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Abstract

This paper deals with the stability problem for the planar linear switched
system 2 (t) =u(t) Ay x(t) + (1 —u(t)) A2 x(t) , z = (21, 22) € R? where the real
matrices A1, Ay € R? are Hurwitz and u(.): [0, +00) — {0, 1} is a measurable
function. We give a Hurwitz like characterization of globally uniformly asymp-
totically stable planar switched systems. Another contribution of this paper is a
practical version of the main result in [NS] using real algebraic geometry tools.
This new approach give a Hurwitz like characterization of switched systems
which share a same strict or large common quadratic Lyapunov function and
simplify the main result in [BBM].

1 Introduction

Let A; and Aj be two 2 x 2 real Hurwitz matrices. This paper deal with the problem
of finding necessary and sufficient conditions on A; and A5 under which the switched
system (S):

2(t)=u(t) Ayx(t) + (1 —u(t)) Agz(t) ,x = (21, 72) € R?

is globally uniformly asymptotically stable (GUAS), with respect to a measurable
switching functions u(.): [0, 00) — {0, 1}.

This problem has been studied in [B] when both A; and A, are diagonalizable in
C and in [MB] when at least one among A; and A, is not diagonalizable. In both
cases the stability conditions are given in terms of coordinate-invariant parameters.
Unfortunately the parameters used in the diagonalizable case become singular in
the nondiagonalizable one and therefore the two cases were studied separately.
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2 SECTION 2

More recently, in [BBM], the authors unify the previous studies by reformulating
them in terms of new invariants that permit to treat all cases at the same time.
Hence, they reduce the cases to be studied from 24 to 6 cases.

In this paper we reduce such cases to be studied from 6 to 1, therefore give
a Hurwitz like characterization of globally uniformly asymptotically stable planar
switched systems. Another contribution of our paper is a practical version of the
main result in [NS] using real algebraic geometry tools. This new approach give a
Hurwitz like characterization of switched systems which share a same strict or large
common quadratic Lyapunov function and simplify the main result given in [BBM].
In section 2 of this paper, we remind some classical notions concerning stability of
switched systems and introduce the Sturm-Habitcht theorem which will be very
useful. In section 3, we state our main result and present its proof thereafter.

2 Mathematical preliminaries

2.1 Stability notions

Notation 1. For § >0, let Bs C IR? be the unit ball of radius 6, centered in the
origin. We denote by U the set of measurable functions defined on [0, +00) with
values in {0,1}. Given xg € R?, we denote by Yaq,u(.)(+) the trajectory of (S) starting
at xo and corresponding to the control uf(.).

Definition 2. [Unboundness|. The switched system (S) is unbounded at the origin
if there exist a initial position xo and a control u(.) such that the trajectory vz, u()(t)
goes to infinity as t goes to infinity.

Definition 3. [Uniform Stability] The switched system (S) is uniformly stable at
the origin if and only if for any ball B. one can find a ball Bs such that for any control
u(.) €U and any initial position xo € Bs, the trajectory Yaouc)(.) stay in the ball B..

Definition 4. [Global Uniform Asymptotical Stability]. The switched system
(S) is globally uniformly asymptotically stable at the origin (GUAS for short) if it
1s uniformly stable at the origin and globally uniformly attractive, i.e, for any balls
B. and Bg, for any initial position xo € Bs, for any u(.) €U, there exist a time T >0
such that Vzu()(t) stay in the ball B, for every t >T.

According to the following proposition, the stability properties of the switched
system (S) do not change if we allow measurable switching functions taking values
in [0, 1] instead of {0,1}. We will name convexified switched system, the switched
system (S) with u(.) taking values in [0, 1].

Proposition 5. [MBC|. The switched system (S) and its convezified has the same
stability behavior. More precisely, the switched system (S) is GUAS (resp. uni-
formly stable or unbounded) if and only if its convexified is GUAS (resp. uniformly
stable or unbounded).
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Definition 6. [Common Lyapunov Function]. V: R?> — R* is a common
Lyapunov function (CLF for short) for the switched system (S) if V' is continuous,
positive definite and strictly decreasing along non-constant trajectories of (S). If V
s a positive definite, continuous and non-increasing along non-constant trajectories
of (8) function then V is called a non-strict common Lyapunov function.

