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Abstract

This paper deals with the finite-horizon reliable H., output feedback control problem for a class of discrete time-varying
systems with randomly occurring uncertainties (ROUs), randomly occurring nonlinearities (RONs) as well as measurement
quantizations. Both the deterministic actuator failures and probabilistic sensor failures are considered in order to reflect the
reality. The actuator failure is quantified by a deterministic variable varying in a given interval and the sensor failure is
governed by an individual random variable taking value on [07 1}. Both the nonlinearities and the uncertainties enter into the
system in random ways according to Bernoulli distributed white sequences with known conditional probabilities. The main
purpose of the problem addressed is to design a time-varying output feedback controller over a given finite horizon such that,
in the simultaneous presence of ROUs, RONs, actuator and sensor failures as well as measurement quantizations, the closed-
loop system achieves a prescribed performance level in terms of the Hoo-norm. Sufficient conditions are first established for
the robust Hoo performance through intensive stochastic analysis, and then a recursive linear matrix inequality approach is
employed to design the desired output feedback controller achieving the prescribed H disturbance rejection level. A numerical

example is given to demonstrate the effectiveness of the proposed design scheme.

Key words: Finite-horizon reliable control; Time-varying systems; Actuator and sensor failure; Randomly occurring

uncertainties; Randomly occurring nonlinearities.

1 Introduction

For several decades, stochastic control and nonlinear
control serve as two of the most active research areas in
systems and control that have found successful applica-
tions in a variety of engineering systems such as automo-
tive engines, robot manipulators, aircraft and electrical
motors. So far, considerable research attention has been
devoted to the theoretical research on control problems
for nonlinear stochastic systems, see [1,3,5,6,9,11, 20,
22,24,30] and the references therein. For example, for
different kinds of nonlinear stochastic systems, the Ho
output feedback control problem has been investigated
in [24], the adaptive fuzzy control problem has been pro-
posed in [22], the neural-network-based controller de-
sign has been addressed in [23], the adaptive sliding
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mode controller has been designed in [4,10,17,18] and
the observer-based control problems have been solved
in [25], respectively. Among various descriptions of non-
linearities, the so-called randomly occurring nonlinear-
ities (RONSs) [26] cater for those randomly changeable
nonlinearities in terms of their types and/or intensi-
ties governed by stochastic variables. RONs, which typ-
ically occur in networked environments, encompass sev-
eral well-studied nonlinearities in stochastic systems and
have thus stirred particular research interests in the past
few years.

It is noticeable that, in almost all the aforementioned lit-
erature, the components of the control systems have been
implicitly assumed to be fully reliable. This assumption
is, unfortunately, not always true since the failures of
control components (e.g. sensors and actuators) often oc-
cur in practical applications due to a variety of reasons,
for example, the abrupt changes of working conditions,
the erosion caused by sever circumstance, the internal
component constraints, the intense external disturbance
and the aging of sensors or actuators, etc. Therefore, it is
of both practical significance and theoretical importance
to design a reliable controller against possible actuator
and sensor failures such that the essential performance
of the controlled system can be guaranteed [13,19]. In
fact, in the past two decades, the problem of reliable con-
troller design has attracted much research attention and
many approaches have been proposed in the literature
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including Hamilton-Jacobi equation approach [14, 15],
robust pole region assignment technique [8], algebraic
Riccati equation approach [21,29] and linear matrix in-
equality approach [12,16,27]. Despite the fruitful results
on time-invariant systems over an infinite horizon, it is
worth pointing out that the finite-horizon reliable con-
trol problem for time-varying systems has not been thor-
oughly investigated yet, not to mention the case compli-
cated further by nonlinearity and stochasticity.

