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Abstract

A stability result is given for hybrid control systems singularly perturbed by fast but continuous actuators. If a hybrid control
system has a compact set globally asymptotically stable when the actuator dynamics are omitted, or equivalently, are infinitely
fast, then the same compact set is semiglobally practically asymptotically stable in the finite speed of the actuator dynamics.
This result, which generalizes classical results for differential equations, justifies using a simplified plant model that ignores
fast but continuous actuator dynamics, even when using a hybrid feedback control algorithm.
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1 Introduction

Singular perturbation theory is a basic tenet of classi-
cal nonlinear control design [21], [22]. Among its many
applications, singular perturbation theory justifies us-
ing a continuous feedback control algorithm that is de-
signed based on a simplified plant model, one that ig-
nores the dynamics of actuators when those dynamics
are fast compared to the desired closed-loop bandwidth
of the control system.

With the emergence of novel hybrid control algorithms
over the last two decades [25], [3], [17], [9], [11], it is nat-
ural to ask whether classical singular perturbation the-
ory, in general, and the result about fast actuators, in
particular, apply also when designing hybrid control sys-
tems. A general singular perturbation theory for hybrid
dynamical systems remains elusive. Preliminary results
appear in [30] (see also [29]). In that work, two differ-
ent types of assumptions are made, neither of which are
used in the current paper. In particular, either a timer is
added to enforce a dwell-time period between jumps, or
else jumps are included in the definition of the bound-
ary layer system and aid in convergence toward a quasi-
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steady state equilibrium manifold. The former situation
is considered for the case of fast actuator dynamics. The
latter situation is considered for the case where measure-
ments are passed through a type of dynamic sensor.

The main contribution of the current work is a
semiglobal practical asymptotic stability result for a
class of singularly perturbed hybrid systems. This result
applies to hybrid control systems that are singularly
perturbed by fast, continuous actuators, as we indi-
cate via examples of hybrid control. In establishing this
result, we do not assume any dwell-time condition be-
tween jumps. Moreover, the models we use allow the
actuator dynamics to be purely continuous; in other
words, the actuator state is allowed to remain constant
during jumps of the closed-loop system.

The stability assumptions used here parallel the typical
stability assumptions imposed for continuous-time sin-
gular perturbation results on the semi-infinite time in-
terval. Cf. [18]. In contrast to the results in [2], [15], [4],
[35] and the references therein, we do not combine sin-
gular perturbations with averaging theory here. (Aver-
aging — without singular perturbations — for a class of
hybrid systems is addressed in [36].) On the other hand,
when specialized to continuous-time systems, the regu-
larity conditions we impose on the data are weaker than
what is typically used, even for results that pertain to
differential inclusions. Cf. [15], [37], [35], [38].



The proof of our main result uses a Lyapunov function
argument and, hence, relies on recent converse Lyapunov
theorems for hybrid systems [8] which, in turn, follow
from the robustness of asymptotic stability for hybrid
systems established in [12]. The Lyapunov argument is
delicate because, while a small parameter is available
for the continuous dynamics (or flows) of the hybrid
system to ensure a negative definite Lyapunov function
derivative, there is no small parameter available to en-
sure that the value of the Lyapunov function decreases
during jumps.

The paper is organized as follows. In Section 2 we review
the basic theory of hybrid systems and associated stabil-
ity concepts. Section 3 uses a mobile robot stabilization
problem to motivate our main result. In Section 4 we
present our singular perturbation result along with its
Lyapunov-based proof. In Section 5 we demonstrate our
result on a class of hybrid control systems with fast ac-
tuators. In Section 6 the results of Section 5 are applied
to the mobile robot stabilization problem of Section 3
as well as to the global asymptotic stabilization prob-
lem for the upright position of a pendulum on a cart.
Conclusions appear in Section 7.

2 Preliminaries

A hybrid system with state € R™ has the form

zeC
reD.

& € F(x)
zt € G(z)

(1)
This class of models covers hybrid automata, a wide class
of switched systems, sampled-data systems, mechanical
systems with impacts, and many other complex systems.
Some examples appear in Section 6. For more examples,
see [11]. A solution to the hybrid system (1) is a hybrid
arc defined on a hybrid time domain, the latter being a
subset of R>( X Z>(, where R>( denotes the nonnegative
real numbers and Z>( denotes the nonnegative integers.
In particular, a set & C R>q X Zx>q is a hybrid time
domain if, for each (T, J) € E, there exist nonnegative
real numbers 0 =ty <ty < --- <41 =T such that

J

LJH) = U ([tis tiva] x {i}) -

=0

EN([0,7] x {0, ..

A function x : dom =z — R" is a hybrid arc if dom x
is a hybrid time domain and ¢ — x(t, j) is locally ab-
solutely continuous for each j such that the interval
I; .= {t: (t,j) € dom z} has nonempty interior. A hy-
brid arc z is a solution of (1) if 2(0,0) € C' U D and the
following two conditions hold:

(1) For each j such that I; has nonempty interior and
for almost all t € I;, z(t,j) € C and @(t,j) €

F(a(t, 5));
(2) Foreach (t,7) € dom x such that (¢, j+1) € dom z,
2(t, j) € D and a(t, j + 1) € G(a(t. ).

For more details about solutions, see [12] or [11].

For a compact set A and a vector x € R™, define |z|4 :=
minye 4 |z—y|, where |-| denotes the Euclidean norm. For
the system (1), the compact set A is said to be globally
asymptotically stable if the following two properties hold:

i. for each ¢ > 0 there exists > 0 such that each so-
lution « of (1) satisfying |x(0,0)|.4 < § also satisfies
|z(t,j)|a < e for all (t,7) € dom =.

ii. each solution of (1) is bounded and each solu-
tion z with an unbounded time domain satisfies

lmy 400 [2(E, 5)[a4 = 0.

Local asymptotic stability — where the second condition
holds only for solutions starting close to A — can be
converted to global asymptotic stability by replacing C'
and D in (1) by CNU and DNU, respectively, where U is
a sufficiently small neighborhood of A. The asymptotic
stability definition does not insist that each maximal
solution has an unbounded time domain, neither in the
t nor in the j direction. However, if the time domain is
unbounded then the solution must converge to A.

We also consider hybrid systems parametrized by a
small, positive parameter ¢, of the form

& € F.(x)
xt e Ge(x)

reC. @)

rze D, .

