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Abstract

This paper is concerned with the problem of designing robust static output feedback controllers for linear discrete-time systems with time-
varying polytopic uncertainties. Sufficient conditions for robust static output feedback stabilizing controller designs are given in terms of
solutions to a set of linear matrix inequalities, and the results are extended to H» and H static output feedback controller designs. Numerical
examples are given to illustrate the effectiveness of the proposed design methods.
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1. Introduction

Robust control problems for linear systems with polytopic
uncertainties have been extensively studied in the past decades,
and many important results have been obtained. A popular ap-
proach to solve this problem is Lyapunov approach. In [3,10],
a single quadratic Lyapunov function approach is used for the
analysis and synthesis of linear uncertain systems. However,
the obtained results might be conservative. This is due to the
fact that the same Lyapunov function is used to assure the
robust stability of the system for the entire uncertainty do-
main. In order to overcome this conservativeness, parameter
dependent Lyapunov function methods have been proposed in
[8,6,17,19,1,11,21,7,4,20,14,12,2]. In particular, the methods
to separate Lyapunov matrix with system matrix by adding a
slack variable are noticeable, in [17,19,1,11], respectively, for
discrete- and continuous-time systems. By simple modifications
to the standard Linear matrix inequality (LMI) which appears
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in the continuous-time bounded real lemma (BRL), an Hy
controller design method is proposed for continuous linear
systems with time-invariant uncertainties in [21]. Further, for
linear systems with time-varying parametric uncertainties,
methods of introducing multi-slack variables are developed
in [7,4], respectively, for discrete-time and continuous case.
Moreover, robust D-stability problems are considered in
[20,14], and filter designs are studied in [12,2]. However, the
above-mentioned controller design methods of linear uncer-
tain systems are based on the assumption of the states are
available for controller implementation, which is not true in
many practical cases. When the states of a system are not
available, an output feedback control design is necessary. In
recent years, there have been some results for output feedback
control designs [15,5,22,13,16,18].

Among them, static output feedback control is very use-
ful and more realistic, since it can be easily implemented
with low cost. Recently, static output feedback control for
linear uncertain systems has been investigated by many re-
searchers see [5,22,13,16,18] and the references therein. In
[5], LMI conditions for solving static output feedback control
problem of linear continuous- and discrete-time systems are
given. A linear parameter dependent approach for designing
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static output feedback controllers [22] is proposed for a lin-
ear continuous-time system with Hp or Hy, performance re-
quirements, and the results are extended to discrete-time linear
systems that contain stochastic white-noise parameter uncer-
tainties in [13]. In [16], a two-step method for designing static
or dynamic output feedback controllers is given, where the first
step is to obtain a state feedback controller gain whereas the
second one is to obtain a static output feedback controller gain.
By introducing a parameter-independent slack variable with
sub-triangle structure, an LMI-based method of designing ro-
bust static output feedback controller for linear systems with
time-invariant uncertainties is proposed in [18]. These meth-
ods are concerned with designing static output feedback con-
trollers for linear systems with time-invariant uncertainties, and
are applicable for the time-varying case when a single quadratic
Lyapunov function is exploited. However, the design methods
given by [5,22,13,18] require that the system output matrix or
input matrix is fixed, i.e., without uncertainties. Although the
method of [16] is applicable for the system output matrix and
input matrix simultaneously with uncertainties, its design is de-
pendent on the obtained state feedback controller gain in the
first step. For the case that the considered system output ma-
trix and input matrix simultaneously are with time-varying un-
certainties, few convex methods have been proposed to design
robust static output feedback controllers in the literatures.

On the other hand, the approach to separate system ma-
trix and Lyapunov matrix by introducing slack variables has
been extensively applied for designing state feedback con-
trollers for linear systems with polytopic uncertainties, and
less conservative controller design conditions are obtained, see
[17,19,1,11,21,7,4,20,14,12,2]. In this paper, the approach is
extended for static output feedback controller designs of linear
systems with time-varying uncertainties and new sufficient con-
ditions for static output feedback controller designs are given
in terms of solutions to a set of linear matrix inequalities. In
contrast to existing approaches, a parameter-dependent slack
variable with lower-triangular structure is introduced by consid-
ering the properties of input or output matrices, which is helpful
for obtaining less conservative results. Moreover, the new tech-
nique is also applicable for linear systems with the time-varying
polytopic uncertainties, which may simultaneously emerge on
system output and input matrices.

