BHSRE

Control and Decision

T NPT 955 To N RE 2 SE B R Fof T A0 A G BA 3261
[ AT, AR ST, O, [e) i

SIHAS:

FIFEYT, ARSCHRG, FBfE, 5. T AMLUT 2 o RE 2R Gelhl g i () U A g BA 2] [T ). Fl 5 k3k, 2025, 40(1):

230.

TEZR R View online: https:/doi.org/10.13195/j.kzyjc.2024.0345

LT RGN HA SO

Articles you may be interested in

RIS 5 3T AL A BA ) 7 7%
Formation control of large—scale fixed—wing unmanned aerial vehicle swarms

PEfl 5P, 2021, 36(9): 2063-2073  htips://doi.org/10.13195/j.kzyjc.2020.0076
G K TE DL TR G A et il 15

Time—varying formation nonlinear control of distributed multiple UAVs

PR 5 U5 . 2021, 36(10): 24902496  https://doi.org/10.13195/j.kzyje.2020.0136
S LI R SN WG TINYN Z VS SR x|

Formation keeping control for manned/unmanned aerial vehicle formation based on leader—follower strategy

Pl S5 Eh3f. 2021, 36(10): 2435-2441  https://doi.org/10.13195/j.kzyjc.2020.0453
kbt T 28 ek 22 40 0 Db e XU ) G A

Guaranteed cost bipartite formation problem of multi—agent systems with impulse control

P S5 U5 2021, 36(1): 180-186  hitps://doi.org/10.13195/j.kzyjc.2019.0854
Sl 2 1/ NI B LA BRI ] e sl il i

Finite time control based on reinforcement learning for a small-size unmanned helicopter

PEl 5Pk, 2020, 35(11): 2646-2652  hitps://doi.org/10.13195/; kzyjc.2019.0328

223-


http://kzyjc.alljournals.cn
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2024.0345
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2020.0076
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2020.0136
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2020.0453
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.0854
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.0328

5540% 3 1) = # 5 & K
20254 1 H Control  and  Decision

T AW SIS 2 Fo AR 5= % [ 7 B 18] O (L 4w BA

WAL, SRR, IF B, iRt
(RIS TR EENMLEE, FA 210094)

#  F: X £ JCAME (unmanned surface vessels, USVs) 2w A 2 4t H USV WL BT 52 B 46 ] 8, 38 o —Fp LA TG AL
(unmanned aerial vehicles, UAV) {4 % USV 4w BA G152 AR T £ % UAV 415 11 2 USV R Gt /K 25 W[5 4w BA 7] 8,
et [E] 52 I 18] A DL AL g B I ik, ZEXF US V. UAV BT = B By S S Al My R 4, i
LA AR A 2 il N K i BA 1% 22 2 H bR B PR RE SR AR BR K. T 32 L (R 3 IRER - AT 5 VR 2 G A (R s A 2 20 5
YA HER A AT DU B FHR KRG AR S AELR MBI A, @I P 2 58 o B AL e T bR R BUE VP4l . ST
A ) S P A5 BRAS A A 428 1) S g LLI&E T e AL, 136170 H Lyapunov 77 ¥50E ] UAV-USV £ G 9 DA 1% 22 RE1E
SE I F) AL B i, 3l I 07 ARSI AIE 1 BT th SR A Rtk

KRR CARE; WA iAo [ER sl Rk iEhl; 2Rk RR

hE DS TP273 HERFRERD: A

DOI: 10.13195/j.kzyjc.2024.0345

SIS [RAT, 4800, SR, 5. TR ANLGUT N 2 To AR R S8 2 i 1a] O0 A0 4 BA 3= i) [3]. 8 55 13K, 2025,
40(1): 223-230.

Fixed-time optimal formation control for multi-unmanned surface vessels
under the leadership of unmanned aerial vehicle

XIANG Yu-zhu, ZOU Wen-cheng, GUO Jian, XIANG Zheng-rong'
(School of Automation, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: Due to the limited visibility of unmanned surface vessel (USVs) in multi-USV formation systems, this paper
proposes a model with an unmanned aerial vehicle (UAV) as the leader of the USV formations. A fixed-time optimal
formation control algorithm is designed for the formation of multi-USVs under UAV leadership. Building upon the three-
degree-of-freedom dynamic modeling of USVs and UAVs, an augmented system is constructed. A performance index
function that considers input cost and formation error is established. In the proposed reinforcement learning algorithm
with an identifier-actor-critic structure, unknown nonlinear system dynamic is approximated by the identifier. The actor
and critic for executing control behavior and evaluating control performance tunes simultaneously towards the optimal
solution. Furthermore, it is proven that the formation error of the UAV-USV system can converge to a small region around
zero within a fixed time. The effectiveness of the proposed algorithm is verified by simulation examples.

