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oFst 28 oy Edolee VA A AHELE UiE vy A sl
2 BRE FFIAY, BAE Ho 54 Ao sk 5
WAl AdS A, mEkA HREAQ AdE )
A 2L 213 A|o)718 AAG . o] Aol TR
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N

HhELalAo] (iterative learning control) & Alo]71e] +
Z7} 3rasta Al2glol tigk FEet mdo] glol= Aol7] AA
7} 7¥sslc). 3], 28 104 AYshs AR, wEdkEA|o]
£ 5Yd AS EH o2 FYPEE Alo] Aol FEHE
705 (open loop) Ao} 7IYolct, REESFA ool = Fo
7 o] B4 AzE F715 /2 7€ AR S I EAeR S
ke Ao 7). wESgAel7| = HAY Alo] dE
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Aplel 9AE elulgit B FR-AFAEA, A,
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oi-ol wjz} Siaka} L, %, wrEalAlolr) thpell A
% 9T, ek Folo] 489 & QTHI-101 4 (VoA 2

~

oz Z53 32 ASS 48 5 Yt A-8A|ol(adaptive
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Eaoae whEsgAofo] tigk dubHel avfea] WA vt
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uk+1:]1uuk+ ]:Z(y'r_yk) (5)

Ze geoltt 7|, sk L A% AxAolet
2 0 AN A2y = Tl tielA, 4 (5)9] 0

[}
dng &L g 2AS WS - ()=

W7 — T < 1 (6)
A wr ()=
u*(t) = (I-T,+ T,1,)" ' T,y,(t) 7

o} Zo] Folxm, 1 Az WY FF oAb e
t € (0.¢,]° wHaiA

e*(t)= lm (y,— y)
ke (8)

o} o] Foxint.
Z9 : k+ 1A Ao} e tisiA
U = Lot T2 (% — )
= T+ T (g — Tow) = flw)
o} o] TEY F i, whEhA,
£ (@) = Fl@)l =117 (2 — 22) — T (2 — )l
< || Ta— Lz — 2l
7 93, 1T, - LTl E el dig Lipschitz 347} B},
2 (6)& WS, Alo] 9L v () B FEI v
w*= Tu*+ T,(y, — Tyu*)
S BEsjof g Ax A ()3 2& 458 4% & Uk
el Ax}e}
e*(t) =4 (t) —y* (t) =% () - Tt (t)

o)

1.8 5% Az=slo A Asta dAsta 5 Lt Ao
g3l 8 20E ol 2E S 25a AUk
4. HA HEStEA| o]

A Alole] HA Aol 713 FAKSHA, HEESIgA|odM =
HHsg 7o shz Alo] daEFol At eIt

Togai®t YamanoZ} #jgtdt o4t wHRgtgAlo] dnelF,
U1 (£) = 1w )+ Ger(t+1) oA HA o5 ¢ & 714

J= %e{(t+1)Qek(t+1)

£ (Gauss-Newton, Newton-Raphson ¥ 5& ©|-&3}c]
Fagho 24 FBIA15]. oleF 2 g2 WAL (5], [16-17]
FolM Bt o AAHez WA
Amann 5l 98l AR HA Ao 7|HE o] &7 F-FF
HhEslAo] duelEe & 7|vke] 714 rE ALgA77]
A3 Ao Y-S vHEA o2 JBAIGTH18-19].
Z71X)7} 091 A3 o4t Alz=Flo]
z(i+1)= Az (i) + Bu(i)
y(i) = Cx (i)
o} Zo] FolBE W, VN AZo| JEH nskA}, o] uf ¢
e uel 22 HE y &
u=[u(0) ul) - u(N-1)]
y=[1) y(2)- y(V)]
9} o] AelF 4 gich. Alxdle] 4Ee A (9= @

y=Gu (9)

o}71d, G& T Zo| Toeplitz PEolth
CB 0 o 0
¢= “B B o
CAY-1B CAN-?B - CB
V8 s
Jpp1 = ||ek+1”2Q+ ll k41 _uk”%
=el Qe+ (g —u) Ruy,, —uy)

9} Zo] Aelatar o] F HASBh WHEEGAo] BAE et
t}h oJ71A, ep =y, —y;°lL Q& B 77 tiFolx &
3 FHolt) k+ 1A WHE 215 & o, Alo] oY
817] flsld HE W& sk,

