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Impedance Control Method for Manipulators Utilizing Neural Network

Toshio TSUJI, Member (Hiroshima University), Bing Hong XU, Member (Yamamoto Electric
Corporation), Makoto KANEKO, Non-member (Hiroshima University)

Impedance control is one of the most effective control method for a manipulator in contact. with its en-
‘vironment. The method, however, cannot regulate the end-effector impedance accurately without the exact
model of the manipulator. The present paper proposes a new impedance control method in which an iden-
tification model based on a neural network (NN) is connected in parallel with a model of the manipulator.
The NN in this method can identify the uncertainties of the manipulator model and modify a control signal
to the manipulator according to the identified results. Computer simulations are performed to illustrate the

effectiveness of the proposed method.

FemJmR i wonal—¥, AVE—FVAGM, Sa—~-FNEky M, FF

1. L BHIK

AVE—F T ABEO O3, BHETAEZCEET

voVab—- Y OFRIBRAVE-F AR FEL, ME
EHOREEK—HICRYIR ) FETHE. 01—
¥ AFETIE, FROBEAVE-Y Y AEFERT I
DL ab— Y OERREFVELEL TS, L L
L5, voEal -y OB EERICEET A2 Lk
HLL, COFRBREOLEDICFERAVY TV AL FRE
WEBRTELWILFEV. TOMECHLT, k05
WL OPOHRIBEFREIN TV,

# 21X, Carelli and Kelly @2 @Ie 1~ ¥ — 4 > A4
%, Colbaugh and Engelmann @30 ¥ X b #l#1c
EIVIA VY —F  AFEEEEBRL 2. £/ Lu and
Meng ®, Liu and Goldenberg *®, ik, i, £F @ &,
vo¥alb -3 OFREOHEA VY —F ¥ AREAT AN
IEL BRSNS ERL, HoHEEr HeTHEY
KAYE=Y Y AfEEERL TwaA, LELEDFS, &
CEHERONZ BT 2L - Y HEOERTH
HIEFERBCHID T I L8 <, FRLFHEIIESE
THHEEDLEL LBV,

CHICHL TR L TEBR -2 h % A
Ba—FNAy MR AVE—F 2 AHBNERL -5

1414

BEECHESIhTWwS, Hl2E, Ishiguro, Furuhashi and
Okuma @I BEHEEETOIV T I A7 AHBIE BT
EFVMEBEEC L ZEELY NN 2 HWCHET S HEs,
Dusko and Miomir® =20 NN #Hw{~v=¥al—

FOEBEERTIY FRFREET 5 5E%, Lin and

Lee OO HA L ¢ 5 EMD & 0O HEEZES AT NN
2FL, HENR~NOANEBOHICHET S FERR
FEL7:. ZhoOFERRFIEROARD % HICL CHR
L7: NN 2 H W THBENROFBT T2 FEHCREL &
3Lv3b0TH3. £/, Comiand Kawato Wiz A >
Y% ZHHAROREHOBMERL LT, NN AW
FERIEHGE 7 4 — F 3y 7 §#E%, Jung and Hsia 0
i NN ##l# L EFclARG T L C L) FiEEom T
TRISHICRET 2 HEEREL 2. ThOoDHETIENN
RUERDT 4 —FNy 2 5B BFICRBL THREF WV
REBL TS, LeL2dS, ERETRVTRLEHE
HROHL AT L% NN ZHWTEFL Cwab20, @
HEICEINEEFTNLEERBICERHTE L, Ldso
THIEHROBETF VS LERFETIE, FEBLAOED
NE—V L TCEXLRALPOFETCEFMILEEDE
EERDETLESEL S,

=%, BAZRC I AN 1 BAOHBRIIBWT, 7277
—20 NN CHBEUZEDEF M LBEORTE L BEEDH

T.{EE Japan, Vol. 119-C, No.'11, '99



NN 2HRLA v ©—5 2 8150

F*ERTLHEFZREL -, 22 CERBTTIRIOH
HEYEERRCTEL Yo 2L =2 DAY ¥ —F ¥ X
HERL B TS, 2FHETHE, do2LdbdoTwaw
S~ FOEFINEFNICEFICEEBL - NN £ Hw
TRIEEFNVEHEL, SONNEZLoTez¥al—¥
DEFNVARELFETS. AR, vo¥al—-y0EF
MEHLTHODPLHREFL AV E—F Y 23> b o—
SHoORERY, NNOBHKESHIRHETS. Ih
KEDEFEAOEE Y - I L CERE A Y E—F
VAP EBRTELNTTEL, v al —¥ONEE
FUHFECEET A EFTEEE 2 5. RRTTE, 2
FELLHHRCIYIT 2L —FD L5 RE#H
PEBEAGELZIEERTEEHIC, EFMEBREES L
Z¥al—FicdL Ty Ial—a vy, BEED
B ERIET 5.