The paper is organized as follows. In the next section, system
description and some preliminaries are given. In Section 3,
sufficient conditions for designing robust static output feedback
controllers are proposed, and the results are extended to H»
and Hy static output feedback controller designs. Section 4
presents numerical examples to illustrate the effectiveness of
the proposed design methods. Finally, Section 5 concludes the
paper.

Notation: The symbol * within a matrix represents the sym-
metric entries.

2. System description and preliminaries

Consider a linear discrete-time system (1) with time-varying
polytopic uncertainties described by the following state-space

equations:
x(k+ 1) = A(a(k))x (k) + By (a(k))w (k) + Ba(a(k))u(k),
z(k) = Ci(a(k))x (k) + Dy (a(k))w(k) + Dia(o(k))u(k),

y(k) = Ca(a(k))x (k), (1)

where x(k) € R" is the state vector, w(k) € R" is the dis-
turbance input, u(k) € RP is the control input, y(k) € R”
is the measured output, z(k) € R? is the controlled output.
a(k) = [ay(k), ax(k), ..., ocN(k)]T e R" is an unknown but
bounded time-varying parameter, satisfying

N

% ()20, Y (k) =1
i=1

and

N N

A@k) =) ai(k)A;,  Bi(ak) =Y o (k)Bi;,

i=1 i=1
N

By(a(k)) =) (k) Bai,

i=1
N N

Ci(ak) =) 0 (k)Cii,  Ca(a(k) =) % (k)Ca,

i=1 i=1
N N

Diy(ak) =Y % (k)Di1i,  Dia(a(k)) =Y i (k) Dii.

i=1 i=1

The matrices A; € R"™", By; € R"™™, By, € R"*P, Cy; €
RI*" Cy € R™", Dyy; € R9*™ and Dyp; € R7*P, 1<i<N.

The problem under consideration in this paper is to design a
static output feedback controller

u(k) = Ky(k), (2)
such that the resulting closed-loop system
x(k + 1) = (A(a(k)) + Ba(a(k)) K Co(a(k)))x (k)
+ Bi(a(k))w(k),
z(k) = (Cy(a(k)) + D12(ou(k)) K Co(au(k)))x (k)
+ Dy (a(k)w(k) (3)

is robustly stable or satisfies Hy (or Hy) performance require-
ments.

Definition 1 (Barbosa et al. [2]). (i) Suppose that system (1) is
asymptotically stable. The H, norm of system (1) is defined by

N
1
lim & — Tz (k
g {5 e
k=1
when x(0) = 0 and w(k) is a zero-mean white noise with an

identity covariance matrix, where in the above & denotes math-
ematical expectation.
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(i1) (Daafouz and Bernussou [6]). Suppose that system (1) is
asymptotically stable and for all w(k) € R™, satisfies

> Tzt <D whkwk)

i=0 i=0
oo
for all Z wT (kyw(k) >0 “)
i=0

then Hy, norm of system (1) is said to be less than 7.
The following two lemmas will be used in the sequel.

Lemma 1 (Barbosa et al. [2]). (H» performance). If there exist
symmetric matrices P(c(k)) and Z(a(k + 1)), such that

trace(Z (a(k + 1)) <7y,

then Hp norm of system (1) is less thans /7.

Lemma 2 (Hy, performance). If there exists a symmetric ma-
trix P(a(k)), such that

—P(a(k)) = * *
0 —yI * *
<0, ®)
I'y I —P(a(k +1)) =%
I’s Dyi(a(k)) 0 -1
where

I'y = P(a(k + 1)) (A(a(k)) + B2 (a(k)) K Co(a(k))),
Iy = P(a(k + 1)) By (a(k)),

I's = Cy(a(k)) + Dia(a(k)) K Ca(o(k))

then Hso norm of system (1) is less than 7.

