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Robust Stability Analysis of
Single-Parameter Dependent Descriptor Systems

Ryohei Sakuwa and Yasumasa Fujisaki

Abstract— Exact robust stability analysis is considered for
time-invariant descriptor systems whose coefficient matrices
are affine functions of an uncertain parameter. A necessary
and sufficient condition for robust stability is given as a
parameterized linear matrix inequality (LMI) whose variable
matrices are polynomial matrices of the parameter, where
an upper bound of the degree of the polynomial matrices
with respect to the parameter is derived explicitly. Then, it is
shown that the parameterized LMI is reduced to a parameter-
independent and finite-dimensional LMI, which implies that
robust stability analysis of this class of systems can be recast
exactly as a finite-dimensional convex feasibility problem.

1. INTRODUCTION

Robust stability analysis for uncertain systems is one of the
fundamental problems in systems and control. The analysis
depends on a way to represent uncertainty of the systems.
A typical way is to describe the uncertainty as parameters
in the coefficient matrices of state space models, which is
consistent with the situation that physical parameters of the
systems appear in these matrices.

Recently, several new results have been obtained in this
area (see, e.g., [1], [2], [3]), which focus on exact robust
stability analysis of parameter-dependent state space models.
For example, in [1], it is shown that robust stability of
parameter-dependent state space models whose coefficient
matrices are affine functions of the parameters is equivalent
to the existence of a polynomially parameter-dependent
quadratic (PPDQ) Lyapunov function. In [2], an upper bound
of the degree of such a PPDQ Lyapunov function is obtained
for a subset of the models, i.e., the models with single
uncertain parameter. On the other hand, in [3], it is shown
that such an upper bound can be derived even for multi-
parameter case.

Notice here that these papers give a complete answer
only for parameter-dependent state space models whose
coeflicient matrices are affine functions of parameters, which
seems a fairly restrictive class, though their approach could
be extended to a polynomial function case in a straight-
forward way. Since physical models contain their physical
parameters as rational functions in the coefficient matrices of
the state space models in general, there exists an important
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question: Can we derive a similar robust stability condition
for parameter-dependent systems whose coefficient matrices
are rational functions of uncertain parameters?

In this paper, we consider exact robust stability analysis
of parameter-dependent descriptor systems whose coefficient
matrices are affine functions of a parameter. Note that
parameter-dependent state space models whose coefficient
matrices are rational functions of a parameter can be rewrit-
ten as this class of descriptor systems [4]. Thus, the result of
the present paper gives a complete solution of the question
above for the single parameter case.

The tool we use in this paper is LMI conditions for
stability analysis of descriptor systems without uncertainty
[5], [6], [7]. In particular, a strict LMI condition, i.e., an
LMI condition which consists only of strict inequalities is
derived in [7], which we extensively use in this paper since a
tolerance ensured by strict inequalities are useful in showing
necessity of the condition. By replacing the variable matrices
of the existing LMI condition with polynomially parameter-
dependent matrices, we immediately state a necessary and
sufficient condition for robust stability.

Then, the questions we consider in this paper are as
follows: (i) Can we give an explicit upper bound of the
degree of the polynomial matrix variables in the parameter-
dependent LMI condition with respect to the parameter?
(ii) Can we rewrite the parameter-dependent LMI condition
as a parameter-independent and finite dimensional LMI fea-
sibility problem? In the main body of this paper, we actually
present complete answers to these questions for the single
parameter case.

Note that these questions have been considered by [2]
for state space models, and this paper follows a similar
discussion. However, the strict LMI condition for stability
analysis of descriptor systems contains not only a variable
corresponding to a Lyapunov function of exponential modes
but also an auxiliary variable corresponding to impulsive
and/or static modes, which brings a technicality to the
problems considered in this paper.

This paper is organized as follows. In Section II, we
define stability of descriptor systems, and state the problem
formulation we consider in this paper. We also remark
generality of the formulation with an example. In Section III,
we present the main result, that is, exact robust stability con-
dition based on polynomially parameter-dependent Lyapunov
equations. Subsequently, we show that the condition can be
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reduced to a parameter-independent and finite-dimensional
LMI feasibility problem. A simple numerical example is
given in Section IV. We make some concluding remarks in
Section V.

II. PROBLEM STATEMENT
A. Descriptor Systems

Let us consider a descriptor system of the form
Ex = Ax (1)

where x € R" is descriptor vector, E,A € R™", and rank E =
r < n. The stability of the system is defined as follows.

