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Abstract—This paper discusses the robust filtering prob-
lems for linear discrete-time systems with polytopic parameter
uncertainty under the Ho and H., performance. We aim to
derive a less conservative design than existing sufficient linear
matrix inequality (LMI) based conditions. It is shown that a
more efficient evaluation of robust H, or H, performance can
be obtained by a matrix inequality condition which contains
additional free parameters as compared to existing character-
izations. When applying this new matrix inequality condition
to the robust filter design, these parameters give additional
freedoms in optimizing the guaranteed H: or H performance.
The optimization will then lead to a less conservative design.
The results will recover the existing robust H; and H filtering
ones when the additional free parameters are set to be zero.
We also propose an iterative algorithm to further refine the
suboptimal filter. Examples are given to demonstrate the less
conservatism of the proposed approaches.

I. INTRODUCTION

Linear estimation has significant applications in engineer-
ing such as communication, control and signal processing.
For systems with known model and noise statistics, linear
estimation with minimum variance was the focus of research
in the 1960s and the 1970s; see, for example, [1]. However,
exact modeling of systems is usually difficult if not impos-
sible. Furthermore, system parameters may vary with time.
Hence, it was realized in the 1980s that there is a need to
consider system uncertainty in controller/filter design [25].

Filtering with guaranteed error for uncertain systems was
first addressed in [12]. A Riccati equation based approach
was adopted in [20], [21], [18], [16]}, [26] to deal with param-
eter uncertainty of norm-bounded type. The results of these
works involve searching for appropriate scaling parameters
such that the associated Riccati equation has a solution and
the guaranteed error variance is minimized. This is not an
easy task in general. Another drawback of the Riccati based
approach is that it assumes a fixed Lyapunov function for the
entire family of systems characterized by the norm-bounded
uncertainty, which is unavoidably conservative.

An alternative based on the linear matrix inequality ap-
proach has gained popularity since the development of the
interior point algorithm for convex optimization. In {13}, [4],
[7], [23], the LMI approach has been applied to solve the
robust Hy or H, filtering for systems with norm-bounded
uncertainty or integral quadratic constraints (IQCs). These
works do not require searching for scaling parameters but
still apply a fixed Lyapunov function.
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To reduce the design conservatism, there have been many
attempts in the past few years. In [3], a Lyapunov function
which is a linear or quadratic function of the uncertain param-
eter vector has been developed. In [14], [11], an additional
parameter-dependent matrix variable has been introduced
which allows the Lyapunov function to be vertex-dependent.
This technique has been effective in alleviating the design
conservatism significantly. Indeed, a less conservative design
using this technique has been recently demonstrated in [17],
[10]. On the other hand, it is noted that the result of [14],
[11] is a special case of the robust stabilization result given
in [15]. This means that there is still much potential to be
explored for achieving better performance than that by [17],
[101.

In this paper we extend the result of [15] to deal with
robust filtering problems for discrete-time uncertain systems.
It is shown that as compared to existing results, two addi-
tional scaling parameters can be introduced for robust Hy
filtering and three additional scaling parameters and one
matrix variable for robust H,, filtering. These additional
freedoms indeed lead to a less conservative design than
those of [17], [10]. Our proposed approach will reduce to
the results of [17], [10] when those free parameters are set
to be zero. Hence, it is clear that a better filter can be
designed by optimization over these parameters. An iterative
approach is also proposed for further refinement of the
robust Hy filter. Numerical examples clearly demonstrate
the less conservatism of the proposed design. In particular,
the iterative procedure indeed gives much improvement on
filtering performance in some applications.

II. PROBLEM FORMULATION

Consider the following asymptotically stable system:

Tpp1 = Azpg+ Bwg, z0=0 )]
ye = Caxr+ Dwy ©))]
zr = Lizk+ Lowg (€))]

where z; € R™ is the system state vector, y, € R is the
measurement, 2z, € RP is the signal to be estimated and
wy € R™ is the noise input.

Note that for the case when the process noise and input
noise are different (usually so in practice), say w1 and wag,
we can simply put B = [By 0], D = [0 Dy} and let

wy = [wl, w7 in the system model (1)-(2).
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The matrices 4, B, C, D, Ly and L, are appropriately
dimensioned with partially unknown parameters. They be-
long to the following uncertainty polytope:

Q = {(AB,C,D,L1,Ly)|(A,B,C,D,Ly,Ly) =

N
34D, BO,cO, DO, LY 1Y), o; 2 0,

i=1

N
D o= 1} @)
=1

We consider a filter of the form for the system (1)-(3):

frr1 = AZy+ Byr, 20 =0; )
2, = Cix+ Dy (6)

where the matrices (4, B, C, D) are to be determined.

