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Abstract: For a class of uncertain networked control system(NCS) with time-varying delay and data packet dropout, the
problem of multi-constraints robust fault-tolerant control for NCS with actuator structural failures is discussed by using state
feedback control strategy. The effect of actuator saturation, nonlinear perturbation and controller parameter perturbation are
considered simultaneously. Based on a class of delay-dependent Lyapunov method and a definition of the domain of fault-
tolerant attraction, the set of invariance conditions of the closed-loop uncertain NCS against actuator structural failures is
derived, and the design method of non-fragile robust fault-tolerant controller is given. The domain of fault-tolerant attraction

of the closed-loop system is estimated. A simulation example shows the effectiveness and the feasibility of the proposed
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59 6 Fe A P RIS, 50 R SRR B SCR Bk k. BE T
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R, T I A 1F) Lyapunov 77 ¥ FIUZS 885 W 5| 35k
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(t) = (A+ AA)z(t) + (B + AB)sat(u(t)) + f(t,z),
z(t) = ¢(t), t € [~har, 0. (1)
Horb: 2(t) € R u(t) € R RS IRES 5
A N 1) S p(¢) Sk 45 58 B ) IR T H AR 0% S e B
sat(-) : R™ — R™ JhriEHLAT R 48, B

sat(u) = [sat(uy) sat(up) --- sat(um,)]",

sat(u;) 2 sign(u;) min{1, |u;|};
f(t, ) 2 AN | 26 PR 10, 39 A2 Lipschitz 4% 14 || f (¢,
x1) — f(t, )| < ||G (1 —22)||, G g BRI S5 H B
A € R B € R™™ Jidi e BT BRI, AA,
AB AIEHAT 5 I AR S AN E PR R, WAL

[AA,AB] = H,Fy(t)[E1, Es, 2

Hy\ By Ey 2k O 50 (R824 Y80S 0 8O B, F(t) ok
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u(t) = (K + AK)z(t — h(t)),
tE [ty togr), k=1,2,--- 0. (3)
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38 5 AN B, AR SCR T v s o 0 25 1)y, )
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Fy(t); h(t) AL I 28T 540 1) 235 X 0] IR AR I 4,
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0 < hpm < h(t) < ha, (5)

h(t) < p, (6)
B~ hoe 23 500 0 ISP AR IS SE 7R SR B 5, Hohyy, = 7,
har =7+ (d+1)T, 7 F 2 5350 NE EL R 3 d o
KREAHL, p L
A UK)={ro € R" : |kjz| < 1,i = 1,2,--- ,m},
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B x € U(K),sat(Fr) = Fa.
A5 T R G0 ] BE R AR AT i 45 R 1 R S,
FORREA Dy
ul (t) = Mu(t). (7)
Hordr: M =diag{mq,ma, -+, my, } AT 25 500 5 B,
M € Q R ITA W] REPAT 2 A A A R B 5. 24
m; = 0, LoREE i MPATEE 2R Hm; = 1IN,
SR i AT RIE R THE: 2 ma € (0,1) B, FR9 0
MPAT AR R
AT 234, SINGR R AR

M, = diag{my1, mu2, -+ s, Muyn};
M, = diag{my1,mya, - ;M };
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mo; = (Muyi +mi;)/2;
J = ding{jnn - b Gy =
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mo;
t=1,2,--- ,n.
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M = My(I + L), (®)
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@(t) = Ax(t) + BMsat(Kx(t — h(t))) + f(t,z),

t € [testes1), k=1,2,--+, 00. ©)
o

A=A+ AA B=DB+AB, (10)

K =K + AK. (11)
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X T 2(0) = zo € R, R R L (9) AT %5 6
BRI, AH SRR I A o (¢, o).

EX 1Y SRS AL o0, & X

o = {xo € R": tlirrolo Y(t,xg) = 0}.