As is well known, modeling errors (usually parameter
uncertainties) constitute an important kind of complex-
ities for system modeling that has a great impact on the
subsequent system analysis and design [28]. In today’s
networked systems, it is quite common that the network
load is randomly fluctuated and the signal transmission
suffers from unpredictable networked-induced phenom-
ena owing to limited bandwidth. As such, the occurrence
of the parameter uncertainties in a networked environ-
ment is often of random nature resulting from abrupt
phenomena such as modification of the operating point
of a linearized model of nonlinear systems, random fail-
ures and repairs of the components, changes in the inter-
connections of subsystems and sudden environment dis-
turbances, etc. Very recently, in [10], the concept of ran-
domly occurring uncertainties (ROUs) has been intro-
duced to reflect the probabilistic fashion of the network-
induced modeling error and the corresponding sliding
mode control problem has been considered. However,
when it comes to the finite-horizon reliable H,, con-
trol problem involving ROUs for nonlinear time-varying
stochastic systems, the related results are very few and
the situation is even worse when measurement quanti-
zations, actuator and sensor failures are also taken into
account. It is, therefore, the aim of this paper to shorten
such a gap by addressing the finite-horizon reliable H o,
control problem with presence of ROUs, RONs as well
as measurement quantizations.

Motivated by the above discussion, in this paper, we
launch a major study on the finite-horizon reliable H
output-feedback control problem for a class of discrete
time-varying stochastic systems with simultaneous pres-
ence of actuator and sensor failures, ROUs, RONs and
measurement quantizations. Some sufficient conditions
are established, via intensive stochastic analysis, to guar-
antee the existence of the desired time-varying output
feedback controller gains, and then such controller gains
are characterized by solving a set of recursive matrix in-
equalities. A simulation example is finally presented to il-
lustrate the effectiveness of the proposed design scheme.
The main contributions of this paper are highlighted as
follows. 1) The problem addressed is new in the sense
that this paper represents the first of few attempts to deal
with the finite-horizon reliable Hoo output feedback con-
trol problem against actuator and sensor failures for a
class of discrete time-varying stochastic systems. 2) The
system under consideration is comprehensive to cover
time-varying parameters, actuator and sensor failures,
ROUs, RONs and measurement quantizations, hence re-
flecting the reality more closely. 8) The algorithm devel-
oped is computationally appealing in terms of its recur-
sive nature suitable for online application.

The rest of this paper is outlined as follows. In Section
2, a class of discrete time-varying stochastic systems
is presented with actuator and sensor failures, ROUs,

RONs and measurement quantizations. The problem un-
der consideration is formulated. In Section 3, by em-
ploying the stochastic analysis techniques, some suffi-
cient conditions are established to guarantee the desired
output feedback controller performances and then the
controller gains are obtained by solving a set of recur-
sive matrix inequalities. A simulation example is given
in Section 4 to demonstrate the main results obtained.
Finally, we conclude the paper in Section 5.

Notation. The notation used here is standard except
where otherwise stated. R™ and R™*™ denote, respec-
tively, the n-dimensional Euclidean space and the set
of all n x m real matrices. ([0, N] is the space of vector
functions over [0, N]. The notation X > Y (respectively,
X >Y), where X and Y are real symmetric matrices,
means that X —Y is positive semi-definite (respectively,
positive definite). M7 represents the transpose of the
matrix M. 0 represents zero matrix of compatible di-
mensions. The n-dimensional identity matrix is denoted
as I, or simply I, if no confusion is caused. diag{---}
stands for a block-diagonal matrix. E{z} and E{z|y}
will, respectively, denote expectation of the stochastic
variable x and expectation of z conditional on y. Prob{-}
means the occurrence probability of the event “”. In
symmetric block matrices, “x” is used as an ellipsis for
terms induced by symmetry. The symbol ® denotes the
Kronecker product. Matrices, if they are not explicitly
specified, are assumed to have compatible dimensions.

2 Problem Formulation

Consider the following uncertain discrete time-varying
nonlinear stochastic system defined on k € [0, N]:

2k +1) = (A(R) + a(k)AA(R))a (k)
+ By(k)u(k) + B(k)g(k, x(k)
+ D(k

~
S
—~
Dy
~—
—~
—
~—

where z(k) € R™ represents the state vector; u(k) €
R™ is the control input; z(k) € R™ is the controlled
output; w(k) € R™ is the disturbance input which be-
longs to 1[0, N; and ¢y is a given real initial value. A(k),
Bi(k), Ba(k), D(k) and M(k) are known, real, time-
varying matrices with appropriate dimensions.

