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Observer-based iterative learning control for discrete linear systems in
finite frequency domains

Z0OU Wei, SHEN Yan-xiat

(Engineering Research Center of Internet of Things Technology Applications Ministry of Education, Jiangnan University,
Wuxi 214122, China)

Abstract: For a class of discrete linear systems, this paper deals with the problem of designing an observer-based
iterative learning control scheme in the finite frequency range. First, the controller is constructed by combining an
observer-based state feedback with a PID-type feedforward learning term on the basis of the two-dimensional system
theory. Then, by means of the Kalman-Yakubovich-Popov (KYP) lemma, the finite frequency domain specifications of
the resulting closed-loop system are transformed into corresponding linear matrix inequalities (LMI), furthermore, the
sufficient conditions for the existence of the controller and the observer are also obtained. Simultaneously, these
conditions guarantee the stability of the close-loop controlled system and the monotonic convergence of the tracking
error. Finally, the effectiveness of the proposed method is verified by the simulation of a gantry robot.

Keywords: iterative learning control; discrete linear systems; finite frequency range; observer-based state feedback;

generalized Kalman-Yakubovich-Popov lemma

0 3

AR 2 5] 5 1) (ILC) & — Bl A 05 1 0B R 4
P RE I R 7 125, )Y S FE A BRLRF 1] X 8] Py 4,
178 S F A R R, HURF R 45 LA s i A o
(1) 22 36 SR, A T M AR 4 BT 4 N, 145 2 et
H 7 3 A R o 8 T B B L TS B,y Tk AR 2
> 42t 2 8 T B4, 35 7 B, o R T R
B, 52 B T KR B T (0 7 U2,

TLC 3 72 26 o ) b 60 L 7 4 9 A D b 35975 3
AT, UL, 7T R 4 R G BB N ILC R Gi kT

{3

S HER: 2022-09-27; FF BHi: 2023-04-03.

BT AT, A TH R R GRENE, I8 B m s I B
. SCHER [3] 3% T 4 Roesser f Y, % it T — P& 4k
PRI REIEARE: I 4 i 48, I8 kA ) I R I e 4%
i 5 B T I 28 RS AMEAD S5 &, N IR T R4t
SRR E PERE. STk [4] 5 T 4 RGHELE, i 7Y
Tz i & S IE A IR B AH A & AR T AN E
P [A] IO R Pz ) I L, I 90 1 P R S 4
WSO AN ER BRI BE. ST [51°KF B A BEALAAT 5%t
) B R N S AERE N R e, T T REAL
A ) R e, T ORAIE 1 PR SR G AE i 2%

HEEWH: HEXHRBAREEIH (61573167,61572237); {LI3A W AERITS SCEBIHT LI H (KYCX20_1771).

RIERE: 75,

T IAA/EH. E-mail: shenyx@jiangnan.edu.cn.



1746 # % 5

xR ¥39%

R IR B 4T, X B ILC i #E — R A Lyapunov
e PR B MBS 35 A B2 4 T R e AR e AR ZE UK
SHUHE: SR A, IX 2 A A5 3R AR 2 S 45 1) 4 th B R &t
¥ R G ok — 8 R ST 1. SEPR IR R 40 K&
FURR M E B A B (0 PR AR AR AE. (R, 764 PR
ARSI BB YR TLC R G 1 20 BT RN 25 B 1) 8 s o 22
1.

XFILC RGN 5,1 LKYP 5| HoN R G04 FR AT
BB PR AL T ORT S R TR B R A
AT, SCHR [6] Bt T 4R R IR AR 2 ST 4R
a5, I CKYP 513, 8.7 T PR RS As e A
SR 2. TR DR R At b, 2 B H Lk 1 E R I R AR A
ANE A XS BEISE, SCHR [7]E 4 RGHESE R IR T H
B A58 0 Bl P 3 5 TLC B3, iy Bh T SCKYP 5] B AN
LMIEEA, 7341 T AH 8L 4 P 3 3l 25 B Y 1) RS .
X EAEH KRG IR T RGPRES R R R R 2
5 B R THERE S 28, A R B 7E 1 ik
R 25 >0 3 R S SIGE B, S B e G P PR i 5 TG
HEATEAINEH, X {8 Z R0 RAPIRAS Bk
fiffy e B w0 = P Y. SR, 76 K 2 B bR s i &
o R EIEE AT, T 58 AR ), mT
W — MR WA KAl T R G A T RS &, 5
IR LI 38 IR A HEAT RS 5. H AT, RS WL 25
BT AR IR 2. AR R S0 280 B A BE B
A CEE v T M R ) 1) R G, 3 AR 22 A il
W P R 22 (R R THRE M, IRt A /N M T 2 1 3
)T BARAG T3S, 2R B0 I 2% DL R 0 R B
PRAS 1) S 5k o8 B0 B b, 25 A U 2R 4 ) i R
AR RZILC R —MEEIR, BT A s
FEAE BENLE P A, IR AR S D) i A B AR (E
A A 2 R R AL 6 T ILC R4 15 2
(A5 JE B A T, 28 1) 12 R A . A AL 25 225 44
B M R R I R, AT R R 22, FLR 1S 2
DR T A, A5 45 U000 25 1) RS PR RT AE B 1 B 4 R
HOU I 25 E AR R W R TR A 2R, ILC R4
57 FH R SO0 DU 85 1 2 30 042 2% S B R A M, AT
FECR G BRI RGN, AR RS YL #8575 ILC R
CEIRZ M. SCHER[91 R — 4k R, B 4tk
SRR, PRI TR T #5 (1) PD Y kAR 2 5] 45 il
Z LT IR R, IR IE I KYP 51 #L A T H RGN
B AT I P 8. STk [10] B8 3E — 5 M AIF 50 1 4R 1 B v
AL R T W 2 (% PD A ILC 773, 340 0T 7 4%
il R G AE R AR € TR B 78 70 2% . (R IR e 8 43 A
A — e AR i, LR Seda i)y R % €