Keywords: unmanned surface vessels; formation control; reinforcement learning; fixed-time control; optimal control;

multi-agent systems

Vol.40 No.1
Jan. 2025

0 31 5
R N s E Nk %3 N 0w
N B GEAE & U P9 1 T DM C R 24 8T A &

(USV) 53 by [F) A5 Ml 77 S UAV RLET ) e . BRIE
IR AT HE s L USVY K IAT R G 3
HEORL AT IR (] D) S B T A A Dy g BA 93
%, UAV M7 v (T RS A 2 BN, T DL B 4 T 3t B 24

Uks HEA: 2024-03-31; FF HHA: 2024-07-24.

SRR A 47 2 BA RS 57 R Bl A A2 A0, B SR L 1R 2R 20 AL 11
BB AN R A2 BRI, 1082 1 &, UAV B ARG E
A 24K A BE A7, SEDLS 2 A USV 2 (8] ) Hr i i
&, e e g DA B AR RRD) Ma B 0 B0 I 2 4E R
Fe) 22 78 B AR AR 0 1) 5 A4 58 4 BN 425 1) ) A, e ot 1 i85 4
PG AU, SEBL 1 5 24 P2 2 A 75 245 2, P
42 1) 7 58 R BB LRAIE R G I s

N T Ak BRK — A, A A PR I T ) U7 2

ESWHE: EEERPEESTH (62373191,62303224); 3+ PU I HIHFEARIR H (3020903010202).

RIERE: HH.
VA IAA/EH . E-mail: xiangzr@mail.njust.edu.cn.



224 # % 5

* R %40 %

I, Polyakov &1 1 4 H ] e B[] 42 1. 3] 5 B (1]
2 1) S0 B S AR U M ARAIE R S8 1 ] 5 i) P i, L
WSkt 8] 5 REVIAEIRS T K. Zuo 5P SR E 2
RE AR 22 G0 Hp R FH [ 5 B () 428 ), 3 T — ol 3] 2 B
V) 48 i Vi 47 o) 7 9%, SIE T T R S T A A 4% ) 2%
B S AEUOV R T — BRI B i [ I ) A X [
Bl R s DA% 1) 4, S T 2 3 FK P HLAR A
% A . Cheng Z5M &1 % (i 2 AN N £ 1% UAV
SRR S48 2 R e AR R G T [R5 B 1) G A 4% 11
SEME . T B A, A B/ s B T ) 601 R
2 FE AL AL ] )

AR, SEFANBUN T K 2 8 gt Ak g A%
1l 75 5, BB DL fe /b A4 1) BROAS 56 B BAL1 2141, Wang
SEUSTERDT T R S A 5 2] R SN 2 R e 2
BRER R G B B 2 I AR Ak G A 4% 1. Zhang
061 F I T BOMZ 18 RS RL 7 ik vk 1 itk
TRV 18] 2R 1 22 5 e Ak 28 e 1) 4 o) ) R, AN T
TR g BN 1% 22 7E 48 7€ I (8] WIS I EE R B, AR 2
B R AR GR D\ A T — Lo gh S (AR < 1] RIAE DL
UAVEN 2 USV Z A4 35 1R 7K 22 10 [ 4 A 7 T8 1)
T 7 S A R

Z ERERALHE I THAUUVAVIE N Z
USV % B\ 83515 5 1) 7K 23 B3 (7] ] 52 B T 2 oA 428 o1 1]
L G SR

1) 7% 18 — Bl i UAV 852 T 1 2 USV K 25
[ gm AR RS, LLUAV BUARAE 48 DL USV N4 T 5 1 2
USV % B\ R 45, 7] LAA RO K R Ge bR [ 42 7+
PEIBNYE P 3E N AN [F] AT 55 75 SR AN A B A8 4K, 789>
RIFTNERE R RIS S TAMES, T SL I &
B2 USV g BA B [ L g

2) 5ELA IIHE T Actor-Critic 2244 IR AL 2 BA 12
il 25 JIBUARE], 2% e UAV 4153 1 %2 USV [ 58 Il
A G BN 2 1], % 22 G0 45 28 f) AN i 52 308 0 T 1O B
2 EBRILA AR 45 R b R 4 SRR
e, B e 2 TR SRR

3) M EL T O A SRR Ak 2 2 B8 1A 4 DA 3% i) 45
T (U Wen Z5U31) FA BRI ()6 4k 3% 1) 45 2R (40 Wang
ST AR SR T P 428 ) 45 1T LR AE 20 BA ST SRR i) b 77t
S 4HETE R, SRR TR
1 AR R P& %0R
1.1 B i

