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Abstract
The subject of this paper is hybrid control of nonlinear systems with large-scale uncertainty. We describe a high-level controller, called
a “supervisor”, which orchestrates logic-based switching among a family of candidate controllers. We show that in this framework, the
problem of controller design at the lower level can be reduced to 8nding an integral-input-to-state stabilizing control law for an appropriate
system with disturbance inputs. Employing the recently introduced “scale-independent hysteresis” switching logic, we prove that in the
case of purely parametric uncertainty with unknown parameters taking values in a 8nite set the switching terminates in 8nite time and
state regulation is achieved. ? 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
This paper deals with the problem of controlling a nonlinear system in the presence of large modeling uncertainty.
The basic idea behind the supervisory control approach to
this problem is to employ logic-based switching among a
suitably de8ned family of candidate controllers. The need for
switching stems from the fact that typically no single controller would guarantee a desired behavior when connected
with the poorly modeled process. Such switching schemes
provide an alternative to more traditional continuously tuned
adaptive control laws.
The main ingredients of the supervisory approach to
controlling uncertain nonlinear systems are adopted from
(Hespanha & Morse, 1999a) and have their roots in the
work on supervisory control of uncertain linear systems
reported in (Morse, 1996). In addition to the given process
and the family of candidate controllers, the supervisory
control system has three other subsystems, implemented
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by the designer: the multi-estimator, the monitoring signal
generator, and the switching logic. The task of the switching logic is to generate a switching signal which determines,
at each instant of time, the candidate controller that is to
be placed in the feedback loop. This controller selection is
based on the values of the monitoring signals, which are obtained by taking appropriate integral norms of the estimation
errors produced by the multi-estimator. Intuitively, the idea
behind the switching strategy is to determine which of the
monitoring signals is the smallest, and to choose the candidate controller that is designed for the respective parameter
value. A form of hysteresis is used to slow the switching
down. The resulting closed-loop system is therefore hybrid,
as it combines discrete dynamics associated with the switching logic and continuous dynamics associated with the rest
of the system.
We impose the condition that each candidate controller
integral-input-to-state stabilizes the multi-estimator when
the corresponding estimation error is viewed as an input.
The concept of integral-input-to-state stability (iISS) was
introduced in (Sontag, 1998). The iISS property is a variation of the more familiar input-to-state stability (ISS)
property de8ned in (Sontag, 1989). Loosely speaking, the
state of an input-to-state stable system is small if its inputs
are small (“L∞ to L∞ stability”), whereas the state of an
integral-input-to-state stable system is small if its inputs
have 8nite energy as de8ned by an appropriate integral
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(e.g., “L2 to L∞ stability”). Every input-to-state stable system is integral-input-to-state stable, but the converse does
not hold.
Requirements placed on the candidate controllers stem
from the following considerations. It is desirable that for
every frozen value of the switching signal, the closed-loop
system be detectable through the corresponding estimation error. This detectability property, known as tunability
(Morse, 1990), is crucial because adaptive tuning=switching
algorithms are invariably designed with the goal of maintaining “smallness” of the estimation error associated with
the controller that is currently in the feedback loop. It is established in (Hespanha & Morse, 1999a) that detectability,
interpreted in a suitable sense for nonlinear systems, is
guaranteed if the process is detectable and each candidate
controller input-to-state stabilizes the multi-estimator with
respect to the corresponding estimation error. That paper
also shows how this result leads to a systematic technique
for designing hybrid control laws that achieve global output
regulation.
It turns out that in practical applications it is often dif8cult to achieve (or verify) input-to-state stability of the
controller-estimator interconnection (Hespanha, Liberzon,
& Morse, 1999; Chang, Hespanha, Morse, Netto, & Ortega,
2001). Thus it is of interest to weaken the requirements
imposed on the candidate controllers, which is the primary
motivation for the work described in this paper. In what
follows, we show that the detectability property, interpreted
in an integral sense, holds if the hypotheses are weakened
by demanding iISS instead of ISS. We then consider the
case of “exact matching”, in other words, we assume that
there are no unmodeled dynamics, noise, or disturbances,
so that the actual process is an unknown member of a 8nite family of admissible models. The scale-independent
hysteresis switching logic introduced in (Hespanha, 1998;
Hespanha & Morse, 1999b) guarantees that the switching
stops in 8nite time and the continuous states of the supervisory control system converge to zero. A preliminary
version of this result was stated in (Hespanha & Morse,
1999c).
The 8ndings of this paper can thus be considered as integral versions of those previously reported in (Hespanha &
Morse, 1999a). The use of iISS in the present context seems
very natural because the monitoring signals are de8ned as
appropriate integral norms of the estimation errors. Another
contribution of this paper is that the analysis is carried out
in the time domain and is more straightforward than that in
(Hespanha & Morse, 1999a), where Lyapunov-like dissipation inequalities are used.
The concepts of integral-input-to-state stability and
detectability that are exploited in the paper are formally
de8ned and discussed in Section 2. The supervisory control
architecture is presented in Section 3. In Section 4 we state
the basic assumptions and establish the detectability result.
Section 5 is devoted to the description of the switching
logic and the analysis of the closed-loop system in the exact

matching case. The contributions of the paper are brieIy
summarized and assessed in Section 6.

