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Sliding mode coordinated attitude control for multiple rigid bodies
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Abstract: The problem of distributed coordinated attitude control for multiple rigid bodies is addressed in this

paper. Based on graph theory and sliding mode control theory, a sliding mode coordinated attitude control law

aiming at the attitude tracking control system described by the Modified Rodrigues Parameters is proposed.

First the sliding surface is designed by introducing graph Laplacian matrix and using Lyapunov stability analy-

sis method. Then the sliding mode attitude control algorithms for multiple rigid bodies with external disturb-

ances are designed, and the robustness of the control algorithm is studied in the presence of uncertainty iner-

tia. Finally, numerical simulations of the algorithms are given. The results show that the sliding mode coordi-

nated attitude control algorithm for multiple rigid bodies is feasible and effective.

Key words: distributed control; attitude coordination; sliding mode control

2 WP A1 22 DR o ) AL 4 i Y —
AMBFFERE, B B E N2 . S 2
AR H b 2 5 B A [R] 25 R ER , PRI ]
ARG 2R R E V. 5 1R gt B b X HR
FHEE , oA s i B USRI & s M T
HEPAF IR

DRI —Bral BB as R AR T7
T Bl B B SR 20t 22 WIS 1) 28 285 Bl 9 42 1 7]
A PV R PR B TR M A R T R A —
HE SO P A B E AR 5 B A

i HEE: 2011 -07 - 16.
EEEN: & 5(1974—) 5B i+,
FEAF|(1944—) B, B #5240

BIEEE: & 1Y, mackingtosh@ gmail. com.

Iy AR GERA L, ARZRE Y 22 M 1A 22 25 bl 42 A
A S BRI T3] - A B A B AR R
SCHRL LT FES N AL S G 1 [T, HEAT 1 B0 28
Xt T JSE RIS A1 38 S5 A5 ) 48 25 ) A M BR 4
HSEDEIT. SCRR[2 ] % R =Pl AN 1 O, £E TG 1)
VL ANAT o) (&5 B HEAT 1 o A 3028 25 [ 25 ] LA
FE. SCHRL 3 175 R 2 BT K 2 A AR X 038 128 285
Pl ()R, Beit 7oA RO SR SCRRL T -
3 | P U CRON LA AT i 0. SCER[ 4 -6 12k
B IEZ TE R A S8 (MRP) AT A 18, #5417
T EEZS O R RS SCHR (4 ] 20 515 8
FASZER Jof s R SRS i T
Z WA AT LS, SC B TSR AE. SOk
(5 TFFE 1 22 WA A 2022 25 (7] A5 A0 R B2



49 4]

Fll, S ZHIAE LA U .35

SCHRL 6 ] 7 4 il A v 5 | B R0 B 25
T BN Z NI LS PR 4 i 5 k. B T 05T
AR A BB AN R it 8 A U A A A IR)
SCHRLT =10 ) 45t 1 AFAE TR A EL S I i Ao o
IR AT S A SCRR (7 ] 458 T &4
AT 2L AR R A . SRR [ 8 ] & X I
% Euler-Lagrange R4, 45t 1 /34 =X A 38 b — 3L
PR, SCHRLO 125 18 T TR ] 5% sl 1t i AN
JE TR, B 32 AR A i BN, 04T T i 2451l
HIBIFFE. SCERL 10 ] 25 1 & 4 A U s 4 il 1t
FE T PRI S AN AELERT ORAIE T H 3 R 48
) 42 S b A M.

A Jegs WIS g2 R DL B TE S
TEEARSEAN IR iz 25 5 7, DA SR 25 T AR A
Euler-Lagrange JE XS5 . RGN T Elie
AR S HITR. Z J5 B % 22 MIMAS B 23 285 p 8 4 i 1)
R, 25 R 28R N TE ) A O, 72 TR Sl st
AN E AR, SR A R i et T AR
TR 3 A T B S A MR A T . AR SO S T )
VERCBA R FH— OB 20, FE R T I 25 08 T AR %
A il 3t Lyapunov £2E M 70 HT , TE BH 41 35 R 48 02
SRy AR E 1. di e X B S IR SR AT T A
P EIUE, 5 R R T T R R R
AR
1 ZsE Al
1.1 REEFEZZHFTRE