Definition 7. [Common Quadratic Lyapunov Function]. V:R?> — R" is a
common quadratic Lyapunov function (CQLF for short) for the switched system
(S), if it exists a 2 X 2 positive definite symmetric matriz P such that :

1. V(z)=2"Px;
2. ATP+PA, and AT P+ PA, are negative definite.

We recall that, for the switched system (S), the existence of a common Lyapunov
function is equivalent to GUAS (see for instance [DM]). Moreover the existence of
a non-strict Lyapunov function guarantees the uniform stability of (S).

2.2 A useful real algebraic geometry tool

Hereafter we recall some classical results from real algebraic geometry namely the
Sturm-Habitcht theorem which allow to determine precisely the number of real
roots, in any interval [a,b] CR of a given polynomial P € R[X]. This real algebraic
classical tool will be very useful to characterize switched systems which share a
common quadratic Lyapunov function.

Definition 8. [Sturm Sequence]. Let P € R[X], (fi(X))icpo,s] a sequence of
element of R[X] and [a,b] an interval of R. By definition, (fi(X))ico,s] is a Sturm
sequence associated to P on |a,b] if the following conditions are satisfied:

1. fs does not vanish on the interval (a,bl;

2. For any i € [0, s], « € [a,b] such that fi(a) =0, we have fi_1(a) fit1(a) <0

3. For any o € [a, b] such that fo(a) = 0, there exist ¢ > 0 such that fo(a +
e) fila+e) <0 and folao—¢) fr(a—e) <0

Definition 9. [Sign Variations]. Let A:= (aq,...,a,) € R""!. We call variation
of the sequence A, denoted by V(A) or V(aq, ..., a,), the number of pairs (i,i+ k)
with k> 1 such that a;a;+, <0 and a;, =0 for re[1,k—1].

Example 10. Consider the sequence A = (1, —1, 0, 5, 3, 3 —7), its variation
corresponds to the number of its sign variations hence V(A)=

Let P e R[X] and (fi(X))ic[o,s) @ Sturm sequence associated to P on [a,b] and
consider the following function :
) { R— N
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Theorem 11. [BPR|The number of distinct real roots of P in (a, b] is equal to
w(a) —w(b).

For the effective computation of a Sturm sequence associated to P, the following
theorem provides an algorithm, based on the euclidean division algorithm, to com-
pute it.

Theorem 12. [Sturm-Habicht|[ BPR]. Let [a,b] be an interval of R, P € R[X]
a square-free polynomial, (fi(X))icpo,s] @ sequence of element of R[X] defined as
fO”OU) N fo = P, f1 =P’ and fOT’ 1> 2, fi_g = fi—lgi — fZ with deg (fz) < deg (fi—l)
(— fi is the remainder of the euclidean division of f;_o by fi—1) and s is the smallest
integer such that fs does not vanish in |a,b]. Then the sequence (fi(X))ic[o,s] s @
Sturm sequence associated to P on [a,b].

3 Stability behavior of a switched planar system

Consider A; and As two 2 x 2 real Hurwitz matrices. The paper deal with the
problem of finding necessary and sufficient conditions on A; and A; under which
the switched system (S):

2(t)=ut) Ayx(t) + (1 —u(t)) Agx(t) ,o = (71, 22) € R?

is globally uniformly asymptotically stable (GUAS) with respect to measurable
switching functions u(.): [0, 00) — {0, 1}.

