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Abstract: In this paper, the notion of the input/output-to-state stability (IOSS)
is extended to the case of the input/output-to-V(z) stability (IOVS), which
implies detectability of the zero-value set of a storage function. Based on this
notion and the notion of passivity of nonlinear systems, we propose and prove
sufficient conditions under which an invariant state set of a class of switched
nonlinear systems can be stabilized by output feedback. Then we show that
a nonlinear system is IOVS if V(z) is an IOSS-Lyapunov function of the
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1. INTRODUCTION

In control literature there are many papers de-
voted to stabilization problem for the following
nonlinear affine system

&= f(x,u)
{y:hu> @)

where x € X = R"™ is the state, u € U = R™
is the control input which is measurable and
locally essentially bounded, y € Y = R™ is the
measurable output, f: R™ x R™ — R" is smooth
mapping, h : R” — R™ is a continuous function.

Under the hypothesis that the unforced system
of (1), & = f(x), is linear (i.e., f(x) = Ax) and
Lypunove stable, Jurdjevic and Quinn proposed
a sufficient condition under which the equilibrium

1 This work was supported by the National Natural Sci-
ence Foundation of China for Distinguished Young Scholars
(under the grant 60425308) and the Doctoral Research
Foundation of the Educational Ministry of China (under
the grant 20040286004).

2 Corresponding author.(yptian@seu.edu.cn)

point of the system can be asymptotically stabi-
lized by a smooth state feedback (Jurdjevic and
Quinn, 1978). Since then, various Jurdjevic-Quinn
type sufficient conditions have been developed for
system (1) (e.g., see, Kalouptsidis and Tsinias
(1984); Lee and Arapostathis (1988); Lin (1995)
and references therein).

The stabilization problem for system (1) has been
also extensively studied under the hypothesis that
the system is passive. The complete answer to
the equilibrium point stabilization problem was
given by Byrnes et al. in Byrnes, Isidori and
Willems (1991): the zero-state equilibrium of the
unforced nonlinear passive system with a proper
positive-definite storage function is stabilizable if
the system is zero-state detectable. Recently, this
result was extended by Shiriaev to the case of the
invariant set stabilization via introducing a notion
of V-detectability (Shiriaev, 2000).

In this paper we study the invariant set stabiliza-
tion problem for the following switched system

= fq(z,u)
{th> @)



where ¢ € @ = {1,2,---, N} is determined by
some switching signal o(t) : [0,00) — Q. For
each ¢ € @, the ¢g-th subsystem of (2) satisfies all
the assumptions given for the system (1), and is
passive with a nonnegative storage function. The
question we raise in this paper is: Can the pas-
sification approach introduced by Byrnes, Isidori
and Willems (1991) and then extended by Shiriaev
(2000) be applied to the switched nonlinear system
or not?

To answer this question, we extend the notion of
the input/output-to-state stability (IOSS) intro-
duced by Sontag and Wang (1997), to the case
of the input/output-to-V (z) stability (IOVS). We
show that IOVS includes the V-detectability in-
troduced by Shiriaev as a special case in which the
control input is set to be zero. Based on this new
notion and the notion of passivity of nonlinear sys-
tems, we propose and prove sufficient conditions
under which an invariant state-set of the switched
system (2) can be stabilized by output feedback. A
multiple-storage-function like theorem is obtained
for solving the problem. The relationship between
TIOVS and IOSS is also studied in this paper based
on the concept of IOSS-Lyapunov function (Son-
tag and Wang, 1997). A checkable criterion for the
IOVS property is provided: the nonlinear system
(1) is IOVS if V(z) is an IOSS-Lyapunov function
of the system.

2. PASSIVITY, INPUT/OUTPUT-TO-V
STABILITY AND V-DETECTABILITY

In this section we focus on some notions of the
nonlinear affine control system (1). Throughout
the paper we denote by [|z]|; the supremum norm
of a signal z on the interval J C [0, c0).

We first recall the notion of passivity of system

(1).

Definition 2.1 (Willems, 1972). The system (1)
is passive if there exists a C° nonnegative storage
function V(z) : X — R,V(0) = 0, such that
for all piece-wise continuous control input u(s)
along the solution z(t) = x(¢,x¢) defined on the
maximal interval [0, t,) the inequality

V(x)—V(xo)S/yT(s)u(s)ds, tel0.t), (3)
0

holds.

A function V is said to be proper if the set {x €
R™ : V(x) < ¢} is compact for all ¢ > 0.

