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ABSTRACT

It is shown that at sailing of ship in the compressed terms is achieved
minimization of risks of origin of emergency situation at the use of dynamic model of
rotatory motion of ship of the third order. Taking into account the use of this model
procedure of determination of vector’s position error and forming of region of
dangerous ships is considered at the external process control of divergence.

It is marked in work, that at the turn of ship one of reasons of appearance of
vector’s error in relation to the next point of output of ship on a new course is the
error of position angle of feather of helm, thus in the case of appearance of this error
the resulted mechanism of forming of vector’s error.

It is shown in the article, that rapprochement of two ships can be analyzed by the
region of dangerous courses, that is represented on the plane of courses of ships, thus
overhead and lower by the scopes of region there are points which meet condition of
equality distance of the shortest rapprochement and maximum - possible distance.
Points between the scopes of region answer the courses of ships, at which distance of
the shortest rapprochement of more small after maximum - possible distance, that
characterizes dangerous rapprochement of ships.

In the case of determination of scopes of region of dangerous courses without
taking into account inertia of ships at a turn ships will divide in the distance, that
more small after maximum - possible distance. Therefore, for the account of inertia of
turn it is necessary maximum - to advance possible distance by the proper
amendment. The size of this amendment is simply determined by the dynamic model
of rotatory motion of ship, and accordance of value of amendment with true is
determined by the degree of adequacy of dynamic model of rotatory motion of ship to
the real process of turn of ship. Thus, the use of model of turning of ship depends on
the degree of accordance of dynamic model of rotatory motion of ship to the real
process of his turn.

The most adequate dynamic model of rotatory motion of ship, which is
described by differential equalizations of the third order, is considered in work.
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It is marked that the turn of ship consists of two phases of laying of feather of
helm. At first, on the first phase, position angle of helm which is contained in such
position some time domain is conducted in the initial moment of time. Then position
angle of helm is conducted in other side on that size of u inertia of turn of ship is
extinguished. As a result, a ship goes out on the inflicted course, angular speed of
turn diminishes to the zero, and the feather of helm is driven to the diametral plane of
ship.

Keywords: safety of navigation, dynamic model of agility of ship, vector’s error,
region of dangerous courses.

PE®EPAT

[TokazaHo, 110 MpW MJIaBaHHI CyJHA B CTUCJIMX YMOBaxX MiHIMI3allisl pU3MKIB
BUHUKHCHHS aBapiiHOI CUTYyaIlii 10CATAa€ThCS TP BUKOPUCTAHHI JUHAMIYHOI MO
00epTabHOTO PYXy CyJIHA TPETHOTO MOPSAKY. 3 ypaxyBaHHSIM BUKOPUCTAHHS L€l
MOJIeJIl PO3MISIHYTO NPOLEAYypY BU3HAYEHHS BEKTOPIaIbHOI MO3UIINHHOT MOXUOKH 1
dbopmyBaHHS 00JaCTi HEOE3MEUHUX CYJIEH MPHU 30BHIMIHBOMY YIIPABIiHHI MTPOIIECOM
PO3XO’KEHHS.

B po6oti BigMiueHO, 10 TPU MOBOPOTI CyAHA OJHIEIO 13 MNPUYUH IOSBU
BEKTOpIaJbHOI MOXUOKM BIJHOCHO IMPOTHO3YEMOiI TOYKM BUXOJY CyJHa Ha HOBHM
Kypc € moxuOKa NEepeKiIaJKu Mepa KepMma, MPUYOMY B pa3l MOSBU L€l MOXUOKU
MPUBEIEHUN MeXaHi3M (pOpMyBaHHSI BEKTOPIadbHOI MOXUOKHU.

B crarTi moka3ano, 1o 30JMKEHHS IBOX CYACH MOXE aHalli3yBaTHCS 00JacTiO
HeOe3MeYyHnX KypciB, 10 BiAOOpaXaeTbcsl Ha IUIOLIMHI KYpPCIB CYJI€H, MPU LOMY
BEPXHBOIO 1 HIDKHBOIO MEKaMHU 00J1acTi € TOUKH, 5Kl 3aI0BOJIbHSIOTH YMOBI PIBHOCTI
JTUCTaHIIT HAaWKOPOTIIIOTO 30JMKCHHS Ta TPAHUYHO - JIOMYCTUMOI aucTaHIii. Touku
MDDK MeXaMH 00JIacTl BIAMNOBIZAIOTh KypcaMm CyACH, IpPU SKUX JUCTAHIIIS
HAaWKOpPOTIIOro 30JMKEHHS MEHIIA 3a TPaHUYHO - JIOMYCTUMY JAMCTaHIIo, L0
XapakTepu3ye Hebe3neune 30JuKEeHHS Cy/JICH.