2. Integral-input-to-state stability and detectability
First, recall that a function  : [0; ∞) → [0; ∞) is said
to be of class K if it is continuous, strictly increasing, and
(0) = 0. If  is also unbounded, then it is said to be of class
K∞ . A function  : [0; ∞) × [0; ∞) → [0; ∞) is said to
be of class KL if (·; t) is of class K for each 8xed t ¿ 0
and (r; t) decreases to 0 as t → ∞ for each 8xed r ¿ 0.
We will write  ∈ K∞ ,  ∈ KL when  is a class K∞
function and  is a class KL function, respectively.
Consider the general nonlinear system
ẋ = f(x; d);
y = h(x);

(1)

where x ∈ Rn is the state, d ∈ Rk is the locally essentially bounded (disturbance) input, and y ∈ Rl is the output. In this paper, we only consider smooth systems for
simplicity (this requirement can be signi8cantly relaxed,
as discussed in the references cited below). Following
(Sontag & Wang, 1997), we will say that the system (1) is
input=output-to-state stable (IOSS) if for some functions
1 ; 2 ∈ K∞ and  ∈ KL, for every initial state x(0), and
every input d the corresponding solution of (1) satis8es the
inequality
|x(t)| 6 (|x(0)|; t) + 1 (d[0; t] ) + 2 (y[0; t] )

(2)

as long as it is de8ned. Here ·[a; b] stands for the (essential)
supremum norm of a signal restricted to the interval [a; b].
We will sometimes omit the subscripts if clear from the
context.
IOSS represents a natural detectability property of the
system, which basically says that the state eventually becomes small if the inputs and outputs are small. For this
reason, we will sometimes use the term “detectability” when
referring to this property; however, the precise notion being
used is IOSS, which is not to be confused with other possible interpretations of detectability for nonlinear systems.
Removing the 2 term from (2), one recovers the standard
notion of input-to-state stability (ISS) with respect to d, as
de8ned in (Sontag, 1989). Although in this paper we take
the equilibrium state of the system (1) to be the origin, the
subsequent de8nitions and results can be extended to the
case of nonzero equilibrium states (see Hespanha & Morse,
1999a,c).
An integral variant of the above detectability notion can
be de8ned as follows (Angeli, Sontag, & Wang, 2000). We
will say that the system (1) is integral input=output-to-state
stable (iIOSS) if for some functions 0 ; 1 ; 2 ∈ K∞ and
 ∈ KL, for every initial state x(0), and every input d
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the corresponding solution of (1) satis8es the inequality
 t
 t
0 (|x(t)|) 6 (|x(0)|; t) + 1 (|d(s)|)ds + 2 (|y(s)|) ds
0

0

(3)

as long as it is de8ned. The corresponding property for systems without inputs, obtained by removing the 1 term from
(3), is called integral-output-to-state stability (iOSS).
Similarly, removing the 2 term from (3), we arrive at
integral-input-to-state stability (iISS), a property introduced in (Sontag, 1998). We will need the following simple
fact (cf. Sontag, 1998, Proposition 6).
Lemma 1. Suppose that the system (1) is iIOSS. Suppose
that the initial state x(0) and the disturbance d are such
that
 ∞ the corresponding solution
 ∞ of (1) is globally de8ned;
1 (|d(s)|) ds ¡ ∞; and 0 2 (|y(s)|) ds ¡ ∞. Then we
0
have x(t) → 0 as t → ∞.
We will also need the following technical lemma. It states
that IOSS implies the “mixed” detectability property, where
one takes a supremum norm of some inputs and outputs
and an integral norm of others. This lemma is proved by
standard arguments using the characterization of IOSS in
terms of an “exponential-decay IOSS-Lyapunov function”
(Sontag & Wang, 1997).
Lemma 2. Assume that the system (1) is IOSS. Suppose
that an arbitrary partition of its inputs and outputs into
two groups; denoted by v1 and v2 ; is given (here v1 and
v2 are vectors; each of which is allowed to contain both
input and output components). Then there exist functions
N0 ; N1 ; N2 ∈ K∞ and N ∈ KL such that for every initial
state x(0) and every input d the solution of (1) satis8es the
following inequality as long as it exists:
 t
N
t) + N1 (v1 [0; t] ) +
N2 (|v2 (s)|) ds:
N0 (|x(t)|) 6 (|x(0)|;
0

(4)

3. Supervisory control system architecture
Let P be an unknown process, with dynamics of the form
ẋ = f(x; u);
y = h(x);
where x ∈ Rn is the state, u ∈ Rm is the control input, and
y ∈ Rl is the measured output. We 
assume that P is a
member of some family of systems p∈P Fp , where P
is an index set. For each p ∈ P, the subfamily Fp can be
thought of as consisting of a nominal process model Mp
together with a collection of its “perturbed” versions. However, the developments of this section and the next one do
not rely on any special structure of the Fp . The only explicit assumption that we impose on the unknown process is
detectability.

