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A Distributed Framework Design for Formation Control of Under-
actuated USVs in the Presence of Environmental Disturbances
Using Terminal Sliding Mode Control

Samane Kaviri, Ahmadreza Tahsiri, Hamidreza Taghirad

Abstract: This paper proposes a distributed framework for formation control of USVs around a
predefined target. This framework, according to the mission and problem conditions, includes three
parts: determination of a desired path for each USV, preventing USVs entry to the target area and
tracking the desired path of USVs under environmental disturbances. In the first part, a distributed
approach is proposed to determine desired path for each USV and forming an aimed USVs
arrangement around the target. In the second part, by modifying artificial potential function and
smoothly redirecting USVs, the restriction of not entering the target’s region is met. Finally, in the
third section, a robust control algorithm for the USVs navigation in the presence of wind and sea
current disturbances is developed based on the nonsingular terminal sliding mode control. The
developed control algorithm firstly improves maneuverability of USVs using virtual velocity
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command planning, and secondly, provides a finite time trajectory tracking. Also, stability of the
closed loop control is analyzed using Lyapunov stability theorem and the performance of the proposed
control algorithm is compared with results of the conventional terminal sliding mode control.
Simulation results demonstrate proper performance of the proposed framework in terms of improving
tracking accuracy of the desired path and reaching a circular arrangement of USVs surrounding the

target.

Keywords: Multi-agent system formation control, Under-actuated Unmanned Surface Vessel
(USV), Nonsingular Terminal Sliding Mode Control (NTSMC), Voronoi partitioning.

5 eslizal b Jole bl dles > 53 530 cbas Sos, Sl LSS
L beels om ) Lad loped [A] Sl (505 Syl
S LA Al 0ol s pleCue 2505 ¢l 5L S eslinl
aly b fole o a5 5 5l bl 5 S e oiSTd 28 ol ¢ Jule
Sl 435 515 il 5y50 (S 5lee SRS Jlas 53 5 3005 ol en
gt bayslid Cpllae s o (1 ble 0l S 680 [V ]
U Sap Sopon il p bl g sl O el
5 35 oo Sledbl 4 ax g LI 5 e (AUtONOMOUS)
Simer bl et IS DT 6 Ot Gl (R e
I wb e b gline sl nlT sbul Gl (6 lan]
Jolo 2 sl s (bl Cnl glaes LB (0 55 Gl
Ghle & (a5 e o 51 5358 & a5 p e (iss n) e

RCR RS

3635 ssbhien Ysens ki Daky Sl Cgllas s Z5h!
ol 53 15 350 n plawil Slame 2 diate 4 5555 e | Ble
ailate) Coa il adlate 03955k (prlgs Jolo) Codabs ) g5 5 s IS
Seslizal 87 cpl gl Jsltze (gla g, 5 (SOl o sllaals (03 T
cu&quud\ygé;;ygu}\.@twguwtﬁcu
ST 3 G [NV 5 8 2 e VAP Tl 3 b sl sl Joily
o3lizal il g b mbams 5 S 3555 31 (68 sl g 2 )
«Slemn Jeily w51 eslinal 55 Lol el SS Cl ouks
GG s S et 5 s 41aS Al )3 &S e Dy B
b o ol drns & W] o o DS )y ) sty .l OT
S e Doy e od 5 Sl sy (25 Jeily w6 5 eslind
S s p osks (S Salus @ g b Bl s BT b
plasil b s (55l sa0 3 b o sllas s ~Slo! (Under-actuated)
el b 1 03,8 03557 1 8l eats ) s b ek oS 5 5
Sty & hys 5 sl how bild 4 e s b K e
A3l pslie DL i 3 ( (IS 3 0 sdle &Sl 5L J 58
Slaptos S 53 p3lie 5 A sl (S, (B3 g0 0 diSJ 1S
D35 03l OT w57 b8 sl Fios o [VF] T o e 4 o 15

OLT (siluesly 5 Lplazel blia 53 Cuaglie eyl o 5 10

doddo —

Olgs 4 ) el 3 (i o D5y H3ld J ST Gl ams i o
x5 3 58 el e 03 &S e bl g J ST S ) (g8 gazme 5
lin Gl by a5 (S5 Lome nl (ool S a5 el 3 515
o 035 IS 5 o e s 35800 5 Bl 0 (g Sy 51
T i ol oo S ol e .ol (Trajectory tracking)
@ Jde gl syl Kals oysls glacSlalys blize Sauly 6ol
Tl 5oL TOb o 51 (50 (sl DLalizbl s g g 5 s Ll 2
SleeSS 5 (o ol (slaeunSTd ST SIS E3s pute [V] el by
Loyl 5 5 iy s gele 5o la sl ooy 5 ot b oSCalys L gl e o
Comn ol 53 Jaledi 5 a2 slagny ;58 dnn 5 Sl ¢ 85
layslis ot e J S ate) 55 oS (5l Sl .l o3ls Sl 311
P ] ol ol ST (a5 55 ae Btes (sl ool pla
53 bayglis jlos S S (Formation) (sun i l,T abwe slas )8
5 Ol g e Slhes (oo Sl Gl ¢ Glae e
GRS e w5 sl Olslp Coeal el slahl
Gl (Sl Dot iy B plsil o kiin 5 5 (I ST 651 2!

6]

Sl e i sl AT i 65, 48,5 O e Sl
Sseas b ele T L 5 ol (Leader-follower) 5 s - i,
el Sl VO] ol o w8 S ki s <ol T oK
53 5 3l o ly bl s 3 Shes @ 1 a0 sazee JS 3 Sas
Lsks g 8 gy T, Lo oSt Caosele paly ol 5 O se
Jom (26 8T & Cl odd o ae [A] 55 sl 05 5 S50k
o LT e a1y bl ol S oSS
St bl b wlse boagrlse 53 1) b bele 058 (5 0y Sllan

Lajls (Mg las )8 5o dis iledds 1 das o alS

T

258 B 55 Loles daule bl 3 edimSs 63,00,
Lﬁli)) BE (Flnlte tlme) 3 gd>es Qb)}c‘}ﬁl)})?j (a.\r— Q}M

.C...w‘g)ua.nw

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

v

Sl 25 3 5m JAS sy o BLE] Sl 6 s 5 sla sl 09 8 s LT S shten edb S5 oty o5 b

b\)ﬁ%).@:L&Mb)w\adﬁﬁdw

29 Kby -

Pt p b oglan s ooy (el D5 550E J S50
@35 s a8l Jte 55 55 13 L Ol o oS 555 s L
ol [, Y, Y] ol a3 cpl Y2 T T JG Cokn cpl iy 5 S
Z s I 55ks 8 Cgr P g dmio 55 H5ls L XY S

el VS ol
4 X(North)

Xp

",

Fy
E A Yo
2
Y(East)

>

ks 6 oans 5 b ey Slatbes oS 1) S

5 Sl s oBas 53 sls a lasly s et slacs u LU
Ssbo oy (V) Sl daly Loy 6t o
M = RW)v;

cosyp; —sinyp; O
R = [simp;  cosy; 0]
0 0

Ui Xi
v; = [Ui],m = [J’L}
T Y;

ot s s ST 0o o) 8 5 oS5 RS S5 L
abayl Q)Mgd.galfzﬂ:):wﬂdgiol};o@)}u&ti:

")

b o b g (V)
MU — Moz Vi 1y + dyg Wy = Ty + Taus
My Uy + Myg U 1y + oz Vi = Tayi ()
M3z T + (Map — M)V Wy + d33 1y = Ty + Tari
o i =123 (il b Sblimy i =123
o Taji s ol ool (IS G5 Tri 5 Tui 2l et
S S boles A s J ygme p3 0 Jule 5L gzl ol sk 28
Fy 5Fy Ol i 656 931 &K o5 ailal K 55l ol 1) o
b e pLazEl o Sl ol (53 Cpimmen ol ) S ol
o Cte ik oy Hlie S5 5 Sl ST T Ol 5 5L S
Syls sy |dei| < Tji Sy ge
J:L:;a,jm?@?yu 51U alamel gla s 5liE s caalsl s
Dl bys s e Sl oy Sage 51 ST ST 0L~ 5 0L
guow})ﬂ.}&dfﬂ)}udg"_;‘J{.Caﬂ‘a&wbucul}})@
Gilloe OT dhaz 4515 5 5L (o s oy 55l s (555 3L )

55 gn Al () ey

oA 2 gm0l S O 5 05,5l e Cpen 4 [10] Sl
e b i O3 H3kE (55015 Hsle plawl (g1 1) KNS
)sQTJLS:4.3.[\?].U:;&ljl‘g)lh»g;;f@li:)ékksﬁ\jia
sl o Kan ) g s b3 Gl e o] Ser [1V]
0 oedS 3 gudons Oloj )3 lites s 2L Gl o (2L,
UL o 350 0SS b s dlie pl s bl opl 5y .l
Lol o plasil Cond 5o (sl @ Kes e 3ty 63,8555 L
Lylys 5 Ls s Ll o (oo DLILETN g5ledie b o dle sy
5 20l Sllee laossT & 5 a5 okd ploze s
et b 4 eSS s Sles o) E s Gl wiirn
er $b3s o5l mome Sl GL A DNAOA] Ll e el
iy el aoe sl g1 clin 5 038 5 53 b tgdtes
LSl a5 SLELEL IV OF] 5> S s 048 e

el ol L 5

Crlr S e ol 03 BB GleagaS e e Gl
e O3 S5l 31 25,8 (65 215 s LT e kb
ol ol (b ol i 5l e &G (goeoloee ) hitens
6255k 3 2508 SR 3 S 0 b sl e o1
(Sl Jeuily w51 eslizal b men ol 88 5 g b
S emn ok 3148 Sl o b o 16595 8l ST
olE Gndosl dse Gl odlen s Sl skl
JAS oS 4 e sl e (b i S s
Gl o San (i o gl o Kan b Conl ok 0333 o o3
Ol 53 sllan e (GL3) o AST (el G5 1) psld Cukdse
S R S
palie ol 0l D3N (6,00 o) 50ty 5l Lo g0 5 Lt e 6510
S 80 el glayskiE 4 Cans odd ol b oS 1S Oy
250 a0 b b oS 55 Slas 5 oid Bos ST 0L > 5
Sl 3 Sles Sulg 3 el o alin SIS UL (A
o3ls isled (ilwans Jow 5 (g5 515 2T 4 plaws ) shten oalgiin

el ol

Je I D i BB Ly A ol
Sy ey 4 s S el edd Bime bpsld (Sl
cosllan e (b o 35150 skt 05 8 sl ool
A 350 o dhesty Gbos J ST 5 S o a5 5l Oler
DU g o Ol 3 mer S (o L 0S5 8 L
el LU 4 il eslizel b ods b J S 025,80 sl
33,8 S S 1 ileand S poler i Sl ol
b s s LT & olies 53 (oslein Camule 035 pslie
osls Lialas (0T 0L o 5 b 51 ke e Loyl s 53 bajslis o 8

el o Sl G ol 8 ST e 55 e sl 0l

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Sl 25 3 5m A8 sy o AL ot 6 s B sla sl 09 8 se LT S shten edbm S5 oty o5 b YA

b\)ﬁ%)u@;L&Mb)w\adﬁﬁdw

I Tosd ¥ IS L bt Be (ol Ol il 4315 5V dhe
)}L&C)L,a;r.;mwb‘jﬂ)}uL_gj)u"-dkfj‘yb-gw}jﬂ
258 g dsloms (7) Al Lo 5 5 Oy 5 Oy Cxe sl alsl cmm b
1 AFCCXC (yc)
Tc = Epw V2| AucCrc(re) )
ALC LoaCNC(yc)
ol A s Ape 5T g“i‘? Pw 2T Ok o (o S Ve S
)}u JS‘JJJ’LOU. JUTUEJ”'C%’L’JA"}‘}L&‘ "-"—-:‘;1}—'45

L o el (V) dlasly D) oty e i 5l5 5 (oo Lo o Lol

Ve = /(= V. cos(B —))? + (u — V. sin(B, —1))?

y, = —atan2(v — V, cos(B, — ¥),u — V. sin(B. — ) v

@ Slesls w51 dsar 55 Cne 5 Cye Cxe sl
[Ye]opi o005 () dlasly Gollas

Cxc = —cx cos(y) [cos(y,)
Cyc = ¢y sin(y,) Isin(y,)| W
Cnc = ¢y sin(2y,)

A sl s S & atly St Sl olie Cp 50y Gy S
Gl el m s (Kas a5kt 8T Sl ods 5 3 las opl )3
a5kt auloun 3 Cpimmad Tl OLSG L5l aes (51 (V) ke
V) 5 (F) dlasly 53 alam G155 5 (o (ST v sl SLE2E
cals; DU ooy 31 (68 o (51 457 58 alome 5t 6l

ol ks o )}L’Jt a)u u""L'U‘

Sbasglss 09 57 Sl p o J 15 (b T
o g 9
(1 A Sl L 6 i ) 53 0t (Vb S Ol
Gl Jal &Y 53 ol i O3 sl ysks g 5 Sl (ol
Sleieg 2509 1813 bl p laslid ae pazs gl sllan s
Cllan s oins LS5 LB Olsisas o S o eite o Sl ol
2 4 30,5 S5 3 remen 3 o iy 8 sl sl
e Sl el (il ok ity 85 s plal | oS ol
2t S8 sl sy (b pso 4N 53 A8 e POl sl
el Cllan e S35 Sl T Ol 5 Twj O iy 53,68 Jold
S Il i sse IS Alwga ST slasa gy 0 b o0
G e S Clod b (b (G b 6y st i alslas
Sasay ol s dals sgdome 0L s obs) sl o) Kes
Calien (sl sile (s Ol 55,8 oo a5 3 15 55l b & i 6
b e LAl S 55l 6l 1y 6510 5 s e Jin
i 53l S gl e ol elgiin Sl ¥ S 3 5l

RGO P TP Y u:“'il“" ‘o}j?

