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SUMMARY

We consider the class of nonlinear systems in normal form with unitary relative degree whose zero
and output dynamics are affected by state jumps fulfilling an average dwell-time constraint. Under a
minimum-phase assumption requiring the existence of a compact set, which is globally pre-asymptotically
stable for the hybrid zero dynamics, we show how to design continuous, global state- and semiglobal
output-feedback control laws. The proposed design methodology extends to the considered class of hybrid
systems well-known design techniques for robustly stabilizing the class of continuous-time minimum-
phase nonlinear systems having unitary relative degree. Examples are given to show the usefulness of the
technical result. Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The study of dynamical systems combining continuous-time and discrete-time behaviors, usually
referred to as hybrid systems, has attracted a lot of attention in the control community due to the
fact that a large variety of physical systems can be naturally modeled in this way and due to a
number of intriguing theoretical issues that arise when studying this class of systems. The hybrid
system literature is indeed very vast and a number of research fields focused on specific classes
of hybrid systems can be identified. Besides others, it is worth mentioning the field of switching
systems [1, 2], hybrid automata [3], sampled-data systems [4], event-based systems [5] and others.
Of course the challenges behind the study of hybrid systems become even more noteworthy if
both the continuous- and discrete-time dynamics are nonlinear systems and if uncertainties, such
as unknown parameters and/or exogenous disturbances, enter into the picture. In this respect a
noteworthy research attempt has been recently done (see the tutorial [6] and the references therein)
in order to develop a general framework of hybrid nonlinear systems within which classical stability
results, which are known to hold in the continuous- and discrete-time domain, are recovered.
In particular, crucial properties linked to robustness of asymptotic stability to data perturbation,
representing building blocks of many robust design techniques developed so far in a non-hybrid
context, have been clearly shown to also exist in a hybrid nonlinear setting. These developments
have made it possible to extend to hybrid systems a number of tools, for analysis and synthesis,
commonly used in the non-hybrid literature and, in turn, to provide the theoretical substrate on
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STABILIZATION FOR A CLASS OF MINIMUM PHASE HYBRID SYSTEMS 1179

which a number of design techniques for robustly controlling hybrid nonlinear systems have been
developed and proved to be effective in a rigorous way.

The current work fits in this context as it aims to develop a design tool in the hybrid framework
described in [6] by extending a technique commonly used for robust stabilization of nonlinear
continuous-time systems. Specifically, one of the cornerstones in the literature about robust stabi-
lization of continuous-time nonlinear systems in the large is represented by [7], in which it is
shown how the class of nonlinear systems described in normal form and fulfilling a minimum-phase
assumption can be globally stabilized by means of a continuous state-feedback control law. In [7]
the minimum-phase assumption is formulated by requiring that the zero dynamics of the system,
a notion proposed by the authors of [7] in earlier contributions (see [8, 9]), possess a globally
asymptotically stable equilibrium point. Among the number of developments inspired by [7], a
notable role is played by the results in [10] in which it is shown that partial state feedback (namely
a feedback depending only on the output and its time derivatives) succeeds if just stabilization
on compact sets (i.e. semi-global stabilization) is sought. In particular, if attention is restricted
to nonlinear systems having unitary relative degree, a pure algebraic output feedback has been
proved to succeed in stabilizing systems on compacta. Furthermore, the proposed control law can
be shown to be effective even in the presence of possible uncertainties affecting the zero and the
output dynamics. This, in turn, makes the mentioned result (and other developments proposed in
[10]) fundamental as providing systematic tool for robustly stabilizing nonlinear systems by means
of continuous output feedback.