Proof. Let the initial state x (0) =0. Choose Lyapunov function
V (k) = xT(k) P(a(k))x (k). From (8), we have

|: —P(a(k)) * }
<0
P ok + 1)) (A(o(k)) + Ba(a(k)) K Co(auk)))  —P(olk + 1))

then system (1) with w(k) = 0 is asymptotically stable.
Consider

Vk+1) — V(k) + %ZT(k)Z(k) —ywT(w(k)

- T [/111 * } [x(k)]
=[x (k) w (k)] , )
Ay Axpd Lw(k)

B —P(a(k)) *
P(atk + D)(A(a(k)) + Ba(a(k) K Ca(a(k)))  —P(atk + 1))
L Ci(a(k)) + Di2(ou(k)) K Co(a(k)) 0
[—Z(a(k + 1)) * *
P(a(k + 1))By(a(k)) —P(ak+1)) = <0
L Dy (au(k)) 0 —1

where

A1 = (A@(k)) + Ba(2(k))K Ca(a(k))) " P(a(k + 1))
x (A(a(k)) + Ba(a(k)) K Co(a(k))) — P(a(k))

1
+ ;(Cl (@(k)) + D12(ex(k)) K Co (k)"

x (Cr(a(k)) + Drz(a(k)) K Co(a(k))),
Aay = B (a(k)) P (ak + 1)) (A(ex(k)) + B (ex(k) K Ca(a(k)))

1
+ ;DlTl (k) (Cr(a(k)) + Dr2(0(k)) K C(a(k))),
Azy = B (a(k)) P (x(k)) By (e1(k))

1
+ 2 DL ) D (k) =71

5
k
* | <0, (6)
-1

(7

Applying Schur complement lemma to (8), we have

/111 *
|: ] <0

Az A
which can guarantee that (9) is less than zero, for [:f}((ll?)] # 0.
Then

o0

[(V(k + 1) —Vk) + %ZT(k)Z(k) - wa(k)w(k)>]

k=0

o0 1 o0
=V(00) = V(O) + ) ;z%k)z(k) =D wk)

k=0 k=0

=V(o)+ Y %z%k)z(k) = > wk)

k=0 k=0

o0
<0 for Y w'(w(k) >0,
i=0

where V (00) = limg_, o V (k). Since V (c0) >0, the above in-
equality implies that (4) holds. Therefore, the Hy, norm of
system (3) is less than y. [

3. Robust static output feedback controller design

In this section, two methods for designing robust static output
feedback controllers are given, respectively, for two cases. The
first case is that Cp;, 1 <i < N, are of full rank, and the second
one is that By;, 1 <i <N, are of full rank.
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3.1. Case I: Co; is of full rank

In this subsection, assume that Cp;, 1<i<N, are of
full rank, and let invertible matrices 7;, 1 <i <N, satisfy

CyT, =[I 0] for 1<i<N. (10)

N N
(Z 0<1P1) (Z o A
=1 =1

Under the assumption, a method for designing robust static
output feedback stabilizing controllers is firstly given, and then
followed by extensions to H, and Hy, controller designs.

Remark 1. For each C;, the corresponding 7; generally is not
unique. A special 7; can be obtained by the following formula:

Y

where C 2% denotes an orthogonal basis for the null space of C»;.

Ty =[C3(CuCE)™" C5l,

3.1.1. Robust stabilizing controller design
The following lemma is essential to the later development.

Lemma 3. [f there exist symmetric matrices Q;, 1 <i <N and
matrices S;j, 1<i, j <N, satisfying (12a) (or (12b)),

Qi — Sij — S *
[(Ai + ByjKC2)Sij —0
Qi —Sij — S *
|:(Ai + By KC2j)Si; —0Q

then system (3) with w (k) =0 is robustly stable via static output
feedback control law (2).

]<0, I<i, j,I<SN, (123

]<o, 1<i, j,I<N.  (12b)

Proof. By (12a) and considering the block (2,2) of the left
side of (12a), then we have Q; > 0. From the block (1, 1) of the
left side of (12a), it follows that Q; — S;; — SiTj < 0. Combining

it with Q; > 0, we can obtain S;; + SiTj > 0, which implies that
S;j is invertible. From Q; > 0, then we have

(Sij — 00T 07 (Sij — 0 =0

which is equivalent to

~5507 ' S; < Qi — Sij — S}j. (13)
From (12a) and (13), it follows that
=S Qi_lsij * ..
<0, 1<i,j,I<N. (14)
(Ai + B2jKC2)Si; — 0

Let P; = Ql._l, 1 <i < N. Pre- and post-multiplying (14) by

[<S,-j‘>T 0]
0 P
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and its transpose, then we have

i|<0, 1<i, j,I<N. (15)

|: —Pi *k
Pi(A;i + B2;KCy) —P
Multiplying (15) by o; (k)a;(k)oy(k + 1), and summing them,
then it follows that
N
-2 0P *
i=1

<0, (16)

