F20% 553 1 =5 7 & E R Vol. 20, No. 3

1994 4 5 F ACTA AUTOMATICA SINICA May, 1994

— I BAEER R EBHEE"
£ 5 WAE |B 4

(LEMSRR¥E LIRS JdbxE  100083)

i

wig

& =

ML ARBRBEEEN H(9)d + C(g,9)d + G(9) = v, Hpal & X E Xk C(9,9) &
B H— 20 BROWRE, X—BRETSASEIRT+2FH. BOIXETPIASXFERN CJE
E—ER., ACERRARFFET R Spatial Notation 3 Ef‘rL — M F NP2 A EEY L JIE
BT LR ¢ HIEM—HER., XHRLL Slotine, Li REABENBHITEAHIHE, F,
AXWFEABRRAEERE  BLSRTRENTERD G RIERIFEE,

X@i: Hlas AshE ML AR, ERHE R R A,

1,518

AEMINERN » BEEVLZS AR S A
H(q9)§ + C(q,4)d + G(g9) =7, (1)
A g =1[q1,°°+,9,17 HRFLE; H(q) = [h;] HREEM; C(9,4)d ABELNE
BERAOAE; G(9) RMENBZEM; = [7, -,7,]17 AMEXRTH LGN GE).
RITEA L, VBAKER(DF C(9,d) HEERAZHE—HERN., BEEYENXC,
A H — 2C BRI, X—M ARy 2 AR EI SRRt Ao toaE H, &
MAHEA LR, EEB ()P E H — 2C ERNFRER) C &2 X 5E XAT:

C(Qﬁi) = [cif(‘Iaq.)]a Gii(‘?:é) — Z Ciik(‘?)éks
k=1

8}1” @h,k ak”._
cix(g) = (39"1( - 0q; 5%)'
XEEUES A EE—FRE, INAHE H—2C RERERESCER (2) R—HsE
E{a[ﬂ

AVNBEWETFNCIEER T: YIS ANBHBE» > 28, ik H — 2C 2T
HCARRBRQRXNHE—HERN. X—FTHEYHETERXTHSEAERNY— M2, B5—F

AT 1991 £ 11 B 6 HIE.
D) MEBAEEMBERERELAESRGTE, A VEE 199 F2EEFBREN BT £ LHIiE,




3 3 & HF: —RHENEABER R HERER: 279

HAEE— T SEEEN(D,2QOARARNFER, PRl Slotine, Li fyEZEHITT

KABIEA,EHFEEBERESEREY, AIRELLRSBEENITERDRENSHEEHE

2 Fieg mil Spatial Notation

SHNMEE 3 N RRahR 3 NEEZIE BHE, Featherstone 5] A B Spatial Notation F
—NESE—HRTRAHB SIS, — spatial ME r=[r7,r;]7, KM 3 ERE
r 52 R ORERTLKR M 3 HME r, 5OREFRFER, BS5[HOEH P, r, &
A r,=r,+ PO X r. —N{&H] spatial BEE N A v=[wT, o117, H o 4N{&E
R, v, ABSE L OMA SRR EERAERE, — AT H— spatial J3 f=[fT,n,1"
N, B ANRER, n, ANANOEWERE. HHFARA o M F & spatial [H]

=,

E M spatial W& a B spatial 38 a’, 6 X 6 BafE A1y spatial 3H A4 954

A, A, - 14i 4;

A, AJ’ 4= A{]'

A A (i=1,--+,4) BAHIX I, HABRE 4 = A4,IFR 455 spatial IIERfE, W

spatial W& a = [a7,a}1T R0 b = [67,560]17 WY AR X FR 73 50E 24
asb=ab=a'b+a"b,; aXb=1[(a X b)T,(a, X b+ a X b,)T]T,

F ERE LT, spatial AIBERHEE 6 X 6 RN EAEEN L EBEIHNEMNEMRE
BN 5EE—3, Bl EE spatial ME a,b,c F16 X 6 FHE A A
ab=>ba, (Aa) =d4A", aXb=—bXa, a(b><c)-——b’(c><a)
3T n NFFRRERIAEERONLES A, BN 0, BEBEXRT { EEHN /1 — 1
FIAE i, BUSH 0 EEBRARNFEEASE A, WL88 A5 BRI Spatial Notation F4™

v, =v;_, + dg;,(v,=0); a,=a;,_, +dg;,+v;, X dg;,(a,= —g); (3)
f.—la,+v, X ILv,+F,,,, (F,4;=0); .= d.f;, (4)
o v; AFF i B9 spatial BREE; d; AR RAT i BhiA IR AL spatial A E; a;, = v, —
g,g >4 spatial EAEE; £, 48 i — LERTHF ¢ B9 spatial 773 I, % ¢ B9 spatial

g - ’ -
a = , @ = {a,,a"]; A=

H{IHJ

B E, R — spatial XFRREE,
3 FT LR 47
H(3)3 X
: k k
vy = Z did; , a; = Z d;q; + Z v; X did; — &. (5)
A (4)Z R 1%