For the hybrid system (2), the compact set A is said to be
semiglobally practically asymptotically stable as e — 0T
if there exists 8 € KL' and for each A > 0 and § > 0
there exists ¢* > 0 such that, for each ¢ € (0,&*], each
solution z of (2) that satisfies |2(0,0)| 4 < A also satisfies
o(1.3) < B0.0act +9) 5 W) € dome
The convergence toward a small neighborhood of A in
the definition of semiglobal, practical asymptotic stabil-
ity is uniform over the set of initial conditions considered,
whereas this attribute is not explicit in the definition of
global asymptotic stability. However, under mild regu-
larity assumptions on the data (C, F, D, G), like those
that appear in Assumption 1 in Section 4, global asymp-
totic stability implies the existence of 3 € KL such that
each solution z to (1) satisfies

l2(t, 5)a < B(|2(0,0)[a,t+4)  V(t,j) € domz. (4)
LB e KLif B: Rsp x Rsg — Rsg is continuous, B(-,7)
is nondecreasing for each r > 0, (s, ) is nonincreasing for
each s, and lim,_,o+ B(s,r) = lim, 00 B(s,7) = 0.



When  has the form 8(s,r) = ¢i1sexp(—car) for some
constants ¢y, ca > 0, the compact set A is globally expo-
nentially stable. For more details, see [12, Theorem 6.5].

3 Motivating example

Our results are motivated by the possible need to im-
plement a hybrid feedback control algorithm through a
fast, stable, continuous actuator. Consider the problem
of stabilizing a mobile robot to a particular point and
orientation. A simple model of a mobile robot is 2

z C’U,l
C:1 = | CGua | = fu(&p,u) p &= (2,() € R? x S,
G2 —Cruz

()
where z € R? corresponds to the planar position of the
robot, u; € R denotes its velocity, which is treated as a
control variable, ¢ = ((1,(2) denotes the orientation of
the robot taking values on the unit circle, denoted S!,
and uy € R denotes angular velocity, which is the other
control variable. The goal is to globally asymptotically
stabilize a point §; = (0,(*) € R? x S'. This objective
cannot be achieved with continuous state feedback [7],
nor can it be accomplished robustly with discontinuous
state feedback [28]. However, it can be satisfied using
hybrid feedback, as illustrated in [17], [26], or [11]. The
hybrid state feedback has an internal state ¢ that takes
values in a finite subset QQ of the integers, and the overall
closed-loop hybrid control system has the form

& = fpl&pru), 4 =0
u = ke(€p, q)
5; = fp

qt € GC(&NQ)

} (€prq) €C
(6)
} (éprq) € D,

where C and D are closed subsets of R? x Q that can
be taken to be compact if the position z of the mobile
robot is constrained to a compact set; k. (-, q) is contin-
uous for each ¢ and G, is outer semicontinuous, locally
bounded, and not empty on D. For more details, see As-
sumption 1 in Section 4.1. The control signal typically
jumps when ¢ jumps. As in [11], it is possible to assume
that, for each ¢, the function x.(-, ¢) is bounded. When
the stabilization goal is attained, the closed-loop system
has the compact set A; := {f;} x Q globally asymptot-
ically stable. The closed-loop system typically exhibits a
solution with time domain {0} x Z, i.e., a purely discrete
solution, from initial conditions in the set Ay, which cor-
responds to repeatedly switching between control laws
ke(+, q) without allowing continuous evolution to occur.

2 The equivalent notation [z y']", [z ], and (z,y) is
used for vectors.

Our goal is to provide general stability results that en-
able making conclusive statements about the behavior
of the closed-loop hybrid control system when the sig-
nals u are generated by a fast but continuous actuator.
In particular, we are interested in inferring, from the as-
sumed properties of the system (6), the properties of the
closed-loop system resulting from passing the control law
through a system with state £, that has fast continuous-
time dynamics. The overall dynamical system has state
x = (&,q,&,) and is given by

&, Folpr€a)

q|= 0 =:F(2) (&, q),&a) ECXMB,
:Eéa —&atre(ép,q)

& &

gt |€|Gel&p,q)| = G(x) ((§p+): §a) € DXMB.
& €a

(7)
The value M > 0 bounds the Euclidean norm of k.(-, -),
MB is the closed ball of radius M in the Euclidean norm
centered at the origin, and € > 0 is a small parameter. We
will establish that the compact set Ay x MB is semiglob-
ally, practically asymptotically stable as ¢ — 0.

4 A singular perturbation result
4.1 Setting and assumptions

We consider a hybrid system with state x = (z1,z2) €
R™M+n72 = R™ of the form

diag(I,,,elp,)t € F(x)
zt e G(x)

ZEGCXXQ

(8)
reDx XQ,
where € > 0 is small and I,,, denotes the n; x n; iden-
tity matrix. We are motivated by the situation where
21 corresponds to the state of a hybrid control system,
perhaps containing continuous variables, logic/discrete
variables, timers, and counters; x5 evolves in a compact
set Xy and corresponds to the state of a fast actuator,
hence € > 0 is small; the actuator state cannot change
instantaneously, so x; = x5 (this is not necessary for our
result however); the jumps of the hybrid control system
do not depend on the actuator state, so x” does not de-
pend on x5 (again, this is not necessary) and C, D C R™;
and when the actuator is infinitely fast, the state z1 of
the hybrid control system evolves in a desirable man-
ner. For the mobile robot example above, x1 represents
(&p, q), =2 represents &,, and X represents MB.

As in [12], we impose basic assumptions on (8).

Assumption 1 (Regularity of System’s Data)
The set Xo C R™2 4s compact and the sets C;, D C R™



are closed. The set-valued mappings F,G : R™ = R"™ are
outer semicontinuous® and locally bounded® . For each
x € C x Xg, F(x) is nonempty and convex. For each
x € D x Xg, G(x) is a nonempty subset of R™ x X.

We assume that Xy is compact because, for simplicity,
we wish to deal with compact attractors and, if jumps
dominate the behavior of (8) and 23 = x9, then x5 will
not converge to a compact set unless it is constrained to
a compact set a priori.

We give conditions for semiglobal practical asymptotic
stability as € — 07 of a compact set A; x X5. These con-
ditions are expressed in terms of a set-valued mapping
H : R™ = R"2 which plays the role of the quasi-steady
state manifold in classical singular perturbation prob-
lems, a family of boundary layer systems parameterized
by a parameter p, and a reduced system.