Note that if V(x) is a C" (r > 1) function, the
passivity condition, inequality (3), is equivalent
to

V <yTu, YueU. (4)

In Sontag and Wang (1997) the input/output-
to-state stability for system (1) was defined as
follows.

Definition 2.2. The system (1) is input/output-
to-state stable (IOSS) if there exist some 5 € KL
and 71,72 € K such that

(8, o, w)| < B(|ol, t) + 11 (l[yllo.0)
+72([lull0.17) ()

for every initial state x(0) = ¢y € X and control
input v € U.

This definition describes the property that “small
input and small output mean (eventually) small
state trajectory”. If we consider the behavior of
the nonnegative storage function V(x) instead of
the state trajectory, it is natural to extend the
above notion to the case of input/output-to-V
stability.

Definition 2.3. The system (1) is input/output-
to-V stable (IOVS) if there exist some 3 € KL
and 71, 7v2 € K such that

V(z) < B(V(20), ) + 1 (llyllo,g) + 2 (llullio,g)(6)

for every initial state x(0) = 29 € X and control
input u € U. If Eq.(6) holds only for 2o € N =
{r € X : V(z) < ¢}, where ¢ > 0 is a constant,
then system is locally input/output-to-V stable.

Obviously, when V' (x) = |z|, IOVS is identical to
I0SS.

The notion of IOVS can also be considered as a
generalization of the V-detectability of system (1)
introduced by Shiriaev which is given below.

Definition 2.4 (Shiriaev, 2000). The system (1)
is locally V-detectable if there exists a constant
¢ > 0 such that for every zg € N = {z € X :
V(z) < ¢} and t > 0 the following implication
holds

h(z(t, z9,0)) =0 = tlirgo V(x(t,x0,0)) = 0. (7)

If N = X, then system is said to be V-detectable.

Indeed, if u(t) = 0 for any t > 0, then from (6) it
immediately follows the implication (7).



3. STABILIZATION OF INVARIANT SETS
OF SWITCHED SYSTEMS

In this section we consider the set stabilization
problem for the switched system (2), in which ¢ €
Q=1{1,2,---, N}, is determined by the switching
signal o(t) : [0,00) — Q. o(t) can be considered
as a right-continuous, piece-wise, constant-value
function. Let ¢;,7 = 0,1,2,---, be the sequence of
time at which o(t) is discontinuous, i.e., the field
of system (2) is switched from one to another at
t;. Assume that the dwell time at each subsystem
is no less than a positive constant 7, i.e.,

ti+1*ti27—>07i:07172a"" (8)

Note that the sequence tg,t1,t2,- -, tar, - -+, may
be finite or infinite. However, the finite case can
always be regarded as a special case of the in-
finite case. Indeed, in the finite case, we can
artificially introduce infinitely many “switching
points” tar41,- -, tam4j -, after the last real
switch at ¢y with o(tar4;) having the same value
for all j. Then, all the further results hold. So in
the rest of the paper we will consider only the
infinite case.

Theorem 3.1. Suppose that the switched system
(2) satisfies the following assumptions

(1) For each q € Q, the q-th subsystem of (2) is
passive with a nonnegative C"-smooth stor-
age function Vy(x),r > 1.

(2) For each q € Q, VY = {x € X : Vy(x) = 0}
18 a compact set.

(8) For each q € Q, the q-th subsystem of (2) is
input/output-to-V, stable in a neighborhood
of V:]O defined as

Vo= {o € X1 V(o) < c).

(4) At each switching point t;,i = 1,2,---, the
following inequality holds
Vo(a(t:)) = Vp(a(ti), (9)

where ¢ = o(t),Vt € [ti—1,t;), and p = o(t;).

Let ¢q Y — U be any continuous function

satisfying ¢4(0) = 0, yT ¢, (y) > 0 fory # 0. Then
under the feedback control

ug = —¢q(y), (10)

N
the set Vo = | V) is invariant and asymptoti-
qg=1
cally stable for the switched system (2). Moreover,
if the function V, is proper and, for each q € @,
the g-th subsystem of (2) is input/output-to-V,
stable, then, under (10), Vy is a globally asymptot-
ically stable invariant set of the switched system

(2)-

Proof. First of all, we note that assumption 4
implies any trajectory starting from qu will enter
V;)O when the field is switched from subsystem ¢ to
subsystem p. Therefore, Vj is indeed an invariant
set for the switched system. The rest of this proof
consists of two parts: the first part is devoted to
the local asymptotic stability of V, and the second
part to the global asymptotic stability.

(1) Since the set VqO,Vq € @, is compact and
Vy, Vg € @, is a smooth function, there exists
a small positive constant e, such that the set
Ve, = {z € R" : Vy(x) < g4} is also compact.

