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Dynamic iterative learning control for linear repetitive processes over finite
frequency ranges

WANG Lei, YANG Hui-zhong', TAO Hong-feng

(Key Laboratory of Advanced Process Control for Light Industry of Ministry of Education, Jiangnan University,
Wuxi 214122, China)

Abstract: This paper addresses the problem of dynamic iterative learning control for discrete linear repetitive processes
with different relative degrees, whose aim is to develop monotonically convergent control law design over a finite frequency
domain. For the control objects with zero relative degree and high relative degree, the dynamic iterative learning controllers
in the finite frequency domain are designed by combining the two-dimensional (2D) system theory. Using the generalized
Kalman-Yakubovich-Popov (KYP) lemma, the sufficient conditions for the existence of the controller and the gain matrix
of the controller are given in the form of linear matrix inequalities (LMI). Finally, the superiority and feasibility of such
a control law are tested on a spring damping system and a gantry robot, including a comparative performance against a
static law applied to the same robot.
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(=21 0 o — WY 0
*  Zio 0 Eop — Wy
¥ % Za +sym(AW, + BY:) BY:+Yp N
* * * Zgo + sym(Ya,)
* * * *
L * * * *
0 0
0 0
BY; (—~CA™W, — CA"'BY;)"
- < 0. (52)
Yp, (—-CA™'BY,)T
-1 (I - CA™'BY3)T
* -1

Horh: 2y = diag{ 211, Z12}. &y = diag{ 551, Za0}. S5
= diag{Zs1, Zso ). WTEA IRAF SR 0 € O W,
BASIEAE S FEH] R B 2R G E I 1) Sl AN vk i 3%
FeE, Ly R 40 i SeBr i s BRER b B Lk,
TR T 45 ARG K4 ] 2 R A

A, =Yy W5t B, =Yg, Wit D.=Yp,;

Ky =YWt Ky =Y,W5t, Ky =Ys.

(53)

WE B IR ] BE 1, AL

i T 7F 2D s A& 157 (50) o, 46 B Co, fl Dy &
I CA BRI CA™ B, 5[5 A, B, C E AR 7] i
TAHANHEME, EH2 ARG EH LB R AR
1R, X FHIXT B r = 1P o, 7T LA RE
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RGIITEEA 8 PRSI GEERERPEGE, 5 NI AR ZE bR
HEEAKT FE r = 1M RGEA W R A & M i
; N RMS = | = Y _e(t, k). (60)
A=A+ AA B=B+AB. (54) T~

Hh: AA, ABRoR AT S VF IO VS B0H 5 AN € 1,
R

AA = E32F;, AB = E3F),. (55)

X H: By, Fy, Fy 327 ORI IE 485 56 B, QR R A
SE RS, Hw 2
TR < I (56)
HEIL2  HREAXTE r = 13N &IEARE S 5
F48(16)~ (18) Fl1 (47), 1B 15 5 48 I B AL B B A A
5EVE (55) 1 (56), W R AFEHERE S = diag{S), So} >
0,P = diag{P, P} > 0,Q = diag{Q:,Qs} > 0,
S TR T = diag {7, Wa ), LRSS Y3, Y,
Y3, Ya,, Y., Yp  FRE A3 > 0,\s > 0, fff5 00 F 2tk
JE R AN ST
_Hz(}) A3 X3 Ni ]

Hy=| « —xI 0 |<0 (57
* x*  —A3l
(HY X, NJ |
Hy=1| %« —xI 0 |<o. (58)
* * —)\4

Hoeh: HMHHQQ IS TR 2 e IR e — LA A
(el

E§707070]T7
0,0, E3,0,0,

X4 - _(CES)T]Ta

=
[
= (0,0, W1+ F,Y1, F4Y),
N, = [0,0, FsWy + F,Y1, FyYs, FyYs3,0].
T 76 £ BR A SE UG L 0 € O I, Bh A% AR 2 ST 15 )
N IAH 52 M R GRS (R Fh R R ¥ Ra e, AL
) 22 0 10 52 B i 4T 0T R B B B AL, R A 2 ST 4
R 38 25 R N
A, =Y W5, B,=Yp Wi, D, =Yp,;
{m =YW Ky =YW, !, Ky = Ya.
(59)
WE B AR RIHELS 1, R
3 fiRgH
NI EAS ST B AR 2] P Fk i MR
G B 2 G AS [F R G BE 1 R E AT R TR R