Cxw(yw)AFw
TW = Epa]/r%v CyW(YW)ALW (Y’)
an(yw)ALwHoa

5 Jlis asU ALy sApy dos J&s pg = 1.225kg/m® &5
j),t_.':.alftl.é;)lHoa ‘Jl{f})@%ﬁé}a& e-k_:vflj_.aﬁ 6"l>
ol ] 51 Gl e o 5l (Sl s 5T 5 €y
Sl ¥ S s Gollan 5 (F) by Sy 5oty OT o 4515 5 5L oo

Iv]

Vo =V (0 = Wiy c0s(By = D)2 + (u =V, sin(By = 9))? )
Y = —atan2(v —V,, cos(B, — ), u — V,, sin(B,, — )

23t lus 55 Ygame 4 das o 0L ) 3L Cgr By 5 3L ey

[V s padeia sl 5 fnpasl Lows 35 0

23lb & S Wy 3 ke 4315 5 By 3k iis S Wy 3k e Y S
[¥:]

o L;é\i)JJW)‘an }Cyw Crw ) pb tenloma (gl 5 dlia EIBE

4 oGS g (B s edle S Sl ot @5

Sl iy dmlie b pimman 25100k B35 S0 sa3T Ompan (o ss

kil dde 31 el 3 weuls ol @iledde s Calise

S35 a8 el ok o3lizul [YV] 5 () alasl, 3:lae «(Blendermann)

Y OY ] asls b gy ple a4 Cond (6 2t

cos(¥w)
Cew(Vw) = —CDyap 5 CDZW ]
1- 7 (1 - C_Dt) st(Z'yw)
A
€Dy = €D
Fw )

CVW(YW)_CDt _é( _%) . 2(2 )
) D, sin?(2y,,
Sy,

Co ) = [~ 018 (v, = 5)] G )

6‘@&@}&# g_,.:\_j._.pCDt “_gjjb\:ﬁ‘}u-‘%f-_lj—"lCDlAF Iy
°-\—5’;1j—~‘54:-"bj‘(f;f655‘ MESL ‘uLli:.»‘_;jﬂjzal)L_

sl Apyy
b3 ST 0L cbys atgy 4 Comd 3l S5uomn (6,187 alate & 4 57 L
Ol Cs el 0k Jhe g 5 0311 6lyls s S5 Sy gamy

9315 L S ot dow iyt S OT g S i esls W Vo L ST

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Y4

Sl 25 3 5m JAS sy o BLE] Sl 6 s 5 sla sl 09 8 s LT S shten edb S5 oty o5 b

b\)é%)@;éﬁ%}b\gdﬁfdw

Sl i dalslys b azils |y jae cpl Gbsy SUls ledd o1 b
ol ol g}’"}b u::_-)l:_- u.i‘g,a.lbr.ﬁ

Gl yslis a a8 il (e F S 3 sl dil (03555
oSS ST (b ) se LT s Shslee Sk g 43 Ol

Position of

neighbours
vy
xl
Formation [)’.] i Voronoi
Reference "| Partitioning

i
]

A 4

xl
H
i

O ¥ Y

B—
Ui
Vi
Ti

F r 3
[Tm] Environmental
Ty Disturbances

Xai
Potential Field [y‘“] q
Control d

\ 4

Controller

sy S @y

NTSM

inner loop

outer loop

Loslis og 8 o 5T 87 6l oalgiin sl ¥ S8

bl 5l o aS a0 b (o5 S Al )l o35 Coanl SLedb
slis ) ezt 5 el &5 ot oo &G 5555 (g oS U 5
$:Q > RY J&s o Loy (K53 2l oK 55 Loy o
Sl Jele pa paie el g s Jshn posdb 0 oS
> Sles Gl iy, 4 3p wl Olsis Lo (5 )lume g k3 o0
D] osdien s (V) daily Gilae o
n

H(P,Q) = ) H(py V)
n =t . v

= > | minzlla—pill? ¢(@ dq

i=1"Vi

sl s H(P,Q) b r;f_“:\ bl cla Jole 4 Olodkar 8L (sl

syhgn paia (1Y) Ay

6H(pi,VL-) _ 0 1
Tpi = J;ia_TJi(E“q _Pi”z) #(q) dq
== [,.(a-p) d(q) dq o)
_< S d )( Jva ¢>(q)dq>
= v, q q pl fvld)(q) dq
iy (V) daly D)ot Jsb 2 S 0 (V) iy 4 a5 L
25t
Jy,a ¢()dq
= N (Y

T g

sl siSud 5 (et sl Lsas Jule a dH 0585 48 () 5 1
A 5555 5asdshe par S5 0 55 el Sh il 35 255
i )3 o aig b = Gy, Koo )leay oAbl 4zl

503 Ghypnds ¥

Oyt BOT 287 5 (5 paab el 53 b Jole sl 21531 L
. N R z N
@YL‘@‘L—‘”\’“(‘»‘Jﬂ)bj—”@g;“):’@l{})‘)—“b‘d;f
ouufd‘,zf)bﬁ_&_ili&\J"-jhjil:é}_m)".&._ib.&‘}i-
)bgu\.&c‘)}}'d,}fkuJ)J@Lijjaiay)@bﬂbfhn‘sﬁf
SaS s (61, 5L Sl GLis (bl Saysgdous 5o
lAJwLG bl Jsblea X2 L;.\..;r.:“i.? Ll cpl y3 .ol L;,«\.GJ..::
)b.@‘:&@bb\;&@)’jQ)ﬁ@%bb%%b@)d\i

el okl - e OT Dilaseiio 5 g5 pl (Slo 4ol

2593 1S3 48 Sl s pdoma slal b oo (s 93 (5Lsb &S Q
546 goen S (o s SO Sl e o555 sl iz 415 0T
V= bloe oy sladsw P ={p1,p2, o, P} bl
Jobo b 4l S ois 0L VS o 5 L (V1 Vs o0, V)
Sppmot s el Py = X0 Vil i by e oS il g5

Bahen 5 () da

Vi={q€Q|dlq—p) <d(q—p)).Vj# i} @

Uis1 Vi = Q m was o JS5 15 Q 4ob S s 5l plaz|
Sl s el S TVONI(V) = @ b s immen
e G nss Jama 53 LI (ST w505 slad s

Wl (Vo) bl y &y gmar d alolo

d(q—p) = llg —pill 09

(Connected) toen 315 55 ¢l Sl b 055 (bl 1S

S sl gl p A JS sien [4] c—ol (Delaunay) s 56>

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Sl 25 3 5m A8 sy o AL ot 6 s B sla sl 09 8 se LT S shten edbm S5 oty o5 b £

b\)é%)@;éﬁ%)b\gdﬁfdw

S S blie & Sl B o (ol a0 s o0 L)
Joily wB ol Slls S o 593 a1 OT ()T @ 5k
wil) 4 wely i opl g S ea S e s g0
35 Ooa g Sloes b 03 goes 3505 sl STl 5l oS
b o dal g5 e (55le Joudlly Olobn 51 Joolo 8 e L 0T s
21y e sls S Jal a0 JSKE 55 058 0T e i 4 2ee

el ol ools Eoled (o 0355 o S

\

Yy
A
7
¥ |0
D
ol oy lop A . A C
Jeily Slae jlo B ,Y
sl o C :
&lD 1' B
>

(W] &8 e Jolo s 5 o I Joily, Dltn 2 S

35 Sl 3 Fslunl, &y ot Coda U Ol 25 2 oSS o
s OT O o g O 5 slid 4 3,05 Sa 8 Ll s
s emman 5 3,8 15 e 4aS abB 55 ks ey
Jely Ole 4 sls 3555 4sl3 Py s e oSS
Sl )y goma byl a5 Codn w Jools bt 4130 5 i
55 g dnlos (V0) alasl y a4 "y
Y; = atan2(y;, %;)
0; = atan2(y; — yi, X¢ — X;)

o)

