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Figure 1 The communication topology of the rigid body swarms.

RN BIL A, B

All A21

A=
{Alz Ay

; (7)

ey +he o)<k +h o)

b, AR BTEE, An Rk BT, HAT = A, B
A AT AN, BRI N ZE .
HAX MM LaplacianfPELE X NL=

Uy o ppony ST AR EHOTE R =a,, %158
B EMTERL, = Y 0, WL BT AT
K,

kl
;= Za,—j, icg,
j=1
J#i
k1+k2 (8)
;= Z a; icg.
=k +1
J#i
FEMELAR T R oy ot =
L —A
_[ 11 21 )
“Ap Ly

(ky ke o)<l o)

1E25 i LaplacianfE FELIPE L 2 7, & %645 HOs-
trowski [B £ 5 FE.

B| 38 1(Ostrowskil[Fl 54 E B8 X T4EMEA € ¢,
HAFEAE A, <.y Ay WIZRDLEAE—ANRRIEAE L, 45 X0
H—a € [0,1], H FURRAL:

h—a, SRiaCilia’ (10)

Hep,

R,=Z|a,-j|, C,= Y |ayl. (11)
j=1 i=1

Jti i
RIA B n MRS AEAE ARV AE R T oA R B
D(A) = {z|z—a,|<R/C ™, i=1,2,...,n (12)
HIFFHE D D (A

PLR & 215 N Laplacian 0 [ A — 45 S 22
).

495



=
AN

RS H T H— BUE AWK SR L A P [ 2 )

2.2 A DLT Laplacianf FERFAEE K 5 1R

1 EASHAAHN—BER g, B
(9) I Laplacianff FELA BAVH A Z4RHEE, Hi
TG 3 M I S8

IERR TG T Im B, DA AR i A2 Skt
FRAEIE, SRR R AR AE (2 A S 8. AR R PRI
TE X, AFTEH P

T,

T= 1
" (13)
Hrp
11 1 11 1
T, = , T,= : (14)
1 kyxk, 1 kyxk,

43

TL, _TIAZI
TL = . (15)

_T2A12 T,L,,

HT Ty ALy B B 06 L > 73 L) ol (14 32 38 T )
K, B, ML, % B A HACE — N EREE, T2

rank(T\L,) = rank(L ) = k,— 1, 16
rank(T,L ,,) = rank(L,,) = k,— 1. (16)
M Ag BRA L AT AL FUANE N2, [t
rank(T\A ,) = rank(A ,) < k,— 1, 17
rank(T,A |,) = rank(A ,) < k,— 1. a7
M (16) (1 7) AL,
rank(TL) < k,+k,—2. (18)

PRl LR R L 22 A0 A PN TR AL
NEZHFAENNLETLXRWAEFTREX, =

I,...,1 0,...,0
S

ky ky ky

T T
’Xz_io,...,o _1,...,1] -

Lx,=0, Lx,=0. (19)
AT 20 R Lx=0 ) [7] & 35 Ayx, Alx, R 28 4 4
WHMLEZ AW NTRCE. 25 BMELE HACH
PN AR

SHF4EFEL, A A5

496

k +k, k|
Ri:Z a,.j‘= aij,l'Egp
j=1 J=1
J#i J#i
kytk, ky
i Z aji=2|aﬁ’i€gl’
j=1 Jj=1
J# Jti
kit k tk, (20)
Ri= Y laj|= X |ay|. i€en
j=1 j:k1+l
J#i J#
k +k, ki tk,
=2 "ﬁ‘: > ‘aﬂ’iEgZ'
J=1 J=ky+1
J#i J#i
MR AL R ARFERE, Kt
R,=C,icg,
i ! 81 (21)
Ri = Ci: 1 6 g2'
NARHE R (10), Z&(8), 200521, A
K, ky
i=Yag| <Y lagl.i€g,
j=1 J=1
JF J#i
(22)
ky+k, kyth,
A= ag| < Y ay.i€g,.
J=k,+1 Jj=k,+1
Jti J#i
SN
k, ky
az/ = Z al.'/- = 0’
J=1 J=1
J# J#
K+, kytky *)
a;= Z a; > 0.
J=k+1 Ik
J#i J#i

PR AR 45 Ostrowski g B, 19 B RpAEAE ) 73 A1 4 ]2
FIs.

