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A BEAE RIS iz sy
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GEMASHMT R M 350002)
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g TR BEAZEHIFOLT, WRBER S RS S5 5 R R IF U Esh i)
L A REBERXRETHENE, SIHESTEYN, TURI-4AS5RESHE
BMERBRMARLES X Jacobi FiFE R ARG H SR LUOARERE, $Xf RESHAHEEIR
EFHE LS ERIEL, Rt T8RS SARGRINF R B T 2 S PG ER B ) H R S
HERBEAEHTE RANEHTREAAFENRZ MYMEREBIME, EERM
EEBERA, BRTEEHBINAHESERAREGREN TR, HHERRN &
BT RBNEH SRR ERIFE. HHREH, EXTHEMARME

XRIE HEBPESEYME —hREs— EN S BE RS EH

1 5 Gl

ZEBLSENERARRMR BN EL TR, JFRHEAE B8 H W4 RAR
2 R AR, AT bRk, WD A B B BB R, AR BUA
LAY ZEHGAHFHTMIBARSE 7 RMEF LG EOBRT, WREL
28 P 5 TSR MUR 8% L B R 2 g 1) b 1 5 — 8 X0, KCBH BEWRLAR AE % T4 75 AN ]
Wit (A KB, XEAEALT DA B EAZER T IS ARSR. Bk, SHRVMF
BRAF AR B E RS ARSI T U s i H H A B SLPR R . SRR, I
B IR S E LA AR R B 208 REWESIETIERS) I F2AR, BRENZ)
Jacobi RARN §RSILWBH K RAEMESHEIA X, LRUSRNEN T RESHAH
TETEOL T EI RGBT HERE, BN E LSS A BUR A R TR SHEAM R RN BE
RIS R A B BRI . Walker®! RIS RE% Ul IHig T 8RN B H, SARRR
AR T I BENE RS, EESERRR, TR [8,9] DURE X AL AZ I H
BUERRMEDL, HIFRS M IRFFRAESE E R R IR amARE i, &
TP B MO ) AR X HA Hsh =L AR, B R X R RS AR GEAF
TSl 1Ay A PO S A, XSRS AR RSP AR K R . BB T
HAH SRR Hashthee, NiZhnsers s ARG T LK.
AN G B RANETHER AN A BRZ LR BB RIWE RE Mz
#.OBIIEET ot SREH, MUBRI-ASHNSHEERMRRENRLE LEH

* HR BRRIEESE (19872032), HEL AAR2HE, WHAXFRERESILEEY
2001-03-02 WeH|EHS, 2001-08-12 BB EH
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Jacobi JERE &k RGN 1F 2. LUAEERE, X T RETHARE S G E R REE AT
DB EMER, T TRASS S KRMFRE=ENE LRGN B EN S 8RS
BRI R RAGERFEITENEZAIWREBABINME, EERMER, Hi
FHEBEHI A ESERAREESEENTTR, TEED, ARTEENETEIE
HEHARKTE. WHEEHE, LT HENA T

2 RBusshFEMshE

ERETRAVMRE REANEREHRE, UCPES3I BN BERZHERN TS
BHTZEVRE REAB, RELSHME 1P

BR G HABERNEE B PR
¥ By, B, 4. BU&ME B (i =
0,1,2) M EMAIRR (Os-ziy:), H Oo
5 Bo R Oco EA, O1 ABKE By
5 B WEshieh, O AEkE: B: 5
B, BWEBEEHL, i (i=1,2) AP
WX REL ® O1 7E Oozo BLS Oo
WEBER A lo, B: (i = 1,2) #T = WHKIIC
BA L (1 = 1,2); JU Oq fE Or11 B
£S5 01 KIEEEA a1, il Ocz T Oszz
M5 B K P RIBERA by &5 B 1 HRBEEITE IS R
%Eﬁ)ﬁ%ﬁ*‘ﬁ"lﬁ‘ﬁ%ﬁ%%%“% m; #1 Fig.l1 A space manipulator system with prismatic joint
L(i=0,1,2), M=) m; AREMBRE, C ARFEMEFIL.