1B FREMXEr = 0 — AN BN E-51
F-PHJE A AR WAL RS, REMIRETT
211614y F
{x’(t) = A,a(t) + Byu(t), o
y(t) = Cpz(t) + Dyu(l).
RS HH N

-2 3 0
5 Bp = 5
4 —51 L.J

C, =1[5,0], D, = 1.
PLT, = 0.01 [ RAFEIN (A4 2R G2 88 Bfl, T 45 n
HICIR A 2 IR
0.9808 0.0200| . _ 100002
0.0386 0.9518] 0.0146]

A, =

A:

C=15,0], D=1.

TN RGI S B E 1(a) Bis, AR R H
PRI E B AR R AT, 411 1(b) .

M 1(a) T 1(b) 7T LA th, 22 50008 1A R0
BEAEARAE FE 0 ~ 5 Hz N 224k, DR 1k 0, = 0.314 2.

AN Er = 0B IENE T BH RS
(16)~ (18) 1 21), FI H & # 1 ()2 (24) ~ (26) 7] 15

A, = —0.1645, B, = [0,0.0015], D, = —0.0898;
K, = [-5.00,-0.024 5], Ky = —0.1336,
K5 =0.91.

B 1(c) Ay R B i 22 o o R AR [ R 2k ) A2 4K,
£k, R BHAXS B r = 0 RIS IEAR ST S 3 RGAE
IS (B FIEEARHE R TT 7] _E AR il P

N HCAREER S 5 Bl AR ST 7 REROR, 78
FRIR)ZEAE R, BEUH AR R A 2 AR A 2] 2 ) 4

u(t, k) =u(t,k — 1) + L1k (z(t, k))+
Lae(t, k — 1), (62)
A SRAFFASIER S IR S HCN
Ly = [-5.00,0], Ly = 0.5395.

FEE (D) 4 T PR SRR R T RS
J7 AR ER IR 1R 22 B IR A IR B ) A2 A ith 28, AL 1(d) T
LAt 0 TR B = 0 R G, AR S A IE A 214%
1R RGeSk ge S 4
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2 i 2(b) Bros. MK 2(a) F1E 2(b) A DL H, 255
2 B IR A ROE I AE 0 ~ 5 Hz P9 A8 Ak, SR 4 3 BB
- AT LA G, = 0.3142.
= 16
71 L
) N,fé\ 12
%0 0.5 1.0 1.5 2.0 = gt
tls é
@ 2,0 R
1.0t 6 05 1.0 1.5 2.0
_ 0.8 tls
S o6t @ )
0.4r 16
0.2t
0 , , , , .12t
0 2 4 6 8 10 2
frequency /Hz S 8
®) ¥ =
%1 3 3 4
§ frequency /Hz
E ) YD)
5 L o)
100 ]
Yeley 00 S0 s o
(c) error E
dynamic ILC 5
- -e- staticILC ,
£ N 5 1.0
E C]e(lr) 00 : tls
(c) error
‘. . dynfnnic ILC
7 3 IRy Nfg ..o static ILC
cycle(k) %
(d RMS %
1 MR = 0BRSS IR a
B2 ARG Er = 1, 2001 s
a5 N BT 5T B8 M7 223U 88 N A — il 2 25 ) eycle(k)
XY Z B AR RN N, &% T 58 E = (d) RMS
WIS AT 55 M EEHLS NI REAN Rl AR 2 1E 22 11, HL 200 2 HEMEr = 1 SRR S R %
EATZ ARG 0% &, AT DLK FH T H A3 56 e 1 77 72245 ot F R 5 PR (55), By = [0.2,0,0]T, Fy —
BT f B B AL [0.5,-0.1,0.1], Fy = 0.02, 275 —1 ~ 12 fTE2
YRR SRR SR T . FIFHER 2 F IR (57) ~ (59) FT R A
—0.1067 0.125 0.0777 0 A, = —0.0194, B, = [~0.0083,0.0123,0.221 0],
A= [-00211 -0.1067 01016 , B=| 0 |,  p _ _gsars.
0 0 10000 0.0286 K, = [~8.1386,1.188 5, —23.775 8],
C = 1[0.0360, 0, 0.0286], D = 0. Ky = —22.0233, K5 = 720.640 4.