2. 12E—42 %@

vE¥al -5 OEBFERE, FRENOHHES |,

HEEHHEE mLTHE,

M(0)f +1(8,8) + g(8) = 7+ JT(6)Feat ---- (1)

LB, ZIT, § e RUIESAENS MV, MO) €
CORMXMUIEMATS], h(F,0) € R™IXI U UL, BLT,
BEHEENSE2ETE, g(0) c R™IENE, e RE3HE
CHEREI RV 2, Fa, € RUIHAD, J e RV aUAT
FleET. 7220 1< m T, 3BREBICREVERE
4% (Rank J =1). :

Wi, FROBEI VY5 A%

MedX + BedX + KedX = Feyt

KEoERT B, #27L, M., B, K. € Rx¥ligehz
h, FHoEEERAY, EEEET, BEERTHT,
dX = X - XJ3FR0FEiE L BENEL ORER2 T,
ZOLE, YarFRoEFNtRAvEw, Y E—-F ¥
ZHIEE] RO L Sk B,

T = Teffector + Tcomp
Teffector = JT { Mz (6)[M; (=K dX — B.dX)

+ Xy~ J6) ~ [I - Mo(O)M Fuae} (4)

Teomp = JT (M1(8)JT M)Th(6,6) + §(6) (5)

7L, L3 LROBRFH, h(6,0),5(0) wEAZTR
h(8,6),9(6) OHEEME, M.(0) = (JMYGJIT) ! €
R IR IEAI R FROSMBENATFIOHEMET, M(6) 38
BAPOWREHEEET. (1) ROTegectord ¥ =2l =5
DFERDOAVE—F Y A2 HETH-DOME MV 2, (5)
RO Teomp LEBFRRCE TN h(6,6),9(0) 2 WET 2
HOBEH LI ThB.

BELY, v=¥al - DEREEFAHEZ bR
i (h(8,6) = h(6,0), §(6) = g(6), M(6) = M(6)) ,

B|ERC, 1198118, FRIIE

YKL~ OFEOAVE~F Y A F BRCRET 5
IENTED. LALEYS, SRICLELN T - %
ERCHAZ LR —RIZEFCEETHY, TLBEED<
SEaL=F IR (1) ATREFCTELVE I 2RGOE
EPFEELCVEBELH S, ’

3. Za—-ShxyvbEFALEAE 42 250

AV ¥—% v AT FFRBHEBETH Y, ZOFEY
WEED LIS 5 NN 2 FIBL - SEROBHR L 2
ABZBOBELR KA Y Mk D, KRLTH, FFERSH
DERALE BANLZLFL L, BEOEGHERICES
WIERTERAEIC LA BRBAFELS TR L hkn
EFNVALEEE NN TREL, R OFRSHREHo
TY AT AEBTALT B HERE (.

(3-1) fEEFRCHIIERE (O)RoOv=¥al—
5 OEEHEREEEEMCERT 2L,

Mx(G)X +Hx(‘979) + 92(0) = F + Fext

285, 2750, ps(6,6) = (M-(0)JTM,)Th(6,6) —
M.J8 € ®, g.(0) = (M~Y(8)JTM,)Tg(6) € R'T,

F e RUIBIEIERBI T L S FABSHHTHH. 2T

B)~G) kLY, Fx

F = M (0)u+ pz(8,0) + §2(8) — Fagg -+ -- (7)
u:un..{.Au...‘.. ....................... (8)
Un = MY Fops — BedX — Ko dX}+ X4 -+ (9)

DEIHBET S, v ,BPHA Y —F o A2EHT L,
DILELRFEEENT, A3l —yDEFNIE
BEVHFETAHEAEORELHBETLHLODOANTSH
5. 2ok, BEERHMML 2

................................