Manifold: The quasi-steady state equilibrium manifold
of classical singular perturbation theory appears here as
a set-valued mapping H : R™ = R"2. Continuity in the
single-valued case is relaxed to outer semicontinuity plus
local boundedness for the set-valued case.

Assumption 2 (Regularity of “Manifold”) The
set-valued mapping H : R™ = R™2 45 outer semicontin-
uous and locally bounded, and for each x1 € C, H(x1) is
a nonempty subset of Xs.

A special case of Assumption 2 is when H is a continuous
function, that is, a single-valued mapping, from C' to X.
In this case, it can be extended to a set-valued mapping
satisfying Assumption 2 by taking H to be empty outside
of the set C'. The mobile robot in Section 3 provides an
example of this special case. For the mobile robot,

Kc(ﬁpu Q) (5177 Q) € C

H:a) = { 0 (pa) ¢ C .

Boundary layer system: The family of boundary layer
systems is given by
& € diag(0, I,, ) F(z) x e (CNpB) x Xz, (9)

where the family is parameterized by the real number
p > 0 which renders the flow set compact, since Xy is

3 A set-valued mapping F' : R” = R" is said to be outer
semicontinuous if each sequence (z;, fi) € R™ x R" that
satisfies f; € F(wx;) for each ¢ and converges to a point
(z, f) € R™ x R™ has the property that f € F(x).

4 A set-valued mapping F : R™ = R" is said to be locally
bounded if, for each compact set K1 C R", there exists a
compact set Ko C R™ such that F(K1) := Uzex, F(z) C K.

compact. The boundary layer system ignores jumps and,
during flows, the state x; remains constant. The flow
dynamics (9) are obtained by scaling ordinary time by
1/e in the original system (8) and then setting e = 0.

For the mobile robot example, the family of boundary
layer systems is given by

& =0, ¢ =

0
. ps4)Sa C B MB .
€a _€a+f‘5c(P7q)} ((&:9): &a) € (€N pB)

(10)

Assumption 3 (Stability of boundary layer) For
each p > 0, the boundary layer system (9) is such that
the compact set

M, = {(z1,22) 121 € CNpB, 22 € H(x1)}
is globally asymptotically stable.

If 0 < p1 < p2 and the set M,, is globally asymp-
totically stable for system (9) with p = ps then the
set M, is globally asymptotically stable for the same
system with p = p;. This observation follows from the
fact that the solutions to (9) with p = p; are a sub-
set of the solutions to (9) with p = p3. When C' is
compact, C' N pB = C for all large p. In this case, As-
sumption 3 is verified by checking asymptotic stability
of M :={(z1,22) 1 x € C,xo € H(z1)} for

& € diag(0, I,,) F(x) relCxXy. (11)
The mobile robot’s boundary layer system (10) satisfies
Assumption 3.

Reduced system: The reduced system associated with
(8) is given by

11",'1 S FT(:vl)
xf € Gr(x1)

1 € C
' (12)
xr1 € D,

where

Fr(l'l) =
co{v1 € R™: (vy,v2) € F(21,22), 2 € H(x1),v2 € R™}
Gr(x1) ==

{’Ul e R™ : (’Ul,’Ug)EG(,Tl,Jig), (,TQ,’UQ) € Xy X Xz}
(13)

The reduced system’s jump map is not expressed
in terms of o € H(z) since the boundary layer
system ignores jumps. In the simplest situation,
diag(I,,,0)G(z1, z2) does not depend on x5, so that the



reduced system ignores x5 when determining jumps.

For the mobile robot example the reduced system is
given by the ideal system (6).

Assumption 4 (Stability for reduced system)
For the reduced system (12)-(13), the compact set
A1 CR™ s globally asymptotically stable.

For the mobile robot, due to the properties induced by
the hybrid control algorithm with infinitely fast actua-
tors, the reduced system satisfies Assumption 4.

4.2 Result and proof

The conditions contained in Assumptions 1-4 will guar-
antee for the system (8) that the compact set A; x X
is semiglobally, practically asymptotically stable as ¢ —
0T. In contrast to classical results for differential equa-
tions, we do not conclude additionally that = converges
to a small neighborhood of {z € R™ : x5 € H(z1)}. This
conclusion is not possible since we have not imposed any
conditions on the jumps of (8) that guarantee conver-
gence of = to a small neighborhood of this set.

Theorem 1 Under Assumptions 1-4 for the system (8),
the compact set A1 xXs is semiglobally practically asymp-
totically stable ase — 0T.

Remark 1 Convergence, rather than practical conver-
gence, to A; x Xy can be guaranteed for sufficiently
small ¢ in some instances. For example, if 4y N D = ()
so that jumps do not occur near A; then appropriate
results from the singular perturbation literature for dif-
ferential equations may apply to guarantee convergence.
For example, see [20, Theorem 11.3] and [33, Theorem
1.1]. This idea is illustrated later when discussing global
asymptotic stabilization for the upright position of a
pendulum on a cart. |

Proof of Theorem 1. Using converse Lyapunov theo-
rems for hybrid dynamical systems [8], we construct a
smooth function — the function W that appears in (29),
expressed in terms of the function V' in (26) — that is ra-
dially unbounded, decreases exponentially during flows
and jumps and, modulo a small offset that decrease to
zero as € — 0, is positive definite with respect to Aj.

Because of Assumption 4 and the main results of [8],
there exist a smooth function V; : R™ — R>( and class-
K functions o, and @; such that

ay (|z1]a,) < Vi(zy) <@ (Jo1]a,) Vo € R™ (14)

and

<VV1(‘T1)7f1> < —V1(acl)
Vi(g1) < e 'Vi(ar)

Vo, € C, f1 € Fr(x1)

Vr, € D7 g1 € GT(,Tl).
(15)
Define

B(s,7) := ai* (exp(—=s)@i(r)) V(s,r) € Rsp x Rxg .
(16)

Let A > 0 be arbitrary. Define p := a; (@ (A) + 1).
Because of Assumption 3 and the main results of [8],

there exist a smooth function V5 , : R" — R> and class-
Ko functions a, , and @z , such that, for all x € R™,

s, (17lm,) < Vap(2) @2, (J2lm,) (A7)
and, for all x € (C'NpB) x Xz and f € diag(0, I,,),
(VVa,(2), f) < =Va,(@) . (18)
Without loss of generality, we can assume that
VVa,(z) =0 Ve e (CnpB) x Xo) N M, . (19)

