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Abstract. Use of harbor tugs to assist vessels in berthing operations is a common practice. More often nowadays tugs
are used also to provide escort service to large vessels, which cannot maneuver safely in constrained harbor waters
without assistance due to their size, or to provide back-up steering ability if the vessel propulsion fails. High level of
risk usually inherent to these operations stipulates the study of the tug and ship interaction dynamics. This research
deals with mathematical modeling of the towing process, with the focus on azimuthal stern drive, tug maneuvering
characteristics and its transverse stability. A mathematical model of an ASD tug in four degrees of freedom is pre-
sented in the paper. Following features were specifically considered: thrust degradation due to propeller interaction,
transverse stability on large angles of heel, interaction via a hawser with an independently steered vessel, and the haw-
ser tension in a dynamically unstable situation. Software developed on the basis of the proposed mathematical model
allows modelling girting and capsizing of a tug. In addition, it gives an opportunity to access dangerous tug handling
modes, which can be presented during tug masters training or used in the towing operations risk analysis.

Keywords: escort tug; ASD tug; tug assistance; girting; maneuverability; mathematical model.

AnHoTtanus. [Ipemnoxkena maremMaTniaeckasi Mozienb OyKCHpa ¢ a3UMYTaIbHBIME JBI)KUTEISIMU, B KOTOPOH YUYTCHO
YMEHBIIICHNE YIOpa OT BUHTOB, ITONIEPEYHAss OCTOWINBOCT Ha OOJNBIINX yIIaX KpeHa, B3aMMOACHCTBUE Yepe3 TPOC
C HE3aBHCHMO YIPABISIEMbIM CYJHOM, a TAKXKE HATSDKCHNWE Ha OyKCHPHOM TpOce B AMHAMUYECKH HECTaOWIBHOH cH-
Tyaruu. Pa3paborana nmporpamma, npu HOMOIIM KOTOPOH BO3MOXKHO TPOMOJICTUPOBATE THPTUHT U OIIPOKH/IBIBAHNE
OyKcHpa, 4TO TI03BOJISIET ONPENEIIUTh OIACHBIC PEXUMBI YIIPABICHHS M CUTYaIN IPH OyKCHPOBKE.

KaroueBbie ciioBa: sckoprHblii Oykcup; ASD-Oykcup; KaHTOBKAa; THMPTHUHI; MaHEBPEHHOCTb, MareMaTHdecKas
MOJIEb.

AHoTanis. 3anpoNOHOBaHO MaTeMaTH4Hy MOJIeJIb OYKCHpa 3 a3UMYTaJIbHMH PYLIisIMH, Y SKili BpaXOBaHO 3MEHILICHHS
YIOpY Bil TBUHTIB, ONIEpEYHA OCTIHHICTD Ha BEJIMKUX KyTaxX KPEHY, B3a€MOJIisl 4epe3 TPOC 3 He3aJIeKHO KEPOBAaHUM
CYJTHOM, a TaKOX HaTsT Ha OYKCHPHOMY TPOCI B AMHAMIYHO HecTaOUIbHIN cuTyanii. Po3pobieHo criemnianbHy mporpa-
MY, 3a JJOIIOMOTOIO SIKOT MOXKJIBO ITPOMO/ICIIIOBATH TIPTUHT 1 MepeKuIaHHs OyKCHpa, 10 J03BOJISIE BU3HAYUTH HeOe3-
MIeYHI PE)KUMU YIPABIIHHS 1 CHTYAIIT i 9ac OyKCHpyBaHHS.

Kuarouosi cioBa: eckopramii Oykenp; ASD-Oykcup; KaHTYBaHHS; TipTHHT; MAHEBPEHICTh; MaTeMaTHIHA MOZICITH.
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IHOCTAHOBKA IMPOBJIEMbI

Pabote moOpTOBBIX OYKCHPOB SIBJISICTCS CBOHCTBEH-
HBIM BBICOKH YpoBeHb pricka. CornmacHo maHHBIM EBpo-
neiickoil acconmanuu Mopckoi GesonmacHocti (EMSA)
23% aBapuii CyIOB TEXHHYECKOTO (hoTa CBsI3aHO
¢ OykcupoBkoit [2]. Beero ¢ 2011 mo 2015 rr. mpowuso-
1o 236 UHIUIEHTOB, 43 U3 KOTOPBIX CBA3aHBI CO 3HAYH-
TEJIbHBIMHY TTOBPEXACHUSIMU WM TTOJTHOM TTOTEpeii Cy/I0B,
a TaloKe ¢ THOENBIO YWICHOB JKHINaxa. B 3To uncio BXo-
JuT 11 ONpOKMHYBLIMXCS U 3aTOHYBLIMX B €BPONEHCKUX
BOJIaxX OYKCHPOB.