ELTRDBIENTES,
2T, vo¥al— ¥ OEF AP ERL ST M(0) =

Mx(f)), ﬂx(e, ‘9) = P'm(ea 9)’ ga:(e) = 9:1:(9) T, Ay =0

1415

Yib, IOLE, (TVRE (6) RRATRE,
X =
¥85,
Lo LA LEROY AT AT, EEHFERICETV
FHEFALEE (7), O R) B TEHIEL ShRVEF
MEBEENEET S, #2CI0EFMEEEF NN TH
2L, COREEREL BT AT LRI T AL E
Z25. £F, (1) REHL TUTO L) REHLET
WMALEEAL(p) € RN EELHENR Hp) € R¥EE
%1— ;a) {14) .

...................................

X () = H@YU(E) +oreveenrmnmeemmmennnns
H(p) = Ha@)I +An(p)] - (13)
H,{(p) = ;}—2[ ............................. (14)



X,

Lo ed
exé M &
Impedance

Controller, G (p

K0, XU)_;

I ["Manipulator
24p)

(0¥

Bt

Y

H1 Ar¥—%r AH#R
Fig.1. Block diagram of an impedance control
system '

T, N3 LROBNATH, pRBTANRV—% p=d/dt
9 H.(p) e R¥UI~=¥alb~FEFN, ut) e RE
X(t) e RUEFNRFLEHHIROAD BN TH S,
B L EFVLEEN WS ED L Y E—F ¥ 2HEZ
OWBEERY., Y= a2l —FEFNV Hy(p) Lo bu-—
5 Gn(p) F VBN — 7 EHEREEERH F,.(p) ¢ B!
£

Fn(p) = {I-&*Hn(p)(?n(p)]"lHn(p)Gn(p} (15) .

LB, 2FEL, (O RENVAVE—F Y RTY b T—T
Gn(p) i,

Gn(p) = M;'Bep+ M 'K,

Thb.
ZIT, EFMEBRELEUHENR H(p) 1234352
YhE=F Glp) ERDESICERTS. :

G(p) = (I + Ac(p)|Ga(p)

727U, Agp) Ba>¥ b a—35 Gu(p) DBEETH 5.
(13) RKOEFALEZE Ap(p) LITBENFEL DI LI
Bihizw, Zoks, Hp)&avhu—39 Gp) £Av
FRAN — 7 EGRE R EER F(p) € RI¥Ux

F(p) =1+ H(p)G(p)] " H(p)G(p)

WET A, LadsoT, (15) & (18) RE&EfMic+5T
LACERE, 3 bO-F5 Gp) Kk D Hp) DIE%LE
FLOHIEROIGEIC R EEH T EATES. (18), (15)
REFLELL, ROBBRLERTHI P TE B,

Acglp)=[T+Au@] ™t -1

72720, det(I + Ag(p)), det(Z + Ag(p)), det(Ag(p)),
det(Ag(p)) #0 LEEL . & ’

LLERs, TFMEEEAL(p) RRHEDT, (19)
REBEHEHETHILIITEL V. 2 TIOMES Bk
TH720I, NN2%=2¥ 2l — 7 OEFMLERC
AEIESHE LU THELAHERALEE TS,

(3:2) Za—-FNxybOHEB RATKBLTHRE
TH5A Y50 ZAHBRETT. ZOHMARTIE, NN
YEEal =5 EFN Hoy(p) L BFUCEE SN, NN OHS
Xnn(t) € R% Ho(p) BL 72HERT Xip(t) e RiE®

........ (18)

@‘—-f—‘

. Xy
ST Sl PP
ALt e)—?g%
X0 ‘ X0 i
14l =t X()
+ MB,p

D—e-+—+[H}
e -
X‘:(;)CT?\—"* A A “®

M2 BETHAY—F 2 @R
Fig.2. Block diagram of the proposed impedance
control

FHH Xa(t) € RIEDHDPFREFVOHNX(E) € R
Yih, NNOZFEBEREEFVORAX(E) L BT X ()
LOREEE() € REBVTHTY. Tabb, (t) 3F
FEOMBEELRTI LIRS, ‘

KRz, ZOHEROBECOVWTHETA. B 1k (17)
R&ED AT u(t) X

U(t) = un(B) F Dyt) <oovvre (20)
Ehh, L,

un(t) = *Gn(p)dX(t) D (21)