The goal of this work is to extend the mentioned (global and semi-global) stabilization tool
to a fairly general class of hybrid nonlinear systems having relative degree one and fulfilling a
generalized minimum-phase condition. According to the framework of [6], the considered hybrid
system is given by the combination of flow dynamics, represented by a nonlinear system in normal
form with unitary relative degree, and jump maps that are represented by nonlinear functions of the
state. In the framework considered in this paper, the conditions that allow the state of the system
to flow, according to the flow dynamics, or to jump, according to the jump maps, are given in
terms of flow and jump sets, to which the state of the system must belong for having, respectively,
flow or jump enabled, and of an auxiliary clock variable whose role is to enable possible jumps
provided that an average dwell time is guaranteed from the previous reset. The concept of average
dwell time, originally introduced in [11], has been extensively used in the literature of switching
systems in order to frame situations in which the average interval between consecutive switches
has a guaranteed lower bound even though multiple switches, not separated by a guaranteed
dwell time, may occasionally happen. This concept, representing the natural generalization of the
notion of dwell time introduced in [12] in the study of supervisory control, has been discovered
interesting in the stability analysis of switching linear and nonlinear systems. In [11] the authors
show that switching among Hurwitz linear systems results in a uniformly exponentially stable
system provided that switching is ‘slow-on-the-average’. The result is extended in [13] in which it
is shown that exponential stability is preserved even though the switching involves both Hurwitz
and anti-stable linear systems provided that the activation time of the latter is relatively small
compared with one of the Hurwitz systems and the overall average dwell time is large enough.
The relevance of the notion of average dwell-time in the stability analysis of nonlinear systems
subject to reset and in the presence of exogenous signals is also highlighted in [14]. In this work
it is shown how input-to-state stability with respect to exogenous disturbances is guaranteed if
possible ‘stabilizing resets’ happen sufficiently frequently in the average and, conversely, possible
‘de-stabilizing resets’ rarely happen in the average. Recently, in [15], the notion of average dwell-
time has been shown to be effective also to study stability of a (possibly infinite-dimensional)
family of nonlinear vector fields. In the paper it is shown that any possible switching scenario
among the family results in trajectories that are stable in a proper sense (see [15]) provided that
each vector field satisfies appropriate asymptotic (not necessarily exponential) stability conditions
and that the average dwell time is sufficiently large.

Motivated by the previous and others results, we thus focus on hybrid systems in which the
time intervals between consecutive jumps of the state are lower bounded in the average. In this
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1180 A. R. TEEL AND L. MARCONI

context we formulate a minimum-phase assumption requiring that the hybrid dynamics obtained
by zeroing the output of the system admit a pre-asymptotically stable (see [16]) compact set and
we show how this, in addition to others technical assumptions, suffice to design a continuous, state
feedback globally stabilizing the zero dynamics to the compact set and the output to zero for the
overall system. As a corollary of this general result we show that pure output feedback succeeds
if just semiglobal stability results are sought.

The paper is organized as follows. In the next section we briefly present a few basic notions
regarding hybrid systems that are instrumental for the analysis carried out in the paper. Section 3
presents the framework and the main results about global state-feedback and semi-global output-
feedback stabilization. Then, in Section 4, a few examples are presented and discussed. Section 5
concludes with final remarks and future developments.

Notations

In the paper R, R, and R>( denote respectively the set of real, positive real, and nonnegative
real numbers. The symbol N denotes the set of nonnegative integers. With R" we indicate the
n-dimensional Euclidean space. For x € R"” and .«7 a set of R", |x| ., denotes the distance of x from
o/ defined as infyc o/ [x —y|. With F:R"=R" we indicate a set-valued mapping from R" to R".

2. PRELIMINARIES

In this part we briefly review basic notations and fundamental facts about hybrid systems that are
instrumental for the analysis of the next section. Following [6], an hybrid system is specified by the
data (F,G,C, D) where F:R"==R" and G:R"=3R" are set-valued mappings called respectively
the flow and the jump map, while C and D are closed subsets of R" called respectively the flow
and the jump set. The mappings F and G are assumed outer semi-continuous and locally bounded
and F(x) and G(x) are not empty with F(x) convex for all x € C. Denoting by x the state of the
hybrid system, the dynamics underlying (F, G, C, D) is explicitly described by the following set
of differential and algebraic inclusions

xeFx) xeC

xteGkx) xeD

(D

where xt denotes the next value of the state x. As shown in [6], a number of control scenarios
commonly referred to as hybrid systems, such as hybrid automata, switching systems, sampled
data systems, and others, can be cast in the form (1).

According to [17] the solutions of system (1) can be conveniently defined on hybrid time
domains. Specifically, a set SCR>ox N is called a hybrid time domain if it is the union of
infinitely many interval of the form [¢;,#;41] x {j}, where 0=1# <t <r2<..., or of finitely many
such intervals, with the last one possibly of the form [#;, 2,411 x {j}, [£j,j4+1) x {j} or [¢;, 00) x {j}.
A solution of (1) is defined in terms of hybrid arc consisting of a hybrid time domain dom¢ and
a function ¢:dom ¢ — R" such that 1+ ¢(z, j) is locally absolutely continuous for each j such
that (s, j)edom ¢ for some s € R>q. Specifically, a solution of (1) is represented by a hybrid arc
such that ¢(0,0)e CUD and

e for all j €N and almost all 7 such that (¢, j) € dom ¢,
¢ HeC ¢t HEF((, )
e for all (¢, j) edom ¢ such that (¢, j+1) edom ¢,
@, )eD ¢, j+1)eG((, ))).