EX 2P W gGABEL N p, & X

o € p=x(t) € p, Vt 20,
tlililo¢(t’x0) =0
XS P IR 4T 20 € o\ {0} BIRAT.
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pp = {x0 € R": tlirélow(t,xo) =0,YM € 02}.
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SNBSS RE HIw 2 K (5), WE
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Y+ ME()E+ ETFY(t)M™ <0 (15)
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ICUAEAE— AN B e > 0, 5 N AR T

Y+eMMT +7'ETE <. (16)

I 5 T HAE S ERNERE Y, G H
%HI7 :/H;‘I—I—] Yl == YlT’
Yi+GHIT +TH'GT <0 (17)

Xt AT AL H = diag(H,, Ho, -, H,), H  H; < I
(i=1,2, - ,r) BIFRE H o7, 4 BACYAFAE— N5
FHREU > 0, 75
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B K, A4 [ I 52 4 1) 45 2 B0 B AP T 23 ML RN 24 3R
(AN S Y 6% A DA A W i 2 2 AT B e e B, TV &
4t (9) HA ALk,
21 ATLEEH
EE1 FBERFKO), HEFHu>06>0(
= 1,2,3,4), W A7 160 BRIE & 5B X, S5, Ry, Q (i
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e(P) CUF), Ve € R™: |fjz] < 1,i=1,2,---,m,
e f; A F IS AT, WIVzg (P ),TﬁﬁENCFS(%
Wi Ae e, RICREPLIRERFFIEAZLLE (P) W,
BIK (3) & — i 15 R 48 (9) B & B AR e 9
BRI, RS SBOTH K = KX 1Rk,
3 (19) v s R HAHE BERTRR 15 21 )RR 1T

M= (Z5)rxr, 6 =har — b,

Sh=AX + XA + 8 + S5 + S5 — Ry —

Ro+ Q1+ Qu+e1 +e2H HY,

212 —BMOTK—i-BMOT F

Sy = —Ri+Qa, Xf5 = Ry + Qs,

2l = XET, 53 = —(1 - p)S) — 4Ry,

Y34 = 3Rg, L3 = R,

S = KY 7T MBS + F v MY EY,

Sy = —R1+ Qs — Q1, X3y = —Qa,

Sie = —Qs, Uiy = =52 — Q3 — 3Ry,

Vg5 = Ry + Qs — Qu,

Loe = —S3 — Q6 — Rs, Dl = —eol,

Tyg = g5 = X5 = L35 = 37 = 0,

Zis = Zig = Zir = T3 = Lg; = 0,

SV = (Eh)rr, By = R, Sl =313,

i’414 = —92 - Q?, — Rz, 25}6 = —53 — QG — 3R3,

SUrp LT £

22 = (B )1xa

2121 = 2122 = 2123 = XATa 2124 = XE1Tv

2221 = 2222 = 2223 =

KT 1" MIB™ + T 17 " MY B”,

22 = KT MYEY + FT 1 MTET,

23?1:"'12341241:"'1244107
271 272 273—1
251:"':2542261:"':Eg4:2724:0§

% = (Z})7xs,

LY =20 =0, = BMyTiH,,

X3 = BMyJ, 5} = XGT, X3, = XEy,
22, = EaMy 1 Ho,

23 = KT rIwl + FTrw,

2733:E2M0J7 2232:2??2:"'22632:07
233225)3:"‘:233:07
Th=2h ==X} =0,
25’5:2??5:"':235:07

25’1:251:"':2%:&

. 4 =
= dlag{ - h—2(2X — Ry) +e3H HY,

m

4
2X R2)+83H1H1 s

h2(

-5 L (9X — Ry) + esHLHT, 531};
5% = (Z])axs,
Sty = Y3y = X3 = BMy T3 Ha,
i = ExMo TiH,,
iy = Xgy = 33 = BMyJ, X5 = E2MoJ,
2151 = = 241 214 = =
2242215:"':24520;
20 = (Z5)sx5,
Sh o= —ei'l, Xg = —eal, X3y =35 = W,
2264 = H;F TiTW1Ta 25?5 = —e1l,
26 =...=35 =
2263 = 2265 = 2364 = E:?s = Zfs = 0.

EHH  #Jif Lyapunov-Krasovskii 72 B
V(z(t) = Vi(z(t)) + Va(z(t) + Vs(z(t)), (20)
Vi(xz(t)) =
() Pa(t) + Lih(t) 27 (5)S12(s)ds+

t t
L_h z¥(5)Sox(s)ds + z¥(s)Ssz(s)ds, (21)

t—hn
R (0 ¢
TI—hm/zﬁﬂ 0) Ry (0)dfds+
hM 0 t
7th/2L+S 0)Rox:(0)dOds+
j L &7 (0) Ry (0)d0ds, o)
Vi (1)) =