=0

B OPEIN B ARRR (O-XY), &4 (X,Y) FHiEFHiEs), Hike (i =

0,1,2) & = MIMEXRE. NMHREMMBEILFAXR, &4EFFL O Y O BIRE p;

(i=12) A
p1 = po +loeo +azey,
P, = po + loeo + lier + (z' — b2)es. )
BURF K P RH8x O MIREE pp A
pp = po + loeo + lier + T'es. (2)
BERGERLEN, H )
gmmi = Mp.. (3)
¥ (1) VAN (3) AT po 4
Po = P. — Looeo — Lorey + (Loz — Losx')es. )

H, Lo = (my +m2)lo/M, Lo1 = (myay + mali)/M, Loz = (m2bz)/M, Loz = ma/M.
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¥ (4) AR (1) F1(2) X752
Py = P, — Lioeo — L€ + (L12 — L13z’)eq,
P2 = p. — Laoep — Lajey + (Lzz — Lyzz' ey, (5)
pp =pP.— Lpoeo — Lpie; + (Lpy — Lpsz’)es.

Hep, Li, Lo, Lpi (1=0,1,2,3) 5 (4) XFH Lo: (i =0,1,2,3) KM, LARGHRE
BHEH SR

# zo BAHXT Y BIEIRA 00, z1 BHIXT zo BHEIE A 61, LUK B, K% P 3| O, 3B
B o BONRET LA, S BROHY O KB p; (i=0,1,2) [ X,Y SR,
BB L AT B AR

z; =z, — Ligsinfy — L;; sin(ﬁo + 01) + (L,’z —L;s- :L") Si.n(oo + 6, + 5),
Yi = Yo — Ligcosby— L;; COS(e() + 01) + (L,‘z ~ L3 :L") COS(o() + 01 + ﬂ) (6)

H, 8Kz fi5 o MEERA, ARE.
R, BT R P ARE pp 1 XY $EE, BEA P OB

zp =z, — Lpgsinfy — Lp, si.n(oo + 01) + (Lpg — Lps - :l:’) Sin(og +6, + ﬂ),
yp =Y. — Lpgcosby — Lp, COS(O() +61) + (Lpz — Lps- 1") COS(90 +6;, + ﬁ) (7)

ZRRFHOE S, BENBRZEHNZRIBRE REANTI/HERKN B f
FEBERRSE, HTX (0-XY) HhBTHEXR. AR—Ml, RESVHRIBAHE,
WA p.=0. B (6) 1 (7) RATLUER, READPEIEFOEE p; BT RREERE
pp BN RARAH—A (AE) MUSHOREEE

ERARANET, &F

2
Ko, w, L A% M AN AERERESRE. MRIE 6) ANGEE, T.. THh
ATURAA—ABELEEN (44) BTSSR RtERE

HERBH RN AN RESRELR, FiRESSRRE N REsh ¥
HEAJUE AWM TIER:

D(q)q + C(q,q) = (o 7H)T. (9)
Ko, D(q) A 3x3Hx#k, EEREHEE, Cq,9 ARSHKN. EOHE 3 HH
i, 7o ARBESEHNE v=(n L) AH 0 BHEBHNE N 5 O, BmiEsHl
71 f2 S 2 YRR, q=[00 07]T, 0= [6) 2|7 AREMS LA &

A TERRESHHFTE, BHE (9) fESEALE, Bl.

D(q)§+h{q,q)g= (o ") . (10)

Kol h(g,@) B3 x 3EERE, HLITE by XN
>.1,8D;; 8Dy 08Dy .
5( 9q ' 8g;  da )q"' (11)

h,’j =
k=1
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HMIEER 2 € R FUTFRRAFE M
2Thz = %ZTDZ. (12)
HTRSshEE8 —4Ud e #y (Aa) StESRmattel, & (10) AR

D(q), h(q.q) BFAIERA—HELRER (4l8) ISR EM Y, X—4REAH
T B E N T R Bt

3 WIARRM

B (7) RarFIxTREE ¢ kT, WA
Tp=Jn ‘90+J12'91 + J13 - &',
yp = Jo; '90+J2'91+J23~il. (13)

Hr,

Ji1 = —Lppcosfy — Lpycos(8g+ 6,) + (Lps — Lpy - ') cos(by + 01 + 3).