1 0Jes

2 upy

o AHE AL & Atk m HA Aol dFe

=— G Qe+ R(up,—uy) =0

uk+1:uk+R_10TQek+1! Vk=20 (10)

olt}, of71M 4] (10)e] R™'G7Q = G2 adjoint A4kAe}
Tdte o 2FHE 4& + Aok A A2l A8s
7] Saixd= 4 (1009 Aol BH & AF(causal) T ¥
ot gt AR W82 [18-1918 Faah] =leict
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5. #5445 GelolAe] wEatsAol

7129 A% Alole FukE dYdA FE ¥ AAE
A7) wEel vheet A W A =78 73 i) o]
£ A=A oz &esly) $—]—5~}W IRCEESH IS P PELRE - B
AolM Aol LaelFE W EALe BAFEE »ES

EAn =

Cralg (8] ofal AR Fab4 R wHESEA] gm
2] %2 Moore [1]19} Padieu®} Su [20], De Luca [7], De
Roover [9] T 9Jall EAFHAA & (11)H 722 dukAQl

Bk o] WAL JxA Hu).

Uis1(s) = P(s) Ucs) + Q(s) Bi(s) (1D

A7IA, Uis) gk B(s)E ks wbs 21 A) Alo] 43}
T 2ate] BERps Wdoly, Ps) 9 Q(s) & e oy
Zelo|nt.

A2 3 0 YEd WAL Y(s) = G(s)U(s) & Aol @

UEY Alzzlo)] 2] (11)3} 2o whESkEA|o] WAL 283
o, o &2

1. 718 A7 Y.(s) € H
2.11P(s) = Q(s)G(s)llw < 1 (12)

S BEI 2 At e(t)E Lo AzdlA A& 0x)

€ (t) = lim e,(t)

k—o0

(13)
_ p-1 1—P(s)
=& &—mw+mwmw)

= e
2 kLA 0 Y A 33 exfe
Ey1(s) = ¥ (s) = Yiga(s)
= ¥:(s) = G(s) Uy (5)
=Y. (s)— G(s)(P(s)Up(s) + Q(s) B (s)) (14)
= (P(s)— Q(s)G(s))Ei(s)
+(1=P(s)) Y,

)G

+(s)

B Y A 3% 0 99t 441
1{1‘

s} Zo] Folt. kwl
4 Aglel 5 % oile 4% T

sl PalAT), i

shal vhet gk,

Bpir(s) = B(s) = (P(s) — Q(s)G(s))
(Bs)— B 1 (s))

A
ol

olZHH,

— B (s)lly = llex 1 () — e ()1l
<HP(s)— Q(s)G(s)lw

- llex (t) —ep_q(t Mo |
S 2L BAE A2 F A, 99 F 2UE NEIW 35
SHRE e (1) 2 L35 Aol I e, (8) & 4] (14) 9]
A B (s) 9 Biyq (s )’E‘—E (s) 2 X ggoa 3¢ 4 girt.
A (13)ellA € & gRol, P(s) = 109, e, (t) 7} 00] &
o] g Z30] Fh5sict e} A (1209 23S WEFHE 4]
2=5lo] 719 (invertible) Al2~Rlo g Aghat). mhahy Fujs: o
Aol Qukzel Al2TS A% BBl 57 21
WEBL €., () B HAHE ¢ YRS AARG Pls)= HE
A T ElR Abgsketl, 1 S MY 71E AR A
2o} ok Wele) AL Q(s) & Pls) 7} Fol4 ol

A A (12)9] 20& ‘ﬁé‘—ﬁhip AAATY.

“E\-Jrl (s)

F3kr GO WEEEAol712 4AE W FUE wY)
& APl Bz FUE B4l 92 A 1 FE4E
2 % gl ol H 371 914l 32 Aol /i BT

WESEA0)7] A 71HEe) [21-23]0)M AAIEAT.

5. WSt A o) 9 AFA ol 2kl A

HREStgAlol s TR O E JRE Aofo]r] wjidl] 9T}
wp e} Wl Tlztket 73"*01 At 3 B & vHEEEA
o717t FF exte] EAE A Es g 271 G
A FF 2t 717‘]7]4— is=g ]Eq HHE FH3] fallA,
HRESEA 077} AA] Al2awgle] 249 we A Aojr|et
g7l AL} A Alolrlo] A Al xvle) ok s B
8k, S NI % o5 dF G fRIA
21tk Bondi & [24]0) 9|3 wHEstgAlo}7| 9k g Ao
Agehz Wiol AlATE ol TRt H2 WEe] A7E
o} [5-6], [21-23], [25].

