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Adaptive flocking algorithm for uncertain Euler-Lagrange multi-agent
systems with experience replay
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Abstract: An adaptive flocking algorithm with experience replay is proposed for networked uncertain Euler—Lagrange
multi-agent systems. Under the assumption that the uncertain terms can be decoupled into a known regression matrix and
an unknown regression vector, the proposed algorithm can significantly improve the performance of the flocking system
by identifying the unknown regression vectors online without satisfying the persistent excitation (PE) condition, which is
required for the convergence of the estimated regression vectors in traditional adaptive flocking algorithms. The adaptive
law designed in this paper not only guarantees the system to achieve the goal of flocking control, but also guarantees the
convergence of the estimated parameters to the actual value by recording the error information at different times when
the system meets the interval excitation condition. Finally, the algorithm is analyzed and proved by LaSalle’s invariant set
theory. Simulation results show the effectiveness of the proposed algorithm.

Key words: flocking control; multi-agent systems; adaptive control; Euler—Lagrange systems; experience replay

Citation: WANG Ximing, SUN Jinsheng, LI Zhitao, et al. Adaptive flocking algorithm for uncertain Euler-Lagrange

multi-agent systems with experience replay. Control Theory & Applications, 2022, 39(9): 1699 — 1706

1 55
%2 2 He AR B[R] 45 1) 70 AL B AR W 45 U2 i &R
g AL NI E ARG R ) iz, I
RIFEEZ BT T W, 228 Be PR b s m i 1%
THo AT 2 SRl , (015 3 B AR J= S B i
Sy WG B SCHEEREZE B, N T S R A SEPr &
25 R R Re AR BE AP AE BRI R I 100, w42 il e 1%
RN BEARAAN 5 — 52 BE 2 2 N R e AR B A 5
BUEETEIZ B, fd b a4 g A i) A SR () &

WACRE 1 303: 2021 —02—19; 5% HiM: 2021—10-25.
TiffZ/E . E-mail: jssun67@163.com; Tel.: +86 25-84315467-727.
AT B4

il

PRVES RS, R, CAT A 2 i 5500 2 BB e
R AR R OO T AR VS T i) 5 K 18

THSARRL BRI 7 M. (ELTR] I th B R ), XUAR 73 A
RUAN T 8T B REAA I o B ANIEE , {E 208 1 1 s

B HE R, B, 5 NS SR B
F 5t 2 3 Re AR RS ] DUE— P4 T s Bk 1)
BB OMEA FHOME.

BT, BB R R A B A SR n ARt
¢, TH M) Euler—Lagrange (EL)Z 2 g A4 15 70 1) e 47



1700 oA R 5 N A

39 %

FEBT RN T #0s i, BLEE Y R —Fh &
i, B R IR BE 7, BE VT DA IR 7
R BEEE ) HTER R, AT LU - A S LA
AU TR U WU 13155 R AT 4285, AR
AN 5 BT DA 26 A [ A I O, BIPASERY o AN
0843 R LAy i Sy ©L R0 BT [ V1 R R AR R i ) A 2 2 4
(T T RIARSE), 1X7E R AR R AR 1 [R] B 2 i 1 4%
il 28 B e . DR, 25 T AN EL 2 2 e AR AU 1)
P FIRE ) L2 ROk 2 (1) g 12 14200,

1E O SCHR A, = 208 F P A5 1 A BB A o
AN e Ve R B 7 VR RN IS N V. AR Y 2 TV
Hh B e (AR E PRI AL E SR BN 2122 (5
R 2 A MERBNE 1S R Gifa e . mil as vk BT
R [P s b, 3 P R A A, H S B 2R R 5
KEL Bl (chatting) ¥ 1] . 7 H & BT 5, BIEKEE
FE AL AN E T R NS AR T 5,
— BAS TSR ST S bR S8, A A e LRI E
i AT DA I SR, AT S R e nAe e . SR, —
ATTRNF R, RA 24 B RE R 2 R 2L Ui
(persistently exciting) 20, it SHA SISk T3
PRz 023 (AR K ZHAR S, [R5 R 75 R RF
SRR EAE ATE LR FIT Y, I LR R ARSI
TARE, RSN A A AR R O DU 2. B AR SR
[12,16,25-26]1753 73 H] FH B & R4 i Be vt 7 g 42 )
FEIHEA R GRaE, (HIX SRR RERIEML 1S4
SRR SEBR S50, M E R T da i A P Re 7.
T FEAKERTH Bz h 2 PR BE 1) T B, — o i B 1 A 3
DTN G N B ARUR R 28, DUIHEE RGAE
RARE T, K] et Sl -2 50m Sebr 2 8,
T SRAT B /N Al vH R 22, SR, SCHR [28-29148 H,
A A R 8 A7 TR B DUE, IX R e R 4
a1 T 2 FEARAN TF S W SIGE B e Ab, o T 44
X o34 U R GER U, NS =S B o
AN REAR T ST B b 2 A T A TROE IR BRI U, A 5T
WA 1S B 3& N R G 4G T SIS 3 S R
SRR L ELT).