The robust H, and H,, filtering problems to be investi-
gated are stated as follows.

Robust H, filtering problem: Assume that the noise
input wy, is a Gaussian white noise with zero-mean and unit
covariance. Design a filter of the form (5)-(6) such that for
all uncertainties belonging to the polytope (4) the filtering
error variance, £{[z(t) ~ ()] 7 [2(t)—2(t)]}, has a minimum
possible upper bound. .

Robust H,, filtering problem: Assume that w €
£,]0,00). Given a prescribed scalar v, design a filter of the
form (5)-(6) such that for all non-zero w € ¢2[0, 00),

2 = 22 < 7llwll2

over the entire polytope £2.

Remark 1: Robust Hy and H filtering problems have
received a lot of interest in the past decades. There are
basically two approaches to the problems, namely, the Riccati
equation approach and the LMI approach. The former was
commonly adopted in dealing with norm-bounded uncer-
tainty in the early stage of development; see [20], [16],
[18], [21]. Recently, there have been many interests in the
LMI approach mainly due to its numerical capability in
handling more general type of uncertainty such as polytopic
uncertainty and solving multi-objective filtering problems;
see [13], [10], [11], [17], [19]. In particular, a parameter
dependent Lyapunov function based approach has been pro-
posed for the robust H» filtering in [17], [10] for the case
where a strictly proper filter is considered. Since these results
are all sufficient, attempts are being made towards improving
the conservativeness of the design. Motivated by the work of
[15], in this paper we present an improved design method
for the problems.

III. ROBUST H; FILTER

This section first presents a less conservative analysis
result for evaluating the upper bound of the H> norm of
uncertain discrete-time systems. Additional free parameters
(slack variables) are introduced in the result which help
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reduce the conservatism of the evaluation. We then apply
the result to derive a less conservative design for the robust
H, filter.

First, denote £ = [z7 £7]7. It follows from (1)-(3) and
(5)-(6) that

€oy1 = A&+ Buy @)
ze— 2k = Cé& + Duy ®
where
- A 0 - B
4 = [Bc A}’ B‘{B’D] ®
c = {L1~Dc —c‘], b=L,-DD (10)

Recall that when the matrices (4, B,C, D) are known,
the Ho norm of the system (7)-(8) can be computed by the
following minimization:

min trace(CPCT + DDT) 1)
subject to

APAT - P+ BBT <0 (12)

Note that (12) is equivalent to

.= T
[4 B]diag{RI}[gT]—P<0 13)
or
[A4 B)'Q[A B]-diag{@,I} <0
where Q = P~1.
The following lemma can be established using a similar
argument as in [15].
Lemma 1: There exists a matrix Q = Q7 > 0 to (14) if

and only if there exists a solution (F,Q,G) with Q@ = QT
such that

(14)

!: —dia.g{Q,I}-}—[ gT ]F-l—FT[/i B * <0
-F+GT[A B RQ-G-GT
as)

Proof The proof is rather straightforward. First, if (14)
holds for some Q > 0, by setting F =0 and G =G = Q
and applying the Schur complement, (15) is satisfied. On the
other hand, if (15) holds for some (F, @, G), multiplying (15)
from the left and from the right by I'" and T, respectively,
where T'T = [ I [4 B]T 7 , (14) follows.

Remark 2: When the matrices (A, B) are known, the
above result implies the equivalence between (14) and (15).
However, if the matrices (4, B) are from an uncertain
polytope, (15) would render a less conservative evaluation
of the upper-bound of the Hy norm of the system (7)-(8)
due to the freedom given by the slack variables F' and Q
and the fact that @ is allowed to vertex-dependent in (15).
We note that when setting F' = 0, Lemma 1 reduces to that
in [17], [10]. This additional matrix variable will enable us
to derive a less conservative design than that of [17], [10].
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Lemma 2: Given the filter (A, B,C, D), an upper bound
of the H, norm of the error system (7)-(8) can be evaluated
by the following optimization

min trace(S)
(F.G.Q),i=1,2,--N)

subject to

) . AT 1

~F 4+ GT[A® BW)

AGOT
T fa
Fo+| por ] <0 (16)
QW —(G+GT)
and
s 6O pw
COT Q& o | >0 an
DOT I
fori =1,2,---,N, where A®, B® €@ and D@ are the

matrices in (9)-(10) at the i — th vertex of the polytope Q.

