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Robust H,, Fuzzy Output-feedback Control With Both
General Multiple Probabilistic Delays and Multiple

Missing Measurements and Random Missing Control

Bishan Zhang®

Abstract In this paper, the robust H..-control problem is reported for a class of uncertain discrete-time fuzzy systems with
both multiple probabilistic delays and multiple missing measurements and random missing control from the fuzzy controllers to
the actuator. A sequence of random variables including accounting for the probabilistic communication delays and the random
missing control are thought as mutually independent and obey the Bernoulli distribution. The measurement-missing phenomenon
can be assumed to occur stochastically. Assumption that the missing probability for each sensor satisfies a certain probabilistic
distribution in the interval [0 1] is given. Much attention is focused on design of H., the fuzzy output feedback controllers to ensure
that the resulting close-loop Takagi-Sugeno (T-S) system is exponentially stable in the mean square. The developed method makes
disturbance rejection attenuation satisfy a given level by means of the H., -performance index. Intensive analysis is employed to
reach the sufficient conditions about the existence of admissible output feedback controllers which satisfies the exponential stability
as well as the prescribed H., performance. In addition, the cone-complementarity linearization procedure is utilized to transform the
controller-design problem into a sequential minimization one which can be solved by the semi-definite program method. Simulation
results conform the feasibility as weil as the effectiveness of the proposed design method.
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1 Introduction

Since recent few decades, some researchers focus their en-
ergy on the robust stability and controller design problems
about the networked-control systems (NCSs) with some
uncertain parameters because some networked-control sys-
tems have been succeeded in applications in modern com-
plicated industry processes, e.g., aircraft and space shuttle,
nuclear power stations, high-performance automobiles, etc.
The fuzzy-logic control based on the Takagi-Sugeno (T-S)
is widely used to dealing with complex nonlinear systems
because it has simple dynamic structure and highly accu-
rate approximation to any smooth nonlinear function in
any compact set. One can consult [1]—[8] and the other
cited literature therein [9]—[31]. Data-packet dropout is an
important issue to be addressed in the networked-control
systems [6], [32]. Zhang [33] solves the problem of Hoo es-
timation for a class of Markov jump linear systems but he
neglect possible dropout in practice. Reference [34] reports
the problem of H stability of discrete-time switched linear
system with average dwell time and with no dropout. In [6],
piecewise Lyapunov function is proposed to analyze robust
of the nonlinear NCSs without time-delay issue. Random
data-packet dropout and time delay are well considered but
the controlled NCSs are linear systems in [32]. Reference
[8] discusses the problem of robust He output feedback
control for a class of continuous-time Takagi-Sugeno (T-S)
fuzzy affine dynamic systems with parametric uncertain-
ties and input constraints on ignoring some nonlinearities
induced by system with data-packet dropout and random
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time delay. Reference [5] investigates the robust Ho sta-
bility of a class of half nonlinear NCSs with multiple prob-
abilistic delays and multiple missing measurements regard-
less of the dropout in the forward path. According to above
consideration, we investigate a class of new nonlinear NCSs,
in which not only sensors communicate with controllers by
network but also controllers do with actuator in the same
manner.

The highlights of this paper, which lie primarily on the
new research problems and new system models, are sum-
marized as follows:

1) A new model is established, in which the controllers
communicate with the actuator by a wireless network and
the random missing control from the controller to the ac-
tuator occurs and the sensors do with the controllers in the
same manner.

2) The investigation on the T-S fuzzy model is used for
a class of complex systems that describe the modeling er-
rors, disturbance rejection attenuation, probabilistic delay,
missing measurements and missing control within the same
framework.

The rest of this paper is organized as follows. The
problem under consideration is formulated in Section 2.
Development of robust Ho fuzzy control performance on
the exponentially stability the closed-loop fuzzy system are
placed in Section 3. Section 4 gives design of robust Hx
fuzzy controller. An illustrative example is given in Section
5, and we conclude the paper in Section 6.

