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Robust dissipative iterative learning fault-tolerant control for
multi-rate sampling batch process with actuator failure
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Jiangnan University, Wuxi Jiangsu 214122, China)

Abstract: For a class of multi-rate sampling linear batch process with disturbances and actuator faults, this paper
presents an iterative learning fault-tolerant control algorithm with robust dissipative performances. The multi-rate sampling
process is described by a state-space model with low sampling rate by using the lifting technology and based on the two-
dimensional (2D) system theory. The iterative learning control process is transformed to an equivalent 2D Roesser system
with structure-form faults; and then, the feedback fault-tolerant controller with dissipative performances is designed along
the time and the trial directions. The sufficient conditions for the existence of the controller are given in terms of linear
matrix inequalities (LMIs). Therefore, it can ensure the dissipative performances in normal and fault conditions for multi-
rate sampling batch process. The injection velocity control simulations on the injection molding process demonstrate the
feasibility and effectiveness of the proposed method.
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BRI HCRFER R G R, 1R T —Fh e RERUE
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#%, ALMIsE A 1 P IR 2R 0 B S SSORn
AR E T4 %A, e, DAY S8 R A v S e R 42 |
D5 FLISIE 1 JTE A 0.

TEARSCH, MFHREX, HXTRREEE, X >0
X < 05 A5 BEX 52 1E & fL e, TR0 B3R
TR AT PR R 775 7 AR B
TR E.

2 )8R (Problem description)
2.1 FHR% ¥ (System formulation)
& — R EAG NN LN Ot 72, H 2 RAEE
R AT RIN N L AR 2
o((i + V)T, k) =
{ Az (iT;, k) + Bu(iT;, k) + Dw(iT;, k), (1)
y(iTo, k) = Ca(ils, k),

) &2, TR SO P R, R T RS M &
x(iT,, k) € R A 7 Ey (i1, k) € RPER LAZ E
RN H AT, FWINT,; T, = TiN,0< i < M, M
AN AIEBE. w(iT;, k) € RUAIRES S AMEA F
31, {A, B, C, D& UAEH M RGERE, A X
AR AR, B Ez(0,k) = 2o 4.

Xt 5 H N (TL k) (G = 1,2, ,m), &
ul (1T, k) ZoRIAT SRS, SRRzt g R 1O):

u; (iT;, k) = Dyuy (i3, k), j =1,2,--- ,m, (2)

Hrp
0< L[, <I;< Iy, j=12--,m, (3)

X DyRARAbRE, 51 = 1, WX RT3 E 1S

Foul = uy 2505 = 0, M54 K, Gl
SRS T 2T, > 0, W5 S, o)
HIHRAT S AT RAZ LS.

IR, 2 X

q=diag{q1,q2, "+ s qm},
do = difig {@10, G20, s Gmo} 4)
(L+r1) LI,
AR L
VUAFAERFIHERE T, , 43
I'= (I + Ib)q, (5)
A
[To] < g0 <1, (6)
v 5 B Iy = diag{To1, [o2, - s Tom}s |To] =
diag{| Lo, [To2(s -+ 5 [Tom|}s To; = (I — q;)/q;.

U, AT Sl P 22 SRR ] R R v ik Dy
z((G+ 1) T k) =
Ax(iT;, k) + BI'u(iT;, k) + Dw(iT;, k),
y(iT,, k) = Cx(iT,, k).

(7
MRAEFFHEARIY, 52 UN x m4EY &N ) &=
u(iT,, k)
u(iTy + T;, k)
u(iT,, k) = : ;o ®

u(iTo + (N = 1)1, k)
BET AT AR 22 SR A 30 1) B R () R L o AT,
JA R M AR A SR T AR T
z((i+ 1T, k) =
Az (iTy, k) + Biha (115, k) + Dyw (i1, k),
y (iT,, k) = Ciz (i1, k) ,

