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Event-triggered Adaptive Critic Fault-tolerant Control
for a Class of Discrete-time MIMO Systems

WANG Min' HUANG Long-Wang' YANG Chen-Guang'

Abstract In this paper, an event-triggered adaptive critic fault-tolerant control scheme is proposed for a class of
discretetime multi-input multi-output (MIMO) nonlinear systems with actuator fault. The proposed control scheme
includes the critic and action neural networks (NNs). In the critic NN, a smooth utility function is constructed
based on the Gaussian function, which avoids the possible chattering problem caused by the existing non-smooth
utility function. Subsequently, the critic NN is used to approximate the optimal strategic utility function. In the ac-
tion NN, the future system state is expressed by the functions of present system states by using the variable substi-
tution method. By the combination of event-triggered mechanism, this paper designs the optimal tracking control-
ler. An dynamic auxiliary signal is introduced in the developed controller, thereby eliminating the effect of the actu-
ator fault and improving the control performance. Stability analysis indicates that all signals in the control-loop are
ultimately uniformly bounded, and the tracking error converges to a small neighborhood of the origin. Finally, simu-
lations of a numerical system and a practical system are performed to demonstrate the effectiveness of the proposed
scheme.
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Hr, A;>0, By =drn, 253, >0fC; >0 R
e MRS, =12, N.

EIE 1. BEEBEMALZ RS (1), 2]
# (33), (40), PP 48 RTHAAT 9 25 1) BUAEL S8
(15) i (37), LUR S PHRL R 26 (42), EARLE TE T
B lajy lej, Oajs Ocis 05, ria, (i =1,2,,n;),
0<G <1, 0<B <1, 0<94 <1/lgj, 0<e <
Ul WA ] = 1, 2, -, N A0 IO A

rj,1 > max{A;, 204; + 20;}

Tji; — rj,ij,lgiijfl >0, ij =2, -, N

43
Taj = 27, n; 03 n; > 0 )

—2
05 — 3rj7njgj7nj >0

5 0 R 22 5P O T A 15 R e — 0 S
R, 4 Z(k) = ) (k) (s (k) , 05 (k) =
Wle;(Z;(k)), &P N Lyapunov 4L

5
Vi(k) =Y Vim(k) (44)
m=1
nj Oci
S Viatk) =307 a7, (), Viatk) =2
i cj
~T ~ Cai ox B
©;(K)O;(k), Vi.a(k) = “EWI(R)W;(k), Vi.a(k) =
aj
—_ 05 ~
206,55 (k = 1), Vis(k) = G5 (k).

& (k) = (x;(K)1 (k) = 0;(Z;(k)). 1
SRl 2 FOAE AR S0 M DA R B 4T T B
HF A Gl R P

BRU(k=k ). {EFMAERZ, X(k) =
X (k), RI (20). (24). (28) M1 (34), 73V, 1(k)
125y

AVia(k) = > rja2 (k1))=Y 127, (k)<

i5=1 15=1
- Z(rj,ij - rj,irlgjz,ij)z?,ij<k)+
ij=1
374,m, 05 n, |5 () +
305,095 0, 15 (k) + 375 0,957 o, DF - (45)
He, ry0=0 R A7), Vj2(k) ESH
AV o(k) = Vj ok +1) = Vj 2(k) <
— 0 (1 = 76jCFlej) [GQ5 () + g5 (k) —
~ 2 —
Qi(k = 1)]" = 0 (FEF (k) +
200,22 (k — 1) + A; (k) (46)

b, Ay (k) =2045(¢;07 (9 (ki) =4 (ke — 1)) +q;(k)]?
’—AE R, R AR < 20051+ )16
\/E‘i’ 1)2 = Aj .
RIS (38), V) a(k) FIZESITEMIT:
AV 3(k) = Vj 3k +1) = Vj 3(k) <
— 00j (1 — Yajlaj) [Q;(k)+
W (k) (Z(k))]” — 00y U3 (k)+
30425 (k) + 30a;las || W [P+
30a;le; O] (47)
b 1 BORE § AT RGAT 28 Bir & 1 4
ZuMN L RAE K (41), Vi u(k) TV, 5(k) FIZE DN

AV 4(k) = 20,83 (k) — 205,23 (k — 1) (48)



1240 H ) &2 {4 48 &
AV 5(k) = ? i (k+1) — Bﬂj(k) < 2. ©;(k)=0;(ks), W;(k)=W;(ke), fu;(k)=f; (k).
I J G, ATAG V; (k) B 22533 2
— 0;(1 = B)) [t (k) + 2.1 (k)] — n N
055 (k) + 20115 + 20525 1 (k) (49) AVl = - Zz::l (Tj’ is = 312195, w) 2.4, (k) +
CHVi) =325, Vion k), AT Lyapunov b 47jon, 5, W (R PB4
OV (k) 25 H B ,
2 475,095, n,lai W5 (R) |17+
AVj(k) < —(rj1 — 2045 — 205)z; 1 (k)— ] ) S
n; A7, n; G5 0y 15 (K) +4750,85 0, D5 (54)
e g2 )52 _
iZ::l(TJJj TJJj—lgjwj)ZJ,w (k) R (42 ( ) élk't <k<kt+1ﬁj‘ Z‘ = ||Et( )”2 <