Bl R G PR R R 22 WA I ) 7 ) (R AR 43, 7B 25 ST R
N PRERIRZE AR IR0 B A R T4 R G PR ER 1
HE.

AR SCEE X — R BB I R G, 70 A PRATU G Py
T 558 1 UL 25 (1) TL.C SR 4% 2 b 561 0 U0 25 11
ARAS S A5FH PID BY i 153 2 > TR Rz, DAAR T R GRS
ANTLW ) R, R R AR G ) R R I R TE SR 4
IR R Gu i B R CKYP 51 B, 43 3 R 4
(1 PR AU R 20 AT ] R 6 D LML) R A7 128 ) R
ot 2 005 R T A PR AR 222 1 SR A Sl 1)
T3 %A%, T7 B 15 28142 1) 2 AU 28 16 2 B0 BE. Bir
P HH 2 ) SRV A SR [9-107 2 W0 28 1) PD AL ILC
SOE SR b I NFR A i SRS, A R T G &
G a5 I 1 e A, 5 DU A R AR R ILC i
FH LG, A SCAE 58 B 26 5] N — L st B AR S ok
AR B, AT FRAG S 1) R GE AR S b, it — 20 R s 1%
J7 SR R . B fE, K TR H R R T T 2R AL A
N Z G5, (EAT B 5 T W00 45 1 oA 2R B ILC Bk
HEAT P A, 1 B2 SR B0AIE T BT 4t 5 v R A e AR
=8

AR TR O 43 ) 9 38 24 4 S50 B0 A7 B 0 0
W X > 0(X < 0) R A2 1E5E 1 (51UE 1), T X+
FoRHERE X W IEAZ 4, XT N X (5 E, sym(X) =
X + XU, 75 diag{ X1, Xo,..., X, } NEIRH A X,
Xo, ..o, X, ZH BLEXS F11 BB B p(-) M 6 B 1) 3 2 A
g “x” RRFRAEFE R R B U R 5 V7 RN
R,

1 AR
5 S8 — AL A BRI 8] X [ I a8 AT A B ik
T R 45, FUIRAE A B R A~ 5UR:

{x@+Lm—Aﬂu@+Bth
(1)

y(t, k) = Cx(t, k), 0 <t < T

For: A A W ¢ F0 k2300 8 B GEas A7 IR [a) AL K
z(t,k) € R™ u(t,k) € R™" My(t, k) € R HNRGR
1558 kRO ¢ I Z0 R ZS i N AN HH AR s A2k —
FRME AR B (0, k) = 2o N RGBT EARAR VI 4
R A BMC N EAE 4R R SR H
CB # 0, RGUEE{ A, B} 4%, {C, A} AT M. &5 &
45 (1), 38 B ILC SR WS 9 R AT — I 0 N\ A &
5 E T2 RIS £ A p b il &, OB 0
2R

w(t, k+1) = u(t,k) +r(t, k +1). )



F5H

S8 B BECAM R AR RIS T AL 5 691 K 3 454 1747

e (t, k + 1) AEAEE T FOHE; u(t, 0) S
N B WG, /PR 5 EE N 0. 8 RS 4H]
ek B PR ER R 2N
e(t7k+1) :yd(t) _y(t7k+1)a (3)
Forhya(1) ARG S, MM, 61> e(t, b +
1) R E e(t, k + 1) fEIS A _E AR5, B