)

o

A = AV,

B, =[AN"'B AN-B ... AB B],

C, =C,

D =[AN-'D AN-2D ... AD D],

n=diag{I,T,--- T},
H

w(iT,, k)

w(iT, +T;, k)
w(iTs, k) = ]

w(iT, + (N — T3, )
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2.2 #ERTFHER (Two dimensional lifting model)
EEXHETERSBE(9), Wit AN IEA S il
u(iT,, k) = u(iTo, k — 1) +r(iT,, k), (10)
Forb: a(iT,, 0) AR HIVIUE, r(iT,, k) g iEs
[RIEARS: ) B . IR ) R RS (9) AR
A RIS 1) T, AL AR FR e (1) R A, PRI AR
St RGUH A 2D R, 1R I AR I
THH VR (0T, k), (154 iy (415, k) 1E
A BRI TA] PR AT BEER IR F AR ATy, (T, ). 3152 5L
RAREER
e(iT,, k) = ya(iT,) — y(iT,, k). (11)
ﬁﬁ@i)u AR E (W, ws), 5] ALL
S
Af(iTm k) = f(iTov k) -
MFEHER Q) —11)T#5
Az((i + )T, k) =
AAz(iT,, k) + BLr(iT,, k) + DiAw(iT,, k),

f(iTov k — 1)5 (12)

(13)
e((i + )T, k) =
e(i+ 1)1,k —1) — CAz((i + 1)T,, k) =
e((i+ )Ty, k—1) — C1A Az (iT,, k) —
C\B\Ir (iT,, k) — CiD\Aw(iT,, k). (14)
ROk, MRIEIN(13)—(14), Bt R
r(iT,, k) =
K\ Az(iT,, k) + Kee((i + )T,k — 1), (15)

Horh I ALK Dby it 24 28 S50H0) 28 1) 389 2 0 B () B 8¢

22 (iT,, k) = Ax(iT,, k), 27 (iT,, k) =e((i+1)T,, k
—1),00T,, k) = Aw(iT,, k), WAL R 2D 5
G
(i + 1T, k)
v (iT,, k+ 1)
2 (iT,, k) ‘
Fo(iT, 1
¥ (1T, k) FOGT, k), (16)
, 2P (iT,, k)
T — Y
Z(Z [eh] k) G xv(iTo, k:) i
Hor:
H— A+ BILK, B K,
—C (A + BLK,) I-CBILK,|’
D,
EX 1 ExFfbsAR R25i016), © X FER

(¥R ks 2 o 45 120

J(ea 2, (Nla N2)) =

<Z7 QZ>(N17N2) + 2<Z7 89>(N1,N2) + <07 R9>(N1,N2)’
17

Hor: <u U>(N1 No) — Z Z (Y’TOa ) (iTO7k)7 N,
FINHIERAL, Q, S, Rjj E%ﬂ%ﬁl%ﬁf‘? HQMREZ
MR R

EX 2 WT4ErREE SRR A7), W
NEE%@ND NQ%”E@z/J\E/JOZ > 0, ﬁ[lﬂ

J(9,27 (Nl,Ng)) + ,8(0) = Oé<0,R9>(N17N2),

(18)

MFR A R G5(16)4%(Q, S, R) EFEFERL, HH413(0)

> 0.

3 &S B 88 ¥ T (Design of

iterative learning fault tolerant controller)

3.1 i U sk 43 HT (Monotonic convergence
analysis)
BT R2Gi(16)2 A MAN2D RS, KA H
B e — A E ol B AR o) AR A R R SR A D)
0(t, k) = O, — 4k RGBT (16)UT IR 8] J7 7] AL A
J7 T 29 HL ISl i) 240(t, k) # OFF, R%5(16)
BA(Q, S, R) &AERUAFETERE

SIFR 1 BORW, LAV N4 e i& 4E5a s, HLVAD
VRIEZRHME, WMLTVL — W < 02404
-W LT
R <0 (19)
o
-Vt L
I < 0. (20)
SIE 2 AENGEHEBNESS =07, X, Y
SHERER L AT A < qf BIFEREDS
S+ XAY +YTATXT <0 (21)
AL TR B A e > 0, fH15
& +2XXT +72YTY <. (22)
EIB1 M0t k) = 0, WAL IE B X FRAERE

My RIM,, PA S & JEFEBE Ly, Lo, b1 &e > 0, 14530

MR AN AL
o @1 *
o= [@2 6| <0 (23)