Proof: First, observe that a convex combination of (16)
at all the vertices of  implies (15) for Q = EaiQ(i) by
considering the fact that [A B} = 3> o;[A®) B®)]. Hence,
by Lemma 1, (14) holds for Q = Ea,»Q(i). Similarly, (17)
implies by the Schur complement that C(3 a;Q®)~1CT +
DDT < 8. Hence, the optimization in Lemma 2 is equivalent
to that in (11) subject to (14) with P = (3 o, Q).

The proof of Lemma 2 clearly demonstrates the use of a
parameter-dependent Lyapunov function.

‘While the above is useful for evaluating the H norm
bound for the error system (7)-(8) when a filter (5)-(6) is
given, it may not be directly applicable to the robust Hy filter
design problem due to the presence of the products of F' with
A® and G with A®. To enable the sub-optimal robust Ho
filter design, we specialize the matrix F' as follows:

=[ AG Oznxm ] (18)

where A = diag{M\I,,A2I,} with A\; and A, being real

scalars
%smg the above F, (16) can be rewritten as

-V 4+ ADT A 4+ cTAAE)  GTAB(H)  gTaA4 AT
BT Ag ~1 BT g <0 a9
-AG + 6T AW cTa(d) Q) ~(c+cT)

The following result gives a solution to the robust Hp
filtering problem.

Theorem 1: Consider the system (1)-(3) over the polytope
(4). A filter of the form (5)-(6) that gives a suboptimal
guaranteed filtering error covariance bound can be derived
from the following optimization

trace(S)

(RW,S4,55,5¢.T,D,Q{} Q§ JQ5758=1,2,-N A1 A2)
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subject to
M(ADTR 4 RT AD) = O4) s
AMWTAD +2o(SpC0 + Sa) ~ Q2T —2a(Sa +5T) - O
MBOTR MBOTW + ,\2D<1)T5T
RTA® - \R MW =TT
WTAD £ 50 + 54 —Sa+ATT
* *
* * *
I * <0
RT () (1;‘ (R+ RT) ‘ "
WTBO 4 55D 3 —WT+T) QY +(T+TT)
(20)
and
S * %
LT _ cOTHT _ 6T Q(’) x  ox o
5% T oy « |70 @
LT _ pOTHT 0o o0 I
fori=1,2,---,N. The suboptimal filter is given by
A=T71S,, B=T"'Sg, C=Sc, D=D (22

Remark 3: Observe that for given /\1 and /\2, (20) and (21)
are linear in R,W,S4,Sg,Sc,T,D QH,Q]2 and sz,
and hence can be solved by employing the LMI Tool [8]. The
problem is then how to find the optimal values of A; and A
in order to minimize the filtering error variance bound. One
way is to apply numerical optimization such as the program
fminsearch in the optimization toolbox of Matlab [2]. This
can be done by first solving a feasibility problem of (20)-(21).
Then, apply the fminsearch to obtain local optimal scaling
parameters A; and Ao.

Remark 4: 1t should be mentioned that when Ay = A2 =
0, Theorem 1 recovers the existing results in [17], [10]
where the signal to be estimated does not explicitly contain
the input noise w and a strictly proper filter is adopted.
It is thus expected that the result in Theorem 1 should be
less conservative due to the extra degrees of freedom in
optimization, which will be verified through a number of
numerical examples in Section 5.

Note that Theorem 1 has been derived with a specialized
matrix F of the form (18) in order to linearize the matrix
inequality. This, however, is restrictive. In the following we
will develop an iterative algorithm which can be applied to
refine the filter designed using Theorem 1.

To this end, we denote

— A®D o B®O® —_— . s
ABY - [ 0 o0 o ] AB=[A B],
¢ = {C% é D‘?n]
(23)
Then, (16) can be rewritten as
—diag{Q®, [} 4+ =2+ =T *
[ F+GTAB+GT[ ]ABCD(’) QW - (G +GT) ] <0
(24)
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—=(1)T ('L)T

where 2= AB""" F+CD [0 I F. The follow-
ing iterative procedure can be apphed:

Step 1: Given the filter parameters (4, B), F, G and Q¥
may be found by minimizing tr(S) subject to (16) and (17).
The initial (A, B) can be the suboptimal filter designed by
Theorem 1.

Step 2: With the F, G and Q) obtained in Step 1, an
improved filter can be obtained by minimizing tr(S) subject
to (24) and (17).

