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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

[lokazaHo, 110 MpU MJIAaBaHHI CyJHA B CTUCIMX YMOBaX MiHIMI3allisl pU3HKIB
BUHUKHEHHS aBapiiiHOi CUTYyallii JOCIraeThCsa MpU BUKOPUCTAHHI JUHAMIYHOT MO
00epTaIbHOTO PYXy CYJIHA TPETHhOro MOPSAKY. 3 ypaxyBaHHSIM BUKOPUCTAHHS Ii€i
MOJIE1 PO3TJIIHYTO MPOIEAYPY BU3HAUCHHS BEKTOPIaIbHOI MO3UIIIAHOT MOXUOKH 1
dbopmyBaHHs 00JacTi HEOE3MEYHUX CYJEH MPHU 30BHINIHBOMY YIIPaBIiHHI MPOLIECOM
PO3XOJKEHHSI.

B po6otri BigMIYeHO, 10 TpPU MOBOPOTI CyAHA OJHIEIO 13 TPUYUH TOSBU
BEKTOPIaIbHOT MOXUOKU BIJHOCHO MPOTHO3YEMOi TOYKM BUXOJY CYyJHA Ha HOBHM
Kypc € moxuOKa NEepeKiaJkKu Iepa KepMa, NpUYOMY B pa3i MOSBU Li€i MOXUOKU
pUBEACHUI MeXaHi3M (OpMYyBaHHS BEKTOPIaJIbHOI MOXHOKH.

B crarti nokazaHo, 1o 30JuKEeHHSI JBOX CYJEH MO)KE aHali3yBaTUCs 00JIacTIO
HeOe3MeyHuX KypciB, MO BiIOOpakaeTbCsd HA IUIOMIMHI KYPCIB CYAEH, MPHU I[bOMY
BEPXHBOIO 1 HIDKHBOIO MEXaMHU 00JIacTi € TOUKH, SIK1 3aJJOBOJIbHAIOTH YMOBI PIBHOCTI
TUCTaHIllT HAHKOPOTIIOTO 30/M>KEHHSI Ta TPAHUYHO - JOMYCTUMOI AUCTaHIli. Touku
MDK MeXaMH 001acTi BIINOBIJAIOTh Kypcam CyJI€H, Mpu SKUX JUCTaHIIA
HAaWKOPOTIIOTO 30JIMKEHHS MEHINAa 3a TPaHUYHO - JONYCTUMY JAMCTAHIIIIO, IO
XapakTepusye HeOe3neuHe 30MKEeHHs Cy/IeH.

B pa3i Bu3HaueHHs Mex o00iacTi HeOe3MeuHux KypciB 0e3 ypaxyBaHHS
IHEPIIIHOCTI Cy/IeH MpH MOBOPOTI CyJHA PO3IMIYyThCSA Ha BIACTaHI, 110 MEHIIA 3a
IPaHUYHO - JOMYCTUMY AMCTaHI0. ToMy AJig ypaXyBaHHS 1HEPIIITHOCTI OBOPOTY
HEOOXIHO TPAaHUYHO - AOMYCTUMY JUCTaHIIIO 30UIBIINTY HAa BIATOBIAHY MOMPABKY.
Benuuuna 1i€i momnpaBKM OAHO3HAYHO BHU3HAYAETHCS JIMHAMIYHOIO MOJECILIIO
0o0epTambHOrO PyXy CyJHA, a BIJIMOBIAHICT, 3HAYEHHS MOMPABKH 1O ICTUHHOTO
BU3HAYAETHCA CTYNEHEM aJeKBAaTHOCTI AMHAMIYHOI MOJEN 00epTaJbHOro pyXy
CyJHa pealbHOMY MPOIECy MOBOPOTY CyAHA. TakKMM YMHOM, BUKOPUCTAHHS MOJEINI
MOBOPOTHOCTI CyJHA 3aJIeKUTh BIJ CTYINEHS BIAMOBIAHOCTI IWHAMIYHOI MOAENI
00epTaIbHOTO PYXY CYJHA PeaIbHOMY MPOLECy HOTro MOBOPOTY.