> et k+1) =

> elik+1), 4)
=0
WA e(t+1,k+1)= " e(t.k+1)+e(t+1,k+1).
FE DM ILC 1 R v, 2R AR 27 =) B — A e iR
AR i ) B A Rt o AL A, XA SR ILC R4
ARAS AR B R O 0 BT BB, SR, 76 52 br T2
I FH H, 2R G A R AR I 2 HE DURAS 1. 5T,
AR SR — e T ORI 2 ) 2 G B RS AR AT
ik, SEPRAS HAL. 0T B R PE R G (D) A& N B
TR [ AR A WL
(t+1,k) =
Az (t, k) + Bu(t, k) + L(y(t, k) —
g(t, k) = Ca(t, k).
Hi(t, k) € R* Na(t, k) S THAE &, §(t, k) € R
DAt R, LA BT (U DU 28 38 6 6 R
N TT R I, 73 S TR ZE L TR
EAETHRZE R R,
Bt k) = x(t, k) — &(t, k),
Atk +1) =2(t, k+1) — (L, k), (6)
Atk +1) = &(t, k +1) — &(t, k).
Q) T HEAEE S R R TR
r(t,k+1) =
Ktk +1) + Koe(t +1,k) + Ksx
D etk +1) + Ka(e(t + 1, k) — e(t, k) =
Kii(t,k+1) + K3 Y _e(t,k+1)+
Ke(t +1,k) — Kqe(t, k). (7)
Hi K=Ky + Ky, K1 ~ Ky RFEEN 288, 1%
1%4&%7E¥ﬁ1$93ﬁ%wmﬁﬁ’]ﬁ<*fi i 425 il 1 ik
T R R 22 ) PID B 452 > 044 ik, K?M{EJ%&E’J
PID R ILC RS S5 a1 B 1 Fos. R, 24 K =
i, 2 (7) A 9 2 T W% 1K) PD i%ﬁ%jﬁﬁgﬂi
K5 =0H Ky =00, 30 (7) 28 95 T 00 &= p &Y
AR ST, (1) ~ (7), 13 2
nt+1,k+1)=(A—-LC)7(t,k+ 1), (8)
At +1,k4+1) = LCA(t,k 4+ 1) + (A + BK;)x

9(t, k), ()

At k+1)+ BEs Y e(t,k+ 1)+
BEKe(t+1,k) —
Set+1,k+1) =
— CAij(t,k+ 1) — C(A+ BKy)i(t, k + 1)+
(I - CBK3)> e(t,k+1)+
(I = CBK)e(t +1,k) + CBEye(t, k), (10)
e(t+1,k+1) =
— CAf(t,k+1) — C(A+ BK)i(t,k +1)—

CBK3 Z e(t,k+1)+ (I —CBK)e(t+ 1,k)+
CBE,e(t, k). an
@4”““liggygﬁﬁggﬁy(hh1)* + D
u(t ), - W’

-“g'? L CLSRM P @%

ﬁﬁ%%gi(t,kﬂ) e(d+1,k)!
x(t,k)! ~

kAR St
g g il =] 5
: A R T

BK4€(t, k)a (9)

]

1 ETFTINEMPIDRILC RS
n(t, k+1)
7t k+1)

> etk +1)

(1), 20~ ARG

EXE(E+1)= LA (8)~

(12)
e(t+1,k+1) =

Et+1,k+1)

A€(t,k +1) + Bre(t, k) + Boe(t + 1, k),

Ce&(t k + 1)+ Dye(t, k) + Dye(t + 1, k).
a8

= B1K4, By = By — B\ K,

2
Il
N
4
OCU\
=
9\
Q

C’:—CHA,D: BK,, Dy = I — CBK,
A O O -I O O
A=| O A O|,By=|I1 B B |,
—CA -CA I O —-CB —-CB
L O O C OO0
K=|0K, Oo|,Cy=1|0T1 O},
O O K, 00 I
O
Bi=|-B|,Bl=]0 0 I,C,=[C C O]
CB

T €(t, k1), ER 07 1 bt SCPRE ST 2,



1748 # % 5

xR ¥39%

2E(tk+1) =€t +1,k+1). (13)
B (13) B EIMe(t, k) B, k + 1) FHe 3% ok B R
H
F(z) = (21 — AN (By 4 2B,). (14)
(B (2] — A) AT (2] — A) (2D — A) = 2(21 —
Ayt — (2l = AT A= 1,0
F(z)= (21 = A)7'By 4 2(2I — A)™'By =

By + (21 — A)"Y(B, + AB,). (15)
EREFIR ZZ AR K B %33 o0 BT 5 O

HeE(2)s Ya(2)s Yi(2) M X4 (2) 2 B N e(t, k)
Yo () Y5 (8) F1 X (¢) 1 2284, 45
Ery1(2) = Eg(2) — C(Xp41(2) — Xi(2)) =
Ey(2) — Ciérya(2) = G(2) Ex(2), (17)
K G(z) NERES R Z e(t, k) Ble(t, k + 1) ML IE R
. 13)~(17), 153
G(z)=1-C\F(2) =

(I —C1By) — Cy(2I — A)"Y(B, + AB,).  (18)
Fl, ILC R AT w5 N~ e
{ E(t+1,k+1) = AL(t,k + 1) + Be(t, k), "
e(t,k+1) = C¢&(t,k+ 1) + De(t, k).