Definition 1: System (1) is stable if it is regular (i.e.,
det(sE — A) # 0) and has neither impulsive modes nor
unstable finite modes.

When we define the stability of descriptor systems as the
above, it is shown that stability analysis of descriptor systems
can be reduced to an LMI feasibility problem [7].

Lemma 1: A system (1) is stable if and only if there exists
a positive definite matrix P = PT € R™" and a matrix S €
RO=1X(=1) gatisfying

APET + VSUT) + (EP + USTVDHAT <0 (2)

where V € R™®) is a full column rank matrix such that
EV =0, and U € R™"™ is a full column rank matrix such
that ETU = 0.

Although a strict inequality is employed in this lemma, its
equation version [8] exists, which is also used in this paper.

Lemma 2: A system (1) is stable if and only if there exists
a positive definite matrix P = PT € R™" and a matrix S €
RO=1X(=1) gatisfying

APET + VSUNY + (EP+USTVHAT+CTC=0 (3)

where the matrix C is selected so that

rank[SE_A]zn, VseC “4)
C
E A
rank [ O C |=n+r. (®)]
0 E

By using the singular value decomposition (SVD) of the
matrix E, any descriptor system (1) can be reduced to

L 0. | An An
[o o}x‘[A12 Azz]x ©
A Ap T
=T AR 7
[ Ap Ax ] ™

where R is an orthogonal matrix and 7 is a nonsingular
matrix both of which are determined by E. The following
is a well-known fact regarding this SVD form.

Lemma 3: A system (1) is regular and has no impulsive
mode if and only if Ay, is nonsingular. When Aj; is nonsin-
gular, the system (1) is stable if and only if Aj; —A12A;21A21
is Hurwitz.

B. Parameter-Dependent Descriptor Systems

In this paper, we consider a parameter dependent descrip-
tor system whose coefficient matrices are affine functions of
a parameter:

Ex=Apx,
P € [_1’ 1],

where p is a time invariant uncertain parameter. Our problem
in this paper is to determine whether system (8) is stable for
all p or not. Note that, since E is a constant matrix, we can
simply say that rank £ = r < n independently of p.

The class of the systems we consider here is fairly general
in the following sense. We first remark that, when p is in
a compact and connected region, we can take p € [-1,1]
without loss of generality. Furthermore, if the matrix E
include a parameter, i.e., if a parameter-dependent system

Ap = Ao +pA1 (8)
E, A(), A1 e R™>"

EP)LC = A_p)_c, Ep = Eo +pE1, Ap = A_o +pA_1 9)

is given, then it can be represented as

M

where z = pX, which meets the form of (8). Since we
can show that stability of (10) is equivalent to that of (8)
with a straightforward calculation, the class of the systems
(8) covers any descriptor system whose coefficient matrices
contain uncertain parameter as affine functions.

We further remark that the class of descriptor systems (8)
contain the class of state space models whose coefficient
matrices are rational functions of a parameter, as is pointed
out in [4]. In fact, for example, a state space model

(10)

. 1+2p 3p?
[zl]: 3+2p [;“] (11)
2 2+p 2
can be rewritten as
1 0 0O X
01 0 0 X
0 0 0 O X3
00 0 O X4
1+20 0 3p 0 X1
B 5 0 0 3+2 X
- 0 p -1 0 X3 (12
0 -1 0 2+p X4

which is a parameter-dependent descriptor system in an affine
manner. That is, our result for descriptor systems can give
an answer for state space models whose coefficient matrices
are rational functions of a parameter.

III. RoBusT STABILITY CONDITIONS
A. Parameterized LMI Condition

In this section, we derive a necessary and sufficient
condition for robust stability of the descriptor system (8).
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To this end, we employ a parameter-dependent (generalized)
Lyapunov inequality. That is, we apply Lemma 1 to the sys-
tem (8) replacing the variable matrices P, S with parameter-
dependent matrices P(p), S(p). Then, we see that system
(8) is robustly stable if and only if there exists parameter-
dependent matrices P(p), S (o) such that

A (P)E" + VS (p)U") + (EP+ US(p)'VHA] <0 (13)

for all p. A key issue here is how to select the class of
P(p), S(p). If it is too small, then the condition becomes a
sufficient condition of robust stability. If it is too general,
then the condition may still give a necessary and sufficient
condition, but it may be impossible in principle to check the
existence of P(p), S (o).