HA—AEREBEG = (V, &, A) #iid L 8 fetk
HFLEE ML, P Y = {v,ve,...,on L, E TV x ),
A = [aij]nsn 77 ARR ISR A0SR HEHE B,

N R B ReARANE. WA Mo, B, BIME B, W o,
= (vi,v;) € EHay; = 1,v; N, AR, BN v, ¢ €
Ha;; = 0. 8BEF RERRAN,; = {v;|(vi,v;) € E}.
Y HMN M a; = ap,GR—DIREL R R
— XA AT s A — 2R BE AR A, % TG ) 2
), FHob Mo, Bl o; BERAE R — AN (v;, vi1), (vt
Via), -« ., (vig, vj) ITAFF.
12 Fa&HEiR

13107 WiE%QGEJ:Lluwm%
0<p< 104 (D w) < Datitig > 1nh A

i=1 =1

(Zml)q < nq_l(me)

TUammatn xR R S R AT
R A AFTE — DN IESEH) IR E RV (2) KR & dy, do,
T,0>0,0<p< Lk <1l,q > 1,5V
V(z) < —(diVP(x) + d V()" + 7, 7T LG 3| E
éﬂ%‘fﬁt%éﬁ%iﬁﬁiﬂ#l‘ﬂ%ﬁﬁﬁfﬁﬁﬁlﬁl‘ﬁﬂ%/@
T < Thax =

di k(1 —pu) * dykt(qr—1)°

1.3 [e)@ ik
1.3.1 UAV ARG

% 8 — AP Jie 2 G ANUE R8T # UAY, H )
Sy AR
p.x =
(cos @ sinf cos ) + sin psin)u, /mg — peDe/Ma,
jjy =
(cos ¢ sinfsin1) + sin @ cos ¢ )u, /mg — pypy/Ma,
P, = —g+ (cos0cos p)u, /mg — p.ps/Ma,

R A S A 1 s -
e R A A
. L—1, I . 1 P -
b= = e+ —us — P24,

G = Fbwat
. I, —I, 1 )
P = @b y+*u3—pij7¢)'

I, I, I,
(1)
Hw, = [pe, py, pa) T Mlw, = [, 0,9 73718 UAV
WAL BAEES S po s py M. UAV FE 2 fill o Bl 77 17
57 B R 2 il 5 170 £ v FE BRIR FE; o~ 0 A ab 20 1 i
16 £ READ A RIRVR A i~ g ~ ug A ug 23 ) A 4
ﬁ$ﬂ3/l\][§ﬁ§'Jjjﬁ;fz\Iy$Dlz %‘fﬁ‘fﬁ%ﬁ;pw\py\pzﬁﬂ
P~ Po~ py N IBNEHE R B m, MR B g N EE ik
J&; 1 B w, JE T A
1.3.2 USVARZEME
%8 N USVTE 34N H 1 B /KPR 3, 5 i
(i =1,2,..., N)/NUSV KI5l )40 iR 40 F



B RAT F AR T4 Z AN RSB 2 B 18] 4R AL 2 P42 ) 225

{m = R(6;)vi, @
M;v; + Civ; + Div; = ;.

Horing, = [z, vi, 0T NEE A USV AL E AT A,
Vi = (Vai, Vyis vai] T IR FEAS A TR E AL & u,(t)
— [t s, us) T ITEHV BN B, R(6,) FIWEFE R,
M; = M GEYEHRRE, D AR JERERE, C; = —CT N
R BRI RIS 0 S AERE. HA

cosd; —sind; 0

R(6;) = |sind; cosd; 0Of,
0 0 1
miiq 0 0 ]

Moo ; M23,5 | »

0 ma3a; M3z,

0 0 ci3s
Ci=1 0 0 o3l
—C13; —C235 0 |
dll,i 0 0 0 —T 0
Di=1 0 dy; dazi|,S=|ri 0 0.
0 ds2; dss; 0O 0 O

F1 T H UAV EA 3N E HE (pe, pys p2)s
EEB@%USW@%V\E M (i, yi, 6:), e e py, A
T y; 7 TR S E UAV MR B & USV £E 7K - F
XY T BN E. p, F 6, HA AR 2 3, 5353
FoRUAV 151 I USY B f . B8k, 75 56 B A
R R A, R TR EATUS #H UAV 5ERFE & USV 2
[ A KA EAE S
1.3.3  4mBARIEHE

BT & G UAV AE 8 7K 25 5] 4 BA A ) 405
LRSI FUIR UAV 8 i ] @ 3= A R e A7 B R4t
F.id

T = [p.'r:vpy]Ta Xa’l - %a,
Xa,2 = Tq.

