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ESO based anti-disturbance target tracking control for
twin-screw unmanned surface vehicle

WU Wentao, PENG Zhouhua', WANG Dan, LIU Lu, JIANG Jizhou, REN Shuai
Marine Electrical Engineering College, Dalian Maritime University, Dalian 116026, China

Abstract: [ Objectives | Focusing on the model uncertainties of unmanned surface vehicles (USVs) and un-
known marine environmental disturbances, an anti-disturbance target-tracking control algorithm, based on ex-
tended state observer (ESO), is proposed for twin-screw unmanned surface vehicles. [ Methods | At the kin-
ematic level, a guidance law based on the principle of constant bearing is presented for USVs. At the kinetic
level, aiming at model uncertainties and unknown disturbances, surge velocity and yaw angular velocity anti-
disturbance control laws based on ESOs are designed to eliminate the problems caused by model uncertainties
and unknown marine environmental disturbances. Finally, the proposed controllers' stabilities are analyzed via
in-put-to-state stability and cascade theory. [ Results ] The results show that such a USV can effectively track
the virtual target point using the proposed anti-disturbance target tracking controller. [ Conclusions | The ef-

fectiveness of the proposed control algorithm is verified via experimental results.
Key words: unmanned surface vehicles (USV); extended state observer (ESO); target tracking; constant

bearing guidance

51 &

I B 4

R AR N R A Uk B A R A o A A {E

AR, BEAE JC N2 BRI D4R L g, o
A (unmanned surface vehicle, USV) 1 — Fh /s
Rtk Btk . ZHE L NEFEET5, /15T
LENW)ZRE . NisshscokE, TAMA]
Tl BR R . B AR BRI A H AR ER R, 11 H AR R

K FEAE:2019-07-03
fEE B

& B HE5: 2019-09-02

To N M (14 3z 2y F 1l 1 I 2 AR ek | ?Fj%iﬂ!%ﬁﬁa
REE L KRB AN s SN A B SF A FEME AL, 0N
FE A ST A 1) b R R O T Pk H AT,
BFFEN B B et A2 T 5 T R AN E R, v
St RN L ot N 8 BT RN E B

(RN AR o TN e PURIILE £ SN T S IS U

W& E&BTE: 2021-01-29 11:11
RV, B, 1995 A, w4, BESE DT ] C ARG AR IE 345 . E-mail:wuwentaodlmu@gmail.com

LI, B, 1982 AR A, g, Bz, W AR R0 BT ) s WA T A S S R, TC AR AR

E-mail: zhpeng@dlmu.edu.cn

EIE, H, 1960 AL, T, Ho, WA TR ST 1 R R BE, O AR R, A AR

E-mail: dwang@dlmu.edu.cn

B 0


https://kns.cnki.net/kcms/detail/42.1755.TJ.20210128.1632.002.html
http://(null)www.ship-research.com
http://dx.doi.org/10.19693/j.issn.1673-3185.01665

%1

R ICH A BT ARSI 85 19 XCRAEFEJC AN EDT T 40 H A BB 4 il 129

Mas"™ 55 . AE G TC N AE 3l 2 8 o I8 5 1R e 2
FAE AL 52 B A ], 12007 3 8 T R B
AR PRI AL 200 )R 2% AT A >R 4 i AE 0 AL )
A, WOME L 2 % R B SR B /N B T N
Bt AHEZ N, RO HERE IO A ME i T2 2o 2 4
WER T 2 4 g R () BRCAS () S A AT RE AL [ 1 A
il , REFEAR JORE BE b 2 5 T A B 19 2R S5k L 5l
BE 77, Al JC AN B4 Y T AR s /e 22

ARSI 5T 5 RN B 1 S R RV A
P Bl B RO HE X 8K B Je AN FEHT T H A R R
il )8, B e, S RURHE K B T A Y iz
NECF R, s B2 T BBl ) 0r . TE
iz Bl 27 2 9, PR 3 T O AT 248 il % (constant
bearing, CB) ) H 5 I &5 il T 85 72 8h 1222 9,
BT P KR UL #% (extended state observer,
ESO) %9\ 77 i B 4 1) L R e 48 A o B2 i 4, LA
TH B AR BN 2 PE 5 R R0 T v PR B 4 3 In) i, S
IS5 T4 B AR BR B o i, 8 A
AR ASHE R P 2 BN G o 3L, 3 B BT 42 Y
T ESO W9 37 o B A0 H2 A 3R 458 31 28 i AR
P, I SE 50k B R H CB il 3 5T T4k H 5 iR
S il kA R o

