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Edge-grouped Communication Mechanism-based Game Formation Control for

Unmanned Surface Vehicles

HUANG Bing"?> ZHAO Chong"? ZHANG Li-Chuan"? ZHU Cheng"?

Abstract To address the problems of limited communication resources and individual payoff maximization in large-
scale networked unmanned surface vehicle swarms, this paper proposes a game formation control scheme based on
an edge-grouped communication mechanism. First, cost functions with time-varying Nash equilibrium points are
constructed, enabling formation members to maximize their individual payoffs through a dynamic game process
while gradually forming the desired formation configuration; Meanwhile, a distributed state estimator is designed for
each member to reduce the game process’s dependence on global information. Second, concurrent communications
over multiple edges in large-scale swarm systems may lead to channel congestion, delays, and packet loss. In this
context, an edge-grouped communication mechanism is introduced, where communication edges are divided into
groups, and each group autonomously generates mutually interleaved communication time sequences, allowing com-
munications to be scheduled in a time-staggered manner and thus avoiding contention at their respective communic-
ation instants. Finally, the effectiveness and superiority of the proposed control scheme are validated through theor-
etical analysis and numerical simulations.
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Illustration of the proposed EGCM



10 44 PRAE: BT AL A U P J0 AR 5% 40 BA 4 ) 2249

hir € N R (k, @) BTG, P RoRid &
M Ay = (g —1)P/N 58 SR (k, i) FIZEH
MAwAZIS ], ¢ NIZAPRIA S, N Rom B0 4H
Ko xo NEEL EZSREARE.

E 6. D9 2 3 T TSR 10 4 BA A2 IR S A T
MIPEREZESR, RGETRBAT IS AORE A1 A5 . 2RI, A
[A] 3 5 9% 9 5 D9 2% s O S A AE B IR 1) DB, A
SCEESLIETE AT (34) LARGEAS AL EAAR, A 20
HICARAE B R RN, vk B e i & & 2o
H, AR IR 1 ARJEIN 2, R T S AE LR o T
A, I 73 ) 73 e T A H B 16 Ja) 393 1 368 A5 e 00 e ] e
. Ferp JEUN 1B ORAE — I 2 B A A A 2 i
— AR RS SR, T AR AR A B
JEE 1 3 B At e B 1 At BN 2 e et A JEE AL
AT R G M P 4515 T D3, PRI OE A5 1 28 L I 2E
Hym RN, AT AR GE 12 T4 5 0 IE (S
WL, A SR L 0320 73 2H 30 15 WL ) e e 485 4 4 Y
A VL SR, KBRS TR A0S RS, M0
W0 25 A i DA 22 ¢ (A B A4 £ PR .

2.4 JRZMERENT

LT BHUREIREAE 51 FPIRESBEARBL S, @aL

— MR ARSI, H T Bk RGBS
. {‘W) = F(t), t#t"

et ede), t= tik ’

Hrr, ®(t) #E XN

(k, i) €&  (35)

n—n
v —1x ®1p0
v—
n—1y®n
n—1y®mno

-1y ®4d
(36)

e
e

8
D en
m=1
3
X

Hrr, € = coliey(&) NHEENAGTHRZEN &R HES
W5, H & =& — &3 x = colg, yee (xax) NITHIER
W EEERETENSRESNE; F(o) 5 J@) o
HFR RGBS GBS, J(t) = Uk, 1yee Jir (1)
KR BEL LRSI, HEA#ES

TFEWR:
I3 vom . n—n
'U_IN®770 ﬁ71N®n0
b — v v—0
n—1ly®v H—1ny®n
’F]*IN®7;IO n—1y ®no
S—1y®6 -1y ®6
F(t) = é ) JZ (t) = éQFik
/g E@I‘ik
8 8
> ém 2 (en©Tw)
m=1_ m=1 é
—£
X X .
(37)

He vy =0f ol TL)T MBS R ARG
&, Ty = [T, Ty, -, DxT 58 L5 i AN A A
KA, K Ty =0, M. =1(2€{1,2, -,
k—1,k+1,---, N}), A &35 5 A &R m
YR © FoRIGIAIEH, RIZE R Rk,

EI 2. 6Tl (2) ~ (3) MR R IKEh 2 1
NMERGE, TRV 1 OLRIZ6 R, 4655 H
X (19) ~ (34) Frigits, BSHH R A
(A18) H K; >0 (i=1, 2, ---, 8), WK RGiHE
5 LRAUE %0 AR TE I 2R A i R IS S S
AT, I 2SI R 1 O BN R R 45 o M e o B
2 MEESHI R A.

3 HEZHIIE

AT BT BRI R A T EGCM (18 35 4
BA SR R 45 1) 7 R A AU S Ak . BADOAE USV
ARG A ], FRRY 280 STk [41]),
WoEREE N £ =3, -1, —1, —1; —1, 2, —1, 0;
-1, -1, 3, —1; —1, 0, —1, 2], HrhPUE USV 43 5bx
0N {1, 2,3, 4} BfEHE~y=1[1,1,0,0". DU
USV HIHIEEHLE N 2(0) = [4.0, 6.5, —4.0, —6.0]" m.
y(0) = [6.5, —4.0, —6.5, 6.5]" m. HIIHLEE N =
[7/6, 7/8, 7/7, ©/4' rad, u; =v; =0m/s, r; =
Orad/s, i € {1, 2, 3, 4}. WIEMAX E R EWE
N6 =[5, 5", 6y =[5, —5]", 85 = [=5, =5|T, 64 =
[—5, 5] . AMUBPLF ] 200 s, 348K 0.001 s,
A7 NS 3 P il — 2 AN R IR
TUFIRAEEGL, B R H R, A SO IR R
TR, G 4 s, Horp-FE3E e 0.15 m,
PR FER N 0.15 m/s.



2250 H Zlj (4 ¥ H 52 &
3.1 ﬁ?i'l‘li‘-gﬁﬁE 20 [—i= i — P R—— i=4|
1.8¢
BT R I 2R MR s sh i T 16}
Po1 = 0.1costpg m/s, pp1(0) =0 m _ 14yo 02
) ) "|° 1.2F 0.24f1
Po2 = 0.1sintpy m/s, pp2(0) =0 m < 10t -
. [ ’
Yo = 0 rad/s, 1o(0) = 0.257 rad (38) =08
0.6
FHRLIPT B A5 R 5 ~ K 13 fros, AR 0.4
0.2
0 n n n
0 50 100 150 200
t/s
K7 gmBAAEERE R 2
Fig.7 Formation position tracking errors
14 T T T
!l—izl——i:2 =3 -—i=4
12+ 1
4 CPRHRIEZ 0.15 m B IR T ol
Fig.4  The simulated wave surface with 0
an average amplitude of 0.15 m & 8 , 0.2
‘ i
s 5 3 A~ o
60|~ 1 S —e— 2 St { - A\ M
3 B —8— 4 2 AR =
50 |=7= U , i 4 50 s
2
40 o
£ 30} 0 50 100 150 200
> t/s
20 | g S | P-———-
wt ! 8  YMRAIH B ERER IR %
0 [ Fig.8 Formation velocity tracking errors
s
e .7 ,
0 10 20 30 40 50 60 0.6 T :
z/m Ca i=1-o-i=2 % i=3-% i—4]
‘ 0.5
B 5 % USV M5 ML e I s NN
Fig.5 Linear formation trajectories of multiple USVs _ 04 g i " : ggzi -
= 1 :
s i ‘ 0.032
% 107 : I 0.3 %26 :: |I : 0.030 h
x 10° = - H 1 L. AJ\_‘__/'
‘ 5T T y & : L 0.028 £==2
0r 0 A.i:kt | 02l 0 0.10 175.00 175.05 175.10]
E " h/74 YO o O e I \
5 {.I 160 462 4.64 01
0 50 100 150 200 0 50 o0 150 500
x 10" x 102 t/s
[ Tts " a Ry
! Fr—s ’u".l" \" N NI
2 TN - Mo (E s
& 0 1.390 1.395 1.400 Fig.9 Position estimation errors
ol ‘ ¥ —
%0 50 HSH T3 3. B 5 RoR 2T AKIHE (USVs)
(12 BAIZ S, T LA Y, 78 B4 42 1) S 1)
K6 USVs [EHIHA TERT, S AR EE % 1 18 T A BAJE 58 i B R L 3)