In this framework a notion of pre-asymptotic stability has been introduced in [16] as general-
ization of the classical notion of asymptotic stability to the setting where completeness or even
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existence of solutions are not guaranteed. Specifically, for a compact set o/ C R", we have the
following definitions (see [16]):

e .o/ is pre-stable for (1) if for each ¢>0 there exists d>0 such that any solution ¢ of (1) with
[¢(0,0)| <0 satisfies (¢, j)|.z<e for all (¢, j)edom ¢;

e .o/ is pre-attractive for (1) if there exists >0 such that any solution ¢ of (1) with |¢(0, 0)| o7 <J
is bounded and, if it is complete, ¢(¢, j)— o/ as t+ j — o0;

e o/ is pre-asymptotically stable if it is both pre-stable and pre-attractive.

Furthermore, the set of all x € R" from which all the solutions are bounded and the complete ones
converge to ./ is called pre-domain of attraction. We say that a set ./ is globally pre-asymptotically
stable if it is pre-asymptotically stable with a pre-domain of attraction equal to R". Clearly, in
case of completeness of solutions, the previous definitions boil down to classical stability notions.
We refer the reader to [16] (see also [6]) for a broad discussion about the advantages of the notion
of pre-asymptotic stability over ‘simple’ asymptotic stability and about its relevance in the hybrid
context. For the purpose of this paper, it is important to mention that pre-asymptotic stability is
equivalent to the existence of a smooth Lyapunov function. In particular, the following converse
Lyapunov theorem has been proved in [16] under the assumptions on (C, F, D, G) stated at the
beginning of this section.

Theorem 1
Let .o/ CR" be a compact set that is globally pre-asymptotically stable for (1). Then, there exists
class-# o« functions o1 and o and a smooth Lyapunov function V :R" — R>¢ such that

a1 (|x] NSV ()< (x| r) VxeR"
and

VVx), fy< -V VxeC
frgga)( (), f) (x) Vx

\%
max V(g) < ﬁ VxeD.
geG(x) 2

In order to avoid cumbersome terminology, in the following part of the paper we will drop the
prefix ‘pre’ from the above stability notions. Note, however, that completeness and local existence
of solutions are not required in the considered stability framework.

3. MAIN RESULT

In this paper we consider the hybrid control system with state (7, x1, x2) € R x R" x R satisfying

7 € [0, 0]
x1 = fi(r,x1,x2) (t,x1,x2)€[0, N]xC xR
X2 = fa(t, x1,x2)+b(t, X1, x2)1

+ 2
T =1—1

=gt x1,0) ¢ (T,x1,x2)€[l, NIxD xR
xy = g(t,x1,x2)

where 0>0 and N>1. The flow dynamics of (2) exhibit a structure that is reminiscent of the
normal form with unitary relative degree in the continuous-time setting (see [18]) with the state
variables x; and (7, x1) playing the role of output and internal states, respectively. Furthermore, a
distinctive feature of (2) is the presence of the variable 7, which has a key role in enabling possible
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jumps. In particular, the specific flow and jump rules underlying the variable 7 lead to conclude
that the hybrid system (2) satisfies an average dwell-time as detailed in the next proposition.

Proposition 1
For each solution ¢ of (2) and each (s,i), (t, j)edom¢ with s+i<t+ j, the following relation
holds

J—i<o(t—s)+N.

Proof
Let ¢, t>s, j=i, N>1 and 6>0 be given. By using the flow and jump rule of the variable 7, it
turns out that

0<t(t, j)<t(s,i)+o(t —s)—(G—i)) SN+t —s5)—(j —i).
The previous expression, properly rearranged, yields the result. U

By following the terminology proposed in [11], the number N represents the chatter bound as
it denotes the maximum number of consecutive jumps all occurring at the same time while 1/6
represents the average dwell-time. As a particular case, taking d=1/ty.x and N =1 generates
solutions that satisfy a dwell-time constraint on jumps, i.e. all consecutive jumps are separated
by at least Tpax units of time. Further restricting attention to solutions that satisfy T=0 generates
solutions with periodic jumps with period Tmax-

We will show that system (2) can be globally stabilized by means of a continuous state feedback
under the following assumption.

Assumption 1
The following conditions hold:

1. The sets C, D CR" are closed and the functions fi, f2, g1, g2 and b are continuous.
2. For each compact set K C R" x R there exists L>0 such that

[ f1(t, x1, x2) = fi(z, x1, 0)[<Llx2|  V(t,x1,x2)€[0, N]x (KN(C x R)),
and, for all (7, x1,x2)€[1, N]x (KN(D x R)),
max({|ga2(, x1, x2)I, [g1(7, X1, x2) — g1(7, x1, ) [}< L [x2|.
3. There exists a nonincreasing continuous function b: R>¢— R~ such that
b(t, x1,x2)2b(|(x1,x2)])  V(7,x1,x2) €[0, N]x C.

