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Abstract

The main objective of this paper is to propose a framework for the design of local asymptotic observers, with arbitrarily fast
rate of convergence, for autonomous nonlinear systems that are not in observability canonical form. The proposed methodology
does not require the knowledge of the inverse of the observability map. Such a goal is pursued by coupling a high-gain observer
with a system that is able to locally dynamically invert the observability map.

1 Introduction

The main objective of this paper is to design a state
observer for the autonomous nonlinear system

y = h(z), (1)

where z € R"™ is the state, y € R is the output and
f:R* - R" h:R"™ — R are smooth functions. A clas-
sical approach to address such a problem (Gauthier and
Kupka, 2001; Besangon, 2007) consists in determining
an injective change of coordinates ® : R® — RF*1, with
k > n—1, that recasts system (1) in the so called canon-
ical observability form (see Theorem 4.1 of Gauthier and
Kupka, 2001):

,é’i:Zi+1, Z.ZO,...,kfl,
Z’k = (p(ZQ,...,Zk), (2)
Yy = z2p.

Thus, letting Z be an estimate of the state z =
[20 -+ zx]" of system (2) (obtained, for instance, by
using the high-gain observer originally introduced in
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Esfandiari and Khalil, 1987; Tornambe, 1992), the cur-
rent state of system (1) can be estimated as & = ®~1(2).
Note that the knowledge of ®~1(-) is usually required
also to determine a closed-form expression for the func-
tion ¢ in (2). In practice, the computation in closed form
of ®~1(-) can be a too demanding task, although some
attempts have been made by using algebraic geometric
tools, e.g. Menini et al. (2016), high-gain approaches,
e.g. Nicosia et al. (1992) Menini et al. (2017), discrete-
time iterative schemes, e.g., Moraal and Grizzle (1995),
or sliding mode tools, e.g. Menini et al. (2018b). An al-
ternative approach, that does not require the knowledge
of ®~1(-), consists in writing a high-gain observer in the
original coordinates (1) and using the inverse of the Ja-
cobian of ®(+) in order to guarantee convergence of the
estimation error in the coordinates (2). This technique
has been investigated when ® is a diffeomorphism (i.e.,
k = n — 1) in Ciccarella et al. (1993); Maggiore and
Passino (2003); Astolfi and Praly (2013), and extended
to systems with multiple outputs in Astolfi and Praly
(2017). Recently, conditions to use the same technique
when £ > n — 1 have been studied in Bernard et al.
(2015, 2018) using a coordinate augmentation approach.

The main objective of this work is to propose a simple
and flexible framework to design a (local) asymptotic
observer for system (1) that does not require the knowl-
edge of the inverse of ®(-), that can be applied for any
k > n — 1, and with a rate of convergence that can be
chosen arbitrarily fast. This is obtained by coupling in a
precise way two different tools: a dynamical system that
estimates the time derivatives of the output of (1) and a
dynamical algorithm able to determine the inverse of a
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nonlinear map. We allow a large flexibility in the design
of the two aforementioned tools. For instance, the first
system can be designed with any technique able to guar-
antee practical estimation of the output derivatives, like
a standard high-gain observer, see e.g. Khalil and Praly
(2014), or any variation of it (see, for instance, the ap-
proaches proposed in Astolfi and Marconi, 2015; Teel,
2016; Astolfi et al., 2018). Similarly, the second system
does not strictly require the use of the inverse of the Jaco-
bian of ®. For instance, differently from the approaches
proposed in Ciccarella et al. (1993) and Hammouri et al.
(2018), we allow here to use also the transpose of the Ja-
cobian of ®. Finally, in the proposed observation scheme
we do not need the knowledge of the function ¢(+) in (2),
which can not be determined, in general, without com-
puting ®~1(-).

