— BBEJICHHSIM IIONPABOYHHUX KOE(DIIIEHTIB Yy 1 Y, AKI BPaXOBYIOTbH
BIUIMB MIJIKOBOJIS HAa KOE(ILi€HTH MOMYTHOTO ITOTOKY Ta 3aCMOKTYBaHHS
TiIpOIMHAMIYHOT XapaKTEePUCTHKH PYILiiB —

-y, 1—t,
Xyn = /1—lIJoo’Xth= /1—t00’
II€ Wi, 1 Yoo — KOS(IIIEHTH MTOMYTHOT'O TIOTOKY HA MUTKOBOJIAI i Ha TIIHOOKIN

BOJII; #4, 1 foo — KOC(DIMIEHTH 3aCMOKTYBAHHS 33 THX )K€ YMOB;

— YTOYHEHHSIM CWIM ONOpPY BOAM Ha pPyX CyIOHA: CTOCOBHO
BHKOPHCTOBYBaHOI MOJIEIII, I1e MOXKHA 3poounTH 3a MmetogoM IT.A. AnyxTiHa,
SIKAH JI03BOJISIE pO3PaxOBYBaTH BTPATy IBUAKOCTI X0y CYAHA Mij 4ac pyxy
Ha MIJIKOBOJIII;

— TiepepaxyBaHHIM KOeQiIieHTIB TiApOANHAMIYHUX CHII Ta MOMEHTIB (Y
3araJlbHONPUWHATHX TO3HAYEHHIX) Ha BIAIOBIIHY TITHOUHY;

— KOPUT'YBaHHSIM BEJIMYMH MPUETHAHUX JI0 CyJTHA MaC BOJAHU Ai1, A22, Acs,
110 MO’Ke OyTH BUKOHAHO 3a METOHKOI0, 3alIPOIIOHOBAHO0 B po0oTi [3].

VY SIKOCTI MIPHUKIIANAY, SKil UTFOCTPY€E BIUTUB TITHOMHA BOJH HAa PE3yIbTaTH
MIOITYKY ONTUMAalbHUX 3akoHIB ympasninHsa ['EJ], B Tabn. 3 HaBemeHo

pe3ysbratu ontuMizanii npu ranemyBanHi ['EJl Ha rnu6okiii Boni (feo) 1 ipu
hr=2. Pe3synpTaT, SKi HaBelIEHi, BIANOBINAIOTH PYXy €JIEKTPOXOLYy Ha
MajMX Ta CepeAHIX MIBUAKOCTSIX.
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Tabmums 3
Brutus rimOuaYM BOU /i Ha ONITUMAITBHE PIIICHHS
[TouaTkoBa OnTuManbHi pillleHAS
. T'nmubuna
MIBHUIKICTB Viy ot R R )
cyaHa ! Ve ky Tu
0,771 0 0,68 3,045 1,94
0,690 2 0,675 3,065 0,91
0,336 0 0,685 3,02 0,53
0,340 2 0,68 3,03 0,51

[opiBHSAHHS pe3ynbTaTiB, HABEACHHUX Y Ta0II. 3, MOKa3ye HACTYIIHE.

I'mubuHa Bomu /iy HE3HAYHO BIUIMBAE HA ONTUMAaIbHIM 3akoH Y*(T), anme
CYTTEBO BIUIMBA€E HA PE3yNIbTAT ONTHUMI3alliil — TPUBAJIOCTI rabMyBaHHi Tyy.
[Ipu 11pOMyY CTYIIIHB BIUIMBY /i7 3QJIC)KHUTh BiJ IMIBUAKOCTI CYIHA, MPH SKiH
BUKOHY€EThCSI MAHEBP — Ha CEPEeIHIX MIBHJKOCTSIX OOMEKEHHS B INIMOMHI
BiZIYYTHO BIUIMBA€ Ha ONTHMAJIbHE PILICHHS, a MPH Maliil IMBHIKOCTI —
MIPAKTHYHO Hi (IO HiJIKOM y3TODKYETHCA 3 TEOPETUIHUME MipKyBaHHSIMH).

le omHUM BaXIUBUM KpUTEPIEM, 3a SIKMM OI[IHIOETBCS SIKICTh
ranpmyBanHs ['EJ], € BiqHOCHA 3MiHa Hanpyru AUg rOJIOBHUX I'eHEpaTopiB
TP TAIbMYyBaHHI TPEOHUX ENEKTPOABUTYHIB. Baromicte mboro KpuTepito
3aJICKUTh BiA TOTO, IO SKOTO THITy TpeOHOI YCTaHOBKH BiJHOCHTHCS
enextponpusoa. s I'EY 3 e1MHO0 €1eKTpOeHEPreTUYHO0 CUCTEMOTO 1IeH
napameTp pernamentoBanuii — AUq=11-15 %, mo Haknanae momaTkosi (i
JTy’Ke )KOPCTKi 32 KPUTEPisIMH OI[iHKH MOoKa3HHUKiB poboTu ['EY) obmexeHHs
mimboBoi QyHkmii. Jlns ['EY 3 aBTOHOMHOIO CHCTEMOIO EIEKTPOpPYXY
BUMOrH 10 BeauuuHu AUg iCTOTHO «M'SIKIIIE), BHACIIIIOK YOI0 3'IBIISIETHCS
meBHa CBOOOAAa y TIOMIYKY ONTHMAIBHUX 3aKOHIB YIPaBIiHHS Ta
MiJBUINEHHS e(QEeKTHBHOCTI TadbMyBaHHS (3a OOpaHUM KpHTEpieM
ONTHUMAJILHOCTI).

Brmme AU Ha onTUMaibHI pillleHHS MOXKHA OLIIHUTH 32 pe3yJbTaTaMH,
HaBeJIGHUMHU B Ta01. 4, Ha puc. | Ta Ha puc. 2.

TyT nokasaHi pe3yibraTu onTUMi3auii npu pizHux 3HaueHHsx AUg, 1
JEeKUTbKOX 3Ha4eHb UIBUAKOCTI CYIHA Vip.

OnTrManbHI 3aKOHU YIPaBITiHHS HaBeAeHO Ha puc. 1. Kpusi Ha pucyHKy
BiJIIOBiAIOTh HOMEPY BapiaHTa B Ta0uI. 4
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¥ ! 4 8
0.6 f‘éﬁ:ﬁsﬂ:E
sk
5
0.4 / 2
0,
0 0.4 0,8 1,2 16 1 20

Puc. 1. Bmus AU Ha onTUMaibHi 3aKOHH YTIPABITiHHS

Tabmurs 4
Brutu AU Ha oniTUMaibHE PillieHHS

Howmep
paplanta HOanK_OBa OnrtuMmalbHi pillleHHS
(xpuBa IIBUIKICTH AUg
Ha Vin
puc. 1) Y;t k;‘, Ty
1 0,15 0,68 3,075 1,46
2 0,771 0,13 0,61 3,235 1,87
3 0,11 PinteHHs HeMae
4 0,15 0,68 3,045 0,86
5 0,568 [ 0,13 0,615 3,03 1,01
6 0,11 0,585 3,11 1,1
7 0,09 Pimenns Hemae
8 0,15 0,685 3,055 0,55
9 0,336 | 0,12 0,595 3,03 0,65
10 0,09 0,565 3,105 0,68
11 0,08 Pimenus Hemae

Brue AUg Ha 3HaueHHs 1iboBOi GyHKIii B onTUManbHOI Touli (Thy)
MOKa3aHo Ha puc. 2.
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2,0 * I
T \v =077

15 |

=
o Vo =057
’ ==

Ve =034
05 —
0

0,05 01 015 Ay_0.2

Puc. 2. BB AUg Ha TpuBaiicTh ranbMyBaHHs Ty

3 Tabu. 4 Ta puc. 1 1 2 BUIUIMBAE, 1O HA BIIMIHY BiJl IIBUAKOCTI PyXy
CYZHA Vi, TIMOMHU BOJM A7 1 KPATHOCTI ONOPY AMHAMIYHOTO rajlbMyBaHHS
kps, BiTHOCHA 3MiHa Hanpyru AU BIUTMBAE MPU ONTHMAaIEHOMY YIIpaBIIiHHI
1 Ha ONTHUMAJTbHUI 3aKOH YIPaBIiHHA Y¥, 1 Ha TPUBAIICTh rajJbMyBaHHs Tyy.
[pudyomy BB Ha Ty AyKe 3HAYHUE 1 3pocTae 3i 30UIBIICHHSIM Vi
Buxongsun 3 mporo, AUs Mae OyTH BKIIOUEHHH OO TPYyNH 3HAUYIINX
(hakTopis.

Po3risiHyTI BUIlle TTapaMeTpH XapaKTepPU3YIOTh BIUIMB HAa ONTHMaJbHE
YIpaBIiHHSA TPEOHUMH EJEKTPOJBUTYHAMU 3O0BHIIIHIX YMOB BHUKOHAHHS
MaHeBpy Ta MOXJIMBOCTI peanizalii peKUMy AMHAMIYHOTO TaJbMyBaHHS,
BUXOJISIYM 3 JIOTPUMAaHHS €HEPreTHYHOro OanaHcy mporo mpouecy. OmHak
SIK TIOKa3aJM MPOBEACHI HochipkeHHs [3, 6, 8], KpiM HHX, Ha 3aKOHH
ynpasiiaas ['EJ] icToTHO BIUIMBAIOTE 1 y3arajibHEH1 0e3po3MipHi mapamerpu
npomyinscuBHOro kKommiekcy Cgs, Cgs 1 Cgio. Lle T1 mapamerpwm, siki
KUTBKiCHO XapaKTepU3yIOTh CTYIiHb:

3HIKEHHS TIO3J0BXXHBOI CKIIag0Boi pe3ynbTyrouoi EPC rereparopa, sike
BHUKIIMKAHE PEAKII€I0 IKOPsI CHHXPOHHOT MarmHU — Cs;

MaIiHHS HAIPyTH Ha PEaKTUBHHUX OIOPax OOMOTOK TeHepaTopa I Jac
pobotwu mig HaBaHTaKeHHM — Cgs;

BIUIMB HaBaHTA)KEHHS TeHepaTopa (3a BEJIMYMHOIO Ta 33 XapaKTepoM) Ha
KyT 3CyBY (a3 Mixk cTpyMoM Ta 11o310BxHb0I0 EPC — Cgip.

ChiBBiHOLIGHHST Ul PO3paxyHKy  LUX  IapaMeTpiB  3a
KOHCTPYKTHBHMMHU mapamerpamu ['EY Ta MOXnMBI Jiama3oHd 3MiHH iX
3HA4YCHb HaBeJNIEH1 ¥ [4, 5].

[IpoBeneHuit Bumie aHami3 BIUIMBY pi3HHX (akTopiB (BKIIOYAIOYH
KoHCTpyKTHBHI mapamerpu ['EY) Ha onTumanbHi pilIeHHS J03BOJISIE
3pOOHTH Taki BUCHOBKH. ¥YCi YNHHUKH MOYKHA MOJUIMTH Ha 1Bi rpymnu. [lo
TIepIIoi BiTHOCSTHCS Ti, SIKi MPAKTUYHO HE IMO3HAYAIOTHCS HA ONTUMAIBHUX
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TapamMeTpax 3aKkOHiB YNpaBmiHHA V™ =y (Y5, ky, T), ane BIIMBArOThL Ha
pe3ynbTaT BHKOHaHHS MaHeBpy — Tp. Jlo Apyroi rpymu BiJHOCATBHCS
rapameTpy, SKi BIUIMBAIOTh 1 Ha ONTHUMalbHI MapaMeTpd 3aKOHIB
yIpPaBIiHHSA, 1 HA TPUBATICT TAIbMyBaHHS — Ty;.

3 ypaxyBaHHSM 3aBJAaHHS IMOINYKY ONTHMANBbHUX 3aKOHIB YIPaBIiHHS
Y =vWseky, T) mns  pismux (y KOHCTPYKTMBHOMY — BHKOHAHHI)
MIPOMYIBCUBHAX KOMILIEKCIB, O 3HAUyImuX (akTopiB (pu (ikcoBaHUX
3HAYeHHAX kpp 1 hr) chig BigHecTH Vviy, AUg, Cgs, Cgs 1a Cgro. Cepii
ONTUMI3aIlifHUX PO3pPaxyHKIB Halll MOXIMBICT 3HAUTH ONTHMAIBHI
3aKOHHM YIPABIIHHS JJIsl PI3HUX BapiaHTIB CIIONYYEHHs 3HAYyIIUX (hakTopiB.
Sk mpukian, HMXKYE HaBeAEHI pe3yJbTaTH MOIIYKY ONTHMalbHUX
3aKOHIB yIpaBiiHHA BigHocHOl Hampyrow ['EJl 3 ¢ikcoBaHumMu

3HaueHHAMHU kpp = 0,12 1 hoo TIPH PI3HUX MIBHIKOCTSX Vip AT PI3HUX
MO€EHAHHAX 3HauyIuX ¢akropiB, AUg, Cas, Cgs 1a Cgro. Jlesiki BapianTn
MO€JHAHB Ta 3HAICHI ONTHMAJIbHI PIllICHHS HABEICHO y Ta0J. 5.

Tab6mus 5
[Moenranus 3HaUNMUX (AKTOPIB Ta 3HAMIEHI ONTUMANBHI PIICHHS
i 3HaveHHs 3HAaYUMHUX (DaKTOPiB Onuvasui
Bapiant p pitenns
(xpuBa)

vin | AUg | Cgs | Cos Coo | Y., k, | Ty
0,4 10,25 10,86 |0,05 0,572 10,935 3,010 0,39
04 10,05 10,86 [0,05 | 0,572 10,545 [3,020 [0,66
0,6 |1025 10,86 [0,05 | 0,572 10,745 | 3,07 [0,67
0,6 | 0,07 10,86 0,05 | 0,572 0,63 3,0 10,84
0,8 10,25 10,86 [0,05 | 0,572 10,655 | 3,27 [1,30
0,8 |0,07 10,86 0,05 | 0,572 0,63 [3,055 [1,39
04 1025 |1,11 0,05 | 0,572 [1,035 [3,015 [0,39
04 ]0,12 |1,11 0,05 | 0,572 ]0,610 | 3,06 [0,60
0,6 |1025 |1,11 {0,05 | 0,572 [0,895 [3,215 [0,62
0,6 |03 |1,11 0,05 | 0,572 0,63 |3,04 ]093
0,8 1025 |1,11 [0,05 | 0,572 0,75 14,925 |[1,14
0,8 1025 |1,11 [0,05 | 0,572 0,63 |3,05 [1,65
04 1025 |1,35 {0,05 | 0,572 [0,845 [3,041 [047
04 ]0,16 |1,35 {0,05 | 0,572 0,615 | 3,09 0,63
0,6 1025 |1,35 {0,05 | 0,575 10,845 [3,015 |0,71
0,6 |06 |1,35 [0,05 | 0,572 0,58 |3,36 [1,18
0,8 1025 |1,35 {0,05 | 0,572 [0,805 [3,535 [1,24
0,8 10,20 |1,35 [0,05 | 0,572 0,68 [3,185 |[1,65

= i bl el e S S E BN R B Y

178



ABTOMATH3AIIis CYTHOBHX TEXHIYHUX 3aC001B Bunyck Ne 31

3a HacnmigKaMH pO3paxyHKiB Ha puc. 3 moOynoBani rpadiku 3
ONTUMAIBLHUMHU 3aKOHaMM yNpPaBMiHHA V" =¥ (Vs ky, T) g mepmx
LIECTH BapiaHTiB PO3paxyHKIB.