4. The compact set [0, N] x .o/ is globally asymptotically stable for the system

7 € [0, 4]

, (t,x1)€[0,N]xC
x1 = fi(z,x1,0)

N 3)
T =1—1

+ } (T5x])E[I,N]XD.
x; = gi(t,x1,0)

5. The function f, satisfies f>(t,x1,0)=0 for all (t,x1)€[0, N]x o/.

Item 1 is sufficient to guarantee the (mild) regularity conditions that are required for hybrid
system to enjoy a number of properties, including the converse Lyapunov results in [16]. Item 2
asks that the functions f] and gj, g satisfy a certain type of sector growth condition, respectively
on the flow and jump set, with respect to the variable x,. The latter assumption is instrumental
for the Lyapunov construction characterizing the proof of our main result, given in Theorem 2
below. Item 3, on the other hand, asks that the function » multiplying the input is bounded from
below by a continuous positive function. In this respect, by inheriting the terminology used in
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the continuous-time setting, the function b plays the role of ‘high-frequency’ gain of the hybrid
system and system (2) can be well regarded as a system with unitary relative degree. By insisting
on the parallel with the continuous-time setting, system (3) in item 4 represents the zero-dynamics
of system (2) and the requirement about global asymptotic stability of the set .oZ for (3) can be
interpreted as a minimum-phase assumption for system (2). Finally, the requirement on f> in item
5, along with the condition in item 4 and the growth condition on g in item 2, simply guarantee
that the set .7 x {0}, representing the final desired attractor for the state of (2), is forward invariant
for (2) with u=0. We remark how the requirement on f> in item 5 is indeed necessary if the goal
is to design continuous static state-feedback control laws.

Under the previous conditions it is possible to formulate the next theorem which is the main
result of the paper.

Theorem 2
Under Assumption 1, there exists a continuous feedback law of the form

u=—sgn(x)r(lx2 (lx|), 4

where x =col(x,x2), K€ X « and ¥:R>o9— R>o is continuous, such that, for the closed-loop
system (2), (4), the set [0, N] x .o/ x {0} is globally asymptotically stable.

Proof
Using item 4 of Assumption 1 and recalling Theorem 1, let Vi:Rx R" — R>( be a Lyapunov
function for (3). In particular, V| is smooth and there exist class-# ", functions o and & such that

a(lxi])<Vi(r, x)<a(|x1]) V(T x1) €0, NI x R ®)

and

Vi@ x) y  VIEXD) e 0) < —Vimx)) V(e x) €0, N]x C
ot ox1 (6)

Vit—1,g1(t.x1,0) < 3 Vi(r,x1) V(r,x))€[1,N]x D

for all 7’ €[0, §]. Using item 2 of Assumption 1 and the smoothness of Vi, there exist continuous,
nondecreasing functions ¥/, ¥/,, Y3 : R>0— R>0 such that, for all (t,x1,x2)€[1, N]x D xR,

lg1(z, x1, x2)| < Y (|x])
1g2(t, x1, x2)] < Yo(|x])]x2] ©)
2[Vi(t—1, g1(t, x1, x2)) = Vi(t— 1, g1(z, x1, 01> < r3(|x])|xa .

Let the smooth, class-# " functions p, ;, p,; and positive constants ., where k€{0,...,2N},
satisfy

Lo ISpo<uy < <oy,
2. for all s>0,

0<p1,0(8)<P1 1)< <Py oy (s) ®)
and
0<p2,0()<P2, 1()< - <po oy (s), )
3. for all (x1,x)eD xR, and ke{0,...,2N —1},

W3(x D+ Lt + 1y (X D)+ o Wa (X DIx2 DI (1x )2
<0501+ 01 g1 (1 D+ pa 41 (122D (10)
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1184 A. R. TEEL AND L. MARCONI

Let ¢:[0,1]—[0, 1] be a smooth, nondecreasing function that is zero on a neighborhood of
zero and is one on a neighborhood of one. For (7, x1, x) €[0, N] x R" x R, define

W, x1,x2) := (1 =02t — [2T))(p2¢) + 1, 120 (X1 D+ P2, 120 (1X2]))
+02t— [ 2t]) (21 41 T 21, 20 ) +1UX1 D+ P2, 12041 (Ix2]) (11)

where, for each 1€ R, | 27| =k where k is the unique integer satisfying 2t € [k, k+ 1). The definition
of W can be extended to R x R" x R by projecting t into the interval [0, N]. Observe that W is
smooth, nondecreasing in 7, and W(t, x|, x2)>1 for all (t, x1, x2) € Rx R"” x R. Define

Va(t, x1,x2) = W (z, x1, %2) | x2 . (12)
Note that

oVa(t, x1,x /
% =2W (1, x1, x2)x2+[(1 =021~ [22)))p oy (22)