In this paper, we consider the parameter dependent matri-
ces P(p), S (o) as polynomial matrices of p:

dP ds
Py= > p'Pi, S,=> piS;.
i=0 i=0

We show that in this section, even if we restrict the class
of parameter-dependent matrices P(p), S (p) within the poly-
nomial matrices, the condition gives still a necessary and
sufficient condition of robust stability. We also derive an
upper bound of the degree of the polynomial matrices with
respect to p.

We need a few preliminary results to prove the theorem.
The following is related to the eigenvalues of a Kronecker
sum of the form A® I, + I, ® A [9].

Lemma 4: For a matrix A € R™", the eigenvalues of the
matrix A® I, + I, ® A are given by 4; +1;,1 <i<j<n,
where A;, A; are the eigenvalues of A.

The following fact can be derived straightforwardly from
the definitions of the determinant of a matrix and its adjoint
matrix.

Fact 1: Let H(p) € R™" be a polynomial matrix of p with
degree d. Then,

(14)

15)
(16)

deg[det(H(p))] < nd,
degladj (H(p))] < (n—1)d

holds, where deg[¥/(p)] means degree of a polynomial (ma-
trix) y¥(p) with respect to p, and adj (H(p)) means the adjoint
matrix of H(p).

Then, we state one of the main theorems of this paper. This
is a polynomial (generalized) Lyapunov inequality for exact
robust stability analysis, where an upper bound of the degree
of the polynomial matrices P(p), S(p) is stated explicitly.

Theorem 1: A descriptor system (8) is robustly stable if
and only if there exists matrices P; = P € R™, | =
0,1,...,d,, S; e R0 i =0,1,...,d, such that

AyP,ET + VS ,U) + (EP, + US,VDHAT <0,  (17)

d,

P, = Z p'P; >0,
i=0

ds
Sp=) 08 (8)
i=0

holds for all p € Q, where d, = d; = rPo-r+1)-1.
Proof: (sufficiency) It is obvious.
(necessity) First, we write the system (8) as an SVD form:

- I,
TTERzEz[O 8}, (19)
_ A, A
T _ _ 11 12
TTAR = A, = [ Ay Ay ] (20)
Ay € R™ A e RO, (21)
A~21 c ]R(n—r)xr,A22 c R(n—r)x(n—r) (22)

where R = [R; R;], R € R™ R, € R™™ R is an
orthogonal matrix, and T is a nonsingular matrix. Since R,
T does not contain the parameter p, the matrices A, A,
Ay, Ay, are still affine functions of p. Now, let us consider
the equation

AJPE" +VSU) +(EP+US"VDHAl +Q,=0, (23)
r| O O -1
=TT T, 24
(0} [ 0 O»n (24)
011 = aldet(A,)| detAn)I" I, — A1,AT,, (25)
02 = ApA),, (26)
where
A, =(A11 - AnAn A el
+1,® (A — ApAs) As) (27)

and « is a number determined as follows.

When the system (8) is robustly stable, from Lemma 3,
Ay is a nonsingular matrix and thus A - /11214521/121 is a
stable matrix for all p. Hence, from Lemma 4, det(Ap) +0,
det(As,) # 0 holds for all p. Consequently, we set @ so that

max /lmax (A~12A~F1r2)

peEQ
a >

. — . (28)
min | det(A,)l| det(Ax)|"
PEQ

which implies that Q; > 0, Q2 > 0 for all p, and 0, > 0
for all p.

Then, there exists a parameter-dependent and nonsingular
matrix C, such that Q, = C}C,, which meets the rank
conditions (4), (5). From Lemma 2, there exists a positive
definite matrix P = PT € R™" and a matrix § € R"="*(=n)
satisfying the equation (3). Pre- and post-multiplying this
equation by 7T and by T respectively, and using the identity
RRT = I, appropriately, we obtain

T"A,RR'(PRR'E" + VSUNT
T T TyT\ppT AT T
+ T (ERR" P+ US V)RR ApT+T o,T =0.
From (20), this equation can be rewritten as

A,(PE" +R'VSU'T) + (EP+ T"US"V'R)A]

=-0,, (29)
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where

P =RTPR, (30

Qp=TTQpT=[QO“ 0 ] 31

On

Now, since both R, and V are matrices composed of basis

of Ker E, there exists a nonsingular matrix W such that V =

Ry,W. With § = WSU'T =[S, §,], §; e R §, ¢
RO=1X(=1) " \ve have

. RTR,S, RTR,S
T T _ pT _ 1 2~1 1 2~2
RTVSU™T = R™R,S _[ RIRS, RIRSS, }
0 0
=[ 5 3, ] (32)