T BRAR BOE R R G Al TS B SO R Bl
A B, B TR T AR T A R B T
1% ChowdharyZ5 24271 gy Yk T IR4724 2] HIE M4
il (concurrent learning (CL) adaptive control). B¢, iX
P T IEAEAS R ZE 5 REPRES SN ES
K, AT IR 5 8 2 0] 1) 08 R IR S TR 2=
ARG, I VT B & AR DL [ RUR e 22 56 HU A,
fEEE TS B SR EISE PR 240 SCHR 30146 H, AH L
TR A, FRAT 5 ) B IE NS G TS50
5] V344 i T~ 7] & 384 il (interval excitation) 2k #4831, [a]
BN A LU R BN 55, 72 WARGE P2 5 2 .
BT, AT R IEAT R 2] HIE MR RGUIRES T

A5 B TR, ParikhZ B2 T —Fh AR 0 B 1) 9047
2% 3] HI&E N7 (integral CL adaptive control). X FhH
RS R R H T PR SRR EE R
B TAELR RGP S BUE AR, Rtz EE
AN B A S DURE SR TR, Dy T e — P R
PEER SRR, A SCE el 7R IAT#21 H
TN AR, Bt 1R A LB 2, NITAE T /7
RGURASFEUE B E, B 1 o dEnt ) E
AR SR JEa i R AR ) SR DA A B T R, S
LT B RE AT A3 B B, A8 e A, TE T
IR H A5,

2 BERIHA
21 ZHEBRERGER
ZREH NANELR TR In 4 2 B aek R4t
M;g; + Ci(qi» 4:)di + Gi(a;) = 7, (D

SO T A B, g0, di,d € RAA BRI ILL
0, PRI FE, S M, € R K RN i 3
P 55 B, C(gr, ) % 75 R 2L BRI s 46 B 46 .
Gi(q) € RMEFESN, 7 € RVFE TR A ELR
S AT PR

B 109 ML AR

B 20 M, + il 4 LR e, B
Xﬁﬂ%ﬁ%ﬁf’ﬂ%z e R", ZT(%Mi + Cl(qz, ql))z =0.

B3 RO RIAH & Ia] BLo 5k an 3k
S HUL, SRR Ea € RPAIB € R, TdA
AL

Mo = Yl,i(a)el,ia ()

Ci(¢i,4:)B + Gi(qi) = Y2.:(qi, i, B)024,  (3)
/E\:EP: }/1,2‘(04) = (OZT X In), Yrg’i(qi, qi, ﬂ)%ﬂ%ﬂﬁ‘]lﬁ]
PHFERE, 61 = (M;)vecM0s ;& AR HLI ASAZ [ 5] )5
M) & X B, 12 H A eE R 7w PN 5 (Kronecker) 7,
(+)vee 2o HFEFFEIZ A HEZB I 51 In)

F 1 BRESREREA R ST LS C A4
S TESERR R G, # AR 2, AT LA A A% )
PRI LEIEITY ;. BEI, AR A HEREE WY 25 IR BT Rl LA 5
Mk [34].

MR PR 1523, 5 FE (1) B 22 () 265 1 100 2 25 4350 m] DA
W AEL S
Mo+ Ci(qi, 4:)8 + Gi(a:) = Yi(ai, ¢i» o, B)0;,

4)
o 0; = [‘9;2 e;r,i]Ta
K(qiaq‘haaﬁ) = [E,l(a)an,z(q“qwﬁ)] (5)

Tiﬂilﬁﬁ‘%ﬁifu(q’i), Jﬂn,ﬁéﬂ?ym(qz" i, Qi),
LAK Y, FR Ve, Y.