Fig.6  The control inputs of USVs

SEHLAEE A AR BERAE S5, 18] 6 4 i3 T EGCM



10 44 PRAE: BT AL A U P J0 AR 5% 40 BA 4 ) 2251

ML P42 i i N I T i 7 i 2, 3 W4 £ 5 B A
i HA . BT~ B 11 300 R RGN ERER R
ZE A TE R 22 AR IX TR L% 22 (s AL i e, 45 2R
RYIH IR ZE LIRS A BORSK, W8AIE 1 P Beih £
& LWL A% A Rk B R E R AN, SR IL
TR an Pl 12 AR 13 B, AT BUW S 2 BT
{5 TE] B 21 9345 ST VF A P = 0.006 s FUEEELf. X

—RVERYIFTER K EGCM HLEI B 88 71 2 R4t
PERE 7 K 0 R, SEELEAE AT 0 RTEAL IR EE, A
AT BT R 2% BRI R, FE ML 38 Zeno
AR R, Gk, S E 5 ~ B 13 M HEA R
PAFSH: Rt 3R T EGCM 18 25 g A 42 ) 5K
AN BE S ORIUE R G0 R4 AT A9 BABRERPE BE 5%
ZEWCHICRR I, [ I RS A SRR RZ IR 2R A T, el
BT AH -5 PV e 2 18] A 2ok, Atk 54

14 |____ i=1—i=2 i = 3 e i = 4| ;&ll‘é’?E}EU?ﬁ%%ﬁE
1.2+
3.2 XfEtbfRE
1.0
0.26 . . N N
=] 0 NEAEFTIR EGCM Bk, A5 N T
T oot & R P Sl A B AE WL (node-based peri-
E0.6F 0asfd odic event-triggered communication mechanism,
0.4 NBPETCM) M0 E 45 RUEAT R EL. 55 4 A M £
0.2 E__ — NBPETCM " (3815 26 A4Fn K firs
0 , , , ti o1 =inf{t > t] | Gi(t) > x; At =hP}
0 50 100 150 200 8
t/s 2
/ Gi(t) = r1 S 05Ky + Ep)l|emill*
B10  dUEAMTHRE o ,
Fig.10  Velocity estimation errors K1 §K4 [vi — il
T . ag ~ 112
00 e e Xi = —kaXi + k3 | 5 Kallvi — 0" —
0.45 “1k—3 =3 k=2 2
0.40 ok im—i—gio1 8
035 S > (05K, + Em)|e,m-|2] (39)
<‘5 0-30T .25 m=1
0.10
. 0.201 o
= 0-25 0.15}1 /ﬁ\:':':', R 2 FE TS
— 0.20fo.10 . N . N N
o1s |00 5 AN o B RE UL 1 2kis B Bk
. off o MY .
4 = .]_ =
0.10 / 1821 1822, 1823 Por = 0.1costp m/s, poi(0) =0 m
0.05 \ ] Poz = 0.1sintpo m/s, pp2(0) =0m
0
0 20 1(}2 150 200 ¥o(0) = 0 rad, 1o = 0.004 rad/s, ¢ < 100 s
NS bo = —0.004 rad/s, t>100s 40
1L DT % Yo /s (40)
Fig.11  Interval observation errors ISR SR I T S lf‘é,ﬂl—ij], 1F PR E{E AL
004 v (2. om o (4,1) o (3, 2)
; 0.03 0,018 003%6s A ; 0.03 0018 T 7 ; 0.02 L TNIT[0%030 sTT0-022 8 L I TR
= 0.02 0.012 s 0.030 1 = 0.02 0.012 s 0.030 s 1 = 0.006 Yy A 00215
= 0.006 s\ A 0.024 5 E 501 0.006 s\ Y 0.024 5 Z 0.01 RS
B =, [T MM =,
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180 50 100 150 200
L 003 (3,1 L 004 (1,2 L 04 o (1,3)
o002 Gowe  omis7 B i SR S T4
2 0.018 57 = 0.02 3 a = 0.03
B2 0.01 F 0.01257 B g g 0'02450018 - =
= [ooss™ = 0 0 i 1
50 100 150 200 20 40 60 80 100 120 140 160 180 50 100 150 200
t/s t/s t/s

B12 (2, 1) (3, D (4, D (1, 2) (3, 2)s (1, 3) KBS F&
Fig.12 Communication intervals of edges (2, 1) (3, 1)~ (4, 1)- (1, 2). (3, 2)~ (1, 3)



2252 H Zlj (4 ¥ i 52 %
(2 (1,4
0.04 + 428 oo (14
< 015 s 2003 b . :
= 00185 00365 = [ 0036s 00185 7
= 0.02 ¢ 0.0L 7 0.030 s =y 0.02 0.012 s A 0.030 s
= 0.006 s N 0.024 s = 0.01 0.006 s\ Y 0.024 5
E ol E PoSL L0110 P AR 00 AR AU L
50 100 150 200 50 100 150 200
0.04 i (4,3) 0.03 (3, 4)
Z 0.024 5 Z B W (1) 3
= 0.036 s 0.018 5 7 = 0.02 0.030 s A 0.012 s
= 0.02 0.012 s Y 0.030 s = 0.006 5 0.024s K
= 0.006 s A E 0.01
= =
= [ | =
50 100 150 200 50 100 150 200
t/s t/s
B 13 (2, 3)s (4, 3)- (1, 4) (3, 4) KBS RIS
Fig.13  Communication intervals of edges (2, 3). (4, 3)~ (1, 4). (3, 4)

Bl R R AR5 5 3.1 TR — 8 AR
XL gE R 14 ~ B 20 s, B 14 BoRERH
FOBEHLE T 28 USV R 2k, K 15 W23
AR, B R ER R 2. M 14 5K 15 AT L, g
KA FE L, R G850 RE LA s 45 kG B 58
B H bR AT S, B 16 45 1 USVs £ 6l A B
(i) e 12 g 285 P 17 o DX T O ) 1 3 B A v v
FHELT Z R R AR — D3 T 7 gmA R G 45
AEREE . X T35 (%, N N A TLRIF AR
M, A SCANS A BA R R, 18
A 19 Al BRIl (2, 3). (4, 3) L& USV1,
USV2 {3815 (] B&, X & 8] (5 35 i@ (5 7o v
P = 0.006 s FI¥Hf%. /£ NBPETCM F, 245/

xX3 SHER
Table 3  Parameter selections
PLIES BHUE (i eV, (k, i) €E)
ki =k =10, ko; = k1; = 1, ka; = 0.5,
RIS ks = k4 = ksi = kot = ki = ksi = 25, Ko = 0.01,
£(0) =3, o = 100, Lo = 0.001
o k1 =0.0001, ke = 0.001, k3 =1, 0 = 0.9, N = 3,
UICKEE P = 0.006 s, xi1(0) = 100
RBFNNs [ =20, b; = 0.6, p; € [-2, 6] x [-2, 6] X [-2, 2]
60 - 3
EGCM__|NBPETCM ElEa
— 1 T 15 L
50 |-~ _o g |— o2 9 -
3 SHE
40
g 30t
~
=90 * ]
_____ /
4
10 t I
of /4]
30