Horr:
k =AM, + BigLy,
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[—M 1 * * TR A I BRI RIE R G (16) I Fa e T, (HIX KRl

91: 0 —M2 * ;
| R BigL, —M,

[—Cik M, — C\BigL, 0

Oy=1 0 0 e(@B)" |,
qly qLs 0
[ —M, * *
O = | —¢ (qOC'lBl)T —I x|,
0 0 —el

M 3R 2D 2 55 (16)7E 1 253 i b 451 (6) Fis AR 2 =)
B 0)EH T RIS, B R gy (iT,, k)
T ERER_FIHER N yq (3T, ), SRR AR S 2] ) 2% 5
EHELS) B 28 A5 RN
K1 = LlMl_l, KQ - L2M2_1. (24)
UE S A R 2 R
V(iT,, k) = VW (iT,, k) + Vv(iT,, k), (25)
/H\: EF': [Zl %I‘/h(ZTO) k) = xh(iTou k)TPIxh(iToy k)a
Vv(iT,, k) =" (iT,, k)Y Pox¥ (iT,, k), H.P, >0, P,
>0, P = diag{P,, P}, I
AV (iT,, k) =
AV (IT,, k) + AVv(iT,, k) =
(@ + 1) T, k) — Vb (iT,, k) +
Vv(iT,, k+1) = Vv(iT,, k) =
AT, k)]
x¥(iTy, k)

2" (iT,, k)

H'PH - P
( ) x¥ (iTy, k)

(26)
F2DPFMR ARG (16)Fa, WAFEP > 0, {115
H'PH - P < 0. 27)
BRI R, FASM, = P7Y, My =Py ', M
=P LUHEANZERQHP A L5 a5 7 LA
diag{M, I}, BIA[15

— M, * * *
0 —M.
- > T <o,
K BIHLQ _Ml *
—C\k My —CBI1Ly, 0 =M,
(28)

B =diag{Il,T,---,I'}, k = A\M, + B[, L,.
TR, 2 G RN (28), FFRYE 5] 22
AT | T < qo < I, Befe B9 3 0L
F 1 ZER@IENERITT LG, B0 ST Ak
il #8a(iTo, k) BAR AR 12 18 ZRFERAL (16) 13 51, (H2 H
HEPERFREIN 2Ty + Ty, - - -, iTo + (N — D)THARIEATIE
ISR, AT IR R R 2 H AN B, RIS —

WA RGBS TERE.

3.2 ﬁﬁﬁﬁﬁ%ﬁﬁ(Dissipative performance analy-
sis)

EE 2 M0(T,, k) # 0, WRAFLE IE X FRAR

B MM, L SGEAEFERE Ly, Lo, brie > 0Fa >0,

AU N MR AN SR

—M * * * *

-S'T™GM —R+al *  * *

Q*GM 0 I % % | <0, (29
T, F 0 —M «
qL 0 0 eIy —el

ot Q g I R R S I 3 2 R, 3 T 4 R 2%
QT QY =-Q A
M = dlag {Mla MQ} 5
_ AM, + BigL, BigLs
' =G (AM, + BgL,) M, — CBigL,

I

_ (00B)" = (@CB)" | - |0
T2 - 9 L= )
0 0 L
L == [Ll LQ],

JU A1 PR 2D Rosser 5 45 (16)7F 1] 28 Vi AT 25 #e B 5% 1
(O)FIIEARE S 210 IME R M e, HAA(Q,
S, R)& He FERLIE B, I 61X 27 S0 45 A 2 1) 25 B
FRAS MR K, = LMY Ky = LyMy .

WE 40(iT,, k) #£ OB, i3 REt(16)E LE(L, k)

h
_ tgz Z;] | HETTH 3 113 25) T 3 2 e 2 5

2, 1
T
T T
AV AT, k)= STk g 1 SETR) | )
0(iT,, k) 0T, k)
/\l:lj
HTPH — P HTPF
¢, = .
% FTPF
ghaE X1, 1§
AV(iToa k;) - J(Q, 2 (N17 N2)) =
ety k)] [eGT, k)
_ 2| . ; (31)
0(iT,, k) 0(iT,, k)
Hrp
@2 =
HTPH — P—-G*QG HTPF -GS
* FTPF —R+all|




53 PRI PR T B 22 SR SRR 0] O R BB R A 2 D) 2R 5 il 333
WAREIFL, TP, < OFTHE—H2M T il
Ny
P o B0) = S {a¥(t,0)"Pa¥(£,0)} > 0,  (36)
—SGT —R+al =« 0. (3 =0
Q*ct 0 -1 ‘ FFF LA
H F 0 —pP1!