Tk
3

0 0.4 0.8 1.2 1.6 T 20

Puc. 3. OnTuMainbHi 3aK0HU ynpasiiHHs npH rajgsMyBaHHi ['EJ]

Ha puc. 4 npencrasneni 3anexuocti Ty = T(v;,) A7 BU3HAYCHHS
TPHUBAJIOCTI TalbMyBaHHA TpeOHMX IBUTYHIB B (YHKII IMTOYaTKOBOI

LHBI/ILIKOCTi.
i M /%6
2.0

0.5

e 5

0 02 0.4 06 0.8 v, 1.0

i
Puc. 4. 3anexuicts Ty Bi MIBUIKOCTI CYIHA Viy
AHaJi3 OTPIMaHUX PE3yNIbTaTIB OKa3ye HACTymHe. HaiOimbImii BIuTuB

Ha ONTHMAJIbHI 3aKOHH praBJ’IiHHH Ta TpI/IBa.J'IiCTB TaJIbMyBaHHS HaJa€
JAOIMYyCTUMC 3HAYCHHS HpOBaJ’IiB Hanpyru AUG 3 MOCHJICHHSIM BUMOT 3a
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JONYCTHUMHUM 3HadeHHsIM AUg, gk 1 cmig Oyso OYiKyBaTH, HEOOXiIHO
3HW)KYBAaTH IHTCHCHUBHICTh T'aJbMyBaHHS, IO BigOWIOCS B 3MEHIICHHI
Y., ik}. OpmouacHo i3 mMM, IiTKOM HPHUPOIHO, 3POCTAE TPHBATICTH
ranbmyBaHHs EJL.

BucHoBKH.

1. OTpumaHi pe3yabTaTd UIOCTPYIOTh MOXKJIMBICTD  IMiJBHINCHHS
e(eKTUBHOCTI pOOOTH IPeOHMX EIIEKTPUYHHUX YCTAHOBOK €JIEKTPOXOJIB Ha
MaHEBPCHHX pEXKHMaxXx poOOTH. 3a pPaxyHOK ONTHMI3alii 3aKOoHIB
YIpaBiHHSA TPEOHUMH EJEKTPOJIBUTYHAMH MOXKHA CYTTEBO CKOPOTHUTH
TpuBanicts ranpMmyBaHHs ['EJ] i, BiINOBiAHO, TPUBAJICTh TaIbMyBaHHS
CaMoro eJIEKTPOXO/y.

2. Po3pobrneno pgiarpamu 3 ONTHMaJbHHMH 3aKOHAMH YIIPaBIIiHHS
TpeOHUMH EIIEKTPOJABUTYHAMH, SKi 3a0€3MeUy0Th MiHIMAIIbHY TPHUBATICTh
raJbMyBaHHSL.

3. Ins OyOp-IKOTO eJEKTPOXOoAy (3 BiAMOBIAHUME 0€3pO3MipHUMH
mapaMeTpamu) 3 po3riasHyTuM TurioM ['EJ] pekomeHnmyeTscs 3adikcyBaTtu
Koe(ilieHT k; MOCTIHHOIO BEJIMYMHOIO Ta 3aKJIACTH HOTOo SIK Mapamerp
3aJaTYMKa IHTEHCHMBHOCTI HAPOCTaHHS CUTHANY ympaBiiHHA. [licns mporo
CTa€ MOXIHMBUM BHOIp HaWKpamux 3aKOHIB YIPaBIiHHSI IPH PIi3HUX
3HA4YEHHSX Vip 1 AUG.
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Abstract. A method for finding optimal control laws for ship propulsion
electric motors for braking modes of electric ships has been developed. The
propulsion electric motor is considered as an integral part of a single ship
propulsion system. The necessity of such an approach is substantiated. The
braking procedure has been refined. The duration of the propulsion electric
motor braking process was chosen as an optimality criterion. A control law
for electric motors during dynamic braking has been formulated. A method
for finding optimal parameters of the control law has been developed. An
objective function has been formed and constraints have been defined. Based
on the results of the braking mode energy balance, a ratio has been found
between the power loss in dynamic braking resistances and the propulsion
electric motor power. It has been shown that this ratio determines whether
dynamic braking can be implemented in practice. Recommendations for the
purpose of this ratio have been formulated. The influence of maneuvering
conditions, external factors, electric ships’ design parameters and their
electric power plants on optimal solutions has been assessed. Factors with a
significant influence have been identified. The influence of the vessel's
initial speed, water depth, acceptable voltage drops in the ship's electrical
system, and the design parameters of the propulsion system on the optimal
solution were assessed. Factors that significantly influence both the optimal
control law parameters and the optimality criterion value at the optimal point
were identified. Based on the results of optimization calculations, optimal
control laws for propulsion electric motors were found for various
combinations of propulsion system design parameters with different initial
braking conditions. These laws ensure minimal braking time with acceptable
ranges of parameter variation for all components of the ship's electric power
plant. Recommendations for implementing these laws are proposed.
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I'iOpuaHa npocTopoBo-4acoBa HelipoMepexa sl
NPOTrHO3YBAHHSA PU3HKY BiIMOB micucTEM
CYIHOBOI €HEepPreTHYHOl YCTAHOBKHU

Abstract. This presents a hybrid spatio-temporal neural network for
predicting failure risks in ship power plant subsystems within a digital twin
framework. The proposed convolutional neural network and long short-term
memory  architecture integrates telemetry data, physics-informed
constraints, and fuzzy diagnostic indicators to ensure consistent and reliable
predictions. Experimental validation, including Hardware-in-the-Loop
testing, confirms improved accuracy and stability under noisy conditions.
The model supports real-time deployment and enhances interpretability
through subsystem-level analysis and SHapley Additive exPlanations.

Pestome. Ilpedcmasneno 2ibpudHy npocmopo8o-yaco8y HeupoHH)y
Mmepedicy Oasl NPOSHO3YBAMHA DPU3UKY 8I0MO8 nidcucmem CYOHOBOI
eHepeemUuyHOi YCMAaHo8KU 8 MedHcax yughpoeo2o 06itinuka. 3anpononosana
apximexmypa Ha OCHOGI 320PMKOGUX HEUPOHHUX Mepedic I mepedc 006201
KOpOMKO4ACcHOI nam’smi  iHmeepye melemempuyni  OaHi, Qizuuno
00TpYHMOBaHi  obMmedceHHss ma  Heyimki  OIAZHOCMUYHI  O3HAKIL.
Excnepumenmanvua eanioayis niomeepodicye nioguuyeHy mouHicms i
cmitikicms modeni. Inmepnpemosarnicmo 3a0e3neyyemvcs 3a 00ONOMO20i0
memoody SHapley Additive exPlanations.
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The increasing complexity of modern ship power plants (SPPs) and the
nonlinear nature of their degradation complicate long-term risk prediction
[1, 2]. Traditional analytical and fuzzy-based methods, while effective for
local diagnostics, are limited in high-dimensional, time-varying
environments [3, 4]. Neural network models trained on telemetry and digital
twin (DT) data enable identification of latent dependencies between system
states and failure probability, forming the basis of intelligent monitoring
systems [5, 6]. Recent advances in prognostics and health management
(PHM) highlight the effectiveness of deep learning, particularly hybrid CNN
(Convolutional Neural Network)-LSTM (Long Short-Term Memory)
architectures, in capturing spatial and temporal features [7]. However, purely
data-driven approaches often lack physical interpretability and stability.
Physics-Informed Neural Networks (PINNs) address this by embedding
conservation laws into training, improving robustness and generalization
under noisy or limited data [8], though real-time application remains
challenging. Integration of DTs with machine learning enhances prediction
accuracy by combining simulation and real-time data [9, 10]. Multi-source
data fusion improves diagnostics [11], but consistency across heterogeneous
domains remains an issue. Fuzzy logic supports uncertainty modeling [12],
yet requires integration with deep learning in complex systems. Hybrid
CNN-LSTM and multi-branch architectures improve feature extraction and
interpretability [13, 14], while combining statistical reliability models with
machine learning increases stability, especially for rare failures [15, 16].
Despite these advances, key gaps remain: limited integration of data-driven
and physics-based models, lack of unified multi-source representation, and
insufficient application in real-time maritime DT systems [17, 18]. The
proposed approach addresses these gaps through a hybrid framework for SPP
failure prediction, ensuring physical validity and cognitive consistency. It
integrates telemetry, CSM (cognitive simulation model)-based indicators,
and fuzzy diagnostics into a unified representation, and employs a multi-
branch CNN-LSTM architecture for subsystem-specific modeling (fuel,
cooling, electrical). A physics-informed loss function enforces conservation
laws, improving consistency and generalization, while coordinated
integration within a DT aligns neural, simulation, and fuzzy outputs.

The model is validated in a Hardware-in-the-Loop (HIL) environment,
confirming robustness under realistic conditions. The study aims to develop
an accurate and consistent predictive model, including data integration,
architecture design, physics-informed training, and validation with
robustness analysis under noise and ablation scenarios.

Within the DT architecture, the neural network subsystem operates at the
top analytical layer as an intelligent integrator of prognostic risk estimates
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for transmission to the Shore Control Centre (SCC). By fusing
heterogeneous data into a unified cognitive model, it supports remote
monitoring and informed decision-making. The subsystem interacts with
three domains: the CSM (causal failure probabilities Pi(t)), the fuzzy module
(aggregated risks Ri(t)), and the data acquisition layer (sensor and telemetry
data). Its role within the control loop and data flows is formalized in the
system architecture (Fig. 1), which describes the end-to-end transformation
from raw signals to onshore management decisions.

Level 4: Human-machine int o rerride/ C 1
Shore Control Center (SCC)

Operator dashboard & decision making

Integral risk (};’., 5]
Level 3: Predictive Al core (the model) & Explanations

Hybrid Neural Network (PINN CNN-LSTM)
Physics-informed risk predictor

St X F

Level 2: Digital twin data envipOnment \

CSM Model DT Data DB Fuzzy Subsystem

Causal physic: Synchronized Expert heurisfics

ilure } telemetry (uncertainty bounds)

Raw data
Level 1: Physical environment (vessel)
Physical Sensors & IoT Devices H
Telemetry streams (Vibration, Temp, Pressure, RPM) * -----

Fig. 1. Global system architecture of the cognitive DT: an echeloned data
flow from physical sensors to the SCC

The end-to-end information flow (Fig. 1) is organized into four
hierarchical levels: the physical layer (sensors and actuators), where IoT
devices generate raw telemetry; the DT level, where data are enriched, while
the CSM computes causal probabilities and the fuzzy subsystem formalizes
expert knowledge; the artificial intelligence level, where a hybrid CNN-
LSTM model integrates these inputs via a physics-informed loss function
(Lrpe) to estimate the integral risk; and the decision-making level (SCC),
where the validated forecast is transmitted via satellite for operational
decisions.
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The neural network acts as an intelligent bottleneck, filtering large
volumes of raw data and delivering only interpretable, physically consistent
risk estimates. The model performs one-step-ahead prediction of integral
failure risk while accounting for multidimensional SPP dynamics.

Revr = fo(Xeorr) € [0,1],

where fy is a parameterised neural network, X (t—k:t) is a time window of
telemetry data with a depth of k steps, R,,, is the predicted value of the
integral failure risk at time step t+1, 6 is a non-linear approximator (neural
network) with a set of zable weight coefficients 0, (X;_j.t) € R**™ is the
input feature matrix representing a time window of observations with a depth
of k steps, k is the length of the observation window (a model
hyperparameter), M is the number of input physical and diagnostic
parameters.

The integration of the neural network with other DT modules, including
the CSM and the fuzzy subsystem, ensures cognitive consistency of the
forecast. The technical condition indicator S; (from the CSM) and diagnostic
features F; (from the fuzzy subsystem) provide expert knowledge, enriching
raw sensor data, accelerating convergence, and improving decision-making
under uncertainty. The model captures time-varying dependencies, where
the observation window k is a key hyperparameter. In this study, a window
of k = 60 seconds was selected to balance short-term dynamics (e.g.,
vibration spikes) and computational efficiency. The input feature vector X;
integrates three data sources: OREDA databases (statistical failure
parameters, e.g., Weibull, Lognormal), SPP DT data (pressure, temperature,
vibration, rotation speed, consumption), and online telemetry from IoT
sensors and diagnostic modules. The combined input ensures cognitive
consistency and forms the basis for robust prediction. Figure 1 presents the
three-level aggregation scheme used to construct X;, with the overall vector
defined for each subsystem accordingly:

xX¢ = [P, Te, Vi, 01, Sty Q, Fi ], @)

where: P, T; is the pressure and temperature of working media at critical
nodes of fuel, lubrication, and cooling circuits; V; is the vibroacoustic
parameters (RMS accelerations) of bearing units; ; is the rotational speed
of the main engine shaft or turbocharger; S; is a scalar indicator of technical
condition from the CSM model; Q; is the instantaneous fuel consumption
characterising the current load regime; F; is a fuzzy indicator of diagnostic
uncertainty.