J12 = —Lpl COS(GU + 91) + (Lp-g - Lpg . I’)COS(00 + 91 + 3)

J13 = —Lpg sin(00 + 91 + d)

Joy = Lpgsinfg + Lp; sin(Oo + 91) - (LPz — Lps- .r')sin(Go +6; + 3),

Joo = Lp; sin(90 + 01) - (Lp2 — Lps- x')sin(@o +6; + ﬁ),

Joz = —Lpzcos(6y + 6, + 3).

HTHENERERSSKSIMFHRTES PR Es s &, Hit RSN

R A RER SR 0 RARIMTFHESIPE Xp = [zp yp]T EX Y = [0y X}]T
ﬁ%%ﬂ‘]%fﬁtﬂ’?ﬁ%, AT S RKRE BLEETR Y SRE UEEER ¢=
006717, 6 =6, &7 ZIRIHIXF N

o R R 1 R ) R el AR
Xp Jy J. L6 Ja
e, T4 1HrafsmEE, O 41 x2MrEmpE.
B (14) K], 5 J. RFTRXTRESEOEMREKRR, & J. &R, WS
Be J. AL, A (14) KATRR -
) e I 0 6o
4=Ja Y:|:_J1'_1Jb Jr_1:|{XP:|. (15)
W Ya=[6a X1|T HRSBMHE MBHHER, Ko oa. Xa HHIAEBEESAKN
BB R AE R 2 E PR E RS FE R = B B Esh 3l e X eo = (6oa — 6o).
er = (Xa— Xp) HEAMMNELRRESHEBEZBIKNIRE, MY 5 Yy ZEIMHT HHIR
EhE e N '
e=Yy4-Y =[(6og — 0) (Xa—Xp)T|T =[eo e]]*. (16)
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FIASCHEOR L IRE e TEHREWS L BEE 7,
n=J."[Va+Kie] = b0 77T,
0:0 = boa + k1160, 7, = (—jr_ljb)(éOd +kiieo) + T, (Xa + Kper). (17)

Hep, K, =diag[kn, Koo AERERIXTHRIE 2 H HERE.
BRENLEREHE ¢ 5SEEEE n ZEi1dfE 3,

8=1-q= (60— 60) (2, — O)")" = (30 5])". (18)
#(16), (17), (18) AfRA (14) K, FHREHE
é+K1€=Ja§—W131. (19)

Hep, W, = (Jo—Ju)i, & = (8, — ) € RV Jokb, &1, &1 4514 Ja, T Pt
S BRI S BEM TS KA.
# (17) RxtetE ¢ kS, B3

~—1 .- . < P . - i
=T, (Ya+Kié—J.0) = 80 717)T, 00 = Boa + k1160,

N, = (_jr_ljb)(é()d + k11éo) + j:l[kd + K22é1 — (jbéro + j,'q,)] (20)
AA (18) X, REH¥ETHE (10) A
Ds + hs = Diy+ hi) — [ro TT|T. (21)

4 BENSEERaERTRIH

Bt I T Rl AR
[ro 77T = Di+ hip + K*5+ Psgn(3). (22)
feh, D,h NSEHRGHERN D, h 5, K = diaglk];, K3,] HEERMXMREEE

(%R, Psgn(3) A 35k, P KIItE p1,p2,03 ATSERK.
R (22) X054 R84

10 = D160 + ﬁlzflr + h110c0 + haan, + k130 + p1sgn(so), (23a)
T = D318 + Doz, + k1010 + haz, + K35581 + [p2sgn($1)1, pasen(s1)2]”- (23b)

b, (232) ABRGESEEBANE, (2b) AHMEXHERERBAIESD.
¥ (22) ABEHERBARBRATLE (21), B3

D3+ hs+ K*5 + Psgn(s) = W&. (24)