Notation 1: The notation used in the paper is fairly stan-
dard. R™ denotes the n-dimensional real vectors; R™*"
denotes the n-dimensional matrix; and I and 0 represent
the identity matrix and zero matrix, respectively. The no-
tation P > 0 (P > 0) means that P is real symmetric and
positive definite (semi-definite), tr(M) refers to the trace
of the matrix M, and || -||2 stands for the usual I norm. In
symmetric block matrices or complex matrix expressions,
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we use an “x” to represent a term that is induced by sym-
metry, and diag{---} stands for a block-diagonal matrix.
In addition, E{z} and E{z|y} will, respectively, mean ex-
pectation of z and expectation of x conditional on y.

2 Problem Formulation

In this note, the output feedback control problem for
discrete-time fuzzy systems in NCSs is taken in our consid-
eration, where the frame-work is depicted in Fig. 1.

Nonlinear Sensors
—= Actuator —»
plant set
y(k)
u(k)
Getwork Neton
u (k)
Output feedback y (k)
controller

Fig. 1. Framework of output feedback control systems over
network environment.

The sensors are connected to a network, which are shared
by other NCSs and susceptible to communication delays
and missing measurements or pack dropouts). As Fig.1
depicts, pack dropouts from the controller to actuator can
take place stochastically. The fuzzy systems with multiple
stochastic communication delays and uncertain parameters
can be read as follows:

Plant Rule i: If 01(k) is M;1, and 02(k) is M;2, and, .. .,
and 0, (k) is Mip, then

h
z(k+1) = As(k)z(k) + Aa; Z am(k)z(k — T (k))
+ Biiu(k) + Dyv(k)
Z(k) = Cm(k) -+ Bgiu(k‘) + D32"U(k‘)
ek) = o(k) YkeZ , i=1,....r (1)

where M;; is the fuzzy set, r stands for the number of
If-then rules, and 6(k) = [01(k),02(k),...,0,(k)] is the
premise variable vector, which is independent of the input
variable u(k). z(k) € R" is the state vector, u(k) € R™, g
€ R? is the process output, z(k) € R? is the controlled out-
put, v(k) € R? presents a vector of exogenous inputs, which
belongs to 12]0,00), 7m (k) (m = 1,2,... k) are the com-
munication delays that vary with the stochastic variables
am(k), and ¢(k) (Vk € Z7) is the initial state.

The stochastic variables a., (k) € R (m =1,2,...,h) in
(1) are assumed to satisfy mutually uncorrelated Bernoulli-
distributed-white sequences described as follows:

Prob{am(k) =1} = E{am(k)} = am
Prob{am(k) =0} =1 — am.

In this note, one can make the random communication-
time delays satisfy the following assumption that the time-
varying 7m (k) (m = 1,2,...,h) are subject to d¢ < 7 (k)
< dr. The matrices A;(k) = A; + AA;(k), C.i(k) = Csi +

AC.;(k), where Aj;, Agi, Bii, B2i, Ci, Ci, D1y, D2i, and Ds;
are known constant matrices with compatible dimensions.
AA;(k) and AC;;(k) with the time-varying norm-bounded
uncertainties satisfy

AR =] ] pem @

with Hg;, H.; being constant matrices and FT(k:)F(k) <I,
Vk.

In this note, the packet dropout (the miss-measurement)
read as

ye(k) = EC;x(k) + Da2; (k)

= Z BiCax(k) + Dav(k)
u(k) = W(k)ue(k) = W(K)Chizeh)  (3)

where E = diag{(1,...,8:} with 8, (I =1,2,...,s) being s
unrelated random variables, which are also unrelated with
am (k) and W (k) denoting the random packet missing from
the controllers to the actuator. One can assume that 3; has
the probabilistic-density function ¢;(s) (I = 1,2,...,s) on
the interval [0,1] with mathematical expectation y; and
variance o7. Cy = diag{0,...,0,1,0,...,0}C;. We denote
—— =