+0(21— 122))p) |50 11 (IX2D)Isgn(ra) a2,

In particular, for all (t,x1,x2)€[0, N]x C xR,

oVa(t, x1, x2)
sgn(xy) =sgn| | ———
0x2
Va(z, x1,
| < ‘M (13)
0x2
oVa(t, x1,x2)
‘7 < %2y (lxD)
0x2
for some continuous function V.
Consider the Lyapunov function
V(z,x1,x2) = Vi(t,x1)° 4 Va(, x1, %2). (14)

Then, using the second inequality of (6), the fact that W(-, x1, x2) is nondecreasing, the inequali-
ties (7), the definition of W in (11), and the relation (10), we have for all (7, x1,x2) €[1, N]x D xR,

V(t—1, gi1(z, x1, x2), g2(7, X1, X2))
=Vi(t—1, g1(t, x1,%2))* + Va(t — 1, g1 (7, x1, X2), g2(T, X1, X2))
L2Vi(r—1,g1(1, x1, 0 +2(Vi(r—1, g1(z, x1,x2)) = Vi(r— 1, g1(7, x1, 0)))?
+Va(r—1, gi1(z, x1, x2), g2(7, X1, X2))
<O.5Vi(r, x>+ (xDlxa P+ W(r—1, g1(t, x1, %2), g2(7, X1, x2) | g2(T, x1, x2)
<O.5Vi(r, x1)* +3(|xDxa >+ W(0.5[21— 1], g1(7, x1. x2), 82(T, X1, X2))|g2(T, x1., x2) [
=0.5Vi(t, x1)” +P3(1xXD X2l + (pe— 1+ 91, 201 (1817, X1, X2)])
02,1201, (182(T. x1, X)) 82(T, x1, X2) 2
<0.5Vi (. x1)* + Y3 (xDIxa* + (e 1) 1, 201 W1 (1XD)

402, 120 1) Wa(x D2 Do (x|
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<O.5Vi(z, x1)” +0.5(1 20| + 1, 122 (151 D+ P2, 120 (151 D) 22l
=0.5Vi(t, x1)>+0.5W(|t], x1, x2)|x2 >

<0.5Vi (1, x1)* +0.5W(x, x1, x2)|x2|?
=0.5Vi(z,x1)>+0.5Va(1, x1, x2)

=0.5V(t, x1,x2).

Also, there exists a continuous function 1, such that, for all (7, x;,x2)€[0, N]x C x R,

. oV(t, x1, . 0V(t,xq, oV(t,xy,
V.= (z, x1 xz)r—i— (z. x1 xZ)fl(T,X1,X2)+M[f2(f,X1,xz)+b(T,X1,xz)u]
ot 0x1 0x2

B 2 oVi(z, x1) B
< —=2Vi(z, x1) +2V1(T,X1)7ax (fi(z, x1,x2)— fi(z, x1,0))
1

oV (t,x1,x2)

+ () ]x2] 2+ -
X2

[f2(T, x1, x2) +D(T, X1, X2)u].

Using item 5 of Assumption 1 and (5), let p; be a bounded class-#" function and let p,: R>o — R>o
be an unbounded, continuous, nondecreasing function that is zero on a neighborhood of zero
such that

[f2(z, x1, 0)[<p3(Vi(T, x1))+pa(Vi(T, X1)).

Let p*>ps(s) for all s>0. Then, for each ¢>0, by considering the two cases lv|<es?/p* and
lv|>es2/p*, we have

[ulp3()<es+[vlps (vIvlp*/e )

and, by multiplying and dividing by s and completing squares,
[l p4(s)<es® +(de) " [v*p3(s)/s>.
Note that p4(s)/s is a continuous function of s that is zero for small s. It follows that

oVa(t,x1,x2)

0x2

‘M ps(lx2ys(lxl. e~

fa(r, xy, 0)‘ L2eVi(t,x1)* + ‘
Oxo

where /5 is continuous and ps € % . So, with appropriate choice for ¢, using the continuity of
f> and the first of (13), and by item 3 of Assumption 1, we have the existence of a continuous
function ¢ and a class-# o function pg such that

oVa(t,x1,x2)

VS—Vl(T,X1)2+‘ s

((Ix2l+ pe(lx2 D (1x ) — b(x D2 DY (1x ). 5)

We then pick x(s)=s+pg(s) and

1
Y(s)= @ max{2¢6(s), 2¢7(S)}

where the continuous function i satisfies Va(x, xl,x2)<¢7(|x|)|x2|2. This results in

b(lxDr(lx2 D (xD=(1x2] 4 pe (2 DWrs(1x D+ 1x2 17 (1x])
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and, in turn, by using the second of (13),
V<= Vi(1,x1)* = Valt, x1,x2) ==V (1, X1, x2). (16)
This establishes the result. O

In case just stabilization on compact sets is sought, the state feedback control law (4) reduces
to a pure output feedback as detailed in the following corollary, which extends to a hybrid setting
a similar result of [10].