B npouecce paccienoBaHus JaHHBIX NPOUCLIECTBUI
OBbUIO BBISIBJICHO, YTO HEJOCTATOYHOE BHUMAaHHE YJICIIsIeT-
CsI TIOATOTOBKE KAalTMTaHOB, a TAKXKE MPOOJIeMaM OCTOMHYH-
BoCTH OyKCHpOB, HampuMep, pabora Oykcupa Ha OTTSDKKY
B PE&XKHUME «HOC-K-HOCY» Ha X0y TpeOyeT Kak XOpOILIHX
HaBBIKOB YIIPABJICHNS, TAK U YETKOTO MOHUMAHNUS (pu3mde-
CKHX TPOIIECCOB, 3aJI0KEHHBIX B OCHOBE ITOH OIepaiyy,
ocoboe oTHOIIeHHE K cebe Heobxomumo Oykcupam, pabo-
TAIOLIME B PEKUME «ICKOPTa». ICKOPT MPOU3BOAUTCS HA
CKOPOCTSIX 4—8 y37I0B, UTO CBA3aHO CO CKOPOCTHIO, COOTBET-
CTBYIOIIEH yCTaHOBKe TeJerpada «caMblii MaJIblil BIiepem
(«dead slow ahead») cynHa-00bekTa. ITO MPUBOIKT K 3HA-
YUTEILHOMY YBEINUCHHIO B3aMMOJICHCTBHS MEXKIY CylaMH
1 POCTY TUIPOJIMHAMUYECKHX CHJI Ha KopItyce OyKcHpa.

OmnpoxunbiBaHne OyKCHPOB YaIlle BCETO MPOMCXOTUT
7100 TIPU CTOJIKHOBEHHH B MOMEHT TI0JIX0/1a K HOCY Cy/I-
Ha ISl KPEIUIEHHs Tpoca, JTU00 B pe3ysibTaTe THPTHHTA.
I'upTHHT — SIBJIEHUE NOTEPH YIPABIIEMOCTH OyKCHPOM,
YBJICKaCMbIM Cy)IHOM-OGBeKTOM, KOTOPOE MOXKET IIPpUBEC-
CTH K OIPOKHIBIBAHUIO.

OOyueHue yrnpapieHuo OyKCHPOM Ha peasbHOM 00b-
€KT€ B ITOPTAX C MHTEHCUBHBIM CYIOXOJICTBOM 3aTPyIHHU-
TEJIBHO, MO3TOMY Ooyice A(P(PEKTHBHON Ha HadaIbHBIX
CTaJMAX SIBIISETCS MOATOTOBKA CIIECIIMAINCTOB HA TPEHA-
xepax. OHaKo He Beeria BO3MOXXHOCTH TpeHaKepa 103-
BOJISIFOT TIPOMOJIEJIUPOBATh BCE OMACHbIE CUTyaluu (Ha-
TIpUMep, THPTUHT U ONPOKHIBIBAHUE).

B cBsi3u ¢ ykazaHHBIM OyJeT OCYIIECTBICHA pa3-
paboTKa IMPOrpaMMHOIO 00eCHeUYeHUs], MO3BOJISIOIETO
JUISL ONIPEICJICHHOTO THIa OyKcHpa 3a/1aTh HEOOXOIMMBbIe
HavyaJbHBIE YCJIOBHS M 3aT€M IIPOMOJICIIUPOBATh MHTE-
pecytome omnacHsle cutyauuu. [Ipu stom Bce Oosee
LIMPOKO B PA3JIUUHBIX MMOPTAX MCIOIB3YIOTCS TaK Ha3bl-
Baemble ASD Escort Tugs — Oykcupbl, 000py0BaHHBIE
A3UMYTaJbHBIMU JIBIOKUTEISIMU U O0JaAloIIHe PSIOM
CBOMCTB, KOTOpBIE JIAal0T BO3MOKHOCTH O€30I1acHO Ipo-
U3BOJUTDH ONEPALIUU HA CKOPOCTAX 4—8 y3I0B.