Foole whageAole A Aole] B sste
& 80| A==Em gt} De Roover 5 [26] whEAo]
Zd o e MAE 913 wrEEgR| o9 Fr)HoEA A4k
Al Aiel Aw M-S 913 WHEA| 9 (repetitive control)
7} 2873 (duality) o #AE 7Rz 955 UF 23 92
{internal model principle) & ©]&3}c] Falgc}. ki
Aot7lE Alz=ge] E8o) Wi 2d S 7R A H(servo)
HAA71S F25 7FA 3, jEESlgA|ol7] & AlxEle] g

2 2dlg 7ix= ol# #E7](disturbance observer) 2]

T2E 7R
°

W EAlel s Al 2dle] B B AR} gelehs 2
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5 AR A7 4R Alele) & FFolth. oY A 9
oA WHEekgAlols} 7]z 49 Aol PBF AT} AlE
S)26-281.
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Cls) uf Gs) |k
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P 92
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A2l 4 g 25k 2e AR A0l VBEEA ] AxPL
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g

2 sHe) 98 WaFRRAL AR Ao/ A A =
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WS 1+ VAT o < 1 (1n
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W15 JE+ W
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feif lw—wgl <eor lwtwl<e
10 otherwise

o71A, 0 < e K 10|1, ¢= ¢y/7 20|t} 18|H,
llea(t) — el (B = NE (s) — B ()l
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7} . ey (t) et )||2-°4 A%, 4 (2002 8] gew 2
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N AAA st o]k AR Aldel 223 Alof Ho}
ZE 95 AA[30], A3 98 Z2 A~ (linear repetitive
process)[31] 5o] qlrt. WHESEA o] & o]E Ao} HoRiint
ofHet, 2& Aloje} <) Aloje A7 AE AFste] Bk

8% o wdsta Ao

I
Fa7d

[1] K. L. Moore, Iterative Learning Control for
Deterministic Systems, Springer-Verlag, 1993.
[2] K. L. Moore, “Tterative learning controlan expository

overview,” Applied and Computational Controls,
Signal Processing and Circuits, pp. 425-488, 1998.
[3] S. Arimoto, S. Kawamura, and F. Miyazaki,
“Betterment operation of robots by learning,” J.

Robotic Systems, vol. 1, no. 2, pp. 123-140,
1984.

[4] S.-R. Oh, Z. Bien and I. H. Suh, “An iterative
learning control method with application for the
robot manipulators,” IEEE J. Robotics and Automation,
vol. 4, no. 5, pp. 508-514, 1988.

[5] T.-Y. Kuc, K. Nam, and J. S. Lee, "An iterative
learning control of robot manipulator,” JEEE Trans.
on Robotics and Automation, vol. 7, no. 6, pp.
835-842, 1991.

[6] J. J. Craig, Adaptive Control of Mechanical
Manipulators, Addison-Wesley, 1988.

[7] A. De Luca, G. Paesano, and G. Ulivi, "A frequency
domain approach to learning control: Implementation
for a robot manipulator,” IEEE Trans. Industrial
Electronics, vol. 39, no. 1, pp. 1-10, 1992.

[8] S. S. Garimella and K. Srinivasan. “Application of
iterative learning control to coil-to—coil in rolling,”
IEEE Trans. on Control Systems Technology, vol. 6,
no. 2, pp. 281-293, 1998.

[9] D. de Roover and O. H. Bosgra, “Synthesis of robust
multivariable iterative learning controllers with
application to a wafer stage motion system,” Int. J.
Control, vol. 73, no. 10, pp. 968-979, 2000.

[10] M. Norrlsf and S. Gunnarsson, ‘Experimental
comparigson of some classical iterative learning
control algorithms,” IEEE Trans.. Robotics and
Automation, vol. 18, no. 4, pp. 636-641, 2002.

[11] D. Wang, “A simple iterative learning controller
for manipulators with flexible joints,” Automatica,
vol. 31, no. 9. pp. 1341-1344, 1995.

{121 Y. Chen, Z. Gong, and C. Wen, “Analysis of a
high-order iterative learning control algorithm
for uncertain nonlinear systems with state delays,”
Automatica, vol. 34, no. 3, pp. 345-353, 1998.

[13] A. Tayebi and J.-X. Xu, “Observer-based iterative
learning control for a class of time-varying nonlinear
systems,” IEEE Trans. Circuits and Systems-I:
Fundamental Theory and Applications, vol. 50,
no. 3, pp. 452-455, 2003.

