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AHHoTaums. bykcupoBka sBIsleTCS OJHON U3 CIOXKHBIX M PUCKOBBIX 33/1ad CY[OBOXKIEHHUS, T. K. B 9TOM Cllydae 3a-
JIeicTBOBaHO [1Ba U OoJjiee CyAHA OJHOBPEMEHHO. ABApHIHBIX CIIy4aeB, CBA3aHHBIX C OYKCHPOBKOH, 3a()MKCUPOBAHO
MHHUMAJIBFHOE KOJIMYECTBO, OJJHAKO OHH BCE €Ie MPOUCXOAAT, OCTACTCS BOIPOC MOBBIMICHUS GE30IIacCHOCTH HOR00-
HBIX OIepanuii. MHOTOJIETHHE MCCIIeOBAaHNS U NPAKTUUSCKUI ONBIT NMpOBeJeHUs OYKCHPHBIX ONeparuil MOATBep-
JKJIaeT MPSIMYIO 3aBUCHMOCTB 0€30I1aCHOCTH MX IMPOBEICHNUS OT TPAGKTOPHH JBIKEHHSI OyKCHpyeMoro cyziHa. Pe3yis-
TaThl IIPOBEJCHHOTO aHAIIM3a CBUAETENECTBYIOT O TOM, YTO HEIOCTATKOM CYIIECTBYIOIINX METOJOB OYKCHPOBKH CY-
JIOB SBJISIETCS. PBICKAaHUE OYKCHPYEMOT'O CY/HA, IPUBOJALIEE K U3JIUIIHE OOJIBIION MOTepe B CKOPOCTH JaKe PH Clia-
OOM BOJIHEHMH Ha MOpE, YTO BBI3BAHO B OCHOBHOM HaJIMYMEM BHELIHMX BO3MYIICHHH. J0OKa3aHO, 4TO AJIs MOBBILIE-
HUsI 0e30IIaCHOCTH MIPOBeCHUS OYKCUPHBIX omnepauuii HeoOXoauMa cTaOuIu3alusl peICKaHusl OyKCHPYeMOro CyIHa.
Pa3paGoraH aaroput™ CTaOWIM3aLUM Kypca CyIHA, KOTOPbIH I103BOJISET PEIIMTh 3a/1a4y OYKCHPOBKH MO 3aJaHHOMN
TPaeKTOPHU. ANTOPUTM COCTaBJICH Ha OCHOBE MOJICIIH YIJIOBOTO NBIKEHHUS Cy/HA, KOTOPasl ONIEPHPYET YrIIOBOH CKO-
POCTEIO OYKCHpPYEMOTro Cy[HA M YIJIOM IepeKIafku pyis. Mcmons3oBana Takas MOJEIb YIIIOBOTO JBIDKEHUS OyKCH-
pyeMoro cynHa, B KOTOpPOH 3TOH CKOPOCTBIO MOKHO YIIPABJISATH BO3ACHCTBHSAMH OT YIIa NepekiIanku pyis. IIpu aTom
ITOPUTM CTaOHIM3AIMU «CXOIUTCS» K YCTOMYUBOMY KypCy Aake IPH HAIMYNH BHEIIHUX CYIIECTBEHHBIX BO3MYIIE-
Huil. [TonydeHHast MaTeMaTH4ecKasi MOZICIb PEIIAeTCs METOI0M HAUMEHBILIMX KBaJPaTOB M CHOCOOHA KaK CTaOMIIN3H-
poBaTh, TAK U MUHUMH3MPOBATh PhICKaHHE OyKcupyemoro cynHa. IIpe/ulokeHHbIH 3MIMPHYECKHil cloco0 OLEHKH
YCTOHYMBOCTH Kypca OyKCHPYEMOro CyIHa MOXeT OOeCIeuuTb JOINOJHUTEIbHYI0 HABUTAlMOHHYIO 0€30I1aCHOCTh
OYKCHPHBIX OICpaIUi.
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Algorithm for yaw stabilization of a towed vessel
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Abstract. Towing is one of the most difficult and risky tasks of navigation, since in this case two or more vessels are
involved simultaneously. A minimal number of towing-related accidents have been recorded, but they still occur, and
the issue remains of improving the safety of such operations. Many years of research and practical experience in con-
ducting towing operations confirm the direct dependence of the safety of their conduct on the trajectory of the towed
vessel. The results of the analysis indicate that the disadvantage of existing methods of towing vessels is the yawing
of the towed vessel, which leads to an unnecessarily large loss of speed even in light seas, which is mainly caused by
the presence of external disturbances. It is proved that in order to increase the safety of towing operations, it is neces-
sary to stabilize the yaw of the towed vessel. An algorithm has been developed to stabilize the ship's course, which al-
lows it to solve the problem of towing along a given trajectory. The algorithm is based on the model of angular motion
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of the vessel, which operates with the angular velocity of the towed vessel and the angle of rudder adjustment. Such
a model of the angular motion of a towed vessel is used, in which this speed can be controlled by the effects of the an-
gle of the rudder. At the same time, the stabilization algorithm “converges” to a stable course even in the presence
of significant external disturbances. The resulting mathematical model is solved using the least squares method and is
capable of both stabilizing and minimizing the yaw of the towed vessel. The proposed empirical method for assessing
the stability of the course of a towed vessel can provide additional navigational safety for towing operations.

