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Abstract
data systems with continuous time-varying fault. Since the adaptive fault diagnosis technique can not be directly extended

In this paper, an active fault tolerant control design scheme is presented for a class of nonuniformly sampled

to such systems, an optimal continuous augmented observer is firstly designed to estimate the fault by use of nonuniform
discrete output. The observer can not only guarantee fast convergence of estimation errors but also be robust to external
disturbance. Then, an iterative algorithm is proposed to make a tradeoff between estimation delay and system robustness.
Furthermore, with the obtained fault information, a nonuniformly sampled data fault tolerant controller based on state
feedback is designed to recover the performance of the faulty system in consideration of the adverse impact of estimation
errors and inter-sample behavior of continuous fault. Finally, the simulation results of an quadruple-tank example are

included to illustrate the effectiveness of the proposed method.
Key words Time-varying fault accommodation, nonuniform sampling, sampled-data fault tolerant control, performance
trade-off
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u(t) = —Kz(1;) — BTEf}‘(Tk), t€ [Tk Thy1)
(32)
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Hrpfslgmss K € R™>" 4f
A (1) PRSI
z(t) = Az(t) — BKz(r,) — BKe(1,)—
E¢(f(r) — (1)) + Ead(t) =
Az(t) — BKz(7,) — BKe(m)—
Eres(mi) + Ead(t) + (1) E £ ()
Hrh r(t) =t — 7.
3 (33) W e(mr), ef (i) 73 AR AR AL T
17:7% CATLE ST R N T AAE, BTE AR R BT
o B RO BN R R 2 RS B Y A v i 4k
LI 5% AT DAGRAIE 152 22 (E 7 1 e 8k, DRI e I e A o 5%
20 AR LR — Bl A A0, AN o] vk 28 45 1l

St S8, K B

P ILERR. T(4)F(t) HIR T SR A P SRR
1, T%TMP&H&TW%EEEBU’J PR, 5 oREK
AR B ANSE AT R4 A B AT RN e v s ik,

EER 2. AFSIRBEEAR AH R (32) AR
HERGURUE HLilh L0 FEAL Hoo PERESERS:
lzl5 <~3 114113 +v§;(ﬂc+1 — k)X (34)

(le(m)ll3 + lles(m)ll3)

WIRAFAEIESEAFE P > 0,5 > 0, R > 0, &4EHFE
NI>Z/7 QlaQ27Q3>Q47Q5aQ6 jﬁ&

min v, s.t. (35) ~(37)

i h? h2
Q1 + heoQo Q Q, —PE;-— —QATQGEf PE,+ QATQﬁEd 0
h? h2 h2 h?
* —-S+ 2@4 0 2KTBTQGEf 2KTBTQ6Ed 2KTBTQ6
h2 h2 h2
* * —~2I 2KTBTQ6Ef 2KTBTQ6Ed 2KTBTQ N
2 2
* * * —viI + ZQE QsEs }jfE QsFE4 0
h2
* * * * —yal + ZQE;FC%Ed 0
* * * * * _@
! 4]
~ 4T — -
I I
—1I —I -
N’ 0 0 N Z' 0
+ + hs <0
0 0 0 0 0 0
0 0
0 0
i i (35)
0, 063 O, O5 Oy 0 -1
- h2 - 1 I
* @4 hQSBK @6 @10 ZKTBTQG + hQKTBTR I I
h3 T/ T/ T
* * —’}/SI @7 @11 42 KTBTQ6 + hQKTBTR + 0 + 0 [N <0
k% * Oy Oy 0 0 0 0 0
* * * x O3 0 0 0
2 0 0
* * * * * h2 Q6 - - - -
(36)
R N'T ETP ETS ETR
_ | >0, @ EfP 0, @s By , @ Bl (37)
*x Z * Q2 * Q4 * Qs




