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N EP AP P! Mopcekull Ta piYKOBHH TPaHCIIOPT

YK 656.61.052

AHAJII3 CYHACHOT'O CTAHY METOAIB ®OPMYBAHHAA
BAHTAXKHUX IIJIAHIB KOHTEMHEPOBO3IB TA HLJISAXHU IX
HOJAJIBIHIOI'O BAOCKOHAJIEHHA

Benb A. Il., x.m.n., npogecop, npopexmop 3 HAYKOB0-nedazo2iunoi pobomu XepcoHCcbKoi
oepoicasnol mopcvroi akademii, m. Xepcon, Vkpaina, e-mail: a_ben@i.ua, ORCID: 0000-
0002-9029-3489;

Coxogi0oB A. B., acnipanm, Xepconcvka oepoicasna mopcoka akademis, m. Xepcon, Ykpaina,
e-mail: arthursokolov7@gmail.com, ORCID: 0000-0003-3115-3854.

Y cmammi Oocnidscyromves numanns onmumizayii  6AHMANCHUX NIAHIE KOHMEUHePOoB803i6 6 YMOBaX
30iliCHEeHHA MYTbMUNOPMOBUX KOHMENHEPHUX nepege3etb. 1Iposedeno nopieHANbHUL aHANI3 iICHYIOUUX MEmOo0ie
Gopmysanna ma onmumizayii 6AHMAMNCHUX NIAHIE KOHMEUHePO603i6 ma GUHAYEHO nepesazu ma HedoNiKu
NPAKMUYHO20 3ACMOCYBAHHSL KOJICHO20 Memody. ITiokpecneno nomenyitini npobaemu, sAKi GUHUKAIOMb Ni0 Yac
NPAKMUYHO20 3ACMOCYSAHHS PO3SNAHYMUX AHANIMUYHUX A e8PUCTIUYHUX Memo0ie. Busznaueno HU3Ky
00608 ’A3K0BUX YMO8, AKI NOBUHHI OYMU BUKOHAHI NPU CKAIAOAHHI BAHMAICHOZO WIAHY KOHMEUHepOo8o3ie ma
WAXYU ix 3aCMOCY8aHHA 8 AKOCMI 0OMedceHb NpU 8UpIleHH] ba2amoKpumepianrbHoi onmumizayilinoi 3a0ayi.
Ipoananizosano ocobausocmi npoyecy noby0o8u BaAHMANCHUX NIAHIE KOHMeUHEepo8o3i8 npu 30ilCHeHHI
MYTbMUNOPMOBUX KOHMEUHEPHUX nepese3eHb ma 0OIPYHMOBAHO 8UOIp Kpaujo2o Memoody po3s a3aHHA 3a0ayi
ONMUMI3AYTT CIMPYKMYPU BAHMANCHO20 NIAAHY CYOHA 6 3asHaueHux ymosax. Iloxazamo nepcnexmugHicmy
3acmocyeants 6a2amoemaniux a0anmueHuUx Memooie ONMuMI3ayii 6AHMAXNCHUX NIAHIE KOHMEUHEePOoBO3is.
Po3spobneno aoanmuenuti bazamoemannuti Memoo (POPMYSaHHA ONMUMANLHO20 BAHMANCHOZO NIAAHY CYOHA
ma  SU3HAYeHo QYHKYii cucmemu niOMPpUMKU NPULHAMMA piuleHb  CYOHO800ia 0N 1020 NPAKMUYHOT
peanizayii. 3anpononoeano Kpumepii oyinKu SAKOCMI onmuMizayii 6anmasicHoeo niawy cyoua. Posensmymo
NepCHeKmueHi  WIAXU — NOOANbWO20 PO3GUMKY MA  B00CKOHANEHHS Memooig  (opMyeanHs niaHie
KOHMEUHEPOBO3i8 y CYyUACHUX YMOBAX.

Knrwuosi cnoea: eanmadgichuti niaH KOHMEUHePOBO3y, Memoou OazamoxkpumepianrbHoi onmumizayiiy
MYTbMUNOPMOBI NEPEeBe3eHHs, CUCmeMy NIOMPUMKU NPUUHAMMSA PIleHb, YNPAGNiHHA CYOHOM, 0e3neKa
CcyOHONIa8cmaa.

DOI: 10.33815/2313-4763.2023.1-2.26-27.006-016

Beryn. 3pocTtaHHs 00CATiB CBITOBUX MOPCHKMX KOHTCHHEpPHHX IE€pEeBE3€Hb Ta PO3MIpiB
Cy4acCHHX KOHTEHWHEPOBO31B OOYMOBIIOE TOCTIWHE IIJBHINCHHS BHUMOT J0 iX OE€3MeYHOCTI Ta
€KOHOMIUHOi e¢eKTUBHOCTI. HalBa)xiIMBiIOIO KOMIOHEHTOI e(EeKTUBHUX Ta Oe3NeyHux
KOHTEWHEPHUX MEPEBE3CHb € CKIIAJIaHHs PAIliOHATBHOTO BAHTAXKHOTO IJIaHy KOHTEHHEPOBO3Y, SKUN
MOBMHEH OJHOYACHO BIAMOBiaTH OaratbOM, 1HOJAI B3AEMHO CYNEPEWIMBUM BHMOTaM:
3a0€3MeYeHHI0 MaKCUMaJIbHO MOKJIMBOI KOHTEHHEPOMICTKOCTI CyAHA, MYJBTUIOPTOBOCTI
nepeBe3eHb, CKOPOUEHHS Yacy BUKOHAHHS BaHTA)XXHUX OIepaliil B Moprax, JOTPUMaHHS BUMOT JI0
cerperaiii Ta pO3MIIICHHS HEOE3NMEYHUX BaHTAXIB Ta BAHTAXIB 3 OCOOJWBHUMH YMOBaMH
NepeBe3eHHs, 30epeKeHHs OCTIHHOCTI cyaHa Too. OKpeMUM MUTAHHAM (POPMYBAHHS BAaHTAKHOTO
IJIaHY € TaKOK HEOOX1HICTh BpaXyBaHHS MYJIbTUIIOPTOBOCTI KOHTEHHEPHUX NEPEBE3€Hb, OCKUIBKU
HasBHICTHh MPOMDKHHUX MOPTIB ICTOTHO BIUIMBA€E SK HA CTPYKTYpPY BAaHTA)XHOTO IUIAHY CYy/HA, TakK 1
Ha BUOIp Kpalux METOJIB PO3B’sI3aHHS MMOCTABJICHOI 3a/1a4i.

IlocranoBka mpolGaemu. BaHTaxHMII IJaH KOHTEHHEPOBO3Yy BHM3HAYa€ IMOPSAOK
po3TalntyBaHHSI OKPEeMHUX KOHTEWHEPIB HA CYJIHI Y BIJMOBITHOCTI 3 TEXHOJOTIYHUMHU BUMOTAMH JI0
pPO3MILLIEHHS KOHTEHHEpiB Ta MpaBUJIaMM TIepeBe3eHHd BaHTaxiB. Ciil 3a3HauYUTH, IO
HepallioHaJIbHE PO3MIIIEHHS KOHTEHHEpIiB MPU3BOAUTH 1O HEOOXIAHOCTI 3/IHCHEHHS 3ailBUX
BaHTAXHUX OINepaliil y MopTy — THUMYacoBOIO IEPEMILICHHS OJHUX KOHTEHHEpIB 3 METOIo
BUBUIbHEHHS I1HIIMX. Bka3aHe sBUIIE Mae€ Ha3By «HQTIHT» 1 NPU3BOAUTH A0 3HWKEHHS
€KOHOMIYHOT e(EeKTUBHOCTI peicCy, OCKIIbKM TOTpeOye 3O0IIbIIEHHS KIJTbKOCTI BaHTaXHUX
orepaniid i TpuBaJIOCTi mepeOyBaHHS CyJHA B TOPTY, IO OOYMOBIIIOE TOSIBY JTOJATKOBHX BUTpPAT
(BapTicTh MEpeMillleHHs] OJHOTO HEBIPHO PO3TAILIOBAHOTO KOHTEHHEpa MOXE CSraTé BiJ KUIBKOX
JECATKIB 70 KUTBKOX COTE€Hb nojapiB). OKpiM €KOHOMIYHOi €(EeKTHBHOCTI BHKOHAHHS pEHUCY,
MUQTIHT TaKOXXK Ma€ ICTOTHHUM BITUB Ha KOTO OE3MEKOBY CKJIAIOBY, OCKUIBKU caMe BiJ MIU(TIHTY
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3aNIeKUTh KUIBKICTh BaHT)XHMX ONepaliid 3 KoHTeWHepamMH. ToMy 3MEHIIEHHS  KUIbKOCTI
HHUQTIHTY € BEIbMHU aKTYaJbHOIO HAYKOBO-IIPAKTUYHOIO 33/1a4€I0.

Oco0n1Bo rocTpo npobieMa MUPTIHTY NTOCTa€ y BUMAAKaX, KOJIU M1 Yac 3A11CHEHHS peiicy
CYJIHO 3aXOJUTb J10 KIJIbKOX HMOPTIB, B SKUX 3A1MCHIOIOTHCS onepallii 3aBaHTaXCHHS/BUBAHTa)KEHHS
KOHTEHHEPIB, OCKUTLKHA B TAKOMY Pa3i HEOOX1IHO CTBOPIOBATH ONTHUMAIILHUN a00 CyOONTUMAIbHUN
BAaHTAXKHUM IUIaH CyJHa, AKUH Oyje KOopuryBaTucs npoTsarom peiicy. [1o6yaoBa Takoro BaHTaXHOI0
aHy mnoTpedye po3poOKM HOBHX Ta BJIOCKOHAJICHHS ICHYIOUMX METOJIB PO3B’sI3aHHSA
OaraTokpuTepiallbHUX ONTHMI3aIlliiHUX 3a7a4, a TaKOX CTBOPEHHS BIAMOBIIHUX CHCTEM AJs iX
MIPaKTUYHOI peaizallli, 110 1 € IPeIMETOM JaHOTO JTOCIIKEHHS.

AHaJI3 OCTAHHIX JOCTIIKEHDb Ta MyOJiKALii.

[IpoGnematulil ckiaaHHs ONTUMAIbHUX BaHTAKHUX IJIaHIB KOHTEHHEPOBO31B MPHUCBSIYECHA
3HAa4YHa KUIbKICTh HAyKOBHUX IyOJiKaliil sk 3apyODKHHX, Tak 1 BITUM3HSHHMX aBTOPIB, 30KpeMa
[1-17]. Busnaueno, mo ¢GopMyBaHHS TaKOro IUIaHYy SIBIsE COOOIO CKIaJHy OaraTOKpUTEpialbHY
NP-noBHy onTuMi3aliiiHy 3ajgady, sKa MOBMHHA BHPINIYBaTHCS 33 HasBHOCTI HMU3KH IIE€BHUX
(yHKIIOHAIBHUX Ta 4YacoBUX oOMexeHb. Ha moTouHumii MOMEHT wyacy 3a3HadeHa mpodiema
BUpIILIEHA JIMILIE YACTKOBO 1 MOCTIMHO 3HAXOIUTHCS Y (POKYC1 yBaru HayKOBLIB 3 pi3HUX KpaiH. Ciin
3a3HAYUTH, 1110 3HaYHA KIJIbKICTh B3aEMOBUKIIIOUHUX OOMEXKEHb, IKMX HEOOX1AHO JOTPUMYBATUCH
IpU CKJIAJAaHHI BAaHTaXHOTO TIUIAHY, MNPU3BOJAUTH JIO CYTTEBOIO YCKJIAQJAHEHHS 3a3HAYCHOI
ONTHUMI3AIIIHOI 3a7adl 1 BUMYIIYE JOCJIJHUKIB CTBOPIOBAaTH MPHHIMIIOBO pI3HI METOAU i
PO3B’s3aHHS, KOXKEH 3 SIKUX MA€ sIK CBOI IepeBaru, Tak 1 Henodiku. Tak, aBropamu B poboTtax [1, 3,
9, 10] 3ampomoOHOBAaHO 3aCTOCYBaHHsS TOYHHUX METOMIB omTUMIi3amii (JTiHiiiHE a0 IUHAMIYHE
[IporpamMmyBaHHs, METOJ MEX 1 T'JIOK, MOLIYK 13 3a00pOHaMHM, PO3TaIllyBaHHS 32 JOTTYHUMHU TOILO), Y
poborax [2, 4, 5, 7, 8] NpOMOHYETHCSI 3aCTOCOBYBAHHS €BPUCTHYHHUX, a00 MMOBIPHICHUX METOJIIB
(imitauis BiAmamy, >kafiOHI, T€éHETHYHI, MypaluHi abo pPOHOBI aIrOPUTMHU, METOJ IMPOMEHEBOTO
MOIYyKYy), a B pobdorax [6, 13, 16] po3risiHyTo KOMOIHOBAaHE 3aCTOCYBaHHS METOMAIB 3 JBOX
BUIIEBKAa3aHUX TIpyN. Y CBOK 4Yepry, CIliJ 3a3HAYUTH, [0 ONTHMi3allis BAHTAXXHOTO IUIAHY
KOHTEWHEPOBO3Y Yy BHIAAKY 31MCHEHHS MYJIbTHIIOPTOBHUX MEPEBE3EHb MA€ Psijl CelupiYHUX PHC,
SIKI TIOTpEOYIOTh PO3pOOKH HOBHMX Ta BJIOCKOHAJIEHHS HAsSBHHMX METOJIIB ONTHUMI3allii BAHTAXXHOTO
TUTaHy CyJHa.

BupimieHH0o 1bOro NHUTAaHHA Ta BHU3HAUYEHHIO IPIOPUTETHUX LUIAXIB  PO3BUTKY
MaTeMaTUYHUX MOJIEJIeH, METOJIB Ta MPOrpaMHHX 3acO0iB KepyBaHHS BaHTAKHUMH OTIEpaIlisiMU
KOHTEHHEPOBO3iB B YMOBaX 3/11HCHEHHS MYJbTUIIOPTOBUX PEICIB 1 IPUCBAYEHA CTATTS.

Merta Ta 3amavi gocjigKeHHs. MeTOI0 [OCHIIKEHHS € TPOBEICHHS IOPIBHAIHLHOTO
aHaJi3y ICHYIOUHMX METOAIB (OpMYBaHHS BaHTAXHUX IUJIAHIB KOHTCHHEPOBO3IB Ta BU3HAYCHHS
HUIAXIB 1X MOJANBUIOrO BIOCKOHAJIEHHS JUIsl BHUIMAAKy 3acCTOCYBaHHS B 3ajjadax ONTHMIi3aii
BAaHTAXKHUX OIEpaliii MyJIbTUIIOPTOBUX KOHTEHHEPHUX NEPEBE3EHb.

Bukiaax ocHoBHOro marepiajgy. 3 MaTeMaTH4yHOI TOYKHM 30py 3ajgada (opMyBaHHA
ONTUMAJILHOTO BaHTaXHOTO IUIAHY KOHTEHHEpPOBO3y sABIsE CO000K OaraToKpuUTepiaIbHY
ONTHUMI3AIiHY 3a/1ady TPUBUMIPHOTO MMaKyBaHHS 3 OOMeXeHHSIMH. Sk 3a3Ha4ueHo B podorax [1, 2],
3a 00YMCITIOBAIIBHOIO CKIIAIHICTIO 11 3a/1a4a € NP-1oBHO0, TOMY 11 pO3B’si3aHHS METO/IOM ITOBHOTO
nepedopy BCIX MOXJIMBHX BapiaHTIB pPO3TalllyBaHb KOHTEHHEpPIB HEMOXJIMBE 1 TMOTpiOHE
3aCTOCYBaHHsI CKJIQJHUX IMITAIIHUX a00 €BPUCTHYHHMX METOJIB PO3B’s3Ky. Ciij 3a3HAYUTH, M0
3aCTOCYBaHHS KOHKPETHOTO METOy (OpMyBaHHS BaHTaKHOTO TUIAHY KOHTEHHEPOBO3Y CYTTEBO
3QJICKUATh B crnenudiky Kiaacy 3ajad, M0 BHUPIMIYIOTHCS (TEXHIUHI XapaKTEPUCTHUKH CYJIHA,
KUTBKICTh 1 THN KOHTEWHEpIB, IO PO3MIIILYIOTHCS, BHJl BaHTaXIiB, KUIBKICTh TOPTIB Mia dYac
BUKOHAHHS peiCy, BaHTaXXHE YCTaTKyBaHHS Ha CyJIHI Ta B IOPTax, 4ac pO3B’sA3aHHS 3a/1a4i, TOLIO).

BusnayeHo, 1m0 mNpH CKIaJaHHI BAHTAXHOTO IUIAHY KOHTEWHEPOBO3Y HEOOXiTHO
BPAXOBYBaTH HHU3KYy OOOB’SI3KOBUX Ta JOJATKOBUX OOMEXEHb, $KI MOYKHA CTPYKTYpYyBaTH
HAaCTYITHHM YHHOM.

1. JlorpumanHs BHUMOTr 30€peXEHHsS MIIHOCTI KOpPIyCy CyJIHAa Ta BpaxyBaHHS HOro
KOHCTPYKTHBHUX OCOOJIMBOCTEH (TTO3OBXKHS MIIHICTh KOPIYCY, BUTHHAIOYli MOMEHTH, MIIHICTh
nanxyOu, po3TalryBaHHS KPHILIOK JIFOKIB Ta MICIb KPITJIEHHSI KOHTEHHEPIB TOIIIO).
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2. JloTpuMaHHS BUMOT JO0 30€peXeHHS OCTIHHOCTI CcyaHa (KOHTPOJIb MPHUITYCTUMHUX MEX
JUISL METallEHTPUYHOI BUCOTH, OCA/IKH, KpEHY Ta AUPEPEHTY).

3. BpaxyBaHHS MOCIITIOBHOCTI 3aBaHTa)KEHH-BUBAaHTA)KEHHSI KOHTEHHEPIB Y BiJIIOBITHOCTI
3 MOPTaMHU TiJ] 9Yac BUKOHAHHS peicy (MiHIMI3alisl «ITUQTIHTY» ).

4. JloTpuMaHHs TEXHOJOTIYHMX BUMOT JI0 B3a€MHOTO PO3TallyBaHHS 1 KpiryieHHs 20-Tu Ta
40-ka (hyTOBHX KOHTCHHEPIB, @ TAKOXK KOHTCHHEPIB 301IBIICHOT BUCOTH Ta JJOBXKUHHU.

5. BpaxyBaHHs BUMOT, TIOB’SI3aHHUX 3 CETPETallil0 BAHTAXIB Ta PO3MIIIECHHSAM HEOE3MEUHUX
BaHTaXIB Ha CY/HI.

6. Po3MmimieHHsT pedprKepaTOpHUX Ta CIEIiaTi30BaHUX KOHTEHHEPIB y 3a3/1alerillb
MPU3HAYCHUX JJIS1 HUX MICISIX.

HonatkoBo mnpu  (QopMyBaHHI BaHTKHOTO IUIaHy CyAHAa OaXaHO BpPaxoBYBaTU
XapaKTepUCTHKH BAHTAXXHOTO OOJIAJHAHHS Ta MOPSAOK 3IIHCHEHHS BaHTAXXKHUX POOIT y mopTax
MIPU3HAYCHHS.

Po3B’s3anHs pobaemu (opMyBaHHS ONTUMAIBHOTO BaHTAKHOTO IUIAHY KOHTEHHEPOBO3Y
JOCITIJDKYBAJIOCh OaraTbMa BITYM3HSHUMHU 1 3apyODKHMMHM BYCHUMH. ICHye 3HayHA KiIBKICTh
TEOPETUYHUX 1 MPAKTUYHUX PO3POOOK, IPUCBAYCHUX PO3B’S3aHHIO 1 PO3BUTKY IUISIXIB BUPILICHHS
3a3Ha4yeHO1 MpobIeMu.

Tak, y po6orti [1] Bu3HAUEHO, 1m0 MpoOiieMa TUIAaHYBaHHS 3aBaHTAXKEHHS KOHTEHHEPOBO3a
Moxe OyTH 3BeleHa /O JIHIHHOI JIBIMKOBOI MOJENi, a ONTHUMAJIbHE PIIICHHS MOYKHAa 3HAWTH
BHUXOJISTYM 13 3a37aJIeT1Ib BIOMOT KUTBKOCTI KOHTEHHEPIB, [0 3aBAHTAXKYIOTHCS/BUBAHTAXKYIOTHCS B
KOXXHOMY 3 TIOPTIB MPU3HAUYECHHS. 3a3HaYeHUH MiAX1]] € CYyTTEBO CIPOIICHUM, OCKUTBKH BUXOIUTD 3
MPUITYIIEHHS, 1[0 BCi KOHTEHHEpH MAlOTh OJHAKOBHM pO3MIp Ta Bary, KpiM TOTrO, BiH Ma€ IEBHI
0OMEXEHHS MIOAO0 KUIBKOCTI KOHTEHHEpIB, SKI MAJIATalOTh PO3MIIICHHIO. TakuM YHUHOM, HOTO
BUBYCHHS Ma€ TEPEBAXHO TEOPETHYHE 3HAUCHHS, a peajibHe NMPaKTHYHE 3aCTOCYBaHHS € BKpal
O0OMEXEHHUM.

ABropamu pobGotu [2] g BHpIIIEHHS 3a7adi ONTUMAIBHOTO 3aBAaHTAXCHHSA Cy/HA
3aMporOHOBAHO 3aCTOCYBAaHHS T€HETHYHOTO ajlrOpUTMy, IPU I[bOMY B SIKOCTI (pyHKIi Bigbopy
Kpalux pillieHb 3aCTOCOBYIOTHCSI OOMEKEHHS CTOCOBHO JOTPUMAaHHS YMOB 30€peXeHHs OCTIHHOCTI
CylHa. 3ampornoHOBaHUM Miaxig OyJo 3aCTOCOBAHO sl BUMAJAKy koHTeiHepoBo3dy B 1000 TEU i
KUTBKOX TOPTIB 3aBaHTA)KCHHSI-BUBAHTAKEHHs. [[pakTHYHE 3aCTOCYBaHHS MPOIIOHOBAHOTO ITiIXOTY
JOLIJIbHE

VY po6oti [3] aBTOpamMH 3aCTOCOBYETHCS JABOX €TAaHHNA METOJ| ()OPMyBaHHS BaHTAXKHOTO
wiady. Ha nepuioMy erari 3aCTOCOBY€ETbCS METOJ] TUIOK Ta MEX JUIsl PO3MIIIEHHSI KOHTEHHEPIB 10
BaHTOXHUM Bijacikam. Ha npyromy erami 3a JOTOMOTOI0 METOMy IMOMIYKY i3 3abopoHamu
BiIOYBA€ThCS PO3MIIIEHHS! KOHTEHHEpIB 1Mo Komipkax. MeToa mpuaaTHHM I 3aCTOCYBaHHS Ha
KOHTEWHEPOBO3aX HEBEJHMKOI KOHTEHHEPOMICTKOCTI, IO MEpPEeBO3ATh IMEPEBAKHO KOHTEHWHEpHU
omHoro tumy. Po3mimieHHs pedprxepaTopHUX, CHeEIiaTi30BaHUX KOHTEHHEpIB Ta KOHTEHHEpIB
HECTaHJIapTHOTO PO3Mipy MOTpeOye BHECEHHS CYTTEBUX MOAMQIKAIi y TPONOHOBaHI MaTeMaTHYHI
MOJIesl onTuMizarii.

ABTopu pobotu [4] 3acTocyBanmu ans (HOpMyBaHHS ONTHMAJIbHOTO BaHTAKHOTO IUIAHY
KOHTEITHEpOBO3y alNTOPUTM MYypalIuHOi KoJoHii. OCHOBHUMHU OOMEXEHHSIMH BHCTYNAlOTh BUMOTHU
70 30epeXeHHs OCTIMHOCTI 1 MIIHOCTI Kopmycy cyaHa. B sKOCTI OCHOBHUX HEIONIKIB
MIPOTIOHOBAHOTO MIIXO0Ty CJIiJl 3a3HAYMTH TPUBAJIMUN Yac PO3B’sI3aHHS 3a7adl, a TAKOX TMOTCHINIHHY
MO>KITUBICTh BTPATU YaCTKH PIllICHb, BKIIFOUAIOUN ONTUMATIbHE.

Y poboti [5] po3rasHYyTO BUKOPUCTAHHS METOJIB IMITalii BiAmady Ta TEHETHYHUX
QITOPUTMIB. 3a3HAYA€ThCS, IO BKa3aHI METOAM MOXYTh OYTH 3acTOCOBaHI [UIsi TOOYIOBU
BAaHTaXXHOTO TUIAHY CY/JHA y BHIAJKaX BUKOHAHHS pelCy MK KiTbKoMma mopramu. PaszoMm 3 TuwM,
3ampornoHoBaHa B poOOTI Mozenb (OpMyBaHHS BaHTAXKHOTO IUIaHY BEJIBMU i7ealli3oBaHa i
0o0MeKeHa, OCKITbKH 0a3y€eThCs Ha MPUITYIICHHSIX, 0 BC1 KOHTEWHEPH MAlOTh OJHAKOBUU THII 1
po3mip (40 TEU), Bara KoHTeHHEpiB TaKOXK HE BPaxoBYeTbcs. BkazaHi 00CTaBUHU HE JO3BOJISIOTH
3aCTOCOBYBATH 11 y SIBHOMY BHIJISIAL JUIsl BUPILIEHHSI peaJIbHUX MPAKTUYHUX 3a]ad, Xo4ya BOHA 1
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MpHUIaTHA JAJIs IPOBEACHHS MOPIBHSUIBHOTO aHaII3y 000X METO/IIB.

ABTOpu po0OOTH [6] MPOMOHYIOTH BUKOPHCTOBYBATH MJsi PO3B’sI3aHHS 3aqavi >kaaiOH1
ONTHUMI3AIliiHI aJTOPUTMHU Yy TIOEAHAHHI 3 JIOTIYHUMH TMpaBUIAMH. 3a3HAYAETHCS, IO ICTOTHUM
HEJOTIKOM >KaJ{I0HOTO aNrOpUTMYy € HOro YyTIUBICTH A0 CTPYKTYPH BAHTAXXHOTO IUIAHY CYIHA.
Moro 3acrocyBanHs Manoe(peKTHBHE IS BAHTAKHUX IUIAHIB, W10 Mepea0ayaroTh IOTEHIHHY
HAsIBHICTh 3HAYHOI KUIBKOCTI MU TIHTY KOHTEHHEPIB, TOOTO, ISl MyJIbTUIIOPTOBUX MEPEBE3EHb.

3acrocyBaHHSs Ui (OpPMYBaHHS BAaHTQXHOTO IUIAaHYy KOHTEWHEPOBO3Y POHOBOTO
€BPUCTUYHOTO aJIrOPUTMYy pPO3MIIAHYTO y cTarTi [7]. CyTHICTH anropuTMy MOJSATa€ B IOUIYKY
ONTUMAIBHUX PIMIEHh NUIIXOM IMITAIIMHOTO MOJEIIOBAHHS I1X pO3TallyBaHHS 3a MpaBWIAMHU
POHOBOI0 AJITOPUTMY 3 YpaxyBaHHIM IT'SITH OCHOBHHMX XapaKTEPHCTUK JIi KOKHOTO KOHTeHHepa:
po3Mip, Tum, Bara, LEHTP TsDKIHHS Ta NO3MUILIS po3TallyBaHHA KoHTeiHepy. Henomikamu
IIPOIIOHOBAHOTO MiJIXOAY € MOTr0 CXMJIBHICTh /10 3HAXOJDKEHHS JOKAJIbHHUX ONTHUMYMIB, 1, TAaKUM
YHHOM, BTPATH YaCTKU PIlICHb, a TAKOXK CKJIATHICTh 3aCTOCYBAHHS ISl BUNIAJIKY MYJIBTHIIOPTOBUX
NIePEBE3EHb.

OaHMM 3 MOJIMBHUX IUIAXIB ONTUMI3alii BaHTaXXHOIO IUIaHY € 3aCTOCYBaHHS alTOPUTMY
IIPOMEHEBOI'0 TOIIYKY, SIK 1I€ 3alPOIOHOBAHO aBTOpamu B poOoti [8]. IlepeBaroro 3a3HaueHOro
METOJly € MOPIBHSHO HMU3bKAa OOYMCIIIOBAJIbHA CKJIAJIHICTh 1 BIANOBIJHO, BUCOKA, Y TOPIBHSAHHI 3
IHIIMMH METOJaMHU, IIBUJIKICTh OTPUMAaHHS pillieHb. BTiM, BiH Ma€ iCTOTHI HEIONIKHU, TOJOBHUMU 3
SIKUX € 0OMEeKeHa 00JIacTh MOIITYKY 1 BUCOKA PECyPCOMICTKICTh. 3aCTOCYBAHHS METO/IY HE TapaHTye
3HAXO/PKEHHsI ONTHUMAJIBHOIO PILLICHHS, TAKOX ICHY€ BEJIMKAa HMOBIPHICTh BTPATH YacCTKU pillieHb. 3
OISy Ha BHIIE3a3HAuCHE, MPAKTUYHE 3aCTOCYBAaHHS allTOPUTMY IPOMEHEBOTO IMOIIYKY MOKIIUBE
JUIe Yy TOEIHAHHI 3 IHIIUMHU METOJaMU OMNTHUMi3allii, TOMy aBTOpamMHu CTaTTi JAOJATKOBO Oyio
3aCTOCOBAHO METOJ] MOUIYKY 13 3a00pOHAMH.

ABTtopamu pobotu [9] npoaHai3oBaHO OCOOIMBOCTI CKJIaJaHHS BaHTaKHOTO IUIaHY Cy/AHA
IIpY HasIBHOCTI HEOE3MEeYHUX BaHTaxI1B, 3 ypaxyBaHHsIM BuMor IMDG Code (International maritime
dangerous goods code, MixxHapoJHUI KOJIEKC MOPCHKOTO TEPEBE3CHHsI HEOE3MEYHUX BAHTAXKIB).
[IponoHy€eThCs 3aCTOCYBAaHHS QJAUTUBHOTO AITOPUTMY PO3MIILEHHS, 0 0a3yeThCsl HAa MPUHIUIIAX
[UJTOYHMCENILHOTO JIIHIHHOTO TporpamMyBaHHs. MicIis po3TairyBaHHS KOHTEHHEPIB 3 HEOC3MECUHUMHU
BaHTakamu. [IpoTe, BHACTITOK BUCOKOI OOUHCITIOBAIBHOI CKJIATHOCTI, MPOITIOHOBAHUM ITiJIX1T MOXKE
OyTH 3aCTOCOBAHUM JIUIIIE JIUIsl BAHTAXKHUX IJIaHIB HEBEJIUKOI PO3MIPHOCTI.

[pyHTOBHMI aHaNi3 OCOOIMBOCTEN 3aCTOCYBAHHsS KJIACHYHHX METOJIB IJIOYHUCENHHOTO
JIHIKHOTO TPOTpaMyBaHHS JUIsi PO3B’S3aHHSA  3a/Jadi  ONTHUMi3allii BaHTAXHOTO ILJIAHY
KOHTEWHEpOBO3y HaBeneHo y poboti [10], aBropm sKoi 3a3HadaloTh, MO iX TMPAKTUYHE
3aCTOCYBaHHSI JIOIIJILHO 3A1MCHIOBAaTH Y KOMOIHAIIIT 3 EBPUCTUIHUMHU METO/IaMH TTOIITYKY PIllIEHb.

[TuTaHHs NOTPUMAaHHS BHMOI OCTIHHOCTI Ta MIIHOCTI KOPIYCY CyAHa TpH CKJIaJaHHI
BaHTQ)XHOTO TUJIaHY KOHTEHHEPOBO3Y JOKJIAIHO PO3TISHYTI B pobortax [11, 12]. 3a3HauaeTses, 1o
HE3aJIe)KHO BiJl 0OpaHOTrO METOMy OINTUMI3allii, BHINE3a3HA4YCHI BUMOTH BUCTYMAIOTh B SKOCTI
00MEXeHb 00JIacTi TMONIYKYy pilleHb, IO JA03BOJISIE ICTOTHO 3MEHIIUTH KUIBKICTh BapiaHTIB
po3TalryBaHb KOHTEHHEpIB, IO aHATI3yIOThCS, Ta CKOPOTUTH dYac, MOTPIOHMN HA 3HAXOKCHHS
PO3B’SI3KY 3aadi.

JlomaTKOBUMH OOMEKEHHSIMH, IO JOIUIBHO 3aCTOCOBYBATH NMPH (OPMYBaHHI BaHTAXHOTO
IIaHy € oco0aMBOCTI MOopToBoi iHPpacTpykTypu. Tak, aBTopamu podoTtu [13], 30kpeMa BkazaHo,
0 3 METOI CKOPOYEHHsS BUTpAT 4Yacy Ha TMPOBEICHHS BAHTAXHHUX OIEpalid y MopTax MNpu
CKJIa/IaHHI BaHTAXHOTO IUIAHY CyJHAa HEOOXITHO TOJIaTKOBO BPAaXxOBYBATH TEXHIYHI MOMJIUBOCTI
BAaHTAXKHOTO OOJIQJHAHHS TMOPTY (KUIBKICTh Ta PO3TAlIyBaHHS BaHTAKHUX KpPaHIB) 1 TOPSIOK
3/1IiICHEHHS BaHT)XKHUX OIepalliil y HboMy.

TakuM YHHOM, TPOBEACHUI MOPIBHAJIBHUN aHaji3 poOIT 3apyODKHUX Ta BITYM3HSIHHUX
aBTOpIB JI03BOJIMB BHU3HAYWTH TEpeBard Ta HEHOJIKM KOXKHOTO 13 BHINE3a3HAYEHHUX METOJIIB, a
TaKOK OOMEKEHHSI, 10 JI0 YMOB iX MPaKTHYHOTO 3aCTOCYBaHHS, SIKi HaBeJIeH1 B Tabmumi 1.
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Tabmuus 1 — XapakTepuCTHKH ICHYIOUMX METOMIB (OpPMYyBaHHS BaHTXHHUX IUIAHIB

KOHTCﬁHCpOBOSiB
Memoo opmysanns QbuucniosanvHa .

No | Eammadicioco mm.” Y/ Cnoci6 nowyky |cknaduicme/uac Tun piwennz, Oobmedxncenns/
Mamemamuuni . uwo oyoe .
sodeni, ugo piwennsa nowyKy ompumano 0codnue0Ccmi 3aCMoOCy6anH
Ppiltennsn
3acmoco8yiomsca
1 2 3 4 5 6
1 | IToBHOTO NEpebOPY AmnaniTHaHui, Hyxe Bucoka/ | OnTuManbHe 3 orsiy Ha BKpail BUCOKY
pospaxyHkoBuii | Jly>ke MOBruii | pilIeHHs 32 YMOB | OOYMCIIOBAJIbHY CKJIAJIHICTD, Ha
MOJJIUBOCTI MIPaKTHIII HE 3aCTOCOBYETHCS. B
BUKOHAHHS YCIiX OKpEMHX BUIAJKaX MOXKe OyTH
00MEeXEeHb 3aCTOCOBAHMH JUIsl TIEPEBIPKH
pilIeHs, OTPUMAHUX IHITUMHA
METOJIaMH.
2 | Jliniiine AmnaniTHaHni, Bucoxka/ OntuMansHe Mae BHCOKY 00YHCITIOBATIEHY
MIPOTrpaMyBaHHS pospaxyHkoBuii | JloBruii pilIeHHS 32 yMOB | CKJagHicTh. Moxke OyTH
MOJJIUBOCTI 3aCTOCOBaHUH /ISl pO3B’I3aHHS
BHKOHAHHS yCiX 33729 MaJioi PO3MIpHOCTI.
00MEeXKEeHb [TpakTryHe 3acTOCyBaHHS IS
(hopMyBaHHS BAHTAKHOTO
TUIaHy MOJKJIMBE Y KOMOiHaIii 3
€BPUCTUYHUMHU METOIAMHU

3 | Po3ramryBanns 3a AmnaniTnaHni, Bucoxka/ OntuMansHe Mae BHCOKY 00YHCITIOBATIBEHY

TIpaBUIIAMH ¢dopmansHO- Josruit pilIeHHs 3a yMOB | ckiagHicTh. [IpakTiune
JOTI9HUH MO>KJIMBOCTI 3aCTOCYBaHHA OTpeOye
BUKOHAHHS YCiX BBE/ICHHS HU3KH J0aTKOBUX
00Me)XEeHb oOMerxeHb ab0 KoMOiHaIiT 3
EBPUCTUYHUMHU METOAAMHU.

4 | Imitanis Bigmamy VmoBipricHuii, | Bucoxa/ MHoxHHa Mae BHCOKY 00YHCITIOBANBEHY
IMITaIliHe JoBruii cyOonTUManpHUX | CKiIagHicTh. HeobximHO
MO/ICTIOBAHHS piteHs BpPaxoOBYBaTH CXHJIBHICTH

METOJy 10 3HaXOJDKCHHS
MHOXKHHH JIOKQJIbHAX
ontumyMiB. [Totpedye
JIOZIATKOBOTO
aHaJi3y/neperyisiay OTpUMaHuX
pillieHb.

5 | I'enernuni Wmosiprichnit, | Cepemns/ MHuoxmHa IToTpebye 3acTocyBaHHS
ANTOPUTMHU imiTamitHe Cepenniit CyOONITUMANIBHAX | CKJIATHIX OOYMCITIOBATHHIX

MOJEIIIOBaHHS pIlIeHb (MOXKJIMBE | MPOLIEAYP IMITAIIHHOTO
3HAXOJUKEHHS MoJIeToBaHHs. bakaHo
OIITHMAJILHOT'0) MIPOBECHHS JOAATKOBOTO
MOPIBHSHHS OTPUMaHUX
BapiaHTiB pillleHb 3 METOO
BUOOpY HaWKPAIIOTO.

6 | Meroa Mex i riyiok AHaNITUYHUH, Husbka/ HerapanroBane UyTnusicTh e(heKTUBHOCTI
TUHAMIYHE Kopotxkwuit onTUMaibHe a00 | MOIIYKY pilieHHs 10 00csTy i
IpOrpaMyBaHHS cybonTumanbHe CTPYKTYPH BaHTa)KHOTO TIJTaHY

pileHHs cyana. MoxJiBa BTparta
YacTKH PillICHb.

7 | Homyk i3 AmnaniTH4Hui, Husbka/ Herapanrosane YyTnusicTb e(peKTUBHOCTI
3a00poHaMu JMHAMIuHE Kopotkuit ONTHMasIbHEe 200 | MOWIYKY pillleHHs 10 o0csry i
(Taby momryk) MpOTrpaMyBaHHS cybonTuMansHe CTPYKTYpPH BaHTAXXHOTO TIaHY

pillIeHHS cyana. MoxJimBa BTparta
YaCTKH PillleHb.
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[TponosskeHHs Taba. 1

1 2 3 4 5 6
8 | Meroa MypammHoi EBpuctuuHo- Cepenns/ HerapanroBane [MoTtpedye 3acTocyBaHHs
KOJIOHI{ WMOBIpHICHUI Cepenniii onTUMalbHe ab0 iTepamifHuX 00YHCITIOBATLHUX
cyOonTHMaIbHE MpoLenyp iMiTaiiHOrO
pilIeHHS MojentoBanHA. HeoOximHo
MIPOBEIECHHS JOAATKOBOTO
MOPIBHSHHS OTPUMaHUX
BapiaHTiB pillIeHb 3 METOIO
BHOOpY HaWKpaIIoro.
9 | KaniOumii anroput™ | EBpuctuunmii Husbka/ Herapanrosane UyTnusicTh e(heKTUBHOCTI
Kopotkwuii ONITHMaJIbHE 200 | MOUIYKY pillleHHs 10 o0csry i
cybonTumanbHe CTPYKTYPH BaHTa)KHOTO IIJTaHY
pitmeHHs cynHa. ManonpuaaTHUM Juist
BAaHTa)XHUX IUIaHIB 13 3HAYHOIO
KUTBKICTIO TTOPTiB. MOXJIHBa
BTpaTa YacTKH pillleHb. B
OKpEMHX BUMAJKaxX pilllCHHS
MoxXe OyTH He 3HalAEHO.
10 | PoiioBuii anroputm EBpuctnunuit Husbka/ HerapanroBane ManonpunaTHuil s
Kopotkwuii ONITHMaJIbHE 200 | BAaHTA)XXHUX IUIAHIB 13 3HAYHOIO
cyOonTuManbpHe KUTBKICTIO TOPTiB. MOKiMBa
pitmeHHs BTpaTa YacTKH pimieHs. B
OKpEMHX BUMAIKaxX PilICHHS
MoOXxe OyTH He 3HalAEHO.
11 | Meron npomeHiB EBpuctuunuit Husbka/ HerapanroBane OObMerxeHa 001acTh MOUTYKy
Kopotkuit ONTHMaJIbHEe a00 | pillleHb, BUCOKA
cyOonTUMaIbHe PeCypCOMICTKICTh, MOXKIINBA
pileHHs BTpaTa 4acTKH pilieHb. B
OKpEMHX BUMAJIKaX PilICHHS
Moyke OyTH He 3HAHICHO.

Buxonsuu 3 indopmartii, mo HaBeaeHa y TaOIHIl, MOXKHA 3pOOWTH BHCHOBOK, IIIO METOJIH,
SIK1 3aCTOCOBYIOTBCS JJISl BUPIIIEHHS TIOCTABIICHOI 3a/1a4i, MOKyTh OyTH pO3iJeHI Ha JIBI BEIHUKI
Ipyny — TOYHI (aHAJIITHYHI) Ta eBpUCTUYHI (HiMoOBipHicHI). [lepeBaroro TOUHHUX METOMIIB (JTiHIMHE
abo AMHaMiYHE NMPOrpaMyBaHHs, TOBHUH nepe0dip, TOLIO0) € IOBHA JETEPMIHOBAHICTh 1 MOXKIIUBICTh
rapaHTOBAaHOTO 3HAXOJKCHHSI HAWOUIbII ONTUMAIILHOTO pilmeHHs. [IpoTe, iX TOJOBHUM HEIOIIKOM
€ BUCOKa OOYHMCIIOBaJbHA CKIAJHICTh, IO YHEMOXIIMBIIIOE 3aCTOCYBAaHHS TaKMX METONIB 0e3
MeBHUX OOMEXEHb /I 3HAXOKCHHS PIIICHHs B MOTPIOHUI NPOMIXKOK 4yacy. EBpucTHyH1 MeToaH
(reHeTHYHI aNTOPUTMH, IMITAllisl BiANANTy, METOJ MYpAaIIMHOI KOJIOHIii, MOUIyK i3 3a0opoHaMwu,
pPOWOBHIA alTOPUTM, IKATIOHUW aJrOpPUTM, TPOMEHEBUI aJTOPUTM) HAaBIAKH, JO03BOJISIOTH
3HAaXOAUTH HEOOXi/IHE pillleHHsS BiTHOCHO IIBUJKO, ajieé BOHO OyJe juiie cyOonTuMaibHuM (TIpoTe
NPUAHATHAM 3 TIPAKTHYHOI TOYKH 30py IS BUPINICHHS IOCTaBJIeHOI 3amadi). Hemomikom
€BPUCTUYHUX METOJIB TAaKOX € OUIbII TPYAOMICTKa, Yy TOPIBHAHHI C KIACUYHUMHU
ONTHUMI3AIIMHUMHU TIPOLIETypPaMH, MPOTpaMHa peatizailisi Ta HEOOXITHICTh JOJaTKOBOI MEPEBIPKH
OTpPHMaHUX BapiaHTIiB PillIeHb 3 METOI0 BUOOPY HAWKpaIInX.

[TpuiimMaroun 110 yBarum OOYMCIIOBaIbHY CKIAIHICTh (DOpMyBaHHS BaHTa)XKHOTO TIUIAHY,
MOKHa 3pOOHMTH BHCHOBOK, IO Ha MOYaTKOBOMY eTami (moOyaoBa OCHOBH, a00 TakK 3BAaHOIO
«KapKacy» BaHTXHOTO IUIaHy) TIepeBary CIiJ HaJaTH TOYHHM Ta JCTEPMIHOBAaHHM METOJaM
MOIIYKY pillIeHb, & Ha 3aBepIIajIbHOMY, IPU OCTATOYHOMY BH3HA4€HI MO3MIII{ KOXKHOTr0 KOHTelHepa
Ha CyIHI, Kpalie 3acTOCOBYBAaTH €BPHCTWYHI. TakuM UYWHOM, BaHTOKHUHM IUIaH CyJHA
(opMyBaTUMEThCS IUISIXOM KOMOIHOBAHOTO 3aCTOCYBaHHS aHAJITHYHUX Ta €BPUCTUYHHX METO/IIB.
VY TakoMy BHUIIQJKy IOYAaTKOBA CXE€Ma PO3MIIIEHHS KOHTCHHEPIB HAa CYJHI, TOOTO IUIaHyBaHHS
PO3MIILLIEHHST KOHTEWHEPIB Ha CyAHI MO OesIM 3 ypaxXyBaHHSIM KOHCTPYKLIHHUX XapaKTEPUCTHUK
Cy/JlHa Ta TEXHOJIOTIYHMX yMOB BHUKOHAHHs pelicy, abo 3amaua, Outblnl Bimoma sik Master Bay
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Planning Problem (MBBP) [2], Oyzae BupinryBaTHCs 32 JONOMOTOI0 aHAITHYHUX ONMTHMI3aliiHIX
METO/[IB, OCKUIBKM I OOYHMCIIIOBaJbHA CKJIAJHICTh MOPIBHSAHO HEBHUCOKA. 3ajadya OCTATOYHOTO
pO3MIIIEHHST KOHTEWHEpiB 1Mo Komipkax, Bimoma sk Slot Planning Problem (SPP) Oyne
BUPILIYBATUCS LIUIIXOM 3aCTOCYBAHHS €BPUCTHYHUX METO/IB.

VY pob6orax [14—17] po3ristHyTI IUTaHHS ONTUMI3allii BaHTAXHUX IUIAHIB KOHTEHHEPOBO3iB
JUIs  BUIAJIKIB MYJBTHUIIOPTOBUX I€PEBE3€Hb. 30KpeMa BH3HAUEHO, W10 TakKli IepeBE3CHHs
oTpeOyI0Th 3aCTOCYBaHHS OLIbII CKIAJHUX ONTUMI3AIINHUX Mpouenyp popMyBaHHsS BaHTaKHOIO
IUIaHy CyJlHa, OCKUIBKM JOJAaTKOBO BHUHHUKAae MoTpeba B HOro MOCIiOBHOMY KOPHUIYBaHHI Y
BI/IMIOBITHOCTI 3 MIOPTaMu CJIiTyBaHHS Cy/IHA.

TakuM YMHOM, CKJIQJHICTh MOOYJOBH BaHTaKHOTO IUIAaHY KOHTEHHEPOBO3Y Yy BHUMAIKY
3MIMCHEHHS MYJIBTUIIOPTOBUX TII€PEBE3E€Hb TIOJATAE B JOJATKOBIM HEOOXITHOCTI 31HCHEHHS
MOCTIIOBHUX ITepalliiHUX MpoLeayp NeperisiLy 1 ONTUMi3alii BAHTR)KHOTO IJIaHy CyJIHa B IpoLeci
BUKOHAHHS BCHOT'O PEHCY.

Buxozsuu 3 BHILIEHaBEIEHOTO, IPOIIOHYETHCS 3aCTOCYBAHHS aJJalTUBHOTO 0araToeTamHoro
MeTony (opMyBaHHS BaHTaXHOTO IUIaHY, 3aCTOCYBaHHS SIKOTO y TaKOMY BHIAJAKy HaHOLIbII
nouinbHe. CyTHICTh pO3pOOJIEHOT0 METOY HOJISArae y MOCiJOBHOMY BUKOHAHHI HACTYITHUX €TalliB.

1. BwuzHaveHHS MOYaTKOBOI iH(POpPMAIIil CTOCOBHO TEXHIYHUX XapaKTEPUCTHUK CyJHA, YMOB
BUKOHAHHS PEHCy, MOCIIJOBHOCTI HMOPTIB MPU3HAYEHHS, KUIBKOCTI, Barv, Ta THUILy BaHTAXIB, L0
MIEPEBO3SATHCS.

2. Po3paxyHOK Ha OCHOBI OTpMMaHOi iHGoOpMaIlii MHOXUHH OOOB’S3KOBUX OOMEKEHBb
BAaHTAXKHOIO IUIaHy (JAOTPUMAaHHA BHMOI JI0 30€peKeHHS MIIHOCTI KOpIyCy, OCTIMHOCTI,
mudepeHTy 1 KpeHy CyaHa, po3MilIeHHsI pedprkeparopiB, KOHTEHHEPIB HECTAHJAPTHUX PO3MIpIiB
Ta KOHTEHHEPIB 3 HEOE3MEUHUMH BaHTAKaMH, PO3MIIIEHHSI KOHTEHHEPIB 10 OesM y BiIOBITHOCTI
70 TOCIIiZOBHOCTI IMOPTIB MPHU3HAYEHHS, HE IEPEKPUTTS KPHILIOK JIIOKIB, BUMOI T'paHHMYHHUX
HABaHTA)XCHb HA ATYOy CyIHA).

3. @dopmyBaHHS KapKacy BaHTaXHOTO IUIAHY 13 3aCTOCYBaHHSIM JIOTIYHUX MpPaBUI
PO3MILLIEHHST KOHTEHHepiB, L0 3a0e3MeuyloTh JOTPUMaHHSA BCiX OOMEXKEHb, BHU3HAUYEHUX Ha
MoTIepeTHHOMY KPOIIi.

4. OnTuMmizaliss Kapkacy BaHTaXHOIO IUJIaHY 13 3aCTOCYBaHHSM METOMIB JIHIHHOTO
IporpamMyBaHHs, BU3HAYEHHSI MaCHBIB KOHTEHHEPIB, SKI MOXKYTh OyTH IeperpynoBaHi.

5. 3amoBHEHHs KapKacy i3 3aCTOCYBAaHHSM €BPHCTUYHUX METOJIIB: PO3MIIIEHHS OKPEMHX
KOHTEIHepiB 3a KOMIpKaMH BIANOBITHO 1O YMOB B3aeMHOro po3sTamryBaHHs 20-tu Ta 40-ka
(byTOBUX KOHTEIHEPIB, pedprkeparopiB, KOHTEHHEPIB HECTAHJAPTHUX PO3MIpIB Ta KOHTEHHEPIB 3
HeOe3MeYHNMH BaHTa)XKaMH, PO3TAlIyBaHHS OJHOTHUITHMX KOHTEWHEpPIB 3a Baror BIAMOBITHO 10
JOTPUMAaHHS BUMOT OCTIHHOCTI.

6. VYTOYHEHHS 3alIOBHEHOr'0 KapKacy i3 3aCTOCYBaHHAM €BPUCTUYHHUX METOJIB BIAMOBIIHO
13 MOPSAAKOM 3IIHCHEHHS 3alUTAHOBAHMX BaHTAXHHUX OIEpaliid y HACTYMHHX MOPTaX BUKOHAHHS
peicy.

7. ItepaTuBHMI aJanNTUBHUIA Meperisii Ta BHECEHHS 3MiH JI0 BAHTAXXHOTO IUIAHY B
KO)KHOMY HACTYITHOMY TOPTY TNpH3HAuY€HHs — BUKOHAHHS KpokiB 3, 4, 5, 6 abo mmme 5, 6 y
3aJIeKHOCTI BiJl KITBKOCTI Ta THITy KOHTEHHEPIB, 10 Mi/JISral0Th 3aBaHTAKEHHIO/PO3BAHTAXKEHHIO B
MOTOYHOMY IOPTY.

Oco6muBOCTAMHU  3aIIPOIIOHOBAHOTO METO/AY BUPILICHHS MOCTABIEHOI 3a/1a4l y MOPIBHAHHI
3 BKE€ ICHYIOUHMMH € BpaxyBaHHS IOTpeO MyJIbTHIIOPTOBUX KOHTEHHEPHUX IMEPEBE3CHb M0
aJIalITUBHOTO TEPErJIAy BaHTAXHOIO IUIAHY B MPOMDKHHMX IOpTax peiicy BIAMOBIIHO [0
BaHTaXXHHUX OIepalil, siki OyayTh B HUX BUKOHYBaTHUCh.

[IpakTH4yHe 3acTOCYyBaHHS HaBEJAGHOTO METOJY onTuMmizamii Oyne 37iiiCHEHO B Mexax
3ampOBaDKEHHS CIEIiali3oBaHoi cucteMu MiATpUMKH TpuiHATTS pimenb (CIIIIP) kepyBanHs
MIPOIIECOM CTBOPEHHSI BAHTA)XXHOTO IUIaHy KoHTeiHepoBo3y. ®dynkmionansHo CIIIIP 3abe3neuye
BUKOHAHHS HACTYIHHUX 3a/1a4:
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— ¢opmyBaHHS Ta TpadiyHa Bi3yamizalmis KapkKacy BaHTAXKHOTO IUIaHy CyJIHA 3
ypaxyBaHHSIM KOHCTPYKTUBHHUX 0COOIUBOCTEH Ta KOH(pirypamii Horo BaHTa)KHUX MPUMIIIEHB,

— 3alOBHEHHS KapKacy BaHTaXHOTO IUIaHY KOHTEHHEpamH, IO TIEPEBO3ATHCSA 13
3aCTOCYBAaHHSIM EBPUCTUYHMX METOJIB Ta HaJaHHSA KUTHbKOX MOJKJIMBUX BapiaHTIB PO3MIIICHb
CYJIHOBO/II10 3 METOI0 BUOOPY HUM HalKpaIioro;

—  aJanTHBHUH Teperisii OOpaHOrO BapiaHTy BAaHTAXHOTO IUIAaHYy B KOXHOMY MOPTY
MIPU3HAYCHHS MPY BHECEHI HEOOX1THUX KOPUTYBaHb.

—  PO3paxyHOK MapaMeTpiB OCTIMHOCTI Ta MOTPUMAHHS BUMOT 30€peKeHHs MIIHOCTI
KOPITyCy CyAHa JJIS 331aHOT0 BaHTaKHOTO TUIAHY.

SIKicTh BaHTa)XXHOT'O IUIaHY, 10 ¢()OPMOBAHUMN, OLIHIOETHCS 32 KPUTEPIIMU MIHIMI3AIII] Yacy
BUKOHAHHS BAaHTa)XHUX OIepaliii, 3MEHIIEHHs KUIbKOCTI IIU(TIHIY KOHTeHHepiB, 3a0e3rnedyeHHs
TEXHOJIOTIYHOCTI Ta JOTPUMAHHS BHUMOI O€3[eKM BHUKOHAHHS BaHTaXKHUX poOOIT, NOTpHUMaHHS
periaMeHTOBaHUX YMOB PO3MIIIEHHS Ta EPEeBE3EHHs BAHTAXIB.

BucnoBku. Ha norouHuif MOMEHT 4acy CTPIMKHMHM PO3BUTOK 1H(QOpPMAIIHUX TEXHOJIOT1H
CHpUsi€ YCKIAJHEHHIO JIOTICTUYHUX JIAHIIFO’KKIB IIOCTABOK TOBAPIB, 110 CHPHUsIE 301IBIIEHHIO YaCTKU
MYJBTHIIOPTOBHX TIEPEBE3€Hh KOHTEHHEPIB Yy CydYaCHOMY CYJIHOIUIABCTBI. MyJBTHIIOPTOBI
MIEPEBE3EHHS, Y CBOIO Uepry, OOyMOBIIOIOTh P J0JATKOBUX CHEUU(IYHUX BUMOTI 10 CKJIAJaHHS
BAHTAXXHOI'O IUIaHy CyJHA, sIKi 00OB’S3KOBO HEOOX1JHO BpaxOBYBaTH JUIsl 3a0e3NeyeHHs Oe3neku
BUKOHAHHSI pEHCYy Ta MiABHILIEHHS HOTr0 €KOHOMiuHOI e(deKTUBHOCTI. IliABUIIEHHS €KOHOMIYHOI
e(eKTUBHOCTI BUKOHAHHs peicy Moxke OyTH JOCSITHYTO, HEepLI 3a BCE, 32 PaXyHOK CKOPOYECHHS
BUTPAT, OB’ SI3aHUX 13 3HAXO/HKEHHSAM Cy/JHA B MOPTaX, 3MEHIICHHSAM 4acy BUKOHAHHS Ta BapTiCTIO
BAaHTAXKHHUX OIEpalliid, Touo. Y BUNAAKY KOHTCHMHEPHUX IMEPEBE3€Hb 1€ MOXe OyTH 3A1HMCHEHO
[UIIXOM 3MEHIIEHHS KUJIbKOCTI MM(TIHIY KOHTEHHEpIB Ha CyIHI MiJl Yac BUKOHAHHS BaHTAXXHHUX
orepariii. 3MeHILEeHHs onepauiil MUPTIHTY KOHTEHHEPIB y MOpTax MoTpedye CTBOPEHHS HOBUX Ta
BJIOCKOHAJICHHSI 1CHYIOUMX METOJIIB PO3B’s3aHHS OaraTOKpUTEpiaJibHOI ONTHUMI3alIHOI 3agadi
CKJIaJJaHHS PalliOHATLHOTO BAaHTAXXHOTO TIAHY CYIHA.

[Tpuiimatoun 10 yBarum pe3ysibTaTH IPOBEAEHOIO MOPIBHAJIBHOIO  aHaNi3y ICHYIOYHMX
MiAXOMIB 1 METOIB i BUPIIICHHS, MOXHA 3pOOMTH BHCHOBOK, IO y BHIAAKY MYJIBTHIIOPTOBHX
TepeBe3eHb JIOIIIBLHO 3/IIMCHIOBAaTH (POPMYBAaHHS BAaHTAXKHOTO TUIAaHY B Kimbka eramiB. Ilim dac
BUKOHAHHSI TIOYaTKOBOTO e€Tamy (OpPMYEThCS y3arajJbHEHUH («orpyOseHui») BaHTXXHHH IUIaH,
SIKAW BPaxOBY€E BC1 MMOYATKOBI 1 HAMBAXKJIMBIIIT OOMEKEHHS TI0 PO3MIIIICHHIO KOHTEHHEPIB HA CY/IHI.
Takum 4yuHOM (OPMYEThCS TaK 3BaHUN TOJIOBHHM «KapKac» BaHTAXHOTO IUlaHy cynaHa. Ha
HAacCTyIIHOMY eTami 3A1MCHIOETbCS 3allOBHEHHS CTBOPEHOIO «KapKacy» KOHTeWHepamMu 1 Horo
YTOYHEHHS JI0 KOHKPETHOI TMO3UIll KOXXHOTO OKpEMOro KOHTeiHepa. Y pasi 3nailCHEHHs
MYJBTHIIOPTOBUX KOHTEHHEPHHUX NepeBE3€Hb OCTAHHIN €Tall ITepaTUBHO MOBTOPIOETHCS B KOXKHOMY
3 MOPTIB 3aX0Jy CyJHA 3 METOI0 BHECEHHsI JIOJATKOBHX 3MiH JI0 BaHTa)KHOTO IUJIaHY, SIKI MOXKYTh
BUHHMKHYTH i/l 4aC BUKOHaHHS peiicy. B okpemux Bumaakax 3MiHH MOXKYTb OyTH TaKO’K BHECEHI B
KapKac BaHTA)XHOTO IIJIaHy.

IIpakTnyHa peainizailis 3alpolOHOBAHOIO MiAXOLY 10 (OPMYyBaHHS BAaHTAXKHOIO IUIAHY
KOHTeWHepoBo3y MoximBa nuisixoM ctBopeHHst CIIIIP cynnoBomis. 3acTocyBaHHS Takoi CUCTEMHU
He moTtpeOyBatuMe ii TIMOOKOT iHTerpamii 3 3arajJbHOCYJOBHMH CHCTeMaMu (HEOOXiTHE JIHIIe
MOYaTKOBE 3aBJaHHA TEXHIYHUX XapaKTEPUCTHK CyJHA Ta KOHCTPYKTUBHHX OCOOIHMBOCTEH
PO3MIIIIEHHS] BaHTaXxy), OCKUIBKM BOHAa BUKOHyBaTHMeE JuIie iH(popMaliiHo-aopamdi (GyHKIii, a
OCTaTOYHE DIlIEHHS 3 BU3HAYEHHS KIHIIEBOT'O BapiaHTy BAHTAXXHOTO IUIAHY 3aJHIIATHMETHCS 3a
CYJTHOBOJIIEM.

Cnig 3ayBaXuTH, IO TPU PO3POOIl MaTeMaTUYHHX MOJAENeH 1 METOMiB, sKi
BUKOPUCTOBYIOTbCA Ul (POpMyBaHHS BAHTa)XKHOTO IUIaHY, TAaKOX HEOOXIAHO OOOB’S3KOBO
BPAaxXOBYBaTH 1X OOUYMCIIIOBAJIBHY CKJIQ/JHICTh, OCKUTBKM BOHA CYTTEBO BIUIMBA€ HA NMPHUIATHICTDH 3
TOUYKH 30pY MPAKTUYHOI peaizalii Ta po3poOKy BiAMOBIIHUX MPOTPAMHUX 3aCO0IB.
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IlepcnieKTHBH MOAAIBIINX J0CTiIXKEHb.

[IpoBeneHi gocTimKEeHHS MOKa3adl HEOOXiIHICTh yIOCKOHANEHHS 1 MOJANBIIOr0 PO3BUTKY
Mojenell 1 METONIB KEpyBaHHS IpOLleCaMU 3aBaHTAXKEHHS KOHTEHHEPOBO3IB y 3B’SI3Ky 13
301BIIEHHSAM OOCSTIB CBITOBUX KOHTEWHEPHHX IE€PEBE3CHb Ta YCKIAQAHEHHSM JIOTiICTUYHHUX
JaHIIOKKIB TpaHCIIOPTyBaHHs ToBapiB. [IpuiimMatoun 10 yBaru HasiBHI 0OUHCIIOBAIbHI MOKIMBOCTI
CY4YacHUX IEPCOHAIBHUX KOMII IOTEPIB, MPIOPUTETHUM HANpsIMOM JOCIHIPKEHb IOCTa€ PO3BUTOK
€BPUCTUYHUX Ta IMITAUIHHUX METOAIB onTuMizalii. Takox y 3B’S3Ky 13 HAasBHOIO TEHJCHIIIEIO 10
3pOCTaHHs PO3MIpPIB 1 KOHTEHHEPOMICTKOCTI CyJIeH, NMOCHJICHHSAM BHMMOI 10 (opMyBaHHS iX
BAaHTAKHUX IUIAHIB, a TaKOXXK KEPyBaHHS BAaHTAXHHMHU OIEPALliIMU B IIJIOMY, IEPCIIEKTUBHUM €
CTBOPEHHS CHEIialli30BaHUX aBTOMAaTM30BAaHUX CUCTEM KEpPYBAaHHS BaHTAKHUMH ONEpaLlisiMH 3
enementamu CIIIIP, mo A03BOAUTH MIABUMIIUTH O€3MEeKy BUKOHAHHS BaHTaXHHUX oOllepaiiil Ta
€KOHOMIUHY €()eKTUBHICTh BUKOHAHHS PEUCIB CyJHAMU-KOHTEHHEPOBO3aMHU.
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Ben A. P., Sokolov A. V. ANALYSIS OF THE CURRENT STATUS OF THE METHODS OF CONTAINER
CARGO PLANS FORMATION AND WAYS OF THEIR FURTHER IMPROVEMENT

The article is devoted to optimization of container carriers’ cargo plans in the conditions of multiport
container transportation. A comparative analysis of the existing methods of formation and optimization of
container carriers’ cargo plans was carried out, and the advantages and disadvantages of the practical
application of each method were determined. The potential problems that arise during the practical
application of the considered analytical and heuristic methods are emphasized. A number of mandatory
conditions that must be met when drawing up the cargo plan of container carriers and the ways of their
application as restrictions when solving a multi-criteria optimization problem are defined. The peculiarities of
the process of building container carriers’ cargo plans during multiport container transportation are analyzed
and the choice of the best method for solving the task of optimizing the structure of the ship’s cargo plan under
the specified conditions is substantiated. The perspective of using multi-stage adaptive methods for optimizing
cargo plans of container carriers is shown.

An adaptive multi-stage method of forming the optimal cargo plan of the vessel has been developed and the
functions of the decision-making support system of the shipmaster for its practical implementation have been
determined. The criteria for evaluating the quality of optimization of the ship's cargo plan are proposed.
Prospective ways of further development and improvement of methods of forming plans of container carriers in
modern conditions are considered.

Key words: container ship cargo plan; multi-criteria optimization methods; multi-port transportation; decision
support systems; ship control; safety navigation.
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HEPCIIEKTUBHA CTPYKTYPA MATEMATHUYHOTI O 3ABE3IIEYEHHA
ABTOHOMHMX IIIJIBOAHUX AITAPATIB JJISA OBCTEKEHHSA
MOPCBKHUX ITIMBUH

Kaginiuenko €. B., x.m.n., doyenm, 3asioysau xagheopu «Hasicayii i xepysanHs cyonomy,
Ooecvkuii  HayionanvHuitl  Mopcokuii  yuieepcumem, M. QOOdeca, VYxpaina, e-mail:
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Memoro cmammi € niosuujeHHs egexmusHOCmi SUPIUEHHS 3A80aHb OOCMENCEeHHS MOPCLKUX 2IUOUH ma
BUKOHAHHA DI3HUX NIOBOOHUX ONepayiti 3a pPAXyHOK BUKOPUCMAHHA NEPCHeKMUBHO20 MaAMeMamuiHo20
3a6e3neueHHss a8MOHOMHUX NIOBOOHUX anapamis. Y cmammi posenawymi npobiemu po3pooOKu cucmemu
VIPAGNIHHS OISl ABMOHOMHUX NIOBOOHUX anapamie. Bkazano, wjo ichyloui cucmemu YnpaeniiHHs NpusHayeHi
nepesaxtcHo O GUPIUIEHHs 3A80aHb NOWYKOB020 KIACY, dlle ABMOHOMHI RIOBOOHI anapamu MoXCymb
BUKOPUCTOBYBAMUCS 0TI BUKOHAKHS CKIAOHIUUX 3A80AHb, MAKUX SIK 0Ocmedicents. [Jist yCniuno2o 6UKOHAHHS
MAaKux 3a60aHb ABMOHOMHUM NIOBOOHUM aANAPAMAam HeoOXIOHA CUCMEMAd YNPAGNIHHA, SKA MOJice ZHYYKO
peazysamu Ha HOSI 3a80aHHs. Ma OAHI 8i0 OOPMOBUX 0amyuKie. Y cmammi 3anponoHo08ana HO8A apXimexkmypa
MAMEMAMuuHo20 3a0e3nedeHHs CUCMeMU YNPAGHiHHA — A6MOHOMHUMY NIOBOOHUMU — anapamamu, sAKa
BUKOPUCTOBYE SK IEPAPXTUHI, MAK | NOBEOTHKOBI yNpasiHCuKi cmpykmypu. Lle 3Hauno po3uuproe Moxcaugocmi
ABMOHOMHUX NIOBOOHUX anapamie, 00360MAOYU UOMY 6UPIWYEAMU 3A60AHHA DIZHUX KIACI8 6 YMO8ax
00MedNCceHb  0OYUCTIOBANILHUX pecypci8 60pmogoi o0buucosanrvHoi mepexci. YV pamkax 3anponoHo8aHoi
apximexmypu  8UKOPUCTNOBYEMbCA NOBEOIHKOBUU NIOXi0 HA PI3HUX PIBHAX (DYHKYIOHANbHOI i€EpapxiuHoi
cucmemu ynpasninta. Ilpu ybomy ynpaenincoki cmpykmypu 8UKOHABY020 Pi6HA MAlOmMb NOCMIIHULL CKAAO, d HA
MAKMUu4HOMy PIiBHI (OpMYIOMbCA 3MIHHI CIPYKMYpU, AKi CIBOPIOIOMbCA HA OCHOB8I po3pobieHoi bibriomexu
azenmis. Lle 3a6e3neuye necke Hapowy8anHs QyHKYIOHATLHOCHI NO MIPI NOABU HOBUX 3A80AHb MA ANAPAMHUX
3acobis. OOIPYyHMOBaHo nioOxXi0 w000 nodyoosu 6IONIOMeKU a2eHmi6 MAaAKMUYHO20 pI6HA HA OCHOSI
QyHryionanvbHoi 0exomnosuyii yinboso2o kuacy 3asdans. [ii poboma Gopmyomscs 6 mepmiHax azenmis, wo
ymeopiowms 0ioniomeKy, ska 3abe3neyye OCHO8Y 0/ CMEOpeHHs Oekaapamuenux micit. Pospobnena ma
00CHIOHCEHA CMPYKMYPA A2eHma, SIKa MICMumyv JOKAIbHY MOOelb cepedosunyd, 3acobu niany8anHs Ol Ha
ba3i yici modeni ma aumanizy uUKOpUCMOBY8aHOI IHGopmayii O USHAYEHHS NPaye30amHOCmi azeHmd.
Bionosiona cucmema ynpaeninns mooice Oymu 3anponoHO8aHA 6 NOOATLUOMY Ol 6UNPOOYEAHHA HA
ABMOHOMHUX NIOBOOHUX ANAPAMAX.

Knrwuosi cnosa: asmonommui ni080OHIi anapamu; NOBEOIHKOBA apXimexkmypa, I€papxiuna apximexmypa,
2IOpUOHa apximexmypa, KOopouHayis, KOHQIIKMuU, HAOIUHICb, a2eHmu.

DOI: 10.33815/2313-4763.2023.1-2.26-27.017-028

ITocTanoBka mnpodjaemu. ABTOHOMHI mifBoaHi amapatud (AITA) — me Oesmeunuil Ta
e(eKTUBHUH CIIOCI0 BUBUEHHSI MOPCHKUX ITTMOWH Ta BUKOHAHHS PI3HUX MIJBOJHUX onepauii. Bouun
IIMPOKO BHUKOPUCTOBYIOTHCSI MO BChOMY CBITY JJIi BUKOHAHHsS TOIIYKOBUX 3aBJaHb 1 3aBIaHb
OoOCTeXEHHS, TaKuX SK pATYBaJbHI omepaiii, OaTUMETpUYHI BHUMIPIOBAHHS, MOHITOPUHT
OKEaHOJIOT1l Ta eKOJIOTii, a TaKoX MPOTHUMIiHHI 3axofu. AITA Takok MOXYThb BHUKOPHUCTOBYBATHUCS
JUTST BUKOHAHHS CKJIAJIHUX ITONTYKOBO-JOCITHUIBKIX 3aBllaHb, TAKUX SIK aBTOMAaTHYHA 1HCIIEKIIis
MiBOJAHUX KOMYHIKAIlii, MOUIYK JHKEpeN eKOJIOTIYHOro 3a0pyIHEeHHs Ta BUSABIEHHS aHomamii [1].
OpHak Taki omepanii BUMararoTb HassBHOCTI PO3BMHEHOI CHCTEMHU MOBEIIHKH, SKa MOXXE THYYKO
pearyBaT Ha HOBI 3aBJaHHs Ta JJaHi BiJl OOPTOBUX JaTYHKIB.

OcoOmuBocti pobdotu AIIA, BKiItOYaroun OOMEXKEHICTh aKyCTUYHOTO 3B'SI3KY, OOMEXEeHUMH
BUOIp /JaTYMKIB Ta OOMEXEHHUH IOCTyH 1O HaBiramiiiHOi CHCTEMH, BHUMAaralTh CIEIiaJbHOrO
miaxomy 1o ympasiiHHA. [Ipore mmpoke mpaktuuHe BukopuctaHHsS AITA B HOBHX oOmacTsx
oOMexeHe THM, IO ICHYIOUI CUCTEMH YITPaBIiHHS MMePEeBaKHO MPU3HAYECHI /Il BUPIIICHHS 3aB/IaHb
MOIITYKOBOTO KJacy. Y IIbOMY KOHTEKCTI BHHUKAIOTh TPYAHOINI Yy (OpMyirOBaHHI 3aBIaHb Ta
3a0e3nedyeHHi MoCTiHOTO iH(OpMAaIIfHOTO 3B'SI3KY 3 OTIepaTopoMm [2].

KitouoBa mpobnema mosnsirae B HEIOCTATHOCTI ICHYIOYMX METOIB ONHCY 3aBIaHb Ta
apXiTeKTypu CHCTEM YIpPaBIIiHHS 3arajioM, a TakoX iX MPOrpaMHOro 3a0e3MNedYeHHs, 30KpeMa, A
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3aBHaHb oOcTexkeHHs. lle mMpHU3BOAWMTH A0 CKIATHOUIIB Y PO3pOOIN MiAXOMiB, HEOOXiIMHUX IS
edextuBHOro Bukopuctanus AITA. KpiMm Toro, 6a30Bi acmekTu KOOpAUHAII] KITBKOX OIepariii mif
gac OOCTEXCHHsI MOTPEOYIOTh JTOATKOBOI PO3pOOKH. BakiuBICTh BUPIMICHHS IMX MPOOIEM Ta
HEOOXiTHICTh PO3POOKKM MaTeMaTHYHOTO 3a0e3MEUeHHs CHCTEeMH YMPAaBIIHHS Ui BUKOHAHHSA
orepariiii 0OCTe)KEHHS MiATBEP/KYIOTh aKTyaJIbHICTh IIi€l cTaTTi. 3arajoM iCHYe€ HEOOXITHICTh Y
CTBOpeHH1 miaxony no dopmyBaHHs mnoBeniHku AlITA, ska J03BOJHMTH YCHIIIHO BHKOHYBAaTH
orepariii 00CTeKEeHHS Kiacy.

Hexaii T mpencraBisie CyKyIHICTh 3aBllaHb OOCTEKEHHS MOPCHKHX TIHOWH Ta MiJBOTHUX
omnepaiiii. Takum ynHOM, 3a/1aua MOJISATAE Y PO3KIAIaHH1 CYKYITHOCTI 3aBfaHb 1 Ha miazazaadi T;, ne
[ HaJeXWUTh JI0 JEAKOI 1HAEKCHOI MHOXUHHU [, TaKUM YHHOM, 1100 ONTUMI3yBaTu €(EeKTUBHICTbH
BUpileHHs 1uXx 3aBnaHb. Hexail F(T) mpencraBnse (QyHKIIIO, SIKa OL[IHIOE 3arajibHy CKJIAJHICTb
BUPIIIEHHSI CYKYITHOCTI 3aBAaHb 1. Meroro € 3HaiiTH ontuMainbHuid poskman T = U;g; T;, saxuid
MiHIMiI3ye ¢yHKmito cknaanocti F(T), BpaxoBylouM BHYTpIIIHI 3BSI3KM Ta ONTHMAaJbHY
(hyHKIIOHATBEHY JIEKOMITO3HIIIIO IIIbOBOTO KJIACy 3aBIaHb.

AHai3 ocTaHHIX Jocjail:keHb i myOmikanmiii. barato BYeHHX JOCHIDKYIOTH HUISIXH
IIJIBUIICHHS €(EKTUBHOCTI YIPaBIiHHS IIJBOAHMUMH pPOOOTaMH, HAINPHUKJIAJ, SKI BH3HAUYCHI B
poborax [3-9].

Y HaykoBOMY JOCHTiPKeHHI [3] po3mIsiHyTI 1 TpOaHasi30BaHl Cy4acHl BUKJIMKH, TOB'3aH1 3
PO3BUTKOM MiABOAHOI POOOTOTEXHIKK. 30KpeMa, JOCIiHKEHHS OXOIUTIOE IMUPOKUNA CIIEKTP aACIIEKTIB,
MOB'SI3aHUX 3 IMI€I0 Tady3310: B MPOEKTYBAaHHS Ta ONTHUMI3allii CUCTEM 0 MpoOIeM KOMYHIKarlii,
BUKOPHCTAHHS MAIIMHHOTO HAaBYaHHSA, KaprorpadyBaHHS, KOOpAMHAII Ta aJanTUBHOTO
mIaHyBaHHs Miciid. Ilg poOoTa po3KpHWBaEe CKIQAHICTh 3aBlaHb, MOB'SI3aHUX 3 ITiJIBOJHOIO
POOOTOTEXHIKOIO, @ TAaKOX HAMAaraeThCsl BIAMOBICTH HAa MHUTAHHS, IO CTOCYIOTbCS MaiOyTHBHOTO
po3Butky 1i€i cdepu. IlimBomHa poOoTOTEXHIKA, SK 1 Oyab-fKa I1HIIA HayKa, IOCTIHHO
BIOCKOHAIIOETHCS, 1 JOCHIDKEHHS pPO3DVISAa€ TMOTEHLIal HACTYIHOTO MOKOJIHHS ITiJIBOJHHUX
poOoriB. Lle nociimkeHHs Aa€ MOXKIUBICTh 3pO3YMITH, SIKI BUKJIMKH CTOSTh HEpe] A0CTIAHUKAMU
Ta IHXEHepaMu y cdepi MiIBOAHOT POOOTOTEXHIKM 1, SIKI MOMJIMBOCTI BIJKPHBAIOTHCS 3aBISKU
BIOCKOHAJICHHIO TEXHOJOTIA. BUCBITIIOIOTBCS KIIIOYOBI acCHeKTH, $KI BHMaramTh YyBaru, 1
BUCYBAIOThCS 171€1 IIOAO MOJMOJaHHA CKJIAJHUX TEXHIYHUX BHUKIMKIB, II0 CTOATh HAa HUIAXY JO
MOJANBIIIOTO POCTY i€l TMHAMIYHOI rary3i.