N N N N
i) Fl 2wl ) | X oiBy | KX G ) — X P
= = =1 =1

where o; = o; (k), a; = aj(k), oy = oy(k + 1).
If we choose a parameter dependent Lyapunov function

N
V (k) =xT (k) <Z Oti(k)Pi) x (k)

i=1

then from (16), we have V(k + 1) — V (k) <O for x(k) # 0,
which implies that system (3) is asymptotically stable. More-
over, by replacing inequality (12a) with (12b), the correspond-
ing proof is easily obtained and omitted. [J

Remark 2. If K =0 and S;; = §;, then (12) becomes
[Qi -8 -8
A;S; -0

which reduces to the robust stability condition given in [7].
In particular, for the following parameter dependent Lyapunov
function:

]<o, 1<i, I<N, (17)

N

V(k), ak) = x" (k) (Z 7 (k)Q,-_1> x (k).

i=1

Eq. (17) is a necessary and sufficient condition to make sys-
tem (1) with u(k) = 0 and w(k) = O robustly stable, see
[7, Theorem 3].

Based on Lemma 3, we have the following result for robust
static output feedback stabilizing controller designs.

Theorem 1. If there exist symmetric matrices Q;, 1 <i<N
and matrices S;j, L, 1 <i, j <N with

S |:Sll 0
=Ly s
satisfying (18a) (or (18b)),
|:Qi—TiSij—SiTjTiT *
AiTiSij + Boj L —Qy
[Qi—TjSij—S;E-TJT *
AiT;S;; + By L -0y

then system (1) with w(k) = 0 is asymptotically stable via the
following static output feedback gain:

] L=[Ly 0]

]<0, I<i, j,I<N, (18a)

}<0, 1<i,j,I<N  (18b)

K=1L;S;". (19)
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Proof. From the structure of L, S;; and (10), (19), we can obtain

St 0
L=[KSy 0]=[K O][ . U}
SQ] S22

= K[l 01T, T;Sij = KCyi T;Sij = KC2;Syj,

where S;; = T;S;;. Substituting §;; for 7;S;;, KC2;S;; for L in
(18a), then (18a) can be rewritten as follows:

|: Qi — Sij — S5 *

}<0, 1<i, j,I<N
ASij+ B2jKCaiSij =0

which implies that (12a) holds. Then, from Lemma 3, it fol-
lows that the system (3) with w(k) =0 is asymptotically stable.
Moreover, by replacing inequality (18a) with (18b), the corre-
sponding proof is easily obtained and omitted. [

Remark 3. In Theorem 1, two sufficient conditions are pro-
posed for robust static output feedback stabilizing controller
designs of linear discrete-time systems with time-invariant un-
certainties, and the design conditions are given in terms of solu-
tions to a set of LMIs, which can be effectively solved by using
LMI Control Toolbox [9]. If the variables S;; =811, Q; = O1,
T; =Ty,i,j=1,..., N in Theorem 1, and the output matri-
ces Cy; =Cor1=[I 0],i=1,..., N, then the condition (with
(12b)) of Theorem 1 reduces to the result in [18]. It should
be pointed out that the methods given in [5,22,13,16,18] are
also applicable for designing static output feedback stabilizing
controllers for the time-varying case when a single quadratic
Lyapunov function is exploited. The comparisons between the
above-mentioned methods and Theorem 1 are illustrated in
Section 4.

It should be noted that for each Cy;, there may exist different
choices of T; satisfying (10). The following theorem shows that
the feasibility of the conditions of Theorem 1 is independent
of the choices of T;.

Theorem 2. If the condition of Theorem 1 is feasible for T;
satisfying (10), then for each V; satisfying (10), the condition
of Theorem 1 with T; = V; is also feasible.

Proof. Since both 7; and V; satisfy (10),

CoiTi = Cpi Vi =11 0]

which implies that

(1 017 =11 o1v; . (20)
Post-multiplying both sides of (20) by 7;, then we have

[1 0]=1[I 01V, 'Ti. @1
Wi W

) :| then from (21), it follows

Denote W; = Vi_1 T, = |: )
1 1
Wi W,

that Wi, =1, Wi, =0.

Consider
T;S;ij = Vin]TiSij =V;W;§;;

1 0 S11 0 S1i 0
:w[ i l’“”’ if]:‘/i[ff’if ?if}’(zz)
Wy Wo LS §yp o1 I

where

ij _ i i olj ij _ yi ol
51 =Wy Su + WpSy, S5 =WySh.