B po6oTi po3riisiHyTO HaWOUIBII aJleKBaTHY AUHAMIYHY MOJENb 00epTalbHOIO
PYXy CyIHa, sika OMUCY€EThCs TU(epeHIiaTbHUMU PIBHAHHIMU TPETHOTO MOPSIAKY.

BinzHaueHo, 110 MOBOPOT CyJIHA CKIAJAEThCs 13 IBOX (a3 KIaJKu Mepa Kepma.
Crnouartky, Ha niepiii ¢asi, B MOYaTKOBUH MOMEHT 4Yacy MPOBOAMUTHCS IEpeKIIagKa
KepMa, s[K€ YTPUMYETHCS B TAKOMY IOJIOKEHH1 NesKud iHTepBan dvacy. l[loTim
MPOBOJUTHCS TMEpeKiIajika KepMa B IHILY CTOPOHY Ha Ty * BEJIMYMHY U TaCUTHCA
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1HepIIis TOBOPOTY CyAHA. B pe3ynpTaTi CyAHO BUXOJWUTH Ha 3aBAaHUN Kypc, KyTOBa
IMIBUAKICTb TOBOPOTY 3MEHIIYETHCA JI0 HYJsI, a NEepo KepMa MNPUBOJUTHCS B
JlaMeTpalibHy TUIONINHY CY/HA.

Kuo4oBi ciioBa: 6e3nedyHICTh CYTHOBOIHHS, IMHAMIYHA MOJEIh 00€pTaTIbHOTO
pPYXy CyaHa, BEKTOpiaJibHa MOX1OKa, 00JacTh HEOE3MEYHUX KYPCIB.

IlocTanoBka npodJieMbl B 00111eM BH/I€E U €€ CBSI3b C BAXKHBIMU HAYYHBIMH
WIH NPAKTUYECKUMHU 3aa4YaMu

OOGecrieueHne 0€30MACHOCTU CYIOBOXKICHHS B CTECHCHHBIX pailOHAaX TUIaBaHUS
SABJSIETCS OJHOM W3 HauOojiee aKTyallbHBIX MpoO0JeM, pelieHue KOTOpou
CrOCOOCTBYET CHIDKCHHIO YHCIa HABUTAIIMOHHBIX AaBapuid, BO3HUKAIONIUX H3-3a
MOCAJI0K CY/J0B Ha Meib. UHCIIO HAaBUTAIMOHHBIX aBapUM MOKHO CHU3UTH, MTOBHICHB
TOYHOCTh YIIPaBJIEHHUs] CYAHOM TPU BBHINIOJHEHUU UMM TOBOPOTOB, [JIs YErO
HEO0OXOUMO YUYUTHIBATh €0 JUHAMUKY.

AHaU3 TOCJEAHUX JAOCTHKEHHH W Ny0JaUKanuid, B KOTOPHIX HA4YaTO
peleHue AaHHOH nmpolJieMbl U BblleJIcHHE HEPCIICHHBIX paHee YacTed o0uiei
npooIeMbl

B pabote [1] paccMOTpeHBI BEKTOpHATbHBIE MOTPEITHOCTH, BO3HUKAIOIIHNE MIPH
noBopote cynHa. [lomydeHbl aHaTUTHYECKHE BBIPAXKCHHS ISl TOTPEIIHOCTEH,
KOTOpBIE MOSIBISIIOTCS M3-32 HETOYHOCTEW MpH MEepeKIaJKe Tepa pyias U MOMEHTa
Havajga MOBOPOTA. BiMsHHME MOrpenrHOCTH MEpeKIaJKh Tiepa pysis Ha TOYHOCTH
MOBOPOTa CyJAHA C YYETOM BIHSIHHS €ro JWHAMHUKH Ha BpallaTelbHOE IBUKCHHE
paccMoTpeHo B padote [2], a B paboTe [3] mpuBeaeH criocod ¢popMupoBaHus 001acTH
OMacHBIX KypCOB CyOOB C YyYE€TOM WX JWHAMHUYECKHUX  XapaKTEPUCTHK
MOBOPOTINBOCTH.