The detailed semantics and frequency characteristics of the vector
components are presented in Table 1.
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Table 1
Semantic structure of the input feature vector X
Update
. . Data
Component | Physical meaning of parameter . frequency,
domain Hy
Pressure of working media (oil, High (10—
P fuel, boost) Telemetry 50)
T, Temperature gra'dler?ts inpower| oo try Medium (1-
plant circuits 5)
Vibroacoustic activity (RMS High (100-
Vi acceleration) Telemetry 1000)
Rotational speed of shaft and Medium
o turbochargers Telemetry (10)
Fuel / coolant flow rate (load .
Q: condition) Telemetry | Medium (1)
S State indicator based on the (;igfusizls Low (event-
t - .
CSM model (SE€[0,1]) based) driven)
Diagnostic feature of the fuzzy Expert- Low (on
Fi based
subsystem . demand)
(logic)

This multidimensional feature vector structure ensures accurate
modeling of complex SPP degradation processes. It correlates low-level
stochastic sensor fluctuations with high-level structural health indicators,
providing the SCC operator with a comprehensive and interpretable
assessment of the asset's technical condition. To preserve the kxM matrix
structure required for the operation of 1D-CNN layers, low-frequency expert
features (S, F;) are broadcast to all steps of the current observation window
k. This ensures that the neural network takes into account a stable physical
context when analysing high-frequency oscillations of pressure or vibration.
The overall input vector X; is a fusion of raw sensor data and synthesized
diagnostic metrics, defined by Equation (1). For CNN-LSTM processing, its
temporal structure is explicitly represented, with the combined input window
Xk forming a kxM matrix (e.g., 60x7), where k=60 s. High-frequency
features P, Ty, Vi,,Q; are updated at each time step At, whereas synthesized
features are low-frequency. The technical condition indicator S, derived
from the CSM, represents the subsystem’s aggregated health (e.g., S;€ [0,1]
or a binary state) and is updated at a coarser rate. Diagnostic features F,
obtained from the fuzzy subsystem, quantify uncertainty and local risk and
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are also updated infrequently. To preserve the required matrix structure for
the 1D-CNN layer, S; and F; are broadcast across the entire observation
window X, remaining constant for all k time steps and taken from the
latest available low-frequency update prior to time t.

Sensor Reading(t') forPTV,w,Q
Feature(t') =< Sigtest for SWheret —k <t' <t
Fiatest for Fwheret —k <t' <t

where t' is the current step index within the time window; Siatest, Flatest 1S the
latest available values of causal and fuzzy features up to time t.

This multidimensional structure enables mapping low-level stochastic
sensor fluctuations to high-level structural health indicators (Fig. 2). The
model’s prognostic capability relies on cognitive consistency via integration
of multi-domain features. The input vector X unifies process dynamics,
causal physical knowledge, and expert uncertainty through a three-level
aggregation scheme (Fig. 2).

Integral risk
R totalttny € 0,11 | 777 :

Analytical block of the cognitive twin Operator
interface

(SCC)

Neural network core
CSM model ~
Multi-branch CNN-LSTM

(Cognitive simulation S¢ Fy (Fuzzy logic)

Fuzzy subsystem

model) Multimodal knowledge integrator Expert assessment
aggregation

Causal physics P(t)

Physics-informed loss

Data acquisitiof and preprocessing level X, ‘\’

Statistical basis Synthetic domain

Online telemetry
OREDA database Digital twin

IoT streams (T. P. V. &,
(LEV. @) Failure history simulation data

Fig. 2. Multi-level architecture of intelligent monitoring: integration of the
neural network core with the functional domains of the DT

Fig. 2 shows that X; concatenates features from dynamic (time-series
telemetry), causal (CSM physics-based indicators), and fuzzy (uncertainty
and local risks) domains. This links low-level sensor data with high-level
health indicators, providing SCC operators with a comprehensive system
view. The approach combines high-frequency temporal dynamics with low-
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frequency expert knowledge. Preprocessing includes normalization, spline-
based imputation of missing values, and median filtering to remove outliers.
For each window of length k=60 s, a training tensor X;-«. and R; is formed.
To capture complex spatio-temporal degradation, a hybrid CNN-LSTM
architecture [13] is used, combining 1D-CNN for feature extraction and
LSTM for long-term temporal dependencies. To better represent subsystem-
specific degradation, the model is implemented as a multi-branch parallel
structure (Fig. 3).

PARALLEL PROCESSING BRANCHES

lDC\'\ LSTM
[64] Filter [128] units l

Subsystem. =
: ;D o LeTu : | Conmeced
(64] Filter [128] units ) [64] Units
1D-CNN LSTM B I
[64] Filters [128] units

Fig. 3. Multi-branch CNN-LSTM architecture for SPP risk prediction:
parallel feature extraction and subsystem aggregation

Input Data
Window

To prevent statistical interference between heterogeneous physical
parameters, the predictive core employs a multi-branch CNN-LSTM
topology (Fig. 3). The input telemetry window X (60x7 matrix) is directly
segmented into three domain-specific sub-matrices X fuel, Xt.cool, and X elec),
enabling isolated spatio-temporal feature extraction for each major SPP
subsystem.

Segmentation rule: Xife: includes parameters directly related to fuel
system operation (e.g., fuel pressure Pf.e, fuel temperature Tre, and fuel
flow rate Qy); Xicoolt includes parameters related to the cooling circuit (e.g.,
coolant temperature Teool, cOolant pressure Peoor); Xielec: includes parameters
reflecting mechanical and electrical load/condition (e.g., vibration Vi,
rotational speed w:, and auxiliary metrics). Each of these segmented sub-
matrices is fed into its own independent, yet structurally identical CNN-
LSTM branch (as defined by layers 1 and 2). This parallel processing ensures
the dedicated extraction of local patterns and the robust modeling of long-
term temporal dependencies specific to each physical domain. The resulting
hidden state vectors (hefue'?, hicool®, heelec®) from the parallel LSTM blocks
are subsequently concatenated in the subsystem aggregation layer to form
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the unified system state vector z;,, as formally defined in Equation (2). This
integrated approach guarantees the cognitive consistency of the forecast by
synthesizing knowledge extracted from disparate physical domains of the
complex technical system. The model includes four functional layers:

1. Feature extraction layer (1D-CNN).

The one-dimensional convolutional layer performs the extraction of local
spatial patterns from the multi-domain input:

hY = ReLu(W, - X, + b.),

where hgl) is the hidden state vector after the convolutional layer; W, is the
matrix of convolutional filters; X; is the input observation vector; b is the
bias term; ReLu is the activation function (rectified linear unit).

2.Temporal encoding layer (LSTM).
The recurrent layer based on Long Short-Term Memory (LSTM) blocks
models the inertia of processes

h® = LSTM(R®, c,_y):

where LSTM is the memory cell and forget gate mechanisms to account for
the inertial properties of processes in the subsystems of the SPP (e.g., thermal
and vibration effects); hgz) is the hidden state vector of the recurrent layer;
ct_1 1s the memory cell state at the previous step.

3. Subsystem aggregation layer.
The aggregation layer combines the data from parallel branches into a
unified system state vector z:

@ @ Lo

Zt =Concat(ht,fuel’ t,cool’ t,elec)’ (2)

where hg?uel,hg?c)()ol,hgglec - hidden state vectors obtained at the second
level (LSTM layer) for different subsystems of the SPP: hg?uel - fuel
system; hg?o o - cooling system; hgi), cc - power supply system.

This layer reflects the implicit interaction between subsystems by
assuming that the concurrently calculated hidden states from each subsystem
(fuel, cooling, electric) independently contribute to the overall system risk.
This concatenation step is crucial as it ensures a comprehensive, cognitively
consistent representation of the multi-domain system state before the final
prediction.
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4. Fully connected output layer.
Generates the forecast of the integral failure risk:

Riyi = oW,z + b,),

where o(+) is the sigmoid activation function that normalizes the result
within the range [0,1]; W,,, b, is the weights and bias of the output fully
connected layer.

The resulting value is R’ 1+ interpreted as the probability of the system
transitioning into a degradation state at the next time step. The summary
structure of the architecture is presented in Table 2.

Table 2
Structural specification of the layers of the hybrid neural network (Multi-
Branch CNN-LSTM)

Parameters / .
Activation Output
Layer type number of function Output dimension
neurons
Sliding window
Input layer (k<M) - X 60x7
Convolutional Ien) 64 (per
(1D-CNN) 64 filters (3x1) ReLU hy branch)
LSTM . tanh / @) 128 (per
memory cells 128 units sigmoid hy branch)
_ 128 (per
Dropout rate = 0.2 - - branch)
Subsystem Branch i ” 3x128 =
aggregation concatenation ' 384
Fully 64 neurons ReLU - 64
connected
Output layer 1 neuron Sigmoid Riiq 1

The architecture (Table 2) is designed for real-time processing of
streaming data. The initial 1D convolutional layer (64 filters) acts as a high-
frequency spatial filter, extracting short-term mechanical anomalies directly
from raw sensor inputs without prior preprocessing. The subsequent LSTM
layer (128 units) captures long-term thermodynamic degradation trends. To
reduce overfitting to stochastic marine noise, Dropout regularization
(rate = 0.2) is applied in each branch. The subsystem aggregation layer then
concatenates outputs from the fuel, cooling, and electrical branches into a
unified 384-dimensional latent vector, enabling the fully connected network
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to perform cross-domain feature fusion and compute the integral risk
indicator.

To ensure a high level of confidence of the SCC operator in the generated
predictions, model training is implemented within the paradigm of physics-
informed learning. The final loss function is minimised iteratively: Lgaw 1S
the standard prediction error based on observed data (for example, mean
squared error (MSE) between the predicted and actual risk values); Lynys is
the penalty for violation of physical dependencies derived from
thermodynamic, hydraulic, and vibration models of the digital twin. The
final loss function is expressed as [8]:

Ltotar = Laata + 41+ Lphys >

where A is the regularization coefficient that determines the degree of
influence of physical constraints on the training process.

The regularization coefficient A was selected as A =0.5 using the L-curve
method and further tuned via grid search to balance prediction accuracy
(Ldata) and physical consistency (Lphys). Minimizing the total loss
Lwwenforces agreement with physical laws and prevents non-physical
predictions. This integration enables training on both empirical data and
structural dependencies within the system. The model is trained on a
combined dataset including SPP digital twin time series (pressure,
temperature, vibration, rotational speed, generator load, etc.), historical
failure data (e.g., OREDA), and synthetic CSM data describing
probabilistic—causal relationships between subsystems.

Such integration of data sources provides comprehensive model training
- both from empirical operational data and from formalized structural
dependencies among a complex technical system elements.

The main component Lya is calculated as the MSE:

_1ynN truey2
Ldata N i=1(Ri _Ri ) >

R{™¢€ is the reference label

where N is the number of samples in the batch;
of failure risk from the training dataset.

The Physics-Informed Loss (Lpnys) regularizes training by enforcing SPP
conservation laws and penalizing deviations from DT-based
thermodynamic, hydraulic, and vibration constraints, including conservation
of energy, mass, and momentum (heat balance, flow, pressure, and rotational
dynamics).

Formal Definition of the Physical Loss Term

The physical loss term, Lynys is defined as the MSE of the residuals, Rj,
of the governing physical equations. The residual R; is the error that results
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when the predicted parameters and their derived temporal derivatives
(calculated from the neural network's input window) are substituted into the
physical conservation equations (where the result should ideally be zero).
This loss function quantifies the deviation from the conservation laws
formalized within the DT's CSM. The general form of the Lppys is:
Loys = 3o DL B0 R (Ko, Rua, 007

where N is the total number of time steps (windows) in the training batch;
Kphys 1s the total number of distinct physical equations/constraints applied
(i=1...Kphys); Ri(...)=0 represents the i-th differential or algebraic
conservation equation; X is the input observation window; R, is the
predicted risk.

As an academic example, consider the simplified heat balance equation
for the cooling circuit (Subsystem j), which is one component of the total

Lphysl
dE

e = —_—— .. —_ ] = .
Rh at dt (eln eout) 0

where dE/dt is the rate of change of internal energy (approximated from
Vi - T; and Pj); Oin — Oyt is the net heat flow (derived from operational
parameters 6, and physical model ).

The corresponding residual term R; to be minimized by the neural

network weights 6 would thus be:
Ry = (V- Tp) + ¢ (Fm! (P, 0) = T)) = 0.

The neural network is enalized if its prediction leads to an overall system
state where the measured temperature change (V, - T;) significantly deviates
from the value predicted by the physical thermal model ~ f;*¢™(P;, 6,)
(which accounts for fluid flow, heat exchange, etc., and is derived from the
DT's CSM).

Since the input data consists of discrete time series, the temporal
derivative (V;) of the physical parameters (like pressure P; or temperature Tj)
is approximated numerically using the forward difference scheme between
two consecutive time steps (A; ):

Pj(t+AD)—P;(t)
At ’

thjj =

where I, P; is the estimate of the time derivative of pressure P with respect
to time t; At is the telemetry discretisation step.
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_— T, (t + At) — T(¢t)
;o At '

This numerical method provides the empirical dynamic behavior of the
system, which is then enforced to align with the theoretical behavior ;')
during the model's training. The final total 10ss Liotal = Ldata + A "Lphys 18
minimized iteratively to achieve a balance between empirical prediction
accuracy (Lgaa) and physical consistency (Lphys). The Lpnys component
enforces dynamic consistency between observed physical changes and the
modeled term fi***'®¥ | derived from governing equations (e.g., thermal and
energy balance). The model’s construction and training are formalized as a
data flow diagram, with digital twin constraints integrated into the
backpropagation loop (Fig. 4).

FORWARD PASS (NNY

Sensor data
X
A 4
Feature extraction
BTy =
1 1ID-CNN
1
'
H A 4
' -
[ Temporal encoding
1 LSTM
'
1
H A 4
eeod . Prediction layer True labels Physical variables
: Dense network Ry CSM / Digital twin
1 Ri™ States
1 A 4 ) J v
'
! Predicted risk | Ren ) Compute Laata Compute Ly,
' Reps RMSE error Physics-informed residual
1
' ¥
1
1
H Total 1oss Ciotar
: Laata + Alpnys
1
1 A 4
'
| I — V0 Backpropagation |- - = = = == = = = = = = = = = = = = Update weights &
Adam optimizer

Fig. 4. Data flow diagram and backpropagation mechanism in the process
of training the hybrid model

The scheme (Fig. 4) shows two coupled optimisation loops: the main
forward flow from sensors to the predictive layer and an auxiliary branch of
a priori constraints derived from the digital twin. Training iteratively
minimises the total loss Lo, Where Laaw fits observations and Lpyys serves
as a strict regulariser. This feedback enforces agreement with noisy data
while constraining predictions within engineering limits, preventing
physically impossible results — critical for autonomous navigation safety.
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Training of the PINN combines data-driven optimisation with physical
constraints. Parameters ¢ and 6 are updated adaptively as operating
conditions change. The model is trained with mini-batches using Adam (o =
107%), and its generalisation is assessed via 5-fold cross-validation. The
physics-informed loss ensures consistency with conservation laws,
improving reliability under incomplete data and robustness to sensor noise.
Thus, the CNN-LSTM model functions as an intelligent predictor within the
digital twin, uniting empirical patterns with physical laws. For validation
under near-real conditions, a dedicated Hardware-in-the-Loop (HIL) test
bench was developed (Fig. 5).