1 JENBERCAERY

TEHBBR AR AR 2R Xe-Ye FUBE A AL 5 2R Xp-Y, T,
KSR AE B 19 X 9K 31 JC i iz 3l i 8 458 4
K1 RTs

I RNEPIES R
Fig. 1 Schematic diagram of plane motion of USV
B w,v, r 53 900 R T N RE TE I A A2 5 R X-
Yo NI YN MR B v R RN AR R
Xy, a8 5 R o N i FE M BER AR AR R T Y X AR R
Ye AE BRI AL 5 fRN 00 0 S e A IR R A
(T35 B ZE . A e 2 2 T A s [ il £
T M) 1z B2 iR a] l— A~ = 3 B AEZ
YRR AR A,

=R (1)
A v =[u,v,r]", o JC NS AR R 2 ) s g =

[y, 0], A TG AAE I 7 BARZS 7 55 Ry) I BN
FHE T b R A b R A AR AL B 22 T B LR
TE 3 I3 AR, o NS 7E /K T AT i B 7K
3l J1 BHL e 3 iE ok 2R =X, B e A RE fir 52 FH.
N EHE LR R W, T AR 3 2207
FE ] iy 40k Jr ER A AR
Mv+Cv+Dv=1+14 2)

Ko MR JE N AE PR R R R € AL
B R BUE M D Ak sh JT LR B 0 TG
S B 3 R L D ) i g SR HE D R D0 R AR BN
I [v1] 2 o

SR FHRCIE A 0 14) J6 AR T8 T 312784 7 /R 3R 3
4t , M RARE 1 AS 32 1, B DL Bl g 2E s il A
T=[fi+ fo. 0, B-(fi — f2)/2]' o TEFFIK X TEAMEHE
13757 3 M AR B, MR 4 Pk 13 O R, U 1
TGS () BT 2 7= A A 3 5 4 ) R R 2 A 2k
PEOE R, B f=kv . R, $5 i JC A AE O EL 3
FEL AL P A R R T 9 o TS A 19 35 1 3
PR AR B o 20« A TR RE AL 1Y 42 ol F R 0 )
HVi=o,+0,MVi=0, -0, H, o W\ HEE
Pl L, o A ER A R S R . Mo, >0,
o, =080, <0, o, = Off, Jo A FE H 47 Rif ik 5 &
JFiBE; HBo,.>0, 0, =080, <0, o, =0}, &
N R AT 47 e sl A2 i gl A . I, X () s
) JE NS 3h F1 24 5 R TS S an B AR

) d,, 1 2k
U=——u+—74+—"0,
nmy my, nmy,
3
) ds; 1 kB 3)
f=——r+ —Tp+—-0,
ns;3 ms3 nms3

K dyy,dys W JE RECH dy,dss € Ds myy,mss 15
PE o W B H my ma € M kO B B HL A A
e 57 A eI R R SHG tg e, WG HE TS
BB o0, 1 €T, N SR A T ) 40 ) o
oo WL G) mT A, A Y R o, 5 o, B
A5 TC A B SRS, S BH A 5 1 A
FE AR R RS TR AL T XU HE R T E 3
JrE il A B, WP T iz sl 5 i AR ] 5%
iz B e B SR A 0 TR) R

2 pE

21 G RR

CB ] 5 (14 J A D B 2 3 2o K A0 I 2 R o
R E 0, DT R B A LIS RE 09 J7 (7 B I B B
Fbne FARERESEA RS AE 55 F b i LB 1 2]
— R EIf PR T



130 G

SE SCREIS Z) BREE AR AN H bR 07 % B 43k
p(®) = [x(0), yOI"H p(1) = [x (), y(O]", W 2R 5 A I
BRI EE R 553 39 = dp(n)/de = p(t) Fid, (1) =
p(0)o 2 P() = p(0)— p(t), 29 F AR IR 5 E %) R
g, W CB il iy il 5 AR v] LR A

lim p() = 0 (4)

X—00

CB il S I 3 70 A O AR AN AT 2 B o

AX

3 (1)

p()

Y

2 CB il S HBH 7 ]

Fig. 2 The velocity assignment associated with CB guidance

R 2, 15
p(1)

PO B+,

T s A R B 2 YT R B 5 1) 9 i DR 3
Unmax > 03 6,00 B5 Bl 48 55 KK, 6, > 00 AL, 2T CB
JE LAY I8 2 ] AR