WRIE ARSI, FEFELA BACH P TR, 8
LS P2 AT, P (B 28R R 0o P T STl 1 1 7
7y, BIHARARF SR Y A0 TS i IR0 L,
A AR AR A O IS8 IF HARHE Ostrowski[#]
#iE, LaplacianE B (1 fe K AR F4RFAEAA:



REBE: BRI 2020 4F 503 A5

_____ 1 NOstrowskiE £

--------- 252N Ostrowski@ £

e — = — &k +k, MOstrowskiE £

& 2 Ostrowskil# #
Figure 2 The Ostrowski disk.

Ay < 2maxR . (24)

& BETIEEE

T /‘\EEEIE’J R, FEAAEOLR, X T Tl H.
AL @ AE S b S, R 7R 2 R A %2, /i
A ffi Laplacian’ P ¥ JE FRFAEAE BA IS, JviE(E
TN EE e BT R A TR A 3

3 WAAHERE LA T IR 4% ) 92

B | WA L AR AN [ RS TA B 0 — 5, X
—H bR Al ik N

=0, Vi,jeg,

lim|e,(0) =, ()] = 0. Vij € g,
(25)
lim|o(6) = 0,0 = 0. Vi) € g,

ot) o) =0, Vij € g,

S (AL SR A A1 B
6= Go)o,

d
I3

(26)

0, ={Jo)xo,+u,

Hrp, o, o0 ANF AN NIKRIESRMERE, &
TG(o ) 15E XN, AR EERE R4 5 1 3d
JFERENE L B (25) Fr ik 1 70— 2, H A AN FIAR

R4 ] fu E SO

, ,
_ _ T
u,=-G Gi)za[j(ci_cj) - Za[j(mi_mj)
J=1 j=1

kytk,

+ Z al-j(GT 0'1-)6/-"‘0)/-), icg, (27)
J=k +1 ‘ ’
k ky+k,
u; __GT(G) a,(6,-6)— Z a,(o,-w)
Jj=k,+1 Jj=k,+1
kl
+ZGU(GT(0'[)GI~+(DJ-), i€g,. (28)
=1

HIERR % %€ Lyapunov iR £
ket

> coiTJmi+%cTL®I3c. (29)

i=1

ol

HE B2 AT, LAYHESREE I N IESEE, R
Kronecker B[, L@ 1,E ZRFAEAE B4y 1E S,
FEARPEFE BN B I € SCAT SN, V >0A7.

xRS, nf

k1+k2

-5

0 Jo,+6'LRI6

o/[Jo,)xo,+u]+c' LR 16

Il
"M‘+ 1M;Z i

m.u[+6TL®I36, (30)

M
b
H

497



PSR BT 4 BRI SR A5
T T
6 =|(G(0)0)".....(G(6, . )0, i) | - 31)
FREHRAL(30), 152
k k) K+,
V=" loMu,+e! Z a,(G(s)o,~G(s)o)
i=1 J
k itk k +k,
=y mr‘u[JrGT(cri) Y. a6,~c)| (32)
i=1 j=1
MR HE N P47 1A 12
kytk,
Z ai/-(ci-ﬁ-(ol—) =0,i€g,
J=k,+1 (33)

kl
Zai/(6i+wi) =0, i €g,.
7=

TRERBA G HEHN
kytk, ky

ui:_GT(Gt) ;1 aij(ci_cj)_ z aij(mi_mf)’ (34)

J=1

Rt (32) 7 LLEAE
kytk,  ktk,

- z miT Z a,(0,-o)
i=1 Jj=1
=-o'LQILo. (35)