(0aj = 27,0, G5 n, ) VG () —

(0j = 35,0, 95 n, )5 (k) —

0; (1= B5) [y (k) + 25,1 (k)] —
0ej(1 =76 Glej) [Cj@j(k)—

2

Q;(k —1) +q;(k)] -
a; (1 = Yajlas) [W] (k)5 (Z;(k))+

Qi(k)]” — (06C2 — 304j — 20¢/)E2(k) + T

(50)
H Ty =dog; + 212, 82, +204la;[| W2+ (8054
3045)le; 1O |12 + 20 p e — R
FHRFEE R (43) HIBETHS L AR TR
25 (50) 715
AV;(k) < =€;Vi(k) +T; (51)

HoAf, 0 =min{(rj1-200-205) /75,15 (T50,75.4,195.4;)/
Tiiy 8 =2, 1y, (06iCF =300 —20¢;)/20¢;, B0~
3rj,n, 05 ;) 0} BEIT; 2 — DA FEE L, Bl
WW%%UWJ‘E S (43) IBL T, AV, (k) < 0XfFT
A k =k RO, TR RGP T (5524
We—B0H S, BeAh, A (51) AT
=6y L ()
v piti

He, pj=7r0/(1— (1= £;)%). V;(0) BT RG0R
A IIYE 2;(0), AT M 48 BUE I RIE W;(0), FITF
I B BUE IBIME ©;(0). #RHE (52), 24 k — +oo I
EE:

ng 1(k) <

25 1(k) <Tj/(rjaty) (53)

HRPE (53) I, BREFIRZE 2; 1 (k) & SIS
BI—=ARER Q= {21(R)|25 (k) <Ty/(rj085)}, B
%Mk$7u B3 B O

T2 (ke <k < kpyr ). FEFAFALRRIBG A, ¥
A B AT e, DR e A ) 2 R AR DS B E R EE A

Ajlzi 1 (R)PAC; Ty, L 235w IV (R)[1%) < Ajlz5.0(R) 2/

Arj,, L2355 o, W5 (R) |2 FROL. K ZAERAUAI (54)

CIES:
AVi(k) < = (rji; = 150,185 ;)75 4, (k) —
ij=2

(rj1—A45) 254

Helt, 15 = drj 0,62, LW (R) |12 + 4rj n, 82, D3+
Arj n, G2, 02 (k). FETEBL 1 FHCEIEN, H3R RS
(KT {5 5 #R2 A 1. Ak, 76 0 i % 18] B Y
(ke <k <ep1), Wyk) B (k) #BORFEAA, 1, 7]
DIALA — AN S EE. R, Mk <k < B,
3R R G I A 5 5 7B A .

mk (53) 1 (55) AI#5

(k) + ;5 (55)

zimsW% (k)+57 (56)
Hr, by=rj 1 /(01— (1 =) F) =D KTEFMN

WHL AN Z kBT IETIN, 23 (k) <Tj/(a6,)+
Y5/ (rjat;), T BA BR IR R 22 78 S5 A fl % 180 B Y ey <
k <k e AR E .

it EIRPIFIE DL, PR RS T A S 5 4R
S A —BH . O

BT 1 MRS R, A S b
RAUE B TE BARPT e — 0 e B 1 A S 4G
BEAT T HET

2. BEEAHEZMAZHIM RS (1), £
75 (33)s (40), PEA X 25 FHRAT I 45 1) B A B 7 44
(15) A1 (37), LARTHA0 N BIBN A S A- i 2% A

kiy1 ={k eN|ETyV ET,V ---V ETN}  (57)

ﬁ#ﬁEn&ﬁ%:

—h + A2 (k) —
oy (k) + 4,23 48

hi(k +1) =

Bj||IW;(k) |12 E(K)||* < 0,
pih;(k) + A;z5 1 (k)—

Bj||W; (k) IP| Bo ()1, hy(0) >0,
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AR B H o), lejy 0ajy 0cjs 05, 7545 (15 =1,
2,-,m;), 0<( <1, 0<B; <1, 0<r45 <1/laj,
0 < ey < 1/Le; Wi RRFFAE (43), HO<pj1 <1, pjo >
1/pj1, WA RGE T TG TS A& —B0H
FHi).

SEHL 2 UER] S e EE 1 R, 1S AT B AT UE .