¥R (32) M A I A R A 5 #R e ldiag{ M, I, I, T}, 3
HiP = diag{ Py, P,}, M = P, Al 135 LA N 4ERE
AN
-M * * *
—-SG™™ —R+al * =

<0. (@33
QYV*G™™ 0 I (33)
HM F 0 —-M
g5 3(6), AEREB3) s A A
I+ Iy + (xI,I)" <0, (34)
Horr:
x=[0000 Bf —(ClBl)T]T,
Hl ES
I'=[qL, qL I =
l[qL, gL, 0 0 0 0], LEHJ,
__Ml * *
11, = 0 —M, * )
L O —STM2 —R+O[I
[0 QY M, 0
H2 = K quLQ Dl ’
_—Cll/i M2 — ClquLQ _CIDI
[T« *
H3 = 0 —M1 *
| 0 0 —M,

5 1 FRERH R, AT150(29) T
KT IEREN,, Ny, M RF16)25T N CKFE
AN, B G, Xt RGeaem R A3 1) RA, 15

S5 AV(R) — J(0, 2, (N1, No)) +

t=0 k=0

5t % (067 (4, k)6(t, k)] =

t=0 k=0

Ny

Z {.’I}h(Nl + 1, k)Tpl.'I)h(Nl + 1, ]{) —
k=0

xh(ov k)Tplxh(Oa k)} +

Ny
Z {$V(t, N2 + 1)TP2.’,UV(t, N2 + 1) —
t=0

x¥(t, O)TP2:z:V(t,O)} — J(0,z,(Ny, Ny)) +
5% 52 00" (1, K)0(t, k)] < 0. (35)

t=0 k=0

HRGRIWIIAZE 2 (0, k) = 20, AT R
(0, k)" Piz™(0,k) = 0,

J(0,2,00) + B(0) = a (0(t, k),0(t, k))

(37)
MR 5 X 20] 0, PR 2R 48 (16) 2 75 7] 25 VR il b 2% A
(6) MaEm, HA(Q, S, R)&HFERUERE
4 {HESEE (Simulation results)
NIGUE AL A Rk, LASCHER (161933 351
TR PR S S 2 1 A % e
(i + 1) T k) =
1.582 —0.5916

1 0
1
0

y(iT,, k) = [1.69 1.419]z(iT,, k).

AGPOEF RFEAYIT, =0.01 s, LN = 2, 1Bi# R R
FERIT, = NT =0.02 s, w(iT}, k) FnAREzh. &
GRS IR AN (0, k) =[0 0]", u(0, k) =0.
BRAFAE— N REPAT MR 0.6 < T < T <
I'=1,11%¢=0.8, ¢=0.25. KIFERT-HEA, 245
LAY (9) H &R R 433l Ky

x(iT;, k)+
(38)

w(iTi, k) + | | w(iTy, k),

19111 —0.9359 182 1
YTl 182 059160 ' | 1 0
1.582 1
Cr=[1.69 1.419), Di=| " 0].

i, Mu(iT, + T;) = u(iT,) i, HR(9)3 M KkE
JAMRT, W2 245, B
z((i 4+ 1)T,, k) =
Asx(iT,, k) + Bshu(iT,, k) + Dsw(iT,, k),
y(iTo, k) = Cex(iT,, k),
(39)
Hrr: Ay = A, B,=AB+ B, C;, =Cy, D, = D,.
R RGeS A
sin(0.57iT},), 0 < i < 200,
(iTy) { 1, 200 < i < 300,
4 —0.51T,, 300 <17 < 400.
(40)