% 70 N FHE R i 24 4 BA L2

Curved formation trajectories of multiple USVs

A 14
Fig. 14

2.0 EGCM NBPETCM
1 i=1 i=3 —+i=1 i—3
— =2 ————ji=4 —Q-i=2 —ki=4
1.5F EGCM NBPETCM
= 0.28 RS s
I 0.26 7 )*“ \\// RO
= 7
|: 1.0 024 L p L
. 022" /
£ o *
5. 55 60 65
0.5 | /
v frdptiee rfisseded e foe vinosliipae
0 1 1 1
0 50 100 150 200
t/s
Bl 15 gmPAfr BB ERRE
Fig.15  Formation position tracking errors
x 107 BEGCM NBPETCM
2!. —_—i=1 i=3 —-—+i=1 i=3
—ti=2==-i=4 “di=2 —Hhi=4
z
T 0 [ e e e o s e = e e
l\. -1t ! x 10° o x 10°
) \ RoN G T\‘ r\ r,?\\\Jl‘\\ i
OENSTY o WK by s T
1 X 1081 -
[ 2850 2.855 2860 2850 2855 2.860
I ] e o
~ \ x 10! x 10
IS sk EX =
" e i
7%.143.3,144 3.145 3.1-’16. 3.142 ) 3.144 3.146
0 50 100 150 200
t/s
K16 PIRTHLAD R JC B2 i N
Fig.16  The control inputs of USVs under

two mechanisms

FRE G A2 XS I E A 2% PRI, H [ IR 45 A A SR IR <08
JERERIE B HIREER, AR EGCM
T35 N 2 A T e B AL R AE 2 1, BE DR
Tl 8 () B0 A i B 3% 4 R vk R LR T ) A
58, 4iREY, EGCM 72 L 3L S 1015 B AL
FRY [ A 25 PRI S . B4, £ EGCM AL
&, BT NRE 2 R ) SR I P R O AL &8 J 1



10 3

B T35y LB WL ) T N\ HE 5% 45 BA A )

2253

o]l

Bl

e /s

i

IfE] /s

15

e /s

I

RRE

(ARG ﬁﬁj\éﬂ Fﬁﬁtﬂ%ﬁi
BRI AT 4> w0 B, M G Al A Ft

g2
2.0 T T
RE LW
i=1 i=3|[—%—i=1 i=3
15k S - -i=2 ——mi=d || =2 —— =4 ]
' Tl B L 1
—2 % E
0-244 - T= T iE 2% 3
1.0f o243t .~ =% —4 %1 1% 3
—0-1E2 —# 154
0-242 —0-3F2 —w2%4
—0-4F2 —#w3F4
/ 8.54 6
0 50 100 150 200
t/s
B 17 XD O i T %o b
Fig.17  Velocity estimation with
interval observation comparison
(2, 3)
0.04 ©0.030 s
0.042 0.027 s < A
0.03 I 0.018 s b\ 0.036 s
0.02 | 002s X
0.006 s Ny
0.01F
O ' ' ' )
50 100 150 200
0.04 [ 4.3
0.03 p 0.036 s A
0.02 L. A 0.030 s
0.006 s A 0.024s
0.01F by A0.018 5
P A1 0000 R AT AT AV ARG
20 40 60 80 100 120 140 160 180
t/s
K18 (2, 3) A (4, 3) (iEAE 8] FE
Fig.18 Communication intervals of
edges (2, 3) and (4, 3)
1 5
0.03 - o
0.018 s
0.02 - 0012s N A 0.030s
0. 006 Sl 0.024 s
0.01
o Ul HII\HI\IIIIIHIIHII L LA 0 LA A
50 100 150 200
2 S
0.03 7 _0.036s
0.02 & 0.030 s
0.006 s 7 0.024 s
0.001 7 00185
0 0.012 s
50 100 150 200
t/s
K19 A 1 FIRE 2 AOIE(E IR
Fig.19 Communication intervals of
vehicle 1 and vehicle 2

CEERIEE K

’@Zfﬂ%):ﬁﬁ

% 1 ST ] % 2 ST
0.9 —| M2 3 s W 2 o R T [
By,
0.8
BTH
0.7¢ ]
By By
s 067 [ Ba
Q‘:H" 0.5+ Buf|Bu By, By
AR
sm 04t
J
031
0.2}
0.1p
0
1 SHE 2 S 3 S 4 SfE
Kl 20 NBPETCM [ 50 4+ %
Fig.20  Channel competition rate under NBPETCM

71, #4% NBPETCM " FEMIEEMEI R, NE

L WA B SE 4RO, 18] 20 45 R TE a4 R
A4 .

Horb, Ny S 1055 5 M2 18 (0 R 550 15
VMG Ny FER A i N T A OB R (5
S 05 % PRI e RN 1S, 54— I 203 3
@ﬁz@mﬂﬁw, AT A RHILE. 22 LFTA, 13 ~
& 19 i 4h BL6FE T BT i EGCM £ 2 i
S VUL S VR P T AR R e

3.3 KXHIEIEUE

Sy AIE B4R 9 EGCM 764 D\ UEL S e i

AL ER P DL\ USV. 26 2538 17 12 25 15 1 2 BA
R, R R N £ = (4, -1, -1, -1,
0,-1,0,0;-1,4,-1,0,-1,0, -1, 0; -1, -1, 3,

-1,0,0,0,0;-1,0,-1,2,0,0,0,0;0,-1, 0, 0,
4,-1,-1,-1;-1,0,0,0, -1, 3, -1, 0; 0, -1, 0, 0,
-1,-1,4,-1;0,0,0,0,-1,0 2], H )\
USV Z5lbrich {1, 2, 3, 4, 5, 6, 7, 8}. FidIE{E

&y =[1,1,0, 0,1, 1,0, 0. /\f USV [K¥I%h

REHN 2(0) = [4.0, 6.5, —4.0, —6.0, 9.0, 11.5, —9.0,
—11.0]T m, y(0) = [6.5, —4.0, —6.5, 6.5, 11.5, —9.0,
—11.5, 11.5]T m. WIMGEE N = [x/6, /8, 7/,

7/4, /6, ©/8, w/7, w/4] T rad, u; =v; =0m/s, r;
=0rad/s, i€ {1, 2, 3,4, 5, 6, 7, 8}. HIE KM}
MBHERE NG =5", =105 -5", 6=
(-5, =5, 6, =[5, 5]", &5 = [10, 10]", d6 = [10
—10]", 67 = [-10, —10]", 65 = [—10, 10] " FELI ]
N 200 s, ERB KN 0.001 s, 26 245 AU,
A — 15 R AN [F 34 43 BUAS R (R 2L, A5 FE BN



