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Certainty-Equivalence Feedback Design with
Polynomial-Type Feedbacks which guarantee ISS

Christian Ebenbauer, Tobias Raff, and Frank Allgöwer

Abstract— The purpose of this note is to establish a certainty-
equivalence feedback design for inverse optimally controlled
affine systems. In particular, it is shown that a class of
polynomial-type state feedbacks in conjunction with a globally
asymptotically convergent observer leads to a globally asymptot-
ically stable closed-loop. A key step in the proposed certainty-
equivalence feedback design procedure is the identification of a
new class of polynomial-type inverse optimal feedbacks which
guarantees input-to-state stability with respect to measurement
errors. As a consequence, the proposed certainty-equivalence
feedback design has the important feature that the state feedback
is allowed to contain polynomial nonlinearities of arbitrarily high
degree in the unmeasured states. This feature is illustrated on
an example.

Index Terms— Certainty-equivalence design, separation prin-
ciple, input-to-state stability, polynomial feedback, inverse opti-
mality.

I. INTRODUCTION

Nonlinear output feedback design is one of the most
important and challenging problems in nonlinear control [10].
One reason for this is that a separated design of a global
asymptotic stabilizing state feedback and a global convergent
observer does not automatically lead to a global asymptotic
stable closed-loop in nonlinear feedback design. Additional
effort is necessary in order to guarantee global asymptotic
stability, for example, either to redesign the observer or
to redesign the state feedback. But often, one would like
to design the state feedback and the observer completely
independent from each other. However, a true modular design
of the state feedback and the observer, i.e., a certainty-
equivalence type implementation, is in the general nonlinear
case not possible. Due to this lack, one has to assume some
inherent properties in the state feedback or in the observer, in
order to guarantee global asymptotic stability when the loop
is going to be closed. Since in control practice, often optimal
state feedbacks with respect to a certain performance measure
are applied, it makes sense to assume that the state feedback
satisfies a certain performance measure. Therefore, the
present approach exploits the inherent robustness of optimal
state feedbacks in order to establish a conceptually simple
certainty-equivalence feedback design for control systems
that are affine in the input. More precisely, it is shown that
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a class of polynomial-type inverse optimal state feedbacks
in conjunction with a globally asymptotically convergent
observer leads to a globally asymptotically stable closed-loop.
The inverse optimality is assumed to be with respect to a
classical integral performance measure of the type “u-squared
plus a positive definite function of the state x”. Such
performance measures are well established in control theory
and practice [12], [11]. Furthermore, it is assumed that the
optimal feedback can be decomposed into two parts, namely
a function which is globally Lipschitz plus a polynomial
vector-valued function where each component depends only
on one state or on a linear combination of the states. The
main practical result of this note is that global asymptotic
stability of the closed-loop can be established under these
assumptions. Thereby, the main theoretical contribution is
the established input-to-state stability (ISS) property with
respect to measurement errors that can be guaranteed by the
identified class of polynomial-type feedbacks. An important
feature of the certainty-equivalence design is that explicit
conditions are given in which the state feedback is allowed to
contain polynomial nonlinearities of arbitrarily high degree
in the unmeasured states. This was up to now only possible
by exploiting the circle criterion [5], [3] or by exploiting
structural assumptions like tringular systems, e.g., [8].

The remainder of the note is organized as follows: In
Section II, the ISS property of a class of polynomial-type
state feedbacks is established. The certainty-equivalence
feedback design is established in Section III. In Section IV,
the certainty-equivalence feedback design is illustrated on an
example. Conclusions are given in Section V.

Notations. A function V : R
n → R is called positive

definite, if V (0) = 0, V (x) > 0, ∀x ∈ R
n\{0} and V is called

a Lyapunov function candidate if it is positive definite and
radially unbounded. If V is differentiable, then the row vector
Vx(x) = ∇V (x) denotes the derivative of V with respect to
x. K is the class of functions from the positive reals to the
positive reals which are zero at zero, strictly increasing, and
continuous. K∞ is the subset in the class of K functions that
are unbounded. Finally, the Euclidian norm of x ∈ R

n is
denoted by ‖x‖, the absolute value of x ∈ R is denoted by
|x| and the identity matrix is denoted by I .
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II. A CLASS OF POLYNOMIAL-TYPE FEEDBACKS WHICH