5 W 30
W$ = (D - D)ij+ (h— k)7,

S, W e R q,4,0, 7 BRSFHSH B RNREER, $=(8-9) e R y
RESEAREFRI BN AL SSERNENSKRENR, & O RELLME T
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M D,h ABEHOARTSENEY, & HSEHEAT D h FEEHFHESHOT
Bt ERERRESHINREE TS, W S MRS E T LA E, 7

[&.|=|® — &|<ci. i=1.2---.10. (25)

R, o A EBEI% 2 0 (. i
R EHEA (22) KPHERE P OESER AN T RS 0 1 8EN
g X |
&, = -WTHe. (26)
BRI lim e =0, lim 5=0
R e =005=0%EHEsN, (19). (24) XAZIEFHTRE, HHEM T IEE
H% V 4% Lyapunov 8%

V= %(eTHe +48TDs + B B,). (27)
WE V RS HETERGESE V.OHREA (19, (24). 26 R (12) K,
V =eTHé ++5"Ds + %quDs T 3 )
—eTH(~K e — W, B, + J.3) + 13" (D5 + hi) — . &,
=—e"HK e+ e"HJ, 5 ++3" W& - K*3 — Psgn(3)]
=(—e"HK e+ e"HJ,5 — 75T K"3) + v3 [W® — Psgn(3)]. (28)

B, LXAARITEESA I TN e, s - 0H, WA J. BH, HUNSH -+ #&E
RBKE, FIRIERX 3 SHIANTE, M EXARERES TS

’__ 10 . b
(Z Wi @') — p1sgn{sg)
im1

10
v8T[W'® — Psgn(s)] =[50 (1)1 (61)2] (Z“E:gi) —pasgn(éi): | - (29)
im1

10
i (; H'-J,E,-) — p3sgn(s)e ]

B EATTH, EFHRGERBEA (22) XFHFERE p1.p2.ps HEY

10 10 10
pr=>_ [Wulei+pu po=3Y Walei+ o ps=Y_ [Waile, + ps. (30)
=1 1=1 i=1
Heb oy, pops AEEKNEFRE, Wy AEME W g B4, (28) KBS 00
A ,
73T (W@ — Psgn(s)] < - > pal(8)i]- (31)
i=1
B#BE ,
V< (—e"HK e+ e"HJ,5 — v K"3) = Y pi(5)il. (32)
i=1
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H ESRAT I, #H (30) B M HA I R GE8 A H R E R B pyp2.pa, WV
He s MBERSE, BV =0 %HNYe=035=0

S BEAVLOHVETRCHE), UMt > oo, VBATE-HYN #EX
[ t € [0,00] RARM. XEN D —BUER, Wi V KEXTRH e,5 HF, Ml ¢ 7,
AR, O, OHAER B2 RATMHEFRY. hiT &5 . RLAR WV E
X t € (0,00 & -BsEl; Wi VARR V AES (V<O0) A4, lim V=0 M
H (32) Xarg, %4t oolf, e—0,3-0.

#H—%, W lim B =0, MELH (21) AETFH

lim e =0, ik,

t— o0

B, B (22) REEOEHBANE, (26) RETHSHABIEBRE, DR (G0)
R ENTEE RY p1, P2, ps MEBEN BEBA BULE B BB R Z RS H8EES
HARRIF AR oo, Xa Pl S KIIE 230 HE.

5 {iEEH

LU 2 S i B A R B BB S U R B, REP R KU A
F BRI A: me = 40kg, 2m; = my = 4kg; lo =0.5m, !, = 2a; =0.8m, I = 2b; = 6 m;
B = —x/10; Io = 26.Tkgm?, Iy = 21, = dkgm?. {5EBHEEHRBBRR m1, m; Kb
MR L, L ATHESY, HAsEEd
1.0<m; €30, 3.0 my <£5.0;
1.0< 1 <30, 20<L<50.
I H AN my = 1.6kg, me = 3.2kg; I} = 1.2kg-m?, I, = 2.6kg-m?.
xR R GRS B
# =(Lpo Lp1 Lpz Lps)",
&=(A By Co Do A, B, C. D, E. F)T.

