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Fixed-time cooperative control for multiple surface vessels based on non-
singular fast terminal sliding mode

WANG Yuan-hui, REN Zhe-da®, SHAO Xing-chao, WANG Xin-wei
(College of Intelligent Systems Science and Engineering, Harbin Engineering University, Harbin 150001, China)

Abstract: This paper presents a fixed-time distributed cooperative control scheme based on non-singular fast terminal
sliding mode to solve the problems of time-varying marine environment disturbances, model parameter uncertainties,
unavailable velocity measurements and input saturation in the cooperative control process for multiple surface vessels.
The scheme ensures the global fixed time stability of the cooperative control system. Firstly, a fixed-time extended state
observer is designed to estimate the velocities and lumped disturbances, including time-varying marine environmental
disturbances and model parameter uncertainties. Secondly, a novel fixed-time auxiliary dynamic system is designed to
deal with input saturation. Thirdly, a distributed anti-saturation sliding mode controller is proposed based on the fixed-
time non-singular fast terminal sliding mode manifold to eliminate the singularity of the system, and make the upper bound
of convergence time independent of the initial state of the system. Finally, in order to avoid using the acceleration for the
adjacent vessel in the formation control law, an improved uniform robust exact differentiator is designed to estimate the
acceleration information. The simulation results show that the proposed scheme is effective.

Keywords: multiple surface vessels; fixed-time extended state observer; fixed-time non-singular fast terminal sliding

mode control; input saturation; uniform robust exact differentiator
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Horb IT,=kodiag (|20 + kisigh (z:1)' 72 ). HIF —Fy -
a1S] diag(|z;1|*~1).S; A& HE I, U H1 =X (45) AT 15
Via < S II(—asig™ (S;) — Bsig™ (Si)) <
23: (=i |Sim| ™ = Bl | Sim| 1),

m=1

(43)

ghf |2 1R

Vie € —« 2t D/2 min(I7,) (V;) D/ 24

1
3(mtD)/2

1 , ;
Bmmrnys 2 2 min(IT) (V) V2, (44)

iExi = Zi + kisig® (201), IT; = kodiag(|xi|' % ), 4
R Xim # 0,11, > 0. KL RGARES N FHRA
ANTE] A [X 35

Q1 = {(Zitms Zizm) [ Him > 1}, (45)
2 = {(Zitms Zizm ) Him < 1}. (46)
p 1 \az2/(az—1)
W%Hm>1ﬂwﬁwmﬂ><z> RER
2
(44) AT LRGSRy
Vie < —(A)(V) "2 (By(v) 2 47
/\EP
1
— (ri4+1)/2
A= a3(r1+1)/22 )

1
_ (ra+1)/2
B_ﬁ3(’l“2+1)/22 2 .

P HE 1, RGRS KR FNER S; = 08
[i] 52 B 8] T PN BEN 025 X35, UL SRR ] Ay

2 2
Bl—ra) | A(m—1)

WRO < I, < 1L,WRIEX 44 B 5152 S, =
04757 — /NI E] X, #: T ORIERH y; = 0F% T ELAARAS
MG X, WHR s = Zio + kysig™ (2;1) = 0,0 7]
DECEl

T5 < (4%)

A; = 0. (49)
¥R 49 N (34) T3
M;R! . .
Tie = — v [klaldlag(\ziﬂ“l_l)zig—i-
Qid

aial; + asig™ (S;) + Bsig™ (S;)—
Z a;;W; — appwg + Asig™ (&)+
JEN;
Bsig'* (&) + AiGisign(€) . (50)
XF i RFHEAT LA 3|
Xi = 2i2 + krardiag(|zi1 | )2 =
aiaRiM; i + il — Z aijib;—
JEN;
aiotbg — & + krardiag(|zi | ") 2. (51)
LGB0 RN (51) AT 45
Xi = —asig(S;) — Bsigm(S;). (52)
RS, > 0,0 x; < 0;412RS; < 0,0 x; > 0. H
I RT R0 2R G0 IR 25 K AE A RIS 8] A B3 b DA (2, 38 it
B2 F6 > 0, WAFAE—NEEe(0) > 0HK
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Al TR N AR R, N s