Claim 1 For each n > 0 there exists v > 0 such that

re(CnNpB) x Xy, |z[m, <v,
f=(f1, f2) € diag(In,,0)F(x)

(VVi(z1), f1) + {VVap(2), Al < =Vilz1) + 3

20

Proof of claim. Suppose the claim is false. T}(len>7

there exists 7 > 0 such that for each positive integer ¢

there exist x; € (C N pB) x Xy and f; = (f1,i, f2,i) €
diag(ln,,0)F(x;) such that |z;|ar, < 1/i and

(VVA(@1,6), f1) + [(VVa (@), fi)] > —Va(zi,) +

N3

1)
Due to the compactness of (C' N pB) x Xz and
the local boundedness of F, the sequence z;, f; €
diag(l,,,0)F(z;) has a subsequence converging to a
point (x*, f*) such that z* € ((C N pB) x X3) N M,.
Due to the outer semicontinuity of H and F', we also
have 23 € H(x7) and f* € diag(I,,,0)F(z*) so that
fi € Fr(z*). Then, using the continuous differentiabil-
ity of Vi and V5 ,, and (19), it follows from (21) that
(VVi(z?), f1) > —Vi(z]) + 2, which contradicts the
first inequality in (15). [ |

Let p > 1 be such that

Va € pB x X | (22)

V2-,p(517) <p
<pu Ve e (DNpB) x Xy, g € G(x) (23)

V2-,p(9)



and for all z € (C N pB) x Xo,f = (f1,f2) €
dl&g(]nl,O)F(.I),

(VVi(x1), f1) + Vi(zr) + [(VVa(z), ) <p (24)

Let 6 > 0 be arbitrary, let n € (0,1) satisfy n < a;(9)/2,
and let v > 0 satisfy (20). Define

e = (mm{(l_el)"’%”’(y)}> . (25)
1

Note that €* < 1 since n < 1 and g > 1. Then consider
¢ € (0,e*] and the definition

V(z) :=Vi(z1) + Ve Vo, (x) . (26)

It follows from (14), the lower bound in (17), the upper

bound in (22), and (25) that

o (lz1]a,) < V(z) <@(|zifa,) +1 Viﬂepﬁxfﬁzj
27

Consider z = (z1,x2) € (DNpB)x Xz and g = (g1, 92) €

G(z). From the definition of G,, we have that g; €

G, (z1). Using (15), (23), € € (0,£*], and (25), we have

“Wi(z) + Vep
W)+ (1 —-e ).

V(g) =Vi(g1) + vVeVa,(g) < e
<e

For all € (C N pB) x Xy and f € R™ such that
diag(I,,,eln,)f € F(x) we consider the two cases
|z|pm, < vand |z|p, > v. Also, we write f as

fa € diag(I,,,0)F(x) ,

(28)
fo € diag(0,e711,,,) F(x).

f=Tfa+ fo, {

In the case [2|r, < v, using the definition of V" in (26),
(18), (20) and the fact that e € (0,1), we have

(VV(z), f)

= (VVi(21), fa1) + VE(VVa(2), fa) + (VVa(2), fi))
(VVi(21), fan) + [(VVa(2), fa)l + VE(VVR(2), fi)
=V(z) +n.

IN

IN

In the case |z[r, > v, using (18), (24), (25), (26), and
e € (0,1), we have

(VV(z), f)
= (VVi(21), far) + VE(VVa(2), fa) + (VVa(2), f1))
< (VVA(21), fan) + [(VVa(2), fa)| + VE(VVa(2), fo)

b

<-V (:Cl) + U V2,p(x)
\/El
<-V@)+n+p— ﬁgz,p(lwlMp)

1
<V(@)+n+p— %22,;)(”) < =V(z) 4.
Define
W(z) =V(z)—n. (29)
Then we have, for all z € (C N pB) x Xy and f € R™
such that diag(l,,,el,,)f € F(x),

(VW (z), f) = (VV(2), f) < =V(z) +n = -W(z)
and for all x € (D N pB) x Xz and g € G(x),
W(g)=V(g)—n<eV(z)+(1—en—n=eW(z).
We conclude that each solution & of

diag(L,,,eln,)E € F(€)
§FeG(E)

£e (CnpB) x Xy

(30)
¢ e (DN pB) x Xy

satisfies, for all (¢, j) € dom &,

W(E(t, 7)) < exp(=t = j)W(£(0,0)) .

Therefore

V(&(t, 7)) < exp(=t = 5)(V(£(0,0)) —=n) +1n .

In turn, it follows from (27) that

a; (€ (t, 5)]a,) < exp(—t — J)a@n(|61(0,0)[a,) +7 -

Since n < 1, it follows from the definition of p that

|§l (070)|A1 SA — |§l (tvj)|A1 <p V(t,]) € donzgl)

Now consider a solution = to (8) with initial condition
satisfying |21(0,0)| 4, < A. Suppose there exists (¢,7) €
dom z such that |x1(s,i)|a, < p for all (s,7) € dom =
satisfying s +¢ <t + j and either

(1) (t,j+1) € dom z and |z1(¢,j + 1)|.4, > p, or, else

(2) there exists a monotonically decreasing sequence r;
with lim;_, 7; = ¢ such that (r;,j) € dom z and
|€1(74,7)|.4, > p for each i.

The solution = must agree with a solution £ of (30) up
to time (¢, 7), and thus must satisty |z (¢, j)|4, < p. By
the continuity of z1 (-, j), the second case does not occur.
The first case cannot occur either since, if it did, there
would exist a solution & to (30) with £(s,4) = x(s,14) for



all s+ i < t+jand £(¢t,7 +1) = x(¢t,j + 1), which
contradicts (31).

Thus, z is also a solution of (30) and, for all (¢,j) €
dom z,

w1 (t, )|y < a7 (exp(—t — j)ai(|z1(0,0)]a,) + 1) -

Therefore, for all (¢,7) € dom z,

|£L'1 (tvj)|A1
< ay' (2exp(—t — j)a(|z1(0,0)|,)) + a1 ' (2n)

= ﬁ(|$1(0,0)|A1,t+j) +9.
(32)
Finally note that there are no solutions from initial con-
ditions such that x2 ¢ Xs, and also solutions cannot
leave R™ x Xy according to Assumption 1. Therefore,
each solution z satisfies |x(t,7)|4,xx, = |21(t,7)]A,-
Thus, the condition (32) establishes the result.