5E X UAV KA BAEHIAN N U6 (t) = [Upa, uya]” €
R2, M UAV ] — H B EERAY & LR

{Xa,l = Xa,2, 3)
Xa,2 = Alg + fo.
Hr: A=diag[l/mg, 1/m,) €R**2, f, = [—paps/Ma,
—pyby/ma]" € R% 1, () 5w, IR RFR N

Ugq = (COS ¢ sinf cos ) + sin ¢ sin)u,,

{uya = (cos ¢ sin @ sin ) + sin ¢ cos Y )u.

NI ERH Z AN ERBEE USVINE &8 12456l
K,k m = (i, vl xin = T X2 = i 7B X USVIK

SPALBE AN G() = [y wy]"
(2), USVIH] - H H AR

€ R?, 454

X X4,25
N T 4)
Xi2 = [R(0;)M;R (5;)] R(6:)u; + fi.
Hr

R(5:)D;R (6 )xz 2) ER?,
[

D, = diag[dy1 ;, do2 ;] € R**?,
_ cosd; —sind;
sind; cosd;

5, = [0 ‘”‘1.
T 0

ST USVIREE R X, = [x] 1, x[o]" € R,
BN B U (X;) = [0ax1,ul|" € RLBET KRG U0R:
Xi = Fi(Xo) + Go( X Ui (X5),

i=1,2,...,N. (5)
Hrp
Fi(Xa) = [Xior [ ()] € RY,
O2x2 O2x2
Gg(X) = N T
O2xz  [R(6:)MR (6:)] R(b:)], ,
XA AN ERBE S USV, IREF R Z R BT 5 N
2(8) = Xi(t) — 05 — X (1), ©)

Hrh:o, € RYNEEIADIRFEE USV 5415 # UAV
FEFT_E A A AL B, DL 7 1 8 1 2 DA DA T
Xa = [Xa,th,?} € R4jgiErE/JUAV’HLj§£E
i1 X, NS X, A5 X, < X..
T 55 i AN USV, € U mPARZE TR :
G(t) =Y ai(Xi(t) — 01 — X;(t) + 05)+
JEN;
bz(Xl(t) —0; —
X (7) 3R TR 1§
5 - CZ *7: +g2 Z

Xa(t)). ()

=Y ayX; —bXe, (8

JEN;

Hrpe = Za,] ~+ b;.
fE‘rXTfﬁU)ﬁﬁT/%é}E & SUYEREFE AR R AL
&) = [ e 00y (€)ds. ©)



226 # % 5

Hdr: 0,(¢) = ¢ + U U, a R T

Pl H AR R £ X6 2 USV R 45 (1), &tttk 4
BAFZ i Bp L, 875 N S USV 7E UAV B4 S T Sz 31 [
5 B[] 4 A, B lim il = tim [IXi(t) — o7 ~
X (6)] = 0, FL-He A 7 35 50 9) REAE ol M, ST
ek .

W N U 7E Q52 T R VE 00, BT e dE
bR EL (9) — B AT 5, 45 & 20 (8) rT #5-n F HIB J5 FE:

Hi(éiv u;'k7 kYgz) =
Qi(€) — €iTg; + T il Firk
GUy) ~ Y ayX; - biXa =0, (10)

JEN;
—%Qfﬁi,ﬁ)\ﬁ(m)ﬁﬁq

WS KT RU =

2
T [cl ; Z a; X } —0. (1)

JEN;
2 BRIt SREES T
21 HhACHINEHIERT
EXTL, = GTTE A

2} (€fe)Heke, +

T

BZ

Jei (ész)&

27@ + ;E(Xi) + ;Jio(&)y (12)
Hodr, F1B; ?ﬂ%%‘&ﬁfrﬁ‘]ﬁﬁﬁ,ﬂﬁ TP =
*2%({[&2)7%& - 26%({[5%)51 25 2F; + Cljg*,i'

AR T MA@ g0 () fF():

Fi(Xi) = 05 UF,(Xi) +ex (X)),

T2& X)) = @i W&, Xi) + (6, Xo). (13)
;E\:EPQOT;-'I c R4><n1‘ 90:7 c R4><n2 VAN U[Jjj##-b/\%%
MPPAT 2 B S AL g Mg ARPRE TG O F, =
[$hi 8%, -, ST 0 = [sh, 82, .., si2 T NEE R 2L
rﬂ%;f]—} iF[] szﬂﬂﬁiﬁi%ﬁ,{%/@ HE.E- ” < €F;» HEZH <
€;.