N
Let ¢ = min{miney, mine,}, and Vo = (J V7,
9€Q 7 q€Q a=1

where V7 = {z € R" : Vy(x) < e}. Then V.
is compact and for any zo € V subsystem ¢ is
IOVS by assumption 3.

By assumption 1 of the theorem, subsystem gq
is passive with a nonnegative smooth storage
function V,(z). So from the passivity condition
(4) and the feedback control law (10) it follows
that

Vq(x) < yTuq = yT(_¢q(y)) = _yT¢q(y) <0.(11)

Inequality (11) plus the assumption 4 of the
theorem guarantees the set V. is also invariant for
the switched system.

The invariance of the set V. implies for any time
interval [t;,t;41) with o(t) = q,Vt € [t;, tiy1), we
have z(t;) € V;. So from the IOVS property of
subsystem ¢ in V; we get

Vo(2(t)) < B(Vy(ta), ) + v(lylle,n)
+ya(llulle,a) (12)

for t € [t;,tit+1), where 8 € KL, 7,72 €
K. For any pair of consecutive time intervals
[tms tm+1), [tn, tnt1) on which o = ¢ we have

Va(z(tn)) < Vo(x(tm)).

So from (12) we further get

Va(a(t)) < B(Va(tig): 1) + mllyllie.a)
2wl 1), (13)

where tis denotes the time at which subsystem ¢
becomes active for the first time.

In the infinite sequence t;,i = 0,1,2,---, we
can always find an infinite subsequence t;a,7 =
0,1,2,---, such that a(ti;z) =q,q€Q. Ineqjuality
(11) and the assumption 4 tell that VlI(az(tig)),j =
0,1,2,--- is non-increasing in j. On the other
hand, Vq(x(tij)) > 0,Vj > 0. Therefore, there
exists a constant 77, > 0 such that

lim V, (@(t0)) = ny-
J]—00 J



Next we will show that 77, = 0. Since lim V,(z(¢;4))
j—oo J
exists, for any small €1 € (0, ¢) there must exist an
integer K such that for any j > K the following
inequality holds.
Walaltis,,)) — Vila(tia))] < er.

Jj+1

Since we have assumed that the dwell time at each
subsystem is no less than a positive constant 7,
there exist t,,t, € [ti;g,tigﬂ),ta < tp, such that
o(t) = q for all ¢ € [t,,tp]. Then we have

Va(z(t)) = Va(z(ta))| < [Va(z(tior1)) = Vo(2(tia))]

J

< Vy(altss,,)) — Valw(t))]
<é€1.

From the above equation and the passivity of
subsystem ¢q we get

—e1 < Vy(z(ts)) — Vg(z(ta))

tp

s—/@%@%@@»mso.

ta

So we conclude that y — 0 and hence uy — 0
according the property of the function ¢,(y) when
t — o0o. With this conclusion let us be back to Eq.
(13). Since 71,72 are K functions and § is a KL
function, we get from (13)

Vo(x(t)) =0

when t — oco. This proves the asymptotic stability
of the invariant set V; according to the definition
of asymptotic stability of a set (see, e.g., Bacciotti,
Mazzi and Sabatini (1996)).

(2) The proof of the global asymptotic stability of
Vo immediately follows from the proof of part (1).
Indeed, by assumption, the set V; is compact for
any ¢ > 0 and all the subsystems of (2) are IOVS
and hence all the arguments in part (1) hold with
any initial state zg € X. Q.E.D.

Remark 3.2. If V,(z)’s are all positively definite,
Vo contains the only state x = 0. In that case,
Theorem 3.1 gives a result for the equilibrium
stabilization problem of the switched system.

4. RELATIONSHIP BETWEEN IOVS AND
10SS

Sontag and Wang introduced the following notion
to characterize the IOSS property of system (1).

Definition 4.1 (Sontag and Wang, 1997). An
IOSS-Lypunov function for system (1) is any
smooth function V with the following properties:

(1) There exist Koo-functions a; and s such
that

ar(|z]) < V(z) < as(|z]), Ve e X.  (14)

(2) There exist Koo-functions ag, o1 and oy such
that

AV (x)
or

[f(2) + g(z)u(t)] <
—az(|z]) + or([ul) + o2(ly]), Vo &(55)

By Theorem 2.4 of Krichman, Sontag, and Wang
(2001), system (1) is IOSS if and only if it admits
an IOSS-Lyapunov function. Using the notion of
10SS-Lyapunov function we can establish the fol-
lowing theorem which gives a sufficient condition
of TOVS and reveals the relationship between
IOVS and IOSS.