HayxkoBa ctarts [4] cripssMoBaHa Ha TOCIIPKEHHS Ta aHaANi3 aKTyaJlbHUX JIOCSTHEHb Y chepi
MiJBOJHOI pOOOTOTEXHIKH, 30KpeMa y KOHTEKCTI 3aCTOCYBaHHS IITYYHOTo iHTeJIeKTy. OCHOBHOIO
METOI0 JaHOTO JOCHIJDKEHHS € 3IIHCHEHHS KOMIUIEKCHOTO OISy HOBITHIX pO3po0OK, IO
CTOCYIOTHhCSl BUKOPHUCTAHHS 1HHOBAIIMHUX METOMAIB IITy4YHOTO 1HTENEKTYy. CTartsa (hOKyCyeThCsl Ha
BOXJIUBUX AaCIMEKTaX B3aeMOJii MIBOAHUX POOOTIB 3 OTOUYYIOUMM CEpEIOBHIIEM Ta 3AaTHOCTI
poOOTIB 10 caMOCTIIfHOI pOOOTH B yMOBAax IiJIBOJHOTO MpocTopy. OAHUM 3 KIFOUOBUX HAIPSMIB €
HaBYaHHS MOJIEJIeH IITYYHOTO 1HTEJIEKTY, 10 J103BOJIsiE poOOTaM BUUTHUCS HA OCHOBI HAKOITMUEHOTO
JIOCBITy Ta B3a€EMOI1 3 AMHAMIYHO 3MIHIOBAaHUM CEPEIOBHUIIEM.

Y HaykoBiii ctarti [5] OyJm0 CTBOpPEHO MaTeMaTHYHY KOHIEMINI0, $Ka OIHUCYE
TIPOJMHAMIYHY CHJIy 3 ypaxyBaHHSM BIUIMBY CTIHKM Ha TOYHE YIPaBIIHHA 1 MaHEBPEHICTh
MiBOAHOTO poOOTa CKIAAHOT TeoMeTpii. ABTOpU NPEACTABWIM BIOCKOHAJEHY TiAPOJUHAMIYHY
MOJIeNIb JJIsi po0OTa, siKa CIemialbHO pO3poOJeHa Il CHUTYyalliid, KOJM B3a€EMOIS 31 CTIHKOIO
BA)XXJIMBA, ajle PaHille Hei acmeKT 4acTo yMyCKald Y po3misiii poOoTiB, SIKi Ai0Th Y BOJOHMaXx.
Cnovarky, TiZpoauHaMiuyHi Koedili€eHTH B Il MO, BKJIIOYAIOYM B'S3KUM Ta 1HEPIIHHUNA
koedimienTH, OynM BU3HAYEHI dYepe3 aHaji3 CTallOHApHOIO Ta HECTAI[IOHAPHOTO pYXY.
BuxopucroByroun MeTonud OOYHCIIOBAIBHOI TiIpOAMHAMIKH, Oyna BCTaHOBJIEHAa 3aJI€KHICTh
T1IpOAMHAMIYHOI CHJIM BiJ] BIZICTaH1 IO CTIHKM Ta IIBUJAKOCTI pyxy poOota. Takox Oysio BU3HAYEHO
0071aCTh BIUTMBY CTIHKH Ha pyx poOora. OcTaHHIM eTaroMm Oyio eKCIIepUMEHTaIbHEe BUMIPIOBAHHS
TiIpOAMHAMIYHUX KOE(QIIIEHTIB B yMOBaX pe3epByapa 3 IUPKYITIOI0UOI0 BOIOI0, BPaXOBYIOUH BILUIUB
CTIHKM Ha TigpoauHaMiuyHy cuiay. OTpuMaHi pe3yiabTaTd MiATBEPAWIN TOYHICTH MaTEeMaTHYHOI
MOJIeNl Ta HaAIMHICTh BUKOPUCTAHUX METOAIB OOYMCITIOBAIBHOI TiAPOAMHAMIKH. Y TiJICYMKY, JaHa
CTaTTsI PO3KPHBAE€ HOBHUH IMIAXIJ 10 MOJACIIOBAHHS T1IPOJWHAMIUYHUX B3a€MOJIIH, 110 BPaXOBYIOThH
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BIUIMB CTIHKM Ha PyX HiJIBOIHUX poOOTiB. BHKOpUCTaHHS OOYMCITIOBANBHOI TiAPOJMHAMIKHA Y
MOETHAHH] 3 €KCIIEPUMEHTAMU JO3BOJIWIIO CTBOPUTH TOUHY Ta HAJlIHHYy MaTeMaTHMYHY MOJAETb s
JOCTI/DKEHHS Ta MOKPAICHHS MAaHEBPEHOCTI Ta yIPaBIiHHS IIUX pOOOTIB.

VY poborti [6] aHamizyeTbcss amiOiiHUI TOCHITHULIBKUNA poOOT chepuunoi Gopmu, KU
BOJIOJII€E MOXUIMBICTIO €(EKTUBHOTO PYyXy SK y BOJHOMY CEPEIOBHINI, TaK 1 Ha cyxomoii. Bix
BUPI3HAETHCS THYUKICTIO MEPEMIIIEHHS, BUTPUMKOIO BiJl TUCKY BOJM Ta MOXKIIMBICTIO BUKOHYBAaTH
obepTanbHl pyXH 3 HYJBOBHM pajiycoM moBopotry. OpHak, HA OCHOBI OTPUMAHHX MPAKTUIHUX
pe3yabTaTiB eKCIIEPUMEHTy Oylo BUSBIEHO, IO OJIHIEI0 3 HEIOMIKIB IIbOTO pPoOOTa € oOMekeHa
MakCcHUMaJbHa IIBUIKICTh 3[1HCHEHHS CTpUOKIB Hampyru. Ll HaykoBa CTaTTd BH3HAYa€ TOJIOBHY
METy — HOKpallleHHs MOKa3HUKIB MaKCHMaJbHOI IIBUIKOCTI 3MIHCHEHHA CTPUOKIB Halpyru Ta
3MEHIICHHS] HeOAKaHUX KOJHMBAHb BAKKOTO MAasTHHKA. ABTOPH CTaBIISAThH INEpel] COOOI0 3aBIaHHS
YIAOCKOHAIUTH po00Ta, 00 BiH MIr JOocATaTd OUIbII BUCOKHX IIBHAKOCTEH MiJ 4yac 3A1MCHEHHS
PYXy, OCOOJIMBO y BaXXKHUX YMOBax HarpykeHocTi. lle mocmipkeHHsS Mae 3HauylIicTh, OCKUIBKH
BJOCKOHAJICHHSI MaKCUMAaJIbHOI IMIBUJIKOCTI pPyXy Ta YIpPABIiHHS CTPUOKAMM HAIPyT'd MOXXE 3HAYHO
PO3IMIMPUTH MOXJIMBOCTI 3aCTOCYBaHHS I[bOro aM@ibiifHOro poboTa B PI3HUX CUTYyallsX, e
HIBUJIKICTh Ta TOYHICTh PYXY € KJIFOUOBUMHU (PaKTOPAMHU YCIIIIIHOTO BUKOHAHHS 3aBJaHb.

Y pobGoti [7] 3po0NeHO KPUTUYHHUI OS] CyYaCHHUX JOCATHEHb B aBTOMAaTU30BAHOMY
rwianyBaHHl Uit ¢uoty AITA. Ockinbku aBTOMaTHW30BaHE IUIaHyBaHHS Micid [y ¢uotiB AITA
MOXe OyTH IHCTPYMEHTOM Ul 3HMKEHHS CKJIaTHOCTI MPOTpaMyBaHHS 3aBlIaHb TPAHCIIOPTHHX
3ac00iB Ta MPOBENCHHS OIIHKK MPAaBUIBHOCTI IJS I[UIel, BUSHAYEHUX KIHIIEBUM KOPUCTYBadeM,
JTO3BOJISIIOYH OTIEPATOPY 30CEPEAUTHCS Ha OILIHII PU3UKY.

PoGoru [8] Ta [9] y3aranpHIOIOTH pi3HI CTpaTerii miaHyBaHHs nuiaxy aias AITA, BkiIrouaroun
METOl MOJENIOBaHHS, Ta aJrOPUTM IMIOIIYyKY UIUIAXy HAa OCHOBI XapaKTEPUCTHK ITiIBOTHUX
cepellioBUIll K NependadyyBaHUX Ta HemepeadauyyBaHUX. AHANII3YIOTbCA IEpeBard Ta HEJOMIKH
PI3HUX METOIB MOJEIIOBAHHS Ta METOIU MOJCIIOBAHHS ISl PI3HUX CEPEIOBHII] TAKUX SIK: METOAU
Ha OCHOBI IOUIYKy TI€OMETPUYHOI MOJENi, aJrOpuTMH Ha OCHOBI HMOBIPHICHOTO BHUOIPKY,
QITOPUTMHU Ha OCHOBI IITYYHOTO IMOTEHIIITHOTO OIS Ta IHTENEKTyaIbHi aITOPUTMH.

VY naniii crarti [10] BHCBITIIEHO Ji€BY CHCTEMY YIPABIIHHS IS aBTOHOMHHX ITiJTBOJHHUX
poO6oTiB. Y 1bOMY Mi/XO0Ji BUKOPHCTOBYETHCS BHYTPIIIHS ONEpaTUBHA MMaM'sTh IS 3a0€3MeYCHHS
HAJIHOCTI 3aMiCTh BHUKOPUCTAHHS 30BHIIIHBOI CUCTEMHU YIpaBliHHA. J[Js TOCATHEHHS Kpamioi
crabimizamii OamaHcy miJ dYac pyxy poOoTa BIEpell BHUKOPHUCTOBYETHCS HEUITKUN JIOT1UHUN
KOHTpOJIep, MoOyT0BaHW HAa OCHOBI MIKPOKOHTpoJjepa. llel iHHOBamiitHUN MiAXil Ma€ y CBOEMY
CKJaJi HE JMIIEe HEYITKUH TNPOMOPIIHHO-IHTETpaJbHUN KOHTpPOJEp SK Harsigada, ajie TaKokK
BUKOPHCTOBYETHCS CIIJIBHO 3 HUM IS 3a0€3MeUeHHS KpaIoi TMHAMIYHOCTI Ta CTIMKOCTI M IBOJHUX
po6oriB. Ilin wyac mpakTu4HOl peamizamii OyJu TMPOBEICHI E€KCIEPUMEHTH, IO IiITBEPIKYIOTH
€(EeKTUBHICTD IIOTO Miaxoay. Takuit miaxia A0 yIpaBIiHHS IMIBOJHUMH poOOTaMHU BiAKPUBAE HOBI
MOYJIMBOCTI JUTsl TIOKpAIIEHHs IXHBOI MPOAYKTUBHOCTI Ta HaAiiHOCTI. Bukopucranus BOyaOBaHOI
OTIEpaTHBHOI MaM'ATi Ta HEYITKOTO JIOTIYHOTO KOHTPOJIEPA € IHHOBAI[IHHUMHU KPOKaMU B PO3BUTKY
CHCTEM aBTOHOMHOTO YIPaBIiHHS, SIKi JJONIOMaraloTh 3a0e31meunT epeKTUBHY Ta CTiKy poOoTy mif
BOJIOIO.

VY crarri [11] Oyno BuromOmIEHO HAAIWHUN MeToA ISl €(QEKTUBHOTO YIpaBIIIHHS
MOBEIHKOIO IMIBOAHOTO pOoOOTa, SIKMA Ma€ M'ATh CTYINEHiB cBoOoau. HoBuii miaxim BKITOYAE
pPO3po0Ky HOBOTO THITy JBWTYHIB, IO MOXYTh 0OepTaTHcs Ha TMOBHUM OOOPOT, i BUKOPUCTAHHS
MacoBoro nepemukada. L{s komOiHariss 103BoJis€ poOOTY 3MIHIOBATH CBOKO TIIMOWHY IIBHUIKO 1
JIETKO, 31 3HIKEHUMHU BUTpaTaMU €Heprii, 30epiraroun npu oMy cTabiIbHuNA OaaHe.

MeTto10 cTarTi € MiABUIICHHS €(QEKTUBHOCTI BUPIIICHHS 3aBIaHb OOCTEKEHHS MOPCHKUX
IMOWH Ta BUKOHAHHS DPI3HMX TMIJBOIHUX OIEpalii 3a paXyHOK BUKOPHCTAaHHS MEPCIEKTUBHOTO
MaTeMaTUYHOTrO 3a0e3MeueHHs] aBTOHOMHHUX MiJBOAHUX amapariB. KOHKpeTH3ylouu 10 MeTy,
TiJIBOJTHI OTteparlii MOXKYyTh BKJIFOUATH CKaHyBaHHS JHA, BUSIBIICHHS Ta JOCIIHPKEHHS 00'€KTIB HA JTHI
Mops, KapTorpadyBaHHs Ta HaBirauirmo y ckiagHux yMmoBax. [lapamerpu eheKTUBHOCTI, SKI MOXKYTh
OyTH TiJIBUIIEHI, BKJIIOYAIOTh TOYHICTh Ta IIBUJKICTh BUKOHAHHS 3aBJaHb, 3HIDKCHHS CTIO)KUBAaHHS
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pecypciB (TakuX SIK 4ac, EHEpris, 00YMCIIOBANIbHI MOTYKHOCTI), 301IbIICHHS TIMOUHU 00CTEKCHHS
Ta 3[aTHICTh MIPUCTOCOBYBATUCS 0 3MIHHUX YMOB JIOBKLULJIS IM1]1 BOJOIO.

BukJiiaieHHs 0CHOBHOI0 MaTepiaay gociqkenHs. Ha cboromuinmHii 1eHb 111 MOOITEHUX
poOOTIB BHUKOPUCTOBYIOTHCS i€papXiyHi, MOBEIIHKOBI Ta TIOPUAHI apXITEKTYypH MaTeMaTHYHOTO
3a0e3neueHHs Il CUCTeM YIpaBiiHHA. J{as OUTbII JOKIAMHOTO aHaji3y IMHX apXiTeKTyp
BUCYBAIOThCS MI€BHI BUMOIM 10 iH(popMauiiHo-ynpaBiiHcbkux cucteM (IYC) AITA: 3MeHIIeHHs
BUKOPUCTAaHHSI OOUYMCIIOBAJIBHUX PpECypCiB, BHUPIMIEHHS KOH(MIIKTIB MDK pPI3HUMHU LUISMH,
BUKOPHCTaHHS iH(opMalii 3 pi3HUX AATUYMKIB, HAJIHHICTh, MOXIIUBICTh MOETAHOTO PO3IIMPEHHS
(YHKI[IOHAJILHOCTI, IPOCTOTA y BUKOPUCTAHHI Ta IIMPOKUH CIeKTp peanizamii [12].

lepapxiuna apxiTekrypa Oydy€Tbcs Ha OCHOBI 3HaHb 1 Ma€ y CBOEMY CKJIal TOYHE
MIPEJICTABICHHS OTOYYIOUOTO CepeloBUIIIa y CUMBOJIbHIN (hopmi. PieHHs: npuitMaloThCsl Ha OCHOBI
(dbopManpHUX MIpKyBaHb, 110 € OJHI€I0 3 mepeBar Iiei apxiTekrypu. OnHak BOHa CHpsSMOBaHA Ha
BUKOPHCTaHHS poOOTIB y CTPYKTYPOBaHHX i CHOCTEPEKYBaHMX CEpEJOBUIIAX. li 3aCTOCYBAaHHS B
0araToLiIbOBUX ABTOHOMHHMX Ha3eMHHUX IUIaT(GOpMax YCKIAJHIOETHCS 4epe3 BHCOKI BUMOTH J10
00YHCITIOBATIFHOT MOTY>KHOCTI Ta 00OMEXKEHY THY4KICTh [ 13].

VY NoBeniHKOBIH apXiTEeKTypl MpOLeC YHpPaBIiHHA pO30OMBAETbCA Ha OCHOBI Oa)xaHUX
30BHIIIHIX NposBIB A1l poOora. IloBeninka pobota QopmyeThcss 3 omepauiidl, BUKOHYBaHHX
He3aJeKHUMH eleMeHTaMM (TmoBeaiHKaMu a0o areHtamu). KokHa moBeniHKa crpsiMOBaHa Ha
JOCSITHEHHSI KOHKPETHOI 1111, a 11 peakiis 0a3yeThCs Ha MOTOYHUX AaHUX 3 AAaT4uKiB. Brumme Ha
BUKOHABYl MNPUCTPOI poO0Ta OOMEXYEThCS MEBHOK MiAMHOXHHOIO. IlepeBarn moBeniHKOBOT
ApXITEKTYPH CKIAMAIOTHCA y MPOCTOTI peasizallii, THyYKOCT1 (MOXIJIUBICTh €TAITHOTO PO3ITUPECHHS)
Ta HHU3BKMX BHMMOTax J10 OOYMCIIOBJIBHUX PECypCiB, L0 € BaKIMBUM Ul 0araTolIbOBHX
aBTOHOMHHUX Ha3zeMHuX miardopm. OgHaK HET0JIIKK MalOTh 3HAYHHUM BIUIMB Cy0'€KTUBHUX (PaKTOPIB
IIPU PO3MOJUTI IPIOPUTETIB, (PYHKIIN Ta B3a€EMOJIT MK PI3HUMHU MOBEAIHKaMHu [2, 5].

OpHi€ro 3 TOJMOBHUX CKJIQHOIIIB Y TTOBEAIHKOBOMY MIAXO1 € 3a0€3MeUeHHsI CIBIpaIi Mix
IpYIOI0 aKTUBHUX MOBEAIHOK. ICHY€ JeKijibKa METO/IB KOOPAMHAILI, cepell SIKUX MOXKHA BUJILIUTH
abcopOuiro, BHOIp Aii HA OCHOBI OIIIHKM AKTUBHOCTI KOXHOI 3 TIOBEIIHOK, TOJOCYBaHHS Ta
cymyBaHHs. KokeH 3 IIMX MeTOAIB HaOiIbIIe MIIXOAUTH IS MEBHOTO KJacy 3aBlaHb, MPOTE
3arajoM KOHKYPEHTHI METO/IH 3 a0COpOIIiero 3a0e3Meuy0Th OiIBIINY CTIHKICTb.

['OpumHi apXiTEeKTYypH TO-Pi3HOMY TOEIHYIOTH Y €001 XapaKTEPUCTHKH BHINE3TaIaHUX
apxitektyp. Hampuknan, apxiTekTypa MiJIeCIpsIMOBaHOT TIOBEIHKA HE 30CEPEIKYEThCS Ha CKIIAII
Ta B3a€MOJIi MOYNTIB, a PO3MIAAac TPU PiBHI iepapxii 3 (IKCOBaHMM PO3MOALIOM (YHKIIH MiX
HUMH (CTpaTETiYHUH, TAKTUIHUIN Ta BUKOHABUHH).

IIpu po3po6mi apxitekrypu 1 AITA moBHMHHI OOOB'SI3KOBO BPaxOBYBaTHUCS BHMOTH IO
MiHiMi3allil BUKOPHCTAaHHS PEeCypCiB, THYYKOCTI Ta MOXJIMBOCTI TOCTIIOBHOTO po3mmpeHHs. OTxe,
0a30BOI0 JISI PO3POOKH apXiTEKTYypH aBTOpaMH OyJia MPUIHATA TPHOXPIBHEBA MOENH 3 PO3IOIITIOM
GyHKIIH, 110 XapaKTepHa IS apXITeKTypH IiIecnpsIMoBaHoi oBeAiHKH. OHAK BapTO BiA3HAYHTH,
10 BUKOPUCTAHHS IMOBEIIHKOBUX KEPYIOUUX CTPYKTYp (OaratopiBHEBUX CTPYKTYp 3 abcopOIiiero) Ha
BUKOHAaBUOMY Ta TAaKTHYHOMY PIBHSX € KIIFOYOBOIO OCOOJIMBICTIO 3allPONOHOBAHOI apXiTEKTypH.
Takuii miaxijg J03BOJIMB aBTOpaM BHOKPEMHTH sBHI 3aBmaHHs st AITA Ha BepXHBOMY piBHI H
OJTHOYACHO 320€3MEeYNTH BUMOTH JI0 PECYPCIB 1 MOXIIMBOCTI IMOETATHOTO po3mmpeHHs [7, 14]. J{ns
criendikallii TAKTHYHOTO PiBHS MOBEIIHKH BUKOPUCTOBYETHCS TEPMiH areHTH. 3arajibHa CTPYKTypa
po3po0IieHOro MporpaMHOro 3abe3neueHHs cucremu ynpanminasa AITA nokasana Ha puc. 1.

Cucrema CKIIaJIa€ThCs 3 TPHOX PiBHIB: BUKOHABYOTO, TAKTHYHOTO Ta CTPATEr1YHOTO.

BukoHaBunii piBeHb BIAIMOBI/IA€ 3a YIPaABIIHHS PyXOM poOOTa Ta BUKOHAHHS PEIIEKTOPHUX
GbyHKIIA. Y cBOEMY CKJIaJIl BIH Ma€ TIOBHUI KOMILJIEKT KOMIIOHEHTIB iH(pOpMaIliiHO-BUMIpIOBAIBHOT
Ta YNpaBIsiiouoi cucteM. J{u3aitH boro piBHS JO3BOJISIE BUKOHYBATH BC1 (DYHKIIIT, 10 3a71€KaTh BiJl
amapaTHOro 3a0e3MedeHHsT KOHKPETHOTro po0oTa Ta HajJae amapaTHO-He3aJIeXHUHl iHTepdeic ans
B32a€MOJI1 3 TAKTUYHUM PiBHEM.

TakTuuHuUil piBeHb BHKOPHUCTOBYETHCS AJISi OpraHi3allii BUKOHAHHS HACTYIHOTO 3aBAaHHS,
MOCTABJICHOTO CTpaTeriyHuM piBHeM. BiH 0e3mocepenHb0 Kepye pexXHUMaMd Ta IUIIMHA
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BUKOHABUOTO piBHA. JIJI1 bOTO HAa IBOMY pPIiBHI PO3MINIy€ThCsS HAOIp areHTiB Ta apOiTp, SKUA
YTPUMYE€ YIPABIIHCHKY CTPYKTYpY arcHTiB JJIsl BUPILICHHS IOTOYHOTO 3aBJaHHSI.

~— 3aBnaHHA <:> TnaHYBansHIK <:::> ~
/\I‘l rl: CTpaTeriyHmil pigeHs

Onepatop

e P TaKTMYHHA piBeHE
GiGinioTeka arexTis MporpamHuii apGitp

Mporpam|
@ Mporpd BHKOHAB4MHA piBeHb
.

MporpamHi mogyni

Pucynok 1 — I'iOpunHa TpupiBHEBa apXiTEKTypa IporpaMHoro 3adesmedeHas AITA

Crpareriunuii piBeHb i€papxXii MpeICTaBICHUN MPOrPaMOIO-3aBIaHHSIM, IO MICTUTh OITHC
nuiei morounoro 3aBmaanHsas AITA. s cuctemaru3anii TOCATHEHHS IUICH y 3arajJbHOMY BHIAAKY
BHUKOPUCTOBYETHCSI IJIaHYBAJILHUK.

B3aeMonist Mi>k KOMIIOHEHTaMH CHCTEMH BiOyBaeThCcs Ha 0asi Mozeli KiieHT-cepBep abo 3
BUKOPHCTAaHHSAM a0CTpakTHHX iHTep(delciB, Mo peasi3oBaHi HA OCHOBI pO3pOOIEHOI MPOrpaMHOi
maTdopMu, KA MATPUMYE MEXaHI3MH MO Ta myOmikarii [15].

PosrnsiHemMo OinbI €TanbHO PO3pOOIIEHI B 1OMY JOCTIKeHI MPUHIUIM OpraHizamii Ta
anropuT™MH (YHKI[IOHYBaHHS TAaKTMYHOTO Ta BHUKOHABYOTO PIiBHIB i1H(OpMAIiitHO-YIIpaBIsSOd0l
cucremu AIIA (puc. 2).

iHdopMaUis CTpaTeriyHoMY PiBHID

IHiLjanizauin—»

TNokansHa Mogens . ]
MnaHysansH1g ol |——KOMEHIM BUKOHAEYEOMY piEHID—
cepefoEnLa g i o Ve

<—jH4hopmania apditoy —

nogil IHIDOPMELIA Bifl BUKOHA460T0 PIBHA

PucyHok 2 — ATeHTCbKa CTPYKTypa TaKTHYHOTO PiBHS

TakTnuHUil piBeHb CHUCTEMU CKJIAJA€ThCs 3 HAOOpYy areHTiB, KOXKEH 3 SKUX BIJIOBiJae 3a
BUpIILIEHHS] KOHKPETHOTO aCHEKTy 3aBAaHHsA. BXiIHUMH napamMeTpamMH areHTa € OMUC 3aBJaHHs, 110
HAJIWAIIOB 31 CTPATEeTIYHOTO PIBHSA, a TaKOX HEOOXigHI JaHl 3 BHKOHABYOro piBHA. BuximHum
napaMeTpoM € TMOTIK IMIEPAaTUBHUX KOMAaHJ Ui BUKOHABUOTO pPiBHSA. ATEHT Mae BHYTPILIHIO
CTPYKTYDY, sIKa CKIAJAETHCS 3 JIOKAJIbHOT MOJIENI CepeIoBUIIa, 3aCO01B MJIaHyBaHHS /il HA OCHOBI
1i€1 MOJIeNi Ta aHai3y BXiIHOI Ta BUX1IHOI iHPOpMAIIiT 17151 BUSHAYEHHS Mpalie3/1aTHOCT] areHTa.

Komnexkriist areHTiB opMyeThCsl Tak, 00 Oyab-sIKE 3aBIaHHS I[IJILOBOTO KJIacy MOTIIO OyTH
BUPIIIEHO 32 JOMOMOTOI0 KOMOiIHAI] Ta CIbHOT pOOOTH KIIBKOX €JeMEHTIB 3 Kosekuii. OfHiero 3
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KITIOUOBHX MPoOJIeM € BHOIp areHTa, HeoOXiHOTO /Il BUKOHAHHS TIOTOYHOTO (pparMeHTy 3aBHaHHS
B JIaHMM MOMEHT. Y KJIaCUYHOMY MiJIXOJi i€ 3aBIaHHS PO3B'SI3Y€TbCS Ha CTPATETiYHOMY piBHI
CHUCTEMH yINpaBIiHHS, MO0 TMOTpeOye HAIBHOCTI MNPOAYKLIHHOI MAIIMHM Ta 3HAYHHUX
OOUHUCITIOBAJIBHUX MOTYXKHOCTEH. Y 3alponoHOBaHOMY IIJXOAl CTpaTeriuHuil piBeHb (opmye
HACTYITHE 3aBJaHHS y BHIVISII CIIHCKY areHTIB, HEOOX1MHUX JUTsl oro BupimieHHsS. CIIMCOK arcHTIB
NepeaaeThCsl Ha TAKTUYHUN DPIBEHb pa3oM 3 yMOBaMH iX akTuBallii. Takum 4YMHOM, 3aBIAaHHS
TAKTUYHOTO PIBHSI 3BOAMTHCS 1O CTBOPEHHS, 3a0e3meueHHs] (yHKILIOHYBAHHS Ta MPUIUHEHHS [1i
3a3Ha4€HO] I'PYyIU areHTiB.

AreHT Moxe nepedyBaTy B OJHOMY 3 KIJIbKOX CTaHIB:

1. AKTUBHUI: areHT NiATPUMY€E MOZEIb 30BHIIIHBOTO CEPEJOBUIIA B aKTyalbHOMY CTaHi Ta
(hopMy€e CIIMCKU KOMaH]I TSl BUKOHABYOTO PiBHSL.

2. IlacuBHUI: areHT MIATPUMY€E MOJIENIb 30BHILIHBOIO CEPEOBHUIIA B aKTyaJbHOMY CTaHi,
ajie ynpasJiHHS HE POPMYETHCS.

3. Cran '"moMmmika': areHT TOBIJOMJISE CTpaTeriyHUil piBeHb NPO HEMOXKIUBICTb
BUKOHYBaTH cBoi (yHKIii. Lleil cTan BUHMKae py MOMMUIIKOBHX BX1JIHUX JaHUX a00 MpU BUXOMI 3
Jay KepOBaHMX areHTOM BUKOHABYUX HMPUCTPOIB.

ApOiTp 3abesnedye HEMPOTHAIMHE BUKOHAHHS areHTiB. s 1mbhOro BIH HA OCHOBI
[IOCTABJICHOTO 3aBJaHHs (TOOTO CIMCKY areHTiB) OPraHi30By€ 3a3HAUEHHUX areHTIB y OararomapoBy
CTPYKTYypYy ynpaniiHHs (yTBoprotodi map 0). [Ipu 1poMy npiopuTeTH KOKHOTO 3 areHTIB HEMpsSMO
3aJ]al0ThCS HA CTPATEriuHOMY piBHI, BUXOASYM 3 BKJIA/I€HOCTI 3aBAaHb. [0 OTpUMaHOi ynpaBiisiodol
CTPYKTYPH JOAA€ThCA J01aTKOBUN (ikcoBaHMi 1m1ap 1 3 OUIbLI BUCOKUM MpioputeToM (puc. 3), Mo
CIy’)KHTb JUIsl OpraHizamii peakuii Ha Mofii, HE MOB'A3aHI 3 BUKOHAHHAM Micii (00poOka KOMaHT
TeJICYNpaBIiHHsA). TakuM YWHOM, TOYATKOBHM TUIAH MPU BUHUKHEHHI HE3aIUIAHOBAHUX CHUTYAIlli
MoXe OyTH JeTai30BaHui IUIIXOM TOPOOKH Horo areHtamu 3i mapy 1.

Uinbosi napameTpu

h 4

; YnpaenAmoya
——oMaHI — o
ApbiTp cTpykTYpa 1

i Bepicikatop

iHpopmayisa
YnpaenAwya

BidnioTexa areHTie
CTpyKTYpa 2

KOMaHW HaBWKOHAEHA
piBeHb

Pucynok 3 — Oprasi3aiisi TAKTUYHOTO PiBHS

TakTuyHUI pIBEHH CUCTEMH MICTHUTH MOJIEH CEPEIOBUINA, KA MOXE 3MIHIOBATHCS ITi/1 Yac
poboTu nursxom 36upanns iHpopmarii Big AITA. Lle no3Bonsie edekTHUBHINIE KOPUTYBATH LLITbOBI
TOYKH IT1JT YaC TIEPEMIIICHHS.

Jlnst 3aBraHHS OOCTEXEHHS WTYy4YHUX OpoTsHkHUX 00'ekTiB (ILIIO) po3pobreno Habip
areHTiB, K1 3a0€3Me4YyI0Th BUKOHAHHS IOBHOTO LUKy 00CTeKyBaJIbHUX poOIT. LI areHTH MIicTATh:

1. TunoBi MOKPUTTS aKBATOPii MEPEKEIO KYPCiB.

2. Bussnenns ta BiactexeHHs LIIO 3a momoMororwo pi3HOMaHITHUX CUCTEM BHUSBICHHS
ATTA.

3. [loBTOpHE 00CTEKEHHSA MONEPEAHBO NIEPEBIPEHUX 00'EKTIB.

4. O6cTexeHHS BUSBICHHX IT1J1 4aC OOCTEXKEHHS 4yKUX 00'€KTIB.

5. IloBepHeHHs 10 Oa3yBaHHS.
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[Tokasaukom mpucytHocti IO Ha ocHOBI manmx n-oi cucremu BusiBieHHS AIIA B
YACOBHUII MOMEHT t € 3HAUCHHS P}, SIKC HAKOMHMYYE OIL[IHKM MMOBIPHOCTI iCHYBaHHS KOHTAKTiB, IO
MEePeAyIOTh IOTOYHOMY YaCOBOMY MOMEHTY:

pp" = k"py + (1)
ne pth — CyMapH€ 3Ha4€HHS KOHTAKTiB JI0 TIEBHOI'O MOMEHTY 4Yacy t JUIs MiJACUCTEMH N,
k™ — xoedinieHT 3aracaHHs IS MiICUCTEMU N.

bararopiBHeBa CTpyKTypa TaKTHYHOTO piBHS BUKOPHCTOBYETHCS JJIsl  Oprasizarii
obcrexxenns LITTIO. Ctpykrypa micTuTh 3 piBHI yrpaBiiHHs (puc. 4):

1. Peanizaris nrykaHoi Tpa€ekTopii.

2. O6ctexenns HIITO.

3. OOCTexXeHHS YyKHUX 00'€KTIB, 10 3HAXOAAThCS Ou3bKko 1o LITTO.

PiBHI OCTiA0BHO aKTHBYIOTHCS (1 MPUTHIYYIOTH HUXY1) 110 Mipi BusBieHHs [IITT1O Ta gyxux
00'eKTiB y Or0 HABKOJIHIIHIN 00IaCTI.

lap 0 (nowykoea

Y

TPaEKTOPIA ) A A
Eararowapoga Lap 1 (gocnim#eHHR
cTpykTypa 0 LUrg)

Wap 2 (BMABNEHHA
iHWWx 00'exTIE)

Pucynok 4 — bararopiBHeBa CTpyKTypa, 10 BUKOPHCTOBY€EThCs Al iHcmekii LLITIO

BukoHaBunii piBE€Hb CHCTEMH YTMPaBIIHHS peasli3ye€ThCsl K PEAKTUBHHUM 1HTEpHpeTaTrop
MOTOKY KOMaHJ BiJ] TaKTMYHOTO piBHA. BiH B3aeMojie 3 TakTHYHUM pIBHEM 3a JIOMOMOTOIO
iHTepdeiicy, KU MICTUTh TMOBIAOMIIEHHS Ta KOMaHIU PI3HUX THUMIB (YNpaBIiHHSA PyXOM Ta
OOPTOBOIO armapaTyporo, BUaadya BUMIPSIHUX IMapaMeTpiB Ta 00poOKa MoIii).

Opranizaiisi IiIECIPSIMOBAHOTO PYXy HENAJIeKo BiJ JHA € OAHHM 3 OCHOBHUX 3aBllaHb
BUKOHABYOTO PiBHA. Takui pyX OpraHi3oBY€ThCS SK KOMOIHAIlS JBOX €JIEMEHTApHUX ITOBEIIHOK:
JOCSITHEHHS IIUThOBOT TOUKH Ta YXWJICHHS BiJ niepemko [15, 16].

BukonaBuuii piBeHb Takox peaiizye nmoBeainku AITA, mos's3aHi i3 3a0e3meueHHsAM OS3MEeKH.
Taki moBeIHKKA HAJAIOTHCS CUCTEMOIO KOHTPOITIO Ta aBapiitHoro pearyBaHHs AlTA, sika KOHTPOITIOE
cTaH OOpPTOBMX MPHUCTPOiB, MapameTpu pyxy AITA Ta TouHiCTh BUKOHaHHS KomaHja Micii. J{ms
imeHTudikamii aBapiiHUX CHUTYyaliid BiJIICTEXXYIOTbCS PO3XOMKEHHS MIX MOJEIUIIO BiJIMOBITHOTO
mpouecy Ta Horo peamizauiero. CHTyallisi BBaXa€ThCsl aBapiifHOIO, SKIIO I1€ PO3XOMKEHHS
MEPEeBUIIYE 3aJaHi MeXi TPOTATOM BCTAHOBIEHOTO IHTEpBAIy dYacy. Y TaKOMy BHIIAAKY
BUKOPHCTOBYETHCS (DIKCOBaHA PEAKIIisl CUCTEMHU THITY "SKIIO-TO".

3rifHO 3 MPUNHATOI0 METONOJIOTi€I0, Ha BUKOHABYOMY pIiBHI 3aBIaHHS, IO KEPYIOTh
OJTHAKOBUMHU BUKOHAaBUMMH IPUCTPOSMHU, 00'€THYIOThCSI B OaraTopiBHEBY KepyIO4dy CTPYKTYpy 3
nepeBaroro (JOMiHyBaHHIM), HABEJCHY Ha pHC. 5:

— CTaHJapTHOTO PYXY;

— Kopekii pyxy (BuOIp OIHOTO 3 IBOX BapiaHTIB BU3HAYAETHCS IIJIIMU, BCTAHOBJICHUMH
TaKTHYHHUM PIBHEM);

— pedIeKTOpHUX M1 CHCTEMH KOHTPOJIIO Ta aBapiiHOTO pearyBaHHS.
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Wap 0 (nepegaya
LiNs08MX 3HAYEHE |

»

PerynATopiE

" GifnioTeka ‘

30EHiLKI Lap 1 (kopexuis
owepena pyxy)

Llap 2 (peanusauia
KoMaHg)

PucyHok 5 — BaratopiBHeBi CTpYKTYpH MOBEAIHKA BUKOHABYOTO PiBHS

[ToBeniHKOBI OCOOIMBOCTI, BTIJIEHI HA BUKOHABUYOMY DIBHI Ta areHTax TaKTUYHOTO PIBHSA, Y
JaHii CTaTTi HE pPO3MIAJAOThCA, 10 OOyMOBJIEHE Oa)kKaHHSAM CHCTEMAaTUYHO 30CEpPEeIUTHCS Ha
KOHIIENTYaJIbHIM T00yA0B1 O10JI0TEKM areHTIB TaKTUYHOTO piBHS. OOpaHa cTpareris I03BOJWIA
mMOIIe MpoaHalli3yBaTi Ta OOTPYHTYBaTH Npouec (yHKIIOHAIBHOT 1EKOMIO3HULIT HiIbOBOTO KIIacy
3aBJlaHb OOCTEKEHHSI MOPCHKUX NIIMOUH Ta MiJBOJHUX ONEpaLiil, 110 € KIIFOYOBUM €TarioM poOOTH.

[IpakTuyHa peamizaris 3a1€KJIapoOBaHOI METH MICTUTh Taki eTanu (puc. 6):

1. ¥V mepmry uepry moke OyTH po3modaTo mpoiec po3poOku Oi0IIOTeKH areHTIB,
BUKOPHCTOBYIOUM KOHIEMIT (PyHKIIOHATIbHOT JIEKOMIO3HULII I[IILOBOrO KJacy 3aBaaHb. Lle moxe
BKJIFOYAaTH CTBOPEHHS apXiTEKTYpH MPOrpamu, aJropuTMiB, METO/AIB IHTETPallii Ta TECTYBaHHS.

2. Ilicns po3poOku 06i0niOTEeKH areHTriB, BOHa NOTpeOyBaTuMe TECTyBaHHS Ha PI3HUX
CIIEHApisAX Ta 3aBAAHHIX, MOB'I3aHUX 13 OOCTEKEHHSIM MOPCHKMX TIHOMH Ta TiJBOJIHUMH
omnepauisMu. Lle BkiIroyae nepeBipky poOOTH OKpEMHX areHTiB, IXHIO B3a€MOJIIO Ta BiANOBIIHICTh
3aJIeKJIapOBaHUM (YHKIIISIM Ta BUMOT'aM.

3. Ilicns TecTyBaHHS MOXKE BHHUKHYTH HEOOXITHICTH B onTUMi3alii ab0 BIOCKOHAJICHHI
pobotu Oibmiotexu. Lle Moke BKIIOYATH YIOCKOHAJEHHSI aJITOPUTMIB, 301IbIICHHS IIBUIKOCTI
po6OTH, MiABUILEHHS] TOYHOCT] Y 301IbIIEHHS (PYHKIIIOHATIBHOCTI areHTiB.

4. Tak sIK METOIO € 3aCTOCYBaHHS Li€i 010J10TEKH B peaJIbHUX YMOBaX, TO B I0JAJIbIIOMY
IUTaHY€THCS BIPOBAJPKYBATH 11 B CHCTEMH I1AIBOHUX arapariB Ui TECTyBaHHS B peajJbHUX YMOBaX.
Ie 103BOMMUTH OLIHUTH €(PEKTUBHICTH TA MPUAATHICTD O10TI0TEKH HA MPAKTHIIL.

5. Tlicns ycmimHOTO 3aBepIIEHHS PO3POOKHM, TECTYBaHHS Ta OINTHMI3allii, BaXJIHBO
JIOKYMEHTYBAaTH BC1 KPOKH Ta pe3yabrary. Lle Moke BKIIFOUaTH HAITMCAHHS TEXHIYHUX 3BITIB, cTaTei
a00 myOJiKaIlo B HAYKOBUX JKypHaidaX JUIsl CHUTBHOTO BHKOPUCTAHHS 31 CHUIBHOTOIO JOCIIITHHUKIB
Ta (axiBIiB y it 06IacTi.

MouaTok

Pospo6ka Gibnioteku
areHTiB TaKTUYHOIO
piBHA

TecTtyBaHHsA
Ta Banigauis

OnTtumisauis
Ta NoKpaLleHHs!

IHTerpauis
3 peanbHUMK
nigBoaAHUMU
anaparamu

[oKyMeHTyBaHHsI
Ta nybnikauis
pesynesraris

Kineus

PucyHok 6 — CTpyKTypa npolecy IpakTHIHOI pealtizalii 3a1eKi1apoBaHoi MeTH
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Takuii KT pO3pOOKH Ta BIPOBAHKEHHS MOXKE JTOTIOMOITH peai3yBaTH 3asBICHY METY Ta
JIOTIOMOTTH y TOKpallleHHI €()eKTUBHOCTI BUPILIECHHS 3aBAaHb OOCTEKEHHS MOPCHKHMX TIIMOMH Ta
BUKOHAHHI TIJBOAHHMX ONEpalliid 3a PaxXyHOK BHKOPHUCTaHHS IEPCICKTUBHOTO MAaTEMaTHYHOTO
3a0e3MeYeHHs] aBTOHOMHUX TT1JBOJTHUX anaparis.

TakuM dYWHOM, CTaTTd NPHUBHOCHTH 3HAYHY HAyKOBY HOBHU3HY MDISIXOM MOOYIOBH
METOJOJIOTIYHOTO MIAXOAY A0 pPO3poOKH Ta (YHKIIOHANBHOI JEKOMIIO3MINI IIIbOBOTO KIacCy
3aB/IaHb, KWW YHIKQJIbHUM YMHOM BH3HAYA€ CKJIQJOBI €JIEMEHTH Ta B3a€EMO3B'SI3KM MIXK HHMH.
Oco0nuBy IIIHHICTH MPEACTaBIsE MOXKJIMBICTH CTBOPEHHS O10710TEKM areHTiB TaKTUYHOTO PiBHS
JUISL BUPIIICHHS 3aBaHb OOCTEKEHHS MOPCHKMX TIHMOWH Ta MABOAHUX OIEpaiid, M0 MOXKe
BiI0OpakaTu HOBATOPCHKUM MiAXia M0 Ii€l mpoOieMu Ta MOTEHIIHO CTaTH OCHOBOIO st
MONAJIBIINX JTOCIIHKEeHB Y 1iH cepi.

BucnoBku. [[ns po3poOku CUCTEMH YIIPaBIiHHA AaBTOHOMHHUM IIiIBOJHUM araparoM
3allpOTIOHOBAHO HOBY apXITEKTypy, $Ka BHKOPHCTOBYE $IK 1€papXiuHi, TaK 1 TIIOBEAIHKOBI
yHOpaBIiHCHKI CTPYKTYpH. Lle 3HauHO posmuproe MokauBocTi AITA, 103BoMsAI04M HOMY BUPIIIYyBaTU
3aBJaHHS pI3HUX KJIaciB B yMOBax OOMEXEHUX OOYMCIIOBAaJIbHUX pecypciB  OOpTOBOI
0OUYHCITIOBATIBLHOT MEPEXI.

Y pamkax 3amporiOHOBAaHOI apXITEKTypH 3alpONOHOBAHO BUKOPHUCTAHHS MOBEIIHKOBOTO
MiAX0/y Ha PI3HUX PIBHAX (YHKLIOHAIBHOI TPHOXPIBHEBOI apXITEKTypU CUCTEMH ynpasiinHs. [Ipu
LbOMY YIIPaBIIHCHKI CTPYKTYpPH BHKOHABUOTO PIBHS MarOTh MOCTIMHUM CKJIaJ, a HA TaKTUYHOMY
piBHI (QOpMYIOTbCA 3MiHHI CTPYKTYpH, SIKI CTBOPIOIOTHCSI Ha OCHOBI po3poOieHoi 6i0mioTexku
areHTiB. Lle 3abe3neuye jerke HapollyBaHHS (YHKIIIOHAJIBHOCTI IO Mipl OSABH HOBUX 3aB/laHb Ta
araparHux 3aco0iB.

OOrpyHTOBaHO MIAXiA MIOAO MOOYIOBM Oi0TIOTEKH areHTiB TAaKTUYHOTO PIBHS Ha OCHOBI
(YHKLIOHAJIBHOI JEKOMIIO3UIIT LIIbOBOrO Kiacy 3aBiaaHb. [lii poboTa ¢GopmyroThCsl B TepMiHax
areHTIB, 10 YTBOPIOIOTH 010110TEKY, 110 3a0e3meuye OCHOBY JJISI CTBOPECHHS JEKJIAPaTUBHUX MICIH.
Po3pobnena Ta mocmikeHa CTpPYyKTypa areHTa, sika BKJIIOYAE JIOKAJbHY MOJENb CEPEeIOBHINA,
3aco0u maHyBaHHA Ai Ha 0a3i wLiel Momeni Ta aHalli3y BHUKOPHCTOBYBaHOI iH(opmarii mis
BU3HAYEHHS IpaIle3/aTHOCTI areHTa.

TakuM 4MHOM, y CTaTTI MPOMOHYETHCS TOCITHYTH ITiIBUIICHHS €(QEKTUBHOCTI 00OCTEKEHHS
MOPCBHKHX TITMOHMH 3aBASKH PO3po0Ili HOBOT apXiTEKTYPH CUCTEMH YIPABIIHHS IT1IBOJHUM ariapaToM
Ta BUKOPUCTAHHIO O10T10TEKH areHTiB TAKTHYHOTO PiBHSA. Lle B ogabnioMy 103BOJIUTE T ABUIIIUTH
TOYHICTb, IIBUAKICTh Ta aJalTUBHICTH MPOLIECY OOCTEKEHHS, 3a0€3MEUMBIIN arlapary MOXKIUBICTh
e(eKTUBHO pearyBaTH Ha PI3HOMAaHITHI YMOBHU MiJBOJHOTO cepenoBuiia. Pazom 3 THM, BaxIJIMBO
MIJKPECIUTH, M0 CTATTA, SK KOHIENTYaJlbHOTO XapakTepy, He MPHU3BOIUTH YUCIIOBI MOKA3HUKU
e(EeKTHUBHOCTI, aJile HalpaBlieHa Ha IMiJBUIICHHS €(PEKTHBHOCTI OOCTEKEHHSI MOPCHKUX TIIMOWH Ta
MIJIBOAHUX ONEpariii 3aBASKM BUKOPUCTAHHIO HOBOI apXiTEKTypw Ta OiONMOTEKH areHTIiB
TaKTUIHOTO PiBHS.

IlepcnekTHBY MOAANBLIINX AOCTiTAKeHb. [IpoBeneHI JOCTiKEHHS MOKa3aal HeOOXiHICTh
YIOCKOHAJICHHSI CUCTEMH YIIPABIiHHS aBTOHOMHUMH TiJIBOJHHMH araparaMyd IpH TOTIHOICHHI
BUPIIIEHHS OUTBII CKJIaIHUX 3aB/IaHb, @ HE TIJIbKU MOIIYKY Ta OOCTEKEHHS.

TocTpo mocrae mMuTaHHS IMIONO PO3MIMPEHHS KIIACiB BUPINIYBAaHMX 3aBHaHb. Tak, y XOmi
MOJANBIINX HAYKOBUX JOCIHIIKEHb aBTOpP TOTOBHI c(OKyCyBaTu 3ycHJUIS Ha pO3Mi3HABAHHI Ta
knacugikaimii 00’€KTIB TOIIYKy Ta CHUTyallid, IO CKJIAQJalOThCA Yy TMiJABOAHOMY CEPEIOBHIIIL,
BUSIBJICHHI TCHJCHIII PO3BUTKY OOCTaHOBKH, MOJCIIOBaHHI ITOBEIIHKM TIEBHUX 00’ €KTIB, SKi
MOXYTh CKJIaZIaTH HeOe3MeKy abo 3arposy.

[InanyeThCcs MPOTOBKUTH POOOTY IIOAO PO3LIUPEHHS MEPeNiKy AaHUX, 10 MOXYTh OyTH
3alisiHI JUTsl BUPIIMICHHS BUINE BHCBITIEHUX 3aBaaHb. OKpEeMUM THUTAHHIM € YIOCKOHAJICHHS
THYYKOCTI CUCTEMH YIIPaBIiHHS aBTOHOMHUMU IT1IBOTHUMU araparaMiy 3a paxyHOK BIIPOBAKEHHS
HOBHX ITOBEIIHKOBHX aJTOPUTMIB, y TOMY YHCIi 3 BHKOPHUCTAaHHSM IHTEJIEKTYaJIbHUX areHTiB. Y
pamMKax po3poOsieHO1 apXiTeKTypH Ha TaKTUYHOMY PiBHI TNependavdaeTbcs 3HAYHE PO3IIUPEHHS
3alpoNoOHOBAaHO] Oi0MIOTEKHM areHTiB, MO0 3HAYHO MiJBUIIMTH HApPOIIyBaHHS (DYHKIIOHAJIBHUX
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MOXJIMBOCTEH CHCTEMH TP BUHUKHEHHI HOBUX 3aB/JaHb Ta YJOCKOHAJCHHI amapaTHUX 3aco0iB
CHCTEMH YIPaBIiHHA.

KpiMm ToOro, cmix 3a3HauMTH y HAHOMMOKYIM MEpCHEeKTHBI IJIAHYEThCS BIPOBAJAUTU
3aCTOCYBAaHHS OKPEMHUX €JIEMEHTIB IITyYHOIO 1HTEJIEKTY IpY BUKOHAHHI 3aBJaHb IJIaHyBaHHs Micii
1 opranizamii B3aeMojii amapariB 3 AWUHAMIYHO 3MIHIOBAHUM OTOUYYIOYUM CEPEIOBHUIIEM Y
MiIBOTHOMY MPOCTOPI.
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Kalinichenko Ye. V., Zaiets A. Yu. DEVELOPMENT OF BASIC APPROACHES TO ORGANIZING
SOFTWARE FOR AUTONOMOUS UNDERWATER VEHICLES FOR SOLVING SURVEY TASKS

The aim of the article is to enhance the efficiency of surveying the ocean depths and performing various
underwater operations by utilizing advanced mathematical frameworks in autonomous underwater vehicles.
The article discusses the challenges in developing a control system for autonomous underwater vehicles,
noting that existing control systems are primarily designed for search-based tasks, while these vehicles can be
used for more complex operations such as surveying. To successfully address these tasks, autonomous
underwater vehicles require a flexible control system capable of adapting to new tasks and data from onboard
sensors. The article proposes a new architecture for the mathematical framework of the control system,
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integrating both hierarchical and behavioral control structures. This significantly expands the capabilities of
these vehicles, enabling them to tackle diverse tasks within the constraints of computational resources
onboard. Within this proposed architecture, a behavioral approach is employed across different functional
hierarchical levels of the control system. Notably, executive-level control structures maintain a constant
composition, while variable structures are formed at the tactical level based on a developed library of agents,
allowing for easy functionality expansion as new tasks and hardware emerge. The article justifies an approach
for constructing a library of tactical-level agents based on the functional decomposition of the target task
class. The actions of the agents forming the library are established, providing the groundwork for creating
declarative missions. Furthermore, a researched agent structure containing a local environmental model,
action planning tools based on this model, and an analysis of utilized information to determine agent
operability is developed and investigated. This developed control system structure could be further proposed
for testing on autonomous underwater vehicles.

Key words: autonomous underwater vehicles; behavioural architecture; hierarchical architecture; hybrid
architecture; coordination, conflicts; reliability; agents.
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YAOCKOHAJIEHHA METOIB YIIPABJIIHHSI CYTHOM
1O 3AJAHIN TPAEKTOPII
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YV oaniii pobomi docrioscyromeca npobremu ma piwtenua agmomamusayii Hagieayii cyoeH, 30CepeoHCyoulUcs
Ha B00CKOHANIEHHI A8MOMAMUYHUX NPUCMPOI8 | cucmem O KOHMPOTIO PYXy cyOeH no 3a0awii mpaekmopii. ¥
cmammi HaBeOeHO 0271510 CYYACHUX MAMEMAMUYHUX MoOenel, aneopummie QyHKYIOHY8anHs ma memoois ix
peanizayii, 3 mouku 30py ix 6niugy Ha eeKmusHicmb cucmem KOHMpoa0 3a mpaekmopiceto. ITiokpecieno
NOMEHYIUHI 0OMENICEHHS NeBHUX MemoOi8 8NPOBAONCEHHS MA GION0GIOHY HeOOXIOHICMb nepeaisidy 3aKOHIE
VIPAGNiHHA ab0 NOWYKY HOBUX NIOX00i8 01 napamempuyHoi ma cmpykmypuoi idenmudpikayii npoyecy
ynpaeninus. Memorw 0ocniodcenHs € YOOCKOHANEeHHS MemoOi8 YAPAGNIHHA CYOHOM HA 3A0aHIU MPAEKMOPIL.
Ilpeocmagneni mamemamuyni 3a1edHCHOCMI pYXy NO HPAMOMIHIUHIL MA KPUBONIHIUHIN MPAEKMOPISX.
Bcmanosneno sanesicnocmi ma 36’°s3ku Midic 3a0AHUM WIAXOM CYOHA U OUHAMIMHUMU NAPAMEMpPamu, ujo
BUKOPUCMOBYIOMbCA 0I5l KOHMPOa0 Ccidy8anus mpaekmopii cyonom. Edhexmusnicme npedcmasnenozo
aneopummy YnpaeninHsa CyOHOM NO 3A0aHill MpAeKmopii niomeepodtcena iMimayiuHum MOOeO8AHHAM PYX)Y HA
npuxnadi xkoumetineposo3y muny S-175. V oamiti pobomi, 30Kkpema, HageOeHi pe3yrbmamu iMimayiiHo2o
MOOeN08anHsA AK 0N NPAMONIHIUHOI CKIA0080I 3a0aH020 MApuipymy CyOHa, max i OAsf KPUBOMIHINIHO20
8IOPI3KY Mapuipymy, 3 ypaxy8aHHs mMo4Ku NOYAMKY NO8OPOMy ma OUHAMIYHOI KYMOo8oi weuoKocmi cyona 0
VMPUMAHHSL CYOHA HA 3aNIAHOBAHINU KPUBOJIHIUHIU MPAEKMOPIT.

Knrouosi cnosa: 6esnexa nasicayii; KOHMpONb YMPUMAHHSA HA MPAEKMOPIL; AGMOMAMU308AHI CYOHOBI
cucmemu; YRpAaeiinHs CyOHOM, MAHEBPYBAHHS CYOHA; OUHAMIYHI napamempu pyxy cyoua.

DOI: 10.33815/2313-4763.2023.1-2.26-27.029-043

Beryn. CyyacHi MOPChbKI TPaHCIIOPTHI CUCTEMHU BIJITPAIOTh KIKOYOBY POJIb Y MIKHAPOJHIN
TOPTiBII 3aBISKU CBOid ekoHoMiuHiN edekTuBHOCTI. [locTiiiHa HEOOXiNHICTH YAOCKOHAJICHHS
CUCTEMH YTIpaBJIiHHS O€3MEK0I0 CyAHOIUIABCTBA B MOPCHKIN raiy3i MiJKPECIIOeThCS HEOOX1THICTIO
3aXHMCTy JIFOJCBKOTO JKUTTSA, 3MEHIIEHHS HMOBIPHOCTI HAJ3BHYAaHUX CHUTyalid Ha Mopi Ta
HaBIramifHUX HeOe3nek, 3a0e3MEeYeHHs 3aXHUCTy HaBKOJIMIIHBOTO CEPEeNOBHINA Ta YHUKHEHHS
HECTIPUATIUBUX EKOHOMIYHMX HACHiKiB, TMOB’S3aHMX 31 30MTKaMu BiJ] MOPCHKHX aBapii Ta
IHIIHUIEHTIB.

Cepiio3Hi HaCHIJKM HaBIralifHUX aBapiil MOCHIIIOIOTHCS POJUIIO JIFOJCHKOT MOMMJIKH a0o0
WIIJACHKOTO (hakTOpy» B PpOOOTI MOPCHKHX CyAeH. Pa3oM 13 yJIOCKOHAJICHHSM TEXHIYHOTO
OCHAIIIEHHS CyJIeH BiJIOYJIOCS CKOPOUEHHS eKiNaXiB, OCKUIBKU OlTbIIa YacTHHA POOOYMX IMPOIECIB
CTajla aBTOMAaTH30BaHOIO 3aBISKH BIIPOBA/KEHHIO 1H(OPMALIMHUX TEXHOJOTIH, y TOMy 4HCII
HaBIraliiHUX CHUCTEM KepyBaHHs cyqHoM. [HdopmarliiiHe nepeBaHTaKeHHS pOOITHUKIB Ha OOpTY
CyJlHa Ta TICUXOJIOTIYHUI CTaH JIIOJUHU B €KCTPEMAaJbHUX CUTYallisiX MaloTh OyTH BpaxoBaHi MpHU
po3po0IIl CydacHMX aBTOMAaTH30BaHUX CHCTEM MOPCHKOI raiysi 3 METON MiHiMi3auii TpUHHATTA
XUOHUX YIPaBIIHCHKUX PIIIEHb.

TakuMm 4YuMHOM, y CydyaCHOMY CBIiTi, piBeHb O€3MeKH Ha Cy/JHI, a caMme HaBiraiiiHa ii
CKJIa/I0Ba, y OLIBIIIN Mipl 3aJIeXKHUTH BiJl €PEKTUBHOCTI MPUUHSATTA pillIeHb CYJHOBUM 1 OeperoBum
MEPCOHATIOM y OyAb-SKMX HaBIralifHUX yMoBaX. 3 METOIO MiJABHIIEHHS KOHTPOJIO 32 IPUHHATUMHU
pIIIEHHSIMH, TEMAaTHKa aBTOMaTU30BaHUX CHCTEM HaBiraiiii € 3aTpe0yBaHOIO 1 aKTyaJIbHOIO.

IToctanoBka mnpoOiaemu. BigomMo, MmO MOPCHKHI TpPaHCHOPT OTPUMY€E IIUPOKE
3aCTOCYBaHHS B PI3HMX CETMEHTAaX MDKHAPOTHHX IIePEBE3€Hb, 30KpeMa B iX IMBUIBHOMY Ta
KOMEpLIHHOMY HampsMKax, 10 3yMOBIIIOETCS, CEpell IHIIOr0, HOro eKOHOMIYHOIO €(EeKTUBHICTIO
JUTSI MIDKHAPOJHOI TOPTiBiil. Y I[bOMY acCIeKTi, 3aJMIIAI0ThCs aKTyaJbHUMU MTUTAHHS 3a0€3MeUeHHS
0e3neKd MOPCHKUX TMEpeBe3eHh Ta CYIHOIUIABCTBA. 3 TOYKH 30pYy 3a0e3MedeHHs Oe3MeqHOl
HaBiraimii Ta MaHEBpPYBaHHS MOPCHKHX CYJIEH HEOOXIIHUMH € BHPIIMICHHS 3aJa4 KEPyBaHHS iX
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PYXOM, a caMe yJIOCKOHAJIGHHS iICHYIOUMX Ta po3poOKa HOBHX METOJIB, 3aCO0IB i CHCTEM Yy I[bOMY
KOHTEKCTi. TakuMm 4YMHOM, OOTPYHTOBYETHbCS HEOOXiAHICTH BIPOBAIKEHHS €(EKTUBHUX CHCTEM
yTpaBIIiHHS MOPCHKHM TPAHCIIOPTOM, 30KpeMa It MOPCHKUX BaHTKHUX TPAHCIIOPTHHUX 3aCO0iB.

VY ramy3i aBTOMaTu3alii CyJTHOBOJIHHS HPOAOBXKYIOTh 3aJIMIIATUCS aKTyaJbHUMH 3ajaul,
OB ’s13aHi 3 YJJOCKOHAJICHHSIM aBTOMATUYHUX TPUCTPOIB Ta CUCTEM YTPUMaHHS Cy/JHA Ha 33JaHOMY
Kypcl Ta 3aaHiil TpaexTopii pyxy. SAKicTh poOOTH CHCTEM aBTOMATHUYHOTO YIIPABIiHHS OLIHIOETHCS
3a TAKHMU IMOKAa3HUKAMU, K HaJIHHICTh, TOYHICTH Ta IIBHIKOIIS.

JlocsiTHEHHsT HEOOXIJHOrO PIBHS SKOCTI YHpPaBIiHHSA KypcOM Ta IPOXOKEHHSIM I10
TPAEKTOPIl BU3HAYAETHCS HE TILIbKM MPUHIUIAMHU Ta 3aKOHAMH, K1 Jie)KaTb B OCHOBI CHHTE3Y
MaTeMaTUYHUX MOJEJIeH Ta anropuTMiB (QyHKILIOHYBaHHs, aje i criocobaMu peaiizalii OTpUMaHuX
anroputmiB. OpHak Jeski crmocoOw peanizamii MOXYTh HakJIagaTH OOMEXEHHs, SKI €
HENPUIHATHUMH 3T1JHO 3 BUMOTaMHM JI0 SIKOCTI PiBHS YNPABIIHHSA CyJHOM. TakuM YMHOM, MOXHA
MIJKPECIUTH TMOTpedy B Meperisil ICHYIOUMX 3aKOHIB YIpaBIIHHS, a TakoX Yy po3poOri
1HHOBaIIMHUX MIAXOIB /71 3a0€3MeYeHHs PalliOHATIbHOI CTPYKTYPH CUCTEMU aBTOMAaTHYHOTO PYyXY
no Tpaekropii (CAPT) [1, 2].

AHaJ3 ocTaHHIX JocCail:KeHb Ta myOaikaniii. ICHYIOTh Ba MOTEHUIMHUX PIICHHS IS
KOHTPOJIIO PyXy CYACH IO 3aJlaHiil TpaekTopii: mepiie mnepeadadae po3poOKy KOHTpoJiepa, KU
cTabl1i3y€e MOMWIKH BiJICTEKEHHsI TPA€KTOpii, BU3HAUEHI HESIBHUMHU BUpa3aMM, TOJl K JApyre €
OUIbLI TOLIMPEHUM MIAXOA0M, B SIKOMY IONEpPEIHbO BHU3HAUEHUM 3aJaHUM LUISIX € (YHKIIIE0
napaMmeTpu3oBaHoi KpuBoi. CHCTeMH KepyBaHHS MOPCHKMMH CyJAHAMH Ha OCHOBI JIIHIHHHX
JUHAMIYHUX MoJesield € OUIpII MpocTUMHU y peanizaiii. Psa poGiT mpucBsyeHi BiJICTEKEHHIO Ta
KEpyBaHHIO TPAEKTOPI€I0 MOPCHKUX CYACH 3a JIOMOMOTOI0 JiHIMHMX a00 HEeNTHIMHMX METOiB,
TaKuX SK KIAaCHYHE MPONOPIIHHO-IHTETpaTbHO-TIOXIIHE KEpyBaHHS, MPOTHO3HE MOJICIIOBAHHS
KEepyBaHHS 3 OOMEXEHHSIMM KPEeHy Ta METOJlaM KepyBaHHS Ha OCHOBI crocrepirada. Takox ciin
BII3HAYUTH, IO HEIIHIMHICT, ¥ HEBU3HAYEHICTh MOJIENICH CYJIEH y TMO€JHAHHI 3 BIUIMBOM
30BHIIIHIX ()aKTOPIB YacTO 3aBaXAIOTh CyAHY TOYHO MIATPUMYBATH CBill KypC y370BXK 3a3/laJIerisib
BU3HAYECHOI TPAaeKTOpii. Y IIbOMY KOHTEKCTI, JUIS MiABHIIEHHS HAAIMHOCTI 3aMKHYTOI CHUCTEMHU
3a3BUYail BAKOPUCTOBYIOTHCS POOACTHI Ta alaliTHBHI METOAU KepyBaHHs [3].

Kos3uuii pexum kepyBanus (SMC — sliding mode control) mmpoko BHKOPHCTOBYETHCS B
MOPCHKHX CHCTEMax KepyBaHHsS. ABTopH podotu [4] po3pobunu inBepcHuit 3akoH SMC posrisiaaroun
CHCTEMy pPOOACTHOTO BIJICTeXKEHHS Tpaekropii. Takok y HOocChipkeHHI [5] mpeacTaBieHO HEUiTKuMid
KOHTpoJiep pyiboBoro kepyBaHHs SMC, 10 BpaxoBy€ HACHYEHHS BXIJHOTO CHTHAIy CHUCTEMH
aBTOPYJIbOBOTO.

Kpim Toro, meromosnorii agantuBHoro ta tepminaabHoro SMC, a takox meromosorii SMC
BUILIOTO MOPSIKY BUKOPHCTOBYBAIUCS JIJIsI KOHTPOJIIO OPi€HTAIlli Ta KOHTPOJIIO BIZICTEKEHHSI TPAEKTOPIi
aBTOHOMHMX MiJBOAHUX amapaTiB. Lli cxemu, SK IpaBWiIO, IHTEIPOBaHI 3 AITOPUTMOM 3BOPOTHOTO
KPOKY ISl KOHTPOJIIO CJIyBaHHS 1O TpaekTopii cyaHamu. Y pobortax [6, 7] OyB po3pobicHuit
momudikoBanuii [1l-perymsitop i3 SMC pexumMoM 3BOPOTHOTO KPOKY JUIsS MIATPUMKH HaJIIHHOCTI
CUCTEMH KEpyBaHHS TPAEKTOPIEI0 3 HEBiIOMHMH Tapamerpamu. OmHaK yci I MeToau OOMEKeHi
HEOOXI1THICTIO IMMONIEPETHHOTO 3HAHHS HEIIIHIMHOI T1pOIMHAMIKH, TOOTO HENNiHIHHI KOMITOHEHTH MOEIT
€ BIJOMHMH TJIQJIKUMH BEKTOpaMH (DyHKIII IIBHJIKOCTI, a TapaMeTpud € HEBIJIOMHUMH CTAUMHU
BEKTOpPaMH 3 BIIOMUMHU pO3MipaMHu.

Ha nanmii MOMEHT 3ampOoIrOHOBAaHO KiJIbKa METO/IB OJHOYACHOTO BHPIIMICHHS OOMEXEHb
BXIZIHUX Ta BHXiJHHX CHTHamiB. Y pobOoti [8] mocmimkeHo mpoOieMy yIpaBIiHHS BiICTEKEHHIM
TPAEKTOPIi 32 YMOB aCUMETPUYHUX BXIJHUX 1 BUXITHUX OOMEKEHb, @ TAKOK B YMOBaX HEBH3HAYCHOCTI.
Jlna 3abe3neueHHs OOMEXEHb Ha BHUXITHI JaHI CHUCTeMH, OyJIM BUKOPUCTaHI aCHUMETPHYHI
norapudmivHi 6ap’epni (yHKII Ta aBHi qudepeHniiioani moaen ¢ynkuii nommwiku [aycca mpu
po3po01i  KOHTposiepa Ta A KOMIEHcalli e(eKTy acHMETPUYHOIO HACHYEHHS BUKOHABYOIO
MeXaHi3My BiQmoBigHO. HesBakaroum Ha Te, IO IIi METOAM CTiKiI O 30BHINIHIX 30ypeHpb i
HEBU3HAYECHOCTI MO, BOHM HE MOXYTh OyTH 3acTOCOBaHi O€3MOCepelHbO Ui BiIACTEKEHHS
TpAeKTOPii HAJABOMHHMX CyaeH. 3rogoMm y poborax [9-11] Oyna posrisiHyTa MOABiHHA MpoOiemMa
CIIAyBaHHS TPAEKTOPIi 3 OOMEKEHHAMHU BXITHHX Ta BUXIAHUX CUTHATIB AJIsl CYJAEH, IO MiISraioTh
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HEBM3HAUCHOCTI MOJIENIi Ta 30BHIIIHIM 30ypeHHSM. 3alpoIlOHOBaHA CXE€Ma CHUCTEMH KepyBaHHS
0asyeTbcst Ha Moaudikarlii anroputMy HaBexeHHs 1o il Buaumocti (LOS — Line of Sight) [12, 17,
18] ta inTerpye 6ap’epHy (dyHKIi0 JISMyHOBa, 11100 YTPUMYBATH MOMUIIKU BIJICTE)KSHHS HaJBOJHOTO
CyJHa B MOTMEPEIHbO BU3HAUCHUX MEXKaxX MPOIYKTUBHOCTI. BapTo BiI3HAUMTH, 10 CXeMa CITiTyBaHHS
o 1uIsxy, 3arnpornoHoBana B [10, 11], He3Bakarouu Ha HAIIMHICTD 1010 HEBH3HAYECHOCTEH 1 30ypEHb,
MICTUTh OCOONUBICTh y 3aKOHI OHOBJIEHHsI mapamerpa nuisixy. Lleil mapameTp € KpUTUYHUM ISt
peasizaliii CHCTeMH CITiyBaHHs. 3 METOIO MOKPAIICHHS JTAaHOI CUCTEMH OYyJIO TIPOBEACHO JOCIIHKEHHS
[13], y sxOoMy mpencTaBieHO poOACTHY CTPATEril0 aJalTHBHOTO KEPyBaHHs, 0O 3MyCHUTH MOPCHKE
CYyIHO 3 TapaMETPUYHUMH HEBHU3HAYCHOCTAMH Ta OOMEKEHHSMH BXIJIHUX Ta BHUXIJHUX CUTHAIIIB
CIIAyBaTH 33[IJaHOI0 TPAEKTOPi€r0. TakuM YMHOM, MiJIXiJ HE TUILKA BUKOPUCTOBYE Oap’e€pHy (YHKIIIO
JlsmmyHoBa n71s1 BHpIIIEHHS IMPOOJEMU BHXITHOI CHCTEMHM, ajieé i 3alyuyye JONOMDKHY CUCTEMY
MIPOEKTYBaHHS /1Sl BUPIIIEHHS BIPTYyaJIbHUX 1 peaJIbHUX BX1IHUX HACUYEHb.

Mera Ta 3amaui AocjaigxkeHHss. MeTo0 JaHOTO JOCTIIKEHHS € YAOCKOHAJIEHHS METO/IIB
yIOpaBIiHHS CYyTHOM Ha 3aJaHiil TpaekTopii. 3agadi JOCTiKEHHS BKIIIOYAIOTh!

1) BcraHoBIIeHHS BUXIJHAX YMOB Ta MapamMeTpiB;

2) BuzHaueHHsT B3a€MO3B’S3KIB MK 3aJaHUM IIIIXOM CyJHAa W JUHAMIYHUMH
napaMeTpamu, 0 BUKOPUCTOBYIOTHCS /ISl KOHTPOJTIO CITiTyBaHHS TPAEKTOPII CyTHOM;

3) dopMyBaHHS aalTOBAHOTO aJITOPUTMY YIIPABIIIHHS CyJIHOM 3aJaHiil TPAEKTOPIT;

4) IpoBeaeHHs IMITAIIIHHOTO MOJICITIOBAHHS 3 METOIO MEPEBIPKHA POOOTH aIrOPUTMY .

Bukiaag ocHoBHOro martepianay. /{1 KOHTpOJIO MaHEBPYBAaHHS CyJaHAa IO 3ajlaHii
TPAEKTOPii HEOOXIHOI YMOBOIO € yIpaBliHHA sSK KypcoMm [1, 2], Tak i mo3umiero. Meroro
yIpaBIiHHS MO3UINEI CyJHA € MiHiMi3amis Oiunoro BimxwienHs XTD (cross-track distance), mio
BU3HAUYAETHCS MEPHEHIUKYISIPOM OMyLIEHUM 3 (PIKCOBAaHOI TOYKM Ha CYJHI Ha JIHIIO 33JaHOT0

MapupyTy (puc. 1).

WPDl(DCj_l,yj_l)

Pucynok 1 — OcHOBHI mapaMeTpy MaHEBPYBaHHS Cy/HA 10 3aJaHiil TpaeKTopii

VY naniii poOOTI poO3paxyHKH MAMCTAHLIA Ta HaNpsMKIB BUKOHYIOTbCSI Ha IUIOMIMHI,
0a3ylounch Ha IyMIl, [0 TOYHE MaHEBPYBaHHSA CyJHA € JIOUUIbHUM Ha BiJIHOCHO HEBEIHMKHX
JUCTAHIIAX. Y pa3l Hapiramii Ha BENMKUX JUCTAHINNAX, YA HEOOXITHOCTI JOCSITHEHHsI OUIbIIOT
TOYHOCTI TpPHU PpO3paxyHKax, JOLUIBHUM € BHUKOPUCTaHHA ICHYIOUMX METOJIB chepuyHoi
TPUTOHOMETPII Ta PIBHSAHB I'€0[E3UYHOI IPSIMOi, IPEICTaBICHUX, HANIPUKIa, y podoTax [14, 15]. B
SKOCTI OTOPHOI TOYKH JUIs pO3paxyHKiB, Ak mpasuio, npuitmaerbess CCRP (Consistent Common
Reference Point) — cramioHapHa 3arajibHa TOYKa BiUTIKY.

biuHe BixuiaeHHA Moke OyTH pO3paxoBaHE HACTYITHUM YHHOM:

XTD = 2 _ ' (1)

Ax = (xj—xj_l); Ay = (y]_y]_;[), (2)
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DTP = \/(x,,—xj_l)z + (=y,-1)"; 3)

DTG = \/(xj—x,,)z + (yj—y,,)2 (4)

ne (x,,y,) — MO3MIIis 3a1aHOl TOYKHU CY/IHA; (xj, yj) — j-ta Touka 3amanoro nursixy; DTP (Distance
to Previous) — qucraniiist Bij MoTO4HOT 10 nonepeanboi Touku Mapipyty; DTG (Distance to Go) —
JMCTAHIIIS BT TOTOYHOI 0 HACTYIHOT TOUKH MapIIpyTy.

Jlnsg toro, mo0 3amoOirTH MoAily Ha HyJb, Tpeba MepeTBOPUTH BUpa3 (2) HACTYNMHUM
YHHOM:

A
(xv_xj—l) % — W + yj—l
XTD = , Ko Ax # 0

2
2+ ®

XTD = (xj—x,),aKwo Ax = 0

XTD pospaxoBanuii 3a ¢opmysoro (5) Oyae mMaTu BIpHUN 3HAK IS TEJICHTIB CyJHA BiJ
TIOTOYHOT B HACTYTIHY TOUKy MapuipyTy, T06T0 BRG € (0,180°)BRG € (0,180°).

Busnaunmo mesienr:
Bxpj = (3=x0); By = (v=w) 6)
BRG = arc sinAx,; /DTG, npu Ax,; = 0,Ay,; = 0; z

T
BRG = =+ arc sin|Ay,;| /DTG, npu Ax,; = 0,Ay,; < 0;

> (7)
BRG = 1 + arc sin|Ax,;| /DTG, npu Ax,; < 0,Ay,; < 0;
3
BRG = > + arcsinAy,; /DTG, npu Ax,; < 0,Ay,; = 0.)
3Biacu
A
(xv x]—l) % Wt Y
XTD = ( Ay) ,kou BRG € (0,179°)
i ®)
(xv_xj—l) Ax Yt Yi-1
XTD = — Ay ,kosim BRG € (180,359°)
(z)

MaremaTtudHa MOJETbh CUCTEMH B3a€MO3B’SI3Ky MiXK CYJHOM, CTEpPHOBOIO MarmHO Ta [1/]-
peryJsITopy Moxe OyTH XapaKkTepu30BaHa HACTymHUMH 3anexHocTsamu (9) — (13):

T1T2r+(T1+T2)r+r: K5+KT35" ©)
w:J-I’dt, (10)
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53 = CpAl// + Cd]", (12)

& = [ min- max 53_5,—5"m ,
T(S

O (Clt. (13)

e Tl,T2 ,T3, K- BIJIMOBITHI KOS(PIIIEHTH AJIT MOJIEINI CYTHA;
I' — KyTOBa MIBUIKICTh CyJIHA, PaJi/C;
o) ) 53 — MOTOYHUH 1 33JTaHUN KYTHU TIEPEKIIAIKA CTEPHA, Pal;

2

T s — TIOCTiliHa Yacy CTEPHOBOI MalIUHU;

im — T’PaHHMYHA MIBUJKICTH NEPEKIIAIKH CTEPHA, Pal/C;

Y, W, — moTounmii 1 3aJaHuii KypCH Cy/IHa, Pas;

Cp, Cd — nponiopuiiiHuiA 1 mudepeHinani KoedilieHTH BiAMOBIIHO.