Keywords: stabilization algorithm, safety of towing operations, towing of the vessel, yawing of the towed vessel, the

trajectory of movement
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Beenenne

O030p aBapUIHOCTH CYAOB Ha MOpE CBUJCTENb-
CTBYeT O HHM3KOM YyPOBHE aBapHHHOCTH TPH MOTEpe
W/WIN TIOBPEXICHUN OYKCHPYeMOTro OOBEKTa, OIHAKO
aBapyH, JONYIICHHBIE B pe3ylbTaTe MOTEPH yIpaBIsie-
MOCTH B X0Jic OYKCHPOBKH, BCE €IIE CIYYAIOTCSI U, ClIe-
JIOBaTEeNbHO, HEOOXOAMMa MPOPadOTKa BOMPOCOB IO-
BBIIICHUS 0E30MaCHOCTH NPH TPOBEACHUH OYKCHPHBIX
omnepanuii 1o 3aJaHHON TPaeKTOPUU.

Teoperuueckue wuccnenoBanust [1-5] mnoarsep-
KJIAIOT, YTO BCe OYKCHpyeMbIe Cyna O0JIadaloT PHICK-
JNBOCTBIO, KOTOPYIO C TOYKH 3pEHUS 0e30macHOCTH
HY>KHO HHUBEJIHPOBATH JI0 AOMYCTHMBIX MIPEIEIIOB, T. €.
CcTabMIM3UPOBaTh WX OBMXKeHHE. OCcOOEHHO OCTPO ITa
mpobJeMa BO3HUKAET IPH HAJHMYUH CEPbE3HBIX BHEMI-
HUX BO3MYIICHHH, 00YCIOBIEHHBIX NEHCTBHEM BeTpa
Y BOJIHBI.

Prickanue OykCHUpyeMOro CyJqHa MPHBOIHWT K JIO-
CTaTOYHO OOJIBION MOTEpPEe B CKOPOCTH, MOITOMY IIe-
necoo0pa3Ho pa3paboTaTh aNrOPUTM, MO3BOJISIFOIIUI
CTaOWIM3UPOBATh JIBIKCHUE OYKCHPYEeMOTO CyJHa,
0COOCHHO TIPU Pa3BUTOM BOJIHCHHH HAa MOpE, U UMETh
MIPOU3BOIHYIO OT BEIHMYMHBI PBICKAHUS, B KOTOPOH
Obuta OBI MHHUMAJIFHO BO3MOJKHASI COCTABIIAIOIIAS OT
BO3MYIICHHS, BBI3BIBAIOIIAs 3TO phickaHme. [Ipu co-
CTaBJICHUH aJTOPUTMa CTAOWIIM3alMU IBIDKEHUS OyK-
CHPYEMOTO CyIHAa U MUHIMH3ALUHU IPOIIECca ero phic-
KaHUS OyIeM HCIIONB30BATH TAaKyl MOJENb YIIIOBOTO
JIBIDKEHUS] OyKCHPYEMOTO CyJHa, B KOTOPOM 3TOW CKO-
POCTBIO MOXHO YIPABISATh BO3JCHCTBUSAMH OT yria
MEePeKIa KK PYJIS.