91

TAH5: A2 Buler-Lagrange 2 e/ R0 [FIK H 3& g R ) 1701

fEguigfiEml b, IS HE E ARk A
SE [ R 110351 s 2y 7 SR 2245 HP IR FH 3%
AME. 53R (12128100, A SRR BT T g0 I 5
(9o, Go, Go) /&I, T TV B AR PR B B A INIE
FERI R RS 33
22 BE4M

KB AR 1A 2 B R AR R G0IEAS 45 F 1 FH AL
FTR AR, EREG = (V,E,W)HERRR
Rk C RIS S50, oy = {1, | N}2& T
B, E={6,5) 4,5 €Vl —qsll < T }RILEW
= [wy;] € RNNZAEMERE. X B, #Hr > 0285
AR 22 T8) P B RIE A B 5 R N A B AR I ) T A
Z (B AR, MIFR O AE AR R Ak, [ EAN, =
{5+ (i,§) € EYFORFA BB HUFIARLE. (5] DAL
A5 RN B G I BERE B RSB 56 B, 25 BT A AL R
wyy > 0, WEREERIL = D — AR, /T
Bq=qf - qn]". AL

¢ (L& 1I)g>0. (6)

3 JEWIEEEE

JEVR A1V 2845 FH 2R MR D8I AR 23 25 5 A A 1 ml U
G5 5ARMSE, RPN B IR EAG S+ R
A2 N B0 A H — el ) 2 1k ] 0 s ok Ak
FEELAS Y (1) 19 77v2:, AT 35 B g 482 1 o B 26 () e
Bk, )T LA R R N

d . N
Mi&(qz-) + Cy(qir GG + Gilg)) = 7. (D)
HIR, 8 RIA3, (7))l LA — P 5 Rk

%Yuel,i + Y560 = 7. (8)
SIER 1 EEEE) B SRR E X, VAT
T
X, = —a; X + a; Y1, )
Vi=—a; Vi + Yo, (10)
T = —aTi + 7, (11)

Hrfa, MEREFEE, AR IWIE T AN, (L) =
Yl,z‘(to), Vi(to) =0, Ti(to) =0, EIEc:

Wib; =T, (12)
Hrm &, € Re AR, € R™ g A
0, =[07,; 65,]", (13)
W, = [Yil — Xl,yz] (14)
WE Ma; = OB, X (9)FKH
X = Xi(to) = Y1:(to). (15)

Hk, RA0)-1 )BT

7
Vi = |, Youlo)do, (16)
t
T = LO 7:i(o)do. (17)
R, X (@) MIF Sy, v 15
Y101 — Y1,:(to)bh: + LZ Ysi(0)doby,; =

f 7,(o)do. (18)
BiE, ¥R15)-aDRAR18), T8
Y101 — X014+ Vibo, =T. (19)

B 5 A A 3(12). Ma,; # OB, AR 4E 30(9)—~(11),
G SN & RO
Xﬂu = aief‘“t ft eaigifl,i(a)el,ida—i_

to
e U)X (1), (20)
¢
Vit = efa"tft €Y, ;(0)0sdo, (21
T _ . —a;t ¢ aja d 22
L=e Loe 7i(o)do. (22)
X 320) 5 F 4 SR o018 I8 RN S R, 7]
ZE
=
X0, , = e_aiteaioyl,i(U)el,i’io—
i ¢ a; o d
et [ e (Yia(0))f ot
efai(t*to)‘)c‘i(to) —
Y 9 —a;t ¢ a;o d
1,i0h; —e Loe 7i(o)do+
e % LO e?Y, (0)0 ;do. (23)
B CD-22)MAX(23), iT#7
Xi01,; =Y1,01,; — T, + Viba,. (24)
ISR R(12). WEEE.
TESI L H, A5 5 X, T AR S 5 Yl i e 4%
8?@%@L§%%ﬂﬁﬂ&ﬁ%ﬁ¥%&ﬂn%%
1
N R N s
ﬁﬂ‘/ﬂiﬁ%&s n aﬁiu. HEREWR L a; =0, W IER

[5 V S85E A R 43 B 3% 1 K AL TR 49 8 04T 2
102 e A PR RN . oAb, AR T 1 (9 FRL
TR a, 10 B AR EAE, 1By T A58 i A A 7,
SRS A A T
s+a; s—+a;
(BIBOYKAE 21k, HI G 22 A AT 45 () ST T it 7
], X HIR A R a; > OLARIE A 5
2 umﬁ%xﬁammﬁﬁawaammﬁﬂ%
1725 IO R B TR A58 M, > O, A SO e
Y2 T LG




1702 oA R 5 N A

39 %

4 2B BITRE R
4.1 IR BT
ESCEER NG To N

v; £ G — Go(t). (25)
XF A 25) sy, TS 2
0 = §s(t) — do- (26)

IR, K (25)-26) AR (D), 15
M;(0; + Go) + Ci(gis Gi) (vi + Go(t))+
Gi(q:) = 7. 27
A3, Q27T RN
M;v; + Ci(qi, ¢i)vi = — %0, + 7, (28)
KA, £ Yi(qi, dis o, Go)- ﬁﬁﬁ*“?xrﬁk[ssﬂjﬁﬁ
J7 ik, 52 B A G35 9: (2 j ph

tanh(z2 — 12)dz 4G & B REGY Y (2) = sz, EEP
€ (0,r) 2R e A1IE, 5K BRE ) b SN
1, z € [0, hl,
on(z) = %cos(i = Zw) + % ce(h1), (29
0, € (1,00),
Hth € [0,1). EEY(2) 2 = VEHUSH/ME, JF H
$(0) = j tanh(—{?)dz > 0.