IR | DNMAR RSB BB 12 TR R

Jo, +w Jow;, =u, +d,. (1)
Lo =[o; 0, 0] e R FEEHMT
5V 2 ] R 33 R R AEAS R A bR R v i 4
J. e R g R 1 1F 2 X6 Bk 1) %% sl 160 0 0
w, =[u, u, us]' e R EZHIEH I d, =
[dil diz d;}]T € R’ y‘][ﬂ“&kﬁﬁ%ﬁg:’:%ﬁ%ﬁ,xﬁ
T Vf = [gl 52 §3JT € R3,?§%§X %ﬁ?ﬁn—l:ﬂgﬁ‘}
0 - 53 gz
XFFRHE O = { L0 gl}
-4 & 0
H MRP 38 0 MIARAE Ltz 32 7 #h
o, = G(0)w, (2)
AP0 = [0, 0,051 € R. 4 G(o,) e
R E06(0) = 5 (L0 o 4 a0l )
LT FR 3 x 3 YRR, I X PR ¢ e
R3 ’ﬁ—élgz :§T§.

1.2 RER%

T SUIRZELES Sor, , BV Gt A ) B3 AW 11 24
IR o, SIBRER o, IR 2E, FIRZEE LS
AL dw,

dw, = w;, - R(80;) w,;. (3)

X w, NIWBELEEMEE, R(So,) =

R(o)R(o,;)" NI AR R FNA AR AR AR 2R Y 5%
. X A

do, = G(d0,)dw; , (4)

G(éc,) = %[(1 - 80 )1, - 2507 + 2800 ] .

(5)
() (2) 1 (4) 1 BINIR DG 2Z 3 27 5
FEH
Jéw, = - (bw, + R,(60,)w,)” J,(dw; +
R, (b0)w,) +J (6w R,(60;) w, -
R.(60.)w,;) +u, +d,. (6)
EXF; = Fi(60;) =G (607) H5(4) KA
(6) BeFAFHNUNT JFE:
M S, + C| 80 + N =u +d’. (7)
EvieF
u' =F u,d =F dM =F JF,
N :FzT( (Re;) " JRw,; + IR o,),
C' =-F. (JFG (50, + (JFs6,)")F, +
F/(J.(Rw,) + (Re,) T, -
(JRw,;) )F.
JrFE(T) BA QT WA EE
MR HERE M 2 IE X FRA .
MER2 HREM - 2C7 SRR R, /)
(ﬁﬁf?(Ml* -2C7 )¢ =0,Y¢ € R’

2 Hap A

B G, e SaEN = 11,2, 01 5
MNEE e Nx NHW, /LK G, = (N,E).

AL HEA R, B L)) e EFREjA
TS BB RIS | A SRR B AR T

Tei L 31 (iLj) FRE (AT S A A
RefE BAHIS2IXT 7 (AF 8., Jo i B2 A 1] B ) —
AFEB.

Bl G, IARESEREA = [a;] € R™" XN

1(j,i) e E,
i {O(j,i) ¢ 0. (8)

Xt FAHAL BB AL A IR a; B SN -
M(j,1) € EWf,a; >0, HMa, =0. B G, ML
RO L = [1;] e R™" @S



- 36 - /E R/ S N A NI B

CHENE

L= 3, =
4 ] i L R [ L S T
ESEH.
1SR P e 2 R 2 T — 4
4 L , DU P S 1.

3 AR B AR

T T S AR Tk T 2 MR
AU RLER]. SR Lyapunov 2 € M0 i ik
B TR, RS TE T IAFTE N B3t 1 i R
ST EL A5 S 155 A & AFAE TS 1
PEH A R S HEE. WHARIEEHR NI G, ok
FR X B IR MR ML T G DL O T 3EH]
THEER, S N, C 11, nf\ i} FoR5NIE
WA I A WA A
3.1 BEEERRIT

EE1  EEEERE s,

s, = do; + kb0, + 2%-(50} -é0;) . (10)

Wy, L7 ] . (9)

s, -0, T EWEENE o, — oy,
o,(t) - O}(t) 0y 0, Wy, (1) —ﬂ)j(t> Wy,
t— oo X B E KT O Mbn, o, 2K G, HYSRHE
FFEA ICR 0y T o, 700 A BT A3
FFHXS 222 A

IEBR M Lyapunov bR
V=3 (500! 60,) - (11)

i=1

T VXS IER] ¢ ) S8, 155

V = 21 (80 80,) =

i (ao'iT(_kiao'i - Zai]-(50'i _50.'7'))) -

i=1 jeN;
- Y kdo) so;, - do' (L ® I)do.  (12)
i=1

X80 = [80y ,60,, 60, ]".

A0 < V() <V(0) <o, i1 V<0LL
Ko VI —BGESY , M Barbalat 53 Ay L1
o, >0 Fldo' (L ® 1,)80— 0,5t — .