ITocTanoBKa 3agaun

BoccraHoBneHre MOAENTH PHICKaHHS OYKCHPYEeMO-
ro CyJHa MOXXHO OCYIIECTBHUTH C TIOMOIIBIO TIOJHOM
MOJIENI YTTIOBOTO NIBIM)KEHHUS CYZIHA, HO Takas MOJENb
clIoXKHA B peanu3anud. [loToMy, OCHOBBIBasCh Ha
M3BECTHOM YIPOUIeHUH AU(PEepeHIIMATLHOTO YpaBHEe-
HHUS YTJIOBOTO IBW)KEHHUS OYyKCHpyeMoro cymaHa, WC-
MOJIb3yeM ISl peaju3aluy CTAOWIH3allMd W yYMEHb-
IICHUS TI0 MOJIYJIO BEJIMYHMHBI PHICKAHWS CyJHA Ha
OyKcupe YIpOIIEHHYIO MOJICIb BUIA:

do/dt=0/T—-kd/T, (D)

npuueM janee OyaeM paccMaTpuBaTh MOJEIb J(BHKE-
HUS YCTOMYHMBOTO CyJIHA.

VYpasuenue (1) mMeer JaBa HacCTpaWBaeMbIX Tapa-
MeTpa: MOCTOsHHYIO Bpemenu | / T u kodddunueHT
b dexTruBHOCTH YIS ks. BBUIY CIIOXKHOW 3aBUCHUMO-
ctu mapameTpoB T u ks OT KOHKPETHBIX SKCIUTyaTalu-
OHHBIX YCJIOBHI OYKCHPOBKH KEJIaTEIbHO aBTOMATH-
YECKH TOJCTPauBaTh 3TH MapaMeTphl Ha OCHOBAaHUH
uHPOpPMAIUU 00 YIJIOBOW CKOPOCTH OYKCHPYEMOTrO
CyAHa ® W yriia nepeknaanku pyns o(f). Takum oOGpa-
30M, 3aJada COCTOMT B TOM, YTOOBI INIpH 3adaHHOMN
CTPYKTYpE MaTeMaTHYeCKOHl MOJENH YIJIOBOTrO JBH-
JKEHUsI OyKCHPYEeMOro CyJHa U Ha OCHOBaHUH H3Mepe-
HUH o(f) 1 6(f) OCYIIECTBIATh HACHTH()UKAIINIO TIapa-
MeTpoB Mojnenu T u ks, KOTOpbIE CIIOCOOHBI KaK CTa-
OWIM3MPOBaTh, TAaK M MHUHHMH3HPOBATh pPbICKaHHE
OyKcUpyeMoro Cy/Ha.

Ecmu napamerpsl 1 / T u ks / T TOYHO HE U3BECTHEI,
YTO PAaBHOLEHHO HM3MEHEHHIO PEeXHMMa OSKCIUTyaTaluu
OyKCHpYeMOro CyJHa, TO IPH HOJCTAaHOBKE 3HAYCHHUH
JIAHHBIX OT peaJIbHOTO OyKcHpyeMoro oobvekra dw(f) / dt,
do(f) n 6(f) B BelpaxeHue (1) paBeHcTBO He OyzneT co-
omonarbes. [ToaToMy 0003HAUMM HEBSI3KY YpPaBHEHHS
(1) gepes &(¢), a mapametpbl mogenn a; = 1/ Tu a; =
=ks/ T, Torna

et)=do/dt+ ao+a,d.

KauecTBo npeHTHUKAIMHA TapaMeTpoB d; U d,
MOJKHO OIICHHBATh C MOMOIIBI0 METOJa HaWMEHBIITUX
KBaJIpaToOB C BECOBOM (DyHKIMEH BUaA:

(@ a)=] F0 (0

BecoByo ¢yHknuro f{f) MOXHO BHIOpaTh, HaIpH-
Mep, M3 YCIOBHS TaK, uTo0bl KBAagpaT HEBA3KH e’(f)
YUYHUTBIBAJICA C TeM OOJIBIIMM BECOM, YEM I03Ke OHa
Obima momydeHa. DyHkuued f{f), ymaoBiaeTBopstomei
9TOMY YCJIOBHIO, SIBISIETCS SKCIIOHEHTA

F(f)=e™T".

KoadduumeHT 3aTyxaHusi SKCIIOHESHTHI 0. XapaKTe-
pH3yeT HHTepBal OCPEAHCHHs KBAAPATA HEBS3KH e (f)
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¥ MOKeT OBITh TIOJI00OpaH dKCIIEpUMEHTaIbHO. B 1aimb-
HelmeM OyJeM MpeanonaraTh, 4To MPoIecC PHICKaHUS
OyKCHUpyeMOro cynHa HaOJIr0JaeTcsi JOCTaTOYHO JIOJI-
ro, 4TOOBI IPUHSITH HIDKHUM MpeJeNl B KPUTCPUU PaB-
HbIM —o0. TakuM 00pa3oM, 4TOOBI CTaOMIM3MPOBATH
U MHHUMH3UPOBATh PBICKAHHE OYKCHpPYEeMOro CyIHa,
KpPUTEPHIA 3a71a€TCS TaK:

T
J(a, a) =1 e " " (do/dt+ a0+a,d) dt .