TR L, ey =9 (llgi—g;]12) AR = ¥*([lgs
— qoll»). HRHER@S)FIE LI b, Vit G ik
A T

T = %éz — kq,ivi — kd,ivqi—qowd_
ky 3o Vatbiy —keq 3o aii(di—¢;),  (30)
JEN; JEN;

o ® ik, >0, ky >0, key >0, kg >0, LK
. — . 2 A
itk e, = o (19 G0, g

St oA B U 1) 6, A T, 3 LG, 4% IR AN T 1 3@ i
EEE
9 =% v+ Ay Y W () (Ti(tk)—
t €T

Wi(ti)6))), 3D

bt LA AL ERIERE, T, = {tin, tio, -~ 1
SN B R AR TR 1 5 2 2 SR,

AR TR (W, T,) IR T A1 A
S W ()W () R B/ BT, 1R 90 S %

tr€Js

PR 2R e ] i TR 2% A
E ST (A WrEah)  AFLER ] B[t 6] 5 5

ty
p> 0,487 [ P W (0)W(0)do > pl, L.

F T[] %ﬁ‘i;@ﬂﬁb%#, AN B IE R R G
RS LLRIEQ, W30, -

Bk 4 FTAEEREBEMEL E5W () ER B
[ta, to) P IRTIBT IR, JF HL B IS RN G D)idx 2% £ 1
B, Ti } R S > 0,

X WHE)Wilte) = ul,
tLed;
YT

3 MR L WAL > n? > n IR
(M 5, A5 R T A A A RS, T A 2 B A R 5 /i
ifjv\mﬁ X L[ R ) U

FE 4 TR S W, ERT AL [ta, ] PSSR,
FTLATEL € [ta, tp] FHTE BT S35 (013 S iR Nk 2. @t 78
Lhfie, — FLRRRARGT, BT LARSRR BN 45 1 id .
4.2 ATEN N

B XA R, = q; — qo. BREAHELE
V.

A PN

V=V.+Vy+Vy, 32)

1 X T 1% 5 -1 p o A

/E\:EP‘/@:§ZUZ MZUz,%:izelrz Qlu\&el:
=1 7

0; — 0., FEFE W E XAERB1) . R(32) A
eV, B8 XH

zl ka0 (| @s]]2)- (33)

IOCENEHL ¢ Mo A3 IRV o, ) (|| — | 2)
IV o, 0% (|| i o). Q07 2 BRGS H B st v By 45 5L
EE1 FHEZHEBERGQ), I EE
(30)15 FUE NG L. BEHIEHTV (to) R, I H A
TE N R R4, MG R 4518 BT
1) Z Gij + ¢ = 0,i € [1,

i iZJIZI%ZVwLIﬁI”J@'JW/ME.
2) Fﬁﬁ TREVR AL B A Sk T4 1 Ao

E ED Z qZLI&/\&ﬂ:QO

3) Lflﬁ?ﬂtql doll2, 7 € [1, NJEREWET 2.

4) it > ty, 080 RSLT0,,1 € [1, N].

5) AF1EH Brmax > 0, AT S0 ZIEH 2 ||lq; —
q0”2 g Tmaxai S [17 N]

6) #V (to) < (14 K)(0), W & Z kX
A REA ARl

W VRIS T4, 7113

"/e = % U?Mﬂ]v =

i=1

N ST %=, Bp 34

AR



oM TS A Euler-Lagrange 2 27 e 1R 22 S8 2056 (R 3% M e H ) 1703
1 X idv=[l - 5T, 0 =T ... 05" K, =
72 ;FM’UZ—’_Z/U ( (qqu)l K v N 1 N @
2.3 i=1 diag{kayl, ce ,ka,N}u&: = diag{fb 7€N}
D0, + 7). G4 g = A S WE(t )W) ATSZHEE T K R iﬁt
BB RGO ARG, T 5 ey
7 N ) V=20 (K, +L)®1L)v—60T260 <0. (41)
Ve Lol (90— kasvi—hy 3 Vo= U LaSalle 735 SR EE, 401501 B4l A2, I
. . Ay ==PAN 4 o
LY (s = d5) — b Vo) 5 TGS A th R B TS TR R 4.2,
JGN Q2.2 {0;=0,6,=0,¥i € [1,N]}, (42)
o %0~ ZZN (Vatbij) i S, = OBRE T R AT IS AT S 1
2 SR, 0,1 7 080T 0, M — 2, i T 2T
;hmmm: 4 B 0 (32) BT, 0B B 3 2) e S5 M,
N At — oot g = [qf - qn|"RITHE
— ke >0 aii(v — Uj)TUi_ d
= ek V(S Xy + ) = (43)
N
3 ks (Vo) Gl WIS g = a0, BV A
Tk, VR FIRGORNK PR, A TS 5. 0 TR, 20 i K o 5y e