GUARANTEES ISS

Establishing separation principles and certainty-equivalence
designs for nonlinear control systems is more involved and
diverse [14], [15], [16] than for linear control systems. In
the literature, there exist at least two successful concepts
to establish a nonlinear separation result: The high-gain
based approaches, e.g., [6], and the (i)ISS-related approaches,
e.g., [2], [5], [4], [3] as well as combinations of them. In
the present note, an ISS-related approach is proposed. In
particular, the proposed certainty-equivalence feedback design
is based upon a class of state feedbacks which guarantees
a certain robustness with respect to measurement errors in
order to ensure existence and boundedness of the closed-loop
solutions until the observer error is sufficiently small. A
well-known concept which describes this kind of robustness
is ISS. Therefore, the crucial step and the main theoretical
contribution in the proposed certainty-equivalence feedback
design is to identify a relevant class of state feedbacks for
which the ISS property with respect to measurement errors
can be proven. In the following, a new class of polynomial-
type state feedbacks is introduced which guarantees ISS
with respect to measurement errors under the following
assumptions:

Assumption 1 (System Class). The nonlinear control system
is assumed to be of the form

ẋ = f(x) + G(x)u
y = h(x),

(1)

where x ∈ R
n is the state, u ∈ R

q is the input and y ∈ R
p the

output. f : R
n → R

n, G : R
n → R

n×q , and h : R
n → R

p,
are assumed to be sufficiently smooth with f(0) = 0,
h(0) = 0.

Assumption 2 (State Feedback). The globally asymptotically
stabilizing state feedback is assumed to be of the form

u = k(x) = −1
2
R−1(x)GT (x)V T

x (x). (2)

That is, it is assumed that the state feedback (2) is (inverse)
optimal with respect to the performance measure

V (x(0)) =
∫ ∞

0

q(x(t)) + uT (t)R(x(t))u(t) dt, (3)

i.e., the Hamilton-Jacobi-Bellman (HJB) equation

Vx(x)f(x) + Vx(x)G(x)k(x)

+q(x) + kT (x)R(x)k(x) = 0,
(4)

is satisfied, where q(x) ≥ c‖x‖2, c > 0 and R is a positive
definite matrix function with λminI ≤ R(x) ≤ λmaxI ,
λmax > λmin > 0. Furthermore, V is assumed to be a
positive definite, radially unbounded C 1 function.

Then the following statement can be made.

Theorem 1: Suppose that Assumption 1 and 2 hold. More-
over, suppose that the state feedback (2) is of the form

u = k(x) = m(x) + p(xi), (5)

where m : R
n → R

q , m(0) = 0, is globally Lipschitz, i.e.,
‖m(x + e)−m(x)‖ ≤ γ‖e‖, with a Lipschitz constant γ and
p : R

n → R
q is of the form

p(xi) =

⎡
⎢⎣

p1(xi1 )
...

pq(xiq )

⎤
⎥⎦ , (6)

where the components pj are polynomial functions in a single
state xij , ij ∈ {1...n}, j = 1...q. Then the control system

ẋ = f(x) + G(x)k(x + e) (7)

is input-to-state stable with respect to the measurement error
e ∈ R

n.

Notice that the notation p(xi) means that p is formed by
univariate polynomials and each polynomial depends on a
certain state variable, not necessarily different from each other,
e.g. p might be of the form [p1(x8) p2(x1) p3(x3) p4(x8)]T

(n = 8, q = 4).

Proof. By using the value function V in (3) as an ISS
Lyapunov function candidate, it has to be shown that there
exist a class K function ρ and a class K∞ function β such
that

Vx(x)[f(x) + G(x)k(x + e)] ≤ −β(‖x‖), (8)

holds, whenever ‖x‖ ≥ ρ(‖e‖) [13], [9]. In other words, it
has to be shown that

Vx(x)f(x)
+Vx(x)G(x)[m(x + e) + p(xi + ei)] < −β(‖x‖) (9)

holds for any given (fixed) e whenever ‖x‖ is sufficiently large.
The proof is divided into two parts.

Part 1. In the first part of the proof, an upper estimate of the
left-hand side of (9) is derived, by successively overestimating
the left-hand side. First, add and subtract Vx(x)G(x)[m(x) +
p(xi)] from the left-hand side of (9), which leads to

Vx(x)[f(x) + G(x)(m(x) + p(xi))]
+Vx(x)G(x)[m(x + e) − m(x) + p(xi + ei) − p(xi)].