S11

Let ;= |: i i :|, then (22) can be rewritten as follows:
I I

T;Sij = Vi Y. (23)

Therefore, if (13) holds for 7;, then we have

Qi —Vi%ij—SLVE % .
<0, 1<i,j,I<N,

AiVi%ij + By L -0
or|: i R ij'j :|<(), 1<i, j,I<N,
AiV;¥ij+ By —Q

where Q;, L, and S; satisfy the condition of Theorem 1.
It follows that the condition of Theorem 1 is feasible for
Ii=V,. O

3.1.2. Hy and Hy control

In this subsection, the results for robust static output feedback
stabilizing controller design are extended to the cases of Hj
and H, control.

For the case of H, control, we have

Theorem 3 (H> performance). If there exist symmetric matri-
ces Q;, Zi, 1 <i< N and matrices S;j, L, 1<i, j <N with

S [S n 0 } (L: 0]
ii = .. .. ) L = Ll
TS sy

satisfying (24a) (or (24b)) and (25), (26)

[0 —T:Sij —SiT!  « *
ATS;+ Byl —0 | <0, 1<i,j,I<N,
L C1iTiSij + D12 L 0 —1
(24a)
Qi — TJ'S,'J' — S};T]-T * *
ATy +Bul —Q % | <0, 1<i jI<N,
L C1iT}Sij + Do L 0 —1
(24b)
—Zj * *
B —-0; x | <0, 1<i,j<N, (25)
D1 0 -1
THZi) <. 1<i<N, (26)

then the static output feedback control law (2) renders H> norm
of system (3) less than ./y, where

K=LS;.
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Proof. Let S;; =T;S;;, P, = Q; ! then using the technique of
Theorem 1, from (24a), we can obtain
—P; * *

Pi(Ai+ByjKCr) —P  x | <0, 1<i,j,I<N. (27)

Cii+ D12 KCo; 0 -1

Multiplying (27) by «; (k)oj(k)oy(k + 1) and summing them,
then we can have

N
-2 P
=1

1

N N N
<Z aicli) +{ > D | K (Z Oticzi)
L i=1 j=1 i=1
where o; = o; (k), o; = aj(k), oy = oy (k + 1).
Let P(a(k)) = ZlN:1 o; (k) P;, then (28) is same to (6).
On the other hand, pre- and post-multiplying (25) by

I 0 0
0 P 0
0 0 1

and its transpose, it follows that

—Z; * *
PiBi; —P; <0, 1<i, j<N. (29)
Dyy; 0 =1

Multiplying (29) by o; (k)a; (k+1) and summing them, then we
can obtain (7) with Z(a(k + 1)) = ZlN:loci (k+1)Z;. Similarly,
from (26), it follows that (5) holds. Then by virtue of Lemma
1, it further implies that H, norm of system (1) is less than
J/7- Moreover, by replacing inequality (24a) with (24b), the
corresponding proof is easily obtained and omitted. [J

The following theorem presents sufficient conditions for
robust Hy, static output feedback controller designs.

Theorem 4 (Hy, performance). If there exist symmetric ma-
trices Q;, 1<i <N and matrices S;j, L, 1<i, j <N with

Sii 0
=g ) emmo
satisfying (30a) (or (30b))
Ql-—T,-Sij—S};.TI.T * * *
0 —I * *
A;iT;S;ij + By L Bii -0 x
CiT;Sij+DpjL Dy 0 =yl

1<i, j,I<N, (30a)

Q; —T;Sij —SLTF =« * *

ijoJ
0 —1 * *
<0,
A;T;S;j + By L B —-0Q; *
CiT;Sij + DL Dy 0 —yI
1<i, j,I<N (30b)
k k

N N N N N N
(Bom) (£n) + (F0) (£ o) (§ ) ~Fian + <o
= 1= = J= 1= =

0 -1

then the static output feedback control law (2) renders Hxo
norm of system (3) less than y where

K=LiS;;"

Proof. It can be completed by using Lemma 2 and the argu-
ments similar to those for Theorem 3, and the details are omit-
ted here. 0O

Remark 4. Similar to Theorem 2, the feasibility of the condi-
tions of Theorems 3 and 4 also is independent of the choices
of T;. The proof is omitted here.

3.2. Case: B»j is of full rank

In this subsection, assume that Bj;, 1<i<N, are of full
rank, and let invertible matrices U;, 1 <i <N, satisfy

I
U;By = [o} for 1<i <N 31)

and under the assumption, sufficient conditions for robust static
output feedback controller designs are presented.