We therefore rewrite (29) as

A s
[ SVEA"]Fz +A21P11 +A22(PF{2 +S~1) A~22§2 + S‘gAM;z ]

-0n 0 ]
= 33
[ 0 -On (33)
where
A=AnPy+ APl +8))
+ P AT, + (P, + S )TAL, (34)
= Py Pp

and * represent the transpose of its (2, 1) block.
The equations corresponding to each block are given by

APy + Ap(Pl, +S))

'HB”ATI +(}~)T2+§1)quz = -0, (36)
STAY, + Ay Py + Ap(P], +§1) = 0, (37)
AnSr+ 834, =-0n. (39

From (37) and (38), we see that the equality (36) can be
further rewritten as

(A1) = ApA5  Aa)Pyy + Pri(Ayy — ApAs) Ay)T

= —(A1pAy OnAy AT, + On). (39)

It turns out that Py, is the solution of (39), P,,, P, are

arbitrary matrices, and S, is a solution of (38). Since the

matrix P], has no constraint except for (37), we set Pl, =0

without loss of generality. Then, we obtain

S1=-AnSTAT, + Ay Pyy). (40)

We first consider the solution Pj;. By column spreading
both side of (39), we get

Agvec (Pyy) = —vec (ApAy QA AL, + Q1) (41)
vec (Py) = —sign (det(A,))a]| det(Ay)|”
x adj (A,)vec (I,).  (42)

Since
| det(Ax)" adj (A,)
= sign (det(An))| det(A5,)|
x adj [{det(AZZ)All - Apadj(An)Ay}t® I,
+1, ® {det(Apn)A 11 — Appadj (Apn)As }] (43)
we have
deg[| det(Ax)|" adj (A,)]
< deg[| det(A5)]]
+ (r* — 1) max { deg[| det(Ap)lA 1],
deg[Apadj (A2)Ar 1}
<n-r+@-Dn-r+1)
=r*n-r+1)-1. (44)

That is, the degree of the entries of P, is at most 2(n —
r+1)— 1, which means that Py, is a polynomial matrix of p
with the degree less than or equal to #2(n — r + 1) — 1. Here
we rewrite Py; as

Py = —sign (det(A,) det(A))

(=) (n—-r+1)

xaldetAn)l ), pL.  @49)
i=0
for further discussion.
Let
- 1
S, = _§A22’~ (46)
Then, from
. L 1 . . Y
A22S2 + SgA;z = _E(AZZAEZ + A22A§2)
= —Q», 47

the equation (38) holds. Hence, one of the solution §, of
(33) is a polynomial matrix of p with degree 1.
On the other hand, S, is given from (40) as

S~1 = —A;zl(ggﬁ?z +A~21P11)

1. . s
= EAIT2 + sign (det(4,) det(A2))

(=1)(n—r+1)
X aadj (A)Az1 P'Li. (48)
i=0
By considering the degree of P;;, we obtain
deg[Si1<r*(n—r+1)-1. (49)

As a result of the above observation, the solutions P, S
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of (33) are given by

= i)]] 0
P—[ 0 pzz}

r2(n-r+1)-1 ~
0 0 AL o
_[0 P22]+ > p[o 0] (50)
rz(n—r+1)—1
$=[8 S8 ]= 3 ol M N 6D

where Py, L;, M;, N; are appropriate matrices independent
of p. Furthermore, the relation between the solutions P, S
of (23) and P, S is represented as

P=RPR', SUT=wIST7. (52)
Since UT € RO ig of full row rank, there exists nonsin-

gular matrices I'; € R#"="7*=" T, € R™" such that

Iy UTFZ = [ y - O(n—r)xr ] (53)
We therefore see that
ST'T U, = wST7'T, (54)
| STT' Oporper | = W'ST'T, (55)
holds. Rewriting WS T, as w-IST-, = [S'l §2],

§ e Re=nxtn=n) 8 e R=nxr e gee that S = §,T;. Since
the degree of S is less than or equal to S, the degree of S
is also the same. Furthermore, since R does not depend on
p, the degree of P is less than or equal to P. This completes
the proof. [ ]

B. Parameter-Independent LMI Feasibility Condition

Since the condition of Theorem 1 is a parameter dependent
LMLI, it is hard to check directly the existence of variable ma-
trices. In this subsection, we recast the LMI as a parameter-
independent and finite-dimensional LMI, which enables us to
check the condition of Theorem 1 exactly by using a standard
LMI solver. To this end, we first define a vector