Hp: PT=P>0,8'=8>0R =R; >0,i =1,
2737QJT:QJ>07j:1727a6,5:hM*hm

WRLO) X V(1)) k', 17
Vi(a(t)) =

T ()P (t) + 2T (1) S 2(t)—
(1= pa™ (t = h(t))Siz(t — h(t)) +
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T T r 1T - T .
- (£)Sex(t) — 2" (t — hpm)S2z(t — hpy)+ x(tf)L Q4 Os x(ti)L B
2 (1) Ssa(t) — 2" (t — har)Ssx(t — b)), (24) :v(t - 7M> ¢ Qs | a:(t - %)
HEIBE 1. 513 4 A1 21, 15 —x(t_ hﬂ) 4T _Q4 QS_ _m(t_ hﬂ) -
T (t)Pi(t) < 2 o 2
_ _ _ t—h * 6 t—nh
max 20T (1) P[Az(t) + BM(T,K + 17 Fa(t— | elt=ha) |1 DLt =har) |
i€[1,2m] (32)
h(t)] + 2T (P f(t,2) < i 24) ~ (32), 17
Jnax 20T (t)P[Ax(t) + BM(ViK + ¥ F)x(t— Vi(x(t)) =
1/6 ’ " . . .
<
() +61_117T( )P Pa(t) + 12T (1) GTGa(t), (25) Vi@(®) +Va(e(t) + V(e(t)) <
Tt Z1¢(t)o T t). (33
h2 o Hrp
—ra () Ry (t h T (s)Ryi(s)ds+
4 j ()
h2 . hm
Mot 1) Ry - 2 [ P 46 Rais) st [0, ™ (¢ = b)), (£ = 220) 2 (= o),
t—hm (t—nh t,x)|,
Ot (t)Rsp(t) =6 | @t (S)Rgi:(s)ds. (26) ( ) m) S 5”)}
Cha i
HoIH2, 13 =1
- %nj B &% (s)Ryi(s)ds < [ 51(11) 51(21) :1(? 0 :1;) 0 :1(;) |
) x+ 53 0 3Ry 0 Ry Zy
T ~(1
z(t) R Ry z(t) * * 5353) —?? 0 0 0
~(1
x(t — hﬂ) R —R; x(t - hﬂ) ’ * * oSy 01 0 0 |,
2 2 * * * * 55(5) —-Qs 0
27 —(1)
* * * * x  Egg 0
ha ot . (1)
——j ha @7 (s)Rat(s)ds < L * * * * * xS |
2 Ji— —
2 = _
T =1 =
[ :c(t})l ~Ry Ry [ w(t)l ] Fs0 2 = 20 g =z
M M =110 <120 <13 =15 =17
(FT) By —R z(tf 7) « 55 0 Ry 0 3Ry Z
(28) « %« 23 —Q, 0 0 0
oI 2 M52 3, 15 « o« o« 52 0 0o o0 |,
t—hom —
5 [ () Ryt (s)ds = £k ok x 5Y) -Q5 0
tt:;z: " * * * * * 56%) 0
- 5L7h(t) & (s)Rsd(s)ds— L« " “ “ N N 57(%) |
t—h(t
5 f MO 4T (5) Raiv(5)ds < ERE
{3W1+W2 W1+3W2} 29) PA+ATP+E1PTP+5;1GTG+51+
hoar =l T — hin Sy + 83— R — Ro+ Q1 + Qu+
t— hnl . t_hm . T 9 9 9 _
(L mey " ds) 6R3(J;—h(t)x(s)d8)’ (30) AT (hin Ba /4 + hiy R /4 + 67 R3) A,
—h(t t—h(t =) _
( © s ds) 5R3<j Ux’(s)ds), 31) S12 =
—hnm t—ha _ _ . B
7 ((0) PBM(T,K + 1, 'F) + A" (h2, Ry 4+
3(z(t)) = _ _
i St o . h3 Ra/4 + 6*R3)BM (VK + Y, 'F),
t t - -
z( ])lm Q1 Q2 o sz . :1(:1) =—Ri+ Qo, :1(51) = Ry + Qs,
x( _7) ] L @] _“""(t_?) | 28 = AT(h2 Ry /A + h3, Ry /4 + 6°Rs),
- - T _ . - - _ _
x(t—%m) Q1 Qs x(t—%’” ) 2 = —(1—p)Sy — 4Rs + [BM(T: K+
c(t—hm) | L * Q]| a(t—hm T )T (B, Ru /4 + Wi R 4+
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§2R3)[BM(Y:K + T, 'F)],
24 =3Rs, Zi) = Ra,
= = [BM(T,K + 17 F))T(h2, Ry JA+
h3;Ry/4 + 6°R3),
E:S) =—R1 + Q3 — Q1, 53(? = —Q2,
By =8 - QS ~ 3Ry, 53 = —Ro + Qs — Qu,
:5(61 =—Qs5, = ~66 =53 — Q¢ — Rs,
= = B2 Ry /4 + b3 32/4 + 6%Rs,
By =8 —Qs— Ra, 5§) =585 — Qs — 3Rs.
LUEES
E < 0orZ; <0, (34)
WV (2(t)) <0, AT AT KIREER 7 e (P) Jy RAESE, BI9E
il 555 65 e 42 T 28 (3) 18 13 HAT 25 1L R 141 3K s R
(9) 7EWL 5 |3 e (P) W ESE
1T 20 (34) g REBEAS A5 2, Ay 5 10 45 1 4% oK i,
o6 HCHEAT I R AR He.
HSEXRT 2y < 0 HEAT AR 4
[ Schur #h 5 | B R 513 4, K = < 05540 T
5 <0. (35)
Hor
5 = (5)10x10 < 0,
2P =PA+ AP+ S + S, + 55—
Ry —Ro+ Q1+ Q4+, PTP+
e, 'GYG + &2, PHH' P,
=2 = PBM(T,K + 1;7'F),
52 = —Ri+Qs, 5 = Ry + Qs,