M TR IR P28 BB o T 2 R AR AN
1, KA @7, € Rl o, € RV 2 ALl A

Fi(Xi) = ¢, ()0 (X5),

T, Xi) = pLi(&i, Xi). (14)
BerH R A R SR A D T
67, (t) = 7 Ur&i — kudr, — Kd,, (15)

Hf G, koo Ml ko TR EBTH IR 2. FHREAG T
i%%y\j @-Fi (t) = ¢FL( ) - c)0.7:i'

* R %40 %
B (14) 4N (12) 7T LA Bk 11 jgjj
j i 2% (5T51)_7£l Bl (gT&)& + 75%
2 1
g@]—‘iw]ﬁ (X ) + @wgl (Xuéz) (16)
BHER i AN USV A fl 5 A
Z/{ = _*gTJE I3l (17)
Horp
j i 2% (fT§Z)_7£l Bl (gT&)& + 75%

2 . 1
;(10]:@-@}-71 (X ) + @azlp (thl)

Wﬁ‘%ﬁ@ﬂ%ﬁ%ﬁ@mﬁn?:
Gei = Ve W] . (18)
H 9, NFRERIIEFRE, o = G — ¢ NIT
W& PR 5 R R 2 8] R 2.
PATFEH FIRCE B RN
¢ai = 7szg(ﬁcz¢6l + ﬁai(@ai - 9001)) (19)
ﬁ\:q:‘: ﬁai > 1951' ﬁ%%iﬁﬁ‘ﬁ’\]ﬂfﬁﬁ, @az(t) ( )
— @k NPT EAE S B AR E 2 ] R .
22 REMSH
EIB1 FRERARGO), WRBEIE LIy > O >
Vai)2, Vas > 1/2, M3E IS N FHHE R 3% 5B (15). 1T
3 58 T (18) DA S B AT H A (19), B0 1) 3R
RBUET 2i~ GF,~ Pei M @i N TE IS [A] K2 5E 15 2) T
I G AR X T DATE [ 2 5 1) Ty P9 SEER.
EBH i1l Lyapunov BG4
1, - 1L 1,
V=g(Leh):+ §;g—ﬂ<pﬂ+

1 1
5 2 TH(Badei) + 5 D Tr(@uiai),  (20)
i=1 =

Hrrz =[], ... 2 T ABRERZE.
X3 (20) 3k §: ] LTS 3

V= Z&T( Yi(€T6)h e — BilEl e e~

151‘ - ‘ﬁ}'iwﬁ - 5@@% +exr — Xa>+
|

Z T@E (SFYFE& — Knr, — Ky )—
=1 i

N
ZTY@L%W;(%@M = (Vi — Vei)Pei)) —

i=1
N
Z 19cin(4,5ziWig’iT¢ci)~ (21)
i=1



%18 B A F RAPARF 69 % T AAME F 4B 2 B 18] 440 2 PA 42 ) 227
ot P 1 1
5| 2 1A EET EaIE G - §Tr(¢)§i%u7iT Bai) — iTr(géL%%T Dai)+
Te T i fe , 1
5 Fi g é‘ Fi §Tr(@zT¢ WT )
1
— 2 or W < €1 + S TH(@ui WV G - 5
5 Pai 515 3 (e ¢ Pai) — Tr(ge Ui pei) =
1 _
I(-X.) < 606+ S X2 L (G ) — L Te(l
gz ( ) 2§z€ + 2 a — iTr((,OIzwzsz ci) - §Tr((,OZZW,LWZT CZ)+

Ehﬂ:ﬁm‘ > ﬁci,ﬁ

(ﬁai - ﬁci)Tr(‘ﬁZiWin@ci> <

ot et (G ) + Tr(PL 0 200 (2)

XT3 (22), 13 — AN IEE KRR L
Pi(t) = %(Tr(sﬁci(t)%(t)) + Tr(as ()$ai (1)),
Pi(t) =
— Do Tr( P U] ei) — Vai TH (P Wiy Pai)+
(Jai = Vei) Te(PaiWill] Gei)-
15|21 15
(Vai — Vi) Tr(@0, Wil i) <

19(11’ - ﬂcz
?( (@czw W SOCZ) + Tr((pazw w SOCU))

ﬁai
MHT0 3
39. — Vs

Pz(t) < - f (ATQ/WTWCZ)

79(11' 1951 ~
% t(PL W] b4i) < 0.