Fig. 1. Supervisory control architecture.

Assumption 1. The process P is IOSS.
The problem of interest is to design a feedback control law
that drives the state x (or at least the output y) of P to zero. 1
To solve this problem, we will develop a “high-level” controller, called a supervisor, whose purpose is to orchestrate
the switching among a suitably de8ned family of candidate
controllers Cp ; p ∈ P. It is convenient to think of each Cp
as a controller that would be used to solve the regulation
problem if P were known to be a member of Fp . For example, if for each p ∈ P the candidate controller Cp takes
the form
ẋC = gp (xC ; y);
up = rp (xC ; y);

(5)

then the switched controller is given by
ẋC = g (xC ; y);
u = r (xC ; y);
where  is a piecewise constant switching signal taking values in P. Accordingly, the switched controller is denoted
by C . We will actually use a somewhat more general form
for the candidate controllers, described below.
The supervisor consists of three subsystems (see Fig. 1):
Multi-estimator E—a dynamical system whose inputs are
the process’ input u and output y, whose state is denoted by
xE , and whose outputs are denoted by yp , p ∈ P.
Monitoring signal generator M—a dynamical system
whose inputs are the estimation errors
ep := yp − y;

p∈P

(6)

and whose outputs p , p ∈ P are suitably de8ned integral
norms of the estimation errors, called monitoring signals.
1

More general problems of regulation about nonzero equilibrium states
can be treated similarly (cf. Hespanha & Morse, 1999a,c).
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Switching logic S—a dynamical system whose inputs are
the monitoring signals p , p ∈ P and whose output is the
switching signal .
We write the multi-estimator E as

4. Detectability

ẋE = F(xE ; y; u)

ẋE = F(xE ; hq (xE ) − eq ; u) := FN q (xE ; eq ; u):

yp = hp (xE );

p ∈ P;

(7)

where we assume that hp (0) = 0 for each p ∈ P. The understanding is that yp would converge to the process output
y asymptotically if Mp were the actual process model and
there were no noise or disturbances (cf. Section 5). If P is a
8nite set, E can be realized simply as a parallel connection
of individual estimator equations of the form
ẋp = fp (xp ; y; u);
yp = hNp (xp )
for p ∈ P, in which case one has xE = stack{xp ; p ∈ P}.
If the set P is in8nite, the multi-estimator can often be
implemented using the idea of state-sharing (Hespanha &
Morse, 1999a; Morse, 1996). This technique in fact leads
to a more eQcient way of designing a supervisory control
system even for the case when P has a 8nite but large
number of elements.
We write the switched controller C as
ẋC = g (xC ; xE ; e );
u = r (xC ; xE ; e )

(8)

with rp (0; 0; 0) = 0 ∀p ∈ P. For each frozen value
 ≡ p ∈ P, the above equations model the candidate controller Cp . Note that here we are assuming the entire state
xE of the multi-estimator E to be available for control, which
is reasonable because E is implemented by the control
designer. Since y = hp (xE ) − ep for each p ∈ P by
virtue of (6) and (7), this set-up includes static output feedback up = kp (y) and dynamic output feedback (5) as
special cases. This explains why we did not include y explicitly as an input to C . A particular choice of inputs to C may
vary.
The underlying decision-making strategy used by the supervisor basically consists in selecting for , from time to
time, the candidate controller index q whose corresponding
monitoring signal q is currently the smallest. Intuitively,
the motivation for doing this is that the nominal process
model with the smallest monitoring signal “best” approximates the actual process, and thus the candidate controller
associated with that model can be expected to do the best
job of controlling the process. This idea originates in the
concept of certainty equivalence from parameter adaptive
control. A justi8cation for such a strategy will be seen more
clearly in light of the results to follow. Precise de8nitions
of the monitoring signal generator and the switching logic
are deferred to Section 5.

For an arbitrary 8xed q ∈ P we can use the formula (6)
to rewrite the multi-estimator (7) as
(9)

Consider the following auxiliary system, which we call the
injected system:
xṄE = FN q (xNE ; d; rq (xNC ; xNE ; d));
xṄC = gq (xNC ; xNE ; d):

(10)

Here d is a 8ctitious disturbance input. If d(·) = eq (·), the
system (10) has the same solutions as the one that results
when the qth candidate controller Cq , given by (8) with
 ≡ q, is connected to the multi-estimator given by (9). Our
choice of candidate controllers is based on the following
assumption.
Assumption 2. For each q ∈ P the injected system (10) is
iISS with respect to the disturbance d.
This means that for each q ∈ P there exist class K∞ functions q and q and a class KL function q such that for all
initial states xNE (0), xNC (0) and all locally essentially bounded
d(·) the solution of the system (10) satis8es the following
inequality:



 
 xNE (t) 
 xNE (0) 




q 
 6 q 
;t
 xNC (t) 
 xNC (0) 

+

0

t

q (|d(s)|) ds

∀t ¿ 0:

(11)