-1 s—1

the stochastic pack dropouts from the controller to the ac-
tuator by W (k) = diag{wi(k),...,wm(k)}, where w; (I =
1,2,...,m) are mutually unrelated random variables and
obey Bernoulli distribution with mathematical expectation
@, and variancep;and assumed to be unrelated with aum, (k).
For a given pair of (z(k), u(k)), the final output of the fuzzy
system is read as

z(k+1)= Z hi(0(K))[Ai(k)z(k) + Bisu(k)

+ Aai Y w(k — T (k) + Digv(k)]

m=1

ye(k) = D hi(O(k)[ECiz(k) + Daiv(k)

A6) = 3 haCOUIC (k)2 (8) + Baru(k) + Do)
- (4)

where the fuzzy-basis functions are described as

in M;;. It is clear that 9;(0(k)) > 0, i = 1,2,...,r
Yo 1 9:(0(k)) > 0, VE, and hs(6(k)) > 0,4 =1,2,...,r,
S Ri(0(k)) = 1, Vk. In the sequel, we denote h; =
h;i(0(k)) for brevity.

In the note, the fuzzy dynamic output-feedback con-
troller for the fuzzy system (4) is given as

Controller Rule i: If 61(k) is My and 62(k) is M2 and,
..., and Op(k) is M;p then

with M;;(0;(k)) being the grade of membership of 0;(k)
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{xc(k +1) = Apiwe(k) + Briye(k) (5)

u(k) = W(k)Crizc(k)

with z.(k) € R™ being the controller state along with the
controller parameters Ay;, Br; and Ck; to be determined.
Naturally, the overall fuzzy output-feedback controller is
read as

Combining (6) with (4), we can obtain the closed-loop
system described as

Il
-
NgR

z(k+1) hih;[(Ai; + Bij)2(k) + Diju(k)

s
|
-
<.
Il
=

([ldmi + Admi)f(k’ — T (k)]

+
M=

Il
—

Ci; (k) + Cij)z(k) + D3 (k)

I

2
=z

Il
-
M=
= 3
<

N

<
Il
-

<.
Il
-

where
z(k) = { zc(k) } , o Aij = { By, =2Cj A
B - 0 BuW(k)Cy
E Biri=2C; 0
1 B &mAdi 0 1 . dmAdi 0
Admz - |: 0 0 :| 3 Admz - |: 0 0 :|

Di; = { D } , Cij(k) = { C.i(k)  BaiWCy; ]

with & (k) = am(lf)—dm(k) and @; (k) = wz(k)—@j (k). It
is evident that E{am(k)} = 0 and that E{®;(k)} = 0 and
that E{as,(k)} = @m(l — am) = oy, and that E{&3 (k)} =

@i (1 — ;) = pi.
Denote

Z(k—T1)
=[z"(k—7(k) z"(k—1(k))
Ek)y=1[z"(k) z'(k—7) v"(k)]

T

" (k — (k)]

T

then (7) can also be rewritten as
2(k+1)= 3 3 hihy [Aiy+ By, Zunit Auni, Dig] ()
i=1j
> hih; [@'J‘ +Ciy, 0, D3z} §(k)
(®)

where Zmi = [Ad1i7 ey Adhi] and AZmi = [Adli7 ey Adhi]~
In order to smoothly formulate the problem in the note, we
introduce the following definition.

Definition 1: For the system (7) and every initial con-
ditions ¢, the trivial solution is said to be exponentially
mean square stable if, in the case of v(k) = 0, there exist
constants § > 0 and 0 < x < 1 such that E{||z(k)||*} <

Sk" SUp_g,,<i<0 E{[|¢(i)|I*}, Yk > 0.

We will develop techniques to settle the robust Ho, dy-
namic output feedback problem for the discrete-time fuzzy
system (7) subject to the following conditions:

1) The fuzzy system (7) is exponentially stable in the
mean square.