4.8 An academic example

The purpose of this section’s example is to illustrate
further the meaning of our assumptions.

Consider the hybrid system with state = := (x1,22) €
R%x {—1,1} xR, which is partitioned as z1 := (&1, &2, &3)
and xy 1= &4, where

b= b =i tb }szX&
£ =0, €&y = — (& +&81)
G =0,6=6 } z€DxXy
& = —&, & =9(&,6,8,4) ’
(33)
with ¢ > 0, Xy = [—100, 100], C = {1171 1515253 > O},

D = {:El:(53:1&52:0)01‘(53:—1&51:0)},
and g : D x Xy — X5 an arbitrary continuous function.
Note that the fast variable £, affects the stability of the
slow variables (&1, &2,&3) through the flow map. More-
over, since the jumps may have a destabilizing effect on
the fast variable &4, there is the potential for the jumps
of &4 to effect the slow variables (1, &2, &3) adversely.

Theorem 1 provides a tool to assess (semiglobal, prac-
tical) asymptotic stability of the compact set A; x Xo
with A; := {0} x {=1,1} for the system (33) with g
an arbitrary, continuous function and with £ > 0 small.
Assumption 1 holds for (33) by construction. With the
partition of the state x above, H is given by

— C
Hiz) = { 5(;51 ;61 ;C
1

and satisfies Assumption 2. The boundary layer system
associated with (33), for each p > 0, becomes

£1=0,& =0,& =0

. } x € (CNpB) x 100B
& = — (& +&6)

(34)
and has the set M, defined in Assumption 3 globally
asymptotically stable. Hence, Assumption 3 holds. The
last assumption to check is Assumption 4, which pertains

to the reduced system associated with (33), given by

€1 =&

by = —c& —&& ¢ = Fr(r1) 1 €C

5 =0

o (35)
1 — &1

& =6 =:Gr(r1) =z €D.

5; = —&

Global asymptotic stability of A; can be established
through the invariance principle in [31] using the
Lyapunov-Krasovskii function V (z1) = c£% + €2, which
satisfies, Va1 € C, (VV (1), Fr(21)) = —&&E& < 0
and, Vo1 € D, V(G,(x1)) = V(z1). Hence, despite the
potential destabilizing effect of the state &4, the compact
set A; x Xo is semiglobally practically asymptotically
stable as ¢ — 07; that is, when ¢ > 0 is small, the effect
of the fast variable on the slow variables is small com-
pared to the stability properties of the reduced system.

To appreciate the perils associated with allowing the
jump map for the slow variables to depend on the fast
variables in a nontrivial way, consider the system (33)
but with g specified as

9(&1,&2,83,84) = sati100((1 +7/2)&) ,

where saty100(s) = s - min{1,100/|s|}, and with the
jump map for (£1,&2) =: z changed to

" =[A+g@)I + R(g(x))] 2,

cos(f) sin(6)
—sin(6) cos(h)
R? — [0, 7/2] is continuous, g(z) = 0 when &, +&321 = 0
and g(z) = 7/2 when [&4 + 321] > |z|. With the defini-
tion 2T = 0 for z = 0, we get a continuous jump map
defined on R*. Note that when the fast variable is con-
strained to the quasi-steady state equilibrium manifold
&4 + &321 = 0, the modified jump map reduces to the
original jump map. However, for the overall modified
system, with z initialized in D arbitrarily close to the
origin and with 5|z| < & < 10|z (therefore, off of the
quasi-steady manifold defined by H), the unique solu-

where R(6) = [ and g : (R?\ {0}) x




tion jumps an arbitrarily large number of times, without
ever flowing, and 5/z(0, j)| < €4(0,7) < 10|z(0, 5)| and
£1(0,7) = (1+7/2)7€4(0, 0) until |£4(0, j)| = 100, s0 that
|2(0,4)| > 10. In particular, there is no semiglobal prac-
tical asymptotic stability of the set {0} x {—1,1} x X
as there is for the system (33).

4.4 Switched systems

Inspired by [23,24], we consider systems of the form

diag(lp,,elp,)2 = F7z oce{l,...,N} (36)
where N is a positive integer and o may vary with time.
For the example n; = ny = 1,N =2, F2 = (F))T and
Fl = [-10; 5 — 1], it is shown in [23] (cf. [24]) that
for each € > 0 there exists a periodic switching signal
t — o(t) that destabilizes the origin of (36). Instability
also follows from Filippov’s lemma [10] and relaxation
theorems [5,19], which establish that the solutions of (36)
under arbitrarily fast switching are arbitrarily close to
solutions of the differential inclusion

diag(1,€)z € {Uxep,1) ((AF'+ (1= NF?]2)} . (37)

These dynamics include diag(1,¢)z = 0.5(F' + F?)z,
which is unstable for all € > 0 since the determinant
of diag(1,e~1)0.5(F! + F?) is negative for all ¢ > 0.
Due to this instability, any attempt to apply Theorem
1 to (37) will fail. Assumptions 1, 2, and 3 hold with
X1 = 21,22 = x9, C' = [—p, pl, the flow map F' given by
the right-hand side of (37), Xo = [—5u, 5ul, and H(z1) =
{h:0 < haxy <527}, where p > 0 is arbitrary. Since
29 € H(x1) includes zo = 2.527, the reduced dynamics
contain &1 = —x1 + 2.5%22,, implying that Assumption
4 is not satisfied.

Theorem 1 is applicable to the example when the switch-
ing signal o satisfies an average dwell-time constraint
[16]. In this case, we get a hybrid system with state
x = (0,7, z) where

T € [0, M]
TEl,M],

&=0,% € [0,0]

(38)
ot e{l,...,N}, 77 = 71-1
with § > 0 and M a positive integer, which define the
average dwell-time parameters, and z with dynamics
given by (36). For more details, see [11]. The variables
o and 7 are lumped with z; to form the slow states
x1 = (0,7,21) whereas zy is the fast state x2. For the
example, Assumption 1 is satisfied by construction with
C= {172}X[07M]X[_,UJ5,LL]5D = {152}X[17M]X[_luﬂlu’]
and Xo = [—5p, 5u], where > 0 is arbitrary, and the
flow map F' and jump map G obtained from (36) and
(38).

