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Abstract—1t is shown that the existence of a negative
semidefinite solution Q of the Lyapunov equation ATP+AP = Q
with a positive definite block diagonal matrix P = PT together
with simple additional conditions is sufficient to guarantee
asymptotic stability. The stability conditions presented can be
used to study a wider range of dynamical systems, including
systems with singularities at the stability boundary, which
cannot be exponentially stable.

1. INTRODUCTION

In this work we will discuss asymptotic stability of
a special class of two-dimensional systems. Here, two-
dimensional refers to the fact that functions and variables
depend not only on one independent variable such as time
or space but on two completely independent continuous
variables #; and 1.

Due to a broad range of applications the related field
of two-dimensional discrete systems has been studied in a
more comprehensive form. One of the earliest discussions
of stability of such systems was presented by Shanks et al.
in [1]. Using the transfer function of the system in frequency
domain (z-biplane), H,(z1,22) = num(z;,z2)/den(z;,z2) they
showed BIBO stability for systems devoid of poles out-
side the stability region. This led to different stability tests
presented in the literature, such as [2], [3], and was later
extended to show exponential stability in the frequency
domain by [4].

Around the same time an explicit state space description
was presented by Roesser in [5]. Two well known models
were introduced by Fornasini and Marchesini in [6], [7].

With the appearance of state space formulations the first
stability results using LMIs were published. Fornasini and
Marchesini presented a sufficient stability condition for their
second model in [8]. However, the first LMI based necessary
and sufficient stability condition for repetitive processes with
finite path length (i.e. one of the dimensions is bounded)
and dynamic boundary conditions was presented by [9]. Ebi-
hara et al. expanded this result for systems with unbounded
dimensions in [10].

Although the second model of Fornasini—-Marchesini has
attracted most attention a sufficient condition for stability
of the first model of Fornasini-Marchesini was developed in
[11], and necessary and sufficient conditions for stability can
be found in [12].
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Using the state space description by Roesser, Lodge and
Fahmy claimed in [13] that the characteristic polynomial
B(z1,20) fulfills Shank’s stability criterion if and only if there
exists a positive definite, symmetric matrix P = P; & P,
where P; € R"*™ and P, € R™*™ and & denotes the direct
sum, such that ATPA — P = Q < 0. However, Anderson et
al. later showed that in general the existence of such a P is
sufficient but not necessary for stability [14].

For two-dimensional continuous systems some similar
results have been presented in the literature. In [15] Ansell
showed stability conditions using the transfer function
H(s1,82) = A(s1,82)/B(s1,52) in the frequency (s) biplane
for systems devoid of poles with non negative real parts of
s1 and s;. This is the continuous equivalent to the condition
presented by Shanks et al., [2], for the discrete case. Different
conditions to test for two-dimensional very strict Hurwitz
polynomials have been published in [16]-[18].

A different approach to study stability of two-dimensional
continuous systems based on the impulse response was taken
by Jury and Bauer in [19].

As in the field of discrete systems, LMI-based stability
conditions have been developed for two-dimensional con-
tinuous systems. In contrast to discrete systems, researchers
have focused on the continuous version of the Roesser model.
Piekarski presented in [20] a sufficient stability condition:
The system is stable if there exists a positive definite,
symmetric matrix P = P; @ P, such that ATP + PA = 0 <0.
This was extended by Galkowski in [21].

Furthermore an important special case is often excluded
in the stability discussions mentioned above. This is the case
when there exists a set of (z1,z») (in the discrete-discrete case)
or (s1,57) (in the continuous-continuous case) such that both
the denominator and the numerator of the transfer function
go to zero at the same time. In contrast to the case where
the numerator is non-zero for (z;,22) or (s1,52) (nonessential
singularity of the first kind) these special points are often
called nonessential singularities of the second kind (NSSK).
Note that the state space matrix A of every system with a
NSSK at the stability boundary will therefore also exhibit a
singularity at the stability boundary (SSB). Although most
researchers try to avoid these special cases, they sometimes
cannot be avoided due to special needs in the application
studied or they are even desirable to obtain a system with
special properties, [22].

Goodman showed in [23] that some transfer functions
with NSSK are BIBO stable, while some with NSSK at the
same point in the biplane are BIBO unstable. A sufficient
BIBO stability condition in the frequency domain for two-



dimensional discrete systems with NSSK at the boundary
of the bidisc (i.e. |z;] = |z2] = 1) has been presented in [24].
This was followed by a necessary condition that stability can
only be achieved when the NSSK occur at the border of the
bidisc in [25].