Hrp: A=A+ ByKCy, B=B, K, + (A+ BoKCp) x
(By — B1K),C=-C,,D=1 - CBK.

ARSI H bR e URBCIR S B R SR
(1), F4 3¢ — otk A W0 45 544 R R IPIRAS, FF g
TUIAE I PID B ILC 7 &, (E 13945 R gifa e, FH1E
T 7 (A FRATUIEE Bl Y R G0 IR R ER R ZE 1T £ YO B
X iRk E .

N T TR R G dIERe, 5 N BLR 5] B

SIE1M % {A, By Al #%,{C, A} 7T W, U
LK) TR AR B R G Fae, G S LT
AR

Dp(D)<1;

2)p(A)<1;

NRG ML BRI NG(z) = C(2 —
A 'B + D,z =%, Vw € [, |, T A RRE AR
BIFERANT 1.

be 8 WEE IS AR E R 7 I YRR Y ol g
1] 25 ADULIN 28 A 20 PE 1) 06 LT B W T 4 1 B 9
rank[A AB A" B] = n R P R 4R
rank[CT (CA)T (CA" )T = Jf 37 5 5 4
NN S A, 1% S AR AN BT, T 4% ) SR AN T AT

SIFB2 021 b F4% 38 B BON G (2), BATZR 0 v
NG () =C (eI — A)~'B + DB B R
g, R A AN RS S

1) A AN =N

T
G(e) G(e)
I I I
Hodn: [T 25 @ WS 4E B HIT = ITT, © AR B A [A]
A L 1 s,
®1 RYSHEIETE

<0,Yweb. (20

AT (LF) 4 (MF) f# 43 (HF)
) |w] < w wi <w < ws |w] > wn
2) FFAERERE P =Pl Q> 015
T T
aol'=fan) o T e )<
(21)
Hop: 2= ﬁ; ﬂ,az—a,ﬂ
=T =5
Q, (LF);
Sy =1 d7FQ, (MF);
- Q, (HF);
Py — 2cos(w;)Q, (LF);
Z3=1{ P, —2cos ("J2 — wl)Q, (MF);
Py 4 2cos(wp,)@, (HF).
SIFB3M A i MR AERE D, AR Y, H
=TT 5P fh R R 2 S 1
D) FAEFE R AR B W, 845
I +sym{A"WX} < 0. (22)
2) LU R AN AL

>yt <o, At =0, #£0;
ATrAt <0, 2Tyt <0, AL £ 0,5 £ 0.
(23)

{MUML<QELOAL¢Q

2 BRI B A
AR AT 5L T U 28 ¥ PID AL TLC 5 %8, R DA
LMI B 24 H PR 5 40 BRI R 22 SIS S DA K &
Gika € 78 5 561
gia A7) WA, 2 HAC R SIS 0B AL, 1A
RARGHRE R ZRE k — oo IS E 0:
p(G(e¥)) < 1, Yw € [~m, ). (24)

Forp: G(el) GBI B 2,y 22 i A i3 R B S ) [ A
B SR, 7E S2BR  ILC R 48, B 2 b ik 2% A1,
L ] R S A 1R 2 WSO T e A B RS



NS

F5H

S8 B BECAM R AR RIS T AL 5 691 K 3 454 1749

BE (PR A5 22 S 1 K B T 22 ). A T MR e ix 2K 1
A1 G (&) Wl /& DL T 7893 26
E(G(e]“)) <1, Vw € [-m, 7], (25)
X)) MHAEES BB RH 7 E. EEEEN
&, T R G0 K IR B AR ARiE H AT IR AT PR AT
R, Rk, b S A B R G E 2
HIRIZTEE O. Ak, N T #E— B PR R R 2 1
W SIOE B, W IR AR &y € (0, 1) FEAE AR 24,
H
p(G(&) <T(G(e™)) < v, Vw € O.  (26)
XA bRy < (0,1], 1T
7(G(”) <7 & [|G(e¥) e <7, Vw €O, (27)
| - |l 3R o Ja2k. A% (27) AL, A
le(t, k)ll2 < [[G()|15[le(t, 0)]|2. (28)
A e, 25 AN 25 3K (26) AL, T PR R 48 (19) 1 BR i %
7 e(t, k) TE £ Y0 B0 X 58 Ui 808 ) o, B
Jim [le(t, k)][2=0.
ANEX Qo) MR- PRARRNN TR
w € O, fF1F Hermitian Hi[F P, (el), i 15
ae)]" Gl
I I