In this section we remind the notations and objects that was used in [BBM] to
state their stability result. We will use the same invariants to state our stability
results which extend the ones given in [BBM]. In the following the word invariant will
indicate any object which is invariant with respect to coordinate transformations.
As usual, we denote by det(X)and tr(X) the determinant and the trace of a matrix
X. If X € R?x R? the discriminant is defined as:

dx :=tr(X)? —4det (X) (1)
Given a pair of matrices X and Y, we define the following invariant:
T(X,Y):= %(tr(X) (V) = te(XY)) (2)

Since A; and A, are suppose to be two real Hurwitz matrices, so we have:
det (A1),det (Az) e R and tr(A;),tr(As) € R: (3)

By means of these invariants the following invariants associated to (S) are defined:

p

A) i 54,04, 0

\/ ‘6142"

T = G , if 5,415,42 =0, but 5Aj # 0 (4)
64,

tr(Ai)
2

Jif 64, =04, =0

\
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T —
F = () b)) — (A () ©)
A= A4(T (A1, A))> =T (Ay, A)T(As, A)) (6)
. 2F<A17 AQ) + \/_ T1t1+7'2t2 (7)
2\/det 1)det(As)
where for i=1,2
(= tr(Ay)tr(A2)(kri+73-3) \ -
E—arctan< TR )71f514i<0
27170V A :
ti— arctanh( tr(Al)tr(Alg;(kTi*Tafi) >, if04,>0 (8)
2V if 6,4,=0
\ (tr(A142) — Str(A)tr(Az) )i

We remind now the main stability result in [BBM] of Baldé, Boscain and Mason.

Theorem 13. [Balde-Boscain-Mason] Consider the switched system (S). Then:

- if T(Ay, Ag) > —+/det (Ay)det(As) and tr(A;As) > —24/det (A;)det(As) then
the switched system (S) admits a CQLF.
If —y/det (A;)det(As) <T'(Ay, As) <+/det (A1)det(As) then the condition

tr(A1Ay) > —2¢/det (A;)det(Ay) is automatically satisfied. As a consequence
the system admits a CQLF.

2. if T(Ay, Ag) < \/det (A;)det(Ay) then the switched system (S) is unbounded.

8. T(Ay, Ag) = —y/det (A;)det(Ay) then the switched system (S) is uniformly
stable but not GUAS.

4. Zf F(Al, AQ) > \/det <A1>d€t(142) and tI'(AlAQ \ —2\/det A1 det(Ag)
then the switched system (S) is GUAS uniformly stable (but not GUAS) or

unbounded respectively if

R<1, R=1, R>1.

3.1 Statement of our main result

In this sub-section we state our mains results which characterizes completely GUAS
two-dimensional bilinear switched systems like (S). Note that the Theorem 15 Show
that the first condition of Theorem 13 is not only sufficient but also necessary.

Theorem 14. [Characterization of GUAS switched systems].The switched
system (S) is globally uniformly asymptotically stable (GUAS) if and only if:

(A, Ag) € ( \/det 1)det(As), \/det 1)det(Ay) cosh (myty + 7'2t2))
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Theorem 15. [Characterization of switched systems with a CQLF|]. The
switched system (S) admits a common quadratic Lyapunov function if and only if

F(Al, A2 ( \/det A1 det (AQ) - tI‘(Al)tI" AQ —|— \/det det(Ag))

Along the next two sub-sections, we will give, among other, the complete proof
of our main result.

3.2 Strict or large common quadratic Lyapunov function

For shortness we will denote by:
dli =det (Al), dQI =det (AQ)
Tli ItI'(Al), T2 = tI‘(AQ)
n:=tr(A;4s)
m .= F(Al, AQ)

Since we have suppose A; and Ay to be two real Hurwitz matrices, so we have:
di,dy € Ry and T3,To € R* (9)

By means of these invariants we can define the following invariants associated to (S):

,if 04,04, %0

p

|5A

Ty = 1f5A15A2—0 but5,4 #0 (10)

“”‘j

?,lf(SAl:(SAQ:O

5

. T1T2
b= TlTQ(

—2m) and )\::t17'1+t27'2 (11)

m—+ vm2—d1d2 6)\

R:=
Vdids

(12)

where for i=1, 2

.
0 T\ To(kri+T3-4) :
— —arctan | ——— 1f5 .<0
2 ( 4/mZ—dids )’ Ai

b= arctanh( Ariray/m? — didy ) if d4,>0 (13)