For linear systems, this property automatically follows from
(internal) stability of the injected system, but for nonlinear systems this is not the case. The problem of designing
integral-input-to-state stabilizing control laws for nonlinear
systems is addressed in (Liberzon, Sontag, & Wang, 1999;
Liberzon, 1999; Teel & Praly, 2000; Liberzon, Sontag, &
Wang, 2001). Note that in the present context the disturbance d will be identi8ed with the estimation error eq , which
is an input to the qth controller. This substantially simpli8es the control design problem because, as explained in the
above references, it is in general easier to 8nd a control law
of the form u = k(x; d) than one of the form u = k(x).
We now turn our attention to the system that results when
the qth candidate controller Cq is placed in the feedback loop
with the process P and the multi-estimator E. The dynamics
of this system are described by the following equations:
ẋ = f(x; rq (xC ; xE ; hq (xE ) − h(x)));
ẋE = F(xE ; h(x); rq (xC ; xE ; hq (xE ) − h(x)));
ẋC = gq (xC ; xE ; hq (xE ) − h(x)):

(12)
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This implies that the subsystem corresponding to P, when
viewed as a system with inputs xE , xC , eq and state x, is ISS.
Applying Lemma 2 with v1 := xEC and v2 := eq to this system, we conclude that there exist functions N0 ; N1 ; N2 ∈ K∞
and N ∈ KL such that we have
 t
N
t) + N1 (xEC ) +
N2 (|eq (s)|) ds:
N0 (|x(t)|) 6 (|x(0)|;
0

Fig. 2. The closed-loop system (12).

Let us denote the state (x ; xE ; xC ) of this system by x and
regard the estimation error eq = hq (xE ) − h(x) as the output of the system. Our main result in this section states that
the above system is iOSS through eq . This means, loosely
speaking, that the state x of (12) can be bounded by a suitable integral norm of eq (see Section 2 for the precise de8nition). Therefore, such a result provides a justi8cation for
switching control strategies of the kind considered in this
paper, which are based on choosing a candidate controller
whose index minimizes some integral norm of the estimation error (see Section 5).
Theorem 3. Let Assumptions 1 and 2 hold. For each 8xed
q ∈ P; the system (12) is iOSS with respect to eq ; i.e.; along
its solutions we have
 t
0 (|x(t)|) 6 0 (|x(0)|; t) +
˜q (|eq (s)|) ds
(13)
0

for some functions 0 ; ˜q ∈ K∞ and 0 ∈ KL.
Proof. Fix an arbitrary q ∈ P. A convenient way of thinking
about the system (12) is facilitated by the block diagram
shown in Fig. 2; where the system enclosed in the dashed
box becomes equivalent to the injected system (10) upon
setting d = eq .
Let xEC := (xE ; xC ) . In view of Assumption 2, we have
 t
q (|xEC (t)|) 6 q (|xEC (0)|; t) +
q (|eq (s)|) ds;
(14)
0

(15)

The calculations performed below are quite similar to the
ones used in (Sontag, 1989) for the analysis of cascade systems. We employ the trick of dividing a time interval under
consideration into two parts, exploiting the fact that in the
de8nitions of Section 2 one could replace 0 by an arbitrary
initial time t0 ¿ 0 (because the systems under consideration
are time-invariant). We obtain
N
t=2)
N0 (|x(t)|) 6 (|x(t=2)|;



+ N1 (xEC [t=2; t] ) +

t

t=2

N2 (|eq (s)|) ds:

(16)

In view of (15) and (14), it is straightforward (although
tedious) to check that the 8rst term on the right-hand side
of (16) is bounded by


t=2
1 (|x(0)|; t) + 2 (|xEC (0)|; t) + ˆ1
ˆ1 (|eq (s)|) ds ;
0

where the functions 1 ; 2 ∈ KL are de8ned by
N N−1 (4(r;
N t=2)); t=2);
1 (r; t) := (4
0
N N−1 (4N (2−1 (2q (r; 0)))); t=2)
2 (r; t) := (4
q
1
0
and the functions ˆ1 ; ˆ1 ∈ K∞ are de8ned by
N N−1 (4N (2−1 (2r)))); (4
N N−1 (4r))};
ˆ1 (r) := max{(4
q
1
0
0
ˆ1 (r) := max{q (r); N2 (r)}:
Similarly, the second term on the right-hand side of (16) is
bounded by
 t

q (|eq (s)|) ds ;
3 (|xEC (0)|; t) + ˆ2
0

where the functions 3 ∈ KL and ˆ2 ∈ K∞ are de8ned by

where q ; q ∈ K∞ and q ∈ KL. As for the process,
Assumption 1 and the formula (6) give

3 (r; t) := N1 (2q−1 (2q (r; t=2)));

|x(t)| 6 (|x(0)|; t) + 1 (uq ) + 2 (y)

Combining the above inequalities, we see that (16) reduces
to

6 (|x(0)|; t) + 1 (uq ) + 2 (2yq ) + 2 (2eq );

ˆ2 (r) := N1 (2q−1 (2r)):

