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Abstracts

This paper describes the on-line parameters identification
techniques for tﬁe Chula Il manipulator arm. The Chula lll is a
_high-speed manipulator arm developed by ME Lab. The
maximum speed is approximately 5 times faster than typical
commercial robots. The second and third joint of the arm formed
as a five-bar linkage. For the high-speed motion, the nonlinear
terms, appearing in robot dynamic models, which normally

neglected in low-speed motion, cannot .be neglected. The

nonlinear terms will be varymg according to posmonlonentatlon of the
manipulator and robot motlons So, if more accuracy in motiof control
required, it is necessary to obtain the more apcu’racy ‘of robot dynamic
equations. The Input E.rror Method and the Outbut Error :Method are
used as on-line parameters identification tools, so that:the more

accuracy dynamic model can be obtained on-line.
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1. Input Error Method (Indirect Adaptive Control)
2. Output Error Method (Adaptive Control)

1) input_Error Method #ann1suasititfia duoidianuasa

a & A% @ e a ¢ do >
LARBUUDIN I’Jiﬂ‘ﬂlﬁl‘ﬂﬂUi:‘U‘UﬂiﬂLLﬁtﬂﬂiﬂ'ﬂﬂ’!%’} !u‘lﬂ’ﬂ?ﬂﬁ&lﬂ']‘i
o = 0 ° o o N a I3 :
NILAN auw‘lﬂm msmmmua:ﬂsmﬁa HUAIWITULRATUBITEUU

Wudnlwsianldenfianuamaniautasfign dusadlugdf 2

q(t), o'(t), @"(t)
__»

L
+ -

UM 2 ugeauwwAIYes35 Input Error

T mod el(t)

MC-55

sanainufltlumsUsuaoudnasidonl®is Least-Squares
. . . A & add. AVwa.w.‘n
With Exponential Forgetting #ailudffiadszananiaasgiinganass
165 Tegwanmsdie imazvhmamdwniieeilasmmeidige
’uam'mmmmnehwaaﬁuvmdw?aﬁ'umﬂizmmﬂﬂﬁﬁdaaa Waw

\Dusumaledail
J= [ly)-v(r)-a@| dr

Tassaemean a(r) Al J dfiga Feazler
G=-P@)-Y" ¢
P=NO)-P-P-YT(1)-Y()-P
%ﬁ%i‘fmmmﬁﬁ‘lﬂl’ﬁﬁus:uuﬁﬁﬁ'smuquagjLtﬁ’w?aﬂﬂﬂ’hwlums

augule
gmulumsuszgndiinds input Eror ldldaauguszuuaiain
ﬂ‘:ﬁﬂtaﬁﬁmsmuqmmu Feedback Linearization (Compute Torque
4w ad o & ) a s k a
Control) smLaJmﬁmsmuqsmmae‘l’ﬂmwwsmmawaﬁ:mlummu
o 'Y A A @ Ay . 4 o do @
AN mmsmuqm:‘lmwawsa"lﬂwamwmmmsnmamamnmmlm
Infldeetudass s isaansai3imadsennmiundolums

auaulel

a aad o . A
2) OQutput Error Method w&nn3wasisiifa duadnnuasianian

° . da v A ° L A o a o
Yasdurief Ta laas suassunisfsuinddansunismaafoud v
AimsfrwImsasUsulfsnarwindieasvasseuulndaulddid

4 v oo o <
mmﬂmmﬂaauuamq@ ﬂxﬂLLﬁﬂ@l%EﬂY} 3

a,, (0. a1t a,"t)

Tinput({t)

U1 3 uaAsuNUEITB4IT Output Error

P ° « a . { i
WiadnnsdwI A L MIInENA ISR aufilaoasiley
) N & o o
wizeuylaiBad (Nonfinear System) suennuazassaslfizaniu
° o & aado. a vy v a 4 daa @
mafwinann asundsiiusuedafanldrdedounu FoliiEnas
&
i

t=Y-a-K,s



a
Tanfi
a=-TYs
o “ . >
119 s A9 sliding surfaces 191 16N

s=(0,-0,)+1(0,-6,)

iad . a & & v d & o '
widEmamdinimefuvufadddiddedudniugudaarin
&
qu
. a e & agad o ~ o o a
lunmarwmfire e inamuezldnsflndifseiu
faTamIaviiuieTefidailioidunianisniugs (rajectory) fivh

msmuquﬁ'ﬂﬁszuuagﬂuama: “cersistent excitation” 1Yt

TanauninimasAdasmmen

4 i ‘a v '
Wougun1IMTeRouiivesded 1, 2, 3 Taglugiues
1=Y(q,4,4) - a lavd a
fANIDTIALNONA § A adt