Simulation environment (PC) Physical hardware (Edge)

Telemetry (z_k)

Ship dynamics model 1 . [

(6-DOF Hydrodvramies)

ARM Cortex-AT2

Hybnd CNN-LSTM

SatCom Hub Predictive engine

Nt delay emulator)

SPP Simulator : FedPINN Inference
(Thermodynamic state solver) ‘—'— ‘_._

" Riik forecadl & Conirol

Fig. 5. Semi-physical (HIL) test ben diagram: integration of an ARM
Cortex onboard computer with an SPP physical process simulator

Using areal ARM Cortex-A72 (4x1.5 GHz) in the loop enables objective
latency assessment. With satellite communications (SatCom) degradation
emulation, the model shows robustness to packet loss: inference time is 42
+ 5 ms per prediction, with peak RAM under 128 MB, meeting Hard Real-
Time edge constraints. The PINN architecture is highly scalable within the
SCC ecosystem: its multi-branch design enables vertical expansion without
restructuring, supports cost-efficient horizontal scaling for fleet monitoring,
and reduces SatCom traffic by transmitting only the aggregated risk vector
(over 98 %).

A fixed observation window of 60 s (Table 3) was selected to balance
capturing LSTM temporal dependencies with computational efficiency. The
regularisation coefficient A is a key parameter defining the trade-off between
Ldata and Lphys; its optimal value was determined via grid search over [0,
1] with 5-fold cross-validation.
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Table 3
Technical parameters for deployment of the predictive model
Deployment Value Comment
parameter
Response time <50 ms Meets ha.lrd real-time
(latency) requirements
Required memory ~120 MB Acceptable for edge computing
(RAM) (ARM/Jetson)
Synchronized with main
Throughput 10 Hz sensors of the power plant
SatCom traffic - 98 Due to onboard edge data
savings ° processing

The hybrid CNN-LSTM model’s efficiency and stability depend on
hyperparameters controlling learning, representation, and complexity. For
reproducibility, the configuration (Table 4) was obtained using the same
procedure; the regularization coefficient remains the most critical parameter

and requires further analysis.

Table 4
Hybrid CNN-LSTM model hyperparameter configuration
Parameter Value Description
Observation 60 s Length of the time series segment
window length (k) used for prediction.
Input feature 7 The dimensionality of the input
count (M) vector X, per time step.
Batch size 32 Number of samples processed before
updating the model weights.
Optimizer Adam Adaptive moment estimation
algorithm.
Parameter Value Description
Learning rate (@) 107 Adaptive learning rate for weight
updates.
Epochs 100 Total number of full passes over the
training dataset (with early stopping).
Regularization 0.5 Weighting factor balancing Lga and
coefficient (1) (empirical) Lphys
Cross-validation 5-fold Scheme used to ensure generalization
scheme capability and prevent overfitting.
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A deeper analysis is required to validate the critical trade-off parameters:
the observation window length (k) and the regularization coefficient (1). The
selection methodology for the regularization coefficient is illustrated in
Figure 6. As shown by the L-curve (Fig. 6), increasing A from 0 to 0.5 sharply
reduces Lpnys while maintaining low RMSE; A = 0.5 provides the optimal
balance. For A > 0.5, RMSE rises, indicating overemphasis on physical
constraints at the expense of sensor-driven dynamics. The time window k =
60 s reflects SPP inertia and external disturbances: with load oscillations of
8-15 s, it captures 4-7 cycles, allowing the LSTM to separate short-term
fluctuations from long-term degradation.

—e— RMSE (Root Mean Square Error)
\ —®— Physical Loss (L_phys)

e

L_phys (Physical Loss)

RMSE (Rool Mean Square Error)
°
8
,

] 02 04 0.6 08 1

Regularization coefficient (1)

Fig. 6. Trade-off between empirical accuracy (RMSE) and physical
consistency (Lphys) as a function of the regularization coefficient A

The optimal regularisation coefficient A = 0.5 corresponds to the L-curve
“knee”: for A < 0.3 the model overfits to sensor noise, whereas for A > 0.7
physical constraints dominate, suppressing empirical features and increasing
systematic error. To assess the model’s quality, standard regression metrics
are applied: MAE; root mean square error (RMSE); coefficient of
determination (R?), as well as the k-fold cross-validation procedure, which
guarantees model robustness against overfitting.

The choice A = 0.5 follows the L-curve criterion, where gains in physical
consistency no longer justify losses in empirical accuracy. Sensitivity of
MAE to k and A was also analysed (Fig. 7).

Analysis of Fig. 7 shows that reducing the window to 30 s increases error
by 18 — 22 % due to aliasing of slow thermal dynamics, while extending it
to 120 s yields negligible accuracy gains (<1.5 %) but sharply increases
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random access memory (RAM) usage and introduces unacceptable real-time
delays.

‘--» k= 30s (Too shorf) == k = 60s (Proposed optimum) B~ k = 120s (Diminishing returns)

008

A~

007

Physical bias dominance
4., | Overfitting to noise :

0.06

005

0.04

Prediction error (MARE)

003

0.02

Regularization coefficient (i)

Fig. 7. Sensitivity analysis of the predictive model: the influence of the
observation window length (k) and the regularisation coefficient () on
prediction accuracy (MAE)

Together, these elements form a trainable neural subsystem of the digital

twin, providing adaptive prediction of failure probability and integral risk
based on sensor data streams:

1 ~
MAE =~3IL; IR = R,

1 ~
MRSE = Jﬁz?’zl(Ri —RP)2,
TiRP-Ry)?

2 — a2t U
R - 1 Zi(Riexp_E)Z:

where R{™" is the actual (empirical) risk values; R; is the predicted values
produced by the model; R is the mean value of actual risks.

Before training, a statistical analysis of feature distributions using Kernel
Density Estimation (KDE) was performed to verify data representativeness
and reduce bias toward dominant classes. As shown in Fig. 8, data density is
evaluated across four SPP subsystems: fuel, cooling, electric power, and
control.

197



ABTOMATH3AIIIs] CYJTHOBUX TEXHIYHUX 3aCO0IB

Bumnycxk Ne 31

08

—_—— s
Normal operation zone |,

(Abundance of daia) | *

77 X

= Fuel subsystem
= = Cooling system
== Control system
Electrical system

Data deficit zone
(High risk, R > 0.8)

Sample density (normalized)

0.0 0.6 08 1.0
(Normal) (Failure)
Failure risk index, R(t)

Fig. 8. Density distribution of the training dataset by integral risk levels for
various SPP subsystems

Figure 8 shows data density across four subsystems (Fuel, Cool, Elec,
Control). Most observations lie in the low-risk zone (R < 0.5), reflecting
normal operation. Cooling and electrical systems dominate with medium-
risk cases (0.2 <R < 0.6), while high-risk events (R > 0.8) account for only
5-7%, motivating data augmentation via CSM-generated scenarios. High-
risk cases are mainly concentrated in the control subsystem, highlighting its
critical role despite fewer parameters.

This distribution guides dataset balancing (e.g., oversampling, class
weighting) to avoid bias toward dominant classes. Model adequacy was
assessed by comparing predicted risks with DT-based reference values on an
isolated test set containing rare emergency scenarios (fault detection and
isolation attacks, cylinder—piston degradation), with results shown in Fig. 9.
Analysis of the scatter diagram (Fig. 9) revealed a slight dispersion in the
low-risk zone (R < 0.2), caused by hardware sensor noise, and a tendency
towards slight overestimation in the ultra-high-risk zone (R > 0.8), which is
acceptable from the standpoint of a conservative safety strategy (Safety
First). Quantitative accuracy results for the key SPP subsystems are
presented in Table 5.

Most predicted values lie close to the diagonal y=x, indicating strong
agreement with reference data (R* = 0.982). Errors remain low (MAE <
0.03, RMSE = 0.04). Minor dispersion at low risk (R < 0.2) is due to sensor
noise and weak degradation signals, while slight overestimation at high risk
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(R >0.7) reflects limited training data for rare failures; this can be mitigated
by denoising and data balancing (e.g., synthetic generation).

Predizted risk index R(t)

IPse |

o 02 04 06 [ 1

Actual risk index R(t)

Fig. 9. Comparison of hybrid model predictions with reference DT data

Table 5
Accuracy metrics for failure risk prediction by subsystems
PPS MAE RMSE Pearson cor;ela‘uon
coefficient
Fuel system 0.024 0.038 0.985
Cooling circuit 0.031 0.042 0.978
Power unit
(Generators) 0.028 0.035 0.981
Integral indicator 0.027 0.039 0.982

Benchmarking against Weibull, LSTM-only, and CNN-only models
confirms the superiority of the hybrid PINN CNN-LSTM. Error reduction
versus the best baseline (LSTM) is statistically significant (p < 0.001). The
model matches or exceeds state-of-the-art results, benefiting from physics-
informed constraints that improve accuracy under data scarcity. Unlike
classical statistical models, it adapts to unit-specific degradation, while
physical laws act as a filter that preserves accuracy in high-risk regimes
where purely data-driven models degrade. A combined benchmark and
ablation study across Weibull, LSTM-only, standard CNN-LSTM, and the
proposed PINN CNN-LSTM confirms the contribution of each component.
Summary results, including R2, are presented in Table 6.
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Table 6
Comparative benchmark of predictive models on the test dataset
Predictive model architecture MAE RMSE | R? Score
Weibull Mode?l (Statistical 0.184 0215 0.412
baseline)
CNN-only (Spatial baseline) 0.078 0.092 0.815
LSTM-only (Temporal baseline) 0.062 0.075 0.894
Standard CNN-LSTM (Data- 0.046 0.058 0.941

driven / No physics)

PINN CNN-LSTM (Proposed

model) 0.027 0.039 0.982

Analysis of Table 6 confirms the theoretical hypotheses on architectural
components, showing the hybrid PINN’s predictive reliability (R? = 0.982).
The physics-informed approach is essential for Ship Power Plants (SPPs),
which lack sufficient historical data on catastrophic failures. Purely data-
driven networks (Standard CNN-LSTM) overfit to sensor noise, while PINN
enforces thermodynamic constraints, reducing mean absolute error by 41%
and preventing "mathematical hallucinations" under scarce data. Figure 10
illustrates these dynamics, comparing statistical baselines and the effect of
the physical regularizer.

The graphical comparison (Fig. 10) shows that the proposed hybrid
approach yields the lowest prediction error among all methods. The
statistical Weibull model remains less accurate (RMSE > 0.2) due to its
inability to capture environmental disturbances. Recurrent networks (LSTM)
significantly reduce the error (MAE = 0.062), but remain sensitive to
stochastic noise from SPP sensors. Ablation analysis (Fig. 10) indicates that
removing the physical regularizer (i.e., transition from PINN to standard
CNN-LSTM increases MAE by 41%. The combination of spatio-temporal
filtering and physical inductive bias enables the PINN model to achieve the
best performance (RMSE = 0.039), making it suitable as a core component
of a digital twin.
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Fig. 10. Comparative benchmark and ablation analysis of predictive
models: evaluation of accuracy (MAE and RMSE) and the influence of
functional components

Beyond accuracy, the multi-branch architecture provides basic
interpretability: separating feature flows allows not only failure probability
estimation but also attribution of risk to specific subsystems (fuel, cooling,
electrical) via contributions of hidden states. For deeper explainability,
shapley additive explanations-based feature attribution can be applied.

To illustrate the physics-informed core, convergence of the loss function was
analyzed (Fig. 11).

In early training (epochs 0 — 20), the optimizer minimizes empirical loss
Ldata, while high volatility of Lphys reveals physically inconsistent
intermediate states. This confirms that purely data-driven models may
exploit statistical shortcuts without respecting conservation laws. In later
stages (Pareto knee, Fig. 11B), competing gradients emerge: the physical
regularizer acts as a structural constraint, penalizing infeasible
representations and restricting the hypothesis space. Convergence at this
point ensures consistency with both noisy sensor data and thermodynamic
invariants, preventing statistical artifacts.
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Panel A: Convergence dynamics Panel B: Data vs. physics trade-off
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Fig. 11. Interaction of loss function components in the hybrid architecture:
(A) dynamics of joint convergence; (B) analysis of the trade-off (Pareto
trade-off) between data and physics

The study proposes a predictive architecture with several novel elements:
a cognitive consistency method that integrates heterogeneous domains
(CSM, fuzzy logic, sensor data), enabling the neural core to leverage prior
physical knowledge for noise filtering; a multi-branch design for parallel
feature extraction across key SPP subsystems (fuel, cooling,
electromechanical), improving sensitivity to local faults; a real-time PINN
with a modified loss enforcing mass and energy conservation to avoid
physically inconsistent predictions; and Hardware-in-the-Loop validation on
an ARM Cortex-A72, confirming robustness and real-time performance.

Limitations remain: despite ~ 42 ms inference, longer observation
windows (k > 120 s) or added nonlinear constraints significantly increase
memory use, potentially exceeding maritime programmable logic controller
capabilities. The model depends on reliable boundary conditions, handling
noise and partial drift but becoming uncertain under complete sensor failure.
It is also focused on gradual degradation and cannot capture abrupt failures
caused by external impacts.
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Discussion

The results indicate that integrating data-driven models with physical
constraints and multi-source data improves both accuracy and stability in
failure risk prediction for complex systems. Hybrid CNN-LSTM models
capture temporal dependencies and degradation trends [14, 21], but their
purely data-driven nature limits robustness under changing conditions. The
proposed PINN addresses this by embedding physics-informed loss
functions, enforcing consistency with physical laws and improving
generalization. While PINNs enhance stability and interpretability [22], they
are typically used for continuous systems; this work extends them to discrete,
multi-component marine power plants via aggregated conservation
constraints. Digital twin approaches are widely used for monitoring and
decision support [23, 24], yet often rely on either simulation or data alone.
The proposed framework unifies telemetry, CSM simulation, and fuzzy
inference into a consistent representation, improving accuracy and
interpretability. Similarly, although multi-source fusion improves
diagnostics [11], many methods remain purely statistical; here, structured
fusion aligns heterogeneous inputs in a shared state space, reducing
inconsistencies. Model robustness under noise, missing data, and imbalance
remains challenging [25], which is mitigated here through physical
constraints and multi-domain features as regularization. In maritime
applications, machine learning-based diagnostics often overlook subsystem
heterogeneity [26]; the multi-branch architecture addresses this via
subsystem-specific feature extraction. Federated learning improves
scalability and privacy [27], but rarely incorporates domain knowledge; the
proposed approach combines distributed learning with physics-informed
constraints. Unlike many studies based on simulation, this work includes
Hardware-in-the-Loop validation, ensuring realistic performance evaluation
[28].