N0 (|x(t)|) 6 1 (|x(0)|; t) + 2 (|xEC (0)|; t)
 t

+ 3 (|xEC (0)|; t) + ˆ
˜q (|eq (s)|) ds ;

where 1 ; 2 ∈ K∞ and  ∈ KL. Recall that we have uq =rq
(xC ; xE ; eq ) with rq (0; 0; 0)=0 and yq =hq (xE ) with hq (0)=0.
In view of this, it is easy to check that for a suitable class
K∞ function  we can rewrite the above inequality as

where

|x(t)| 6 (|x(0)|; t) + ((xE ; xC ; eq ) ):

(r)
ˆ := max{ˆ1 (r); r} + ˆ2 (r);

0

˜q (r) := max{ˆ1 (r); q (r)}:
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Therefore, we have
ˆ0 (|x(t)|) 6 ˆ−1 (1 (|x(0)|; t) + 2 (|xEC (0)|; t)
 t
+ 3 (|xEC (0)|; t)) +
˜q (|eq (s)|) ds;
0

(17)

where ˆ0 (r) := ˆ−1 (N0 (r)=2). The formulas (14) and (17)
yield (13) with
0 (r) := min{q (r=2); ˆ0 (r=2)};
0 (r; t) := q (r; t) + ˆ−1 (1 (r; t) + 2 (r; t) + 3 (r; t)):
Theorem 3 is quite general in the sense that it does not
rely on any explicit assumptions regarding the process uncertainty. One could also consider the situation where the
process has, in addition to the control input u, a disturbance
input w, which enters in such a way that Assumption 1 is
still satis8ed (Hespanha and Morse, 1999a,c). In this case,
the right-hand side of the Eq. (13) would contain one additional term of the form (w
ˆ
[0; t] ), where ˆ ∈ K∞ .
5. Exact matching
The goal of this section is to address the problem of global
state or output regulation by hybrid output feedback. We do
this for the special case when the process P to be controlled
takes the form
ẋ = f(x; u; p∗ );
y = h(x);

(18)

where f and h are known functions and p∗ is an unknown
element of a 8nite index set P. Thus we assume that there are
no unmodeled dynamics, noise, or disturbances, so that the
unknown process P exactly matches one of a 8nite number
of nominal process models. Assumption 3 basically demands
that the estimation error associated with the true parameter
value be small in an integral sense.
Assumption 3. There exists a positive number # with
the property that for arbitrary initial conditions x(0);
xE (0); xC (0) there exists a constant C such that we have
t #s
e ˜p∗ (|ep∗ (s)|) ds 6 C for all t that belong to the maxi0
mal interval on which the solution of the system is de8ned.
Here ˜p∗ is the function appearing in the formula (13)
which expresses the statement of Theorem 3; with q = p∗ .
It is not hard to see that in the case when ˜p∗ is locally
t
Lipschitz, the integral 0 e#s ˜p∗ (|ep∗ (s)|) ds is bounded if
t
ep∗ and 0 e#s |ep∗ (s)| ds are bounded. Then Assumption 3
is satis8ed with # small enough if the multi-estimator is designed so that ep∗ converges to zero exponentially for every
control signal u. Several examples of such multi-estimator
design for nonlinear systems can be found in (Hespanha,
1998).

Fig. 3. Switching logic.

We generate the monitoring signals using the diSerential
equations
˙p = −#p + ˜p (|ep |);

p∈P

(19)

with the same # ¿ 0 as in Assumption 3 and with initial
values satisfying p (0) ¿ 0. As for the switching logic, we
consider the scale-independent hysteresis switching logic
proposed in (Hespanha, 1998; Hespanha & Morse, 1999b).
Let us pick a number h ¿ 0 called the hysteresis constant.
The functioning of the switching logic is as follows (see
Fig. 3). First, we set (0) = arg minp∈P {p (0)}. Suppose
that at a certain time ti the value of  has just switched to
some q ∈ P. We then keep  8xed until a time ti+1 ¿ ti such
that (1 + h)minp∈P {p (ti+1 )} 6 q (ti+1 ), at which point
we set (ti+1 )=arg minp∈P {p (ti+1 )}. (When the indicated
minimum is not unique, a particular value for  among
those that achieve the minimum can be chosen arbitrarily.)
Repeating this procedure, we generate a piecewise constant
signal  that is continuous from the right everywhere. As
we will see, by setting p (0) ¿ 0 for all p ∈ P we avoid
chattering.
The overall supervisory control system is a hybrid system
with continuous states x = (x ; xE ; xC ) and p , p ∈ P and
discrete state . The following is a corollary of Theorem
3 and the results of (Hespanha, 1998; Hespanha & Morse,
1999b).
Corollary 4. Let P be a 8nite set; and consider the supervisory control system de8ned by (6); (7); (8); (18); (19);
and the switching logic described above; with arbitrary initial conditions satisfying p (0) ¿ 0 for all p ∈ P. Under
Assumptions 1; 2; and 3; there exists a time T ∗ such that
(t) = q∗ ∈ P for all t ¿ T ∗ ; i.e.; the switching stops in 8nite time; and all the continuous states converge to 0 as
t → ∞.
Proof. Let us de8ne (for analysis purposes only) the scaled
monitoring signals
Np (t) := e#t p (t);

p ∈ P:

(20)
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In view of (19) we have

Np (t) = Np (0) +

0

t

e#s ˜p (|ep (s)|) ds;
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Instead of using the Eq. (19), we now generate the monitoring signals by
p ∈ P:

(21)

The scale independence property of the switching logic implies that replacing p by Np would have no eSect on 
(Hespanha; 1998; Hespanha & Morse; 1999b; Morse; 1996).
From (21) we see that each Np is nondecreasing. This; the
8niteness of P; and the fact that Np (0) ¿ 0 for each p ∈ P
guarantee the existence of a positive number ' such that
Np (t) ¿ ' for all t ¿ 0 and all p ∈ P. It is not hard to conclude now from the de8nition of the switching logic that
chattering cannot occur; in fact; there must be an interval
[0; T ) of maximal length on which the solution of the system
is de8ned; and  can only have a 8nite number of discontinuities on each proper subinterval of [0; T ). For details; see
(Hespanha; 1998; Hespanha & Morse; 1999b).
Observe that Np∗ is bounded on [0; T ) by virtue of
Assumption 3. It follows that the signals Np satisfy the
hypotheses of the Scale-Independent Hysteresis Switching Lemma (Hespanha, 1998; Hespanha & Morse, 1999b)
which enables us to conclude that the switching stops in
8nite time. More precisely, there exists a time T ∗ ¡ T
such that (t) = q∗ ∈ P for all t ¿ T ∗ . In addition, Nq∗ is
bounded on [0; T ). Using (21) with p = q∗ and the boundT
edness of Nq∗ , we see that the integral 0 ˜q∗ (|eq∗ (s)|) ds is
8nite (recall that # is positive). In view of (13) this implies
that x, xE , and xC are bounded on [0; T ). The estimation
error ep = yp − y is then also bounded for each p ∈ P,
hence each ˜p (|ep |) is bounded in view of the continuity
of ˜p . Furthermore, all the monitoring signals p remain
bounded because they are generated by the system (19)
with bounded inputs ˜p (|ep |). Thus we see that T = ∞, i.e.,
the solution of the system is globally de8ned. Having established that T = ∞, we can apply Lemma 1 to the overall
system, which enables us to conclude that x = (x ; xE ; xC ) ,
and consequently p , p ∈ P, converge to 0 as t → ∞.
As seen from the proof of Theorem 3, the function ˜q
appearing in the formula (13) depends on the functions
that express the IOSS property of the uncertain process P.
Therefore, it is rather restrictive to assume the knowledge
of ˜q or its upper bound for each q ∈ P. An alternative construction presented below allows us to work directly with
the functions q from (11), but requires a somewhat diSerent convergence proof. Let us replace Assumption 3 by the
following.
Assumption 3 . . There exists a positive number # with
the property that for arbitrary initial conditions x(0); xE (0);
xC (0) there exist constants C1 ; C2 such that we have
t
|ep∗ (t)| 6 C1 and 0 e#s p∗ (|ep∗ (s)|) ds 6 C2 for all t that
belong to the maximal interval on which the solution of the
system is de8ned. Here p∗ is the function appearing in the
formula (11) associated with Assumption 2; for q = p∗ .

˙p = −#p + p (|ep |);

p∈P

(22)

with the same # ¿ 0 as in Assumption 3 and with
initial values satisfying p (0) ¿ 0. We use the same
scale-independent hysteresis switching logic as before.
Then the following result holds.
Proposition 5. Let P be a 8nite set; and consider the supervisory control system de8ned by (6); (7); (8); (18); (22);
and the switching logic described above; with arbitrary initial conditions satisfying p (0) ¿ 0 for all p ∈ P. Under
Assumptions 1; 2; and 3 ; there exists a time T ∗ such that
(t) = q∗ ∈ P for all t ¿ T ∗ ; i.e.; the switching stops in
8nite time; and all the continuous states converge to 0
as t → ∞.
Proof. Exactly as in the proof of Corollary 4; using the
scaled monitoring signals (20); we prove that there exists
a time T ∗ ¡ T such that (t) = q∗ ∈ P for all t ¿ T ∗ ; and
T
that the integral 0 q∗ (|eq∗ (s)|) ds is 8nite. In view of (11)
this implies that xE and xC are bounded on [0; T ) because
solutions of the multi-estimator (7) with the q∗ -th candidate controller in the feedback loop coincide with solutions of the injected system (10) when q = q∗ and d(·) =
eq∗ (·). Since ep∗ is bounded by Assumption 3; it follows that
y = yp∗ − ep∗ remains bounded as well. Therefore; ep =
yp − y is bounded for each p ∈ P. Each p (|ep |) is then
also bounded in view of the continuity of p . Furthermore;
all the monitoring signals p remain bounded because they
are generated by (19) with bounded inputs p (|ep |). Finally;
x is bounded in view of Assumption 1. Thus we see that
T = ∞; i.e.; the solution of the system is globally de8ned.
Having established that T = ∞, we can apply Lemma 1
to the injected system (10), which enables us to conclude
that xE ; xC → 0 as t → ∞. Since all signals are bounded, the
derivative ė q∗ = ẏ q∗ − ẏ is bounded. The boundedness of eq∗ ,
∞
ė q∗ , and of the integral 0 q∗ (|eq∗ (s)|) ds is well known
to imply that eq∗ → 0 as t → ∞ (see, e.g., Aizerman &
Gantmacher, 1964, p. 58). Thus we have y = yq∗ − eq∗ → 0,
hence x → 0 by Assumption 1, and p → 0 for each p ∈ P
as before.
If one is only concerned with output regulation and
not state regulation, a close examination of the proof of
Proposition 5 reveals that the assumptions can be weakened
even further.
Assumption 1 . The state x of P is bounded if the control
input u and the output y are bounded.