Craduau3anusi mpouecca pbICKaHUusi OyKcupye-
MOT0 CyJTHA

Heo0xonuMbIM  yCIOBHEM MHHUMYMa KpPHUTEPHUS
OyZeT BBINIOJHEHUE CUCTEMbI YPAaBHCHHU OTHOCUTEIb-
HO MapaMeTPOB a| U d;:

oJ(a,, a,, T)/0Oa, =0,
oJ(a,, a,, T)/0a, =0.

3anuieM 3TH YCIOBUS:

T
oJ(a,, a,, T)/0a, = 2 | e "(do/dt+ a,0+a,d)*dt =0,

T

oJ(a,, a,, T)/0a, = 2 | e "(do/dt+ a0+ a,d)dt =0.

IIprMeM, 9TO OOBEKT CTAIMOHAPEH HA WHTEpPBAJIEC
OCpeIHCHMS, 3aJaBacMOM OSKCIIOHEHIMAIbHON BeECO-

—0

T T
a [ e Vwddt +a, [ e 8%dt =~

TlonydyeHHyt0 cuUCTeMY JIMHEWHBIX YpaBHEHHM
MOJKHO Pa3pelIuTh OTHOCHUTENBHO d) U d, WIH B BEK-
TOpHOH Qopme:

w= 2] er[i)

ITepenumem cuctemy ypaBHeHU#H (2):

T T:
[[(eT ")y y dtla’ =— [ (T M'y'dt. (3)
Jns monmydeHusi pemieHud BEKTOpa a B peKyp-

penTHOU popme mpomuddepeHnupyeM paBeHcTBO (3)
no 7:

T
da’ /dt=—[ (e ")y y"dt] " y'e(T) .

0O0603HauMB 0OpPATHYIO MATPHILY

YT =] (" ")y'y dn ™

T T
a [ e %dt +a, | e wddt = -
—00

BoH (pyHKIIMEH, TOITOMY KO(DPUIMEHTHI @; ¥ a; MOXK-
HO BBIHOCHTbH 32 3HaK MHTErpasa:

T
[ e g wdt,
—00

r )
[ e g'8ds.

—0

U B3B Mpou3BogHyi OT Y(7), TOIyduM CHCTEMY
YpaBHEHHI 715l pEKYPPEHTHOTO pacyueTa napaMmeTpoB:

{da* /dT =—y(T)y"(T)&(T),
dy/dt=ay(T)-y(T)y"y"v(T).

Ecmm B3sTh B KauectBe Matpuiel y(7T) TpUHYX-
JICHHOE PElICHKE, IIPH KOTOPOM IIpaBasi 4acTh ypaBHe-
Hus (4) oOpamaeTcss B HyJb, TO MOXHO HECKOJBKO
YOPOCTUTHh TONyYeHHBIH anroput™ [1]. B ganHOM
cllyyae TaKUM MPHHYXKICHHBIM PELICHHEM OyIeT BbI-
pakeHue BUA:

“4)

YD =" (7Y )7 y™.

[MoncraBuM 3TO NPUHYKAEHHOE PELICHHE B ypaB-
o *
HEHHUe JUIsl TPOU3BOAHON da / dT v nomyunm:

da" 1dT=—ae(T)y" / y™y".

B ckamsipHO#t opMe OHO MOXKET OBITH 3aIUCAHO
Tak:

d:a /dl =(-ow/ (0’ +8))/(do/dt+ a,0+a,d),
d: a,/dT = (=63 / (03 +8%)) /(do | di + ao+a,5).

Hcrnosnb30BaHue isl YIPOIIEHUS TOJYyYEHHOTO all-
TOpUTMa TPHHYKICHHOTO PpEIICHUsT ypaBHEHHWH (4)
CMOCOOHO MOBJHATH HA €r0 CXOAUMOCTbD, HOITOMY Ja-
Jee 1esiecoodpa3Ho HCCIE0BaTh CXOJMMOCTh ajro-
put™Ma (4). IIycThb aj9 B ayp — UCTUHHBIC 3HAYCHUS UC-
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Torma MOXHO 3amucaTh HEBSA3KY YPAaBHEHUN B BUJIE:

e(t) =Aa0+ Aa,d .