@opmyanpoBKa uetdeil crarbu (mMocTaHoBKa 3ajgaum) llenbio crTaTbu
SABJISICTCS aHAJIM3 BIUSHUSL JUHAMUYECKON MOJEIN BpallaTeIbHOTO JABMKEHUS CyJHA
MIPOrHO3a €ro MOBOPOTa Ha 0E30MacHOCTh MAHEBPUPOBAHUS CyAHA B CTECHEHHBIX
paiioHax.

N3i10:keHHEe OCHOBHOI0O MAaTepHasia MCCIEAOBAHHUA C O00OCHOBAHHEM
MOJIy4eHHbIX HAYYHBIX Pe3yJbTATOB
Kak nokazano B pabdote [1], mpu moBopoTe CyAHA OJAHON U3 MPUYUH MOSBICHUS

BEKTOpPUAIbHOU MTOTPEIHOCTH S #) orHOCHTEIBHO MIPOTHO3UPYEMOUN TOUKH BBIXOJA
CyJlHa Ha HOBBIN KypC SIBJISIETCS MOTPEUIHOCTD MEepPEKIaaKu rnepa pyis AP K

B cnydae mnosiBIeHHS TOTPENIHOCTH ABk yroja KIaJKd Tepa pylis paBeH
By + ABk , ¥ K KOHIly MaHEBpPa, KOrjga Kypca CyJHa U3MEHsETCs ¢ BenuuuHel K 110
3HayeHnst K, MOrpernHocTs sP) ONpENEINACTCS BEIWYMHOM OTpE3Ka MEXIY

nporHosupyemoir N u peanbHOM M TOUKamMu BbIXOJAa CyJHA Ha HOBBIM KypcC, a €e
COCTaBJISAIOIINE S )(Cﬂ 'u s ;ﬂ )paBHBI [1]:
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B _ B _
Sy =xy =Xy S =Yy — Vi,
TIe X, U V,, - KOOPAUHATHI TOYKK M TIpU HAIW4YHUU TOTpemHocTu AR L
Xy U Yy - KOOpAMHATHI TOUYKU N IIPH OTCYTCTBHUH HOTPELIHOCTEH.

IIpnyeM norpemHoCcTh S (P) 3apuent OT CTENEHN aIeKBATHOCTH AMHAMHYCCKOM
MOJIEJIA BPALIATEJILHOTO JBUKEHUS PEAIBHOMY IIPOLIECCY IIOBOPOTA CyAHA.

B paGote [2] noka3zaHo, 4TO COJNIMKEHHUE JBYX CYI0B XapaKTEPU3yeTCsi 00IaCThIO
OIMACHBIX KypcoB €2, KOTopasi 0ToOpakaeTcsl Ha MJIOCKOCTH KypcoB cya0B. Bepxuel u
HIWDKHEW rpaHunamum oOnactu  Q  sBiustorcs Toukun (K,;, K,), KOTOphmle

COOTBCTCTBCHHO YAOBJICTBOPAIOT YPABHCHHUAM:

KD =y 4 arcsin[%Sin(Kl Al
2

Kéz) = y(z) + arcsin[?sin(l{1 — y(z))],
2

rjae y(l’z) =oztarcsinD,;/D; o u D - COOTBETCTBEHHO NEICHI U JUCTAHLIUSA MEXIY
cyaamu; D, - IpeaesbHO-A0nyCTUMAast JUCTaHIUS COMMKEHMUS.