Although these results were obtained in the frequency
domain, it should be noted that previous LMI-based results
in time domain also exclude systems with SSB since a sign
definite solution of the LMI is required. However, as we
will show later, a system including a SSB cannot achieve
a sign definite solution to the required LMI. The LMI-
based conditions for asymptotic stability of two-dimensional
continuous systems presented in this paper only require a
semidefinite solution and are therefore suitable to discuss
stability of systems with SSB.

Before presenting our main theorem in Section IV we
will clarify our notation in Section II and give mathematical
preliminaries in Section III. The paper closes with illustrative
examples in Section V and conclusions in Section VI

II. NoTaTION

Consider the following autonomous two-dimensional con-
tinuous Roesser model
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with the initial or boundary conditions
x2,(1) = x2(t1,0)  (2)

where x; € R™, x, € R™, and the real matrix A and its
submatrices are chosen with the appropriate dimensions. We
will discuss the stability of such system according to the
following definitions.

Definition 1 (Ly and L. Bounded Initial Conditions):
The initial conditions of a two-dimensional continuous
Roesser Model are L, bounded, if there exist ¢; < oo such
that for i € {1,2}:

iy IR = fo ST (0, (0 < ¢ @)

x1,(82) = x1(0,12) and

The initial conditions of a two-dimensional continuous
Roesser Model are L., bounded, if there exist ; < co such
that for i € {1,2}:

llxiy(lleo = sup lxip (D] < &i. “)

Definition 2 (L) and L, Stn>1000th Bounded Initial Cond.):

The initial conditions of a two-dimensional continuous

Roesser Model are in L) and L, if there are L, and L

bounded according to Definition 1 and in addition there
exist ¢},{7,{;" < oo such that for i € {1,2}:
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Definition 3 (Stability of 2D Continuous Roesser Model):
The autonomous two-dimensional continuous Roesser
Model (1) is stable if for any L, and L. bounded initial
conditions (according to Definition 1), there exists a constant
M < oo such that for all #;,t,:

()P = X' (0,)x(1 ) < M. ®)
Definition 4 (Asymp. Stab. of 2D Sys. with S. B. I. C.):
The autonomous two-dimensional continuous Roesser
Model (1) is asymptotically stable, if it is stable, and for
L} and L7, smooth bounded initial conditions (according to
Definition 2) the following limit holds:
" I;I_l’)loo x(t1,t) = 0. 9)
Note that asymptotic éfability requires the states to tend to
zero as t; and £, tend to +oco at the same time but in any
possible form and direction.

III. MATHEMATICAL PRELIMINARIES

Lemma 1: Consider the autonomous two-dimensional
continuous system (1). If the characteristic polynomial has
a singularity at the stability boundary, i.e. den(s;,s2) = 0
for s; = jw; and s, = jw,, then for every block diagonal
P = P & P,, there exists a non-zero vector v such that
vy = 0 where Q = ATP + PA.

Proof: The characteristic polynomial is equal to:

sl —Aq —Ap ] (10)

den(sy,s2) = det
(51.52) [ —Aji 521, —Ax

Since the system has a singularity at s; = jw;, s2 = jws,
there exists a non-zero vector v such that

jw]lﬂ] 0 _ _
([ . jwzlnz} A)v -0 a1
Using (11) we can rewrite vIQv = VH(ATP + PA)v as
H. _ H[|—Jwily 0 P, 0
Qv =y ([ 0 —ja)zlnz] [ 0 P,
P 0][jwl, O
“lo Pz] [ 0 jwzlnj)v (12)

Thus, vFQv = 0 independently of P. [

Note therefore, that for a system including SSB it is not
possible to find a positive definite matrix P = P; & P, such
that Q is sign definite. However, the existence of a negative
semi-definite Q together with additional assumptions on A
might be sufficient for stability and even asymptotic stability.