Vo= =074 X WIE(Ti(t) — Wilt))+

treJ;
al 0T o T
STy, =

N _ ~
=307 4, 3 W)W (t)0i+
i tn€T;

N
> 0; % ;.

XTSRSV, KT, AT

=B S (Vaca )

1=1j=1j7#i
Z:l kd,i(v(Ii_QO/l/}Zd)T’Ui’
TR EI S HEFF A aedn IR FRIE, IT1S

(36)

v — vj)+

(37)

(Vg ¥llgi — gill2) " (vi — v;) =
(V G—qi w(”% —= Gill2 )) Vi — V;). (38)
NIOEE]
N N -
Ve=hk > > (Vtby) vit
i=1j=1,j#1
N
> ki (Vgi—ao®f) " i (39)

&5, &R GE5)-GB6)FR((39), AIEVISE AN
. N
V=- Z Kaillvill5—

ke Z > ai(vi _vj)Tvi_

i=1j5eN;

g:é;r/lz > W?(tk)W(tk)él

treJ;

(40)

A, MMTEAT = Z), 6T = 5 fe ki, wd <V
< Vol oL, AR 45 W) 51 #4 B Bap i 5 L, TH qu

Pll3 < %Mﬁﬁrmu—ﬂﬁﬁﬁmmm
Qoll2) < Pmasx BOL, TRAE T BT A B RER IR EEAE Lhgo
rhC R B . 42 R, A FH S UE Y2 DK Ik Bl 4 gk 4
ABEIEPE R S8 RAERTZIE > ¢o, AL A A
BRI TR, W2 /DH1 4+ AR REA R AR
i, RV () = (14-K)1(0). 2810, BTV B i s,
MV (#) < V(te) < (14 K)p(0), Nifi ST &, X

RYPAMARE REAEAS-EEE A, IR
FES MR SCHR(35), T SR PTA AR AR A 11 1) R

L, O 22 %85 B K T P BT A ik R A TR a0 3
BE S IAPEE R, TR A o S TRIATE . [FIREHRA SR (351
[ 45 5L, 35 i B8 KV, U SAB MALIRE R T R IR
HEa R RBATE.
5 fiESER

A e T TR SR I e P 3 ) T 04 4 R
It L 28 {Bh 0 R0t 7E SR (12 T b A P AR STk
[36], TR MIAT AT LA T Btk

m;T; — 2Mm;wol; — MiWol; — miwgl“ri‘
m;g(ro + x; m;g
< 03 ) - 2 — Ti,l” (44)
T U]
m, .
BY (45)
T
Mg+ es _ (46)
T
;H\:EP:T'Z' = \/(T0+xi)2+yi2+zi2,w0 — \/g/rgy U‘



1704 7w w5 N H 239 4%
Lerg = ||qol|. FHLgREIIMIESE, qo KI8T HE2 ooy — woli + glrot+z) g
) g 0Y4 0Lg 7’? T%
MoGo = ——3qo- (47) ‘ g
T i =m; WoT; — WolY; + 3
L= i, 21), TRBUL(A4)-(46)% i Euler- o
Lagranget&M N M; = m,; 15, A 73
0 —2wy 0 (“49)
Ci=m; 2wy 0 0], (48) ABBE it B, ANV B ) T ek B2 g #AS AT 0. AR AR R 2k
0 0 0 SO RS, BB = [m; mi/g mag] T
a(1) —26(2) 361@'(2)7;0 ~qi(D)+ro | (ro+a(1))
N Y A A
. 26(1)  3qi(1) . %(2) | 4(2)
(i i — 9 _ _
Yz(Qz;QzaawB) a(2) \/7"»8 2\/7"»87,0 7,8 + 7,;3 (50)
4i(3)
3 0
a(3) ?“?