VY poboti [16] 3anpornoHOBaHO BBOAWTH JOAATKOBHU €JEMEHT y piBHsAHHA (12), mo mae
neBHUi BaroBuii koedimient. B mpomy Bumagky, XTD Oyzae mnpeacrtaBieHe siK TpoIopiiiiiHa
CKJIa0oBa 0 3aKOHY YIPaBIiHHS, IIO0 HECE JOAATKOBY HECTAOUIBHICTh Y 3arajbHy CHCTEMY
yIpaBIiHHSA. [HITMM MMiIX00M € JI0/IaBaHHS IIIe OJHOTO €JIEMEHTY, a caMe IIBHKOCTI HaOJIMKCHHS
70 3alaHOTO MAapIIPYTy, y HEPHEHIUKYJISAPHOMY HANpPSIMKY 10 HBOro. TakuM 4YWHOM MOXKHA
JOCSTTH OUTBII CTA0ITbHOT IOBEIIHKM CHCTEMH Ta 3MEHIIICHHS aBTOKOJIMBaHb. SIK pe3ysbTarT, 3aKOH
yhpaBiliHHSA Oy/1e NPeACTaBICHNUN Y HACTYITHOMY BUTJISII:

63 = CpA‘l)[) + CdT + J Alpdt + CPXTDXTD + CdXTDXTD (14)

3 iHmoro OOKy, y pasi KOJIM PI3HHI MIXK IEJICHIOM 3 MOTOYHOI Ha HACTYIIHY TOYKY Ta
KypcoM nepesuirye 3HaueHHs 90° (IHIIMMHU CIIOBaMHU CYJTHO MPSMY€E B MPOTHICKHOMY HAIpsMi)
3aKOH KEpyBaHHS HE 3MOXe€ JJO3BOJIMTH BUBECTH CYTHO Ha 3aJJaHH MapUIPyT.

3rifiHO /10 1HIIOTO MiAX0Y, BioOpakeHoro y po6oTi [12], mouiTbHIM € BUKOPUCTAHHS JIiHIT
BuaumocTi (LoS — Line of Sight), siky moka3zano Ha puc. 1. 3a 1ux yMOB 3aKOH YIPaBIiHHSI KYpPCOM
€ HEe3MIHHUM, aJle 3aJ]aHuil KypcC Mae MOIpPaBKy.

Yaxrp = Y5 + Ayrp (15)

IMosumist LOS pos (X105, Vies) PO3TAIlIOBaHA JECh HAa MPSAMOMY BiIPi3Ky MapIIpyTy Mix
TOYKaMHU ij(xj,yj) Ta ij_l(xj_l,yj_l). YSBUMO CyAHO, IO 3HAXOAMTHCSA y TEHTPI Koya 3
paniycoM piBHUM N ioro gaoBxuH (NL), Toxai 3 MpsIMOKYTHOTO TPUKYTHHKY 3 TilmoTeHy3010 LOS Ta
kateToM XTD orpumaemo:

Apyrp = —arct (—) (16)
arc
XTD g L0S

PiBusinus (16) Mae rpaHnYHe 3HaU€HHS MpPU 30UIBIIEHHI JUCTAHINI 0 3alaHOTO BiAPI3KY
TPa€eKTOPII:

llm Al/)XTD = -

|XTD|->o0 2 17)

3navyenHs LOS 3anexuTh Big po3MipiB CyIHA, a TAKOXK HOTO MaHEBPEHUX XapaKTEPUCTHUK. 3
i€l MPUYUHU 1}0 BEIUUYMHY MO>KHA MPEICTAaBUTH y TIEBHIN KUIBKOCTI IOBXUH cynHa, LOS = n x L.
PesynpTati MojentoBaHHs TpOIleCy yTPUMaHHS CyJHa Ha 3aJlaHOMY MapHIpyTi MOKa3aB, 10 3a
YMOB THXOI ITOTO/TH, TJTABHE TIOBEPHEHHS 10 TPAEKTOPIi MOXKE JOCATAETHCS MPH 3Ha4YCHHI N € (2,5).

[InaBHUI BUXiM Ha 3aJaHy TPAEKTOPiIO 3 OUIBIIMX AUCTAHIINA MoOXke OyTH 3a0e3ledeHHid
HUITXOM 00MEeXeHHS AY yrp, HAIPUKITAT KyTOM 45°:
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XTD\|
wres (5| <3

XTD

Ayrp = —arctg (m) , IpH

(18)
I
XTD)| ™

s
AYyrp = —Zsign(XTD), npu |arctg (m > Z)

3 MeTor Bepudikaiii MpPeACTaBIECHOrO0 aJIrOPUTMY YIPABIIHHA CYIJHOM Ha 3aJaHii
NPSIMOJIIHIAHIN TpaekTopii, OyB BUKOpPUCTaHUN MeTO[ iMiTaliifiHoro mojentoBanHs. Ha puc. 2 ta
puc. 3 BimoOpakeHe BUKOHAHHS MaHEBPY IMOBEPHEHHS CyTHA HA TPAEKTOPit0. O0'€KTOM yIpaBIIiHHS
€ MOJieNlb KOHTelWHepoBo3a Tumy S-175, 1m0 Mae HaCTymHI po3MipH: IOBKuHA — 175 M; mmpuHa —
25,4 m; ocaaka — 8,5 M.

KyT nmepexiazxu crepHa mpu MOJENIOBaHHI oOMexeHuil 3HaueHHsM 15°. PobGota crepHa
ONITUMI30BaHa IO KUIBKOCTI MEPEeKIagoK (pHcC. 3), IO AOCATAETHCS 3aCTOCYBAHHIM aJlalTOBAHOTO
3aKOHY YIPaBIIiHHS, MIPEACTaBICHOro0 B pobotax [1, 2]. V pesyibprari CyHO BUXOAUTH Ha 33/IaHy
TPAEKTOPIIO JOCHUTH IUIABHO Ta 0€3 aBTOKOJIMBAHb.

- 0 T
3000 — AKTHBHA TOUKa ®/ b

2000 —

1500 —

. . 1 Ty 1 i
500 0 500 1000 1500 2000 2500

Pucynok 2 — Buxin B akTHBHY TOUKY KOHTeHHEpPOBO3y S-175

550 350 bk~ Ya y

XTD
250
200 /

150

100

18

-15 0 100 200 300 400 500

Pucynok 3 — Buxiza B akTHBHY TOUKY KOHTEHHEpOBO3y S-175 — mapameTpu
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Pucynok 4 — MopentoBaHHS yTpUMaHHS CyJHa Ha TPAEKTOPIT A7l MOZesi KOHTeHHepoBo3y S-175 mpu
mBuKocTi 10 By3miB. YMoBu: 8) Tuxa noroja, 0-1 3a mkanoro bodopra (C,, = 1); b) Bitep B 60pT cynHa,
8 3a mkanoro Bodopta, Teuist 2 By3nu (C,, = 1); C) BiTep B 6opT cyaHa, 8 3a mkanor bodopTta, Tedis 2
By3mu (C,, = 2); d) Bitep B 60pT cyaHa, 8 3a mkasno bodopra, Teuis 2 Bysmu (C,, = 4)

Buxin cynHa Ha TpaekTopiro, Ta HOTO Mojajblle YTPUMAHHS 32 YMOB THXO1 3 (piIKCOBaHUM
3HayeHHsM LOS BimoOpakeHa Ha puc. 4a. YmpaBmiHHS 3 ¢ikcoBaHMM 3HaueHHsM LOS He €
epeKTUBHUM 3a YMOB OOpTOBUX 30ypeHb BiZHOCHO 3Ha4yHOi cuiu (puc. 4 (0)), Tomy
3aIpOIIOHOBAHO 3aCTOCOBYBATH TaKe 3HauCHHs LOS, 10 3MIHIOETHCS TUHAMIYHO B 3aJISKHOCTI BiJI
BEJIMYUHM 30ypeHb 1 JUCTAHIII] Bil MApIIPYTHOTO BiPI3KY:

LoS = max (==L, Cyz X IXTDI), 2 < Ay,
LoS = nL,AY > APy

ne AY;iy, — PI3HHIS MK 3alaHuM Ta (AaKTHYHUM KypcaMd, TIPH BHXOJ1 3a TPaHUIl SKOi
3HaueHHs LOS mounHae 3MiHIOBAaTUCH Y 3anexxHOCTi Big XTD.
Koedimient Cwi 3amaeTbest mponopiiiHo g0 morogaux ymoB. KoedimieHT Cw2 BU3HaYa€e KyT

o . 1 . .
AYyrp, KU 1O cyTli OOYHMCIIOETBCA AK arctan (—) Tobro mpu Cwz2 = 2, mo Bixmosigae

w2

pe3ysibTaTaM MOJEITIOBaHHS BioOpakeHOTO Ha PUCYHKY 4, AYyrp = 31,3°.

Ha puc. 5-7 nokazano mapamerpu pob6otn CAPT mix miero 60opToBOTO BITPY (IIBHAKICTH
BITPY IMiJ 4Yac CUMYJmii BimoOpakeHo Ha puc. 8) Ta Tewil MBHUAKICTIO 2 BY3IH 3 DPi3HUMH
sennunHaMu Cwi (1; 2; 4). Ha puc. 4 (d) Ta Ha puc. 7 BuaHoO, mio 30iibmenHs Cwi 10 3HaueHHS 4
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MPU3BOJUTH 10 3MeHIIeHHS 3HaueHHs XTD, anme i TakoX A0 30UTBIICHHS aMIUTITYIH PUCKaHHS
CyJZIHa HaBKOJIO 33JIaHO1 JIiHii MapIpyTy.

Y KOHTEKCTi ONTUMI3aIlil ClliyBaHHS TPAEKTOPIi CyTHOM Ta pOOOTH CTEPHOBOTO MPHUCTPOIO,
npu 3Ha4eHH1 Cwi = 2 ocAraeTbesi ONTUMalIbHE yHpaBiliHHA. [Ipu BiACyTHIX 30BHILIHIX 30ypEeHHSX,
ONITUMAJILHUH PIBEHB yNPaBIiHHS A0ocCsATaeThes mpu 3HaueHHi Cwi = 0,5.

35
Mepexnagku cTepHa, ©
25

. fhﬂ%www\f‘f

(%3]

'
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Pucynoxk 5 — Ilepexmnanku cTepHa B Mpo1ieci yTPUMaHHS CyTHa Ha TPAEKTOPIi
IUTSL MOZIETIi KOHTeliHepoBo3y S-175, mo pyxaersces 31 mBuakicTio 10 By3iiB
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3aeaaHHA MapwpyTt

Pucynok 6 — 3agannii Ta pakTHUHUI KypcH CyIHA B IPOIIEC] yTPUMAHHA Cy/THA HA TPAEKTOPIi
IUIsL MOZIeTTi KOHTelHepoBo3y S-175, mo pyxaerbes 31 mBuakicTio 10 By3iiB
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Pucynok 7 — BokoBe BigxuieHHs BiJl TpaeKkTopii B MpoLeci yTpUMaHHA CyJHA Ha TPAaEKTOPii
IUTS MOZIETIi KOHTelHepoBo3y S-175, mo pyxaersces 31 mBuakicTio 10 By3iiB
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:: LiBnpakicTs BiTPY, BY3/K
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Pucynoxk 8 — [1IBuaKicTh BiTpY B IpoIleci yTpUMaHHS CyAHA Ha TPAEKTOPIi [u1a Moeni
KOHTeHHepoBo3y S-175, mo pyxaerscs 31 mBHAKiCTIO 10 By3miB

[Ipu cnigyBaHHI 3aJaHUM MapUIPyTOM IIPH 3MiHI KYPCY CYJHO PYXa€TbCs 1O KPUBOJIIHIMHIN
TpaekTopii, fKa 3a3BUYall MpPEJCTaBIs€ COOOK Iyry 3 3aJaHuM paaiycoM. Jlns miATpUMAaHHS
3aJ1aHOr0 pajilycy, HEOOXITHUM € KOHTpPOJIb JUHAMIYHOI'O CTaHy CyJHa Yy Mpolecl BUKOHAHHS
MIOBOPOTY, TOMY B 3aKOHI1 yIpaBJIiHHSA NOTPiOHO BpaxoBYBaTH OOMEXEHHS KyTOBOI IIBUAKOCTI.

Paniyc noBopoTy Ta KyToBa IIBUJKICTb OB’ sI3aH1 3aJI€KHICTIO:

r=—
R 20)
ne R — paaiyc moBopory.
V pesynbrari cymMapHe OOMEKEHHS KyTOBOI MIBHIKOCTI aBTOCTEPHOBOIO MOKE OyTH
PO3paxoBaHO HACTYITHUM YHHOM:
Ar = sign(r) - 1y, — 1, 0pH |1| > 1y, Ta sign(Ay) = Sign(r)}

Ar = 0,npu |r| < 1, uu sign(Ay) # sign(r) (21)

VY cyuyacHux ymoBax, migkitoueHHss EKHICY no aroctepHoBoro st MaHeBpyBaHHS CyaHa
Mo 3a/aHiil TpaekTopii MOXKIUBO MPAaKTHMYHO HampsMy. CHucTema [03BOJISiE€ 3a/1aBaTH JIOBUIbHI
paziycu TIOBOPOTY, 3 JACIKUMH OOMEXKEHHSMH, SIKI ICHYIOTh y 3aJ€KHOCTI BiJ] BCTAaHOBJIEHOTO
MIPOrpamMHOro 3a0e3MevYeHHs .

[naukatopoM mepexomy cyaHa Bif peXUMY yTPUMaHHS Ha MPSMONIHIMHOMY BiApi3KY
MapuIpyTy 10 HOBOPOTY — II€ TaKa TOYKaA, [0 3HAXOIUTHCS Ha BIJCTaHI BiJ TOYKHU MEPETUHY AYTH
Ta MPSMOJIIHIHHOTO BiIpi3Ky 1 HOcUTh Ha3By Wheel-over point (WoP).

6ir (IP)

WHWI Npo

IHepui

WoP

Pucynok 9 — I'padiune BinoOpaxeHHs Bu3HaueHHsT WOP B 3a5ie)XHOCTI BiJ 3a1aHOTO pajiyca MOBOPOTY

[Io6 3HANTH TOYKY IMOYATKY MOBOPOTY, TOOTO TOYKH MEPETUHY MPAMOJIHIMHHUX BiApI3KiB
3alaHOTO MapumIpyTy 1 JOyrd 3 3aJaHUM 3HAYeHHSM paaiyca R, HEOOXiTHO OIMyCTHTH
MEPIEHIUKYIISIPH 3 IEHTPY KOJa B TOYKHU JOTHKY 3 MPSMOJIHIMHUMH Bipi3KamMu. Y TBOPCHHH y
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pe3yIbTaTi HHOT0 YOTHPUKYTHUK MA€ 1B CTOPOHH PiBHI paaiycy R i 1Bi cTopoHU piBHI BiJCTaHI Bif
TOYKH 3MiHH MapIIpyTHOTO BiPi3KYy A0 AOTHYHOI 3 OKpYXHicTIO a. lleli 4OTMpUKYTHUK MOXKHA
PO3IIUTH Ha JIBa pIBHOOEIPEHUX TPUKYTHHKA 13 CITUIBHOIO OCHOBOIO b. Takum unHOM, KyT 6 MOXKe
OyTu po3paxoBanuii sk 8 = 180 — a, ne a — pizHuus Kypcis. CrinbHa ocHOBa b gopiBHIOE:

_ .0
b= 2R sin> 22)

Kocunyc kyTa npu 0CHOBI TPUKYTHHUKA

b .0
cosff =—=sin-
2R 2

23)
TakuM YMHOM, CTOPOHA
_ b
a= 2 cos(90—p) 24)
[Ticns migcranoBku (22) 1 (23) y (24) Ta psny nepeTBOpeHb OTPUMAEMO:
R sin %
a =
25)

. a
cos |90 — arccos sin—

Toxi aucraHIis Bi TOYKM 3MIHHM MapLIPYTHOTO BIJIPi3Ky A0 TOYKH IHOYATKY IOBOPOTY
BU3HAYAETHCS 5K
Dyop =a+IP (26)

[nepuiiinuii npoOir (/P) BU3HAuYa€e BiJICTaHb, IO MPOXOAUTH CYAHO, HAOMPAIOUU MOTPiIOHY
KyTOBY IIBHIKICT. BiH 3aJIe)KUTh BiJ MIBHIAKOCTI CyJHA Ta KyTa nepekianaku crepra: IP =f (U, §).
Ha pucynky 10 npexacraBiena BenuuuHa /P B pi3HUX peXMMax HUPKYILii cyaHa. 3a3suyail IP =
(1£0.25) %L, ne L — nosxuHa cyaHa. |P 3pocTae npu 301IbIIeHH] MBUAKOCTI a00 3MEHIIIEHHI KyTa
NEepeKIIaIki CTepHA.

CyaHo He 3aBXAM MOXKE OMUWHUTHCS TOYHO B TMO3MINI TOYKM MOYATKy MOBOPOTY. Tomy
MepexiJ 0 HACTYIHOTO BiJpi3Ka TPAEKTOPIi MOYMHAETHCS, SKIIO CYTHO JOCSTIO KOJia 3 pajiycoM
Dwop (mauB. puc. 1). Ilixg yac pyxy mo 3agaHOMy KOJy aJTOPUTM, ONMHCAaHUN piBHAHHAMH (15) Ta
(18), He no3BOJISIE TOYHO YTPUMYBATH CYJIHO Ha 3aiaHii Tpaektopii. Lls mpobrema moxe OyTh
BUpIIIIEHA TUIIXOM CErMEHTallli KPHWBOJIHIMHOI TpaekTopii Ha MNPAMONIHIAHI  BIAPI3KH,
BUKOPUCTAHHSAM pedepeHc-MoAeNi, IUHAMIYHUM OOMEXEHHSIM KyTOBOI IIBHJAKOCTI, abo
KOMOIHAITIEO ITUX METOIIB.

A = [} IP : half ahead, rudl:h!rfl;ljD

==

A | ar
i 'P=f”mahﬁafﬂ;__r'-!dder35 sl | MR:full ahead, rudder 15°

2 25 3 a5 ¢ R 1 2

Pucynox 10 — BinoOpaskeHHS iHEPITIHHOTO MPOOITy CyIHA Ha TMPUKIIATI
UPKYJISiT KoHTelHepoBo3y BaHTaxoMicTkicTio 10000 TEU Ha npaBuii 60pT
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BpaxoByroun 3MEHIIEHHS IIOCTYNOBOI CKJIQJOBOi IIBHIKOCTI CyJHa NpHU BUKOHAHHI
MOBOPOTY, 3rimHo 10 Bupasy (17) Takok 3MEHIIYEThCA KyTOBa MIBHIKICTh, HEOOXimHA Jist
yTPUMaHHS CyJHa Ha paxaiyci R.

Takum uYnMHOM, BHUHUKAa€ HEOOXINHICTh B YIPaBIiHHI KyTOBOIO MIBHJAKICTIO 3 METOIO
MTOBEPHEHHS CyTHA HA TPAEKTOPIO, KOJI CYIHO 3MIIIYETHCS BIAHOCHO IIEHTPY IyTH TIOBOPOTY.

Bincranp Bin cyaHa A0 LEHTPY IYrH MOBOPOTY MOXe OyTH po3paxoBaHa 3a JONOMOTOI0
PIBHSHHS:

R, = \/(ij_xv)z + (YRj_YV)Z' (27)

KOOpI[I/IHaTI/I OEHTPY AYyI'M BU3HAYAKOTHCS HACTYIIHUM YHMHOM:

T
Xgj = Xj — a;siny; + sign(a)R;sin (1/)]- + E)'

- (28)
Yrj =Y — ajcosy; + sign(a)R;cos (1/)]- + E)
3BijicH 3aJ]aHa KyTOBa IBUIKICTh BU3HAYAETHCS SIK:
) 2 1
r, = sign(a;)U R R, ,ipi DTP < Dyyop (29)

r, = 0,ipu DTP > Dy, ,p

Tpaexropis cyana 3a CAPT y tuxy moroay BimoOpakena Ha puc. 11. Ha puc. 12 Ta 13
BiJOOpaX€HO KyTOBI IIBHJKOCTI Ta MEpeKIagku crepHa BiamosinHo. Ha puc. 14 BinoOpaskeHO
AHAJIOTTYHUI TPOLEC YIPABIIHHS MTPU il 30BHIMIHIX 30ypeHb CIIPSIMOBAHUX B OJJHY CTOPOHY (BITpY
Ta Tedii).
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Pucynok 11 — ManeBpyBaHHs CyHa 32 3aJJaHOI0 TPAEKTOPIEIO
y THXY TIOTOly JUII MOJIENi KOHTeitHepoBo3y S-175
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Pucynoxk 12 — KyTtoBa mBuakicTs, °/xB. MaHeBpyBaHHS CyJHA 32 33JaHOIO
TPAEKTOPI€IO 32 YMOB THXOi HOTOAM AJISl MOJIENI KOHTeHHepoBo3y S-175
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Pucynoxk 13 — Ilepexnaaku ctepHa, °. MaHeBpyBaHHS CyHa 3a 3aJaHOI0 TPAEKTOPIEIO
32 YMOB THXO1 TTOTO/IH JUTsI MOJIEN KOHTEeHHEpPOBO3y S-175
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Pucynok 14 — ManeBpyBaHHs CyZHa 32 3aJJaHOI0 TPAEKTOPIEIO 32 YMOB THUXO1 MOTOAM AJISI MOJAEI
KoHTeiHepoBo3y S-175. LlIBuakicte cyana — 20 By3mis; Bitep N,
8 3a mkanoro bodopTa (35 By3niB); Tewist S — 2 By3nm
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BucHoBku. Y jgaHoMy JgociifpkeHi, 0a3yrouumch Ha aHai3l CydYyaCHHX METOJIIB Ta
QITOPUTMIB, IO 3aCTOCOBYIOTHCS TpU PO3poOLl CHUCTEM IS CHigyBaHHS TpaekTopii, Oyio
MPOBEJICHO MaTeMaTHYHE MOJICIIOBAHHS MaHEBPYBAaHHS CyJHA 3a 33a[JaHOIO0 TPAEKTOPIEIO 3 METOIO
YAOCKOHAJICHHSI ICHYIOYMX METOMIB Ta alrOpUTMiB. Y XOJAl JOCHiIXeHHS Oynu BHU3HAYEHI
B3a€MO3B’SI3KM MDK MapmipyToM CyJHa Ta HEOOXiIHUMH JWHAMIYHAMH T[apaMeTpamMu JUis
yTpUMaHHS CyAHa Ha TpaekTtopii. Jlo Takux mapaMeTpiB MOXHa BIJHECTH HACTyIHi: OOKOBe
3MIIIEHHS CyJHa, MOTOYHMM 1 3aJaHuil Kypc, JiHIS BHAMMOCTI, TOYKAa IIOYATKy IOBOPOTY,
iHepUiHMIi npoOir, a TakoXX KyToBa MIBUAKICTh. /I NOpPAMONIHIAHOTO pyXy OTPHUMAHO
ONTHMI30BAHUN 3aKOH YIPaBIIHHS 3 ypaxyBaHHSIM LIBUAKOCTI HAOJMKEHHS 1O TPAEKTOPIl y
NEPIEHAUKYIIPHOMY 10 Hei HampsMKy, II0 JI03BOJISIE OTpUMATH OUIbII CTAOUIbHY MOBEHIHKY
CUCTEMM Ta 3MEHIIMTHU AaBTOKOJMBAaHHS. [ MIABUINEHHS €(QEKTUBHOCTI MIAXOAY YNpaBIiHHS
CyIHa 3a JiHI€I0 BHUIUMOCTI, OyJO0 3ampONOHOBAHO JWHAMIYHO 3MIHIOBATH 3HAUEHHS JIiHIT
BHJIMMOCTI B 3aJICKHOCT1 BiJl 30BHIIIHIX 30ypeHb. 151 KpUBOMIHIHHOTO pyXy OyJiO MpeACTaBICHE
PIBHSHHSI pO3PaxyHKY 3aJ]aHO1 KyTOBOI IIBUJKOCTI, HEOOXITHOI JUIsi KOHTPOJIIO MIOBOPOTY CyJHA. Y
pe3ynbTari MOJENIOBaHHS NPSIMOJIHIHOIO Ta KPHUBOJIHIHHOTO pyXy OyJiM CKJIaJeHl BiJINOBIAHI
QITOPUTMHU  YIpaBIiHHA CYAHOM 1O 3afaHii  Tpaektopii. Bepudikauis pe3yibrariB
MIPOIEMOHCTPYBaIa 3a[0BIJIbHI Pe3yIbTaTH pOOOTH 3aIIPOTIOHOBAHUX AJITOPUTMIB.

IlepcniekTHBH MOAAJABIIMX JOCJHiIAKeHb. Y KOHTEKCTI MEpPCIEKTUBU MOJAJIBIINX
JOCITIJKeHb, a caMe pPO3BUTKY Ta IOKPAIICHHS OTPUMAaHHMX pPE3YJbTaTiB CJiJl HAaroJOCHTH Ha
BpaxyBaHHI BIUIMBY TIJMOMHM WA KUIEM CyAHa Ha MaHEBPEHICTh CyJHa 1, BIANOBITHO, Ha
e(eKTUBHICTh POOOTHU MPEACTABICHUX aJTOPUTMIB, a TAaKOX Ha BpPaxXyBaHHI 1HAMBIIYyaJIbHUX
0COOJIMBOCTEH BIACTUBUX KOXKHOMY THITY CYy/IHA.
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Pipchenko O. D., Konon N. M. ENHANCEMENT OF SHIP HANDLING TECHNIQUES ALONG A
PREDETERMINED TRAJECTORY

The current research examines the complexities and solutions associated with the automation of maritime
navigation, focusing on the improvement of automatic devices and systems for controlling the movement along
a given trajectory. This paper offers a comprehensive review of contemporary mathematical models,
functioning algorithms, and their implementation methodologies, assessing their impact on the effectiveness of
trajectory control systems. The potential limitations of certain implementation methods and the corresponding
necessity to reassess control laws or to find novel approaches for the parametric and structural identification
of the ship handling process are emphasized. The purpose of the research is to refine the methods employed in
trajectory-based ship control. The study presents mathematical correlations of motion along linear and curved
trajectories and establishes the interconnections between the vessel’s route and the required dynamic
parameters for maintaining the ship on its trajectory. The research provides a clear and concise framework
that facilitates the comprehension and application of trajectory-based maritime control. The efficiency of the
proposed algorithm is confirmed through the simulation of the S-175 container ship’s movement, which not
only enhances the value of the research but also lays a robust groundwork for prospective investigations in this
field. Looking at future prospects in the field, the researchers plan to continue work in this direction, focusing
on further improvement of ship trajectory control methods and studying new approaches to parametric and
structural identification of the ship control process. They also plan to conduct further simulations to test the
effectiveness of their algorithm and explore its potential applications in other areas of maritime shipping.

Key words: safety of navigation; trajectory control; automated ship systems; ship handling; ship manoeuvring;
dynamic parameters of vessel motion.
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PO3PAXYHOK BEJINYNHU SMIILIEHHA HEHTPY OBEPTAHHSA CYJIHA

Toscrokopuii O. M., k.m.n., 3aeidyeau «rageopu Ynpasninua CcYOHOM, XepCOHCbKA
oepoicasna mopcvbka axkademis, m. Xepcow, Yxpaina, e-mail: otovstokory@gmail.com,
ORCID: 0000-0003-3048-0028;

Binuenko C. M., 0.m.n., doyenm, npogecop kraghedpu ynpasniHHs cyOHOM, XepCOHCbKA
oepoicasna mopcvka akademisi, m. Xepcon, Vrpaina, e-mail: srz56@ukr.net, ORCID: 0000-
0001-5012-5029;

Harpuoeabnuii 51. A., 0.neo.n., npoghecop, oexan ¢haxynromemy cyoH0B00iHHS, XepCOHCLKA
oepoicasna mopcvka akademis, m. Xepcon, Yrpaina, e-mail: yar1507@ukr.net, ORCID: 0000-
0003-3266-5798;

Tumodeen K. B.,, «xm.n., Odoyenm, oOoyenm ragedpu excniyamayii  CyOHOB8020

eNeKmpooOIAOHaAHHS | 3ac00i8 asmMoMamuru, XepcoHCbKa 0epAHCABHA MOPCbKA AKAOeMis,
M. Xepcon, Yrpaina, e-mail: kvtimofeev2013@gmail.com, ORCID: 0000-0002-8668-6159.

Ilpocme gioxunenus cmepua npu3800ums 00 NOAGU KYMOBOI W8UOKOCTI 00epMAaHHs CYOHA HABKOIO YeHmpy
0b6epmanis i 00HOHACHO 6OK080I WeUOKocmi pyxy yenmpy obepmanua. Taxuil cKIAOHUL pYX CYOHA 8AHNCKO
yegioomumu CyOHO800i€6i Mma NputiHAMU npasunvHe piuienua. Pazom 3 mum, 60kosuii ma obepmanvrui pyxu
MOXCHA 3AMIHUMU OOHUM «HUCTIUMY 0OEPMAHHAM CYOHA HABKONIO THWOT MOYKU — NOTIOCY NOBOPOmY. 3HAHHA
NONOMNCEHHS YeHmpy 00epmaHHs i NOOCy NOGOpomy O00360NAE 3MEHWUMU 00NACb MAHESPYBAHHS, WO
0COOIUBO 8AXNCIUGO NPU MAHEBPYEAHHI Y CIMUCHEHUX 600ax. Memoto pobomu € 8U3HAYeHHs 3MIWEHH YeHmPY
00epmanis iOHOCHO YeHmpy 6a2u/Mioenb WNAHe0ymy Ha MAKCUMATbHIL weuokocmi yupkynayii cyoua. [lana
Mema 00CA2AEMbCsi 34 PAXYHOK NOPIGHAHHSL NOJLOJCEHHS NONIOCY NOBOPONLY HA CMOSYOMY CYOHI, USHAYEHOMY
MeopemuiHo, I NOJONCEHHs. NOMIOCY NOBOPONY HA YUPKVIIOWHYOMY 3 MAKCUMATbHOW WEUOKICIIO CYOHI,
BUBHAYEHOMY Ni0 Yac NPOBEOeHHs eKCHePUMERMY Ha Hasieayitinomy mpeHadicepi. Tax K non0diCeHHs Nomocy
NOBOPOMY 3aNedHCUMb Julie 8i0 BIOHOCHO20 Naedd (MIdC KepMOM i YeHmpoMm 6a2u/Mioenv WnaH20ymom)
NPUKNAOaHHs OOK08OI cuiu, aKe y 000X 8UNAOKAX 0OHAKO8e, MO BUABLEHA PI3HUYA | 6y0e 3MIUWEeHHAM YEeHMPY
obepmannusa. Pesynomamu npogedeHux excnepumeHmie ma 6UKOHAHUX PO3PAXYHKIE NOKA3VIOMb, WO
NONIONCEHHA NONIOCY NOBOPOMY, PO3PAX08aHe 0N CMOAY020 CYOHA, GIOPIZHAEMbCA 6I0 NONONHCEHHS NOMOCY

NOBOPOMY YUPKYTIOIOU020 3 MAKCUMATILHOIO WEUOKicmio cyona na eetuuuny AX = (0,14 - 0,2). Ha oymky

aemopise, 6uAGleHAd pI3HUYA MNOACHIOEMbCA 3MIWEHHAM YeHmpy 00epmanHs CyOHa 8iOHOCHO YeHmpY
6azu/mMioenb WNaneoymy npu HAasGHOCMi No30082CcHbOi weuokocmi. Teopemuune 3HAYEHHS OMPUMAHUX
pe3yibmamié Noasicac y eKCHEePUMEHMANIbHOMY — 008€0eHHi ehekmy 3MiujeHHs NONICYy NOBOPOMYy ma
B6CMAHOBIEHH] NPUYUHU — 3MIWEHHS YeHmpPY 00epManis, y 3a1elcHocmi 6i0 weuoxkocmi cyona. Ilpakmuune
BHAYEHHSI OMPUMAHUX Pe3VIbMAmie Nojseac y GUKOPUCMAHHI eexmy 3MIueHHs: YeHmpy 00epmanHs Ol
3MeHWEeNHsl 001ACMi MAHEB8PYBAHHSL, WO 0CODIUBO BAICIUBO Y CINUCHEHUX B0OUX.

Knrouosi cnosa: smiwjenns yenmpy 00epmaHHsA; NOJOJNCEHH NONIOCY NOGOPOMY, YUPKYIAYIL CYOHA,
MAHEBPYBAHHS Y CIMUCHEHUX 800dX.

DOI: 10.33815/2313-4763.2023.1-2.26-27.044-055

Beryn. LlenTp oOepTaHHs i MONIOC MOBOPOTY — JBI OCOOJHBI TOYKH, SIKI MAIOTh Ba)IIMBE
3HAa4YeHHs [IPU MaHEBPYBaHHI cyAHa. BiTHOCHO LleHTpy 00epTaHHs Cy/IHO Ma€ HallMEHIIMIH MOMEHT
iHepIii 1 ToMy 00epTa€eThCs HABKOJIO HHOTO. 32 HAasBHOCTI OOKOBOI IIBHUJKOCTI, CYJTHO PYXa€ThCs
JaroM i1 06epTaeThCsl HABKOJIO LEHTPY 00epTaHHA oJHOouYacHO. Llel ckimanHuil pyX MoKHa 3aMIHUTH
«YUCTUM» OOEpTaHHSM HaBKOJO IHIIOI TOYKM — TOIIOCY TMOBOpOTy. Ilomoc moBOpOTY
BIZIPaXOBY€THCS Bl LIEHTPY OOepTaHHs, KU, Y CBOIO Yepry, MOKEe 3MILIyBaTHCS BIIHOCHO LIEHTPY
Barv/MiJieNIb IIMAHTOyTy, y 3aJeKHOCTI BiJl IIBUAKOCTI CyJaHA. 3HAHHS IMOJOXKEHHS ILEHTPY
oOepTaHHs 1 TOJIOCY TOBOPOTY JIO3BOJHUTH 3MEHIIUTH O0JaCTh MaHEBPYBaHHS CyJIHA, IO €
0COOJMBO BaXJIMBUM IIPH MAaHEBPYBaHHI Yy CTHCHEHMX BojAax. ToMmy JOCHIIKEHHS, SKUM
MIPHUCBSYCHA JaHa CTATTS, BUPIIIYIOTh aKTyallbHY HAYKOBO-TEXHIYHY IPOOIEMY.

AHaJii3 ocTaHHIX qocaiIzKeHb Ta myOaikaniii. BuBdeHHs MoOBeIiHKY IIEHTPY oOepTaHHS 1
TIOJTFOCY TIOBOPOTY PaHillle po3risiIaiocs: OaraTbMa aBTOPaMH.

VY kuu3i [1], ansg crnporieHoi Mozaeni cyaHa, aBTOpaMH OTPUMaHi aHAIITHYHI 3aJE€KHOCTI
MIOJIOKEHHS TOJIOCY IOBOPOTY, K YSIBHOI TOYKM OOEpTaHHS CyJIHa, BiA Iuleda NPUKIAJaHHS
060KOBOi cuiu Ta moOyaoBaHi rpadiku. Y OTpUMaHHUX pe3yJibTaTax Iuledye MPHUKIAAaHHsS OOKOBOT
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CHJTM Ta BiJIMOBiTHE HIOMY ITOJIO’KEHHSI TTOJIFOCY TIOBOPOTY BiIPaxoBYBAIHCS BiJ MijIeib IIIAHTOYTY,
a He BiJ IEHTpPY 00epTaHHS.

VY pobori [2], Ha npuKIaai BUXOAY CyaHA i3 JOKY 3aJHIM XOJOM, aBTOp IOKa3aB, IO
BUKOPHUCTAHHS ICHYIOUMX Ha TOH Yac peKOMEHJallii 110 KepyBaHHIO CyIHOM MPU3BOJIUTH /10 HaBaly
CyIHa Ha CTIHKY JI0Ka. BBaxkamocsi, mo cyaHo 00epTaeThcs HABKOJIO LEHTPY OOCpTaHHS, SKHHA TPU
pyci 3aAHIM XOAOM 3MillyeThcsl Hazad. HacmpaBai k, cyqHO 00epTanocs HAaBKOJO TMOIIOCY
MIOBOPOTY, SIKWH HaBMaku OyB 3MILICHUM BHepes, 10 ¥ MPUBOAWUIO JO HABAJIOBAHHS CyJHA Ha
CTIHKY JoKka. Takok aBTOPOM HaBeleHI IiKaBl MIpKyBaHHSA IIOAO LIEHTPY OOepTaHHA, SKUH
MOBUHEH 3HAXOJUTUCS MK IEHTPOM TSDKIHHS 1 IIEHTPOM OOKOBOTO TIAPOJWHAMIYHOTO OIOPY
(COLR), sikuii 3MiLIy€eThCS Y HAMpsAMKY pyXy cyaHa. Makcumanbhe 3mimeHHss COLR, Ha nymky
aBTOpa, cTaHOBUTH 0 10% IOBXHMHU CyIHA. ABTOp TaKOX IIJKPECIMB, IO LEHTP OOepTaHHs 1
TMIOJIIOC TIOBOPOTY — 11€ /IBA Pi3HI LIEHTPHU.

VY poboti [3] aBTOp 3a3Hayae, MO KOHIEMIIiS MOJIOCY MOBOPOTY, Ul BHUPIIICHHS 3a1a4
MaHEBpPYBaHHS CyJEH, BUKOPUCTOBYEThCs Bxke 0m3bko 200 pokis. Ilporte, 10 1poro yacy icHyroTh
XHOHI ySBJICHHS PO MOJIOC IIOBOPOTY, a caMe: MOJII0C TOBOPOTY NEPEMILIYETHCS Yy HANPSAMKY PyXY
Cy/IHa; TIOJIIOC TIOBOPOTY € IIEHTPOM 00epTaHHs CyJHa; MOJII0C OBOPOTY MUTTEBO MEPEMIILY€EThCS;
TOJTFOC TTOBOPOTY € TOYKOIO, BITHOCHO SIKO1 JIFOTHh MPHUKIAJACHI MOMEHTH. HacripaBmi: moiokeHHs
MIOJIFOCY TTOBOPOTY HE 3aJICKUTh BiJ MO3JJ0BXKHBOI HIBUAKOCTI CyAHA; MOJIIOC MOBOPOTY € YSIBHUM
LEHTPOM; IIOJIIOC MOBOPOTY HEPEMIILIY€EThCS MOCTYIOBO; IOJIIOC IMOBOPOTY HE € (PI3UUHOIO
CYTHICTIO. ABTOp HaBOJUTH TAaKOX (POPMYJIM BU3HAYEHHS MOJIOKEHHS MOJIOCY IOBOPOTY, aHATI3Ye
CXeMH OO0epTaHHS CyJHa Ta HaBOAUTb NPUKIATUM BUKOPUCTAHHS IOJNIOCY IOBOPOTY IS
MaHEBpPYBaHHS CYTHOM.

dyHpaMeHTaIbHI AOCHIHKEHHS M0 KEPYBaHHIO CYJIHOM HaBeeHi y KHm3i [4], 30kpeMa, y
posmini 7.2.4. Pivot Point moka3aHo cyyacHWil cTaH ysBIICHb PO IIOJIOC TOBOPOTY Ta HOTO
BUKOPHUCTAHHSI JIIsl KEPYBAHHS CYJTHOM.

VY crarti [5] aBTOp aHaNI3y€e MONOKEHHS LIEHTPY 00EpTaHHS y 3aJIeKHOCTI B1JT J11 30BHILIHIX
(hakTOpiB: TO3TOBKHBOTO PYXy Cy/JHA, BIUIMBY BITPY, BIIXWJICHHS KepMa, iHepIiii oOepTaHHs,
BIUIMBY TpeOHOTO TBUHTA VIS TIEPEAHBOTO 1 33HBOTO PYXY CyIdHA. SIK MpaBUIIO, — MHIIE aBTOp, —
Ha CyJHI, K€ HE Ma€ XO/Jy BIJIHOCHO BOJHM, IICHTP OOEpTaHHS 3HAXOJIUTHCS IO IHIIUK OiK Miaelb
IIMTAHTOYTy BiJ MPUKIaAeHOI OOKOBOI cuiy (y JTaHOMY BHNAJKY IIiJ] IEHTPOM OOEpTaHHS aBTOP,
OYEBHIHO, MAa€ Ha yBa3i MOJIIOC MOBOPOTY). KepMo abo iHIIa momepedHa cuia, o Ji€ B KOPMOBIH
YacTUHI CyJHA, YTBOPIOE IIEHTP 0OepTaHHs morepeny minens. Ha mpukiaai TaHkepa Ha piBHOMY
KUl y BaHTaXi PO3MIISIHYTO BIUIMB TMO3JOBXHBOI WIBHIKOCTI CyJHa Ha TIIOJIOKEHHS ICHTPY
obepranHs. JIBa OyKCHpPH OJHAKOBOI MOTYXKHOCTI 3HAXOMATHCS HA OJHAKOBIM BiJICTaHI BiJ Migelb
IIIMTAaHTOYTy 1 INTOBXAarOTh TaHKep Jarom. [IoKW CyaHO HE Mae XOay Hi BIepena, Hi Hazal,
pe3yNBTaTOM 3yCWIb OyKCHUpPIB Oy/e YMCTUH TMOMEepedyHHid pyX CyaHa. SIK TUTBKU CyJHO IOYHE
pPYXaTHUCh BiTHOCHO BOJM, BUHUKAE PO3BOPOT CyaHA. PyxX CyaHa Brepen 3Millye IEHTP OOKOBOTO
oropy 1 1eHTp oOepTaHHs BIEpEI, M0 MPHU3BOJUTH JIO 3MEHIICHHs TUIeda HOCOBOTO OyKcupa Ta
30UIBIICHHS TIJIeYa KOPMOBOTO OyKcHpa BITHOCHO LIEHTPY oOepTaHHS. Pyx cymHa Hazaa 3mimrye
LEHTp 00epTaHHs Ha3aj, Ta 00epTaHHs Cy/JHA Y IPOTUIC)KHOMY HAINPSIMKY.

VY crartax [6, 7] aBTOp mepeniuye OCHOBHI MOJOXEHHS TPAAMIIHHOI TEopil Moirocy
MOBOPOTY Ta HABOJUTH POOOTH aBTOpiB, moumHaroun 3 2008 p., y SKUX 3amepedyroThCs i
MOJIOKEHHs. 30KpeMa, HaBeJeHi Ta mpoanaiizoBani crarti: K. 4.1 X. Kos'e (H. Cauvier); mokropa
Con- I'i Ceo (Seong-Gi Seo), cepriens 2011 p. ta rpyaesas 2016 p., mokropa Con-I'i Ceo (Seong-Gi
Seo) i M. Mimy (M. Mishu), xoBrens 2011 p.; gokropa ta kx.n.a. I1. Byrycina (P. Butusina),
xoBTeHb 2011 p.; mpodecopa Te-I'Beon Yon (Tae-Gweon Jeong), munens 2012 p.; X. E. Kappenso
(J. E. Carreno), rpynens 2012 p.; I1. ITepepa (P. Perera), ciuens 2015 p.; A. Hegensky (A. Nedelcu
et. al.), ciuenp 2018 p.; noxropa K. beneauxr (K. Benedict), munens 2020 p. ABTOp 3a3Hayae, 1o
Ha JyMKy 3TraJaHuX BYECHUX I[EHTPOM (I3UYHOTO OOEpTaHHS CyAHAa € LEeHTp OOKOBOTrO
T1APOIUHAMIYHOTO OTIOPY, KU MOKE 3MIIIYBATHCS Y HAMPSMKY PyXy CyJIHA.
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VY poborti [8] po3risHYTI NUTAHHS BIUIMBY LIEHTPY Barv, LEHTPU OOEpPTaHHSA Ta IOJIOCY
MIOBOPOTY Ha TOYHICTh HMPOTHO3YBaHHS JIHIHHOIO Ta KyTOBOI'O PyXy CyJlHA, 3 METOIO ITi/IBUIICHHS
0€3IeKH PO3XOKCHHS.

V crarTi [9] aBTOp 3a3Hayae, 10 PO3YMIHHS OCHOB MOBE/IHKHU IOJIOCY MMOBOPOTY € BKpaii
BXXJIMBUM JJIs1 TIPABIJIHOTO PO3YMiHHS NOBEIIHKH cyaHa. [lomoc moBopoTy — 1ie ysBHA TOYKa Ha
CY[IHI, sIKa pyXa€eTbCsl IO KPYTOBii TpaeKTOpii 10 MepuMeTpy KoJia HOBOPOTY CyJIHA MPU PO3BOPOTI.
3HaHHS TIOJIOKEHHS TOYKH ITOBOPOTY B CHTYyallil MaHEBpYBaHHsS 3a0e3ledye oreparopa CyaHa
iHpopMalliero po reoMeTpiro pyxy. Ilin yac mupkynanii onepaTop BiguyBae KOMOiHOBaHUH edeKT
OOKOBOTO PyXy BiA Apeidy 1 MOBOPOTY, MIO CTBOPIOE XHOHE BPaKCHHS OOEPTAIBHOTO PYXY
HAaBKOJIO BUIUMOTO LIEHTPY, SIKHH 1 HA3UBA€THCS MOJIIOCOM MOBOPOTY. [l BU3HAUEHHS MOJIOXKEHHS
MIOJTIIOCY TIOBOPOTY aBTOPOM MPOBEACHO HATYPHHUH EKCIEPUMEHT Ha cynHi Panamax 3 rBUHTOM
paBoro odepraHHs Ta (QikcoBaHUM KpokoM. Tenerpad BcTaHOBIIEHO y mosioskeHHs «half astern».
Jljig 3py4HOCTI aHai3y BeCh €KCIEpUMEHT OYJI0 MOAUIEHO Ha 8 4acoBUX 1HTEpBaJiB. [yt KOXKHOTO
1HTEepBaJly OOUYMCIIOBANIOCS CEPEHE IMOJIOKEHHS IOJIIOCY MOBOpoTy. ExcrepuMmeHT mokaszas, ILO
MIOJIOKEHHS TIOJIIOCY IMOBOPOTY Oyso Ha BiAcTaHl mpubiu3Ho 17% 1OBXKHMHU CylHa Bl HOCA.
Hageneni ¢poto ekcriepuMeHTy.

VY crarri [10] aBTOp 3a3Hauae, IO MOJIIOC MOBOPOTY BHUKOPUCTOBYETHCS JJISI OIKCY
MaHEBPEHOCTI Ta KepoBaHOCTI cynaeH. lle He crmpaBxkHii LIEHTp OOEpTaHHS CyAHA, a BUIUMHM.
I'eomMeTpryYHO MOITIOC TOBOPOTY MOXKHA BU3HAYHUTH SIK TOUKY Ha KPYTOBiil TPaeKTOpii, HABKOJIO SKOi
pyXaeTbCcs CyAHO MiJl 4ac LUPKYJALii. 3 MOJICY MOBOPOTY PyX HOCOBOI Ta KOPMOBOI YaCTHHHU
CyIHa BUIJISNAE 5K «4ucTe» oOepTaHHA. [lONIOKEHHS TOJIOCY IOBOPOTY BHUKOPHUCTOBYETHCS
oIepaTopaMu CyHa K JOMOMDKHUI 1HCTPYMEHT BU3HAUEHHSI 30BHILIHIX CHJI, IO A1FOTh HA CYJIHO.
Tako’x MOJI0KEHHS MOJIOCY MOBOPOTY MOKHA OLIHUTH IO po3Mipy 00JacTi MaHeBpyBaHHs. SKII0
TMIOJIFOC TOBOPOTY PO3TAILIOBAaHMI HE HA MiJeNb IIMAHTOYTi, a B HOCOBil a00 KOpMOBIN YacTHHI
CyaHa, O0JIaCTh MaHEBPYBAaHHS 30UIBIIUTHCS y YOTHPH pa3u. [IONOKEHHS IONIOCY MOBOPOTY
3aJIeKUTh B TOYKM NPUKIAJaHHS OOKOBOI CHJIM, HANPHUKIJIAJA, MpPH 3aCTOCYBaHHI HOCOBUX Ta
KOPMOBHX HIIPYJIIOI0YHX MPUCTPOIB, Aii Oykcupis, Tomo. I1oiroc moBoOpoTy pyXa€eThCst HE MUTTEBO,
a TIOBLJILHO, Y 3QJISKHOCTI BiJI 3MiHHU TiAPOAMHAMIYHUX CHJI, IO AIFOTh Ha cyaHo. [[ns cynmna, mo
3HAXOAMTHCS y CIOKOI Ha PIBHOMY Kili, MOJOXEHHS MOJIOCY IOBOPOTY CIIBMNAAA€E i3 MiJelb
LIMaHroyToM. Jlist cynHa, IO pyXaeTbCsl BIEpe]l Ha PIBHOMY Kuli, IOJIIOC TOBOPOTY TaKOX
3MIIY€ETHCS BIEPEN 1 HA MAaKCUMAaIIbHIM IIBUKOCTI 3MIIy€eThcst Ha 25% JTOBXXHUHU CyJHA BIIEpEN
BiJl MiJeJIb IIMAHroyTy. s cyAHa, 0 pyXaeThCsl Ha3al, MOJIIOC MOBOPOTY TAKOXK 3MILLY€ETHCS
Ha3aJ i Ha MaKCUMAaJIbHIN IIBUKOCTI 33JHHOTO X0y 3MIIILy€ThCs HA 25% JTOBXKUHH Cy/IHA B KOPMY.
Ha nonoxeHHs moJitocy MoBOpPOTY BIUIMBAIOTh TAKOXK Taki (PaKTOPH SIK MIPUCKOPEHHS, T€OMETPis Ta
HIBUJIKICT CYZHA, MOXKYTh BiJlirpaBaTH Ba)XJIMBY POJIb Y BU3HAUCHHI ITOJIOKEHHS TOUOK ITOBOPOTY.

VY cratti [11] po3po0iaeHO YTOUHEHY CXEMY PO3paxyHKY IOJIOKEHHS IMOJFOCY IMMOBOPOTY, 13
BpaxyBaHHSM IEHTPY OOepTaHHs, IOCHIIPKEHO CXEeMy KepyBaHHS i3 HOCOBUM Ta KOPMOBHUM
HiAPYJIOI0YMM IPUCTPOEM, 3HANAEHO JIiHII KepyBaHb, Ha SIKMX pealli3yeTbecs 3aJlaHUM pyX cyaHa
(HaBKOJIO TOJIIOCY TIOBOPOTY, 0€3 OOKOBOi IIBHUIKOCTI, 0€3 KyTOBOI IIBHIKOCTIi), JOCIIKEHO
Koe(iIieHT PO3MONITy KepyBaHb Ta TOYKH PO3PHUBY (YHKINII, 3HAWIEHI KepyBaHHS MJIs TOYOK
PO3pUBY, 3HAKICHI ONTHUMAIIbHI KEPYBaHHS.

Y crarti  [12] po3rasHYTI TUTaHHA aBTOMATHYHOTO KEPYBaHHS  OOepTaHHSIM
OJTHOTBMHTOBOTO KOHBEHIIIHHOTO Cy/JHa HaBKOJO IIOJNIOCY TOBOpoTy 0e3 npeiidy. s
JiHEapu30BaHOI MOJENi CyAHa JIOCIHIJKEHI MOMJIMBOCTI JBOX CXEM KEpyBaHHS — 3 HOCOBHUM
MiAPYTIOI0YMM TIPUCTPOEM Ta 0e3 HOCOBOTO MiJPYIIOIOYOTO MPHUCTporo. st KOXKHOI cxemu
OTPUMAHO 3B’S30K MDK KEpyBaHHSAMH, SKI 3a0e3MeuyroTh pyxX cyaHa 0Oe3 apeitdy. Orpumani
pe3yabTaTh MEepeBipeHi Ha CTEHl IMITallifHOTO MOJENIOBAaHHA Y 3aMKHYTOMY KOHTYpi «IMmiTatop
00pTOBOrO KOHTpOJIEPY — Mojerni cyaHa HaBiramiiinoro TpeHakepy Navi Trainer 5000».

VY crarti [13] po3risHYTI NHUTaHHS BHKOPUCTAHHS KOHIICTIII IOJIOCY TOBOPOTY IS
KepyBaHHS KOHBEHI[IHHUM OJIHOTBHHTOBUM CYJAHOM. AKTYaJIbHICTb 33/1a4l MOJISITae€ B HEOOX1THOCTI
3MEHIICHHS TUIONII MaHEBPYBaHHS OJHOTBHHTOBHX KOHBEHIIIMHHMX CYICH, SIKIi MAalOTh HHU3BKY
MaHEBPEHICTh, a 1X YacTKa B 3arajbHii KUIBKOCTI cyiieH nepeBuirye 85%. Henonikom icHyroumx

/o pybpuxu éxnroueno cmammi 3a memamuunoro cnpamosanicmio « Tpancnopmmni mexuonoziiy



HaykoBu# BicHUK XepCOHCBKOI AepzkaBHOI MOpCchKOi akaneMii WL RPN P{ Sy Rp{ipi

MiAXOIB 0 PO3pPaxyHKy IOJIOKEHHS IMOJIOCY MOBOPOTY OyJIO BHKOPHCTAHHS CIIPOIICHOI CXeMHU
PO3paxyHKy «IEHTp Baru — IOJIOC TOBOPOTY», SIka HE BpaxoByBaja 3alie)KHICTh IOJOXKEHHS
MOJIFOCY TIOBOPOTY BiJl TOJIOKCHHSI IICHTPY oOOepTaHHs. Y CTarTi, IS KOHBEHIIIMHOTO
OJTHOI'BUHTOBOTO CyJlHAa OTpUMaHO (hopMyiy Ta rpadikd MON0KEHHS MOIIOCY HOBOPOTY BiAHOCHO
(bikcoBaHOI TOYKM Ha KOpIycCi cyaHa (UEHTPY TSDKIHHS/MIAENb MINMAaHTOYTy) Ul YTOYHEHOI
PO3paxyHKOBOI CXEMH «LIEHTP Baru — LEHTP 00epTaHHA» — MOJIIOC NOBOPOTY». OTpuMaHi Gpopmynu
Ta Tpadiku MOXYTh OyTH BUKOPUCTAaHI SIK IPU PYYHOMY, TaK 1 NP aBTOMAaTUYHOMY KEepyBaHHI
pyxoM cyaHa. Jius  JBOX PO3ISIHYTHX PO3PaXyHKOBHX CXE€M IPOBEJCHO MaTeMaTH4He
MOJIEJIIOBAHHSA PYyXY KOHBEHIIIHHOIO OJHOTBUHTOBOIO CyJIHA B 3aMKHYTOMY KOHTYypl «O0’€KT
KEepyBaHHS — CHCT€Ma KepyBaHHs». Pe3ynbTaTu MOJENIOBaHHS MOKa3ajid, L0 BUKOPUCTAHHS
YTOYHEHOI pPO3paxyHKOBOI CXeMM J03BOJsie Ha 23% TOUHIIIE OLIHUTH TPAEKTOPIIO CyJHA Ta
HEOOXiHY IUIOIy MaHEBPYBaHHS.

Merta ta 3aaau4i gocaixzkeHHst. MeTtoro poO0TH € BU3BHaUEHHS 3MILIEHHS LIEHTPY 00epTaHHS
BIJIHOCHO IIEHTPY Baru/MijJieib IIMAaHT0yTy Ha MaKCHUMallbHIA MIBUAKOCTI MUPKYJSALii cynHa. Jlana
MeTa JIOCSTAEThCS 32 PAaXyHOK TOPIBHSHHS IMOJIOKEHHS TIOJNIOCY MOBOPOTY Ha CTOSYOMY CY/HI,
BHU3HAYEHOMY TEOPETHUYHO, 1 IMOJIOKEHHS IOJIIOCY MOBOPOTY Ha LUPKYJIIOIYOMY 3 MaKCUMAaJIbHOIO
UIBUAKICTIO CYyJIHI, BU3HAYEHOMY 111 Yac MPOBE/ICHHS €KCIIEPUMEHTY Ha HaBIraluiiHOMy TpEeHaXKepi.
Tak sk MONOXKEHHS MOJIIOCY MOBOPOTY 3aJEKUTh JIMIIE BiJl BIJHOCHOTO Ijieya (MDK KEpMOM 1
LIEHTPOM Baru/MiJiesb MIMaHroyTOM) NMPUKJIaJaHHs OOKOBOI CHIIH, sIKE€ Yy 000X BUIIAJKax OJIHAKOBE,
TO BHSIBJICHA Pi3HUIA 1 Oye 3MIIIEHHSAM [IEHTPY 0OepTaHHS.

OcHoBHa vacTuHa. /[ mpoBeleHHS NOJANbIIMX OOYMCICHb BU3HAUMMO 3B ’fA3aHy 13
cynHoMm cuctemy koopauHat (3CK). 3CK posramoBana y neHTpi Baru cyasa, Bick OXi 3CK
JSKUTH Yy JlaMeTpalibHIA TUIONIMHI, TapajiebHa Naixy0l 1 HampaBiieHa Y HOCOBY YacTHHY Cy/IHA.
Bics OY1 nepnenaukynspHa oci OX1, mapanenbHa nany0i cyJHa 1 HapaBlieHa B CTOPOHY IIPAaBOTO
6opty. Bice OZ1 10TIOBHIOE CHCTEMY /IO «IIPABOI».

Bu3HaueHHS TOJIOKEHHS TOJIIOCY TIOBOPOTY Ha CTOSYOMY CyaHi. Y po0OoTi [2] aBTOpamu
3HaliIeHa 3aJIeKHICTh MK BiJTHOCHHM MOJOXEHHAM IIOIIOCY TOBOPOTY X, 1 BITHOCHHMM IIIeYeM

60xoBoi criiu X 0

I
7X3}1+7X}1n
3 2

3anexHicTsh (1) Takoxk mpeacTaBieHa y BUMIIAI Tpadika, puc. 1.
X
-10 3

02 \
e —— /\7P

0 02 0t 0 08 10

Pucynok 1 — I'padix 3a1eKHOCTI BITHOCHOTO TIOJIOKEHHS
TIOJTFOCY TTIOBOPOTY BiJ BITHOCHOTO TIeda OOKOBOT CHITH
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Kopucryrounce HaBeneHMMH aBTopamMu (opmynamu i rpadikoMm, OTPHUMYyeEMO, IO Ha

CTOSYOMY CyHi, /U1 BigHOCHOTO Muieda Gokosoi cumn X ; =0,5, BigHocHe momoxkenHs momrocy
IIOBOPOTY CTAaHOBUTH X, =-017. Jnit 3HaxomkeHHs dopmyn i moOymoBu rpadiky aBTOpH

BUKOPUCTOBYBAIIM CHCTEMY KOOPAMHAT, PO3TAIIOBAaHY y IIEHTPI Baru CyHA / Ha MiJIeb IMAHTOYTi,
Bick OX1 sKOi HampaBjeHa B CTOPOHY KOpMH. Y 3aJaHiii HaMU cHCTeMi KOOpJIMHAT, 1{i 3HaYEeHHS

BianosinHo 6ymyts X, =-0,9 ta X, =017.

Po3rnsiHemMo iHIIMI METOJ] BU3HAYEHHS B3a€MO3B’SI3Ky MIX TOUYKOIO NMPHUKIAJAHHSI OOKOBOL
CHJIM 1 TOJIOKEHHSIM IIOJIIOCY IMOBOPOTY, OCHOBAaHUM Ha BUKOPHCTAHHI JIIHEApU30BaHOI MOAEII
peampHOrO cyaHa. BigoMo, 10 TOJOXKEHHS aOCIHMCH TMOJIIOCY TOBOPOTY BH3HAYAETHCS 32
hopmyioro:

X, =——r )

Jlist BU3HAaYCHHS O0KOBOT Vy, Ta KyTOBOI (7 IIBUAKOCTI Cy/HA, 3aIUIIEMO JIIHCAPH30BAHY CHCTEMY

0OKOBOTO Ta KyTOBOT'O PyXy CyZHa, [0 SIKOro npukiajgceHa 6okosa cuna Fy Ha Bincrani X | ix O

. oR,
(m+222)Vy = Fy —va,

oM, )

ow

(I, + Agg) 02 = F, X, -2 9

z
z
e M+ A,, — Maca cy/iHa 3 IPUEHAHUMA MacaMH BOJIH;

|, + Ass — MOMeHT iHepii cyJHa 3 IpHETHAHUME MacaMH BOJHM y KaHAII PUCKAHHS;

& — KOe(ILIEHT YyTIMBOCTI OOKOBOTO OIOPY KOPIyCYy CyAHa 10 3MIiHH OOKOBOT
ov,

MIBHIKOCTI;
oM, . . . :
Py KOe(ili€HT YyTIIMBOCTI T1APOJMHAMIYHOTO MOMEHTY OTIOPY OOEpPTaHHIO JO 3MIiHH

z

KyTOBOT IIBUAKOCTI.

s ycraneHoro pyxy (V y =0, c:)z = Oj, i3 cucremu (3) 3HAXOIUMO:

F F, X
V=t @, =20 (4)
oR, oM,
ov, ow,

[Ticnsg mifgcTaHOBKM YCTaJIeHUX 3Hau€Hb OOKOBOI Ta KyTOBOI LIBHJKOCTI 13 PIBHSHB (4) y PIBHAHHS
(2), orpumyemo dopmyny BuzHauenHs monoxenHs [1I1 BimHocHO 1O mpu npukiaganHi 60KOBOT
cun F, Ha BIACTaHi X | BiJ LEHTPY OOCpTaHHS

oM,
oo, | 1
X == Ny ()
®,) X,
ov,

VY BiIHOCHUX BEIMYMHAX PIBHSHHS (5) MaTUMeE BUTIISIT
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Ha puc. 2 HaBesieHO rpadik 3aJIeXXHOCTI BiTHOCHOTO MOJIOKEHHS TOIOCY TOBOPOTY X, Bif

BiJIHOCHOrO III€Ya NMPUKIAJaHHA OOKOBOI cuimu X 0t nooynoBanuii s cyaaa OSV3-AH. s

3pyYHOTO TIOPIBHSAHHS 13 pHC. 1, MaHI HABEIEHI y Tild e cUCTEeMi KOOpJUHAT, 10 i Ha puc. 1.
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BUKOPHCTOBYIOTBCS Y popmydi (6), B3siTi i3 craTTi [8].
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Pucynok 2 — 3aiexHiCTh MOJIOKEHHS MOJIFOCY TTOBOPOTY
Bix tuieya 6okoBoi cuiu s cyana OSV3-AH

Ax BugHO 13 pe3ynbTariB oOumcieHHs ¢dopmynn (6) Ta HaBeaeHoro rpadika, mis
BiTHOCHOTO TIeda MPUKIaaHHs 60K0Boi cumi X | = 0,5 BiTHOCHE MOTOKEHHS TOIOCY TIOBOPOTY

cTaHOBUTh X, =0,232.

BusHaueHHs MOJIOKEHHSI TOJIIOCY MOBOPOTY Ha CYJHI, IO pyXaeTbcs. J[ias BU3HAUECHHS
MIOJIOKEHHS TIOJIIOCY TOBOPOTY Ha CYJHI, 1[0 PyXaeThesi, OyJI0 MPOBEJCHO YOTHPU €KCHEPUMEHTH
Ha HaBiramiitnomy Tpenaxepi Navi Trainer 5000 [13, 14]. [Ins nepiioro Ta Ipyroro eKCrepruMeHTIB
obpana mojnenb cyaHa OSV3-AH 3 KOHBEHIIIHOIO CXeMOIO pO3TallyBaHHS KepMa Ta PYyLIiB i
OJIHUM HOCOBHUM MiJIPYJIIOI0OUUM NpucTpoeM. BogoronHaxkHicTh cyaHa 5291 1, nosxuna 80,4 M,
mumpuHa 18,0 M, ocaaka 6,6 M, MakcUMalbHa MBUAKICTh 16,3 By3na. J[BUTYH cepeHb0o-00epTOBUI
nu3enb 2x6166 kBt 3 1Boma reuHTaMu peryiasoBaHoro kpoky (I'PK). Jlns Tpetboro ta ueTBepToro
eKCIIepUMEHTIB oOpaHa Mozenb cyaHa R0-Ro passenger ferry 13 3 KOHBEHIIHHOIO CXEMOIO
po3TantyBaHHSI K€pMa Ta PYyIIiiB 1 OJHAM HOCOBHM MIAPYITIOIOUNAM MPUCTPOEM. BOIOTOHHAXKHICTH
cynHa 7796,8 T, noxuna 125,0 M, mmpuna 23,4 M, ocagka 5,3 M, MakCUMallbHa MBUAKICTH 20,5
By3JiB. JIBuryn cepennbo-obeproBuil amuszenp 2x4000 kBT 3 nBomMa IBUHTaMHM peryjabOBaHOIO
kpoky. Ilepmmii excnepument. Mozens cyana OSV3-AH. Tenerpadu 000X ABUTYHIB y HOJ0XKEHHI
«IloBHuit Bnepema». OOuaBa KepMma mnepekiajgeHi Ha npaBui Oopt. LIBUIKICTH CyJHA Ha MOYATKY
excriepumenty V, (0) =15,51 syszon. Ckpunmor CONING-aucmuiero i 9ac npoBeIeHHs EPIIOro

EKCIIEpUMEHTY HaBEJICHO Ha puc. 3.
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Pucynok 3 — Cxpunmor CONING-mucnnero mig 4ac IpoBeJeHHs ePIIOro eKCIIepUMEHTY
SIK BHJIHO i3 HABEJICHOTO CKPHHIIIOTY, HA yCTaleHii IUpKyJIsil mBuakicts cyaxa V, = 9,49

By3JIM, TaHTeHIiiHa mBuaKicTh Hoca V, =132 Bysna, Tanrenuiiina meuakicts kopmu V, =-8,9

By3Na. BigHOCHE 3Ha4YeHHS aOCHMCH TOJOCY TOBOPOTY 3HaieMo 3a (HOpMysor, HAaBEJICHOK Y
pobori [15]

- -V

X H

rm:VK_V (XVB_)?A)_F)?A’ (7)

H

ne X, — BIIHOCHe 3HaueHHs abOciucu moitocy noBopoty y 3CK, X, — BimHOCHE MOJOKEHHS

KepMa (KOOpAMHATH KopMoBoro nepneHaukyisipy y 3CK), X , — BITHOCHE TIOJIOKEHHSI HOCOBOTO
nepnesukyisipy y 3CK.

[Ticns miACTaHOBKM BHUMIPSHMX TaHTEHIIWHUX MIBHAKOCTeW Ta KoopauHat X ,, X, y
¢bopmyiy (7), oTpuMyeMO
= -1,32 1 1
X 3

T
-89-132" 2 20 2

Hpyruii excnepument. Monens cyaaa OSV3-AH. Tenerpadu 060X ABUTYHIB y MOJIOKEHH]
«IloBHmii Brepeny. O6uaBa KepMa nepekianeHi Ha aiBuil OopT. LIIBUAKICTH CyAHa Ha MOYATKY

excriepumenty V, (0) =15,82 Bysna. Cxkpuninor CONING-aucuiero i yac nmpoBeIeHHsT JPYroro
eKCIIepIMEHTY HaBe/IeHO Ha pHC. 4.

Sk BHJIHO i3 HABEJIEHOTO CKPHHIIIOTY, Ha yCTaleHIH UPKYJISIil mBuakicts cyana V, =914
By3Ja, TaHreHIliiiHa mBuakictk Hoca V, =—1,34 Bysna, Tanrenuiiina msuakicts kopmu V, = 8,81

By3i1a. BiHOCHE 3Ha4eHHs1 aOCIUCH MOJIOCY MOBOPOTY 32 opmyItoro (7) JopiBHIOE

)?m, _ 1,34 (_l _ 1) + 1 -0,368 -
881+134 2 20 2
: - . 9,49+9]14
CepenHe 3MillleHHS MOJOCY TIOBOPOTY Ha CepeHii mBuakocti V, = T =9,32 By3na, s
0,371+0,368
cynHa OSV3-AH, ctaHOBUTB + ~0,37.
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Pucynok 4 — Cxkpunmor CONING-gucmiero mig 4ac IpoBeIeHHS APYroro eKCIepUMEHTY

Tperiii ekcnepumenT. Mojens cyana Ro-Ro passenger ferry 13. Tenerpadu 000X ABUTYHIB
y nojoxeHHi «[loBuuit Bnepen». OOuaBa kepma nepexiaaeHi Ha npasuit 6opt. LBuakicTs cyana
na nouarky ekcnepumenty V,(0)=2018 Bysna. Ckpunmor CONING-gucmiero mix 4vac

MIPOBEJIEHHS TPETHOI0 EKCIIEPUMEHTY HAaBEJIEHO Ha pHUC. O.

Pucynok 5 — Cxpunmror CONING-aucmuiero mij yac npoBeIeHHS TPEThOI'0 CKCICPUMEHTY

SIk BUITHO i3 HABEJIEHOTO CKPHUHIIIOTY, HA YCTalleHi# MUpKysii mBuakicts cyana V, = 9,41Bysna,

TaHTeHNiifHa mBHaKicTs Hoca V, = 0,97 Bysna, Tanrenuiiina msuakicts kopmu V, =—8,63 Bysna.

BinmHoCHE 3HaUeHHs abCIHCH TIOJIIOCY MMOBOPOTY 3a hopmyrioro (7) nopiBHIOE

)?Hn=i(—1—1)+1=0,399-
-863-097" 2 20 2

YerBeptuii excnepument. Mogenb cymna Ro-Ro passenger ferry 13. Tenerpadpu o060x
JBUTYHIB y nojioxeHH1 «IloBHu#t Bnepea». OOuaBa kepMa nepekiaieHi Ha niBuit 6opt. HIBuakicts

cynHa Ha movatky excrnepumenty V, (0) =20,35Bysna. Cxpunmor CONING-mucmuiero mix vac

MIPOBCACHHA YC€TBCPTOTO CKCIICPUMCECHTY HABCACHO HA PpUC. 6. Sk BHUIHO i3 HaBCACHOI'0 CKpHUHIIOTY,
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Ha yCTajeHi wmpkymsmii mBuakicts cymHa V, =9,41 Bysma, TaHreHImiliHA IIBHIKICTH HOCA
V, =-198 Bysna, Tanrenmiiina meuakicts kopmu V, =10,91 pysna. Binnocne 3nauenns abenucu
TIOJIFOCY TIOBOPOTY 3a opMmyIioro (7) JOpiBHIOE

v __ 198 11
™ 1091+198° 2 2

CepeHe 3MillIEHHS TIOJOCY MOBOPOTY Ha cepenuiil mBuakocti V, = 9,41 Bysna mis cyana Ro-Ro

passenger ferry 13 craHoBUTH w ~0,37.

| S ——
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Bl T ————
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B | i i {

Pucynok 6 — Cxkpunimor CONING-gucmiero mig 4ac IpoBeJeHHS YeTBEPTOr0 EKCIIEPUMEHTY

OcHOBHi pe3yJbTaTH Ta iX 00roBopeHHsl. [3 OTpHUMaHWX pPE3yNbTATIiB BHIHO, IO JJIS
DI3HHX THIIIB CyJEH BiJHOCHE 3HAYCHHS IOJOXKEHHS IOJIOCY MOBOPOTY CTaHOBHTH X ~0,37.
Pi3HMIIT MK BITHOCHHM IIOJIOKEHHSIM IOJIIOCY IMOBOPOTY, BH3HAUYEHUM Ha CTOSYOMY CY[HI, 1
BiIZTHOCHUM IIOJIOXKEHHSM IIOJIFOCY TOBOPOTY, BU3HAUCHHM Ha IMPKYJIIOIOUYOMY 3 MaKCHMAaJIbHOO
MIBHIKICTIO CY/IHi, CTaHOBHTE AX =0,37 -017 =0,2, abo AX =0,37-0,23=0,14. Otpumana
PI3HHIIS TTOSICHIOETBCS. HACTYTHUMU MipKYBaHHSMHU.

1. I'paciku, HaBeneHi Ha puc. 1 1 puc. 2, OTpuMaHi Uil CTOSYOTO CyJHA, II0 HE Mae
MO3/I0BKHBOT IIBHJIKOCTI.

2. TlosiBa MO30BKHBOT MIBUKOCTI MPUBOJIUTE JIO 3MIIICHHS IIEHTPY OO€pTaHHS B CTOPOHY
pPyXy CyJiHa, a OTXKE, 1 TIOJIFOCY IMTOBOPOTY, SIKMM BIAPAXOBYETHCS BiJl IICHTPY 00€pTaHHS.

3. Orpumana pisaugs  AX = (014 -0,2) MK TNONOKEHHAMH IOIIOCY TOBOPOTY Ha

CTOSTYOMY 1 IIUPKYJIIOIOYOMY CYJIHI 1 € 3MIIIIEHHS EHTPY OOepTaHHS HAa MaKCHMAJbHIN IIBUIKOCTI
LHUPKYJIALIT Cy/IHA.

OTpumani pe3yibTaTH BIAPI3HSIOTBCA BiJ BIJOMUX pINIEHh THUM, IO aBTOPaMH
€KCIIEpUMEHTAIbHO JIOBEJECHO 3MIIEHHS TOJIOCY MOBOPOTY Ha MAaKCHUMAaJbHIM MIBHUAKOCTI
MUPKYJSIMi, a TaKOX BUCKAa3aHO MPHUIYHICHHS, [0 MPUYMHOIO 3MIIIEHHS MOJIOCY IMOBOPOTY €
3MILIEHHA LEeHTpy oOepTaHHsa. OTpumaHi pe3yapTaTd € BIATBOPIOBAHMMH 1 MOXYTh
3aCTOCOBYBATHUCS JUISI YCiX THITIB CYJIEH.

BucHoBku. Pe3ynabratd NpoBENEHHMX EKCIIEPUMEHTIB Ta BHKOHAaHUX pPO3paxyHKIB
MOKa3yI0Th, IO TOJIOKEHHS TOJIOCY TIOBOPOTY, PO3PaXx0OBaHE JUIsl CTOSIYOTO CyJHA, BiIPI3HAETHCS
BiJl TOJOXEHHS IOJIOCY MOBOPOTY IMPKYJIIOIUOr0 3 MAaKCHUMAaJbHOK INBHUJKICTIO CyJHAa Ha

Bemmunny AX = (0,14 —0,2). Ha ayMKy aBTOpiB, BUSBICHA PI3HHUIS MOSCHIOETHCS 3MIIICHHSM

/o pybpuxu éxnroueno cmammi 3a memamuunoro cnpamosanicmio « Tpancnopmmni mexuonoziiy



HaykoBu# BicHUK XepCOHCBKOI AepzkaBHOI MOpCchKOi akaneMii WL RPN P{ Sy Rp{ipi

HEeHTpYy oOepTaHHs CyJIHa BiIHOCHO LIEHTPY BarW/MiJeNb MIMAHTOYTY NMPU HAsIBHOCTI MO3T0BXKHBOT
HIBUJKOCTI. TeopeTuuyHe 3HAUYEeHHS OTPUMAHUX pE3yJbTaTiB MOJATaE y EKCHepUMEHTATbHOMY
JIOBEJICHHI €(EeKTy 3MIIIEHHs MOJIOCY MOBOPOTY Ta BCTAHOBJICHHI NMPUYHMHU — 3MIIIEHHS LEHTPY
o0epTaHHs y 3aJIe)KHOCTI Bl IIBUAKOCTI cyqaHa. [IpakTHyHEe 3HAUYE€HHS OTPUMAHUX PE3yJIbTaTiB
MOJISiTa€ 'y BHUKOPHCTaHHI e(QeKTy 3MIIIeHHs IEeHTpy oOepTaHHs [UIs 3MEHIIEeHHS o0JacTi
MaHEBpPYBaHH4, 1110 0COOJIMBO BaXJIMBO Y CTUCHEHHUX BOJaX.

IlepcnexkTHBM NoAAJBLIIMX J0CTiAKeHb. [loganpmi gociiKeHHS MOXKYTh OyTH 1OB’s3aH1
13 eKCIepUMEHTAJIbHUM MIATBEPKEHHSAM OTPUMAaHOi aBTOpPAMM paHillle 3aJIeXKHOCTI MIX
3MIIIEHHSAM LEHTpy oOepTaHHS 1 MBHUAKICTIO cyaHa [l1] mist BChbOro JOMyCTUMOIO Jlana3oHy
LIBUJKOCTEH.
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Tovstokoryi O. M., Zinchenko S. M., Nahrybelnyi Ya. A., Tymofeiev K. V. CALCULATION OF THE
VESSEL’S ROTATION CENTER DISPLACEMENT

A simple deflection of the rudder leads to the appearance of the angular rate of the vessel rotation around the
rotation center and at the same time the lateral speed of movement of the rotation center. Such a complex
movement of the vessel is difficult for the shipmaster to understand and make the right decision. At the same
time, lateral and rotational movements can be replaced by one "pure" rotation of the vessel around another
point - the pivot point. Knowing the position of the rotation center and the pivot point position allows us to
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reduce the maneuvering area of the vessel, which is especially important when maneuvering in compressed
waters. The purpose of the work is to determine the rotation center displacement relative to the center of
gravity/middle of the frame at the maximum speed of the vessel's circulation. This aim is achieved by
comparing the position of the pivot point on a stationary vessel, determined theoretically, and the position of
the pivot point on a vessel circulating at maximum speed, determined during an experiment on a navigation
simulator Navi Trainer 5000. Since the position of the pivot point depends only on the relative arm (between
the steering wheel and the center of gravity/middle frame) of the lateral force application, which is the same in
both cases, the detected difference will be the displacement of the center of rotation. The results of the
conducted experiments and performed calculations show that the position of the pivot point, calculated for a
stationary vessel, differs from the position of the pivot point of a vessel circulating at maximum speed by an

amount of AX = (0,14 —0,2). According to the authors, the detected difference is explained by the

displacement of the ship's center of rotation relative to the center of gravity/middle frame in the presence of
longitudinal speed. The theoretical significance of the obtained results consists in experimentally proving the
effect of the displacement of the pivot point and establishing the cause - the displacement of the center of
rotation, depending on the speed of the vessel. The practical value of the obtained results is to use the effect of
the displacement of the center of rotation to reduce the maneuvering area, which is especially important in
compressed waters.