2) Under zero-initial condition, the controlled output
z(k) satisfies

STE{lz®)} <> E{lvk))?} 9)
k=0 k=0

for all nonzero v(k), where v > 0 is a prescribed scalar.

Remark 1: The proposed new model has the function
that not only the controllers communicate with the actua-
tor by wireless but also the sensors do with the controllers
by the same manner.

3 Development of Robust H, Fuzzy
Control Performance

At first, we give the following lemma, which will be
adopted in obtaining our main results.

Lemma 1 (Schur complement): Given constant matrices
S1, S2, S3, where S1 = SlT and 0 < Sp = SQT, then S1 +
STS;1S; < 0 if and only if

S ST —Ss S5
[5,3 —SQ:|<O or [SaT S < 0.

Lemma 2 (S-procedure) [5]: Letting L = LT and H
and FE be real matrices of appropriate dimensions with F’
satisfying FFT < I, then L+ HFE+ETFTHT < 0if and
only if there exists a positive scalar € > 0 such that L +
e 'HHT + ¢ETE < 0, or equivalently

L H €ET
HT —eI 0 < 0.
cF 0 —el

Lemma 3: For any real matrices X;; for i, j =1,2,...,
r and n > 0 with appropriate dimensions, we have [35]

ZT: Z Z Z hihs il X5A X < Z Z hih; X5AXG;.

i=1j=11=1 I=1 i=1 j=1

Theorem 1: For given controller parameters and a pre-
scribed Hoo performance v > 0, the nominal fuzzy system
(7) is exponentially stable if there exist matrices P > 0 and
Qr >0, k=1,2,..., h, satisfying

Hi *
{0'5 /\}<0 (10)
4H1 * . .
<0, 1<i<j<r 11
Ey j ()
where
h
II; = diag{ — P+ Z(dT —d; + I)Qk,dA;PAdi
k=1
— diag{Q1,Q2, .., Qn}, —ﬁ} (12)

a = diag {5&1(1 — 6(1), .. .,O_ch(l — &h)}
Adi = diag{Adi,...,Adi}
h

~ ~ ~ ~ T
C” = |:0'101T‘11]P, ey O'SC’ITSZJP, plC]?l”P7 .o .,pmcg;,”]P



No.9 Bishan Zhang et al.: Robust Hs, Fuzzy Output-Feedback Control With Both General Multiple - - - 1659

P = diag{P,..., P} ALPZmi A};PD;;
stm Z,,T;“PZAmz + AZ;Z;”PAZAMZ ZA,Z;”PDZ]
)\ = diag{—P, —P,—I,diag{~1,...,~I}}
—_— * D} PD;;
P =dag{P,..., P} s [ 0 0 0 Buo(k)Ch
n =1 BuEc; oo 0
. Az 0
Agi = { 61 0 } E{B]PB;;}
T
N = 0 0 0
- Ci;+C 0 0 ] _ZUZ{B’“ 0} P{Bkicﬂ 0}
; . m T
P.%,_-jJrziAji PZpmi+PZm; PDij+PD; *ZP? { 0 BMCW } P[ 8 Bliockjl }
Ci;j+Cj; 0 Ds;+Ds;
[0 p1B2iCkj1+p1B2;Crit] 0 0 : ( 1012]) ( 1012])
P = diag{P,..., P}
——
s+m
L [0 pmB2iChjm+pmB2;Crim] 0 0 ] .
e { 0 0 }
W= BriCi 0
Proof: kiCji
Gug = [ G
0;(k) ={z(k — 7;(k), z(k — 7;(k) + sx(k)} [ }
h ng = 010111] >Uéolssz7 plel'Lj 7p’mckmzj
k) ={©1(k) | JO2(k) .- JOn(k) U {AZ iy }
where j = 1,2,...,h. We consider the following Lyapunov h A, 017 A0
functional for the system of (7): V(x(k)) = Y°_, Vi(k), = Z am (1l — @m) { (;i’ 0 } P{ (;h 0 }
where m=1
_ 7T = heo o o
Vi(k) =z (k)Pz =Y ALPAy = aA}PAy
h k—1
7. _ m=1
v = z:1 kz (k)x Q) & = diag{ai(1 —a1),...,an(l —an)}
J=li=k—1j o N
L ke Aai = diag{Aar, . .., Aai}
sy =3 Y > @ (H)Qs() h
j=1m=—dy+1i=k+m h .
E{AV: <FE kQ,z(k
with P >0, Q; >0 (j =1,2,...,h) being matrices to be {AVelx(k)} < {;( (R)Qse(k)
determined. 7T( ()@ (k ")
-z —Tj G — Tj
E[AV|z(k)] = E[V(x(k + 1)) |x(k)] — V(x(k)) k—dp
= E[(V(x(k + 1)) = V(x(K)))Ix(k)] + > xT(i)ij(i))lx(k)}
3 i=k—dpr+1
=Y E[AVi[x(K)] (13) h
=1 E{AVs|x(k)} = B Y _((dr — d)z" (k)Q; (k)
According to (7), we have o =t
E{AVi|x(k)} - > wT(i)le’(i))lX(k)}
i=k—dpm+1