With respect to the other approaches, we highlight the
following differences. Differently from the techniques
given in Ciccarella et al. (1993); Maggiore and Passino
(2003); Astolfi and Praly (2013, 2017), we do not re-
quire the map ® to be a diffeomorphism, but we allow
the dimension of the system (2) in the canonical ob-
servability form to be larger than the dimension of the
system (1) in the original coordinates, namely k > n—1.
Furthermore, differently from Hammouri et al. (2018),
we do not need any strict convexity assumption on the
function ®. We believe also that this approach is in
general more simple to apply than the one proposed
in Bernard et al. (2015, 2018), where an injective im-
mersion is needed to be transformed into a surjective
diffeomorphism. On the other hand, as the dynamical
algorithm inverting the map @ is in general not global,
the convergence properties of the proposed approach
are not semi-global (namely the initial conditions of the
observer cannot be chosen arbitrarily far from the ones
of system (1)), whence only local convergence properties
can be established a priori. We highlight however, that
the design of local asymptotic observer may be of large
interest when combined with global practical observers,
as shown in Astolfi et al. (2017).

The proposed approach, at present, can be viewed as
a true alternative to Extended Kalman Filters (briefly,
EKF), since only local convergence is guaranteed (see
Bonnabel and Slotine, 2015 and references therein).
However, with respect to EKF, a certain number of ad-
vantages are ensured: we do not need extra hypotheses
which may be hard to verify, such as the boundedness
of the solution to a Riccati equation (which is essential
to prove convergence of the EFK); we can apply the
proposed design in case of injective maps ®, namely
when k > n — 1; the basin of attraction of the proposed
observation scheme can be determined analytically by
using the tools given in Menini et al. (2018a); the rate
of convergence can arbitrarily assigned; the dimension
of the observer is smaller than the one of an EKF (2n
versus n + n? for the case k =n — 1).

Finally, differently from the observer given in Menini
et al. (2017), the observation scheme proposed in this
paper guarantees asymptotic (rather than practical) es-
timation of the state of system (1).

The paper is organized as follows. We introduce some
preliminary notations and notions in Section 2. We pro-
vide the main results of this paper in Section 3. A nu-
merical example is shown in Section 4. Conclusions and
future developments are discussed in Section 5.

2 Preliminaries
2.1 Notation

Let R, R>g, Ry, Z, Z»o and Zso be the sets of
real, nonnegative real, positive real, integer, natural
numbers, and strictly positive natural numbers re-
spectively. Let |x| be the Euclidean norm of x € R",
[z /lj0,) := supPsefo, [£(s)]; and [|z]|oe := sup, 5o |2(s)]-
Given r € Ry, let sat,(-) denote the saturation func-
tion, i.e., sat,(z) = max(min(z,r), —r) for each = € R.
Given § € Rsg, let Bs be the closed ball of radius
5. Given A € R™™ n > m, AT = (ATA)71AT

is the Moore-Penrose pseudoinverse of A. Given

a = [051 an}T € ng let |a| - Z?:l Qi
) k=]
2 = [T, of, and 2 = 5ol

2.2 Observability of a nonlinear system

The solution of system (1) from xz(0) = zop € R" is
x(t) := ¢(t, xp) and is assumed to exist and to be unique
for all times t € R, ¢ > 0. The observability map of order
k+1,k € Zso, k>n—1, for system (1) is

O(x) == [h(z) -~ Lkh(z)]",
with L5 h(z) = Z(Lbh(x)) f(x),i=0,...,k—1, and
LYh(z) = h(z). The observability map Oy(:) relates the
solution ¢(t, zg) with the time derivatives of the output

y. Namely, by letting z(t) = [y(t) Ly(t) - %y(t) 1T,
one has

z(t) = Ok(¢(t, 20)), Vzo € R", Vt € Ryp.

Note that if ¥ C R™ is compact and positively invariant
for system (1), i.e., xg € X implies ¢(t,z9) € X for all
t € Rxg, then z¢ € X implies that z(¢) is bounded for
all t € Ry due to the continuity of the map Oy(+). Let
the observability map Ok(-) of order k + 1, k € Z>, for
system (1) be given. System (1) is locally k-differentially
observable on X C R"™ if J(x) = %Ok () is such
that rank(J(z)) = n, Vo € X (Isidori, 2013). Local k-
differential observability of system (1) implies the exis-
tence of a local inverse O, ' () of O(-) in the neighbor-
hood of each z € X (Gauthier and Kupka, 2001). As a



consequence, by defining ®(z) = Oy (z) for system (1),
the function ¢ in (2) is defined as p(z) = L’;"‘lho@’l (2).