Repeat the above steps until trace(Si—1—Sk) < u, where
1 is a prescribed tolerance and Sy, is the matrix S of (17) at
the k-th iteration. ‘

It should be emphasized that the above iteration always
converges.

IV. ROBUST H, FILTERING

Recall that when the system (7) and (8) is known, it is
stable with its H,, norm less than < if and only if there
exists a matrix P = PT > 0 such that [24], [22]

AT diag{P, I}A — diag{P,*I} <0 (25)
where o
-[4 3]
Without loss of generality, we shall assume m = p, i.e. the

input and the signal to be estimated have the same dimension.
Note that, if this is not the case, some simple modification can
render the requirement satisfied. For example, if m < p, the
matrices B and D can be extended as B’ = [B Opyx(p—m))
and D' = [D Opx(p—m)]-

Similar to the derivation of Lemma 1, we have the follow-

ing result.
Lemma 3: When the system (7) and (8) is known, it is
stable with its H, norm less than X if and only if there

exist matrices (P, F, G) with P = P such that
—diag{P,y2I} + ATF+ FT 4 -FT + ATG <0
~-F+GTA diag{P, I} — (G + GT)
(26)

Note that any solution P of (26) must be positive definite
since (26) implies (25) which clearly indicates the positive
definiteness of P.

In order to facilitate the robust H, filter design, we need
to consider a special case of the above lemma. To this end,
we specify the matrices ' and G as follows:

A® 0 I® o
P=[ 0 &) o0 v
where & € R™*™, U € RP*P and A = diag{\1ln, A2I,}
with A; and Ao being any real numbers.

Remark 5: When setting A\; = Ao = ¢ = 0 (i.e. setting
F =0) and ¥ = I and by some row-column exchanges, the

7
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above inequality reduces to

P-3-3T @®T4 ®TB 0

ATo -P 0 CTH
BT® 0 -2 DT
0 ¢ D I

which is the result of [11]. Therefore, our result in Lemma 3
should lead to a less conservative result due to the additional
freedoms given by the scalars A;, A2, ¢ and the matrix
variable W,

The following result gives a solution to the robust Hy,
filtering.

Theorem 2: Consider the system (1)-(3) over the polytope
(4). A filter of the form (5)-(6) that solves the robust Ho
filtering problem exists if for some A1, A2 and ¢, there exists
a solution
(P, PD P R,W,S84,88,5¢,5p,T, ¥, D) to the fol-
lowing LMIs

21T R ¢ RT A - p{i) .
MmwT A 4ayspe +54) - DT 254+ 5T~ ﬁé;)
s(‘PTL(I) —s5pc® —50)+ 2 BOTR 50 + 28T w 4 3,p(OTsT
A R+ RTAWD 2w = 7T

“'TA(A'FSEC“)‘}”SA 2TT — sy
T (') ~spct) _sg se
. N . .
N x . N
n . . .
RT B() PO (rerTy . <o B
-

wTpl) 4 spp() P{,’;)T - wT 47y 1y

—ev+9TL{) — sppM) 0 0 my
for i = 1,2,---, N, where II; = -721 + 6(\IJTL(i)
LYy -~ Sp D DOTST), M, = P + (T + T7),
H3 =1~ (¥ +9T). In this snuatlon a suxtable H filter

is given by

A=T7'S4, B=T"'Sp, C=0""Ss, D=9"T5p (29)
Remark 6: Observe that for given Aj, A2 and e, (29)
is linear in (P, PY, B{Y, R, W, S4, Sz, Sc, Sp, T, ¥, D)
and can be solved by convex optimization. As for the problem
of choosing appropriate scaling parameters Aj, A2 and ¢, a
similar procedure as mentioned in Remark 3 can be applied.

V. ILLUSTRATIVE EXAMPLES
A. The example in [21]
Consider the example in [21]:

0 —05 -6
tepn = [1 Hé]zw[l}wk @0)
ye = [—100 10]xzx + vy (€2
ze = [1 0]z (32)

where wy and v, are uncorrelated zero-mean white noise
signals with unit variances, respectively. § is the uncertain
parameter satisfying || < do, where g is known to be a pos-
itive real number. We consider three cases g = 0.3,0.4,0.45
respectively. The suboptimal upper bound of the filtering
error variances are shown in Table 1.
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30 =0.4