Lemma 2: Consider the two-dimensional space of two
continuous variables #; and #, and the two-dimensional non-
negative vector field VI(t,6) = (Vi(t1,0),Va(t1,12)). If the
divergence of the vector field V is non-positive for every
t; and 1, then the integral of Vi(#),/z) and V,(#,f,) over
tp € [0,T;] and #; € [0,T1], respectively, is bounded by
the initial conditions V;(0,t;) and V»(¢1,0), that is for all
T,,T, > 0:

i i T,
f Vl(Tl,tZ)dtZSf V1(0J2)dl‘2+f Va(t1,0)de; (13)
0 0 0

T T, Ty
f Va(t1,T2)dn Sf V1(0,1)dt, +f Va(11,0)dty. (14)
0 0 0



Proof: To prove this lemma we will simply consider the
surface integral of the divergence of V over the rectangular
region [0,7,]X [0,T2]: W(T1,T2) := [ [ divV(e.02)ddrs.
Using the fundamental theorem of calculus or Gauss Diver-
gence Theorem, it can be transformed into

Tz T2
W(T,,T>) =f Vi(T1,1)dt, —f Vi(0,6)d1,
0 0

T T
. f Vot To)dt, - f Va0t (15)
0 0

Since the divergence is non-positive for every #; and f,,
W(T,,T,) < 0. Also, V, is a non-negative function of #
and #,. Therefore (15) becomes (13). The bound on of the
integral of V;(#;,t;) in (14) follows similarly. |
We will now introduce the two-dimensional continuous
Lyapunov function VI = (V,V,) with V| = x]Pix; and
V2 = x; Pyx,, where Py = P >0 and P, = P; > 0, to show
that under some assumptions x;(#1,f2) and x,(#,t,) in (1) are
stable according to Definition 3.
Corollary 1: Consider the two-dimensional continuous
autonomous system in (1). If the following conditions hold
(i) A1 and Ay, are Hurwitz stable, and
(ii) there exist positive definite, symmetric matrices P; and
P, such that P= P, ® P>, and Q = ATP+ PA <0,
then the system is stable according to Definition 3 and there
exist M, M, < oo independent of #; and #,, such that for all
t; and B

lx1(t1,0)l <My and  |xa(f1,0)l < M. (16)
Proof: Using the state space description given in (1),
we can write x; (t,f) as

1)
x1 (t1,12) = e xy (0,12) + f M A L (Th)dr (17)
0

Since Ap; is Hurwitz stable, there exist 4; > 0 and K; < o
such that we can transform (17) into

Ix1 (t1,12)] <Kye™M" |x; (0,52)]
1
. f Kie M Al (m)lde (18)
0

We choose the Lyapunov function candidate V; (#1,5,) =
x3 (t1,12) P2x (t1,1,) with P, = P] > 0. Using the definition
of V,(t1,12) and the Cauchy-Schwarz inequality (18) becomes

KAl (™ oo
b1 (t1,0)] <K |x1<0,r2)|+a‘—(}j) e M0V, (r,1)dr
min 2
<K |x1 (0,12)|
Kq||A d d
LJLldnl f e~2hn-0dr - f Vo (1) dr
O min(P2) 0 0
(19)

With Lemma 2 and the fact that the initial conditions are in
L, and L (19) becomes

KillApl

——————VIIPiller +[|P2llc2
omin(P2) V24,

The boundedness of x; (#1,#,) can be shown similarly. ]

lx1 (t1.02)| K14y +

Corollary 2: Consider the autonomous two-dimensional
continuous System in (1). If the following conditions hold
(i) the initial conditions are L, and L., bounded according
to Definition 1,
(i1) Ay, and Ay, are Hurwitz stable, and
(iii) there exist positive definite, symmetric matrices P; and
P, such that P =P, ® P,, and Q = ATP+ AP <0,
then there exist M|, M, < oo independently of #, and f;,
respectively, such that

f lxi(t,1)P dny < My and f bea(t1,12)F diy < M.
0 0
(20)
Proof: From (18) together with the fact that (x +y)? <
2(x* +y?), note that

f |x1<t1,r2)|2dt1321<%( f e M1 x1(0,) dty
0 0

00 8 2
+||A12||2f (f el‘("T)IXz(TJz)IdT) dt1) (2D
0 0

The first term of the right hand side of (21) can be bounded
by

Kt
= (22)

2K} f e M x(0,0)7 dty <
0

With the Cauchy-Schwarz inequality the second term of the
right hand side of (21) allows a bound to be calculated as

2

00 []
QKA P f ( f e*'<f'”|x2<r,tz>|dr) an
0 0
2KALIE e
ey f f ey (Tn)Pdrds (23)
A 0o Jo