=E [(zT(k +1)PE(k +1) — :fT(k)Pf(k))\X(k)} ‘
It is clear that

T T

<R YD Qugh) E{AVa|x(k)} + E{AVa|x(k)} < €7 (k)T3¢(k)
s with
where n
AT PAy; + BLPB; — P T = diag{ > (dr —di +1)Qx,
Qi =FE * !

*

- diag{Q17Q27 <. ~7Qh}70}~
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Therefore, we have E{AV |x(k)} < T (k)Ti;€(k), where
Fij = Ql‘j + TH Due to

E {ZT(k)z(k) - 'yZUT(k)v(k‘)}

<E(k)Y > hihyE {[C_'z’j +Cij,0, Dgi] "

P
%[Cij + G, 0, Dai] — diag{0,0,9°1} b ()
we can obtain
E {27 (k)2(k) = 7*v" (R)o(k) + AV (k) |
< €7 (k)(QF diag{ P, 1},
+ Zjdiag{P, I} Zi; + P)(k)
where

[ Ay Zni Dy
hij = [ ;0 Ds; }

T
Okijt = { [0 peB2iCrjr | 0 0 }

T
D5 = [ Okijl Okijm }
L [piléijvovo}
h 2 v
P= diag{ — P+ (dr — di +1)Qx, 6 A3 P Ay,
k=1

- diag{Q17Q27 .. '7Qh}7 _721}

. Define J(n) = EY 3_ [z (k)z(k) — v*v" (k)v(k)], we

J(m) = BY [T (0)2(k) = 70" (R)o(k) + AV (x(k) |
k=0

< BY [T R)2(0) = 4?0 (k)o(k) + AV (x(k))]
k=0

< hih;€" (k) (Q); diag{ P, 1}Q:;

=

—=0i=1 j=1

+ Zi;diag{P, I} Z;; + P)¢(k)

=YY BT (k) (@ ding (P 1}

k=0 i=1
+ 2zl diag{ P, I} Zii + P)¢(k)

+%Z Y hihig" (k)

k=075=1,1<j
x [(Qij + Qi) " diag{P, T}(uj + Qj:)
+ (Zij + Z5:) diag{ P, I}(Zi; + Z5i) + 415] (k).

According to Schur complement, we can conclude from
(10) and (11) that J(n) < 0. Letting n — oo, we have

Y E{l=®)IP} <" E{llv®))?}

According to Schur complement again, we know that
E{AV|z(k)} < 0if and only if (10) and (11) hold true. Fur-
thermore, one can easily verify the fact that the discrete-
time nominal (7) with v(k) = 0 is exponentially stable. W

4 Design of Robust H, Fuzzy Con-
troller

In this section, we are devoted to how to determine the
controller parameters in (6) such that the closed-loop sys-
tem (7) is exponentially stable with Ho, performace.