280 = &) 1t. ¥ e 20 &

{Z Z Ldid; + 3 ST [1(0; X d) + vy X Ldilds — > I}
k=i

k=i §= k=t =1

— > Iidi; + SNd S o X d) +og X Ldilg — dilsg,  (6)
i=1 i=1

k=m31{f:i}

:L'—‘- |.

Ifi = Z l;{-_- (7)
k=max{i,;}

E X
H — [h”], kl? — d’l#‘fd?: G - [gl! gn]Tﬂg: - dlf:g? (8)
C* = LCT, ) CT, = d! Z [Ik(v, X d,) -1 Uk X Ikdl] ’ (9)

k=max{i,;}
M (6)N P Ll M HLZs Ash T B

H(q)d + C*(q,4)4d + G(gq) = . (10)

AR FHABRERI(10), "TERR DU f oy .
gal. Y4»>28K, C*=C,
ERH, XCERIS I BB T, H(8)3 X 4 BUREAM(2)X A B H:

cimd, > { I X d)) + L (o, x Id; + d; x Iv, + I,(d; X vk)]}.

k=maz(i,j) 2
(11)
FHHRBC7ERG))AR
e = il (_ dd,) X d;| + 1 k=§,—,-} d: {(Zi) dd,) x Id
+ d; X ’*(,Z; dd.)+ 1, |d; X (ﬁ) da,)|}
— S dde(d, x dd, + L Z{ [d x( 3 lk)df}
f= 1 k=max(isj»s}
+d; [d; x (Fmamlk)d,] + d’(k_mg ;}1&) (d; x d))}d
= Z; —;— [dil5i(d, X d;) + d(d, X I/d;) + d(d; X Id,)]14,
+ ‘;1 - (di(d, X Itd;)) +di(d; X I'd,) + d'I,(d; X d,)]14,
— Z Ciixdk » (12)
k=1

A H



281

1t

3 T % — RO AR B

!% (di(d; X Idy) +di(dy X pid;) +di(d; x I5d)] % k<,

L did; X Iidy) + didy x Eidy) + d(dy x Fid)] % &>,
B, H1(9),(5) BT AT

n Y

ti=d > L [(; d=‘i'> X df] ™ (Z: d'q") X D

k=max{j,;} *°

r? I 7

=d; >, > L(d xdpd~+d; >, > (d xIidd

t =1 k=max{i;} t=1 k=max{irj:s}

- z (dI(d, % d)) + di(d, x Ed)1d, + S di(d, x I5d)d,

I-?'H'

% Z Cﬁ-kq'u (14)
k=1

«  [dildy x Iid;) + di(d; x I;;d;) 4 k<7,
Sk T {d;(dk X fkd:') =1 S
ACI3)FL5)RNIRE 7 Kk
« | & Cii 2 4,7,k U IEAREBUERT,
c"f"{E . 0y b2 [ (16)
Ciik 1575K *E_:ﬂ-‘ .
R E n> 2, (16) AP 1,7,k dIRDIBCRRIEE, #(16),(12),(14)RA K 4 B &
HUBASZEER,, XN NRE i # 7 WH o Fcijo XRE n>2 B C*£C, EEe
@& 2. H— 2C* 2RATFREE.
UERA. B R(9)=A:

"",‘f + Ci =— di Z {Ik(vj X d,) + —21— [Uk X Ikd? + df X Ikvk ~1- I-’((df X Uk)]}