Py(e) O

. < 0.
O —’)/2P2(e]“’)

(29)
Horp: Py () MM T w 1 457 22 R, 2K (29) 475 98 3 DL
KAR, T2 F8 Py () D fff 8 T4 S B AN AE 58 X AR i
FEFEPIRME T (R1 Py (1) = I F1 Py (el) = Po) R FEAR
THE R P ARG Py () IR HUAE, 32 6 X5 M. 19 1,
AN (29) RIS L2 FR 2644 1).
N T SR AT LI 5 1S 75 B, T A S SCHER [9] BT
AR T HERE Wo, A7 LEFEFE No, 15
CW, = NyC. (30)

Horp SRR C BRI, W& A0 N C =U[R O]
VT, UMV NBEHERE, RNIEX f 270 3 s s HE 51 )

XEAFERE. FEEE Wo M No 73 38R
T N R
0= ; (31
W21 W22

8 No=URW, R7'UT, IEH
NoC =UR[I O|V' =
Wi O
W21 W22
e, R Py(e) = LMW IT = diag{I, —~*I}, 15
BN 78 54, B IR ILC RGERIFE 2 PE RSk

UR[I O)V'V = CW,.

EIB1  EFXTE B RS () =R (7) 2T
M2 PID M ILCAER R, &# A EbR R v € (0, 1] Fl py
P2 A2 p? — p3 < 0, XS FRSZHEFE S > 0.Q > 0P, >0
DA IE J 4B AE RS Y, = diag{Y11, Yia, Yis}s Yoo
Yas Wy = diag{Wo1, Woa, Wos}, H.Wo, i R n 2
G1) s, 43

S+ sym{p, W1} —AP1W1T — p2Fa <0, (32
I * =S+ sym{p1 Fa}
N2 0 0]
x Ey BiYs (=CyW)T  Fyu
¥ o —2l El FE < 0. (33)
* % * E, O
x ok % * —sym{W; }

KB =5, - WLE, = 55 4+ sym{Fa}, B3 =
I - CBYy,E, = —1,F, = AW1 + Bocho,FB =
By — B1Ya, 51 = WIE\W,, 5, = WIE, W), 55 =
WIZsWh, 5 ~ S5 AR Q)T R & Lk
LMI Z A o7, U 45 21 19 3 22 80 (19) 706 PR Ak

O W E HIRER R 22 s e sl Wl 28 48 25 FNILC 2
By mlh
L=YuN;', Ky =Y, We!, Ks = YisWg3!,
K=Y, Ky=Y; Ko =K — Ky. (34)

Ny
SR A
EB R AR (32) RO WA S + polVy +
pa W < 0K REVRA Wy R R, W =
diag{Wy,', W', We5'}. % W Eﬁﬂéﬁanﬁ@l)ﬁﬁ
U C = NoOWy ', KCy = ViCoW . B AR
(32) 4 5l A T A1 /5 3 diag { WL, W 1}/3@%%%@
B, B W =W L, S=WTSW,, 155
S O

P

=URW;  R~UT, UMV B C I3 54

+ sym{

-1
1| Wil=eed piIlf <0 69)

S 0
x —S
[=p2I pI], S =[p1] p2I]’
AN (35), 135

AFTMAT = ATSA - S <0, (36)
KERWp(A) < 1, BI5 1 F 1% AF2) KoL i
TETOEE = (02 - p2)S,4 S > 0, S > 0,0
DT N <0 HgaT.

A AN (33) BOL, W R FAE AR AL

—*I (I - CBYy)"

[ * —1I
A ¥, 155 DTD — ~2T < 0,

W =

A
9/11 - [71 A]aAf_ - [I‘|a21 -

RSB 3 S R T

<0, 37

X (37) R 4%



1750 = # 5 *x K %39%
p(D) <~y <15 B 1MEMED). XGE3) TSRS N 41 Hxis H 51 #E 3,153 3
L . { [Nl W0 I]} <0, @8 AST AR <0, TR <. 42)
* O -1 5 (42) B3 1A S AT 240 Ay 3| 380 2 o g R 2
S 2 (21), #0417 = diag {1, —21} I, 51 B2 o (A2 34
=1 Er O 0o (20) R, W 2 51 3 1264 3). O

W, — x Ey BiY; (—C1W1)T
' * ok —'72] Eg ’
* % * E,
JI=]0 O Fg O], NN =[0 A" O O].