Corollary 1
Under Assumption 1, there exists a continuous feedback law of the form

u=—sgn(x2)r(|x2|)k, a7

where k€ 4 o and k>0, such that, for the closed-loop system (2), (4), the set [0, N]x .o/ x {0}
is semi-globally asymptotically stable in the control parameter k. Namely, for any compact set
K CR" xR, there exists a k*>0 such that for all k>k* the set [0, N]x .o x {0} is asymptotically
stable for the closed-loop system (2), (17) with domain of attraction of the form R x & with D K.

Proof
The proof is the same as the one of Theorem 2 until Equation (15) which, by choosing the control
as in (17), becomes

oVa(t,x1,x2)

V<—Vi(t,x1)* + o

((x2]+ 6 (Ix2D)6(1x 1) = b(|x D(lx2)K). (18)

Let ¢>0 be such that the compact set
Qe :={(t, x1,x2) €[0, NI x R" x R: V (1, x1, x2)<c}

satisfies K CQ,, and let b* :=minycq_b(|x|), Y§:=max,cq, Ye(lx|) and ¥7:=max,cq, V7(|x]).
Then, by taking k* =(1/b*)max{yrg, 3}, it follows that for all k>k* and for any (t,x,x2) €Q,
the bound (16) holds. From this the result follows. Il

4. EXAMPLES

4.1. First example: suppressing the effect of discontinuous disturbances by state feedback

As first example we consider a problem of disturbance suppression for a particular class of hybrid
systems. Specifically, we consider the control system

=1

w=0 5

. (0, w,n,y)€[0,n]x[—10,10] x R* x R (192)
n=Fn+Gw+r(w,n,y)y

y = f(w,n,y)+bw,n, yu

et =0
wt = —w )
(o, w,n,y)e{n}x[—10,10] x R“ xR (19b)
+ _
n =n
yh=y

in which (F,G) e R2*2 x R2*! is a controllable pair with F Hurwitz and r, f and b are continuous
functions with b(w, 7, y)>b>0. What makes hybrid the previous system is the presence of the
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variable w, playing the role of disturbance, which jumps between two constant values {—w*, w*},
with w* €[—10, 10], with a periodicity of © governed by the clock variable ¢. For illustrative
purposes, we focus on the following values of the pair (F, G)

() )

and we will restrict the possible f and b to the class of continuous functions satisfying f(w,n,0)=
w and b(w, 1, 0)=1. First, observe that, by taking N>1 and 6>1/=, every solution of (19) can be
generated as a solution of the system

7 € [0, 9]
6=1
=0 (t,0,w,n, y)€[0, NI x [0, 1] x [—10, 10] x R? x R

n=Fn+Gw+r(w,n,y)y
y = f(w,n,y)+bw,n, yu

h=1-1 20
ot =0
wt=—w (1,0, w,n, y) €1, NI x {n} x [—10, 10] x B> x R
n=n
yh=y
with 7(0,0)= N. As a consequence, system (19) can be cast in the form (2).
We focus now on the zero dynamics of (19), namely on system
7 € [0, 9]
6= 5
] (t,0,w,n,y)e[0, N]x [0, n] x[—10,10] x R
w=20
n=Fn+Gw
T =1-1 2D
ot =0
_ 2
wt = —w (t,0,w,n)€[l, N] x{n} x[-10, 10] x R4,
nt=n
Using the fact that F is Hurwitz and by defining
1 2exp(—o) exp(—20)
2 l14exp(—n) 1+4exp(—27
(o) = p(—m) p(—2n) 22)
2exp(—o)
I +exp(—)

it can be verified that there exist u>0 and A>0 such that each solution x =(z, g, w,n) of (21)
satisfies

In(z, ))—I(a(t, jHw(t, pl<pexp(—i+j))n(0,0)—II(a(0, 0)w(0, 0)] (23)
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for all (¢, j)edom x. Thus, we conclude that the system (21) has the compact set [0, N] x .o/
globally asymptotically stable where

o ={(o,w,n) € x[0, ] x [—10, 10] x R :n=TI(c)w}. (24)

Furthermore, it is not difficult to verify that |I1(¢)|>0 for all o€ [0, n]. Indeed, in order to have
I1(6)=0, 6 €[0, 7] must satisfy

2exp(—o)  2exp(—20)