By Theorem 1, one can easily draw the conclusion as
follow:

Theorem 2: For a prescribed constant v > 0, the nom-
inal fuzzy system (7) is exponentially stable if there exist
positive definite matrices P > 0, L > 0, Q» > 0 (k = 1,2,

.., h), and K; and Cl; such that

0.5%; A
ij A
PL=1 (16)

rlz{ I *}<0, i=1,2,...,r (14

Ty = <0, 1<i<j<r (15)

[E—

M

hold, then the nominal system (7) is exponentially stable

with disturbance attenuation v, where A = diag{—L, —L,
—I, diag{—1,...,—1}}
N—— —

m

D145 + Pr1js 0 0
- Do1ij + Po1ji Pooij + Pooji Poszij + Posjis
* D3145 + P31js 0 D334 + Pasjis
D145 + Parjs 0 0
(17)
1; :diag{O,...,O,l,O,...,O}, K; = |: A}ﬂ Bkz :|
—_—— N —

-1 m—1

Dy;
o1 EK;Rj1

EK R p1B2i 11 Cl;

P = Pifz_‘?ﬂu}lé;j o P = _
: PpmBoi [;m Chj
L meﬂl.iImékj i
®15; = Ai + EK;R; + Bydiag{w, ..., wn }Cr;
315 = Cos + Bosdiag{wa, . .., wm }C;
C.i=[C. 0], L=diag{L,...,L}
s+m

Pooij = Zomis Do3ij = Dij, Pazij = Ds;.
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Proof: We rewrite the parameters in Theorem 1 in the
following form:

Ayj = Ay + EK; Ry + Bydiag{ws, ..
élij = FEK;Rj,

Cij = Ci + Baidiag{wn, ...
Dij = Dyi + D1:K; Da;.

. wm}ék]
) wm}c’k]

Pre- and post-multiplying the (10) and (11) by diag{I,
I, I, P~ P~ I,... I} and Letting L = P~', we have
——

(14)—(16) and complete the proof easily. Now we will point
out that the robust Ho, controller parameters can be de-
termined in light of Theorem 2. |

Theorem 3: For given scalar v > 0, if there exist positive
define matrices P > 0, L >0, Qr >0 (k=1,2,...,h), and
matrices K;, C; of proper dimensions and a constant € > 0
such that

I * <0
E“' diag{—s], —EI} ’
1=1,2,...,r (18)
FQ *
[ =, diag{—el, —cI} } <0
1<i<j<r (19)
PL=1 (20)
hold, where
- 0 0 0 0 [HT 0] HL 0
Si= | gE 0 0 0 0 0 0 0
- 0 0 0 0 [HS+HT 0] HL+HY 0
ST | g[E 0] 0 0 O 0 0 0

then the uncertain fuzzy system (7) is exponentially stable
and the controller parameters K; and Ck; can be obtained
naturally. o B

Proof: Replace A;, Aj, C., and C.; in Theorem 2
by_Ai +4 AAl(k), AjAAj(kJ)7 C.i + Acu(k), and Czj +
AC;;(k), respectively, where

- { NA; (k) 0

AAi (k) = 0 0}, ACL(k) = [ACL(K) 0.

According to Lemma 1, (18) and (19) can be rewritten
as follows:

I+ H F(k)E+E"F(k)"H{ <0
o+ HoF(R)E + E"F(k)"HY <0
where
E=[E 0
Hi=[0 0 0 0
Hy=[0 0 0 0

[Hi 0] HEG 0]
[HL +HT, o] HL+HL 0].

According to Lemma 1 along with Schur complement,
we can easily obtain (18) and (19). [ ]

In order to solve (18), (19) and (20), the cone-
complementarity linearization (CCL) algorithm proposed
in [36] and [37] is used in this note.

The nonlinear minimization problem: mintr(PL) sub-
ject to (18) and (19) and

P I
1 L

} > 0. (21)

The following algorithm [5] is borrowed to solve the
above problem.