513 3,15 2

v Ji 1 .
[I N . 0 lNlT =¥ +sym{N,J, } =
Z B O O
x Ey BiYs+ AFg (—CyW1)T
2 D1Y3 ] B ( 1T 1) <o (39)
* % -1 E;
* % * Ey

W A5 (39) 22 A7 WL 43 33 LA diag { W], W, I, T}
B BN, IR P = W PW,, Q = W QW I
21 = WIS\ Wy, S0 = WTE, Wy, By = WTEs Wy, 155
AR

S5 F O O
B WIB CT
RIS <0. (40)
¥ x —2I DT
* % * i

:,H\:EF‘I F1 :EQ — Wl,FQ = 53 + sym{ATWl}. Z:%ﬁ
(A0)it— 5N
= 0
+ Fy WIB+C™D| =
x * —2I+D'D
I5+ sym{/ngEg} < 0. (41)
Horp
Fy =25 +sym{A"W,} 4+ C"C,

[n)

1 = O
In=|x%x Z34+C'C C'D ;
* * —~2I + D™D

 X3=[0 1 O]

T

L OO gipme

OO0 I

NI FE Py(e%) = Py, T Py 45 78 X BREHE P,
M IT = diag{ Py, —v2P,}. IXFIE N 5 Py (e) = T
b Y NCINFEE S S SE =

EIE2 BB R G (), (7)) & T
W28 I PID R ILC HIEEH B, 5 A EfrEy €
(0, 1) F p1+ po i R p3 — p3 < 0, W FRILHEFES > 0,
Q >0, Py Py>0LLJIE M50 A Yy = diag{ Vi1,
Yia, Yis} Yor GG Gis Wy = diag{ Wo1, Woa, Wos}
A Wa, H Wo, R = (31) Fir, 5 A% (32)
PL 2% R %1 LML [B] i A7

H, H, Hs Hy
H. H, H
v s 6 T <o @3
x o« —sym{Wsy} 0
ok * —sym{W;}
Hor
H o Py —sym{G,} —CiW; -G,
1= s AT S ;
_—(C1W1)T — G—Qr =3+ sym{FA}
o _ |- CBY, - G 0
2 — =~ 13 = 2 2 )
_*(C1VV1)T + B1Ys E] — Wi + F}
e G- b |0
3 — = 2 A ) 4 — )
_—(ClWl)T +G; Fu
Hs =
—2Py + sym{W, — CBYy}  (B,Y3)T
B1Y3 51 — sym{Wl} '
H, GT + (W, — CBY,)T — W, CH— FL |
0] Fy

Fa = AW, + BoY1Co, Fp = BoWa — B Ya,

2 =WlEWy, By = Wl E,W,, By = WlE,Wy,
M= ~ Z3 8 Q1)+ Z HIHHERE. W RS0 (19)
1EA PR AT © PN Feae LR B 3% 22 R e Sl W) 2%
WSS FIILC 25 LM K« Ko Ky Al i85 2 (34) 5k 15,
MK =Y,W; ', K,=Y;W; L.

W A G2 WOk 1 91 21 54T 2) L.
52 P 2 ) AR S SR RE AT 3 A W R W, 35 R AR BT R

W, FERE AR (43) /T S

Wy Jy

*

+sym{ Hj Wilo I]} <0, (44)

Hrp



F5H

B R B R A IRIURA TN E a9k

H, H, Hj
WQ = * H5 H6 B
x % —sym{Wa}
=[O0 O Fg O O],
NQT: [O AT 0 AT 0].
91 B3 WA, N AIATE RN

v, Jo I T
[I Ng] « O Ng :W2+sym{N2J2}<0
(45)
BWy = WL Wy = Wy LB R AN T 5 40 5 3

PAdiag{Wy, W Wl W WX J H 4% 85, 15 2

H, H, H;
x Hy Hj <0, (46)
x o« —sym{Ws}
Hr
o [P, —sym{G,} WJIC -G,
WL - GT Sy sym{ATW )|
g _ | WiD-Gs 0
P CTWo+ WIB T - W+ ATW, |
i - [—2P, + sym{D"W5} B™W;
| WIB = —sym{Wi}|’
. [ ar-
HS = T T
(C"W, + G}
. [cT+ DWW, - W]
HG = 0 ;

Gy = WiG\Wa, Gy = WG, Wy, Gz = Wi GsWs,

Q=WIQW,, P, =WIPW,, P, =WIP,W,.
AR 46) T — PSR
Iy +sym{ALW33,} <0, (47)
X
Iy =
[P, —sym{G,} ~G2 ~G3 O GY]
* =5 o =]daGY
* x —v:P, O GIf,
* * * = O
* * * * O
Ay = OAB-I O
OCD O —I

5] 42 ) 1751
O W, O W, O
W3 = B 24 =1.
Wy O Wo O W,
T
I 00 O O
WHEAr=|0 1 0 AT CT| , X} =0,H15/ 33,45
OO0 1 B"D"
EL]
AN = T + sym{ATW, 25} < 0. (48)
Horp
P, O 0]

Is=|x Bs AT=\B+Z]B |,
x * —?’P,+B'Z|B
= A"Z1A +sym{E; A} + 53,
As =[-1 C Dj, W4 =[Gh Gy Gs], X5 =1.