AHAJIM3 MTOCJIEJTHUX
JOCTUKEHUN U TYBJIMKALIAI

B cymecTByromux myOnuKanusx MOXKHO BCTPETHTh
CTPYKTYpy MareMmarnieckoil mozenu Oykcupa [3, 4, 5,
12], B oO1mieM Bue OTOOPaXAMOIIYIO JACHCTBYIOIINE Ha
Hero cuibl. bonee moapoOHbIe JaHHBIE, TaKHE KaK (PyHK-
MU pacdeTa OTACNBHBIX CHII M KOX(PPHUINEHTOB, 3a4a-
CTYIO HE YIIOMHUHAIOTCSL.

MO’KHO BBIJICITUTD JIBE€ OCHOBHBIE IPYIIIBI MaTeMaTH-
YECKHUX MOJIEJIEH JIBIKEHUS! OyKCHPOB:

1) Momeny ABMO>KEHUS Ha IIIOCKOCTH [3, 12];

2) MoJieNH ABM>KEHUS Ha TUIOCKOCTH € YYETOM OCTOM-
quBocTH [4, 5].

B crarpe [3] ommcana ymporieHHas MOIENb OyK-
cupa, paboTaloIIero B yCTOHYMBBIX PEXHUMax Ha YKOI
n OTTSDKKY. [IpM 5TOM CHIIBI, pa3BHBaeMble JBIIKHTE-
JeM, 000OIIeHBI KaK BEKTOp, a KOod(D(HUIMEHTHI CHI
COMMPOTHUBJIICHUA BBIPAXXCHBI MPOIMOPIUOHAIBHO YIJIaM
npeiida. Taxoit oOpasenm mpeqHa3HA4YeH MO TIpen-
BapUTEIBHOTO pacyera [uarpaMM YCHIIMH, TIpOU3-
BOJMMBIX OYyKCHPOM B YCTaHOBHMBIINXCS PEKHMAaxX
JIBHDKCHUSL.

B pesynbrate uccnemosanuii I1. Bpagnepa [4, 5]
ObuTa Tpe/UIoKEHa MOTYIMIUpHUYECKas MOJACTb JHHA-
MHKH OyKcHpa C a3MMyTaJbHBIMU JBWKUTEISIMHU, T/E
OCHOBHOE BHUMAaHHE yJEICHO UX B3anMmozeiicTeuro. He-
CMOTpSI Ha TO, YTO 3JIEMEHTHI OCTOMYMBOCTH BKITIOUCHBI



B CTPYKTYpPY MOJIEINH, TI0 UTOr'aM PAcUY€TOB HAKIOHCHHUSI
OyKcHUpa He MPUBOJISITCS.

Kpome Toro, B juTeparype 4eTKo He Mpe/CTaBlIeHa
MOJIEJTb B3aUMOJICUCTBHSI CUCTEMBI OYKCHP-CY/THO.

MoIeTUpOBAHHIO  JIBMKCHUSI  KPYMTHOTOHHAXKHBIX
CY/IOB, B JIaHHOM Cllyyae Cy[Ha-00bEKTa, MOCBSIICHO
MHOXeCTBO pabot, B Tom umcie [1, 2, 10, 11], kotopsie
MOYKHO HCITONIB30BaTh B KauecTBe 0a3bl I pa3padOTKH
MOJIEJIH CUCTEMbI OYKCHUP-CYHO C YIETOM OCTOHYHUBOCTH
MIEPBOTO.

IEJb CTATBM — co3naHne MaTeMaTHYeCKOM MO-
Jen OyKcHpa ¢ a3uMYTalIbHBIMU JIBIDKHTEISIMH, 1103BO-
JISIFOILEH MTPOCYUTATh JTUHAMHKY OYKCHpa B PaziIMYHBIX
pekrMax pabOTHI C YUETOM €r0 OCTOWYMBOCTH.