1500 H )] 2 i 40 4
Hdp h: A
0 = PA + ATP S + — (Q4 + AT Q(,‘ ) V(t) =
_ B2 N _ t .
), = —PBK — fATQsBK 22T (t)Px(t) — ﬁT(t)Sﬁ(t) — | &"(s)Re(s)ds+

~ h?
Q3=+ 85— f@zx
©1 = Q; + hy(ATRA + SA + ATS)
@2 - QQ - hg(AT}?BK + €BK) R
@3 == Qg - hg(ATRBK + SBK + ATS)
~ 2 ~ ~
@4 == —S + %Q4 + hQSBK + hQKTBTS

- h2 - -
©s = —PE; — JATQGEf — hyATRE; — hySE;

2
O = _ KTBTQ6Ef + hyKTBTRE; + hySE;

h2
O; = 2KTBTQ6Ef + hy K" BT RE;
h2
@8 = —"}/21 + ZQEfTQ(sEf + hQEf REf
- h2 - ~
Oy = PE, + ZQATQGEd + hoATRE, + hoSE,

_h3 . ~
O = 2KTBTQ6Ed — hoK"BTRE, — h,SE,

h2
611 - 2KTBTQ6Ed - hQKTBTREd7
h2
O = — QETQGEd hoETRE,
h2 .
O3 = —21 + ZzE:{QGEd +hoETRE,

HERR. & XUl Lyapunov pRAEL:

(he —7(&))0" (£)SA(t)+

(hy — 7(t)) / &7(0)Ra(1)ds

V(t) =z (t)Px(t) +

(38)
H,0(t) = x(t) — (7).
*éf'a%ﬁé%ﬁ%iﬁ e(tr) = 0, ef(m) =
d(t) = 0. JHEXE(t) = [zT() z"(m,) T, Al
E\?ﬁ
z(t) = J\?@(t), n(t) Z.MQE@
&(t) = M€(t) + 7(1) Er f(t)
o, M1 =1[7I 0], Mz =[1 —-I], Mg =
[ A —BK |
HTA(t) = [ 2(s)ds, JERL Moon's A4,

2" (O)Ni(t) + (hy — 7(6) @ (D) Re (1)) +
2(hy — 7(t))7" (t)Sa(t) =
£ (1) [2M1TP]\Z/3 — MJSM, +7(t)Z 4+ 2N M, +
(hy — 7(t)) (M RM; + 2MF SMs) | £(t)+
27 ()& T (1) PEf(t) + 2(hy — 7())7(t) x
(7" (1)SEJ(t) + & (t)MIREf(1))+
(ha — T(0)T2(t) fT(t) ET RE; £ (t)
H, R e R, N € R2"n_ 7 € R2*2n jiji ji
R NT
NHTF (37) Fl Moon's A%
27 ()T (1) PEf(t) <
7(0)F ()@ F(E) + (2" () Qe (t) <
()" (1) Qo (t) + ha f§ Amax (Q1)

> 0.
XA

2(hy —7(8))T()"

(0SEF() <
" s +

7" ()Qui(t)] <
h2 h2

T OQA) + 7 S A (@)

2(hy — r(£)T(t)E (V)M RESF(t) <
PE (NI QuILE() + " (@)
(hs — 7)) (0)f (DETREf(t) <

h2
5 J0Amax(Ej RE})

B 13k 4 ARERRN V(1) A

V(t) <& () [Pyt (ha—7(8)) Dot r(t) 5| E(t)+0

(39)

EF' fl - MTPMg
h2(MTQ4M2 + MTQ@’

MTS*M2 + 2NM, +
L)/4, Ty = MIRN, +
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QM;FSM& f3 == MFQQMI + Z, (5 ==
thg)\max(Ql) + hgfg[)‘max (Q3) + )\max (QS) /4 +
h X Amax(ETREY) /2]