Ecnu touka (K,, K,) HaXoAUTCsA Ha T'PAaHULIE WIM BHE 00JACTH ONACHBIX KypOB
() yrpo3a CTOJKHOBEHHs OTCYTCTBYeT (D, .. = D,), B IPOTUBHOM ClIy4ae IUCTAHLUSA

KpaTqaﬁmero cOJIMKEHUS Dmi MCHBIIC HpeI[CHLHO-IIOHYCTI/IMOﬁ AUCTaHIINHU Dd’ n

n

CONMMKEHHE CYAO0B SIBJISIETCS OMacHbIM. J{i1s 0€301acHOro pacxoXkaeHNUs HEOOXOAMMO
BbIOpaTh TOYKY (Kiy, K,), COOTBETCTBYIOUIYIO KYpCY YKJIOHCHHS ONEPUPYIOLIETO

CyaHa Kly , KOTOpad HaXOOUTCA HAa T'paHUIIC 00J1aCTH OIAaCHBIX KYpPCOB Q.

Ecmu pacCunuTaTh Ir'paHUIIbI 00J1aCTH OIIaCHBIX KypCOB Qc IIOMOIIBIO ITOCIICAHUX
BBIpa)KeHHﬁ, TO HC 6YI[CT YUYTCHa HWHCPHUOHHOCTL CyIHA IIpU TIIOBOPOTC, U
PACXOKACHUC HpOPI3OI>iIICT HC B HpeI[eHBHO-IIOHYCTI/IMOﬁ JAUCTAaHIINHU Dd , 4 Ha

BenmnuuHy AD, Onmxe [2]. CinemoBaTenbHO, 17 y4eTa MHEPLUOHHOCTU IOBOPOTA

HEOOXOUMO TIPEACIbHO-IOMYCTUMYIO JUCTAHIMIO YBEJIMYMBATH O 3HAYCHUS
D, +AD, n cyna pasoiinyrca Ha nucranuyu D,. Bemuumna mnompasku AD,

OJIHO3HAYHO ONpENENsSeTCs JAMHAMUYECKON MOJENbI0 BpalIaTeNIbHOTO JBUXKEHUS
CyIlHa M TMpUONIKEHHE €€ 3HAYeHUS K HUCTUHHOMY OMNpENEseTCs CTEeNeHbIO
aJIeKBaTHOCTH JMUHAMUYECKOM MOJIENM BpalllaTeIbHOTO JBUXKEHUS pEaTbHOMY
mpoleccy TMoBOpoTa cyaHa. Takum o0pa3oM, B PpPacCMOTPEHHBIX —CIydasx
MCIIOJIb30BaHUSI MOJIEIN MOBOPOTIMBOCTH CYIHA ONMPEIEISIIONUM 00CTOSATENbCTBOM
ABJIIETCS CTETIEHb COOTBETCTBUS TUHAMUYECKONW MOJENIM BpallaTeIbHOTO JBUXKEHUS
CyJlHa peaIbHOMY MPOLECCY ero MOBOPOTAa.

B pabote [4] paccMOTpeHBI pa3MYHbICE MOJIEIW BpallaTEIbHOTO JIBUKCHUS
Cy[Ha, aHalIM3 KOTOPBIX IMOKa3bIBa€T, YTO HauOoyiee aJeKBaTHas AMHAMUYECKas
MOJIeJIb  BpallaTeIbHOIO  JBWXKEHUS  Cy/JHA  ONHUCHIBAETCS  CJEAYIOLIUM
b depeHrnaIbHbIM YPaBHEHUEM

T, T, K+(T,+T,) K+K =K B, ,
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Tac Tl u T2 - HOCTOSHHBIC BPECMCHHU, XAPAKTCPHU3YIOIINC HHCPLHHUOHHBIC CBOMCTBA

CyIHa;
Bk - YTOJI KJIaJIKU PYJIs;

K, - xo3ddunueHt 3pPpeKTuBHOCTH PyIIS.
Pemenue npuseneHHoro aud@epeHnnanbHOr0 ypaBHEHUS! UMEET CIEeYyIOIHi

BU/I:
2 2
K=K, + o t+ (o, - oar) {T1 [I=exp(-t/T)) |- T, [I-exp(-t/T,) ] }/(T,=T,) , (1)

rae ® W ® - COOTBETCTBEHHO HAYalbHOE 3HAYCHHME YIIIOBOH CKOPOCTH TOBOPOTA
Y YaCTHOE PEeIlIeHUe UCXOHOTO qu(PepeHInanbHOro ypaBHEHHUS.