Overall, the proposed method extends CNN-LSTM models with
physical constraints, advances digital twin frameworks through coherent
multi-source integration, improves robustness to noisy heterogeneous data,
introduces subsystem-aware modeling, and is validated under realistic
conditions. These results both confirm current research trends and contribute
to the development of reliable SPP failure prediction.

Conclusion

This section describes the development and validation of a hybrid spatio-
temporal neural network for predicting failure risk in marine power plant
subsystems. The approach overcomes limitations of purely data-driven
models by incorporating physical constraints within a digital twin
framework. A multi-branch CNN-LSTM architecture is proposed for
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subsystem-specific feature extraction from heterogeneous sources (sensor
data, cognitive simulation, fuzzy diagnostics), capturing both short-term
dynamics and long-term degradation. The inclusion of conservation-based
constraints in the loss function ensures physically consistent predictions;
their removal increases error by up to 41%, confirming their significance.
The model achieves stable performance (R* = 0.982, RMSE = 0.039) under
noise and incomplete data. Hardware-in-the-Loop validation on an ARM
Cortex-A72 demonstrates near real-time applicability, with inference latency
of 42 £+ 5 ms and moderate resource demands, supporting onboard
deployment. The architecture also improves interpretability through
subsystem-oriented branches and physics-based regularization, forming a
basis for explainable diagnostics. Overall, the proposed PINN CNN-LSTM
model provides a consistent and practical solution for failure risk prediction
and can be integrated into digital twin systems for advanced monitoring and
decision support.
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AHoTanisg. Po3risiHyTO mpo0OieMy MiJBUINECHHS TOYHOCTI MPOTHO3YBAHHS
PU3UKY BIIMOB CKJAQJHHX TEXHIYHUX CHCTEM Ha TMPHUKIAI CYIHOBUX
CHEPreTUYHUX YCTAHOBOK B YMOBaX BHCOKOI CTPYKTYPHOI CKIIQJHOCTI,
HEJNHIHHOCTI TpoleciB Jierpaaarii Ta HEBU3HAYCHOCTI EKCIITyaTallifHuX
maanx.  OOIpyHTOBaHO  OOMEKEHICTh  TPAAWIIMHUX  aHATITUYHUX,
CTATUCTHYHUX 1 HEYITKO-JIOTIYHUX TMIiAXOMiB, fAKi He 3a0e3NmedyroTh
JOCTaTHBOI TOCTOBIPHOCTI JTOBTOCTPOKOBHX WPOTHO3IB Yy JWHAMIYHUX
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cepeoBUINAX (QYHKIIOHYBaHHS. 3alpOIIOHOBAHO TiOPHIHY MPOCTOPOBO-
4acoBy HEHpPOHHY MOAeNb, MOOy/I0BaHY Ha OCHOBI iHTErparii 3ropTKOBUX
HEHPOHHHX MEpeX Ta MEpeX JHOBrol KOPOTKOYACHOI IaM’siTi, sKa
¢yHKIIOHYe B Mekax HupoBoro aBiiHWKA. OCOONUBICTIO MiIXOAy €
MMOETHAHHS  TPHOX  IHGOpPMAmIMHWUX  JOMEHIB:  BHCOKOYAaCTOTHHX
TEJIEMETPUIHUX JaHUX, (I3MYHO OOTPYHTOBAaHMX IHAMKATOPIB CTaHy,
OTpUMaHUX 13 KOTHITUBHOI iMITaIliifHOI MOMemi, a TaKoX MiarHOCTHIHHUX
o3HaK, c(hOpMOBaHMX 3a JONOMOror HeuiTkoi Joriku. lle mo3Bossie
3a0e3Me4YnTH KOTHITUBHY Y3TOJUKEHICTh 1 (hi3u4HY BaJiHICTh pe3yJIbTaTiB
NPOTHO3yBaHHs. Y po0OTi peayli3oBaHO MexaHi3M (hi3n4HO iH(POPMOBAHOTO
HaBYaHH, 1110 ITepe10ayac BKIFOUSHHS 3aKOHIB 30epe)KeHHs eHepril Ta Macu
1o GyHKIT BTpaT HelpoHHOT Mepexi. Takuii miaxin 3abe3nedye 0OMeKeHHS
MIPOCTOPY TiloTe3 MoJieli Ta 3armodirae (opMyBaHHIO (iI3UIHO HEMOXKIMBUX
MPOTHO3IB.  3alpONIOHOBaHa  0araTOTiIKOBA  apXiTEKTypa IO3BOJISIE
BUKOHYBAaTH HE3aJICKHY OOpoOKYy JaHMX IS OKPEMHX MiJICHCTEM
(TanMBHOI, CHCTEMH OXOJIO[DKEHHS Ta €JICKTPOTEXHIYHOI), M0 IiJABHIIYE
YyTIMBICTE 1O JIOKAThbHUX JAeeKTiB 1 jgerpamamiiHEX MpPOIECiB.
ExcriepuMeHTanbHa TepeBipka Mopeni INpoBeldeHa 3 BHKOPHCTAHHAM
migxony Hardware-in-the-Loop, mo 3abe3nedye HaOIMKEHICTH YMOB
TECTyBaHHs N0 peajbHOI  ekciutyaramii. OTpuMaHi  pe3yJbTaTu
JIEMOHCTPYIOTh IiABUIIEHHS TOYHOCTI IPOTHO3yBaHHsI, CTIHKICTb 10 IIyMiB
1 MPONYCKIB y AaHMX, a TAaKOX IPHJIATHICTh MOJEI 10 BUKOPUCTAHHS B
cucrteMax peanbHoro 4acy. JlogaTrkoBo —peanizoBaHO — MeXaHi3MHU
iHTepIpeTanii pe3yabTaTiB Ha OCHOBI aHaNi3y BHECKY ITIJICHCTEM Ta METOY
SHapley Additive exPlanations, mo miaBuILye IOBIpy 10 HPUHHATHX
pimens. OTpuUMaHi pe3yabTaTH MiATBEP/DKYIOTh JOIUTBHICTh BAKOPUCTAHHS
riOpUIHUX HEHPOMEPEIKEBUX MOJAECH 13 (DI3MYHOI0 PEeryNsapHU3alielo Uil
3a7a4 NPOTHO3HOI JIarHOCTHKH Ta YNPAaBIiHHSA PH3MKAMH B CKJIAIHHX
TEXHIYHUX CHCTEMaX.
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DOI: 10.31653/1819-3293-2026-1-31-03-12
Byaypor M. 1. Ontumizanisi HaJalITyBaHHsS EJICKTPOHHOTO PEryJsTopa 4acTOTH
obepTaHHsI CyJHOBOTO JAn3elb-reHepaTopa // ABTOMATH3allisi CyTHOBUX TEXHIYHUX
3aco00iB: HayK.-TexH. 30. — 2026. — Bumn. 31. — Oneca: HYOMA. - C. 3 — 12.

Tab6m. 1. Puc. 5. Criucok miT.: 6 Ha3B.
OGIPYHTOBaHO METOAMKY HAJAIITYBaHHS CICKTPOHHOIO pEryjsTopa 4YacToTH
o0epTaHHs KOHTPOJIEPHOTO THILy CYAHOBOIO [H3€lIb-TEHEpaTopa, SIKa BPaxoBYE
ICTOTHICTh 3MIHM HAaBaHTAXEHHS TNPH HAMIMOBIPHIIIMX CTYMEHEBHX 30ypeHHAX.
BusiBiieHO 3aKOHOMIPHOCTI BIUIMBY IapaMeTpiB HaJaIUTyBaHHS EJIEKTPOHHOTO
peryistopa Ha MOKa3HUKH POOOTH CYIHOBOI JM3eNb-TeHEPATOPHOI YCTAaHOBKH B
yMOBax eKcIulyartamii. 3a paxyHOK ONTHMi3auii HalaliTyBaHHs MOKpalleHa
CTaOUIBHICTE  YACTOTH  OOEpTaHHS  JU3eNb-TeHepaTopa 0e3  MOpYIICHHS
periiaMeHTOBaHUX CTaHIapTaMy BUMOT JI0 PETYJIIOBaHHS YaCTOTH 00EPTaHHS I1ij1 4ac
MaKCHMAJIbHO JAOMYCTHMOTO CKH/IAHHS HaBaHTAKCHHS.
KirodoBi cnoBa: CyaHOBHH AM3ENb-TEHEPATOp, CICKTPOHHUN DPEryNSATOP YacTOTH
obepranns, [11]] koHTpOIEp, ONTUMI3alisg MapaMeTpiB HaTalITyBaHHS, MaTeMaTHYHE
MOJICITFOBaHHSI.

Tab. 1. Fig. 5. Refer.: 6.
A methodology for tuning a controller-based electronic speed governor of a marine
diesel generator has been substantiated, taking into account the significance of load
variations under the most probable step disturbances. The relationships between the
governor tuning parameters and the performance indicators of the marine diesel
generator set under operating conditions have been established. Optimization of the
governor settings improves diesel generator speed stability while maintaining
compliance with standard requirements for speed control during maximum
permissible load shedding.
Key words: marine diesel-generator, electronic speed governor, PID controller,
optimization of tuning parameters, mathematical modeling.

VK 621.431.74
DOI: 10.31653/1819-3293-2026-1-31-13-31
T'op6 C. 1. EdpexTrBHICTS MOBHUX MOJIEJIEH IITYYHOTO IHTEIEKTY Ul OLIHIOBAHHS
OTepalifHuX pU3UKiB HA cynHax. // ABTOMAaTH3alis CyJHOBUX TEXHIYHHX 3aCO0iB:
HayK.-TexH. 30. —2026. — Bum. 31. — Ogeca: HYOMA. - C. 13 —31.

Tab6n. 2. Crimcoxk mit.: 10 Ha3B.
HesBaxaloun Ha 3pOCTaHHS iHTEpPeCy IO 3aCTOCYBaHHS IUTYYHOIO IHTENEKTY B
CYAHOBIM MpaKTUI, CyIHOIUIABHI KOMIIAHIi BHCIIOBIIOIOTH CYMHIBH II0J0
HAJIHHOCTI 11i€i TEXHOJOTII i Yac OWIHIOBAHHS ONEpalifHUX PU3HKIB. Y CTaTTi
HABEJICHO TMOPIBHIBHE OIIHIOBAaHHSA C(PEKTUBHOCTI BiJOMHX MOBHHX MOJCICH
IITYYHOT'O {HTENEKTY JUIS MiATPUMKH OLIHIOBAHHS ONEpallifHUX PU3UKIB Ha CyHAX.
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3anponoHOBaHO CUCTEMY KPHTEPiiB, IO Aa€ 3MOTY OLIIHUTH BIACTHBOCTI MOJENEH,
sKi 0e3Hocepe/lHbO BIUIMBAIOTh HA MPAKTUYHY HAIIMHICTh iX 3aCTOCYBaHHS B
CYZHOBI IiSUIBHOCTI, a TaKOXX BHU3HAYUTH MOJENI, IO 3a0e3NedyloTh HalBHILY
SIKICTh aHaJIi3y. Y CTaHOBJICHO, 1[0 HAWOIIBLI JOLIIBHUM € BAKOPHCTAHHS IITY4HOTO
IHTEJIeKTy JAis TepBUHHOI imeHTH(IKamil pH3HKIB, (QOpPMYBaHHS TEpENiKy
3armo0KHUX 3aXOJiB 1 TPHCKOPEHHS ITOKYMEHTYBaHHS pe3ynbTariB. BomgHodac
e(eKTHBHICTh TAaKOTO MiIXOJy 3aleXHUTh BiJ NpPaBHIBHOrO BHOOpY Mozeni Ta
000B’S13KOBOI EKCTIEPTHOI BepHU]iKalii OTpUMaHUX BUCHOBKIB.

Kirouosi cnoBa: ISM Code; onepauiiiHuii pu3uK; IITYYHUH 1HTENEKT; CyTHOBA
omeparisi; Oe3nexa CyAHOIUIABCTBA; KPUTEPIT OIiHKH.

Tab. 2. Refer: 10.
Despite the growing interest in applying artificial intelligence in shipboard practice,
shipping companies express doubts about the reliability of this technology in
operational risk assessment. The article presents a comparative evaluation of the
performance of well-known artificial intelligence language models in supporting
operational risk assessment on board ships. A system of criteria is proposed to assess
the properties of the models that directly affect the practical reliability of their
application in ship operations, as well as to identify the models that provide the
highest quality of analysis. It was found that the most appropriate use of artificial
intelligence is for the initial identification of risks, the development of a list of
preventive measures, and the acceleration of result documentation. At the same time,
the effectiveness of this approach depends on the correct choice of model and the
mandatory expert verification of the conclusions obtained.
Key words: ISM Code; operational risk; artificial intelligence; ship operation;
maritime safety; evaluation criteria.

VK 621.431
DOI: 10.31653/1819-3293-2026-1-31-32-39
T'op6 C.I., Bynypos M. 1. 3a0e3nedyeHHs periaMeHTOBAHOTO IE€PEBAHTAXKECHHS
TOJIOBHUX [JH3€iB Ha CyIHAaX i3 TBHUHTaMH, KpOK SIKHX peryiboBaHuil //
ABTOMATH3aIisl CYTHOBHX TEXHIYHUX 3aC00iB: HayK.-TeXH. 30. — 2026. — Bum. 31. —
Ogneca: HYOMA. — C. 32 —39.

Tabmn. 2. Criucox Jit.: 8 Ha3B.
IIpoaHani3oBaHO BUMOTH IIOJO 3a0€3MCUCHHS KOPOTKOYACHOTO IMEPEBAHTAKCHHS
TOJIOBHUX CYIHOBHX [HM3€TiB IOHAJ HOMIHAJIBHY IIOTYXHICTb y KPHTHYHUX
HaBiramifHUX CHUTyallisX, a TaKoX IpaKTUYHA pealizallis OUX BHMOT IIpH
KOMOIHAaTOpPHOMY KepyBaHHI 4acTOTOIO OOEpTaHHsS ABHI'YHA Ta KPOKOM IpeGHOro
rBUHTA.  PO3paxyHKOBHM  JIOCHI/DKEHHSM  BCTAaHOBJICHO, IO  PEXHUM
perJIaMeHTOBaHOTO TIiepeBaHTakeHHs Ha 10 % BiX HOMIHAIBHOI ITOTYXHOCTL
JOLIJIBHO 3[iICHIOBAaTH 3 NPIOPUTETOM Y 301UIbLICHHI YacTOTH OOEpTaHHs, a He
301IbLICHHSIM KPOKY 'BUHTA. L 3a0€3MeunTh 3MEHILICHHS TEIJIOBOTO HABAHTAXKEHHS
JeTaneil MITHAPO-NOPITHEBOI TPYTIH ANU3EIIS 3a KPUTEPiEM MiHIMyMYy TeMIIepaTypl
ra3iB Ha JIiHI] PO3IUMPEHHS Ta MiJBHIIMTH HAIIWHICTH PYLIHHOI YCTAaHOBKH IIPH
periaMeHTOBaHOMY NepeBaHTaKEeHHI.
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Kito4oBi ci0Ba: ronoBHMII An3enb, NEPEBAHTAKEHHS, KPOK TBHHTA, 4acTOTa
obepraHHsi, KOMOIHATOpHE KepyBaHHsS, OOMeXKyBau HaBAHTAXKCHHS, YHCEJIbHE
MOJICITFOBaHHSL.