33.0; SYP; S clian plw s mod (P — 0, 2m) < 5
daly Gilas 53 S el Sy ymts S y33 4 i o Ll 5
sl mod(P; — 0,2m) > Scoulens a3 8 ki ys (V8)
5 b, (W) daly ilae 53 Selusl & goty H5lis i o
oI b bz (22 b ol s i K3 (5 518 a5
UL Llotdiosy 3l Sl 56050 e slid Opllan Zo
|uydesi| L |uxdesi| (‘J: dﬂ‘f!t'! [W¥] AL adls |y e et sl
bl Jolo s o S e e sl 0t Bl ladarl o
Cardge a8 ol 5 55 b il olie ¢ Coda 1 Jule galols S
plod 355 593 0T 1 (6 ey T s b il 56035 Sty sl

sl 0l Ll (\V)}(\i) .b.e‘_}) f‘jla).: ))‘}a u;_‘

2 b e 4 G ol a Sl O e ol S (L
u&uﬁpequ@aswweu,wﬁ@
b ol v g Cods (o ol (o gllas Olada dllas ol 53 .l
a‘d‘x.@‘e“e}\:&ufJg)éﬂfwl‘_;)ﬂb@)ﬂ‘\{

s pbe iy OF) daly &) o JEs wb Ol

¢ = exp (—kg(ale = x> +b(y = y)* =) (¥

sl mbly b sa o1 sy Sus Cosdge (X, Vr) 45
F IS 53 il o 6K Dyt 0 s e oS s
IS i b o ¢ 5 4 a5 el bs ole suliasOLS e Cadle

iles ) adls coylzw

o Jalo

231 RS

o 0 poloen (5l ba Jule (65 515 Olacr P JSs

G lT OF) daly 55 JE ob R LSl S5 Y
4 i g8 w5 3l oslial Jle Ol ey ol gl LB slize
S 5o ol S Wb o Sole Joue 53 s Jule iy ez
Sl 3,8 a5 s ol lie ol s s g0 Cods Comdge ¢SO
S (s IS $Salys o Culine oty ol Slbes

ol s Jole oS oSl s

Coda ﬁf@))}jcu\;v—"

S ey ST - IET ST N EC I NN S B3 R Py
J:admﬁ,s,;&w\a.\;m;w,:wcsulr:wi!\u;;q
Ll a5 3550 alge Oodn o julone b (ST Ct S bl
ST e &Ky bl st s Jule st 5T ST Jka0l s
4 e OT S 50 4 08 055 5 00T ailaie 4 Ly glis 35,5 il
dal g ks s Shee 53 It b 5 T 55,5 S o 4T @5 SIS s

SJlomn (53,5 0S5 Wl (B jmn ($5lree Jeily w6 iy ol o]
35523 5 Al SR S3lme 50 gl Sl abols Al oS
35 on) S lame b 03 30ms Sl o5 5 3l g 5355 68 sl o
S35 Sl s, &S5 s ol 55 IV Pl e

S Jeily o6 dbwsy Rogpe o glad U5 Cod o |

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Y

Sl 25 3 5m JAS sy o BLE] Sl 6 s 5 sla sl 09 8 s LT S shten edb S5 oty o5 b

b\)‘sz‘ﬂu).&.o:k;],«:du)w\;éﬁﬁdw

oebed (ol Lty Oas geslw (gl by gld il 2ae opl s
omd_ﬁf.w‘aucjhﬂ)}u&Lg‘ﬁQy:LxA)o.l_iJaA\J
Shakised a5 1) Csllas Camdge g sl S Comdge o sl sl
(V) dasly &) oty H5les Candse by sl 1 55l 4SOl
Dy s

Xe =X — Xg
(V9)

Ye =Y~ Ya
G_u;u;uﬁalSw\ou;yg,ibﬂgw(xd,yd)
g gty 35 L e 3y Sl 3 b a ol ¥ S gl 00 Y
b S (1) da

Ve =V — Vg
(¥+)

Uy =U— Uy
A b g slrarsy sliwly 5o sl Glacs w Vg s UG S
§w$l@gpaﬂsw¢lﬁﬂ&\w_é§\j

I (M) daly Gllke Vg UG 6l sllos Hldie 0355 g0 Cundse

t
Ira'cd - (klx Xo + kaJ- Xe dT)
<1 °
Va —Jy

1
|
. |
[yd - <k1y Ye + kaJ Ye dT)J v
0

_[cosy siny
]“’_[—sinlp cosy

Pshs

et 336 (V) 53 (V) dlaly (5l b s s sl S
Jyp sl 035 e b war g bbb I3 o pln el
Al dalg pao il (YY) dal) b Gollas alasl) g 25w

t
)'Ce+k1xxe+k2xfxed‘[=0
0

t (YY)
Ye+k1yye+k2yfyed‘[=0
0

Ocean Current Load

‘Wind induced Load

B 1
Uxapri = Z ((yt _ yi)2 + (xt — xi)z) qudesil(yi - :Vt)

_A ) (%)
Uyapri = F(()’t - yi)z + (X: - Xi)z) |uyd65i|(xi - x[)

Gb sl oY Ooda U sld s Soelosl i o & a5 s

b‘,.."n@ 4:3)?)}@)3)}\..& u}b@&ﬂ(\v)@b
-B 1
Uxapri = 7<(yt — yi)z ¥ (xt _xi)z) |uxdesi|(:Vi - yt)
A 1
UyapFi = _< ) 2) |uydesi|(xi = Xp)
BA\(y: —y)? + (xp — x;)

V)

Usdesi 3 Jolo 3o (X3 Vi) ¢ 52550 Do Loy (X, Vi) &S
Csllas Losdgn 4 Oy Sl pl T sl sl Slas e Uy gesi 5
g i b o3Il WS bl i 5 4B A Lyl oo .ol

.@‘y}XJ}N‘Sbb)bQM

Cotle Combsn war g a bole p ogllae Cond g o ke 4 e
Lilsy 53 POl o 55 5 55 5 () dlasly 3 s iy o
OA) abayly 5olae r\f,a,uu,u_:,a%;bﬂ_wdw),(\f)
RGO PN 6:-\/.19

Dai(t + At) = pai(t) + (Ugesi + Uapri) AL

A
Ugesi = Kpi(pi(t) - CVL-)

BT - u‘,.l.b Cnd g pdi=[xdi ydi]T ‘Kpi>0 Py
9 Ugpri = [uxAPFi uyAPFi]T Ugesi = [uxdesi uydesi]T