Remark 5. For each By;, the U; satisfying (31) generally is not
unique. A special U; can be obtained by the following formula:
[(B;Bz,-)‘ B, }
Ui= T ,
H.

1

(32)

where H; denotes an orthogonal basis for the null space of Ble..

Similar to Lemma 3, and Theorems 1 and 2, the following
result is given.

Lemma 4. If there exist symmetric matrices P;, 1 <i <N and
matrices R;j, 1<i, j <N satisfying (33a) (or (33b))

—P; *
T <0,
Rij(Ai + B2iKC2j) P — Rij — R;;

1<i, j,I<N. (33a)
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—P; *
| o
Rij(Ai + B2jKCi) P — Rij — R,
I<i, j,ISN (33b)
then system (3) with w(k) =0 is robustly stable via static output
feedback control law (2).

Proof. If (33a) holds, then

-1

N N
_Ri-/<Z“IPl> R£< ZO!IPZ—RU—R;.TJ..
=1 =1

Multiplying (33a) by o;(k + 1) and summing them, then

(34)

—Pi *
N T <0,
Rij(Ai + B2iKCaj) > auPr— Rij — R;;
=1
1<i, j<N.
From (34) and (35), it follows that

—Pi *

(35)

N -1 <0,
Rij(Ai + B2i KC2j) —Rij<Z°flPl) R,'T,'

I=1 :
1<i, j<N. (36)

Pre- and post-multiplying (36) by

.
0 Ri;l

and its transpose, then we have
—P,' k

-1
N <0, 1<i, j<N.
Ai + By K Cj —<Z“1Pl>
=i
(37)

Multiplying (37) by «;(k)a;(k), and summing them, then the
conclusion follows using the arguments similar to those in the
proof of Lemma 3. Moreover, by replacing inequality (33a)
with (33b), the corresponding proof is easily obtained and
omitted. [

Based on Lemma 4, we have

Theorem 5. [fthere exist symmetric matrices P;, 1 <i <N and
matrices R;j, M, 1<i, j <N with

Ry Rﬁjz M,
R;; = L, M= |: ]
0 R 0
satisfying (38a) (or (38b))

—P; *
[ T T:|<0’
RijUAi + MCy; P —RijjU; —U; Rij

1<i, j,I<N, (38a)

—P; *
[ T Ti|<0’
R,’jUin—I-MCz,' Pl_RijUj_UjRij

1<i, j,I<N, (38b)

then system (1) with w(k) = 0 is asymptotically stable via the
following static output feedback gain:

K =Ry 'M;.

Similar to Theorem 2, the following theorem shows that the
feasibility of the conditions of Theorem 5 is independent of the
choices of U;.

Theorem 6. If the condition of Theorem 5 is feasible for Uj;
satisfying (31), then for each V; satisfying (31), the condition
of Theorem 5 with U; = V; is also feasible.

Proof. Since U; and V; satisfy (31),
1

UiByi = ViByi = |: i|
0

which implies that

1 1
o [J-[]
0 0

then U; Vl._l = [1 '], Consider

0 e
Ry Rij I o
R;;Ui =Ry UiV Vi = ; [ ]
0 R,LILO o
Riq %lljz
Vi= 0 Vi=Ri;Vi, (40)
0 %

A L
where #;; = | K1t 712 | the rest of the proof is similar to that
Lo

of Theorem 2, and the details are omitted here. [
4. Examples

Example 1. Consider system (1) which belongs to the
2-polytopic convex polyhedron with

1+6 0 1.3
ne[7 0] |
1 0.7 03 -0.9

1 1.4
le=[], Bzz=|: ]
1 1

Cry=Cxp =1 0],

—0.65]