B pa3i Bu3HaueHHs MexX o00gacTi HeOEe3MeuHUx KypciB 0e3 ypaxyBaHHS
THEPIIIHOCTI Cy/I€H TPH MOBOPOTI CyJIHA PO31IMIYyThCS HA BIJICTaHI, 0 MEHIIA 3a
IPaHUYHO - JOMYCTUMY JUCTaHIio. ToMy ais ypaxyBaHHs 1HEPLUIHHOCTI OBOPOTY
HEOOXI1JTHO TPAHUYHO - JOIYCTUMY JMCTaHLII0 30UIbIINTHA Ha BIANOBIAHY MOMPABKY.
Benuunnaa 11i€i MOMpaBKM OAHO3HAYHO BU3HAYAETHCS TUHAMIYHOIO MOJIEIIIIO
00epTaIbHOTO PYXy CYyJHA, a BIJMOBIAHICTh 3HAYCHHSI TMOMPABKU 1O 1CTUHHOTO
BU3HAYAETHCSI CTYMEHEM aJ€KBAaTHOCTI JUHAMIYHOI MOJEIl O0EpTAIbHOTO PYXY
CyJIHa peabHOMY MPOIIeCy MOBOPOTY CyAHa. TakuM YMHOM, BUKOPUCTAHHS MOZEII
MMOBOPOTHOCTI CyAHA 3aJICKUTh BiJ CTYNEHS BIJAMNOBIAHOCTI JWHAMIYHOI MOAENI
00epTaBbHOTO PYXY CyJIHA PeaIbHOMY IPOLIECy HOTO MOBOPOTY.

B po6oTi po3risiHyTO HaAMOLIbII aJeKBaTHY AWHAMIYHY MOJENb 00epTalbHOTO
PYXy CyIHA, SIKa ONMUCY€EThCS TU(DEepeHIIaTbHUMH PIBHSIHHSIMHU TPETHOTO MOPSKY.

BinznaueHo, 1110 MOBOPOT Cy/IHA CKJIAJAEThCS 13 ABOX (a3 KIAJIKU Iepa KepMma.
Crnouatky, Ha niepiriii ¢asi, B MOYaTKOBUN MOMEHT 4Yacy MPOBOAMUTHCS MEpeKIaaKa
KepMa, SK€ YTPUMYETHCS B TaKOMYy TIOJIOKCHHI Aeskuid iHTepBayn yacy. [loTim
NPOBOJUTHCS MEpeKIajika KepMa B 1HILY CTOPOHY Ha Ty * BEJIMYMHY M TacUThCA
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1HepIIis TOBOPOTY cyAHa. B pe3ynbpTaTi CyIHO BUXOAMTH HA 3aBIJaHUN KypcC, KyTOBa
MIBUAKICTh MOBOPOTY 3MEHIIYETHCA JO HYJs, a Nepo KepMma MPUBOAMUTHCS B
JiaMeTpasibHy TUIOLIMHY CY/HA.

Kuaro4dogi cjioBa: 0e3neyHiCTh CYTHOBOIIHHS, TMHAMIYHA MOJIE]Ih 00€pTaIbHOTO
PYXy CyZlHa, BEKTOpiajbHa Moxuoka, 00JacTh HeOE3MEeUYHNX KYpCiB.

IlocTanoBka npodJieMbl B 00111eM BH/I€ U €€ CBSI3b C BAKHBIMH HAYYHbIMH
WM NPAKTHYECKHUMH 3aJa4aMHu

ObecnieueHne 6€30MaCHOCTH CYAOBOXKICHUS B CTECHEHHBIX pallOHAX IJIaBaHUS
SABJISICTCSI OMHOM W3 HaumboJiee aKTyalbHBIX MPOOJeM, pelieHue KOTOpOi
CIOCOOCTBYET CHWKCHHIO YHCJIa HABUTALIMOHHBIX aBapHil, BO3HUKAIOIIUX W3-3a
MOCAJIOK CYJIOB Ha MeJb. YNCI0 HaBUTAIIMOHHBIX aBapuil MOKHO CHU3HTb, IOBBICUB
TOYHOCTb YIPaBJICHUS CYAHOM I[IPH BBIMOJIHEHUH WM TIOBOPOTOB, JUJIsI YETO
HEO0OXOUMO YUUTHIBATh €TO0 TUHAMUKY.