SE S EH 2B AEE 1 STk K&
f (42) FEINBIMONS LT hy(k), HIEH T
R B A F A R Sk (57) b6 5, mTLLdE B

Lyapunov ¥R V;(k Z Vi m( hj(k),
IR ZELE #E 1 E’Jlﬂffﬁkf ?E@E’JIIE%EEJJ*

FAF bR %A (57) Fl‘?ﬂ%%ﬁé}iﬁ’]ﬁﬁﬁ ERCAL
KA G, e, LR M R] DA *H
O T B S SRR %A (42), BhAH A bR %A
(57) e itk — D BRSO IO KL B/ 245
W, A& 2 8 hy (k) KIBIN, $ S EEh &S F
fi R AT (57) HITHREA PN, Bk, 78RR
FIef, R AT DAGE & B B 2% 5 55 AN AL R 25 ) 15
DU FEIE 2 1A A 2% A

4 HEIE

AT HE I T BAE S B A XSCEATHUME 25t
17 LS, SRISAIEA ST 3 H 177 = A R

41 HEMERE
B 5%, HIES IR [19] I EUE AR

z1,1(k+1) = fi,1(21,1(k)) + g1,1(21,1(k)) 21,2 (k)
z1,2(k + 1) = f1,2(X(k)) + g1,2(X (k))ur (k) + da (k)
z2,1(k +1) = fi,1(22,1(k)) + 92,1(22,1(k))22,2(k)
z2,2(k +1) = f2,2(X(k)) + g2,2(X (k))uz (k) + da(k)
Hop AR f1 1 (20,1 (R)) = 2,0 (R) /(1 + 21 4 (R)),

91,1(k)=0.3, f1,2 (X (k) =
23,1 (k)+23 5 (k)), 91,2 (X (k ))
23 1(k)/(1+23 1(K)), g2,1(22,1(k))=0.2, fo,2(X
ﬂU%l(k)/(l + m% 2(k) + x2 1(k )+x2 2(k)),
(X (k) = 1.

iR, WERAES, ZHES, RS
AN I 2% vk S0 R EE 5N di(k) = 0.1
cos(0.5k) cos(x1,1(k)), d2(k) = 0.1co0s(0.05k) cos(z2, 1
(k)); BHFAE5 yi(k) = 0.5+ 0.25 cos(kTw/4) + 0.25
cos(kTm/2), y3(k) = 0.5+ 0.25sin(kTw/4) 4+ 0.25sin
(KT /2); PATH S EL 6, = 0.5, 01(k) =0, 6y =
0.8, 03(k) = 1.3 +0.1cos(kTr/4). KHAALEH 1
TR AR S %, IR IR BT S H e = 0.25,

1( )/(1"'5”%2(79)"‘
=1, f2,1(22,1(k)) =
(k)=

g2,2Xx

Ye2 = 0.25, 7,1 =0.25, 7,20 =04, 5; = 0.4, (; =
07, lg =6, leo=6, lg =6, lja=8, A, =0.1,
Ay =01, Bi=1, Bo=1, C; =1, Cy = 1. ¥Jtatk
RYGORE 21(0) =[0.2, 0.2]7, x2(0) = [0.2, 0.2]T, K
MIZAUE ©;(0) = 0, v = 1, W;(0) = 0.001, fi;(0) =
0, j=1,2

ESKT=001s, (HEDEN=2000. 1
B WE 2~K 7 iR, @ 2 FIE 3R T RAM
AR IR P IR LA RS HE S, B 48w
TR RS, N 5 AT LLE B PR 4%
HIRAEE T, #F— LU KRGS TS NHE
P PERE. B 6 A1 7 R T AT M2 FPEAT
SHIBUE A A, 76 2 000 254 E A, i 1) Bl
FER IR A 843 YK, LT [ fih & 142 il 77 SR> 1
21 60% 12558 5 .

3
- —ith
= 2r -z, (R)|]
8
=z 1p .
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Fig.2  Output tracking performance of subsystem 1
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Fig.3  Output tracking performance of subsystem 2
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AN, ASCHEAT T PR A B SEE, FFR A
FI AN IR ZE (Mean absolute error, MAE) Fl-f
) %8 5 (Average bandwidth occupation, ABO)
KXt R G TEREHEAT € FE 1

N
1
MAE = & 37|z, 4 (0) 8)
k=1
e b
ABO — e X PL X OL (59)

TxN

Hrr, ne Ron BB IR EL, pr Roax—IKKIE

HIEHR K, b R BRI K, T x N

TR AR, FED B, AR5 & X (k) s

4N TEK, BB AN float. HILFTIHE pp =4,
by = 32 bit.