Moreover, Assumptions 2 and 3 hold with H(z1) = 521
for o0 = 1 and H(z1) = 0 for 0 = 2. Assumption 4 is
satisfied since the reduced dynamics are (38) combined
with 21 = —z1, 27 = 21, which has the compact set
Ay = {1,2} x [0,M] x {0} exponentially stable. We
conclude for the example that, for arbitrary § > 0 and
positive integer M, the system (38),(36) has the set .4, x
{0} exponentially stable for ¢ > 0 sufficiently small. We
are able to pass from semiglobal practical asymptotic
stability of A; x X3 to global exponential stability of A; x
{0} because of the homogeneity properties of (38), (36)
(see [13]) and the average dwell-time condition, which
allows zo to converge to the origin by flowing. The result
can be extended to general systems of the form (38),(36).
We use the partition F7 = [F F{; F§ F$], where
F7 e R™*™ for i € {1,2}, and the definition F7 :=
Ff, — Fyy(Fg,) ' F5,.

Corollary 1 Suppose that Fy, is Hurwitz for each o €
{1,..., N} and that for given § > 0 and positive integer
M the system (38) combined with

2':1 :FSUZl 5 Zf_ =z (39)
has the compact set Ay = {1,...,N} x [0,M] x {0}
exponentially stable. Then there exists €* > 0 such that,

for all e € (0,e*], the system (38), (36) has the compact
set Ay x {0} exponentially stable.

Thus, if each F, is Hurwitz then stability under average
dwell-time switching for (36) with € > 0 small follows
from stability under average dwell-time switching for the
reduced system (39). (Cf. [1]).

For arbitrary switching in (36) we must consider

diag (I, ,eln, )i € co (Upeqa,.. Ny F7z) (40)
LMI-based sufficient conditions for stability appear in
[23,24]. As the example above (taken from [23]) shows, in

general it is not enough to establish exponential stability
for the systems

vvvvv nyFYxr)

T9 € CO (Uae{l,...,N}FQUQI2) .

T1 € co (Uge{l (41)

Yet, an interesting special case follows from Theorem 1.

Corollary 2 If either (F$) " Fg or F&O(F%) ™t is in-
dependent of o and the origin of (41) is exponentially sta-
ble then there exists £* > 0 such that, for all e € (0,*],
the origin of the system (40) is exponentially stable.

When (Fg,) ! Fg, does not depend on o, stability for the
second system in (41) implies that Assumptions 2 and 3
hold with H(z1) = —(F§,) ' Fg 21, and stability for the
first system in (41) implies that Assumption 4 holds. The



result for the case where F(Fs,)~! does not depend
on o follows from duality results [6,14], in particular the
fact that the origin of (40) is exponentially stable if and
only if exponential stability of the origin holds for

diag(I,,,el,,)x € co (Uae{l,...,N} (FU)TI) .

Theorem 1 may apply to (40) when the origin of the
second system in (41) is exponentially stable even
when neither (F$)~'Fg nor F(Fg)~! is indepen-
dent of o. For example, modify the example at the
beginning of this section so that F!' = (F2)T =
[-51;2 —1]. In this case, Assumptions 2 and 3 hold
with H(z1) = {h: 2} < hzy < 22%}. The reduced sys-
tem is @1 € co{—4x1, —x1}, which has the origin expo-
nentially stable so that Assumption 4 is satisfied. It fol-
lows from Theorem 1 that the origin of (40) with N = 2
and these F'* and F'? matrices is exponentially stable.

5 Hybrid control with fast, linear actuators

As an application of Theorem 1, consider controlling a
nonlinear plant

é;n = fp(fpvu)

where §, € R" is the state, v € R is the control input,
fp + Cp x R™» — R" is a continuous function, and
Cp C R" is a closed set. A hybrid controller, denoted
as H., is designed to accomplish the stabilization goal.
It assumes the form

& € Gy, (42)

éc = Fc(ucagc)
52_ € Gc(ucugc)

(ue, &) € C.

(43)
(ucu gc) €D,
where ¢, € R, u, € R", C., D, C R" x R" are
closed sets, F,. : C. — R™ is continuous, and G, :
R™ x R™ = R" is an outer semicontinuous, locally
bounded set-valued mapping with the property that, for
each (uc, &) € D¢, Ge(ue, &) is nonempty. Note that
&, can contain continuous variables, logic/discrete vari-
ables, timers, and counters. The input u. to the hybrid
controller is taken to be the plant’s state &,. The out-
put of the hybrid controller is given by the function
ke : C— R™p where
C = {(gpagc) € R Fme (gpugc) € C., & € Cp} .
(44)
The function k. is assumed to be bounded and continu-
ous. The boundedness assumption on k. is not restrictive
since we are pursuing a semiglobal result. In this case,
we can take the set C. in (43) to be arbitrarily large but
compact, so that the boundedness of k. follows from its
continuity. The output of the controller is connected to
the plant input u through the output L., of an actua-

tor with fast, linear dynamics

€€y = Auba + Bakc(&p,6e) & €X, CR™,  (45)
where ¢ is a positive small parameter, A, € R"*"a ig
Hurwitz, —L,A; B, = I,,,, and X, C R" is a forward
invariant, compact set for

ga = Aaga + Baﬁc(gpu 50) (46)

with (&, &) arbitrary but constant. Such a set X, exists
since A, is Hurwitz and k. is bounded. The property
of X, implies that —A 'Bur.(€,,&) € X, since the
trajectories of (46) with (&p,&.) constant converge to

_AngaKC(fpv 56)

The closed-loop system resulting from controlling the
nonlinear system (42) with the hybrid controller (43)
through a fast actuator. The closed loop is a hybrid sys-
tem with state z := (&, &, &,) that can be written as

3 Folp Lua)
diag(Ianrnca EIna) é,.c = Fc(§p7 50) = F(:E)
é.a Aaéa + Baﬂc(gpa gC)
r e C xX,,
& &p
&rle Ge(&p, &) | = G(z) reDxX,,
& &a
(47)

where C'is defined in (44) and D = D.. For the mobile
robot control problem in Section 3, we have that n, = 3,
ne =1, ng =2, my = 2, the set C), of the plant in (42)
is given by C, = R? x S', the hybrid controller in (43)
has £, = ¢ and F, = 0, and the actuator model in (45)
is such that

L, =B, := I,

A, =1, X,:= MB. (48)

We summarize the assumptions we have made so far.

Assumption 5 For the system (47), the sets C and D
are closed, the set X, is compact, the function F : C' X
X, — Retnetna s continuous, the set-valued mapping
G : Rwtnetne — Rptnetnae s guter semicontinuous,
locally bounded, and such that G(x) is nonempty for each
r €D XXy, and k. : C'— R™» is bounded.