Interchanging the order of integration in (23) yields

2

00 1)
2K3|A P f ( f "<"T>|xz(m)|dr) d,

2K2A 2
|| 2l ff e~ MOy (1,0) Pt dr

2 2
SM f [x2(7,2)|*dT (24)
2 0
Taking the limit as 7'} — oo of (14) in Lemma 2 we see that
the integral in (24) is bounded independently of #,. [ ]
To facilitate the proof of our main theorem in Section IV
we will show that under suitable assumptions the first deriva-
tives of x are in L,[0,00) X [0,00) and Lu,[0,00) X [0,00), and
the second derivatives are in L.[0,00) X [0,00).
Lemma 3: Consider the autonomous two-dimensional
continuous system in (1). If the following conditions hold

(i) the initial conditions are L and L7, smooth bounded
according to Definition 2,
(i1) Ay, and Ay, are Hurwitz stable, and
(iii) there exist positive definite, symmetric matrices
Py, P, and R such that P = P; & P, and
Q=ATP+PA=-ATRA<O
then



(a) the first derivatives of xi(t1,t) and x,(t;,;;) are in
L2[OﬁO) X [0,00) and L. [0,00) X [0,00), i.e. there exist
M. ,M;; < oo such that for i,k € {1,2},

d
sup —Xxi(t1,1)| < My (25)
(1 tz)eR+xR+ dtk
f f x,(tl,tg) dtldtz <My, and  (26)

(b) the second derlvatlves of xi(t1,1z) and x,(¢1,t;) are in
L [0,00) X [0,00), i.e. there exist My; < oo such that
for i,k,l € {1,2}

2
sup ——xi(t1,02)| £ Miu. 27)

(.meR+xR+ | dfedly
Proof: @ We will first show that d‘: x1(t1,1) and

%xz(tl,tz) are in Ly [0,00) X [0,00) using the state space

description for g-x;(71,t) in (1)

d
—x1(tL0)| < AUl xi@L)l + Al - [x@Lp)l  (28)

dr
Since x1(#1,t2) and x,(t;,t2) are bounded from Corollary 1 for
all #; and 1, by M| and M, My = [[Ay1l|M +||A2]|M>. Mo
follows in the same way.

To show that xl(tl,tz) and a xz(tl ,h) are in Ly,[0,00) X
[0,00) as well, we will transform the solution given in (17)
into

d d
—x1(t1,0)| <Kje™ |—x1(0,2
d2x1(1 2) 1€ dtle( 2)

151 d

+f Kie™ Al |—x2 (1 — T)|dT
0 dn
Kil|A12|| M-
<K\Z + 11lA12]| M2 (29)

A1

To show that the first derivatives are also in L;[0,00) X [0,00)
we will use the Lyapunov function candidate V(¢#;,V,) in-
troduced above. Given the fact that xT(¢1,6,)Qx(t,t,) is the
divergence of V(#;,/2) we can show with the fundamental
theorem of calculus that

& T‘ 4y (11.12)
X1t
f f i (nh) g (nun)|R [ (2 K (mz)} drdr

T
Sf Vi (0 lz)dtz +f Vz(l] ,0)dt1
0

0
Taking the limit on both sides as 77,7, — oo we see that

IPillct + [IPallca
o—mln(R)

To show the existence of M, we will transform the
solution given in (17) into

—x(t1,t
fo fo ’dtle(l 2)
K> f f &2

+2K2||A12||2

(30)

My =My = (31

dndry

d 2
—xl(o,tz) drdty

2

d
_/]] =) 5 x(t,r)dr| dride, .

(32)

Since the initial conditions are L) smooth the first term on
the right side of (32) can be bounded by

2[(2 f f —2/111‘]

The second term can be transformed using the Cauchy
Schwarz inequality so that it becomes

a <2K ||A12||2f f (f —ht-ngr

d
=it —71)
. e d‘r drds,.
jo‘ dr ) e

We will now solve the first inner integral and change the
order of integration of the remaining part. Thus (34) becomes

'—‘l\)

._.\

—)C](O ) dl]dlz (33)