Assumption
 ∞ 2 . For each q ∈ P and every disturbance d satisfying 0 q (|d(s)|) ds ¡ ∞; the solution (xNE ; xNC ) of the
injected system (10) remains bounded for arbitrary initial
conditions and we have hq (xNE ) → 0.
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Proposition 6. Let P be a 8nite set. Under Assumptions
1 ; 2 ; and 3 ; all the signals in the supervisory control system de8ned by (6); (7); (8); (18); (22); and the switching
logic described above remain bounded for arbitrary initial
conditions satisfying p (0) ¿ 0 for all p ∈ P. There exists
a time T ∗ such that (t) = q∗ ∈ P for all t ¿ T ∗ ; i.e.; the
switching stops in 8nite time; and we have y(t) → 0 as
t → ∞.
A speci8c supervisory control system satisfying Assumption 2 was studied in (Hespanha et al., 1999).
6. Concluding remarks
In this paper, we have described a framework for supervisory control of poorly modeled nonlinear systems. By using
the integral versions of input-to-state stability
and detectability, we were able to weaken the assumptions imposed in earlier work (Hespanha & Morse, 1999a).
The analysis techniques presented here are more direct
than, and provide an alternative to, the methods used in
(Hespanha & Morse, 1999a). Our results underscore the
importance of developing systematic methods for designing integral-input-to-state stabilizing controllers for general
classes of nonlinear systems; see (Liberzon et al., 1999;
Liberzon, 1999; Teel & Praly, 2000; Liberzon et al., 2001)
for more information on this topic.
If the injected system (10) is iISS but not ISS, then it
may happen that its state converges to zero when the input
d has a 8nite energy expressed by a suitable integral, but
blows up under the action of a bounded input. Thus the supervisory control algorithms presented here might be less
robust with respect to bounded noise, disturbances, and unmodeled dynamics than the one considered in (Hespanha &
Morse, 1999a). This constitutes an important area for further
investigation.
Acknowledgements
The authors are grateful to Eduardo Sontag for many stimulating discussions.
References
Aizerman, M. A., & Gantmacher, F. R. (1964). Absolute stability of
regulator systems. San Francisco, CA: Holden-Day.
Angeli, D., Sontag, E., & Wang, Y. (2000). A characterization of integral
input to state stability. IEEE Transactions on Automatic Control, 45,
1082–1097.
Chang, G., Hespanha, J. P., Morse, A. S., Netto, M., & Ortega, R. (2001).
Supervisory 8eld-oriented control of induction motors with uncertain
rotor resistance. International Journal of Adaptive Control and Signal
Processing, 15, 353–375.
Hespanha, J. P. (1998). Logic-based switching algorithms in control.
Ph.D. thesis, Department of Electrical Engineering, Yale University.
New Haven, CT.

Hespanha, J. P., & Morse, A. S. (1999a). Certainty equivalence implies
detectability. Systems & Control Letters, 36, 1–13.
Hespanha, J. P., & Morse, A. S. (1999b). Scale-independent hysteresis
switching. In F.W., Vaandrager, & J.H. van Schuppen (Eds.), Hybrid
systems: computation and control, Lecture Notes in Computer
Science, Vol. 1569 (pp. 117–122) Berlin: Springer.
Hespanha, J. P., & Morse, A. S. (1999c). Supervisory control of
integral-input-to-state stabilizing controllers. In Proceedings of the
8fth European control conference, Paper F752.
Hespanha, J. P., Liberzon, D., & Morse, A. S. (1999). Logic-based
switching control of a nonholonomic system with parametric modeling
uncertainty. Systems & Control Letters, 38, 167–177.
Liberzon, D. (1999). ISS and integral-ISS disturbance attenuation with
bounded controls. In Proceedings of the 38th IEEE conference on
decision and control (pp. 2501–2506).
Liberzon, D., Sontag, E. D., & Wang, Y. (1999). On integral-input-to-state
stabilization. In Proceedings of the 1999 American control conference
(pp. 1598–1602).
Liberzon, D., Sontag, E. D., Wang, Y. (2001). Universal construction of
feedback laws achieving ISS and integral-ISS disturbance attenuation.
Systems and Control Letters (in press).
Morse, A. S. (1990). Towards a uni8ed theory of parameter adaptive
control: tunability. IEEE Transactions on Automatic Control, 35,
1002–1012.
Morse, A. S. (1996). Supervisory control of families of linear set-point
controllers, Part 1: exact matching. IEEE Transactions on Automatic
Control, 41, 1413–1431.
Sontag, E. D. (1989). Smooth stabilization implies coprime factorization.
IEEE Transactions on Automatic Control, 34, 435–443.
Sontag, E. D. (1998). Comments on integral variants of ISS. Systems &
Control Letters, 34, 93–100.
Sontag, E. D., & Wang, Y. (1997). Output-to-state stability and
detectability of nonlinear systems. Systems & Control Letters, 29,
279–290.
Teel, A. R., & Praly, L. (2000). On assigning the derivative of a
disturbance attenuation control Lyapunov function. Mathematics of
Control Signals and Systems, 13, 95–124.