Assumption 5 is the counterpart of Assumption 1 in Sec-
tion 4.1. As shown in [32], the regularity conditions in As-
sumption b are tantamount to assuming that the asymp-
totic stability induced by the hybrid controller (43) is
robust to arbitrarily small measurement noise, which is
a baseline requirement for any practical controller.

Assumption 6 The matriz A, is Hurwitz and the set



X, is forward invariant for the system (46) with (&, &)
arbitrary but constant.

Assumption 6 guarantees that Assumptions 2 and 3 of
Section 4.1 hold with the definitions x1 = (&p,&.), x2 =
&, and Xo = X,,, and H(z1) := —A; Byke(xq) for all
x1 € C, H(z1) = 0 for 21 ¢ C. Assumption 3 is satisfied
since the Hurwitz property of A, implies that, for each
p > 0, the compact set M, in Assumption 3 is globally
asymptotically stable for the boundary layer system of
(47). This system is given by

ST
{jc = 0 (fp,fc,ga)E(OQpB)XXa.
fa Aaéa +Ba’1c(§pv 56)

(49)

The final assumption we make pertains to the closed-
loop system with actuator dynamics neglected, that
is, with infinitely fast actuators; the assumption corre-
sponds to Assumption 4 of Section 4.1.

Assumption 7 (Hybrid Controller) The intercon-
nection between the plant (42) and the hybrid controller
He in (43), with the interconnection conditions u. = §,,
u = Kc(&p, &), s such that a compact set Ay C R™»H7e
is globally asymptotically stable.

With this underlying stability property induced by H..,
the next result, which follows from Theorem 1, estab-
lishes a stability property for the closed-loop system with
fast actuators.

Corollary 3 Under Assumptions 5-7, the compact set
A1 x X, is semiglobally practically asymptotically stable
ase — 01 for the system (47).

For the mobile robot in Section 3 and the pendulum on a
cart in the next section, the control law x. can be taken
to be bounded while satisfying Assumption 7. When .
is continuous but not bounded, the plant dynamics can
be constrained to a compact subset K, of the state space,
thereby defining a reasonable region of operation. Then,
Assumption 7 holds and, restricting the definition of .
to K so that . is bounded, Assumption 5 is satisfied.

6 Examples

We demonstrate the effect of the fast actuator dynam-
ics (45), (48) on hybrid feedback algorithms that, in the
absence of actuator dynamics, globally asymptotically
stabilize the inverted position of a pendulum on a cart
and the position and orientation of a mobile robot, re-
spectively. We emphasize that our results are applicable
to any stabilizing hybrid feedback that satisfies the weak
regularity conditions developed in [12].
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6.1 Pendulum on a cart

The model of the cart-pendulum system is given by

C:l (22
G| = -Gz = fp(&p,v) & = (¢, 2) € Gy,
2.: ¢(<7 Z7 V)

where C), := S x R,

O,z v) = =

G )
—_—v )
m

(51)
¢ is the orientation and z the angular velocity of the
pendulum, which has mass m, length ¢, and moment
of inertia Z; ~ is the gravitational constant; v is the
force applied to the cart; and 7 is the total mass of
the cart plus pendulum. The cart dynamics have been
ignored in this model. The point ¢ = (0, 1) corresponds
to the inverted position of the pendulum while the point
¢ = (0,—1) indicates the down position. The angular
velocity state z is positive for clockwise motion.

1 m/
ENET] (7@1 - %22@(1 +

ml m

We implement through fast actuators a hybrid feedback
v with state g € {1,2,3} := Q that, in the absence of ac-
tuator dynamics, globally asymptotically stabilizes the
point (£,,q) = (§,3) where £ = (0,1,0). The hybrid
feedback is specified as follows (see also [11, Example 36]
or [34]): p1 < 81, p21 < 21, p22 < d22, k1, ka, k3 > 0, are
design parameters;

Gt % )
V(G =[a 2| P 7| Wic) = 2= 4 1+ G
1 T
where P+P <0, P=P >0
ky ks ky ks

C=Ugeq (Cq x{q}), C1 ={(C,2) : W(( 2) < d1}(52)
Co=A{(¢,2) + W(C2) = pi} 0

({(¢2) + V(C,2) =2 par} U{(¢,2) + 1—Ca > paz})
Cs={((,2) : V(C1,2) <821, 1 = (o < a2}
g =0
2
v o= mlP¢ — £f£<1C2 + (% +0— mé@) 4(&);
51(5) = ki, ’i2(§) = _C2Z(W(C72) _2)7
k3(§) =m <— %7_'_(% — ki — k32C2> ;



D =UgeqDqg x{q}, Dg = UjepizspiatPe;  (53)
Dia={(¢,2) : W(¢,2) > 61}, Diz = 0
Do ={(¢,2) + W(C,2) <p1}, Da1 = 0
Doz ={(¢,2) = V(C1,2) < par, 1 — (G2 < paa}
D3 ={(¢,2) : V((,2) > 021 }U{(¢, 2) : 1 — (2 > 022}
gt € Gy(§), G4(&) = Ujea\(gyGai(§)
i} VYe€eDy (54)
Ggi(6) = { 0 vegD,

20 25 30

nomi\nal

1[9] 20 %5

Fig. 1. Closed-loop solutions for the pendulum on a cart
problem starting from —¢,. Solutions for the case of an in-
finitely fast actuator (nominal) and with dynamics as in (45)
with € given by €1 = 0.001, e2 = 0.01, €3 = 0.02, €4 = 0.03,
and g5 = 0.05 are depicted: (a) pendulum’s orientation ¢
and (b) control input applied to the plant.