T To(kri —m3—4) )’

4/ m?—dids f5 -0

L Tn—2m)T;

For any u € [0, 1], let D(u) and N(u) be the following expressions :
D(u):=det (uA; + (1 —u)Ay) and N(u):=det (uA;+ (1 —u)A5") x dy

3.2.1 Systems with a strict common quadratic Lyapunov function

The following theorem of Narenda and Shorten, from [NS], provides a necessary and
sufficient condition for the existence of common quadratic Lyapunov function for
the switched system (S).
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Theorem 16. [Narenda and Shorten]|. The switched system (S) admits a
common quadratic Lyapunov function if and only if for any u € [0, 1], D(u) >
Oand N(u) > 0.

Lemma 17. [BBM] For any u € [0, 1], we have :

D(u) = (dy + do — 2m)u®+ 2(m — do)u + do
N(u)=(didy+1—n)u*+ (n—2)u+1

Thanks to the Theorem 16, we would like to express the necessary and sufficient
condition for the existence of a common quadratic Lyapunov function “for any u € [0,
1], D(u) > 0 and N(u) > 0” into necessary and sufficient condition with respect to
our chosen invariants. Since from Lemma 17 it appears that D(u) and N(u) are
polynomials, so one can use the Sturm-Habitcht Theorem 12 to study the sign
variations of D(u) and N(u) on [0,1] and hence achieves our goal.

Study of the sign variations of D(u), u € [0, 1]:

It is clear that D(0) = dy and D(1) = d;. Since A; and Ay are real Hurwitz
matrices, it appears that D(0), D(1) € R%, so one can deduce directly the sign of D
on [0,1] by studying its number of real roots in [0, 1]. The main rule is the following:
“D(u)>0on [0,1] if and only if D has no root in [0,1]”. And we use Sturm Habicht
theorem to count the number of real roots of D(u)=(d;+ds—2m)u?+2(m —dy)u+
dy , u €0, 1]. Before we build a Sturm sequence associated to D(u) on [0, 1], let us
point out some important remarks.

Remark 18. If di+dy—2m=0iem= dl;d2, then D(u)=2(m —dsy) +ds. As D(0),

D(1) eR% and D is affine, therefore we have D(u) >0 for all u € [0, 1].

Suppose now that dy + do — 2m # 0 and let fi(u) = D(u), fo(u) = D'(u) =
2(dy 4+ do — 2 m)u + 2(m — dy). Using the euclidean division algorithm we obtain,

according to the Sturm-Habicht Theorem 12, f5(u)= %

remainder of the euclidean division of fi(u) by fa(u). Since f3(u) does not depend
on u, so in our case s =3J.

as the opposite of the

Remark 19. The sign variations of D(u) in [0, 1] depends on the number of roots
of D in [0, 1] which depends, according to Theorem 11, on w(0) — w(1) where

w(y) =V (fi(y), f2(v), f3(y))-
o Fi(0)=dy, fo(0) =2(m —dy), f5(0)= 7t

o A =di, fol) =2(dy—m), fo(1) =2 0%

We know that dy, d, € R%. We we are going to construct a sign table that will
give us the sign of f5(0), fo(1) and f5(0) = f3(1) in terms of m. The particular values
of m that should appear in the sign table are:

di+d
iy o, ST i,
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It will be necessary to order these values before giving the sign table. That is the

purpose of the next lemma.

Lemma 20.

1. If dy<dy then —/dydy < dy < /dydy < 2122 < g,

2

2. If dy<dy then —/dids < do < \/dids < 212 < q.

2

3. if di=ds then —/dids < dy=+/drds = 212 = ;.

2

Proof. Suppose d; < dy. Then (v/di — /dy)? = dy + dy — 2y/dids > 0, hence
Viidz <21 Since 0 < dy < dp, we have dy +do < 2d and d3 < dids, hence 1% < d,

2

and d; < v/didy. The same arguments prove the second case. The third point is

obvious.