MN3JIO’KEHUE OCHOBHOI'O MATEPHAJIA

1. Cmpyxkmypa mamemamuueckoit mooenu dykcupa

B pesynbrare ananuza psja uccnenoBanuii [1, 2, 3, 4,
5, 10, 11, 14] 6puta BEIOpaHa cIeIyrOIIas CHCTEMA YpaB-
HEHHUH, ONTMCHIBAIONIAs IBI)KCHNE OyKCcHpa:

(m+my )i —(m+my)vr=X
(m+my )W+ (m+mur=Y
(Igg +J4)p=K
(Ugo +Jg6)7F =N —x5Y

7l m — MacCOBOE BOIOMU3MEIIEHHE CYAHA; M, , M, —
HPUCOEIMHEHHbIE MACChI; [,,, [, — MOMEHTBI HHEPIUH;
Jy» Jgs — TIPUCOEIMHEHHbBIE MOMEHTBI HHEPLUH; U, V, P,
7 — IIPOZOJIbHAS U NIOTIEPEYHasi COCTABIISIOUINE IOCTya-
TEJIbHOW CKOPOCTU U YIVIOBBIE CKOPOCTH OTHOCHUTEJIBHO
MIONIEPEYHON M BEPTUKAIBHOM OCEHM K LIEHTPY TSKECTH
cyaHa cooTBeTCTBEHHO; X, Y, K, N — runpoauHaMmuye-
CKHUE CUJIbl U MOMEHTHI, IEHCTBYIOIIME HA CYIHO.

B pasBepHyTOM BHIIE€ THAPOJMHAMHYECKHUE CHIIBI
1 MOMCHTBI IIPEACTABUM KaK:

X=Xy +Xp+Xy
Y=Y, +Yp+Yy
K=Ky +Kp+Ky +Kporr
N=Ny+Np+Np

, 2

e uHJeKehl: H — kopryc; P — 00001eHHas cria BUHTO-
pyneBoit rpynmsl; 7L — HaTshkeHHe OyKCHPHOM JIMHHY;
ROLL — BoCCTaHaBAMBAIOLIMI MOMEHT U UHEPLIMSL.

2. Cunwl conpomueénenus Ha Kopnyce

Cwtbl CONPOTHBIICHUSI HA KOPITyCE OIPEACISIOTCS
TaK:

XH :%CHX (u,B,r)-pLdU2
Yy :%CHY (B,r)-pLAU?
Ky :(ZH _ZG)'YH

1
Nip =5 Cry (B.r)-pL*dU?

) 3)
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rae C,, — KO3(Q(QHUIMEHTHI CHJI B MOMEHTOB COTPOTHB-

JICHUS IO COOTBETCTBYIOIIUM OCSM; P — IUIOTHOCTH
MOpPCKOH BOABI, L — AnMWHA CynHA; d — OcajKa CyIHa;
U — alcomoTHas CKOPOCTh CyHHA; U — TMPOJOTbHAS

COCTaBJISIONIAsl CKOPOCTH CyAHA; 3 — yron apeida (1mo-
3UTHUBHBIN IPOTHUB YaCOBOW CTPEJKH); 7' — CKOPOCTD H3-
MEHEHHUS KypCa; z, — allUINKATa UEHTPA TSHKECTH; 2,
anIuInKara NeHTpa MOrPyKEHHOW 4acTH KOpITyca.

Kosdpummentsr C,, Kak MpaBuiIo, MONYYArOT OTIBIT-
HBIM TryTeM [3, 5, 14]. OxgHako mpuOMMKEHHO X TaKKe
MOKHO OIPE/IENIUTh IPH HOMOIIIU METO0B, PACCMOTPEH-
HBIX B padorax [1, 2, 14].