RN (L ® L) ZFEEN, (L L)so —
0,1 Lso' — Lso” — Lo , X B do' ,60° ,00° €
R". Y Jcin EliE#E, A do; — do;. I AT LIS H|
S0, (1) — 8o, (t) — 0,6 — B, {l 0, — 0,
o.(1) —o,(t) s, Ao >0, o) -
(1) — w,-

SR AR T AF 58 T I AN A s A AN o A7
TE 28 25 IR ) 1) SCRR , 70 BT B T B — i

WA 7% 18 22 WA ] A R X 2828, AR SCHE BT i A
MBI T 2 (li,-(50'i - 50’,) y"(jzggyrllal —0y HT‘[‘,

Ao (1) -o(1) >0y
3.2 EEEHEET
Rig1 TWRAAW |4 || <d,..
EE2 FEH4).(6) HRMRS, 7
T BT B u,

u, = - kiGtT C’ do, - kiGtT M; 60, -
G C/ 2 aij((so-i - 50’,) -
jeN;
G' M/ Zaij(&j-i - 8a;) -
jenN;

kyGi sgn(s;) + (R(80,)w,) " JR(80,)w,; +
J.R(é0;) w,. (13)
Hor by g = HEXT A E FE K XL EOT
®,WE K, >2d,,,0 =1,2,3. WERIGH &%
WG e —o,, 0.(t) —0,(1) >0y, 0, —w0,,
w (1) - w(t) = w;, Xt — o.sgn(s) =
[sgn(s,) sgn(s,) sgn(s;) 1" ,sgn(s,) HFF 5 B
B, a, JEABIEARE A IR,
WEBE XTER @ NNIA, HEEX Lyapunov pRI%X

V. = %s'f M s. (14)
T
M; s, = M 66+ kM; 56, + M; 2 ay'(Sd? -
jeN;

8a,) =-C/ 8d, + kM, 6, +u’ +d -
N’ +M; Y a,(86, -80,) =-Ci s, +

jeh;

kC" 6oy, +u” +d’ — N + kM 80, +
C: Y a,(d0. -60)) + MY a,;(56, - 55;).

| (15)
TRV, R TE] ¢ )-S5, 153
1

7o LT Ay T ® e
V. = 2siMl. s, +s, M s, =

" -2C)s, + ks! CF So, +
ks M' 8¢, +s' u' +s' d’ —s' N +

s! C; zaij(é‘a',; -é0;) +

st M Y, a,; (80, - 5d;). (16)
SRR 2 ISR RIC A (16) , 15
v, :_siTk.u'Sgn(si) +sdei*- (17)

Mk, >2d,, 1 B, HV, <O0.
A0 < V(1) <V(0) < o, lHV <0V
KV Iie—B0ELER) , RlE Barbalat 51 3R] DI H



49 4] Fll, S ZHIAE LA U - 37

s, — 0. RAEH 1, 7B o, - 0y, 0:(1) -
o(t) > oy H—F Ao — o, o) -
(1) —w,.

TESEPR, TR AL 2] 52 BR S5 A
JEHAE AR, R0 sh AP R HIR , 3 B A0 A ek 5
PEAT 5 R BORIS/ N HIR , AT R E0E SR

sgn(s;) Silz,

sat(s,) = J (18)

<1

s; |,
LR
XH s > 0.
3.3 EBHMEHR

HT T WA R0 A A2 A 55 PR ZORE 5 A 15
AL PR HER R R BR T AL 4 SO G0, ik i
FUAE SN R A58 T v 24 SCRR 73 FIAS 1 78 78
IR, BT =, + AT = 00+ A
M: =M, + AM ,C; = C, + AC ,iXH AJ,,
AJ7 AMT RACT FRBUE AT A Y. H S e
FAES RO E PRI, 5 208 B 2 W 45 PRtk A T
EIE, 4R .