60 = 0.3 b0 = 0.45
First method in {17 52.17 63.54 86.05
Iterative refinement in [17) 51.40 58.78 72.97
Proposed Theorem 51.59 58.95 65.39
Proposed iterative method 51.43 57.57 61.31
TABLE 1

PERFORMANCE COMPARISON BETWEEN DIFFERENT METHODS

From the results shown in Table 1, it can be seen that the
guaranteed filtering error bounds based upon the improved
method of this paper are smaller than those based upon the
first method in [17] for all the three cases. And the bounds
obtained by the iterative method of this paper are also smaller
than those by the iterative method in [17]. Our methods
give better upper bounds for the gnaranteed error covariance
than the methods in [17] especially when the bound of the
uncertainty becomes larger. For the case of 6o = 0.45, the
minimum bound of 65.39 is obtained by using Theorem 1

for A; = —0.8 and A, = 0.2 and the filter parameters are
given by
A —0.2506 0.0062 B= -0.0108
T | —1.5257 0.8484 (" ~ | —-0.0039 |’
C =10.6818 —0.0172].

Starting from the above filter parameters, we can employ the
iterative method and get the minimum bound of 61.31.

It should be pointed out that the DLLMI method in [17]
can get a better performance. It, however, only guarantees
that the bound will be valid at the vertices of the uncertain
polytope and the estimator performance should be checked
at all the points within the ploytope.

B. The example in [10]

Consider the discrete-time system in the form of (1)-(3)
with [10]

A—_—[ 0.9

01+006a] ,_[1 0 0
001+0058 09 |’

o010
C=[1 0],D=[0 0 1414],Ly=[1 1],Ly=0

where |a] < 1 and |8 < 1. The value of the H, guaranteed
cost based upon the method in [10] is 44.0039. Using
Theorem 1, we can achieve the H, guaranteed cost value
of 24.7750 for Ay = ~0.99 and Ay = —0.99. The resultant
filter is given by

4o [—00829 00031] 5 [ 1.0542
T | 3.0133  0.4404 |°7 T | -2.5541]°
C =[1.3263 0.2377].

Based upon the above filter and the iterative algorithm, a
much less conservative minimum bound of 14.64 can be

910

obtained and the filter is given by

A [~00823 000307 5 [ 1.0536
T 3.0097 0.4410|°° T | -2.5510]

¢ =[1.3263 0.2377].
The actual performance of the resultant filter obtained by the

iterative method is shown in Figure 2. It is clear from the
figure that the obtained upper bound is not conservative.

K

Fig. 1. Actual bound versus the uncertain parameters « and (3

VI. CONCLUSION

This paper has addressed the robust filtering of discrete-
time linear uncertain systems with polytopic uncertainty.
Based on a parameter dependent Lyapunov function ap-
proach, we present less conservative designs of Hy and H,
filters in terms of improved LMIs than existing approaches.
The improved LMIs contain a number of slack variables
which offer additional flexibility in optimization. The so-
lution of LMIs, if exists, provides a robust filter with a
minimum upper bound to the variance of the filtering error
or a guaranteed H, level of noise attenuation over the entire
uncertainty polytope. We also proposed an iterative approach
to further improve the filter performance. A comparison has
been made with existing results.

VII. REFERENCES

[1]1 B.D.O. Anderson and J.B. Moore, Optimal Filtering.
Englewood Cliffs, N.J.: Prenetice-Hall, 1979.

[2] Coleman T, Branch M, Grace A. Optimization Toolbox
For Use with Matlab, The MathWorks Inc. Natick,
Mass, 1999, )

[3]1 K.A. Barbosa, C.E. de Souza and A. Trofino, "Robust
H;, filtering for discrete-time uncertain linear systems
using parameter-dependent Lyapunov functions,” Proc.
2002 American Control Conf., pp. 3224-3229, Anchor-
age, AK, May 2002.

[4] M. Fu, C.E. de Souza and Z. Luo, “Finite horizon robust
Kalman filter design,” Proc. 38th IEEE Conf. Decision
Contr.,, Dec. 1999.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on March 30, 2009 at 21:27 from IEEE Xplore. Restrictions apply.



[5] M. Fu, C.E. de Souza and L. Xie, ”H, estimation
for uncertain systems,” Int. J. Robust and Nonlinear
Control, Vol. 2, pp. 87-105, 1992.

[6] M.C. de Oliviera, J.C. Geromel and J. Bernussou, ”An
LMI optimization approach to multiobjective controller
design for discrete-time systems,” Proc. 38th IEEE
Conf. Decision and Control, pp. 3611-3616, Phoenix,
AZ, Dec. 1999.