Algorithm 1: ~

Step 1: Find a feasible set (Po, Lo, Qr(0); Ki(0)> Cri(o))
satisfying (18), (19) and (21). Set ¢ = 0.

Step 2: Solving the linear matrix inequality (LMI) prob-
lem, min tr(PLoy + PoyL) subject to (18), (19) and (21).

Step 3: Substitute the obtained matrix variables (P, L,
Qi K0y, Cri) into (14) and (15). If conditions(14) and
(15) are satisfied with |tr(PL)—n| < ¢ for some sufficiently
small scalar § > 0, then output the feasible solutions. Exit.

Step 4: If ¢ > N, where N is the maximum number of
iterations allowed, then output the feasible solutions (P, L,
Qk, Ki, Cki), and exit. Else, set ¢ = ¢ + 1, and goto Step
2.

5 An Illustrative Example

we give an illustrative examples to explain the proposed
model is effective and feasible in this section.

Ezample 1: Consider a T-S fuzzy model (1). The rules
are given as follows:

Plant Rule 1: If z1(k) is h1(z1(k)) then

z(k+1) = A1 (k)xz(k) + Aa Xh: am(k)z(k — 7m (k))

+ Buiu(k) + D117Z(]€)
y(k) = EC1£C(]€) + D21U(k)
Z(k) = Czl(k)l‘(k) + leu(k) + Dglv(k)

Plant Rule 2: If z1(k) is h2(z1(k)) then

z(k+1) = Az(k)x(k) + Ago Xh::l am(k)x(k — Tm (k))
+ Bmu(k‘) —+ Dlgv(k‘)

Z(k}) = sz(k,‘)a?(k') + Bzzu(k}) + D32U(k})
(22)

The given model parameters are written as follows:

1 02 0 0.1
Ar={01 01 01|, Du=| 0
01 02 02 0
003 0 —0.01 11
Ag=| 002 003 0 |, Bu=|04 1
0.04 0.05 —0.1 0 1
-0.1
1 08 07
D3 = 0 ; 01:[ }
o1 06 09 0.6
01 08 0.7 0.15
02_[70.6 0.9 0.6}’ D“_{ 0 }
02 0 0
DQQ—{OJ}, Ca=| 0 0 0
0 0 01
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1 1 0.1 0.1 Crr — 0.1355 0.0856 0.1789
Bau=|0 11|, Ha=|01]|, Ha=]| 0 kL=10.0311  0.0209 0.0372
0 1 0.1 0.1
Chy— 0.0110 0.0464 0.0731
0.1 0.1 0.1 ¥ 7 0.0832 0.0622 0.0502 |
Ha2 - 0 5 Hc2 == 0 5 D32 = 0
0.1 0.5 0.1 We take the initial conditions zo = [1 0 — 1]7, z0
T = [0 0 0]7 for the simulation purpose and let external
0.1 1 —0.38 0 disturbance v(k) = 0. Fig.2 depicts the state responses
E=1 01 , A= —0.2 0 0.21 for the uncontrolled fuzzy systems, which are unstable. We
0.1 0.1 0 —0.55 can see the fact that the closed-loop fuzzy systems are ex-
_ ponentially stable from the Fig. 3.
10 0 0.01 -0.01
Bio=|1 11|, Ag=] 002 0.03 0 02 :
0 1 0.04 0.05 —0.1 ===, (k) 4
_ g —x,(k) S
0.1 0.1 0 0 Z 0.15¢ —_— (k) v
Dia=| 0 |, Ca=1]02 0 02 - o
0.1 0 01 02 = P
_ 2 o1t .
10 2 -7
By = |0 1 < Len”
. S 005 It
2 ieet
Assume that the time-varying communication delays sat- E] mmm==" W
isfy 2 <7, <6 (m=1,2) and 2 0 |
E
a1 = E{on(k)} =08, &= FE{aa(k)} =06 -
- - -0.05 L -
w1 = F{wi(k)} =04, ©2 = E{w2(k)} =0.6. 0 500 L © 100 150
Assume also that the probabilistic density functions of Fig.2. State evolution z(k) of uncontrolled systems.
31 and B2 in [0 1] are read as
16
0, S1 = 0 07 So = O
@i(s1) =401, s5=05, qa(s2) =402, s2=05. <146 - - 'fz‘x
0.9, s3=1 0.8, s3=1 f;mli —_—
(23) -5 1
Z10f 1
The membership functions are described as % ol \
g
1, 20(1) =0 E 6l 1
hi = { |sin(zo(1)) z Y
1 I |
zo) |0 ¢ g ¢ \
E] ",
ho=1—hs. (24) 5 2 remaaty
= Ny . _
Now, we are to design a dynamic-output feedback par- @ 0 =
alleled controller in the form of (6) such that (7) is expo- 5 , ,
nentially stable with a given Ho, norm bound «. In the 0 500 Time (< 1000 1500
example, we assume v = 0.9 and obtain the desired Hoo fme ()
controller parameters as follows Fig.3. State evolution z(k) of controlled systems.