The nonlinear function g(k, z(k)) satisfies the following
condition:

lg(k, (k))[I* < (k)| E(k)a(k)|? (2)

where e(k) > 0 is a known positive scalar and E(k) is a
known time-varying matrix.

The real-valued matrix AA(k) represents the norm-
bounded parameter uncertainties of the following struc-
ture

AA(k) = Ha(k)F (k)N (), (3)



where H, (k) and N (k) are known time-varying matrices,
while F'(k) is an unknown time-varying matrix function
satisfying the following condition

FT(k)F(k) < I (4)

The stochastic variables a(k) € R and (k) € R are
Bernoulli distributed white sequences taking values on
either 0 or 1 with

where & € [0,1] and 3 € [0, 1] are known constants.

Remark 1 The random variables a(k) and B(k) are in-
troduced to characterize the phenomena of the ROUs and
the RONs, respectively. The uncertainty AA and the non-
linearity g enter into the system in random ways accord-
ing to individual Bernoulli distributions. Such a statis-
tics description is particularly suitable for reflecting pa-
rameter/nonlinear variations that are unpredictable but
appear in a random way with known probability laws.

In this paper, the measurement (k) with probabilistic
sensor failures is described by

§(k) =E(k)C(k)a(k) + E(k)v(k)

=Y pik)C;(k)a(k) + E(k)o(k) (6)
j=1
where v(k) € R"™ is the measure noise belonging to

) €
1[0, N].Z(k) is defined as Z(k) := diag{p1(k), ..., pn,(k)}
where p;(k) has the probability density function ¢;(s)
(j=1,. ny) on the interval [0, 1] with mathematical
expectation fi; and variance x?. C;(k) is defined by

C;(k) = diag{0,---,0,1,0,---,0}C(k).
—— N—

j—1 ny—j

In the sequel, we denote = = E{Z(k)} = diag{fi1, fi2, - - -,
fin, }- Throughout the paper, we assume that a(k), 5(k)
and p;(k) (j =1, ...,n,) are unrelated random variables.

In a networked environment, it is often the case
that (k) is quantized before being transmitted
to the controller. Let us denote the quantizer as

a) = [a() a0) - an,()]"

which is symmetric,

ie., gj(—v) = —¢;(v) (j = 1,...,ny). The map of the
quantization process is
_ _ —(n T
y(k) = [a (@D (k) @2(@PF)) - gn, (@ (k)]
where y(k) € R™ and g9 (k) (i = 1,...,n,) denotes

the ith element of §(k). For each ¢;(-) (1 < j < m), the

set of quantization levels is described by

JU {0}
(J)

= {2, 0 = xia§) i = 0,41, 42, -
0<x; <1, fig

and each of the quantization level corresponds to a seg-
ment such that the quantizer maps the whole segment
to this quantization level.

According to [7], the logarithmic quantizer is given by

| i i < gD k) < il
a7 (k) =< o, g (k) =0
—h;(—gV) (k)), g9 (k) <0

where §; = (1 —x
the above definition that ¢;(5") (k)) =
with |AY)] < 4;.

)/ (14 x;). It can be easily seen from
(1+A7)59 (k)

Defining Ay := diag{AEﬂl),...,A;ny)}, the measure-

ments with quantization effect and sensor failures can
be expressed as

y(k) = (I + Ag)y(k). (7)

Furthermore, by defining A := diag{d1,---,d,,} and
F(k) :== AyA™1, we can see that F'(k) is an unknown

real-valued time-varying matrix satisfying F(k)FT (k) <
I

When the actuators experience failures, we use uf(k) to
describe the control signal sent from actuators and the
control input of actuator fault can therefore be described
as follows:

u” (k) = G(k)u(k) (8)

where G(k) is the actuator fault matrix with

= diag{g1(k), ..., gn,(k)}

< G(k) <G(k)

= diag{g, (k), ...
)

= diag{g1(k), ...

and the variables g;(k) (i = 1,2,...,n,) quantify the
failures of the actuators. g.(k) and g;(k) serve as the
lower and the upper bounds on g;(k), respectively.