{“r= D)= 50 +3()° (6)

W= atan2(y(1), X(1))

o w N JC M I B R o, o TG A Y B
fim Bl Ry, € (—m,nl. BTl Ji2r ok 535
T AT, BT U0 R 4 )

=K. (7

e r o JO N Y 9] 22 A =y~ AL
[ BR R 1R 22 5 KON M 45 R

2.2 G EEE AR e Bk T Br

TEAZE LR E AR OO R, BUERAESE T A
FUEE I\ 3 3 JEE 1 i oy A A8y
= fu+b,o, (8)

s £ o0 DN T 1) B AN B R T b,k )
%5 o A ESO F RS T AR e M o A i
ik o

iz 1: f,1
fi >0 HH .

2 155 BN B PR R 0 B B B B Y R
K (8) T LA AT, A At AR, it an

0(t) = 0t(t) + umax (5)

| < fr, Hip

My WE 5 516 4
— Btk ESO:
{ Li:__ﬁLll(uA_ I/l) + f;A + buo-u (9)
fu - _ﬁMZ(u_u)

2 a0 £, 500 R w50 A8 T s B0 B, WL
R 2E
E R EG = a—uFlf, = f, - f., W—Fr ESO
IR 2ZE AT TN
it = —ﬁu1u+fu
{ f = —Bupit — f
AE, =i, £,17, %X (10) T 7 B9 ESO T & 4
5 RN B 2K

El =AE, —Blﬁ (11)
. | Ba 1 ) 10
iw*m‘[wMOLB“[IL
H1 T A b 2R 4E S [, WA A — A 1E 8 4R
W P AR AN

(10)

AP, +PA, < -l (12)
S, 5 € R, AT O B8 1R — = 4
S 3 A
FRE 5 (8), 6 T A B 7 T e 3, i
R Y\ B H bt A
= e - (13)

A, e s 2R . e =t—u, WG HEE
P ER B 1R 22, X oK T 308 =X (13) FRA, TR B 1%
BTN
ﬁe = _é‘:uae _ﬁula (14)

1) ESO F &G mka @t br.

ESO &4 (1) R EEm g B 1 4.

S 7R BRI LM, XA iR
RGOS NE,, REH A K f,K) ESO F R 4t 2 i
ANREFREN

TR AN 20 v R 7 R

1
Vl = EEITPIEI (15)

X (15) #E17K 5, 15
Vl = ETPI (A1E1 —B1fu) =
_ %E{El —E'P\B.f, <

&, .
=SB +IE P Bl £]

(16)

1 [ > (17)

uv1



R ICH A BT ARSI 85 19 XCRAEFEJC AN EDT T 40 H A BB 4 il 131

5 1
AT 75

Vi <=2 =B)IIEIF (18)
K, 0<6, <1, HILATHI, ESO F R4 (11) 2

 NIRZSTEE 1Y, HAAAE— DK LI R B o F1—A
KIERRETy, AL

IE, Ol <@ (Ey (1) .t-1)+ T3 (|])  (19)

Aot e (5) = 2YAPDIP B
\//l(Pl)g él
3 50 R S B P I e R R e /INVFRAE AL
2) il F R G p R T
EHFREX (14) iReEEmsI 32 41
13 2: X (14) im RERE N, RGN
Rar Gl RE R ARSRE R

s, Hh AP A(Py)

H

UEBH : Fa d an T 2R 0 R O R
1
vV, = i (20)
X“J‘VZS‘F{EF’ 1%1:
VZ = ﬁeﬁe (21)

¥ (14) A 21), 15
Vs = i (~€,fte = Bunll) = £,08; — Buleil <
— &, + B lite| |1 (22)
. > B lil/(£,6,), T
Vo <=£,(1-8))li] (23)

K, 0<0, <1, WL, BHlFREX (14) B A
REFE B, BAFEK LI R, MK R yfi
P

lite| < (it (to) 1 = 1) + v (lit]) (24)

A, 9, (8) = fgzso
3) ESO T 24 55 Hl T R B Jk R M AW
1 ESO T &5t (11) S #H T R4 (14)
Tl A R 5%