(10)

Using the HJB inequality (4) and the relation (2), one obtains

−q(x) − [m(x) + p(xi)]T R(x)[m(x) + p(xi)]

−2[m(x) + p(xi)]T R(x)[Δm(x, e) + Δp(xi, ei)]
(11)

with Δm(x, e) = m(x + e)− m(x) and Δp(xi, ei) = p(xi +
ei) − p(xi). The expression (11) is bounded from above by

−q(x) − λmin‖m(x) + p(xi)‖2

−2[m(x) + p(xi)]T R(x)[Δm(x, e) + Δp(xi, ei)]
(12)

due to λminI ≤ R(x) ≤ λmaxI . Using Young’s inequality,
i.e., 2aT b ≤ α−1

1 ‖a‖2 + α1‖b‖2, a, b ∈ R
n, α1 > 0, with
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a = R(x)[m(x)+ p(xi)] and b = Δm(x, e)+Δp(xi, ei), one
obtains

−q(x) − λmin‖m(x) + p(xi)‖2

+
λ2

max

α1
‖m(x) + p(xi)‖2

+α1‖Δm(x, e) + Δp(xi, ei)‖2

(13)

as an upper bound for (12). Choosing α1 such that λmin

2 =
λ2

max

α1
and due to q(x) ≥ c‖x‖2,

−c‖x‖2

−λmin

2
[‖m(x)‖2 + 2mT (x)p(xi) + ‖p(xi)‖2

]
+

2λ2
max

λmin
‖Δm(x, e) + Δp(xi, ei)‖2

(14)

is an upper bound for (13). Applying Young’s inequality
2aT b ≤ α−1

2 ‖a‖2 + α2‖b‖2 to the expression 2m(x)T p(xi)
yields to

−c‖x‖2

−λmin

2
[
(1 − α−1

2 )‖m(x)‖2 + (1 − α2)‖p(xi)‖2
]

+
2λ2

max

λmin
‖Δm(x, e) + Δp(xi, ei)‖2,

(15)

which is an upper bound of (14). Next notice that one can
choose α2 < 1 but such that the linear-like part of (15) is still
negative definite, i.e.,

−c‖x‖2 +
λmin

2
(α−1

2 − 1)︸ ︷︷ ︸
>0

‖m(x)‖2 < 0 (16)

with α2 such λmin

2 (α−1
2 − 1)γ2 < c, due to the Lipschitz

property ‖m(x)‖ ≤ γ‖x‖. Therefore,

−c̃‖x‖2 − d̃‖p(xi)‖2

+
2λ2

max

λmin
‖Δm(x, e) + Δp(xi, ei)‖2

(17)

with c̃ = c − λmin

2 (α−1
2 − 1)γ2 > 0 and d̃ = (1 − α2) > 0,

is an upper bound for (15). Finally, by using the triangular
inequality and (‖a‖ + ‖b‖)2 ≤ 2(‖a‖2 + ‖b‖2) as well as the
Lipschitz property ‖Δm(e, x)‖ ≤ γ‖e‖,

−c̃‖x‖2 − d̃‖p(xi)‖2

+
4λ2

max

λmin
(γ2‖e‖2 + ‖Δp(xi, ei)‖2)

(18)

is an upper bound for (17), and by construction, an upper
bound for the left-hand side of (9).

Part 2. In the second part of the proof, it is shown that (18)
satisfies

−c̃‖x‖2 − d̃‖p(xi)‖2

+
4λ2

max

λmin
(γ2‖e‖2 + ‖Δp(xi, ei)‖2) < −β(‖x‖)

(19)

for a sufficiently large ‖x‖ with β(‖x‖) = c̃
2‖x‖2, which

implies the desired property (8). Thus, it has to be shown

that

− c̃

2
‖x‖2 + λ̃γ2‖e‖2

−d̃

q∑
j=1

p2
j(xij ) + λ̃

q∑
j=1

[pj(xij + eij ) − pj(xij )]
2 < 0

(20)

holds for sufficiently large ‖x‖ with λ̃ = 4λ2
max

λmin
. Let’s assume

that pj is of degree dj . Then

p2
j(xij ) =

2dj∑
k=0

akxk
ij

(21)

is a positive semidefinite polynomial, in particular a2dj > 0,
which depends on a single state xij . Furthermore,