Defining

Go(k)=diag{gi(k), ... gn,} == g
—diag {gl B +a®) g, *)+5n.(k) }(10)

5 .
G (k)=diag{gi(k), ..., gn. (k)} := w
_ding {gl(k) ;Ql(k),”.,gnu(k) : g, (k) }(11)

the matrix G(k) can be rewritten as

G(k) = Go(k) + Aa(k)

= Go(k) + diag{m(k),..., 7, (k)} (12)
where 7;(k) (i =1,2,...,n,) are certain scalars satisfy-
ing |7;(k)| < gi(k)

In this paper, we adopt the following time-varying
output-feedback controller for system (1):

where z.(k) € R" is the controller state, A.(k), B.(k)
and C. (k) are the controller parameters to be designed.

Letting n(k) = [27(k) «Z(k)]" and w(k) = [w” (k)

o7 (k)] T, we have the following closed-loop system to be
investigated:

10k + 1) = (A(F) + G()AACK) + B (k))n(k)
+ (B + B(0)G(k, 2(k) + D(k) (k)
2(k) = M(byn(k)
(14)

where
A(k) = A(k) + AA(E) + aAA(k),
AA(K) =Ha(k)F(K)E.(k), Ei(k) =a(k) — a,
AA(k) =Ha(k)F(R)N (k), S(k) = B(k) — B,
Al = A(f) By (k)G(k)Ce(k) 7
B (k)=C(k) Ac(k)

(k) = [AZ(K)C (k) 0],
D(k) = diag {D(k), Bc(k)E(k)} ,
AD(k) =Ha(k)F (k) Eg(k),
M(k) = [M(k) Ba(k)G(RIC.(k) .

The objective of this paper is to find a sequence of reli-
able controller parameters A.(k), B.(k) and C.(k) such
that the closed-loop system (14) satisfies the following
performance requirement:

N-1
JE { > (1P - l=® ) - VQWT(O)SH(O)}

k=0
<0 (15)

where | (k)||% = @’ (k) Rww(k), and R and S are known
positive definite weighted matrices.

3 Main results

In this section, we investigate both the controller analy-
sis and controller design problems for the discrete time-
varying nonlinear stochastic system (1) with randomly
occurring uncertainties, nonlinearities, actuator and sen-
sor failures subject to output quantization. In the fol-
lowing theorem, we present the following analysis results
with known parameter matrix describing the actuator
failures.

Theorem 1 Consider the closed-loop system (14) with
known actuator failure parameter matriz G(k). Let the
disturbance attenuation level v > 0, families of posi-
tive scalars {e(k)}g<p<n_1 > 0, the positive definite
matrices R > 0, S > 0 and the controller feedback
gain matrices {Ac(k)}ogng—p {Bc(k)}ogng—l and



{Cc(k)}gcren—1 be given. The Ho performance re-
quirement defined in (15) is achieved for all nonzero
@ (k) if, with the initial condition P(0) < 425, there exist
families of positive definite matrices {P(k)}o<p<n > 0,
{Q(k)}ocreny > 0 and families of positive scalars
{ME) > 0} gepen_y Satisfying the following recursive
matriz inequalities

Qk) =

|:Qll(k) * *
Q31(k) Q32(k) Q33

0 ng(k) * ] <0 (16)
(F)

with the parameters updated by

Pk+1)=Q '(k+1) (17)

Q11(k) = —P(k) + Mk)e(k)HT ET (k) E(k)H,
Qa2 (k) = diag{~A(K)H] Hy,—7*R}, H = [10],