=1 p e

Using this vector, a polynomial matrix P, of p with degree
d, can be represented as

(56)

P, =" e 1) Ps(pM @ 1,), (57)

where Py = P§ € Rk is a constant symmetric matrix and
k =[(d,/2)1+1. Here [(d,/2)] denotes the minimum integer
larger than or equal to d,/2. Since Ps is not unique, we have
several choices. An example is given by

2Py P 0
P, 2P, P;
1
Ps=3 Py, 2P, (58)
: Py,
0 Pd,,—l 2Pd,,

if d, is even, and

[ 2Py Py 0
P, 2P, P;
1 Py 2P
Ps=— oo (59)
2 .
. Py,
Py—2 2Py-1 Py,
0 Py, 0
if d, is odd. We also represent S, in a similar way.
Let us define the matrices
o= Ol Ji =[O Ll (60)
Then, we remark the following useful identities [1]:
Jop 1 =l Jeplketl = pplhl, (61)
It is also shown that
Mo 1,)M = (I ® M) ® 1) (62)

holds for all M € R4,

With the definitions above, we can show the following
lemma, which says that the inequality (17) can be represented
as a quadratic form similar to (57).

Lemma 5: Let us define

R, = A (P,E" + VS, U") + (EP, + US )VHA]  (63)

where A, = Ag + pAi, p € R is a parameter, E, Ag, A| €
R,V e R0 U € R™"") are constant matrices, P, €
R™" is a parameter-dependent symmetric matrix and S, €
RO=1X(=1) g 3 parameter-dependent matrix of the forms

P, =" en) P 1), (64)
Sp =" ®L-)'Sse ®1,-). (65)
Then, R, can be represented as
R, = (0" e L) Rs(p* " ® 1) (66)
where
Rs = H{ PsF, + F| PsH,
+HySsFy + FyS3Hy, (67)
H =7, ®A) + i ®A], (68)
Fi=J®E", (69)
Hy = Ji® AV + Ji @ (A V)T, (70)
F=JheU'. (71)

This lemma can be confirmed by a direct computation.

For a polynomial matrix represented as a quadratic form
of (oM ® I,), it is known that positive definiteness of the
polynomial matrix for all p can be checked by solving a
finite-dimensional LMI feasibility problem which does not
contain p. The following lemma is taken from [2], which is
a modified version of the result in [10].

Lemma 6: Let ©® = @F € R™ " Then,

M e1)eE eI, <0 (72)
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holds for all p € Q if and only if there exist matrices D €
Rn(k—l)xn(k—l)’ Ge Rn(k—l)xn(k—]) satisfying

D=D'">0, G+G'=0, (73)
N T N
Jio1®1, -D G Jio1® 1,
< [ jk—l I, ] [ G D ][ jk—l I, } (74)

Then, we state the second result of this paper, which shows
that robust stability analysis of the descriptor system (8) is
reduced to a finite-dimensional and parameter-independent
LMI feasibility problem.

Theorem 2: A descriptor system (8) is robustly stable
if and only if there exist matrices Py = Pi € R™,
SZ c R(n—r)x(n—r)’ Dl c Rn(k—l)xn(k—l), D2 c Rnkxnk’ Gl c
Rn(k—l)xn(k—l)’ G2 c Rnkxnk satisfying

D;=D{>0, G +G| =0
_ps < J:k—1®1n ! -D; G, J:k—1®1n
SN /Y- A G' D || ol

D,=D;>0, G,+Gy=0

~ T N

Jr® 1, -D, G Ji® I,
Rs(P / !
x( 2’SZ)<[Jk®In] [ G1 Dz][Jk®I,1]

where k =[41+1and d=r*(n—r+1)- 1.
This theorem is a direct consequence of the above lemmas,
thus the proof is omitted.

IV. NumMmEeRricaL EXAMPLE

In this section, we report a numerical example. We con-
sidered a state space model of the form:

[ X1 ]:[ €/2+p) 2
X 0 e/2+p)

where p € [—1, 1]. Since the coefficient matrix has a triangu-
lar form, we immediately see that this system is stable for
all p e [-1,1] if and only if ¢ <0 and € < 0.