ZRE10MELKL T R 2 5 Be Ak R4St 17 1 [A]
N60 s, B KBS FE B r = 1.2, T 1A] B 1.0, #5578 o
KIZH m, = 1, g = 9.8. B REAR IV 46 B 7 o
Hlykh o> 2% B AKX [0, 5] A IIREHLE, 75 245
M BB B N — 5. BB A UR T B TE R A Al L
(4 B AR BN IX 8] [—5, 5] P FIBEALE. 4554 i
BEmo = 1, HIMHALE A5 0 0], M1k N[0 0.5
0T, I 2EOT S H B E N ks = 1, ky = 10,
kei =1, kay = 1, 0, /00 E BB [0 0 0)T. H IR
QTS HE R = 0.9. HEN KRG TS
BN I=diag{1,1,1}, A; = diag{1, 1, 1}. i 3 [l
HERO)-A DS HEE Na;, = 3, I HIEAT EI ]
P AEBR0.6 s H2 — IR AU, A B st BBV R X
Bk[12].

P15 T AR SCHR H SRR D L e SRR T R P
TEUA M R GAE L s, 22.5 s, 40 s, 60 s T % 1 BA T,
HHaoRn BRI VIAA B, 7 SRR Rk, HmE
FoRIGE, B IE O FTOR— N AR,
I RE AR Z ] 0 8 S 2R R 7R ) L A R A R Ak 2 [
AT LA A, 4R RN T E L. o LG
H, PN EEER AT DUE 1S 2 5 Re Rk R R I R UL 0 5
F G IRIZ B, EASCHE SR A BN
W, 6 BRSO E30 sF140 s (8] P24 T 5
KT BN. XA S A 1 B PR a] AN S B o5 T
. ERAH T AR TF S B ISE I,
W R3S SEBRE, AN [FIB 1) SE 28R R
FIT A B REARTE & MR FIE R 6 S bR B il 11
A DUE Y, ARSI SRSl TH S 8R40 sBfUR
SHE SR E, FE B UGS FE 5O T A8, st b L
FI S H0E30 sF140 s 8] 7248 T BRI AR L, 1IX
FE TR PSRRI N R AR O AR e, AT
ST AT AR 0 ()4 ) SO 1 A7 T2

R Pl 30 Pl 4, 3 Folt 47 T 5 M) EL WA BRLZE 1 5%
P B AR I R 22 b DT R B, A

St ISR AE P s B VR FE AN FE VR 72 7 T AL, T
X B SRIEAES0 sAI40 s 8] IR ZBOK. B Ja, 55
UE T RS S A PERE. B0 AR E AT T AR
e i (ky, = 10), BFIPIANSEEEE I s se ) 1
Tl 3 G, (H R BV R A, R HE S R e A 2 1A
fR B /N R S AE30 sF140 s [A)7 A8 1 g, 1K i B A
THS AR AT AR iRl 8 S (1 .

(b) X by
B 1 g

Fig. 1 Trajectories of flocking systems



ARSI Buler—Lagrange 2 B g ik RG240 50 [BI50E 1E MG 1705

15 T T T T T

\

it 2%
Sh oo 3
T

\

I |
\

\

L \
\

\

r \
\ }
| \
\

L \
\

\

L A

- 0 110 21) 310 40 50 60 0 10 20 30 40 50 60
t/s t/s
(a) Btk (b) X brigedm 2

Bl 2 Al SEER AR, Hoh RO RSB S bR 0, SBFR ST,

Fig. 2 Evolutions of estimated parameters, where dotted and solid lines represent parameters’ actual and estimated values

5 T T T T T 5

T

T

T T

T

SR E R
(=)

S R 2
(=)

r —e o
-5 1 1 1 1 1 -5 1 | | | |
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t/s t/s
(a) VLTINS (b) b
Kl 3 R REAR - E 0 B R 2 I (8] A2 AL
Fig. 3 Evolutions of the average position of all agents
5 T T T T T
W0 peR 4 BN
oK oK
il i
W i =
710 Il Il 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t/s t/s
(a) Bt HOIEEAHISRR (b) Xof Ll i1
Kl 4 2B R MR s R ZE R (8] (A2 1L
Fig. 4 Evolutions of the velocity errors of all agents
20 T T T T T 3 T T T T T
i L 4 i L 4
E& 1.5 EEE 2
B 10 e I =1 | — |
0.5 L L L L L 0 1 1 | | I
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t/s t/s
(a) Vit HOIEAHISRR (b) Xof Ll i1
K5 2 Refdm el R (A
Fig. 5 Evolutions of the minimal inter-distances of neighboring agents
6 S WG T AR RIFAT A ) HE NS E T R 8% 7