0

For the sign table of D, we will consider the previous three cases for making

sure that we will not neglect or forget any case.

m — 00 -\ dldg d1 vV dldz 4 ;dQ dz +00
dy +dy— 2m + E + E + E + :U E _
m? — didy N I
I3 + !O - ! - !0 + ! ! _
| | | | |
o | - - - - - b
| | | - |
fa(1) + i + io - i i i -
h + o+ .
w(0) o 1 o1 o h o1 h o2 h o1
| | | | |
w(1) o o 1 p 1 g 2 o1
wO—wmn 2 1 0 b 0o b o b b 0
| | | | |

Figure 1. The sign table of D when d; < ds
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g
l_l
IS T e
ey - = ] d O]
|+ EE A e e
um.2|0|-|-|-| ..... S DU I I [ O e N
<
o e A R A i e
)
m I i N i S S S e o O]
& - o O
S B + 7T
23}
W I e R el (. S RN D S . AN > B B e
o B B + e«
i
E | o =
| ] o — = = —
~ ) = = = = g
Sl T|lE|= 5|74
+ | & S
5 3

Figure 2. The sign table of D when ds < d;
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m — o0 —d dy +00
— T
m? — 2 + 0 —~ o +
fs + Eo B : _
12(0) - - +
f2(1) + : + |O —
fi + | * | +
w(0) 2 i1 1 i1 1
w(1) 0 0 1 i 1
w(0) — w(1) 2 i1 0 :0 0

Figure 3. The sign table of D when d; =ds
From the three previous sign tables we obtain the following proposition.

Proposition 21.
1. For allue0,1], D(u) >0 if and only if m > —+/d1ds.

2. For alluel0,1], D(u) >0 and there exists ug € (0,1) such that D(ug) =0 if
and only if m=—+/dyds.

3. D changes sign twice in [0, 1] if and only if m < —/dyds.

Proof. From the previous sign tables, it appears that D has respectively, in [0, 1]

zero, one and two distinct roots when m > —+/dids, m = —+/didy and m < —+/d;ds.
Since D(0), D(1) € R%, it comes the announced results. O

Study of the sign variations of N(u), u € [0,1]:
In this paragraph, we achieve the sign variations study of N(u)= (dids + 1 —



STABILITY BEHAVIOR OF A SWITCHED PLANAR SYSTEM 11

n)u*+ (n—2)u+11n [0,1], by using the same strategy as in the previous sub-section.
Before we build the Sturm sequence associated to N(u) on [0, 1], let us point out
some important remarks.

Remark 22. If didy—n+1=0 i.en=dyds+ 1, then N(u) = (dids — 1)u+ 1. As
N(©0)=1>0,N(1) =did2 >0 and N is affine, therefore we have N(u) > 0 for all
uel0,1].

Suppose now that dids — n + 1 # 0 and let ¢1(u) = N(u), go(u) = N'(u) =
2(dydy — n + 1)u + (n — 2). Using the euclidean division algorithm we obtain,

n? — 4dyds .
m as the OppOSlte

of the remainder of the euclidean division of g¢;(u) by g¢2(u). Since gs(u) does not
depend on u, so in our case s =3.

according to the Sturm-Habicht Theorem 12, g3(u) =

Remark 23. The sign variations of N(u) in [0, 1] depends on the number of roots
of N in [0, 1] which depends, according to Theorem 11, on w(0) — w(1) where

w(y) =V (g1(y), 92(y) 93(y))-
o« 9(0)=1, g:(0) = (n = 2), ga(0) = oL~

n?—4d,d
o gi(1)=ddy, go(1) = 2drdy — 1, g3(1) = =755

We know that d;, d2 € R%. We are going to construct a sign table that will give
us the sign of ¢2(0), g2(1) and g3(0) = g3(1) in terms of n. The particular values of
n that should appear in the sign table are:

2,2d1dy, didy + 1, —2+/dyd3, 2/ dydy

It will be necessary to order these values before giving the sign table. That is the
purpose of the next lemma.

Lemma 24.
1. [f didy < 1 then —2+/didy < 2didy < 2v/dids < dydy+1 < 2.
2. ]f d1d2 >1 then —2v d1d2 <2< 2y dldg < dldg +1< 2d1d2.