Tab. 2. Refer.: 8.

The requirements for ensuring short-term overloading of main marine diesel engines
beyond their rated power in critical navigational situations have been analyzed, along
with the practical implementation of these requirements under combinatorial control
of engine rotational speed and propeller pitch. A computational study has established
that the regulated overload mode by 10 % of the rated power should preferably be
achieved by prioritizing an increase in rotational speed rather than propeller pitch.
This approach will reduce the thermal load on the cylinder-piston group components
of the diesel engine based on the criterion of minimum gas temperature along the
expansion line and improve the reliability of the propulsion plant during overload
prescribed by regulations.

Key words: main marine diesel engine, overload, propeller pitch, rotational
speed, combinatorial control, load limiter, numerical simulation.

YK 621.431.74

DOI: 10.31653/1819-3293-2026-1-31-40-54

T'op6 C. 1., Bynypor M. L., ITonoecekuii O. H0. EdeKTUBHICTE METOIB MONIYKY
eKCTpEeMyMy IIPH ONTHMi3alii eJEeKTPOHHOTO peryjsTopa YacTOTH oOOepTaHHsS
CyTHOBOTO AU3es. // ABTOMATH3aIlisl CYJJTHOBUX TEXHIYHUX 3aC00iB: HAYK.-TEXH. 30.
—2026. — Bum. 31. — Opeca: HYOMA. — C. 40 — 54.

Puc. 6. Ta6n. 3. Criucoxk mit.: 12 Ha3B.

JocnimkeHo e(eKTHBHICTh CIENialli30BaHUX METOIIB MOIIYKY E€KCTPeMyMy IpH
OIITHMIi3allii HATAaIITyBaHb €JICKTPOHHOTO PETYIIATOPa YacToTH o0epTaHHs Nabtesco
MG-800 y cknani rooBHoro cyarosoro amseiast MAN B&W 6S60MC-C7 B ymoBax
Iii MopceKoro xBuimoBanHs. [Toka3aHo, 110 rpagieHTHHI MeTo 3a0e3redye BUCOKY
MIBUJIKICT 30DKHOCTI, alle € YyTJIMBUM JO JIOKAIBHUX EKCTPEMYMIB, TOi SIK
CHMIUICKCHMH METOJ HaJiiHille BU3HaYa€e 001acTh rJ00aIBHOTO ONTHMYMY, IIPOTE
BUMara€ KOHTPOJIO TpaHMYHHMX yMOB. besrpamientnuit meron [I'yka-/[xuBca
3abe3rneuye HaWrIMOLIe MiHIMI3yBaHHS KPUTEPIIO 32 paxyHOK OUIBIIOI KiTbKOCTI
iTepamii i mIBUIICHAX 00YUCITIOBAIEHUX BUTPAT. Bi3Ha4eHO BIUIUB BUOOPY KPOKY
TMIONIYKY Ta Aialla30HIB 3MiHHU IapaMeTpiB Ha HMOBIPHICTb 301KHOCTI 1O JIOKAJIBHUAX
eKCTPEMYMIB..

KnrouoBi cnoBa: cynHOBHII [u3enb, €IEKTPOHHHH PpETYIATOP YacTOTH
o0epTaHHS, ITOPUTMH ONTHMI3allil, MOIIYKOBI METOAM EKCTPEeMyMy, TOUYHICTb,
MaTeMaTH4He MOJICIOBAHHS.

Fig. 6. Tab. 3. Refer.: 12.

The effectiveness of specialized extremum-search methods for optimizing the tuning
parameters of the Nabtesco MG-800 electronic speed governor as part of the main
marine diesel engine MAN B&W 6S60MC-C7 under sea-wave operating conditions
has been investigated. It is shown that the gradient method provides a high
convergence rate but is sensitive to local extrema, whereas the simplex method more
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reliably identifies the region of the global optimum, although it requires control of
boundary constraints. The derivative-free Hooke—Jeeves method ensures the deepest
minimization of the criterion at the cost of a larger number of iterations and increased
computational effort. The influence of the choice of search step and the ranges of
parameter variation on the probability of convergence to local extrema has been
determined.

Key words: marine diesel engine, electronic speed governor, optimization
algorithms, extremum search methods, accuracy, mathematical modeling.

VK 629.5.083.4:004.8
DOI: 10.31653/1819-3293-2026-1-31-55-65

Jleincekuit M.B., JleBiHcbkuit B.M. IlpenukThBHa MOIENb OLHIOBaHHS
PH3HUKIB 3aTPUMaHHs CyJICH i3 3aCTOCYBaHHSM IITYYHOTO IHTEJIEKTY Ta aHCaMOJIEBHX
METOiB MAIIMHHOTO HaBYaHHs // ABTOMAaTH3allis CYAHOBUX TEXHIUYHHMX 3acCO0iB:
HayK.-TexH. 36. — 2026. — Bumn. 32. — Ozneca: HYOMA. — C. 55 - 65

Ta6n. 4. Criucoxk mit.: 16 Ha3B.

V cTaTTi pO3riIsaaeThCs MiaXij 0 aBTOMATH3AaLli1 OLiHIOBaHHS PH3UKIB JIEP>KaBHOTO
noproBoro koHTpoito (PSC) Ha ocHOBI aHani3y JaHUX LIOPIYHUX 3BIiTIB BOCHMH
perioHansHuX MeMopaHayMiB (MoU). 3ampornoHOBaHO METOJHKY 3aCTOCYBAHHS
IHCTPYMEHTIB HITYYHOTO iHTENIeKTy — 30kpema, NLP-moneneii Ta ancamOieBux
METO/(iB MAaIIMHHOTO HaBYaHHSI — JUIS CHHTE3Y IAaHHUX i3 TeTEPOreHHHX JDKEpel
(Paris MoU, Tokyo MoU, Black Sea MoU, EMSA Ta in.). Pe3ynpratom po6oTa €
KOHIICTIIisl MPEJUKTABHOI MOJIETI Ha OCHOBI JIOTICTUYHOI perpecii, Mo J103BOJISE
TIPOTHO3YBaTH HMOBIPHICTh 3aTpUMaHHS CyAHA P(d) Ha OCHOBI M'ITH KIFOUOBHX
O3HaK: IOPHCIOMKLII mpamnopa, peituHry Bu3HaHoi opranizanii (RO), Biky cyxHa,
perioHanpHOTO KoedimieHTa Ta icTopii momepenHix iHcmekuiil. BeranosneHo, mo
Tokyo MoU neMoHCTpye HaBUILUHA cepeaHill piBeHb 3aTPHUMaHb Ta Ma€ HaiO1LIbII
penpe3eHTaTuBHY BUOIPKY U1 HABYaHHS.

Knrouosi cnoBa: PSC; mpemukTHBHA MOJENb; IITYYHHH IHTEICKT; MalIUMHHE
HaBYaHHS; 3aTpUMaHHs cyaHa; MoU; JoricTudHa perpecis; pu3uK Iparopa; BU3HaHi
oprasizarrii.

Tab. 4. Refer: 16.

The article presents an approach to automating Port State Control (PSC) risk
assessment based on the analysis of annual reports from eight regional memoranda
of understanding (MoU). A methodology is proposed for applying artificial
intelligence tools — namely NLP models and ensemble machine learning methods
— for synthesizing data from heterogeneous sources (Paris MoU, Tokyo MoU, Black
Sea MoU, EMSA, etc.). The result is a conceptual predictive model based on logistic
regression for estimating ship detention probability P(d) using five key features: flag
jurisdiction, recognized organization (RO) rating, ship age, regional coefficient, and
previous inspection history. It is established that the Tokyo MoU demonstrates the
highest average detention rate and its dataset is the most representative for model
training.
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Key words: PSC; predictive model; artificial intelligence; machine learning; ship
detention; MoU; logistic regression; flag risk; recognized organizations.

YK 681.518.

DOI: 10.31653/1819-3293-2026-1-31-66-85

Muxaiinenko, B. C., I'mazeBa, O. B., I'pama, I'. 1., Jlemenko, B. B. [nrenexryansHa
CHCTEMa YIPABIiHHS BEHTWLILICI0 Ha MAJOMIPHHX 1 AaBTOHOMHHX cynHax //
ABTOMaTH3allis CyTHOBUX TEXHIYHHX 3ac00iB: HayK. -TexH. 30. — 2026. — Bum. 31. —
Opneca: HYOMA. — C. 66 — 85.

Puc. 15. Cnucox nit.: 7 Ha3B.

[IpenctaBneHa iHTeNneKTyadbHa CHCTEMa YIPABIIHHS  BEHTWIALIEIO IMPUMILIEHb
THIHOBUX MAJIOMIPHMX Ta aBTOHOMHHMX CYJACH. AKTYalbHICTh JOCIHIUKCHHS
0o0yMOBJIeHa HEOOXITHICTIO MiABMINCHHS HAOIMHOCTI Ta aJanTHBHOCTI POOOTH
CYIHOBHX BEHTHJISILIMHUX CHCTEM B yMOBaX 3MIHHHX €KCIUTyaTalliiiHUX HaBaHTAKEHb
Ta 0OMEXECHHX CHEPreTHYHHX PecypciB. 3alpONOHOBAHO METOUKY «HACIIIyHYOro
HEeWpoyHpaBIiHH:», Ae HeipomepekeBnid koHTposep (HMK) naBuaerscs Ha 6asi
pobotu agantuHoro I11/I-perynsropa. MoznemtoBanHs cuctemu B naketi MATLAB
MATBEPANIIO, 110 BUKOPUCTAHHS aIropuTMy HaBuaHHs JleBeHOepra-MapkBapira
3abe3nedye BUCOKY TOYHICTh Ta MIBUAKICTH perymoBaHHs. Takox, [UIs ITiJBUIICHHS
HaJIHOCTI CHCTEMHM YHPaBIIiHHS 3alPONOHOBAHO EKCIIEPTHY CHCTEMY, sIKa JI03BOJISE
orepatopy e(eKTUBHO YIPABIIATH B PEKUMI JUCTAHIIHHOTO KepyBaHHS MapaMeTpaMu
BEeHTWIIAMII 3 GeperoBoro ado cymHoBoro LIITY.

KirouoBi croBa: IHTenekTyalbHa CHCTEMa YIPAaBIiHHS, CyJHOBA BEHTHJIALLS,
MaJIOMIipHI Ta aBTOHOMHI CyAHA, HEHPOMEpEKEBUH KOHTPOJICp, HACTiAyIoue
HelipoynpaBiiHHs, agantusHuit [11/1-perymstop, anropurm JleBen6epra-Mapksapara,
eKCIIepTHa CHCTeMa, AUCTaHIIIHEe KepyBaHHSI

Fig. 15. Refer: 7
An intelligent ventilation control system for typical small and autonomous vessels is
presented. The relevance of the study is driven by the need to increase the reliability
and adaptability of marine ventilation systems under varying operational loads and
limited energy resources. A "mimic neurocontrol" methodology is proposed, where a
neural network controller (NNC) is trained based on the operation of an adaptive PID
controller. System modeling in the MATLAB package confirmed that the use of the
Levenberg-Marquardt learning algorithm ensures high accuracy and regulation speed.
Furthermore, to enhance the reliability of the control system, an expert system is
proposed, allowing the operator to effectively manage ventilation parameters in remote
control mode from a shore-based or shipboard central control station.

Key words: intelligent control system, marine ventilation, small and autonomous
vessels, mimic neurocontrol, neural network controller, adaptive PID controller,
Levenberg-Marquardt algorithm, expert system, remote control.

V]IK 629.5.024

DOI: 10.31653/1819-3293-2026-1-31-86-100

Muxaiinenko B. C., llesuenxo T. 1., I'mazeBa, O. B. IlepcnekTuBr BUKOPUCTaHHS
loT-mmatdpopmu Blynk 1y cymHOBMX cHCTEM MOHITOPHHTY //ABTOMAaTh3aIiis
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CYOHOBUX TEXHIYHHX 3aco0iB: Hayk. -TexH. 30. — 2026. — Bum. 31. — Opeca:
HYOMA. - C. 86 — 100.

Puc. 14. Croucox nit.: 7
CrarTs TpHUCBSYEHA aHaJi3y TEXHIYHOro moTeHmiary tiarpopmu Blynk y
crer(ivHUX YMOBaX MOPCHKOI €KCIUTyaTallii, a TaKoX OI[HI[ HEepCHeKTHB il
iHTerpaii B iCHyr04i CHCTEMH CyJTHOBOTO MOHITOPUHTY. /111 epeBipKu MOKIHUBOCTI
edexTHBHOrO BHKOpHUCTaHHs Iuiarhopmu [HTEepHETY peueil 3actocoByBanocsi 3D-
MOJICIIIOBaHHSI HEHpPOMEpPEeKEBOI CHUCTEMH aJalTHBHOTO KEPYBaHHS BUTYHOM
BeHTWIATOpa. HeidpoMepexxy peai3oBaHO MOBOK mporpamyBaHHi C++ Ta
inTerpoBaHo B koHTposiep Arduino Uno. MopemoBanus HelipomepexeBoi CAY 3
KOHTPOJICPOM, JaTYMKOM TEMIIEPATypH Ta KOHTYpOM KEepyBaHHS MIBHIKICTIO
o0epTaHHS ABUTYHaA 3ilicHIOBanocs B oHnaiH-mIatdopmi Tinkercad. Pesynmpratn
MOJICIIFOBaHHS [POJICMOHCTPYBAJIM MPOCTOTY Ta AJANTHUBHICTH 3alPONOHOBAHHX
MPOrpaMHHX 1 TEXHIYHHUX PIllICHb JUIS CYTHOBHUX CHCTEM MOHITOPUHIY Ta KEepYBaHHS
TEXHIYHUMH MapaMeTpaMHu.

KnrowoBi cnosa: loT-miatpopma Blynk, cynHOBI cucTeMH MOHITOPHUHTY,
Inrepuer peueit (IoT), Heifponna Mepeska, aganTuBHe KepyBaHHS, Arduino Uno,
Tinkercad, 3D-MozerOBaHHS, CYJTHOBI CHCTEMH.