Z‘ul : i _é: U ﬁ
5 { ii = i+ f, (25)
2\ fu=Boi~f,

M 2, F1 2020 W 1 3% T ESO 11 1 9\ 3% 3 i 4%
Tl AR R R G R E PR BT 1 4540

FEH 1 R TC ARG T B 2 (8), TR
W1 AT, Y% 3 ESO X (9) M9k o &
Pl = (13) 1 2, 0 2020 15 0 Rk R Gt i A
RASFEE B o

WHH: SIF L MBI 2 & . BT &%
SRS e, A R, W% R G825 AR SR
SE W BT RGBSR Rk £, AN £, W%
ARG R ACRERE N Bk, R84 R — 30
TR EE B, X T RN NGHEE ARG, £
R R, @, f,, SNERETAK £, Wiz R G825 A
WEREN . IAFE —-NKLER @, M —A
KL REL ., [0 E, ()5 /2 :

IE ()l < @, (1E2 O], 1) + . (

) @6
Ao, Es = (i & f)] o NI LA R,
E?l/y\i%% %ﬁEZﬁﬁ”o
2.3 FIHE 0 2% B B R T B
TEA % LS A L L DU T A
M 4 £ I 1 0
i=f.+bo, (27)
2T A R A9 T O B S B T b,y

Witi . 9 BSO T & 4t iy i it AR M o0 A i
ﬁnT@i&io

<fr, Hbf
HEE fr> 0,

ZRTAN 2 AR A S pdsm, =X (27)
W) o AR A, A AG T IZ R NI, TR —
B £k P ESO:

F==B.(F-r)+f+b,o,
{ﬁ=—ﬁNL0
e p LA R R0 LA T B, R B0k 2
PRSI 2548 25
R R = o H = f— £, 86230 (27)
A (28), 145 ESO MR ZZh A N

(28)

F=—BaF+f,
- . 29
{ fr = _ﬁrZ?_fr ( )
L E; =[F, £17, ¥ (29) e S s R
E3 =AE; - Bzfr (30)

‘ [ 1], [0

|2 o] ]

H1 T AR o 71 4E 2 F0 B, DA AE — S 1 S 4R
W Py L AN 7 R

AZTPZ + P,A, < —¢.1, (31)

X, e eR, B—DRT 0WHE.

MR = (27), 41K A A 32 7 g,
TR AR5 A0 % B DU e il



132 G

1 A
O-r:b_[fr(rr_f.)_‘fr] (32)

A, e et . S =r—r, HIHTE A
R B 1R 22, X 7oK I8 30 (32) 1R A, U B R 1%
BTN

;. = _fr’/;e _ﬁrlf (33)

2, ARG A5, B AR
gERINIE 3 BTN o

K3 il as 4t

Fig. 3 Controller structure

1) ESO F A Gt e o

ESO + %450 (30) A E R 513 3 451 .

SIH 3. 70 RO 2 AT, X (30) Frm
RGEIRENE;, ZRGH AN £ ESO F RS2
ANREFE M

UEBH : A A 2R 1 R O 7
V= lE3TP2E3 (34)

2
X VRS, Bear 2L (30), AIfR

V3 =E,'P, (A2E3 —Bzﬁ) <

&
- 3||E3||2+||E3||||Pz (35)

21|P,B || f:
|E;|| > ————— (36)

. g, _
Vi< —5(1 —0y)||Es|I° (37)

X, 0<6;, <1, Kk, ESO 7RG (30) 25 A
IR R E 1, B AFAE KLIE 0RB as f KK R B
T§Y1§E3 (1)1 J2 :

IE; (DIl < as (E5 (1) .t —10) + 15 (I £ID (38)

Serfr, 7 5y = ZVAP IRl
\/i(PZ)gré?)
2) Pl T RGO RUE ST
el T R GR (33) MURE S 4 St
518 4; 2 (33) FTRR GRS e RGHA

s WF 5 516 &
N EE T R G ARSI E R
TE g T ZHE R R pR R
1A2
V4 = El’e (39)

X VRS, Bz (33), AR
V4 = ;’\'e(_gri;e _ﬂrlf) =
_gr;f _Brlf‘e?<
_frfz +ﬁr1 |7’>e| |i;| (40)
Hi 7. > B |71/(£,6,), TT7%
Vi< =£(1-0) 7| (41)
A, 0<6, <1, HIL, #HlFFH5:0 (33) 2 A
REFE 1, HAFTEK LA R K R Ey T
Pl A2
|”>e| < a4(’,>e (t())vt_ tO) +74 (lfl) (42)

ﬁqj’ 74(S):
rv4

3) ESO T R4 5T RESIBA W1

B ESO T & 4t 2 (30) 5+ 7 & 40 L (33)
BE— PRI R S

2 ’;e_ =& 7, ,Brﬂ”
z, { F=—BaF+f (43)
f = —BaF- f

Hy 2, 01 2, 20 8 1Y 5L T ESO 1Y il 45 #  J3F 45
AR HIK R AR e 2 4

FE P 2: 25 B TC N RE i 4 AR K (27), TR
AR 1 ISR, MR A B ESO =X (28) A
B A o A ) =X (32) i X RN 2, 2 R Y R B AR
45 2 AR E M .