3. ]f d1d2 =1 then 2= 2\/ d1d2 = d1d2 + 1= 2d1d2.

Proof. Suppose dydy < 1. Since dydy >0 then (dydy)? < dids, hence 2d,dy < 2+/d d>.
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Since (\/ d1d2 — 1)2 = d1d2 — 24/ dldg +1>0 and d1d2 < 1, hence 2+v/ dldg < d1d2 +1<2.

The same arguments prove the second case. The third point is obvious. O

For the sign table of N, we will consider the previous three cases for making
sure that we will not neglect or forget any case.

n —o0  -2V/dydy 2didy  2/didy  didy+1 2 +00
dids —n+1 + : + : + : + :0 — : —
e N L e
g3 + iO - i - iO + i - i _
I I I I I

O e N R e e

g2(1) + ; + ;0 - ; - ; - ; —

g1 + | + | + | + | + | +
w(0) 2 ;1 1 ;1 1 ;1 2 :0 1 ;1 1
w(1) o o 1 g 1 g 2 p 1 g 1
w(0) —w(1) 2 il 0 iO 0 ;0 0 ;0 0 io 0

Figure 4. The sign table of N when dids <1
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13
l_l
B T e
<
M - o e == ]
+ o
U I + + T
l_l
S N S Y I N e o o |
25
+ o o o
+ |+ |+ |+ +
<
S e |lo d.o_ | . o o |lo |
(@]
JAUR A X N R < SO R T S
N I e I B + 7T
3,
Tl lolo | L B R IR Y= =R
a
o B B + e«
i
— ! _—
3 N
TS| . |l=alas | = | 3
| ST IS |3 2|82 |%|
_ _ SN SN 3 3 —
< | % S
~5 3

Figure 5. The sign table of N when dids >1
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n —00 —2 2 +00
2-n + : + :0 -
s T - b -
93 + ;0 - ; -
92(0) — | - |0 +
g2(1) =+ : + |O —
" A R R
w(0) 2 ;1 1 :0 1
w(1) 0 iO 1 p 1
w(0) — w(1) 2 il 0 :0 0

Figure 6. The sign table of D when didy=1
From the three previous sign tables we obtain the following proposition.

Proposition 25.
1. For alluel0,1], N(u) >0 if and only if n > —2v/dyds.
2. For allue|0,1], N(u) >0 and there exists uy € (0,1) such that N(ui) =0 if
and only if n=—2v/d\d>.
3. N changes sign twice in [0,1] if and only if n < —2v/dyds.

Proof. From the previous sign tables, it appears that N has respectively, in [0, 1]

zero, one and two distinct roots when n > —2v/dids, n=—2+/ddy and n < —2+/d;ds.
Since N(0), N(1) € R%, it comes the announced results. O

We remind in the next proposition the expression of the Theorem 15 and give
its proof.

Proposition 26. [Characterization of switched systems with a CQLF]. The
switched system (S) admits a common quadratic Lyapunov function if and only if

1
m e (—\/ dldg, §T1T2 =+ v/ d1d2>



STABILITY BEHAVIOR OF A SWITCHED PLANAR SYSTEM 15

Proof. From Theorem 16, the switched system (S) admits a common quadratic
Lyapunov function if and only if for all u € [0, 1], D(u) > 0 and N(u) > 0. From
Proposition 21 and Proposition 25:

forallu € [0,1] D(u) >0 ifandonlyif m > —+/dids
forallu € [0,1] N(u) >0 ifandonlyif n>—2/did,

Since m = %(Tng —n), it comes the announced result. O

3.2.2 Systems with a large common quadratic Lyapunov function

We will need the following lemma, from [NS], to prove the Proposition 28 which
characterize switched system (S) with a non-strict common quadratic Lyapunov
function.

Lemma 27. [NS]. Let A€R?*? be a Hurwitz matrice and consider the linear time
mvartant systems :

SA:ZL":ASL’
Spui=A'x

Then, any Lyapunov function for Sa of the form V(x) =z Pz, is also a Lyapunov
function for Ss-1.