[pj(xij + eij ) − pj(xij )]
2 =

2dj−2∑
k=0

bk(e)xk
ij

(22)

with bk polynomial, is a positive semidefinite polynomial of
degree 2dj − 2 in xij , since for a univariate polynomial p(s)
of degree d it holds that p(s) − p(s + t), with a fixed t, is
again a polynomial but of degree d − 1. The sum in (22) can
be bounded from above by

[pj(xij + eij ) − pj(xij )]
2

≤
2dj−2∑
k=0

k

k + 1
|xij |k+1 +

1
k + 1

|bk(e)|k+1
(23)

using the inequality y · xk ≤ |xk|a
a + |y|b

b , 1
a + 1

b = 1, where
a depends on k via a = 1 + 1

k . Therefore, the expression

−d̃p2
j(xij ) + λ̃[pj(xij + eij ) − pj(xij )]

2 (24)

in the sum (20) can be bounded from above by

−d̃a2dj x
2dj

ij
+ λ̃

2dj − 2
2dj − 1

|xij |2dj−1

−d̃a2dj−1x
2dj−1
ij

+ λ̃
2dj − 3
2dj − 2

|xij |2dj−2 · · ·

−d̃a0 + λ̃|b0(e)| + . . . +
λ̃

2dj − 1
|b2dj−2(e)|2,

(25)

where the terms are sorted by the exponents of x ij . Since,
d̃a2dj > 0, (25) becomes negative whenever |xij | becomes
sufficiently large. This implies that

−d̃p2
j(xij ) + λ̃[pj(xij + eij ) − pj(xij )]

2 < 0 (26)

holds whenever |xij | is sufficiently large. Hence, whenever
the absolute values of the states in {xi1 ...xiq} become suffi-
ciently large, then inequality (20) holds. Finally, in the case
if ‖x‖ becomes sufficiently large, but not any of the states
in {xi1 ...xiq}, then still the term c̃

2‖x‖2 becomes sufficiently
large, such that for a given (fixed) e, the inequality (20) holds.
�

The next corollary is a generalization of Theorem 1, which
enables that the components of the polynomial nonlinearities
may depend on a linear combination of the states and not
necessarily on a single state.



JOURNAL OF LATEX CLASS FILES, VOL. 1, NO. XX, NOVEMBER 2007 4

Corollary 1: Suppose that Assumption 1 and 2 hold.
Moreover, suppose that the state feedback (2) is of the form

u = k(x) = m(x) + p(cT
i x), (27)

where m : R
n → R

q , m(0) = 0, is globally Lipschitz, i.e.,
‖m(x + e)−m(x)‖ ≤ γ‖e‖, with a Lipschitz constant γ and
p : R

n → R
q is of the form

p(cT
i x) =

⎡
⎢⎣

p1(cT
i1

x)
...

pq(cT
iq

x)

⎤
⎥⎦ , (28)

where the components pj are polynomial functions and cij ∈
R

n, ij ∈ {1...n}, j = 1...q. Then the control system

ẋ = f(x) + G(x)k(x + e) (29)

is input-to-state stable with respect to the measurement error
e ∈ R

n.

Proof. The idea of the proof is to transform the feedback (27)
in the form (5) using a linear transformation Φξ = x, with a
nonsingular matrix Φ such that ξj = cT

ij
x, j = 1...q. Then the

transformed state feedback is

u = k̃(ξ) = k(Φξ) = m(Φξ) + p(ξi), (30)

which is of the form (5). Notice that m(Φξ) is globally
Lipschitz since it is a linear transformation. The rest of the
proof shows that the transformed control system (1), i.e.,

ξ̇ = f̃(ξ) + G̃(ξ)u
y = h(Φξ),

(31)

with f̃(ξ) = Φ−1f(Φξ) and G̃(ξ) = Φ−1G(Φξ) satisfies a
HJB equation of the form (4). In particular, from the HJB
equation (4), it follows that

Vx(Φξ)[f(Φξ) + G(Φξ)k(Φξ)]

+q(Φξ) + k(Φξ)T R(Φξ)k(Φξ) = 0,
(32)

or equivalently

Vx(Φξ)Φ[f̃(ξ) + G̃(ξ)k(Φξ)]

+q(Φξ) + k(Φξ)T R(Φξ)k(Φξ) = 0.
(33)

Define now a new value function Ṽ (ξ) = V (Φξ), then the
gradient Ṽξ(ξ) = Vx(Φξ)Φ. Hence, (33) turns into