Fig. 14. Refer: 7
This article is devoted to the analysis of the technical potential of the Blynk platform
in specific conditions of marine operation, as well as the assessment of prospects for
its integration into existing ship monitoring systems. To verify the feasibility of the
effective use of the Internet of Things platform, 3D modeling of a neural network
system for adaptive fan motor control was applied. The neural network is
implemented in the C++ programming language and integrated into the Arduino Uno
controller. Modeling of the neural network ACS (Automatic Control System) with a
controller, temperature sensor, and motor speed control loop was carried out using
the Tinkercad online platform. The simulation results demonstrated the simplicity
and adaptability of the proposed software and hardware solutions for marine
monitoring systems and technical parameter control.

Keywords: Blynk IoT platform, marine monitoring systems, Internet of Things
(IoT), neural network, adaptive control, Arduino Uno, Tinkercad, 3D modeling, ship
systems.

VK 629.5
DOI: 10.31653/1819-3293-2026-1-31-101-111
Cariz A.C. CucteMHe OILIHIOBAaHHA TEXHOJOTIH JAekapOOHi3alii MOPCHKOTOo
TpaHCHOPTY // ABTOMAaTH3allis CYJHOBHX TEXHIYHHX 3aC00iB : HayK. -T€XH. 30. —
2022. — Bun. 31. — Opmeca : HYOMA. - C. 101 - 111.

Tabun. 1. Inn. 2. Criucok mit.: 36 Ha3B.
Pe3ynpraté  JOCHI/UKEHHS IOKa3ald, IO HAWOUIBII  paliOHAIBHUMH Y
KOPOTKOCTPOKOBIH NMEPCIEKTUBI € TEXHOJIOTii MOCTYIOBOI JeKapOoHi3allil, 30kpeMa
eKCIUTyaTaniifHi 3axonu Ta Giomanusa tumy drop-in/HVO, ski xapakTepu3yroThCs
BHCOKOIO CYMICHICTIO 3 ICHYIOUMM (JIOTOM Ta MiHIMaJbHUMH BUMOTaMH JO
MoziepHizalii. BogHouac y 10BrocTpoKOBOMY 4acOBOMY I'OPHU30HTI CYTTEBO 3pOCTa€E
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MPUAATHICTH O€3BYTJICIEBUX CHEPTETUYHUX CHCTEM, HacaMIIepe ] BOAHIO Ta aMiaky.
OTpuMaHi pe3ynbTaTd MiATBEPKYIOTH IOMUIBHICTE BHKOPUCTAHHS CErMEHTHO-
OpIEHTOBAHOTO OAraTOKPUTEPIANILHOTO MiAX0AY It (OPMYBaHHS CTpaTeriit
JekapOoHi3ailii MOPCHKOTO TPAHCIIOPTY.

KnrowyoBi cioBa: jaexapOoHi3alis MOPCHKOIO TPAHCIOPTY; ajbTepHATHBHI
TaJIMBa; CY/IHOBI €HEPreTHYHI CHCTEMH; eHeproe()eKTUBHICTh; OaraToKpuTepialibHe
omintoBanus; MCDA; BonieHb; amiak; MetaHoix, LNG; eHepreTHUHUIA Iepexij.

Tabl. 3. Fig. 2. Refer.: 36.

The obtained results demonstrate that gradual decarbonization technologies,
particularly operational measures and drop-in/HVO biofuels, remain the most
rational solutions in the short-term perspective due to their high compatibility with
the existing fleet and minimal modernization requirements. At the same time, the
suitability of zero-carbon energy systems, especially hydrogen and ammonia,
significantly increases in the long-term horizon. The results confirm the effectiveness
of a segment-oriented multi-criteria approach for developing maritime transport
decarbonization strategies.

Key words: maritime transport decarbonization; alternative fuels; ship energy
systems; energy efficiency; multi-criteria assessment; MCDA; hydrogen;
ammonia;methanol; LNG; energy transition.

YK 629.5

DOI: 10.31653/1819-3293-2026-1-31-112-125

Carin C. B.,, TIlapmenoma [I.I'., BmactokII.II. VmpaBmiHHA €KOJOTIYHUMH
MOKa3HUKaMHU CYIHOBHX IM3ETIB MiI Yac BHKOPUCTAHHS MajduBa O0i0JOT1YHOTO
MOXOJPKEHHS // ABTOMAaTH3allisl CyTHOBHUX TEXHIUYHHMX 3ac00iB: HayK.-TeXH. 30. —
2026. — Bumn. 31. — Opeca: HYOMA. — C. 112 — 125.

Tab6m. 9. In. 2 Coucoxk mit.: 35 Ha3B.

Hna cymaoBoro mmsens 9SS0ME MAN-B&W BcraHoBneHo, mo mig dac
BUKOPHCTAHHS MATMBHHUX CyMilllel, 10 CKIIaJy SIKHX BXOAMThH IMalHBO HA(QTOBOTO
noxokenass RMG380 Tta mamuso Oionoriunoro mnoxomkenns FAME B100,
MOXKIJIHBO EKCIIEPUMEHTAIbHE BU3HAYCHHS KYTIB BUIIEPE/DKCHHS [0/1aui MaliuBa 3a
SKAMH 3a0€31eYyeThCs MiHIMaJIbHE 301IbIIEHHS eMicii OKCHIIIB a30Ty 3 OJHOYaCHHM
OJU3BKUM JI0 MAKCUMAIILHOTO 3HMKEHHSIM €MicCii JIOKCHIIB BYTJICIIO.

KirouoBi croBa: eKoJIOTidHI TMOKa3HUKH, €MICisl MIOKCHIY BYIJICII0, eMicCis
OKCHIIB a30Ty, THajdnBa HAPTOBOTO TIOXOKEHHS, TMAIWBO  OiOJOTIYHOTO
TTOXOJPKEHHS, ITAPHUKOBHH e(heKT, Cy THOBUIT IH3eTh

Tab. 9. Fig. 24. Refer: 35.

For the 9SSOME MAN-B&W marine diesel engine, it was found that when using fuel
mixtures that include RMG380 petroleum fuel and FAME B100 biological fuel, it is
possible to experimentally determine the fuel advance angles that ensure a minimal
increase in nitrogen oxide emissions with a simultaneous close to maximum
reduction in carbon dioxide emissions.

Keywords: biofuels, carbon dioxide emissions, greenhouse effect, marine diesel,
nitrogen oxide emissions, nvironmental indicators, petroleum fuels
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VK 621.438

DOI: 10.31653/1819-3293-2026-1-31-126-140

Canmnep, A. K., [lonueB I. I. ABTomMaTtu3zoBaHuii BOJOKOHHO-ONTHYHUNA MPHUCTPil
JUIL  TEeMIIEpaTypHOTO KOHTPOJIO EJEMEHTIB Tra30oTypOiHHHUX YCTaHOBOK //
ABTOMAaTH3aIlisl CYTHOBHX TEXHIYHUX 3ac00iB: HayK.-TeXH. 30. — 2026. — Bum. 31. —
Opeca: HYOMA. — C. 126 — 140.

Puc. 3. Crmcox mit.: 32 Ha3B.

OmHKMM 3 TOKa3HHWKIB eHeproe(eKTHBHOCTI ra3oTypOiHHOTO JBUTYHa € pecypc
poboTH Ooro OKpeMHX eNeMEHTIB, OCOONMBO THX, SIKI HE MArOTh PE3EPBOBAHHUX
By3miB. Jlo Takux BY3IiB BiJIHOCHTBCS, B IEpIIy 4epry, skapoBa Tpyba. OmHuM i3
HAWMOLIMPEHUX PIlIeHb [JIsI MOHITOPHMHIY PO3MOJITY TEMIIEpaTypHOro IOJs
JKapoBoi TpyOU € PO3MOJiNICHI BOIOKOHHO-ONTHYHI JaTYMKH TemiepaTypu. OqHak
iCHylOul ~ BOJIOKOHHO-ONTHYHI  JaTYMKH  TEMIEPAaTYpH  XapaKTepU3YIOThCS
OOMEXEHOI0 TOYHICTIO, BHCOKOIO BAapTICTIO OONagHAHHSA Ta 4YyTJIMBICTIO 10
30BHINHIX (akTopiB. ToMy akTyaJbHMM € BH3HAUCHHS IUIXIiB BIOCKOHAJIECHHS
XapaKTePUCTHK TEMIICPATYPHUX MATYMKIB U OCOOJMBHX YMOB CKCILIyaTarlil.
HaykoBo-TeXHi4HE 3aBJIaHHS, SIKE CTBOPEHO 3alIUTOM IPAKTHKHU, BUPILIy€ETHCS THM,
mo mnponoHyerbess BOAT mns ocoOnmBHX yMOB eKCIUTyaTalii CTBOPIOBATH 13
3aCTOCYBaHHSIM ONTHYHOTI'O BOJIOKHA 3 PYTHILY Y CIIOJIYYCHi BOJIOKHOM 3i IITYYHOTO
cangipy. BinMiHHICTh TPOMOHOBAHOTO AaTYMKA IOJISITAE Y TOMY, [UIsl BAPOOHHIITBA
3aCTOCOBaHI AJIbTEPHATHBHI CKIOMAaTEpiaJid, Ta CIPOLIEHa Ipouexypa oO0poOKH
pe3yJIbTaTiB BUMipIOBaHHSL.

KurouoBi cioBa: ra3oTypOiHHHI JABUTYH; KaMepa 3ropaHHs; )KapoBa TpyOa;
TEIJIOBE HABAaHTA)XCHHS; BOJOKOHHO-ONTHYHHUII AaT4MK; pyTHa, candipose
BOJIOKHO.

Fig. 3. Refer.: 32.

One of the indicators of a gas turbine engine’s energy efficiency is the service
life of its individual components, particularly those without redundant units. The
turbine fire tube is one of the primary components in this category. One of the
most common solutions for monitoring the temperature distribution of the hot
wall is distributed fiber-optic temperature sensors. However, existing fiber-optic
temperature sensors are characterized by limited accuracy, high equipment costs,
and sensitivity to external factors. Therefore, it is important to identify ways to
improve the performance of temperature sensors for special operating
conditions. The scientific and technical problem, which arose from practical
needs, is addressed by proposing that fiber-optic temperature sensors for special
operating conditions be manufactured using rutile optical fiber coupled with
synthetic sapphire fiber. The proposed sensor differs in that alternative glass
materials are used in its manufacture, and the procedure for processing
measurement results is simplified.

Keywords: gas turbine engine; combustion chamber; flame tube; thermal load;
fiber-optic sensor; rutile, sapphire fiber.
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YK 681.7.068.4
DOI: 10.31653/1819-3293-2026-1-31-141-152
Cannnep, A. K., Ilapmenosa, /. I. BonokoHHO-ONTHYHUI AaTUUK U1 KOHTPOIIO
BaJIiB rpeOHUX TBUHTIB // ABTOMaTH3alis CyJHOBUX TEXHIYHUX 3aCO0IB: HAyK.-TEXH.
36. — 2026. — Bum. 31. — Opeca: HYOMA. — C. 141 — 152.

Puc. 4. Crucox mit.: 22 Ha3B.
[IpoaHanizoBaHO BHMOTH INOAO METPOJOTIYHOTO 3a0e3MeYeHHs] IPOIECcy
TEH30METpil TpeOHUX BaliB CyYacHHUX CYACH. AHAIITHYHAM JIOCIIHKEHHIM
BCTAQHOBJICHO, II0 CXEMOTEXHIUYHHMX pilleHb B 00JacTi BOJOKOHHO-ONTHYHHX
TEH30METPIB, sIKi TIOBHOIO MIpOIO 3aJ{OBOJBHSIOTH BUMOTaM JI0 SIKOCTi KOHTPOIIO
BasionpoBoiB I'B, 1o ocranHporo uvacy He Oyno Bimomo. J[is momonanHs Iiel
npobaeMH 3alpPOIIOHOBAHO HOBE CXEMOTEXHIYHE DIIICHHS BOJOKOHHO-ONTHYHOTO
JaTYhKa JUI KOHTPOJIO BEJIMYMH KPYTiHHA rpeOHuX BajiB. OCHOBHA BiIMIHHICTh
JaTyuKa MOJISIra€ y 3acTOCYBaHHI 3aKPMTOTO ONTHYHOTO KaHaly Ha OCHOBI
OIITHYHOTO TYHENBHOTO €(eKTy 3 OJHOYAcHOI0 aedopMamicio 3CyBY Ta BHTHHY
YyTIUBOro eneMeHTy. lle 3a0e3nednTh 3MEHIICHHS BIUIHBY JecTabimi3yrounx
eKCIUTyaTaliifHuX (akTopiB Ha TOYHICTB TA BIPOTiIHICTH BUMIPIOBAHb.

KitrouoBi croBa: Ball, KpYTiHHS, TEH30METPisl, BOJIOKOHHO-OITHYHHMI, JaTYHK,
ONTHYHUH KaHaJI, ONTHYHA NOTYKHICTh

Fig. 4. Refer.: 22.
The requirements for metrological support of the process of tensometry of propeller
shafts of modern vessels have been analyzed. Analytical research has established that
until recently, circuit solutions in the field of fiber-optic strain gauges that fully meet
the requirements for the quality control of propeller shafts were not known. To
overcome this problem, a new circuit solution of a fiber-optic sensor for controlling
the values of propeller shaft rotation has been proposed and tested. The main
difference of the sensor is the use of a closed optical channel based on the optical
tunnel effect with simultaneous shear and bending deformation of the sensitive
element. This will ensure a reduction in the impact of destabilizing operational
factors on the accuracy and reliability of measurements.

Keywords: shaft, torsion, strain gauge, fiber optic, sensor, optical channel, optical
power.

VK 656.6-042.5/.8:502/504
DOI: 10.31653/1819-3293-2026-1-31-153-166
Cysopos II. C., Tapacenko T. B. CuenapHuii miixiz 10 NpOrHO3YBaHHS MEPEXOay
IO eKOHaBiramii / ABTOMaTH3amis CyTHOBUX TEXHIYHUX 3ac00iB: HayK.-TeXH. 30. —
2025. — Bumn. 31. — Opneca: HYOMA. — C. 153 — 166.