BT 4w,

u, = - kGi C; d0, - k,Gi M,; 50, -
G C; Y a,(80, -d0;) -

jeh;
G/ M, Y a,(86, - 85;) -

jeN;
ksinT sgn(s;) + (R(60;)w,;) " J,R(807)w,; +
Jr)iR(So-i)a){li' (19)

kg >1 Agly, WARTCm B2, 4 F204) |
(6) #RMRLE A 0, —0,, 0,(1) —0,(1) >0y 0, —
@, o(t) —e(t) delj,%'[t —0,
X
Ag, = - kAC! S0, - kAM; 56, -
a,AC; Y (80, - d0;) -

JjeN;

a;AM; Y (80, - 80;) +

jeh;
AJR(60)w,; +d +
(R(50'i)wdi)x AJiR(50'i)wdi-
IERR X5 i NIA, B Lyapunov pRER

V. = %sj M s, (20)
TRV, X E] ¢ 59 T2 15 5

V. = %SLT M s +s M's, =
%S;IV(M; -2C*)s, + ks C S0, +

T . T« T T
ks, M 60, +s; u +s;d —s;, N' =

s' (- k,AC; 8, - k,AM;" 8¢, -
ACT 2 a;(80; - 80;) — AM; Z a;(80; -

e jeN;

8g;) +d —k,sgn(s,)) . (21)

MM k, > |Agi1|ﬁﬂt]/@HTJ‘, AN, %46

V, <0 gor. 2y, v S Rlo, — oy, o (1) -

o,(t) = 04, 0, b0, 0,(1) = 0,(l) — o,
%’[t—»oo.

4 BFEGR

DA R UEAS ST 1 Y 47 1 0 1w A T P AT
R, %18 6 AWK ) 2 G kA7 B0
HIE, 3l fE M E 1 R,

L1l

E1 6 RIKEKENXR
i B DL , I BN T B, MR ¥
SR

42 1.8 -1.5
J, =] 1.8 25 -~ 1.2|(kg-m’).
~1.5 -1.2 61.8

WG A TG A R
o,(0) =[0.046 -0.1 0.018]",
0,(0) =[0 0.2 0]",
0,(0) =[0 0-0.1]",
o,(0) =[0.01 0.01 0]",
o(0) =[0-0.1 0.1]",
o,(0) =[0 0 0],
w,(0) =[0.02 0 0]"(rad/s),
®,(0) =[0.02 0.01 -0.01]"(rad/s),
®,(0) =[0 0 0]"(rad/s),
®,(0) =[0 0.01 0]"(rad/s),
w;(0) =[0 0 0.01]"(rad/s),
w,(0) =[0 0 -0.01]"(rad/s).
TR R
sin( mt/75)
w,; = [25in(frrt/75) }x 107 (rad/s).
- sin(mt/75)
Mo, =0 0 0]
R T WKWy
d. = [10 + 4sin(7t/250)10 + 4sin(7t/250)10 +
4cos(7t/250) ] x 107°(N « m).



- 38 - e S =S

CHENE

TR 28 S e U
k, = diag{0.30.30.3},
k, = 0.01,a, = 0.0L.

e B R M E R, 56 1,3,5 NRIRE
B o, EBMHEIE o, FIFEHI 1 15 w, 2210
LonlinE 2 ~ 4 P, HIFESGRATUAESL, T
PAFTERT , #2561 7 22 AR g b 58 1 2 NIA 1 122 25
FERUT S5, 200 T #E M B AR, ARIIE T P RGER 4x
Jry W A RS .

0.1 !

0 100 200 300 400 500

0 100 200 300 400 500

0 100 200 300 400 500
t/s

E2 MRP L

5 0 100 200 300 400 500

570 100 200 300 400 500

5 _0.02 . . . . )
0 100 200 300 400 500
tls
3 ESAFEETME
7;%
e i=3
- 0.1 -—--i.5
z 0
~0.2 . . . . . . . . |
100 200 300 400 500
t/s
- 027
zo. 1ﬂ
=0
-0 10 100 200 300 400 500
tls
0271
2o -
S d
—0.2 I I I I )
0 100 200 300 400 500
t/s

E4 EHNEEL L
MEESBEIE R 15 % 0,55 1,35 RIHARY

B LA I an e 5 .6 PR,

- i=1
o T 3

:‘6 0 —
0 100 200 300 400 500

0 100 200 300 400 500

0 100 200 300 400 500
tls

B S MRP Lk

0 100 200 300 400 500

s 0 100 200 300 400 500
tls

0' 160 2b0 360 460 560
t/s
B6 REREETHMLE
W T LA, Birise b 0 9 A il 7 8 7 T
PRAFLE IS RE % 5 47 b 5 1 22 WK 1) 25 25 45 il A
% X SR SR B BRI

5 # %

ARSI T Z WA 53 A 2L A W iR 4 i)
AL X MRP 38 ) A R H R g8, 4t 1
22 WA T 55 22 25 Wb 2 i 30 k. 3@ i Lyapunov
SIMTUERA T Z2 AR 1 4 J i e e M. 1 B4
FA TR I 7 ARG ML SE 3R T Z2 WA 1) %%
AL R .