AHAIM3 MOCJeAHMX JOCTHKEHUI W NyO0JIMKANUil, B KOTOPbIX HA4YaTo
pellieHue JAaHHOW NMpo0JieMbl U Bble/IeHHEe HEPelIeHHbIX PaHee 4acTel o01eit
npooJieMbl

B paGote [1] paccMoTpeHbl BeKTOpHAIbHBIEC MOTPEITHOCTH, BO3HUKAIOUIUE TIPH
MOBOpOTE cCynaHa. [lomydeHbl aHAIMTUYECKUE BBIPAKEHUS JJISI TOTPENIHOCTEN,
KOTOpBIE€ MOSIBIISIIOTCS M3-32 HETOUYHOCTEH MPU TMEPEKIAAKE Iepa pyias U MOMEHTA
HayaJla MOBOPOTA. BiusHME MNOTPEeIIHOCTH NEpPEKIaAKh IMepa pyias Ha TOYHOCTH
MOBOPOTA CyJHA C YYETOM BJIMSHHUS €ro JIWHAMHKH Ha BpaAlIATEIIbHOE JBUKCHUE
paccMoTpeHo B paboTe [2], a B padote [3] mpuBeaeH criocod ¢popMupoBaHus 001acTu
OMAaCHBIX KYpCOB CyAOB C YYE€TOM UX JIMHAMHUYECKHX  XapaKTEPUCTUK
ITOBOPOTIIUBOCTH.

®opmyaupoBka uejeii crarbu (moctaHoBka 3ajgaum) llenbro craTthu
SIBJISICTCSl QHAJIU3 BIUSAHUS JUHAMUYECKON MOJEIN BpalllaTeIbHOTO JBMXKEHUS CYJIHA
MPOTHO3a €ro MOBOpOTa Ha 0e30MacHOCTh MaHEBPHUPOBAHHUS CYyJIHA B CTECHEHHBIX
palioHax.

N3y105keHHEe OCHOBHOIO MaTepHasia MCCICAOBAHUS C O00OCHOBaHHEM
MOJIYYeHHBIX HAYYHBIX Pe3yJIbTaTOB
Kak nokazano B pabdote [1], npu moBopoTe CyHA OJHOW U3 MPUYUH MOSBICHUS

BEKTOPHAIBHON MOTPENTHOCTH S orHocuTenbHO IIPOTHO3UPYEMOM TOYKH BBIXOJAA
CyJIHa Ha HOBBIM KypC SIBJIIETCS MMOIPEIIHOCTh MEPEKIaKK nepa pyis AP K

B cnywyae mnosiBneHus mnorpemHoctd AP  YTOI KIAJK{ mepa pylsd paBeH
By +AB > 1 K KOHIy MaHEBpa, KOTjia Kypca Cy/Ha H3MEHACTCS C BEIMIHHBI K, 1o

3HaucHMs K, MOrpemHocTs s OnpeaensieTcs BEIMYMHOM OTpe3Kka MEXIy

nporHo3upyemoii N u peanpHoii M TodkamMu BbIXOAA CyJHA Ha HOBBIM Kypc, a ee
COCTaBJISIOIIIE S)((ﬁ ) u S§,ﬁ ) paBHbI [1]:
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(B) _ (B) _
S =XN — Xy B Sy =YN —Yum,
TAe Xy M Yy - KOOpAMHATEI TOYKH M npu Hanmnunu norpemsoctu AR, ;
XN U YN - KoopauHaThl TOYKd N [Py OTCYTCTBHHM MOTPEUIHOCTEA.

[IprueM morpenHocTb S%) saBucurt OT CTeNeHN aXEKBATHOCTH JMHAMHUYECKOI
MOJIEJIA BpallaTeIbHOrO JBHKEHUS PEalIbHOMY IIPOLIECCY TOBOPOTA CYHA.