3. Cunwl, paseueaemvle a3uMymaibHbIMU OGUIICU-
menamu

B nyOnukaruu [3] cuia ynopa ABIKUTENEH 0ToOpa-
KEHA B Ka4E€CTBE CyMMapHOH Bennm4uubl F,> 0 (puc. 1).
Hanpasnenue npusioxenus [, 3aBUCUT OT 3aJaHHOTO
yria d. JlaHHOe ycIoBHE CIIpaBeUIMBO ISl CHHXPOHHOM
paboThl a3UMYTaIBHBIX ABIDKUTENCH B yCTOWYHMBBIX pe-
KUMax OyKCHpOBKH. B mporiecce BBIMOTHEHUS TaHHBIX
orepanuil J0CTaTOYHO YACThIM CIIOCOOOM CHHIKEHHS
CKOpPOCTU HJIM HATAKCHHA, TIOMUMO U3MCHCHUA HArpys-
KU, SABJIACTCA pa3BCACHHUC BUHTOB IIO 60pTaM Ha YIJIbL
30-150° B 3aBHCHMOCTH OT HAaNpaBICHHS JBHKEHUS.
Kpowme Toro, IprMeHsIeTCst METOJT «aCHHXPOHHOT0)» YIIPaB-
JICHWsI, KOT/1a OJIUH JIBM)KUTEIb pad0TaeT TOJIBKO Ha YIIOp,
a JIPyTuM 3aJIaloT BpallieHue. B cBsi3u ¢ atuM Juis Mojie-
JIMPOBaHMsI HEYCTAHOBMBILIETOCS Ipolecca OyKCHPOBKH
BUHTO-PYJIEBBIE TPYIIIIBI IEJIECO00Pa3HO pa3aenTb.

Cuuta ynopa 0JTHOro BUHTa HaXOAUTCS 1O popmylie:

_ 4
Fp=(1=1)p-K(J,0p)Dpnln|, 4

Up(1-w)

J=—,

nDp

rae { — OSMIUPHUYECKUHA KOd()(UIMEHT yMEHbIICHUS
ynopa; n — 000pOTsl BUHTa; D, — JUaMeTp BHHTA;
K, — xooddumuent ynopa; J — CKONbKXEHUE BHHTA;
0, — yron passopora jonactel BuHTa; U, — CKOPOCTH
MMOTOKa HA BUHTE; W — SMIHUPHUIECKUN KOI(PDPHUIHECHT

BIISTHASL KOPITyCa.

B ypaBHeHuu (4) BMECTO MIPUHATOTO B IUTEpATypE 17°
000pOTHI TIPE/ICTABIEHBI KaK 71|71 C IEThI0 MOICTHPOBA-
HUS paObOTHI BUHTA HA 3aHAN XOJ.

B3anMHoe BiusHHE TPOSBISAETCS, Korma oba BHHTA
pabotaroT Ha onuH 6opT. CormacHo [5] Ha BUHTE, HAXO/ISI-
IeMcs BIIEPEAH, TPOMCXOIUT YMEHbIICHNE 3P PEeKTHBHO-
TO yHopa, BBI3BaHHOTO HaOpachIBaHMEM Ha HEro MOTOKa
BHHTOM c3a1u. B [5, 8] mpuBeneHb MeTOIbI, TO3BOJISIO-
1[Me y4yecTh B3auMOeicTBUE BUHTOB. JlocTarouHo Tou-
HBIM U YIOOHBIM JJIs MPUOTMKEHHOTO MOJICIIUPOBAHUS
SIBIISIETCSL METOJ, TIpeIokeHHbI [k, lanrom [8]:

F;=CteFP7 o
Co=C +(1-C,)——,
0=G+( ’)130/cf+93 ®)
¢, =1-0,80"")
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KOPNYCEe U MHEPLIMK

Fu+ F

Y

Puc. 1. YipouieHHas Mozeib B3auMOJICHCTBUS CyiHA ¢ OyKCHPOM

rne C,— kodpduument Bzaumonekicteus; 0 — yron
MEXKY OCSAMH a3UMyTallbHBIX aBwkuTenei; C, —
KOO PUIMEHT B3auMoAeWCTBUSI Tpu O 0; I, —
paccTosiHUE MKy BUHTAMHU.

Cuutbl yriopa ¢ y4eToM paszeieHHsl ABHKHUTENCH Ha
JIEBBII U MTPaBbIii OOPT OMKCaHBI CIACAYIOIUM 00pa3oM:

Xp,=Fp cosdg + Ff cosd,
Yp :F,f sindg +FFsindp
K :(ZP—ZG)-YP
Np =xp-Yp —yp-Fp cosdg — yp-Fp cosdp

(6)

rae XP, yP’ ZP — MO3UNKUA COOTBECTCTBYIOIIETO BUHTA.

KomrmoneHT OOKOBOI1 CHIIBI, CO3/1aBaeMO BpallleHH-
€M BUHTA, B JaHHOM CJly4ae He YUUTBHIBACTCSI.