[14] H. S. Lee and Z. Bien, "Note on convergence
properties of iterative learning controller with

respect to sup—norm,” Automatica, vol. 33, no. 8,

pp. 1591-1593, 1997. j

iCASE Vol. 11, No. 3, September, 2005 57




[15] M. Togai and O. Yamano, “Analysis and design of
an optimal learning control scheme for industrial
robots: A discrete system approach,” Proc. Conf.
on Decision and Control, pp. 1399-1404, 1985.

[16] T.-Y. Kuc and J. S. Lee, Learning strictly pos-
itive real linear systems with uncertain parameters
and unknown input disturbances,” Automatica,
vol. 37, no. 5, pp. 791-792, 1996.

[17] M. Norrlsf, “An adaptive iterative learning control
algorithm with experiments on an industrial robot,”
IEEFE Trans. Robotics and Automation, vol. 18, no.
2, pp. 245-251, 2002.

[18] N. Amann, D. H. Owens, E. Rogers, “Tterative
learning control for discrete-time systems with
exponential rate of convergence,” IEE Proc.—Control
Theory and Applications, vol. 143, no. 2, pp.
217-224, 1996.

[19] N. Amann, D. H. Owens, E. Rogers, ‘Tterative
learning control using optimal feedback and
feedforward actions,” Int. J. Control, vol. 165, no.
2, pp. 277-293, 1996.

[20] F. Padieu and R. Su, “An H,, approach to learning

control systems,” Int. J. Adaptive Control and Signal
Processing, vol. 4, pp. 465-474, 1990.

[21] C. L. Roh, M. N. Lee, and M. J. Chung, "ILC for
nonminimum phase system,” Int. J. Systems Science,
vol. 27, no. 4, pp. 419-424, 1996.

[22] J-H. Moon, T.-Y. Doh, and M. J. Chung, “A robust
approach to iterative learning control design for
uncertain systems,” Automatica, vol. 34, no. 8,
pp. 1001-1004, 1998.

[23] T.-Y. Doh, J.-H. Moon, K. B. Jin, and M. J.
Chung, “Robust iterative learning control with
current feedback for uncertain linear systems,” Int.
J. Systems Science, vol. 30, no. 1, pp. 39-47, 1999.

{24] P. Bondi, G. Casalino, and L. Gambardella, “On
iterative learning control theory for robot manip-
ulator,” IEEE J. Robotics and Automation, vol. 4.
pp. 14-22, 1988.

[25] P. Lucibello, “On the role of high-gain feedback
in P-type learning control of robot arm’, IEEE
Trans. Robotics and Automation, vol. 12, no. 4,
pp. 602-605, 1996.

[26] Q. Hu, J.-X. Xu, and T. H. Lee, Tterative learning

control design for Smith predictor,” System and
Control Letters, vol. 44, pp. 201-210, 2001.

[27] A. Tayebi and M. B. Zaremba, ‘Robust iterative
learning control design in straightforward for
uncertain LTI systems satisfying the robust perform-
ance condition,” IEEE Trans. Automatic Control,
vol. 48, no. 1, pp. 101-106, 2003.

[28] T. Y. Doh, “Comments on “Robust iterative learning
control design is straightforward for uncertain LTI
systems satisfying the robust performance con-
dition”,” IEEE Trans. on Automatic Control, vol.
49, no. 4, pp. 629-630, 2004.

[29] J. C. Doyle, B. A. Francis, and A. R. Tannenbaum,
Feedback Control Theory, Maxwell Macmillan,
1992.

[30] S. Hara, Y. Yamamoto, T. Omata, and M. Nakano,
“Repetitive control system: a new type servo system
for periodic exogenous signals,” JEEE Trans.
Automatic Control, vol. 33, no. 7, pp. 6569-668, 1988.

[31] E. Rogers and D. H. Owens, Stability Analysis
for Linear Repetitive Processes, Lecture Notes in
Control and Information Sciences Series, vol. 175,
Springer-Verlag, 1992.

(= d %)
- 19699 2€ 1844,
: - 1992 29 Axvietm AxEeT

(ZEAD).

19944 24 d5HEed A7) 9 AR

FEIHFEA.
- 19994 29 ¥EHE7|EN W7 D A2
(B,
£ 19974 39~200149 89 A4 tALrIoiA e
CBEED
£ 2001 98~20024d 28 @5et71&e AAQAET
BK21 %W, :
- 2002 39 ~8A) et AloA =TT} 2
«BAlRol | WEEEA|O], WHEAlel, ZelAlo}, DSP 7l
Ao} Azl AA), A5 RY

58 Hof-xiEat- AlARHZEER| M 11A, M3E 2005. 09