51 A LE SR iS5 R AR 1. Il Lh e

L s, T DUA AT A% S A EE AL RO
(R0 PR BE B R R RETT T AT R, S5 2 A
XRS5 SR W AR 2. O THETRoR, & 2
“SETC” (Static event-triggered condition) fXFE##
B H Mk %A “DETC” (Dynamical event-
triggered condition) RN A %1, “CPU”
(Central processing unit) X7 HLI - S AbBEES . X
bk 2 i EUdE AT %0, DETC (57) (pji = 0.01,
pjo = 101) MELT SETC (42) ifi &, GEWRE—B ik
ATl A B, TR R O B AS AR & (k) S
NI T EE T EE RGN,

1 EFTRX 1
Table 1  Comparison of simulation results
il R IR EL MAE ABO (bit/s)
5 N Z1,1 0.0201
TRAT a2 ARG R R 921 5894.4
Z2,1 0.0335
N N . Z1,1 0.0185
ARATHAME ADCIE A AL 907 5804.8
zo. 1 0.0229
. N o W Z1,1 0.0130
AT AR AMEE G SO BR 2L 843 5395.2
2,1 0.0147

TE: STEAAT ML TR w; (k) = W] (k)e;(Z; (ke)); “HIAT ML
FoR wj(k) = W (k)p;(Z;(ke)) + 1 (k); “UEIIE R M Fonti
|z, 1 (k)| KF—MAEMIERE, W g; (k) = 1. B, g, (k) = 0;
EHAFIBRAC B ;) = 1 — e 510/,

F 2 PiESENTEE 2
Table 2 Comparison of simulation results
il S bR VAR MAE ABO (bit/s) CPUKER(s)

Zl7 1 00130

SETC 843 5395.2 0.6875
Zg7 1 00147
z1,1 0.0129

DETC 801 ' 5126.4 0.8125
Z2,1 00144

42 ZEHIHE

N T DU BRSO I R, A SO
ERT U B BEAT 107 SRR, CROEAT AL
T KR — kg B H 3 ) 2Ry

M(q)§+C(q, 9)4+G(g) =7+7a  (60)

Hi, g=[q, @ Mg =, g7 03RRI E
KA ML BARAESE, M(q) A1 C(q, ¢) 7 HER
A B MEREHK I, G(q) e RRARKESN
N R, 7 NN IR, F Ty AN LS.

ar +azcos(q2)  asz+ az/2cos(qz)
M(q) =
as + a2/2 COS(QQ> as
—as sin(ga)
Clq. ) =
(4. 94 [ 0.5az sin(g2)¢3 ]
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Glg) - —ay cos(q1) + as cos(gz)
as cos(q1 + q2)
He = mal3 +12(my +m2), az =2ls, az =
Bma, as = (m1+ma)lig, as =malag. my, mo R
INEMFIRE, [ My RORNEMKE, flg KR
HIIEE.

Lz =q, To=q, T=[T1, T2| ", KFEN AN T,
KRR UE 30 /122158 (60) B Et 13

z1(k+1) =x1(k) + Txa(k)

{ xa(k+ 1) = f(z(k)) + g(z1(k))u(k) + d(k)
Hrf, g(@(k)=T M Y@i(k)), u(k)=(k), fle(k))=—
TM~ (z1 (k))[C (21 (K), 22 (k))z2 (k) + G (21 (k))+
F(x2(k))], d(k) = g(m1(k))ra(k). TTLLE Y, Btk
Ja IS B AL S 7 S A ST B B R 4 (1) 1)
e,

KA E B 1 A e gl o R, R E
RGZHNmi =1 T, my=1T3%, H =1K,
lo=1%K, g=981 K/ RGHHHSHETE
Nyt (k) = 0.5sin(wkT/25), y5(k) = 0.5 cos(mkT/25).
Ab B P Bh B BN d(k) = [0.1sin(zq,1(k)), 0.1cos
(2,1 (k)] AT 2K FESHON 61 = 0.8, 01(k) =0,
6y = 0.6, O2(k) =0.1cos(kT). ¥ BEIZEH 2 SH AN
Yaj 20.3, Vej 20.3, Bj 20.1, Cj 20.6, laj 26,
lej =8, j =1, 2. VIHEFMHEE N 2(0) = 0, W;(0) =
0.01, ©;(0)=0, v=1, j;(k)=0, j=1,2. Fff
fik k%M S HEEN A =01, Bi=1, C; =1,
Ay =02, By=1, Cy = 1. KA T = 0.1s, {li &
SBHUN = 2000, 77 ESLIG4E RN 8~ 13. WA 8~
Bl 13 ], A SCRTHR I A T A k1 I
PER 2R ] 7 2 RE Re A0 S0 T 3 b5 R Gk R
2N SCREAE PR AR ik A BT LT S I v 1 R 1Y)
BRERFE .
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Fig.8 Tracking performance of joint 1 of Example 2
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