ﬁm@::CTIO — O, YIS 31 53
DT O I

g5, AT DL R AN 20T
A5 Ay =

A B = 5 O A B

I O | % F C"P,D I O] <0.

O I ¥ x —:P,+D'P,D||O I

(49)

R Fy = 55 + CTPQC,EE%EMW%EE(@W%H
—~2P, + D'P,D < 0, \1i 13 %] p (D) < v < 1,7

JEBIER 126 1), B PEA S A e, iﬁ(49)71&
— S s AE 2 R (21), 5 EE 2 45 e, 51 B
1944 3) thpkar. O
A2 5 UMER RAIEE B ILC I FEAH b, A5
FEGE B2, GIN TR RE G\ Ga G, T RS
il R G B DR 511, B2 v AR 4R ) 7 2 I i T A

3 fHESLH
9T BAE TR B A A, AMTZEHL 3 A R
G B 5 R R HTAEHLEE R T3 AT 4 s
SR AT AT 45, T — BT R 1) XY Z B A AL AR
R0 3HHLES N, 3ANE7E %5 6] _LAR T3 1 RS, 7T 22
W 3 A 1) FY L S0, SR FH T 0 A5 i 8 77 5 0 4%
AT BEAE, 3RAS 2 B i R N
G (s) = 15.8869(s +850.3)
s(s2 + 707.6s + 3.377 % 105)

B BE4% I RGN HIR B 1T BN T, = 25, LR
FEIF R T, = 0.01 s ¥+ X (50) 2 Btk, 15 80 248 (1)
B MR S A AR RS L REAE RS BN

(50)



1752 ¥ # kR %39%
A= 10.1250 0 0 )
K; =[-39.0040 —1.0090 —2.2311],

0 0.0625 0

[0.031 25
B=1| o
0

C =1[0.01167 0.009147 0.008895].
RQESIBATH, FHR VTR N 0. 58 X &

BRI A ya(t) = 0.01 sin(7et)2, B R B LE IS
b il 22 an P 2(a) s, LA it £ 40 ¥ 2(b) .
P 2(b) AT L, Z % 802 A BOE P £ 0Hz ~ 5 Hz,
ARSI L, MOk w, = 0.1 Ly = 0.9,p; =
1,pp = —10. HE B 2, ] 3R AF 3T W0 25 1) PID 4
ILC %057 N

L =[54.1528 4.3919 2.5297]",

K, =[-33.9868 — 5.5627],

K, =1915.03, K3 = 2195.28, K4 = —25.9248.
10

—5.2397

yA2)/(10°m)
S N B o

0 05 1.0 15 20
t/'s
(a) RGHIIBIIL
10

1Y.(N)I/10°
(=] [\ e (o)} [ee]

o 1 2 3 4 s
frequency/Hz
(b) HTEE B A 1

2 RGRVEAE IR R H g E
AT T M AR BT B A T 0 28 ) PID Y
ILC J7 3L AR B, 2 E8 3L T~ 00 28 1 HoAh TLC 5592,
R X S B E B AT X B A AT SERs, FEAR R 26, AT
SRASHE T W0 28 (1 PD B ILC 2304 i N
L =[48.3276 3.4498 1.9154]T,

Ky =[-36.7225 —2.3062 —3.8362],
Ky = 1635.33, K, = —543.86238.

Fe TR % 0 P AL ILC 2500093

K, = 859.886 7.
N T VI ERERTERE, 51 AT IR R 2, B

1 200
— _ 2
RMS 50T ; e2(t, k). (51

B 3(a) 9 5 Gt 1 BRI i3 22 B o B[R] FZ AT HE IR
(72 Ak i 28, F 1 3(a) BT WL, 42 il 28 G0 76 I [8) 5 ) £
Freoe, H I PRER R 22 IRk 07 A Bl Yl 8. [ 3(b)
RFEETF WIN 28 PID AL ILC £ G0 F L T 00 W0 2% f) oA
ILC 5 % T, 75 MR 1% 2 (RMS) BEI% AL vk B 28 4k
2. AR, WA IEARREIR 38 I, R 40 1) BR R R 2 3515
B ek, B 2k T 0, HAE AT A 2% T UL 2% PID AL ILC
JIERT, 2260 R R % 22 WSO S0 FE T R, R 4 R B 4,
BT 208 R G HE AR, I T B th o i
.