Ṽξ(ξ)[f̃ (ξ) + G̃(ξ)k̃(ξ)] + q̃(ξ) + k̃(ξ)T R̃(ξ)k̃(ξ) = 0. (34)

which is a HJB equation of the form (4), with q̃(ξ) = q(Φξ),
R̃(ξ) = R(Φξ). Finally, by using Theorem 1, Corollary 1
follows. �

Remark 1: The proof of Corollary 1 can be generalized by
replacing the linear transformation x = Φξ with a Lipschitz
transformation x = Φ(ξ), where Φ is globally Lipschitz
and sufficiently smooth. Therefore, Theorem 1 can be further

extended such that the polynomial nonlinearity (28) can be
replaced by:

p(ci(x)) =

⎡
⎢⎣

p1(ci1(x))
...

pq(ciq (x))

⎤
⎥⎦ , (35)

where cij are smooth nonlinearities which are globally
Lipschitz.

Summarizing, a class of polynomial-type feedbacks has
been derived in Theorem 1 and Corollary 1 which guarantees
the ISS property with respect to measurement errors.

III. CERTAINTY-EQUIVALENCE FEEDBACK DESIGN

In the following, it is shown how the identified class of
polynomial-type state feedbacks can be applied to design
certainty-equivalence feedbacks.

Assumption 3 (State Observer). It is assumed that a state
observer for the estimated state x̂ for the control system (1)
with a globally uniform asymptotic observer error dynamics

ė = a(e, x), (36)

e = x − x̂, e ∈ R
n is known. More precisely, it is assumed

that there exists a Lyapunov function W such that

We(e)a(e, x) < −α(W (e)) (37)

for all nonzero e, x, where α is a positive define function.

Then, under this assumption, the question arise whether the
closed-loop given by the following certainty-equivalence type
implementation

ẋ = f(x) + G(x)k(x + e)
ė = a(e, x),

(38)

and defined by the Assumptions 1-3, is globally asymptotically
stable (see Fig. 1)?

system
control
Affine

state
observer

GlobalPolynomial−
type

state feedback

yu

x̂

Fig. 1. Closed-loop system.

By inspection of the closed-loop system (38) together
with the convergence property (37) of the observer and
the results obtained in the previous section, the following
certainty-equivalence feedback design with guaranteed global
asymptotic stability follows.
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Theorem 2: Suppose that Assumption 1-3 hold. Moreover,
suppose that the state feedback (2) is of the form (27), (28).
Then the closed-loop (38) is globally asymptotically stable.

Proof. Consider the closed-loop (38), i.e.,

ẋ = f(x) + G(x)k(x + e) (39)

ė = a(e, x). (40)

By Corollary 1, the x-subsystem (39) is input-to-state
stable with respect to e. Moreover, the e-subsystem (40)
satisfies the uniform convergence property (37), i.e., the
right-hand side of (37) does not depend on x. Thus (39),
(40) together with (37) has a cascade-like behavior, i.e.,
e converges to zero and the ISS property guarantees that
the state x stays bounded while e goes to zero. Such
situations are well investigated in the literature and one
can employ for example ISS theory, cf. e.g. Lemma 4.7
[9], to show that (39), (40) is globally asymptotically stable. �

Remark 2: It is possible to extend the results in such a
way that global asymptotic stability is guaranteed, if one
adjoins a term in the state feedback which depends only on
the output measurements, i.e., u = m(x) + p(xij ) + r(y).

Summarizing, a certainty-equivalence feedback design for
inverse optimally controlled affine systems is established under
the assumption that the optimal state feedback can be trans-
formed into a form such that it can be written as a globally Lip-
schitz function plus a polynomial-type nonlinearity where each
component depends on a single state. Even so this might sound
restrictive, it includes obviously all state feedbacks which
are globally Lipschitz. Furthermore, the certainty-equivalence
design allows to use polynomial nonlinearities of arbitrarily
high degree in unmeasured states for global output feedback
design, which was up to now only possible by exploiting the
circle criterion [5], [3] or by exploiting structural assumptions
like triangular systems, e.g., [8]. The main ingredient is the
established class of polynomial-type feedbacks which guaran-
tees ISS based on the inherent robustness of the HJB for affine
control systems and the growth rate of polynomial functions.