Theorem 4.2. (1) If V(z) is an I0SS-Lyapunov
function of system (1), then system (1) is in-
put/output-to-V stable; (2) If system (1) is in-
put/output-to-V stable, and there exist Koo func-
tions ay,ag such that oq(|z]) < V(z) < as(|z|),
Vo € X, then the system is inpit/output-to-state
stable.

Proof. (1) If V(x) is an IOSS-Lyapunov function
of system (1), then, by Theorem 2.4 in Krichman,
Sontag, and Wang (2001), system (1) is IOSS, i.e.,
there exist § € KL and 71,72 € K such that

|z(t, zo, u)| < B(|xol, t) +%(Hy|l[o,t])
+y2(llulljo,g), Yoo € X, Yu € U.

By the definition of the IOSS-Lyapunov function
we have

V(z) < as(|z|)
< az(B(|wol, 1) + 1 (Iyllo,) + v2(llullo.q))
< ag(3max{B(|zol,t), v1(|lyll[0,4)
Y2(llullo,0)})
< az(36(|zol,t)) + 231 ([[yllj0,))
+az(3y2(l[ullp,1))-

Now, from Proposition 7 of Sontag (1998) we
know that there exist K, functions #; and 65 such
that

V(z) < aa(301(A2(|zo])e ™))
a2 (3v1([[ylljo,9)) + c2(3v2(llulljo,9))
<z (301 (B2 ' (V(w0)))e ™))



0.4)) + a2(3v2(llull0,9))
0),t) + 31 (Iwllo.) + F2(llwllo,)

+aa (371 (]
=6 (V(z

where

BV (xo), 1) = aa (301 (B2 (07 (V(x0)))e ™)),
Y ([yllfo.6) = 2By ([|yllj0,9))5
Fe(llulljo,) = 2 (3v2(l[ullj0,9))-

It is easy to see that B1(~7 ) € KL and 71,9 € K.
Then, by Definition 2.3, we can conclude that
system (1) is input/output-to-V stable.

(2) Suppose that system (1) is input/output-to-V’
stable and there exist K., functions aq, as such
that aq1(]z]) < V(z) < aso(|z|), Yo € X. Then,
by Proposition 7 of Sontag (1998) we know that
there exist 01,0, € K, such that

o (|z]) < V(z)
< BV (20),t) + M (I¥llo.e) +v2(llwllo,e)
<01(02(V (xo))e™") +n(llyllo.n)
+v2(llullfo,g), Yo € X, Vt > 0.

Therefore,

|z <y (01(02(V (0))e

+y2([|ullo,))

< a; ! (3max{0;(62(V (z0))e "),
Y [yllo,1): v2(llullo,)})

<a7'(301(02(V (20))e™)) + ar 3 (llyllo.a))
+ai ! (3r2(l[ullo.))

<oy 1(3601 (02 (o (x0))e™
+a; !t (32([lullo.n)

= Ba(|wol, 1) + ¢ (

where

D+ nlylog)

0.4) + Y2([[ulljo,g)

~5~2(|330|a t) =a; ' (301 (02(cz(0))e ™)),
1llyllo,n) = 1 ' Gra(llyllo.n),
bo(llullo,g) = o7 (3r2l[ulljo.4))-

It is easy to see that Bg(-, ) € KL and 1,19 €
K. Then we can conclude that system (1) is
input/output-to-state stable. Q.E.D.

5. CONCLUSION

In this paper, we have proposed and solved the
problem of the global (local) stabilization of in-
variant sets of a class of switched systems, every
subsystem of which is a passive and nonlinear
system. The main idea of our approach is to
extend the passification scheme for equilibrium

) +ar B3nllyllon))

point stabilization introduced by Byrnes, Isidori
and Willems (1991), to the problem of invari-
ant set stabilization for switched nonlinear sys-
tems. To this end, we have extended the notion
of the input/output-to-state stability introduced
by Sontag and Wang (1997), to the case of the
input/output-to-V (x) stability, which implies de-
tectability of the zero-value set of a storage func-
tion. Based on this notion and the notion of pas-
sivity of nonlinear systems, we have proposed and
proved sufficient conditions under which an in-
variant state set of the switched nonlinear system
can be stabilized by output feedback. We have
also shown that a nonlinear system is IOVS if
V() is an IOSS-Lyapunov function of the system.
The relationship between IOVS and IOSS is also
characterized by the concept of I0SS-Lyapunov
function.
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