5% Xk :

[1] ABDESSAMEUD A, TAYEBI A. Attitude synchroniza-
tion of a group of spacecraft without velocity measure-
ments [ J]. IEEE Transactions on Automatic Control.
2009, 54(11) : 2642 -2648.

[2] REN Wei. Distributed attitude alignment in spacecraft
formation flying [ J]. International Journal of Adaptive
Control and Signal Processing. 2007, 21(2 -3) . 95 -
113.

[3] REN Wei. Formation keeping and attitude alignment for

multiple spacecraft through local interactions [J]. Jour-



49 4] Fll, S ZHIAE LA U -39 -

nal of Guidance, Control and Dynamics. 2007, 30(2) :
633 - 638.

[4] REN Wei. Distributed attitude synchronization for multi-
ple rigid bodies with Euler-Lagrange equations of motion
[ C]//Proceedings of the 46th IEEE Conference on De-
cision and Control. New Orleans, LA, USA:[s. n. ],
2007, 2363 —2368.

[5] REN Wei. Distributed cooperative attitude synchroniza-
tion and tracking for multiple rigid bodies [ J]. IEEE
Transactions on Control Systems Technology. 2010, 18
(2):383-392.

[6] DIMAROGONAS D V, TSIOTRAS P, KYRIAKOPOU-
LOS K J. Leader—follower cooperative attitude control
of multiple rigid bodies [ J]. Systems & Control Letters,
2009, 58(6) : 429 -435.

[7] JIN Erdong, JIANG Xiaolei, SUN Zhaowei. Robust de-
centralized attitude coordination control of spacecraft for-

mation [ J]. Systems & Control Letters, 2008, 57(7) :

567 -577.

[8] MIN Haibo, SUN Fuchun, WANG Shicheng, LI Hong-
bo. Distributed adaptive consensus algorithm for net-
worked Euler-Lagrange systems[ J]. TET Control Theory
and Applications, 2011, 5(1) .145 - 154.

[9] YUAN Changqging, LI Junfeng, WANG Tianshu,
BAOYIN Hexi, Robust attitude control for rapid multi —
target tracking in spacecraft formation [ J]. Applied
Mathematics and Mechanics, 2008, 29(2) . 185 —198.

[10]LIANG Haizhao, WANG Jianying, SUN Zhaowei. Ro-
bust decentralized coordinated attitude control of space-
craft formation [ J]. Acta Astronautica, 2011, 69 (5 —
6): 280 —288.

[11]SLOTINE J-J E, LI Weiping. Applied nonlinear control
[M]. Englewood Cliffs, New Jersey: Prentice Hall,
1991:123.

(4%

whEZL)

( 355 33 50)

(2] [FR]IN. B. e i o /R 07 4. BB 450 5 J BE [ M.
U AUl H ittt 1982.

[3] DING Huali, KAHRAMAN A. Interactions between
nonlinear spur gear dynamics and surface wear [ J].
Journal of Sound and Vibration. 2007 ,307 .662 - 679.

[4] JOZEF W, VALENTIN O. Tooth wear effects on spur
gear dynamics [ J ]. Mechanism and Machine Theory.
2003,38:161 —178.

[5] PARK D, KAHARAMAN A. A surface wear model for
hypoid gear pairs[ J]. Wear, 2009,267 :1595 - 1604.

(6] WA AR, X 25 5. ) iy it B rp {47 8 2 4
ARSI L] BURHLAR, 2002 (2):12 - 15.

[7] OSMAN T, VELEX P H. Static and dynamic simula-
tions of mild abrasive wear in wide-faced solid spur and
helical gears [ J]. Mechanism and Machine Theory,
2010,45:911 -924.

[8] ALANTAS K, TASGETIREN S. A study of spur gear
pitting formation and life prediction[ J]. Wear, 2004,
257.1167 - 1175.

[9] FLODIN A, ANDERSSON S. Simulation of mild wear in
spur gears[ J]. Wear, 1997,207:16 —23.

[10]MENG H C, LUDEMA K C. Wear models and predic-
tive equations; their form and content[ J]. Wear, 1995,
181 — 183, 443 —457.

CUL B3 0, B B, TR RL. 5 T BRE J0 A B AR 9 147 8 12 43
WF5E[T]. 1418 5% E, 2009,34(5) :87 - 89.

[12] WRIGHT N A, KUKUREKA S N. Wear testing and
measurement techniques for polymer composite gears

[J]. Wear, 2001,251.1567 - 1578.
(g 452)