Q31 (k) = :AT(k) BT (k) MT(k:) AaAAT (k) o]T,

Eei(k) = [AC:(K) 0], Q52(k) = [9321 ) Qan (k)|
Qon (k) = BI()OO Ba-p1| , H = [II},
ABLi(k) = Ha (k) F(R)Eoi(h), Ao = /a1 —a),
Qsoa(k) = [DT(k) 0 0 0 o]T,

g (k) = —ding {QU+1),Q+1),1,Q(k + 1)},
Qk+1)=P  k+1), Qk+1) =1, ®Q(k+1),

Ba(k) = [iB (k) xoBL (k) -, BL, (K]
AB.(k) = [\1ABL (k) -+ xa, ABL (k)r,

Buy(k) = Bc(k)OCi(k) 8] Ok +1) =LoQk+1),

C

Proof: Defining

J(k) =n"(k+1)P(k+ 1)n(k + 1) — n" (k) P(k)n(k),

we obtain that

E{J(k)}

=E {7 (k)QR)E(K) — 27 (k)z(k) +~+*w" (k) Rew (k) }

where

Qll(k}) * *

Q(k)= | BP(k +1)A(k) Qa2(k)
Q31(k) Qa2(k) Qa3(k)

(

s%w=[T<>gT@am>>wTkﬁT,

BP(k+1)+B(1-p)P
AL (k)P (k4 1)A(k) + &

% P(k + 1) AAR) + (Bui(k) + A[;'ci(k))T
x (I, ® P(k+1)) (chk) + ABei(k)
+ME(R)M(k) = P(k),

=DT(k)P(k +1)A(k),

=AD" (k)P(k + 1),

=DT(k)P(k +1)D(k) — +*R.

/

Q31 (k)
Q30(k)
Q33(k)

It follows from the constraint (2) that
IH G (k, (k))II* < e(k)| E(k)Hn(k)|* (18)
and therefore we have

E{7(k)} < E{eT(R)QRIER) — AR)(IHIG(R, 2(k)|
—e(k) | E(k)H @m%} {27 (k)2 (k)

- }
—E{ﬁ‘ €W} ~B{="(k
2T } (19)
where
Q(k) = Q(k) + diag{\(k)e(k)Hp, —\(k)HF Hy, 0},
Hp=HTET(k)E(k)H. (20)

It follows from (16) that Q(k) < 0. Summing up (19) on
both sides from 0 to N — 1 with respect to k, we obtain

N—-1
Z E{J(k)}
k=0
=E{n"(N)
N-—1 ~
SE{§jéWMQwﬁw>
k=0

—y* (k) Reo (k) ) } (21)



Hence, the Ho, performance index defined in (15) satis-
fies

Noting that P(N) > 0, Q(k) < 0 and the initial condi-

tion P(0) < 425, it can be obtained that J < 0 and the
proof is now complete.

Based on the analysis results with the desired output
feedback controllers, we are now ready to solve the con-
troller design problem for system (1) in the following
theorem. For convenience of later analysis, we denote

Dy (k)=diag {D(k),0} , Dr(k) = ErK(k)Rs(k) + Do(k),

) k
Gr(k)=BrK (W) Ra(K) + Re(W)G(RIC(k), 21 = [0 1]
Ao(k) + Ggr(k)

Pk} BI DR(k)] |

(In, ® EIK(k))Rs(k) 0 0

. - By (k)
P (k)=ding { ~Q(k + 1), —Q(k + 1)} Ro(k) = |

rglkzdlag{ ARG Calk) + Mo(k), ﬁ(l—ﬁ)f,o},

(k)
[a3(k)=diag {—1,-Q(k +1),-Q(k + 1)},
Lo (k)=diag { (E1 K (k)Er)", (I, ® ErK (k)E)"},
(k)
(k)

Ty (k)=diag {—v1 (k)I, =1 (k)I}, Mo(k) = [M(k) o],

s (k :[ a(k) 0 Eb(k)] » Isa(k) = [Ec(k) 0} )
Bu(k)ir ()BT (k) 1 (MEL(K) 0 a(INT(8)]
Eb(k):[¢l(k

[s5(k)=diag {12 @ (=1 (k)I), I @ (—p2(k)I)},

. . T
Tss(k)=[0 0 Ba(k)] . Ba(k) = [00 AuHa(k) 0]
Ay (k)=diag {A(k),0}, Rs(k) = diag {0, E(k)},
Btk BL (F) xaBL (k) - xa, BE, (b))

0 1 0 0
Rl(k):_EC(k) ol Ryi(k) = (k) 0] ;
Rs(K)=[xt Ry (F) x2 R (K) -, BT, (B)] - (2)