João P. Hespanha was born in Coimbra,
Portugal, in 1968. He received the Licenciatura and the M.S. degree in electrical and
computer engineering from Instituto Superior Tecnico, Lisbon, Portugal, in 1991 and
1993, respectively, and the M.S. and Ph.D.
degrees in electrical engineering and applied
science from Yale University, New Haven,
Connecticut, in 1994 and 1998, respectively.
Dr. Hespanha holds an Associate Professor position at the University of California,
Department of Electrical & Computer Engineering, Santa Barbara, CA, since 2002. Previously he held the following
positions: Assistant Professor at the University of Southern California,
Los Angeles, CA, from 1999 to 2001; Visiting Post-doctoral Research
Engineer at the University of California at Berkeley, CA from 1998 to
1999; Teaching Fellow at Yale University, New Haven, Connecticut, from
1996 to 1997; Software Engineer at Sociedade de Projectos em Sistemas
e Computadores, Lda. (Society for Projects in Systems and Computers),
Lisbon, Portugal, from 1992 to 1993; Instructor at the Fundo para o Desenvolvimento Tecnol’ogico (Fund for Technological Development), Lisbon, Portugal, from 1989 to 1990; and Research Assistant at the Instituto
de Engenharia de Sistemas e Computadores (Institute for Engineering of
Systems and Computers, INESC), Lisbon, Portugal, from 1987 to 1989.
Dr. Hespanha is the author of over 70 technical papers and his research
interests include hybrid systems; switching control; nonlinear control,
both robust and adaptive; the use of vision in feedback control; and
probabilistic games. Since 1998, Mr. Hespanha has been a Member of the
Sigma Xi Society and in 1999 he was the recipient of Yale University’s

J.P. Hespanha et al. / Automatica 38 (2002) 1327–1335
Henry Prentiss Becton Graduate Prize for exceptional achievement in
research in Engineering and Applied Science. Dr. Hespanha is also the
recipient of a NSF CAREER award.

Daniel Liberzon was born in Kishinev, former Soviet Union, on April 22, 1973. He
was a student in the Department of Mechanics and Mathematics at Moscow State University from 1989 to 1993, and received the
Ph.D. degree in mathematics from Brandeis
University, Waltham, MA, in 1998 (under
the supervision of Prof. Roger W. Brockett
of Harvard University). He was a postdoctoral associate in the Department of Electrical Engineering at Yale University, New
Haven, CT, from 1998 to 2000. Since 2000,
he has been with the University of Illinois at Urbana-Champaign as an assistant professor in the Electrical and Computer Engineering Department
and an assistant research professor in the Coordinated Science Laboratory. Dr. Liberzon’s research interests include nonlinear control theory,
analysis and synthesis of hybrid systems, and switching control methods
for systems with imprecise measurements and modeling uncertainties. Dr.
Liberzon has served as an Associate Editor on the IEEE Control Systems
Society Conference Editorial Board.

1335

A. Stephen Morse was born in Mt. Vernon,
New York, on June 18, 1939. He received
a B.S.E.E. degree from Cornell University,
Ithaca, in 1962, a M.S. degree from the University of Arizona, Tucson, in 1964, and a
Ph.D degree from Purdue University, West
Lafayette, in 1967, all in electrical engineering. From 1967 to 1970 he was associated
with the OQce of Control Theory and Application, NASA Electronics Research Center, Cambridge, MA. Since July, 1970 he
has been with Yale University, New Haven,
CT, where he is presently a Professor of Electrical Engineering. His
main interest is in system theory, and he has done research in network
synthesis, optimal control, multivariable control, adaptive control, urban
transportation, and hybrid and nonlinear systems.Dr. Morse is a Fellow
of the IEEE and a member of SIAM, Sigma Xi and Eta Kappa Nu.
He has served as an Associate Editor of the IEEE Transactions on
Automatic Control, the European Journal of Control, and the International
Journal of Adaptive Control and Signal Processing, and as a Director
of the American Automatic Control Council representing the Society for
Industrial and Applied Mathematics. Dr. Morse is the recipient of the
1999 IEEE Control Systems Award. He is a Distinguished Lecturer of
the IEEE Control Systems Society and a co-recipient of the Society’s
George S. Axelby Outstanding Paper Award. He has twice received the
American Automatic Control Council’s Best Paper Prize.