where 6 <d*. Since Ca1 = C»», the methods in [5,22,13,16,18],
and Theorems 1 and 5 are applicable for designing robust static
output feedback stabilizing controllers. Now applying these
methods to design robust static output feedback stabilizing con-
trollers such that 6* is maximized. The obtained 6* and cor-
responding static output feedback gains are shown in Table 1.
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Table 1 Table 3
& and K H; performance index
& K Theorem 3 with (24a) Theorem 3 with (24b)
[51 Infeasible - J7 0.8226 0.8226
[22,13] 0.43 —0.5263 K —0.8629 —0.8631
[16] 0.42 —0.5360
[18] 0.24 —0.5038
Theorem 1 with (18a) 0.23 —0.5067 Table 4
Theorem 1 with (18b) 0.26 —0.4947 Hao performance index
Theorem 5 with (38a) 0.53 —0.5366
Theorem 5 with (38b) 0.52 —0.5341 Theorem 4 with (30a) Theorem 4 with (30b)
Y 1.6562 1.6559
K —0.9537 —0.9531
Table 2
6" and K
5" © 0.6000 0.5000
Bn=[ ] B]2=|: :|
[16] 0.23 —0.9809 0.3000 0.4000
Theorem 1 with (18a) 0.40 —1.3336 1 1.5000
Theorem 1 with (18b) 0.36 —1.2176 By = [ :| , Bxp= [ i| s
Theorem 5 with (38a) 0.33 —1.1161 1 1.0000
Theorem 5 with (38b) 0.34 —1.2052

From Table 1, the computational results show that the methods
given by Theorems 1 and 5 can result in different designs, and
also justify that the condition of Theorem 1 with (18b) is less
conservative than the result in [18] (see Remark 3). And it can
be seen that Theorem 5 can give less conservative results than
other methods.

Example 2. Consider system (1) which belongs to the
2-polytopic convex polyhedron with

1.34+6 -1 0.8 —1.5
A1=[ ] A2=[ }
0.2 0.6 0.1 0.3

1 1
le=[ ] Bzz=[],
0.2 0

Cy=[1 15], Cxnp=[l 1],

where <. Since Ca1 # Cay and Byy # Bp), the methods
given in [5,22,13,18] are not applicable. But, the methods given
in [16], and Theorems 1 and 5 are applicable. Applying the
technique in [16], a state feedback gain Ko=[—1.0392 1.1961]
is easily obtained in the first step, then using Theorem 4.1 in [16]
with P; = P;, the maximal 6* can be obtained as 0.23, and the
corresponding static output feedback gain is K =—0.9809. The
design results by using the method given in [16], and Theorems
1 and 5 are shown in Table 2.

From Table 2, it can be seen that the new methods can give
less conservative results.

Example 3. Consider system (1) which belongs to the
2-polytopic convex polyhedron with
|:1.6000 0 i| |:1.1000 —0.3000]
~L1oooo 070001 "L o 01000 1

C11 =[1.0000 0.3000],
C>1 =[1.0000 — 0.1000],

C12 =[1.2000 0.50001],
Ca =[1.0000 0.1000],

D111 =0.5000, Di2 =0.6000, Dia =1,
D122 =0.9000.
By (11), we can obtain
0.9901  0.0995 0.9901 —0.0995
N [—0.0990 0.9950] ’ N [0.0990 0.9950 } ’

satisfying (10).

By using Theorems 3 and 4, the optimal H, performance
/7 and Hy, performance y as well as the corresponding static
output feedback gain K are obtained, and shown in Tables 3
and 4, respectively.

5. Conclusion

In this paper, the problem of designing robust static output
feedback controllers for linear discrete-time systems with time-
varying polytopic uncertainties has been studied. New sufficient
conditions for robust static output feedback stabilizing con-
troller designs are given in terms of solutions to a set of linear
matrix inequalities, and the results are extended to H, and H
static output feedback controller designs. Numerical examples
have shown the effectiveness of the proposed design methods.

Acknowledgment

This work was supported in part by Program for New Century
Excellent Talents in University (NCET-04-0283), the Funds
for Creative Research Groups of China (No. 60521003), Pro-
gram for Changjiang Scholars and Innovative Research Team in
University (No. IRT0421), the State Key Program of National
Natural Science of China (Grant No. 60534010), the Funds of
National Science of China (Grant No. 60674021) and the Funds
of PhD program of MOE, China (Grant No. 20060145019).



J. Dong, G.-H. Yang / Systems & Control Letters 57 (2008) 123—131 131

References

[1] P. Apkarian, T.H. Duong, J. Bernussou, Continuous-time analysis, eigen-
structure assignment and H, synthesis with enhanced linear matrix
inequalities (LMI) characterizations, IEEE Trans. Automat. Control 46
(2001) 1941-1946.

[2] K.A. Barbosa, C.E. de Souza, A. Trofino, Robust H2 filtering for discrete-
time uncertain linear systems using parameter-dependent Lyapunov
functions, in: Proceedings of the American Control Conference,
Anchorage, AK, 2002, pp. 3224-3229.