B L A R GG 2 — R 2T T, AR
DRAE R e AR 2 T A 22 R A il g il AN AR B2 43 i,

ARSI FC T — ol T 20 56 9 P T 1) T AN 5
Euler-Lagrange % £ g4 2 Gt 1730 e 423 il in] 8.
I P A B O T B 2 T R, R REVRIIR AT ST T A W, I AR
G ) B S 5 BT S AT AR 2k kg A AOATS TR s A3 3 D ) LA o R o e DR A
(SR, TSR I B R e A i ch sy TP
BT SEBRE, MR e Tigm AL 7 AR A
PERE. IR JE S 35 1E £ 5@ I S 8L, v] LAORIEE i AR SCAT FL S ARG LR A7 SR WL T Pk
MNESHFRIEOT, RS H G SA S WM https:/doi.org/10.5281/zenodo.5576955.



1706

7w oo 5 MM

39 %

SE3Hk:

(1]

[2]

[3]

(4]

[5]

[6]

(7]

[8]

[

[10]

[11]

[12]

[13]

[14]

[15]

(16]

(17]

[18]

(19]

OLFATI-SABER R, JALALKAMALI P. Coupled distributed estima-
tion and control for mobile sensor networks. IEEE Transactions on
Automatic Control, 2012, 57(10): 2609 — 2614.

ZHANG Lingling, ZHANG Ya. Distributed event-triggered multi-
target filtering in sensor networks. Control Theory & Applications,
2020, 37(5): 1135 — 1144.

(HRISFY, BRI AR/ W 2% A sSHFl Ac 2 B A flivr. S22 g
5RiH, 2020, 37(5): 1135 — 1144.)

PIPATTANASOMPORN M, FEROZE H, RAHMAN S. Multi-agent
systems in a distributed smart grid: Design and implementation.
IEEE/PES Power Systems Conference and Exposition. Seattle: IEEE,
2009, 1 -8.

HE L L, BAI P, LIANG X L, et al. Feedback formation control of uav
swarm with multiple implicit leaders. Aerospace Science and Tech-
nology, 2018, 72: 327 — 334.

YANG Xu, WANG Rui, ZHANG Tao. Review of unmanned aerial
vehicle swarm path planning based on intelligent optimization. Con-
trol Theory & Applications, 2020, 37(11): 2291 — 2302.

(B8, FBL, Tk, T TE AR A2 R R e SRR R
FEHIFEE 5N, 2020, 37(11): 2291 —2302.)

DONG Y, HUANG J. Flocking with connectivity preservation of mul-
tiple double integrator systems subject to external disturbances by a
distributed control law. Automatica, 2015, 55(55): 197 — 203.

LI W, CHEN G R. The designated convergence rate problem of con-
sensus or flocking of double-integrator agents with general non-equal
velocity and position couplings. IEEE Transactions on Automatic
Control, 2017, 62(1): 412 — 418.

LUOXY,LIXL, LIS B, etal. Flocking for multi-agent systems with
optimally rigid topology based on information weighted Kalman con-
sensus filter. International Journal of Control Automation and Sys-
tems, 2017, 15(1): 138 — 148.

HU Y J,ZHANJ Y, LI X. Self-triggered distributed model predictive
control for flocking of multi-agent systems. IET Control Theory and
Applications, 2018, 12(18): 2441 — 2448.

YAZDANI S, HAERI M, SU H S. Sampled-data leader-follower al-
gorithm for flocking of multi-agent systems. IET Control Theory and
Applications, 2019, 13(5): 609 — 619.

ROY S, KARIN, LEE J. Toward position-only time-delayed control
for uncertain euler-lagrange systems: Experiments on wheeled mo-
bile robots. IEEE Robotics and Automation Letters, 2017, 2(4): 1925
—1932.

GHAPANI S, MEI J, REN W, et al. Fully distributed flocking with
a moving leader for lagrange networks with parametric uncertainties.
Automatica, 2016, 67: 67 - 76.

YANG Liang, CHEN Yong, LIU Zhi. Adaptive trajectory tracking
control for manipulator with uncertain dynamics and kinematics.
Control and Decision, 2019, 34(11): 2485 — 2490.

B7e, B3, RA. BT SHORNEE NS RS & NS ERER
). F 5 SR, 2019, 34(11): 2485 - 2490.)

CHEAH C C, HOU S P, SLOTINE J J E. Region-based shape control
for a swarm of robots. Automatica, 2009, 45(10): 2406 —2411.

CAI H, HUANG J. Leader-following consensus of multiple uncertain
euler-lagrange systems under switching network topology. Interna-
tional Journal of General Systems, 2014, 43(3/4): 294 — 304.