AL,

2 2 2 2
Ag = Zm,-L?O + I, Bg = Z m,-Lfl + I, Cy = Zm.-sz + I, Dy = Z m,-L?a,

i=0 i=0 i=0 =0

2 2 2
Ay = ZmiLiOLily By, = Z m;LiLiz, Ci= ZmiLioLis,

i=0 =0 i=0

2 2 2
D, = ZmiLilLQv E, = ZmiLilLifiv F, = ZmiLiZLB-
i=0 i=0 i=0

Hep, L XS 3) 1 (4) Kb i SR, RIWEBREX 1 XA (26) ANS
HREWHR, o & REEFEHEENTR. RIEEXTUGHEASIMMN T (25) AMSHK
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REME  WAKELE:
€1 =076, c3 =322 c3=1820, c; =170, c5=0.90,
o =216, c; =072, cg=375 co=1.26, cio=5.06.
WHLBE A m M F R TES R HE 58 4
T4 = 4.0 — 1.6cos(0.21t), yq = 1.6sin(0.27t).
W, EALSHHERBEsA
%dz—ﬁ-ﬁ——1+—5gmohﬂ]

2 20 2w
2.0-
i el
T - —06,
1.0 ] =
~1.01
E ;
- : £
: e
-1.4
-1.0 j
4 T .--""‘
{ ‘" ~1.8
—2.04+ ————— — T T T
2.0 3.0 4.0 5.0 6.0 0 2 1 6 8 10
X/m t/s
2 FKRINT SERRE S B R LB B3 BAESTra SRz
Fig.2 The desired and actual trajectory of Fig.3 The desired and actual angle change
the end-effector of the base gesture

WABELTE N 10s; ZFMFEEEELA 6o = —1.65rad, 0, = 3.44rad, £’ = 1.86 m;
fEXt @, KA BENATEES, SURERE mme BEIHRETHEHIECYE, MALE
AHOHANS SRR SEEITE (22) . (26) &k 30) AHATRGHMENHIZE. H2H
BRI AR MINTF LRz sl (k) SHREHNIT (LK) HEE; K 3 hitEE
RERSPrEE) (BE) SHRE) (LK) MBS

ETESEREY, AXRENEEN SERRBAEH T RESA SO IERRTES

EABEXH SRR AN W, A2MEEHRBEE S RS IBAESSRKRINFH

R A BRI EEE. o, BTAFERBAOLME, ERAED TR E R
RHHFE, R T = RYLIRE #H R A .
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COMPOSITE ADAPTIVE AND ROBUST CONTROL
OF COORDINATED MOTION OF SPACE
MANIPULATOR WITH PRISMATIC JOINT

CHEN Li
(Department of Machinery Engineering, Fuzhou University, Fuzhou 350002)

Abstract

In this paper, the coordinated control of the base attitude of space manipulator
system with prismatic joint and its arms is studied. With the momentum conser-
vation of system, the kinematics and dynamics of system are analyzed. It is shown
that the generalized Jacobi matrix and dynamic equations of the system can be
linearly dependent on a group of inertial parameters. Based on the results proposed
above, the composite adaptive and robust control scheme of coordinated motion for
both the base and manipulator to track the desired trajectory is developed. The
control scheme proposed above possesses the advantages that need no measuring
or controlling the position, velocity and acceleration of the base with respect to
the orbit due to an effective use of the particular property of the system dynamics.
Besides it is computationally simple because an approach is chosen to make the con-
troller robust to the uncertain inertial parameters rather than explicitly estimating
them online. A two-link planar space manipulator system is simulated to verify the
proposed controlling scheme.

Key words Space manipulator with prismatic joint, Coordinated motion,
Composite adaptive and robust control
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