—(2 —(2 —(2
51(7) = E1Ta ~1(8) = ~1(9) = ~1(1()) = AT

5 = —(1— p)S1 — 4R,

5 = 3Ry, 233 = R,

=2 = (K + 77 F)"MTET,

5 =53 =25 = (LK + 17 F)"M"B",
5y = —Ri+Qs — Q1

53542) = —Qq, :EE?) =—Qs,

54(2) = =52 — @3 — 3Ry,

52 = —Ro + Qs — Qu,

58 = —83— Qs — Ry, 52 = —esl,

—(2 —(2 —(2 —(2 _
:7(8) = ~7(9) = ~7(1()) =1, ~1(oio = (5233) 1;

_ h72n -1 h2 -1
== () o ()

—~(2 —~(2
S5 = 55 =0,

g

=

=(2) _ =(2) _ _ =2

g5’ = S35 == S310 =0,
:(2)_:(2)_._._:(2)_0
=45 T =460 T = =410 = Y5
:(2)_:(2)_._._:(2)_0
=57 T =58 = <510 — Y5
:(2)_:(2)_._._:(2)_0
=67 T =68 = <610 — Y5

=@ _ =@ _ = _
=g9 = =810 = =910 — Y-

#X (10)s (1) RN (35), NI 51 HE 4, 15
53 < 0. (36)

L

S = (5 x1s <0, 2 = 57,

5 = PBM(TK + 17°F), 50 = 28

=3) _ =2 =B) _ =) _ =2
51(5) = 51(5)7 51(7) = ‘:1(1% = ~1(7) = EY,

=3 _ =(3) _ =3 =3
‘:1(8) = 51(9) = :1(1()) =A%, ~1(1:)a = PBMT;Hs,

=B3) _ =2 =203 _ 2 =) _ =2
S22 T S22 P24’ TS24y S26 T F26 0

=) =3 _
B =2 = (LK + 17 F)"MTE],

S0 2 _ 20— (1 + 7PN
=(3) _

—gT =B _ 22 =B _ =2
=212 3> ‘_'3 “33 » =34 —34 >
=B _ =2 =0 _ 22 =z _ =2
=44 =44 » =55 —~55 1 —56 =56 >
=) _ =22 =B) _ =2
=66 — “—66 > =77 — =77 >
=) _ =) _ =) _ I,
=78 T “79 — ‘_‘710 -

S5 = Eills = B2MTiH,

=% = (hgn}h)_l +esH HY,
59(3) = —(hTMRz>_1 +esH HY,
Eiolo = —(0°Rs) ™" + e3Hy HY,
S = Sod = Siots = BM TiH,

:1(1%1 = —esl, ~1(222 =& s ~1(§%3 = —eql.
30 (8) 1R (36), T
i+ & LPy + $LT P < 0. (37)
L

Zy = (51-(;1))13“3,
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R Xp i A2 MR, MZTHR AT (44b) S50 N
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