Au(t) = Ag(p)un(t) ..................... (22)

<hs. 27, (12), (13) R bv=Eal —FOlF X(£)
i

X(8) = Xalt) + Ha(p)Ax(£) - ovosos (23)
THZLND. 72721,

Kn(t) = Hp(pu(t) «+veveeeeeesnnnnnns (24)

Ax(t) = Ap(DIut) < overmmreemaioennnn. (25)

Thd. 2T, Ax(t) € RIGEFMEEEAL(p) C2H
FEvKalb -y OMNTHSH. E/, (20), (22), (25)
K 5 Ax(t) i&

Ax(t) = Au(P)I + Ac(p)lun(t)
LECILDNTED. (22), (26) XA DAL(L) 1
Au(t) = Ac(p)I + Ac()] ' AF (D)Ax () (27)
b, ERc (19 RXERATEE,
Au(t) = Ac(D)I + Ac(p)] ' AR () Ax (2)

= {[I+Au(@)]™ = I}[I + A(@)AF () Ax(E)

= -Ap(p) A7 (P)Ax(t)
= —Ax(t) ...............................
135,

~%, B2k (23) K5, MEiiet) &,

T.IEE Japan, Vol. 119-C, No. 11, '99



NN 2R LA > €= 2 g

Input layer

Hidden layer

Output layer

M3 RFETHVIZ2—-FNVRv}E
Fig.3. Neural network used in the proposed con-
trol system

e(t) = Ha(p)[ Xnn(t) — Ax(t)]

B, LI oT, SO()i2ETWT Xyn () £ Ax(t)
EOBEEZOCTALICNNOFEFHZERT LI LM
TEhL,

XNN(t) = Ax(t)

L4, NN2RHLHESROEY X7 2 OB
el A, COFFHIZOWTIRG-IHITERYT S, 20k
&, NN OHH Xyn(t) 3EREE u,(t) € RUCHT B HIE

BEA () eRELTHVSRS (F 2).
Au(t) = =XNN(E) coeveroemin, (31)
BLEE D, ABRLCRETSHERE AL, (13) 5

TRETELR/BOEFNMEEZEZEO Yl — 51
WL TEA Y E—F » A2 ZEHCERTEL I LS
oo/, AFEORERIIER, (23) A0EL%E
THEFFYVEATEAESCHERLTWADT, L=
ol —5 Ol X(t) % 23) ROBTERHRT LI EHFT
5, > NNHFAx(t) # ERICRAETE %5, Ax(t)d
FERTER L EATVTLIERR A v ¥ —F ¥ AHIEP»E
HTE3. .

(3-3) ¥ B R KICE2AETNSNNOEES &
PEFE7NVIT XL DWTEHET S, 3, feLT
ZBOBBE NN OBEERT. ANBEFHBEOL= y
PRI ENRFNR N E M, HOBOz =y M EE LB
ET5H(L=1). ABCEVT, wipld ANBO kEEOL
Zy b FEBO FEHOI=y P EEREA, v, 3FH
Bo BBy LB i FHOZ -y FERHRE

KTHE. £/, NNOAHRY bL Upy(t) € RV (25)

REEZELT,
Urn () = [w” (), Ax (8)"]"
= [ug (), ua(t), - - un ()T

Y4B, ZOLEN=2TH5.
F-AHNEBO FEHOZZy FOHN X I
welt) (k = 1,---,N) £¥ 5.

EYHC, 1195118, BR11LE

........

—%, $HED JEEO

1417

L= M OWIY) Hylk Hy = o(s;), 5= Zmﬂ%ggf%
Zohb, 5L, a()i/ﬁ%ﬂ\ﬁ%%{f&% EN 'Y
T, YZ7EAFBEKo() LT

g(x) == tanh(m) ...........................