As shown in [11, Example 36], these control laws ren-
der the compact set A; := {{;} x {3} globally asymp-
totically stable for the closed-loop system without ac-
tuator dynamics. Assumptions 5 and 7 are satisfied by
construction. Now, consider the case in Section 5 of an
implementation with a fast actuator. Figure 1 depicts
a simulation for the case of an infinitely fast actuator
and for an actuator with dynamics as in (45) with the
values given in (48) and with different values of the pa-
rameter € > 0. For simulations, the following param-
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eters were used: m = 1,m = 1,y = 2,/ = 1,7 =
1,ky = 1,ko = 1,ks = 10,01 = 0.04,p1 = 0.02,521 =
5.1 0.5
0.23,p21 = 0.2,622 = 0.13,p22 = O.l,P =
0.5 1

and o(s) = Proji_; 5(s), where Proj;_g 5 denotes the
projection onto [—5, 5]. Figure 1(a) shows the orientation
of the pendulum (. Figure 1(b) shows the control input
u for the considered values of €. Since A; N D = (), for €
sufficiently small the solutions eventually stop jumping.
In fact, the results mentioned in Remark 1 can be used
to establish asymptotic convergence of the closed-loop
state to Ay even under the presence of actuator dynam-
ics with € > 0. While Theorem 1 does not address con-
vergence — on compact time domains as ¢ tends to zero
— of solutions under fast actuation to solutions with in-
finitely fast actuation, this trend is evident in Figure 1.

6.2 Mobile robot

To emphasize that our results are applicable to con-
trollers that induce purely discrete solutions, we consider
a particular hybrid feedback consisting of five modes for
stabilization of the mobile robot in Section 3 to the point
& = (0,¢%), where ¢* = (1,0) without loss of gener-
ality. Following the controller in [11, Example 35], two
modes combine to decreases |z| to a small value. Based
on ideas in [27,17] three additional modes are used to
keep |z| small while steering the mobile robot system to
the desired equilibrium.

The state of the hybrid controller defines a feedback u =
(u1,u2) and has state ¢ € {1,2,3,4,5} =: Q. The flow
set is defined to be (52) on which ¢ = 0 while the jump
set and jump map are given as in (53) and (54). Let
gg >e1 >0, vro >1v1 >0, u>2,and k; > 0 for each
1€ {1,2,3,4}. For each v > 0, define

v) = {(

Let o be a continuous and bounded function satisfying

|22 —0. 5(221| < 14 (Zl2+<22)}

0 -1
0(0) =0, so(s) >0 forall s #0. Let J := [ ] and,
1

0
for each (z,¢) € (R?\ {0}) x S, define a function ¢ as
ZT
o(z,¢) = —ﬁ LTJT ¢. Define
={(x:0) ¢ sl Ze1}, Pa={(:,0) : |2 S &2}
= {(z,o : < () e B xS\ K(m)}
={(z,¢) : ¢4 €[-1,0.5]}, Ps =P3UPy
- {0 (z,o e ® xSH\ K()}
Pr={(2,¢) : ¢1 €[-1,0.25]}, Ps =PsUPr

(55)



and Pf to be the closure of the complement of P; on
R? x St

Ci1=PiN{(2,0) : ¥i1(2,¢) > —2/3}
Co=P1N{(2,0) : ¥i1(2,¢) < —1/3}
C3=7320735ﬁ{(z,C) : <1 > _2/3}
C4=7320735ﬁ{(z,C) : <1 < _1/3}
Cs=P2n{(2,¢) : (¢ € K(12),( €1[0.25,1]}
Dio=P1N{(2,¢) : 1(2,¢) < -2/3}
Di3= D4 = D15 =P§
Doy =P1in{(2,¢) : ¢i1(2,¢) = —1/3}
D3 = Doy = Dos = P{, D31 = Do =P5
D34='P2ﬂ'P5ﬁ{(Z,C) G < —2/3}
D35 =PyN{(2,¢) : (2,¢) € K(1n),( €10.5,1]}
D1 =Dyo =P§, Dyz = PoNPsN{(2,0)
Dys = D34, D5y = Dsy =P5, Dsg = Dsg = P2 Ps

Let EQ = z9 — 0.5(22z1. Then, the feedback law v =
(u1,u2) is given by

—a(27¢) g€ {1,2}
uy =4 17l qe{3,4}
201262
—0.5¢121 — =5,
Clzl 212 + <22 q
g ZT zZz T
2l (57 —1)¢) Tzt hiea(2,0) =1
g ZT zzT T
O (322 -1)¢) Jot+hpni(2Q) g=2
ug = { k32 q=
kaCi q=
211212
1—0.5¢1)Ca — q=>5.
( Ve-gig

Global asymptotic stability of ¢ for the closed-loop
system is guaranteed from the stability properties in-
duced by modes 1 and 2, which follow from [11, Ex-
ample 35], and by modes 3-5, as established in [27,17].
The closed-loop system is such that Assumptions 5 and
7 are satisfied with A4; = {5;} x Q, & = (0,¢%), be-
ing the asymptotically stable compact set. Figure 2 de-
picts solutions to the resulting closed-loop system with
this hybrid control strategy, as well as the control in-
puts, for the case (* = (1,0); e1 = 0.4, g2 = 0.44;
M:4;V121.1,U2:1.2;/€1:k2=10,/€3:k4=1;
o(s) = 10Proj_3 30)(s), where Proj;_; 3o denotes the
projection onto [—3,30]. Solutions for the case of in-
finitely fast actuators and for actuators with dynamics
as in (45) with the values given in (48) and with differ-
ent values of the parameter € > 0 are shown. The hybrid
control steers the vehicle to a neighborhood of z = 0,
and then utilizes a local stabilizer to drive the position
to zero and the orientation to (1,0). For the chosen con-

PG> —1/3}

12

Fig. 2. Closed-loop solutions for the stabilization of the mo-
bile robot in (5) to &, = (0,¢"), ¢* = (1,0). (a) Solutions
for the case of infinitely fast actuators (nominal) and for
actuators dynamics as in (45) with ¢ given by 1 = 0.005,
€2 = 0.015, e3 = 0.02, and €4 = 0.03; (b) control inputs.

troller parameters, simulations suggest that convergence
to &, is not possible for € larger than ~ 0.034.

7 Conclusions

Semiglobal practical asymptotic stability has been es-
tablished for a class of singularly perturbed hybrid sys-
tems. The stability result applies to hybrid control sys-
tems that are singularly perturbed by fast, continuous
actuators. This singular perturbation result justifies hy-
brid control design based on a simplified plant model
that ignores stable, fast actuator dynamics. Two exam-
ples, a mobile robot and a pendulum on a cart, were used



to illustrate the results. For the mobile robot, the ideal
closed-loop system exhibits solutions that always jump
and never flow when starting in the desired equilibrium
configuration. Nevertheless, our results apply. For the
pendulum on a cart, there are no jumps near the set that
is asymptotically stable for the ideal closed-loop system.
In this case, results for differential equations guarantee
that asymptotic stability, more than practical asymp-
totic stability, is achieved when the actuator dynamics
are sufficiently fast.
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