2254 =l 3

S 52 &

R4 PUIRHLE R IR AL

Table 4 Total number of communications under two mechanisms
il (2,1) (3, 1) (4, 1) (1,2) (3,2) (1, 3) (2,3) (4, 3) (1, 4) (3, 4) Mt
EGCM 15 365 17 656 14 282 18 557 17 656 18 557 13 837 14 282 18 557 17 656 166 405
NBPETCM 15 895 17 963 16 359 20 335 17 963 20 335 15 895 16 359 20 335 17 963 179 402
0.008 s, VUL [P B IS E] 2 [0, 0.002, 0.004, 0.006] s. —
SRR IR RSO AR — B, R 4 Rk 2.5
WS PR, S B 55X (38) . 44l 90 j;
ST R 5. s —oiss
Kl 21 25 2 USV g b\izsh#iik, v LG = 15
i E G BRI ECR PG LR, BT th py i) 7 £ 1.0 b e
hRERE RUE R SRR T I 1T, S MR RE A 2P [F] 3 -
S5 R T 140 0 N BB 55 ] 22 2 Hh I 0 B 02
iR 22 M2k, 25 FAR IR 22 Re i SR WL IO IR FFAE AR Ok o wowo oo ]
ANEE P, RARFHIERE R AT, T % P e A A
B, NTA R, B 23 LU A3 AR g DA ‘
SEAE R, AT DA th 3 3 220 40306 AL SR 13 70 VA 2 FRNEHMLEGRE
W P = 0.008 s E@%ﬁﬁ?g@ﬂa i e R B Fig.22  Formation position errors of multiple USVs
EMET. 26K 21 ~ B 23 (i 545 R LS @ W (3, 1)
HEES: Frif AR T EGCM 118 2% g P\ 32 il 7 = 002 i ni 00215 7
W 5 23 A LBUBOR B R 2 HO T L T, fEfS il 2V M A
it oy AL S A TR A A B, 8 &AL IEAE i 0 20 40 60 %0 1(00 120 140 160 180 200
AR IR T A5 T8, I T A RCRE 5 {5 1 5 51 K 14 E 883 00325 LN
N % 0‘0(1) IIIIIIIIIIHIIIIH\HII\\II\IIIIIIII\I .
Table 5 Parameter selections @ (3, 4)
FEES] SZHME (i €V, (k, i) €E) % 88? 0008 8 [0.016 577 | \0'024 o I
R ::4::];: iol;i‘”'::ilfk;’f;&:;j:OVOL %j 09" 20 40 60 80 tl(}g 120 140 1(!0 180 200
£,(0) =3, a =100, lp = 0.001
dem o 0000 ; foifg(lo,l,;ﬁoji’foo:oo'g’ N=4, Bl 23 e 3 pE SRS
Fig.23  Communication intervals of node 3
RBFNNs =20, b; = 0.6, u; € [=2, 6] x [—2, 6] x [-2, 2]
FE, A0 AR S ) .
207 EET T IAETTLNE] el o
100 1= ’ 4 LERIE
80 AT BRE(E BHIRA R T, DU IR 2 A
E 60 KA T ) PR RIS ) 285 4, I N R S A 2 A R B 4
oy il 1) A FITR H ) E EEAR AAARIAE LR AN
20 , TAT: 1) 0T H 72 TR 2 mh AT 485 2. 1] B T 1 )
RS PT35S
< IREL AR A B R AL TH AR OIRES , IS5 15 B G
0 20 40 60 S0 100 120 G AT ¥ 48 2R S B A5 G DA ER ER ML BE T 52 )5 2) $2
z/m HA A LS AL (BGOM), KB 15 1% 5 2945 T
CPIRESWN #1087 b T2, FEAE L A& T 2 & I AE fi & 7 41, S B
Fig.21 Formation trajectories of multiple USVs ALl ﬁ?lﬁg, BB E TR IR



10 34 PRAE: BT AL A U P J0 AR 5% 40 BA 4 ) 2255

F B ZE R B A SRR O HA RIS T P
SRR T SEAE Gt DA 1 55 388 A 28 U5 T A K
PESOUBTE. R, A — € /IR TE: 1)
EGCM Ik RELE — & 12 L _FARM T 38 45 $h 4 I A2
SENE, HAEB SRR T 1 B &S RE AT ik
— BRI 2) R TR0 2 8 B AR B T fiE

BLRIE LS Wy B RUR B [, RGEERRIETT
BE— B IIE. ARR AT A 5 Bl 5 LR 7 A R T
1) P FUT 7 20 25 0 2% ) 9 3 G5 7 2L SRS, AR

T EGCMEIABE RN AETT; 2) KRB A B S H
WRE M BB IR T 3) IR T AN E K

AT B SRR ARG P R 3
PR A EIE 2 HYIERA

WERR. A% 3 B R IR B 2 JE N NEE 2R G AE 5%
AL AR E I, FFIGAIE B BE T 2 ) s S T4

Iy B B BE 6 K Eh 2R GRS IS 1 B 2

S DA PR R L RE, A4 38 U 20 3 K pR AL

1 1<
%112 ~ .2
V:§||77*77H +§Z\|”i*170|| +

_— i=1
1%

Va

1, . . «
5(1’—1N®no)T(77—77 ) +

V3

]‘ s\ T/~ .
5(’7*77) (0—1y®n0) +

V3

1 ~112 1 ~ 2
5”1’—”” +§H7I—1N®77|| +

Vi Vs

‘5_1N®5H2 +

1 , 1
“a—1 -
2||77 N @nol| +2

Ve %

8
1, .o 1y—~p2 1 5
;w+JkH+2§%wm|+
_/_/ m=

Va __?/,_/
N
S od Y (A1)
=1 k=1i€N}
Vio Vi1
H=L (9) AT15:

y * (12 1 ~ 112
i< aln—n'l + 5 o =5l +

1 X
~ . 2
EZH% — 1ol (A2)
i=1

Hor, oy PURJGEEHEST I az, -+, as >0 5
ay, -+, ar > 0 BB RAEAHES G,

ik (18) 55 (25), AIHES H v, i A2
Vo < — i (£ + ) k) — 2a2)||0 — 1y ® 770||2 +
T1.2
Rl BB S @l +
1.2
T(N +2% -1y @n|® +
k2 * (12
2as (N +2)*|ln —n*| (A3)

Forb ) Amax () A Ain (<) 23 90l TR BB B () BB R AN
B /NVRHIEAE.
¥ (9). (18) AT (25) HHATARNIF N LA HE 5
AL f, T AR BT 45
W < (Amx(ﬁkiﬁ)+Amax('rkiv) +1> "
2a3

N 5a
~ . 3 7 *
>l =l + %5 2B 4
maxA k2A
s ARG Lo
9 L — o) + 2 (N 4 22— Ly @
) 23 T IN I Ay

= (9)s (12)s (18). (19). (25) A5 HE 2 A f5:

Vi<~ 50— 0) k(I () ~ T(m) + T(m) — T (")) +
N
S (o — il G+ 2252~ (0 - 9) ko x
i=1 K
(v~ 9) ~ L(T() ~ T(n) + T(m) ~ T(n*)" =
k(v—1) <

- N 1
(a4)‘maX(k2) — Amin(Ko))[|v — 'UHQ + Y X
ay
2 al =~
(N +2)" I =12+ 3 (llos - @illéig +
i=1

+ T(N +2)%9—1y@n|* (A5)
Qy

0.278 5) 1

(67}

Hrh k= diag{ki }iey © In; ko = diag{ko; }icy ® L.
MR (9) T ANMES) 71 R DL K = (22)
M4 JRRAS A TH 2%, B AT 15