' a £ w ood
ATNITHRILSDINGBINTITREKRIAT B3

a =myd? +md? +m,(d, ~-d,)* +m,(d, —d,)’
A+, +1, +1 41,

a, =mygy +mgy +mll 1, ~1 ,+1 -1,
a =mgy +mli+mgl+1,—1 +1 -1
a, =mg,l, —mgl,

a5 =myg; +mg, +ml +1 ,+1,,

a, =m3g32+m41;+m5g52+1m3+1m

a =mg,g+mg.g+mlg

G =mg g +mlig—mg.g

a, =¢
Gy =G,
a4 =G
a, =V
Gy =V,
Gy =V

as =md,g, +md, g, ~md; g, +md,l, —md,l;
g =-md,g, —mdl, + md ] +md,g, ~md,g, + 1y
al? = 1yz5

g :1u5

‘ a s s & a vl
mmaawwwmawaoummqumm?m 3 ﬂﬂ’]v‘,ﬂﬂa

a; = 0.581, a, = 0.880, a; = 0.660
a, = -0.365, as = 1.593, ag = 0.900
a; = 34.0643, ag = -7.237, a5 = 0.027
a5 = -0.036, ay; = -0.004, as = -0.003

MC-56

d o & 9 ° a s Y
mm%wuuwﬂﬂmnmsmaawumumeqmaaumuﬂaa}m 3 a3y

a - e o .
TusunsumauRumasntislunsesnuuy 3 JFAuLunTew  (Solid

o 4 e & o a Rl o da 1 @
Modeling) @\131’7\ 4 ﬂ']@\TﬂQ']'J%Li’]ﬂ$1?jﬁ&l&l@§1u3']Lﬂuﬂ']‘ﬂ&]ﬂ'ﬂ&! Ny

ar a i . i o L de
Wesdueaeds 3R 5 (Jugduswineudam 3 Iawndufives

ER Gl eb]

?Jﬁ 4 ydapsmuiifvasuunaawid

gﬂn 5 uzunagwn3

4, NINA[DY

132NN INARBIAILNNUIUNAIAIZ TaeldM35% tnput Error

Method uaz Output Error Method 3n%aalumsaaugs lasmsnanas

' & o &
vzuiailn 3 vuneuldaais

1.

fnsauaulasi’ Feedback Linearization uazihewimiliaad

PE o e e )
fn1é21n3% Input Error sntslunaniugu

. V‘hmsmquLLazmmwmﬁma%hﬂ"‘s%' Output Error Control
. wWisufaudiwnnfieasnldnudese



MC-57

ad .

oA a '8 & a o o 2 = o o . = a ed - Y
nadwesmniweimiuiwnlieatain 15 fs 18 NTAA 1 uReEURILRzA M TITERIT 1,2,3 Weanunudaed
ftoafaifisunuadu asumRainenui lumadwin ms tnput Error Method 13 suifisuniudunisfisasnis

P ) : . a & o RN
NORAIHIIUTTITUATWITINLNDTLNEY 14 @1 aan 1 D8 14

N 3 8

EUNIMTIAY (Trajectory) AlFlunimerasfemdwiniines

theta) (deg)
vell {deg/s)

a
fa

0
[
o _ {I-cos(5*¢)) -
d 2 . 100 —
£ 3
%y T 3 o
_1_005(6'5 t A) £ . g
2d —
2 4 )
—l+cos(6*¢
G,=7 +£____(_).2 1j
6 1
g’WS it g
17 3
4 < a & o a Zes) g
mmwmgogmawaaaaﬂmd qwiﬁ‘lumsw@amna " eolt!
Vidgmax = 143.24 deg/s 1550 5 0 15 o 5 10 15
time(sec) time{sec)
Vag = 88.81 deg/s
e : wa’ ° y . = a ed - v  ad
Vagmax = 57.30 deg/s ATINY 2 URGIAILAUILREANLTIVBIRIAN 1,2,3 L&lﬂﬂ’)‘UQ&l@iU’Jﬁ

Output Error Method 13 suifinunudunsisidasms

HNANIINAaaY

FHATUNTING 1 uaz 2

@ A - . a oo doe e |
a (Lﬁum’uﬁnﬂiaﬂ’mﬂ's’l) ﬂaﬂ"'@ﬁﬂﬂ?ﬂ‘lﬂ y z
o o a a (7 ] a ] @ X |
LK J
b (Lﬁ“ﬁuﬂm %“SQL’.UN“’J"‘) ﬂﬂﬂ’nﬂaammuvh ) o W{%}W Lﬁz " o .
' P x