TERA. 513 3 A 3 4 B 445 HiE . X T
BEHFRES,, HRERE N, WA RF, MRS
B AR FEE; W T ESO T R&4:2,, #RGIIRE
REFL, BACH £, W R G ACRER S . B
Jry— B0 PR R M R B, R T A i R A
Wil IR R G, B RGERE Nr, 7, f, SPEREIA N
o MPZ R R ARESREN, BAFAE—-1TNKL
KR w A — DKL S, [HE, ()T 2 :

IE, 0l <, (IE. O+, (|£]) 44
Ao Ey=[ia 7 ] T AN LR RN,
BT AR5 S B 5
3 ALRER

N T B UEAS SCHT $ B 3R T BSO B P AT 4T
il T DUt 0 H bR g ) v A ARk, SR A 4




55 118 SR ICHF A T SRR LI 2 ) SCR A 1 e A BT 40 H Am 2% 42 il 133

Jit 75 B4 2 i CSICST-DHO1 5 J& A i #E 17 iiﬁ i o h2 — T
VTe NS AT SRR A et T B ) 10 [T
PR ST RECRRE AL, Joh B pL . g0y '
R BT N VS Bl = S A % 0.50
G = 021
= 2ol ‘9“-- - ﬂ" OOl 2I5 5I0 7I5 160 12IS lSIO 17I5 260 22IS 250

2Lt K i) /s

B o K5 USV PGl
Fig. 5 Surge velocity of the USV
OX s

"

N

e
N
D

L 050} GetAb B E
B4 ERBREE AR T 6 ¢ 00 e
Fig. 4 Experimental platform for target tracking of USV fd 0.25
=
AU B 10 4 0 28 B R ¢ = 0.7 M, e 0
= —0.25
5,=4, Bu=l, Bu=025, B.=1, B,=025, & =2, B
& =0.5,b,=1, b,=1, At B L HE RN B ARl & A 0900755750 75 100 125 150 175 200 225 250
8, KR A A - o T, o A B D s
- ~ . B 6 )T IR
BAF ST 149 1 481 1 6 250 980 LB A5 7 Xy o1 9 e PRRTERE
Fig. Tracking error of the surge velocity
B,
p(O=p(O+R" (W) q (45)

A po(0 M B Bﬁ JLE s g N E WA ]
AR I kBl = [-2,-21" R W) N BEFE5E 1%, H
i i

O

R (lﬁ)=l (;);:Z _ngrslj (46) 025 50 75 100 125 150 175 200 225 250
I /s
Kl 5~ 7 s 1 9 i 1 5 4 il iU 3 A 45 2R 7 WFHEE ESO MMt
K s £, X FHENIEEFEFES, LT ESO Fig. 7 Estimated disturbance based on the surge velocity ESO
() A7 T RN T N JE 1% SIZ s 3 357 R 7 4 o ) B[] "
WA E B R . & 6 R, 7RI\ T o B 45 il A 15l
3 (13) B 1R RS I, J6 A 0 7 BB % 10 w
RERETE 0 £ . K7 BR T T AMELEL S H S st
AR W s 2 E DL, FERR A, PLsh HA ﬁj 0F
TEE A, X 5 SE PRI BUARST, B T 9\ & ESO T
= (9) AR 10025 50 75 100 125 150 175 200 225 250
£ 8~T1 10 J& 7% T A 2 £ 338 B 5 X o 1 25 s

8 USV i Ay id &
Fig. 8 Yaw angular velocity of the USV

R FSERM, XM TFAENIMBEREFS, KT
ESO B Ak T £ 342 2 701 52 s i $2 A 0k 3 X BB 7E 48
FaB Rl AR E B R . B9 WoR, TE A TR Al
JE A2 (32) MAEH R, RSB, B A AE 1Y
o IR B IR 2E R A 008 4 . B 10 BoR B A
FiEE A R 25 B e sl S AR Ry 1E e A, 5 S R O A
£, AH T AR fR U BSO =X (28) A AU