B pa6orte [2] moka3aHo, 4TO CONMIKEHHE JIBYX CYJOB XapaKTepU3yeTcsl 00J1aCThIO
OMacHBIX KypcoB €2, KoTopas oToOpa)xaeTcsi Ha IIIOCKOCTH KypcoB Cy10B. Bepxueit u
HIDKHEH rpaHunamu  obmactu  Q  sBisirores  Toukn (K;, K,), xkoropsle

COOTBETCTBEHHO YAOBJIETBOPSIOT YPABHEHUSIM:

K =@ 4 arcsin[\%Sin(Kl -y,
2

K =@ 4 arcsin[\%sin(K1 v,
2

rIe y(l’z) =ozxarcsinDy/D; o u D - cOOTBETCTBEHHO TEJICHT W TUCTAHIHA MEXKITY

cygamu; Dy - mpenenbHo-goIycTUMAas IUCTaHLUS COMM>KEHUS.
Ecmu Touka (K;, K,) Haxogurcs Ha rpaHune wim BHE 00JaCTH OMACHBIX KypOB
(2 yrpo3a CTOJNKHOBEHUsS OTCYTCTBYET ( Dy, = Dy), B IPOTUBHOM Cily4ae IUCTAHLMSA

KpaTuaiimero commxenus D, MeHblIe npeebHO-A0mycTuMon auctanuun Dy, u

min
CONMKEHUE CYJIOB SABIISACTCS OMacHBIM. JJIs1 G€301MacHOr0 pacxokICHUS HEOOXOMMO
BeIOpaTh TOuKy (Kjy, K;), coorBercTByIOIIyI0 KypCy YKIOHEHHS ONEPHUPYIOLIETO

cynua Kjy , KOTOpast HAXOAUTCS Ha TPAHKLIE 00IACTH OMACHBIX KypCcoB (2.

Ecnu paccuuTaTh rpaHulibl 00J1aCTH OMACHBIX KYPCOB ) C TOMOIIBIO MOCTAEIHUX
BBIpQXEHUM, TO HE OyJeT Yy4YTeHa WHEPIHMOHHOCTh CYyJIHA TMPU TOBOPOTE, U
pPACXOXKACHUE INPOM3OMAECT HE B INPEAEIbHO-AONYCTUMOM auctanumu Dy, a Ha

BennunHy ADy Ommke [2]. CiaenoBarenpHO, U y4eTa MHEPLHOHHOCTU IIOBOPOTA

HEOOXOJAMMO TIPEAEIBLHO-AOMYCTUMYIO JHCTAHIIMIO YBEIWYUBATH O 3HAYCHUS
Dy +ADy m cyna pasoiinyrcs Ha auctanumu Dy. Benmumna nmompaBku ADy

OJIHO3HAYHO OMNpEAENSIeTCd AUHAMHYECKONM MOJIENIbI0 BpallaTeIbHOTO JABUYKEHUS
CylHa W TMpUOJUKEHUE €€ 3HAYCHUS K HCTUHHOMY OIpEeNeseTcs CTENeHBIO
aJIeKBaTHOCTU JMHAMHYECKOM MOJIEM BpaIlaTeIbHOTO JBIKCHUS peaTbHOMY
MpoIleccy TMoBOpoTa cyaHa. Takum oOpa3oM, B PacCMOTPEHHBIX CIydasx
WCIIOJIb30BaHUS MOJCNIM MTOBOPOTIIMBOCTH CYJHA ONPEICISIONIMM 00CTOSTEILCTBOM
SIBJISIETCS CTETNIEHb COOTBETCTBUS JUHAMHYECKONW MOJIEIN BpalaTeIbHOTO JBIKCHUS
CyJIHa peaJIbHOMY IMPOIECCY €ro MoBopoTa.