3 Main Results

This section is structured as follows. We detail the as-
sumptions that we need and the design of the proposed
observer in Section 3.1. We then discuss the feasibility
of the proposed assumptions in Sections 3.2 and 3.3.

3.1 Observer design

The main objective of this section is to show how to

design a (local) observer for system (1) based on the

time derivatives of the output y without resorting to

the inverse of the observability map. We state now the

following assumptions.

Assumption 1. There exist a compact set X C R™, a

continuous function G : X — R™* 1) and §, X € Rso,

such that the following statements hold.

1) The set X5 == {z €¢ X : x+& € X,VE € Bs} is
nonempty.

2) For all (x,%) € X x Bs, we have that

1 G(2)(On(x + &) — Op(x)) = 7|2

3) The set Xy C X5 of admissible initial states of sys-
tem (1) is such that the solutions to (1) satisfy
@(t, ) € Xs for any x € Xy and for allt > 0.

As detailed in the subsequent Section 3.2, if system (1)
is (locally) k-differentially observable in X, then there
exist A € Ry and a function G(-) that satisfy item 2)
of Assumption 1. Then, under such an assumption, it is
possible to design a dynamical algorithm able to (locally)
invert the mapping Og/(+). In particular, this is given by

& = f(2) + uG(2)(Ok(z) — On(%)) 3)

with & € R™ and p € Ry large enough. Solutions to (3)
guarantee that the estimation error |# — x| converges
exponentially to zero if its initial value is small enough
(see Nicosia et al., 1994). In other words, if the mapping
Oj () is known, algorithm (3) allows to (asymptotically)
recover z, i.e., in other words, to invert Oy (-). However,
since the observability map Og(-) of system (1) is usu-
ally not directly measurable, we cannot implement sys-
tem (3). As a consequence, in the next assumption, we
assume that O (-) can be estimated by means of another
dynamical system.

Assumption 2. Let Assumption 1 hold and let z(t) :=
Ok (p(t,x0)) and y(t) := h(¢(t,xo)) for allt > 0. There
exist functions 9¢(-),ve(-) parametrized by £ € R, and
£ € Ryg, such that, for any £ > £, system

=& 2,y),  2=1(8) (4)

satisfies, for anyt > 0,

£(t) = ()] < min { R, a(¢) exp(~bt) + &7 — 0,0 }
(5)
for any initial condition £(0) € Z, where Z C R™, m >
k > n—1, is a compact set, &(t) € R™ is an external
input which is defined for allt > 0, b,d, R € Rsq are
constants independent of £, and a : R — Rsq is a C°
function satisfying
lim a(¢) exp(—bf) = 0. (6)

{— 00

Assumption 2 concerns the existence of a dynamical sys-
tem that provides a practical estimate of the observabil-
ity map Og(-) of system (1), with an arbitrarily fast con-
vergence rate. Feasibility of this assumption is discussed
in Section 3.3.

In light of Assumptions 1 and 2, we combine sys-
tems (3) and (4) in order to obtain a (local) ob-
server,denoted high-gain observer with dynamical inver-
sion (HGOWDI), for system (1) as follows

ézﬁf(ga‘i"y)? (73‘)
T = f(2) + pG(E)(Ye(§) — Or(2)), (7b)

where (£,2) € R™ x R” is the state and p € R is
a parameter to be chosen large enough. The following
statement holds.