THCLIEICT S0, BRI, HHBD1= v FOHA
Xn(®) & Xnn () = o(ki), ms= 300 v H; b e 5.
ZIT, 29 ROFEBREZHCT, NNOEFDO-o
OFMEREGR) 2 EHTE. T TH~v=¥alL—~snF
EABOFERZ:(t) 20 DFATDH (29) RO H,(p) 12
LB E (FROEE, MEEEE) 02k wn
F—A%ZELTRO LI % E@) 2B,

E@:%éﬁﬁ@+%§@ﬁm+%éﬁkm
=EW @) + E@ (1) + EG (1)

FEI, C@E*FfﬂﬁﬁﬁﬁE(t) B EM 'UUJBJ:U wjkb:EéL'C
®AME (BAME) 35 5510479, BESEERETE O
& bé%‘ U@jﬁi(f‘iﬂjk@%%ﬁmi

Vi (& AL) = vi5(E) + Dy (£) +oereeremeennns (35)
_ BEMN(t) - dEA(t) JEWB(1)

Buy(£) = = [ Oui(t)  Ouy(t)  Ovis(t) }

............................... (36)

Wik {t+ At) ’wjk(t) + Ay, (t) ............... (37)
_ [8EW()  BE®@(t)  AEV(t)

A‘vij (t) = _77"[ 8’U)jk(t) awjk(t) atUjk(t) }

(38)

&b, 0> 0 EFEFRE, At 3EERT)RERRET
b5,

4.

AFEOEPEERTOCK 4RT 4EHOFE~Y= -
Pal—9EFLiHEwCaryYa—¥ Lty ial—Y s
Y ERFolz (1=2). §13FA—%E, BV Ir¥EhTh
EL ;=04 [m], BE m; =375 ke, BE»SLY S
OELHIE T TOMERE I,; = 0.2 [m], BEOMEEEREK
d; = 10 [Nm s/rad], BHE— 2> M I, = 0.8 [kgm?]
L (G=1,...,4). 2OT=¥Eal —FOFRICIREN

10 [N}, B# T.5% 3 [s| DHBE L « FIENCIEE, yHEIC
ﬁﬁ@ﬁﬁ«%ﬁ&bfmatk%@?%@*%;%7;
RVE L HTEEL .

NN OAHICE, v=¥ab— 5’#%‘?53%%?&&‘&%
PEELR(32) 0 U CMATEHEANAE 0, , B
YUMmERE 6, 2BIIL7 (i =1,...,4). L7zdt>T, NN
DOIG A—FIEATIBOL=y VM N=12 %45, I
mHBIE2BE L Fh PRy P My =20, M; =16,
HABo1= v d L=2%kL, NNOEALOFEEIZ
i [-0.1,0.1] O —BEEEE V7. FEHEK 1 = 0.0001
T, #FEBM T, =300 [s) L L7 ~ :

Yiab—-¥3>



M4 4BSIFE~Y-Yal—%
Fig.4. A four-joint plannar manipulator

0.25

— dx ———  desired
E 02 &S A Y before learning
2015 T U R Mo after leaming |
5] / A
2 01 il N ! .
. T
g // My AN \ /3 £\ A
3 005 Ly AV 1} 77 7N
2 W/ / 7 y I
'_5 0 - A) 7 i'
5005 -\ £N AR Vo 4 S/
2™ \\ TN 7y H Vo7 N
3 1 \ ot~ S
8 -0 7 st
D 015 "y S S
_é- 3 N 7 »
I 0.2 &
<025
1] 03 i 15 2 25 3
t {s]

X5 MEEBRIBRENHIHENYIal—
arvER
Fig.5. Time histories of the end-effector motion

with parameter error of joint viscous friction: d;
12.5 [Nms/rad], d; = 10.0 [Nms/rad]

5idT=Pal — ¥ ORMEORMERSEL 4, E6
HEYYI7OEE m; CETMLEENSLHE (d =
12.5[Nms/rad], 7; = 1.875[kg] ), B 7 i& d; 05 FEBIAC
b+ 254 (d; = 12.5 [Nms/rad), d; = 10.0 + sin#;
[Nms/rad]) #¥ 3ab—va Y R THS. NN F%E
T (B#) CTRFEOPEIEHRE (ER) »6K
ELHANRTVS, LPLEDTS, NNPEEE (FEEH
Tk Frk, 5f) I~V al —¥DEFNILA
ENH DL PO TRROYEIHEEN L BE L I
2L Twa. Jhud, NN v=Fal —¥ OkERE
GETFTMEBREZECLDEELFEL TwAHBI LERLTY
5. kB, FROAVE-F ¥ XiE M, = diag.[1, 1][kg],
B, = diag.[6, 6][Ns/m], K. = diag.[100, 100][N/m] Z3%
EL, ¥ 7V YT I A LAE 1 [ms] L L7,

CITHY LT -EEOREEERES ) v 7 BED/S
T A—FEEL, (6) ROEEEBOESHHFBRRIC BV TR
BOCHELERROEFTMEEEFEL 52 L I0EEX
iz, Tabb, (23) ROAx(t) HREAES fREC
BEL THERBICERT A I LItR 5. ¥ 3alb—Ya
VEERDG, COX) MR EFTVLBEEICHLTHR
FENDPEVEHCEET S LARENT.