1

V5 = 5(*(’63 ® IQN) [((ﬁ@ IQN) + (ﬂ ® IQ)) X

M—-1yven) - (A® In)e; — (B® 12)62] -

T,. 1 .
Iy®v) (h—1yon) + H—1y®mn) x

5



2256 =l 3 1t =2 Eitd 52 &
(= (ks ® E)[(£® L) + (B0 1)) Vs = 3 (es+ (ks @ ow)(es — €))e +
((ﬁ—1N®77) —(A® Ihn)er — (5@12)82)} - 1
Iy®v) < QGT( + (ks ® Ion)(e5 — €)) +
<a5)\max(k352k3) a5)\max(k3AATk3) as %(64 + (k5 X IQN)(Eg — 2))TE +

2 2 2
3¢ (ex+ (ks @ Dox)es — @) <
)\Iilill(((‘C@IQN) + (B®I2))(k3®I2N))> X 1
fllee\IQ + (as — Auin(ks))ll€]* +
1 — 1y @ nl® + ——llesll” + ——lex]> +
1 25 2a —Am;’;("’g) Jesl* + el +
fII1N®vH2 (A6) N (2)
(a5 — Amn(ks))l| €]’ + =5 > les))?
R (29) Frds IS B IREAG T8 2 R 3 as (A9)
%7 Tlﬁ—/'fﬁ:iu *E*E NE==
o 3 (23). K (27) %uﬁ (33) HillERZEYS
Ve = 5(—(146(5 +v)@ L) (7 —1y ®n0) + WL Z2 ) e X, AT PABEERAS Vo T A :
(ksA @ Iy)e — 1y @10)" (7 — 1y @ mo) + Vo < Vo + Vo (A10)
1, T Hrr,
5(77—1N®770) (—(k6(L+v)®I) x . 3N
L= | (LT I
M—1ny®mno) + (ksA® Iy)e — 1y ® 1) < Yo 2a4 ((( @ L)+ (8@ 1))
(£ 4+ ko) aax\max(ATQkéA) +as (k2@ Ly)(£L© Ly) + (8® IQ))> +
32N
E2(N + 2)* Apax (£ k2(L
17 1 @m0l + 5= el + 5l ol ar N2 (£ R )+
G A (A7) 2N
e 7/62(N+2) 19— 1n @
FR4E = (31) IR G R ZE M T BhEs, AT S
N
Ve = %(—(k7 © Ly)[(£L® Ly) + (8© L)) x g s (L +KG(L +7) +
(6 ~1x©8) ~ (A Liver - 2 s (€ )+ )
~ 6
(B® I)es]) (6 — 1y ® &) +
L ; (c +v>k6<c+v>) 17— 1y @m0l +
5(6 — lN ® 6) (—(k7 X IQN) X
ON 32N -
(L& L)+ (B L)(6 — 1y @ 8) Ty N2+ RN +2)° X
(A® Irn)er — (B® Ip)es]) < Aax (L +VEXL A7) ln—n*? (A11)
- ( min (£ ® Ien) + (B @ I2)) (k7 ® Ian)) — ) 3N )
Voo :ﬁAmax((ﬁ ®@ Iy + @ I) (k7 @ Ian) X
a7)\max(k7AATk7) a7)\max(k752k7) ! ~
2 - 2 ) X (ﬁ®I2N+ﬁ®IQ))”‘S_1N®6”2+
9N
Ha—1N®5H —|——||e7|\ +5— ||eg|| (A8) o s (C+RI(L+7) +

FRHE = (29) *Eﬁ%%ﬁ(%ﬁﬁm%ﬂbﬁ%, Jf
gE 430 (32) B SRR DX ]8I0 2% 5687 B0, 06 Vg
KRG IHATRIE, W15 Vs S 2 N RZE R

16N
74)\11134)( ((‘C + 7)k4(£ + 7)k3(£ + ’Y) X

ka(L+7)][6 — 1y @ 9ol|® +



10 44 PRAE: BT AL A U P J0 AR 5% 40 BA 4 ) 2257

,ﬁ (1 + )\max(kg) + 2)\max(k8))\max (ATk6 X
a6
k6 A) Amax(Fs) + 3hmax (A ke (L + v)k§ %

16N
L+ 7)k6A)) + G—AW(ATkzx(ﬁ + )k %

N
Fa (£ 4 7)kad) + — A (ATRGA) ]| +
5
2N —
?AlrlaX(ATkiA)HeHz +

as
16N —

- Amax (k5) Amax (ATkF A) Amax (ks) | e ||* +
3N )
(LA DRL + ) @ ol +
16N .

T Amax (£ +7)EG (L +¥)) 11y @ 7jo|* +

8

_ N

> Enllenl? + 5llol? + 28T )]

m=1 2 (Al?)

Hrh, B, 2l R AR E KRB S8, HA
R RAES (AL7) . B3R (20) FTA0 Vi WAL LA T
KRAR:

N N
Vip=—>_llvi — 0ill &ichi + Y _ k2ili&s <

i=1 i=1

al . k
—vai—mnm—z 5 (& -€)

i=1 i=1 (A13)

AR (34) @ E A, A3 Vi W2

N
Vnzzz {—H2Xik+/€3 z

5 Kallvk — o)) —
k=1iEN}

8
Z (0.56K9 + Ep, emikHZ] } (A14)
m=1

SR b EPRRBNA TN R R SRR
V< —K Vi — KoVa — K3Vs — (1 — 0) K4V —
K5Vs — K¢V — K7Vi — KgVg — KoV — K19Vig +

A+ Z (1— @ZZM (A15)

(k, )€€ k=1i1€N}

e, fil R R B Gag (1) R PTIE JL A IR ZE U R AL

Em (m=1,2, -, 8) Wi:
1 -
Ei=—+FE, BEy=-—+E,
2a5 20,5
)\maxk 1
E?,:JME& Ey=-—+E,

2a8 2a as

Amax k2 1
E5=7( )+E5,E6—7+E6
2(18 2a as

1
E;=_— +E; Fg=

1 _
— 4+ F Al6
2a7 2a7 + s ( )

al/\lnax(BQ) 3N>\maX(ATk§A)

2 2a1
£ — 3N (B2 L) (k] ® L) (8 ® Ip))
2= 2a9 *
2 Amax(8%)

2

_ 16V
ES = ?)\Inax(kS))‘InaX(ATkiA)AmaX(kf)) +
4

63)‘max (BQ)
2

- a4)\11(1'&}((62) + SNAmaX (ATkiA)
2 Gy

N

E5 = g(Arrlw(kg) + /\maX(ké) +
6

2 ma (k) Amax (AT KGA) Ao (Ks)) +
ELSAmax(ﬁz)
2
o G6Amax(8?) N NAmaXEATkgA) N
2 Qg
NAmax (ATKZAATEZA)
ag

_ 3N
Er = — Anax (ATE2A) +
2(17

a6)\mamx(ﬁ2)
2
Eg = SfN/\max((ﬂ @ L) (k? @ L) (B ® 1))
ar (A17)
Hr, Ky, -+, Ko NHIERIE R 81E S8 LA
S B4R TR I (R e ) S 4K
kK* 2N _,

_ 1 2
Ki=2k—a1— [ —+=—k+— |(N+2) —
1 a <2a2+ 7 +2a4>( +2)

das 32N

2 a4

(L£+7))

Ky = Amin((‘c + ’7)’94) -

kz(N+2) Amax (£ +7)k3 X

! 2
2(11 @2
Amax (LRIL) 4+ Amax(VEFY)

2(13

2N 16 N
7)\max((£ + ’Y)ki(ﬂ + ’7)) -1- ?4




2258 H 3

1k =2 Eitd 52 %

/\max((ﬁ + 7)k4(£ + 7)’62(5 + 7)k4(£ + A/))
K3 = —max{bl, b2}

1 ~
K, = 2>\min(k0) — ;1 —az — 2(14)\max(k2)

k2 k* 1 4N~
K5=—<+++_k2)(N+2)2+
2

a as a4 as

22umin (£ @ Ion) + (B ® I2)) (ks ® Ion)) —
a5 Amax (K3 AN E3) — a5 Anax (k3 87ks) — a5 —

3N
— Anax (L@ Inn) +

2 (B®@ 1)) (k3 ® In) X

64N -

(L@ hLy)+ (B 1)) - (N +2)?