B paGote [4] paccMOTpeHBI pa3iIMYHBIC MOJCIH BPAIIATSIBHOTO JIBUKCHUS
Cy/lHa, aHAJIM3 KOTOPBIX IMOKAa3bIBAET, UYTO Hambojee aJeKBaTHAas JIUHAMUYECKas
MOJIEb  BpalllaTeIbHOTO  JBUXKEHUSI ~ Cy/IHA  ONMCBHIBAETCA  CJICIYIOIIUM
auddepeHnaITbHbIM ypaBHEHUEM:

T, T, K+ (T +T,) Kt K=K By ,
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rae T1 u T2 - TIOCTOSIHHBIE BPEMEHHU, XapaKTEepPU3YIOIMe UHEPLUHUOHHBIE CBOMCTBA

CyJlHa,;
Bk - YTOJI KJIaJKU PyJIs;

K, - k03¢ dunueHT 3¢pheKTUBHOCTH PYIIS.

Pemenue mpuBenenHoro audpepeHnnanbHOTO YpaBHEHUS UMEET CIICTYFOIITHMA
BUJ:

2 2
K =Kqg+ o t+ (0 -0 ){T [I-exp (-/T) |- T, l-exp (-t/T,) 1}(T,-T,) . (1)
rac (DO 51 (Dr - COOTBCTCTBCHHO HA4YAJIbBHOC 3HAYCHIC yrHOBOﬁ CKOpPOCTH IIOBOPOTA

M YaCTHOE PeIlIeHUEe NCXOIHOTO AuddepeHInaIbHOr0 YpaBHEHHUS.
[ToBOpOT cyaHa conepxkuT ABe ¢a3bl KiIaaku nepa pyisa. CHavaia, HA TEPBOM
(aze, B HAUAJIbHBIA MOMEHT BPEMEHH ITPOU3BOIUTCS MEPEKIIAIKA Py HA yIroJl Bk U

pyJIb YACPKUBACTCS B TAKOM IOJIOXKEHUU B TCUCHUE UHTEPBAsia BpeMeHn At, . 3aTem

IIPOU3BOAUTCA IICPCKIIAAKa PYJId HA HpOTHBOHOHO)KHBIﬁ 60pT Ha Ty XKC BCIMYHHY U
raCuTCda HHCPHHA IIOBOpPOTAa CydHAa B TCUCHHUC MHTCPpBAJIa BPCMCHU At , IIO

MCTEYEHUIO KOTOPOrO CYAHO BBIXOJUT Ha 3aJaHHBIM Kypc, YrjioBas CKOPOCTb
MOBOpOTa oOpamjaeTcss B Hylb, a MEpO Pyl NPUBOAMUTCS B AUAMETPAIBHYIO
IJIOCKOCTh cyaHa. Ha mepBoil ¢aze moBopoTa, JIUTEIBHOCTH KOTOPOM COCTaBISET
WHTEpPBAJI BPEMEHU Atk, BbIpaskeHue (1) mpuoOpeTaeT cienyronuii BUa:

K:K0+aw{t—{le[l—exp(—t/Tl)]—Tzz[l—exp(—t/Tz)]}/(TI—TQ)}. (2)
Ha Bropoii (dase moBopoTa MPOUCXOIUT repexyiagka pyid Ha

MPOTUBOIIOJIOXKHBIN OOpT HA yrom - Bk M B TEUCHUE HHTEpPBaJla BpeMeHH At

MPOUCXOUT OJiepKuBaHue cyaHa. Jis 3Toi (pa3pl mMOBOpOTa 3HAYEHUE TEKYIIETO
Kypca ONUCHIBAETCS 3aBUCUMOCTBIO:

K=K —a t+a {2—[ T, exp (—Atk /T1) —T2 e:xp(—Atk /Tz) ] /(T1_T2) }x
2
< {T [l—exp (- t/T)) |- T, [l-exp (- /T, 1}/ (T, - T,). (3)
JIns. BBIUKMCIIEHWS WHTEPBAJIOB BpPEMEHU Atk u Al HEOOXOJUMO COCTaBUTH

CHUCTEMY ypaBHEHUM, KOTOpas B o0uieM ciydae hopmaauzyeT TpeOoBaHUs TOBOPOTA
Ha 3aJaHHoOe mpupaieHne Kypca AK, a Takke oOpaiieHre B HyJlb YTJIOBOM CKOPOCTH

Ha MOMCHT BPCMCHH BbIXO/ld Ha HOBBIfI I(pr U UMECT CJIeI[YIOIHI/Iﬁ BHU/.
AK =K (At )+K(A?)
k (4)
o(At AY=0