—x0(T.h) (34

2K ARIP [ e [ d 2
<]7 */II(II*T) _ t dt d dt
S fo fo fﬁ e dtzxz(T,z) 1drdn

2K AP —
< 1||212|| V. (35

4

(b): To complete the proof we will show that the second
derivatives are in Lo [0,00) >< [0,00). First the norm of the
derivatives d;x](tl ,1r) and d; A ——x,(t1,t) will be considered.
Taking the derlvatlve of the first part of the state space
description (1) with respect to #; yields

—2 (t1,1) =A11—x1(t1,0) + Ao —x2(t1,1) (36)
x1(t, x1(tq, X (11,
t21 171,02 11 i 11,02 12 i 211,02

is bounded, follow a similar argument as in (29), so 2that My

becomes
Kil|A12]| M2

M = K] + 37

A1
The existence of M] 12, M121, M21 1s Mz]z, M221 and M222 can
be proven in the same manor. [ ]
Lemma 4: Consider the two-dimensional function

fR*XR* = R. If f(t;,z) is both in L, [0,00) X [0,00)
and Lo, [0,00) X [0,00) and both its derivatives dit‘lf(tl ,b) and
L £(t1,12) are in Lo, [0,00)X[0,00), then limy, 1, e0 f(t1,12) = 0
and f(#,t;) is uniformly convergent in both directions, i.e.
for all € > O there exists a 7'(€) < oo such that

V(t1,6) € (R” {[T(€),00) x R*} 1 | f(t1.02)| < €.
(38)

Proof: Define the supremum of f(#;,t,) and the supre-
mum over the maximum of both derivatives in the complete

quadrant as

X [T(€),00)} U

fi= sup |f(np)] and (39)
t1,heRTR*
f = su max if(t 1) -'if(t 1) (40)
== . JZERPXRJr dl‘l 1-82)] » dtz 1542
and the region R; as
Ry :=A{[0,l+ 1) X [LI+ 1)} U{[LI+ 1) x [0,D)} . 41



Note then that

M oo = 2. f ftr)Pdndn <0 (42)
=0 R

where f ﬁg, - dt1dt, refers to the two-dimensional integration
over the region R;. Therefore,

llim ff|f(t1,l‘2)|pdl‘1dt2 =0 (43)
R
Let the supremum of f within R; be defined as
fii=sup |f(t,n)l. (44)
(t1,)ER;
Then
d » 1] d
sup — |f(t1,0)I” < sup | plf(tr.0)l" | —f(t1,12)
(t1.m)er, A1 (t1,1)€R, dr
—p—1—
<pfi T (45)

We will now bound the double integral J;?z |f(#1,52)|Pdtdt,

from below by the pyramid with height 7lp, where the base

is bounded by il

[RNSENT IS

(46)

+ or the length and width of the region R;.

We can transform (46) into

1—p+2 . 1 I+1 . 1 1
f |f(t1,l‘2)|pdl‘1dl‘2 >—f mln{—_;T}mln{—_;:}
» 6 pf f pf f

Thus
j]]f(ll Jb)|Pdedt, 47)

As f7 and f are bounded f; tends to zero as [ grows without
bound. Hence from the definition of f; (44), f(#,t2) for
(t1,12) € R; tends to zero as [ grows without bound. ]

ﬁp+2 <6 (max pfsf

IV. ASYMPTOTIC STABILITY

In this section we will now present our main theorem for
asymptotic stability of two-dimensional continuous systems
described by the Roesser model.

Theorem 1 (Asympt. Stab. of 2D Cont. Roesser Models):
The two-dimensional continuous system (1) is asymptotically
stable with smooth bounded initial conditions according to
Definition 4 if the following conditions hold

(i) A1 and Ay, are Hurwitz stable, and
(ii) there exist positive definite, symmetric matrices
Py, P, and R such that P = P; & P, and
Q0=ATP+PA=-ATRA<O.
Proof: Consider the two-dimensional Lyapunov func-
tion V(t#1,t;) defined earlier and the integral of Vi(t,r;) +

Va(t,t:) along the line Q(/) :=
{1} x [0,]]} for L € R*, and [ > O as:

(.)€ {[0]x{l}} U

uQ) = f Vi(ti,t2) + Va(t1,t2)ds
0

! !
=f Vi(t1,D) + Va(t1,D) dty + f (Vi(Lty) + Va(L1p)) d1y
0 0

Using the results in Lemma 2 and Corollary 2 we see that
there exists a C such that for all I: U(I) < C. Since the first
derivatives of x(t1,t,) with respect to t; and #, are L, bounded
(Lemma 3) we can find dy(l), di2(l), dr1(I) and dy,(I) such
that for i € {1,2}

d
Ex;(l,tz) . (48)