Key words: rotation center displacement; pivot point position; vessel circulation; maneuvering in compressed
waters.
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BIIJIMB KOHCTPYKTUBHUX ITAPAMETPIB EJIEKTPOXO/IB
HA ITOKA3ZHUKHN BUKOHAHHA MAHEBPY «3UI'3AI'»

Mymuao O. M., k.m.n., npoghecop Kagedpu CYOHOBUX eHepeemUudHUX YCMAHOBOK ma

mexniynoi excniayamayii O0ecbko20 HAYIOHANbHO20 MOpPCbKo2o YHisepcumemy, m. Odeca,
Vkpaina, e-mail: shumylo.alexander@gmail.com, ORCID: 0000-0003-0574-1951.

Mema docnidoiceny — po3pobra memody oyiHKU 6NAUEY KOHCMPYKMUBHUX NAPAMEMPI6 KOPNYCY e1eKmpoxodie
Ha manespeni nokasuuxu. Memoouxa. Ilpu manespysanni 6ci CKia006i NPOnYibCUBHUX KOMNILEKCI8 NpaAyiooms
V NepexiOHux pejcumax, Cymmeeo GHAUsaroyu 00uH Ha 00H020. OOIPYHMOBAHO KOMNIEKCHUU NioXio 00
nooyoosu memoody OYiHKU NOKA3HUKIE MaHespysanHs. B ocnosy amanizy 3axnadeno mamemamuyhy mooeib
NEepexioHUux pexCumie CYOHOBUX NPONYIbCUBHUX KOMNAeKCi8. Buxopucmani ocrosni nonosicenns meopii
Ounamiunoi nodobu. Pesynemamu. 3Haiideno kpumepii Ounamiunoi nooobu, AKi Cymmeeo 6nIAUAIOMb Hd
NOKA3HUKU MaHnespyeanHs. Po3pobieno memoo OyiHKu NOKA3HUKIG AKOCMI GUKOHAHHA MAHEspy «3ue3azy.
IIposedeno nopisHAnbHUL AHANI3 6NAUBY NOOOBICEHHS KOPNYCY eNeKmpoxo0a HA OCHOBHI NOKASHUKU AKOCHI
manespysanns. Ilokazano, wo 30 30inbuieHHsIM 006xCUHU CYOHA 00 10% OCHOBHI NOKA3HUKU, 8IONOGIOHO 3i
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Beryn. 3a ocransi 30 pokiB y BChOMY CBITI CHOCTEpIra€ThCsl MO3UTHBHA TEHIEHIS Y
PO3BUTKY Kpyi3HOi ramy3i [1-6]. BimcmiakoByeTbCsi 3pOCTaHHS KiUIbKICHUX —ITOKA3HHUKIB
nepeBe3eHHs — Ounblie HiK 22,2 MIH TacaxupiB Ha pik. TeHAeHIis oa0 301IbIIeHHS
MACaKUPOTOTOKY, 3TiAHO TPOTHO3aM EKCHEePTHOTO cepenoBHINa, Oyne 3amumaTtics 1 B
HaWOIMKIOMY MailOyTHbOMY .

3pOoCTaHHs MAacaXUPOIOTOKY, y TEpII 3a BCe, MOXKe OyTH 3a70BOJIeHO [6] cropyKeHHsIM
HOBUX KpYI3HUX CyA€H. BiamoBiAHO A0 IbOrO, OCTaHHIM YacoM TMIiJABUIIMBCS IOMUT Ha
OyAIBHHILITBO HOBHX BEJIMKHX KPYi3HHMX JaifHepiB. Ycboro 3a nBa pecatwmitrs (1988...2009 pp.)
JOBKMHA HAHOUTBIIMX KPYI3HMX CyJeH 30umbmniacs Ha TpeTuHy (3 268 mo 360 M), mumpuHa ix
30inmpIIacs Maibke BaBidi (3 32,2 1o 60,5 M), 3arajibHa KUTBKICTh MTACAKUPIB TAKOXK 3pOCiia BIIBiUi
(3 2744 no 5400), a Tornax 3pic yrpudi (3 73 000 GT mo 225 000 GT).

Pazom 3 TEM citif BiIMITHTH, IO KPYi3i TallHEpU € HaJ3BUYAHO KOIITOBHUMH CIIOPYAaMHU
[1-6]. Hampukiaza, ycepeaHeHa BapTicTh MOOYIOBU KPYI3HOTO JIalHEpa 3 MacaKHPOMICTKICTIO BijI
1000 mo 2000 macaxxupiB opieHTOBHO cTaHOBUTH 442 muH gon. CIIA, a Bapricts cynna Ha 5000
nacaxupis 1 outbine — pocsrae 1,310 muta goa. CILA. KpiM BUCOKOT BapTOCTI CIIOPYKEHHS TaKUX
CyJeH, IIBHJIKOMY 3aJI0BOJICHHIO TIONUTY PUHKY MEPEIIKO/KAe 3HAYHO OiNbINa, y MOPIBHSHHI 3
TPAHCTIOPTHUMU CYJTHAMU, TPUBATICTD iX OyAIBHUIITBA — Y cepelHbOMY 1,5 poku.

ATNBTEpHATUBHI CTpaTETiyHI PINICHHS IOJ0 33/I0BOJICHHS IMOMUTY KPYi3HOI ramysi, me —
MOJICpHi3allis brory. MopepHizallis €  TOTYXXHUM IHCTpYMEHTOM  301JIbIICHHS
KOHKYPEHTOCTIPOMOXKHOCTI SIK CaMUX CYJEeH, Tak i Taiy3i B3araii. MoaepHi3allisi 3MeHIIy€e PiBeHb
MoOpajbHOrO 1 (hi3MUHOTO cTapiHHS cyleH. BoHa mae CyTTeBi mepeBaru mepel CIOpyHKEHHAM
HOBUX CYyJIGH: 3 OJHOTO OOKy TMOKpally€e TEXHIKO-CKOHOMIYHI 1 TEeXHIKO-eKCILTyaTalliiHi
XapaKTEPUCTUKU CyHA, 3 IPYTOro — 3MEHIIYE BapPTICTh 1 TPUBAIICTH OyAIBHUIITBA.

JUis MOpCHKHX KPYi3HHMX CYJIEH, KUTTEBUH LUKJ SKAX CKJIAga€ TMOHAX TPUALSATH POKIB,
XapaKTepHOIO MOJEpHi3alliel0 € 30UIbIIeHHS [OBXHHM CyJHAa 3a PaxyHOK BUTOTOBIICHHS
J0JIATKOBOT BCTAaBKU KOPIycCy. BapTicTh Takoi MoaepHi3alii MOXke 3HaXOAUTUCh B Mexkax Big 10%
1o 30% Bix MOYaTKOBOI BapTOCTI BUTOTOBJIEHHA cynHa AaHoro npoekty [1-8]. Ilpu mpomy, ix
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MacaXUpPOMICTKICTh 30umbmIyeThcst Ha 15%...20%. IlomiOHa mpouenypa, He3Bakaloum Ha
3017BIICHHS KITBKOCTI HOBUX CYJIEH 1 TEPMIHIB iX OKYITHOCTIi, Majia JaBHIO MIPAKTHUKY 3aCTOCYBaHHS
B TOPTOBOMY CyJIHOILIABCTBi. B ocTaHHI pOKH, BOHA CTaja aKTyalbHOIO 1 ISl Kpyi3HOTO (hIIOTY.

OCHOBHI NUTaHHS, SKI HEMUHYY€ BUHUKAIOTh 31 30UIBLICHHSAM JIOBXKUHM KOPIIYCY CYy/HA, 1ie
MMUTAaHHS 3MIHU XapaKTePUCTHK WOTrO MIIHOCTI, Ta MaHEBPEHUX XapaKTEPUCTHK. 30Kpema,
pesomoniero MSC.137(76) "Cranpapté MaHEeBpeHHMX sIKOcTed cyneH", mpuiiHATol Ha 76 cecii
KomiteTy 3 Oesmeku Ha Mopi, nepeadadaeThCcs, M0 MaHEBPEHI XapaKTePUCTUKH CYJIIHA, MO0
MIPOEKTYETHCA, 1€ Ha CTail MPOEKTYBAHHS MOBUHHI 3a10BOJBHATU «CTaHmapram». SIKIO PEMOHT,
nepepoOka abo Moaudikamis, Ha JIyMKy AJMIHICTpallii, MO)€ BIUIMHYTH Ha MaHEBpEHI
XapaKTePUCTHKH CyJIHA, CJIiJ1 HEePEeBIPUTH IXHIO BIAMOBIAHICTh «CTanAapTam».

ITocranoBka npoodJiemu. [InTaHHAM pO3paxyHKYy MAHEBPEHUX SKOCTEH CYIEH MPUCBIYEHO
¢byHnameHTanbHi podoTu [9] BiIOMHMX BYEHMX, IO JOCIIDKYIOTh MUTAHHS YIPAaBIiHHSA CyleH. B
OCHOBI PO3paxyHKOBUX METOJIB OLIHKM MOKJIAJA€HO pEe3yJbTaTH pO3B'I3aHHA CHUCTEMU
nudepeHiagbHUX PIBHSAHD PYXY Cy/AHA Ta poOOTH IBUTYHIB 1 rpeOHMX I'BUHTIB. [IpakTuyHO % npu
bOMY, TpaauLiiHO NpuiiMaeThes npunyiieHss [10, 11], mo ABUryHu rpeOHUX IBUHTIB MPALIOIOTh
y CTAJIOMY PeXHMI 1 pO3B'A3yIOThCS TIIBKHU PIBHSAHHS pyxy cyaHa [12].

Opmnak, mpoBeneHi panime gociipkeHHs [9—11], mokazamm, 1O KpIM TE€OMETPUYHHX
napaMeTpiB KOPIIyCy Cy/Ha, Ha 1oro MaHEeBpPEeH1 SKOCT1 BIUIMBAIOTh 3MiHA LIBUIKOCTI PyXy 1 3MiHU
4acTOTU OOepTaHHs I'peOHOro IBUHTA. 3 BUXOJOM CYyJHA Ha KpPUBOIIHINHY TpaekTOpilo Horo
HIBUJIKICTh T1aJ]a€, 3pOCTa€ MOMEHT ONOpY IpeOHUX TBUHTIB, 30UIbLIYIOTHCS HABAHTa)KEHHS Ha
rpebGH1 JBUTYHH, 4acTOTa iX 0OepTaHHsSI 3MEHIIYEThCS, IO B CBOIO UEpry, Beie A0 Iie OLIbIIOro
3HMKEHHS IIBUJKOCTI PyXYy.

['peOHI yCTaHOBKH Cy4acHUX KPYi3HHX CYJeH eJeKTpU4Hi. BOHM BXOIATH 10 CKIaLy €IHHOT
CYJHOBOI €JEKTPOCHEPreTUYHOi YCTaHOBKH, TOMY 31 30UIbIICHHSAM HaBaHTaXEHHA Ha TIpeOHi
€JIEKTPOABUTYHH 3POCTAIOTh HABAaHTAXXCHHS HA BCIO €JIEKTPOSHEepreTuuny cucremy. [Ipu cxiagaux
MaHeBpax I[I HABAHTAKEHHS MOXYTh IepeBUIIyBaTd [l5] rpanuimi, sKki BCTaHOBJIEHI IS
€JIEKTPOCHEPreTUYHOTO 00JIaIHAHHS, Ta BUKIMKATH CIPALIOBAHHS CHCTEM 3aXHUCTy. 3Ba)KalOUHM Ha
e, JUis KOPEKTHOIO aHali3y IOKa3HUKIB SKOCTI MAaHEBPYBaHHS €JEKTPOXO1y, HEeoOXiTHO
PO3TIISIIATH BECh CYAHOBHUI MPOMYJIbCHBHUN KOMILJIEKC, KM BKIIIO4ae B cebe (K Hepo3puBHIi [9]
CKJIQJIOB1) 1 KOpITyC CyJHa, 1 TpeOHI TBUHTH, 1 pyab (KepMO), 1 TpeOHY eIEKTPOCHEPTETUIHY
YCTaHOBKY.

Cranmapty IMO BuAUISIIOTE HAWOIIBII CYTTEBI TMOKAa3HUKH JUIS OIIHKH MaHEBPEHUX
XapaKTepUCTHK cyAHa. lIpu OIiHII iX KEepOBAHOCTI, IO WX ITOKA3HUKIB SIKOCTI BiTHOCHTHCS
KOHTPOJIb «HUIITIOPEHHS», 10 XapaKTepU3y€e PEeakKilito CyJHa Ha NMEePEKIAAKY Py y NPOTUICKHUN
0iK, SIK HampUKJIaJ 1€ Ma€ MicIle, IpU BHUKOHAHHI MaHEBpPYy «3ur3ar». Po3poOka MeTomy OIliHKH
BIUIMBY KOHCTPYKTHUBHHMX HapaMeTpiB (OBXHHHU) KOPIYCY €JEeKTpOXoJa Ha IMOKa3HUKHU SKOCTI
BUKOHAHHS MaHEBPY «3HIr3ar» € METOIO IIi€l poOoTH.

Meta Ta 3agadi gociimkeHHsi. MeTa JOCHIIKEHb IMOJSATaE B pO3poOIl METOAY OIIHKH
BIUIMBY KOHCTPYKTMBHHUX IapaMeTpiB KOPIYCY €JEKTPOXOJiB Ha MaHEBPEHI NOKAa3HUKH TIPU
MPOBECHI PO3MIPHOI MOJEpHI3aIlii MacaXUpChbKUx cyaeH. s moctaBieHoi MeTH HeoOXiTHO
BUPILIUTH HU3KY 3a/1a4:

1) po3pobHuTH 3 MO3HUIIHA CHCTEMHOrO MiAXOAy CTPYKTYPHY CXEMY, IIO BiJI3€pKairoe
B32€MOJIII0 €JIEMEHTIB CYJHOBOTO MPOIMYJIbCUBHOTO KOMIUIEKCY, 1 METOJ PO3PAaXYHKY KITFOUOBHX
MMOKa3HUKIB, SKiI XapaKTePU3yIOTh HOro poOoTYy;

2) TPOBECTH MOPIBHJIBHUI aHali3 BIUIMBY 30UIbIICHHS JOBXHWHHU CyJIHA Ha MOKa3HUKH
SIKOCTI BUKOHAHHS MaHEBPY «3Hr3ar» 1 KOMIUIEKCHY OIIHKY IIMX TMOKAa3HUKIB Ha BiJMOBIAHICTD
CTaHJapTaM MaHEBPEHOCTI, SKi pPeriIaMeHTyIOThCss CTaHIapTOM MaHEBPEHOCTI 3rigHo Pesomrorrii
MSC.137.(76).

3) JoCHiuTH BIUIMB TIOAOBXKEHHS CyIHAa Ha SIKICTh HOro KepyBaHHsS i Ha TMOKa3HHKH
poOOTH CYAHOBOI €JIEKTPOEHEPreTUYHOI YCTAaHOBKH, IOPIBHATU Ii pe3yJbTaTd 3 BUMOIAMHU
PericTpy cyaHomiaBcTBa.
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Bukiaang ocHoBHOro Mmarepiamy. VY  3aranpHOMYy BHIIQAKY CTPYKTYpHa cXema
MPOMYJLCUBHOIO KOMIUIEKCY eneKkTpoxony mae Burisf [13—14], npeacrasnenuit Ha puc. 1. Bona
Bkimoyae: D — mepBunHi aBurynu; G — enektpuuHi reHepatopu; SE — meperBoproBaui
enektpoeneprii; M — rpebni enexkrpoasurynu (I'EJl); P — rpebni rBuntu; CS — cuctemy
ynpasmiaHs; DR — perynstopu nepBuHux nBuryHiB; GE ta ME — mpuctpoi 30ymxeHHS
TeHepaTopiB Ta IpeOHUX eNeKTpoABHUIyHiB; R — kepmo; HULL — kopmyc enekrpoxony. ¥ cucremy
KOHTPOJIFO TaKOX BXOJATH JATYMKU: MOTY>KHOCTI Pp Ta mBUAKOCTI 00E€pPTaHHA MD NEPBUHHUX
neuryHis; Harpyru Uc Ta ctpymy le reneparopi; Hanpyru Uwm, ctpymy Im, KpyTHOrOo MoMeHTY Mm
Ta WBUAKOCTI obeptanus om [E/L.
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‘ CONTOUR 3

Pucynok 1 — CtpykTypHa cxeMa NpoIyJIbCHUBHOTO KOMITJIEKCY €IeKTPOX0/ia

Ha ocHOBI cTpykTypHOi cXeMH, AJii pO3paxyHKy MOTOYHUX (MpU MaHEBpyBaHHI CyHA)
3HaYeHb PEKUMHHUX IIOKAa3HUKIB KOMIUIEKCY pO3pOOJEHO MaTeMaTHYHy MOJeNb NepexiTHuX
pexuMiB poOOTH BCiX Horo ckiagoBux yacTuH [15]. Cucrema piBHSAHB, SKa NPH [bOMY Oyja
OTpHMaHa, CKJIaJHa 1 TpoMi3ka. Ha mepeximHi pexumu poOOTH BIUIMBAIOTH COTHI MapameTpiB. Y
TaKUX CHUTYyalliiX aHalli3yBaTW BIUIUB KOHCTPYKTUBHUX TIapaMeTpiB Ha TOKa3HUKU SKOCTI
MaHeBpyBaHHSA Maike HeMOXUMBO. KpiM Toro, pe3ynbTaTH IOCIHiIKEHb, BUKOHAHUX ISl Oyab-
SIKOTO KOHKPETHOTO CyJ/IHa, BIAHOCATHCS TUIBKH caMe JJIsl I[bOTO CYyJIHA, 10 CYTTEBO 3HUKYE IXHIO
HAYKOBY LIIHHICTb.

Jlis CKOpOYeHHs uMcia MmapaMeTpiB, IS HaJaHHS CIUIBHOCTI pe3ysbTaTaM aHalizy, AJis
MO>KJIMBOCT] PO3IMOBCIOJKEHHS IIMX Pe3yJbTaTiB Ha MHUPOKUN KIJIAC CyJI€H JOUITBHO CKOPUCTATHUCS
MOHATTSAM JIMHAMIYHO €KBIBAJICHTHOTO HAOJIMKEHOTO KoMmIuiekcy [9]. BiamoBimHo 10 Takoro
JUHAMIYHOT MoAo0u — 0e3po3MipHI MapaMmeTpu MPOIMyIbCHBHOIO KOMIUIEKCY. 3a pe3yibTaTaMu
TaKUX NEPETBOPEHD:

— KUIBKICTh TIapaMeTpiB (Temep BXKE — KPHUTEpiiB AWMHAMIYHOI 1MOJ00M CHCTEMH)
CKOPOYYEThCS B 5—6 pa3siB.;

— 3’SBISIOTHCSA HIMPOKI MOKIIMBOCTI y3arajdbHEHHS pe3yJbTaTiB JTOCIIHKEHb: KOMILIEKCH 3
OJTHAKOBMMHU 3HAUEHHSIMH TlapaMeTpiB MaTUMYTh OJHAKOBHI XapakTep 3MIHU BiJNOBITHUX
PEKUMHHUX TTOKA3HHKIB (Y BITHOCHUX OJMHHILIX );

— OTpUMYBaHI pe3yJbTaTH OyayTh MNPHWHATHI [ BCIX €JNEKTPOXOMAIB KIiacy, IIIo
PO3TIAAAETHCA.

MatematnuyHa MOJETh Ta PO3POOJIEHUI Ha 1i OCHOBI METOJ PO3PaxXyHKY JI03BOJISIE
BIITYKyBaTH MOTOYHI (y BIHOCHOMY 4aci) 3Ha4eHHS (y BIIHOCHUX OIMHHIIX) PEKHUMHHUX
MMOKa3HUKIB Ha MEPEXITHUX PEKUMax poOOTH KOMILIEKCY. BiHOCHI 3Hau€HHs BHU3HAYAIOTHCS SIK
BiTHOIIIEHHS TOTOYHUX 3Ha4Y€Hb 70 0a30BUX. BimHocHuMii yac T BU3HAYA€THCS SIK
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\Y
T=-Yt, 1)
L
ne V0 — IIBUAKICTH PyXy CyZHa B 6a30BOMY pEXXHMI;

L — nosxuna cyana no KBJI;

t — peanbHuUi yac.

VY nporeci MOETIOBaHHSI MAHEBPEHUX PEKUMIB PO3PAXOBYIOTh 3HAUCHHS:

— KyTOBOI IIBUJKOCTI 00€pTaHHs ®D, KPyTHOro MOoMeHTY Mp Ta noTyxHocTi Pp nepBUHHUX
JIBUTYHIB;

—nanpyru Ug Ta ctpymy le renepaTopis;

—Hanpyru Um Ta Im cTpyMy rpeOHUX eIeKTPOBUTYHIB;

— KpyTHOTO MOMeHTY Mm Ta KyToBoi mBuIkocTi obepranus om I'EJL;

— MoMeHTy onopy Mp Ta ynopy Pp rpeOHUX IBUHTIB;

— mapameTpiB pyxy cynaHa y 3B'sa3aHii XYZ (CKJIQZOBUX HIBHJAKOCTI Vx 1 Vv B3JIOBX
MO370BKHBOT X Ta momnepeyHoi Y oceil Kopmycy CyJ/iHa; KyTOBOI IIBUIKOCTI o0epTaHHs (27 HaBKOJIO
BEPTHUKAJIbHOI oci Z) Ta y He3B's3aHiid X1Y1Z1 (CKIaI0BUX MIBUAKOCTI VX1, Vy1, KyTa IIBUJKOCTI (C
Kypey yc Ta npoiaeroro nuisixy X1, Y1) 3 cyaHom cuctemax KOOpAHHAT.

Jlo THIIOBMX MaHEBPIB, II0 BUKOPUCTOBYIOTHCS JUISl OLIHKH SKOCTI YNPaBIIHHS CYIIHOM,
BIJIHOCUTKCS Tak 3BaHuM 3ur3ar Kemmdona, skiil moysrae y nepiofnyHii nepexiaiii pyis 3 6opTy
Ha Oopt. ¥V crangaptu IMO, y SKOCTI cTaHIapTHUX BUIIPOOYBAaHHS CyJE€H, BKJIIOYCHI J[Ba BUIU
BUNPOOYyBaHb Ha «a3ur3ary — 10°/10° 1 20°/20°. YV nepmomMy BUIIaJIKy KepMoO KianeTbes Ha 10°
Oyab-KOro OOpTy, a MOTIM, KOJHM HampsIMOK pyXy 3MiHUTBhCS Ha 10°, mepexiagaeTbCsi Ha TaKU
camMuil KyT iHIoro Ooprty. Y napyromy BUNAQAKYy KyT KJIAJIKd KepMma Ta 3MiHA HAINpPSMKY pyXy
CTaHOBJIATH 20°.

HaiiGinp1m BaxIMBOO iH(GOPMAITIEO, IO OACPKYETHCS 3 BUIIPOOYBaHb, €:

a) MOYaTKOBa 3J]aTHICTH JI0 MMOBOPOTY: 13 3aCTOCYBaHHAM KyTa kepma 10° miBopyu/mpaBopyH,
CyJIHO HE TIOBMHHE NPOUTH OiIbIIEe HIK 2,5 JOBXHHH CyJHA JO MOMEHTY 3MiHM Kypcy Ha 10° Bix
MOYaTKOBOTO KYpCY;

0) 3HAYEHHs MEPIIOro KyTa MEPEBHUILEHHS Y BUMPOOyBaHHi «3ur3arom» 10°/10° He MOBHHHO
MIEPEBUIITYBATH:

— 10 rpaaycis, skmo L/V menme 10 c;

— 20 rpanaycis, sikiio L/v cranoButs 30 ¢, abo Oinbiie;

—[5 + 1/2(LIV)] rpaxycis, sikiio L/V ctanoButs 10 ¢ abo Oinbine, ane menmie Hix 30 ¢, (me L
1V BUpa)keHi B M 1 M/C BiZIIIOBiIHO);

B) 3HAUEHHS JIPYroro KyTa MEPEBMIICHHS B TecTi «3ur3arom» 10°/10° He moBHHHO OyTH
OinpIe:

— 25 rpaaycis, skmo L/V menme 10 c;

— 40 rpanycis, ko L/vV cranoButs 30 ¢, abo Oijblire;

—[17,5 + 0,75(L/Vv)] rpanycis, sikiio L/v ctanoButs 10 ¢, abo Ginbiie, ane meniie Hix 30 c;

') 3HaUYEHHS TEPIIOTO KyTa NEPEBUIIICHHS Y BUMPOOYBaHH1 «3ur3arom» 20°20° He MOBUHHO
MIEPEBUIILYBaTH 25 TPaIycCiB.

ImiTamiiiHe MOAENIOBaHHS MPOIIECY BUXOJY €EeKTPOX0Jia Ha MaHEBP MPOBOJIUIOCS MOBOIO
JAVA. Ha puc. 2, skuii iIIOCTpYy€e CXeMy pyXy CyJIHa IpH BUKOHAHHI MaHEBPY «PO3TiH — BUXiJ Ha
3Ur3ar», BKa3zaHi XapakTepHi TOUKH Ai.

Ao — BUXITHHI CTaH Cy/Ha;

A1 — BUXiJ CyJIHA HA TECTOBY MIBUAKICTH V = 1; MOBOPOT KepMa y MpaBHil OOPT Ha TECTOBHIA
KYT BR;

A2 — BuX1] cyiHa Ha Kypc yc (mpaBuii 60pT), 110 BiAMOBIAA€ TECTOBOMY KYTY [R; OBOPOT
KepMa Ha TeCTOBUH KyT y JBHI O0pT;

Az — BUXiJ Cy/HAa Ha MAaKCUMaJIbHUH KyT Wy (IIpaBuil 60pT) — NepIIuil KyT NepeBUILECHHS;

ISSN 2313-4763



N EP AP P! Mopcekull Ta piYKOBHH TPaHCIIOPT

A4 — BuXin cynHa Ha Kypc yc (JTiBHI OOpT), IO BiANIOBIZa€ TECTOBOMY KYTYy [R; TIOBOPOT
KepMa Ha TeCTOBUMU KyT y TIpaBuil OOPT;

As — BUXiJ] cyIHa HA MAaKCUMAaJIbHUH KyT ¢ (JTiBUI 60pT) — Apyruil KyT NEepeBUILICHHS;

A6 — Buxin cyaHa Ha Kype yc = 0; 3aKiHYEHHS MaHEBPY.

Po3rin enmekTpoxoay 3aIHCHIOBABCS /O 3HAYECHHS BITHOCHOI IIBHAKOCTI PYyXy CyIHA

_Vt

v =1, ne vt — morouna mBHAKiCTh. (Jai, Mg V po3yMiTHMETHCS caMe BiTHOCHA MIBHUAKICTB).

Vo

[Ticns 3akiHUeHHS PO3roHy (Touka A1), MOYMHAE «3Ur3ar». 3aKiHUEHHSI MaHEBPY — y ToUIll As, KOJIH
Kypc cyaHa focsrae 3naueHHs yc = 0.

OCHOBHMMHM PEKMMHHUMHU MTOKa3HUKAMHU, B IIPOLIEC] pPO3paxyHKiB, 00paHi nepeiueHi BUlle:

— mapameTpu pyxy cynaHa y 3B's3aHiii XYZ Ta y He3B's3aHii Xi1Y1Z1 3 HUM cucTeMax
KOOp/IMHAT;

— YHOp 1 MOMEHT OIOpY I'p€OHUX I'BUHTIB;

— PEeXHUMHI MOKAa3HUKU pOOOTH TPEOHUX €JIEKTPOABUIYHIB, I'€HEpAaTOpIB Ta MEPBUHHUX
JIBUTYHIB F€HEPATOPHUX arperaris.

Ha puc. 3, sax npukiaja, HaBelIeHO NMOTOYHI 3HAYEHHSI PEKMMHUX IOKAa3HUKIB, SIKI Oynu
OTpUMaHI 3a pe3yJbTaTaMU MOJEIIOBAaHHS MAaHEBPY «pO3riH — BHXIA Ha 3ur3ar»» s
nacaxupcrhkoro cyaHa — enekrpoxoaa LIRICA. PosrisayTo «3ur3zar 20°20°.

A

A —3yNHHKA MAHEBPY.
3acTocoByeThCs, KO Kype cylHa gocsarae e =0 Ag

A5 — KyToBa IBHAKICTH = 0.
Bumipioethest KyT Kypey (ApyTHii KyT nepeBuienHs). < ——

A4 — mepexnaaka kepma Ha Pr = +10°.
3acTOCOBYETBCH, KOJIM KYpC CyIHA JocArae We = -10°.

A3 — KyToBa IIBHJKicTE = 0.
BuMiproeThest KyT Kypey (MepIinii KyT nepeBHIIeHHS).

A, — mepexnanka kepma Ha g = -10°.

3aCcTOCOBYETRCA, KOJIM KYT KypCy cyaHa ye = 10°.

A | — nepeknajka kepma Ha g = 10°. A
3acTOCOBYETHCS, KOJIH TIBHAKICTH = 1. 1

Ay — 1109aTOK po3roHy cyana. A,

Pucynoxk 2 — Cxema pyxy cylHa ITii 4ac BAKOHAHHS MaHEBPY
"po3riH — BUXix Ha 3ur3ar"
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BiagnocHi ouHHII
n

0,5

Be

0,0

b ATSZm e
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BinnocHi onuHHLI
Pucynok 3 — IloTouyHi 3Ha4eHHS pPEeXUMHHX ITOKa3HUKIB
NpY BUKOHaHHI MaHEeBpY "pO3riH — BUXiJ Ha 3ur3ar”

Kpim nepepaxoBaHMX pe>KMMHUX IOKAa3HUKIB, HA pUC. 3 MMOKa3aHi:

— KyT [IOBOPOTY Kepma f3R;

— KyT apeiidy Pr;

— CKJIaJI0Ba CHJIM OTIOPY BOAM PyXY CyJ/HA IO MO3J0BXKHBOI 0ci — Rx.

AHaii3 pe3ynbTaTiB MOJENIOBaHHS Moka3ye Take. llpm Buxoai cyana Ha "3ursar',
HAaBAaHTAXCHHS Ha €JIEKTPOCHEPTeTUYHY YCTAHOBKY 3pOCTalOTh. [IPHUMHOI0 IFOTO € KOJWBAJIbHI
3MIHM TO3J0BXHBOI CKJIaAoBOi Rx cuiam omopy Boau pyxXy CyAHa 1 3MIHH, Y 3B'S3Ky 3 IUM,
HIBUJIKOCTI PyXy V. Y pe3ynbTati — 301IbIIyI0ThCS HAaBAaHTAXKECHHS 1 Ha TPEOHI eIeKTPOABUTYHH, 1 HA
reHepaTopu, 1 Ha TEIUIOBI JABUTYHM TE€HEPATOPHUX arperatiB. Y TOH e dac, I JIOJaTKOBI
HaBaHTAXCHHS HEBEJIMKI 1 HE MEPEBUIIYIOTh IOMYCTHMHUX 3HAYCHD.

TpaexTopist pyxy CyAHa Ha MaHeBpi, IO PO3MNISAJAEThCA, MOKazaHa Ha puc. 4. Bona
BijmoBigae «3ur3ary» 10°/10°.

Pucynox 4 — Tpaektopis pyXy cynHa
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Komm'torepHa Bi3yamizailis MaHEBpPY JO3BOJISIE TPOAHANI3YBATH TPAEKTOPIIO PyXy Ta
OILIIHUTH BCl IOKA3HUKH, 110 XapaKTEpU3yIOTh el MaHeBp. Y XapaKTepHUX TOUKaX Ai TPaeKTopii,
IO JIiBOMY OOpTY cyaHa (IUB. puC. 4) MPOCTaBJICHI:

— TPUBAJICTH MPOHIEHOTO eTamy y BigHocHOMY (T) Ta abconroTHOMY (1) "aci;

— MPOWICHUH IIIAX MO ocax Xi, Y1 Ta MpolieHa CyTHOM JAWCTAaHIis Si y BiIHOCHUX (B
JIOBXKMHAX CY/IHA) Ta a0COMOTHHX (y METPax) OJUHUIISX;

— MBUAKICTH CyJiHA V Y BIIHOCHUX OJUHUIIAX;

— KYT KypCy CyJHa Y.

Po3pobnennii MareMaTHYHMN amapar, Mpane3JaTHICTh SKOTO MPOLTIOCTPOBaHA, T03BOJISE
MEPEeUTH 10 BUPINICHHS OCHOBHOTO 3aBJaHHS — OI[IHKM BIUIMBY KOHCTPYKTHBHHX MapaMeTpiB
KOPITyCYy €JIEKTPOX0/1a Ha MOKa3HUKH SKOCTI BAKOHAHHS MaHEBPY «3UT3ar».

[ToTouHi 3HaYEHHS PEKUMHUX [MOKA3HUKIB, 1 BIJMOBIIHO MMOKA3HUKH SKOCTI MaHEBPYBaHHS,
3aJiekarh Bij] y3araJbHEeHUX O€3pO3MipHHX MapaMeTpiB MPOITYIHCHBHOIO KOMILIEKCY EIEKTPOXOa.
Y OumblIicTh IHMX TapaMeTpiB BXOIUTH JOBXKHMHA cyAaHa L. 3 TOIOBXKEHHSM KOpIyCy CyaHa
3HAUEHHS IUX [apaMeTpiB 3MIHIOIOTHCS, OTIKE 3MIHIOIOTBCS 1 TOKA3HUKU SKOCTI BHUKOHAHHS
MaHeBpY. [CTOTHHIA BIUTUB Ha TIOKAa3HUKH SIKOCTI MAaHEBPYBaHHs, TIPU PYCi CyHA 110 KPUBOJIHIHHIN
Tpaekropii, [ 13] natoth 6e3po3mipHi napamerpu (2) — (17)

Ls KpiPy

Ny =2 @
(M+%Aq1 )V
L35 K pi Py

N = L ©

2(3; +hes VG

2[0,739 +87 H}cgo Py2E
o _ L | mop 0D
65 —

; (4)
> KpiFeo
B 2 2 2 2 2 2\BR I
Cwmis = |\,/|20 (bM +CMaO)+(dM +eMa0)22—M+2r1Ma02—M ; ()
' Bmo MO
Nl\/l :M; (6)
JM®MmoVo
m+ A
Chp=—72 ™
M+ Aqq
200 — A
CXZ]‘:M; (8)
m+2Aqq
498 Vosc(l—\lf)2
CRY = ; (9)
> KpjPejo
P2
0,07-voFp
Cpp=—2 (10)
KPjPejO
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05C} SVSFD

Co = 11
21 =Ko Py (11)
C2 BV(ZJ FD
C22 =, (12)
2 Kpi R0
C3BVSFD
2 KpiFejo
2m12v(2)FD
Cor=—""—=—; (14)
z KPJ PejO
2m, P v2F,
Cog=— 2 (15)
= KpjPejo
2m, Pv2F,
Cos=—2——: (16)
z KPJ PejO
MwunL
NM :¢, (17)
IMOmoVo

ne: Pejo 1 Kpj — KOpUCHHUH yIOp KOXXHOTO TpeOHOr0 IBUHTA Ta HOTO YacTKa y CyMapHOMY TOTOI
BiNOBITHO; H 1 M — ocazaka cyiHa Ta HOro Maca; p — MUTOMA I'yCTHHA BOJM; A1l Ta A22 — IPUETHAH]
Macu BoJu B310BXK oci X Ta oci Y; Fp — mpuBenmeHa mioma 3aHypeHOT YacTHHH JiaMeTpaabHOT
IUIONIVMHY CYAHA; Jz Ta A6é6 — MOMEHT iHEpIlil CyJHA Ta MPUEIHAHUNA MOMEHT iHEpIii BOIU TpHU
obepTaHHI HABKOJIO OCi Z; Urx — KOe(DIIIEHT omopy KepMa; Uk — KoedillieHT O19HOT CHIIM KepMa; ¢
— KyT Kypcy; Sc — npusefieHa miomma kepma; CyP, C2, €3 — xoedimienTu cuu kopmycy; M1, M3, Ma —
KoeQilieHTH MO3ULiIiHOro MoMeHTy omnopy; Cmo® — xoedilieHT aemMmdyrdoro MOMEHTY OHOpY;
Bmo — abcototHe koB3aHHs poropa ['EJl; oo — BigHOcHa wactora Hanpyru ['EJI; rim, ram' i bm, cwm,
dv, em — mapaMeTpu Ta MOCTIHI KOE(II[IEHTH ACHHXPOHHOTO YaCTOTHO-KEPOBAHOTO TPEOHOTrO
€JIeKTPO/IBUTYHA.

Sx mpukiIam, po3TISHYTO 3rajlaHe BHWINE, KPYi3HE NacCaKHUPChKE CYJAHO — CIIEKTPOXIT
LIRICA (mami — 6a3oBe CyJHO), OCHOBHI IapaMeTpH SKOTro HaBejaeHl y Tabn. 1. AnbTepHaTuBHE
CYIHO — II€ eJIEKTPOXIiJI 3 TI€I0 K eNEKTPOCHEPTETUIHOK YCTAaHOBKOIO, ajie 3 MOJOBKEHNM Ha 25 M
Koprycom. Moro mapamerpu HaBeJIeHi y Tiif xe TaGmIi.

Tabmuis 1 — OcHOBHI TapaMeTpH eIeKTPOXO/I1B

Anvmepna- Anvmep-
bazoese bazose
Iapamemp muene Iapamemp HamueHe
CyoHo CyoHo
CYOHO CyoHo
1 2 3 4 5 6
Maca, T 29 698 32757 | CyMapuuii ynop 1602 1602
rpeOHUX TBUHTIB, KH
Homxausa no KBJL, M 2512 2762 | Llupnsa no KBJI, v 32 32
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[TponosxeHHs Tab. 1

1 2 3 4 5 6
MoMeHT iHepIii , 7132 7132 OOepTanbHU MOMEHT 146.1 146.1
rpeOHOTO TBUHTA, KT+M T'EJl, kH.-m
Ocanka cepenHsi, M 6,6 6,2 Koepiuient 0,136 0,137
3aCMOKTYBaHHSI
HIBuaKicT pyxy, M/c 11,3 11,3 JiaMeTp rBuUHTa, M 4,95 4,95
M ; . Yacrora obepTaHHs
OMCHT THEPIH Cy A 1,56.10" | 2,08.10" | rpe6Horo reunTa, 120 120
HAaBKOJIO 0Ci Z, KT+M
00/xB
.. [IpomynecuBHa
Ki"eq"mem TOBHOTH 0,98 0,98 TOTYKHICTb OJIHOTO 9180 9180
MiJIeJIb IIMAHTOYTY TEJL, kBt
IIpuBenena mioia IIpuBeaenuit 1o Bainy
3aHypPEHOI YaCTHHHU 1615 1668 I'EJl momeHT iHepii, 7404 7404
T, M2 KT+ M
KoedirmienT npuearanmx Koegiuient
H prcaHar 0,013 0,01 MPUETHAHUX MAC BOJIU 0,386 0,365
Mac BOIHM HaBKOJIO oci X .
B310BX ocl Y
Koeoimient npueqHannx Hotyxcuicts
! preHan 0,332 0,32 enextpoenepretuunoi | 30 600 30 600
Mac BOJU HAaBKOJIO Oci Z
YCTaHOBKHU, KBT
ITnoma kepma, M 28 28

UucenpHi 3HA4YEHHS Yy3arajbHEHUX O€3pO3MIpHUX MapaMmeTpiB s 0a30BOro Ta
JIBTEPHATUBHOI'O €JIEKTPOXOLY MpeJICTaBlIeH] y Tabu. 2.

Tabmuis 2 — Y3aranpHeH1 6e3po3MipHI mapaMeTpu KOMILIEKCY

Yucenvne 3HaUeHHA Yucenvne 3HaueHHA
Iapamemp Gasose cyono abmepnamuene Ilapamemp Gasose cyono albmepHamuene
CYyOHO CYyOHO
Cop 4,505 4,654 Ces 7,454 7,422
Cn 0,418 0,366 Cry 8,15 8,15
Ca 47,76 44 54 Nx 0,104 0,1047
Cas 5,79 5,98 No 0,631 0,636
Ca 3,73 3,324 Ci2 1,168 1,351
Ces 4,385 4,813 Cn 0,736 0,703
Ces 0,644 0,266 Nm 5,1 51
Cwis 7,15 7,15

BignosigHo mo CranmaptiB maneBpeHocTi (Peszomornis MSC.137(76)), ans enekTpoxois,
napaMeTpu sIKUX NMpuBeeHi y Tali. 1, Kpurepii OLIHKY MaHEBPY «3UT3ar»:

— 13 3acTocyBaHHsIM KyTa kepma 10° miBopyu/nmpaBopydy, CyZAHO HEe OBUHHO NPOMTH Olniblie
HIX 2,5 TOBXHWHHU CyJIHA 10 MOMEHTY 3MiHU Kypcy Ha 10° Bi1 MOYaTKOBOTO KypCy;

— 3HAYEHHs MEePIIOro KyTa NepeBUILeHHs Y BUNPOOYyBaHHi «3ur3arom» 10°10° He MOBUHHO
nepesutyBatu [5 + 1/2(L/Vv)] rpaaycis; mis 6azoBoro enekrpoxoza, mpu L =251,2 miv =11,3m/c,
1Ie CTaHOBHUTH 16,1 TpamyciB; s allbTEPHATUBHOTO eJeKTpoxoa, mpu L =276,2 m i v =11,3m/c,
3HAYEHHS MepUIOro KyTa MepeBUIIIeHHs] He TOBUHHO NepeBUIyBaTH 17,2 rpanycis;

— 3HA4YeHHs JIPyroro KyTa MepeBUIlEHHS y TecTi «3ur3ar» 10°%10° He moBuHHO OyTH
oimermMm [17,5 + 0,75(L/V)] rpagycis; mist 6a30BOT0 €IeKTpoxoja Iie CTaHOBUTH 34,15 rpamycis;
JUIsL alIbTepHATUBHOTO — 35,8 rpaaycis;

— 3HAUEHHSI IPYTOTO KyTa MEPEBUIIEHHS B BUMPOOyBaHHI «3ur3arom» 20°20° He MOBHHHO
nepeBuIyBaTH 25°.

BrnnuB n0BXKUHM KOPIyCy €JIEKTpPOXOJa Ha MaHEBp «3HUr3ar» OL[IHEHO 3a pe3yibTaTaMu
MoOJIeNIoBaHHA 000X MaHeBpiB — «3urzar» 10°10° ta «3ursar» 20°20°. MaHeBpH BHKOHaHI 3a
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CXeMOI, HaBeieHOr0 Ha puc. 2. Ha puc. 5 mpexacraBieHi Tpaekropii pyxy ©azoBoro Ta
QJIBTEPHATHUBHOIO €JEeKTpoxody Mo BapianTy 20%20°. Y modaTkoBHil MOMEHT uacy Ao cynaHa
pO3TaloBaHi B IMOYATKy CHUCTEMH KOOPAMHAT, aje 31 3MIMICHHSAM (UIS 3pYYHOCTI IMOJaHHS Ta
aHaJizy pes3yibTariB) mo nomepeuHiit oci Y. Y MomeHT uyacy T =0 moumHaeTbcs posrid. Ilpu
JOCSTHEHHI IMBUAKOCTI V=1 TOYMHAETBCS MAaHEBp «3UT3ary», BIANOBIAHO 1O CTaHAAPTHOI
nporexypu. MaHeBp 3aKiHUY€ThCsI, KOJIM CyJIHa BUXOAATh Ha Kypc Yyc = 0. ¥ xapakTepHUX TOYKax
TpaekTopiii 0a30BOro Ta aJbTEPHATUBHOTO CYy/AHA, 3a AHAJOTIE0 3 pHUC. 4, TpeacTaBieHa
iH(OopMaIlis Mpo TPUBAJIICTh €TaIly, MPOKHICHOTO IIIAXY, IMBUIKOCTI Ta KYpCy Cy/IHa.

™. ¥ e

Pucynok 5 — Tpaektopii pyXy 0a30BOTO Ta albTEPHATHBHOTO €JIEKTPOXOIIB

PesynpTat MOpPIBHSUIBHOTO aHaji3y OCHOBHUX TIOKa3HUKIB MaHEeBpYy y ©0a30Boro Ta
TBTEPHATUBHOTO €JIEKTPOXO/IIB HABEACHO y TabII. 3.

Tabmuus 3 — Pe3ynbraT MOPiBHAIBHOTO PO3PAXyHKY MAaHEBPY «3UT3ar»

Tlokaznuku manespy «3uzzazy
nax cyduaOOO Ilepuwiuii kym pyzuit kym Iepuiuii kym
E 0 MOMEHmY 3MIHU
J1eKmMpoxo o nepesuujeHns y nepesuuieHns y nepesuujeHns y
Kypcy na 10° ¢io ; ; ;
R ONAMKO8020 6UNnpPoOy8anHi 6UNnpPo0OysanHi euUnpooysanHi
suzzazom 10°10° | 3uzzazom 10°10° | 3uzzazom 20°/20°
Kypcy
Cranmapt IMO <25L <16,1° <34,15° <25°
Basosuii 2,01 10, 53 10,51 20
AnbTepHaTUBHUN 1,84 10,59 10,52 19,99
Bupxntern 85% +05% +01% ~0,05%
nokasHuka, %

[TopiBHSHHS pe3yJbTATIB PO3PAaXyHKIB IMOKa3ye Take. 3i 30UIBLICHHSM JOBXHWHHU CYJIHA,
OUIBLIICTh MOKA3HUKIB SKOCTI YIPaBIIHHS, 1110 OI[IHIOIOTHCS 32 MAHEBPOM «3UTI3ar», MPaKTHYHO HE
3MIHIOIOTBCS 1 3QJIMIIAIOTECS Y BCTaHOBiIeHUX CraHmaproM Mexax. binbine Toro — muisx, sKuMm
MPOXOJUTh CYTHO 1O MOMEHTy 3MiHM Kypcy Ha 10° (mmouaTkoBa 3JaTHICTH JI0 TIOBOPOTY),
3MEHHIyeThes Ha 8,5 %, 0 CBIAYUTH PO MOKPAIIEHHS IEOTO KPUTEPIIO.

I y 6a3oBoro, i agpTepHATUBHOTO EJIEKTPOXOJIIB, i3 BUXOJOM Ha «3HIr3ar», y 3B’S3Ky 31
3MiHOIO Rx, 3MIHIOETBCS MIBHAKICTh pyXy cyaHa. Lli 3MiHM MarOTh HEperyJspHHA Xapakrtep. Y
pe3yJbTaTi — 3pOCTaHHS HaBaHTa)KEHb Ha BC1 CKJIAZIOBI CY/THOBOI €JIEKTPOCHEPTEeTHYHOI YCTaHOBKH.
Ane, 111 1OJATKOB1 HABAaHTAXKCHHS HEBEJIMKI 1 HE MEPEBULIYIOTh JIOMYCTUMHUX 3HAYCHD.
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BucHoBku

1. Ha meBHOMY eTami >KUTTE€BOTO LIMKIY MACaKUPChKUX CY/IEH BCTA€ MUTAHHS 30€peKeHHS
eKOHOMIYHOI eeKTHBHOCTI iX ekcruryararii. OnuH i3 BapiaHTIiB po3B’sI3yBaHHS [[bOTO NMUTAHHS —
MOJIepHi3allig CyAeH 31 301IbIIEHHSIM IXHBOI TOBKHHH. Y XBAJICHHS PIIICHHS MPO AOIIbHICTh TaKOi
MO/IepHi3alLlli MO>KJIMBE 32 YMOBAaMHU HEMOTIPIIEHHS! KEPOBAHOCTI CYyEH.

2. 3anpornoHOBaHO METOJ OLIHKM IMOKa3HHMKIB SKOCTI MaHEBPYBaHHS CyAEH 3 I'peOHUMHU
€JIEKTPOCHEPreTHYHUMU ycTaHOBKaMu. OIIHKY CJIiJ] IPOBOJIU 3 yPaxyBaHHSM MEPEXiTHUX PEKUMIB
poOOTH Yy BCIX CKJIAJIOBUX YAaCTMHAX €JMHOTO CYIHOBOT'O IPOIYJbCHBHOrO Komiuiekcy. Hanano
CTPYKTYpPHY CXEMY KOMILIEKCY Ta 3allpOIIOHOBAHO METOJ PO3PAXYHKY LIUX IMOKA3HUKIB.

3. Ha npuxmazgi KOHKPETHOTO €NEeKTPOXoJa Ta HWOro ajbTepHATUBHOIO (3 MOJOBKEHUM
KOpITyCOM) BapiaHTa MPOBEACHO MOPIBHSUILHUIN aHalli3 BIUIMBY JTOBXXHWHU KOPITyCa HA MOKA3HHKIB
SKOCTI BUKOHAHHS €JIEKTPOXOAAMU MaHeBpy «3ur3ar». OLIHKY 31MCHEHO 3a MOKa3HUKaMH, L0
BiamoBinarTs Ctanmapram maneBpeHocTi Pesomromii MSC.137(76).

4. TlokazaHo, 10 Mpu 30UIbIIEHHI JOBXMHHM CynHa B Mexax 10% OCHOBHI NMOKa3HUKH
BUKOHAHHS MaHEBPY MPAKTUYHO HE 3MIHIOIOTHCS. SIKIiCTh KepyBaHHS CyJHOM He moripuryerbes. Ha
MOKa3HUKHU SKOCTI poOOTU CYIAHOBOI €JIEKTPOECHEPreTHMYHOI YCTAaHOBKM 3MiHA JIOBXKMHHU BILUIUBAE,
IpoTe Il 3MIHM HE NEepPEeBULIYIOTh MEX, periiaMeHToBaHux Perictpom. [Ipu OLIHKM JOLUIBHICTH
[IOJIOBKEHHS KOPITYCY CyJHA y 3a3HaYCHHUX MeXKaX, CJIiJl KepyBaTUCh caMe €KOHOMIYHUMHU ILUIAMU
noAi6HOT MoepHi3allii.

IlepciekTHBOI0 MOJANBIINX AOCTIKeHb € PO3POOJCHHS METOIB OLIHKU I1HEpIIHHMX
XapaKTePUCTHK Ta aHAJII3y MAaHEBPEHUX PEKUMIB CyJHOBUX MPOMYIbLCUBHIUX KOMIUIEKCIB HA OCHOBI
Teopii AMHAMIYHOT MOMIOHOCTI NpPU MPOBEAECHHI PO3MIPHOI MOJAEpHi3alii CyJeH, SK BaromMoro
(dhakTopy, 110 3a0e3neuye X 6e3aBapiiiHy eKCIUTyaTalio.
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Shumylo O. M. INFLUENCE OF THE ELECTRIC SHIPS’ DESIGN PARAMETERS ON THE
PERFORMANCE OF THE «ZIGZAG» MANEUVER

The purpose of the research is to develop a method for assessing the influence of the design parameters of
electric ships’ hull on maneuverability. Methodology. When maneuvering, all components of the propulsion
systems operate in transient modes, significantly influencing one another. A comprehensive approach to the
construction of a method for estimating maneuvering indices is substantiated. The analysis is based on a
mathematical model of transient modes of ship propulsion systems. The main provisions of dynamic similarity
theory are used. Results. Criteria of dynamic similarity are found, which significantly affect the maneuver
capability indices. A method for assessing the quality indices of the «zigzag» maneuver performance has been
developed. A comparative analysis of the effect of the electric ship hull elongation on the main maneuvering
quality indices has been carried out. It is shown that with an increase in the length of the vessel up to 10%, the
main indices in accordance with the Maneuverability Standards do not deteriorate. The performance of the
electric power plant does not exceed the permissible limits. For the purpose of economic feasibility, elongation
of the ship's hull within the specified limits is permissible. Scientific novelty. The main provisions used in the
construction of the method for assessing the quality indices of the «zigzag» maneuver performance ensure its
versatility. The transition to generalized dimensionless parameters makes it possible to cover a large class of
vessels by research. Practical significance. The developed method of calculation enables us to evaluate the
degree of deviation of electric ships’ maneuvering indices when additional inserts are introduced into the
ship's hull. It becomes possible to predict the maneuvering properties of modernized ships. Bibl. 15 tab. 3,
fig. 5.

Key words: electric ship propulsion system; modeling of transient modes; «zigzag» maneuver; maneuvering
quality indices; influence of hull length.
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DEVELOPMENT AND 3D PRINTING OF VESSEL MODELS
WITH AUTOMATED TRAFFIC CONTROL SYSTEMS

Nosov Pavlo, Ph.D., Associate Professor, Department of Innovative Technologies and
Technical Devices of Navigation, Kherson State Maritime Academy, Ukraine, e-mail:
pason@ukr.net, ORCID: 0000-0002-5067-9766;

Zinchenko Serhii, Dr.s, Associate Professor, Ship Handling Department, Kherson State
Maritime Academy, Ukraine, e-mail: srz566@ukr.net, ORCID: 0000-0001-5012-5029;
Nahrybelnyi Yaroslav, Dr.s, Professor, Dean of Navigation Faculty Kherson State Maritime
Academy, Ukraine, e-mail: navidepksma2020@gmail.com, ORCID: 0000-0003-3266-5798;
Onyshko Dmytro, Senior Lecturer, Department of Innovative Technologies and Technical
Devices of Navigation, Kherson State Maritime Academy, Ukraine, e-mail:
onushkodn@gmail.com, ORCID: 0009-0005-8394-3091;

Polishchuk Vadym, Deputy dean of Navigation Faculty, Kherson State Maritime Academy,
Ukraine, e-mail: vadpolie@gmail.com, ORCID: 0000-0003-4970-8010.

The aims to enhance maritime navigation quality and safety by developing autonomous navigation systems that
mitigate the negative impact of human factors through advanced software and hardware integration with

servers and onboard controllers.

A pivotal challenge faced by researchers is to minimize the potentially negative implications of human factors
in the context of vessel management, and to develop efficient mechanisms for software and hardware

interaction with servers and onboard controllers.

From a methodological perspective, the research encompasses: a) the development of modules to refine
management processes; b) the creation of simulation stands for comprehensive research; and c) the design of

a detailed 3D model of the MSC Panaya container ship.

The principal outcomes of our study involve the creation of a detailed 3D model of the MSC Panaya container
ship, based on factory blueprints. Utilizing advanced 3D printing technology and PLA plastic, physical models
ready for field testing of the proposed technical solutions were successfully fabricated. After selecting and
configuring a remote-control system for the ship model, it was ensured to be waterproof, maneuverable, and
compatible with other components. Using the chosen remote-control system, the model could operate at a
distance of up to 500 meters. Notably, the application of PID controllers assists in stabilizing the vessel under
varying weather conditions and marine currents. Furthermore, approaches to optimize hardware components,
including microcontrollers, sensors, and associated software, were explored. Emphasizing the development of
autopilot systems for ship models up to 2 meters in size, it was discerned that compact sensors such as LIDAR,
cameras, and sonars could be particularly beneficial for such vessel models. Additionally, communication

systems and integrated GPS modules can simplify navigation and interaction.

The practical contribution of the study is reflected in the development and implementation of comprehensive
technical solutions aimed at the optimal interaction of the ship model with water bodies, considering the
dynamics of weather conditions and nuances of maritime navigation. Experimental testing under real
conditions and modern control systems have augmented the efficiency of the model's operation. Prospects for
further research include additional refinement of technical solutions and their adaptation to the needs of real

ship systems.

Key words: Autonomous navigation systems; human factor; ECDIS/AIS; 3D modeling; remote-control system;

PID controllers; maritime navigation.

DOI: 10.33815/2313-4763.2023.1-2.26-27.070-081

Introduction. The current state of navigation systems development, automated and
intelligent means of controlling the movement of vessels, complex multi-parameter automatic
modules requires continuous improvement of relevant information and formal models and methods
to maintain the reliability and safety of navigation. The directions of development of this field
determine the synthesis of new approaches, development of software and hardware for simulation
and field experiments, aimed at identifying priorities in the science and technology of water

transport.

The human factor is currently the weakest link in the vessel control system [1-3]. According
to world statistics, it is the human factor that causes accidents and catastrophes at sea in 75-96% of
cases. Modern approaches and organizational measures taken to strengthen the training and
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retraining of seafarers, amendments to the International Convention on Standards of Training,
Certification and Watchkeeping for Seafarers, and other IMO measures have not led to a significant
reduction in accidents.

This is due to growing number of information sources that the captain (pilot) must process at
the same time. It is the information and organizational load, the high level of responsibility is the
reason for the increase in vessel accidents. Thus, today it is becoming increasingly clear that the
most effective way to achieve the desired result is to reduce the impact of the human factor through
introduction of modern information control systems for vessel traffic.

The study [4] points out that in practice there are many difficult situations when the
International Regulations for Preventing Collisions of Ships of 1972 (COLREG-72) do not have
clear answers and recommendations for the actions of another vessel in divergence and
maneuvering. Usually, in such situations, the navigator makes decisions from his own experience,
which significantly increases the level of danger in maritime transport. Ambiguity in situations
where, for example, a vessel loses control, stops, or violates rules requires scientists to conduct
multiple simulations and field research, mathematical and software processing of large data sets,
which will further develop appropriate automated modules to support decision-making in complex
and atypical situations.

The research presented in [5] is aimed at analyzing the probability of stability of vessel
traffic, approaches based on the entropy of information about navigation states. Experts are directly
involved in such situations, transforming their experience into a decision support information
system. This area of research is also related to risk analysis, loss of balance of control actions,
analysis of the degree of uncertainty of the navigation situation and thus supports the research areas
of the research laboratory on an integrated approach to collecting experimental data. The difficulty
of solving this problem remains quite high because expert opinion is not subject to the negative
influence of human factors and this fact suggests that the scientific search to avoid it in difficult
situations should continue.

In certain areas of prevention of negative manifestations of the human factor involved
organizational approaches aimed at the cognitive mechanisms of the operator-navigator [6].
Interviews of seafarers in difficult situations are conducted, structural conclusions are drawn and
guidelines are formed. However, even these measures do not give significant results, because the
pilots during the interview and those who are directly on board are in different physiological states.
In connection with these circumstances, the processes of situation analysis and decision-making are
formed differently with different priorities and time for information processing. All this
presupposes taking into account the conditions in which the decision-makers make decisions, the
formation of individual models of decision-making, and so on. Thus, the time ranges of decision-
making and the time of the maneuvering stages depend on the perception of the situation by the
navigator [7]. This area of research is important because of the distortion of the processes observed
during time maneuvering by the navigator. It is the perception of risk that affects the time distortion
of the navigator and causes uncertainty in his actions, which introduces an imbalance in navigation
safety.

Also, taking into account the significant economic losses caused by disruption of main
waterways and canals, special attention should be paid not only to emergencies, but also to
emergencies that have insignificant differences in maneuvers and difficult harbour crossings [8, 9].
In this case, the courses do not intersect and the rules of COLREG-72 are not violated. However,
atypical actions and minor deviations from the vessel's established trajectories, speed, time
maneuvering stages and limited sources of information for the captain's decision-making should be
of concern for control and information support. In such circumstances, there is a high level of
uncertainty in the set of indicators and parameters of the vessel, which signals the non-typical
situation. In order to constantly monitor navigation situations, there is a need to create automated
and intelligent control systems that will track even minor differences from the trajectories in
predetermined locations.

Statistical surveys usually introduce a multi-navigation risk assessment system [10], which
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uses vessel risk profile inspection data, automatic identification system (AIS) data and expert
judgment. The combination of data gives a complete situation that allows port operators to
understand the situation in the maximum possible detail. However, the dynamic nature of
maneuvering vessels and the difficulty of forecasting them in bad weather or abnormal situations
should be taken into account. The combination of approaches significantly expands the analytical
capabilities of the system, but requires the creation of new and mathematical models and methods
of vessel traffic control and appropriate automated control systems. The creation of such systems
will provide comprehensive support for individual vessels and the management of the local system
of vessel traffic in the water area and increase the safety of navigation.

The research aims to enhance maritime navigation quality and safety by developing
autonomous navigation systems that mitigate the negative impact of human factors through
advanced software and hardware integration with servers and onboard controllers.

Main research material. To obtain new scientific solutions, build innovative integrated
systems of human-machine interaction in the ergatic systems of maritime and inland water transport
of Ukraine in the KSMA was established research laboratory "Development of decision support
systems, ergatic and automated control systems for vessel."

The main task of the research laboratory is to conduct a set of scientific research related to
the creation of latest automated control systems for vessel traffic and minimize the impact of human
factors on these processes.

In the framework of the agreement with the Ministry of Education and Science of Ukraine
for 2021 provides for the development of material and technical base of research laboratory and
conducting on its basis a number of studies related to improving models and methods of vessel
traffic control in divergence and maneuvering to mitigate negative consequences of human factors
on vessel control processes.

The development of the material base of the research laboratory, its facilities with
equipment for simulation and field simulation, provided a solution to a number of problems aimed
at developing a simulation stand using information signals navigation Navi Trainer 5000. This
allowed mathematical and software processing of signals from navigation sensors for the system of
automated control of movement of vessels in difficult navigational conditions.

An important component of the successful application of new approaches and scientific
ideas was the development of appropriate mathematical software for modules of automated control
of vessel traffic with their subsequent use in identifying the risk of vessels collisions. This approach
allowed the use of optimal programs of divergence and complex maneuvering, avoiding the
manifestation of the human factor of captains [11, 12], but performing, at the same time, control
functions under the general control of the navigator. In this case, the captain receives effective
means of optimal control of the vessel's movement and has the opportunity in real time to choose
the time of application of the appropriate automated modules at its discretion according to their
qualifications.

All this allowed to develop a multi-module DSS, which comprehensively performs the task
of identifying the navigation situation, calculated analysis of collision risks, by analyzing the
positions of vessels and vectors of their relative motion, as well as models of human-machine
interaction.

To obtain the results of scientific research carried out in the laboratory, the research was
conducted in the following areas:

— research and development of decision support systems;

— research and development of automated vessel traffic control systems;

— research and development of ergatic systems in vessel control;

— use of navigation simulators, simulation stand modelling for research and development of
these systems;

— study of the negative impact of human factors on the safety of traffic control.

The designated research directions of the laboratory are focused on comprehensive
maintenance of navigation safety through the use of automation and the latest information
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technologies. This includes the development of decision support systems, automated vessel traffic
control systems, ergatic systems in vessel management, the use of navigation simulators for
research and development of these systems, and the study of the impact of human factors on traffic
control safety.

The primary research focus of the laboratory is the development of automated systems and
field models of vessels, which provide scientific data and results to enable maneuvers without
human intervention, enhancing the accuracy and reliability of operations. These developed systems
are also aimed at optimizing vessel traffic control and reducing the negative impact of human
factors on this process. [13].

The research laboratory's work was focused on combining three key aspects: identifying the
negative manifestation of the human factor and implementing the functions of the navigator's
decision support system. Additionally, the laboratory emphasized the transition to automatic control
of vessel traffic to prevent accidents and emergencies in maritime transport.

The automated systems being developed involve the use of an on-board computer with
modular software focused on performance of individual functional tasks, the number of which can
be scaled as required, as determined by modern control vessels practices. In this direction, work is
already underway to create mathematical, algorithmic and software automatic separation module for
many purposes, including maneuvering, module to increase the reliability of the vessel's traffic
control system, module for optimal maneuvering in narrows and channels using the vessel's center
of rotation and Pivot Point, management of redundant structures of executive devices.

An important area of the research work laboratory is software and hardware interaction with
ECDIS and AIS servers, which will provide the full range of navigation data for multi-stage disaster
forecasting, taking into account weather conditions.

The creation of a simulation stand as a research task, as well as further development of
programs for the on-board controller of full-scale vessel models provides continuous monitoring of
command devices and actuators by comparing the measured parameters of the vessel with their
estimates in the virtual environment of Navi Trainer 5000 and during field experiments on water.

In the future, in addition to vessels with traditional control, research will be conducted to
develop a module for optimal control of redundant structures of actuators used on military vessels,
passenger vessel, special purpose vessels, platform support vessels and the platforms themselves.
Redundant structures can be used to optimize control processes according to the selected target
function. This makes it possible to improve traditional manual redundancy and increase the
reliability of actuators and the maneuverability of vessel. However, redundant structures are also
expected to be used for optimized control processes.

The focal point of the research laboratory's work is the development and application of a
simulation stand based on the navigation simulators of the Kherson State Maritime Academy. This
stand is created by integrating system units with information exchange software and the software of
functional modules of the traffic control system into the local area network of navigation
simulators. The developed simulation stand is aimed at developing and testing mathematical
software for vessel traffic control systems using all the capabilities of training equipment (models
of different vessels, targets, navigation equipment, sailing areas, weather conditions and equipment
failures). Multi-parameter analysis of navigation data in real time with a discrete step in a split
second allows you to form management decisions without delay.

The accumulated base of field experiments over several years of operations and maneuvers
by navigators on navigation simulators allows to ensure high accuracy of data processing by
nonlinear multiparameter mathematical and software tools, which increases the accuracy of decision
support systems, their proximity to real conditions and reliability.

The relevance and choice of the proposed scientific approaches is supported by a number of
modern studies of both domestic and foreign scientists. The difficulty of these studies is that the
vessel has its inertia, according to its mass and length, and therefore the time to the nearest
approach point (TCPA) is changing dynamically and navigation simulators are not able to fully
convey all the physics and realism of processes. This makes it necessary to use models of vessel to
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be made using 3D printers, as provided in the research laboratory.

The plan to create a detailed and functional 3D model of a ship using SolidWorks:

1. Analysis of Theoretical Drawings

Tools: Use 'Sketch' for initial outlines based on drawings.

Commands: 'Import’ for bringing in the factory drawings.

Functions: 'Measure' and 'Dimension’ tools for accuracy.

2. Formation of 2D Contours

Tools: '2D Sketch' for creating the initial hull contours.

Commands: 'Convert Entities' to transfer 2D sketches into workable profiles.

Functions: 'Offset' and 'Trim' for adjusting and refining contours.

3. Creation of a 3D Base Surface

Tools: 'Surfaces' for generating the hull's 3D base.

Commands: 'Lofted Surface' for complex shapes.

Functions: 'Reference Points' for accurate spatial form creation.

4. Designing the Complex Surface of the Hull Bow

Tools: '3D Sketch' and 'Surface Tools' for the hull bow.

Commands: 'Swept Surface' for complex curved surfaces.

Functions: 'Cutting Planes' for detailed shaping.

5. Hull Modelling and Shaping Operations

Tools: 'Extrude’, 'Revolve’, and 'Sweep' for main hull shaping.

Commands: 'Shell' for hollowing out sections.

Functions: 'Fillet' and 'Chamfer' for smooth edges and transitions.

6. Formation of the Longitudinal Contour

Tools: 'Solid Bodies' for creating the main structure.

Commands: 'Boolean Operations' for subtracting and adding geometries.

Functions: 'Combine’ for merging different parts.

7. 3D Modelling of Deck Superstructures

Tools: '‘Assembly’ for putting together different segments.

Commands: 'Mates' for aligning and positioning components.

Functions: 'Pattern’ for replicating similar structures.

8. Combining Elements into a 3D Assembly Model

Tools: '‘Assembly Modeling' for combining all ship components.

Commands: 'Insert Component' for adding individual parts.

Functions: 'Interference Check' for ensuring no parts clash.

9. Direct Production and Control

Tools: ‘3D Printing Prep' for preparing the model for printing.

Commands: 'Export to STL' for 3D printing compatibility.

Functions: 'Simulation’ for testing the model's performance.

Creating a model MSC container vessel for field modelling. As part of the research
laboratory "Development of decision support systems, ergatic and automated vessel traffic control
systems” in 2021 was developed the 3D parametric model of the container vessel MSC Panaya
Drawings according to accurate factory drawings (Fig. 1).

| 3 imzz e =

Figure 1 — Theoretical drawing of the vessel
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Theoretical drawings of the vessel were analyzed and 2D contours of its hull with step-by-
step transfer of mid-frames to 3D shape were formed (Fig. 2).

Figure 2 — Formation of the main geometric bases for 3D modelling

Having received the main contours of the vessel, it became possible to form a three-
dimensional base surface of the hull. The geometry of the main forming surfaces and the number of
reference points for the formation of spatial forms were taken into account (Fig. 3).

Figure 3 — Formation of the hull model in space

The complex surface of hull bow with the pitch and cutting planes is designed, which allows
to most clearly define the complex spatial surface (Fig. 4).

Figure 4 — Formation of the vessel bow

Hull modelling also involved a number of shaping operations (Fig. 5). As a result, the basis
for the location of rudder pen and the inner propeller shaft was made.

Figure 5 — Formation of the stern of the vessel
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The next stage was the formation of the longitudinal contour of vessel as a solid object.
Boolean subtractions were made from the surface of hull to build holds.

The next step was to perform 3D models of deck superstructures. The formed vessel
segments have structural holes for stacking them and reproduce complex geometric shapes with
high accuracy (Fig. 6).

L
L ‘ln,

\ < i

Figure 6 — Stages of deck superstructures formation

Subsequent segmental creation of the superstructure and other elements of the vessel
allowed them to be combined into a 3D assembly model of the vessel (Fig. 7).

musi |

Figure 7 — Creating a 3D assembly model of the MSC Panaya Drawings

Built 3D parametric models allow you to go directly to the production of original model
vessel using the latest information technology to control its movement.

Printing 3-D model of the MSC vessel. The designed 3D models of vessels were exported to
Ultimaker Cura and the printing parameters and corresponding settings were determined (Fig. 9).

Figure 9 — Configuring print settings in Ultimaker Cura

The obtained indicators of vessel model made by 3D printing allowed to obtain control
software trajectories (Fig. 10).
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In order to print certain parts of spatial physical model of the vessel, a 3D printer was
purchased — Tronxy 500 pro (Fig. 11). The main feature of this printer is that it allows you to print
components of vessel models of a sufficiently large size. This 3D printer was purchased for the
needs of laboratory.

The dimensions of printed components of the vessel allow for electronic means to control
and determine its own position relative to other target-vessels.

TTRONXY

wwoze

Figure 11 — Schematic and full-scale image of a 3D printer

The dimensions of vessel model components during 3D printing are sufficient to print the
hull in 4-5 approaches and several approaches (5-9) for other elements of the 3D model (Fig. 12).

i 3

Figure 12 — 3D printing processes of vessel models

The 3D model control system is used for creating detailed vessel models with actuators and
onboard controllers. The use of PLA plastic for 3D printing with a diameter of 1.75 mm, which is
sufficiently resistant to water, temperature, its physical and mechanical properties has significantly
improved the durability and reliability of the 3D model.

To create physical models of vessels, equipped with actuators and on-board controllers,
necessary equipment was purchased for field modeling of vessel traffic. Vessel models, created on a
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3D printer, are equipped with an automated control system including sensors and mini-controllers.
(Fig. 13).

S

a b c
Figure 13 — A set of equipment for the current assembly of 3D vessel model:
a — transmitter/receiver; b — servomechanism; s — propeller

These models are valuable for testing complex navigational scenarios in field experiments,
offering control visibility and cost-effectiveness.

Implementing these approaches in field research is crucial for forecasting and preventing
maritime accidents. The next step is analyzing the feasibility of autonomous navigation
technologies, particularly for smaller vessels (up to 1.5-2 meters). This involves examining sensors,
algorithms, control systems, communication infrastructures, and interfaces, and adapting them to
small vessel specifications.

A high-quality navigation system is essential for the proposed model, with sensors providing
critical environmental data. The GPS system ensures precise location detection, essential for tasks
like maneuvering and rescue operations. Autopilot systems offer enhanced navigation precision,
distance coverage, and operation under challenging conditions. These systems are characterized by
safety, obstacle avoidance, and efficient navigation in complex zones [21].

The radio-controlled model used the FS-i6X transmitter and the FS-iA6 receiver. The FS-
i6X Transmitter, designed for remote control of vessels, offers stable connection and compatibility
with multiple simulators. The FS-iA6 Receiver receives signals and controls the vessel model's
servomechanisms [22]. Key features include stability, flexibility, and quality reception.

After configuring the radio control system, the model was waterproofed, ensuring operation
within a 500 to 1500 meters range. Maneuverability was enhanced by additional channels in the FS-
i6X. All components, including motors and sensors, were chosen for compatibility with the control
system [23].

PID controllers were applied for stabilization and maneuverability, with a graphical
interface displaying PID settings, maps, and diagnostic information. The vessel model's interaction
with the marine environment and weather conditions was also considered vital. Research in real
conditions, simulating scenarios, and testing control systems refine the model's operation, ensuring
reliability and safety.

The radio control system's main components were scrutinized for compatibility and
functionality. Integration with the controller and practical tests were conducted under various
conditions. The ATMega2560 microcontroller was analyzed for potential integration of additional
devices, alongside sensor testing and software ergonomics evaluation [24].

Development of autopilot systems for ship models, particularly those up to 2 meters, focused
on compact sensors and algorithms. LIDARS, sonars, and miniature cameras were deemed essential,
along with adapted trajectory planners and stabilization systems. Communication systems for data
exchange and compact GPS modules were integrated, with wireless interfaces for interaction [25].

Therefore, the main aspects include the use of modern 3D printing for the development of
vessel models, the integration of complex control systems, including sensors, PID controllers, and
radio control. Besides the technical details, it is important to ensure practical testing and
optimization for the safety and efficiency of the models. This approach has allowed for obtaining
more accurate data for prediction and prevention of accidents in natural experiments.
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Conclusions

The research aimed at developing autonomous navigation systems for maritime vessels
primarily focuses on minimizing the negative impact of human factors in vessel management and
fostering efficient software and hardware interaction with servers and onboard controllers. The
methodology involves developing modules for refining management processes, creating simulation
stands, and designing detailed 3D models, such as the MSC Panaya container ship.

Significant achievements include the creation of a detailed 3D model of the MSC Panaya,
using advanced 3D printing technology and PLA plastic. This enabled the construction of physical
models ready for field testing. The models, equipped with radio control systems, were made
waterproof, maneuverable, and compatible with various components, functioning up to a distance of
500 meters. The application of PID controllers was crucial for stabilizing the vessel under diverse
weather conditions. The research also explored approaches to optimize hardware components,
including microcontrollers, sensors, and software.

Development of autopilot systems was a key focus, especially for ship models up to 2
meters, incorporating compact sensors like LIDAR, cameras, and sonars. Communication systems
and integrated GPS modules were also considered vital for simplifying navigation and interaction.

The practical contribution of this study is reflected in the development of comprehensive
technical solutions for optimal interaction of the ship model with aquatic environments.
Experimental testing in real conditions and modern control systems have enhanced the efficiency
and reliability of the model’s operation.

Thanks to the developed complex, cadets were able to practice the main and most complex
maneuvers regarding ship motion control in a real-world setting. It was determined that the speed of
performing maneuvers on simulators increased by 11%. Additionally, obtaining terminal reactive
indicators, individually tailored to each navigator, covered up to 63% of all operations. The limits
of controllability of ship models were also identified, and conditions were determined in which it
was proposed to switch to automatic control, which in 9% of cases prevented critical situations that
could lead to the cessation of traffic in straits.

Future research prospects include further refinement of these technical solutions and their
adaptation to real ship systems, thereby advancing the fields of maritime navigation and
autonomous vessel control.
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Hocos Ilano, 3inuenko Cepriii, Harpudeabnuii Spocia, Ouumko Amutpo, Ioaimyk Bagum
PO3POBKA TA 3D-/IPYK MOJIEJIEM CYIEH JIJISI CHCTEM ABTOMATU30BAHOI'O VIIPABJIIHHSI
PYXOM

Mema Oocnidsxcenns nonseae y nioguujeHui skocmi ma 0e3neku MOpCcbKoi Hasieayii wiiaxom po3pooOKu
ABMOHOMHUX HAGI2AYIIHUX cucmeM, SKI NOM AKULYIOMb He2amusHUll GNnau8 Jar0CcbKo2o Gakxmopy 3d
00NOMO20I0 PO3WUPEHOT iHme2payii NPoePamMHO20 Ma anapamuo2o 3a0e3nederts 3 cepeepamu ma 60pmMosuUMU
KOHMpOaepamu.

Kniouosorw npobnemoro, sika cmoime neped 00CHIOHUKAMU, € MIHIMI3AYiss NOMEHYIUHO He2AMUBHUX HACTIOKIE
JOOCbKO20 (pakmopy 6 KOHMeKCmi YNpAGIiHHA CYOHOM, A MAKOMC pPO3POOKA eQeKmUBHUX Mexawizmis
83A€MOOIT NPOSPAMHO20 MA ANAPAMHO20 3a6e3neyents i3 cepsepamu ma 6OpmMosUMU KOHMPOAEPAMU.

Y memooonoziunomy nnani oocniodicenns nepeobauac: a) po3pooKy MoOYiie 01 YOOCKOHANEHHs. NPoyecie
VIPAGNiHHA, 0) CMEOPEHHS CUMYIAYIUHUX CMeHOI8 Ol KOMWIEKCHO20 OO0CHIOMNCeHHs, | 6) Ou3aiiH
demanizosanoi 3D modeni konmeiineposoza MSC Panaya.