AL Sl gan e S oks (b e B el Sl o8 A

uuo.x..fd,:.f@bb\‘—\‘

S50 0 iS 28 b jsliteay o S8 Sty ddl- Jise ol o
Integral Nonsingular Terminal ) I &5l -6 6 bl &4
IKs il st esls s 28 skt 61, (Sliding Mode (INTSM)
e 03 5l b3 IS (Sl edd (b ol Sls oS 8
S5 03,5 Lol b cgnlgin Sl ol das e Ol 1 &Ko g 55
3 e o3l Samd e sl (5ol DU 5 (laee s e b

g o o kiSJ xS s Slas 35p 4 pete b gl OUE i

Ug, Vg
Virtual Command planning

Trajectory Tracking
Controller

u x
A 4 v [Y
r Y

| USV Dynamics Model USV Kinematics Model
Ti": Tu

G O3 o3 Sl e s 235 J S 0l Ss oS # U

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Sl 25 3 5m A8 sy o AL ot 6 s B sla sl 09 8 se LT S shten edbm S5 oty o5 b Al

b\)ﬁ%)u@;L&Mb)w\adﬁﬁdw

LQT‘_;%:J):}M)@PQ:}wobjiauﬂdggd&;’-
S p Jr o 4 5 e se by sl

Ty = —Myv T +dyu +myqty

1 (Yv)

1 _
5 a—lmn(ue)z “ — myq Wy sgn(Sirsm)

T = (Myy — My Juv + dasr

(@u_ud My My, (YA)

+L[@ur+ @—"74_4]_
eula)
1

1 . -
% m (Ve)* % — W, Sgn(SNTSM)]

)‘@LJJ@S&L&P‘)QWl ,sz;_.»lA=i7'd+f"ud ny

s Ll
S0 53 15 (Y4) sy &) o O3 5L b ST

1
V= E(SIZTSM + Skrsm) > 0 (Y4)

OT 53 (YA) 5 (V) &Y slae (5,108 gl ¢34 LS eb S5 i b
ol (V') 4.]44\) J"f JJ‘L.',L;J CU é:.&.ﬁ (slas ‘SJ'LNGJL«: E)
V=W, Bray(ue)®™ Sirsy sign(Sirsm)

)
—WaBrat; ()2~ Syrsm sign(Snrsm)

Lyt DBt & 51 385 53,8 3ol g fol @y sy S
o 3 355 fo(0e) = (D) %27 5 fr(ue) = (ue)*2 ! ol
Wl o (S3ln b 5SS (M) ol iy 5035

V=

(*Y)
Wi fiedlSirsml — W () |Syrsml <0

35 g e (19) sy 2580 gl 4 0t S
Ak 63,8 o513 Sirsm = 0 S5 o (655 g 45 80
0313 )13 o b g gy 3T dlall S s 0 1 S

i Jolm (1Y) dasly OT 5 (6,8 G2k 5 Sirsmr A o

e (1) = = B1 ue ()™ (v

4 250 Ol 5o i3 mbaws (595 &f)‘ﬁ}‘w‘}l’.‘@u o

el (F) sl Gillas 7 553 a0 Sl Co g

Ve(t) + B2 V()2 =0 (rv)

A=y ‘C_.—w‘[\9]@-fjé\ (.JJEL.:J abaly Jolee (VY) ala,y
oo ol y e 355 0 e o Ve 5 Ve () Sen
(o by gl S i e o L (Y0) daly s (i3 ol sl

S5 el e She @ 5 ok se 23 gl

. t t . .
J‘g—":’d“(YY)d‘h’byl = foye dTﬁxl = foxe dT.}:":‘_I::"" L‘
255 e 336 () dlasly Gilkee 55 45 0 fwdl S5 dlee
5€1+k1y561+k2yx1=0

.. . Yy
Vi+ky Ytk y =0 "

aasly Oy smas (YY) dslas glaais ‘kljz - 4k2]- >0 gljlaas

("{11‘7_1 klxz —4 kzx)(t_tsum)

X; = C1x€ 2

<_klx+1 k1x2_4‘ k2x>(t_tsum)/2
+coxe
<_k1y_ klyz_‘l' kzy)(t_tsum)

Y1 = C1y€ 2

<_k1y+ k1y2 —4 kzy)(t_tsum)/z
+cyye

daily Oy geody Holid Condge Glas Yo = Y 5 X = X leslinal b

(Y¥)

—kyy — Jk1x2 —4kyy (_klx_Jk1x2_4 kzx)(t-tsum)

xe = Clx fe 2
—kax—|kaxZ—4 kox (‘k1y+, kix?-4 kzx)(f—fsum)
+C2x f e 2
(Yd)
—kyy — klyz —4kyy (_kly_, kiy?~4 kzy)(f—fsum)
Ye = C1y 72 e 2
—kyy — Jklyz —4kyy (_k1y+\]k1y2_4 kzy)(f—fsum)
+Czyf e 2

Sllos O d i 3l dey Sl et i (YO) ) 51 4S5 sbokua
S o o Ao 4 oled D) s 5 S e Sl (s

22 eSS 28 b bt e sl 5Lyl 61wl o
5 gy 08 S 6l (S 85 el el b (b i g
S g S 2S5 Gl OS50
o&uwﬁuwﬂ)wp;u@cﬁ:fl,[\a])“.x.zm,iu:,)
s 81 55 LS o @l 5 5 glh (5l 5 ) e s (b3
o3 el ) A e ol Gt a gy o gllas
el odsas § L3 55 (Y9) dbayly Oy oty

t
Sitsm =f U (1) dt + By u (t)™
0

Snrsm = Ve(t) + Bo Ve (t)*2

(¥%)

s e Sub 2l By 5By 5 s sbay Sl U 5V S
j)MJJBSMuL_j?;M;‘ (1,2) 3Ly ean s

.:}3@4:5;_,]&.1);:)5;.\9

S 5 15 (1) 5 (1) (Saalys 5 (Soleiw e b ks =) o
Wil (YA) 5 (YY) Lol gillae J 287 056 S16(Y9) ojd mla b

b slasls LT 2, S

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

¥y

Sl 25 3 5m JAS sy o BLE] Sl 6 s 5 sla sl 09 8 s LT S shten edb S5 oty o5 b

b\)ﬁ%).@:L&Mb)w\adﬁﬁdw

atn s G o ol (61 sli N 31 IStz 0y § 6K Lol 1B

:;p@(.t?g\,_;;,w.@l),uN;l&i,ﬁdlﬁ@u;ﬂf,ﬁp

38 o ST il 6 O s L 1y b g SleDMbl 55,8 o 05100 1y 5555 b o)

o nloms o pllan b Of e ey (OF) sl Gollas | 5550 p 2 S o it
AL Rogpe plad 51 S Coda Comd a5l pllan abali alols Si-f
55 gn el (10) dlaly Gillae Joily Oldin 4 55U 3555 4515
s plowl (1) alaly Lo 5 s Mol ctsbmod (Y — 6;,2m) < 70 50
23 pldl OV) alaly Lo i s #Sol ezl mod (¥ — 6;,210) > Ky
235 gn dolns (VA) alasly oo gy 5 5ld o o gllae a0
s g drloes (YA) 5 (YY) daly o 5 J 287, 5ks8—5

.Jﬁg@b)j})‘\{(\)dmwblﬁj‘}u@}ﬁ—v —

il gr domloma |y 355 (0 5155 4G =Y

(#) 5 (F) alaly 3l oslimal b slazel glay skisS ool ot 4 § Lo
Sy g e V Joda sl el

23k 6l ol 5l (AU s sl el 1) Jser

Al Sl e gl

- 0.8 CD,

- 0.55 (Yw < m/2)CDyypr
- 0.6 (Yw > m/2)CDyypr
- 0.6 6

m? 0.24 Apy,

m? 1.6 Ay

m -0.6 Sy

m 0.7 Loq

Vol SSle s 53 1y 3L (555 3 (56 58 5 SV S
V Ss 518 sbolen s o taled alas 4515 s 4l e
sl b 5 Cml Sglize bealy a5 58 ldie (Cul adie
3L agee lap blie 5o Cobis o i S (Sl slisl) 5o 0k 650
T Ol el s i sbas 5,05 |y o3I o b (sl I 1
OT Gl sl ol i osls Siulad A S8 55 o 435l s
amalea (9) alayly el b sls (55, OT 51 (=56 (55,5 5 ysksS