= = (25)
I+exp(—n) 14exp(—2n)
which is impossible. With these results at hand, we preliminarily choose the control law as
(T(o))"
- n+v, (26)
(o) |2

where v is a residual control input that is used to compensate for the effect of the disturbance w
on the output dynamics when the zero dynamics belong to the set [0, N] x .7 and y is zero. This
choice guarantees that, by defining

1(9) >T 27

ﬁmawwmr;ﬂwmﬁ—wwmw<mww

and by bearing in mind that f(w,n,0)=w and b(w,n,0)=1, fa(r,0,w,n,0)=0 for all
(t,0,w,n)€[0, N] x o/. Therefore, all the conditions of Assumption 1 hold. It follows from
Corollary 1 that, for the system (19), the set .o/ x {0} is semiglobally asymptotically stabilizable
by a feedback v of the form v=—sgn(y)x(|y|)k where k>0.

The previous example draws its inspiration from problems of hybrid output regulation, currently
under study by the authors, with the proposed solution that can be interpreted according to internal
model-based design strategies (see [10, 19]). Specifically, with an eye to (26), the first term of
the control law, dependent on (o, 7), can be interpreted as the term aiming to compensate for
the non vanishing steady-state value of f(w,#,y), by thus guaranteeing that the system has a
steady-state solution, characterized by y=0, with v=0. On the other hand, the second term of
(26), dependent on y through the high-gain law, can be interpreted as a stabilization term having
the role of steering the state of the overall system towards the desired steady-state. Under this
perspective, the state variable 1 plays the role of an ‘internal-model’ state variable, most likely
part of the control dynamics rather than of the controlled plant. In order to give the reader more
details about the previous interpretation, consider the controlled system

=1

w=0 (o, w,y)el0,n] x[—10,10] xR (28a)
y=flw,y)+u

ct =0

wt = —w (o,w,y)e{n} x[—10,10] x R (28b)

yh=y
with f(w,0)=w, where w is a jumping disturbance, and the problem of steering the output y to
zero by means of a feedback processing ¢ and y only. In this scenario, the controller is required
to have the ability to compensate for the term f(w, y), not vanishing at the desired steady-state,
by providing the (jumping) steady-state control input u =— f(w, 0)=—w. By drawing inspiration
from the theory of output regulation for continuous-time systems presented in [19] (see also [20]),
we consider a hybrid dynamic controller flowing according to the dynamics

E=F¢-Gu,
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with (F, G) € R**? x R**! the controllable pair specified above, whenever system (28) flows, and
jumping, according to the trivial rule é* = ¢, whenever system (28) experiences a jump, and the
control law

(o)’

DG

where v is a residual control input. After the change of variables &+ y=<E+ Gy, it turns out that
the overall closed-loop system reads as (19) with the y equation replaced by

y=frlw,n,y)+v

where fa(w, 1, y)=f(w, y)—IL(e)"/[TI(0)|*(1—Gy) and r(w,n,y) such that r(w,n,y)y=
Gf(w,y)—Gw— FGy. By construction, it turns out that f,(w, I1(c)w,0)=0 and, a consequence,
the system fits in the framework of the previous section with the set .o/ x {0} that can be
semiglobally asymptotically stabilized by a feedback of the form v=—sgn(y)x(|y|)k where k>0.

4.2. Second example: stabilization in presence of switching zero-dynamics with average
dwell-time

We consider a system of the form
Z == AqZ+ qu
y=f@@y.q)+u

with input #€R and output y€R, in which ¢ is a discrete variable taking values in the set
Q:={—1,1}. The matrices A_; and A; are Hurwitz matrices while the function f is continuous
and such that £(0,0, Q)=0.

In the specific example, the rule underlying the switching between the matrices Ay, A_p is
governed by the zero crossing of a continuous-time quasi-periodic signal of the form &;(z)+v(¢)
generated by the autonomous system

& =08
&H=—-0¢
v =Q,v
vy =—Q,v|

whose initial conditions are assumed to range in the (invariant) set = x V where
E={¢eR2:|¢|=¢& V:={veR’:|v|€[0,7]}

with <& positive numbers. The signal &;(¢)+v{(¢) can be conveniently interpreted as the super-
imposition of a deterministic clock signal &;(¢), playing the role of temporization signal, and
of a high-frequency signal v;(¢), playing the role of additive noise. In this respect we suppose
that Q, > Qs and that £>>v. Furthermore, while & and €, will be regarded as fixed parameters, the
stability conditions presented in the following will be given in terms of the upper bound v of the
noise amplitude which, in turn, will be regarded as a function of the frequency €,. Specifically,
by restricting the attention to physical signals v{(¢) having finite energy, we will assume that v is
a decreasing function of Q, fulfilling the bound

P
V()< — 29
() Q, (29)
where P is a positive constant.
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The switching rule for ¢ is taken of the form g™ =—gq if the signal &;(¢)+v;(¢) has a zero
crossing and its time derivative has a sign which is opposite to the sign of ¢, while ¢ is kept
constant, namely ¢ =0, otherwise. Formally,

(EmeCy:={(¢MeEXxV:q(1+v1)=20}=¢=0
and
(& v)eDy:={(NeEXV {1+ =0,q(&+2)<0} =gt =—¢.