gjl = —kai{sig"*(§1 — w;) + pa(§r — wy)+

pasig®’* (E1 — w;) + &}, (53)
gj2 = _kd2{%Sign(gjl —w;) + 2pa (&1 — wy)+
g pasig? (1 — wj)}- (54)

ol g kars kao NIEEEL 1w Eo MM N w,~ v;
AT 1220 b 5 SR [26] 5 B2 A KR X,
RS 7 4548 23 ), 3 A W A TR ZE &1 — w;
&jo — w; T LABIIE W 72 [ 5 I 8] Y YL 8. 8 R S bR
th, D3 GBI, T LA P A X IE D) eR B A
BELL RS AL, W sign (€1 —w;) = tanh(@),
ot JNERHL ’

4 PiRGRESM

FKCTHT A R Y 2 400 5 SOk [27) A [R]. g 7 I AR
HRETMER AN, = RIb;. H:o, A— &R
ﬂ%ﬂ*ﬁ,ﬁﬁgﬁﬁﬁﬁbz + Uiab; = EBywy, Wiy =
diag{0.001,0.001,0.001}, E} = diag{105, 1075 107>}
DR TR 7 R 6 A LR, w, = [0.5,0.5,0.2]T R
T F A E 1 M S b o 2 ) R L W e N
b;(0) = [0,0,0]". B2 4G MBS 4.

O—=>—>D—O
O @
2 B

P2 H 0 R LA, 1,234 5K~ SR
BERTE. 5By = (x4, ya, a]T. 5 W EREE M 4T 4G
7 B REZS (L) 4 3R

T

m(0) = _—1.4,0.2,§]T, 12(0) = [0.7,0.7, %‘} :

15(0) = :0.2,0.1,g]T, 11(0) = [0.5,—0.2, Tlr,

4
- 7_[ T
15(0) = |-0.7,-0.7, ﬂ .
5 BR BE A R 40T A 22 1) F) 391 ER A6 8 03 il A
191 = [1'27070]T:192 = [07 1'270]T:’l93 = [07070]T’194 =

[—1.2,0,0]T Fl95 = [0, —1.2,0)T. 4% M 4] 46 3ok 5

Hvi(0) =0 00}

e ()t

[5 cos (%T — 5—10(1? — 250)) + 10cos (g),

3
in (25— (t—2 —2
55“‘(4 50~ 50)) 50(t 50) + 4}
250 < t < 250 + 507;

sm( ) g],0<t<250;

[5.cos (3I 510 (t — 250 — 507) ) + 20 cos (g)
5sin (%ﬂ + %(t — 250 — 507()) — 105sin (71[)

1 3
=5 (t =250 = 50m) - }

)

250 4+ 507t < t < 250 + 1007,
[25 (71) n t — 250 — 1007t (71)
cos 1 0 cos 1)

—15sin (E) + —t — 250 — 100w sin <E> E}
4 10 477471

t > 250 4 1007t
(55)
[i] 5 BT )9 5K RS LI 2% R S 500 Tl R ey =
w1 = 40,60 = ps = 150,35 = pug = 100,17 = 0.8, g
= 06,03 = 04,0, = 1.2,8, = 1.4 5 = 1.6.
SE ][] 9 A3 5 PR Tl 24 oy o A T DA % % 1) 25 1) S 4L
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EN || < 2, 73] < 1.5, &k R4S
Bl Nre = 5/4,100 = 4/5, A = diag{5,6,5} Fll
B = diag{2,2,5}.
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T TR B B A4 R A I 28 (FXESO)
(A v P BE, AR SCK & 5 A BRI (]9 7k PR 25 0000 2%
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SR FH AR SCHR ) 4 i 2. A BN 1197 DR 2485 00 ) 2
A TR A WL 28 40 s
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2 ‘7—22‘
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Iy = pasig™ (7).
oo = 40, po= 150, = 100, ;= 0.8, o= 0.8 Fl
3= 0.4.

N = W + i,
w; = I + pofy; + R;M; 'y, (57)
I = psf;.

Horb: py= 40, o= 150, 3= 100.
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