Ve > 0,8 Tr(@ (t)pei(t) < Pi(0), Tr(ph(t) -
Pai(t)) < Py(0) BOL. #E—20Hh, T @ F ok, LA
Pai o, AT, FKAT:
1 2 1 T 2
(5Tr(@hee)) + (5Tr@hew)) < B (23)

Hr By = PP(0) + Tr(o} ;) (2P:(0) + Tr(p; "¢} ) N
1ER . g0, x50 (22), /5

(Vai =i Tr(Po; Wi Gei) <

(Vi —9ei) (TH( P, U W Bi) + Tr(er) "W Gos) <

Aax (Vai = Vei) B, (24)

L DN SL A AU SN
AR T 5 B 3G B AR 2K ) IR TRV, 47 4E
e A

Ril ~ o Ri2 -

- T@F PF, — 780.7-' <Pf <

Kl g o ( 1 )z_
Scr. PF; il 729-3 PF

K42 (1 96%) 5442
g}_i 4 30]:1 19
— Tr(@a; Vi Pai) =

MO

1
fTr(go*TW vlor),

HA:wy > 0= DM Z4, 64#3 &frﬁ']f’%%l A;
A ) 3512 1 i
= 2, T i 4/<; 12 7 7Rk

iﬁiﬁ%ﬁ)\ﬁ(ﬂ) HT 0, > 19(”/2 Dgi > 1/2,%?
HSZH 2 Eio,ﬁju?g‘iu

V<
N N
Z(’Yz(g gz) +Bz 5 gz Z (wilx
i=1 =1
1

(1 55)} s 0 (Lent ) ) -

S T (O (1)) -

N
190,1, ~ A
> TG (W Gai(t) + A (25)

[N}

N
H: wio = ko, IEHA = Z Noax (Vi — 0ei) By +

i=1
N N
ﬁci + 19111 * 1
2Ty T (X
BE— D, A RANEE VLT J

1 T T 1 G T
(5Tr(Phza)) < STr(Ehius) + (1= )77,

1 ! B
(3Tr(PLea)) < 5Tr(@hea) + (1 - )7,

(26)
Hdrr e (0,1), KW r = 3/4. Kk, @@L =X (24) A
Q7) K (26) B S N

V<
N . N
=Y GuEle)t + BiEl6)?) = 3 (wax
i=1 i

1 2 4 1
+ w;2(4 — e3 7~2.2)—
(5 sof) 2 G )

«
I
—

Z,&Cl}\mm( TI' 30019001)) ' + A—

s N
Zﬁal/\mm( TI' (10(1190041 )Z - ZIMX
i=1

{(%Tr(@L@i))Q + (5Tr(ehen) ) <
—d Vi —dyV? 4 A. 27



228 # % 5 R %40 %
Hrdy = min{y, @ir, Qe YaiNan b d2 = 2
. ﬁi wWi2 (4 — 96%) )25 A, . iy - _0 a
n]lvm{zw’ AN ’4N}’ET’V§&A =4+ < 2l
S Wei + Vo) N1 = )77 + 3" 20,8, AR 51 I [ — usv.
i=1 \ =l . 0 2.5 5.0 7.5 10
2,2, = 1, RE(S) A L H [ i 1) fa e i, i/s
Fe e i ()3 2 3 -~
T: <T _i_._i (28) "2 _
RS max—dlﬁj dglﬂ)’ PN —4}
HA0 < v < TNHTHIWER S A K :g o usy
ﬁv%%k}ﬂgﬁ%%fv&ﬁﬁ%%V< Y I S —
. -% 5 -3 2 oy 2 e s tl's
mm{d1 (1—&) ,dy (71_K> },Eﬂﬁﬁﬁmmi’é{ﬁ 5
0
2
[zl < o4y
-6
[2V 2 . yoar ANs 10 AN B UV
)\Lg\/xmmm{dl (ﬂ) »da <§) } 0 25 50 75 10
B t/'s
Hrp N\, NFERE L @ Iy 5/ NREIEE. B, Frisc b i 2
e ol . X 0
2 5] S W mT DA R g A 1% 22 mT CAAE 8] 5 s 1) A WS 8 _
B Ji 5 B 3f A /N AR 3 P, RIS B S A [ 5 B TR) 2 = :‘6‘
BN, 3 48, BT 1 110 42 1) SR s ] DU £/ DA B /0 A 4 i) -8 —— usv,
AL, O 0 2.5 5.0 7.5 10

E2 ARG H SR TR Ty 2 [ ) 4 )
T T R R OK B, AR 2R 4 14 S P AL SIS ] ] g
iz /T 3 (28) R AR IR e K 8] Ty

3 ERIESSHr
e (4) B4 A BRI USV B AT :

Xz’,l = Xi,2y
o = [RE)ILE' (5] BT + /.
Hrp

_ 20 0| — 70| — 0 —0.1
M; = ; D; = ; Sz = .
0 25 0 10 0.1 O

Z USVIAHM I B N oy = [—1,-1]T,00 = [-1,1]T,
o3 =[1,-1]", 04 = [1,1]".