By assuming continuity of the state (z, y) during jumps, the overall dynamics can thus be written
as the hybrid system

z= A z+Byy

Gg=0

& =08

& = —0.¢ (z.(q. &), ) €R* x ( U (g} xcq)> xR (30a)
v = Q) e

vy = —Q,v;

y=f(zy,q)+u

Z+ =72z

9" =—q

&r=¢ (z.(q. &, v), ) eR* x < U (g} x Dq)) x R. (30b)
V+ =V aee

yh=y

It turns out that the time interval between two consecutive switches of the previous system satisfies
an average dwell-time depending on the specified data. As a matter of fact note that there exist
time intervals {r:|&;(z)|<V}, centered at the times at which &;(¢) crosses the zero and regularly
spaced by 7/Q, within which the signal &;(¢)+v1(¢#) might have a number of zero crossing, due
to the superimposed high-frequency noise, and outside which switches do not occur. A simple
computation shows that an estimation of the length L of each of these time intervals is a function
of ¥(Q,) and it is given by

L) = = arctan —— o)
(w( n))—Q—Sarc anm.

Note that L — 0 as Q, — oo. Within these intervals an estimation N, of the number of times the
noisy signal &;(¢#)+v;(¢) changes sign (and thus an upper bound of the times g resets) is a function
of v(€2,,) and of Q, given by

_ _ Q
Ns(v(Qy), Qn):L(V(Qn))?n-
By taking advantage from (29), it turns out that there exists a N>0 such that Ny(¥(€2,), Q,)<N
for all ©,>0 and limq, _, oo Ns(V(€2,), Q,)<2P /Q L.

As a consequence, for each solution x and each (s, i), (¢, j) €domx of (30) with s+i<t+ j, the
following estimation can be derived

0)
i—j<N+0d(t—s) where d= ?SNS@(QS), Q).
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Note that, by using (29), for any 6*>0 there exists a P* such that <" for any P<P* and for
all Q,>0. By letting x| :=col(z, ¢, &, v), x2:=,

C:=R2x<u({q}xcq>>, D:= <U<{q}xcq>)

q€Q q€Q

every solution of (30) can thus be generated as a solution of the system (2).
Now we check Assumption 1 and specifically item 4. The zero dynamics of the system is of
the form

i € [0,4]

7= A4z

g=0

& =06 (T,Z,(q,f,V))E[O,N]XR2X<U({q}XCq)) (3la)
&H = -0 e

Vi = Qv

vy = —Q,v;

Tt =1-1

2t =2

¢t =—q | (tz.(q.EMeE[l NIXR X ( U ({q}xDq>) . (31b)
- 1=

v =y

By using Theorem 2 in [11], it turns out that there exists a 6* such that the switching system
z=Aqz, with ¢(¢) any possible switching sequence generated by (31) with d<6*, is uniformly
exponentially stable. As a consequence there exists a P*>0 such that for any P<P* the set
[0, N]x .o/ with .o/ ={0} x Q xEx V is globally asymptotically stable for (31). Therefore, all
of the conditions of Assumption 1 hold. It follows from Corollary 1 that, for the system (2),
the set [0, N] x .o/ x {0} is semi-globally asymptotically stabilizable by a feedback u of the form
u=—sgn(y)x(|y|)k where k>0.

5. CONCLUSIONS

The work focused on the global stabilization of the class of hybrid systems described by (2) under a
minimum-phase assumption, which requires the existence of a compact set which is asymptotically
stable for the reduced dynamics given by (3). Both global state-feedback and semi-global output-
feedback results have been given in Section 3. The structure of (2), under the conditions listed
in Assumption 1, can be considered as the natural hybrid version of continuous-time systems in
normal form having unitary relative degree and globally asymptotically stable zero dynamics. In this
respect, the contribution of the work can be seen as the generalization of fundamental stabilization
tools, both state- and output-feedback, proposed in the literature of nonlinear continuous-time
systems in the past. The results presented in this paper represent a first attempt of the authors
towards the development of a general theory of output regulation for linear and nonlinear hybrid
systems. Specifically, the future attempt will be directed to extend the theory of nonlinear output
regulation proposed in the continuous-time setting in [20] (see also [19]) to a general hybrid setting.
In this respect the tools proposed in Theorem 2 and Corollary 1 will represent a building block
for the design of internal-model based regulators for hybrid systems.
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