5 &

HUTIH, VoAl —FOEFVICEENSIND

=
=

1418

0.15

—_— X N destred
E ﬁ\ \\ dx,__ ————— before learning
2 0.1 7 1 after leaming
€ _
Sous
g 0.05 4!
]
£ 0
’5 \
5.0.05 [\
5 P
:% 01 - ’,'7\ N
015 \(/ dy
0 05 1 15 2 25 t1s] 3
He6 JVYI/EBKEEEFHLIBEDY Ial—

varvER
Fig.6. Time histories of the end-effector displace-
ments with parameter error of mass m; = 18.75
[kg], mi = 3.75 [kg]

0.15

— desired
E /\{\ & T before learning
z 0.1 "/ ---------- after learning
] {
§ 005 4 =
K ¢ U
g 4 AN~
= 1 o” |
5 s
5.0.05
% 0\
5 )
.é 0.1 “s y fot ¥ S,
= &/ d

0.15 L 4

0 05 1 15 2 2.5 t1s) 3

B7 BIEEBICERERENHLHENY I 2
L= arER
Fig.7. Time histories of the end-effector motion
with nonlinear parameter error of joint viscous fric-
tion: d; = 12.5 [Nms/rad], d; 10.0 + siné;
[Nms/rad]

BETH, —a—INERy VEHWTERLEA VY-
AEEERT A FETREL:. ZOFERLE—2D
NN CEFMLBREORERT V=K 2L =5 ~DAHD
WMEZFBCITH IR TEL L VI EHEED. S5
YIial—YarERrG, EREOETNVILERETED
oAb =S IR CORFENHIBEFDHTHE S
& ERL 7z,

7RLABR LT NN 2FALA Y E—F v AHH%R
OBRECEEL 2720, NN BHFOBEC >V TREC
TERLAEDo7., LL&ds, NNASEFL 2%
SR VIEREEES SOICEEIC o2, X DECEE
PERENBZIILEEIIE, PRIKFEFELEDLLD
2R ) NN oIk (2T, EBHERRLY 2770
B NN ICHOAATB FEWRF A+ 37 20%
A, MECEL CEME ANERBIRT 52 5, FEEOR
EBELRE) PULEILLR S, £%iE, LOBENLEFLT
BICT A NNOKETHLIMITALELIZ, ¥BORKE
HE NNORT A—-5 ORK, ERTOERTERELL K
DWTEETLILENS S EEZ TS, RBAWED—
i A FHER R (11555113, 11650450) DBIRKIC X

T.IEE Japan, Vol. 119-C, No: 11, ’99 °



NN 2FIB LIz ¥ ¥ —5> 2 gigme:

ALOT, ZZHOTHELZEL .
(FR114E1H 11 5%, F1145 5 10 BHFSM)

X ®

{1)

(2)

(3)

(4)

(5)

(6)

(8)

(9)

(10)

(11)

(12)

(13)
(14)
(15)
(18)

an

(18)

(19)

N.Hogan, “Impedance Control: An Approach to Manipula-
tion, Parts I, II, III,” ASME Journal of Dynamic Systems,
Measurement and Control, 107, 1, pp. 1-24 (1985).
N.Hogan, “Stable Execution of contact tasks using impedance
control,” Proc.IEEE International Conference on Robotics
and Automation, pp. 1047-1054 {(1987).

R. Carelli and R. Kelly, “An Adaptive Impedance/Force Con-
troller for Robot Manipulators,” IEEE Transactions on Au-
tomatic Control, 36, pp. 967-971 (1991).

R. Colbaugh and A. Engelmann, “Adaptive Compliant Mo-
tion Control of Manipulator,” IEEE International Conference
on Robotics and Automatin, 4, pp. 2719-2726 (1994).