T HUAV R & Nm, = 5kgXa1 =
[—0.5sin(0.10t), —1.25 cos(0.25¢)]T. 1 B il g 2
HIE N, = 1,8 = 0.0l,k1 = ki = 0.01,
17 B 18] 4 10's. 4 N USV PR S BHTEAE N 21(0)
= [-2.8152, 0.262,7/2], 25(0) = [0.208, —3.0943,
—7t/2]", 25(0) = [2.9392, —0.1958, —7t/3]T,24(0) =
[—2.7915, —2.9725, 7t/5]". & SO WA 1) 1 F N 1E
L1 AN TATE 2 AT DA SE 3, 75 2 s J5, USV A7 B
R B2 R B % 22 e 8 LS B 5 /N I UM R AE S 1Y)
IS 1) AR RF, T 5 42 4 25 40T DAIE — P 4 /N IR R R
%

Xll

X4,2

t/'s

1 BRI TS USVEMNIEIRE

_— UsV,
2
0.\ ————— _
-2t
-4
0 2.5 5.0 7.5 10
t/'s
4
- — - USV
2
Of ,-=====—=—=—=—=—==—-——~-
-2 _:
,4 t
0 2.5 5.0 7.5 10
t/'s
4
............ Usv,
2.
of-
-2t
-4
0 2.5 5.0 7.5 10
t/'s
4
Usv,
2
0.
. /‘
-4
0 2.5 5.0 7.5 10

t/s

E2 1ER1 TS USVHRINEEIRE



13 WA RAMALF 4 5 RAAE R G B B 1) B A 5 PA A ] 229
4 E—r— 9T TGN R I TR 7 A b S —
2 B BUA 7 () USV W46 2 B 20 (0) = [—4.8152,
~ 70' T 0.262, 7t/2]T, 25(0) = [0.208, —5.094 3, —7t/2]", 23(0)
j = [4.9392, —0.1958, —7t/3]",24(0) = [-4.7915,
e —4.9725, 70/5]". FZHIIAE IR E SO 2. 17
4 E— LS5 S 3 IR 4 T3, OB WA A% A AR AL, R
o2 ' B 2 T LUSREAE — NN B Y, 38— BIE W)
S T FER T AT R R
| 4 % W
0 2.5 5.0 7.5 10
t/s A SCE N UAV 43 T (K12 USV RGK 2 A
j ............ Usv, 4t A 6 R, 98 14Tl O 1 £ 00 A 42 ) 5
R vk, GBI @S MR RS UAV S S TS
Ll USV 2 G5 B H2 T DAGR 42 1 48\ A 46 A 452 22
T 9 R I b7 6 B, ST T T TAC S5 M 61
/s VR0 T R GO R b B R 3T T
4 ooy, PRI O N, 2 A T K BA R s 4
? W5, 383 Lyapunov 8 i M4BT 75 E W] T 2R 4245 BA
~ 2/”‘ 5% 2 i % 76 1 2 6 40 P K. 07 B0 B4 B0 IE T TR
L . B P SRR R . T I BF 5 o 8 1l K 2
0 2.5 5.0 7.5 10

;{IJ

X}.Z

X-”LZ

t/'s

3 BA2THZ USVREINLEIRE

(0] D

0 2.5

0 2.5

0 2.5

USv,

0 2.5

& 4

5.0 7.5 10
t/'s

1R 2 THI% USV PR IR ZE

I7) i A 1) R A 7 — ool () 7 0%, oA L S B AN
SE 3k (References)

(17 TR, XA, ¥, K B N R Gewt Fet e J2 e
I Ik [J]. B3R, 2020, 46(5): 847-857.
(Zhang W D, Liu X C, Han P. Progress and challenges
of overwater unmanned systems[J]. Acta Automatica
Sinica, 2020, 46(5): 847-857.)

[2] YuY J, GuolJ, Chadli M, et al. Distributed adaptive fuzzy
formation control of uncertain multiple unmanned aerial
vehicles with actuator faults and switching topologies[J].
IEEE Transactions on Fuzzy Systems, 2023, 31(3):
919-929.

3] EBR, EE, AVE R, 5. RIS K A0S 34 AT
FELRIR [J]. ] 5K, 2009, 24(3): 321-329.

(Guo C, Wang Y, Sun F C, et al. Survey for motion
control of underactuated surface vessels[J]. Control and
Decision, 2009, 24(3): 321-329.)

[4] EJuih, Wi, &%, & RS — RN SR T2

e L it Ay N Bkt RS < 7 S R N RS RPS
7K, 2023, 38(5): 1176-1199.
Xia Y Q, Xie C, Gao H, et al. Cross-domain
cooperative control and intelligent decision-making of
multi-dynamic agents in space-air-ground integrated
network environment[J]. Control and Decision, 2023,
38(5): 1176-1199.)