#TUnTIN 3 uas 4

v 4 a 0 5 10 15 0 5 10 15
X (Lﬁ%ﬁuﬂ\i) FAONNATI 5 timefsec 4 time(spc)
v a3 a A a &l o ad y
y (RUBUILI W) ﬂaﬂ’WW’li’lﬂJL@lﬂﬁﬂvlﬂﬂ’m’Jﬁ Input Error x i y z x
. @ ' a & a o e
z (§ufdin) fedwiniiesiften3s Output Error - ! r‘l-w;-ﬁ’ T &2 f(j@ R ;.“%W
i .
OD 5 1a 15 GD 5 10 15
2 ; time(sec) 40 1ime(sec)
z
® . ay
= L LR B 1SN LONTN, ~ y z
fo 5 wa i B
e s 0 x
s 20 = .
£ 2
= 0 -100 00 5 10 15 0D 5 10 15
N 2 time(sec) ‘ 0 time(sgc)
y 2
18 - b z
100 20 .}:Lf{\/"m.,.u»nﬂ*\ o B4y l
_m _ lw A vT 7 5 x
g g 50 x z : J L
z 0 - -
3 g .t % 5§ 10 15 % 5 10 15
= & S04E time(sec) time(sec}
100

3 8 8

P : a '3 a4 oo v A v oaa
NWH 3 ugaeanwniiees as N ag 'ﬂﬂqu’)m\‘l’(ﬂluaﬂ')'ﬂﬂmﬂjﬂ'lﬁ

Input Error use Output Error 1S suifsunuaeda

veld (deg/s)

time(sec) time(sec)



.4 0
y
15 l 8 y
— 6 |
219 . I ".;L . P {
5 2 5 z
0D 5 10 15 UD 5 10 15
time(sec) time(sec)
-20 0 3
T T e .
15] 8 o ,,I_.,-—
. " R
e =
SN S s
1 y 2
0l] 5 10 15 lj0 5 10 15
time(sec) time(sec)
20 10
y.
15 e 8 z
_ KF -’_’_’_[H_,_,..,A_r L
= 10 —
= z =4 N
5 2 | i """"
i 0 ¥y
1] s 10 15 0 5 19 15

time(sac) time(sec)

ol ‘ a < P o v o [y
ﬂ?’]W‘YI 4 URSIATWITINLRDT ag T a4 ﬂﬂ']u’}ml@tuaﬂqj.]ﬂu@'«]ﬂ

3% Input Error L&z Output Error

Sianevnanimesay
4 o4« : a .
PR 1 uar 2 Fadunswuseseevasdiiuniisues

ﬂ'nm%'aﬁ'l,ﬁmnm‘m'mqué'azﬁ% Input Error W8z3% Output Error
anfuing 2 FWnmwnmnamugudwmbuazanaiiliduly
mufeenuuuSididuedned  TasrsusnandutreUsudiwin
finestarlEnTRm AT terror) Bdtafnty udifaioa
Al fenuamainfeufitanas SaumanuSsRiwing
Lﬁugﬂgoqﬂﬁﬂqm:ﬁmmmwnﬂmln?] Fefidunmzine
ﬂfnus%aﬁﬁuwmnmmmgﬁm‘wmﬁ-nmmfmwﬁ’i‘mﬁeﬂ-"ﬁﬂw
wimuasnaufiaed (truncates) FevilwunedrunfaUnd wazes
é’ammﬁu'lﬁ"j'}mwL?’J‘?i‘lﬁmnmimuauﬁ's95%' Output Error 92
Hulenafiesnuunliininuuy input Error agifinita

Wi 3 LﬂunﬁwLtammmﬂﬁmaﬁ’ﬁ'lﬁmnmsmuquﬁo
aaﬁ%Lﬁmuﬁudw?o%ﬂ’ﬁmv‘im‘lﬁmnmsa“'maatwunagww 3 2z
Lﬁu'hﬁaaaa‘i%dwwwﬁﬁlma{v"ivlﬁazlnﬁLﬁmrTmLa:giL’lhmdw?e
Lwia:ﬁmanﬁwﬁmwwwﬁmai’mnﬁaaaﬁ%gﬁﬁwmdmamﬁmm
Tiguimndnade uddnsaneaglaiann Bsoradwnnzaiasedt
wansrsdaiumanldrnmisassurunadsnitldiarszame
wdauiusiuiasold _

a4 Junnugessn e STuussuaniud
13znawéIn coulomb friction WAY viscous friction Fofasasinen
wsnFzanuildunsareslndiBesiuudusenazanisn  Fadu
stwz'jwamaamsmuguﬁmaﬁ%‘l&imﬁauﬁ'u ldendunsie
wazaas? w nanla g lasetuiiidien mlvdusafoamufivn