OcHogHi pe3yrbmamu Hauio2o 00CHiONCeHHs NOAA2AIomyb Y po3podyi demanbHoi 3D modeni konmelinepososa
MSC Panaya, wjo cmeopena Ha 0CHO8I 3A600CLKUX KpecieHb. 3 8UKOPUCMAHHAM Nepedo8ux mexuonozit 3D
opyky ma naacmuxy PLA, edaroca cmeopumu ¢hizuuni modeni, 2o0mosi 00 NOIbOBO2O MeCH)8AHHS
3anpONOHOBAHUX MeXHIYHUX piueHs. Ilicia eubopy ma HanawmyeaHHs padiokepyrodoi cucmemu OJis MOOeii
cyoHa, 6yno 3abe3neyeHo ii 6000HENPOHUKHICMb, MAHEBPEHICMb MA CYMICHICMb 3 THUWUMU KOMNOHEHMAMU.
Bukopucmosyrouu obparny padiokepyiouy cucmemy, mooeib mo2na Oiamu Ha eiocmari 6i0 500 mempis.
Baoicnusicmio € 3acmocysanns PID konmponepis, saxi 0onomazaroms cmadinizysamu cyoHO 8 YMO8axX 3MIHHUX
NO200HUX YMO8 mMa MOpPCbKux medit. /looamxoeo 6yn0 6usyeHo RniOXoou 00 ONMUMI3Ayii anapamuux
KOMNOHEHMIB, BKIIOYAIOYU MIKPOKOHMPOAEP, CEHCOPU, d MAKOJIC 6iONosiOHe npozpamue 3aOe3nedeHHs.
3pobuswu akyenm na pospodyi agMONIIOMHUX cucmem 05 Mooerell Kopaonie posmipom 0o 2 mempis, 6y10
8UABNEHO, WO KOMNakmHi cencopu, maxi ak LIDAR, kamepu ma conapu, Modcyms 6ymu 0cooau80 KopucHumu
onst makux moodeneti cyoen. Kpim moeo, cucmemu xomynixayii, a maxooic inmezposani mooyni GPS, mooicymo
cnpocmumu Hagieayiro ma 63aemooiio.

Tpaxmuunuii 6HecoK O0CHIONCEHHA BUABTAEMbCS 6 PO3POOYI MA 6NPOBAONCEHHI KOMNJIEKCHUX MeXHIYHUX
piutenv, AKi CNPAMOBAHI HA ONMUMALLHY 83AEMOOi0 MOOeni CYOHA 3 aK8AmopIEo, 8paxo8yioul OUHAMIKY
NO20OHUX YMO8 ma ocobausocmi MOpcvKoi Hasieayii. ExcnepumenmanbHe mecmy8aHHs 6 HAMYPALbHUX
YMOBAX MA CYHACHI cucmeMu Kepy8anHsa 00380aUNU 30inbuumu ecpekmusnicme pobomu mooeii. Ilepcnekmusu
nOOANLUIUX QOCIIONCEHb Nepeddasaroms 000amKose YOOCKOHALCHH MEeXHIYHUX piulenb ma ix adanmayiio 00
nompeb peanbHux cy0O8UX CUCHIEM.

Knwwuosi cnosa: asmonomui nasicayitini cucmemu, noocokuii paxmop; ECDIS/ALS; 3D moodenosanns;
padiokepyioua cucmema; PID kxonmponepu, mopcoka nagicayis.
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The article examines the navigational complex as a queuing system and defines the correlation between the
difficulty of sailing conditions and system capability. A mathematical model for calculating the servicing
probability was developed. Recommendations for necessary measures to maintain the appropriate level of
system reliability are proposed.The implementation issues of the e-Navigation concept in the International
Maritime Organization (IMO) are examined in this paper. In 2014, the IMO adopted the e-Navigation
Strategic Implementation Plan (SIP). This plan aims to assess the impact of e-Navigation applications in
reducing navigational accidents, such as ship collisions and groundings, as defined by the International
Convention for the Safety of Life at Sea (SOLAS). The expected outcome is a substantial decrease in such
accidents, projected to be around 65 percent. The responsibility for the safety of navigation and efficient vessel
traffic lies with the Member States of IMO, both at the international and national levels. In order to introduce
new concepts and innovative systems into vessel traffic, it is essential to thoroughly evaluate their potential
effects on both SOLAS ships and non-SOLAS ships. The objective of this paper is to provide a detailed and
well-founded assessment of the potential benefits of e-Navigation. To achieve this, we will be exploring and
utilizing the International Maritime Organization's (IMO) methodology for measuring these effects.
Additionally, we will be examining the application of e-Navigation solutions to non-SOLAS ships, ensuring a
comprehensive analysis. In this discourse, the issue encompassing the identification and resolution of faults in
information measuring systems is deliberated upon. Considered are the methods used for reconditioning
defective systems following information failures. It is recommended to enhance continuous measurements by
incorporating specific attributes related to sailing conditions and the technical state of the systems.

Key words: navigation systems; queuing systems; system stability; technical factor; flow of requests; system
failure and recovery; quadratic approximation.
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Introduction. The safety of maritime transportation depends solely on the secure condition
of a ship's deck and machinery. Achieving this necessitates seafarers, analysts, and researchers to
possess a robust technical knowledge and expertise. The reports from the Marine Accident
Investigation Branch (MAIB) from 1993 to 2012 indicate that 6,692 maritime incidents have been
attributed solely to technical factors, while 69% of incidents involved a combination of other
factors. The technical factors encompass a range of aspects such as main/auxiliary/deck machinery,
bridge procedures, maneuverability, collision/contact, electrical systems, fire and explosion
precautions, flooding and foundering risks, general management and procedures, shipboard
activities, grounding hazards, hazardous incidents, navigation and communication equipment,
operational design considerations, pollution concerns, stability measures, structural integrity, safety
equipment, and emergency response protocols, among others. Throughout human existence, one of
the most widely recognized approaches has been to extract valuable insights from past undesirable
events, which in turn helps individuals overcome potential recurrences [1].

The aim of the Strategic Implementation Plan (SIP) is to assess the impact of e-Navigation
in order to minimize navigational incidents such as collisions and groundings, achieving a
significant 65% reduction specifically for SOLAS vessels. The situation of maritime safety varies
from country to country. In real maritime practices, SOLAS ships often come into contact with non-
SOLAS ships. The practices for implementing e-Navigation may vary across countries due to
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differences in their priorities, levels of readiness, and expected outcomes in applying it to their
water areas. By establishing an effective and efficient National SIP, this aids member states in
maximizing the benefits of implementing e-Navigation for their water areas.

National authorities are responsible for investigating and monitoring their respective
situations concerning their national waters and shipping fleets. The authors of this paper present a
novel approach for effectively evaluating the implementation of e-Navigation applications [2]. The
focus of the method is to quantify the impact of e-Navigation solutions in terms of reducing
accidents that can potentially be avoided with the use of e-Navigation applications. The method will
be presented and examined through the Korean SMART-Navigation project, which offers e-
navigation services for both non-SOLAS and SOLAS ships. This project serves as a model case for
a comprehensive assessment of e-Navigation implementation, considering the unique circumstances
and conditions of coastal states. Within the context of this project, specialized solutions are
introduced in the form of e-Navigation toolkit applications. The presentation will unveil the results
of extensive research conducted by the World Maritime University in collaboration with various
partners. This research aims to identify the training requirements and user preferences necessary for
the successful implementation of cutting-edge e-Navigation solutions in practical settings.

The integrated marine system encompasses several components, which include inertial
navigation systems (INS), a receiver for satellite navigation system (SNS), a log, and a computer
dedicated to processing and monitoring information. Anomalous gyro drifts and accelerometer
biases are identified as the primary information failures observed in the INS sensors.

Analysis of recent research and publications. The literature extensively addresses the
problem of detecting faults (FD) in information failures and the development of systems that can
withstand these faults. The mathematical formulation of the problem related to information
measuring systems (IMS) in the context of Fault Detection (FD) relies on the principles of statistical
decisions. It involves conducting hypothesis tests to determine whether faults are present or absent
within the system. Two classes can be distinguished among the methods employed to solve this
problem - snapshot and sequential methods. The former relies on individual measurements for
decision-making, whereas the latter requires a series of consecutive measurements. In this paper, we
explore a method to solve an FD problem by utilizing a measurement sequence. To solve this type
of problem, we need to introduce a dynamic model for the IMS errors in both the nominal state and
faulty states, along with state transition models. As mentioned earlier, solving a combined problem
of hypothesis testing and failure estimation is imperative. Using the posteriori probabilities of
hypotheses, the system's fault tolerance is improved, as indicated by the weighted estimate of
parameters [3].

The autonomous navigation function is supported by the system components identified,
which ensure safe decision-making and execution. These components encompass route planning,
voyage management, collision avoidance, and situation awareness. The absence of crew onboard to
take control of navigation increases the risk of severe navigational accidents, including collisions
with other ships, surface and underwater obstacles, and grounding. This risk is primarily caused by
failures in the autonomous navigation system (ANS) software, hardware, and power supply. In
order to guarantee the safety of the system under investigation, it is advisable to incorporate backup
measures for the essential ANS components, such as software, hardware, power supply source,
Echo Sounding System, ECDIS, and microphone [4—7].

The redundancy of safety-critical systems or sensors may indeed ensure sufficient safety
levels for complex systems like the ANS. However, this method is not the most cost-effective
option. In order to enhance performance and efficiency, it is advisable to incorporate upgraded
versions of vital components and sensors that offer longer mean time between failure (MTBF).
Additionally, employing intelligent software like health monitoring for sensors can help in timely
detection of issues and scheduling necessary maintenance tasks. In conclusion, the safety levels of
the conceptual software mentioned in the investigated system must be defined through validation
and verification [8, 9].
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Purpose and objectives of the research. In today's era, the prevalence of surplus
equipment is more frequent than its scarcity, and this is frequently reasonable. The navigation
equipment malfunction can cause significant financial loss for both the shipowner and the shipper,
which is not desirable considering the high value of the cargo and the ship. The cost of the
equipment itself is relatively small compared to the overall expenses involved [10].

A well-established method for evaluating the efficiency of technical systems is through the
use of queueing system theory. This theory enables us to calculate the probabilities of different
conditions within queuing systems (QS) and ascertain the relationships between specific parameters
of QS and their effectiveness measures.

Given that all channels in the system are basic, the processes the QS is currently
experiencing can be described as a Markov random process. This process consists of discrete states
and occurs over continuous time. In the event that the process satisfies the ergodicity conditions, a
final stationary mode is attained. In this mode, the probabilities of states and other process
parameters remain unaffected by time. Researchers often find themselves focusing on these well-
established and long-standing traits for their study [11].

The ship officer's job will be analyzed as a single-channel QS that has a tendency to fail. To
begin, it is essential to acknowledge that the officer has the responsibility of managing various
streams of requests. While on duty, he must not only pay attention to the surrounding environment
but also record approximately 10 parameters including course, speed, power, and various others.
Neglecting failure states in others may be a consequence of focusing all attention on one. Decisions
will have to be made promptly in these circumstances, inducing stressful scenarios that might lead
to errors.

Main body. The irregular flow of applications and their varying service time cause the QS
to be loaded inconsistently. There are instances where unserved orders accumulate at the input,
resulting in an overloaded QS. Conversely, there are situations where the QS entrance has available
channels but no applications, leading to an underloaded QS and idle state of its channels. The
entrance of the QS is where orders pile up. These orders have two possible outcomes: they either
join the queue or, if it is not possible for them to wait any longer in the queue, they will leave the
QS without being served [12].

Consequently, there is a possibility for the working channel (ship officer) to encounter
glitches and cease functioning to some extent. This can be triggered by various factors such as
illness, loss of consciousness, or extreme stress leading to a mental freeze-up. The capability to
swiftly evaluate the circumstances and make prompt judgments is inadvertently diminished.

Once a channel malfunctions, the recovery process commences promptly after the
occurrence. This may manifest as regaining consciousness, consuming appropriate medication to
remedy an illness, or successfully recovering from a lock-up event.

The birth-death graph represents the system'’s states and is depicted as follows:

A \Y

N

Figure 1 — QS state graph

where So — channel is free;
S1—channel is busy (working), good;
S2 — channel failed, restored.
Allow the most basic flow of requests to reach its input with an intensity denoted byA.

. . . . 1 - . . .
Service time — exponential with parameter pu = = where toser — average request service time. This

o6cn

implies that the service flow is the most uncomplicated, namely, a stationary Poisson process can be
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described by an intensity parameter, denoted asu. There is a possibility that a functional channel
may fail — decline. Let us make the assumption that the intensity v is at its simplest form in relation
to the flow of failures. Immediately after a channel failure, the process of channel recovery
commences. The repair time for the channel follows an exponential distribution characterized by a

parameter known as intensityy = ti where t, — average recovery time (repair). In [11], the problem
p

was expressed in a similar manner, focusing on the navigator as a service channel. In the present
study, the complexity of the problem arises from considering the potential occurrence of a channel
failure and its impact on an idle state, denoted by an intensity v'. It is reasonable to assume that v’
<v [13].

The graph representing the QS status will exhibit the following appearance:

Figure 2 — QS state graph with failure possibility during idle

Theory of system reliability has various approaches towards considering the reliability of
complex equipment, such as navigational systems or ship machinery. Failure mode effect and
criticality analysis (FMECA) is extensively used in maintenance and risk analysis to ensure a
comprehensive comprehension of potential failures, their causes, and possible corrective measures
[14]. This approach outlines the ways in which things can go awry, identifies the reasons behind
these failures, and offers insights into rectification or mitigation strategies. The Criticality Analysis
(CA) is used to identify events, occurrences, or components that require greater attention to prevent
more severe or catastrophic situations [15]. FMECA offers a systematic methodology to
comprehensively understand the causes and effects of failures on a specific equipment or system,
following a bottom-up perspective. Measuring criticality through FMECA aids in identifying the
most crucial component failure, thus supporting maintenance actions and planning by uncovering
explicit information. Subjective operator inputs were collected using FMECA, which can be
described in two ways. One aspect to focus on is the assessment of operator sentiments and
priorities, particularly regarding failures and maintenance challenges. This includes analyzing
factors like expertise and identifying reasons behind prolonged downtimes. Additionally, this
technology served the purpose of identifying crucial faults in maintenance and machinery
components. In terms of writing, the second aspect involved the validation of crucial components
acquired through qualitative analysis using DFTA. In order to achieve these two goals through
FMECA analysis, a questionnaire was created and disseminated using the Qualtrics survey
software.

The main objective of the survey was to identify the components that pose the biggest
challenge to carrying out maintenance work onboard, by utilizing the risk priority number (RPN)
[16]. The RPN employs three categorical variables, namely identification, severity, and likelihood.
These variables are typically measured on a linear scale that reflects their increasing importance.
The scale used for the analysis is presented in Table 1, which shows the linear scale and the Likert
scale, including color codes representing the corresponding scale values [17, 18].

The Risk Priority Number (RPN) is determined by considering the severity of the failure's
impact, the probability of its occurrence, and how easily it can be detected for each failure mode. In
accordance with the following formula, RPN is obtained by multiplying these three numbers:

RPN =SXP XD 1)
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where S — the severity of the effect of failure;
P — the probability of failure;
D — the ease of detection.
Although RPN may not have a significant impact on deciding the course of action against
failure modes, it can assist in identifying the threshold values that determine the areas requiring the
most attention. To put it differently, the analysis and corrective action should prioritize failure
modes with a high RPN number [19].

Table 1 — Definition of Criteria

Linear Failure

scale Severity Level Criticality Level Likelihood Level

(1-10) Rate

1 Minor: Failure or event that Minor: A component failure | Remote: Failure is | 10°-10°

has little or no significant or event that has no unlikely.
impact to system capability immediate impact on
and availability. platform or personnel safety.

2-3 | Low: Failure or event that Low: Failure or event that Low: Isolated 10%-10°
could cause slight could cause slight failure associated
deterioration of system delay/deterioration system with component or
capability but will not affect it | capability but will not affect | equipment.
availability. System may its availability.
require minor repair action.

4-6 | Marginal (Moderate): Marginal (Moderate): A Moderate: 10°-10*
Failure could result to failure that could result to Occasional failure
deterioration in system deterioration in system but not in major
capability which may require | capability and availability proportions.
unscheduled repair or may which may require
cause minor health hazard or unscheduled repair that can
injury to the user. be conducted by ship staff.

7-8 | Critical (High): Failure Critical (High): Failure that | High: Generally 10210
causes loss of system results to loss of system associated with
capability and availability or capability and can influence | components or
may cause a serious health the efficient operation of system which often
hazard or serious injury to the | other systems. fail.
user.

9-10 | Major (Very High): Major (Very High): Very High: 10%-10%
A potential failure could cause | A potential failure could A component or
complete system loss and/or cause complete system loss equipment with
death of user(s). A failure that will require FSG or very high failure
event which may lead to OEM assistance. rate,
extended downtime due to
spare parts or OEM assistance.

Results of research. We shall proceed to determine the ultimate probabilities of the
system'’s states as well as the attributes of its effectiveness: A, denoting absolute throughput, and Q,
representing the relative throughput (the probability of successfully handling an incoming request).

The final probabilities of states in the algebraic system of equations, derived from the
Kolmogorov differential equations by setting the left-hand side (state probability derivatives with
respect to time) to zero, can be expressed as follows:

(A+v)po = ups +vp:
(1t +Vv)py = Apo

YpP2 = Vvp1 +V'pg
Additionally, the condition of normalization to unity can be incorporated into this system:

Pot+pi+p=1

()

©)
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The task is to discover the intended ultimate probabilities:
A W4y +w'] Tt

=1+ + ()
Po u+v . yu+v)
A
= 5
P1 u +vp0 %)
v+ +w'
= (6)
2Ty
In order to determine the relative throughput, we apply the principles stated in [10] and
obtain:
. U
Q =po 0t v (7
Absolute throughput:
Ap
A=1Q = 8
Q po,u+v (8)

After simplifying the expression for Q, it can be written in a form suitable for numerical

calculation as follows:
Hy
LR, Ry EaT ey ©

The servicing probability of the incoming request Q is determined by five parameters. These
parameters are the intensities of the corresponding flows: A, u, y, vu v'.

We will now calculate the value of Q for different combinations of the parameters
mentioned above.

The calculations for probabilities of incoming request fulfillment under various sailing
conditions and intensities of incoming request streams, failure streams, and recovery streams can be
seen in Figures 3-8.

Figures 3-4 illustrate the correlations observed during favorable sailing conditions,
specifically in open seas and oceans. The intensity of the request stream increases from 2 to 6 per
hour, resulting in a decrease in the probability of fulfilling the requests. To achieve a high
probability Q (nearing 1), one can enhance the capacity of both the servicing channel and recovery
channel.

Probability of servicing the received request, Q

m0,7-0,75 0,75-0,8 m0,8-0,85 m0,85-09 m0,9-0,95 0,95-1

Figure 3 — The correlation between Q and A, i, v, v, v'. The intensities of the corresponding streams are as
follows: v = 0,5 per hour; v’ = 0,1 per hour; A= 2; u from 20 to 80 per hour; y from 1 to 6 per hour
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Q. = 0,6824 + 0,0079 + (0,0474 + 0,0029)y + (—0,0047 + 0,0004)y? + (0,0041

4+ 0,0003)p + (—2,7579 X 1075 £+ 0,2881 x 10~>)p?
R? = 0,9765; ¢ = 0,0065.

Probability of servicing the received request, Q

0,95
0,9
0,85

0,75

m 0,6-0,65

m 0,65-0,7 m0,7-0,75 m0,75-0,8

m0,8-0,85 0,85-0,9 m0,9-0,95

(10)

Figure 4 — The correlation between Q and A, u, v, v, v'. The intensities of the corresponding streams are as

follows: v = 0,5 per hour; v’ = 0,1 per hour; A= 6; u from 20 to 80 per hour; y from 1 to 6 per hour

Q, = 0,4641 + 0,0104 + (0,0525 + 0,0038)y + (—0,0052 + 0,0005)y?

+ (0,008 + 0,0004)p + (—5,2609 x 1075 + 0,3793 X 1075)p2

R? = 0,9855; ¢ = 0,0085.

(11)

The correlations for sailing in coastal zones are shown in Figures 5-6. In this scenario, the
failure stream's intensity increases to 1 while the request stream's intensity ranges from 10 to 20.

Consequently, the chances of fulfilling requests decrease when compared to the previously
mentioned data.

m0,65-0,7 m0,7-0,75 m0,75-08 m0,8-085 m0,85-0,9

Probability of servicing the received request, Q

120

140

0,9-0,95

Figure 5 — The correlation between Q and A, y, v, v, v'. The intensities of the corresponding streams are as
follows: v =1 per hour; v' = 0,2 per hour; A= 10; n from 40 to 160 per hour; y from 2 to 12 per hour
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Q. = 0,5098 + 0,01 + (0,0258 + 0,0018)y + (—0,0013 + 0,0001)y? + (0,0036
4+ 0,0002)p + (—=1,2002 X 1075 4+ 0,0912 x 10~>)p?
R? =0,9839; ¢ = 0,0082.

(12)

Probability of servicing the received request, Q

0,9
0,85
0,8
0,75
0,7
0,65
0,6
0,55
0,5

100

120
140 160
1
m 0,5-0,55 m 0,55-0,6 m 0,6-0,65 m 0,65-0,7
m0,7-0,75 0,75-0,8 m0,8-0,85 0,85-0,9

Figure 6 — The correlation between Q and A, u, v, v, v'. The intensities of the corresponding streams are as
follows: v = 1 per hour; v' = 0,2 per hour; A= 20; u from 40 to 160 per hour; y from 2 to 12 per hour

Q, = 0,3222 4 0,011 + (0,0275 + 0,002)y + (—0,0014 + 0,0001)y? + (0,0051
+0,0002)u + (—1,6011 x 1075 + 0,101 x 10~5)u?

(13)
R? = 0,9897; o = 0,0091.

In challenging navigation conditions such as rivers, ports, dense traffic, and poor visibility,
Figure 7-8 illustrates the correlations observed for sailing. The failure stream's intensity is

augmented to 5, while the request stream ranges from 20 to 40, leading to a further reduction in the
likelihood of a request being fulfilled, as compared to the previous data.

Probability of servicing the received request, Q

m0,2-0,25 m™0,25-03 m0,3-035 m0,35-04 m0,4-0,45

0,45-0,5
m0,5-0,55 0,55-0,6 ®0,6-0,65 ™mO0,65-0,7 mO0,7-0,75

0,75-0,8
Figure 7 — The correlation between Q and A, u, v, v, v'. The intensities of the corresponding streams are as
follows: v =5 per hour; v’ = 1 per hour; A= 20; u from 40 to 160 per hour; y from 2 to 12 per hour

ISSN 2313-4763  [f



N EPAPISZYIRP I PE] [HKeHepid y TPaHCIIOPTHIH raaysi

Q. = —0,0095 + 0,0163 + (0,0667 + 0,003)y + (—0,0031 + 0,0002)y? + (0,0049 (14)
4+ 0,0003)p + (—=1,5023 x 1075 40,1487 x 10~>)pu?
R?=0,989; ¢ = 0,0134.

Probability of servicing the received request, Q

100 45

140

m0,15-0,2 m0,2-0,25 mO0,250,3 m0,3-035 m0,35-0,4 0,4-0,45
m0,45-0,5 0,5-0,55 m0,55-06 mO0,6-0,65 mO0,65-0,7

Figure 8 — The correlation between Q and A, 1, v, v, v'. The intensities of the corresponding streams are as
follows: v =5 per hour; v' = 1 per hour; A= 40; u from 40 to 160 per hour; y from 2 to 12 per hour

Q, = —0,1196 + 0,0171 + (0,0604 + 0,0031)y + (—0,0027 + 0,0002)y% + (0,005 (15)
+0,0003)p + (—1,3831 X 1075 + 0,1561 x 1075)p2
R? =0,9886; o = 0,014.

The equations below each graph are derived by applying the square two-factor
approximation method. A high level of determination coefficients (R?=0,98-0,99) indicates that the
received statistical square models are highly adequate. The square regressions exhibit remarkably
low standard deviations (0=0,006-0,014), indicating their exceptional accuracy. Consequently,
these models can be confidently employed to obtain highly dependable probability assessments
[20].

The data are also consistent with the following recommendations for the operation of
bridges in various difficult navigation conditions [21].

Table 2 — Watch conditions on the bridge as they relate to sailing conditions

Open Restricted Water, Anchoring, Embarking or Entering or
Water Disembarking a Pilot Leaving Port
Clear weather, little or
. | I
no traffic
Clear weathgr, heavy I or I
traffic
Restricted visibility, little
. 1 |
or no traffic
Restricted V|S|t_J|I|ty, Horlll U or I
heavy traffic
Pilotage [ lor Il | Il or NI

Bridge Watch Condition — |

In order to comply with this condition, it is necessary to have both an Officer of Watch and a
Lookout present on the bridge.
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The Officer of Watch carries out regular watchkeeping responsibilities, and occasionally
assumes the role of the only lookout during daytime. In circumstances that call for manual steering,
it is important to note that the helmsman cannot fulfill the role of the lookout. Therefore, it is
necessary to assign an extra crew member as a dedicated lookout. The engine room has the
capability to operate in both manned and unmanned modes.

Bridge Watch Condition — Il

In order to meet this requirement, it is necessary for the following individuals to be present
on the bridge: the Master or Chief Officer, the Officer of Watch, the Lookout, and the Helmsman.

The safe navigation and overall watch organization of the crew is supervised by the Master
or Chief Officer. Assisting the Master or Chief Officer, the Officer of Watch relays pertinent
information, navigates the ship, and monitors the implementation of orders. In situations deemed
necessary by the officers or when faced with challenging conditions such as high traffic, limited
visibility, port maneuvers, or boarding a pilot, the Helmsman takes control of the vessel's steering
manually.

It is essential for the engine room to have a staff available at all times, but it is ultimately up
to the Master to decide whether to assign personnel to it or not.

Bridge Watch Condition — 111

In order to meet this condition, it is necessary to have the following personnel present on the
bridge: the Master, Officer of Watch, Additional Officer, Lookout, and Helmsman.

In case of condition Ill, the Officer of Watch is relieved of collision monitoring
responsibilities, and an Additional Officer assumes this duty by utilizing AIS/ARPA systems. They
provide the Officer of Watch with relevant navigational information and data concerning nearby
vessels. It is essential to have personnel present and ready in the engine room.

Of interest is the Korean experience in implementing e-navigation systems.The Korean
implementation of the IMO e-navigation concept, known as SMART-navigation, is applied to
Korean waters and on Korean-affiliated ships. In addition to the IMO e-navigation scope, SMART-
navigation extends its services to non-SOLAS ships such as fishing vessels and non-fishing vessels
operating in domestic coastal areas. This assumption arises from various reasons, primarily because
non-SOLAS ships are more susceptible to accidents compared to SOLAS ships. This susceptibility
can be attributed to inadequate navigational equipment, increased workload on board, and limited
safety information from shore based stations.

The aim of SMART-Navigation is to offer non-SOLAS ships with extra specialized
services, alongside the services provided by IMO e-navigation. The primary objective of the
services is to anticipate and prevent possible causes of accidents. This is achieved through proactive
support and management of areas that are deemed susceptible to accidents. These determinations
are made by analyzing real-time statistics and local situation data, both of which are obtained from
shore-based stations. These services encompass:

— Supporting decision-making to prevent accidents is crucial.

Analyzing maritime safety factors utilizing Big Data.
Ships, which are at risk of accidents, can receive safety information that is provided to

them.

Providing a streaming service of electronic nautical charts (ENCs).
Remote support and management of safety training crews is essential for efficient
operations.

— The ability to effectively identify and react to all maritime sectors in every region of the
Korean waters is imperative.

— Giving information about the activities of illegal unreported unregulated fishing.

— Sharing details on the oil spill.

— Supporting measures to prevent ships from illegally discharging wastes and pollutants.
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— Providing assistance for the various endeavors concerning maritime security.

To accomplish these goals, the objective of SMART-navigation is to establish the LTE-
Maritime communication network as a foundation for non-SOLAS ships to enable the deployment
of essential e-navigation services. Furthermore, the communication networks that are necessary for
e-navigation services will be equipped with a data structure reliant on the Common Maritime Data
Structure (CMDS). This data structure will incorporate the VHF Date Exchange (VDE), as well as
digital HF/MF and satellite-based communication [22].

In order to assess the impact of SMART-navigation in reducing accidents [2], the authors
conducted a comprehensive analysis of accident data in Korean waters for all ships and Korean-
flagged ships globally from 2009 to 2013. The data presented in this work was obtained from the
Korea Maritime Safety Tribunal (KMST). According to the analysis, a total of 4,871 accident
vessels were examined. From this, the authors identified 3,366 accident vessels that specifically
addressed the detailed direct causes that can be prevented through the Risk Control Options (RCOs)
offered by e-navigation.

Table 3 — The ranking of RCOs based on the potential loss of lives (taken from: Annex 1 of NAV
59/6 (p. 37))

) Total
Accident Tvoe Human Technical | External
yp Errors Failure Factor Actual Effect
465 14
0, _
Actual % (13.8%) (0.4%)
Risk
SOLAS Reduction 65,1% — 65%
Non Rate
- - - 0 _ 0
Fishing Navigational Effect 8,9% 0,3% 82&(3) 14.8%
Vessels Accident Actual % 338 _ 11 (24,6%)
(10,0%) (0,3%)
Non- Risk
SOLAS | Reduction 55,1% — 55,0%
Rate
Effect 5,5% — 0,1%
163 37 4
0,
Acal% | 480y | @1%) | (0.1%)
Risk
SOLAS | Reduction | 65,3% 64,9% | 65%
Rate
Non- Effect 3,1% 0,7% - 353 6.2%
Non- | Navigational Actual o 119 27 3 (10,5%) 70
Fishing ° | (3,5%) (08%) | (0,1%)
Vessels Non- Risk
SOLAS | Reduction 55,2% 54,9% 55%
Rate
Effect 1,9% 0,4% 0,1%
1,085 64 32
0 1
sum Actual % | 35000 | (1.9%) | (0,95%) (315*1%) 21,0%
Effect 19,4% 1,1% 0,5% 70
1,155 2 16
0 i)
Acial% | on 00 | 01%) | (0.5%)
Fishing N . Risk
Vessels Navigational Accident Reduction 54,9% 55% 54,9% 1,173(34,8%) | 19,1%
Rate
Effect 18,8% — 0,3%
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Source: KMST investigation statistics and data base (2014).

Table 3 exhibits the impact of SMART-navigation in mitigating accidents. This evaluation
was conducted by employing the suggested formula derived from the analysis of accident data. The
reduction is anticipated to exceed 56,6% of the total accidents involving 3,366 vessels, comprising
13% of SOLAS ships and 43,6% of non-SOLAS ships, specifically fishing vessels. It is anticipated
that there will be a reduction of over 33.9% in navigational accidents. This includes a decrease of
14,8% for non-fishing vessels and 19,1% for fishing vessels. It is anticipated that there will be a
decrease of up to 22,7% in accidents, even those that do not involve navigation. This reduction
includes a 6,2% decrease for non-fishing vessels and a 16,5% decrease for fishing vessels. The
expected reduction in accidents caused by human error is 50,2%. Meanwhile, accidents caused by
technical failures are anticipated to be reduced by 5,4%, and accidents caused by external factors by
1%.

Conclusions. By analyzing the simulation results, one can ascertain the impact of the initial
parameters on the likelihood of fulfilling an incoming request. Consequently, it becomes feasible to
anticipate the stability of the components within the navigation system. The obtained results
provide the opportunity to develop suitable recommendations for enhancing the functional stability
of the navigation complex. The simulation results demonstrate that as the failure rate intensifies and
the request rate increases, the fulfillment probability of incoming requests drastically declines.
Consequently, the performance of the navigation complex is affected.

Due to a significant decrease in the chances of failure-free operation of the equipment, it is
crucial to plan for the swift replacement of failed modules and blocks in the navigation system. This
approach will greatly amplify the pace of restoration. Moreover, in critical situations, it is
imperative to establish a "hot standby"” to guarantee uninterrupted functioning of the navigation
complex.

Alternatively, there is a risk of disconnecting internal components within the system. The
gyrocompass, for instance, lacks data on the vessel's speed, causing a deviation in its indicators. If
an operator lacks comprehensive understanding of the system's structure and its elements, they will
be unaware of this fact. Consequently, it may result in errors while controlling the vessel.

In this manner, by developing the navigation system stability model, it becomes possible to
simulate different emergency situations. The simulation revealed the correlation between the
system's performance and its parameters: A, i, v, v, v'. Contrarily, the system boasts an extensive
array of internal connections. Incorrect operation of the system can occur if any one of them is
violated.

The research findings highlight the importance of determining the adequate level of
duplication for navigation devices to ensure system reliability. If the Q value drops below 0.7, it
poses a critical situation onboard the ship. The probability of meeting the request varies based on
the sailing's navigational conditions, illustrated in Figures 3—-8. Consequently, it becomes necessary
to implement measures that guarantee the stability of the navigation system during challenging
circumstances.

The study findings have the potential to enhance comprehension regarding the associated
dangers and their corresponding levels of risk. Despite the growing interest in this area, as
evidenced by the rising number of publications, it is crucial to recognize the scarcity of literature
and emphasize the necessity for further research. A recommendation is to adopt a comprehensive
hazard analysis, categorizing hazards with greater detail. This approach allows for deeper
evaluation of the contributing factors, resulting in more specific and efficient risk management
strategies.
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[nornikoB B. 1., Ayayenko C. B., AdépamoB I. C., Makapuyk /. B. MATEMATHUYHE
MOJIEJIFOBAHH S TA AHAJII3 HAJIIMHOCTI HABITALIIMHOI'O KOMITJIEKCY

Y cmammi oocniodceno Hasicayitinuii KOMIAEKC K CUCTIEMY MACOB020 O00CIY208Y8AHH A GUSHAYEHO
CRIBBIOHOULEH ST MIJIC CKLAOHICIIO YMO8 NIABAHHS Ma Modciusocmamu cucmemu. IIpogedeno mamemamuyne
MOOeNO6AKHsT MA AHANI3 HAOIIHOCMI HABI2AYIlIHO20 KOMNJIEKCY CYOHA 3 MOYKU 30py meopii Macosozo
obcnyeosysanns. Ilpeocmasnena poboma € OOHIEIO 3 RIOHEPCLKUX NO 3ACMOCYBAHHIO MEOpii MAc08020
00CIy208Y8aHHs Ol AHANI3Y NPOoOIeM Oe3NeyHo20 CYOHOBOOIHH:, W0 3a6e3neuye il aKkmyaibHicmy i HAYKOgy
HosusHy. Po3pobnena mamemamuyna MmoOenb 008e0eHa 00 HYUCETbHUX eKCHepUMeHmie I npogedeHd
gizyanizayis OMpUMAHUX pe3yibmamie ma ix mamemamuyHa oO6poOKa uiaxom nobyo008u KEaopamuyHux
ANPOKCUMAYIIHUX PIGHSAHb, WO 38 A3VI0Mb  BIPO2IOHICMb pPoOOHU020 CMAHY cucmem 3 BIONOBIOHUMU
iHMeHCUBHOCMAMYU NOMOKI8 8i0M08 [ 00cny208y8anus. Mamemamuyne MOOen08AHHA NPOBEOEHO Ol Pi3HUX
VMO8 CKIAOHOCMI CYOHOBOOIHHA (8i0 8IOKpUmMO20 MOps, 00 KADOMANCHO2O0 NIABAHHA | NPUNOPMOBUX
Mmanespysany). Lle 3abe3neyye i UCOKY NPAKMUYHY 3HAYUMICIIb HABEOCHUX De3VIbMAmie MOOent08aH A npu
PO3POOYI 8iONOGIOHUX pe2laMeHmi8 CYOHOBOOIHHS | NPU BUKOHAHHI OYIHOK NOMEHYIHUX nepesae eleKmpoHHOL
Hasieayii.

Knrouosi cnosa:. cucmemu Hagieayii; cucmemu Maco8o2o 00CIY208Y8aHHA, CIMIUKICMb CUCEMU, MeXHIUHU
Gdaxmop; nomix 3anumis;, NomiK 6iOM08;, ROMIK 00CIY208YEAHHS, GIOMO6A MA GIOHOGNEHHS CUCMEMU,
K68a0pamu4Ha anpoKcumayisi.
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AOLIJIBHICTb BUKOPUCTAHHS GaAs CIIOJIYK B MOAYJIAAX
OPIEHTALII OPBITAJIBHUX METEOCYIIYTHUKIB

Kpanusko I'. 1., x.m.u., ooyenm Xepconcwoxoi depoicasnoi mopcovkoi axademii, m. Xepcon,
Vrpaina, e-mail: krgniv@gmail.com, ORCID: 0000-0002-8165-1213.

3a oonomozoro nozuyitino-uymaueux gomonputimayie (II'9P) na 6asi cnoayk GaAS modcHa 6e3KOHMAKMHUM
Cnocobom OUCMAHYIUHO peecmpysamu npoyecu nepemiujenHs ma Kepysamu Humu. Tunosum npuxiaoom
3ACOCY8aHHA € peecmpayisn nepemiwjeHHs abo sidpayii 6y0b-AKoi KOHCMPYKYil, 3a 00NOMO2010 COHAYHO2O
npomensi abo 1asepa, wo CAPSIMOBYEMbCS Ha 0amyuk. Bioxunienns npomenio 6i0 yenmpy 0amyuka HACAiO0K
nepemiwenns abo eibpayii modxce Oymu eumipano 3 eeauxoio moynicmio 0,5°. Lle Oyace eadxciueo 6
KOHYEHMPAMOPHUX EHEePSeMUYHUX CUCTNEMAX, 8U2omogienux 3a donomoeoio ninz A. Fresnel. Ilnocu yiei
mexnonozii beszanepeuni (400W/m?), are mounicmo nopmani comsunozo eunpominiosanns 5°, Oani piske
NAaoginHs eheKmueHOCmi. Y KOHYEHMPAMOPHUX KOCMIYHUX CUCMEMAx, 000amK0o80 Oyice 6adNCIuea poboua
t© = -200 + 400°C. [na peecmpayii nepemiwens abo eibpayii pisnux mexawizmie — 3a36uuail y
00CHIOHNCYBAHOMY MICYl MEXAHIZMY 8CMAHOBNIOIMb CIMA00I00 (BUNPOMIHIOBAY CGIMIA), BUNPOMIHIOBAHHS
K020 oxycyemucs Ha cepeouny [T4D, max wo cuenan 3 oamuuxa Oe3 6ibpayii (MexaHizm GUMKHeHULL)
Oopignioe 0. Ax minvku c8imnio nouuHae nepeminjamucs 3-3a nepemiujeHHs abo eiopayii Mexanizmy, cusHaul 3
YD suasiaemvca nponopyitiHum 00 pieHs eibpayii Mexauismy, AKUNL MO*CHA OYIHIOBAMU NPU DiZHUX
pesicumax pobomu. Memorw O0anoi pobomu € 00CHiONHCEHHST NOPIGHAALHUX XAPAKIMEPUCTIUK MOICTUBOCII]
BUKOPUCMAHHS 0OHO A 080KOOPOUHAMHUX (homonputimayis Ha ocnosi 3’ eonans GaAs (ha eiominy eio CdSe
ma CdS) y mooymax opienmayii wmyunux memeocynymuuxie 3emii, wob YHeMONCIUSUMU 6uxio 3 1aoy
8I0UKOHY homopeecmpamopa.

Knrouosi cnosa: cynymuuxosi memeoponoeiuni cucmemu, GaAs, pomonpuiimaui; opicumayisi.

DOI: 10.33815/2313-4763.2023.1-2.26-27.096-106

Beryn. IloctanoBka mpodJsemMu y 3arajibHOMY BHIVIAAI Ta 1 3B’A30K i3 BasKJIMBHMH
HAYKOBHMHM Ta NPAKTHYHUMM 3aBAaHHAMHU. 3amyuieHuid y 6epesni 2022 p. MeTeopoJoriyHui
cynytHuK GOES-17 maB npoOnemy — iHdpauepBoHa KaMepa HOBOIO IOKOJIIHHS IPALIO€ JIMILIE
YacTKOBO uepe3 Te, 110 IOraHo OXOJOo/KyeTbcsa. OnHa komaHna iHxeHepiB NASA Hamaranach
CKOPOTHUTH MEpi0IM HETIOBHOI Mpale3JaTHOCTI, a Apyra — BCTAHOBUTH NpUYNHY npodiemu. OOuaBi
3aBJIaHHSI BaXKJIMBI, TOMY 110 aHaJi3 TeneMeTpii nonepennuka, GOES-16, nokaszas, 1110 TaM TaKoX €
O3HAKM HEHOPMAJIbHOI pOOOTH CHCTEMH OXOJIOJUKEHHS, 1 CXOXe, YeTBepTe IOKOJIHHSA
Meteoposioriyaux cynyTHukiB GOES 18, 19, 20 3iTOBXHYThCS 13 Takol > CHCTEMHOIO
npo6siemoro [1]. Pimmenns cremianictiB NASA Beje 10 301IbIICHHS OXOJIODKCHHS BimqukoHy. Lle
OJIHE 13 MpaBWIbHUX pimeHb. OJHAK i1 IbOr0 JOCHI/PKEHHS IOJIAra€e y BHSBICHHI NPUYUH
romnajaHHl COHSYHOI KOPOHH Ha HaBaHTaXCHHS (OCHOBHY KaMepy METEeOCyIyTHHKa, puc.l). YV
JAHOMY BHIIQJIKY PO3TIIAIAETHCS PO3IOJILT OCI BiZleOKaMep BiJl HOpMalli poOOTH COHSIUHUX OaTapei,
3a PaxyHOK MO3UIIIITHO YyTIUBUX JaTYHKIB Ha OCHOBI crionyk GaAs.

OmHuM 13 MePCHEeKTHBHUX PO3pPOOOK € HAMpPSIMOK JOCTIHKeHb TEXHOJIOTIi BUPOOHMIITBA
OTITUKO-EJIEKTPOHHUX JaTYuKiB KyToBOI mBHAKOCTI 00epTanHs (KILIO) Ta KyTOBOTO MepeMilieHHsl.
OCHOBHMUMM BHMMOTaMHU /0 TaKMX JAaTYMKIB € BUCOKAa YyTJIMBICTb, TOYHICTb, KOMIIAKTHICTH Ta
€KOHOMIYHICTh. /{151 BUMIpIOBaHb MajMX KYTOBHX IIBHJIKOCTEH 3 BHCOKOIO TOYHICTIO CTBOpEHI
TiPOCKOIHM Pi3HUX THITIB, HAHOUIBIII BUCOKOUYTIIMBUMHU € Tipockonu Ha edekti Canbska [2].

OnTHKO-eNeKTPOHHI NMO3ULIHHO-4yTKBI (poronpuitmaui (ITYD) maroTh HaOLIBII BHCOKY
YYTIUBICTh JI0 3MIIIEHHS CBITIIOBOTO TPOMEHs. BOHHM 3 BHCOKOI TOYHICTIO 0 JEKUIBKOX
MIKPOMETPIB JO3BOJISIIOTh PEECTPYBATH IEPEMILIEHHS ONTUYHOTO CHTHATy poOOY0i MOBEpXHI
(dortonpuiimaya. e m03BoJIsIE 3aCTOCOBYBATH ONTHUKO-eIeKTpoHHI [TUD B crcTemMax mperu3iiiHoro
KOHTPOJIIO TIEpEMIIlleHb 1 BHKOPHCTOBYBAaTH IPH MajJoOMy 3MIII€HHI ONTHYHUX EJEMEHTIB
KOHCTPYKIIii, 1110 JIsl BUMIPIOBaHHS 3a JOIMIOMOTO0 1HIIUX (OTONPUKMAaUiB MOXe OyTH JKepeoM
noxuOku [3]. Bonu He3aMiHHI Tam, 16 HEMA€E MOXKIIMBOCTI BAKOPUCTOBYBATH MEXaHIUHI JaTYUKH Ta
JATYUKH, 3aCHOBAHI Ha 1HIIMX MPUHIMUIIAX.

OCHOBHOI0 M€TOI0 JTaHOi POOOTH € OTPUMAHHS METOJOM MOPIBHSHHS BOJIbT-aMIIEPHHUX
XapaKTepUCTUK Ta JOCIIUKEHHS MOJMJIMBOCTI BHMKOPHUCTaHHS OJHO Ta JBOKOOPJMHATHUX
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¢doronpuiimayiB Ha ocHOBI 3’e¢nHaHp GaAs (Ha Biaminy Big CdSe ta CdS) B Momynsix opieHTarii
HITYYHUX METEOCYITyTHUKIB 3eMJIi.

1. IlpuHounu no0yA0BH CYYACHMX NO3MUIIHO — 4YyTJIuBHX (oTonpuiimaydis
(po3B'si3aHHA 32124 /UIA 3a0e3neYeHHs] I0CATHEHHS MOCTABJIEHOT MeTH).

Icayroth (hoTOmpHiiMadi, 3a BUXiTHUM CHTHAJIOM, SIKUX BU3HAYAIOTh KOOPJIMHATY CBITIOBOI
IUISIMU Ha (OTOUYTIMBOMY MaipaHuuky npuitmada. Icayrots [TY®D Ha ocHoBi doromionis (D),
(dboTtopesuctopi, PoToTpioaiB, GOTOTUPUCTOPIB 1 T. 1H. 3a KUIBbKICTIO etleMeHTiB [TY®D moauisroThes
Ha OJJHOEJIEMEHTHI Ta OararoeneMmeHTHi. [lani OyayTh po3risiiaTHCs MEepeBaXKHO OaraToeleMeHTHI
¢doTompuiimMaul, 3BakKaroud Ha iX OUIBLIY YYyTJIMBICTb Yy HOPIBHAHHI 3 OJHOEIEMEHTHHUMHU.
[o3uuiiiHo-uyTMBi (oTONpHUiiMayi 3aCTOCOBYIOThCS Y 0araThboX rajgy3sx HayKd Ta TeXHIKH. BoHu
JI03BOJISIIOTH BU3HAYATH IOJIOKEHHS IPOMEHSI CBITJIa a00 00'€KTa, 110 J1a€ MOXKJIMBICTh CTBOPIOBATU
Ha OCHOBI JaTUUKIB JUId BHUMIpIOBaHHA pi3HUX (i3uyHMX napamertpiB. baratoenementHi [TUD
MOAUISAIOTHCA HA OJJHOKOOPAMHATHI (JI1H1MH1) Ta JBOKOOPAWHATHI (MaTpuyHi) [4].

Cucrema pyxy Cucrema KOpekIil

Cucrema KOHTPOJIO

MexaniuHa cucTeMa

3’30k HaBanTtaxxenHs Eneprernuna cucrema

Pucynok 1 — Po3mimeHHs By3JiB Ta arperariB Ha HaHOCYIyTHHKY NOAA
(namionansHOi MeTeo cucteMu CILIA) MopchKoi MeTeo cUCTEMH

1.1 OanoxkopauHATHI MO3UIIHHO-YyTIANBI oTonpuiimaui

OnnoxoopaunaatHi [TY®D 3acTOCOBYIOTH /711 KOHTPOIIIO MOJIOKEHHS CBITIOBOTO MPOMEHS B
OJIHOMY HampsIMKy. BOHU XapaKTepu3yIOThCs MBUIKOAIEI0, TPOCTOTOI 0OPOOKH BUXIIHUX JaHHX.
[Iupoke 3acrocyBanHs 3Haumu Qoromiogni IMTYD, sk cyminbHi, Tak 1 JHIAKKA (GOTOMIOMIB;
JHIMKY TPUIIAIB 13 3apsaaoBuM 3B's13koMm (1133):

1.1.1 TY®D Ha ocHoBi kpemHuieBoro P-i-N ¢oromiony

Kpim I[TU®D Ha p-n-niepexojiax iCHYIOTh KpeMHi€BI POTOAECTEKTOPH i Ha p-i-N-niepexoax [5].

Benmuuna ¢orocTpyMy mpomnopiiiiiHa BiICTaHi MiXk MOJO0XKEHHSM IMaJalouoro Ha TOBEPXHIO
JETeKTOopa MPOMEHs 1 eJIeKTpPOoAaMH, IO 3HIMAIOTh Hanpyrd. Po3ninbHa 3A4aTHICTH MOJOKEHHS
TUTSIMA 3aJI€KUTh BiJl BHYTpimHIX mrymiB [TUD i Bijx onTHYHOT 3a1IyMIICHOCTI TOBEPXHI JETEKTOPA.

[TepeBarn MonomiTHEX HamiBnpoBigHUKOBUX [TUDII mepen auckpernumu (I133-niHilikamu
MaTpUIIMH 200 (HOTONIOIHUMH JTIHIHHUMU IETEKTOPAMH) MOJIATAI0Th Y TOMY, 110 [6]:

—  MOXJUBE 3a0e3nedeHHs HU(GPOBOro, TPUBAJIOTO BUMIPY MOJOXKEHHS NPOMEHS, IO

OCBITIIIOE IOBCPXHIO,

—  BIICYTHI HEUYyTJIHBi 30HHU, 00 HEMA€E MEX MK €IIeMEHTAMU;
—  BOHHM MAarOTh BUCOKY IIBHUIKICTh IMITYJIbCHOTO BIITYKY;
—  MaroTbh IPOCTILIY CUCTEMY €JIEKTPOHHOI 0OPOOKH CUTHATY.
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1.1.2 ®oTogioani JiHiKH

Ha cyuacHoMy pHHKY HamiBNPOBIAHUKOBHUX MPUJIAIIB BUCTABICHO KUTbKA PSAIIB KPEMHIEBUX
@ J1-miniiiok [7]:

@®oronmiogn Ha ocHoBi kpemHito: OSRAM BP104FS, BP104FASR. Posmip oxnoro 3
esleMeHTiB cTaHOBUTH (0,9%3 MM, MixenemMeHTHUI 3a30p — 0,3 mm. [Iprnagum MOXKyTh MpamioBaTu y
(doToranpBanivHOMY pexkuMi ab6o dotomiogHomy. KOHCTpyYKIIis MpuiaaiB K APYKOBAHOI IUIATH.

VISHAY BPV10, BPW20RE. Lleit psa npenctaBieHuid 0aratoeleMeHTHUMU KPEMHIEBUMHU
¢doTonionaMu 3 YUCIOM eleMEHTIB 36 1 po3MipoM KOkHOro 0,7X5 MM 3 MiXKEeJIEMEHTHUM 3a30pOM
0,1 mm. Homxuna miniiiku 28,8 mwm. [lpunag BUKOHaHWN y BUTIIAII NPSIMOKYTHOTO KOPIYCY 3
NEePIEHAUKYISIPHO PO3TAIIOBAaHUM KOPCTKUMH BHUCHOBKamMH; Maca 10 T.

1.1.3 Jliniiiku 133

Copomeno I133 MokHa po3risaaTd sIK MaTpUIl0 OJM3BKO PO3TALIOBAHUX MeETall-
nienektpuk-nposiinuk (MIII) — xonaencaropis. MJII-cTpykTypu HaBUMIMCS OTPUMYBATU
Hanpukinii 50-x [8]. Bynu 3HaiineHi Ta pO3BUMHEHI TEXHOJOTi, sKi 3abe3nedyBajiu HU3bKY
UIUIBHICTD A€(EKTIB Ta JOMIILIOK y MOBEPXHEBOMY IIapl HaMiBIOPOBIIHUKA. THM caMHM BXKe uepe3
10 pokiB OyJ10 3aKkJIaA€HO MEPeyMOBH JUIsl BAHAXOAy NPUIAiB 13 3apsiHuM 3B's3koM. Y 1970 poui
OyJ CTBOpEHI Mepurl MpUIaaW 13 3apsSJOBUM 3B'S3KOM, B SKMX TEXHOJIOTISI TBEPAOTUIHHUX
npuiiMadiB BUABHUIIAcS 0co0iuBo yerimHow. 3 1975 poky I13C novyann akTUBHO BIIPOBAIXKYBaTUCS
SIK TeseBi31iH1 cBiTmonpuiiMadi. A 1989 poky [13C-netexTopu 3acToCOBYBaIMCS BXXKe Maibke y 97%
ycix TeneBi3iiHuX npuiiMadis. J{ist nopiBHaHHSA, 10 pokamu panime 133 O6ynu npencrasieHi e
IBOMA BI1JICOTKaMHU.

KBaHTOBa €(EeKTHBHICTh CY4YaCHUX HAaMiBIPOBIIHUKOBUX MPHIMadiB BHUIPOMiIHIOBAHHS
csirae 95-98%.

®i3nuni npuHMNU pobotH. 3 Pizuunoi Touku 30py II3C mikaBi TUM, IO €IEKTPUYHHIMA
CUTHAJ Yy HUX IPEJCTaBICHUNA HE CTPyMOM ab0 Hampyrolo, sIK y OUIBIIOCTI IHIIMX TBEPAOTUIBHUX
npuiagax, a 3apsaoM. 3a BiAMOBIIHOI MOCTiOBHOCTI TAKTOBUX IMIYJILCIB HAMPYTH HA €NEKTPOIAX
M/II-xoHaeHCAaTOPIB 3aps/IOB] MAKETH MOXKHA TIEPEHOCUTH MK CYCITHIMH €JIeMEHTaMU IpUIay.
Tomy Taki npunaay 1 Ha3BaH1 NpUWIAZAMU 3 IEPEHECEHHAM 3apsa1y abo 13 3apsIHUM 3B'sI3K0M [9].
Ha puc. 2 mokaszaHa CTpyKTypa OJHOTO eJeMeHTa, JiHiiHoro Ttpudaznoro 133 y pexumi
HakonuyeHHsA. CTpyKTypa CKJIAaJa€eTbCs 3 IIapy KPEMHII0 p-TUIy (MIAKIAAKa), 130IH0K0Y0ro Iapy
JIBOOKHCY KPEMHiI0 Ta Ha0Opy IUIaCTHH-eNeKTpoaiB. [loTeHIian OMHOTO 3 EeJIEKTPOMIIB OimbII
MO3UTUBHUHM, HIX Yy JBOX IHINIUX, 1 camMe T HUM BiAOyBae€TbCs HAKOIMWYEHHS 3apsy.
HaniBopoBiHUK p-THIy OTPUMYIOTh JOJAaBaHHAM (JIETYBaHHSM) JO KpPUCTAy KPEMHIIO
aKLENTOPHUX JAOMIIIOK, HAalpUKJIaA, aToMiB OOpy. AKIENTOpHA AOMIIIKa CTBOPIOE y KpHUCTai
HaMiBIPOBITHUKA BUIBbHI MO3UTHBHO 3apsKeH] HOcii — Mipku. J{ipku y HamiBIPOBIIHUKY P-THILY €
OCHOBHMMH HOCISIMU 3apsJly, BIIbHUX €JIEKTPOHIB TaM JyXke Majo. SIKIIo Ternep noAaTu HEBEITUKUI
MMO3UTUBHUH MOTEHITIA HA OJIUH 13 €JICKTPOIIB ocepeaKy Tpudaznoro [133, a aBa IHIINUX eNEKTPOIU
3UIMIIATA T HYJbOBUM TOTCHIIAJIOM IOJ0 IMMAKIAJKH, TO IMJ €JIEKTPOJAOM 3 HaWOLIbIIT
MO3UTHUBHUM IOTEHIIAIOM YTBOPIOETHCS 00JIaCTh, 301IHEHAa OCHOBHUMH HOCISIMU — JipkaMu. BoHu
OyIyTh BIATICHEHI yraumO Kpucrajga. MOBOI €HEPreTHYHUX jJiarpaM Ii€ O3Hayae, M0 I
€JIEKTPOIOM (POPMYETHCS TIOTEHITIHHA M.

one pixel the adjacent pixel

Clock A Clock B Clock C Clock D" “Clock A

Pucynok 2 — Enement tpudasznoro 133
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B ocHoBi po6otu [133 nexuTh sSBUIIE BHYTPIITHBOTO (POTOSPEKTY, IO MOJATAE B TOMY, IO
MpU TMOTJMHAHHI KpeMHieM (OTOHA, Yy HAMIBIPOBIIHUKY TE€HEPYEThCS TMapa HOCIIB 3apany —
SNEKTPOH Ta Jipka. [1i7 Ii€ro enekTpocTaTHYHOTO Mmojist B 00acti mikcesst (one pixel) BinOyBaeTbes
"posman" i€l mapu, mipka BUTICHs€Thcs B Taub kpemuiro (ClockA-clockD). HeocnoBHi Hocii
3apsity, €NEKTPOHHM, HAKOMMYYBATUMYTHCS Yy TOTCHLIWHINA SMi T €JIeKTPOIOM, 10 SIKOTO
MiJBEIeHO MO3UTHUBHUN MoTeHLiak. TyT BOHH MOXKYTb 30€epiraTucsi J0CUTh TPUBAIMNA Yac, OCKUIBKU
JIpOK y 301AHEHIN IUISHII HEMae 1 eJIeKTPOHU He pekoMOiHyroTh. Hocii, 3reHepoBaHi 3a MexaMu
30iHeHO01 001acTi, MOBUIBHO PYXalOThCS — AUDYHIYIOTh 1, IK IPABUIIO, PEKOMOIHYIOTh 3 IpaTaMH,
MepIl HiXK MOTPaIIATh MiJ 10 TpaJieHTa nods 3014HeHO1 001acTi.

Hocii, 3renepoBani mo0su3y 30i1HEHOi 001acTi, MOXYTb TUGYHIYBaTH YOIK 1 MOXYTh
MOTPANIUTH MiJ{ CYCITHIN eNeKTpoa. Y 4epBOHOMY Ta iH(pauepBOHOMY Jllalla30HaX JOBXKUH XBHIIb
[133 marTh A03BiN ripiie, HDK y BUAMMOMY Jiama3oHi, Tak gK "dyepBoHI" (OTOHU NMPOHUKAIOTH
mHOIe B KPUCTAI KPEMHIIO 1 PO3MHUBAETHCS 3apSOBUH MaKeT. 3apsij, HAKONMWYEHUN i OJHUM
€JIEKTPOIOM, Y OyJb-sIKHII MOMEHT MOXke OyTH MEepeHeCeHHMH MiJ CYCIIHIM eNeKTpOos, SKIIO HOTro
noTeHIian Oyne 30UIbIIEHO, TOI SK MOTEHIAaNl MEpIIoro elekTpona Oyae 3meHmeHo (puc. 3).
Ilepenecenns B TpudaszHomy 133 MoxkHa BUKOHATH B OJHOMY 3 JBOX HAmpsAMKIB (J1iBOpy4 abo
npaBopydY, 3a MaltoHKamu). Bci 3apsgoBi maketw JiHidku mikceniB (pixell-pixel2) OymayTsb
MIEPEHOCUTHCS B OJMH 1 TOM caMuii 01K 0JTHOYACHO.

j*=——Pixel 1 —»}t———Pixel 2 —»|

P(1) P(2) P(3) P(1) P(2) P(3)

n-Type Buried Channel

e p-Type Silicon |

™ v

Pucynox 3 — Ilepenecenns 3apsini y Tpudaznomy 1133

1.1.4 Iudpakuiiinuii no3uuiiino-uyrausuii nerexkrop [10]

[Tpuniun poOoTH mossirae y po3KiaJaHHi JIJA3epHOTO MPOMEHs TU(PpaKIifHIMH IpaTaMu Ha
mssMu giameTpoM 20 MM, po3mip [TUD 3,6%3,0 mm (181x152 suetiku). BusHaunBIIM MiHIMaJIbHE
Ta MaKCHUMaJIbHE 3HAYEeHHS HOMEPIB JU(PPaKIiHHUX UM, 3 BUCOKOIO TOYHICTIO, MOKHA O0YHCIUTH
MIOJIOKEHHS [IEHTPY JIa3epHOI TUISIMHU.

1.1.5 ITY® Ha ocHOBI IJIIBOK 3 aHOMAJIBLHOI0 (poToHANPYTroI0 [11]

[111BKM BUTOTOBJISIOTHCS TEPMIUHUM BUIIAPOM HAMiBIPOBIIHUKOBUX MaTepiaiiB y BaKyyMi 1
BHUXOJIATH CTYIIHYACTHMH: TOBIIIMHA 3MIHIOETHCS BT 1 10 2 MKM.

Taxi [TY® TpanchopMyIOTh CBITIIOBUN MOTIK Y TPU €TaMH:

1) crBopeHHs (oTocTpymy 3a paxyHOK ¢oOTOreHepalii Ta TMPOCTOPOBOTO TMOJLITY
HEPIBHOBAKHUX HOCIIB HA KOKHOMY MIKpPO p-TI-TIEpEXOi;

2) BUHUKHEHHS €JIeMEHTAapHOI HAapyTH Ha MIKpPO p-N-TIepexoaax y pe3ynbTaTi HAKOMUIEeHHS
00'eMHHX 3apsliB, CTBOPIOBAaHUX (POTOCTPYMOM;

3) <¢opmyBaHHS aHOMaJIbHO BENHKOI  (OTOHAMPYrd NUISIXOM  MiJCYMOBYBaHHS
eJIEMEHTAapHHUX (OTO-HAMPYT HA MIKPO p-T-TIepexo/iax.

[Mamaroumii TOTIK TpW 3MIlIEHHI TeHepye (OTO-HANPYTy, SKa 3MIHIOETHCS OOEPHEHO
MPOMOPLIKHO 3MiHI TOBIMHM MIiBKH Bix 1 g0 2 Mkwm [12]. [Jns [TYD wa ocuoBi CdTe-mmiBku:
gyTmuBicTh 2—5 B/MM mpu ociTienocti 10 7k; BHyTpimmiit omip 10'2-10** Owm; mocriitea gacy
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0,8-1,0; cnexrpanbauii miamazon 0,5-0,83 MkM; po3mip, YyTIMBHA MaWgaH4YHMK, 2X15 MM;
rabaputu 2x2x20 MM; Maca Tpoxu OinbIie 3 T.

1.1.6 MyabTuCKaH

KopoTko MOXHa BiI3HAYMTH, L0 NMPUHLUI POOOTH MOJIATae B peecTpalii Hampyru, II0
BIJIMOBIZA€ KOOPJAWHATI MENiaHW IHTCHCHMBHOCTI BHIIPOMIHIOBAHHS, IO TaJa€ Ha YyTIWBUN
mangaHuuk [THOD.

1.1.7 Ananoru MmyJ1bTHCKaHY

3 IMIIOPTHUX aHAJIOTIB MyJIbTUCKaHAa Biomi npuwiagu ¢pipmu Hamamatsu C: Moaens S3270
(Hamamatsu C). B iactutyTi ByriuteHOi mpommucioBocti SB RAS ta TDI SIE RAS ctBOpmm
IPOTOTUN 0araTOKaHaJIbHOTO ONTOCJIEKTPOHHOIO BHUMIPHUKA TO3J0BXKHBOI Jedopmanii as
ceepanoBuH [13]. [lo3uuidHO-4yTIMBUN AATYUK MPUKPIILIIOETHCS A0 MOPOJIM Ta MOXKE BUIBHO
nepecyBatucsi B3OBX Opyca (puc. 4). Ilo3umiiiHuii ceHcop 3aCHOBaHUN Ha EJIEKTPOHHOMY
dborouytimBomy mpuctpoi S3270-THna, BupoOGirenHomy Hamamatsu, 3 4yTJMBUM MmapoMm 1
esiekTpofaMu. JloxkuHa otouyTnuBoro mapy ¢oromnpuiiMada ctaHoBuTh 40 M. Ilpu npomy
yCTaHOBKa, onucaHa B [12], Mae HAcTymHI XapakTEpUCTUKHU: JAlana3oH BUMIpIOBaHb *+17,5 MwM;
nomuika suMipy + 0,02 mm (moxubka nopisHioe 0,05%).

Pucynok 4 — Cxema [TH®: 1 — BcTaBka, 2 — pyXoMHH BKJIaAW1I,
3 — ¢oronerexrop, 4 — LED (niBopy4); mo3uLiiHUiA AeTeKTOp (IpaBopyy)

PyxnuBuii BKiagumr 2 MOHTYEThCSI Ha BCTaBKY 1 3 MOXIIMBICTIO MO3/I0BXHBOTO
nepemiimieHHs. [IoTouHe MooKeHHs BKJIAJKU MO BiJHOIICHHIO /10 BCTAaBKM BHU3HAYAE TMOJOKEHHS
CBITJIOBOI TUISIMU Ha (oToneTekTopi. Taka KOHCTPYKIIiS JO3BOJIMIA MiHIMI3yBaTH po3Mip CeHcopa,
CIPOCTUTH TPOLIEC MOHTAXy MPWJIATy, 3HU3UTH HOTO Macy Ta MPOBOJUTH BUMIPIOBaHHS Yy BCIX
HaTpsMKax.

Po3poGniena BuMmiproBanbHa cucTeMa 3ale3rneuye aBTOMAaTHYHUNA BHUMIP TO3/I0BXHBOTO
3MileHHd Ta JAedopmariii, Hampukiaa, y KaMeHAX, M0 BHKOPHCTOBYETbCS Yy BYTLIbHIN
MIPOMHMCIIOBOCTI.

ABtopu pobotu [14] oTpumanu aHaMITUYHHUN BHpa3, 3a JOMOMOTOIO SKOTO MOKAa3alu, II0
BU3HAYEHHS KOOPAMHATH B CTaTUYHOMY pexuMmi MoxiauBe 3 mnoxubOkoro 0,03%. A
eKCIIepUMEHTalbHa TepeBipka oTpuMaHoi ¢Gopmynu jgana 3HadeHHS noxuOku  0,025%.
OO06umcIIFOBaHI KOOPAWHATH BUSBUIIMCS IHBApIaHTHUMHU JI0 3MiHH CYMapHOI ITOTY>KHOCTI 1aJIal090T0
BUTIPOMIHIOBaHHS.

1.2 JIBoxkoopauHATHI NO3ULiHO-1yT/IMBI poTonmpuiimaui

1.2.1 YoTupnox eemeHTHHH (poToaion

HaiinpocTimmii GaratoeneMeHTHUN NpHMa4 BHUIPOMIHIOBaHHSA — po3pizHuil DJ] - €
IJIATIBKOIO 3 P-N-TIEpEeX0JIoM, po3jAiieHy Ha 4 dacThHU 3 npomikkoM 1-500 mxMm. BuroromneHi
MetonoM ¢oromitorpadii yotupuenemenTHi O/ garoTh piBHOMIpHY MO3HUIIIHHY XapaKTEPUCTHUKY 1
JI03BOJISIFOTH 30JIM3UTH MaiJaHUMKN OKpeMHX (oTo1ioiB 10 20-50 MKM.

Buxinnawmii curnan onucyetses Bupazamu (1, 2, 3):

Vx=Vnx —Vmx= InxRnx—ImxRmyx ; Vy:Vn,y —mey: |n,an,y—|m,yRm,y (1)

ne m,n — Homepu enemeHTiB @J[; R — omip, po3ramoBaHUX y3I0BX BIAMOBITHOI OCl; X, Y —
KOOpJMHATH IEHTPY OCBITICHOI 30HHW. BUXiIHMI CUTHAN 3aleXUTh Bill ¢opMu misMu. Tak, ams
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KBaJpaTHOTO Tepepiy MPOMEHs, IO IMOBHICTIO TOTparuiie Ha poOody moepxHio DJI, sKmio
JiaroHani KBajpaTa mapanenbHi ocaM KoopauHart, mpu Rl = R2 =R;

Vx=-2v2RIS1®-x  Vy=-2v2RIS1d-y )

1e X, y — KOOpAUHATH [EHTPY CBITI0BOI tuisiMu; R1 — miameTp mismu.
[Tpu kpyriiomy mepepisi IpoOMeHs Ta TUX e JOJATKOBUX YMOB:

o ) V2
VX:“iz—i [(x + Y12 = 0,5(x +y)? + (x = y)y/I2 = 0,5(x — y)? + V2I2{arcsin _(X+2yl) -+
arcsin #}] ©

Bupas qyist Vy oTpumyroTh 3aMiHOIO X Ha y Ta y Ha X. JIIHIHHICTh CUTHAILy JTOTPUMYETHCS
npux,y <l

1.2.2 MaTpuunuii [TY® na P-N-nepexogax

Icnye nozuniitHo-uyTnuBHUI netekTop [15], mpuHIMD Aii SIKOTO 3aCHOBaHMN Ha peecTparlii
MopiBHAHHI (HOTOCTPpyMIB 3 000X OOKIB BiJl CBITJIOBOTO MPOMEHS, IO MaJa€ HA YYTIUBHUUA
Maiinanuuk. Cam JI€TEeKTOp € MaTpHieto 3 16 KBagpaTHUX €JIEMEHTIB 3arajlbHUM PO3MIpoM 2X2 MM
1 po3mipoMm koxHoro eiementa 500x500 mxm. CriektpasibHuid nianazoH (otomnpuitmaua 400-950
HM, MK CIEeKTpaibHOi uyTiauBocTi nopiBHIoe 500 MA/BT 1 mpunagae na A=800 HM, "yac BiATYKY
CTaHOBUTH 8 HC. 3aranbHa HENIHIIHICTD He nepeBulye 1% 1o Bcil MOBepXHi BiACTaHEH.

2. OcHoBHi pe3yabTaTH Ta iXx o00rooperHns. Onuc 3anpomoHoBaHoro IMY®D Ta
nopiBusiHHs 3 [TY® CdSe,CdS [16,17]

VYci BuIe 3a3Ha4Y€HI IPUIAIU MPAIIOBAIM B YMOBaX OJIMKHBOTO KOCMOCY, ajie MaJli BUXIiJ 3
naxy abo CKOpOYCHHH TEpMiH mpaii. ToMy po3risgaeMo MOXKIUBICTh 3aCTOCYBAaHHS B IIUX YMOBaX
HacTtynHux [THO.

[TosumiitHo-uyTiMBi GoTonpuitmadi GaAS CTBOPIOIOTHCS SIK 3 ypPaxXyBaHHSM I103/I0BKHBOTO
(edext Yonmapka), i mornepednoro ¢oroedekriB. Cxemu [TUD 3 mo310BKHIM (a) Ta MONEPEIHUM
(6) horoedexkrom 300pakeHi Ha puc. 5 (a, 0).

-l =

nGals

(@)

L] 1 -

(b)

Pucynok 5 — Cxemu [TU® 3 mo3goBkHUM () Ta nioniepedHnM (0) dhoTtoederTom

[MYD e mipknagkoro 3 n-GaAs. Ha moBepxHi MiIKIaAKd METOJOM PIAMHHOI emiTakcii 3
0OMEKEHOr0 PpO3YMHY-PO3IIIaBY BHPOILICHHUN emitakciduuii map p-Alo7GaosAs. 3 wmeroro
CTBOpPEHHSI HAJIHOTO OMIYHOTO KOHTaKTy 10 TBEPJOro IIHPOKO30HHOTO pPO3YUHY, Ha MOro
noBepxHi BupomeHuit map p+GaAs. Metogamu dotomiTorpadii Ta CEIEKTUBHOTO TpPaBJICHHS
ptGaAs BupanseTbcs 31 cBiTIIOuyTiaMBOi moBepxHi. Ha p+GaAs ocamkyroTses JiHiuacTi
KOHTAaKTH, aJie¢ B N-00J1aCTh — CYIUIbHAN KOHTAKT.

Po3Mip BUXIIHOTO CHTHaTy MDK KOHTaKTamMH 10 Np-o0nacTi JTiHIAHO 3aleXHTh Bij
KOOpJIMHATH LIEHTPY CBITJIOBOi IUISIMH. BuKopucTaHHS TeTeponepexoiiB Yy UIMPOKO30HHHUX
HAMIBIPOBITHUKAX [03BOJAE 3 OJHOrO OOKY 3MEHIIMTH js 10 3HadeHb ~10A/cM? mo pasom 3
MOXTMBICTIO YIIPABIIHHS MTUTOMHUM OIOPOM TBepoTo po3unHy AlxGai-xAs m03BoJIsIE OTPUMYBATH
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y TO3IOBXHIX (OTOeleMeHTax BHCOKE 3HAYCHHS KPYTH3HH JIHIHHOCTI  TO3WIIIHHOI
xapakrepuctuku (I1X), a 3 iHmoro 60Ky, 3Ha4YHO PO3MIUPUTH Aiana3oH podouux Temmnepatyp [TUD
y TIOPIBHSHHI 3 HasBHUMH 3aKOPJOHHUMH aHAJOraMH (HAIpPUKIIAN, JAaTYUKOM TOJNOXeHHS S1352
¢ipmu Hamamatsu). 3MiHIOIOUM KOHLIEHTpALil0 X TBepaoro po3unHy AlxGaix As, 110 €, 10 CyTi,
IIMPOKO30OHHMM BIKHOM /ISl CBITJIa, MOXXHAa €(EKTUBHO KEpPYyBAaTH IIHPHHOIO CIIEKTPAILHOTO
nianazony [TY®. Ha puc. 6 mpuBeneHa KOHCTPYKIIisl 1TaOOPaTOPHOTO CTEHIY.

Pucynoxk 6 — JlaboparopHuii cTeHy

TexHiuH1 XapaKTepUCTUKU:

JIiHiHICTh MO3UIIIHHOT XapaKTepUCTUKH (%0)............... 0,1
Hiamazon po6ouunx teMmepatryp (°C)........ccevevvniinnnn.. -200-+400
CrieKTpaTbHAM JIATA30H (MKM)....veevtenreneeneennannennsn. 0,6-0,86
Po3mipu KOPIYCY JATUHKA (MM)...ueneeineineinennennnnn. 10x14x20
TOUYHICTD MOZUITIIOBAHHS (MKM). .. uvteneteenneenneennnaannnns 5
LuAT 2
4
600
400
200 -
3
2
1 1 1 t 1 |
—15 —10 -3 0 5 10 15 20
x U, v
/_%_200 |
—400 +

PucyHnok 7 — Bonsr-amnepHi xapakrepuctukn ITU® kyT 3mimenss 1
(1- n-CdS; 2, 3 -n- CdSe; 4,5-n-GaAs)

dotomnpuitMad 3MOHTOBAaHMI Ha MIAHOMY KOMIIEHCATOpi, MPUIMASHOMY 10 METali30BaHOL
JeNeKTPUYHOI TUTACTUHH, 1 PO3MIIIEHUH Y HWITIHIPUIHOMY KOPIYCi 3 TIOBOPOTHUM MEXaHi3MOM,
Ha Bally SIKOTO PO3MIIICHUN NieTeKTpHUuHUN muck 3 dazepHum [U-nmiomom. [Y-mion 3adixcoBanwmii
o0 dotonpuiivada. Makcumanbauii KyT [U-mioaa mozao xorrakry [TUD cranosus 1°,
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ExcrniepuMeHTaNbHO JOCIIPKEHO BOJIbT-aMIiepHi Xxapaktepuctuku (BAX) [MTYD: 1- n-CdS;
2,3- n-CdSe; 4,5- n-GaAs, (puc.7). Ilpu npomy IY-masepHuil mion BUIPOMIHIOBAB Ha JOBXKHHI
xBwii 780 uM. CtpyMm HakadyBaHHs jasepa aopiBaioe 100 mA, mgiamerp mpoMeHs Ha MOBEPXHI
I[MYD cranoBuB 1 mm. J{oBkHHA CBITJIOUYTJIMBOI 00sacTi GoronpuitmMada ctanoBuna L = 14,0 mm.
TemHOBUI CTpyM CTaHOBHUB 2 A 1 BimHOIIEHHS GOTOCTpYyMy A0 TeMHOBOTO cTpymy Iph/Id ~ 1000.
Kusnenns [TUD 3milicHiOBamocss BiJl BHUCOKOCTAOLIBHOTO OJOKY JKHBICHHSA. BuMiproBaHHs
npoBoawinck BoibT™MeTpoM B7-40A. IlorpimHicts BuMipy cranoBuna 0,5%. Hanpyra xuBneHHs
Mk enektpoaamu ITY® cranosuno Ul2 = 24V. BAX [TU®D orpumani npu mojaadi Hanpyra Mix
KOHTakTamu (puc. 5, 6) 1 BUMIpIOBaHHS CTPYMY, 1110 IIPOTIKa€e yepes3 JBa 3yCTPIYHO-NIOCIIIOBHI P-N-
nepexoau. 3 puc. 7 BUAHO, IO MPH OCBiTJIeHHI GorouyTiuBoi obnacti [TYD BAX 3anumiaerscs
MIPaKTUYHO HE3MIHHOIO, TOOTO (POTOCTPYM y CTPYKTYpl HE 3aJIeKUTh Bl KOOPAMHATHU CBITJIOBOI
wisiMu. Ane cuctema n- GaAs Mae HalIINII MOKAa3HUKH.

Takum unHOM, pe3ynbTaTH poOOTH IOKa3yIOTh MOKJIMBICTH CTBOPEHHS IO3ULIHHO-
YyTJIMBOTO (POTONEPETBOPIOBaYa KyTa IIOBOPOTY Ha OCHOBI HaMiBIPOBIIHUKOBUX MO3MIIHHO-
yyTauBuX ¢oronpuiiMayiB. Taki mepeTBOproBadl MarOTh JIIHIHHY 3aJI€KHICTh BUXIJHOIO CUTHAIY
BiJl KyTa, BUCOKY TOUHICTh BU3HAYEHHs KyTa (y po3pobieHiit KOHCTpyKIii, 32 po3paxyHkoM — 0,79),
BUCOKY HaAiMHICTh (TBEpAOTLIbHA KOHCTPYKLISA), a TaKOX CYMICHICTb 3 OyJb-KOIO
BHUMIPIOBAJIHOIO, TOTO/KYBaJIbHOIO Ta 00poOHOW0 amaparyporo. Ilpu npomy, sK JpKepesno
BUIPOMIHIOBAHHS MOXX€ OYTHM BHUKOPHUCTAHWW HAMIBIPOBIIHUKOBHM Ja3ep (Ja3epHUN di01),
IIPOMiHb SIKOTO TPOEKTYETHCS HA MOBEpPXHIO (oTompuitmMaya, y TOMY 4YHCIl 3a JIOIIOMOIOIO
ONITUYHUX BOJIOKOH.