[5] EWEFS, 2 R4k, TAER, 55 BRI AN RGEARRN



230 # o# 5 xR F40%
5k BRI, o EMATET AT, 2022, 17(5): 9-26. Transactions on Fuzzy Systems, 2018, 26(5): 2719-2731.
(Wang Y N, An G W, Wang C C, et al. Technology [14] Wang P, Yu C P, Lv M L, et al. Improving formation
application and development trend of intelligent maneuvering of unmanned surface vehicles: A
unmanned system[J]. Chinese Journal of Ship Research, finite-time  distributed approach  with  velocity
2022, 17(5): 9-26.) constraints[J]. IEEE Transactions on Intelligent

[6] Ma L, Wang Y L, Fei M R, et al. Cross-dimensional Vehicles, 2024: 1-12.
formation control of second-order heterogeneous [15] Wang P, Yu C P, Lv M L, et al. Adaptive fixed-time
multi-agent systems[J]. ISA Transactions, 2022, 127: optimal formation control for uncertain nonlinear
188-196. multiagent systems using reinforcement learning[J].

[7] ZhangY, Guo J, Xiang Z R. Finite-time adaptive neural IEEE Transactions on Network Science and Engineering,
control for a class of nonlinear systems with asymmetric 2024, 11(2): 1729-1743.
time-varying full-state constraints[J]. IEEE Transactions [16] Zhang Y, Chadli M, Xiang Z R. Prescribed-time
on Neural Networks and Learning Systems, 2023, 34(12): formation control for a class of multiagent systems via
10154-10163. fuzzy reinforcement learning[J]. IEEE Transactions on

[8] Polyakov A, Efimov D, Perruquetti W. Finite-time and Fuzzy Systems, 2023, 31(12): 4195-4204.
fixed-time stabilization: Implicit Lyapunov function [17] Liu H T, Weng P J, Tian X H, et al. Distributed
approach[J]. Automatica, 2015, 51: 332-340. adaptive fixed-time formation control for UAV-USV

[91 Zuo Z Y, Tian B L, Defoort M, et al. Fixed-time heterogeneous ~ multi-agent  systems[J]. Ocean
consensus tracking for multiagent systems with Engineering, 2023, 267: 113240.
high-order integrator dynamics[J]. IEEE Transactions on [18] Polyakov A. Nonlinear feedback design for fixed-time
Automatic Control, 2018, 63(2): 563-570. stabilization of linear control systems[J]. IEEE

[10] 75, Eutok, TERR, & 2T [ @ i ) i T3k Transactions on Automatic Control, 2012, 57(8):
AL &5 1K) AUV's 254 fid S G A 42 1] [0, 28 1) 55 R 35, 2106-2110.

2022, 37(5): 1116-1126. [19] Beard R W, Saridis G N, Wen J T. Galerkin
(Su B, Wang H B, Wang Y L, et al. Event-triggered approximations of the generalized Hamilton-
formation control for AUVs with fixed-time sliding mode Jacobi-Bellman equation[J]. Automatica, 1997, 33(12):
disturbance observer[J]. Control and Decision, 2022, 2159-2177.

37(5): 1116-1126.)

[11] Cheng W L, Zhang K, Jiang B, et al. Fixed-time &=
fault-tolerant formation control for heterogeneous [ REAT (2001 -), Ze, 1A, FEAT 57 YR I &
multi-agent systems with parameter uncertainties and GuElie KN 28 ReR RG] R REFE S, E-mail:
disturbances[J]. IEEE Transactions on Circuits and xiangyz01@outlook.com;

Systems I: Regular papers, 2021, 68(5): 2121-2133. AESCRR(1992—), 55, #BuHz, M4, EZEHF MRk

[12] Wen G X, Hao W, Feng W W, et al. Optimized LRGN Z A AR RS R4, E-mail: gongchan00@
backstepping tracking control using reinforcement 163.com;
learning for quadrotor unmanned aerial vehicle A (1974-), Ti, Hz, WL, FEHIIT ROV fE
system[J]. IEEE Transactions on Systems, Man, and EH SRS VARG &k BEYLIES], E-mail:
Cybernetics: Systems, 2022, 52(8): 5004-5015. guoj1002@njust.edu.cn;

[13] Wen G X, Philip Chen C L, Feng J, et al. Optimized AU (1969—), 55, #i#%, 1+, FEEWHFLT7 A AT #

multi-agent formation control based on an identifier-

actor-critic reinforcement learning algorithm[J]. IEEE

ARG, RLRVE RS WMAEIEHI RS B2 0 SRR,

E-mail: xiangzr@mail.njust.edu.cn.