[ —0.0127 —0.0083 —0.0317
Apr = 0.0229 0.0149 0.0221
| —0.0588 —0.0429 —0.0654
[ —0.1365 —0.1296 —0.0570
A2 = | —0.0107 —-0.0095 0.0239
| —0.0125 —0.0129 —0.0260
—0.3236  0.1389
By = 0.0291  —0.0043
| —0.3077  0.1867
0.1664 0.0834
Byo = 0.1374  —0.0712
| —0.4340  0.5688

In order to illustrate the disturbance-attenuation perfor-
mance,we take the external disturbance

0.3, 20 <k <30
—0.2, 50< k<60
0, else.

v(k) =

Fig. 4 presents the controller-state evolution z.(k), Fig. 5
plots the state evolution of the controlled output z(k), and
Fig. 6 shows the output feedback controller. From Figs. 3—
6, one can see that the convergence rate is rapid and ef-
fective. By the above simulation results, we can draw the
conclusion that our theoretical analysis to the robust He
fuzzy-control problem is right completely.

Remark 2: The above simulation is performed on
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the basis of the software MATLAB 7.0 and the cone-
complementarity linearization algorithm may takes several
minutes because of choosing initial feasible set.

0.02

=== x.(k)
— (k)

)

| ! |
o o I
= =3 =3
& = £

Output feedback controller x,(k)

|
e
=

~0.124 500 1000 1500

Time (s)

Fig.4. Output feedback controller z.(k).

0.07 T y
) == =z, (k)

0.06
0.05 l
0044
0.03

0.027
0.01 1

 23(K) ||

(B

0 _—

=0.01 1

=0.021 1

003, 500 1000 1500
Time (s)

Fig.5. Controlled output z(k).

(k)
—u,{k)

—0.002

—-0.004

—0.006

—0.008

QOutput feedback controller w(£)

=0.01

%)'0120 5(I]0 . 1 OIOO 1500
Time (s)

Fig.6. Output feedback controller u(k).

6 Conclusion

In this paper, we establish general networked systems
model with multiple time-varying random communication

delays and multiple missing measurements as weil as the
random missing control and discuss its robust He, fuzzy-
output feedback-control problem. The proposed system
model includes parameter uncertainties, multiple stochas-
tic time-varying delays, multiple missing measurements,
and stochastic control input missing. The control strategy
adopts the parallel distributed compensation. We obtain
the sufficient conditions on the robustly exponential sta-
bility of the closed-loop T-S fuzzy-control system by using
the CCL algorithm and the explicit expression of the de-
sired controller parameters. An illustrative simulation ex-
ample further shows that the fuzzy-control method to the
proposed new control model is feasible and the new con-
trol model can be used for future applications. Whether
to construct piecewise Lyapunov functions [8] to solve the
proposed control model or not is an interesting topic and
in active thought.
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