HTL® LAERREES A ES5, Fiky <o
fE . AR LaSalle A48 JRE Y Frg 2y <0
(o, ) H LA Q, HZEFTH LY = 0f(o, o) 15
&, HYRHT RIS KATE. Kk, M — «offf, BT
HOWNH EREBETY. Hpy=0f, " XA
o'L® Lo = 0, Z5X A RS, B

o=0, (36)
%
Lo'=Lo’=Le’ =0, (37)

Horp

T
[ 1 1 1 Ktk
® f[ml,mz,...,cokﬁkz e Ry
2_[ 2 2 2 ki +k
0} —[ml,mz,...,wk1+k2 e R""™2
3_[ 3 3 3 TERk1+k2
0= 01,05, 0} 4, :

498

GO BALI, P IR AE N, HRAER
PRE) S 2R (1) A0 (2) F] %
Kty
Zl a,(6,~c)=0. (38)
=
IR N 2T R, A
Kk,
z%(" —6,)+ z a;o;=0,
k+1
" (9)
a6, 6)+Zau o,
Jj=k+1
AT, B
l61=62= =6, =6,
. (40)
Cpr1 = Or+2™ " T Oppek, ~ Oy
R IS 7 N BRI L 25 7 55038 B — BUR S

o’fglﬂlczz.
45 0(37) LI, HEHE 43 2H 4% T Laplacianfi FFL
R T, A

j— — — — *
0=0,= =0, =0,
(41)
Op 17 Op ™

- mkl”‘z = (02,2
AL, BIPRAN532H P PR 1A A 2o 70 il ik B AR 2 — 3

Ko, Mo, - FRRENQ), 1D508), WTF
kytk,
lln%m x(Jo,)—G'(s) Z a,(6,-6)/=0, (42)
J=1
B
ok tky
[G(ci)m;} Zl a,(6,~6)=0,
)
[G(cl—)co 2] Z a(6,—6,)=0.

J=1

T H43), FEG(s)o, =05G(s)o, =0,
MG(s) =0, WTE?EG(G)E'JEX WKe, TR,
IG(s)o, #0,G(s)o; #0.

%miz’” Y (0,—0) #0, MTER—5 410 %E



REBE: BRI 2020 4F 503 A5

DAFAE XA, 154 (0, —6)) # 0. WLifu, # u, N 6,=[-129 -1.75 0.02]",
6,=[-023 157 —2.25]",
J%mi;éJg—tmj. (44) 2~ 1023 1.57 S]T
6,=[042 —237 -0.22], (46)

SRR HE AN 341 N 0 WA A 3 53 IR B — B 6,=[-0.65 0.76 —1.25]",
HRHITE, FIREY " a(c,-c)=0. HEKX  |6s=[07 127 051"

(38), (39)J(40), Wi/4r40 P RIS 25 5 BITA ] VI EIE
Stk fio), o, =[-142 2.58 4.61]",
g LPTR, AEREIBREIRCS), RIdkRnE | @7 [082 326 0.4,
AR ARSI, SILTRAMBE {03~ [248 3.58 2001 7
pk] o, =[-2.42 1.58 1.61]",
VE: W T (40) K (41), RIBEAETE LA R P 2845 7k o;=[0 0 0]
1R (2) B AU
(Do, =o, .0, # o, , WAL RIS VISR AN FRE
g —BORAS AL, KA 10— SR AR, 6,=10 0 oI,
2o, =0, 6, =0, BV AN 2H P9 14 £ T 6,=[0 0 0]",
g —BORA A, A M —FCRA AR 6.=10 0 o],
TR ALIH I AR 0 o o
AR MR, DL PRI e, i |

WAB LT, 404 e 22 25 5. TRIHA 7 308 40 3 T e s vt (48)
(R, LA NI T PR 1 4 2EL RS 053K B3 5 (R AN o =[-1.42 258 4611,
(F—BORA, BT LU — B B RS ©,=[-0.82 326 094]",