Tabm. 3. Puc. 5. Criucox it.: 5 Ha3B.
PosrnsHyTO CcueHapHHMI MiAXiA OO OWIHIOBAaHHA TEXHIKO-€KOHOMIYHHX HACIHIAKIB
Hepexoly iICHYIOUMX BaHTQKHHX CYJICH JI0 €KOHaBiramii B yMOBax 3aIllpOBaJDKEHHS
BuMor FuelEU Maritime Ta perynstopHoi pamku /MO momo CKOpOYEeHHST BUKUJIIB
napHUKOBUX Tra3iB. [IpoaHani3oBaHO HOPMATHBHI BHMOTH Ta PO3POOJICHO KilbKa
CIIeHapiiB eKcIuTyartanii YHiBepCaJbHOTO CYXOBAaHTQ)XHOTO CyAHA i3 pI3HUMH
CTpaTerisiMM  CyIOHOBJIACHWKA, IO BIAPI3HAIOTBCS pIBHEM  BHUKOPUCTAHHA
eHeproeeKTHBHAX 3aXOAiB, OiomanmnBa Ta OEperoBoro eJeKTPOKUBJICHHS.
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HaBeieHO OLiHKY CYKYyIHHX BHTPAT HA MAJIMBO, [UIATEXKIB 3@ BUKHAN Ta MOXIIUBUX
wrpadHUX CaHKIiH, a TaKoX IOKa3aHO, W0 3aCTOCYBaHHS EHEeproe()eKTHBHHX
3aX0/iB 1 CyMICHHX €KOJOTIYHHX BH[IB ManuBa 3a0e3neuye 3HWKEHHS 3aralibHUX
BUTPAT MOPIBHSIHO 31 CTPATEri€l0 «HIYOro HE pOOUTHY.

KmrouoBi  cnmoBa:  exoHaBiraiis, CyJHOIUIaBCTBO,  MApHHKOBI  Tas3W,
eHeproedexTHBHICTh, FuelEU Maritime, cTparteris CyJHOBIACHHUKA, aIbTCPHATHUBHI
BUJIY TTAJIUBA.

Tab. 3. Fig. 5. Refer.: 5.

The paper applies a scenario-based approach to assess the technical and economic
implications of the transition of existing cargo vessels to eco-navigation under the
requirements of the FuelEU Maritime Regulation and the IMO greenhouse gas
emission framework. Several operational scenarios are developed for a universal bulk
carrier, reflecting different shipowner strategies that combine energy-efficiency
measures, the use of compatible biofuels and shore power supply. The study
evaluates total fuel costs, payments for emissions and potential penalties,
demonstrating that the implementation of energy-efficiency measures and
compatible alternative fuels can reduce overall expenditures compared with a “do-
nothing” strategy.

Keywords: eco-navigation, maritime shipping, greenhouse gas emissions, energy
efficiency, FuelEU Maritime, shipowner strategy, alternative fuels.

VK 629.12-8:629.12.037
DOI: 10.31653/1819-3293-2026-1-31-167-181
Sposenko B. O., loues C. L., €pnensosa A. B. OntuManbsHe yrpaBiiHHS TPeOHIMEI
JBUI'YHaMH €JICKTPOXO/iB IIPHU rajbMyBaHHI / ABTOMAaTH3aLlisl CyAHOBUX TEXHIYHUX
3ac00iB: HayK.-TexH. 30. - 2026. - Bun. 31. — Onmeca: HYOMA. - C. 167 — 181.

Tabn. 5. Puc. 4. Criucok mit.: 9 Ha3B.

3anponoHOBAaHO METOJ] PO3PaXyHKY ONTHMAJIbHUX 3aKOHIB YIPaBIiHHI
rpeOHIMH ENEKTPOABUIYHAMH IIiJl Yac rajJbMyBaHHS. YJIOCKOHAJICHO MPOLELypY
ranbMyBaHHs. Po3po6ieHo mporeaypy MouyKy ONTHMaIbHOTO 3aKOHY YIpPaBIiHHS
HAIPYTO0 KUBJICHHS IPEOHOTO EJIEKTPOIBHUIYHA IIiJl Yac Mepexo/y HOro B pexum
JUHaMigHOTO TrambMyBaHHS. OIiHEHO BIUIMB  30BHIMIHIX  (aKkTOpiB  Ta
KOHCTPYKTHBHHUX [apaMETPiB CYHOBOT'O MPOIMYJILCUBHOIO KOMILIEKCY Ha OTPHUMaHi
ONTHUMalbHI piunieHHs. BusBIeHO mnapamMeTpH, BIUIHB SKHX € CYTTE€BHM. 3a
pe3yibTaTaMH ONTHMI3alliiHAX PO3PaXxyHKIB MOOYIOBAaHO ONTHUMANIbHI 3aKOHM
yIpaBliHHA TPeOHUMH €IeKTPOoABUIYHaMH. BoHH 3a0e3meuyroTh MiHIMaJIbHHN Yac
rajbMyBaHHS €JICKTPOJIBHUIYHIB 3 JONMYCTHMHMH [iala30HaMM 3MiH PEXKUMHHX
TIOKa3HHUKIB YCiX CKJIaJ0BUX EJIEKTPOCHEPTETHYHOI YCTAHOBKH €JIEKTPOXO/LY.

KirouoBi  cioBa:  NPOIMYJNBCUBHUM — KOMIUIGKC — €JIGKTPOXOAa,  TpebHi
eNICKTPO/IBUT'YHH, TMHAMIYHE TaJbMyBaHHS, Yac TajbMyBaHHS, ONTHMANbHI 3aKOHU
YIpaBITiHHS

Tabl. 5. Fig. 4. Refer.: 9.
A method has been developed for calculating the optimal control laws for propulsion
electric motors during braking. The braking procedure has been improved. A
procedure has been developed for determining the optimal control law for the supply
voltage of the propulsion electric motor during its transition to dynamic braking
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mode. The influence of external factors and design parameters of the propulsion ship
complex on optimal solutions is assessed. The parameters that have a significant
influence have been identified. Based on the results of optimization calculations,
optimal control laws for propulsion electric motors were constructed. These laws
ensure a minimum braking time of the propulsion electric motors with acceptable
ranges of changes in the operating parameters of all components of the electric power
plant of the electric ship

Keywords: electric ship propulsion complex, propulsion electric motors,
dynamic braking, braking hour, optimal control laws

YK 004.03
DOI: 10.31653/1819-3293-2026-1-31-182-207

Vychuzhanin V., Vychuzhanin O. Hybrid spatio-temporal neural network for
predicting the risk of failures in ship power plant subsystems // ABTomaru3zaris
CyTHOBUX TEXHIYHUX 3aC00IB: HayK.-TeXH. 30. —2026. — Bum. 31. — Oneca: HYOMA.
- C. 182-207.

Ta6n. 6. Puc. 11 Crncok nit.: 28 Ha3B.

IIpencraBneno ribpuaHy NPOCTOPOBO-4acOBY HEHPOHHY Mepexy st
HPOTHO3YBAaHHS PU3UKY BIZIMOB MiJCUCTEM CYAHOBOI €HEPreTHYHOI YCTAHOBKH B
Mexax HudpoBoro ABiHMKA. 3apPONOHOBAaHA apXiTEKTypa Ha OCHOBI 3TOPTKOBHX
HEHPOHHHUX MEPEXK 1 MepeX JOBroi KOPOTKOYACHOI MaM ST iHTETpye TelneMeTpHyIH1
nadi, (i3MYHO OOTPYHTOBaHI OOMEXKEHHS Ta HEYiTKi JIarHOCTHYHI O3HAKH.
ExcneprMeHnTanpHa Baiiamis MiATBEPIKY€E MIABUIICHY TOYHICTh 1 CTIHKICTB
Mozerm. IHrepnperoBanicTs 3abe3medyeThes 3a gomomororo meroxy SHapley
Additive exPlanations

KirouoBi ciioBa: Cy/[HOBa EHEpreTHYHA YCTaHOBKA; HHUGPOBHM JBIHHHK;
NPOTHO3YBaHHS BiZIMOB; HEUPOHHI MEpexKi; JOBra KOPOTKOYACHa IMam’siTh; (Hi3uuHO
iHpopMOBaHe HaBUaHHsS, HEUiTKa JIOTiKa, [IarHOCTHKAa TEXHIYHOTO CTaHy;
IHTEePIPETOBAHICT MOZETICH; TPOTHO3HA aHAIITHKA.

Tab. 6. Fig. 11. Refer.: 28.

This presents a hybrid spatio-temporal neural network for predicting failure risks
in ship power plant subsystems within a digital twin framework. The proposed
convolutional neural network and long short-term memory architecture integrates
telemetry data, physics-informed constraints, and fuzzy diagnostic indicators to
ensure consistent and reliable predictions. Experimental validation, including
Hardware-in-the-Loop testing, confirms improved accuracy and stability under noisy
conditions. The model supports real-time deployment and enhances interpretability
through subsystem-level analysis and SHapley Additive exPlanations

Keywords: ship power plant; digital twin; failure prediction; neural networks;
long short-term memory; physically informed learning; fuzzy logic; technical
condition diagnostics; interpretability of models; predictive analytics.
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ITPABUJIA
odopMIIeHHS Ta IOJaHHS PYKOMIHCIB Ay 30ipHUKA
" ABTOMaTH3aLis CyTHOBUX TEXHIYHHUX 3ac00iB"

1. Pykomuc nofaeTscst B €IEKTPOHHOMY BHIJISII YKPAiHCHKOIO 200 aHIIIIHCHKOI0 MOBaMU:
TekeT y dopmari *.docx, HaOpaHuit Ha apkymax ¢opmary A5 kerenem 10, rapuitypa Times
New Roman. Bukopucranns criuckiB y penakropi Word He no3BonsieTscst. Pykonuc mae Oyt
MiAMUCaHUN yCiMa aBTOPAMH.

2. O6csr cTarTi (3 LIIOCTPALisAMH, MiAPUCYHKOBUMH IIAMHCAMH Ta Pe3lOMe yKpaiHChKOIO
Ta aHTJIIHCHKOIO MOBAaMM) HE MOBUHEH MEPEBUIILYBATH 2 aBTOPCHKUX JIUCTA.

3. Ha mepuiif cropinui pykomucy MaroThb OyTH psiakoBo BkasaHi: inmexc YJIK; ITIb
aBTOpIB; HaliMEHYBAaHHs YCTAaHOBH, B SIKiii BUKOHYBaJIacs po00Ta; apecu eNeKTPOHHOI MOLITH
aBTOPIB; HAa3Ba CTATTI; pe3lOME YKPATHCHKOIO Ta aHIilchKko MoBamu 1o 500 — 900 cumBoutiB.
Hanpuxkinni pykonucy HaBoAUTHCS pedepar 1BOMa MOBaMH — YKPATHCHKOIO Ta aHIITIHCHKOI0, —
mo Bkmodae 16 aBTOpiB, HAa3By CTAaTTi, KUIBKICTh TAOIHMIb, LTIOCTpamiii Ta HaliMeHyBaHb
CIIHCKY JITepaTypH, Pe3loMe Ta KIIFOYOBI CIIOBa.

SIkmo pykomuc HE € MHOBHICTIO AHITIOMOBHHM, BiH CYIpPOBOMXKYETHCS AaHOTAIIEI0
aHITIHChKOI0 MOBOIO He MeHIue 1800 3HaKiB, BKIIIOYAIOYH KIIFOYOBI CIIOBA. SIKIIO PYKOITHC HE
€ TIOBHICTIO YKPaiHOMOBHHM, BiH CYIIPOBOKYETHCS aHOTALIEI0 YKPAaTHCHKOI0 MOBOKO 00CSTOM
He Menmie 1800 3HaKiB, BKIIOYaOYH KIKOYOBI CIIOBA.

4. Tabmuni ApyKyIOTbCS B TeKCTi i IOBUHHI OyTH 3a0e3ledeHi 3aroJIOBKaMH, IO
MOSICHIOIOTB. [TocunanHs Ha TaGJIMI JAIOTECS Y CKOPOYEHOMY BHTIIAI (TadlL.).

5.V dopmyrax, TTEpHUX MO3HAYCHHSIX Ta IHIEKCAX JIATHHCHKUN MIPH(T MOBUHCH MATH
HaXWII (32 BUHATKOM TPUTOHOMETPUYHUX (YHKIIH), a TpenbKUi MpPUQT Ta KUPHINLS MaIOTh
Oyt HaOpaHi npssMuM mpudrom. HymepyroTscs iume GpopMyin, Ha sIKi € HOCWIAHHS y TEKCTi.
Opunnni ¢i3nvHuX BennanH nosuHHI Bixnosigatu JJCTY 3651.0-97, ACTY 3651.1-97, ACTY
3651.2-97 "Merponoris. Omuuuii (i3uYHHX BenHYuH" Ta MATH 3arabHONPHUAHATI
MIO3HAYCHHSL.

6. biomiorpadiuamii ommc mitepatrypm Mae Bigmosimatu JICTY TOCT 7.1:2006.
Biomiorpadiunmii ormc. 3aransHi Bumoru Ta npasmia ckiagans ([OCT 7.1-2003).

7. Teker crateii Mae Bignosinati Bumoram moctanoBu [Ipesunii BAK Ykpainu Big 15.01.03
Ne 7-05/1 "TIpo migBUIEHHS BMMOT JO CIEI[iaJbHAX BHJAHb, BHECEHHMX 10 Tepenikis BAK
VKpaiHu": «... HOCMaHo8Ka npoodiemu y 3a2aibHOMY BUTIA0L MA 1T 36 30K 13 BANCIUBUMU HAYKOBUMU
YU IPAKMUMHUMU 3A60AHHAMU; AHATE3 OCMANHIX OOCTIOdCeHb | NYOTIKaYill, 8 IKUX 3aN0YaMKOBAHO
PO36's3anHs 0aHOl npobnemu i Ha SIKI CRUPAEMbCS. AGMOP, GUOLIEHHS HEGUPIUEHUX PAHIULE YaACHIUN
3ae2anbHoi NPobIeMU, KOMPUM NPUCBTUYEMbCS 03HAYEHA CIMAMMA; QOPMYNIOSanHs yinel cmammi
(nocmanoBKa 3a80aHHs); BUKIAO OCHOBHO20 MAMEPIALY OOCTIONCEHHS 3 NOBHUM OOIPYHIMYBAHHAM
OMPUMAHUX HAYKOBUX Pe3YTIbIMAMIG, 6UCHOBKU 3 OAHO20 OOCTIONHCEHHS | NEPCHEeKMUEU NOOATbUIUX
PO36IOOK Y OAQHOMY HANPSAMKYY.

[Minmucano no apyky 29.05.2026.
®opmar 60x84 1/16. [Manip opcetnuit Nel. Iapuitypa Times New Roman.
VM. apyk. apk. 25,57. Tupax 50 ex3. 3amoBieHHs Ne
HYOMA
Caigonrso JIK Ne1292 Big 20.03.2003
65052, r. Oneca, Byin. linpixcona, 8, kopr. 7, k. 206
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