~ 10
g
o 5
50
=)
® -5

20

10 1.0
[r‘?ils 00 0.5 (s
(a) ERERRZEBEN E AL A4 Hh 22
---- observer-based P-type ILC

- 6% -+ observer-based PD-type ILC
g 5|\ - observer-based PID-type ILC
o A
s aff
g 3
) 2

1 S

0 10 15 20

trails

(b) RMS A1k 2k
3 REFIRETLARLZEF RMS Bk

4 4 B

AR X SIS AT B ERME R G, e T AR
ARk S BB P4 3 T 000 4% 1 PID Y TILC ¥ it 1l it i ik
7 SCKYP 5| B, 75 A BR AT [ 9 DL LM ) R 2
ST IR R G FR e R R R AR 22 B R ST 7 A
i, SR A1 ) 28 AU 85 0. B, I M RS
NZGH5 3, BiiE 1 st th B i A v, g e
PR R T 2t R G R H 1, 1 SE g i) 3R G A
AR AR LR VA . DR, A S5 Sk T 7T AR 2R 1
FREA BRI ILC 527t )@, 37 fg ILC B 1 B .



F5H

AR OAR F B R G AR A T B 69k R ) 454

1753

S & ik (References)

(1]

(2]

(3]

(4]

(3]

(6]

(7]

Riaz S, Hui L, Aldemir M S, et al. A future concern

of iterative learning control: A survey[J]. Journal
of Statistics and Management Systems, 2021, 24(6):
1301-1322.

i, TR, I AR ST IR 2 B R iR R GE N
A 3] EURER (). FEH 5 R, 2023, 38(4): 929-934.
(Cao W, Qiao J J, Sun M. Iterative learning consensus
tracking for non-affine nonlinear multi-agent systems[J].
Control and Decision, 2023, 38(4): 929-934.)

Mandra S, Galkowski K, Aschemann H. Robust
guaranteed cost ILC with dynamic feedforward and
disturbance compensation for accurate PMSM position
control[J].
36-47.
Zhou L M, Jia L, Wang Y L, et al. An integrated robust

iterative learning control strategy for batch processes

Control Engineering Practice, 2017, 65:

based on 2D system[J]. Journal of Process Control, 2020,
85: 136-148.

Wang L M, Li B Y. Probability based stochastic iterative
learning control for batch processes with actuator
faults[J]. IEEE Access, 2019, 7: 141466-141475.
Paszke W, Rogers E, Galkowski K. Experimentally
verified generalized KYP Lemma based iterative learning
control design[J]. Control Engineering Practice, 2016,
53: 57-67.

T, D, Pk, A RS S R sl
IRAREE ST 0], i 5 ¥k, 2021, 36(3): 599-608.
(Wang L, Yang H Z, Tao H F. Dynamic iterative
learning control for linear repetitive processes over finite
frequency ranges[J]. Control and Decision, 2021, 36(3):
599-608.)

(8]

[10]

[11]

[12]

[13]

[14]

Emelianova J P. State observer-based iterative learning
control of an uncertain continuous-time system[J].
Automation and Remote Control, 2020, 81(7):
1230-1242.

Paszke W, Rogers E, Patan K. Observer-based iterative
learning control design in the repetitive process setting[J].
IFAC-PapersOnLine, 2017, 50(1): 13390-13395.

Gong Y J, Yang R N, Paszke W, et al. Observer-based
iterative learning control for the discrete-time systems
with  time and finite

delay frequency domain

specifications[J]. International Journal of Control,
Automation and Systems, 2022, 20(1): 48-57.

Rogers E, Galkowski K, Owens D H. Robustness[M].
Heidelberg: Springer Berlin Heidelberg, 2007: 141-175.
T, Hara S. Generalized KYP

Unified frequency domain inequalities with design

Iwasaki lemma:

applications[J]. IEEE Transactions on Automatic
Control, 2005, 50(1): 41-59.

Boyd S, Ghaoui E L, Feron E, et al. Linear matrix
inequalities in theory[M].
Philadelphia: ~ Society for Industrial and Applied
Mathematics, 1994: 32-33.

Hladowski L, Galkowski K, Cai Z L, et al. A 2D systems

approach to iterative learning control for discrete linear

system and control

processes with zero Markov parameters[J]. International
Journal of Control, 2011, 84(7): 1246-1262.

fE& RN

AR5 (1989—), 55, T -2, MR AR 5] P2 2R 1

FHEER1 5T, E-mail: zouweijn@163.com;

TEHAES (1973 ), &, %, LA, ISEHsediss

HIBEAR WK B BRI SVESE R 7E, E-mail: shenyx@

jiangnan.edu.cn.