Theorem 2 Consider the closed-loop system (14) with
known actuator failure parameter matriz G(k). Let the

VE: (k)
=7 AN B T
VEE(R) 00 0] Eok) = [00 aMa(k) 0], (4.0 B0 = K, Cull) = Culb)Er.

disturbance attenuation level v > 0, families of positive
scalars {e(k)}ocpan 1 > 0, the posztwe definite matri-

ces R > 0 and S > 0 be given. The Ho performance
requirement defined in (15) is achieved for all nonzero

w (k) if, with the initial condition P(0) < 42S, there exist
families of positive definite matrices {P(k)}o<p<n > 0,
{Q(k) o<y > 0, families of real-valued matrices

{K(k)}ocpan—1s {C.(k }0<k<N 1+ families of positive

scalars {A(k) > 0}ocpan_1, {¥1(k)(K) > Otocpan o
and {2(k) > 0}0<k<N71 satisfying the following recur-
sive matriz inequalities

Fll(k) * * * *
FQl(k) FQQ(k) * * *
[(k)= | Ts1(k) 0 Ta3(k) = * <0
0 F42(/€) O F44(/€) *
Dsi(k) Isa(k) Iss(k) 0 D'ss(k)
(24)
with the parameters updated by
Pk+1)=Q '(k+1) (25)

where the other parameters are defined in (23) and The-
orem 1. Furthermore, if (P(k),Q(k + 1), K(k),C.(k))
is the feasible solution of (24), then the output feedback

controller parameters in the form of (13) are given as
follows:

(26)

Proof : To deal with the parameter uncertainties in (14),
we rewrite (16) in the following form:

Q(k) + My (k) F (k)N1 (k) + NT (k) FT (k) MT (k)
+ My (k)F (k)Na(k) + N (k) FT (k) M3 (k)
<0 (27)



where

. _Qll(k) * k
AW =| 0 omm ¢ |
| Qa1 (k) Qsa(k) Qss(k)
oy [000H (k) 0 000]"
My (k) = _O 00 0 (I, @ Ha(k)T 00 0] )

Q32(k) = :9321(76) Qszz(k)} ;
Oz (k) = [DT(K) 0.0 0 O}T,
F(k) =diag{F(k), I,, ® F(k)},
Nyk) — E(k) 0 Eg(k) 0000 0] |
Eei(k)0 0 00000

Qa1 (k) = :AT(I@) BT (k) MT(k) 0 O]T,
/(/Q(k)::/\/(k)ooooooo},
)00 a(l—a)HI(k }T

It is observed that the following inequality holds:

My(k) = 0 00 aHl(k

(k) * * * %
NEER) — W«
GME) 0 eI« s
M3 (k) 0 —¢o(k)I 0
ba(k)Na(k) 0 0 0 —va(k)]
<0 (28)

In order to avoid partitioning the positive define matrices
P(k) and Q(k), the parameters in (28) are expressed as
follows:

A(k) = Ao(k) + ErK (k)R (k) + Ra(K)G(k)Ce (k).
D(k) = Do(k) + Er K (k)Rs(k), Ha(k) = E/K(K)Er,
Bei(k) = (I, ® ErK (k))Rs(k), Bei(k) = Er K (k) Rai(k)
M(k) = Mqo(k) + Ba(k)G(k)Ce(k (29)
where

K(k) = [Ac(k) B(b)], Gty = [0 ce®)] . (30)

Noticing (29) and (30), (24) is obtained by (28) after
applying some straightforward algebraic manipulations,
and the proof of this theorem is then complete.

In Theorem 2, with known actuator failure parameter,
the Hoo performance requirement defined in (15) is ob-
tained for the closed-loop system (14) and the output
feedback controller is designed based on the recursive

matrix inequalities approach. In the following theorem,
a design procedure for the desired controller parameters
is given in the case that the failure parameter matrix
G(k) is unknown but satisfies the constraints (9)—(12).