WANG H L. Flocking of networked uncertain euler-lagrange systems
on directed graphs. Automatica, 2013, 49(9): 2774 — 2779.

LIU J, JIJ C, ZHOU J, et al. Adaptive group consensus in uncertain
networked euler-lagrange systems under directed topology. Nonlin-
ear Dynamics, 2015, 82(3): 1145 - 1157.

LU M B, LIU L. Leader-following consensus of multiple uncertain
euler-lagrange systems subject to communication delays and switch-
ing networks. IEEE Transactions on Automatic Control, 2018, 63(8):
2604 —2611.

DONG Y, CHEN J. Adaptive control for rendezvous problem of net-
worked uncertain euler-lagrange systems. IEEE Transactions on Sys-
tems, Man, and Cybernetics, 2019, 49(6): 2190 — 2199.

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

(33]

[34]

[35]

[36]

LI R R. Distributed adaptive containment control for networked un-
certain euler-lagrange systems. International Journal of Systems Sci-
ence, 2019, 50(10): 1961 — 1975.

CHEN G. Cooperative controller design for synchronization of net-
worked uncertain euler-lagrange systems. International Journal of
Robust and Nonlinear Control, 2015, 25(11): 1721 — 1738.

CHEN G, SONG Y D, LEWIS F L. Distributed fault-tolerant control
of networked uncertain euler-lagrange systems under actuator faults.
IEEE Transactions on Systems, Man, and Cybernetics, 2017, 47(7):
1706 — 1718.

TAO G. Adaptive Control Design and Analysis. Hoboken: John Wiley
& Sons, 2003.

CHOWDHARY G, JOHNSON E. Concurrent learning for conver-
gence in adaptive control without persistency of excitation. The 49th
IEEE Conference on Decision and Control (CDC). Atlanta: IEEE,
2010, 3674 — 3679.

LIX X,SUHS, CHEN M Z Q. Flocking of networked euler-lagrange
systems with uncertain parameters and time-delays under directed
graphs. Nonlinear Dynamics, 2016, 85(1): 415 — 424.

DONG Y, HUANG J. Consensus and flocking with connectivity p-
reservation of uncertain euler-lagrange multi-agent systems. Journal
of Dynamic Systems Measurement and Control-Transactions of the
ASME, 2018, 140(9): 91011.

CHOWDHARY G, YUCELEN T, MUHLEGG M, et al. Concurrent
learning adaptive control of linear systems with exponentially con-
vergent bounds. International Journal of Adaptive Control and Signal
Processing, 2013, 27(4): 280 — 301.

NARENDRA K S, ANNASWAMY A M. Persistent excitation in
adaptive systems. International Journal of Control, 1987, 45(1): 127
- 160.

NARENDRA K S, ANNASWAMY A M. Stable Adaptive Systems.
Massachusetts: Courier Corporation, 1989.

ORTEGA R, NIKIFOROV V, GERASIMOV D. On modified param-
eter estimators for identification and adaptive control. a unified frame-
work and some new schemes. Annual Reviews in Control, 2020, 50:
278 —293.

KREISSELMEIER G, RIETZE-AUGST G. Richness and excitation
on an interval-with application to continuous-time adaptive control.
IEEE Transactions on Automatic Control, 1990, 35(2): 165 — 171.
PARIKH A, KAMALAPURKAR R, DIXON W E. Integral concur-
rent learning: Adaptive control with parameter convergence using fi-
nite excitation. International Journal of Adaptive Control and Signal
Processing, 2019, 33(12): 1775 - 1787.

SLOTINE J J E, LI W P. On the adaptive control of robot manipu-
lators. International Journal of Robotics Research, 1987, 6(3): 49 —
59.

PANY P, LIU Y Q, XU B, et al. Hybrid feedback feedforward: An
efficient design of adaptive neural network control. Neural Networks,
2016, 76: 122 — 134.

OLFATI-SABER R. Flocking for multi-agent dynamic systems: al-
gorithms and theory. IEEE Transactions on Automatic Control, 2006,
51(3): 401 — 420.

ALFRIEND K, VADALI S R, GURFIL P, et al. Spacecraft Forma-
tion Flying: Dynamics, Control and Navigation. Berkeley: Elsevier,
20009.

H A

B

EEREFCL, HRTREFCT 92 B RE AR b El2H], B-mail:

wangximing @njust.edu.cn;

et B, HRTHTIUIT 1A 08 2 2 e e IR P ol Jo e

E-mail: jssun67@163.com;

ZEW WA ITA, BETEEIT T RO AR 4 4% ], E-mail:

zhitaoli @njust.edu.cn;

REER WA, BRI A2 B R R, E-mail:

wuzixing @njust.edu.cn.