C yuerom BblpakeHuil (2) u (3) u cucreMbl ypaBHEHUH (4) HaxoIuUM
BBIP@XKEHUSI Ul pacueTa HHTEPBAJIOB BPEMEHU Atk U At METOOOM HPOCTBIX

UTEpalri ¢ HauaIbHBIM MPUOTHKEHUEM Atk =AK/a :
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At, = At+ {le [l—exp(=At, /T)]-T; [l=exp(=At, /T)]}/(T~T) -
-{2—-[ T, exp (_Atk/T1) —T2 exp(—Atk/Tz)] /(Tl_Tz)}x
{Tf [1-exp (- At/T,) 1= T, [I-exp (- At/T,) 1 }/(T, = T,) + AK/a_. (5)

At = —T1 In {(T2 /Tl)exp(—At/Tz) + [(T1 - T2 )/T1 ]x
x 2—[Tiexp (-At, /T) =T exp(-At, /T))] /(TI—Tz)}'l}. (6)
Takum o0pazom, NSl pacuera BeTUYUH Atk 1 At METOJIOM MPOCTBIX UTEPALUN,
3a7aBasICh MPEAbIIYIIUM 3HAYCHUEM Atk, C TIOMOIIBIO BBIpaKEeHUSI (6) BBIYUCISIETCS

3HaYeHue Al, KOTOpoe 3aTeM TMOJICTaBIsIETCS B BbIpaxkeHue (5) s pacuera
[MOCJIEAYIOLIEr0 3HAYCHUS Atk .

I[JBI OIIPCACIICHUA IMOI'PCIIHOCTHU S(’B ) HGO6XOI[I/IMO OIIPCACIINTE KOOPAHWHATLI
touek M u N. KOOpIII/IHaTBI Touku M OIIPCACIAIOTCA BBIPAKCHUAMMU:

Atk At -
Xy = [Vgsin[K, +Kdt+ [V, sin[K,+K(At )+ K]dt, (7)
0 0
Atk At

ym = [V, cos[K,+Kldt+ [V, cos[K,+K(At, ) +Kldt, (8)
0 0

npuyYeM B BeIpaxenusx (2), (3), (5) u (6) mpumensem a , =K, By .
AHAJOTUYHO HaXOAATCS BBIPAXKECHUS I KOOPAUHAT Xy MU Yy TO4kH N, TOIBKO
npu ux pacuere no dpopmynam (7) u (8) snauenune a =K, (By+AB k) . [Ipu pacuere

KOOpJIMHAT ¢ noMoIbio (7) u (8) onpeaeneHHbIle UHTETPAJIbI, KOTOPbIE BXOJAT B ATH
(GbopMyJIbl, HE BBIPAKAIOTCS B AJIEMEHTApHBIX (QYHKIMIX U WX 3HAUYCHUS HAXOJSATCA
YUCJICHHBIMHA METOaMH, HallpuMep, UCTIOIb3yeTcss MeToa CUMITCOHA.

AnanoruyHo, pacueT BeauuuHbl nompaBku ADy Takke mnpousBoguTcs C

HCIIOJIb30BaHUEM pacueTa KOOpAUHAT CyJHA C MOMOUIbI0 BbipaxkeHui (7) u (8), uro
o0ecrnieunBaeT 6€30MacHOE PACXOKACHUE OMTACHO COMMKAIOIIMXCS CYZ0B METOIOM HX
BHEIITHETO YIIPaBJICHHUS.

BbIBoaBI M MEepCNEeKTUBA JaJIbHeHIell padoThI 10 JAHHOMY HANIPABJIEHUIO

Takum 00pa3oM, MUHUMHU3ANKS PUCKOB MPU TUTABAHUU CYyJHA B CTECHECHHBIX
YCIOBHUSIX ~ JOCTUTAETCS TPU  HUCIOJIb30BAHUM  PACCMOTPEHHOW B paboTe
JTVHAMWYECKON MOJIEJIA BPallaTeIbHOTO JBMXKEHUSI CyIHA TPETHETO MOPSAIKA.

B panbHeiiiieM crenyer paccMOTPETh  11€71eCO00pPa3HOCTh  HCTOIb30BAHUS
MOJIEJIEN BpallaTeIbHOTO JBH)KEHUSI CylHA C Y4Y€TOM BPEMEHHU MEPEKIAJAKU Tepa

pyJIs.
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