4. Yuem ocmoiiuusocmu dyxcupa

Ha ocHoBe [9] ypaBHEHHE OOPTOBBIX KOJicOaHUIl 3a-
ITUIIIEM KaK:

gy Vg +by Vg + Uy +ass) Pg +
+hyy - PGty T +bys 17 = K, ™
rae @ — Kod(h(UIMEHTH WHEPIUOHHBIX CHI, b — KO-
3¢ PUIMeHTH AeMIPUPYIOMUX CHT; K — CyMMapHBIi
KPEHSIIHIT MOMEHT; () — yTOJ KpeHa; MHIeKCH /, 2, 3 —
COOTBETCTBYIOT TMHEWHBIM TIEPEMEICHUSM 10 TIPOA0ITb-
HOM, NONEPEUHON U BEPTUKAIbHOM OCAM; UHAEKCHI 4, J,
6 — TIPEACTABIAIOT BpallaTelIbHbIC TBIDKEHHUS OTHOCH-
TEIBLHO TPOAOJIBHON (KpeH), monepednoit (nuddepent)
1 BEPTHKAJIBHOH (PBICKaHME) OCell CyaHa.

B ommune ot 60pTOBOI KauKK Ha BOTHEHNH, HAKIIOH
CyliHa BO BpeMs MaHeBpa HE HMEeT IEepHOJHYECKOro
xapakrepa. CornacHo [9] koadunmeHTs qeMnpupyro-
IIMX CHWJI TPH KaXyIIeics 4acToTe BONHEHUs, OIU3KOM
K HyIIIO, TaK)K€ PaBHBI HYJIIO, KpoMe Kod(duimenra b,
KOTOPBI 3aBUCHT OT IMPUCOEAMHEHHBIX Macc U KOd-
(uuuenta b,, , BRIpaXaroIero HeIMHEHHOE BA3KOCTHOE
nemnguposanue. Kosppuuuenrts! a,,, a,,, a,, b, c yue-
TOM ITpe00Opa30BaHMH, CBSI3AHHBIX C TEM, YTO KaXKyIIAsICsl
YacTOTa BOJIHEHMs PaBHA HYIIIO, ONIPEJEISIOTCS CIEIy0-
M 00pazom:

gy =My +O0G - myy;
gy =My +myy + OG- (myy +OG -myy);
ags =(myy +0G -my, ) L;

bys =—u-(my +O0G -my, ).

e m, — Kod(QQUIMEHTH MPHUCOEIMHEHHBIX Macc;
OG — miHa TePICHIUKYIIPa, OMYIIEHHOTO U3 IICHTPa
TSOHKECTH Ha IUIOCKOCTh BaTEPIMHUU; L — JUIMHA CyIHA
MEXKIy MEPICHANKYIIPAMH; U — TOCTYyIaTeIbHAs CKO-
POCTh Cy/Ha.

Koa¢pdurment b 4y MOXKHO HaliTn meTonmom Mxena
[9], UCKITFOUUB TIPU STOM COCTABJISIONINE 3aBUCHMBIE OT
Ka)KyIIEHCs 4aCTOTHI BOJTHEHHUSL:

bygy =byyy (@45 @ 1)+ by (1), (®)

e b o k03¢ durueHT TpeHus; b 4y — TIOIBEMHBIH KO-
> durment; ¢, — amMIMTyaa 60PTOBOTO HAKJIOHEHHS;
®, — COOCTBEHHA YaCTOTa HOPTOBBIX KONEOAHUH.



B pesynerare MomeHT K, pacCuMTHIBAETCA IO
bopmyre:
Krowr =gy Vg =y 76—
~bys 76 —basy - P — K> ©)

rae K@ — BOCCTaHAaBJIMBAIOLINIA MOMEHT.