FE2s WY Bl 1) 225 B 40 18 2(a) BT o, LA i P 2(c) D9 R 7 % 72 BB AR AR 8] AL VTR A2 4K i
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4, R T A AIEAT Il R G AL (8] J7 17 B AR
& VE LA B AR IR T 1) b AR S A i .

TEAH R 25 AT, 25 BEAH N ) s as AR o ) P il A
N

u(t, k) =u(t,k — 1) + L10x(x(t, k))+
Loe(t+ 1,k —1). (63)
[FIRE TSR AR A IEAC S IR SRS HON
L, = [-8.0533,1.7515,—23.6820], Ly = 1062.2.

P 2(d) A& PR ZE I AEVE TR R ST 2 T RR 2
BEIEAR B AR it 2. AL 2(d) R LA Y, #E 3
BB IEHIER T AN r = 1RSI TT
ARR 22 e RIS SR 3 0, Zh AR IR S I I R SE 1
BRER IR ZE BRI RE B4

B3 HIE RN LT, RGTHIHXT EEHUC N
o= 2, QISCHR [17], 4547 28 LA A Z il 1) 1% 336 o 2
BT, U5 LL0.01 s A RAE I 18], B A5 AR 22 T A 2

0.9941 0.0406 0.027 0 0.0625
0.125 0 0 O 0
A == 9 B = I
0 0.25 0 0 0
0 0 0.25 0 0

C =10,0.046 7,0.018 3,0.004 4],

MCB =0,CAB # 0. {£2s N, M 22138 N Z Hli i
S W 3 () B, A L B A0S 4n 1] 3(b) Al
B 3(a) A1 & 3(b) o~ £ 2 78 1) 6 B0 Ik e
RATE L O ~ 5 Hz AR 4K, 8T il #5360, = 0.314.2.
XF T v AR R B ) B A 1R A A ST $E R S (16)-
(18) 11 (47), F H & BE 2 T LMI(51) ~ (53) AT 43
A, = —0.1897,
B. =[0.3751,0.0129,0.001 7, —0.002 2],
D, = —29.456 1,
K, =[-18.3582, —1.304 3, —0.4378,0.021 0],
Ky = —16.9246, K5 = 2400.4.
B 3(c) Ay BRI iR 22 o A 12 AR TR) AL TR 00 A A
i £k, 2% B R AR BE PR B A5 1R AR 5 2] 5 il R GuAE i 1)
77 1) b AR P, LA RGE AT T b R St
TEAH [F) 2 A T, B0 a0 R 1) e A 1R AR 2% 2 3 1l
i, IR I A P Bl A A A ST AR A A
u(t, k) =u(t,k — 1) + L1 (x(t, k))+
Loe(t+2,k —1). (64)

10

(o)} oo}
T

N

yAn/(10” m)

N

0 05 10 15 20
tls

(@ v,

Y9 /10°

2 3 4 5
frequency /Hz

() 1Yl

error /(107°m)

(c) error
7
dynamic ILC
o) 6 ..o static ILC
) 5 e
(=] .
< 4
S 3y
~ o
1 -
0 .."”00-
10 15 20 25 30
cycle(k)
(d) RMS

B3 AR — 2B R e I RS

AT SR A E AR ST B 2 B 50k

L, =[-16.8709, —1.2266, —0.460 8, —0.010 1],

Lo =4751.4.

M 3(d) HET LA H, % A o B R 4, H
7 AR 25 70 B A AR 52 ST F bl Ve P T th e R Btk 8%
1] 0, B 25101 25 =42 I B8 M e B0 A 1R R 2 ST 42 1
[ R% ELA AR A P S
4 & #

St AR [FI A0 B £ B B vk R 5, ASCHR R T4
BRI (0 Bh 25 4K 2 =) s b ) B 4 Sk
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xR %36 %

XL (r = 0) MR BE (r > 1) ISAME TR, 456 2D &
SRR, T T BR AT ] (1 2h A5 1R AR 2 5] Fas i) 4
BT XKYPS|H, LLMI R T 28 47
TEMRIFE 53 25 DA B 428 1) 2% (1) 38 225 R %, 1R] B 122 2% A4 R
iE T RAENSVERE. B 5, /LR BHJE RS AHT AL
BRI Borp, 5 SsARE  h Fkit AT 7
FEAR, BorilE | A SR A R .
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