BucHoBok. Y wmiii poGoTi Oyj0 JOCHIPKEHO OJHOKOOPAMHATHI Ta JBOKOOPIMHATHI
(dboTonpuiimanbHi TpucTpoi. OCHOBHMMHM BHUMOTAMH JO0 TaKUX JAaTYMKIB € BHCOKA YYTJIUBICTD,
TOYHICTb, KOMIIAKTHICTh Ta €KOHOMIUHICTh. ONTHUKO-eNEeKTPOHHI (oTonpuiManbHI MPHUCTPOI Ha
0a3i- N-GaAs MaroTh HAWBHIYy YyTJIMBICTH JIO 3MIIICHHS CBITJIIOBOrO NpoMeHs. BOHU 3 BHCOKOIO
TOYHICTIO /10 JIEKUIBKOX MIKPOMETPIB JO3BOJISIOTH PEECTPYBATU MEPEMILIEHHS ONTHYHOI'O CUTHATY
pobouoi mnoBepxHi ¢oTonpuiimaya. Lle 103BossIE 3aCTOCOBYBAaTH ONTHUKO-EJIEKTPOHHI (oTONpuii-
MaJlbHI MPHUCTPOi, Ha 0asi cronyk N-GaAs, y cuctemax Mpeuu3ifHOro KOHTPOJIIO MEepeMillieHb Ta
BUKOPHUCTOBYBATH IpU MajoMy 3MIIIEHHI ONTUYHUX €JIEMEHTIB KOHCTPYKLii. BillokoHH B TaHHOMY
BUIA/IKy OLIBIN 3aXMIIEH] BiJl KOPOHAPHUX BUKUIB COHIIS.

Jnst 1poro  mociijpKeHHs OyJo CTBOPEHO CTEHJ IS TIPOBEICHHS KaliOpyBaJbHUX
BUIIPOOYBaHb, /10 CKJaay SKOTO BXOJATh NMOBOpOTHa miardopma Ta imitatop COHIS, a TakoxX
po3pobiieHo TporpamMHe 3al0e3meueHHs Al MPOBENCHHS EKCHEPUMEHTaIbHUX JOCHIIKEHb Y
aBTOMaTMYHOMY pexkuMi. OCHOBHOIO BHOpPaHO MOJENIb BHMIPIOBaHb JaT4YMKa Ha OCHOBI
TreOMETPUYHUX CIIBBIIHOLIEHb Ta HA OCHOBI MOJIHOMIAJIbHOI 3ajiexHOCTI HanpsMmy Ha CoHile Bin
KOOP/AMHAT COHSYHOI TUIIMU Ha KPUCTAJI.

Y  poOOTI eKClepUMEHTAaJbHO BHUBYEHO BOJIbT-aMIepHi Xapaktepuctuku [THO,
BUTOTOBJICHMX Ha OCHOBI emiTakciiiHux mapiB — N-GaAs. IIpoBeineHo TeopeTHMUHHMM aHami3
MO3ULIHHOT Yy TauBOCTI ¢oTonpuiiMauiB n-GaAs Ha OCHOBI €JIeMEHTapHOI TeOpii TOKOMPOTIKAHHS.
BceraHoBieHo, 110 XapakTepUCTUKU KoopAuHaTHOI uyTiauBocTi ITYD — n-GaAs kopemrooTh 3
EKCTICPUMEHTATBPHUMHU  3QJICKHOCTSIMH 332 (OPMOI0O KPUBHUX Ta CTAHOBHIIEM MaKCHMYMIB.
Bu3znaueHo NUTOMY CHEKTpajbHy 4YyTIMBICTH (oTonpuitMaua — N-GaAs. 3a piBHUX yMOB
30y/pKeHHs BoHA B 12 pasiB mepeBuiiye uyTiauBicTh [IU®D, Burotornenux Ha ocHoBi n-CdS, ta 10
pasziB nepesuinye qyTiuBicTh [[UD, BurotoBnenux Ha ocHoBi n-CdSe [16, 17], 0 cBim4UTH Mpo
6e3nepeuny mnepcrnekTuBHICTH [IY®D Ha ocHOBI mapiB apceHuay raniroo. [Ipo mepcrnexkTUBHICTH
mapiB n-GaASs cBITYUTH 1 BUCOKA MUTOMA KOOPJIMHATHA YYTIHUBICTb, 110 BaXJIMBO JUIS BUSBICHHS
MoskBocTel BukopucTanHs [TUD n-GaAs y mTydHuX KOCMIYHUX CYITyTHUKAX 3eMITi.

IMepcneKTHBH MOAATBIINX T0CTiTKEHbD.

HactymuauMm etamom 11i€i po60TH € KOMITJIEKCHE TOCTIKEHHSI COHSIYHOTO JTATIYMKA Ha OCHOBI
cnonyk A3BS5. /lng uporo AociipkeHHS OyJIo CTBOPEHO CTEH[ JJIsl MPOBEACHHS KaliOpyBaJbHHUX
BUIIPOOYBaHb, 10 CKJIaly SKOr0 BXOJATh MOBOPOTHA IUIaTGOpMa, a TaKOK po3po0JIeHO MporpamMHe
3abe3neueHHs I IPOBEACHHS HATYPHUX €KCIIEPUMEHTIB Y aBTOMAaTUYHOMY PEXKHMI.
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Krapyvko H.l. EXPEDIENCY OF USING GaAs COMPOUNDS IN ORIENTATION MODULES OF
ORBITAL METEOROLOGICAL SATELLITE

A lot of time has passed since the beginning of satellite meteorological studies of weather phenomena on the
Earth's surface. The recording systems, data transfer rates, image quality of cyclones, etc. have changed.
However, the main problem has not been solved yet: “how to cool the videocon on the shadow side of the
Earth, when light quanta directly fall into the focus of the lens.

The topic of this work is the study of the comparative characteristics method of the possibility of using one-
and two-coordinate photodetectors based on GaAs compounds (as opposed to CdSe and CdS) in the
orientation modules of artificial weather satellites of the Earth in order to prevent the failure of the photo
recorder.

The volt-ampere characteristics (VAH) of PCFs were experimentally investigated: n-CdS; n-CdSe; n-GaAs. At
the same time, the IR laser diode emitted at a wavelength of 780 nm. The pump current of the laser is equal to
100 mA, the diameter of the beam on the surface of the PCF was 1 mm. The length of the light-sensitive region
of the photoreceptor was L = 14.0 mm. The dark current was 2A and the ratio of photocurrent to dark current
Iph/ld ~ 1000. The power supply of the PFC was carried out from a highly stable power supply unit.
Measurements were made with a B7-40A voltmeter. The measurement error was 0.5%. The supply voltage
between the electrodes of the PCB was Ui, = 24V. The VAH of the PFC was obtained by applying voltage
between the contacts and measuring the current flowing through two counter-series p-n junctions. When the
photosensitive area is illuminated, the power factor of the PFC remains practically unchanged, that is, the
photocurrent in the structure does not depend on the coordinate of the light spot. But the n-GaAs system has
the best performance.

It was established that the characteristics of the coordinate sensitivity of the PCF - n-GaAs correlate with the
experimental dependences on the shape of the curves and the position of the maxima. The specific spectral
sensitivity of the n-GaAs photodetector was determined. Under equal excitation conditions, it is 12 times
higher than the sensitivity of PCFs made on the basis of n-CdS, and 10 times higher than the sensitivity of
PCFs made on the basis of n-CdSe, which indicates the indisputable promise of PCF based on gallium
arsenide layers. The promising nature of n-GaAs layers is also evidenced by the high specific coordinate
sensitivity as well as the operating temperature limit -200+400°C, which is important for identifying the
possibilities of using n-GaAs PCFs in artificial space satellites of the Earth.

Key words: satellite meteorological systems; GaAs; position-sensitive photoreceptors; orientation.
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Biocmasanus pozeumky nacasdcupcoko2o mpancnopmy 6i0 nomped HAcCeNeHHs )y NePecy8aHHAX BUKIUKAE
COYIANbHO-EKOHOMIYHI NPOONeMU Ma He2amueHO NOZHAYAEMbCL HA pOOOMI THWMUX 2ay3ell eKOHOMIKU Micma.
Poboma epomadcekozo mpancnopmy € 6adCIuBUM NOKASHUKOM SAKOCMI JHCUMMSA Y MiCmi ma OOHUM i3
Kpumepiie oyinku OistbHocmi Mmicyegoi enaou. Ilpu opeawizayii nacasxcupcbKux nepegesensb NOmMpiOHe
npoGedeHHs 2pamMomHOl YiHOB0I nOMIMuKu, OCKIIbKU 6i0 Hel 3anexcums @inancosa cmabiibHicme
nionpuemcmé mpauncnopmy. [na 3HauHOi 4acmunu HACENeHHA MPAHCNOPMHI GUMPAMU 3aAUMAlOMb BASOMY
YacmKy y 3a2a1bHux cnodcuguux eumpamax. Ilacasicupcvki nepeeesenHs 6naUGAOMb HA MPAHCNOPMHY
docmynHicme pecioHis, pieHb MPAHCHOPMHOI PYXIUBOCHI HACENeHHA i 000pobymy 2pomadaH — Marmo
6ENIUKY COYLANILHY SHAUUMICMb. 3 MOYKU 30pPY eKOHOMIUHOL QOYLIbHOCIE NACANCUPCHKE Nepese3eHHst He0OXIOHO
Op2anizy8amu maxKum YuHoM, wob 3abe3neuumu HAceilen s HeOOXIOHUMU KOMYHIKAYIIMU, NPU YbOMY MAionb
bymu eghexmueHo UKOPUCMAHI eHepeemuyHi, (PIHAHCO8I Ma [HWl pecypcu 3a HeoOXIOH020 PIiBHs SIKICHO20
obcnyzosyeanms.  fckpaso  eupadicenuil  CoyianbHO-3HAUYWULL  Xapakmep — pobomu - 2pOMAOCbKO20
NACadNCUpCcbKO20 MPAHCNOPMY MA€E NIOKPINAIOBAMUCS Y 2APAHMOBAHOCTI BUCOKOI SIKOCMI nepese3eib
HauMeHw 3abe3neyenum Kameeopiam nacaxcupis. Y podomi 3anponoHo8AHA eKOHOMIKO-MAmeMamuira
Mo0enb 05t YopMYBAHHA MAPUY HA NACAICUPCHKI NEPEBE3EHHSL 3 YPAXYBAHHAM HANEHCHO20 PIGHS AKOCMI ma
COYIAIbHO-EKOHOMIYHO20 PO3BUMKY PECIOH).

Kniwouosi cnoea: mapug); nacadxcupcoki nepesesenus; 3apobimma naama; epagix; Kompopmuicmy,
naca)cupCcoKuti Mpancnopm, npubymko8icms nepese3ensb; AKICMb nepeseseHb.

DOI: 10.33815/2313-4763.2023.1-2.26-27.107-118

Beryn. 3i 30u1bmeHHSIM 100po0yTy HaceleHHs 301UIbIIYIOThCS MOTO MOTpeOH, 30Kpema,
MOB’sI3aH1 3 TMPOIIECOM TMEpPEMILICHHS] Ha aBTOTPAHCIOPTI 3arajbHOr0 KOPUCTYBaHHsS. Takumu
norpebamu € [1, 2]:

— CyMapHi BUTpaATH Yacy Ha NepecyBaHHS;

— PEryJISIpHICTb PyXy PyXOMOTO CKJIAAy;

— KUIBKICTB MEPECaIOK;

— Oe3IeKa Ioi3IKH;

— BapTICTb MEPEMIILIECHHS;

— JIOCTYIHICTh TPAHCIIOPTY;

— HANOBHEHHS PyXOMOTO CKIIaIY;

— KOM(OPTHICTH NepecyBaHHs;

— ©CTeTHYHE Ta eTUYHE 00CITYyrOBYBaHHS MacaXHpIiB;

— TIPOBi3HA CIIPOMOKHICTh TPAHCHIOPTY;

— Yac OYiKyBaHHS TPAHCIIOPTHOTO 3ac00y y IMyHKTaX 3yNHUHKH;

— EKOJIOT14HI OTPeOH TOIIIO.

CyKyTHICTb NepesiueHnX MOKa3HHUKIB MPUITHATO Ha3UBATH SIKICTIO MACAKUPCHKOTO CEPBICY.

Jlst i ABHIIIEHHS IKOCTI HeoOXiaHO [3]:

— TIOCTifHE OHOBIJIEHHS MAaPKy HU3bKOMIIJIOTOBUMH TPAHCIIOPTHIUMH 3ac00aMH;

— BHUKOPHUCTaHHS TPAHCIOPTHUX 3ac00iB HEOOXiMHOT MICTKOCTI, BIAMOBIAHOI MOMUTY
MepeBe3eHHS Ha KO)KHOMY MapIIpyTi;

— MIJBUIIECHHS KYJbTYpPH 00CIyroOBYBaHHS TOIIO.
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Jis mporo HeoOXiJHE IOoMaTKOBe (iHAHCYBAHHS, HAMPHUKIAN, OOOB’SI3KOBUU PO3MOILI
YaCTHHU MPHOYTKY MiAMPUEMCTBA, K 1€ IPUIHATO 3a KopaoHoM [4-8].

HeoOxiaHO Takok 3a3HAYMTH, IO PETYJIIOBAHHS SKOCTI TIEPEBE3CHD 3/IIMCHIOE OpraHi3aTop
TPaHCHOPTHOTO  OOCIyrOBYBaHHS  HAaceleHHA —  YIOpPaBIiHHSA  TpPaHCIOPTY 1 3B S3KY
MiCBKBHUKOHKOMY, BUXO/ISTYH 13 CTpaTeTii PO3BUTKY IMiJBIAOMYOI TEPUTOPIi. [HITMMH clioBaMH, SKIIO
cTpaTeri€ero nepeadadyeHO 3a0e3MEeUYEeHHs HaceNeHHs JIOCTYIIHUM TpPaHCHOPTOM 3arajbHOro
KOPHUCTYBaHHS, BAPTICTh NPOI3/ly PErYIIOEThCS 10 MiHIMaIbHOTO piBHs [9].

Wnerscs mpo BapTicTh Npoi3my #AK KATEropilo, IO H03BOJSAE OIIHMTH BEIHUHMHY
3a0e3meYeHHsT SKOCTI TEPEeBE3CHb. 3aJ0BOJICHHS MOTPeOM HACEICHHS B TIEPEBE3CHHSX 3 TIEIO
AKICTIO, SIKa P’ ABISETCA IK HOPMATHBHA, HE KaXKY4YH BXKE PO MOTO MiJBUILEHHS, IpH Tapudax,
10 OOYHUCIIIOIOTHCS 33 CyYaCHOIO METOAMKOI0, € MAJIOMMOBIPHUM I CTa BIJACOTKIB IEPEBI3HUKIB
[10]. Taka mo3uiist OOTpyHTOBaHA pe3yJbTaTaMH aHAJI3y AIJIBHOCTI MEPEBI3HUKIB Pi3HOI (opMHU
BJIACHOCTI, 1110 3[IHCHIOE MIChKI Ta MPUMICHKI NEPEBE3ECHHS, a TAKOXK IEPEBE3CHHS IMUIbIOBUX
KaTeropi rpoMaisiH.

AHaJi3 ocTaHHIX JociaifkeHb Ta nyOuikaunii. [IpobiemMu po3BUTKY Ta sIKOCTI poOOTH
TPAHCHOPTHOI Traiy3i po3rjsijanucs OaraTbMa BIIOMMMM BITYM3HSHUMH Ta 3apyODKHUMHU
HaykoBIsMU. Haitbinemn  Bimomumu € mnpaui: 1. ['opbauyosa, [I. IlonkparoBa, B. Jlomi,
€. Haropuoro, B. Bnosuuenko, FO. laBunuga, O. Amormna, O. ®@ininnosa, O. bakaesa, b. beiinica,
M. binuska, H. bonmap, O. BacunweBa, A. Bopkyr, B. I'aru, /1. T'opoBoro, 3. I'epacumuyk,
B. Kanbuenka, B. KoznoBoi, O. Kotny6as, II. Makena, FO0. Kynaesa, FO. Kyrax, B. Kymurina,
B. Kpacoscekoro, [Ix.JI, 1. Manspuyka, K. Muxaiinivenko, A. HosikoBoi, T. HortebGyma,
1O. TTamenka, C. IMupoxkosa, K. [Tmyxkuikosa, JI. [Ipeiirepa, B. Peenka, A. Pubuyka, H. Pyzp,
I1. Pozenmreiin-Pogana, 1. Camnoscwkoi, I1. Camyenbcona, JI. CotHuuenko, k. Crurmmig,
B. ®enpka, I'. Ounrok, S. lleuyka, B. [lItaniB Ta iHIIHKX.

Tapudua nomiTuka aepkaBu € OJHUM 3 HAWBaXJIMBIIIMX IHCTPYMEHTIB BIUIMBY Ha XiJ{
€KOHOMIYHUX 1 COLIIaJIbHUX IMPOILECiB Y KpaiHi. BoHa ckianae yacTHHY Aep’KaHOi LIHOBOI MOJITUKU
1 Mae peani3yBaTW 3araJlLHOGKOHOMIYHY TEHJACHIII0 TMEpPexXoqy JO CHCTEMH BUIBHOTO
minoyTBopenns [11].

Hanpuknan, nns mepeBi3HUKa, pe3ylbTaTd €KOHOMIYHOI IiSUTBHOCTI SKOTO TIOKa3yIOTh
MEePEBUIIICHHS BUTPAT HAJl 10XO0/1aMH, OYEBHU/IHO, 110 HAEThCSA HE MPO MiJBUILEHHS SIKOCTI MOCIYT, a
PO BIKMBaHHS. 3BICHO, MPUYMHU TAKOTO CTAHOBHINA MOXYTh OyTH Pi3HI — BiJ] HEBiINOBITHOI
JAHOTO  TIOCEJIEHHS CTPYKTYpM TMapKy [0 Hee(eKTUBHOI oprasizamii TpaHCIIOPTHOIO
oOciyroByBaHHs HaceneHHs. KokHa 3 TpPHYMH, CBOEK MIpOI, BIUIMBAE HAa PEHTAOETHHICTH
HaWOIIBIIIOr0 MIAMPUEMCTBA MiCTa, IPOTE BUPIMICHHS ITi€i mpoOsieMu, 06e3 3MiHM MapKy Ta 3MiHH
MapUIpyTHOI MEpeXi NPOSIBISAETHCS y TPABHIBHOMY pETyJIOBaHHI Tapu]iB, 3a JOMOMOTOIO
BJIOCKOHAJICHHS METOAMKH X pO3PaXyHKY.

YuHHa MeToauKa repeadayae po3paxyHKOBUI piBeHb Tapu@y HUISXOM IMOJLTY BETUYUHHU
HEOOX1THOTO BaJIOBOT'O BUTOPTY (€KOHOMIYHO OOTPYHTOBAaHUX BUTpAT MEPEBI3HUKA Ta HEOOX1THOTO
npuOyTKY) Ha IUTAHOBUH 00CAT peryinboBaHux nociyr [12].

TakuM YMHOM, MONPH HASBHICTh YHUCEIBHUX HAyKOBO-NPAKTHUHUX pO3POOOK, MOXKHA
TOBOPHUTH TMPO HEIOCTATHIO yBary JI0 MpoOiieM 3a0e3ledeHHs] eKOHOMIYHOI Oe3rnekn YKpaiHu y
chepl TpaHCIOPTY, Y TOMY YHCI B YaCTHHI PO3BUTKY TPAHCIIOPTHOI iHOPACTPYKTypH. 30KpeMma,
HEJIOCTaTHBO JOCHIDKEHUM HAyKOBISIMH € B3a€MO3B’S30K MK PO3BHUTKOM TPAaHCIOPTHOI
1H(paCTPYKTYypH Ta EKOHOMIKOIO JIep)KaBH, HE CPOPMOBAHMMHM € KOHIICIIIis, KaTeropiiHuN Oasuc,
METOIOJIOT1UHI 3aca/i Ta MPIOPUTETH JCPKABHOTO PETYIIOBAHHS €KOHOMIKOIO B c(epi TPaHCIIOPTY
3 ypaxyBaHHSIM BHUMOI €KOHOMIYHOI O€3NeKM Aep>kKaBU Ta, 30KpeMa, MpH peaji3amii Ba’kKIMBOI
(bYHKIIT Iep)KaBHOTO PETyJIIOBAaHHS — YIIPABJIIHHS PO3BUTKOM TPaHCIOPTHOI iHppacTpykTypH [13].

ITocTanoBka npodJieMH y 3arajibHOMY BHIJISIAI. AHaTI3 TTOKa3aB, M0 ICHYIOYa METOANKA
pO3paxyHKy Tapu]iB Ha TEpPEBE3CHHS MACaXHWPIB HE JO3BOJSE TEPEBI3HUKAM HAJIaBaTH SKICHI
MoCIyrH. 3 OISy Ha Iie, € MoTpeda y po3poOIeHHI METOIUKU PO3paxyHKy TapuQiB, sika BpaXoOBye
SIKICTh MAaCaKUPCHKOTO CEPBICY Ta COLIAIbHO-EKOHOMIYHOTO PO3BUTKY PETIOHY.
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Meta pociaizkeHHsi. MeTOO JOCITIDKEHHS € pPO3pOOJICHHS EKOHOMiKO-MaTeMaTUYHOT
MoJieni Tapu(OoyTBOPEHHS Ha MacaXKUPChKI NMEPEBE3CHHS 3 ypaXyBaHHSIM HaJIEXKHOTO PIBHS SIKOCTI
Ta COIIATbHO-€KOHOMIYHOTO PO3BHUTKY PETiOHY.

Metoau nociaigkeHHsi. AHai3 AiSUTIBHOCTI TEPEBI3HUKIB MPOBOJIWBCA 32 MOKa3HUKAMHU
JIOXOJTHOCTI Ta BUTPATHOCTI MOCIYI NEPEBE3CHHS MacakUpiB aBTOTPAHCIIOPTOM 3araJbHOIO
KOPUCTYBAaHHSI 3 YypaxyBaHHSIM [OKa3HHMKIB SIKOCTI MAacaKHUPChKOTO CEpBICY Ta COLIaIbHO-
€KOHOMIYHOTO PO3BUTKY PETIOHY.

Bukiaag ocHoBHOro marepiajay. Mix TapudaMu Ta NMONUTOM Ha IMEPEBE3CHHS € SIBHO
BHpa)K€Ha 3BOPOTHA 3aJICKHICTh: YMM BHUIIUH Tapu@ JAaHOTO BHUIY TPAHCIIOPTY, TUM HIDKYHM Oyjie
NONUT Ha Horo mociyru. OJHIEI0 3 TPUYMH LBOTO SIBUILA € 3pOCTaHHS KOHKYPEHLIi HajJ PUHKOM
MacaXUpPChKUX IE€PEBE3€Hb, OCKUIbKM Yy 0ararbox MicTaXx 1 HAceJeHUX IYHKTaX YCIIIIHO
(YHKIIOHYIOTh TPAHCIOPTHI KOMIIaHIi HeJep)KaBHOI BJIACHOCTI, 3AIHCHIOIOTH MapLIpyTH30BaHi
MIEpPEeBE3EHHS MacaXUpiB MIKpoaBTOOycaMHM Ha MaplIpyTax, MapajelbHUX MapLIpyTaM MiCbKOTO
TpaHcHopTy. [HTepecu macakupa Ta HmepeBi3HUKA y cepi MICHKUX MacCaKUPChKUX MEepeBe3eHb HE
30iratoTecs. [lepeBi3HUK 3alliKaBIEHUN Y OTPUMaHHI BUPYYKH, 30KpeMa 1 32 paxyHOK 301IbIIEHHS
Koedirienrta 3mMiHHOCTI. [Tacakup xoue nmpulyTH 10 Micls NPU3HAYEHHS MIBUJKO, 0€3 mepecaiok 1
3a MiHIMaJIbHHH Tapud. [ 3HAaYHOT YaCTUHM HACEJICHHS TPAHCIIOPTHI BUTPATH 3aliMalOTh BaroMmy
YacTKy y 3arajlbHUX CIIO)KMBYMX BHUTpaTax. BapTicTh mepeBe3eHb Yy MacakKUPCbKOMY CHOIYYEHHI
0o0MeXy€e MOXKIMBOCTI JJIsl OT37I0K HAceJIEeHHs, a B 0araTbOX BHUIMAJKax JJs YaCTUHU HACEJICHHS 3
HEBUCOKMMHU J0XOJaMU pOOUTh Ii MOI3AKM HEJOCTYNHUMH. 3HIWKEHHA pIBHSA Tapudy
MacaKUPChKUX TIEPEBE3CHh MA€ SK COIlaJibHE, TaK W EKOHOMIYHE 3HAY€HHS. 3J/ICIICBIICHHS
NIepeBE3€Hb J03BOJIS€ MiABUIUTH SKICTh KHUTTS HACEJICHHS Ta PIBEHb A1I0BOi aKTUBHOCTI, CTBOPIOE
OUIbLI COPUSITIUBI YMOBH I peaii3alii MNOTeHIIMHUX eKOHOMIYHUX Ta COLIAIbHUX MOXJIMBOCTEN
[14]. 106 mociyru MiCHKOTO MAaCaKUPCHKOTO TPAHCIOPTY OyiM JOCTYMHI Ui OUIBIIOI YaCTHHH
HaceJICHHs, BeJIMuYrMHa Tapudy Ha MacaXupcbKi MEpEeBE3€HHs, BCTAHOBJIEHA OpraHaMH BJIaJy, HE
MOBUHHA OYyTH BHILOI 32 MaKCUMalbHUM Tapud. MakcumanpHuil Tapud 3HAXOAUTHCS 3a

dhopmyoro (1).

Tmax = (3Hcp.Mic ’ y@ )/ Kn (l)
e Tmax— MaKCI/IMaJ'IBHI/Iﬁ TapI/I(b Ha nacameCLKi HCpCBC3CHH$I, FpH;

31ep. nic.— cepeTHbOMICIYHA 3apO0OITHA TJIaTA KUTETIB MICTa, TPH;

Vs — piBeHb BUTpAT HACEJIEHHS MOCIYTH MIChKOTO MACaKUPCHKOT0 TPaHCIIOPTY, %o;

K — cepenst KUTbKICTh TTOT3/TOK HA MICSIIb.

IIpu 3HaXOPKEHHI MaKCHUMAaJbHOIO MOXIJIMBOTO TapH(]y BHUKOPHUCTOBYBABCS aJTOPUTM,
3aCHOBAaHMH Ha TUIATOCIIPOMOXKHOMY TIOMUTI HACEJCHHsS, aje y 3allpONOHOBAaHIA 3alIe)KHOCTI
J0JJATKOBO 3allPOBA/KEHO IMOKa3HUK «CEepeHbOMICAYHA HOMiHallbHA HapaxoBaHa 3apo0iTHa
TUTaTa, TOJI METOAMKY PO3paxyHKY MaKCHUMAJIBHOTO Tapu]y Ha MAcaXHUPCHKi MEPEBE3CHHS MOKHA
3aCTOCOBYBATH 0€3 TPYAHOIIIB y 6araTboX yTBOPEHHSX.

VY dopmyii (1) BUKOPUCTOBYETHCS MOKA3HUK CEPETHBOMICIYHOT 3apOOITHOI TUTATH KUTEIIB
MICTa, pO3PaxOBAaHO piBEHb TPAHCHOPTHUX BUTpPAT IS HACeNeHHS Yy BIACOTKax BiX
CepeTHbOMICSIUHOT 3apO0ITHOI IJIaTH, BEIMUYHNHU MPOKUTKOBOIO MIHIMyMY Ha JyIIly HaceJIeHHs 3a 5
pokiB. ¥ po0OoTi BUKOpUCTaHI JaHi 310paHi BYUCHUMHU KadeapH TPAHCIIOPTHUX CUCTEM Ta TEXHIYHOTO
cepBicy XepCOHCHKOIO HaIllOHAJILHOTO TEXHIYHOIO YHIBEPCUTETY Y NoBoeHHUH uvac. [IpoBenenuit
aHaJli3 TMOKa3ye, M0 3 MiJABUINECHHSM CEepeIHBOMICSYHOI 3apOOITHOI MIATH PIBEHb IIOMICSYHHIX
BUTpAT HA TPAHCTIOPT MA€E YITKO BUPAKEHY TUHAMIKY 3POCTaHHS.

Posrnsparoun mpoiiec BCTaHOBJIEGHHS Tapudy Ha MacaKUPChKI MEPEeBE3€HHs, HEOOX1THO
BHUXOJIUTH 13 TOLIYKY KOMIIPOMICY MIXK TpbOMa CTOPOHAMHU: MEPEBIZHUKAMH, OpraHAMH MICLIEBOTO
CaMOBpsIlyBaHHA, MacakupaMu. EQeKTHBHICT NepeBe3eHb I KOXKHOI 13 CTOpIH TakKoX
OIIIHIOBAaTHUMETKCS TMO-pi3HOMY. [l mepeBi3HUKIB €(EeKTUBHICTD OIIHIOETHCS MPUOYTKOBICTIO Ta
PEHTa0ENbHICTIO. 3 MOIIIALY OpraHiB MICIIEBOIO CaMOBPSIYBaHHS €(DEKTUBHICTh PO3YMIEThCA SIK
3a/I0BOJICHHSI TPAHCIIOPTHUX TOTPEO HAceNeHHs 3a MIHIMaJbHUX BHUTPAT MICBKOTO OIODKETY Ta
JOTpUMaHHs BUMOT Oe3neku. [[ng macaxkupa eheKTUBHICTh MICBKHMX MAaCaXHPCHKUX IEPEBE3CHb
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BU3HAYA€ETHCS HAIIHICTIO 00CITyTOBYBaHHS, KOM(OPTOM TOI3/IKH Ta JOCTYIHICTIO Tapu]y.

MiniManpHU Tapud Ha MacakKUPChKI MEPEBE3CHHS BU3HAYAETHCSI HA OCHOBI €KOHOMIYHOL
JOLUTBHOCTI Ta JIEP’KaBHOI JAOTAIlii BUTPAT, OB’ 3aHUX 13 MIEPEBE3CHHSM IUIBIOBUX MACaXHpiB. Y
PO3paxyHKy MiHIMaJIbHOTO Tapu(y Ha NACaKUPCHKI MEpPEeBE3CHHsS BPAaxXOBYEThCS Haa0aBKa Ha
CTpaxyBaHHS IKHTTS, 3/0pOB’S Ta MaiHa macaxupiB. MiHiManpHHI Tapud NP LOHOMY
po3paxoByeThCs 3a hopMyIioro (2).

T :3+HP—PH+J
min Q

ae T min — MiHIMaJIBHUI piBeHb Tapudy Ha MACAKUPCHKI IEPEBE3CHHS, TPH;

3 — IpOrHO3H1 BUTPATH Ha MEPEBE3EHHS MacaKupiB, IPH;

11, — 3arutanoBaHui MPUOYTOK, TPH;

P — o0csr noranii nmepeBe3eHHs MIJILIOBUX KaTETOpii macaXupis, TPH;

J — cTpaxoBa Haz0aBKa Ha CTPaxyBaHHS JKUTTS, 3J0POB’Sl Ta MaiiHa MACaKUPIB, TPH;

Q — obOcsr nepeBe3eHsb, Tac.

Tapud Ha macaxupcbki TMEpeBE3CHHS, HIDKYMA 3a MiHIMaabHUM, He 3a0e3meduTh
MIIMPUEMCTBO HEOOXIIHMMH JOXOJAaMH JUIsl 3IIMCHEHHS WOro isUTBHOCTI 3 TIEPEBE3CHHS
MacaXXHpiB.

Bcranosiiennst Tapudy Ha MiChbKI TTaCaXUPCHKI IMEPEBE3EHHS HE HIKYMKA MIHIMAJIBHOTO Ta
He OUIbIIMI MaKcHMMaJbHOTO Tapudy, 3abe3rnedyBaTUMe TMPUUHATHUN piBeHb KOoMdopTy,
BIJIMOBIJIHY SIKICTh HAQJAaHHS TOCIYT Ta HOpPMayibHE (YHKIIOHYBAaHHS MICBKOTO Iaca’KUPCHKOTO
TPaHCIOPTY.

3anpornoHoBaHUK KOE(DIIIEHT SKOCTI CTOCOBHO CyYacHOI CHCTEMH Tapu(pOyTBOPEHHS
BpaxoBy€ BHYTPIIIHI YHHHUKH, IO 3aJeXaThb BiJ MiJAMPUEMCTB MICHKOTO IaCaXKHPCHKOTO
TPaHCIOPTY, Ta OI[IHOYHI ITapaMeTPH PiBHS 0OCITyrOBYBaHHSI.

JUnist miABMINEHHS SKOCTI OOCIyrOBYBaHHS Maca)XHpiB HEOOXiTHO MPHU PO3paxyHKy Tapudy
Ha TIEPEBE3CHHS BPAaXOBYBAaTH TMOKA3HHMKHU SKOCTI. Y pe3ysbTaTi aHajizy OyJio 0oOpaHO OCHOBHI
MOKAa3HUKM SKOCTI MEpeBe3eHb MacakupiB. Takwii MOKa3HUK SKOCTI, SIK MIUTBHICTH MapuIpyTHOI
MepeKi, BIUIUBAE Ha PiBEHb TapH(]y, OCKUIBKH PiBEHb PO3BUTKY MapIIPYTHOI CHCTEMHU BH3HAYA€E
MOJIMBICTh 3IIHCHEHHS Oe3MepecajKoBUX TOI30K Yy CHCTEMI MICBKOTO MacaXUPCHKOIO
TpaHcnopty. [IpoBeneHuii aHami3 JO3BOJWB BUSBUTH, IO HA BEJWYHHY IMUIBHOCTI MapIIPyTHOI
Mepexi BIUIMBa€ MICTOOYAIBHA MOJITHKA, IO € 30BHIIIHIM (D)aKTOPOM, SKHH HE 3aJeKUTh BiJ
MIJIPUEMCTB TACaKUPCHKOTO TpaHCHOPTy. BuTpatu Ha iHQopmaliiiHe 0OCIyroByBaHHS MOXKYThb
IIBUJIKO OKYIATHCS, HANpPHUKIAJ, 32 PaXyHOK 3aly4eHHS CTOPOHHIX OpraHi3auii /Ui pO3MIlIeHHS
pexkiamu Ha iH(MopmariiHOMy Tabio. Tomy 1ell TOKa3HHMK MOXXKHA HE BpPaxOBYBATH ITiJ dYac
po3paxyHKy Tapudy Ha THacaKUpchki mepeBe3eHHA. (OCHOBHMMHU IOKa3HUKaMH  PIBHS
00CJTyroByBaHHSl TMacakKMpiB Ha MICBKOMY TpPAaHCIOPTI € KOe(Iili€EHT BUKOPUCTAHHS MICTKOCTI
PYXOMOTro ckiaay Ta Koe(ilieHT peryispHocTi. Haromomryerscsi, 1mo Takuii MOKAa3HHMK SIKOCTI
MepeBe3eHb TAaCaXHpiB, SIK Yac Ha TOI3JKy, MOKHAa HE BKIIOYATH JIO PO3paxyHKy Tapudy Ha
Maca)KUPChKI MepeBe3eHHs, OCKUIBKM BiH 3aJIE)KUTh BiJ] TAKMX 30BHIIIHIX (aKTOPIB, SIK CUTYallis Ha
JI0pO31, TOPOKH1 YMOBH, KBasi(iKaIlis BOis TOIIO.

Jns Toro, mo0 OLIHIOBaTH Ta KOHTPOJIOBATH, PErYyJIOBaTH poOOTy MiANPHEMCTB
MacaKUPCHKOTO TPAHCIIOPTY 3a SKICTIO OOCITYrOBYBaHHS MAaCaXXUpPiB, HEOOXITHO 3ampOBAJUTH
TaKuil MOKa3HUK, K KOE(ILIEHT SKOCTi, 1O PO3paxyHKy Tapuy Ha MacakupchbKi MepeBe3CHHS.
KoedimienT sikocTi (Kko) BU3HAUYAETHCS 3@ CHIBIIHOLIEHHM (3).

, (2)

_ 2
KKO __.ere’ (3)
}/(])
ne ¥» — HOPMAaTUBHUI Koe(illieHT BUKOPUCTAHHS MICTKOCTI pyXOMOTO CKJIaay;

v — QaKTHYHE 3HAYCHHS KOoe]illieHTa BHKOPUCTAHHS MiCTKOCTI aBTOOYCa;
Kpeo— KO€(DILIEHT PETYISAPHOCTI PyXy Ha MapuIpyTax.
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Y dopmyni (3) ais po3paxyHKy Koe(illieHTa SKOCTI BUKOPHCTOBYETHCS Yac, 3aTpadyBaHUN
nacaKupaMu Ha MOI3AKy. JlaHWi TOKa3HMK HE BPaxXOBYEThCS NPU 3HAXOIDKCHHI KoedilieHTa
SIKOCTi, OCKIJIBKM 3QJIKHUTHh TICPEBAKHO BiJ 30BHINIHIX YWHHHUKIB, SKI HE 3aJie)KaTh BIiJ
ABTOTPAHCIIOPTHOTO MIAMPUEMCTBA. Y 3B’S3Ky 3 LIKUM OYJIO PO3paxOBaHO OLIHOYHI MapameTpu
piBHs 00ciyroByBaHHs (Ta0u. 1).

Tabmuus 1 — OninouHi mapameTpu piBHs 00cmyroByBanHs [13]

Picers Ouyinouni napamempu
00cy208y6anH - Kpe: Ko
3pa3koBwii 1,0 i Bume 0,95 0,95 1 BuIIe
[apuwmii 0,88-0,99 0,93-0,94 0,82-0,93
3a10BUIBHUNA 0,75-0,87 0,92 0,69-0,80
Hezanosinpauii Huxuae 0,75 Huxuae 0,92 Huxuae 0,69

Tapud Ha macaxupchki MEpeBE3CHHS 3HAYHOIO MIPOI0 3aJICKUTh Bif Koe(illieHTa SIKOCTI,
o0csary mepeBe3eHb Ta (PaKTUYHOI KUTBKOCTI pelciB. Y JOCTIIPKEHHI OIliHKa poOOTH pPyXOMOTO
CKJIaJly Ha MapUIpyTi 3MIHCHIOEThCS HA IMIJACTaBi 3MIHHO-I00O0BOTO IUIAaHY TI€PEBE3CHb, TOMY
BAKJIMBUM 3aBJIaHHSAM ONTHMI3alili Tapu@y Ha MIChKI MACaKUPCHbKI MEPEBE3E€HHS € BU3HAYEHHS
TaKoi KUIbKOCTI PEHCiB, 3a K01 OyJie TOCATHYTO BEJIWYMHY Tapu(dy Ha MacakUPChbKi MEepPEeBE3CHHS,
10 HE MEPEBHUIIIYE BETMUYNHY BCTAHOBJICHOTO OpPraHaMHU MiCIIEBOTO CaMOBpsAyBaHHS Tapudy.

IIpu oMy piBEHb SKOCTI NEpeBe3eHb MOBUHEH OYTH Ha BIAMOBIIHOMY piBHI (KOe]ilieHT
SIKOCT1 IOBUHEH OYTH HE HUXKYE 3a 33JJ0BIJILHUN PIBEHB).

ExoHomiko-mMaTeMaTu4Ha MoJiesib Ui (hopMyBaHHS Tapu(y Ha MacakupchbKi MEpeBE3CHHS 3
ypaxyBaHHSIM HaJI)KHOTO PIBHSI SAKOCTI (HE HIDKYE 3a 3aJ0BUIBHUI) y CHCTEMI MICBKOTO
MacCaKUPChKOT0 TPAHCIIOPTY MPE/CTAaBICHA y BUTIIA1 OJIOK-CXEMH Ha PUCYHKY 1.

dopMyny po3paxyHKy Tapudy Ha MacaKMpPChbKi TIEPEBE3CHHS 3 YpaxXyBaHHSM SIKOCTI
MpeICTaBUMO BUTJII (4).

C, -N,-1+R
Ty = S ( )'KKO' 4
Q
ne Tx— Tapud Ha mMacaKUPCHKI MEPEBE3EHHS 3 YPaxXyBaHHSIM SIKOCTI, TPH;

Cp— cepenHst cOOIBapTICTh MACAKUPCHKUX MTEPEBE3CHB 3a PEIC, TPH;

Ng — dakTHuHa KUTBKICTh PEHCiB, O1.;

R — penrabenbHicTh, %);

Q — dbakTuuHMit 0OCAT TIEpeBE3eHb, Mac.;

Kko—xoedimieHT sKocCTi.

3 mornsAgy OpraHiB MiICHEBOTO CaMOBpSIYBaHHS ONTHMajdbHUM Oyne Takud Tapud Ha
MaCaKUPCHKI MEPEBE3CHHS, 3a SIKOTO Ha/IaBATUMYThCSI TPAHCIIOPTHI MOCTYTH MPUHHSATHOI SKOCTI (32
MICTKICTIO PyXOMOTO CKJIaJy Ta PEryJSApHICTIO PyXy) 3 MiHIMaJbHUMH BHIUIATaMHU 3 MICIIEBOTO
Oroxery. Jlnsi CroKMBaviB MOCTYT MICBKOTO TACAKHUPCHKOTO TPAHCIOPTY ONTUMAIBHUM OyIie
Takuil Tapu@, 3a SKOro IepeBe3eHHs Oyne BHUKOHAHO YITKO 3a TpadikoM, 3 MaKCHMaJIbHOIO
KOM(OPTHICTIO Ta 3 MiHIMaJbHUMU BHTpaTaMu (TIpH IbOMY Tapud Mae OyTH JOCTYIHUM IS
OCHOBHOI MacH HacelleHHs). 3 MOy TPAHCIIOPTHUX IMiJIPUEMCTB ONTUMAIBHUM € TaKHH Tapud
Ha MacaXUPChKi MEPEBE3CHHS, TIPU SIKOMY BUTPATH Ha MIEPEBE3CHHS PArHYTHMYTh JI0 MIiHIMYMY.
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Pucynok 1 — AIroputM eKOHOMIKO-MaTeMaTHYHOI MOZETi
i (hopMyBaHHs Tapu]iB Ha MiChKi TACAXKUPCHKi TIepEeBE3eHHS

Ha ocHOBI BHKIAQAEHOTO, pO3PaxXyHKOBUII Tapud Ha MacaXUPChKi

MIPOTIOHY€ETHCS 3HAXOIUTH 332 PAXYHOK PO3B’sI3aHHS JJBOX 3aBJ/IaHb.
MatemaTruHi 0OMEXESHHSI MPEACTABIICHI Y TAKOMY BHTJISIJII:

TIePEBE3CHHS

1. Minimizalisg pi3HUII MDK TapudoM Ha MacaKUPChKi MEePeBE3EHHS 3 ypaxyBaHHIM SKOCTI
Ta Tapu(oM, BCTAHOBJICHHNM OpPTraHAMH MICIIEBOTO CaMOBPSIyBaHHS, 32 YMOBH, IO KOEQIIi€eHT
SIKOCTi 00CITYTrOBYBaHHS MacakUpiB HE HIDKYE 32 3aJ0BUIHHHIA PiBEHb, (PAKTHUHA KiJIBKICTh PEUCIB
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HE TIEPEBHUIIYE IUIAHOBOTO 3HAUYCHHs, (PAaKTHYHHMI 0OCAT TepeBe3eHb 3a MapIIpyTOM 3a pIK
JOPIBHIOE 00CSTY TEepeBe3eHb 3a pIK Ha IBOMY XK MapumpyTi (5), OTpUMaHOMY B pe3yJbTaTi
MO/ICTTIOBaHHS.

minT,(C, R,7,, Ly, Lo N, Qp Ko, Ky )= T, [Kio 2 0,69N, <N, Q) =Q, . )

2. Maxkcumizanis (6) xoedimieHTa SKOCTI 00CIyroByBaHHs nacaxxupiB (Kko) 3a yMOBHU €
MIEPEBUIICHHST BCTAHOBJICHOTO OpraHaMH MiCIIEBOTO CAaMOBPSAyBaHHS Tapu]y Ha MacaXHPCHKi
nepeBesenns (7).

max Ky (N, N, Qy, 7 Loy Ny v Ko, Ky T < TN, <N Q) =Q,, (6)

ne Tx — Tapu( Ha macaXUpPChKi MEPEBE3EHHS 3 ypaxyBaHHSAM SKOCTI, TPH;

Cp — cepenHs co0IBapTICTh NACAKUPCHKUX MIEPEBE3CHD 33 PEHUC, TPH;

R — penrabenbHicTh, %;

Y»— HOPMaTUBHUN KOE(ILIEHT BUKOPUCTAHHS MICTKOCTI PyXOMOI'O CKJIaay;

V — HOMiIHaJIbHA MICTKICTh PyXOMOTI'O CKJIafy, 1ac.;

Lp — IPOTSDKHICTD peicy, KM;

lnopisn — CEpPEIHS AATBHICTD MOI3KU MACAKUPA, KM;

Ng — dpakTHUHA KUIBKICTh PEHCIB, OA.;

Nrz — KITBKICTh TUIAHOBUX PEHCIB, O11.;

Qp — 00’eM mepeBe3eHb 3a peiic, OTPUMaHUN y pe3yJIbTaTi OOCTEKECHHS MACaXHPOTIOTOKIB,
nac.;

KQ — koediieHT ynpaBiiHHs 00CSIroM NepeBe3eHb 3a Peiic;

KN — koediieHT ynpaBminHS (GaKTHUYHOIO KUTBKICTIO PEHCiB;

Ty — Tapud Ha TMACAXUPCHKI MEPEBE3CHHS, BCTAHOBJICHUH OpraHaMu MiCLEBOIO
CaMOBPsITyBaHHS, TPH;

Ko — Koe(diIieHT SKOCTI;

Q¢ — dakTHuHUIT 00CAT EepeBe3eHb 3a MapIIPYyTOM MIPOTITOM POKY, I1ac.;

Q’p— obcAr mepeBe3eHb, OTPUMAHUH Y pe3yJIbTaTi ONTHMI3allii, mac.

[TigmpueMcTBaM MiCHKOTO MACAXHUPCHKOTO TPAHCHIOPTY MOXKHA PEKOMEH/1yBaTH BUKOHYBAaTH
KUTBKICTh PEHCIB, pO3paxoBaHy Yy TMPoOIeCi MoJeNtoBaHHA. [3 3acTocyBaHHAM po3poOaeHOT
€KOHOMIKO- MaTeMaTHYHOi MOJIelli, KOHTPOJIIOI0UYl YCTAHOBU OpraHiB BUKOHABUYOI BIAJAU MOXYTh
B1JICTEKYBATH PIBEHb SIKOCTI 0OCITYTrOBYBaHHS.

VY po6oTi mokazaHo, 110 3a JOIIOMOT0I0 po3po0IeHOT MOIeNi 3HAXOKEHHS PO3PaXyHKOBOTO
Tapuy Ha MACaKUPChbKI MEPEBE3CHHS MIJNPUEMCTBA TMACAXKHUPCHKOTO TPAHCIOPTY MOXKYTh
BU3HAYaTH HEOOXiIHY KIJBKICTh PEWCIB Ta OJUHHIL PYXOMOTO CKJIAAY HJs MIATPUMKH SKOCTI
TepeBe3eHb Ha HalleKHOMY piBHI. [Ipu 11boMy MoOkHa BHOpaTH HEOOXITHY MICTKICTh PYXOMOTO
CKJIa/Ty, KOJIA Tapud Ha MacaKUPChKi MepeBe3eHHs Oy/1e MiHIMaIbHUM, a SIKICTh 00CITYTOBYBaHHS —
y MeKaX 3a/I0BUTBHOTO PiBHSI.

3 BUKOPHUCTaHHSM PO3pO0IJIEHOT EKOHOMIKO-MaTEMaTUYHOT MO/IETI MOXKHA 3a0€3IeUHTH:

— 3aJI0BOJICHHS MOTPeO HAceNIeHHs y MEePEBE3CHHAX 3a KOXKHUM MapUIpyTOM;

— BHKOPHCTaHHS PyXOMOTO CKJIa/ly HEOOXiHOI MICTKOCTI 337151 3a0€3MeueHHs HAIKHOTO
PiBHS 00CITYyTrOBYBaHHS,

— PETyJISpHICTH PyXy (3a JOMOMOro OOJIKy 3 pO3paxyHKy Tapudy Ha IMacakKUpchbKi
nepeBe3eHHs KoedirieHTa perysipHOCTi);

— CTBOPEHHS HEOOXITHUX 3pYYHOCTEW Macakupam y aopo3i (y pasi, KOJIH BiIHOIICHHS
HOPMAaTUBHOTO KoedillieHTa BUKOPHUCTAHHS MICTKOCTI PYXOMOTO CKIagy [0 (aKTUYHOTO
3HAaXOIMUTHCS HA JJOCUTh BUCOKOMY PiBHI);
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— BCTaHOBJICHHS TaKoi BEMYMHU PO3PaXyHKOBOTO Tapu(y Ha MacakMpChKi IMEepeBE3CHHS,
sKa He TIepeBUlllyBasia O BEJIMYMHHU BCTAHOBJICHOTO Tapu(]y Ha MacakKUPChKi MepeBe3eHHs. Y LIbOMY
BUIMA/IKY TaKOX BPaXOBYIOTHCS IHTEPECH TUPEKTUBHHUX OPTaHiB, OCKIJIBKU BiOYBA€THCS €KOHOMIs
KOIITIB y OFOKETI, K1 CHOPSIMOBYBAJIKCS HAa BUILIATY CyOCHiN uepe3 PI3HHUII0 MK €KOHOMIYHO
o0rpyHTOBaHMM TapupoM Ta Tapu(om, BCTAHOBICHUM JUPEKTHBHUMHU OpTraHaAMH.

TakuM YMHOM, JOTPUMAHO IHTEPECH TPHOX CTOPIH: TPAHCIOPTHUX MIANPHEMCTB,
CIOXKMBAYIB MOCIYT MICHKOTO IMaCaKUPCHKOTO TPAHCIIOPTY Ta ACPIKABH.

VY pasi, K110 peanbHi MOXKIMBOCTI OFOJKETY MEHIII 32 He0OX1/IHi, MOXKHA BIJIKOPUT'YBAaTH —
BeIMUMHY Tapudy y Oik 30UIblIeHHS a00 3MEHIIUTH HOpMY MpuOyTKy. Taki cTaTTi BUTpaT, SKi
HiANPUEMCTBA MOXKYTh caMi 3a0€3MEUUTH, SKIIO IXHS AISIIbHICTD Oye peHTabeIbHOI0, TOOTO, SKIIO0
3 OIO/IKETY Ha/JaBaTUMEThCS MOBHOIO MIpOIO (pIHAHCYBAaHHS MOKHA OyJie BUKIIOUUTH KaliTaJIbHUN
PEMOHT Ta NPHUIO0AHHSA PYXOMOIO CKJIaay, sIKi MIANPUEMCTBA 3MOXYTh 3a0€3ME€UYUTH BIACHUMHU
komramu. 1106 Bu3HauuTu OrOmKeTHI cyOcuiili cy0’eKTaMm TrocrnoAaproBaHHsS, K1 31HCHIOIOTH
NIePEeBE3ECHHS Ha KOMEPLIHHIA OCHOBI, HEOOX1IHO OKpeMe JOCHTIKEHHs COOIBapTOCTI MEePEBE3CHHS
Ha KOMEpLIMHOMY TpaHCHOPTI, SIKE BA)KKO y 3B’S3KYy 3 BIJCYTHICTIO Y HUX MOJIOHOI 3BITHOCTI.
Butpatu cy0’€KTiB rocrnogaproBaHHs, SKi MalOThb Y CBOEMY PO3HOPSKEHHI HEBEJIMKY KUIBKICTh
TPAHCIIOPTHUX 3ac00iB, SIK MPaBWJIO, HU)KYE BUTPAT MYHILMIAIbHHUX MIJIPUEMCTB 3 HasBHICTIO
BEJIMKOI YUCENBHOCTI MepCOHaTy, BUpOOHUYOI 0a3u Ta mapky pyxomoro ckiagy. Kpim Toro, He Bci
TOCTIOAPIO0Yl Cy0’ €KTH 31MCHIOIOTH MEPEBE3CHHS MUIBIOBUX KAaTEropid TPOMasH, OTXKE, YaCTKa
MOKPUTTSI BUTPAT JOXOJaMM BiJ NpPOJaXy KBUTKIB 3HAYHO BHIIA, HDK HAa MYHIIUMAJIbHUX
migopueMcTBax. TakuM YHHOM, € MOXJIMBICTh, IIO0 BHUTPAaTH KOMEPLIMHMX IEpEeBI3HUKIB Ha
NIEPEBE3CHHS IacaXUpiB HE MEpeBUIIaTh COLaJbHO oOpieHTOBaHMN Tapud, 1 mnorpeba B
OromxeTHOMY (D1HAHCYBaHHI TXHIX MIANPUEMCTB Binnaze [15].

VY po3pobiieHiil MeToAuIli BUKOPUCTOBYIOTHCS TaKl MOKa3HUKH, SIK CIJIATOCIIPOMOXKHUH
MONUT HACEJEHHS, SKICTh IEpeBe3eHb Ta MPUOYTKOBICTh, PEHTAOENbHICTh MiJIPUEMCTBA
MaCaKUPChKOT0 TpaHCHOpTy. Po3paxyHOK Tapudy Ha macakxupcbki NEpeBe3eHHs y Liil MeToauLi
MPOBOJUTHCS y 4 eranmu. Y MEpmIoMy eTall BU3HAYA€ThCS MiHIMAJIbHUN TapuQ Ha MacCaXKHPCHKi
niepeBe3eHHs (Tmin ). PiBenb nporo Tapudy 3abe3nednutsb mianpueMcTBa NTaCaKUPCHKOTO TPAHCIOPTY
noTpiOHUMH 1oxonamMu. BceTaHoBiIeHHST Tapudy HIpK4e 3a piBeHb (Tmin) Tpu3Bene 10 30MTKOBOI
JiSTTBHOCTI TianpueMcTBa. Ha apyroMy erari BU3HAYa€ThCS MaKCUMaIbHUHN TapuQ Ha MAacaXUPChKi
nepeBe3eHHs (Tmax). Lledl Tapud oOumciIOeTbCA 3 ypaxXyBaHHSM IUIATOCIPOMOYKHOTO TIOMUTY
HaceneHHs. Ha eTtani HeoOX1/1HO po3paxyBaTH Tapu( Ha MacakKUpPChKi MEPEBE3CHHs 3 ypaxXyBaHHAM
noka3Huka sikocti (7x). Ilpu pospaxynky Tapudy 7k BpaXOBYIOTHCS Taki MOKAa3HHKH SIKOCTI, SIK
Koe(iIieHT BUKOPUCTAHHS MICTKOCTI PYXOMOTO CKJIaay Ta KOe(]IIlieHT peryJsipHOCTI pPyXy.
UYerBepTuii etam mnependavae MOPIBHAHHS Tapudy, pO3paxoBaHOTO 3 YpaxyBaHHSM MOKa3HHKA
sxocTi (7x), 3 MiHIManbHUM (Tmin) Ta MakcumanbHUM TapudoMm (Tmar) (Tabm. 2). isnabHICTBH
nependavyaeThCs, KO0 BCTAHOBICHUN Tapu() Ha MacaXMPChKi MepeBe3eHHs JOPiBHIOE Tapudy Ha
MaCaXUPCHKI EPEBE3CHHS 3 ypaxyBaHHIM SKOCTi (7%).

Takum 9mHOM, IJIT TOTO, MO0 TapaHTOBAHO 3a0E3MEUYUTH HACEICHHS TPaHCTIOPTHUMH
MOCIyraMu, HEOOX1/THO:

1) BU3HAYUTH CIUTATOCTIPOMOKHHH TONHUT HACEIEHHS Ha TIOCIYTH MiCHKOTO TTACaKHPCHKOTO
TPAHCHOPTY IIJISXOM BCTAHOBJICHHS YAaCTKU TPAHCIOPTHUX BUTPAT y CEPEAHBOMICIYHOMY JIOXOJI
JKHTENIB 00J1acTi;

2) BUBHAYUTHU CEPEIHbOMICIYHHN JJOX1] K CEPEIHHO3BAKEHY BEIIMYMHY 32 IUTOMOIO Baroro
PO3MOJILTY MEUIKAHIIIB 3a 10X0AaMH, TOOTO HE BPaXOBYIOThCS MPAIIBHUKH, SKI OTPUMYIOTh JyXKe
HU3bKI 1 Ty’)K€ BUCOKI JOXOJIH;

3) po3paxyBaTH MaKCHUMalbHUN piBeHb Tapudy, MEpPEeBUILEHHS SIKOTO HEraTUBHO
MO3HAYUTHCA Ha COILIAJBbHOMY CTAQHOBMIII HACEJEHHS; NPH IbOMY BHUTpPAaTH Ha TPaHCHOPTHI
MOCTyTH (YacTKa TPAHCTIOPTHUX BHUTPAT, MOMHOXKEHA HA CEPETHBOMICIYHHMN JTOXIJT) MOIIISIOTHCS
Ha CepeHIO KiTbKIiCTh MOT370K Ha MICSIIb.
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Tabmuus 2 — [opiBHsHHS Tapu(}iB HA TACAKUPCHKI TIEPEBE3CHHS

Ymoeu Pexomenoauii
ko . . s . ) )
T <T VYrpaBiniHHS TpPaHCIOPTY 1 3B’SI3Ky MICHKBHKOHKOMY MOXE 3aJIe)KHO Bif piBHS
im'n e 00CITyroByBaHHs BHU3HAUaTH Tapu( Ha MACAKHUPCHKI MEPEBE3CHHS 3 ypaxyBaHHAM
Te>T axocti (T,) y Mexkax Big MiHIMambHOTO (Tmin) 10 MakcuMaabHOTO Tapudy (Tmay).
K min
V niit curyanii nianpuemctBo nepedysae y 30utky. HeoOxinno migsumuTu tapud Ha
Skio MacaXMPCHKi IIepeBe3eHHs 3 ypaxyBaHHAM AKOCTi (7)) 0 piBHSA MiHIMAILHOTO TapUQy
T <T (Twmin) 3 TOMMNIIEHHSIM SKOCTI IMEpeBe3eHb. Y JaHOMY BHINAAKY MOXKHA
im'" e BUKOPUCTOBYBaTH OiNbIIy KIUIBKICTH PYXOMOIO CKJIaay Ha JiHi, Opu LIbOMY
T <T Koe(imieHT BUKOPUCTAHHS MICTKOCTI CTaHE€ MEHINHMM, 3HH3UTBHCS Yac OYiKyBaHHS
K i : . .
min MacaXMpiB Ha 3yMUHOYHHX MYHKTaX, TOOTO 3MEHIIMTHLCS IHTEPBAI PYXy MICHKOTO
MAacaXHUPCHKOTO TPAaHCIOPTY. AOO MiABHIIUTH KOEQILI€HT pETryIApHOCTI pyXY,
BHKOHYIOUH KUTBKICTh peHCiB, ONIDKYY 110 TUIAHOBHUX.
ko .
Toin < Tonax PekomeHnyeTbcs 3HMKYBaTH Tapud Ta MacaXHPChKi NMEPEBE3CHHS 3 ypaxXyBaHHIM
are skocTi (Tx) M0 BETMIHMHA MaKCUMAIbHOTO Tapu(y (Tmax), ajle Hamaratucs 30epiraTu
T >T min MPUHHATHY SKICTb.

3a3HauuMo, MO0 TapudHa MONITUKA Ma€ CTUMYJIOBATH Pi3HI TPaHCHOPTHO-EKOHOMIUHI
3B'SI3KM, 3a0e3leyyBaTH COLIAJbHO-3HAUYIl NEPEeBE3€HHS Ta JOCTYIHICTh >KUTTEBO BAXKIMBHUX
TPAHCHOPTHUX MOCIYT Ui BCiX 0€3 BUHATKY BEPCTB HACEICHHA. 3yCHUIUIS TPAHCIIOPTHHUKIB MalOTh
OyTu cHpsMOBaHI Ha MIJBULICHHS €()EKTUBHOCTI TPAHCIOPTY IpPHU IMOEAHAHHI JEpKABHUX Ta
pErioHaJbHUX IHTEpPECiB, IHTEPECIB HACEJICHHS Ta TPAHCIIOPTHUX MiJIPUEMCTB. 31 CKa3aHOTO BUILE
3p0O3yMUIO, MO0 €(GEeKTHBHICTh PO3BUTKY MMACAKUPCHKOTO TPAHCIOPTY HEOOXITHO OI[IHIOBAaTH B
KOMIUIEKCI 3aXOJliB COLaJIbHO-€KOHOMIYHOTO PO3BUTKY pErioHy, a He TUIBKM 3a J0XOAaMHU
TPaHCTIOPTHHUX ITiIITPUEMCTB.

BucHoBku

1. OrtpumaHni pe3yJbTaTH JO3BOJIJIA BCTAaHOBUTH, IO IS PO3POOKH METOJAMKHU
Tapu(oyTBOpeHH TpeGa BpaxOBYyBaTH MPHHLUUIMN TapU(PHOI MOJITHKH MPH OpraHizamii MiCbKHX
MACaKUPCHKUX MEPEBE3CHB Ta IHTEPECH MiAMPHEMCTB MMAaCAXKUPCHKOTO TPAHCIIOPTY.

2. TlokazaHo, mo Ui pO3paxyHKy Tapudy Ha MacakKUPChbKi IMEpPeBE3eHHs, HEOOXiTHO
BBEJIEHHSI KOe(ILIEHTY BUKOPUCTAHHS MICTKOCTI PyXOMOT'O CKJaay Ta Koe(]ilieHT peryyspHOCTI
PyXy.

3. [JoBeneHo, 110 Mpy BU3HAYEHHI BEMYMHM Tapudy Ha MacaKUpPChbKi MepeBe3eHHs Tpeda
BpPAaXOBYBaTH MNPHUHLUMIIM Tapu(HOi MOJITUKKM MNpPU OpraHizamii MacakMpCbKUX IE€pPEeBE3€Hb Ta
OIIIHIOBATH HOTO B KOMIUIEKCI 3aXO/IiB COIIaTbHO-€KOHOMIYHOTO PO3BUTKY PETIOHY, & HE TUIBKH 32
J0XOJaMHU TPAHCTIOPTHUX MIATPHEMCTB.

4. TllokazaHo, 1m0 AN BH3HAYCHHA Tapu]y Ha TMacCaXHUPChKi MeEpeBe3eHHs Tpeda
YPaxoBYBaTH IJIATOCIPOMOXKHICTh HACEJIEHHsS Ha MOCIYT'M MICBKOI'O MacaKHPChKOI'O TPAHCIOPTY
IIJITXOM BCTAaHOBJICHHSI YaCTKH TPAHCIOPTHUX BUTPAT y CEPEAHBbOMICSIYHOMY JOXOJi MEIIKAHIIIB
perioHy.

IMepcnekTUBH MOAAJbIINX A0CTIIKEHD

Po3poOka cxemu, mpu sKiii, KOHIIGHTpAIlisl KOINTIB OTPUMaHUX BiJ HAaJaHHS IOCIYT IO
MIEPEBE3CHHIO MAacaXUpiB y MicTaX MOBMHHA OYTH 30Cepe/KeHa B OAHIM YCTaHOBI, HAPUKIAA —
VYrpaBiiHHI TPaHCIIOPTHOI, TOPOKHBOI IHPPACTPYKTYPH 1 3B’SI3KY MICHKOI PaIH.

Ile macTh 3MOTy MOBHICTIO KEPYBATH MPOIIECOM TEPEBE3CHh MEIIKAHIIIB MICT TPAHCIIOPTOM
3arajibHOTO KOpPUCTYBaHHs ((h1HAHCOBI MOTOKH, Tpadiku Pyxy, KUIBKICTh 1 BIIMOBIIHICTH BUMOTAM
TPaHCIIOPTHUX 3ac00iB), HE3aJIEKHO BiJl (POPMH BIACHOCTI MIANPHUEMCTB TIEPEBI3HUKIB.

ISSN 2313-4763 115



N EPAPISZYIRP I PE] [HKeHepid y TPaHCIIOPTHIH raaysi

CIIMCOK BUKOPUCTAHOI JITEPATYPU

1. Lubyany P. V., Voytovic O. A., Lubyanaya N. P. A mathematical model for
determining the rational version of a passenger route network// Meroau Ta iHCTpyMEHTH aHaIi3y i
MPOTHO3YBAaHHA PHUHKOBOI CHUTyalii B 3a0e3Me4YeHHi CTIHKOCTI CyO’€KTIB TOCHOJaprOBaHHS:
MoHorpadis / 3a 3ar. pen. H. B. lllarmosoi. — Xepcon: OJIJII-TIJIFOC, 2021. — C. 160-178.

2. Tkau B. O., JIy0’suaumii I1. B., BolitoBuu O. A. Mojenb BOpOBaKEHHS JTOAATKOBHX
3YIIMHOK MICBKOTO MAaca)KUPChbKOro TpaHCHOPTY. BicHUK XepCOHCHKOro HalllOHAJIbHOTO TEXHIYHOIO
yHiBepcurety — Ne 4(75). — 2020. — C. 20-27.

3. Jly0’sanuii I1. B., Anronsk I1. O. ®opmyBaHHs palLliOHAIBHOI CXEMH OIUIATH 32 HAJJaHHS
MOCIyT MO MEepeBe3eHHI0 NacaxkupiB B MmicTax. CuHeprisi Hayku 1 Oi3HECY y ITOBOEHHOMY
BITHOBJICHHI XEPCOHIIMHU MaTtepiaaun MIDKHApOJHOI HayKOBO-NIPAKTUYHOI KoH(pepeHuii 26—28
kBiTHs 2023 p. ¥ aBox Tomax. Tom 2. — C. 302-306.

4. Tlonkparos /[l. I1. dopmamnizanis B3a€MO3B 513Ky MK MOKa3HUKaMHU PIBHs 3alIOBHEHHS
MICHKUX MACAXUPCHKUX TPAHCHOPTHUX 3ac001B. Komynanvne cocnodoapcmeo micm. Xapkis, 2020.
T. 6. Ne 152. C. 196-203.

5. 3BIT mpo HAyKOBO-HOCHIIHY poO0TYy «OOCTEKEHHsS Maca)kUpONOTOKIB Ha MiICBKHUX
aBTOOYCHMX Ta TpOJIEHOYCHHX MaplIpyTax 3arajibHOro KOpUCTyBaHHS B M. Xepcon»; XHTY
norosip Bix 23.07.2021 p. Ne 148 — 2021 - 51 c.

6. Maxkapenko B. ., Jly6’suumit II. B., BoiitoBuu O. A. SIKicTh NacaKUpChKUX
TPAHCIIOPTHUX MOCIYr Ha ocHOBI HediHaHcoBuX moka3HUKiB. BICHUK XHTY Ne 1(84), 2023 p.
C. 48-55.

7. Rea J. C. Designing Urban Transit Systems: An Approach to the Route Technology
Selection Problem. In Highway Research Record 417, HRB, National Research Council,
Washington, D.C., 1972, P. 49-61.

8. Sharp G. P. Public Transit System Network Models: Consideration of Guideway
Construction, Passenger Travel and Delay Time and Vehicle Scheduling Cost.Ph.D. dissertation.
Georgia Institute of Technology, Atlanta, 1974.

9. Hsu J. and Surti V. H. Decomposition Approach to Bus Net — work Design,
Transportation Engineering Journal of the ASCE, Vol. 103, 1977, P. 447-439.

10. Juskevicius P., Valeika V., Burinskiene M., Paliulis G. Lithuanian urban transport
systems, Klaipeda:monograph. Vilnius: Technika, 2006. — 181 p.

11. Small, Kenneth A. Urban transportation economics. Philadelphia, Penn.: Harwood
Academic Publisher, 1992.

12. Omivinuk H. M., Maxkapeako C. M. OcoOnMBOCTI BUKOPHUCTAaHHS METOMIB Oi3HeC-
aHai3y MOA0 3a0e3MeYeHHs eKOHOMIYHOI CTIHKOCTI Ta CTaJoro po3BUTKY MiANpueMcTBa. MeTonu
Ta 1THCTPYMEHTH aHali3y 1 MPOrHO3YBAHHSA PUHKOBOI CUTYyallii B 3a0e3MeueHH1 CTIMKOCTI cy0 €KTiB
rocroiaptoBanss : MoHorpadis / 3a 3ar. pen. H.B. Hlannosoi. Xepcon: OJIAI-TJIFOC, 2021. 280 c.

13. Ponkratov D., Gyulyev N., Voronko V., Ostashevskyi S., Psol S., Bugayov I.
Development of models for assessing a driver's failurefree operation in a transportation system
under conditions of traffic congestion. Eastern-European Journal of Enterprise Technologies. 2020.
Ne3,  P. 24-38. Pexum jpgoctymy: https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85081979671&d0i=10.15587%2f1729-4061.2020.194449&partnerID=40&md5=ea68bf4fa8fcbeca
31192ace21825a82.

14. Ponkratov D., Davidich Y., Kopytkov D., Samchuk G., Kush Y. Public Transit
Crowding Estimation Indicators: Comparative Analysis, Conditions of Application, Interaction.
In International Conference on Smart Technologies in Urban Engineering. Lecture Notes in
Networks and  Systems. 2023. Vol. 536. P. 764-774. Pexum  noctymy:
https://www.scopus.com/record/display.uri?eid=2-s2.0- 85144237140&origin=resultslist&sort=plf-
f&src=s&st1=Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+con
ditions+of+application%?2c+interaction&sid=b551781d5d7484e385b7¢c420598edf04 &sot=b&sdt=b
&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparati

/o pybpuxu éxnroueno cmammi 3a memamuunoro cnpamosanicmio « Tpancnopmmni mexuonoziiy


https://www.scopus.com/inward/record.uri?eid=2-s2.0-85081979671&doi=10.15587%2f1729-4061.2020.194449&partnerID=40&md5=ea68bf4fa8fcbeca%2031192ace21825a82
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85081979671&doi=10.15587%2f1729-4061.2020.194449&partnerID=40&md5=ea68bf4fa8fcbeca%2031192ace21825a82
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85081979671&doi=10.15587%2f1729-4061.2020.194449&partnerID=40&md5=ea68bf4fa8fcbeca%2031192ace21825a82
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparati%20ve+analysis%2c+conditions+of+application%2c+interaction%29&relpos=0&citeCnt=0&search%20Term
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparati%20ve+analysis%2c+conditions+of+application%2c+interaction%29&relpos=0&citeCnt=0&search%20Term
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparati%20ve+analysis%2c+conditions+of+application%2c+interaction%29&relpos=0&citeCnt=0&search%20Term
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparati%20ve+analysis%2c+conditions+of+application%2c+interaction%29&relpos=0&citeCnt=0&search%20Term

HaykoBu# BicHUK XepCOHCBKOI AepzkaBHOI MOpCchKOi akaneMii WL RPN P{ Sy Rp{ipi

ve+analysis%2c+conditions+of+application%2c+interaction%29&relpos=0&citeCnt=0&search
Term.

15. Horbachov P., Makarichev O., Svichynskyi S., Ilvanov |. Framework for designing
sample travel surveys for transport demand modelling in cities. Transportation, 2022, 49(1), pp.
115-136. https://link.springer.com/article/10.1007/s11116-021-10168-6.

REFERENCES

1. Lubyany, P. V., Voytovic, O. A, Lub'yanaya, N. P. (2021). Mathematical model dlya
opredeleniya rational version of passenger route network // Metody i instrumenty analiza i
prognozirovaniya rynochnoy situatsii v obespechenii ustoychivosti sub"yektov khozyaystvovaniya:
monografiya / pod obshch. red. N. V. Shandovoy. — Kherson: OLDI-PLYUS, 2021. - S. 160-178.

2. Tkach, V. A., Lubyanoy, P. V., Voytovich, O. A. (2020). Model' vnedreniya
dopolnitel'nykh ostanovok gorodskogo passazhirskogo transporta. Vestnik Khersonskogo
natsional'nogo tekhnicheskogo universiteta — Ne4(75). — S. 20-27.

3. Lubyanoy, P. V., AntonyakM P. O. (2023). Formirovaniye ratsional'noy skhemy oplaty za
predostavleniye uslug po perevozke passazhirov v gorodakh. Sinergiya nauki i biznesa v
poslevoyennom obnovlenii khersonshchiny materialy Mezhdunarodnoy nauchno-prakticheskoy
konferentsii 26-28 aprelya 2023 g. V dvukh tomakh Tom 2 S. 302—306.

4. Ponkratov, D. P. (2020). Formalizatsiya vzaimosvyazi mezhdu pokazatelyami urovnya
zapolneniya gorodskikh passazhirskikh transportnykh sredstv. Kommunal'noye khozyaystvo
gorodov. Khar'kov. T. 6. Ne 152. S. 196-203.

5. Otchet o nauchno-issledovatel'skoy rabote (2021). «Obsledovaniye passazhiropotokov na
gorodskikh avtobusnykh i trolleybusnykh marshrutakh obshchego ispol'zovaniya v g. Khersony;
KHNTU dogovor ot 23.07. Ne 148 — 2021 — 51 s.

6. Makarenko, V. D., Lubyanoy, P. V., Voytovich, A. A. (2023). Kachestvo passazhirskikh
transportnykh uslug na baze nefinansovykh kharakteristik. VESTNIK KHNTU Ne 1(84). S. 48-55.

7. Rea, J. C. Designing Urban Transit Systems: Na prilozhenii k Route Technology
Selection Problem. V Highway Research Record 417, HRB, National Research Council,
Washington, DC, 1972, P. 49-61.

8. Sharp, G. P. (1974). Public Transit System Network Models: Konsul'tatsiya po
stroitel'stvu, Paskhengeru puteshestviya i Dolgosrochnomu kontinentu i Avtomobil'naya Scheduling
Cost.Ph.D. dissertation. Georgia Institute of Technology, Atlanta.

9. Hsu, J. and Surti, V. H. (1977). Unichtozheniye prilozheniy k bus net — rabota dizayna,
perevozka stroitel'nykh materialov ASCE, Vol. 103, P. 447-439.

10. Juskevicius, P., Valeika, V., Burinskiene, M., Paliulis, G. (2006). Lithuanian urban
transport systems, Klaipeda:monograph. Vilnius: Technika. — 181 p.

11. Small, Kenneth A. (1992). Urban transportation economics. Philadelphia, Penn.:
Harwood Academic Publisher.

12. Oleynik, N. M., Makarenko, S. M. (2021). Osobennosti ispol’zovaniya metodov biznes-
analiza po obespecheniyu ekonomicheskoy ustoychivosti i ustoychivomu razvitiyu predpriyatiya.
Metody i instrumenty analiza i prognozirovaniya rynochnoy situatsii v obespechenii ustoychivosti
sub™yektov khozyaystvovaniya: monografiya / pod obshch. red. N.V. Shandovoy. Kherson: OLDI-
PLYUS. 280s.

13. Ponkratov, D., Gyuleyev, N., Voronko, V., Ostashevskiy, S., Psol, S., Bugayov, I.
(2020). Razvitiye modeley dlya pooshchreniya driver's failurefree operation in transportation
system under conditions of traffic congestion. Eastern-European Journal of Enterprise
Technologies. Ne3, P. 24-38. Rezhim dostupu:https://www.scopus.com/inward/record.uri?eid=2-
$2.0-85081979671&d0i=10.15587%2f1729-4061.2020.194449&partner| D=40&md5=ea68bf4fa8fc
beca31192ace21825a82.

14. Ponkratov, D., Davidich, Y., Kopytkov, D., Samchuk, G., Kush, Y. (2023). Public
Transit Crowding Estimation Indicators: comparative analysis, Conditions of Application,
Interaction. In International Conference on Smart Technologies v Urban Engineering. Lecture

ISSN 2313-4763 117


https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparati%20ve+analysis%2c+conditions+of+application%2c+interaction%29&relpos=0&citeCnt=0&search%20Term
https://www.scopus.com/record/display.uri?eid=2-s2.0-%2085144237140&origin=resultslist&sort=plf-f&src=s&st1=Public+transit+crowding+estimation+indicators%3a+comparative+analysis%2c+conditions+of+application%2c+interaction&sid=b551781d5d7484e385b7c420598edf04&sot=b&sdt=b&sl=122&s=TITLE-ABS-KEY%28Public+transit+crowding+estimation+indicators%3a+comparati%20ve+analysis%2c+conditions+of+application%2c+interaction%29&relpos=0&citeCnt=0&search%20Term

N EPAPISZYIRP I PE] [HKeHepid y TPaHCIIOPTHIH raaysi

Notes v  Networks and Systems. Vol. 536. P. 764-774. Rezhim dostupa:
https://www.scopus.com/record/display.uri?eid=2-s2.0-85144237140&origin=resultslist&sort=plf-
f&src=s&st1=Public+transit+crowding+estimation+in dicators%3a+comparative+analysis%2c+
conditions+of+application%2c+interaction&sid=b551781d5d7484e385b7¢420598edf04&sot=b&
sdt=b&sI=122&s=TITLE-ABS-KEY %28Public+transit+crowtions+of+application%?2c+interaction
%29&relpos=0&citeCnt=0&searchTerm.