Theorem 3 Consider the closed-loop system (14). Let
the disturbance attenuation level v > 0, families of pos-
itive scalars {E(k)}ogngq > 0, {/‘(k)}ogng—l > 0,
the positive definite matrices R > 0 and S > 0
be given. The Hoo performance requirement defined
in (15) is achieved for all nonzero w(k) if, with

the initial condition P(0) < ~2S, there ewist fami-
lies of positive definite matrices {P(k)}ocpcn > 0,
{Q(F) o<y > 0, families of real-valued matrices

{K(k)}ocpan—1s {C.(k }0<k<N 1+ families of positive

scalars {A(k) > 0}ocpan_1, {¥1(k)(K) > Otocpan o
and {12(k) > 0}gcpcn_, Satisfying the following recur-
sive matriz inequalities

f(k * *
FR) = | u(BUE) —a(k)1 -
Ce(k) 0 —u(k)(GT(k)G(K)™!
<0 (31)

with the parameters updated by

Pk+1)=Q '(k+1) (32)
where
B(k)= 000 RE(k) 0 BE(K) 00000000,

c}(k:):{éc(k)0000000000000],
_Fll(k) * * * *
A f‘gl (k) Fgg(k) * * *
D(k)= | Tsi(k) 0 Tag(k) = * :
0 F42(k) 0 F44(/€) *
| Ts1(k) Tsa(k) Dsg(k) 0 Dss(k)
Pk | Aolk)+ Gorlk) I Dr(k)
2 (I, ® EK(k)Rs(k) 0 0 |’

1 (k) = diag {Bc(k)a B0- A, o} ,
Ba(k) = Ba(k)Go(k)Cu(k) + Mo ()
Gonlk) = ErK (M Ry (k) + Re(R)Co(R)Culk).  (33)

Furthermore, if (P(k),Q(k + 1), K (k), Cc(k)) is the fea-
sible solution of (31), then the output feedback controller
parameters in the form of (13) are given as follows:

[Ac(k) Be(h)| = K(B), Culk) = Ce(k)Er, (34)



Table 1
The Reliable Controller Design Algorithm

Step 1.  Give the Ho performance index +, the positive definite matrices R, S and the state initial
condition 7(0). Select the initial value for matrix P(0) which satisfy the condition P(0) < ~%S
and set k£ = 0.
Step 2. For the sampling instant k, solving the recursive matrix inequality (31) to obtain the values
of matrix Q(k + 1) as well as the desired controller parameters {A.(k), Bc(k), Cc(k)}.
Step 8. Set k =k + 1 and obtain P(k + 1) by the parameter update formula (32).
Step 4. If k < N, where N is the maximum number of iterations allowed, then go to Step 2, else go to
Step 5.
Step 5. Stop.
Table 2
Recursive process
k 0 1 2 3
A(k) 0.5314 0.5314 0.0141 0.0141 0.0791 0.0110 0.3136 0.3136
¢ 0.5314 0.5314 0.0141 0.0141 0.0241 0.0698 0.3136 0.3136
Bu(k) —2.0606 10.4288 —0.0785 1.0544 —0.0414 0.5060 —0.3578 6.4767
¢ —2.0606 10.4288 —0.0785 1.0544 —0.0414 0.5060 —0.3578 6.4767
c.(k) | [1.8772 1.8772] 0.5637 0.5637] 2.2341 2.2341] 5.2543 5.2543]

Proof: From (12), we know that I'(k) in Theorem 2 can
be rewritten as

L(k)=L'(k) + B” (k) Ac(k)Ce(k) + CL (k) A (k)B(k) (35)
Noticing inequality (12), it is obtained that

(k) <T(k) + p(k)B" (k)B(K) + p~ " (k)CE (k)G™ (k)
xG(k)C.(k) = T(k). (36)

It can be seen that (31) in Theorem 3 implies that I'(k) <
U(k) < 0. This completes the proof.

By means of Theorem 3, the algorithm for designing the
reliable robust controller can be outlined as Table 1.