—_
W

—_
(=]
T

(9]
T

|
(o)
T

P IR ER R 22/((°) s ™)
(e}

P 11~8] 14 FE7R 1 fil £ 3 3 42 1l 6 f) &85 S ) ) AL N S PR
0 25 50 75 100 125 150 175 200 225 250
Ko BT B 1 RESE (040 M H bR fig GEZR) il s

A S PR LIRS S, b aT LA, BRI A E O AR i 2
2K 45 W EWEW Bbr b g, B 12 R T Fig. 9 Tracking error of the yaw angular velocity



134 R

fir B

%16 &

&

10

Y5/ (Nm-kg ™)

0 25 50 75 100 125 150 175 200 225 250
Fs 1] /s

K10 fEH I8 ESO RSN G TH
Fig. 10 Estimated disturbance based onthe yaw angularvelocity ESO

PR R ME S M 0L ER R A BV R B R 25, bR DLk
B, 7E i CB il = (6) BIE T, TTAMER
(ATRE S & Y AV SR Y=Y TSI EEE%%%%
fEOm ZE AT . AL 13 R 14 W] 50, Bifi 4 R iR
R/, BR R A 55 R 420 H AR s E’Jﬂnﬁ%ﬂﬁf“ﬁﬁi
— 5 AR AR AR A K IR REL AR T
K, T8 75 s B K L A2 X, T B A 4
HEASPOK B G SE, P EORZE W K, i A (6)
A A S (13) /0, A3z 3 B IR 38 hn, 3%
i%ﬁ?’i‘ﬁ?ﬂ%}/\a o 380, R 2 S s B o, 43 i K
5 Ak S8 H AR, IR ECR AT RIS

K11 Jo NRERY E bR R BRI
Fig. 11 Target tracking trajectory of the USV

12

0\

B /m
S [\ N ()Y [ole]
L

\L_,"\—\..r"‘wr\-’“"f’ M "N\

0 10 20 30 40 50 60 70 80 90 100
A1) /s

K12 2T CB il HIERER IR ZE
Fig. 12 Tracking error based the CB guidance law

1.2 "y — PR

1.0 /M — F bR
~ o %
T 0.8 .
E gep| A "'»'*WW 4 *"Wm f \r‘v\
M W

0.2 1

N
0 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
Fs ] /s

P13 BREAMEAT H ARAE A8
Fig. 13 _ Actual speed of the targetjship-and follower ship

. PR —
o etk
135+ .\‘\/\

s 130+ VAL
125+ \
of N AV
115 -'-\‘ A e | ;‘J \f ',‘\ ‘
1o} F Sl )
105

fm/(
\\
>

0 10 20 30 40 50 60 70 80 90 100
R H] /s
K14 BREZAEAT H ARAE I
Fig. 14 Actual yaw of the target ship and follower ship

4 g5 iE

AR S X XU 2E TE A HE B H bR BR B ) R
P T 3T ESO 19 CB #il T hr Tt H A BR 2 il
Tk. B, 168 Xe-Y il XY, A bR 2R T &7 T L
AR T AN B AR, 235, e s 2# 2 4
T3 F CB il 0 B bR BR R R SR, RS 2
JZAE W T 3T ESO 19 355 B 458 il 13 R 2
£ B A, TOIR T I AR R A R B a2 AN
H AR IR BE P shar SR B IR R, 3 o i AR S AR e
P PR e Bk 2 B, UERH T AT R 4 I A48 B R
Ve BeJe, i UE B T T BT B b R EE
¥ 50l 7 2 B A vk

£ & Uk :

[1] MORTEN B, HOVSTEIN V E, FOSSEN T I. Straight-
line target tracking for unmanned surface vehicles[J].
Modeling, Identification and Control (MIC), 2008,
29(4): 131-149.

[2] LITS, ZHAO R, CHEN C L P, et al. Finite-time form-
ation control of under-actuated ships using nonlinear
sliding mode control[J]. IEEE Transactions on Cybernet-
ics, 2018: 3243-3253.

[31 DO K D. Global robust adaptive path-tracking control
of underactuated ships under stochastic disturbances[J].
Ocean Engineering, 2016, 111: 267-278.