15. Khorbakhov, P., Makarikhev, O., Svichinskiy, S., lvanov, I. (2022). Framework dlya
proyektirovaniya skhemy torgovykh resursov dlya transportnoy pomoshchi modelirovaniya v
gorodakh.  Transportation, 2022, 49(1), p. 115-136. https://link.springer.com/article/
10.1007/s11116-021-10168-6.

Lubyanyi P. V., Voytovych O. A., Kuzmenko I. O. AVAILABILITY OF PASSENGER TRANSPORT FOR
THE PUBLIC FROM THE POINT OF VIEW OF TARIFF FORMATION

The lagging behind the development of passenger transport from the needs of the population in movement
causes socio-economic problems and negatively affects the work of other branches of the city's economy. The
operation of public transport is an important indicator of the quality of life in the city and one of the criteria
for evaluating the performance of local authorities. When organizing passenger transportation, it is necessary
to conduct a competent price policy, since the financial stability of transport enterprises depends on it. For a
significant part of the population, transportation costs account for a significant share of total consumer
spending. Passenger transport affects the transport accessibility of regions, the level of transport mobility of
the population and the well-being of citizens - they have great social significance. The work shows that with
the help of the developed model of finding the estimated tariff for passenger transportation, passenger
transport enterprises can determine the necessary number of flights and units of rolling stock to maintain the
quality of transportation at the appropriate level. At the same time, you can choose the required capacity of the
rolling stock, when the tariff for passenger transportation will be minimal, and the quality of service will be
within a satisfactory level. From the point of view of economic expediency, passenger transportation must be
organized in such a way as to provide the population with the necessary communications, while energy,
financial and other resources must be effectively used at the required level of quality service. The clearly
expressed socially significant nature of the work of public passenger transport should be supported by the
guarantee of high quality transportation for the least well-off categories of passengers. It is proved that when
determining the amount of the tariff for passenger transportation, it is necessary to take into account the
principles of the tariff policy in the organization of passenger transportation and evaluate it in the complex of
measures of socio-economic development of the region, and not only according to the income of transport
enterprises.

Key words: tariff; passenger transportation; salary; schedule; comfort; passenger transport; profitability of

transportation; quality of transportation.
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Adverse weather and sea conditions are the most difficult sailing conditions on the route. Long rolling, need
for constant concentration of attention greatly exhausts the crew and leads to wrong decisions. Existing
methods of storming are not very effective, as they have low accuracy, significant time delays between
obtaining data for calculation and determining safe movement parameters, lack of possibility of constant
determination of safe movement parameters, difficulty in identifying the dominant factor from the system of
dangerous factors, intuitive assessment of the level of danger. The purpose of the research is to develop a
method of automatic storming that will ensure safe sailing in storms. The method, algorithmic and software of
the automatic ship control module in the storm have been developed, which allows forming safe and optimal
parameters of the ship's movement. The obtained results are explained by the use of an on-board computer,
solving, at each step of the on-board computer, an optimization problem with nonlinear constraints. The use of
nonlinear constraints allows to optimize the objective function taking into account the dangers of stormy
sailing: synchronous and parametric resonance, loss of stability in following seas, impact of group waves in
the stern of the ship, exceeding permissible loads on the structure of the ship's hull, etc. The obtained results
differ from known solutions in that for the first time the problem of automatic optimal control of ship in a storm
is solved, which allows to significantly reduce the influence of human factor on storm processes and increase
the safety of shipping. The results obtained are reproducible and scalable. Extensibility is explained by taking
into account other hazards in the form of restrictions on optimization parameters. The theoretical significance
of the obtained results lies in the application of the nonlinear optimization method with linear and nonlinear
constraints of the type of inequalities to find optimal and safe storm parameters. The practical significance of
the obtained results lies in the possibility of applying the developed methods in automatic ship control module
in a storm, which allows to reduce the influence of human factor on storming processes, reduce fatigue of the
crew, and increase the safety of navigation.

Key words: navigation safety; human factor; intelligent vehicles; automatic control; storm diagrams;
optimization with constraints; dangerous areas.
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Introduction. Adverse weather conditions are the most difficult sailing conditions on the
route. Long rolling, need for constant concentration of attention greatly exhausts the crew and leads
to wrong decisions. The situation worsens also due to the fact that during a storm, such dangerous
phenomena as synchronous and parametric resonances occur [1], much more often, deforming
forces and moments increase, which can reach the maximum allowable values and lead to the
destruction of the hull, the lateral stability of the ship in following seas, decreases, etc. Guidelines
and Recommendations for safe sailing in difficult weather conditions are given in IMO documents.

The existing methods of storming are not very effective, as they have low accuracy, due to
the use of visual methods of estimating the parameters of turbulence and manual graphic
constructions, significant time delays between obtaining data for calculation and determining safe
parameters of movement, lack of constant measurement of parameters of turbulence and refinement
of safe parameters of movement, the difficulty of identifying the dominant factor from the system
of dangerous factors, intuitive assessment of the level of danger. Therefore, improving the safety of
storm sailing is an urgent scientific and technical task.

Problem statement. Develop a module of automatic control vessel in a storm that will
ensure ship controllability, avoidance of capsizing hazards, synchronous and parametric resonances,
loss of stability in following seas, and avoidance of group waves impacts on the stern.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
iHmezpoeani mexnonoziin
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Analysis of recent research and publications. The question of safe sailing in a storm has
been previously considered by many authors.

Thus, the book [2] provides information on: automated means of monitoring the
seaworthiness of ships (ASCM); data on ASCM information sensors; theoretical foundations of
seaworthiness calculation; concept of methods for choosing the optimal transition plan; current
samples of ship ASCM; advantages of using ASCM.

In the book [3], the author provides data on: the linear theory of oscillation on calm water,
on regular rolling and pitching; basics of the nonlinear theory of rolling; calculation of forces,
bending and torques acting on the ship's hull; calculation of the safe speed and course of the ship
during a storm using the universal storm chart.

In the work [4], the author cites dangerous phenomena that can occur during storm sailing,
in particular: surf-riding and broaching, which occur when the vessel is on the steep front slope of a
high following wave. In this case, the ship can be accelerated by going down the wave, but there is
a danger of capsizing with a sudden change of course; reduction of intact stability when riding a
wave crest amidships, occurs when the ship moves on the crest of a wave. The danger of the
situation is a significant decrease in stability, especially when the wavelength is (0.6-2.3) the length
of the vessel; synchronous rolling motion, also known as synchronous resonance, occurs when the
period of the ship's own oscillations coincides with the period of oncoming waves; parametric roll
motions, also known as parametric resonance, leads to a sharp increase in roll amplitude due to a
periodic change in stability at the crests and troughs of waves. The author describes the possible
situations of occurrence of parametric resonance: the period of natural oscillations of the vessel
coincides with the period of waves, the stability of the vessel decreases to a minimum once per
oscillation period, the situation is characterized by asymmetric oscillations, when the roll
amplitudes in different directions differ from each other, the transition of this type of parametric
resonance is synchronous; when the period of the ship's own oscillations is twice as long as the
wave period, the stability of the vessel decreases to a minimum of two times during the oscillation
period, the situation is characterized by symmetrical oscillations; when there is a consistent and
periodic submersion and surfacing of the stern and bow part of the vessel, which can lead to serious
rolling movements, even if the vessel is stable; when the periods of pitching and drifting coincide
with the period of the waves. The work also includes mathematical formulas that describe the
conditions for the occurrence of dangerous phenomena.

In the article [5] researchers generate realistic ocean environmental fields and analyze actual
sea data. Then, derive a modular maneuvering model reflecting environmental disturbances for
further simulations. The correlation and multi-regression analyses are performed based on measured
data and environmental factors, which illustrate that the abnormal rudder angles are caused by
reduced steering effectiveness. The maneuvers are simulated by adopting the attenuation function,
and the simulation results show fair agreement with the measured data. Significant wave height,
wind speed, mean wave period, current speed, wind apparent direction, and wave encounter angles
are found to be the most statistically considerable factors of rudder attenuation in the studied cases.
The results and conclusions obtained from this study are of great significance for the further
exploration of actual ship maneuvering behaviors in seas.

In the article [6], the issue of increasing speed and reducing energy consumption during
cargo and ballast voyages of a tanker is considered. Based on the results of experiments and
observations carried out on the tanker itself, a method of increasing speed and reducing fuel
consumption in stormy conditions is proposed. It is shown that an increase in speed and fuel saving
can be achieved with the same wind and wave encounting angles. This rule must be taken into
account both at the stage of voyage planning and in conditions of stormy sailing. The obtained
results can be extended to other types of vessels.

The paper [7] investigated the occurrence of parametric resonance in October 1998 on the
Post-Panamax C11 container ship. The vessel was exposed to extreme weather conditions and
suffered significant losses and damage to containers stacked on deck. The conducted research made
it possible to establish that a parametric resonance can occur in the roll channel on Post-Panamax
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container ships. The values of possible accelerations and speeds were also determined, and the
impact of these loads on the structure and lashing system of containers was determined.

The structure of the ship safety system at the stages of designing and operating ships is
proposed in [8]. The composition of ship systems necessary to ensure the safety of sailing in stormy
seas is considered. The use of multi-agent information processing technologies in the navigation
safety system is proposed, and recommendations for the shipmaster regarding the choice of safe
parameters of the ship's movement have been developed.

In the works [9, 10], methods of automatic control of a ship in a storm are considered. A
universal storm diagram was constructed in relative coordinates, and resonance zones were
determined. It is shown that the out-of-resonance zone is significantly smaller, compared to the out-
of-resonance zone of Remez, which is explained by a decrease in the maximum speed of the vessel
in a storm. Methods of automatic control under storm conditions are proposed, which allow to
reduce the influence of human factor on the processes of controlling a ship in a storm, reduce crew
fatigue, optimize control processes and increase the safety of navigation in general. The workability
and efficiency of the developed methods are verified by mathematical modeling.

In the works [11], the method, algorithm and software of the automatic storming module
were developed. Given that the ship's oscillatory process is dampened by dissipative forces and
moments, low-energy wave frequencies are safe for the ship and do not lead to resonant rolling.
Taking this into account, it is proposed to integrate a fast Fourier transform unit into the storm
system to determine the spectrum of external influences, to consider only those components of the
spectrum, whose energy does not exceed a critical value, which made it possible to reduce resonant
zones and expand the possibilities of safe sailing.

The requirements of the Rule Note [12] apply to analysis criteria and ship motion modeling
calculation of ships intended to be granted the additional class notation PaRoll1 and PaRoll2, as
defined in NR467 Rules for Steel Ships, Pt. A, Ch. 1, Sec. 2. This Rule Note deals with the part of
motion analysis which aims at performing parametric resonance and based on hydrodynamic
calculations including ship motions response.

In the works [13, 14], synchronous or parametric rolling has been investigated and
recommendations have been made to enable captains to recognize and avoid the risk of synchronous
or parametric rolling before it becomes a threat. This helps to avoid losing containers.

Purpose and objectives of the research. The purpose of the research is to develop a
method, algorithm and software of the automatic ship control module in a storm, which will allow
automatic and optimal sailing in a storm that is safe from capsizing. Automatic ship control module
in a storm allows determining optimal safe movement parameters in a storm, more accurate and
faster than in manual mode by the navigator. Also automatic ship control module in a storm
neutralizes human factors, which is very important in stressful conditions. The goal is achieved
through the use of an on-board computer, and using it for finding the optimal and safe parameters of
the ship's movement by conditional optimization of the given objective function, taking into
account the restrictions on the movement parameters that ensure the ship's controllability, the
absence of synchronous and parametric resonance, loss of stability in following seas, absence of
broaching, absence of group wave impacts on the stern; maintenance of safe traffic parameters by
the control system.

Materials and methods. We aim to solve the problem of automating navigation in storm by
employing nonlinear optimization methods for the objective function with inequality constraints.

F(V,K)— opt
f,(V,K)<0
f,(V,K)<0 (1)

f(V,K)<0
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where F(V,K) is the objective function to be optimized, f;(V,K)<0, j=1.n is the constraint

type of inequalities.

The given objective function and specified constraints (1) depend on the parameters of the
ship's movement (speed V , m/s and course K, degrees), as well as on the parameters of the waves
(direction, speed and wavelength). Of all the named parameters, only two are available for control —
the ship's speed and course, which we will use for conditional optimization. Other parameters that
we cannot influence during storm sailing (wave parameters, range of permissible speeds and
courses, etc.) are used as external data when solving the optimization problem.

Known methods of determining dangerous zones of controls in adverse weather conditions
consider only one harmonic of wave [3, 15]. By Fast Fourier transformation it is possible to obtain
frequency-based representation (spectrum) from a time-based representation signal of the wave.
Therefore, having a sequence of frequencies for calculating dangerous zones of controls in adverse
weather conditions, choose only that frequency, which has high amplitude, that cannot fade away
by damping coefficient. After that, automatic ship control module in a storm calculates dangerous
zones of controls in adverse weather conditions separately for each frequency, with dangerous
amplitude. The final dangerous zone should be a zone that is a union of zones of all frequencies.

Fig. 1 shows scheme of automatic ship control module in a storm in vessel control system.
Navigational sensors measure the angular speed vector @ of vessel, the vessel speed vector Vi, and
course vessel Km, the wave parameters sensors measure the wave course Kw, wave speed C,
amplitude A and wave length 4. Information about wave parameters sensors fed on the safe
movement parameters determining module for calculating safe speed and course of vessel in
adverse weather conditions. Also, for this purpose, module needs to get navigational data and
dangerous components of the spectrum for taking into account only frequencies with dangerous
amplitudes. Components of the spectrum determining by Fast Fourier transformation module.
Components of the spectrum are fed into the module of determination dangerous components of the
spectrum. After that, dangerous components are sent to Safe movement parameters determining
module. The Safe movement parameters determining module calculates the resonant Q and non-
resonant € zone, considering the minimum and maximum speed of the vessel in a storm, in
optimal way choose safe course K™ and safe speed v* of vessel, taking into account the set of
restrictions. Parameter V*, is fed into the Engine Remote Control System which determines control
signal © to Main engine control unit. Parameter K* together with navigational data (Course of
vessel Km, angular yaw rate @) is fed into the input of the PID controller. Deflection angle & is fed
into the Steering gear unit to maintain a safe course.
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Figure 1 — Automatic ship control module in a storm in vessel control system

ISSN 2313-4763 123



N P AP PR ABTOMAaTH3allig Ta KOMII'IOTEPHO-IHTETPOBaHI TEXHOAOTI

For safe sailing, it is necessary to ensure: the necessary speed of the ship to maintain
controllability, the absence of conditions for the occurrence of phenomena dangerous for the ship to
overturn, such as synchronous and parametric resonances, broaching, loss of stability in following
seas, impacts of group waves on the stern.

Permissible vessel speeds consideration. The speed of the vessel cannot be less than the

minimum speed Vmin at which controllability is lost and more than the maximum speed V., in
storm conditions
Vmin <V SVma\x )
Synchronous resonance consideration. In the work [3] it is stated that synchronous
resonance occurs under the condition that the ratio of the period of the ship's own oscillations Te,
sec to the period of encounter of the waves 7 , sec waving the ship is within
T

0,7<-5<13 @)
T

Using inequality (3), we identify a safe area outside the synchronous resonance zone.

T. T T T,
13<-%,-£<-03-503<-4%-1,-4-1<-03
T T T T @
Te —4 >0,3
T
The period of encounter 7 of the waves is determined by the formula
C+V cosq ®)

Here, where A represents the wavelength in meters, C is the wave propagation speed in
m/s, V is the vessel speed in m/s, and q is the angle of encounter, in degrees.

The angle of encounter of the wave is the angle between the diametrical plane of the vessel
and the wave speed vector, it can be represented as the difference between the courses of the own
vessel K and the wave direction K, , in degrees

q=K-K, +180° (6)

By combining inequality (4) and equations (5), (6), we derive a secure zone beyond the
bounds of synchronous resonance.

T.(C+V cosq)_4>03 ™
=0

Parametric resonance consideration. Parametric resonance leads to a sharp increase in roll
amplitude due to a periodic change in stability at the crests and troughs of the waves. The most
dangerous is parametric resonance, when the period of the vessel's own oscillations is twice the
period of the waves [16]. In this case, the stability of the vessel decreases to a minimum twice
during the oscillation period, the situation is characterized by symmetrical oscillations. The safe
region outside the limits of this type of parametric resonance can be written as
TC

< _7|>AT 8
> (8)
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where AT is the difference between the half period of the vessel's natural oscillations and the
period of encounter of the waves, at which parametric resonance of this type does not yet occur.

The occurrence of parametric resonance is also possible, when the period of the vessel's own
oscillations coincides with the period of the waves, the stability of the vessel decreases to a
minimum once per oscillation period, the situation is characterized by asymmetric oscillations,
when the roll amplitudes in different directions differ from each other. The safe region outside the
limits of this type of parametric resonance can be written as

Te —7| = AT )

Decrease in stability in following seas consideration. Decrease in stability in following seas
occurs due to a significant decrease in the underwater volume of the vessel's hull and the restoring
moment. The area of the vessel's movement parameters, which is safe in terms, decreases in
stability in following seas, is determined by a system of inequalities

A-L|=A
V -C|zAV (10)
K —K,|<AK

where AA is the largest difference between the wave length A and the length L of the vessel, at
which decrease in stability in following seas occurs, AV is the largest difference between the
vessel’s speed and the wave speed, at which decrease in stability in following seas occurs, AK is
the largest difference between the vessel’s and the wave courses, at which it is possible to consider
the motion in following seas.

Broaching consideration. The danger of broaching consists in turning the vessel along the
wave with its subsequent capsizing [17]. The area of the vessel's movement parameters, which is
safe with respect to broaching, is determined by a system of inequalities

%z—quz
(11)

V <V

Wave grouping phenomena consideration. Taking into account the dangerous impacts of
group waves on the stern. Ocean waves are a collection of irregular waves of different length,
height and direction. When the waves come in from the stern and their speed is slightly higher than
the ship's speed, the ship is continuously hit repeatedly and severely by a series of high waves,
causing her maneuverability to become uncontrollable. Also, the impact of these waves leads to
damage to the hull and steering. The dangerous area of the relationship between the ship's motion
parameters and the waves is represented by the V/T diagram in “Revised guidance to the master for
avoiding dangerous situations in adverse weather and sea conditions,” (IMO MSC.1/Circ.1228)
[15].

Using the diagram and carrying out transformations similar to those given for equation (4),
we will write down safe relations between the parameters of the ship's movement and the waves,
which exclude the impact of group waves on the stern

K — K, —180| > 50

i—1,65
T

w

12
> 0,35 (12)

Navigational limitations consideration. It is also important to take into account navigational
restrictions. Information about dangers may be fed from other automatic analysis systems such as
target vessels, navigational dangers, etc. The following inequality can be used to approximately find
the course limit
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K*# Kpg £ (13)

Dg
where K= is the calculated safe course in degrees, Ky, is the course to navigational danger in
degrees, Dy, is the distance to navigational danger in miles, taken from radar.

Similarly, other restrictions are recorded, which exclude entering into dangerous regions of
optimal parameters.
For the objective function, you may opt for a function, such as

F = (K*—Kggr)? — min (14)

which will guarantee the minimum deviation of the safe course K* from the specified K., or
function
F=(V*Vg)’ —>min (15)

which will ensure the minimum deviation of the safe speed V * from the goal speed V., ,or other
functions that will provide the desired control quality.

To find safe motion parameters V*, K™ which optimize the objective function (14), (15)
with linear (2), nonlinear constraints (7) - (12) and taking into account inequality (13), we use the
nonlinear optimization function like f min con(e) MATLAB

f min con (@ fun,x0, A, b, Aeg, beq, Ib, ub, @ nonlcon) (16)

where @ fun is a link to the file with the objective function,

x0 = (V (0), K(0)) is the initial vector of parameters to be optimized,

A is the matrix of the system of linear constraints of the type of inequalities, which is
absent in our case,

b is the vector of the right parts of the system of linear constraints of the type of
inequalities, which is absent in our case,

Aeq is the matrix of the system of linear constraints of the equalities type, which is absent
in our case,

beq is the vector of the right parts of the system of linear constraints of the equalities type,
which is absent in our case,

Ib =[-V,,.—z] is the vector and components defining the lower limit of the change of the
optimization parameters,

ub = [Vmax, 7r] is the vector and components determining the upper limit of the change of the

optimization parameters,

@nonlcon is the link to a file with a system of nonlinear constraints on optimization
parameters

Realization of ship movement with optimal parameters V *, K*. To implement the
movement of the vessel with the found parameters v *, K* the following system of automatic
regulation of the ship's movement is used

*

o="'"0,,

Vmax (17)
5=k, (K=K")+k o+ [k =Kot
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where ® is the deviation of the telegraph of the power plant, ®,, is the maximum deviation of the
telegraph, & is the deviation of the stern, K is the current rate, @ is the yaw angular velocity, K,
K, . kf is the gain coefficients of the PID - regulator.

Below are the results of mathematical modeling of storm processes of the Ro-Ro passenger
ferry 13 on the Navi Trainer 5000. In all experiments, the wind direction is Ky, =0° (north wind),
q=K-Ky =K.

Fig. 2 shows graphs of changes in roll angle, trim angle, speed and course during the vessel
acceleration to maximum speed in the absence of sea disturbance. As can be seen from the graphs,
the vessel performs in one minute four full oscillations in the roll channel and twelve full
oscillations in the trim channel, that is the period of natural oscillations of the vessel in the roll
channel is Tg =15sec.and in the trim channel is T =5sec.

Fig. 3 shows graphs of changes in roll angle, trim angle, speed and course of the vessel for
the initial course K(0)=45°, initial speed V(0)=0kn., initial sea disturbance 2 points. The vessel,
moving on course K(n)=45°, accelerates to speed V (n) =19 kn., after which the simulator is set to sea
disturbance 11 points. During the sea disturbance, the speed of the vessel decreases to V(n)=7kn.,
but the vessel does not capsize. This is due to the fact that the parameters {V(n) = 7kn, K(n) = 45°} lie
outside the resonance zone.

Fig. 4 shows graphs of changes in roll angle, trim angle, speed and course of the vessel for
the initial course K(0)=75°, initial speed Vv (0)=0kn., initial sea disturbance 2 points. The vessel,
moving on course K(n)=75°, accelerates to speed V (n) =19 kn., after which the simulator is set to sea
disturbance 11 points. During the sea disturbance, the speed of the vessel decreases to V(n)=7kn.,

there is a resonance in the roll channel, the roll angles go beyond the allowable values and the
vessel overturns (horizontal lines on graphs). This is due to the fact that the resonance conditions

are satisfied for the speed V(n)=7kn and course K(n)=75".

Fig. 5 shows graphs of changes in roll angle, trim angle, speed and course of the vessel with
automatic control of the vessel Ro-Ro passenger ferry 13 in a storm.
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Figure 2 — Graphs of changes in roll angle, trim angle, speed and course during the vessel acceleration
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Figure 5 — Automatic control of the vessel Ro-Ro passenger ferry 13 in a storm

Main results and their discussion. The method, algorithmic and software of the automatic
ship control module in a storm have been developed, which allows forming safe and optimal
parameters of the movement of the ship. The obtained results are explained by the use of an on-
board computer, solving, at each step of the on-board computer, an optimization problem with
nonlinear constraints. Taking nonlinear constraints into account allows you to optimize the
objective function, taking into account the dangers of stormy synchronous and parametric
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resonance, loss of stability in following seas, impacts of group waves on the stern of the ship,
exceeding permissible loads on the ship's hull structure, etc. The obtained results differ from known
solutions in that for the first time the problem of automatic optimal control of a ship in a storm is
solved, which allows to significantly reduce the influence of human factor on storm processes and
increase the safety of navigation.

An experiment was conducted using a Imitation Modeling Stand [18]. The result of the
experiment was compared with the data during the training sessions with manual control by the
cadets (10 passing of each exercise).

Table 1 shows comparable data which include average rolling amplitude, average duration
of being in dangerous zone. Also, it is important to point out that automatic mode allows to
calculate the parameters of safe movement faster than the manual mode.

Table 1 — Compared data of the experiments and data during the training sessions with manual
control by the cadets

Manual mode by navigator Automatic mode Relative deviation
A Average Average .
'S | Average duration of Average quration of bein Average | Average duration
$ rolling being in the rolling in the danger g rolling of being in the
W | amplitude, ° | danger zone, | amplitude, ° sone mi?l amplitude, % | danger zone, %
min ’

Nel 20,3 2,10 8,2 1,1 -59,6 -47,6

No2 26,7 3,15 11,3 1,2 -57,7 -61,9

Ne3 43,4 2,05 25,1 0,9 -42,1 -56,1

The developed methods can be used only in the on-board computer of the automatic ship
motion control module. The results obtained are reproducible and scalable. Extensibility is
explained by taking into account other hazards in the form of restrictions on optimization
parameters.

Conclusions The method, algorithmic and software of the automatic ship control module in
a storm have been developed. The obtained results are explained by the use of an on-board
computer, by finding in the on-board computer the optimal and safe parameters of the ship's
movement in a storm by solving the conditional optimization problem with restrictions on the
optimization parameters. Limitations on optimization parameters take into account the dangers of
stormy sailing. The theoretical significance of the obtained results lies in the application of the
nonlinear optimization method with linear and nonlinear constraints of the type of inequalities to
find optimal and safe storm parameters. The practical significance of the obtained results lies in the
possibility of applying the developed methods in the automatic ship control module in a storm,
which allows to reduce the influence of human factor on the storming processes, reduce fatigue of
the crew, and increase the safety of navigation. Compared data of the experiments show, that using
the automatic ship control module in a storm can reduce average rolling amplitude and duration of
being in the danger zone by more than 40 percent.
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Mareiiuyk B. M., 3inuenko C. M., Toscrokopuii O. M. ABTOMATHUYHE KEPYBAHHA CYJHOM VY
HITOPM

LImopmosi ymosu niasants € 0OHUMU i3 HAUOIILUL CKIAOHUX NPU NAABAHHI Ha Mapuipymi. Tpugana xumasuys,
HeoOXIOHiCmb NOCMIUHOT KOHYeHmpayii yeazu Oyice BUCHANCYE eKInaxc ma npuzeooums 00 NPUUHAMMA
NOMUNIKOBUX pileHb. ICHYIOUI Memoou wmopmy8anHs Maio eqQekmueni, maxk AK Maromos HU3bKY MOYHICMDb,
SHAUHI 3aMPUMKU Y YACI MidHC OMPUMAHHAM OAHUX O] PO3PAXYHKY | GU3HAUEHHAM Oe3neuHux napamempis
PYXY, GIOCYMHICMb MONCIUBOCMI NOCMINIHO20 GU3HAYEHHS Oe3NeuHUx napamempie pyxy, CKIAOHICb
BUABIIEHHSL OOMIHYIOU020 (hakmopy i3 cucmemu Hebe3neunux ¢akmopies, IHmMyimueHe OYiHIOBAHHS Di6Hs
Hebesnexku. Memorw 00cniodceHHs: € po3pobKka mMemoody aemMOMAMUYHO20 WIMOPMYSAHHS, SAKUU 3a6e3nequums
Oesneune niasanmsi 6 wmopm. Pospobreno memoo, ancopummiune ma npocpamue 3a0e3nedeHHs Mooyis
ABMOMAMUYHO20 WMOPMYBAHHS, AKI 00380JAI0Mb DOpMyeamuy 6e3neuni ma OnmuMAalbHi RApamempu pyxy
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cyona. Ompumani pe3yibmamu NOACHIOIOMbCS. BUKOPUCIMAHHAM OOPMOB020 0OUUCTIO8AYA, BUDIUEHHIM, HA
KOJICHOMY Kpoyi 60pmosoco  obuucuiosaua, Onmumizayiunoi 3a0aui 3 HeNHIUHUMU — OOMENCEHHIMU.
Buxopucmanns neniniiinux obmedicenb 00360/15€ ONMUMIZY8AMU YLNIbOBY (YHKYIIO [3 6PAXY8AHHAM HeDe3neK
WMOPMOB020 NIABAHHA. 2APMOHINIHO20 MA NAPAMEMPUYHO20 PE3OHAHCY, 8MPAMU OCMIUHOCI HA NONYMHOMY
XGUNIOBANHI, yOapie 2pynosux Xeuib y KOpMY CYOHA, NepesulyeHHs OONnyCMuMUx HAGAHMANCEHb Hd
KOHCMPYKYito Kopnyca cyoHa, mowo. Ompumani pe3yiomamu GIOPI3HAMbCA 610 8I00MUX PIUEHb MUM, WO
enepuie BUPIWEHA 3a0a4a A8MOMAMUYHO20 ONMUMATILHO2O KePYBAHHA CYOHOM Y WMOPM, WO 00360JI€
CYmMmeeo 3MeHWUmU BNau8 JHOCbKO20 YUHHUKA HA Npoyecu WMOPMYBAHHSA ma niosuwumu 0Oe3nexy
cyononnascmea. Ompumani pe3yiemamu € GIOMBOPIOBAHUMU MdA po3wuprosanumu. Posuwuprosanicmo
NOACHIOEMbCA  8PAXYBAHHAM [HWUX HeDe3neK ) Gueiadi o0OMedceHb Ha ONMUMI3AYIiHI  napamempu.
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The article is devoted to solving the problem of improving the quality of operational diagnostics of the ship
main engine in real time. Modern technical diagnostic systems must perform quick and high-quality
identification of increasing malfunctions for the most effective use of monitoring results when solving
operational tasks with the issuance of recommendations, which will allow expanding the competence of
technical personnel in the decision-making process. Therefore, an important task is the development of
mathematical models of time series of measured values of controlled parameters, which will allow to improve
the procedure of operational diagnostics due to the detection of the probability of failure of ship engine units
before the area of the most intense wear or destruction. In order to improve the existing methods of technical
diagnostics of technological equipment, effective operational diagnostics algorithms have been developed,
which are implemented in software modules and fully take into account technical and economic requirements,
stochastic nature of external influences. When building the operational diagnostics algorithms, the specifics of
the processes taking place in the ship main engine were taken into account, modern techniques and methods of
mathematical modeling and information theory were used. On the basis of the values obtained as a result of
measurements of the controlled parameters of the ship main engine, autoregressive models of the moving
average were selected, which describe the obtained time series as accurately as possible. The parameters of
the autoregression models were identified using the method of least squares. A method of operational
diagnostics based on the determination of spectral entropy and the procedure of logical-time processing is
proposed. On the basis of the developed mathematical models and the proposed diagnostic method, an
automated system of operational diagnostics of the state of the ship main engine has been developed, which
allows timely detection of critical modes of operation of technological equipment in real time.

Key words: ship main engine; diagnostics; monitoring; identification.
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Introduction. In the process of developing ship diagnostic and monitoring systems,
complex automation of equipment is increasingly being used with an increase in the degree of
operational computer processing of information [1]. The improvement of information processing
methods in systems for monitoring and diagnosing the condition of technical equipment is caused
by an increase in the number of monitored parameters, stricter requirements for maintaining optimal
operating modes, and the development of methods for operational diagnostics and forecasting of
equipment condition. Since the ship main engine, as a complex control object, consists of a certain
set of components and systems, the technical condition of each component is determined by a group
of diagnostic parameters [2].

Statement of the problem. The fundamental task of the ship main engine condition
operational diagnostics is to compare the current technical condition with some reference
(completely normal, corresponding to the nominal passport characteristics) condition to support
decision-making [3] by technical personnel about the admissibility of further operation of the
object.

Operational technical diagnostics are carried out without any dismantling (disassembly) of
the object and consist in the systematic determination of all parameters characterizing the operating
mode, external conditions, fuel and oils used, the flow of the work process, the technical condition
of working components and parts as well as the functioning of service systems [4]. Therefore, an
important task is the development of methods, models, algorithms and software modules of
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operational diagnostics, versatile and applicable to any complex technical object, which will allow
to detect a malfunction in a minimum time interval. Considering the above, the mathematical
formulation of the problem of technical diagnostics can be written in the form

At =t; —t, — min, (1)

where At — the time interval required to identify a malfunction of a technical object, t, — fault

occurrence timestamp, t,— fault detection timestamp.

Analysis of the recent research and publications. A modern monitoring system for the
ship main engine is designed as a single hardware and software complex that analyzes parameters
and partially calculates the work process in real time. The most well-known modern systems of this
type are:

1. KONGSBERG Engine monitoring systems [5]. KONGSBERG Engine Monitoring
Systems consist of bearing monitoring components covering Bearing Wear, Water in OQil,
Temperature of all bearings and additional measuring points such as Cylinder liner and exhaust gas
temperature. Software & system components are common with the K-Chief 600 marine automation
system and the AutoChief 600 propulsion control system, allowing integration and joined support.

2. MAN Energy Solutions SaCoS 5000 engine control system [6] — is the evolution of the
well-known SaCoSone control system with proven reliability, robustness, tailored functionality for
the demands of MAN Energy Solutions engines and extended safety features.

3. Praxis Automation Technology B. V. engine control system Mega-Guard ECS [7]. This
Monitoring & Control system is an independent programmable system that monitors the operational
parameters of the diesel engine and automates the diesel engine operations. The Monitoring &
Control System main functions are: backup safety shutdown; monitoring and alarming of potential
harmful or dangerous engine parameters; load (rpm) reduction request in case of engine overload or
deviation from normal running conditions; low temperature cooling water thermostat control; self-
diagnostics and sensor diagnostics; pre-lube oil pump control.

4. Wirtsila Engine Control System WECS-9520 has been specially designed for two-stroke
engines with Wirtsild Common Rail technology, covering all engine-related and cylinder-related
control functions [8]. Fig. 1 is a schematic representation of the related components and their
interconnections. Main components of WECS-9520:

— Control box E90 (SIB) as communication to the external systems, containing a FCM-20
module as ’Online Spare’.

— Per cylinder a control box E95.xx, containing a FCM-20 module each for engine and
cylinder-related control functions.

All modules are connected by the system bus. All control boxes (E90, E95.xx) are arranged
on the rail unit, and power supply box (E85) is placed nearby the engine.

Engine-related control functions:

— Fuel rail pressure

— Servo oil pressure for exhaust valve drive.

All engine-related control functions are distributed within six FCM-20 modules (cylinders
1-6). For safety reasons all important functions, input and output signals of the modules are
redundant. The engine remains in operation if one module fails. The power supply is also
redundant. A defective module could be replaced with the ’Online Spare’ module. The control box
E90 must subsequently be completed with a new module as ’Online Spare’ which will receive a
download of all application data.

Cylinder-related control functions:

— Volumetric injection control

— Exhaust valve control

— Starting valve control

— Crank angle sensor.
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Every cylinder is equipped with an FCM-20 module. A redundant CANopen bus provides
communication between the FCM-20 modules (system bus). The FCM-20 modules receive the
crank angle signal via a redundant SSI bus. If a FCM-20 module breaks down, the respective
cylinder is cut out. The other FCM-20 modules remain in operation.

The ’Common Function’ to the external systems is ensured by data buses to the propulsion
control system and to the ship alarm and monitoring system. They serve as interface between
operator and engine control.

si | Connector for
Propulsion Control System Service Access )7

Ship Alarm and ECR Remote Electr. Speed

Safety
P Manual Control Telegraph Control
Monitoring System Control System System System System
Engine Control Room
Rail Unit
FCM-20
A [ ] SIB
System Bus Online Spare
‘ E90
] PCS Bus
Alarm Bus
FCM-20 FCM-20 FCM-20 FCM-20 FCM-20 FCM-20
Cyl. 6 Cyl.5 Cyl. 4 Cyl. 3 Cyl. 2 Cyl. 1
J| JE P 1T Ju ] ‘
bl ) J ) 1
E95.06 E95.065 E95.04 E95.03 E95.02 E95.01
Local WECS
Manual Power #1
Control Supply #2
E25 E85 Power Supply

- 2 x 220 VAC
(nearby engine)  (Single Phase)

Figure 1 — Wirtsild Engine Control System WECS-9520 structural scheme

The disadvantages of the considered systems are the averaging of the measurement results of
the operating parameters of the ship main engine, which leads to the loss of the most informative
part of the diagnostic information that must be used in the decision-making process by technical
personnel.

The aim of the research is to develop a method of the ship main engine condition
operational diagnostics using the logic-time processing of the measurement signals of the controlled
parameters based on the entropy approach for high-quality identification of increasing faults in real
time and the most effective use of monitoring results to solve operational problems with the
production of recommendations, which will expand the competence of technical personnel in the
decision-making process.

Main part. To improve the method of operational diagnostics, an analysis of the operating
parameters of the Wairtsila RT-flex50-B ship main engine was carried out, characterizing the
operating mode, external conditions, fuel and oils used, and the flow of the working process.

The ship main engine was considered as a complex technical system. Its working processes
in each cylinder are subject to random disturbances, which requires the use of time series processing
methods, mathematical statistics, information theory and the theory of random processes to describe
them. Figure 2 shows the surfaces of the measured cylinder-related controlled parameters
depending on the cylinder number (Cyl. #) and the measured value number (Mes. #) in the time
series.
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Figure 2 — Surfaces of cylinder-related controlled parameters

It is advisable to construct mathematical models of the controlled parameters dynamics for
use in the process of technical object condition diagnostics with help of time series regression
analysis methods [9].

The autoregressive model is based on the assumption that the value of a process ylk]

depends linearly on a certain number of previous values of the same process y[k —1],..., y[k —n].

To achieve greater accuracy in identifying the controlled parameter, it is advisable to
combine autoregression and moving average in one model [10]. Then the analyzed time series of
controlled parameters can be presented in the form of a model:

y[k]: aoy[k _1]+aly[k - 2]+3-2Y[k _3]+'-'+an—1y[k - n]- (2)

To identify the parameters of model (2), the least squares method can be used. From the
experimentally measured data it was obtained:

Y =xa, ©))

where Y =[y[n+1] y[n+2] ... y[N][are the elements of the time series starting from n+1

order.
The vector of model parameters is determined according to:

a=[x"x]'x7y, (4)

where matrix X is a matrix of input factors, which is formed from elements of a time series:
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yln] yln-1] ...y

. y[n+1] y[n] y[2] “

yIN] y[N-1] .. y[N-n]
As a result of calculations according to formulas (2) — (5), mathematical models of the

controlled parameters for each of the 6 cylinders were obtained. For example, in Fig. 3 shows a
graphical representation of the measured parameters (dots) and the predicted parameters according
to the obtained mathematical models (solid line) for cylinder #1.
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641
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Figure 3 — The measured parameters (dots) and the predicted parameters (solid line) for cylinder #1.
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As a result of processing the values of controlled parameters, model coefficients of 5th order
were obtained. On the basis of the obtained parameter vectors a for each of the 6 cylinders,
matrices of mathematical models of the corresponding controlled parameters were formed: A, . —

for exhaust gas temperature, A ., for under piston temperature, A, — for HT cooling water
temperature, A, ., — for piston cooling oil temperature. The obtained matrices have the form:

[0.895 0.533 0.645 0.631 0.724 0.784 |

-0.11 0.1

A e =|0.08 0.1

AT _piston =

AT_c.w.

AT_c.oiI =

-0.04
0.174

0.026
0.241

[0.725
0.092

0.516
0.275

0.433 0.094
10.007 0.158

0.358 0.364
041 0474
0.274 0.137
-0.157 -0.06

0.116 0.084

[0.455
0.008
0.123
0.172

0.301
0.187
0.002
0.298

0.178 0.256
-0.028 0.142
0.139 -0.05
0.067 0.022

0.325 0.679
0.14 0.064

-0.256 -0.042 0.016 0.063

0.383 0.298
0.137

0.43 0.127
0.345 0.411
0.153 0.329
-0.077 0.085
0.149 0.048

0.647 0.836
-0.137 -0.088
0.319 0.257
-0.003 -0.077

-0.105 0.18  0.154

0.233 0.124
0.162 0.015
-0.169 -0.117

0.05 0.194 |

0.462 0.235]
0.134 0.209
0.054 0.191
0.17 0.211

049 0.336 ]
0.301 0.306
0.198 0.392
-0.007 -0.081
0.018 0.047 |

0.741 0.356 |
-0.099 0.138
036 0.179].
0.015 0.308

(6)

10.243 0.211 0.174 0.072 -0.017 0.019]

The adequacy validation check of the obtained mathematical models was carried out using
the root mean square error of recovery of the predicted time series according to the formula

: (7)

where N is the number of readings, Yy, are the actual normalized values of the time series, and Y,
are predicted values, i =1, N .

The values obtained as a result of sigma calculations according to formula (7) belong to the
range (3...5)-107°, which satisfies the accuracy requirements.

The next important task is the development of an algorithm for the diagnosis of the ship
main engine based on the assessment of the normalized energy spectrum of the measured signals
and spectral entropy. Diagnostics based on spectral entropy consists of a sequence of the following
stages [11-13].
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A spectrum is calculated for each s -th segment of length AN as

AN -1
Y, (k)= Yy (n)e 1A% k 0, AN -1, seL,N/AN . ®)

n=0

The normalized energy spectrum is calculated according to the formula

W, (k
0] = e
> W, (m) (9)
=0 , where W, (k) =Y, (k)|".
A rule is used to suppress narrow-band noise and wide-band white noise
WG=0 it 5, <, (k)] <, (10)
Then the spectral entropy is calculated:
AN -1
Hs = > W, (k)] 1g]w, (k)| (12)
k=0

Filtering is carried out according to the algorithm of median smoothing of the sequence
H,,...,H_, L=N/AN, and the sequence of entropy estimates H,,...,H  is obtained.
An adaptive threshold is calculated in the form

max H. + minH
yz( 52 Sjﬂ, (12)

where u is a parameter determined experimentally.
If y> H~S , then the segment of the signal is considered normal, where there are no deviations
of the controlled parameters from the nominal values (P =1). If y< H~S, then the segment of the

signal is considered abnormal, where there are deviations of the controlled parameters from the
nominal values (P =0).

The results of the proposed diagnostic method without deviations from the nominal values
of the controlled parameters are shown in Fig. 4, and in the case of deviations — in Fig. 5.

T_piston, °C

0 5=0 150 1550 Mes. #5=
a) Under piston temperature dynamics in the cylinder #5

Ho10™
8
4
0 50 100 150  Mes. #5
b) Result of entropy calculation
AP
0.51
0 5=0 1500 1550 Mes. #g

¢) Result of logic-time processing
Figure 4 — The results of the diagnostic method without deviations
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Figure 5 — The results of the diagnostic method with deviations

On the basis of the developed mathematical models and the proposed diagnostic method, a
structural diagram of the automated system of operational diagnostics of the condition of the ship
main engine was designed, shown in fig. 6. The technical condition of each node of the ship main
engine is determined by a group of diagnostic parameters. The structure of the operational
diagnostics system includes: a database, modules for building mathematical models of monitored
parameters with adequacy verification, an interactive interface for interaction with the technical
personnel. The database [14] is formed from arrays of numerous values of controlled parameters.
The Problem Symptoms Identification Subsystem estimates the current state of the monitored
parameters. The result of the analysis is issued by the device in the form of a signal about the
normal or abnormal technical condition of the engine.

The implementation of the operational diagnostics system based on the developed
mathematical models and the proposed diagnostic algorithm, based on the methods of determining
spectral entropy and logical-time processing, allows to formalize the procedures of information
support of the technical personnel (Decision Maker) in the assessment of the technical condition of
the ship main engine according to controlled parameters.

The implementation of the diagnostic algorithm assumes the following conditions: the
process of changing the technical state of the object is monotonous; the limit value of the diagnostic
parameter should be known; the trend model of the diagnostic parameter should allow extrapolation
that is satisfactory in terms of accuracy.

Similar methods and procedures should be applied to all groups of controlled parameters:
cooling water, lubricating oil, fuel oil, scavenge air, air, exhaust gas [15].
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Figure 6 — Structural diagram of the automated system of operational diagnostics

Discussion of results. The resulting autoregression models of the moving average
adequately describe the time series corresponding to the measured signals of the controlled
parameters for various parts of the ship main engine in various operating modes. The application of
the method of digital processing of registered signals opens up the possibility of finding
malfunctions in the operation of the equipment and makes it possible to evaluate non-nominal and
pre-emergency modes of operation of the engine. Visualization of the values of the controlled
parameters in the form of continuous surfaces enables the technical personnel to perform an initial
assessment of the operation of the equipment. The conducted studies showed that models of the
4th-5th order adequately describe the dynamics of the controlled parameters.

For further use of the obtained models for processing in software modules of the diagnostics
subsystem, it is advisable to present the calculated parameters of the models in the form of matrices
for individual parts of the equipment.

The proposed diagnostic method using the entropy approach makes it possible to determine
malfunctions of parts of the ship main engine in a time of no more than 2T, i.e. At<2T, where T
is the time interval between measurements of the values of controlled parameters. The monitoring
data used in the study were obtained at an average interval of T =8 minutes.

Conducted studies of the application of the entropy approach to the analysis of the
characteristic signals of the equipment showed the dependence of the obtained results on the
adjustment of signal processing parameters, such as: frame length, the value of the adaptive
threshold. For different signals of the controlled parameters of the same group, the optimal settings
of the parameters retain their values.

Conclusions. In the research, the method of the ship main engine condition operational
diagnostics was developed using the logic-time processing of the measurement signals of the
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controlled parameters based on the entropy approach. The proposed method of signal analysis using
autoregressive moving average for identification of model parameters. On the basis of the
developed mathematical models and the proposed diagnostic method, the automated system of
operational diagnostics of the condition of the ship main engine was designed, which allows timely
detection of critical modes of operation of technological equipment in real time.

Directions for further research. Further research is being expediently carried out in the
direction of the implementation of diagnostic and prognostic procedures, which allows to use
optimization methods and reserves of the actual technical condition at a qualitatively new level to
prevent failures and increase the inter-repair period.
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Momueoga O.B., IMoaueoga B.B., Cimanenkos A.JI. METOJ[ OITEPATUBHOI JIATHOCTUKU
CTAHY I'OJIOBHOI'O CYAHOBOI'O IBUT'YHA

Cmamms npucesiuena GupiuieHHIo npobiemu NIOSUWEeHHs SKOCMI OnepamuHoi OlacHOCMUKU 20J108HO20
CYOH0B020 08U2YHA 6 pedcumi peanvrozo uacy. Cyuacui cucmemu mexHiuHOI OiaeHOCMUKU NOBUHHI
BUKOHY8AMU WEUOKY MA SKICHY [I0eHMUQIKayiro HapoCmanvux HecnpagHocmell 0/ HaAuObu eqhreKmueHo20
BUKOPUCMAHHA ~ pe3YIbMamie MOHIMOPUHZY NpU  SUPIWEHHI  eKCIIYAmayiiHux 3a60anHb 3  6U0AYelo
peKomeHOayil, wo 003801UMb POUUPUMU KOMIEMEeHMHICIb MEeXHIYH020 NePCOHANY V Npoyeci NPULHAMMS
piutens. Tomy akmyanbHOw 3a0a4ero € po3pooKa MamemMamuyHux mooesell Yaco8ux paoie GUMIPAHUX 3HAUEHb
KOHMPOIbOBAHUX NAPAMEMPIB, 5Ki 00380J5Mb 800CKOHAIUMU NPOYedypy ONepamusHoi 0lazHOCMUKY 3a805KU
BUABNIEHHIO UIMOGIPHOCII 8i0MOBU 8Y371i8 CYOHOB020 08ULYHA paHiule 06aacmi HAUOINbUL IHIMEHCUBHO20 3HOCY
abo pytiHysanHa. 3 Memor HOKpAWeHHS ICHYIOUUX Memooié mMeXHiuHOi OiazHOCMUKU MEeXHOI02IYHO020
001a0HaHHA pO3pOONeHO eeKMUBHi  aneopummu  ONnepamueHo20 OiaeHOCMYBAHHA, WO peani3oeani y
NPOSPAMHUX MOOYJISAX | 8 NOGHIT MIDI 6DAX08YIOMb MEXHIUHI MA eKOHOMIYHI UMOU, CIOXACMUYHUL XapaKmep
306HIWHIX 6nausis. IIpu nobyoosi areopummis onepamuerol 0iazHOCMUKU 6PAX08AHO CReYUuPIKy npoyecis, ujo
8I00Y6AIOMbCSL 8 20I06HOMY CYOHOBOMY OBUSYHI, GUKOPUCIAHO CYYACHI NPULIOMU | MEMOOU MAMeMamuiHo20
ModemosanHss ma meopii ingopmayii. Ha 6a3i 3HaueHb, OMPUMAHUX Y pe3yabmami GUMIPHGAHb
KOHMPOAbOBAHUX NAPAMEMPIB 20106HO20 CYOHOB020 08USYHA OYau 0Opani agmopezpeciiini Mooeni KO83H020
€epeoHbo2o, SKI MAKCUMATLHO MOYHO ORUCYIOMb OMpumMaHi yacosi psou. Ilapamempu moodeneu agmopepecii
oyau i0eHmughikosani 3a 00NOM02010 MEMOOY HAUMEHWUX KEAOpamie. 3anponoHo8ano mMemoo onepamueHoi
O0IA2HOCMUKUY, WO 3ACHOBAHUL HA GU3HAYEHHI CHeKMPALbHOI enmponii i npoyedypi 102iKo-4acoeoi o6pooOKu.
Ha ocnosi pospobnenux mamemamuunux mooleneil i 3anpoOnOHOBAHO20 MemoOy OiaeHOCMUKU pO3POoDOIeHO
aA8MOMAMU308aHy CUCIEMY ONePAMUBHOI OiA2HOCMUKU CAHY 20JI08HO20 CYOHO8020 08UZYHA, KA 00380JIA€E
30TUCHIOBAMU CBOEUACHE BUABNEHHA KPUMUUHUX DedNCUMI8 poOOMU MEXHON02IYHO20 OONAOHAHHA 8 PedCumi
peanvHozo uacy.

Knrouosi cnosa: 2onoenuii cyonosuti 0sueyn, 0laeHOCMUKA, MOHIMOPUHE, [0eHMU@IKayis.
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The objective of the study is to enhance maritime safety by applying a method for identifying and predicting the
qualification parameters of ship operators based on fuzzy logic. The core challenge of this research lies in the
necessity to control internal uncertainty factors of ship operator actions and develop a system that identifies
their qualification parameters to ensure safe decision-making in complex navigational conditions.

The research methodology comprises: a) an algorithm for automatic data processing of ECDIS to reduce
subjectivity in defining fuzzy membership functions related to navigational factors; b) formalization of the
structure of fuzzy functions and establishment of a rule base for identifying risks in complex navigation
scenarios; and c¢) simulation-based fuzzy modeling that investigates the influence of qualification parameters
on the overall risk index of ship motion management.

The research outcomes involve the development of an intelligent system predicting navigational risks in
intricate maritime conditions. Through simulation modeling, it has been identified that ship operators'
qualification parameters significantly impact the risk associated with vessel management. For instance, an
increase in parameters across four indicators can elevate the overall risk by 15.8%, shifting the situation into
a hazardous or critical category.

The practical significance is manifested by the efficiency of automated ECDIS data processing, which reduced
subjective errors and refined navigational risk prediction. The revealed influence of ship operators'
qualification parameters on risk levels underscores the importance of individualized forecasts tailored to each
operator. The practical value also lies in the potential to enhance maritime safety by precise risk prediction
and management, considering the human factor of each operator. Future research will focus on integrating
this method into other ship motion management systems, creating even more effective decision-support tools
for operators under conditions of inherent uncertainty. Bibl. 23 fig. 19.

Key words: automation; organizational-technical systems; risk; intelligent systems; qualification parameters;
identification; fuzzy logic; uncertainty.
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Introduction. In recent years, technologies based on artificial intelligence are increasingly
being integrated into the management tasks of marine vessels in challenging navigational
conditions. Neural network models are employed for predicting optimal maneuvering trajectories,
computer vision systems for recognizing surrounding objects and determining their dynamics, as
well as machine learning algorithms for analyzing meteorological conditions and automatically
adjusting the ship's course. These innovations substantially enhance the safety and efficiency of
maritime transport, especially in areas that are complex and hazardous for navigation [1-3].

Despite evident progress in this direction, the use of intelligent systems in various maritime
transport tasks, and the emergence of e-navigation, in the vast majority of water transport, the
decision to manage the vessel is made by the ship operator [4]. Navigational instruments, sensors,
and devices provide the information upon which managerial decisions are made, carrying full
responsibility for their consequences, regardless of the complexity and criticality of the situation
[5]. Despite the high rate of disasters attributed to human error, over 70%, intelligent, automated,
and automatic systems for trajectory forecasting, decision-making support, and optimal
management cannot cover the full spectrum of navigational situations and mitigate the human factor
throughout the ship's journey [6]. However, at the same time, the significance of the aforementioned
information systems for navigational safety is quite substantial, as noted in several leading studies
in this field [7-9].

Consequently, a contradiction arises between two concepts: the control over the situation by
the ship operator-navigator and the comprehensive information systems for situational identification
and vessel management. Distinguishing between these two concepts seems unfeasible due to the
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instability of the projected safety level as their primary objective function. While artificial
information systems have clear algorithms and can be analyzed through computer simulation under
given conditions and constraints, human decision-making processes are based on complexly
formalized processes of intellectual activity of the operator as a subject.

Problem Statement. The above discussion highlights the evident complexity in delineating
functions between the operator and the ship's information management systems. Indeed, the time it
takes to transition from manual ship control during complex, non-standard maneuvers, considering
various factors, will vary among operators [10]. At a given moment, each operator, while
performing their functional duties, has a confidence level that varies relative to their colleagues and
depends on the structural parameters of their qualifications. It is precisely the set of qualification
parameters that influences the performance of specific ship management tasks in relation to
conditions and factors defining the navigational situation.

It should be noted that in critical situations, where the operator's decision-making time is
minimal and the body is under stress, the processes of restoring qualification parameters are
severely hampered, leading to catastrophic outcomes [11].

The article [12] is concerned with the concept of human operators remotely controlling
autonomous ships, with particular focus on the design of Remote Operation Centres (ROC) and the
human factors involved in such operations. It discusses the role of automation in maritime
navigation and the challenges of keeping a human 'in the loop' for decision making. Several tasks
within a ROC are outlined, including managing the out-of-the-loop syndrome, ensuring proper
automatic control, and providing manual control when necessary. Additionally, the paper covers
tasks specific to maritime navigation like anti-grounding and anti-collision tasks and the design
considerations for effective and safe operation in these domains.

Key points covered in the article include: Discussion of “out-0f-loop syndrome,” where
operators may be unaware of the situation due to over-reliance on automation. The importance of
taking into account the appropriate qualification parameters for performing complex maneuvers is
indicated, but the algorithm for ensuring such a parameter is not shown.

The paper [13] analyzes the work of maritime officers using the Operator Function Model
(OFM) and examines recent ship accidents along the Korean coast. Introduced the concept of the
Operator Function Model (OFM), which is used to characterize worker activity in complex systems,
such as the operation of a ship. The analyzes specific OFM of ship navigation to evaluate cognitive
demands and technological innovations in ship navigation. The text discusses specific types of
errors, such as voyage planning errors, and mentions an example of a ship accident involving the
Kumho Ferry No. 3. It seems to discuss the incident as an example of failure in appropriately
identifying and responding to AtoN signals, resulting in a grounding accident. An important point is
the creation of a model of the navigator’s behavior, but the principles of its application in real time
during a navigational watch are not specified.

The research article [14] presented in the screenshots deals with the enhancement of video-
based detection infrastructure for automated ship recognition and behavior analysis. Also discusses
the complexities in the interaction between human operators and the ship's information management
systems, especially during complex and non-standard maneuvers. It highlights the variability in the
operators' confidence levels and the influence of their qualifications on the management of the ship,
especially in critical situations where decision-making time is short, and stress levels are high. The
research aims to improve the immediate and understandable on-site traffic situation awareness for
operators, potentially impacting their confidence in the system's data. The article's methodology
involves manual rectification of training images and interpretation of YOLO model outputs, which
could be seen as analogous to the need for skilled operators to interpret and act upon complex
information from automated systems in real time.

The framework proposed in the article aims to provide high-fidelity, immediate maritime
traffic information, which could be crucial in high-stress situations where operators have minimal
time to make decisions. Accurate and efficient automated recognition systems can potentially
reduce the cognitive load on human operators, thus mitigating the risk of catastrophic outcomes due
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to delayed or incorrect human responses. The automated system's ability to recognize and analyze
ship behavior consistently and accurately, even in varied maritime conditions, relates directly to the
concerns about restoring qualification parameters under stress.

However, the study does not assume a prediction of the perception of the navigation
situation, taking into account the specifics of the individual model of the navigator, which requires
improvement in this part.

The article [15], discusses the complexity of delineating functions between the operator and
the ship's information management systems, emphasizing the influence of operator qualifications
and the difficulty in maintaining performance under stress during critical situations.

With more accurate models, the system could potentially reduce the cognitive load on
human operators by providing more reliable predictions of ship behavior. By training with models
that closely mimic real-world behavior, operators can develop better skills and confidence.

Just like in previous studies, the importance of maintaining the navigator’s qualifications at
a high level with the help of automated systems is emphasized. However, no method is specified to
take into account multifactorial skill levels to assess possible risks based on incomplete data.

The article [16] discusses the complexity of delineating functions between the operator and
the ship's information management systems, emphasizing the influence of operator qualifications
and the difficulty in maintaining performance under stress during critical situations. Accurate ship
response models could help in creating simulations and training programs that prepare operators for
high-stress situations. By training with models that closely mimic real-world behavior, operators
can develop better skills and confidence. The optimization of these parameters in simulations, as
mentioned in the research, could enhance the training and qualifications of operators. At the same
time, approaches are not indicated that allow the restoration of selected parameters of the
navigator’s qualifications, especially in real time conditions.

Consequently, there arises a clear need to control the internal uncertainty factors related to
the operator's actions, which is a current challenge. The creation of an automated control system for
safe decision-making by the operator will allow for forecasting, in the early stages of a ship's route,
how adequate their qualification parameters are for performing tasks under specific conditions.

However, the challenges of creating systems that identify the qualification parameters of
ship operators are significant. These challenges manifest in several categories:

1. Subjectivity of the Human Factor: The human decision-making process is difficult to
formalize. It relies on intuition, experience, and other implicit factors, making it unpredictable and
distinct from Al algorithms. Additionally, individual differences among operators should be taken
into account: varying levels of confidence and qualification parameters can lead to different
response speeds and problem-solving algorithms.

2. Human-Machine Interaction with Navigation and Ship Management Systems: The
contradiction between manual and automatic control can lead to operator errors, especially during
critical moments. Challenges also arise in determining where exactly automated system control
should start and end, and where human operator control should take over. Improper delineation can
result in errors and misunderstandings.

3. Determination of Qualification Parameters: The difficulty in defining and measuring the
qualification parameters of operators can lead to inaccuracies in forecasting and ship movement
control. This suggests that continuous updating of operator qualifications is essential for accurate
control and forecasting, which can be a complex task in the dynamic environment of ship
management.

4. Technological Constraints: At the current stage of automated and intelligent technology
development, there are challenges in designing advanced tools for accurate and timely analysis of
all necessary parameters.

The above points underscore that the stated problem is non-trivial, objectively exists, and
requires solutions through the development of specialized automated and intelligent methods and
approaches.
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Research Purpose and Objectives. The purpose of this study is to develop a method for
identifying the qualification parameters of ship operators in organizational-technical ship
management systems using intelligent systems based on fuzzy logic. To address the stated problem,
several tasks need to be accomplished:

1. Develop an algorithm for the automated processing of experimental ECDIS navigation
data in complex navigation areas with the aim of reducing the subjectivity in determining
parameters of fuzzy membership functions concerning navigation factors.

2. Based on the obtained fuzzy membership functions, describe their formal structure and
construct a fuzzy rule base for the intelligent system identifying navigation risks while managing a
ship under complex (critical) conditions.

3. Conduct simulated fuzzy modeling taking into account the model of the ship operator's
qualification parameters. Investigate, based on the acquired experimental data, the influence of
qualification parameters on the increase in the overall risk indicator when managing a ship.

Primary Research Material. In accordance with the first research task set, we will develop
an algorithm for processing experimental ECDIS navigation data based on software tools for
parameters of fuzzy membership functions concerning navigation factors.

To address this task, data was extracted from the TRANSAS simulator system [17] as
follows. Authorization was performed in the capacity of an instructor, and from the main system
menu, "Tools" was selected followed by the "Logs" section. This allowed access to the "Track
History", a key section for analyzing the chronology of the ship's passage. Focusing on our desired
time interval, the "Export™” function was activated, choosing the CSV format. After saving the data,
a detailed check of the exported file (Fig. 1) was carried out to ensure that all necessary data were
successfully extracted and are ready for further analysis. Where: LAT — Latitude; LON —
Longitude; COG - Course Over Ground - the direction of a vessel's movement relative to the base;
SOG - Speed Over Ground - the speed of the vessel relative to the ground; HDG - Heading - the
actual course the vessel is on; LOG - Log (or lag) - the distance the vessel has traveled from the
start of navigation; SET - Direction of the current; DRIFT - Speed of the current; SPD F - Forward
speed or speed by the bow; SPD A - Aggregate speed or speed by the stern.

TIME LAT LON COG SOG HDG LOG SET DRIFT SPDF SPDA
0 4125713646 29,15372911 193 3,122 193 3,122 103 0 -0,002 -0,002
5 41,25707015 29,15370873 193 3,126 193 3,126 103 0 0 -0,006
10 41,25700185 29,15368768 193 3,13 193 3,13 103 0 -0,001 -0,006
15 41,25693353 29,15366677 193 3,134 193 3,134 103 0 -0,001 -0,008
20 41,2568652 29,15364579 193 3,139 193 3,139 103 0 0 -0,009
25 4125679688 29,15362476 193 3,143 193 3,143 103 0 -0,001 -0,01
30 41,25672856 29,15360382 193 3,148 193 3,148 103 0 -0,001 -0,011
35 4125666024 29,15358285 193 3,152 193 3,152 103 0 0 -0,012
40 41,25659192 29,15356183 193 3,156 193 3,156 103 0 -0,001 -0,013
45 4125651973 29,15354089 193 3,16 193 3,16 103 0 -0,001 -0,013
50 41,25644615 29,15351991 193 3,164 193 3,164 103 0 -0,001 -0,014
55 4125637263 29,15349888 193 3,202 193 3,202 103 0 0,009 -0,026
60 41,25629818 29,15347564 193 3,452 193 3,452 103 0 0,039 -0,059
65 41,25621476  29,153451 192 4 194 3999 103 0,1 0,333 -0,515
70 41,25611476 29,15342222 192 492 195 4909 105 0,3 0693 -1,36
75 41255991 29,15338443 193 6,125 199 6,094 108 0,6 0,934 -2,163
80 41,2558408 29,15333135 195 7,324 203 7,267 112 0,9 1,034 -2,859
85 4125566894 29,15325865 198 8,299 208 8,185 118 14 1,269 -4,022
90 41,25548283 29,15315881 204 9,131 215 8,963 124 1,7 1,304 -4,793

Figure 1 — Fragment of data extracted from the ECDIS TRANSAS system

The Bosphorus location was chosen for analysis, which is characterized by specific features
of its passage. The qualification indicators of a shipmaster play a critical role in the safe passage
through the Bosphorus strait [18]. Experience in navigating ships under complex and restricted
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conditions, knowledge of local current features, as well as the ability to make quick decisions under
challenging circumstances are essential. A lack of sufficient experience, inadequate preparation, or
overestimation of one's abilities by the shipmaster can significantly increase the risks when crossing
the strait. Each mistake or delay in decision-making can lead to catastrophic consequences, such as
collisions or grounding of the ship, resulting in environmental, economic, and human losses.

Based on the presented data about the ship's speed and course, one can infer that the ship
maintained a stable speed for most of the time.

However, there were moments of abrupt deceleration. This may indicate unexpected
obstacles or maneuvers needed to avoid collisions. The ship's course also experienced fluctuations,
suggesting challenges in navigation due to currents or other ships (Fig. 2).

The analysis of data based on the trajectory and numerical characteristics of the ship's
movement allows for the formulation of fuzzy membership functions through automated means. For
this purpose, we will develop software for processing numerical navigation data of the route, based
on which the corresponding fuzzy membership functions will be constructed.

The program, developed in Python [19] (Fig. 3), analyzes data from a CSV file containing
Speed Over Ground (SOG) values. Based on this data, the program performs two primary tasks:

1. Data Categorization: SOG values are divided into various categories such as "Very Slow",
"Slow", "Medium", "Fast", "Very Fast", and "Critically Fast". The distribution of these categories is
then displayed, and the program generates a bar chart to visualize this distribution.

2. Fuzzy Membership Generation: The program determines the membership functions for
each speed category based on trapezoidal functions. These functions illustrate the degree to which
each SOG value corresponds to different categories. The program then displays a graph showing the
membership functions for each category. Subsequently, the program calculates and displays the
degree of membership of each SOG value to each category.

Thus, the program analyzes the speed data and applies fuzzy logic to it for categorization
and determination of the degree of membership to various categories. Let's consider a code
fragment and the programming result based on the ship's Speed Over Ground (SOG) parameter:

Based on the software code, relevant graphs were generated that illustrate the ship's
movement indicators based on its experimental data (Fig. 4).
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import pandas as pd

dmport matplotlib.pyplot as plt
import numpy as np

import skfuzzy as fuzz

# The path to the fFile
path = "C:\\Science\\fuzzy logic_1%\\3.3+.csv™

def plot_category distribution{dsta_path):
# Loading Data
data = pd.read_csv(data_path, delimiter=";")

# Extracting 506 value and converting it te number format
deta['S0G'] = data['S0G'].str.replace(’,', ".').estype(float)

# Function for 506 categorization
def categorize sog(value):
if 1 <= value <= 3:
return "Very Slow"
elif 4 <= value <= 7:
return "Slow"
elif & <= value <= 12:
return "Moderate”
elif 13 <= wvalue <= 16:
return "Fast"
elif 17 <= value <= 19:
return "Very Fast"|
else:
return "Critically Fast®

# Applying the categorization function
data['Category'] = data['S0G'].apply(categorize_sog)

# Displays the number of posts by category
print{data['Category'].velue_counts())

# Distribution schedule

plt.title('Distribution of S0G walues by category')
plt.xlabel( 'Category')

plt.ylabel( "Number of records')

plt.show()

def generate_fuzzy_membership{data_path):
# Loading Data
df = pd.read_csvidata_path, delimiter=";", decimal=",")
spg = df['S0G'].values

data['Category’].value_counts().plot(kind="bar", color='skyblus'}

 Calling functions one by one
plot_category_distribution{path)
generate_fuzzy_membership(path)

# Definition of membership functions
¥_s0g = np.arange(®, 31, 1) # Speed range

very_slow = fuzz.trapmf(x_sog, [@, @, 1, 3])

slow = fuzz.trapmf(x_sog, [1, 3, 4, 71)

moderate = fuzz.trapmf{x_sog, [4, 7, 8, 12]1)

fast = fuzz.trapmf(x_sog, [&, 12, 13, 16])

very_fast = fuzz.trapmf(x_sog, [13, 16, 17, 19])
critical_speed = fuzz.trapmf(x_sog, [17, 19, 2@, 38])

# Bufiod zpaduxa

plt.figure(figsize=(18, 6))

plt.plot(x_sog, very_slow, 'b', label="Very Slow')
plt.plot(x_socg, slow, 'g', lebel="Slow")
plt.plot(x_socg, moderate, 'r', label='Moderate')
plt.plot(x_socg, fast, 'c', label='Fast")
plt.plot(x_sog, wery_fast, 'm', label='Very Fast')
plt.plot(x_sog, critical_speed, 'y', lebel='Critically Fast')
plt.title{'Accessory functions for 50G")
plt.xlabel('Spesd (knots)")

plt.ylabel('Degree of affiliation")
plt.legend(loc="upper right")

plt.grid(True)

plt.show()

# Printing degree of membership values for each record in a file
results = {
"Wery Slow': fuzz.interp_membership(x_sog, very_slow, sog),
'5low': fuzz.interp_membership(x_sog, slow, sog),
'Moderate': fuzz.interp_membership{x_sog, moderate, sog),
'Fast': fuzz.interp_membership(x_sog, fast, sog),
"Wery Fast': fuzz.interp_membership(x_sog, very_fast, sog),
'Critically Fast': fuzz.interp_membership{x_sog, critical_speed, sog)

K

for key, value in results.items():
print{f"{key}: {value}")

Figure 3 — Software code for processing ECDIS experimental data
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Figure 4 — Graphs of categorization and formulation of membership functions

The graphs depict two results of the program's operation:

1. Distribution of SOG values by categories.

The bar chart shows the distribution of Speed Over Ground (SOG) values across various
categories. The "Critically Fast" category has the highest number of entries, making it the most
prevalent in the presented data. The next most frequent categories are "Very Fast" and "Fast". The
categories "Slow" and "Very Slow" are the least represented in the data.

2. Membership functions for SOG:

The graph displays the trapezoidal membership functions for different speed categories.
Each line (color) represents a specific speed category, and their intersections indicate the fuzziness
of a speed value's membership to one or another category. For instance, a speed of 5 knots has a
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certain degree of membership to the "Slow" and "Medium" categories, as can be seen from the
intersection of the green and red lines.

Thus, the first research task has been accomplished, allowing us to proceed to the next steps
within the overall objective.

The subsequent challenge is to formally describe the structure of the obtained fuzzy
membership functions and to construct a fuzzy rule base for an intelligent system that identifies
navigational risks in ship management. For this, types of membership functions [20-22] were
analyzed and identified that can best describe a series of the following navigational parameters:

Proximity of oncoming vessels (Fig. 5):

0, if x<-0.36 0, if x<0,1
X+0.38 3¢ 36<x<-0,04 X0 i 1ox<016
0,04+0.36 016401
Lo (X) =11, if —0,04<x<0,04 ; s, (X)=11 if 0,16 <x<02:
227X i 6 0a<x<0,22 031X 5 2<x<0,31
0.22-0,04 0,31-0,2
0, if x> 0,22 0, if x> 0,31
0, if x<0,23 0, if x<0,31
X=0.23 4653 y<0,28 _X=0.31 4631 x<0,42
0.28-0. 23 0,42-0,31
Loiorae (X) =11, if 0,28 < X <0,32 ; p1gyee (X) =41, if0.42<x<0 46
_037=X 44032 <x<0,37 _0.62-X 46 46<x<0.62
0.37-0,32 0.62—0,46
0, if x> 0,37 0, if x> 0,62
0, if x<0 45 0, if x<0 56
X=0.45 0 45<x<0,59 _X=0.56 056 x<096
0.59-0.45 0.96—0.56
Hyeiose (X) =11, if 0,59 <x<0,65 ; firc5 (X) =11, if 0,96 <x<1,06 .
_083=X 4 65<x<0,83 LA6-X e 06 <x<146
0.83-0.65 146-106
0, if x> 0,83 0, if x>1 46

plot points: 181

Membership function plots
T T T T T T T
Close Verylose Tooglose

Verycar Far

| 1 — 1 | 1 1 1

input variable "Proximity"

Figure 5 — Membership function: trapmf
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2. Technical condition of the vessel (Fig. 6):

0, if x <—0,260r x > 0,15 0, if x <—0,080r x> 0,3
x—0,26 if —0,26< x<0.00 x+0,08 if —0,08<x<0,18
(=1, % s (=4, %
Hexcellent 1’ if 0’ 00< x < 0' 01 ? Hsatit 1, if 0,18 <X< O, 24
0,15-x if 0,01<x<0,15 0,35—X if 0,24<x<0,35
0,13 0,1
0, if x<0,250r x>0,46 0, if x<0,340rx>0,86
X+0.25 4 ) 95 < x<0,33 X+0,34 46,345 < x < 0,49
(=1, *% o () =1,
Hunrorro (X) =1 if 0,33<x<0,38 Fveamo 170 if 0,49 < x < 0,54
047X it 0,38< x<0,47 0.80=X it 0,54 <x<0,86
0,08 0,323
0, if x<0,61lorx>0,9 0, if x<0,840rx>1,22
x+95% it ,61< x < 0,81 LR ifo8a<x<0,95
oo (=1 © o (=1, 07
1 if 0,815< x <0,817 '/ ci 1, if 0,95< x <1
0.9-X it 0,817 < x<0,9 0.9=X it 1<x<1,22
0,09 0,09

Membership function plots

plot points: 181

Excellent

Satisfactory Minor, ull jeformation Medium

Critical

- 1

input variable "Technical"

Figure 6 — Membership function: pimf

3. Proximity to dangerous isobaths and separation lines in straits (Fig. 7):

(x-0,175)?
2x(~0.026)?

:uVeryF (X) =€

(x-0,04)*

(x-0,06)°

D ey (X) —p 2022 :

(x-0,05)°

Hitoderate (X) = e_W; Heiose (X) = e_mi

(x-0,08)°

/u\/Close (X) = e_ 207 ’ /uTCIose (X) =€

(x-0,21)*
2x1?
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plot points: 181
Membership function plots
T T T T T T T

erygar Far Moderate Close Very lose Too lose

1=

| | | | |

input variable *Isobaths"

Figure 7 — Membership function: gaussmf
4. Currents (Fig. 8):

1 1

Heak (X) = —1’ Hiroderate (X) = —21’
X+0, 01’3 x—0,17|2
1+ 1+
0,06 0,09
1 1
Hioticeable (X) = —ZE’ Hstrong (X) = —53’
x—0,35] 2 x—0,58]3
1+ 1+
0,08 0,05
1 1
lu\/Strong (X) = 2 ! luCrltlcaI (X) = 21 '
1+ -0, 77 14 x—=1|2
0,05 0,1
Figure 8 — Membership function: gbellmf
5. Wind (Fig. 9):
:u\Neak 0,4 ’ :uWeak 2 0’12 '
p (Xi): x—0,03 p (X ): 0,26—x
Moderate 0,15_0103' Moderate 2 O, 26—0,15’
x—017 0,45 x

:uNoticeabIe (Xl) = m’ ﬂNoticeable (XZ) N m,

1520224 DYOpUKU 6KII0OUEHO cCmammi 3a MEeMAmuyHoI0 CRPAMOBAHICIMIO «Asmomamu3sayis ma KOMn’iomepHo-
iHmezpoeani mexnonoziin
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x—0,38 . 0,65—-x
Hsng (%) =050 397 Mo (%) =075 05
x-0,57 | 0,82 -x
Hystrong (Xl) = m’ Hystrong (Xz) = m
x—0,76 111-x
Heritical (Xi) = m’ Heitica (Xz) - m

input variable *Wind"

Figure 9 — Membership function: trimf
6. Visibility (Fig. 10):

1 1 _
Hexcenent (X) = 14 e-008037) 1+ 9485017 !
1 1 _
Hoood (X) = 1+ @020514) - 1+ e%03(x-032) "
1 1 )
Hsatistactory (x) = 1+ e039(-638) - 1+ @f60-055) *
1 1 _
Hpoor (X) = 14 080174 1t H1a0-074) !
Hyp (X) = = - = :
oor 1+ g0 780130) 7 | a665(x-091) ’
1 1
Heritical (x)= 14 @093(x-50.7) o 14 @O

plot points: 181

Membership function plots
I

Excellent Good Satisfactory Poor Verypo0r Critical

1

input variable "Visibility"

Figure 10 — Membership function: dsigmf
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7. Current vessel speed (Fig. 11):

0, if x<-0,36 0, if x<0,04
_X+0.30 4 4 35<x<—0,04 _X=0.0% 6 04<x<0,16
0,04+0,36 0,16-0,04
Hysion (X) =11, if —0,04<x<0,18 ; g, (X)=11, if 0,16<x<0,24
_O18=X 40 0a<x<0,18 _O347X 024« x<0,34
0,18-0,04 0,34-0,24
0 if x>0,18 0 if x>0,34
0, if x<0,25 0, if x<0,49
X025 44 25 x<0,38 _X=049 40 49<x<0,59
0,38-0,25 0,59-0,49
Hrsoderste (X) =11, if 0,38<x<0,46; fey (X) =11, if 0,59<x<0,65
097X 36 46<x<0,59 077X 0 65<x<0,75
0,59-0,46 0,75-0,65
0 if x>0,59 0 if x>0,75
0, if x<0,66 0, if x<0,79
_X=056 6 66<x<0,78 X079 40,79« x<0,93
0,78-0,66 0,78-0,66
Hyras (X) =41, if 0,78 <x<0,83; foen (X) =11 if 0,93< x<1,04
089X 4 83<x<0,88 LAAX i1 04<x<144
0,89-0,83 1,44-1,04
0 if x>0,88 0 if x>1,44
Figure 11 — Membership function: trapmf
8. Difficulty in maintaining the vessel's course (Fig. 12):
Hhyeasy (X) — @ 2x0.0007* D My (X) —@ 20.195° :
(x-0,09)° (x-0,09)°

Htogerate (X) —e 203 Hpificult (X) —e 208

(x-0,06)°

(x=0,07)°

Hypifticult (X) = e_W; Hepifficult (X) =e 20
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Membership function plots
T

181

erygasy Moderate

Difficult Very jifficult

T T
Critically sifficult

input variable "Course”

Figure 12 — Membership function: gaussmf

9. Time of day (Fig. 13):

0, if x <—0,36 0, if x <009
X+0,36 i ) 36<x<_004 X=0.09 it 0 09<x<0,13
0,04+0.36 0.13-0.09
Hpay (X) =141, if —0,04<Xx<0,16 ; L enng (X) =11, if 0,13<x<0,21
_016-X it 0 04<x<0,16 038X 46691 x<0,34
0.16—0.04 0.34-0,21
0 if x>0,16 0 if x>0,34
0, if x<0,31 0, if x <0,49
X=0.31 4 310x<0,36 X=049 460 49 <x<0,55
0.36-0.31 0.55-0.49
Loy (X) =11, if 0,36 <x<0,44; 1y (X)=11, if 0,55<x<0,65;
058X 44 44<x<0,58 _078-X 40 65<x<0.78
0.58—0. 44 0,78—0,65
0 if x>0,58 0 if x>0,78
0, if x<0 68 0, if x <081
_X=0.68 0 68<x<076 X=0.81 081 cx<0,92
0,76-0.68 0.81-0 68
Honignt (X) =41, if 0,76 <x<0,86; fpgum (X) =11, if 0,92<x<1,01.
092X 46486« x<0,02 138X 46 01<x<138
0,92-0.86 138-1.01
0 if x>0,92 0 if x>138

Membership function plots
T

181

T T T
Night Deepyight Dawn

input variable "Time"

Figure 13 — Membership function: trapmf
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10. Shipping intensity at the current route point (Fig. 14):

1 1
/'lVLOW(X) = —l’ ﬂLOW(X) = —4l’
x—0,02] 2 x—0,26] 2
1+ |——— 142222
0,12 0,08
1 1
Htoderate (X) = Hight (X) = —4&’
1+ X—0,48 L X—O,65 2
0,06 0,05
1 1
Hynigh (x) = —41; Herigicar (X) = - 1
14 x—0,8| 2 1+ X—1|2
0,06 0,07

plot points: 181

Membership function plots
I T I T
ery ow Low Moderale High Veryyigh Critical

input variable "Shipping;nt"

Figure 14 — Membership function: gbellmf

Thus, based on the experimental data, formal expressions of fuzzy membership functions of
the type depicted in Figures 5-14 were obtained. Subsequently, fuzzy modeling will allow for the
identification of factors stemming from the combination of basic qualification parameters
concerning operations with navigational devices. Moreover, considering an individual qualification
model will enable the determination of an individual level of danger in relation to the navigational
situation based on fuzzy membership functions.