2

—xlm,l)”

dp(l) :=sup

<l

dii(l) :=sup
nsl
Note that di;(]) < suptlz()“%xl(tl,l)“. Making use of the
version of the Barbalat’s Lemma in Lemma 4, we can
conclude that the first derivatives tend to zero as f,t, — oo
and are uniformly convergent in both directions. That allows
us to interchange the order of supremum and limit and thus
we can conclude that

hm di1(l) < lim sup

>0 120

—xl(tl,l)'

= sup lim —xl(tl,l)'

) >0

=0. (49)

It can be shown in a similar way that the limits of dj»(/),

d>1 (D), and dy(l) for [ — oo are 0.
Thus we can bound the derivatives of V;(#1,t,) with respect
to #; for i € {1,2} by
Yy <1

d
an Vi(t1,) <2n;d; (DI|P;l|M; (50)
i

where M, and M, are bounds on |x;(¢1,t,)| and |x»(1,t2)| from
Corollary 1 and n; and n, are the dimensions of x;(#;,#;) and
Xx(t1,t2), respectiveley. A similar bound on the derivatives
with respect to t, can be found.

To find a lower bound on U(/) we will use a similar trick as
in the proof of Lemma 4 above. If the maximum of V;(#,t,)
for i € {1,2}) along Q(), V;(l) = max, neaq Vi(ti,t2), occurs
along the part of Q(/) where (#1,r2) € [0,/]] X {I} we can
bound the integral of Vi(t,t;) over Q(/) from below by a
triangle with the base equal to min {V(l) /(Znidil(l)||P;||M;), 1}
and V;(I) as the height of the triangle.

U(l) > min Vi) ; Vi) : Vi(Dl
dnid (DIIPIM, 4nydia(DIIPy M, 2

—2 — _
: V, () ] V,(D) VoDl
+ min ; ;
Anodo1 (DIIP2|IM2~ 4nadan(DIIP2||M> ™ 2
(51)
Since Vi(l) < M2||P,|| this implies
— 2M2||Py||
V() < C - max { 4n;di1 (DIIP;l|M;; 4nidip (DI Pi|M;;; —
(52)
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maxo, <2500 |X
2
<
-

1072 - -
100 10! . 10? 103
1

Note that as / tends to infinity each component of the max-
imum in (52) goes to zero and, hence, limy, 1, |[Xi(21,02)| =
0. Note that the limits lim,_ e |xi(t#;,2)] = 0 and
lim, o0 |Xi(t1,22)| = O exist as well. |

V. EXAMPLES

We will present a simple example to illustrate our main
theorem. The system is described by the dynamic matrix

372 -1/2| 1
A=| 1 0 0 |. (53)
/& 1/4 | -1)2

Since the system contains a SSB at s; = s, = 0 Q cannot be
sign definite. Both A;; and A, only have eigenvalues with
negative real parts. Using

P = [5 2} and

) P2=8

(54)
and R = [4,1,0;1,4,0;0,0,16] (rank(R) = 3) we see that the
eigenvalues of ATP + PA = —~ATRA = Q are —18.34, —2.66
and 0. Hence, the system is asymptotically stable. The system
has been simulated for x;,(r2) = (¢72,0) and x,,(¢;) = ™ for
t1,tp < 2500. The maximum of |x| over #, can be seen in the
figure above.

VI. CoNCLUSIONS

A proof of asymptotic stability of two-dimensional con-
tinuous systems using Lyapunov type arguments has been
presented in this paper. It has been shown that a two-
dimensional continuous system with Hurwitz stable matrices
A1 and Ay, and bounded smooth initial conditions satisfying
our Lyapunov condition is asymptotically stable.

We would like to stress that our Lyapunov condition only
requires two positive definite matrices P; and P,, such that
Q = ATP + PA (where P = P, @ P,) is negative semidefinite.
Allowing Q to be singular widens the areas where such
stability result can be used. For example, asymptotic stability
of systems with singularities at the stability boundary (where
Q can never be sign definite) can be tested using the main
theorem presented, based on an LMI condition.

For future research, the authors will focus to extend the
results presented for two-dimensional continuous-discrete
systems.
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