Talaiwinin udfshenuldunn

MC-58

NN 3 ez 4 andwinew)ndteaieasds Input Error 92117

“s L 1 a 3 oA
W3 9le15In3735 Output Error ugiazdl Overshoot 3 NNTT3E

Qutput Error

5. agduamnaass

¥ o : & a
PMNEIMINARBINIRRIIBASIAWIN 99T Input Error us: Output

Error anansain lulFlumswidiwiniiwadled waedisnaninldiunig

auaulefande lag38ms input Error inansfiezshluldlunismen
P ¢ - t4 o
wnlineilad #wiE output Error diwwsnzfiaxdlulFluntsaungu

d o Y 2
i:mmmaamsmmLLuum'lumsmuqugmazﬁmﬁmmwa WTAT

Input Error swwinfimefilfeuudsady Temafissuvezlifiatios

nWRs§9nd135 Output Error

1onA1397959

1

{2

{3

{4

(5]

6]

{7

{8]

(9]

(191

11

[12]

John J. Craig, Silma, inc., “Introduction to Robotics, Mechanics
and Control, 2"d edition”, Addison-Wesley .Publishing Company,
Inc.,1989.

Haruhiko Asada and Kamal Youcef-Toumi, “Uirect-Drive Robots,
Theory and Practice”, The MIT Press, London, 1987.

H. Asada and J.-J. E. Slotine, “Robot Analysis and Control”, John
Wiley and Sons, Inc.,1986.

Jean-Jacques E. Slotine and Weiping Li, “Applied Nonlinear
Control”, Prentice-Hall International, Inc., 1991.

Fariborz Behi and Delbert Tesar, “Parametric |dentification for
Industrial Manipulators Using Experimental Modal Analysis”, IEEE
Transactions on Robotics And Automation, Vol. 7, No. 5, October
1991.

Albert Y. Zomaya and V. Sreeram, “On the Fast Robot Dynamic
Parameters Learning”, IEEE, 1992,

Predeep K. Khosla and Takeo Kanade, “Parameter Identification
of Robot Dynamics”, IEEE, 1985.

M. Gautier, P.O Vandanjon and C. Presse, “Identificantion of
Inertial and Drive Gain Parameters of Robots”, IEEE, 1994.
Hai-An Zhu and -James C. Hung, “ldenﬁfication of Dynamic
systems : a Systematic approach”, [EEE 1990

Jean-Jacques E, Slotineg, “Adaptive Manipuiator Control: A Case
Study”, IEEE Transactions on Automatic Control, Vol. 33, No. 11,
November 1988.
P. Dutkiewicz, K. R. Kozlowski and W. S. Wroblewski,
“Experimental Identification of Load Parameters”, IEEE 1993.
Woonchul Ham, “Adaptive Control Based on Explicit Model or
Robot Manipulator”, IEEE Transaction on Automatic Control, Vol.

38, No. 4, April 1993.



131

[14]

[15]

[16]

7]

(8]

[19]

J. 8. Yu and P. C. Muller, “Indirect Adaptive Control for
Nonfinear Robotic Systemns”, |EEE Conference on Control
Applications, Setember 13-16, 1993: .

Asada H. and Kamal Y., “Analysis and Design of a Direct-
Drive Arm with a five-bar-link Parallel Drive Mechanism”,
ASME Journal of Dynamic Systems Measurement and
Control, 1986.

K. Youcef-Toumi and A.T.Y. Kuo, “High-Speed Trajectory
Control of a Direct-Drive Manipulator”, IEEE Transactions on
Robotics and Automation, Vol. 9, No.1, February 1993.

K. Youcef-Toumi, “Analysis and Design of Manipulators With
Decoupled and Configuration-invariant Inertia Tensors Using
Remote Actuation”, Journal of Dynamic Systems,
Measurement, and Control Vol. 114, Number 2, June 1992,
Shankar Sastry and Marc Bodson, “Adaptive Coﬁtrol,
Stability, Convergence, and Robustness”, Prentice-Hall
International, Inc., 1989.

Karl Johan Astrom and Bjorn Wittenmark, “ Adaptive Control,
2"d edition”, Reading,Mass. ‘: Addison-Wesley, 1995,

P.E. Wellstead and M.B. Zarrop, "Self-tuning System”,
Chichester : John Wiley, 1991.

MC-59