[3] J. Bernussou, J.C. Geromel, PL.D. Peres, A linear programming oriented
procedure for quadratic stabilization of uncertain systems, Systems
Control Lett. 13 (1) (1989) 65-72.

[4] Y.Y. Cao, Z. Lin, A descriptor system approach to robust stability analysis
and controller synthesis, IEEE Trans. Automat. Control 49 (11) (2004)
2081-2084.

[5] C.AR. Crusius, A. Trofino, Sufficient LMI conditions for output
feedback control problems, IEEE Trans. Automat. Control 44 (5) (1999)
1053-1057.

[6] J. Daafouz, J. Bernussou, Poly-quadratic stability and Hx, performance
for discrete systems with time varying uncertainties, in: Proceedings of
the 40th IEEE Conference on Decision and Control, 2001, Orlando,
Florida, USA, pp. 267-272.

[7] J. Daafouz, J. Bernussou, Parameter dependent Lyapunov functions for
discrete time systems with time varying parametric uncertainties, Systems
Control Lett. 43 (2001) 355-359.

[8] P. Gahinet, P. Apkarian, M. Chilaly, Affine parameter dependent
Lyapunov functions and real parametric uncertainty IEEE Trans.
Automat. Control 41 (3) (1996) 436-442.

[9] P. Gahinet, A. Nemirovski, A.J. Laub, M. Chilali, LMI Control Toolbox,
The MathWorks, Natick, MA, 1995.

[10] F. Garofalo, G. Celentano, L. Glielmo, Stability robustness of interval
matrices via Lyapunov quadratic forms, IEEE Trans. Automat. Control
38 (2) (1993) 281-284.

[11] J.C. Geromel, P. Colaneri, Robust stability of time varying polytopic
systems, Systems Control Lett. 55 (2006) 81-85.

[12] J.C. Geromel, M.C. de Oliveira, J. Bernussou, Robust filtering of discrete-
time linear systems with parameter dependent Lyapunov functions, SIAM
J. Control Optim. 41 (3) (2002) 700-711.

[13] E. Gershon, U. Shaked, Static H, and Hso output-feedback of discrete
time LTI systems with state multiplicative noise, Systems Control Lett.
55 (3) (2006) 232-239.

[14] V.I.S. Leite, PL.D. Peres, An improved LMI condition for robust
D-stability of uncertain polytopic systems, IEEE Trans. Automat. Control
48 (3) (2003) 500-504.

[15] L. Lu, R. Yang, L. Xie, Robust Hy and Hyo control of discrete-time
systems with polytopic uncertainties via dynamic output feedback, in:
Proceedings of the American Control Conference, Portland, OR, USA,
2005, pp. 4315-4319.

[16] D. Mehdi, E.K. Boukas, O. Bachelier, Static output feedback design for
uncertain linear discrete time systems, IMA J. Math. Control Inform.
21 (3) (2004) 1-13.

[17] M.C. de Oliveira, J. Bernussou, J.C. Geromel, A new discrete-time robust
stability condition, Systems Control Lett. 37 (1999) 261-265.

[18] M.C. de Oliveira, J.C. Geromel, J. Bernussou, Extended H, and
Hyo characterizations and controller parameterizations for discrete-time
systems, Int. J. Control 75 (9) (2002) 666—679.

[19] M.C. de Oliveira, J.C. Geromel, A class of robust stability conditions
where linear parameter dependence of the Lyapunov function is a
necessary condition for arbitrary parameter dependence, Systems Control
Lett. 54 (2005) 1131-1134.

[20] D. Peaucelle, D. Arzelier, O. Bachelier, J. Bernussou, A new robust
D-stability condition for real convex polytopic uncertainty, Systems
Control Lett. 40 (2000) 21-30.

[21] U. Shaked, Improved LMI representations for the analysis and the design
of continuous-time systems with polytopic type uncertainty, IEEE Trans.
Automat. Control 46 (2001) 652—656.

[22] U. Shaked, An LPD approach to robust H, and Heo static output-
feedback design, IEEE Trans. Automat. Control 48 (5) (2003) 866—872.



	Robust static output feedback control for linear discrete-timesystems with time-varying uncertainties
	Introduction
	System description and preliminaries
	Robust static output feedback controller design
	Case I: C2i is of full rank
	Robust stabilizing controller design
	H2 and H control

	Case: B2i is of full rank

	Examples
	Conclusion
	Acknowledgment
	References