ITepenumem ypaBHeHHS Mowcka (5) ¢ y4eToM co-
CTaBJICHHON HEBS3KH £(f) M CTAIIMOHAPHOCTH IBIIKE-
HUs OyKcupyeMoro cyaHa (ajo = const u ayy = const):

dA: a /dt=~ (0w / (0*+8))/(A: a0+A: a,d),
dA: a,/dt=— (a8 /(0*+8%)) / (A: aqo+A: a,d).

AnroputM (6) CXOAUTCS B CMBICIE MOHOTOHHOTO
YMEHBILICHUS] CyMMBI KBa/IpaTOB OLIMOOK BETMYHHBI

[(A: al)2 +(A: az)z].

(6)

JelicTBUTENBHO, POU3BOAHAS OT 3TOW BEJIUYMHBI
C y4eTOM BbIpakeHus (6):

d/dif(A: a))’ +(A: a,)’]1=20(A: aqo+A: a,8)° / (0’ +8°) <0.

Tak kak TPOM3BOAHAs SIBISAETCS OTPUIATEIBHOU
BEJIMYMHOM, 3TO 03HAYAET, YTO PHICKAHHE HE MOXKET
YBEJIMYUBATLCS, CIEAO0BATEIbHO, MOXHO MpPHU3HATH —
aNropuT™M OYIET CXOMUTHCS M 00CCIICYMBATH CTAIIHO-
HAPHOCTH JIBKCHUS OYKCUPYEMOTO CyIHA.

OO0cyskneHne MoJy4eHHbIX Pe3yJIbTaToB

Jlonroe BpeMsi Hay4YHbIC UCCIICOBAHHS B YaCTH I10-
BBIIIIEHUSI 0€30TTACHOCTH MPOBEACHUST OYKCHPHBIX OTIe-
panuii MPOBOIMIKMCH B HANpaBJICHHM MOBBIICHHS (-
(DEeKTUBHOCTH YIpPaBJICHUS OYKCHPYIOIMIMM CymHOM [4].
OnHako 0€30TMacHOCTh BBITIOJHEHUS OYKCHPHBIX OTIe-
paiuii B I€JIOM BO MHOTOM 3aBHUCHUT OT TPacKTOPUHU
JIBIDKEHHSI OYKCHPYEMOTOo Cy/Ha, OCOOEHHO eClld MMe-
FOTCSI JIOMOJIHUTENBEHBIC BHEIIHHUEC BO3MYILICHHSA. JTO
TpeOyeT MPOBECHHUS JTOMOTHUTEIBHBIX IMITUPUICCKIX
UCCIIE/IOBAaHMH, ONpeNeNieHHsT CIOCO00B W METOJIOB
yIpaBJIeHUs] CUCTEMOH «Oykcup — OyKcupyemoe cyn-
HOY» JIJISl PEUICHUS 3a7a4i 00eCIICUeHUs] YCTOUIMBOCTH
JBIDKCHUST OYKCUPYEMOro Cy/Ha, T. €. MUHUMHU3AIUU

ero peickaHus [6—8].

B paboTe mpejcTaBieH alrOpPUTM, MO3BOJSIONIMMA
CTaOMIN3UPOBATh JBW)KEHUE OYKCHPYEMOTO CYIHA
NpU OTSTYAIONINX BHEIIHUX (akTopax. B ocHOBy ai-
TOPUTMA IOJIOKEHA MOJICNb YIJIOBOTO JBIIKCHHS CY/I-
Ha, BKJIFOYAIOIIAs YTIOBYIO CKOPOCTH OYKCHPYEeMOro
CyJlHa ¥ yroJ MepeKIaAKu pyis. Jloka3aHo CXOXKICHUE
MPEAJI0KEHHOTO alrOPUTMa, KOTOPBI obecredrBaeT
CTAIOHAPHOCTH JIBIKEHHUSI OYKCHPYEMOI0 Cy/IHA.

3akjouenue

JlokazaHHast BO3MOYKHOCTh CTaOHIIM3AI[MM PhICKA-
HUSL OYKCHPYEMOTO CyIHA W COCTABJICHHBIN aarOpUTM
TaKOW CTAOWIU3AIMK TO3BOJIIOT PEIIUTh 3a7a4yy OyK-
CUPOBKH IO 3aJJaHHOH TPaeKTOPUH.

AJITOpUTM  CTaOWIM3AIIMU «CXOAUTCS» Jaxe IpH
HAJIMYMU BHEITHUX CYIICCTBCHHBIX BO3MYILCHUI U 103~
BOJISIET 00€30MAaCHTh MPOBEICHUE OYKCHUPHBIX OIeparuit
0 CUCTEME «OYKCUD — OyKCUpYEMOe CYITHOY.
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