[4] PENGZ H, WANG J, WANG D. Distributed maneuv-
ering of autonomous surface vehicles based on
neurodynamic optimization and fuzzy approximation[J].
IEEE Transactions on Control Systems Technology,
2017, 26(3): 1083—-1090.

(5] #idw, RS, FEZE, 45 JLT A G KB R K
TGRS [J]. T EURTATSE, 2019, 14(6): 1-7.
HU J Z, TANG G Y, WANG J J, et al. Swarm control
of USVs based on adaptive backstepping combined with
sliding mode[J]. Chinese Journal of Ship Research,
2019, 14(6): 1-7 (in Chinese).

[6] PENGZ H, WANG J, WANG D. Distributed contain-
ment maneuvering of multiple marine vessels via

neurodynamics-based output feedback[J]. IEEE Transac-


http://dx.doi.org/10.4173/mic.2008.4.2
http://dx.doi.org/10.1109/TCYB.2018.2794968
http://dx.doi.org/10.1109/TCYB.2018.2794968
http://dx.doi.org/10.1109/TCYB.2018.2794968
http://dx.doi.org/10.1016/j.oceaneng.2015.10.038
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01521
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01521
http://dx.doi.org/10.1109/TIE.2017.2652346
http://dx.doi.org/10.1109/TIE.2017.2652346
http://dx.doi.org/10.4173/mic.2008.4.2
http://dx.doi.org/10.1109/TCYB.2018.2794968
http://dx.doi.org/10.1109/TCYB.2018.2794968
http://dx.doi.org/10.1109/TCYB.2018.2794968
http://dx.doi.org/10.1016/j.oceaneng.2015.10.038
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01521
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01521
http://dx.doi.org/10.1109/TIE.2017.2652346
http://dx.doi.org/10.1109/TIE.2017.2652346

%1

LUl I SRS LT aROIR S LI #5% OB A 1 e A BT T8 H AR R B 4 1

135

[7]

(8]

[]

[10]

tions on Industrial Electronics, 2017, 64(5): 3831-3839.
DO K D. Synchronization motion tracking control of
multiple underactuated ships with collision avoidancel[J].
IEEE Transactions on Industrial Electronics, 2016,
63(5): 2976-2989.

RICHE, i, A, A Z2GE T T AT
AR IR [J]. TR ERUITY, 2020, 15(1): 1-10.
WU W T, GU N, PENG Z H, et al. Distributed time-
varying formation control for unmanned surface vehicles
guided by multiple leaders[J]. Chinese Journal of Ship
Research, 2020, 15(1): 1-10 (in Chinese).

FELLFR. WUAE XA BT AT A 38 A ] D).
RiE: KSR, 2018,

WU H X. Adaptive iterative sliding mode control of
twin-rudder twin-propeller ship course/path tracking[D].
Dalian: Dalian Maritime University, 2018 (in Chinese).
LYUC X, YU H S, CHI J R, et al. A hybrid coordina-
tion con-troller for speed and heading control of under-
actuated unmanned surface vehicles system[J]. Ocean

Engineering, 2019, 176: 222-230.

[11]

[12]

[13]

[14]

FOSSEN T I. Handbook of marine craft hydrodynamics
and motion control[M]. Hoboken, NJ: John Wiley &
Sons, 2011.

FRWAE . XA FETC A B A2 BB I T 5T [D]. 75 5
TR, 2015.

SHAO F. Research on path following control of the
catamaran unmanned surface vehicle with two pro-
pellers[D]. 2015 (in
Chinese).

PENG Z H, WANG D, LAN W Y, et al. Robust leader-

Qingdao: Qingdao University,

follower formation tracking control of multiple under-
actuated surface vessels[J]. China Ocean Engineering,
2012, 26(3): 521-534.

I, 5K R, #5061 BT Lyapunov 8 E £ 19 A AR
I DR ) g AR Lk S skt (0], T IR TS, 2019,
14(1): 150155, 161.

MA C, ZHANG X K, YANG G P. Improved nonlinear
control for ship course-keeping based on Lyapunov sta-
bility[J]. Chinese Journal of Ship Research, 2019, 14(1):
150-155, 161 (in Chinese).

IR g11R IR JHIR SHIR SHIR SNIR S1IR S1IR 21IR IR SHIE SHIR S1IR SNIR S1IR S1IR IR SHIE SHIR SHIR SN S1IR S1IR 1R IR JHIR SHIE SR 4

(EEE 127 7)

[11]

[12]

[13]

WRTE, XIAE, DA, & RIS N KSR Zh 0 AT
PR R M B0 (9], WA R Tl K22 241, 2018, 50(10):
110-117.