A (39), i §1+(h2—T(t))f2+T(t)f3 <
(L%ZV@g44M\+aﬁ¢s=xmy@r%
(ha — ()% + 7(OF)). B e[ > 5,
V(t) < 0 57, M4 Lyapunov FaE RIS, € B4
KT e w = (€G] [[€ce Hgék}l%%
G BRI,

PR RBA R TR 2 Hy MEREFRFR (34) 1)

T

CH=1€ e'(mh) ef(Tk) d'(t) "

M,=[M 0 0 0], M [Mgooo]
M= M; —-BK —FEj Ed], =[0 I]
HINA
z(t) = M@(t . A(t) = MC()
B(t) = MxC(t) + 7() Erf(t)
& X
J=V(t)+z" (t)x(t) — 3 (d ()d(t)+ (40)

e’ (r)e(re) + €5 (1)es (i)

XV (t) WA RS (33) ISR T, K5 KL Lk
FeE PR ﬁf, REA1F T < 0 ALK 785 4 AT

Lt (hy — T, + 7T, <0 (41)

W Ty = 2MT P M — TSM'+2N'M'+h2/4x
TQ4M'+h2/4 M. TQ6M’+M TM{ 3M,TM;,
T, = M;T"RM}+2M,*SM;, T = TQQM' +2Z'.
L N e R(3”+”f+" xn 7l e Ryt
2 (37) IE—Til.
WA B R, 3K (41) BOTII AR AR N

I + hoT, <0, (42)

¥k (42) EITFFERNH Schur 51 A #35% (35) I
(36). X J < 0, XfHM 0 3] oo BATHI ) I &4
1 (34). O
E 4. R (35) ~ (37) AIAESEE 3 BT
fIfdi g5 A R = el .S =eP, Qy = mi P,
Q4 = moP, Q¢ = msP, v — PBK, HINHiPEASE
KA LMI, G54 K = (PB)Y.

4 {FEXLH
AT WA BT — AN DU 28457 7K 56 FE v S 451 oK 56

T 4 holy < 0

TV A PR B0—3U | g S N ) R T S Ry
~0.016 0 0.042 0
A 0 —0.011 0 0.033
N 0 0 —0.042 0
—0.033
0.083 0.01
0.063 0.01
B = = ,C - 05.[4
0.048
0.031 0.01
o, RS R o) F TR o) (i =

1,2,3,4) R @ DKM KA AEL . y(t)
B AT — ) & yl(t) F R X AR Ak =
0.5 N i At W HMBSERE D, =
[0.01 0 0.01 0.01 T, K% A KE MK,
w(t) byl N AE P AN 7K 2210 H s R AR A R R
AR — AN N E, WA SRR RE Y By =
—[0.083 0 0 0.031 1%, MIMNE® 1 15 L AL.
Fag 3 T 32 60 ) A8 g s

t <100

f=1"
| 2+ 2sin0.17(t — 100), 100 < ¢t < 800

SCHR [31] Hh A% i e A W R AR5, (AT
AR S 2. A B R BBR LR, 1&&7&#
JAIU R ANt € ST AZ (1), A2 DX T (0.1, 0.6] 3594y
fi, RIA by = 0.6. ﬁ;aﬂwﬁxbzﬂs?afﬁ d(t) flv(ty)
I3 A I T 268 0.01 ¥ e A Rk FERTT 41, 4]

RSz =14 4 2 2% &n =12,n,=0.9,
MRIESLVE 1, 8 1= 0.001, WH auee = 0.028, Ik

IS0 N R ARAE vy = 1.6762, £ iS50k
3.7730 0.0068 —3.3825 —0.1905
I 1.4384 0.0933 2.4692 —3.8956
~ | 0.0000 0.0000 0.0014 —0.0000
1.4080 0.0214 —-1.2140 -0.1214
F =1 -30.4955 —0.0523 26.6870 2.0909 ]