[7] C.E. de Souza and A. Trofino, ”An LMI approach to
the design of robust Hy filters,” in Recent Advances
on Linear Matrix Inequality Methods in Control, L. El
Ghaoui and S. Niculescu (Eds.), SIAM, 1999.

[8] P. Gahinet, A. Nemirovski, A.J. Laub and M. Chilali,
LMI Control Toolbox. Natick, MA: The Math Works,
Inc., 1995.

[9] J. Geromel and M. de Oliviera, ”H, and H,, robust
filtering for convex bounded uncertain systems,” Proc.
of the 37th IEEE CDC, Dec., Tampa, FL, pp. 146-161,
1998.

[10] J.C. Geromel, M.C. de Oliveira and J. Bernussou,
“Robust filtering of discrete-time linear systems with
parameter dependent Lyapunov functions,” SIAM J.
Control Optimization, Vol. 41, pp. 700-711, 2002.

[11] J. Geromel, "Optimal Linear Filtering under Parameter
Uncertainty,” IEEE Transactions on Signal Processing,
Vol. 47, pp. 168-175, 1999.

[12] B.N. Jain, “Guaranteed error estimation in uncertain
systems,” IEEE Trans. on Automat. Contr, vol. 20, pp.
230-232, 1975.

[13] H. Li and M. Fu, A linear matrix inequality approach
to robust H, filtering,” IEEE Trans. on Signal Process-
ing, Vol. 45, pp. 2338-2350, 1997. ‘

[14] D.J.N. Limebeer, U. Shaked and 1. Yaesh, “Parametric
BRL’s for discrete-time linear systems with polytopic
uncertainties,” Imperial Coll., London, U.K., Tech. Rep.
EEE-CP-99/2, 1999.

[15] D. Peaucelle, D. Arzelier, O. Bachelier and J. Bernus-
sou, A new robust D-stability condition for real convex

911

polytopic uncertainty,” Systems & Control Letters, Vol.
40, pp. 21-30, 2000. o

[16] LR. Petersen and D.C. McFarlane, ”Optimal guaranteed
cost filtering for uncertain discrete-time linear systems,”
Int. J. Robust Nonlinear Contr, vol. 6, pp. 267-280,
1996.

{17] U. Shaked, L. Xie and Y.C.-Soh, "New approaches to
robust minimum variance filter design,” IEEE Trans. on
Signal Processing, vol. 49, pp. 2620-2629, 2001.

[18] Y. Theodor and U. Shaked, “Robust discrete-time
minimum-variance filtering,” /EEE Trans. Signal Pro-
cessing, Vol. 44, pp. 181-189, 1996.

[19] H. D. Tuan, P. Apkarian and T. Q. Nguyen,”Robust
and reduced-order filtering: new LMI-based characteri-
zations and methods”, JEEE Trans. Signal Processing,
Vol. 49, no. 12, pp. 2975-2984, 2001.

[20] L. Xie, C.E de Souza and M. Fu, "H, estimation for
discrete-time linear uncertain systems,” Int. J. Robust
Nonlinear Contr, vol. 1, pp. 111-123, 1991.

[21] L. Xie, Y.C. Soh and C.E. de Souza, "Robust Kalman
filtering for uncertain discrete-time systems,” IEEE
Trans. Automat. Contr, vol. 39, pp. 1310-1314, 1994.

[22] L. Xie, Hy, output feedback control of systems with
parameter uncertainty,” Int. J. Control, vol. 63, pp. 741-
750, 1996.

[23] L. Xie, Y.C. Soh and C. Du, "Robust H estimation and
control,” Proc. 7th Int. Conf. on Control, Automation,
Robotics and Vision, Singapore, Dec. 2002.

[24] K. Zhou, P.P. Khargonekar, J. Stoustrup and H.H. Nie-
mann, “Robust stability and performance of uncertain
systems in state space,” Proc. the 3Ist IEEE Conf.
Decision and Control, Tucson, Arizona, USA, 1992,

[25] K.Zhou, J. Doyle and K. Glover, Robust and Optimal
Control. Prentice-Hall, 1998.

[26]) X. Zhu, Y.C. Soh and L. Xie, "Design and analysis of
discrete-time robust Kalman filters,” Automatica, UK,
Vol. 38, No. 6, pp. 1069-1077, 2002.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on March 30, 2009 at 21:27 from IEEE Xplore. Restrictions apply.