NV RS ERERTERE, SI AT E

400

(k) = 400 Zzl

A LH (K )ik, e Wk BRER SSOR BT . 7E T

e?(iT,, k), 41)
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Ty, BB S 1S HEDOT IR A A
B 1 R EE ).
FEAZIE I o, BT 88 W U T = 0.8,
w(iT}, k) = 0.05sin(0.24), FHik
Aw(iT,, k) =0, 0(iT,, k) =0,

BEXT B AR RGL{ Ay, Bs, Cs, Dy}, FILMIZLEAR K
fifp g B rp 2 (23) AT A I 78

Ky =[—0.85260.4336], K, = 0.0371. (42)
X2 AR ARG A1, By, C, Dy}, FIFE ARG 2]

B
e l—1.4617 0.6234] K- l 0.2264 ] ‘
—0.2284 0.2114 —0.0637
(43)

F (42)— @3)RNEARZ: S I BB (15), FHAR
=@ T, e x0(42) 75 21 (¥ f i 20U E AR 5 R A
I 2203 T, BT, T B 2(43) 153 2 i HIl A 1E B RIS
ZVT R T, + T ARIEAT A AR 3, AT Pl 2
RGP a5 H PO B R R

I AT B4 B 1 —3 . B4 T AR
SRR I AN 22 AR R PRI | SOF R R A ) (34
TR ZE M 2k 2R3 5 i) g R A e i il 25 (42)
TRV Z KA 35(43) TSN, B4R, T
ARG MBI B 2 H G, 7R AR AT, RGPRER
Pz RIS R R4S, HLEREME B AE IR AN,
P Wb AR S, R e A 2 A e A, PREEMERE
AT T B, SR PR B REAE J LML IRS RS FGA B
HAEFIKF.

P AT 0, 5 FORRE SR P A L, 22 SRR R s ]
WAL SIS ] T, {HL 22 SR A 28 28 G 0k B 1Y) e B B R
B, KRBT ZRFEREHREYT R T KGN
i, WINT RGN RN 4 RAER R GRE
PR e ok, thRE i o .

1.6 T T T T T

: e LR bR
1.4 E

121
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H(k)
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B 1 BT 8 R

Fig. 1 The trajectories of mean square error in Case 1

w,(t)

PRV ALIL S S PN

Fig. 2 The single-rate input curve in Case 1

w (1)

SREEVAE S PN

Fig. 3 The multi-rate input curve in Case 1

B 2 AR AR E S ).

ZE T AR B AT A% R RE BRI AR
PE, BT = 0.8 4+ 0.25in(0.24), I TFAMEBIBHIEESR
w(iT;, k) =0.1sin(0.1k), B itk v HIA®@(iT,, k) #0,
0(iT,, k) # 0. WRHEE#H2, #HHQ = —diag{0.1,0.1},
S = [-0.0779 0.0128], R = diag{5,2}, a = 0.1,
I SRAT FLIRARAE I il 2% 1

K, =[-0.9264 0.4521], K, = 0.0797. (44)
Z AR 2 7

K _| —13 05831 | 0.2089
P71 -0.3836 0.2601]° T2 | —0.0958 |
(45)
i B4 AN 4—6 .
0.8‘ T T T ;g%ﬁ%
07} . . e BRAEE
0.6
0.5—_
2 4H =
= :
0.3

0.2

0.1

0.0

4 2T R

Fig. 4 The trajectories of mean square error in Case 2
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Fig. 6 The multi-rate input curve in Case 2

MIX LS ] LA, 7 AR S A R R R 3
THEOUT, EAATE b e SRR PERETE —EFE I b
A BTN B, AHREAERT R 7 ) AIIE A5 1) B ARAIEF ) &
GRS, H 2 RFE R HIMERE B A
5 #5iE(Conclusions)

R SCER T HAT 25 Bt (1) 22 KA e (] /o 72, 32
T AR EREEROE R I REEN TR H
26, I SEFHE AN 22 13 RAE () BT AR A iR
KRR, ARG 3T e RG 8, B HEEHoNy —
YERoesser F2 Gt M55 Y, F 1L TF AH LAY HE IR 2R S 1
a5, Hd i AR, i T RG R E R
ERFERERE I 78 55, B, VRIS AR A
HEE SRR T AR ENE A .
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