CHEN X, LIU Z, LUO Y S, et al. Path tracking con-

trol algorithm for the underactuated USV in the marine
environment[J]. Journal of Harbin Institute of Techno-

logy, 2018, 50(10): 110-117 (in Chinese).

PUBE, FE, A, 45, O T IC A KT A B A2 IR
PRI (9], LT E, 2016, 33(6): 362-367.

ZHU J, WANG J H, ZHAO M K, et al. Simulation of
path following optimization control of unmanned sur-

face wvehicle[J]. Simulation, 2016, 33(6):
362-367 (in Chinese).

W, SR, Bk, & FHASEEAMA T USV B4 KR
PR R R T 5 BRI (0], AR A R 2, 2016,
37(11): 2514-2520.

FANY S, GUO C, ZHAO Y S, et al. Design and veri-

Computer

fication of straight line path following controller for
USV with time-varying drift angle[J]. Chinese Journal
of Scientific Instrument, 2016, 37(11): 2514-2520 (in

[14]

[15]

[16]

[17]

Chinese).

FOSSEN T I, PETTERSEN K Y, GALEAZZI R. Line-
of-sight path following for dubins paths with adaptive
sideslip compensation of drift forces[J]. IEEE Transac-
tions on Control Systems Technology, 2015, 23(2):
820-827.

MR, B A T RO 53 A K TR TS A 1 3 0k
B [1]. AL, 2019, 39(9): 2523-2528.

LIN Z, LYU X F. Autonomous obstacle avoidance of
unmanned surface vessel based on improved fuzzy al-
gorithm[J]. Journal of Computer Applications, 2019,
39(9): 2523-2528 (in Chinese).

U . H P RIEA (9], BT RE, 2007(1): 24-31.
HAN J Q. Auto disturbances rejection control techni-
que[J]. Frontier Science, 2007(1): 24-31 (in Chinese).
PR, kA BRI shBCA R LB RS Bl
L (M. R : R A, 1999.

JIA XL, YANG Y S. Mathematical model of ship motion:
mechanism modeling and identification modeling[M].
Dalian: Dalian Maritime University Press, 1999 (in
Chinese).


http://dx.doi.org/10.1109/TIE.2017.2652346
http://dx.doi.org/10.1109/TIE.2016.2523453
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01734
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01734
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01734
http://dx.doi.org/10.1016/j.oceaneng.2019.02.007
http://dx.doi.org/10.1016/j.oceaneng.2019.02.007
http://dx.doi.org/10.1007/s13344-012-0039-8
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01111
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01111
http://dx.doi.org/10.1109/TIE.2017.2652346
http://dx.doi.org/10.1109/TIE.2016.2523453
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01734
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01734
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01734
http://dx.doi.org/10.1016/j.oceaneng.2019.02.007
http://dx.doi.org/10.1016/j.oceaneng.2019.02.007
http://dx.doi.org/10.1007/s13344-012-0039-8
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01111
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01111
http://dx.doi.org/10.1109/TIE.2017.2652346
http://dx.doi.org/10.1109/TIE.2016.2523453
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01734
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01734
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01734
http://dx.doi.org/10.1016/j.oceaneng.2019.02.007
http://dx.doi.org/10.1016/j.oceaneng.2019.02.007
http://dx.doi.org/10.1007/s13344-012-0039-8
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01111
http://www.ship-research.com/cn/article/doi/10.19693/j.issn.1673-3185.01111
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.3969/j.issn.1006-9348.2016.06.081
http://dx.doi.org/10.3969/j.issn.1006-9348.2016.06.081
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.3969/j.issn.1006-9348.2016.06.081
http://dx.doi.org/10.3969/j.issn.1006-9348.2016.06.081
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.3969/j.issn.1006-9348.2016.06.081
http://dx.doi.org/10.3969/j.issn.1006-9348.2016.06.081
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.11918/j.issn.0367-6234.201709067
http://dx.doi.org/10.3969/j.issn.1006-9348.2016.06.081
http://dx.doi.org/10.3969/j.issn.1006-9348.2016.06.081
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.3969/j.issn.0254-3087.2016.11.014
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.1109/TCST.2014.2338354
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.11772/j.issn.1001-9081.2019020317
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004
http://dx.doi.org/10.3969/j.issn.1673-8128.2007.01.004