25t

Ol 03 e (b e Dy Syl el 55 U ST Sl
jb}é @)ﬁ))u,h.gl_w‘aw\_@ oM ﬁ)}ij\)}AdL&d
O e b b5l Ul by sl pioma il oo |y Coks Sl g

Al 5 OT  mad ge SleMbl Cb 5o shtea 55
Silwdud i ¢

Il ¢ Gulioed ol 53 ol d 1 b oS 287 s Shas )y shaiens
ol e a3 5ol s 6 (6l it e gl 5 Shes
&M%dgggﬂhydﬁsbcb@\akbw)jdhw
3oLl il Jaoe ALzEl o OT 5 Shas 5 awslie (TSMC)
&Jﬁ)\_‘rr}bﬁjbw.w\eu‘wlﬂ)bg"vd\.&ﬂ
i e O3 sl 05 8 (65 21 (s T (6l oolgt
gjlksu:ﬁ\)T@Q.k:__w)‘_;\ﬂoTéngw@l:ijn.t_..i:‘_g)'\_.wul.’i
el e.l.u":‘sw)){

ST S (B s ) sl ets 8 8 k55 b e
1l (VF) ol 3olae

P/qs
Su=u,+p; (juedr)

Sy =D + Bo( Ue)pl/ql

(¥fF)

Lol Cuta 3 3 o Slel By 5 By 51 =5 5P =3 S

Mmyo= Lm11:31.41 [y ez ) K] ) 4&‘) BE] )}u LELAJ:"‘)[?.
45 d33=6.73 5 dpy=65.54. d;;=8.806 «m43=38.95.65.98

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Sl 25 3 5m A8 sy o AL ot 6 s B sla sl 09 8 se LT S shten edbm S5 oty o5 b £f

b\)é%)@;éﬂwu"u)w\gdﬁfdw

S P PRI NG R R S CR P U S TR PR
23 gl gl S5 56 53 s g Ay 0 Sy = 0
e b Sl Jole SRS 55iE s ps 0 1 8an i 4 35 DL
Feomlin 3 Slas by g & ol odd o3ls (il VY K8 s s

A ITSMC i s,

v (m/s)

e

Time(s)

sl Gl ogllae Lo Sbs, glas i) JQ

Ex(m)

15
B
=
s3]
10 15
Time(s)
oslid Camdge by gl VY JSCs
100
-~ OF
£
2
100
I ITSMC
=200 | L me=—- TSMC
0 2 4 6 8 10
100
ITSMC
=== TSMC
50 =
z H
= ol H
50 ;
0 2 4 6 8 10
Time(s)

j)wéﬁssuébjjj Ay Jg,.,

}lq-nb.});'&j..”_;lj:,é..py&s-&Iﬁmbbj‘(\"\')@b@«q-}:L:
355 g duwloes (YO) aasl, Slu

12
7y (sUrge)
1 - e 7y (SWaY)
e e
T 08- \f
H
H
$
§ 06 / \
K
3 /
5 04
]
g
§
S 02
-
/
-]
02 -
0 30 60 92 120 150 180

Angle of wind T (deg)

Wb ) 3l s e 5 des 315 e 3L 58V IS

Current coefficient

"o 20 40 60 80 100 120 140 160 180
Angle of attack Ve (deg)

235 S e 4l e ST 0L il A S
@ = 1.6 Oysoas (YA) 5 (YY) Loy 53 oS 287 (sl el
el 5B =3 s =2 Wy =W, =2, = 16
kay = skiy = kix = 4 Oy ot Gl o b i3
s g el b a8 Kol ous 4t § L akyy =1
3 gt on oaliie g s oo Shled (g sL2b 5o 1) Csllas s
aley L3 TSMC o oo s s 2 3 ,Shee ITSMC Sy S
o by sl (Y JS_.ZJA.;)I:&LL:JLJ;)UA_\SM
Sgdowe Ola s e Ol i edias Ol aS7 ol ol =5 o slks

!

= Desired Path

——1TsmMe

— — TSMC

x(m)
Mjs)sjj&g}bﬂja&éw#ﬂﬁ

3 g ol ol 5 55 (gl g g3 sl ) I s

4 (silee D) gemts 55 Lamd g Sl (Lo oo sl O b

36 3 Jols Co e gl slas ol Kes Ol 358 o0 |, Ken i

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Yo

Sl 25 3 5m JAS sy o BLE] Sl 6 s 5 sla sl 09 8 s LT S shten edb S5 oty o5 b

b\)ﬁ%)u@;L&Mb)w\adﬁﬁdw

Jm_.\_)..& )\w&r) A.Ef‘))bfdﬁ = 0.2 *sin (t) LS‘“')"‘-‘W L}LL;.ZF\
R PR r..w) 1)4?
TSMC S ITSMC (51 2l 53 b, 5, Shas sls el Y gdr

TSMC ITSMC 5 Shes e
0.323 0.305 Ly(up)
0.197 0.183 L5 (ve)
0.383 0.315 Ly(%,)
0.296 0.258 L(%)

odias § i 53 sla gl (6l o Sobe J ST AN J g

Ly (7)) Ly(ty) ok osled
25.98 25.98 1
25.19 25.19 2
26.69 26.69 3
100 . ; . : . .
—_ () e ——
E
£
&7 2100 4
200 L . . . . L . —
8 10 12 14 16 18 20 22 24
100 - T T T T T T —
50 F 4
z
S ]
50 | ‘ ‘ ‘ ‘ ‘ ‘ ]
8 10 12 14 16 18 20 22 24
Time(s)

PN G P MWL+ 3 I I - JE2 O IV YSPRL i L
Sie I8 e 1 ey 4 35 e sl e VY S S aan g L
Callas s 531y 55l B a0y Sk Olimes IS clagass
ol I b oS ST Ul Godias Ol ¢ b e ol i le Lo
el ames lag )8 S0 Cow Cgllae e s 55l S Lis (6l
35 (YA) 5 (W) J 28 claggasys a8 b § amss Olg oo ol ol

it p3lia 1S izl flie

S5 55 B A sl st 1T r:{.)}i'” Silmosly pgs i 53
e 5 LSS o b Loyl (gl el sy ool ol G1,) (gbm 3 (gL
b s Dz ia 5(5,5) abdi )5 s, ge Coda .ol S 25w
skp=10r=1b=1/5a=1/4 Sun o, ol
S 3 (3laal Sy baysls sl Cond e ol Rgpe = 2
VS sl ods a8 L 3 o)l (gL I et 03 sulous
0313 (Aaled Ty palo Ol (b B o ol gl Lo sl Dot

el ol

tsum = treach T ts

Bias _
= treacn t (- 1) |ue (treach)lal1 !