Amax (£ +7)K3 (£ +7))
K6 = 2 min((£ 4 7)k6) — a6 Amax(ATRZA) — ag —
o X (L4 VKL 1) = 2
Amax (£ +7)ko (L +7)kG (L + 7)ko (L + 7))
K7 =2 i (£ @ Ion) + (B ® I2)) (k7 ® Ion)) —
a7 Amax (k7 AAT k) — ar Aoy (k732 ky) —

3N

I— max(((»c & IQN)
ar

(6 © I2)) x

(k2 @ L) (L ® Iy) + (B® I2)))
Kg = min{bg, b4}, Ky >0, Kig = min{k‘li, k‘gl}

]2‘2 50,3
by = —(N+2)°+—
1 a1+2a2( +2)" + 5 T

2N _
k(N +2 — (N +2)" -2k
7 (N +2)? +2a4( +2)° +

32N
a4
1

2a4q

A (LEZL) + Ao (YK3Y) AR
2&3 as

16N

)+ —— %
as

FAH(N + 2)* Anax (£ + Y)E3 (L + 7))

b2 = - Amin((ﬁ + '7)’64) + 2042 +1+

Aiax (£ + ¥) kG (L +

A (£ + V) ka(L + ) K (L +v)ka(L + 7))

1 2N
b3 = 2)\min(k8) — ;6 — 2&8 — a)\maX(ATkEA) -

7(1 + Amax(kg) + QAInax(kS) X

Amax (ATEZA) Ay (Kg) +

B (AT (£ + 9)R2(L +7)k6A)) —

32N
fAlxlax(ATkﬁl (‘C + 7)’{:3 (‘E + 7)k4A)
4

Amax (ATERIA
b4 = 2>\min(k7) - % -
Amax(ATEZA 4N
M — 2ag — ?Alnax(ATkiA) —
as as

32N

aa )\max(kB))\max(ATkiA)AmaX(k5)
N N
ko 0.278

5+ N n 1 I ||2
2C_L2 20,5 v
1 3N

ot *((5 +9)kg(L+7))

1 .2
2ag I1nv ® 70" +

+ o+ —Amax (£ + 'Y)kz(ﬁ +7))| x

1 1 16N
2(12 2(13 Qy

. ON il - |2
H1N®no||2+a—4k2HJ(n)’ (A18)

WA (34), 743

8
Girk(t) < gir = k1 Z (0.5Kg + Ep,) ||lemir]|” (A19)
m=1
Hrf ) g AR BREL G (t) 5.
ERER|PAT I IR I EL R, A E— N IER
B G W2 G, > ym K, A

Z (1 —k3)Ga(t < Z (1—/€30ikp+xik>

(k, i)€€ " (k, )€€

(A20)
R Vi > 0, IS AN A A PR AL

p < Fifamin {xir(0) exp [ (k2 + Ka + k7 'K3)E] }
- (1—rs) max{éik}

(A21)
Hf kg > 05 ¢ RINESS B FFEERT [A]. fH b ] 15
V S 7K1V1 - K2V2 - Kg‘/g - (]. - O’)K4V4 —
K5Vs — K¢V — K7V — KgVg — KoV —

N
K10V10—f€2z Z Xik + A

k=1iEN}
Hot, A=A+ iee (%‘FM@). Xt

BRAR S, A LI R R A A Ak A I 2
NE. HI A4S

(A22)

V() < V(1) (A23)



ﬁ\:l:'j, )\:min{Kl, K27 ..

10 PR FET 1A 5y ZE (AL ) 70 A FHE R 590 A 2% H 2259
zh4 3 (A22) ~ (A23) HI75: Brpatil. RS SR, 2023, 40(12): 2198-2208)

V<-AV+A (A24)
) KIO; K?}? Xﬂ-ﬁ (A24)

BEAT AR PIAG 2 MV R R A B S

_ e—At)

12K (A25) AT, 2=l U 0% B AR 28 = 8

V() <V(0)e M+ % (1 (A25)

BES: Qv (0, A/N; RERS {n—n*, -,
v-0, N—1ly@n Nn—1In@n} M {6 -1y ®39, €,

€,

em} AN EES: Q1 (0, V2A/N]; & WA

4&@(@%% QQ : (O, Zmax{k‘h}ﬁ/)\], Xik %égq&
WL Qz: (0, VA/N. WRABIH MG %1, A
SRVE BE NS STEN I T 1 0 A0 4 BN R B 2 O

10

Sk

Huang B, Ren X Q, Zhou B, Zhang Z, Zhou X T, Miao J M. An
intermittent anti-competition communication mechanism based
formation maneuvers for the Internet of unmanned surface
vehicles. IEEE Internet of Things Journal, 2024, 12(3): 3234—
3247

Wen Guang-Hui, Yu Xing-Huo, Huang Ting-Wen, Zhou Yan.
Fixed-time bipartite formation tracking control for multi-USV
systems with uncertain model parameters. Acta Automatica Sin-
ica, 2025, 51(3): 669677

(IR HE, REK, BES, . BB HORE N2 T AR S
[ 5 I 18] — 23 2 BABR A2 6. B 340224, 2025, 51(3): 669-677)
Zhu Gui-Bing, Wu Chen, Ma Yong. Adaptive neural output
feedback trajectory tracking control for USVs under false-data-
injection attacks. Acta Automatica Sinica, 2024, 50(7): 1472—
1484

(Botde, R, BB, REREEEA RIS T EAKEAAEE G
N A 22 B B R R R A . B A R, 2024, 50(7):
1472-1484)

Zhou D J, Wang Z J, Schwager M. Agile coordination and as-
sistive collision avoidance for quadrotor swarms using virtual
structures. IEEE Transactions on Robotics, 2018, 34(4): 916-923
Wen J B, Yang J C, Li Y, He J Y, Li Z J, Song H B. Behavior-
based formation control digital twin for multi-AUG in edge com-

puting. IEEE Transactions on Network Science and Engineering,
2022, 10(5): 2791-2801

Huang B, Peng H, Zhang C X, Ahn C K. Distributed optimal
coordinated control for unmanned surface vehicles with inter-
leaved periodic event-based mechanism. IEEE Transactions on
Vehicular Technology, 2024, 73(12): 18073-18086

Wu K F, HuJ Y, Li Z H, Ding Z T, Arvin F. Distributed colli-
sion-free bearing coordination of multi-UAV systems with actu-
ator faults and time delays. IEEE Transactions on Intelligent
Transportation Systems, 2024, 25(9): 11768-11781

Peng Zhou-Hua, Wu Wen-Tao, Wang Dan, Liu Lu. Coordin-
ated control of multiple unmanned surface vehicles: Recent ad-
vances and future trends. Chinese Journal of Ship Research,
2021, 16(1): 51-64