IToBopoT cynaHa conepkuT aBe (a3bl Kiaaku nepa pyis. CHavyana, Ha IEpBOi
¢daze, B HAYAJIbHBII MOMEHT BPEMEHU MTPOU3BOAMUTCS MEepeKIIaika pyist Ha yroin J3 L H
PyJIb YAEPKUBACTCS B TAKOM IOJIO)KEHUM B TEUYCHUE MHTEPBAIa BpeMeHU At, . 3aTeM

MMPOU3BOAUTCS IICPCKIAIKA PYJIsd HA HpOTI/IBOHOJIO)I(HBIﬁ 60pT Ha Ty K€ BCIIMYHUHY U
racurCsa HHCPHHUA IIOBOpOTa CyadHa B TCUCHUC HWHTCPBAJIa BPCMCHHU At , 110

MCTEYCHUIO KOTOPOTrO CYAHO BBIXOAUT Ha 3aJaHHBIM Kypc, yrjioBas CKOPOCTb
noBopoTa oOpamiaercss B Hyllb, a Mepo pyis NPUBOAUTCS B JUAMETPAIBbHYIO
IUIOCKOCTh cyAHa. Ha mepBoil ¢aze moBopoTa, AIUTEIBHOCTh KOTOPOM COCTaBIIAET
MHTEPBAJI BPEMEHU Atk , BeIpakeHue (1) mpuobperaer cienyomui BU:

K:K0+aw{t—{le[l—exp(—t/Tl)]—Tzz[l—exp(—t/Tz)]}/(Tl—Tz)}. (2)
Ha Bropoit ¢dasze mnoBopoTa MNPOUCXOIUT IepeKyialka pyiad Ha

MPOTUBOIOJIOKHBIM OOpPT HA yroi - Bk U B TEUYCHUE HUHTEpBajla BpeMEHH At

MPOUCXOJIUT OJepKuBaHUe cyaHa. [ 3Toil (a3pl MOBOpOTa 3HAYEHUE TEKYILEro
Kypca OIMUCHIBAETCS 3aBUCUMOCTBIO:

K=K-a t+a {2—[ T, exp (—Atk /T)) -T exp(—Atk /T))] /(T1_Tz) }x
2
x{T" [1—exp (- t/T))1- Tz2 [1—exp (-t/T)) ]}/(T,—T,). 3)
JUts BHIMHCIICHHS HMHTEPBAaloB BpemeHH At M At HEOOXOZXMMO COCTABHTH

CUCTEMY ypaBHEHHi, KOTopasi B o01eM ciydae popmanu3yer TpeOoBaHUs TOBOPOTA
Ha 3a/laHHOE MpupalleHue kypca AK, a Takxe obpaiieHue B HyJIb YTJI0BOM CKOPOCTH

Ha MOMCHT BPCMCHHU BbIXOJ4a HA HOBEIHN KypC U UMCCT CJIC)Z[YIOHLI/IfI BU/.
AK =K (At )+K(At)
K 4)
oAt AD=0

C yuerom BbeIpaxeHuid (2) u (3) u cucTeMbl ypaBHEHHU (4) HaxoauM
BBIpOXEHUSI [JIs1 pacyeTa HWHTEPBAJIOB BpPEMEHHU Atk u At MeTogoM TPOCTHIX