)
b tsSirsm = 0 553 CL"‘ 4 i Oy 0L Ereach <
tsum 5 A—ws s Ue(treacn +ts) = 0 wUe(treacn) & sl
ool alia s U (Egym ) = 0 42 (0) 51 e oS” Cl Se
g lie il plasil B 550 o by Gl (Gl dmmles
Gb oSl b3y s Shes el aiS U S 535 Sae oS

el 0l Cay a5 (FF) ala

1 ("
L,(error) = T—f lerror|?dt %)
fJo

e Y Jgr 53 e Li ol slae .ol (5lwa s Ol IS Tr &
Ly(error) jlae & 55d oo odaliin Jgdor ol @ slial b 5ol
“5:% j})\»ﬂ);’w\TSMC u&;,)lj:,SITSMC u:‘))L;‘Ji
a3 e 1501y 6 g 3 Shes

25 s sl o (ams L3 (55ledie ST S i ol
Cl ot a5 S i ys

35in (0.2 % t) &y gots bl y aw 5 Slazel 5z =)

ﬁczﬁw=26°}VC=1%4VW=5%61=._\»‘_;\»P\)Q -Y

Be =By =26,V =1,

« |3

5% el -7
(el [10] o Vs L 55 Jgltie 5Lzl ki ol 5l
e Sy 53 55Ul CS o 095 (S5l 3 LA PP
S35 p o Sprolim 53 (Lt 55l iE 5 a8 o oSS O s
oSl Ll llan e 53 5518 ES il 53 il
oy 5 V) sl 3 dla )l ol BT e ol JEST 2%

255

L,(T) = v)

S ke ST AN ekias Ol OF Jgd 5 LasLi ol slie

.M;,U&:jl&tluS@lgjlyﬂum.;,‘;r,;x)u);
YL 018" SleMbl (g3lgtng oaiS'J 28 03 pslin 55kt 4
gy 9348 Sl ot Blod (J 280 g oo 53 Jaoma LA
LSS O35 palie (o sl riman Lol 0l d Lo 093
pade gl sl s IS sl s8N IS 55 (YA) 5 (YY) dlal,

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Sl 25 3 5m A8 sy o AL ot 6 s B sla sl 09 8 se LT S shten edbm S5 oty o5 b Aig

b\)&'L@)WL&ML&)M\Léj_;MM

2 4 6 8 10

SEF s (5

2 4 6 8 10
Ayl Lol 5 (Ll

b Y. Ah:J(C

ab¥e Oly ;o Gast Y Ol s (Cq:;l:\- Ol ys (O ad sl absd (Ll ba 5l L;,\;,.u:ﬂilﬂ:\\cJi.:

Al s Codn J g shlan (20T 4 b5l V0 S @ a5 L
L;\,.J.”_“;L—,,cu,,.&,;%.\,,muﬁu,‘téwwﬁ_:ﬁ
OT 5B 6 ol b ols (5L OT gl 05y 5 o slan s 230
58 jrbls

IR ) 35 B COEUP S JPRPS BV | Ay
LG ol ok plail 63,1063 g5 Jamen 3LzE) S oyl 555 canlia
3 [A] 53 s wlyl oz S Sl oslizal b fole e oz OLES o ot
Wl e 53 (63l o5 SISl oslizal U fale s 5 st
4;'&}5-A{V:i)}illj;,au}_&@auuw\‘/‘}i_&jlf)}kiw
ol i b el Wladl G (3,5) abis J g gl 25T

e 10 5 el (53015 03 A oo 93 0 ) 025 S Lo s

Seh bl ks by g5 SV b

o oloue |y Ooda 55 4 Lyl a5 Sl ot e VF s
e oUT s lasls bwg ot (b 10 S5 55 Llos ga
sl ok s 5 oula J - 0T

10

9

Y [m]

X[m]
Copsale 0loj (b bayslid e V0 K2

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Yv

Sl 25 3 5m JAS sy o BLE] Sl 6 s 5 sla sl 09 8 s LT S shten edb S5 oty o5 b

b\)&L@)-\:»;LéML&)w\Ldﬁﬁdw

S0 53 s G50 43 Jlael b o lan s 2ol @
S 3ln Jeiley 15 )

s (amme Glag 5 Lo oo s SLs, @
.JJANQLAJ)J\%}MW&QJJ L]

ol i Ol ey ows DM bl Loy sl sutis 5T JSCes
G o polun Gl o ls LT 6 4 plaes 6y sy )
S Cain e S35 e 53 edd 1) S et b s
Osea wdles LS o 8 1y Cslen Cumige 4 Cowd b lule
A5 L sld e 2Ol 2y S da sy ) (2 3 skes
Sl s 5 48,8 S0 0T (omsli i 5 s D31 s
i bl Ods o > 0 55lb 555 pde 6l 0T 5 Shes )
2 Sl ) Sl Gl lis adlllas 55 (gluand s
53b 3 (B e SLET ) gl 55 s 2b35 55 NTSM J 257
el odd gy Sl 5 50 S 3 Shas 4 Cod (DT 0L
@l s otd DUl Ol o 5 alal 55w all ot (5M0L
ok 0313 da g g dau g ogllan s b3, L35 e Sl S

sl

10

X([m]
OT Oty 5 ot 31 (553 2y s L sl s N9 IS

Y(m)

5] 8 10

X

X(m)
33 3A] oy s o llae LT 4 olres (61 La)slid e 1YY IS
ol
S e e OLES WY 510 OF S b 55 0 b atl| 5 g e
sl Cobgn sl e b Vsl ol b W sl
ooty 1y oua O gal o 6515 T S5 ol ol Candge
Ly e 3 L e ol o) BU e e pladl lpen
dlﬁafg;_wl;iA{r)"y.c,_.w\-céj?;;)}_,ppa-y\laxfdjzf
Loy sl slaws a5 )90 Sy sele y3 Ooda 51 ST tbgy 4 Oder

Wl et BB 0T 3 g (5 Ko b (s K plad 4 2 503 S

S g5 4o —A

c}f@h@élﬁaﬁéjj}gﬁjl?&st‘,?d-»\kuduﬁd\))
ALML»;.)}g-)lg-J\f\k.w‘\i):ck.ﬂ)b&:idﬁb}d{dh))w
S A o Gl s Ll d 5 bse b LSl Ll &S (e
Byls poaly a5 slals e
jﬁ&bﬁ&@b)ﬂé‘)‘béb&»\bﬂf\k o

DT SYRCERT

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Sl 25 3 5m A8 sy o AL ot 6 s B sla sl 09 8 se LT S shten edbm S5 oty o5 b A

b\)ﬁL@)WL&ML&)M\Léﬁ;MM

[14] Shtessel, Y., Edwards, C., Fridman, L. and Levant,
A., 2014. Sliding mode control and observation.
New York: Springer New York.

[15] Ghasemi, M. and Nersesov, S.G., 2014. Finite-time
coordination in multiagent systems using sliding
mode control approach. Automatica, 50(4),
pp.1209-1216.

[16] Ashrafiuon, H., Muske, K.R., McNinch, L.C. and
Soltan, R.A., 2008. Sliding-mode tracking control
of surface vessels. IEEE transactions on industrial
electronics, 55(11), pp.4004-4012.

[17] ElImokadem, T., Zribi, M. and Youcef-Toumi, K.,
2017. Terminal sliding mode control for the
trajectory tracking of underactuated Autonomous
Underwater Vehicles. Ocean Engineering, 129,
pp.613-625.