Remark 2 In the system model under investigation in
this paper, there are mainly six factors that constitute
the complexity and complicate the design of reliable con-
troller, which are ROUs, RONs, actuator failure, sensor
failures, quantization and time-varying parameters. It
can be seen that all these six factors are explicitly reflected
in our main results. In Theorem 3, the finite-horizon reli-
able controller is designed by solving a series of recursive
linear matriz inequalities under which both the current
system measurement and previous system states are em-
ployed to control the current system state. Such a recur-
ste control process is particularly suitable for real-time
implementation such as online process control.

4 An Illustrative Example

In this section, we present a simulation example to il-
lustrate the effectiveness of the proposed reliable con-
troller design scheme for discrete time-varying stochastic

systems with randomly occurring uncertainties, nonlin-
earities, actuator and sensor failures subject to output
quantization. The system data are given as follows:

—06 02 T
Alk) = | L1sin(5k) 0.5] Ha(h) = [01 03]
N(k) = :0.2 0] , F(k) = sin(k), Ba(k) = 0.2,
[ -2 _ [0.1sin(3k)
Bilk)=  3sin(5k) | D) = l 0.3 1 ’
M(K) = [ ~0.4 05sin(5k) |, B(k) = [0'153112(3’“)] ,
k) = —2+O.§sin(5k) Of

The nonlinear function g(k,z(k)) is selected as
g(k,x(k)) = 0.5z1(k)sin(a2(k)). It is easy to see
that the constraint (2) is met with (k) = 1 and
E(k) = diag{0.2,0.15}. The parameters of the loga-
rithmic quantizer are chosen as jip = 2, Y1 = 0.8 and
Y2 = 0.5.

Let @ = 0.9 and § = 0.8. Assume that the probability
density functions of p1 (k) and p2(k) in [0, 1] are described
by

0 s=0 0 s3=0

Ci(s1) =4 0.1 57=05, C(s2) =% 0.2 s2=05,
09 s =1 0.8 sp=1

(37)
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Fig. 2. The controller output u(k)

from which the expectations and variances can be easily
calculated as ji; = 0.95, jio = 0.9, x? = 0.15% and x3 =
0.04.

The actuator fault matrix G(k) is assumed to satisfy
0.85 < G(k) < 0.9. Then, we can obtain that Go(k) =

0.875 and G(k) = 0.025. In the simulation, let u(k) = 1.
The Hoo performance level is chosen as v = 1, the

T
initial values of the states are xg = [0.26 —0.2} ,

T
Ty = [0.2 —0.16} and the positive definite matrices

R = diag{2,2} and S = diag{2,2,2,2}. The exogenous
disturbance input is selected as w(k) = 0.5sin(4k) and
v(k) = 0.2 cos(4k). According to reliable controller de-
sign algorithm, the desired controller parameters in The-
orem 3 can be solved recursively subject to given initial
conditions and prespecified performance index. Table 2
lists the desired parameters of reliable controller A.(k),
B.(k) and C.(k) from the time k = 0 to k = 3.

The simulation results are shown in Figs. 1-2, where
Fig. 1 plots the state simulation results of the closed-
loop system (14) and Fig. 2 depicts the controller output.
The simulation results confirm that the desired finite-
horizon performance is well achieved and the proposed
reliable controller design algorithm is indeed effective.

5 Conclusion

In this paper, the finite-horizon reliable H., output-
feedback control problem has been investigated for a
class of discrete time-varying systems with ROUs, RONs
as well as measurement quantizations. The actuator fail-
ures have been quantified by a variable varying in a given
interval and the sensor failures have been governed by an
individual random variable satisfying a certain proba-
bilistic distribution in the interval [0, 1]. Both the RONs
and the ROUs have been modeled by the Bernoulli dis-
tributed white sequences with known conditional prob-
abilities. In the presence of output quantization, a time-
varying output feedback controller has been designed to
preserve a guaranteed Ho, performance. A simulation
example has been utilized to demonstrate the effective-
ness of the finite-horizon reliable control techniques pre-
sented in this paper. Other possible future research di-
rections include real-time applications of the proposed
reliable control theory in telecommunications, and fur-
ther extensions of the present results to more complex
systems with unreliable communication links, such as
sampled data systems, bilinear systems, and a more gen-
eral class of nonlinear stochastic systems.
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