B cnywae orcyTcTBHS AeTanbHOW WHGpOpPMAaIUU 00
OCTOWYMBOCTH BOCCTAHABIMBAIOLUIMI MOMEHT MOYHO
paccuuTaTh Kak:

K¢:GM-g-m-s1n((p). (10)

OpHako ams Ooree TOYHOH OLEHKH CIEHyeT 3aMe-
HUTH METAlEHTPUIECKYIO BEICOTY GM Ha 3aBHCHMOE OT
KpeHa IUIeY0 CTaTHYECKON OCTOHIUBOCTH /():

Kq)=g-m-l((p). (11)

5. Hamsasicenue 0yKcupHoul aunuu

B nmamnoit pabore ymnpyrocts OyKCHpHOW JTHHUU HE
yuuThIBaeTCA. PacueT HaTsDKeHMS JIMHUM HadMHACTCS
IpH BBIXOJE HA 3aMaHHyI0 JumMHy /. Eciu paccrosnue
MEXIy TOYKaMHU 3aKPEIUICHHSI TPOCA Ha CyAaX MEHbIIE
3a/IaHHOW JJIMHBI, HATsDKeHUe F, paBHO Hymo. [l Toro
4T0OBI ycumue OyKcrpa Iepeanock Ha HaTsHy THIH Tpoc,
PaBHOJICUCTBYIOIIAsE CHJ R, CO3/1aBaeMBIX OyKCHPOM,

JOJDKHA OBITH HE PAaBHOW HYIIO M HAIpaBJIEHHOH B CTO-
POHY OT OyKCHPYeMOro 00bEKTa.

Fry =0 npu

TT
Ry <0VBT€[_E;EJ\/}CTZO
- (12)

RX>OVBT<—ngT>§vxT<O

=0
Ry >0v B, e(0;m)
Ry <0V B, e(-m;0)

pu

(13)

[IpononeHas ¥ MomepedHas COCTABISIOMINE PABHO-
JEUCTBYIOLIEN R MOCTynarloT Ha TPOC IO €ro HarpabJe-
HHUIO, 00pa30BbIBAs HATSDKEHHE

Fry =Ry -cosBr; Fry =Ry -sinfr,
Fp =Fry + Py + Fry.

rac FTV — JOMIOJHUTECIBbHOC HATAXKCHUC, CO3JaBacMOC
Cy,IlHOM-O6’BeKTOM. Cubl peaKkiru B 9TOM CJIyHdac BbIpa-
JKAKTCA KakK:

KOPABINEBYAYBAHHA R\Er=l F={sk v/

Xy =Fp-cosPy
Y, =F; -sinf3

T T (14)
Ny =Yr-xp

K, ZYT'(ZT—ZG).

B MomeHT BbIXOza Oykcwpa Ha JUIMHY Tpoca Mpo-
HCXOIHT PHIBOK, B PE3YyJIbTaTe KOTOPOTO CKOPOCTH OyK-
cupa M OyKCHpPYeMoro BbIpaBHHBAIOTCs. UTOOBI Tpoc
«BHPTYaJIbHO» HE PACTATUBAJICS, BBEACHO KMHEMaTHye-
CKOE YCIIOBHE:

dl
npu lpp >y —f
u——CP cosBy (15
v +itPsinBT

Ecnu ckopocTh ymnHEHNS TPOca OJI0KUTENTbHA IPH
JOCTHXKECHUH €r0 MaKCHUMaJIbHOM JUTMHBI, OHA BBIYNTACT-
sl U3 CKOPOCTH OyKCHpPa 10 COOTBETCTBYIOIINM OCSIM.

6. Pesynvmamuvt mM0O0enupo8anus O08UMdCeHUs OyK-
cupa

[TomyyeHHass B pe3yabTaTe HCCIECIOBAHUS MOIETH
ObLTa peaqn3oBaHa B BHJE IPOrpaMMbl B cpene Matlab
Simulink R2016b. Jlnst pacyeroB BbiOpaH Oykcup ¢ Tsi-
roBeiM ycwineM 50 TOHH U pasmepenusmu L/B/d —
32,5/10,8/4,6 M, OCHAIIICHHBIH AByMs a3MMYyTaJIbHBIMU
JABWKUTENAMU, D, = 2,544 m.

Ha puc. 2 nmoxa3zana mupKymnanusi Oykcupa ¢ MoJHO-
ro xoxa 14,4 y3noB. Taktuueckuil tuameTp MUPKYIALUT
B 9TOM CiIydae paBeH 128 M.