Proposition 28. [Switched systems with a NCQLF]. The switched system (S)
admits a non-strict common quadratic Lyapunov function if

m=— d1d2 or m:%T1T2+\/d1d2

Moreover, the switched system (S) is GUAS when m= %Tng ++didy and not GUAS
when m= —+/dids.

Proof. Suppose m=—+/dydy. According to Proposition 21, we have: for all u € [0, 1],
D(u) > 0 and there exists an unique ug € (0, 1) such that D(ug) =0. Therefore the
system (S) cannot be GUAS. Because D(ug) = det (ugA; + (1 — up)A2) =0 implies
one of the eigenvalues of B =wugA; + (1 —ug)As is equal to zero and the other one is
equal to tr(B) =tr(ugAs + (1 —ug)A2) = uptr(A;) + (1 — up) tr(As) <0 since A; and
Aj are real Hurwitz matrices. Hence, if we consider the control function u(t):= 1w, for
all t € R, it appears that the convexified of the switched system (S) is not GUAS,
so according to Proposition 5 the switched system (S) is not GUAS. It remains
now to prove that, for m = —/dids, the switched system (S) admits a non-strict
common quadratic Lyapunov function. For this task we refer the reader to [BBM]
where such a non-strict common quadratic Lyapunov function is given.

Suppose now m = %Tng + +/didy. The trick here is to consider the following
switched system (S*):

2(t)=u(t) Aix(t) + (1 —u(t)) At x(t), v = (21, 2) € R
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If we plane to analyze (§*) as we did with (S) in the previous sub-section, we
shall study the sign variations of D*(u) := det (u A; + (1 — u)A;") and N*(u) :=
det (u Ay + (1 —u)Az) X dy. The key point is that for all u € [0, 1]:

D*(u)=dy"' x N(u)
N*(u)=dy x D(u)

Since m = %Tng ++/dydsy corresponds, according to Proposition 25, to the existence
of an unique u; € (0, 1) such that N(u;) =0, so for m = %Tng + /didy we have
D*(uy) = 0. So by the same analyze as in the first part of the current proof we
obtain that, when m = %Tng + V/d1dy, the switched system (S*) is not GUAS but
admits a non-strict common quadratic Lyapunov function (the one given in [BBM]
adapted to the invariants of (§*)). Let us call V' such a non-strict common quadratic
Lyapunov function. It comes that V' is a non-strict quadratic Lyapunov function
for 84, and for S,-1. Hence, according to Lemma 27, V' is non-strict quadratic

Lyapunov function for S4,. In conclusion if V' is a non-strict quadratic Lyapunov
function for S4, and for S4,, so when m = %Tng ++/dids, V is a non-strict common
quadratic Lyapunov function for the switched system (S). It remain to prove that

when m = %TlTQ ++/dids the switched system (S) is GUAS to finish the proof. This
task will be achieve in the next sub-section (more precisely in Remark 32). U

3.3 Global uniform asymptotic stable switched systems
The object of this sub-section is to establish the results announced in Theorem 14
We recall partially Theorem 13 from [BBM] in the next proposition.
Proposition 29. [Balde-Boscain-Mason] Consider the switched system (S).
Then:

1. if m < —\/dydy, then the switched system (S) is unbounded,

2. if m > /didy and n < —2+/dids then the switched system (S) is GUAS,
uniformly stable (but not GUAS) or unbounded respectively if

R<1l, R=1, R>1.

We recall that m = %(TlTQ —n). Son< —2+/dyds if and only if m > %Tng ++/dqds.
Since Ty, T € R* (because Ajand A, are real Hurwitz matrices), the second point
of the previous proposition can be reformulate simply as follow:

if m> %Tng + V/dydy then the switched system (S) is GUAS, uniformly stable
(but not GUAS) or unbounded respectively if

R<1, R=1, R>1.