Bl 1 g5 7 A ok 25 2R, T LUE vt
LN 255 B 0% S5 BT T2 235 I AR i e (1%) 7 Ay A IS Ak ot
H TP 1 A E, R AR
[SIB= a2 S N R i o s A (= R
a > 0.032 B, EH 1 L. K2 ME 3 ST
FEE o = 0,0.01,0.02,0.03 5 a = 0.028 K1
WAl TR 22 i g N 2 A1 3 TR BUE Y
a = 0,0.01,0.02 B, fhvl5 R 2 g 2= Fak 1
B o = 0.028 BFRfETFEE R, Feali), X a =0
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I, Al R e 22, IX R T A L TS0k [20], A
IR G T I AR S A T R i T
a = 0.030, WIEENEPHEEREES o = 0.028
M. K132 H T AR ZERE T A2,
Y1/ o, VLISCHBEAG THR ZETEHL (e ||, SEPERETRAR1E.
M1 ] UG, e UE v 2R o 1K
BRI H Y a = 0.028 I, v /o B/, XTI
llesll, W hdm ME, IXFRIGHE T 5005 1 st
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Fig.1 The continuous time-varying fault and its
estimation (o = 0.028)
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Fig.2 The fault estimations errors under different cases

(a = 0,0.01,0.028)

PR BT AR A R B s A R A A AR
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Fig.3 The fault estimations errors under different cases
(e =0.02,0.03,0.028)

E— 2D AR VA ol i N A A A T e BT I, B
BRI X ) (0.1, 1) MIBEHLI A4 A, W4
hgzl./%51:1,52:().92,m1:m2:m3:

0.1, skfifE B 2, W 1F MM v = 1.2721, PA K

—0.5688 0.0944 2.6290
0.0053 0.6033 0.1883

1.3932
K =
0.0484

B4 gt T = RSO0 T IR S 2k, T L
B AR R R I, RS A RE T, AR S
bt B2 W B S M B  TR A ST BT B A A 4
il JLF R LR B 2R G A TG s I (P .

5 5t

ASCWIIC T —RAR SRR R G L3 7

R AFERR T AR TEAS

Table 1  some performance indexes under different cases
« 0.000 0.010 0.020 0.025 0.026 0.027 0.028 0.029 0.030 0.031 0.032
v? 2.6420 2.6700 2.6994 2.7155 2.7190 2.7230 2.8095 3.2645 4.0894 5.8677 12.8567
N %) 163.4001  82.1491 65.9149 63.4210 61.1165 59.8629 62.3032 67.4079 78.1400 112.0508
«
llefll, 72.6907 37.3438 11.9439 9.3070 6.7464 6.6828 6.4369 6.8442 7.4780 8.4312 8.5384




73]

D52 SeAi: RIS S SR H e AR GE N A et - I 1Y e LA I e v

1503

P LB L T i 2% 8 (1 i e e S S I AR 11,

N BEAE 73 B B 3 A2 W 00 245 38 FH VS Bl A itk
o Y O (1 3 B I W) WL 5% e vk s ik, A IR AR
SR o TRERUENER Ho S RRIEPIIUNE RESR
R, IR B R SRR P AT LAl 33k i R B
P BRERDIR A AF B, BETE AR S0 RAE A R A 1) s
RAORUE SR R SEPERE, P BEvh 142 i s A 24 A 2
TR 22 DUR R ) I AR W P SRR 55 AR
PR3, DRI oy 5 2 W R A5 4 s AR B e v 77 .

3
= = AR
o TRARR B
2 S
i lk\—‘

T0 100 200 300 400 500 600 700 800
HF ) /s

B
et
b

a
x
o

0 100 200 300 400 500 600 700 800

M 18] /s
15
- A
Eatel et
1 PR

205

0 . i .
-05

"0 100 200 300 400 500 600 700 800
IR /s

- = =
T

1

e

iz

05
0

5
0 100 200 300 400 500 600 700 800

IR /s
Kl 4 RGHH sk
Fig.4 system outputs
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