B8RRI AR, ©,=[2.48 3.58 2.09]",
o,=[-242 158 1.61]",
4 FERE ©s=[0 0 ol
I A ST BT B I R BB A e, A A §®%E%W%%ﬁ
Fi1S R L ER RIS, e 34 R P 2L e 55— PRSI AR NZ, B

rtlg,, JEMARIRA RS — 7 e, SERFIEAE AT

—r_ _ T
Lt B L, H SR AT ¢~ 17129 175 0.02],

6,=[-0.23 1.57 —2.25]",

(1) (1) } _11 —11 6,=[042 —2.37 —-0.22]",
A=l1 100 ol (45) o, =[-0.65 0.76 —1.25]",
1 10 0 1 os=[0.7 127 -0.52]",
-1'101 0 (49)
BRSBTS RS, WA= (@0 0 0

_ T
KNGS, F KA NI (rad), fieieg |20 0 0,

BN NI AERD (rad/s). 0,=[0 0 O]I,
(1) ZB—RAIuhE %A o,=[0 0 0],
WA A os=[0 0 o0]"

499



G AL B B NI RS AE 28 35 Ul R 4 )

O P N3-SR, A= SRR I T, A
SRR ARSI S O EL{ERIt
B9, ST O IR S 4
D S SR SR, 54465 0 1 6 2.0 0 P
19

=

AN

RS — KRB HFM T, g WA — Bk
Mo, =[-1.87 1.03 0.64]", g ALK —H0R

Mo, =10.75 134 055]". R IMIEMNT, g
P BURE Mo, =[-0.14 -0.16 —036]",

==

N

T T
o Agent 1+ Agent2 »

T T T
Agent 3 + Agent 4 - Agent 5

w
S
©
S
70 80 90 100
3 T T T T T T
(b)
2 o Agent 1 = Agent2 » Agent 3 + Agent4 - Agent 5
%‘ 1
= 08
o _q ¥
2
-3
6
5
@ 4
g 3
= 2
N 15
0
=
c) 25
& 2.0 [
1.9
~ 1.0 13
T 05 b
o 05
? 104}
-15¢
-2.0 L L ! | I | I L |
-2.50 10 20 30 40 50 60 70 80 90 100
t(s)
6 T T T T
2 o Agent 1+ Agent2 = Agent3 - Agent4 - Agent5
@ 3 |
® 2 ]
> ] =
= 0 7
1 4
=2 L L L L

o

40

|
50

60 100

t(s)
B 3 F—RYAKMT LSS AN AR, (a) 2B— 77 [ AR AR (b) 25 =07 [ e [ 2 (o) 28 =74 1Al fry R 1)

LB

Figure 3 The time response of attitude and angular velocity under the first initial condition. (a) The time response on the first direction; (b) the time
response on the second direction; (c) the time response on the third direction.
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Figure 5 The time response of attitude and angular velocity under the third initial condition. (a) The time response on the first direction; (b) the time
response on the second direction; (c) the time response on the third direction.
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Cooperative attitude control in rigid body swarms based on group
consensus

ZHOU ShaoLei, WANG ShuaiLlei, LIU Wei, ZHAO XueYuan, QI YaHui & YAN Shi

Naval Aviation University, Yantai 264001, China

Cooperative attitude control is a key problem in the application of rigid body swarms, yet, there is little research into maintaining
different attitudes within rigid body swarms. To solve this problem, group consensus theory is introduced, and attitude control based
on group consensus is proposed. Modified Rodrigues parameters are used to describe the attitude of rigid bodies, and these rigid
bodies are separated into two subgroups. Based on the in-degree balance and application of Ostrowski’s theorem, the distribution of
eigenvalues of a Laplacian matrix is shown for the undirected communication topology of the rigid body swarms when the swarms
consists of two subgroups, providing an accurate basis for stability analysis. A distributed controller is designed, and utilizing
Lyapunov stability theory, the effectiveness of the controller is theoretically demonstrated and the proposed algorithm is verified using
computer simulation.
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