W.-8. Lu and Q.-H.Meng, “Impedance Control with Adap-
tation for Robotic Manipulations,” IEEE Transactions on
Robotics and Automation, 7, 3, pp. 408-415 {1991).

G. Liu and A. A. Goldenberg , “Robust hybrid impedance
control of robot manipulators via a tracking control method,
" Proc. of the 1994 International Conference on Intelligent
Robot and Systems, pp. 1594 - 1601 (1994).

mA, i, 8F, “EFMMERBEEFCYALIF-FIAT
Oy b DALY -5 G, BRESHLEC, 116, 12,
pp. 1390-1395 (1996).

A. Ishiguro, T. Furuhashi and 8. Okuma “ A Neural Network
Compensator for Uncertainties of Robotics Manipulators, ™
IEEE Transactions on Industrial Electronics, 39, 6, pp. 565—
570 (1992). B

Dusko Katic and -Miomir Vukobratovic, Learning
Impedance Control of Manipulation Robots by Feedforward
Connectionist Structures, ” Proc. IEEE International Confer-
ence on Robotics and Automation, pp. 45-50 (1994).
Shin-Tin Lin and Jien-8huin Lee, * Impedance Control with
On-Line Neural-Network Compensator for Robot Contact
Tasks, ", Journal of Intelligent and Robotic Systems, 18, pp.
389--399 (1996).

H. Gomi, M. Kawato,* Neural network control. for a closed
loop system using feedback-error-learning, ® Neural Net-
works, 6, 7, pp. 993 — 946 {1993).

S. Jung and T. C. Hsia , “ On Neural Network Application
to Robust Impedance Control of Robot Manipulators, ” Proc.
IEEE International Conference on Robotics and Automation,
pp. 869-974 (1995).

%, i, £F, “Sa2-INERy PERBELAETLLERERE
LTI P ORELHE, FMESNEELSRTE, 32, 4, pp

3

|510-516 (1996).

KA, BH, B oNAME, oori (1994).

K. J. Astro and B. Wittenmark: Adaptive Control, Addison-
Wesley publishing Company (1989).

%, i, &F, “Sa2-IFNhFy PCEIS(ERHBTHVL7
LEYTAE-LOM V2RISR, FHABREFRRTE, 33,
2, pp. 109-117 (1997).

D.E.Rumethart, G.E.Hinton and R.J.Williams: Learning
Representations by Error Propagation, Parallel Distributed
Processing, 1, MIT Press (1986).

V.Potkonjak and M.Vukobtatovic, “Two new methods for
computer forming of dynamic equation of active mecha-
nisms,” Mechanism and Machine Theory, 14, 3, pp. 189-200
(1987).

T. Tsuji, K. Ito and P. G. Morasso, “ Neural Network Learn-
ing of Robot Arm Impedance in Operational Space, ” IEEE
Transactions on Systems, Man and Cybernetics,Part B: Cy-
bernetics, 26, 2, pp. 290-298 (1996).

BRHC, 1195108, FRuE

1419

it

®

Bk (EH) 19594127 25 H&. 1085 Bk

KERTEMANELRENYET. ReERAe
TEHBFE, 1994 FFRBEE, BEIC=E2. T
Z2ig+, ABioXy boE#HNE, —x2—-50
Ay b, TV -wI VAT LR EDOMEIIIEE.
FHUEBAIMES, BARNES, BRER, B
FiEREBEREL LY O&E.

# R O(EB) 1949411 A 30 HE, 1988 EFELE

HERNASERERGLEEST. LEREHE
TERFREBEERT, 1097 £ 3 ALBKFELE
BETHMERE LR eieT. AE4R, R
BER () KA, m2—-9 iy, NY—x
LI NASZRA, €Y ararba—iiko
HRICEE. RERATEEFARMESSE. T
Bt ERFS, IEEE, HBBHEzaRY

(FE2B) 1981 £3 AERKELZRAMNENE
TEREXE It FE48, BEFTER
W BUNEI AT ART. 19904 4 B, AMT
ECIEM TN EE. 19934108, K&K
3%, BECES, ufy b F, gLy
¥, MENR-ANTIF 4TI VI REOWH
FICRBR T Fo. IEEE, S SRE%S, H
FEBERLEO&E.