[18] J. Heins, P.H., Jones, B.L. and Taunton, D.J., 2017.
Design and validation of an unmanned surface
vehicle simulation model. Applied Mathematical
Modelling, 48, pp.749-774.

[19] Liu, Z., Zhang, Y., Yu, X. and Yuan, C., 2016.
Unmanned surface vehicles: An overview of
developments and challenges. Annual Reviews in
Control, 41, pp.71-93.

[20] Fossen, T.l., 2011. Handbook of marine craft
hydrodynamics and motion control. John Wiley &
Sons.

[21] Blendermann, W., 1994. Parameter identification
of wind loads on ships. Journal of Wind
Engineering and Industrial Aerodynamics, 51(3),
pp.339-351.

[22] Chen, Q., Yin, Q., Fan, A., Sun, X. and Mou, X.,
2015, June. Research on the calculation methods of
wind load coefficients of inland cruise ship. In 2015
International Conference on Transportation
Information and Safety (ICTIS) (pp. 871-876).
IEEE.

[23] Haddara, M.R. and Soares, C.G., 1999. Wind loads
on marine structures. Marine Structures, 12(3),
pp.199-209.

Vg

s ol (VO) daly cddlie 20 53 (V) dayly 4 4 55

HE [ cos P sinlp] m oo

—siny cosy

Coge a ((Y) daly 5o gbo) Sy sl (Vo) dlasl) @ 4 55

Baher e (V)

&l

[1] Tan, Y. and Zheng, Z.Y., 2013. Research advance in
swarm robotics. Defence Technology, 9(1), pp.18-
39.

[2] Faghih, S. and Shojaei, K., 2017. Partial State
Feedback Control for Trajectory Tracking of
Underactuated Autonomous Underwater Vehicle
by Using Neural Adaptive Dynamic Surface
Control. Journal of Control, 11(2), pp.43-54.

[3] Qiao, L. and Zhang, W., 2017. Adaptive non-
singular integral terminal sliding mode tracking
control for autonomous underwater vehicles. IET
Control Theory & Applications, 11(8), pp.1293-
1306.

[4] B. Liu, Y. and Bucknall, R., 2016. The angle
guidance path planning algorithms for unmanned
surface vehicle formations by using the fast
marching method. Applied Ocean Research, 59,
pp.327-344.

[5] Do KD., 2011. Formation control of under-actuated
ships with elliptical shape approximation and
limited communication ranges. Automatica, 48,
pp.1380-1388.

[6] Cui, R., Ge, S.S., How, B.V.E. and Choo, Y.S., 2010.
Leader—follower formation control of under-
actuated autonomous underwater vehicles. Ocean
Engineering, 37(17-18), pp.1491-1502.

[7] Fahimi, F., 2007. Sliding-mode formation control for
under-actuated surface vessels. IEEE Transactions
on Robotics, 23(3), pp.617-622.

[8] Xie, W., Ma, B., Fernando, T. and lu, H.H.C., 2018.
A new formation control of multiple under-
actuated surface vessels. International Journal of
Control, 91(5), pp.1011-1022.

[9] Cortes, J., Martinez, S., Karatas, T. and Bullo, F.,
2004. Coverage control for mobile sensing
networks. IEEE Transactions on robotics and
Automation, 20(2), pp.243-255.

[10] Mohseni, F., Doustmohammadi, A. and Menhaj,
M.B., 2014. Distributed receding horizon coverage
control for multiple mobile robots. IEEE Systems
Journal, 10(1), pp.198-207.

[11] Khatib, O., 1986. Real-time obstacle avoidance for
manipulators and mobile robots. Autonomous robot
vehicles (pp. 396-404). Springer, New York, NY.

[12] Sahu, B.K. and Subudhi, B., 2017. Potential
function-based path-following control of an
autonomous underwater vehicle in an obstacle-rich
environment. Transactions of the Institute of
Measurement and Control, 39(8), pp.1236-1252.

[13] Rezaee, H. and Abdollahi, F., 2013. A
decentralized cooperative control scheme with
obstacle avoidance for a team of mobile robots.
IEEE Transactions on Industrial Electronics,
61(1), pp.347-354.

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html

[ Downloaded from joc-isice.ir on 2025-12-14 ]

[ DOR: 20.1001.1.20088345.1400.15.1.3.8 ]

[ DOI: 10.52547/j0c.15.1.35

Fa Sl 25 3 5m JAS sy o BLE] Sl 6 s 5 sla sl 09 8 s LT S shten edb S5 oty o5 b

b\)ﬁ%)u@;L&Mb)w\adﬁﬁdw

Ue _
[ve]_
t
X —Xg+ | kixxe +k fxdr
[COSI/) sin d <1x e 2x . e ) (Y;ﬁ;)

—siny cosyf| ¢
y_Yd+<k1yYe +k2yf Ye dT)
0

b i m M) Gl Jyy s Sl
_[cosy siny
Jw = [— siny cosy o)
[

Ue _
["e]_]"’l. k
lye + Riy Ve + k2y . Ye dT

Xo + kiy xo + koy ftxe dr]
" ! (Fo)

|

o b2y Sl 04 Sho Jy il 035 o pf 4 s L

sl ol Sl y S D5l 093 e O i Slime 4 (F) oyl

Alie e 53 (YY) abasl, 1Ll Cand g by sl 4y sl g ST ol

2y o Jol-

Yowaw
1wl c;)y@(\“\)@\)a}sggct@m

V= Sirsm Sirsu + Snrsm Snrsm o)

@ A sk Gl Gria i e 53 (V) dlal) 4 4 57 s (i

Sirsm = Ue + Prag Ue ug(£)™7?
=1U, +
1
pray (—(myvr—diu+1y,)
miq

—Ug) ue()“

Snrsm = Ve(t) + Bz az T Do ()%

= 1'Je(t)
. _q M. dyy | )
+ By apv, ()% | —ur+ —v -4 g
my2 my2
1 (m11
——|—u
Mmz3z \My;
—ug | (=(my,

—my)uv — ds3r

+1,)

() dasly 53(YA) 5 (V) dlasly Gilas I 557 (slacsn s S b
V=W, Brai(ue)® ™ Sirsy sign(Sirsm) Vo
A\
—WoBrat; (V)%™ Syrsm Sign(Snrsm) )
o e K 55 Bl 53 5 s e L 455550 3
V. =
—W; Bray (ue)®2 ™ Sirsn sign(Sirsm)

a
+B1 1(ue)a2_1fdu
T . A
~WaB2a,(0e)* ™ Syrsm Sign(Snrsm) )

a m

_Bz 2(1.7 )0(2—1 nu—u .

e d)tdr
ms3 ma2

:ﬁ)l:uihi;&iosﬁdé})lxlﬁy@):\if

Bray
myq
Ba;
ms3

(ue)az_leu < p1(OTqy
Q<)

a1 (T
@)% (T =) tar < p2(OTar

Ll o5 L8 s Wo s Wi I8 o, olie ssls ol

AL et U

Journal of Control, Vol. 15, No. 1, Spring 2021

VE e Sle o) oplad 00 do oJ S als


http://dx.doi.org/10.52547/joc.15.1.35
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.1.3.8
https://joc-isice.ir/article-1-669-fa.html
http://www.tcpdf.org