UTEPALMH ¢ HaYaIbHBIM MPUOIMKEHUEM Atk=AK/ a, !
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At, =At+ {le [I—exp(=At, /T )]-T, [l-exp(~At, /T))]}/(T~T)) -
-{2—[ T, exp (—Atk /Tl) —T2 exp(—Atk /Tz)] /(T1_Tz) }x
{le [1-exp (- At/T,) ]= T, [I-exp (- At/T,) 1}/(T, = T,) + AK/a_. (5)

At=-T In{(T, /T )exp(-At/'T ) +[(T -T )/T ]x
x {2-[Tyexp (-At, /T) =T exp(=At, /T )] /(TI—TZ)}'I}. (6)
Takum oOpaszoM, Juisl pacueTa BETUYHH Atk 1 At METOZOM IPOCTHIX UTEPALUH,
3a1aBasCh NPCAbIAYIIIUM 3HAUYCHUCM Atk, C IOMOIIBIO BBIPAKCHUA (6) BBIUUCIIACTCSA

3HaueHue At, KOTOpoe 3aTeM TMOJCTaBisieTcs B BbIpaxkeHue (5) s pacyera
MOCJIETYIOUIET0 3HAYEHUS Atk.

I[JISI OIIPCACICHUS MOTPCHIHOCTHU S(ﬂ) HCO6XOIII/IMO ONpCACINTb KOOPAHWHATHI
Touek M u N. KOOpIII/IHaTBI TOuku M OIIPCACIIAIOTCA BBIPAKCHUAMMU !

Atk At
xy = [V sin[K +K]dt+ [V sin[K +K(At, )+K]dt, (7)
0 0
Atk At

vy = [V, cos[K +K]dt+ [V, cos[K, +K(At,)+K]dt, (8)
0 0

npuYeM B BoIpakeHusx (2), (3), (5) u (6) mpumensem a , =k, By .

AHaNOTMYHO HAXOAATCS BBIPAXKEHUS AJIS1 KOOPAMHAT Xy U Yy TOYKH N, TOJIBKO
npu ux pacuere 1o dpopmynam (7) u (8) snauenne a =k (B + ABk). [Ipu pacuere

KoOpAuHAT ¢ noMolisio (7) u (8) onpeneneHHble HHTETPaIbl, KOTOPbIE BXOASAT B 3TH
(dhopMyJibl, HE BBIpAXKAIOTCS B AJIEMEHTAPHBIX (DYHKIUSIX U MX 3HAUYCHHS HAXOATCS
YUCJICHHBIMU METO/IaMU, HAIIPUMEpP, UCTI0JIb3yeTcsl MeTo]T CHMIICOHA.

AHAJIOTUYHO, pacyeT BEIWYMHBI IONpaBku AD,; TakXKe IPOU3BOAUTCA C

HCIIOJIb30BaHUEM pacyeTa KOOpAUHAT CyAHA ¢ MOMOIIbI0 BeIpaxkenuit (7) u (8), uto
oOecreunBaeT 6€30NaCHOE PACXOXKIECHUE OMACHO CONMKAIOIIMXCS CYI0B METOJOM MX
BHEIIIHETO yIPaBJICHUS.

BriBoabI M IEepCneKTHBA JaJIbHEeH e pA0OThI 110 JAHHOMY HANIPABJICHHUIO

Takum o6pa3zomM, MUHMMH3ALKs PUCKOB MpPU TUIABAaHUU CyAHA B CTECHEHHBIX
YCIOBUSAX  JIOCTUTAETCsl TMPU  KCIOJIB30BAHMM  PAacCCMOTPEHHOHM B  pabote
JVHAMUYECKON MOJIEJIA BPallaTeIbHOI0 ABUKEHHUS CyIHA TPETHETO MOPSIIKA.

B nanpHeilmeM cienyeT paccMOTpPETh LelIeco00pa3HOCTh MCIOIb30BAHMS
MOJIEJIEW BpalaTeIbHOr0 ABWKEHUS CyJHA C y4€TOM BPEMEHHU IEPEKIIAIKU Iepa

pyJs.
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