(ZR%, RV, £, MG 27T NEERE Y R H 0T Rt R 5
Ak, hEMAETA, 2021, 16(1): 51-64)

Kang Y H, Luo D L, Xin B, Cheng J, Yang T W, Zhou S L. Ro-
bust leaderless time-varying formation control for nonlinear un-
manned aerial vehicle swarm system with communication delays.
IEEE Transactions on Cybernetics, 2022, 53(9): 5692-5705

Gao Sheng-Nan, Peng Zhou-Hua, Wang Dan, Li Tie-Shan. Co-
operative target tracking by multiple unmanned surface vehicles
subject to model uncertainties. Journal Control Theory & Ap-
plications, 2023, 40(12): 2198-2208

(RS, ZRA%E, 4, B0, SR T 5 AR H bR

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Jiang X L, Xia G H. Event-triggered practical formation con-
trol of leaderless unmanned surface vehicles with environmental
disturbances. IEEE Transactions on Circuits and Systems II:
Express Briefs, 2023, 71(3): 1326-1330

Wang Hao, Wang Dan, Peng Zhou-Hua, Sun Gang. Adaptive
dynamic surface control for cooperative path following of mul-
tiple autonomous surface vessels. Journal Control Theory & Ap-
plications, 2013, 30(5): 637643

(E5R, £FF, SR, 70R1. 2 8 T M FE AR IR R0 B IS M)
T2 H]. 6B 58, 2013, 30(5): 637-643)

Chen R S, Yang Z Y. A cooperative merging strategy for con-
nected and automated vehicles based on game theory with
transferable utility. IEEE Transactions on Intelligent Transport-
ation Systems, 2022, 23(10): 19213-19223

Yu R R, Zhao X, Lu S, Chen Y H, Li C M. Intelligent game-
theoretic approach for resilient robust control design of cyber-
physical systems: Application to intelligent transportation sys-
tems. IEEE Transactions on Intelligent Transportation Systems,
2024, 25(11): 16072—-16083

Yang Y, Li X. Towards a snowdrift game optimization to ver-
tex cover of networks. IEEE Transactions on Cybernetics, 2013,
43(3): 948-956

Deng Z H. Distributed algorithm design for aggregative games of
Euler-Lagrange systems and its application to smart grids. IEEE
Transactions on Cybernetics, 2021, 52(8): 8315-8325

Ye M J, Hu G Q. Game design and analysis for price-based de-
mand response: An aggregate game approach. IEEE Transac-
tions on Cybernetics, 2016, 47(3): 720-730

Chen Z, Nian X H, Meng Q. Noncooperative formation control
in the presence of malicious agents: A game-based strategy.
IEEE Transactions on Industrial Informatics, 2023, 20(3): 4972—
4981

Deng Z H. Game-based formation control of high-order multi-
agent systems. IEEE Transactions on Network Science and En-
gineering, 2022, 10(1): 140-151
Ye M J, Hu G Q. Distributed Nash equilibrium seeking by a
consensus-based approach. IEEE Transactions on Automatic
Control, 2017, 62(9): 48114818

Pan W, Xu X L, Lu Y, Zhang W D. Distributed Nash equilibri-
um learning for average aggregative games: Harnessing smooth-
ness to accelerate the algorithm. IEEE Systems Journal, 2023,
17(3): 4855-4865

Ye M J. Distributed robust seeking of Nash equilibrium for net-
worked games: An extended state observer-based approach.
IEEE Transactions on Cybernetics, 2020, 52(3): 1527-1538

Xiong F, Zheng H, Ruan L, Wang H, Tang L J, Dong X, et al.
Energy-saving data aggregation for multi-UAV system. IEEE
Transactions on Vehicular Technology, 2020, 69(8): 9002—9016

Deng Z H, Luo J, Liu Y Y, Yu W Y. Distributed formation con-
trol algorithms for QUAVs based on aggregative games. IEEE
Systems Journal, 2023, 17(3): 4419-4429

Park B S, Yoo S J. Connectivity-maintaining and collision-
avoiding performance function approach for robust leader-follow-
er formation control of multiple uncertain underactuated sur-
face vessels. Automatica, 2021, 127: Article No. 109501

Wang Y Y, Liu X, Wu Z T, Dang C Y. Distributed prescribed-
time formation control for underactuated surface vehicles with
input saturation: Theory and experiment. IEEE Transactions on
Intelligent Transportation Systems, 2024, 25(11): 1861118623

Wu Wen-Tao, Gu Nan, Peng Zhou-Hua, Liu Lu, Wang Dan.
Distributed time-varying formation control for unmanned sur-
face vehicles guided by multiple leaders. Chinese Journal of Ship
Research, 2020, 15(1): 21-30

(RICV, it 2%, X6, £ 2900E 351 T ARSI 2>
A S AR BA R ). b E AR AT 7T, 2020, 15(1): 21-30)

Yan Jing, Guan Xin-Ping. Development status and key tech-
niques for cross-domain swarm of maritime unmanned systems.
Acta Automatica Sinica, 2025, 51(4): 744-761

(8, OB g EJE N RSB R R IR KRR, B
LR, 2025, 51(4): 744-761)


https://doi.org/10.1109/jiot.2024.3478784
https://doi.org/10.16383/j.aas.c220984
https://doi.org/10.1109/TRO.2018.2857477
https://doi.org/10.1109/tnse.2022.3198818
https://doi.org/10.1109/TVT.2024.3432736
https://doi.org/10.1109/TVT.2024.3432736
https://doi.org/10.1109/TITS.2024.3364356
https://doi.org/10.1109/TITS.2024.3364356
https://doi.org/10.19693/j.issn.1673-3185.01923
https://doi.org/10.1109/tcyb.2022.3165007
https://doi.org/10.7641/CTA.2023.30229
https://doi.org/10.7641/CTA.2023.30229
https://doi.org/10.7641/CTA.2023.30229
https://doi.org/10.1109/TITS.2022.3161535
https://doi.org/10.1109/TITS.2022.3161535
https://doi.org/10.1109/TITS.2022.3161535
https://doi.org/10.1109/TITS.2024.3407721
https://doi.org/10.1109/TSMCB.2012.2218805
https://doi.org/10.1109/tcyb.2021.3049462
https://doi.org/10.1109/tcyb.2021.3049462
https://doi.org/10.1109/tcyb.2016.2524452
https://doi.org/10.1109/tcyb.2016.2524452
https://doi.org/10.1109/tcyb.2016.2524452
https://doi.org/10.1109/tnse.2022.3205659
https://doi.org/10.1109/tnse.2022.3205659
https://doi.org/10.1109/tnse.2022.3205659
https://doi.org/10.1109/TAC.2017.2688452
https://doi.org/10.1109/TAC.2017.2688452
https://doi.org/10.1109/JSYST.2023.3264791
https://doi.org/10.1109/tcyb.2020.2989755
https://doi.org/10.1109/TVT.2020.2999374
https://doi.org/10.1109/TVT.2020.2999374
https://doi.org/10.1109/JSYST.2023.3268160
https://doi.org/10.1109/JSYST.2023.3268160
https://doi.org/10.1016/j.automatica.2021.109501
https://doi.org/10.1109/TITS.2024.3436882
https://doi.org/10.1109/TITS.2024.3436882

2260 H 3

(8

S 52 4

29

30

31

32

33

34

36

37

38

39

40

41

Wang Hao-Liang, Chai Ya-Xing, Wang Dan, Liu Lu, Wang An-
Qing, Peng Zhou-Hua. Event-triggered cooperative path follow-
ing of multiple autonomous underwater vehicles. Acta Automat-
ica Sinica, 2024, 50(5): 1024-1034