We represented the system as a descriptor system of the
form:

X2

HIE

1 0 0O X1
01 00 X2
0 0 0O X3
0 0 0O X4
0 2 €] 0 X1
1 0 0 0 () X2
-1 0 2+p 0 X3 (76)
0 -1 0 2+p X4
Then, we applied Theorem 2 to the following cases:
@) € = —0.001, & = —0.001;
(i) € =-0.001, & = 0.001;
(i) ¢ =0.001, e = —0.001;
@iv) € =0.001, & = 0.001.
In these computations, we took d, = d, = 11 from

Theorem 1, and therefore kK = 7 in Theorem 2.
Using the Matlab LMI Toolbox [11], we obtained a
feasible solution only for the case (i), while we did not obtain

a feasible solution for the other cases. That is, the numerical
results based on Theorem 2 meet the theoretical consequence
stated for the original system (75).

V. CoNcLUDING REMARKS

In this paper, we have proposed a method of robust
stability analysis for uncertain descriptor systems whose
coefficient matrices are affine functions of a parameter. The
robust stability condition we have derived is parameter-
independent and finite dimensional LMI feasibility condition.
Using the condition, we can check robust stability of this
class of uncertain systems exactly with a finite-dimensional
convex feasibility problem.

We have dealt with the descriptor systems with single
parameter so far. For multi-parameter case, we can also
obtain an exact robust stability condition as a parameter-
ized LMI. However, it seems difficult to recast it as a
parameter-independent LMI. Recent progress of probabilistic
method [12] could be useful for solving this type of prob-
lems, which is currently under investigation.

Acknowledgment: We are thankful to Tetsuya Iwasaki
for helpful discussions on Lyapunov-based exact stability
analysis for single-parameter-dependent state space models.

REFERENCES

[1] P. A. Blimanm, “A Convex Approach to Robust Stability for Linear
Systems with Uncertain Scalar Parameters,” SIAM Journal on Control
and Optimization, Vol. 42, No. 6, pp. 2016-2042, 2004.

[2] X. Zhang, P. Tsiotras, and T. Iwasaki, “Parameter-Dependent Lya-
punov Functions for Exact Stability Analysis of Single-Parameter
Dependent LTI Systems,” Proceedings of the 42nd IEEE Conference
on Decision and Control, pp. 5168-5173, 2003.

[3] D. Henrion, D. Arzelier, D. Peaucelle, and J.-B. Lasserre, “On
Parameter-Dependent Lyapunov Functions for Robust Stability of Lin-
ear Systems,” Proceedings of the 43rd IEEE Conference on Decision
and Control, pp. 887-892, 2004.

[4] 1. Masubuchi, T. Akiyama, and M. Saeki, “Synthesis of Output
Feedback Gain-Scheduling Controllers Based on Descriptor LPV
System Representation,” Proceedings of the 42nd IEEE Conference
on Decision and Control, pp. 6115-6120, 2003.

[5] K. Takaba, N. Morihira, and T. Katayama, “A Generalized Lyapunov
Theorem for Descriptor System,” Systems and Control Letters, Vol. 24,
No. 1, pp. 49-51, 1995.

[6] 1. Masubuchi, Y. Kamitane, A. Ohara, and N. Suda, “H, Control
for Descriptor Systems: A Matrix Inequalities Approach,” Automatica,
Vol. 33, No. 4, pp. 669-673, 1997.

[7] E. Uezato and M. Ikeda, “A Strict LMI Condition for Stability of
Linear Descriptor Systems and Its Application to Robust Stabiliza-
tion,” Transactions of the Society of Instrument and Control Engineers,
Vol. 34, No. 12, pp. 1854-1860, 1998. (in Japanese)

[8] J.Y.Ishihara and M. H. Terra, “On the Lyapunov Theorem for Singular
Systems,” IEEE Transactions on Automatic Control, Vol. 47, No. 11,
2002.

[9] D. Mustafa, “Block Lyapunov Sum with Applications to Integral Con-
trollability and Maximal Stability of Singularly Perturbed Systems,”
International Journal of Control, Vol. 61, pp. 47-63, 1995.

[10] T. Iwasaki, G. Meinsma, and M. Fu, “Generalized S -Procedure and
Finite Frequency KYP Lemma,” Mathematical Problems in Engineer-
ing, Vol. 6, pp. 305-320, 2000.

[11] P. Gahinet, A. Nemirovskii, A. Laub, and M. Chilali, “LMI Control
Toolbox,” Mathworks, Inc., 1995.

[12] R. Tempo, G. Calafiore and F. Dabbene, Randomized Algorithms for
Analysis and Control of Uncertain Systems, Springer-Verlag, London,
2005.

2938



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