Pesynbrarbl MOAEIMPOBAaHUSI CBEPEHBI C JIAHHBIMHU
tpenaxepa Transas Navi-Trainer 4000 Opnecckoro mMop-
CKOTO TPEHaXEPHOI'o LIEHTPa Ha aHAJIOTUYHBIX MOJIENAX
ASD 0yxcupoB. KonnuecTBEHHO 1 Ka4eCTBEHHO MOBEIE-
HUE MOJICJIN CXOXKE C MOACTISIMU TPEHAXKEPa.

7. Pezynomamul moodenuposanus OuHAMUKU cUCHe-
Mbl OYKCUp-cyoOHo npu pabome nHa mpoce

Ha ocuoBe myOmukarmii [1, 2, 10, 11, 14] aBto-
poM paspaboTaHa MareMaTHyecKas MOJEIb KOHTEH-
HEepoBO3a Kjacca IMaHaMakc pasMepenussmu L/B/d —
282/32,2/12,2m. Cuibl peakiiid Ha OYKCHPHOM TpPOCE
paccuuThIBatoTCs Ha 06a3ze ypaBHeHuit (12)—(14).

Pe3ynbrarbl MOIEIMPOBAHHS CUCTEMBI OYKCHP-CYTHO
otoOpakeHsl Ha puc. 3—4. Puc. 3 mokaspiBaeT pasiuy-
HBIE PEeXHUMBI OYKCHPOBKH; pUC. 4 — CHTyalUIO «THp-
THHT» CO 3HAUUTENIBHBIM HaKpeHeHHeM Oykcupa (—75°),
YTO COOTBETCTBYET YIITy 3aKaTa JuarpaMMbl CTaTHUECKOH
OCTOMYMBOCTH W MPEBBIMIACT yToJ 3aToruteHus (60°) s
JTAHHOTO THIA OyKCHpa M MO CyTH O3HAa4aeT OIPOKHIbI-
BaHME, KOTOPOE B JTAHHOM CJIydae BBI3BAHO MOMEHTOM,
00pa30BaHHBIM MEKIY CHIIAMH yIIOpa BUHTOB U HaTsKe-
HUSI TpOCa.
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Puc. 2. Hupxymsamus ASD Oykcupa Ha mpaBblii 60pT; pa3BOpoOT ABIKHTENEH 35°
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Puc. 3. MonenupoBanue paboThl CHCTEMBI OYKCHP-CYIHO B Pa3IMYHBIX PEKIMAX:
ciieBa — «bow-to-bow», ckopocTh — 2 y311a; cripaBa — «stern-to-bow», ckopocts — 4 y3ia
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Puc. 4. MonenupoBaHne CUTyalluu «THPTHHD. Pexnm «stern-to-bow», ckopocTs — 6 y3710B



BBIBO/IbI. Pa3zpaborana mMaremarndeckas MOAEITHh
cucTeMbl OyKCHp—CyAHO, CBSI3aHHOH TpocoM. B ka-
yecTBe OyKCHpa BBIOpAHO CYIHO C ABYMs a3UMyTallb-
HBIMH JIBIDKHTEISIMH, MOZAENb KOTOPOTO TIOCTPOEHa B
YETBIPEX CTENEHSIX CBOOOIBI C YYETOM €ro Iomneped-
HOW OCTOWYHMBOCTH. Pe3ynmsraTsl MOASIUPOBaHUS OBLTH
CBEPECHBI C AHAJIOTUYHBIMH THIIAMH CyIOB Ha HaBHUTa-
LIMOHHOM TpeHaxkepe. lIpemyiokeHHOE aBTOPOM Ipo-

KOPABINEBYAYBAHHA R\Er=l F={sk v/

rpaMMHOE o0ecledeHHEe MOKET OBITh HCIIONB30BaHO
B y4eOHOM IIpollecCe M IIPEABAPUTEIBHBIX pacyeTax
OYKCHPOBKH CyIOB B HOPTOBBIX Bomax. [locienyro-
[IMe HWCCIICNOBaHUS MpEeIyCMaTpUBalOT Ooliee JeTalb-
HBI aHaJM3 MOBENCHHUS OyKCHPOB B Pa3iIMYHBIX PEXKHU-
Max pabOTbl M YTOYHEHHWE BIMSHUS B3aWMOICHCTBUS
a3UMYTaJbHBIX BHHTOB M KOpIIyca Ha OOJIBIIMX YyIJIax
npeiida.
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