It==miX{f:j}

+d; > {10 x d) + L [0y X Bdi + di X Loy + L(d; X 01}
k=max{i,;}

i

- > |l xdp+ L dio x 1d) + L di(d; X Tw,)

k=max{is;}

— % d:(d; X Ikvk) -1 —;— d;(vk X Ikd,)]

n

=d; D>, [H(v; X d;)+ (v, X I,d;)]
k=max{i,;}

n

+d, >, (v, X d)+ (v; X Iid)]

k=max{ij}

Lk s
= ¢i; T ¢y



282 = ) B F % 20 &
i cii — C:, = "_(Cn — C*) R & X bij = cij — C': , W] B = [b;;]-——c — C* 2%
NERFE, H H—2C BREHE, i1 H—2C*=2(C —C*)+ (H —2C) = 2B +
(H—2C) WX FREEZFN, HUe Wah g R RS . T EE,

il 1,2 BBH: 1) ¥ »>2 W, EREOQDRNBOERMD,BE H — 2C 2RAKRE
) C ARB(2DAM—FERN., XRUETFEEAXRTISAREK—NERES; 2)
K C* C,éfitziijzjkﬁr_imﬁﬁ —MEATEEERQ),(D)F0FET, H s
REFTESEARS AR —H — 2C* 2RISR,

— el ——— e ey el — el S —

4k R ARy R 7k

G0t i JTBA m 7 i TULESH | BEENRIRER § RPN ¢, #F i MERA
i JRREVIREREER  TRAKXG 1, WAREE myme; =10 EK J; 6 N7
SEAF | FBRESHELIEN o = Lal,- -+ ,6i 7. b SCHLEE AN i B spatial R4
sk& I EHEAMESH o R ERE LS

10
= Z R;a:, (17)

MEMNLFARNRESEA 102 408 a = [a],---,0,]T RFER,

1987 4E Slotine, Li fF3 TR a FRAHZHIVL2 AR ¢,() 691 B, £
FEAICD),(2)RIFH—BENEHI A RY, HBHEEY

r = H(¢)4, + €(q,d)d, + G(q) — Ks; (18)

Rh H,C, G HABESH e (URTHITHE a BRI H, C, G HIEITHE; s29 —d,;

6,24, — K,(9 — q,); K, 1 K, WAHEEBECEEANAE)., ESBETHEXS

H

a = '—PYT(‘?aQ?Qr’Qr>3! (19)’
P PAEERECERNEM), Y(4,4,4,,4,.) R

AL SE I 2, T IR BT s Mi(lS)xﬁﬂﬁﬁﬂL ﬁﬂ@(lﬂ_ﬁﬁ’] TR E.
1988 4= Niemeyer, Slotine FRFID TIHE(18)F(19)RN A dEHEE ™,

AL RE
v, =v,, +dd;, (V,=0); u;=u,_, +dg, (uy=10); (21)
w, = w,_, + dif; + v, X did},(w, = —g); (22)
FE == iiwi ~+ —;— [(v; X i.-:"i + u; X fivi + f:'(u:' X Ui)] -+ ?Hn(fﬁ] = 0)5(23)
T; == d;’?i — R;Si; (24)
N X = {41, aq::1Ty Ky = diag[kl?." " I{_n]as = [515 e !sn]T.
%éﬂjﬁi‘%&
€ =0; — U, (25)
Fi=Ruw, + L [(v, X R, + u; X Rjw, + Rj(u; X v)]; (26)



T H

i,
=,

3 = % —HERS ABR R K EHIEE 283

&, = —-p"e’f" (27)

0 p XN AP HE 10G — 1) + R A
LU RATRAER: HE EREENZBRT R AACRBAFERQ0)BRIESRK
MASCE (1,5] hReERANES FESBSHREQCH—QDHRATTEELHFELEZHER

Bk, IEI%ELW%%U SLE(18), (19)ZRBALZABRE(L),(DWHR H — 2C 2R

KRB L8 NS B S S a RIWEE R RAMBHAY, SHFEBC0), B

A2 H H— 2C* Z2RAHFRFEE, XHC),(DRATDRHA H(9)d + C*(q,4)d + G(gq) 1B

=

RS a MR, MNEEEREE Y*(q9,4,4,5) HE
H(q)d + C*(q,4)d + G(q) = Y*(4q,4,4,4)a. (28)
Rt ainRMFHEA(Q0OH %, BESXE11ZBeBRNFEF SR THENIBH T E,
A r = H(9)§, + C*(4,4)4, + G(g9) — K.s; (29)
SHAETTIEE 8= —PY*"(q,4,d,,4,)s; (30)
A C* B CH oM AT E, Y Q)R FTE X,

EADHR M BB o BOMBTAVHESS 4%, spatial ME I, pOMUNTRTHE Y T, =
R.&%, MR (29) K (7)—(9)R FT A F

T; == z /;i‘iéf; + Z C.id: + & — kus;
j =1 j=1

= >, di > i&df"f?"‘z d: >, [fk(vi X d;)

i=1 k=max{is;} f=1 =max{rs;}

+ v, X I,d;1g — d; Z f.g — ks,

= d; ZZI d,q’+d’ZZ[l,((v,><d)