From the above, it follows that it is essential to transition to the task of simulation fuzzy
modeling, taking into account the qualification model of the operator-navigator. In this context, it is
necessary to investigate, based on the obtained experimental data, the influence of qualification
parameters on the increase in the overall risk indicator during operations performed by the operator-
navigator. For structuring, the language of fuzzy sets and fuzzy logic was utilized to determine risk
and the number of factors based on various conditions and parameters. The rules are written in a
structured format, commonly used for fuzzy control systems. This format allows for easy
interpretation of how the system responds to different input parameters. The language used is
represented by the syntax of the MATLAB Fuzzy Logic Toolbox software package for fuzzy
modeling.

Let's formulate fuzzy rules regarding the Bosphorus location, based on observations:

IF (Proximity == Very Far) OR (Technical == Excellent) OR (Isobaths == Very Far) OR
(Currents == Weak) OR (Wind == Weak) OR (Visibility == Excellent) OR (Speed == Very Slow) OR (Course
== Very Easy) OR (Time == Day) OR (Shipping int == Very Low) THEN (Risk = Low) AND

(Number of factors = Moderate)

IF (Proximity == Moderate) OR (Technical == Satisfactory) OR (Isobaths == Far) OR (Currents
== Moderate) OR (Wind == Weak) OR (Visibility == Excellent) OR (Speed == Very Slow) OR (Course ==
Critically Difficult) OR (Time == Dawn) OR (Shipping int == Critical) THEN (Risk = V High) AND

(Number of factors = Medium)

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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IF (Proximity == Very Far) OR (Technical == Satisfactory) OR (Isobaths == Far) OR (Currents
== Weak) OR (Wind == Weak) OR (Visibility == Excellent) OR (Speed == Slow) OR (Course == Difficult)
OR (Time == Dawn) OR (Shipping int == Very Low) THEN (Risk = High) AND (Number of factors =
Moderate)

IF (Proximity == Moderate) OR (Technical == Satisfactory) OR (Isobaths == Far) OR (Currents
== Moderate) OR (Wind == Moderate) OR (Visibility == Good) OR (Speed == Slow) OR (Course ==
Critically Difficult) OR (Time == Critical) OR (Shipping int == Critical) THEN (Risk = High) AND

(Number_ of factors = Moderate)

IF (Proximity == Moderate) OR (Technical == Satisfactory) OR (Isobaths == Close) OR
(Currents == Moderate) OR (Wind == Moderate) OR (Visibility == Good) OR (Speed == Average) OR
(Course == Difficult) OR (Time == Day) OR (Shipping int == Medium) THEN (Risk = Moderate) AND

(Number of factors = Medium)

IF (Proximity == Close) OR (Technical == Good) OR (Isobaths == Close) OR (Currents ==
Moderate) OR (Wind == Strong) OR (Visibility == Good) OR (Speed == Fast) OR (Course == Moderate) OR
(Time == Dusk) OR (Shipping int == High) THEN (Risk = V_High) AND (Number of factors = High)

IF (Proximity == Close) OR (Technical == Poor) OR (Isobaths == Very Close) OR (Currents ==
Strong) OR (Wind == Strong) OR (Visibility == Poor) OR (Speed == Very Fast) OR (Course ==
Very Difficult) OR (Time == Night) OR (Shipping int == Very High) THEN (Risk = Critical) AND
(Number of factors = Critical)

IF (Proximity == Very Close) OR (Technical == Average) OR (Isobaths == Very Close) OR
(Currents == Average) OR (Wind == Average) OR (Visibility == Satisfactory) OR (Speed == Average) OR
(Course == Moderate) OR (Time == Dusk) OR (Shipping int == Medium) THEN (Risk = Moderate) AND

(Number of factors = Medium)

IF (Proximity == Moderate) OR (Technical == Satisfactory) OR (Isobaths == Moderate) OR
(Currents == Moderate) OR (Wind == Noticeable) OR (Visibility == Satisfactory) OR (Speed ==
Moderate) OR (Course == Very Difficult) OR (Time == Night) OR (Shipping int == High) THEN (Risk =

High) AND (Number of factors = High)

IF (Proximity == Moderate) OR (Technical == Minor Hull Deformation) OR (Isobaths ==
Moderate) OR (Currents == Moderate) OR (Wind == Strong) OR (Visibility == Satisfactory) OR (Speed ==
Moderate) OR (Course == Difficult) OR (Time == Dusk) OR (Shipping int == High) THEN (Risk = High)

AND (Number of factors = Medium)

IF (Proximity == Too Close) OR (Technical == Minor Hull Deformation) OR (Isobaths ==
Moderate) OR (Currents == Moderate) OR (Wind == Strong) OR (Visibility == Satisfactory) OR (Speed ==
Moderate) OR (Course == Very Difficult) OR (Time == Evening) OR (Shipping int == Very High) THEN

(Risk = V_High) AND (Number of factors = High)

IF (Proximity == Very Close) OR (Technical == Medium) OR (Isobaths == Moderate) OR (Currents
== Strong) OR (Wind == Strong) OR (Visibility == Satisfactory) OR (Speed == Very Fast) OR (Course ==
Very Difficult) OR (Time == Evening) OR (Shipping int == Very High) THEN (Risk = High) AND

(Number of factors = High)

IF (Proximity == Very Close) OR (Technical == Medium) OR (Isobaths == Moderate) OR (Currents
== Strong) OR (Wind == Noticeable) OR (Visibility == Satisfactory) OR (Speed == Moderate) OR (Course
Very Difficult) OR (Time == Dawn) OR (Shipping int == Critical) THEN (Risk = V High) AND

(Number of factors = Medium)

IF (Proximity == Too Close) OR (Technical == Minor Hull Deformation) OR (Isobaths == Close)
OR (Currents == Noticeable) OR (Wind == Strong) OR (Visibility == Very Poor) OR (Speed == Fast) OR
(Course == Critically Difficult) OR (Time == Night) OR (Shipping int == Critical) THEN (Risk =

V_High) AND (Number of factors = Medium)

IF (Proximity == Moderate) OR (Technical == Medium) OR (Isobaths == Close) OR (Currents ==
Strong) OR (Wind == Strong) OR (Visibility == Poor) OR (Speed == Very Fast) OR (Course ==
Critically Difficult) OR (Time == Night) OR (Shipping int == High) THEN (Risk = V_High) AND

(Number of factors = Medium)

IF (Proximity == Too Close) OR (Technical == Minor Hull Deformation) OR (Isobaths ==
Moderate) OR (Currents == Noticeable) OR (Wind == Strong) OR (Visibility == Poor) OR (Speed == Fast)
OR (Course == Very Difficult) OR (Time == Evening) OR (Shipping int == Very High) THEN (Risk = High)

AND (Number_of factors = Medium)

IF (Proximity == Very Close) OR (Technical == Minor Hull Deformation) OR (Isobaths ==
Moderate) OR (Currents == Strong) OR (Wind == Strong) OR (Visibility == Poor) OR (Speed ==
Very Fast) OR (Course == Critically Difficult) OR (Time == Night) OR (Shipping intensity ==
Very High) THEN (Risk == Very High) AND (Number of factors == High)

IF (Proximity == Too Close) OR (Technical == Medium) OR (Isobaths == Close) OR (Currents ==
Very Strong) OR (Wind == Very Strong) OR (Visibility == Satisfactory) OR (Speed == Moderate) OR
(Course == Critically Difficult) OR (Time == Night) OR (Shipping intensity == Critical) THEN (Risk
== Very High) AND (Number of factors == High)
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IF (Proximity == Too Close) OR (Technical == Medium) OR (Isobaths == Very Close) OR
(Currents == Strong) OR (Wind == Very Strong) OR (Visibility == Satisfactory) OR (Speed == Poor) OR
(Course == Fast) OR (Time == Deep Night) OR (Shipping intensity == Very High) THEN (Risk ==
Very High) AND (Number of factors == High)

IF (Proximity == Very Close) OR (Technical == Medium) OR (Isobaths == Moderate) OR (Currents
== Noticeable) OR (Wind == Very Strong) OR (Visibility == Very Poor) OR (Speed == Fast) OR (Course
== Critically Difficult) OR (Time == Deep Night) OR (Shipping intensity == Critical) THEN (Risk ==
Very High) AND (Number of factors == High)

IF (Proximity == Close) OR (Technical == Medium) OR (Isobaths == Very Close) OR (Currents ==
Strong) OR (Wind == Very Strong) OR (Visibility == Very Poor) OR (Speed == Fast) OR (Course ==
Very Difficult) OR (Time == Dusk) OR (Shipping intensity == Very High) THEN (Risk == High) AND
(Number of factors == High)

IF (Proximity == Too Close) OR (Technical == Medium) OR (Isobaths == Very Close) OR
(Currents == Very Strong) OR (Wind == Strong) OR (Visibility == Critical) OR (Speed == Fast) OR
(Course == Critically Difficult) OR (Time == Dawn) OR (Shipping intensity == Critical) THEN (Risk ==
Very High) AND (Number of factors == High)

IF (Proximity == Very Close) OR (Technical == Medium) OR (Isobaths == Close) OR (Currents ==
Critical) OR (Wind == Very Strong) OR (Visibility == Critical) OR (Speed == Very Fast) OR (Course ==
Difficult) OR (Time == Evening) OR (Shipping intensity == High) THEN (Risk == High) AND
(Number of factors == High)

IF (Proximity == Very Close) OR (Technical == Medium) OR (Isobaths == Close) OR (Currents ==
Strong) OR (Wind == Very Strong) OR (Visibility == Critical) OR (Speed == Very Fast) OR (Course ==
Critically Difficult) OR (Time == Night) OR (Shipping intensity == Critical) THEN (Risk ==
Very High) AND (Number of factors == High)

IF (Proximity == Very Close) OR (Technical == Severe Damage) OR (Isobaths == Far) OR
(Currents == Critical) OR (Wind == Noticeable) OR (Visibility == Very Poor) OR (Speed ==
Critically Fast) OR (Course == Difficult) OR (Time == Dusk) OR (Shipping intensity == High) THEN
(Risk == Medium High) AND (Number of factors == High)

IF (Proximity == Close) OR (Technical == Severe Damage) OR (Isobaths == Far) OR (Currents ==
Critical) OR (Wind == Strong) OR (Visibility == Very Poor) OR (Speed == Very Fast) OR (Course ==
Very Difficult) OR (Time == Evening) OR (Shipping intensity == Very High) THEN (Risk == Medium High)
AND (Number of factors == High)

IF (Proximity == Too Close) OR (Technical == Severe Damage) OR (Isobaths == Close) OR
(Currents == Critical) OR (Wind == Noticeable) OR (Visibility == Very Poor) OR (Speed ==
Critically Fast) OR (Course == Difficult) OR (Time == Night) OR (Shipping intensity == Critical)
THEN (Risk == Medium High) AND (Number of factors == High)

IF (Proximity == Very Close) OR (Technical == Minor Damage) OR (Isobaths == Far) OR
(Currents == Very Strong) OR (Wind == Noticeable) OR (Visibility == Very Poor) OR (Speed == Fast) OR
(Course == Very Difficult) OR (Time == Dusk) OR (Shipping intensity == High) THEN (Risk == Medium)
AND (Number of factors == Medium)

IF (Proximity == Close) OR (Technical == Minor Damage) OR (Isobaths == Far) OR (Currents ==
Strong) OR (Wind == Noticeable) OR (Visibility == Critical) OR (Speed == Very Fast) OR (Course ==
Critically Difficult) OR (Time == Evening) OR (Shipping intensity == High) THEN (Risk == Medium) AND
(Number of factors == Medium)

IF (Proximity == Too Close) OR (Technical == Minor Damage) OR (Isobaths == Close) OR
(Currents == Very Strong) OR (Wind == Very Strong) OR (Visibility == Very Poor) OR (Speed ==
Critically Fast) OR (Course == Difficult) OR (Time == Night) OR (Shipping intensity == Critical)
THEN (Risk == Medium High) AND (Number of factors == Medium)

The formulated rules will be incorporated into the Mamdani rule base [23] (Fig. 15, 16):
1. Fuzzy Rule Activation (1):

Foreachrule R, 1=12,...,30, the degree of truthfulness of the rule is determined:

ag =T(ﬂﬂ(x1),y%(x2),...,y%(xm)), 1)
where T is the T-norm (the "and" operation in fuzzy logic),
Hy, is the membership function for the input variable xi,
Xi the i-th input variable.

2. Fuzzy Implication (2):
Using fuzzy implication, we derive the conclusions for each rule:

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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B =1(a.B), )
where B’ the conclusion or output for the i-th rule after its activation,

I is the implicational function (often, the Minimum or Product is used),
B, the i-th output set or variant.

3. Aggregation of All Conclusions (3):
All individual conclusions are aggregated into a single overall membership function:

B"=S(B,,B;....B;), (3)

where B” the overall aggregated membership function for all conclusions,
S is the S-norm (the "or" operation in fuzzy logic).

4. Defuzzification (4):
Using a defuzzification method, we obtain a crisp output value. Typically, the Center of
Gravity (COG) method is used:

- [ymg (v)dy
J s (y)ay

where y* is the crisp output value,
My (y) the aggregated membership function for the output value vy,

y the output value being integrated over all possible variants.

(4)

|
[ ——
[ ——
[ —— | Management of risks_5+ Risk
L= == .
/ (mamdani)
[ /
[ ——
[ —— Number_factors
FIS Name: Management of risks_5+ FIS Type: mamdani
And method min w Current Variable
Name .
Or method max w Proximity
. Type input
Implication min w
Range [01]
Aggregation max w
Defuzzification centroid w Help Close
System "Management of risks_5+" 10 inputs, 2 outputs, and 30 rules

Figure 15 — Construction of the fuzzy inference system
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Figure 16 — Formation of the fuzzy rules system

Let's consider the first waypoint in the Bosphorus strait and the risk formulation concerning
a neutral situation, with indicators of 0,5 and 0,636 related to the factors (Fig. 17 a, b) to trajectory
(Fig. 18).

In terms of modeling results for the first waypoint, the following groups can be
distinguished:

1. Rule activation: Many rules are activated at the given input values, especially those
corresponding to input data equal to 0,5. This is indicated by yellow triangles in the respective
columns for each rule.

2. Risk distribution: Risk varies depending on the activated rules. Some rules lead to a
higher level of risk (closer to 1), while others result in a lower risk level (closer to 0).

3. Parameter activation: "Proximity", "Technical”, and "Isobaths" are mostly activated at the
0,5 level. "Currents”, "Wind", and "Visibility" also have activations, but not in all rules. "Speed",
"Course”, "Time", and "Shipping_int" are activated at various levels in different rules.

4. Overall risk: Considering the provided input data, the overall risk is 0,575. This value
might be the result of aggregation or defuzzification of the outcomes from individual rules.

Proximity 0.5 Technical = 0.5 Isobaths = 0.5 Currents = 0.5 Wind =05 Visibility =0.5 Speed =05 Course =0.5 Time = 0.5 Shipping_int =0.5
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Proximity = 0.7 Technical =0.63 Isobaths = 0.63 Currents = 0.55 Wind = 0.5 Visibility = 0.63 Spesd =07 Course =0.7 Time = 0.52 Shipping_int =0.7 Risk = 0.733 Number_of_factors = 0.5
1 [ L [ | [ ] [ ] ] [ ] [ | [ ] ] N ]
2 [ [ L ] ( | L ] ] [ ] ( | [ ] A > .
3 [ [ [ ] [ ] L ] ] [ ] [ ] [ a1 A | —
4 [ [ [ ] [ | [ ] ] [ 1 [ ] [ ] A N
5 [ [ L ] AV ) | ) ] [ i O ] [ ] 4 B
L L L L ] [ ) L ] L ] [ 1 [ ] [ ] [ 4 B ]
7 [ [ [ | BZ ) [ ] =771 [ PN &1 [ 1 [ 4 B ]
s [ L [ 1 |V — | N | = | | -
s [ [ C ] AV ) N7 =] =] E=HE [ & | ——
0 [ [ 1 | == [ ) | | [ ] C = [ | .
n 4= [ [ L ] == [ ) [ ] =] [ =] [ i} A A
2 [ [ [ o [ a——] o] | —Va| =3 [ | [ il [ 7 | > |
] [ [ [ ] [ ) [ ] ] =14 [ | [ ] [ | > -
" =] [ L [ ] == | J ] [ Y| =1 [ ] 4 |
15 [ L4 I LA ] A yay) [ ] =N [ A ] 4 [ |
16 — [ [ [ ] [ ] | F=\| [ PN [ ] [ 1 [ — | LA |
i =Nl [ [ [ J 1| | ] < =l [ ] = [ 1 4 [— |
18 N ] ] | ] =] [ ] | A
L] — [ [ [ ] [ | [ ] 3] [ P=N| [ =1 [ ] [ ] a=
E] [ [ [ ] | ] [ ] ] [ ] [ ] [ ] [ 4 ( A
E] [ A [ o] [ | [ ] ] [ PN = [ ] A 4
2 — [ [ ] [ ] L ] ] [ 1 [ ] [ ] 7 | A
E] [ [ [ ] [ ] | ) =l I N | A [— | [
2 [ L I [ ] L ) yay) [ ] =1 [ ] 4 A
2 [ [ [ 1 [ ] L ] ] =0 =1 [ Al |- &
» - [ [ ] [ ] [ ] py| [ ] =1 [ | & (— |
Y [ L L ] [ ] 2 Z ] ] C= = | & [—
£ — [ [ [ ] [ | [ ] ] [ P=N| [ =1 [ A = =
E] [ [ [ ] [ ] [ ] ] [ ] [ ] [ ] | ZA ] ( ]
] [ [ [ ] [ | [ ] ] [ ] [ | [ ] \ S

) 1 (] 1 0 1 ] 1 0 1 0 1 (] 1 ] 1 (] 1 [ 1 il | v v |

o 1 9 1

Figure 17 — Fuzzy risk analysis at the first waypoint of the Bosphorus strait:
a - average risk indicators within 0.5 at the beginning of the route
b - risk indicators in the central Bosphorus strait within 0.636 of the risk range
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Figure 18 — Position of the vessel in the Bosphorus Strait relative to the trajectory of the vessel's route

Next, let's consider a situation where deviations in the qualification parameters of a
particular shipmaster are evident. The operator's model code concerning key navigational factors is
as follows: [0,7; 0,63; 0,63; 0,55; 0,55; 0,63; 0,7; 0,7; 0,52; 0,7]. This code describes the
qualification level regarding each parameter, developed during training, simulator courses, and
shipmaster experience in similarly complex sailing areas.

Despite the overall qualification level changing only slightly to 0,636, the risk has increased.
This could classify the situation as "dangerous™ since the factors demand high qualification values
that are evidently lacking at this particular point in the strait. Deviations from the average value of
0,5 for each navigational parameter are accounted for by adding the missing fractions relative to the
qualification parameter, thereby increasing the risk.
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Overall, based on the presented chart (Fig. 18), the risk management systems indicate a
relatively high risk (evaluated at 0,733) for the given set of input data. Active rules, especially in
categories such as "Proximity of oncoming vessels”, "Wind", "Speed", and "Course", highlight their
significant influence on the overall risk assessment. Consequently, we will investigate these
indicators separately (Fig. 19 a-d).

Risk
Risk

Risk
Risk

‘ : 0 0 '
Wind 0 Course Speed 0 0 Shipping,nt

Figure 19 — Surface plots of primary factor categories influencing overall risk
a — attitude Course and Proximity; b — attitude Isobaths and Course;
¢ — attitude Wind and Course; d — attitude Speed and Shipping

As evidenced by the surface plots (Fig. 19), the qualification factor for the ability to manage
the course, termed "Course", is pivotal and typically amplifies the risk in most scenarios. The
interplay of other factors such as "Proximity", "Isobaths", "Wind", and "Shipping_nt" also play a
crucial role in determining the overall risk, as affirmed by the dynamics of the surfaces depicted in
the presented graphs.

It's essential to note that not all of the 30 available rules are activated, highlighting the
specificity of the situation under consideration. The indicator for the number of navigational
equipment demanding attention at this particular route point has also remained unchanged.

Conclusion. Within the scope of this research, and in line with its objectives, the automated
processing of ECDIS experimental data in complex navigational areas was achieved. This phase
helped reduce subjectivity in determining parameters of fuzzy membership functions concerning
various navigational factors. Consequently, this allowed for the construction of a fuzzy forecasting
system. Based on the derived fuzzy membership functions, their formal structure was identified,
and a fuzzy rule base was established. This base is utilized by an intelligent system for identifying
navigational risks while managing vessels under challenging conditions.

To determine the efficacy of the proposed fuzzy system, a simulation-based fuzzy modeling
was conducted, taking into account the qualification model of the ship operator. Analysis of the
experimental data revealed how qualification parameters impact the escalation of the overall risk
index during vessel management.

Jlo pyopuku eKkni0ueno cmammi 3a MeMamuyHo0 CRPAMOGAHICMI0 «Aemomamu3ayia ma KoOMn’10mepHo-
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As a result, it can be inferred that the navigator's qualification readiness significantly
influences the criticality of a situation, introducing an element of uncertainty into the tasks of vessel
safety and reliability. Modeling outcomes demonstrated that with a minor increase in individual
parameters, the overall risk could surge by 15,8%, categorizing the situation as "dangerous" or even
"critical.”

All these findings indicate that risk forecasting is dependent on the specified segment of
qualification parameters of a particular navigator-operator. By generalizing qualification parameters
for each route waypoint, there arises the potential for anticipatory data retrieval about predicted
hazards, thereby enabling risk management amidst the uncertainty of human factors.

The study successfully confirmed the feasibility of identifying qualification parameters of
ship operators in intricate navigational situations using intelligent systems based on fuzzy logic.
The findings can be leveraged to refine ship management systems and enhance maritime safety.

Prospects for further research might involve the collaborative use of the developed
system with other artificial intelligence-based systems to establish more sophisticated management
structures. Additionally, analyzing and modeling the behavioral aspects of ship operators aims to
refine the risk identification system and, consequently, optimize and enhance existing algorithms
considering new data and studies in the field of fuzzy logic.

The primary focus will be exploring the possibilities of integrating the devised automated
system with other onboard systems, such as automatic control systems or collision avoidance
systems.
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IlonomaproBa _ Bikropisi, Hoco IlaBio METOJ ABTOMATHU30BAHOI  IJIEHTU®IKAILIIT
KBAJIDIKAIIMHUX ITAPAMETPIB JJIS1 MOPCBKUX OITEPATOPIB B YMOBAX PU3UKY

Mema Oocniodcennss — nioguwyerns: be3nexu Mopeniascmed WisiXom 3acmocy8ants Memooy ioeHmu@ikayii
ma npocHO3y8aHHs KEANIQIKAYIIHUX napamempie onepamopie-cyoH0800iie Ha OCHOGI HewimKoi 102IKu.
OcnosHa npobiema 00CNiOJNCeHHsT NoAseac y HeoOXIOHOCMI KOHMPOMO HAO SHYMPIWHIMU DAKmMopamu
HegusHayeHocmi Oill onepamopa-cyoOHo800is ma CMEOPeHHs Cucmemu, aKka i0eHmuIikye 11020 KeaniQikayiuHni
napamempu 0715 3a0e3nedents 6e3nexu NPUIHAMMms piieHs y CKIaOHUX HAGI2ayitiHuX YMOBAX.

Iy Ao DYOpUKU 6KII0OUEHO cCmammi 3a MEeMAmuyHoI0 CRPAMOBAHICIMIO «Asmomamu3sayis ma KOMn’iomepHo-
iHmezpoeani mexnonoziin
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Memoouka Oocniodcenns exuouae 6 cebe: a) aneopumm aemomamuunoi o0opobrxu oanux ECDIS ons
BMEHWENHsl CYO'EKMUBHOCME Y  BUBHAYEHHI HedimKuX (OYHKYIll NPUHANENCHOCMI BIOHOCHO HAGI2AYIHUX
Gaxmopis; 6) opmanizayiro cmpykmypu Heuimkux QyHKyil ma nodyoosy dasu npasui 015 i0eHmugikayii
PUBUKI6 NpU KepPY8aHHI CYOHOM Y CKIAOHUX YMOBAX WIAGAHHS, I 6) IMimayiiHe HeuimKe MOOeMOBAHHS, SIKe
00cniodHcye 6nUE KEANIQPIKAYITIHUX NApamMempie Ha 3a2albHULl NOKA3HUK PUSUKY KEPYBAHHS PYXOM CYOHA.
Pesynomamu docnidsicenns noasearoms y CMEOPEHHI IHMeNeKMYaibHOI CUcmeMu, Wo NPOSHO3YE HABIAYIHI
PUBUKU Y CKIAOHUX YMOBAX NAA6AHMS. 3a O00NOMO2010  IMIMAYIUHO20 MOOENI08ANHS BUSGIEHO, WO
Keanighikayitui napamempu onepamopie-cyoH0800ii6 iCmomuo enIueardmy Ha PU3UK NpU YAPAGIIHHI CYOHOM.
Hanpuxnao, niosuwenns napamempis 3a 4omupma ROKAZHUKAMU MOXHCE 3HAYHO 30II6UUUMU 302ANbHUL PUSUK,
Ha 15,8%, nepesoosiuu cumyayiio 8 Hebe3neuny abo KpumuuHy Kamezopiio.

Tpakmuuna 3nauywicme npedcmasnena pe3yibmamusHicmio agmomamusosanoi 0o6pooxu danux ECDIS, axa
SMeHWUNa cy0'eEKMUBHI NOMUIKU MA YOOCKOHANULA NPOZHO3VEAHHA HABI2AYIlIHUX pu3uKie. Busenenuil enius
Keanigikayitnux napamempie onepamopie-cyoH0800ii6 HaA piGeHb PUSUKY NIOKPECTIOE  BANCTUBICMb
iHOugiOyanizayii npocHo3y, Wo aoanmosano 00 KOHKpemHoz2o onepamopa. IIpakmuuna yinHicms mMaxodc
Noas2ac 8 NOMeHYIaNi NOAINUeHHs Ge3NeKu MOPeniIascmea 3a60AKU MOYHOMY HPOSHO3YBAHHIO MA YNPABGIIHHIO
PUBUKAMU, 6PAXOGYIOUU JIHOOCLKULL  (hakmop KodcHo2o onepamopa. Maubymui Odocniodcenns 6yoyme
HanpaeieHi Ha iHmezpayilo mMemoody 6 I[HWil CUcmeMmu YNpasiiHHs PYXOM CYOHd, CMEOPIoIOHU uje OLibul
egpekmueHi  IHCMpYyMeHmuy — NIOMPUMKU — NPUUHAMMS  piuleHb  Onepamopa 6 YMO6ax 6HYMPIUHbOL
neeusHauenocmi. bion. 23 puc. 19.

Kniouosi cnoea: asmomamuzayisi, opeani3ayitiHo-mexHiuHi cucmemu, pusux, IHMENeKmyanibHi CUCmemu,
Keanigikayitni napamempu, idenmugikayis, Heuimka 102iKa, He8UHAYEHICMb.
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Cmammsa micmums pe3yibmamu HAMypHux 6unpobyeansb 6 YMOBAX CHeYianbHO O00AAOHAHO20 NOJI2OHY
8IOPI3KI6 2a30nNpOGIOHUX mMpPYO 0N MALICMPANbHUX 2A30NPOBOJI6, WO Oalu MOMCIUGICMb OMPUMAMU
KiHemamuyHi ma OUHAMIYHI napamempu PYUHYEAHHS MOOEIbHO20 mpyoonpogody nio pobouum
HABAHMANICEHHAM 8 YMOBAX, MAKCUMANbHO HAOMUNCEHUX 00 eKchiyamayiunux. Pezynemamu namypuux
sunpodysanv (npu Hanpyoicennax 600...615 Mlla) Oanu modciugicms 6CMAHOBUMU, WO 3 MOMEHM)
IHIYII0BAHO20 PYUHYBAHHA 8 YEeHMPATbHIU MpPYOi WeUOKICmb Ma2icmpanvHoi mpiwunu (Ha 08i CMOPOHU B0
iHiyiamopa) 30inbuwyemoca i cAede MAKCUMANbHO20 3HAYeHHA Ha eiocmawi Oausvko 2-3 Oiamempis 6i0
Haopizy. 3MiHa WeuoKocmi 3a 00BAHCUHOIO YEHMPATbHOI MPYOU MOodHce OYMU CUMEMPUYHOIO 8iI0HOCHO HAODI3Y
6cepeouni mpyou, yu HeCUMEempUu4HoIO, Wo N8 A3aHO 3 HAAGHICIIO 3MIWEeHHs THIYTI0I04020 HAOPI3Y 8iI0HOCHO
cepedunu mpyou i GIOMIHHICMIO MIXNC 61ACMUBOCMAMU Memaly mpy0 y 30Hi TOKAIbHO20 3puey. Bcmanosieno,
Wo 3a2anbHOI0 3AKOHOMIPHICMIO € HAABHICTNbL MAKCUMYMY WEUOKOCMI pOCMY mpiyunu Ha cmadii ii po3eouy.
Toxkazano, wo docsienymi nio uac npogeodeHHs: eKCnepuMenmy 8UCOKi WeUOKocmi pytuHy8anHs 30epeanucs npu
6X00I GepuUHU MPIWUHU 8 00CAIONCY8AHI OLISHKU, A HAUOLIba WEUOKICMb DPO3NO0GCIOONCEHHS. MPIUUH
cnocmepizacmsbcs 6 061ACMAX, HAOTUINCEHUX 00 KOHMEUHEPI8 3 0X0100J4cysauem, 0e MmemMnepamypa mMemay
docsieana - 60...- 10 °C (213...203 K).

Knrouosi cnosa: cazonpogio; degpopmayis, mpiwuna, niacmudra 30Ha; MIYHICMb.

DOI: 10.33815/2313-4763.2023.1-2.26-27.167-173

Beryn. 3abes3meyeHHs MIIHOCTI Ta JOBTOBIYHOCTI TPYyOOIPOBOIIB € HaJ3BHYAIHO
BOKJIMBOIO 3371a4€H0, OCKIJIBKH TPYOONPOBITHUN TPAHCIIOPT € BAXKIMBUM YMHHHKOM CTaO1TBHOCTI
€KOHOMIKH Oyb-KO1 KpaiHu, sika TPAaH3UTYE Yn JOOYBa€ pifKi EHEPTOHOCIT Ta CUPOBUHY. 3 OTJISTY
Ha IIe, JOCIIDKEHHS MIITHOCTI 3’€qHaHb TPyOONpPOBOIB Ta MIABUINCHHS iX TPINIMHOCTIMKOCTI €
aKTyaJbHUM 3aBJaHHSM.

AHaJIi3 OCTaHHIX HocCaixxKeHb Ta myoaikanii. Binomo [1-10], mo mnactuani aedopmartii
SAKI HEMUHyYe BHUHUKAIOTh Y 3BapIOBAIBPHUX 3 €HAHHAX 1 KOHCTPYKIISX, MO CBOIH NpHUpOIi
BUHUKHEHHS B MPOILIECI TEXHOJIOTIYHOTO IIUKIY BUTOTOBIIEHHS 1 €KCIUTyaTallii 3BapHOi KOHCTPYKIIIT
MOJKHA PO3JIJTUTH Ha HACTYIHI TPYTIH:

a) BuxigHi Aedopmarlii B OCHOBHOMY METall, SIKI 3aJeXaTh BiJ CIOCOOy OTpUMAaHHS 1
00poOKH MeTally, TUTTSIM, MOPOIIKOBOIO METATYPTi€t0, TUCKOM (IIPOKAT, IITAMITYBaHHS, KyBaHHS);

0) nedopmariii, BAHHKAIOY1 MPU OINEpallisiX 3aroTOBISIHHS 1 30MpaHHsl, pi3Ka, IpaBKa, 3TUH,
BaJbI[iBKA, 3aKPIIJICHHS Ha 30UpaNbHUX MPUCTOCYBAHHSX;

B) 3BaproBajbHI Aedopmarliii, M0 BUHUKAIOTH BHACIIAOK TepMOAEPOPMAIIHHOTO ITHUKITY
3BaprOBaHHS;

T') TEXHOJIOTT4HI 1edopmarrii;
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1) eKCIUTyaTaliiHi nedopmartii, sKi MOXYyTh MaTH Miclle B MPOIECi eKCIuTyaTamii B
pe3ynbTaTi MiCIEBUX MEepeBaHTaKEHb, BTPATH CTIHKOCTI Ta iH.

IMoctanoBka mnpodiaemu. Jlochmi/pkeHHS BIUIMBY pi3HUX (akTopiB  (Temmeparypw,
HaBaHTaXXeHb MaTepialy, MBUAKOCTI 1ehOpMyBaHHS) Ha PO3MOBCIOKEHHS TPIIIMH 1 B I[IOMY Ha
CTIMKICTh TPYOHHX CTaJIell IPOBOIWINCS, SIK MPABUIIO, HA CTAaHAAPTHUX 3pa3Kax 1 B yMOBax, sIKi HE
MOBHICTIO BIJAMOBIIANN EKCIUTyaTallliHUM yMOBaM pOOOTH TpPyOOIPOBOMIB, @ TOMY TEPMIHOBO
BUHUKJIA HEOOXIHICTh y MPOBEACHHI HATYPHUX BUIIPOOYBaHb BiJPi3KiB TPyO.

Meta npociaikeHHsl. MeTor0 poOOTH € JOCHIDKEHHS KIHETHKH Je(QOopMyBaHHS MeETaly
3BapHUX TPyO y Mpolieci MOMroHHux (HaTypHUX) BUMIPOOYBaHb, a TAKOK MOJCIIOBAHHS TIOBEIIHKH
TpyOHHX CTaJiell Ha CTaHJAPTHUX 3pa3Kax MPHU LMUKIIYHOMY HaBaHTA)KEHHI.

Martepiann Tta Meroau. B sxocti Matepiamy ciyryBaiu TpyOHi cram mapok 17T1C;
15XCH/; D32. Harypui BumpoOyBaHHsS 3BapHUX BIAPI3KiB TpyO MNPOBOAMIM Ha IOJITOHI B
cneniagbHO oOnagHaHiii Oapokamepi. [lokazHuKM KiHeTHKH AeGopMyBaHHS TpPyO peecTpyBasn
JTUCTAHIIIMHO 13 TOTPUMAHHSIM BUMOT O€3MEKH ISl IEpCcoHany. AHami3, peecTpallilo CUTHAIIB 1 1X
00poOKy TMPOBOAWIM 3a JOMOMOIOK aHamizaropa ewiciiiaux mpomeciB (AEII), skuii 101aTKOBO
BKJIFOYaB Yy CBIM CKJIaJ KOHTPOJBHUU ociiorpad, aucruied Ha 6asi ocuumiorpada CI-30,
dotopeectparop POP-2, andasitHO-TIMpoBUil aucieit “Bineoton — 340, ABOXKOOpAMHATHUN
rpadonoOynoBauk “NE-230”.

MasnonukIiIoBi JOCHIHKEHHS! MPOBOAMWIM HAa yCTaHOBII Moxem “1251” ¢ipmu “Iactpon”
(BenukoOpuranisi), a wmetanorpadgiydi JOCHIDKEHHS 3JI0MiB 3pa3KiB BHpI3aHUX 3 TPyO Ha
Mikpockoni ¢ipmu “/[xeon” (Smonis). MojenbHe CepeqoBHINE TOTOBUIM 3a3Aalierilb 3TiIHO
Bumor [11].

Bukiaa ocHoBHOro Martepianay. BruimB miactiuunoi nedopmarii Ha Kopo3iiiHe pyiHHyBaHHS
HEOJIHO3HAYHMM, OCKIJIbKU B pe3yJIbTaTi IIIACTUYHOI JedopMallii MOKYTh BUHUKATH SIK CIIPUSITIUBI
TaK 1 HECHPHATIMBI 3MiHU BJIACTUBOCTEH MeETally 1 HAmpy>KeHOTro cTaHy. Ponb cepemoBuina
HarJIsiTHO BHUJIHO 3 pe3yJIbTaTiB MOBTOPHO-CTATUUHUX BHUMpPoOyBaHb npu o/o = (0,8 3 "acToToro
HaBaHTaxeHHA 10 muKi/xB 3pa3kiB aiamMerpoMm 10 MM, BUpi3aHHX 3 TPYOM TOBLIMHOIO CTiHKH 22
MM. Y JIOCHIDKCHHSX BHUKOpHCTOBYBayim nBi Mapku cranedt 15XCHJ[ 1 D32, sxi mpodnuim
Harepe10/1HI TepMo0oOpOOKyY, 30KpeMa 3arapTyBaHHs 3 BiamyckoM Ha MirHicTh 600 MIla (Ta6:. 1).

VY meHtpi 3pa3ky Mo AiaMeTpy B3AOBXK NMPOKATKHM HAHOCWIM HaJApi3 AOBXkHHOIO 30 MM Ha
rmubuny 1 MM 3 paziycoM 3aoKpyryieHHs y ocHoBi Hazapizy 0,1 mm. Pe3ynmpTatu moBTOpHO-
CTAaTUYHUX BUMPOOYBaHb MIPH JIBOBICHOMY HAINpy>KEHOMY CTaHI HaBeJICHI Ha puC. 1, SKi KOPEITIOIOThH
3 pe3yJibTaTaMu HaTypHUX BHIIPOOYBaHb Ta30MPOBIIHUX TPYO, sSIKi BUKOHYBAJIHCS 0€3M0CEepPEeTHBO B
crieniagbHO o0namToBaHux Oapokamepax npu Tucky 10,9 MIla i gxi MakcUMaIbHO HAOIMKEHI 10
peajJbHUX YMOB EKCIUTyaTallii ra3onpoBoiB (puc. 1).

HaiiBaxknusinn mporiecu npu AedopMyBaHHI SKi CIPUYHHSIIOTH 3HM)KCHHS CTIHKOCTI TIPOTH
KOpO3iiHUX pyiiHYBaHb B HAIPy>KEHOMY CTaHI €:

— BUHUKHEHHS TIpH Jedopmarllii Kopo3iiHO-aKTHUBHHMX IIUISAXIB BHACIIIOK IMOSBH aHOJIHHUX
(a3 nedexTiB pennTK MiKpo- i MaKpOHAIpPYKEeHb MOBEPXHI 1 CTPYKTYPH, SIKi CYIPOBOJIKYIOTHCS
30UIBIICHHSIM KOHIICHTpaIlii HanpyxeHs || pomy;

— BUHUKHEHHSM BJIACHUX HAIPyXXEeHb pO3TATyBaHHA | poxy Tpu HEpiBHOMIipHIH
MJIACTUYHIN gedopmarrii.

Ha puc. 2 moka3aHo He OJHO3HAYHWI BIUIMB CTeNeHi jaedopmariii po3TAryBaHHSM Ha
CTIAKICTh TPOTH KOPO3IMHOTO PO3TPICKYBaHHS TPH IOCTIHHOMY OJHOBICHOMY HaBaHTa)KCHHI
(6=0,9'G02) HaWOLIBII MIMPOKO BHKOPUCTAHMX Y IPOMHUCIOBOMY OY/IBHMIITBI CTalieii MapKu
17T'1C.

AmHani3 JaHuX, HaBeJeHUX Ha puc. | Ta puc. 2 mokasye CyTTEBHH BIUIMB Ha IIBHJKICTh
pPOCTY 1 PO3MOBCIOJKEHHSI TPIIIUH CTPYKTYPHOTO CKiIaxy TpyOHO! ctanmi. UiTKO BHAHO B’Si3Ke
pyHHYBaHHS B 30HAaX IUIACTHYHOI CTPYKTYPH — (EPUT + MEPIIT 3 MOJATBIINM IEPEXO0M B 30HY
KpUXKOTO pPYWHYBaHHS, SKii NpUTaMaHHa KpUXKa CTPYKTypa — KapOimiB 3amiza. [Ipudomy,
CTPUMYIOUMM  (DAaKTOPOM  IIBHJAKOIO  PO3MOBCIOJUKEHHSI TPIIIMH  CIYTYIOTh  3BaplOBajibHI
(MOHTaXHI1 — KIJIbIIEB1) IIBH, SIKI B JAHOMY BHUIAJIKy BUSBISIOTHCA M’ SIKOIO CKJIAaI0BOIO CTPYKTYPHU
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TpyOH.

HaOIMKEHUX 1O KOHTEHHEpPIB 3 0XOJIOIKYBayeM, Jie TeMIeparypa MeTainy jpocsaraina — 60..
(213...203 K).
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Pucynok 1 — [1TneBMaTiyHi BUIIpoOyBaHHS Ta30MPOBIJHOTO TPyOOIIPOBOAY:
Crans 17T1C, giametp 820x18mm, Tuck 10,9 MIla. Iloznauenns: @ + I1 — crpykrypa depur
i mepmit; JIP — minisg po3puBy Tpyowu; K — xonrteitnep oxonomxenns; 3111 — 3saproBanbHAl IIOB

Haii0inpima MmBUAKICTH PO3MOBCIO/KEHHS TPIIIMH CIOCTEPIra€Thcsi B 0OJACTSX,

°C

TakuM 4nMHOM, y 3aJI€KHOCTI BiJl MPUPOIU METaly 1 cepefoBuIna aedopMaliiftHO-CUIOBO1
CXeMH CTYNEHI0O 1 yMOB JedOopMyBaHHS MepeBaXkalOTh TI YW 1HUII MPOIECH 1 MalTh MicCIe
30UIBIICHHS, YU 3MEHIIEHHS CTIMKOCTI MeTally MPOTH KOPO31MHOTO PO3TPiCKyBaHHS NpU 3MiHHIN
JIBOBICHIN CXeMi HaBaHTa)KEHHS Ta3ompoBojy. Lle "4iTKo MiATBEpIKY€EThCS HaHUMHU BUKIAJCHUMHU

Ha puc. 3.

Buxozsuu 3 ekcrnepuMeHTaIbHUX HAaTYpHHUX BHUIIPOOYBaHb BiApi3KiB TpyO (puc. 1) MoxHa
MiJICyMyBaTH, 110 BUKOPHUCTaHHS 3BAapHUX 3’ €IHAaHb 3aCTOCOBYETHhCSA SIK JOAATKOBHUH CHOCIO
TpyOOIPOBOy TMPOTH

MOKPAIICHHST SIKOCTI TPyOOIPOBOIIB,

PO3IMOBCHOJIPKCHHA HO3,Z[OB)KHiX POo3rally »KCHHUX Tle_II/IH

TOOTO MiJBUIIEHHSA CTIUKOCTI

Tabmuus 1 — JIoBroBiyHiCTh TpyOHUX MaTepialliB MPH ABOBICHOMY MaJiO IIMKJIOBOMY HaBaHTaKEHHI

Picens Iloasea mpiwgun
M. . Cepeooguuye, ] .
amepraru 06°cxkm docnidicens HANPYICEy | Hucno yurnie Tpusanicms
Mlla HABAHMANCEHHA, X8
Cranp OcHOBHUH MeTan
15XCH/] Cepenosue — 3% NaCl 615 6250 1920
3BaproBanbHE 3’ €THAHHSI
Cepenosuiie — 3% NaCl 605 32 25
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[TponosskeHHs Taba. 1

1 2 3 4 )
Crans D32 [oBiTps 656 52 150 17 176
OcHoBHUH MeTal
Cepeosume — NaCl 600 12 157 4061
3BApLHE 3 € HAHI — 585 16 480 5438,4
Cepenosuie NaCl
60 600
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Pucynok 2 — Kpusi manonukioBoi Bromu (MmitHocTi) B po3unHi NaCl crani D32
(a) 1 15SXCHJ, (6). [To3naueHHs TepMiHy ekcuTyararii (B pokax): 1-10; 2—25
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MnactuyHa gedopmadis postary, &, %
Pucynok 3 — BruB ruractiuuHOI gedopmaitii po3TsryBaHHSM Ha KOPO3iHE PO3TPiCKyBaHHS
crani 17T'1C 3 pisHuME TepMiHaMu ekciutyaraiii (B pokax): 1-10; 2—20; 3-30; 4-40

Pi3ny 9yTnuBicTh MaTepialy 10 PO3TPICKyBaHHS MPU PI3HOMY CTYIICHIO Aedopmariii MOXHa
MOSICHUTH 3 TOYKM 30pYy BIUIMBY IUTacTHUHOI Aedopmarii, sk kepena Hampyxenb |l pomy.
Bunuknenns HanpykeHnocti || poxy B momikpucramiyHuX MaTepiajiax oOyMOBJICHO HACTYITHUMH
MPUYUHAMMU:

a) HEOTHOPITHICTIO TUIACTHUYHOI Aedopmaltii BcepeIuHi 3epeH, Tak 1 Mk 3€pHaMU BHACII1JTOK
pi3HOTO OmOpy [ii aKTWBHUX 1 PEaKTUBHUX HAaBaHTA)KEHb, PI3HOMAHITHO OPIEHTOBAHUX 3€peH 1
KpucTanorpadiyHUX TUIONIHH;

0) CTpYKTypHUMH 1 ()a30BUMH TEPETBOPEHHSIMH, IO CHPUYHHSIOTH MIKPOCTPYKTYPHY 1
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XIMIYHY HEOTHOPITHICTh 1 JIOJATKOBI MICIEBI MPYKHO-IIACTHYHI AedopMariii KpUCTATIIHOI
PELITKH.

3riTHO CyYacHHWM JHCIOKAIIMHAM TEOpisM, TUTACTUYHA JIedopMallis MpPEeACTaBIIsie cOO0I0
MIPOLIEC 3apPOHKCHHS, IEPEMIILIEHHS, a TAKOX aHITIIAIIT AucTokaliil. Hanpyskenuit ctan quciokartii
3aJIe)KUTh BiJ XapaKTepy pO3TalllyBaHHS JJHCIOKAIliii 1 BiAcTaHi MK HUMH. HeomHOpimHICTH
PO3MOLTY AUCTOKAIM MPUBOIUTH O HEOTHOPITHOCTI PO3MOALTY MPUXOBAHOI eHeprii aedopmartii
B nehopmoBaHOMY 00’ €My MeTay.

BinmoBigHO 3 Teopi€r AMCIOKAIN KPUXKI TPIIIMHU B MeTalli BUHUKAIOTh y TUX O0JIaCTsX,
ze HliJ'II)HiCTB 3aTpUMaHNX Jmcnoxauiﬁ z[ocslrae KpI/ITI/ILIHO'f BEJIMYMHU [12—15] TOOTO BEJIMYMHA

TPaHUYHOI [T TAaHOI PEeNIiTKH BennanHU. Ko pyxoma TpilnuHa MpoXoAuTh MOOIH3Yy HAaKOIMYCHb
3 KPUTMYHOKO (4M OJSU3BKOT [0 KPUTHYHOI) IIUIBHICTIO JHUCIOKalid ii PO3MOBCIOJKEHHS
MOJIETIIYEThCSI BHACIIAOK TOrO, IO IpYy’KHA €Hepris 3amaceHa B 00JIacTi, sKa po3TallloBaHa Yy
BEPIIMHH PYXOMOI TPILIMHU, IEPEXOAUTh Oe3rocepeIHb0 B pOOOTY pyiiHYBaHHS.

OTxe, B’SI3KO-KpUXKE pyHHYBAaHHS BUHHUKA€E B Pe3yJbTaTl YTBOPEHHS SIK KPUXKHUX TPIILIKUH
BHACTIIOK HAKONMUYEHHS KPUTHYHOI HIIILHOCTI AMCIOKAIlM, TaKk 1 B’S3KUX TPIIIUH y pPE3yJbTaTi
BUXOJly Ha MOBEPXHIO AUCIOKAIIH.

BucHoBku

1. IlpoBeneHi HaTypHI BUIIPOOYBAaHHS Ha CIELIaJbHO 00JaJHAHOMY IOJITOHI BIJIPI3KiB
TpyO, mNpU3HAUYEHUX s OYJIBHHMIITBA MAriCTpaJIbHUX Ta30NpPOBOJIB, JO3BOJIMIM OTPUMATU
KIHEMaTU4yHl Ta JAWHAMIYHI I[apaMeTpu pPYWHYBaHHS MOJEIBHOTO Ta30NpOBOAY IMiJl PoOOYHUM
HaBaHTAXXEHHSAM 1 B yMOBAaX, MAaKCUMaJIbHO HAOMMKEHUX J0 eKCIUTyaTalliifHuX.

2. AHani3 pe3yJbTaTiB MOJIrOHHUX (HaTypHHUX) BUIIPOOyBaHb Npu HarpyxeHHsx 600...615
MlIla cBiguuTh, 1O 3 MOMEHTY iHILIOBAaHOrO PYHHYBAaHHS B LEHTPajbHIM TPyOl MIBHIKICTH
MaricTpajabHOI TpIMHU (Ha JIBI CTOPOHHM Bij iHiI[iaTOpa) 3pocTae i Ha BiACTaHI MPUOIU3HO 2—3
)IiaMeTpI/I BiJl Ha/pi3y Aocsirae Makcumymy (= 440 m/c). BcranoBieHo, 110 3MiHa HIBHJIKOCTI O
JIOBXHHI LIEHTPAIbHOT TPYyOH MOXKe 6yTI/I CUMETPHUYHOIO BITHOCHO HAJPi3y BUKOHAHOMY B CepeHii
TpyOl 4M HecUMeTpHuHO. lle MoB’s3aHO 3 TEXHIKOIO NPOBEACHHS EKCIEPUMEHTY 1 yMOBaMHU
CTapTy TpIMIMHK, 30KpeMa 31 3MIIICHHSAM IHIMIIOI0YOr0 HAJpi3y BIIHOCHO CEpeAMHU TPyOH i
PI3HUMH BJIACTUBOCTAMHU MeTaly TpyO y 30HI JOKaJbHOI'O 3pUBY. 3arajlbHOIO 3aKOHOMIPHICTIO
3aJIMIIAETHCS HASIBHICTH MAKCUMYMY IIBHJIKOCTI Ha CTalii po3roHy TpillHH. BcTaHOBIEHO, 10
HaWOIIbIIa MIBUIKICTH PO3MOBCIOJDKEHHS TPIIMIMH Maja Miclle B 00JacTsaX, HAOMMKEHUX [0
KOHTEIHEPIB 3 0X0JI0/HKyBaueM, Jie TemrepaTtypa metany gocsraina — 60...— 70 °C (213...203 K).

3. Bnepie, 3 BUKOpUCTAHHSAM HAaTypHHUX (TIOJITOHHUX) BUIPOOYBaHb, MOCHIHKEHO BIUIMB
CTPYKTYypHO-(a30BOro CKIaAy TpPYyOHHX cCTalleli Ha CHOPOTUB TpPyO KOPO3IHHO-MEXaHIYHOMY
po3TpickyBaHHIO. IIpu 1bOMy NOKa3aHoO, 10 HAMOUIBIIMKI COPOTUB KOPO31HHOMY PO3TPICKYBAHHIO
YUHUATH (PEpPUTO-TIEPIIITHA CTPYKTYpa, Y TOH Yac sK KapOimHi ¢a3su COpUYHHSAIOTH OKPUXUYCHHS
MeTally 3 pi3KUM POCTOM LIBHJKOCTI PO3MOBCIOKEHHIO TPIILIUH Y3/J0BXK TPYOOIIPOBOY.

IlepcnekTHBH MOJANBIINX JOCTIIKEHb OXOIUTIOIOTh BUBYEHHS BIUTUBY TEMIIEpAaTypH Ta
CEHCMOYMHHUKIB Ha TPIITUHOCTINKICTh MaTepialliB TPyOOIIPOBO/IIB.
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MaricTpajgbHHX ra30mpoBo/IiB: MoHOTpadis. IBano-Dpankisebk : IDHTYHI, 2019. 181 c.

2. Jlyako M.M. MeToauku po3paxyHKy Ta JOCHiJUKEHHS MaTepiallis ra3oIpoBOAy Ha
MIIHICTb, BTOMHY TPINIUHOCTIHKICTb. Mocmu ma myHeni: meopis, OO0CHIONCEHHS, NPAKMUKA.
Huinpo: JHY3T, 2018. Bum. 13. C. 54-66.
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BHUSIBJICHUMHU TIOBEPXHEBUMH TPIIIMHONOMIOHUME JeeKTaMu: IWC. ... KaHI. TEXH. HAyK: CIICII.
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Durable Strength of Steel Mining and Metallurgical Equipment. Solid State Phenomena, 2022.
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Makarenko V. D., Maksymov S. Yu., Shatokhina I. O., Lobov O. O., Susorova O. A., Stognii O. V.
KINETICS OF METAL DEFORMATION OF WELDED PIPE SECTIONS UNDER CYCLIC LOADING IN
THE PROCESS OF FIELD TESTS

Full-scale tests were carried out at a specially equipped test site for pipe sections intended for the construction
of main gas pipelines, which made it possible to obtain kinematic and dynamic parameters of the destruction of
a model gas pipeline under operating load and in conditions as close as possible to operational ones. Analysis
of the results of field (full-scale) tests indicates that from the moment of initiation of destruction in the central
pipe, the speed of the main crack (on both sides of the initiator) increases and reaches a maximum at a
distance of approximately 2-3 diameters from the notch. The change in speed along the length of the central
pipe can be symmetrical relative to the cut made in the central pipe or asymmetrical. This is due to the
experimental technique and the crack initiation conditions, in particular, the displacement of the initiating
notch relative to the middle of the pipe and the different properties of the pipe metal in the local failure zone.
The general pattern remains the presence of a maximum velocity at the stage of crack acceleration. It should
be noted that in order to conduct the experiment, in order to achieve high fracture rates, the crack tips were
preserved upon entering the studied areas. This condition is ensured by suitable selection of the viscosity of the
metal of the central pipe.

First, using full-scale (polygon) tests, the influence of the structural phase composition of pipe steels on the
resistance of pipes to corrosion-mechanical cracking was investigated. At the same time, it is shown that the
ferrite-pearlite structure has the greatest resistance to corrosion cracking, while the carbide phases cause
embrittlement of the metal with a sharp increase in the rate of crack propagation along the pipeline.

Key words: pipe; deformation; crack; plastic zone; strength.
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N EPA PSPPI 2L HaykoBuil BicCHUK X€pPCOHCHKOI AepKaBHOI MOPCHKOi akageMil

BUMOI'M 10 O®OPMJVIEHHS MATEPIAJIIB

Jlo npyky TpHMAIOTBCS CTATTI YKPATHCHKOK YHM AHTIIMCHKOI MOBAaMH, IO MiCTATh
pe3yNbTaTh BIACHUX OPUTIHANBHUX JOCITIIKEHb, SKI MAlOTh HAYKOBY 1 MPAKTUYHY I[IHHICTH 1 HE
nyOmikyBanucs goci. Jlo Ipyky He NMpHiiMaOTBCS CYTO OIVIAAOBi cTaTTi. BiamoBiganpHICTh 32
3MICT CTaTTi HECE aBTOP.

3rigHo 3 BuMoramu 1. 3 IlocranoBu Ilpesunii Bumoi Atecramiitnoi Kowmicii Ykpainu
Ne 7-05/1 Bin 15.01.2003 p., HayKOBi CTATTI, IO HAJAIOTHCA 10 IPYKYy, MMOBHUHHI MICTUTH HACTYIIHI
€JIEMEHTHU: MMOCTAHOBKA MpOOJIEeMH Yy 3araJbHOMY BUIVIAII Ta 11 3B'SI30K 13 BaXJIMBUMU HAyKOBUMU
Y MPAKTUYHUMHU 3aBJIaHHSMU; aHAI3 OCTaHHIX JOCHIKEHb 1 MyOmiKamii, y SKUX 3am04aTKOBaHO
PO3B'sI3aHHS J1aHOT MPOOJIEMHU, Ha SIKI MOCHJIAETHCS aBTOP; BUALICHHS HEBUPILICHUX paHillle YaCTHH
3arajibHOI MPOOJEeMH, SKUM INPUCBSIUYETHCS CTATTs; (POpPMYINIOBaHHS IIeH cTaTTi (IOCTaHOBKA
3aB/IaHHA); BUKJIAQJICHHS OCHOBHOIO MaTepialy JOCHIPKEHHS 3 TOBHUM OOIpYHTYBaHHSIM
OTPUMAaHUX HAYKOBUX pE3yJbTaTiB; BHUCHOBKM IOJIO JAHOTO JOCHIKCHHS Ta MEepCIeKTUBU
MOJTANTBIINX HAYKOBHX JIOCII/PKEHB Y TaHOMY HAIPSIMKY.

Obcaz cmamen — 10...15 cTOpIHOK, BKJIIOYAIOYM BCl MaTepiaid, y T. 4. TaOJIUL, PUCYHKH,
rpadiku Ta COUCOK JiTepaTypHuX Jukepen. CymapHuil o0car puCyHKIB 1 TaOJIMIb IOBUHEH OYTH HE
o6inb11e 30% 00csIry OCHOBHOI YaCTHUHH.

Ogopmnenna cmammi. Ha mepuriii cTopiHmi pykomucy 3a3HadaeThes koa Y /K, HasBa
po0oTH, Ipi3BHUIIIE, iHIIIaTU Ta HAYKOBUI CTYIiHb (3BaHHS) aBTOpPA(iB).

Koo Y/IK — o niBomy kparo, po3mip mpudty — 10.

Ha3zea — 110 neHTpy OpyKOBAaHUMHU JiTepaMu (LpUQT KUpHUIL, po3mip mpudty — 14).

Ingpopmayia npo aemopa(ie): npi3Buile, iHIIIaNM, HAYKOBUH CTYMiHb, BUCHE 3BaHHS,
rmocajia, TOBHa Ha3Ba YCTaHOBH ab0 rpoMajichbkoi oprasizaiii, nepxkasa, e-mail, ORCID aBtopa —
KypCHUBOM, TI0 JIIBOMY Kparo, po3mipoM mpudty 12.

Texcm nvanaetbes y hopmati penakropa MS Word mpudrom Times New Roman, posmip
mpudty — 12, intepsan — 1.

Hapamempu cmopinku (omuist Mexio ®ANJI, TTapameTpu cTOPiHKN):

po3mip mamnepy — A4: 210%297 mwm;

OpI€HTAIlisl apKyIlla — KHUKHA (aJIbOOMHA HE JOITYyCKAEThCH ),

moJst — 2,00 cm;

namitypka — 0,00 cm;

KoJoHTUTYH — 1,30 cM™;

a63arHuii Bizctyn — 1,25 cMm, BUpiIBHIOBAHHS 32 IMIUPUHOIO, CTOPIHKA HE HYMEPYBAaTH.

YV cmammi nasoosmvca minvku mi gopmyau, pucyumku, maodauyi, wo 3abe3neuyromo
PO3KpUMMsL 3MICIYy npeoCcmasieno20 00CIIONCEHHS, 6Ci 60HU NOBUHHI MAMU NOCUNAHHS 68 MeKCMi
cmammi.

@opmynu oBUHHI OyTH HAOpaHi 3a JOMOMOTOK0 BOYI0BaHOTO peaakTopa ¢popmyrn Equation
Editor. Bci ¢opmynn BCTaBIAIOTHECS B TAONHUIIO 3 HEOKPECICHHUM KOHTYPOM, IO CKJIAJA€THCS 3
JIBOX KOJIOHOK: y TIEpIIii 3HaxXoauThbes opmysia 6e3 ab3aily i BUpIBHSHA IO LEHTPY, Y APYTiHd —
HoMmep (opmynm Tex Oe3 ab3aiy i 3 BUPIBHIOBAHHSM I10 IIEHTPY. Mexa MiXK KOJIOHKaMH TaOJIHIIi
BCTAHOBIIIOETHCS Ha MMo3Ha4ll 14 cm.

Ile crocyerbcst Takok (GOPMYINT i CUMBOIIB (GOpMYIL, sIKi CTOATH 1Mo TekcTy. [lapamerpu B
penaktopi ¢GopMys MOBHHHI B TOYHOCTI BIANOBIaTH HaBEIEHWM HIpK4Ye. Po3Mipu (omiisi MEHIO
penaktopa Equation Editor: PO3MIP, Busnauwntu ...):

e 3BuvaiiHuii 12 mr.

o Kpynuwuii ingexc 7 mr.

e JlpiOHwMit iHACKC 5 TT.

o Kpynuuii cumsoin 18 .

e JlpiGHuit cumBon 12 mr.

Ta6nuyi nadbuparotsest y Microsoft Word.
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Pucynku noBuHHI OyTH YOpHO-OinmMMu, Oa)kaHO TPO30OPHMHM, 1 BCTaBiieHI y (aii craTTi.
®opmat pucyHskiB (tif, pcx, bmp Tomio) moBuHeH OyTH CyMICHUH 3 pelakTopoM TekcTy Microsoft
Word. Po3ninbna 3gatHicTh prcyHKiB — He MeHie 300 dpi.

Cmpykmypa cmammi:

e BCTYTI,

e TIOCTaHOBKa MPOOJIEMU;

e aHaJI3 OCTaHHIX JOCIIHKCHB Ta MMy OJTiKallii;

e MeTa Ta 3aJia4i IOCIiKCHHS,

e BHUKJIAJ OCHOBHOTO MaTepiasly (METOAM MJOCHI/DKEHHS, pO3B'S3aHHA 3a7ad  Juls
3a0e3MeueHHs TOCSATHeHHS MTOCTaBIEHOT METH);

e OCHOBHI Pe3yJIbTaTH Ta IX OOTOBOPEHHS;

e BHCHOBKHU;

e TIEPCTIEKTHBH MOJAIBIINX JTOCIIKEHD;

e CIHCOK BUKOPHUCTAHOI JITepaTypH.

OCHOBHI pO3J1IM MOXYTb MAaTH Ha3BH, JELIO BIAMIHHI BiJ IPUBEICHUX BUIllE HAlIMEHYBaHb
31 30€peKEHHSAM iX 3arajibHOI JTOT1YHOI MOCIIJOBHOCTI.

Cnucox euxopucmanoi nimepamypu NOJAETECSA 3aralbHUM CIIMCKOM Yy KiHII PYKOIUCY
(MOCHIMOBHICT, — y TMOPSAKY 3raayBaHHS IO TEKCTy) 3TIHO 31 BCTAHOBJICHUMU BUMOTaMU
cranaapty JCTY 8302:2015. Cnucok Mae HanmiuyBatu 15...30 HaliMeHyBaHb, 3 IKUX MIHIMyM 2/3
ormy0I1iKoBaHUX 3a ocTaHHi 10 pokiB, 3 HUX He MeHIIe 5 3akopaoHHUX. He meHie 3 mocunans Mae
Oyt Ha cTarTi 3 BHAAaHb, IO IHACKCYIOTbCs Oazamu Scopus Ta/abo Web of Science Core
Collection. O6¢csr camonuTyBaHHs (IIOCHUJIAHHS Ha CBOI MOMEPEHI MMyOsiKaIii) JOIMyCKaeThCs HE
Outbire 1/3 3arajibHOT KUTBKOCTI JKEPE.

Jlo cTarTi TakOX HaBOAMUTHCS Tepelik Jiteparypu narunuieto (References), mns iioro
opopmiieHHs BHUKOpPUCTOBYEThCS APA-ctuns. Croucok JiTepaTypu TpaHCIITEPYeThCs abo
NePEeKIIaIaeThCcs aHTIINChKOI0 MOBOK. TpaHchiTepyBatu iHpopMaliro He0OXiHO BiIMOBIIHO 1O
nocraHoBu KaGinery MinictpiB Ykpainu Big 27.01.2010 «IIpo BHopsiaKyBaHHsS TpaHCIiTEparii
YKpaiHChKOTO ai(aBiTy JaTHHUICIO» (TpaHCIITEpaIlil0o YKpaiHChKOI MOBH MOXXHA 3JIMCHUTH 3a
nocwinanHsM http://ukrlit.org/transliteratsiia#tsource=0JzQsNGAOYLQuNGIOLXQstGB0OYzQutC40
Lk= [oOpatu ctangapt: [lacnoptauii (KMY 2010)]). TpaHcmitepyBatu Kepena, sSKi MUITYThCS
JATHHUIICIO HE TIOTPIOHO.

Cmpykmypoeani anomauyii yKpaiHCbKOIO MOBOIO o0Ocsrom Big 150 mo 250 cmiB Ta
aHTIIHCHKOI0 MOBOIO 00csiroM He MeHie 1800 3HaKiB HAAIOTHCS: HA MOBI OpPHUTIHATY CTaTTi Tepe;]
BCTYIIOM, Ha 1HIIH MOBI1 — TICJIS TEKCTY CTATTI. Y KiHIII aHOTAIliii HABOATHCS KITFOUYOBI CIIOBA.

OcHoeHi eumozu 00 aHomayii.

e aHOTaIlis Mae OyTH HamMcaHa TaK, MO0 MaTH MOXKIHWBICTH OyTH MPEACTaBICHOIO 1
CIPUIHSTOIO UNTaueM OKPEMO BiJ CTATTi;

e aHOTAIliA Mae OyTH M030aBJeHOIO MyOJfOBaHHA iH(OpPMAaIlii, 0 HAaBEJICHa B 3aroJOBKY
CTATTI;

e aHOTaIliT Mae OyTH iH(QOPMATHBHOI, 3MICTOBHOIO, MICTUTH KOPOTKY iH(oOpMaIif0 mpo
JOCIIJKeHHS, 10 TPEJICTaBlIeHI B aHOTOBaHI poOOTI — ramysb, A0 AKOi BIJIHOCHUTHCS POOOTa,
aKTyaJIbHICTh, 3ACTOCOBAH1 METO/IU, OCHOBHI PE3yJIbTaTH, IX 3HAYEHHS TS TEOPil Ta MPAKTUKH;

e PpEYEHHs, BUKOPUCTaHI B aHOTalii MatoTh MicTutd 10...20 ciniB, OyTH 3pO3yMUTUMH IS
yuTava 0e3 3aiiBOi MpUMITHBI3AIlIT;

e Y TEKCTi aHOTAIIil CJIiI BUKOPUCTOBYBATH KIIFOYOBI CJIOBA 3 TEKCTY CTATTi;

e QAHOTAIllA AaHMIKCHKOIO MOBOIO HE Mae OyTH CIinmuM JayOaroBaHHSAM —aHOTAIil
YKpaiHChKOIO MOBOIO, 8 OyTH CaMOCTIHUM I[iJIiCHUM TEKCTOM.

Jlokymenmu, w0 nooaromscs 00 peoaxkuii.

Jis myOumikarii aBTOp TOBMHEH HAJaTH JIO PEAAKIll eNeKTPOHHOK TOMTOoK (Ha
nomrry journalnvksma@gmail.com) enekTpoHHHMI BapiaHT HACTYITHUX JOKYMEHTIB:

e KOMII IOTEPHUI BapiaHT cTaTTi — ¢ain, Habpanuit y penakropi Microsoft Word;

e (haii KO)KHOTO PUCYHKA, BKIIFOUEHOTO B CTATTIO, OKPEMO.
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Kpim Tekcry crarTi aBTOpOM(aMu) HaJarOThCA:

e CTPYKTypOBaHa aHOTAIlii Ta KJIIOYOBI CIIOBa YKPaiHCHKOI 1 aHIMIIHCHKOK MOBaMH,
BKJTIOYAIOYM HA3BY CTATTI Ta MPi3BUINA aBTOPiB JBOMA MOBAMHU — Ha OKPEMiid CTOPIHIIL;

e JTIEH31WHUI TOTOBIp MiAMUCAaHUI yCiMa aBTOpaMH;

e BIJJOMOCTI MpPO aBTOPIB (IMpi3BHIIE, iM'S, IO OATHKOBI, BUCHUH CTYIiHb, BUCHE 3BaHHS,
Micie poOoTH, Tmocajaa, JoMamHs abo ciayxk0oBa aapeca, KOHTaKTHUN TenedoH, e-mail, HayKoBi
inTepecu aBropiB, ORCID aBTopa(iB)) — Ha OKpeMiii CTOpIHIII.

CrarTi, moJaHi Ha pO3MIA, NPOXOIATH NEPEBIPKY Ha IUIariar Ta IOJBIMHE CIine
penieH3yBaHHs. [ perneH3yBaHHS pefakiliiHa KOJIETis MOXE 3aIydaTd CTOPOHHIX (axiBIiB 3a
BIJIMOBITHUM HAIPSMOM.

PepakmiiiHa Koserist 3anuirae 3a co0O MPaBO MPUMMATH PINICHHS HIOAO BiJNOBITHOCTI
MpEeACTaBICHUX POOIT HampsMaMm >KypHainy. Marepiaau, mo He oQopMJIEHI 3TiIHO HaBEACHHUX
MIPaBWII, MICTATH IUIATIAT, M HE BiJMOBIIAI0THh HAMIPSAMaM JKypHaIy OyIyTh BiIXHUJICHI.

Honosxncenna npo konghioenyiiinicmeo

Imena Ta eneKkTpoHHI axpecd, BKa3zaHi KOPHCTyBauaMH Ha CalTi IIbOTO KypHaIy, OyIyTh
BUKOPHUCTAHI BUKJIFOYHO JUUIsl BUKOHAHHS BHYTPIIIHIX TEXHIYHUX 3aBJaHb I[bOTO KYPHAIY; BOHU HE
OyIyTh MOIIMPIOBATUCH TA MEPEIaBaTUCh CTOPOHHIM 0cO0aMm.
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DESIGN REQUIREMENTS FOR SCIENTIFIC WORKS

Only articles in Ukrainian or English containing the results of authors own original research,
which have scientific and practical value and have not been published yet, could be accepted for
publication. Purely review articles are not accepted for publication. The author is responsible for the
content of the article.

According to the requirements of item 3 of the Resolution of the Presidium of the Supreme
Certifying Commission of Ukraine No. 7-05 /1 dated 15.01.2003, scientific articles submitted for
publication should contain the following elements: statement of the problem in a general form and its
connection with important scientific or practical tasks; analysis of the recent studies and publications in
which the solution to the problem, which the author refers to, was initiated; selection of previously
unresolved parts of a general problem, to which the article is devoted; formulation of article goals
(statement of the task); presentation of the main material of the study with a full justification of obtained
scientific results; conclusions and prospects for further scientific research in this area.

Article total volume allowed is 10...15 pages with all materials embodied, including tables,
figures, graphs and reference list. The sum of figures and tables should be no more than 30% of the
research body.

Article design. The following information shall be placed on the first page of the manuscript:
Universal Decimal Classification (UDC) index, article title, surname, initials, and scientific degree
(academic status) of the author (s).

Universal Decimal Classification (UDC) index is to be placed on the left side, font size — 10 pt.

Article title is to be placed in the centre in block letters (bold type, font size — 14 pt.).

Information about an author (s): surname, initials, academic degree, academic status,
occupational  title, full name of institution or  public organization, country,
e-mail address, author’s ORCID is to be indicated in Italics, on the left side, font size — 12 pt.

The text is to be given in MS Word document format, font — Times New Roman, font size —
12 pt., line spacing — 1.

Page setup (menu option FILE, Page setup):

paper size — A4: 210*297 mm,;

paper layout — book (album is forbidden);

margins — 2.00 cm;

casework — 0.00 cm;

page header/footer — 1.30 cm;

paragraph indent — 1.25 cm, full justification, no page numbering is required.

The article is to contain only those formulas, figures, tables that provide disclosure of the
content of the presented research, all of them must be referenced in the text of the article.

Formulas should be typed using the built-in Equation Editor formula editor. All formulas are to
be inserted into a table with no outline, consisting of two columns: the first column is to contain a
formula without a paragraph and centre justified, the second one is to contain a formula number (if any),
without a paragraph and centre justified. The border between the columns of the table is to be set at
14 cm.

This also applies to formulas and formula characters that appear in the text. The parameters in
the formula editor must exactly match the following:

Sizes (Equation Editor menu option: SIZE, Determine ...):

Regular 12 pt.

Large index 7 pt.
Small index 5 pt.
Large character 18 pt.

o Small character 12 pt.

Tables are to be made up in Microsoft Word.

Figures should be black and white, preferably transparent, and inserted into the file and article
print. Figure format (tif, pcx, bmp, etc.) must be compatible with the Microsoft Word text editor. Figure
resolution is to be at least 300 dpi.
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Article structure:

introduction;

statement of the problem;

analysis of the recent research and publications;
the purpose and objectives of the research;

e statement of the main material (research methods, problems solutions to ensure the
achievement of the objectives);

e discussion of results;

e conclusions;

e directions for further research;

o reference list.

The main sections may have names that are slightly different from the names given above while
maintaining the general logical sequence.

Reference listis to be given in the form of a general list at the end of the manuscript (the
sequence is to be in the order of citation) in accordance with the established requirements of DSTU
8302: 2015 standard. The list should contain total 15...30 titles, of which at least 2/3 published in the
last 10 years, of which at least 5 foreign. There should be at least 3 references to articles from
publications indexed by the Scopus and/or Web of Science Core Collection databases. The amount of
self-citation (links to your previous publications) is allowed to be no more than 1/3 of the total number
of sources.

The article is to be followed by the reference list in Roman alphabet (References). ARA-style is
to be used when executing it. The reference list is to be transliterated or translated into English.
Information transliteration is required to be in accordance with the Resolution of the Cabinet of
Ministers of Ukraine dated 27.01.2010 “Concerning the regulation of Ukrainian alphabet transliteration
by Roman  alphabet”  (Ukrainian  language  transliteration can be  done  at
http://ukrlit.org/transliteratsiia#source=0JzQsNGAOYLQUNGIOLXQstGB0YzQutC40Lk= [select
standard: Passport (CMU 2010)]).

It is not required to transliterate the sources written in Roman alphabet.

Structured abstracts in Ukrainian (150 to 250 words) and English (not less than 1800 words)
languages are given as follows: an abstract is given before the introduction if it has been executed in
article source language, but if an abstract has been executed in a language different from article source
one, an abstract is given after the text of the article. Keywords list is given under the abstract.

Basic requirements for abstracts:

e the abstract must be written in such a way as to be able to be presented and perceived
separately from the article;

e the abstract must be devoid of duplication of information given in the title of the article;

¢ the abstract should be informative, meaningful, contain brief information about the research
presented in the annotated paper - the field to which the work belongs, relevance, applied methods, main
results, their significance for theory and practice;

e the sentences used in the abstract should contain 10...20 words, be understandable to the
reader without excessive primitiveness;

e keywords from the text of the article should be used in the text of the abstract;

e the abstract in English should not be a blind duplication of the abstract in Ukrainian, but
should be an independent, complete text.

The documents to be submitted to the editorial office.

In order to be published, the author is required to submit electronic
(to journalnvksma@gmail.com) version of the following documents to the editorial office:

« electronic article — a file, typed in Microsoft Word editor;

o aseparate file of each figure included in the article.

Along with the article text, the author (s) must submit:

e structured abstract with keywords list in both Ukrainian and English languages, including
article’s title and author (s) surname (s) in three languages — on a separate page;

o license contract;
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o information about authors (surname, name, middle name, academic degree, academic title,
place of employment, occupation title, home or work address, contact telephone number, e-mail address,
scientific interests of authors, author (s) ORCID — on a separate page.

Avrticles submitted for consideration are checked for plagiarism and double-blind peer review.
For review, the editorial board can involve external experts in the relevant direction.

The editorial board reserves the right to make decisions regarding the compliance of the
presented works with the directions of the magazine. Materials that are not designed according to the
above rules, contain plagiarism, or do not correspond to the directions of the journal will be rejected.

Privacy Statement

The names and email addresses provided by users on journal’s site, shall be used solely to
perform the internal technical tasks of this journal; they shall not be distributed or transmitted to any
outside parties.
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