We recall that R := 2V -4 W e). Hence \/m? — didy = e *R+/d1dy — m and by
142

squaring this last equality we obtain :

m?— didy =dds e PR2 — 2€7>\Rm\/ dids + m?
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Therefore

(14)

A2 A
i d1d2(673_+6)

2R

In the followings, we study the variations of m with respect to the parameter R.
Before we start this study, let us proof the following lemma which will be very useful.

Lemma 30. For m> étltg ++/dids we have the following relations:
1. \:= Tltl + TQtQ eR_.

2. R>e.

Proof. From the relations (3) and (4), it appears 71, 75 € R_. Let us now prove that
t1 20 and t5 > 0. We recall that:

2 4/m2?—didy
e — \/ 2_ .
tii= arctanh( Anirayvm” — dida ), if 64,>0

T To(kri — T3—4)

Dom i e, — 0

\ (m—2m)71y;

k:=

)
I _arctan (TITQ(MJFTS”) ), if54,<0

T (n—2m)

™

Since for any x € R, arctan (z) € (—g, 5), it comes t; > 0 if 04, < 0. As m >
%TlTQ + /didy, so n —2m < n — TyTy — 2¢/didy. We have m = é(Tng —n), hence
n—2m< —2(m+ \/E) < 0. Since 7; < 0, it comes that ¢; > 0 if d4, = 0. Since
n—2m <0, it appears that k£ <0, hence (k7; — 73_;) > 0. Knowing that arctanh(z) >0
when x > 0, it comes t; > 0 if §4, > 0. This finish the proof of X := mt; + mts € R
when m > %Tng ++/d1dy. Now let us prove by contradiction that R >e. If we had

R < e*, we would have 0 < mtVmE - didy e < e*. Thus (m +/m?— d1d2>2 < dyds.

Vdida
Therefore (m? — dids) < —my/m?—dids, so /m? —didy, < m that is impossible
because m > %Tng ++/dids > 0. ]

Now let us study the sign variations of m with respect to R. As R is use in [BBM]
to inspect the behavior when m > %T Ty ++/dydy > 0, then we can consider deservedly
that R>e?, according to Lemma 30. Therefore the sign variations of m with respect
to R will be studied in [e*, +00). If we differentiate m with respect to R we obtain:

dm e MR — e
iR~ d1d2<2—7€2> (15)

Hence 3—2 =0 if and only if R = —e* or R =¢*. According to Lemma 30 A€ R_, so

we obtain the following table:
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R e? 1 +00
dm
P 0 +

——

m Vdydscosh()\)

m/

Figure 7. Variations of m with respect to R

It comes out from this table that for m > %TlTQ ++dids :

R<1 & m<+/didacosh(N)
R=1 < m=+/didscosh()\)
R>1 & m>+/didacosh())

So we can reformulate the second point of the Proposition 29 into the following
proposition.

Proposition 31. Consider the switched system (S). Then:

1. Ifm e [%TlTQ + Vdyds, \/dldgcosh()\)) then the switched system (S) is
GUAS.

2. If m=+/dydacosh(X) then the switched system (S) is uniformly stable (but
not GUAS).

3. If m>+/didacosh(\) then the switched system (S) is unbounded.

Remark 32. The first point of the previous proposition, in the particular case when
m= %Tng ++/dyds, complete the remaining part of the proof of the Proposition 28.

If we gather the Theorem 15, Proposition 16 and Proposition 31 we obtain our
main result and its corollaries:

Theorem 33. [Characterization of GUAS switched systems].The switched
system (S) is globally uniformly asymptotically stable (GUAS) if and only if:

(A, Ay) € ( \/det 1)det(As), \/det 1)det(Ay) cosh (myty + 7'2t2))
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Corollary 34. The switched system (S) is uniformly stable not GUAS if and only if:
(Al, A2 \/det A1 det(Ag) or P(Al, A2 \/det (Al)det(Ag)COSh(Tltl + 7'2752).

Corollary 35. The switched system (S) is unbounded if and only if:
(A, Ag) < \/det 1)det(Az) or T'(Ay, Ag) > \/det 1)det(Ay)cosh(rity + Tots)
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