R=4 f=

a ["k X f& (i dié;)]} — KRisi. (31)

& X

(32)



284 H rv) S | S $Z 20 3%
RAGCHREHE
r—-d’Z{! w, + v, X T} — kis; = d'F; — kis.. (33)
BH(3),032), (33)'EjED_H L BRI R (2)AASEEE R T
U,'= :—1+JIQ:3 (Uﬂ.*’=0), { = u:—-l_l—d:qw* (uﬂ= 0); (34)
w;, = w,_, + d;g7 +v; X dig;, (Wy,= —g); (35)
fi=iiwi+vi><iiui+fi+u (Fn+1=0); (36)
T; = d:f: — R;S;. (37)

Foh, H(37) R (32)F AT
T, + ks, = d] HZ (f;w; + v; X f;u;)

= HZ D di(Rywy + v; X Ryu))ai. (38)
X (29)F(28)R A |
T; + R8s = Z Z Yﬁkéi, (39)
i=1 k=1
A Y 8 Y*(9,4,4,,4,) RIE i 17,58 10(7 — 1) + k Fl, EL3R(38),(39)xN/G40
v {0 % i >,
it d'(Rkw + v; X Ru;) = d.fj Wi

NHGHRH v; — a; = Z did; — Z d.d; = Z ds;Lej,ff Y¥Ts 198 10(j — 1) +

& Z sYry = D sdifi,=efi, BB ESTMTIE (30) RmEEE

€ = v, —u;, (40)
fi=Riw, + v, X Rju;; (41)
f = ——pef (42)

K (34)—(37),(40)—(42) X 521)— Q)X LHKRIA, A XS EZL S FHE LR
= BN ARG (24)5 N Y -2—' [(v; X If“; + u; X Iivi -+ 1;(“; X v;)] &4 (36) RFH

0. X Ly 2R d 1 % ((v; X Rju; + u; X Rjv; + R;(u; X v;)] k441K

M o; X Rjw;,, REREHRHREREFREQCONMCHRAR, BAXSHNWBELE L XHE
[S1hEERRES,

5.4518

KA Spatial Notation MBEHNBAEBOGIMMG)EE - MFHIEEEERE
7(10), EHR L, FIRBUEHMETIAAESEBEA(DRHRE H — 2C BRASFRE




3 M B B —HEisARE R AEFHEE 285

g

I e

0 C B —E RS, AL, IEECR N RR TS AR &8 AR, T
%*ﬁ‘%ﬂbﬁﬁ“aﬁii BRI, E, 3T R Ui&ﬁ‘@%”/ﬁ%ﬁﬂ%d 1 R 1 E S | FL%,

£ F X

[1] Slotine JJE, Li W. On the adaptive control of robot manipulators, Inz. J. Robotics Research,
1987, 6:49—59.

[2] Ortega R, Spong MW. Adaptive Motion Control of Rigid Robots: A Tutorial. Proc. 27th Conf.
on Decision and Control, 1988: 1575—1583,

[3] Featherstone R. Robot Dynamics Algorithms, Kluwer Academic Publisher, Norwell, USA, 1987,

[4] Walker MW. A unified approach to Manipulator Modelling., Proc. IEEE Int. Conf. on Robotics
and Automation, 1985: 729—736.

[5] Niemeyer G, Slotine JJE. Performance in Adaptive Manipulator Control. Proc 27th Conf. on
Decision and Control, 1988: 1585—1591,

A NEW ROBOT MODEL AND ASSOCIATED
CONTROL ALGORITHM

Huvo Wrr  Gao WemBiNG

(7th Research Division Betjing Univ of Aero. & Astro. Beijing 100083)

ABSTRACT

Robot dynamic model is usually written as H(gq)4§ + C(q9,4)d + G(g) = v, whe-
re the matrix C can be properly defined so that H— 2C is skew-symmetric. This
property greatly facilitates robot controller design. It is believed that such C is uniqu-
ely determined. In this paper a new expression for robot the model is derived with
the spatial notation developed in recent years, which shows that the matrix C with
above property 1s not uniquely defined. Furthermore, the well-known robot adaptive
control strategy proposed by Slotine and Li is taken as an example to demonstrate
that replaced the traditional model with the new model presented in this paper, a
much more computationally efficient adaptive control algorithm than the existing one
can be obtalned.

Key words: robot dynamics; robot control; real time control algorithm.
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