(FiEsE, A, TR, XbE, T2, sR%E. BT SR L)
1% B EK T AT 25 U M) AR BR R B . B e, 2024, 50(5):
1024-1034)

Hu Xin, Gong Qing-Tao, Zhu Gui-Bing, Han Guo-Jie, Wang
Yuan. Event-triggered synchronization anti-disturbance control
method for ship replenishment. Chinese Journal of Ship Re-
search, 2024, 19(5): 87-94

(W18, ULV, Blotdx, SRS, Bk BT H MRS ARR
gy R BT b S EAUIRET 7T, 2024, 19(5): 87-94)

Xian Cheng-Xin, Zhao Yu, Wen Guang-Hui. Distributed forma-
tion tracking control of multi-spacecraft systems under stochast-
ic event-triggered communication mechanism. Journal of Com-
mand and Control, 2025, 11(3): 361-370

(Fefids, BT, RME. BENL S A ROB I T 2R R
SBAERERFE ). FR4E S 224k, 2025, 11(3): 361-370)

Wang S B, Wen S P, Shi K B, Zhou X J, Huang T W. Approx-
imate optimal control for nonlinear systems with periodic event-
triggered mechanism. IEEE Transactions on Neural Networks
and Learning Systems, 2021, 34(6): 2722-2731

Ren X Q, Huang B, Zhou B, Peng H, Zhang Z. Game theory-
based formation control for networked unmanned surface ves-
sels with weighted switching topology and dynamically assigned
data sampling period. Nonlinear Dynamics, 2025, 113: Article
No. 19845

Zhang Z, Huang B, Zhou B, Miao J M. An anti-congestion inter-
action mechanism based leaderless formation control for un-
manned surface vehicles with communication interruptions.
IEEE Transactions on Vehicular Technology, 2024, 73(11):
16964-16976

Li J X, Zhou B, Huang B, Huang W Q. Distributed event-driv-
en optimal control for networked unmanned surface vehicles
with long transmission delays: A memory-based estimation and
communication assignment approach. IEEE Internet of Things
Journal, 2026, 13(3): 4247-4260

Zhang Y C, Miao J M, Huang B. Dual-layer dynamic event-
triggered formation maneuver control for underactuated
autonomous underwater vehicles via edge vector-based method.
Ocean Engineering, 2025, 330: Article No. 121200

Dai S L, He S D, Wang M, Yuan C Z. Adaptive neural control
of underactuated surface vessels with prescribed performance
guarantees. IEEE Transactions on Neural Networks and Learn-
ing Systems, 2018, 30(12): 3686—3698

Wen G H, Fu J J, Wang B W, Wang X D, Shen H. Robust
formation tracking of ASVs with nonconservative collision

avoidance: A control barrier function-based approach. IEEE
Transactions on Industrial Electronics, 2026, 73(6): 9174-9186

Lu Y, Wen C Y, Shen T L, Zhang W D. Bearing-based adapt-
ive neural formation scaling control for autonomous surface
vehicles with uncertainties and input saturation. IEEE Transac-
tions on Neural Networks and Learning Systems, 2020, 32(10):
4653—4664

Ran G T, Liu J, Li C J, Chen L M, Li D Y. Event-based finite-
time consensus control of second-order delayed multi-agent sys-
tems. IEEE Transactions on Circuits and Systems II: Express
Briefs, 2020, 68(1): 276—280

Do K D, Jiang Z P, Pan J. Robust adaptive path following of
underactuated ships. Automatica, 2004, 40(6): 929-944

- =i [ | A NE= 29 B =0 i
. 2019 FIRAFPEAL TAV K221l 15
Ko, EEREFTT SR, e
KA AA R SR 32 61, KN AT 48
0 9t A R R A2 o], AR s ), AR
HI1 A0 % fE 42 4. E-mail: binhuang@
mail.nwpu.edu.cn

(HUANG Bing
ence and Technology, Northwestern Polytechnical Uni-

Professor at the School of Marine Sci-

versity. He received his Ph.D. degree from Northwest-
ern Polytechnical University in 2019. His research in-
terests include robust control, nonlinear control for
marine surface vessels, formation tracking control for
underwater vehicles, fault-tolerant control, sliding
mode control, and intelligent control.)

2 B AN 3 R 2 A e
WFFLA. 2024 4EFAF B HUR ML R 27227
AL R TTT [ 9 5 g A
i, g BAIE . E-mail: zhao-
chong@mail.nwpu.edu.cn

(ZHAO Chong Master student at
the School of Marine Science and
Technology, Northwestern Polytechnical University.
He received his bachelor degree from Nanjing Agricul-
tural University in 2024. His research interests include
affine formation control and game formation control.)

SRIZNN 78 b T K I 2 B 2L
$2. 2009 KA PG AL Lok R 2 1 12
B EEWFTT AR T LS AT
HEEHHEAR.

E-mail: ZLC@nwpu.edu.cn
(ZHANG Li-Chuan Professor at
the School of Marine Science and
Technology, Northwestern Polytechnical University.
He received his Ph.D. degree from Northwestern Poly-
technical University in 2009. His research interests in-
clude navigation and control technology of underwater
robots.)

&K BT R AU B L
Ja. 2024 FEARAFIERIE TR 1+
EE St 2SI CISEZ et
FRLRIE RS, oA AN RS
Plr R4z ). A SCRAS AR

E-mail: oliver rlz@nwpu.edu.cn
(ZHU Cheng Postdoctor at the
School of Marine Science and Technology, Northwest-
ern Polytechnical University. He received his Ph.D. de-
gree from Harbin Engineering University in 2024. His
research interests include multiagent systems, nonlin-
ear systems, distributed control, and unmanned sys-
tem cooperative control. Corresponding author of this

paper.)


https://doi.org/10.1007/s11071-025-11177-1
https://doi.org/10.1109/TVT.2024.3423478
https://doi.org/10.1109/JIOT.2025.3632907
https://doi.org/10.1109/JIOT.2025.3632907
https://doi.org/10.1016/j.oceaneng.2025.121200
https://doi.org/10.1109/TIE.2025.3649849
https://doi.org/10.1109/TIE.2025.3649849
https://doi.org/10.1109/tnnls.2020.3025807
https://doi.org/10.1109/tnnls.2020.3025807
https://doi.org/10.1109/tnnls.2020.3025807
https://doi.org/10.1109/ccdc.2018.8407122
https://doi.org/10.1109/ccdc.2018.8407122
https://doi.org/10.1016/j.automatica.2004.01.021
mailto:binhuang@mail.nwpu.edu.cn
mailto:binhuang@mail.nwpu.edu.cn
mailto:zhaochong@mail.nwpu.edu.cn
mailto:zhaochong@mail.nwpu.edu.cn
mailto:ZLC@nwpu.edu.cn
mailto:oliver_rlz@nwpu.edu.cn

	1 问题描述及预备知识
	1.1 预备知识
	1.2 系统模型与假设

	2 基于边分组通信机制的无人艇博弈编队控制方案
	2.1 代价函数设计与平衡点定位
	2.2 控制算法设计
	2.3 边分组通信机制
	2.4 混杂模型建立

	3 仿真分析验证
	3.1 有效性验证
	3.2 对比仿真
	3.3 大规模验证

	4 结束语
	附录 A 定理2的证明
	参考文献