IV. EXAMPLE

In the following, an example illustrates the results estab-
lished in the Section III. Consider the affine control system[

ẋ1

ẋ2

]
=

[
x1 + 2x2 + 4x3

2

x3
2

]
+

[
2
1

]
u

y =
[

1 0
] [

x1

x2

]
.

(41)

Note that the control system is unstable. The stabilizing state
feedback

u = k(x) = −x1 − x2 − x3
2, (42)

which is polynomial in the unmeasured state x2, is of form
(5) and is optimal with respect to

V (x(0)) =
∫ ∞

0

q(x(t)) +
1
4
u2(t) dt, (43)

where q(x) ≥ 1
2‖x‖2, i.e.,

q(x) =3x2
1 + 2x1x2 + x2

2 + x4
2 (44)

and the value function V of the HJB equation (4) is

V (x) =
1
4
(2x2

1 + 2x2
2 + x4

2). (45)

Since the state feedback (42) satisfies all conditions of Theo-
rem 2 and since a globally uniform convergence observer can
be constructed using the observer proposed in [5], a certainty
equivalence design is feasible.

V. CONCLUSIONS

In this note, a new class of polynomial-type inverse optimal
state feedbacks has been identified which is applicable to
certainty-equivalence feedback design. It has been proved
that this class of polynomial-type feedback guarantees ISS
with respect to measurements errors. Moreover, based on this
class of polynomial-type feedbacks, a certainty-equivalence
feedback design was proposed which guarantees a globally
asymptotically stable closed-loop for an uniform converging
observer error dynamics. The main assumptions in this note
are that the state feedback is inverse optimal with respect to
a classical integral performance measure and that the optimal
state feedback can be decomposed or transformed into two
parts, namely a function which is globally Lipschitz plus
a polynomial vector-valued function where each component
depends on a single state. Therefore, a conceptually simple
certainty-equivalence feedback design for inverse optimally
controlled affine systems is established under rather easily
verifiable conditions. Moreover, since the introduced class of
polynomial-type inverse optimal state feedbacks guarantees
ISS for any type of state disturbance, this class of feedbacks
could be also interesting for other applications beside output
feedback. The result established here is in particular interesting
for polynomial control systems, since for this class of control
systems, systematic methods exist to design globally stabiliz-
ing state feedbacks and observers, e.g., cf. [7] and references
therein. Another important feature of the result is that, for a
practical relevant problem setup, explicit conditions are given
in which the state feedback is allowed to contain polynomial
nonlinearities of arbitrarily high degree in unmeasured states.
Hence, new conditions for the important problem of certainty-
equivalence feedback design are derived in the present note.
Interesting for future research is the question when does an
optimal state feedback design yields a feedback of the form
exploited in this note. This is especially of interest for control
strategies which do not explicitly deliver a feedback in closed
form, e.g., nonlinear model predictive control [1].
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[1] F. Allgöwer, R. Findeisen, and C. Ebenbauer. Nonlinear model predictive
control, 2003. Encyclopedia for Life Support Systems (EOLSS) article
contribution 6.43.16.2.

[2] D. Angeli, B. Ingalls, E.D. Sontag, and Y. Wang. Separation principles
for input-output and integral-input-state stability. SIAM J. on Contr. and
Optim., 43(1):256–276, 2004.

[3] M. Arcak. Certainty-equivalence output-feedback design with circle-
criterion observers. IEEE Transactions on Automatic Control, 50:905–
909, 2005.



JOURNAL OF LATEX CLASS FILES, VOL. 1, NO. XX, NOVEMBER 2007 6

[4] M. Arcak, D. Angeli, and E.D. Sontag. A unifying integral ISS
framework for stability of nonlinear cascades. SIAM J. on Contr. and
Optim., 40(6):1888–1904, 2002.
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Control. Springer Verlag, 1997.

[13] E.D. Sontag. Mathematical Control Theory. Springer Verlag, 1998.
[14] A. Teel and L. Praly. Global stabilizability and observability imply semi-

global stabilizability by output feedback. Systems and Control Letters,
22(4):313–325, 1994.

[15] A.R. Teel and J. Hespanha. Examples of GES systems that can be
driven to infinity by arbitrarily small additive decaying exponentials.
IEEE Transactions on Automatic Control, 49:1407–1410, 2004.

[16] B. Yang and W. Lin. Further results on output feedback stabilization of
uncertain nonlinear systems. Int. J. of Robust and Nonlinear Control,
15:247–268, 2005.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