Theorem 1. Let Assumptions 1 and 2 hold, and con-
sider system (1) and observer (7). For any ¢ € [0,1),
there exists p* € Rsg, and for any p > p* there exists
0* € Ry, such that for all £ > £*, the set

A={(2,8,§) e s x X xZ :
&—x=0, ¢e(€) — On(z) =0} (8)

is exponentially stable for any £(0) € E and £(0) € X
satisfying |x(0) — £(0)| < ¢d. Furthermore, it is possible
to make the errors |& — x| and |v¢(§) — Ok ()| arbitrarily
small in an arbitrarily small amount of time by letting
the gains p and £ be sufficiently large.

Proof. Define the error  := x — &, whose dynamics are
given by

— uG(&)(O(& + T) — Ox(@) + 2 —2),  (9)

where, by definition, z = Oy(x) = Ok(Z + Z) and 2 =
e(€). Recall that |Z(0)| < ¢d. Define !

T, :=inf{t € Rx¢ : & ¢ Bs},

! We use the convention inf() = +occ as customary when

dealing with the set of extended real numbers R U {£o0}.



In light of item 3) of Assumption 1 and by the absolute
continuity of the solutions to systems (1) and (7), we
have that T},, > 0 and (z(t), £(¢), Z(t)) € X5 x X xBs for
all t € [0,T,,). Recall that f is smooth, X' is compact,
and G is continuous. Therefore, there exist L, G € R+
such that |f(x) — f(&)| < L|Z| for all x,Z2 € X and
sup,cx |G(z)] < G. Moreover, by substituting x by &
in item 2) of Assumption 2, we obtain & ' G(#)(O(% +
%) —Ox(2)) = A|Z|%. As a consequence, the derivative of
the function # — |Z|? along the solutions to system (9)
satisfies

d
Zlif? =227 (f(@+3) - /(@)
~ HG(@)(Ok(@ + &)~ Ox(#) + 2 - 2))
< 2L17|? — 2u3 " G(2)(Ok (2 + &) — Ox(2))
—2ui T G(2) (2 — 2)

—2(pA = L)|&|* + 2uG|z]|2 — 2], (10)
for all t € [0,T;,). Thus, by integrating (10) and by
recalling |Z(0)] < ¢4, we obtain

|2(t)] < exp(=(Ap — L)t) ¢+
WG [ exp(— (i — L)(t — 9))|(s)lds, (1)

for all t € [0,T},,), where we denoted Z := 2 — z. Fix any
uwr> 5 and let o € Ry be such that

MEr <o Yuzpt (12)

Such a g exists since the term on the left is strictly de-
creasing for p € [u*, 00). Thus, fix g > p*. By using (11)
and the previous inequality, we obtain

12(1)] < exp(=(Ap — L)t)cd

+o(1 —exp(=(Au — L)t)) sup [2(s)[, (13)

s€[0,t]

for all t € [0,T},,). Recall now that |2(¢)] < R for all
t € Ry in view of (5). Therefore, let T' € R satisfy

o1 —exp(—(\u — DTHR < U522 (14)
Such a T exists since the term on the left is 0 when 7" = 0,
and increasing for T' > 0. As a consequence, we obtain
that if |Z(0)| < ¢d, then |Z(t)| < § for all t € [0,T] (i.e.,
T, = T). With such a T, let £1 > £ be such that

a(t) exp (—b¢T) + 45 < min{R, (176)5}

£1. Such an ¢; does always exist in view
(1—c)é
20

for any ¢ >
of (6). With such choice, we obtain that |Z(t)| <

for all ¢ € [%Tm). By using again (11) and inequality
(14), we obtain

[&(t)] < exp(—(A — L)t)co
1@ [,F exp(—(i = L)(E — ))[5(s)|ds
+1G [7 exp(—(Au = L)(t = s))|(s)|ds

< exp(—(Au — L)t)es + 1522
+ osup ez IZ(s)], (15)

for allt € [0, T,,). Hence, assume that T,,, < oco. By (15),
this implies that there exists ¢ € [%,Tm) such that
1Z(t)] > (155)5, that is in contradiction with |Z(¢)| <
%, for all t € [%,Tm). As a consequence, we have
that T, = 400 and therefore it results that |Z(¢)| < ¢
for all t > 0 and |2(¢)] < (1 °)6 for all t € [£, 00). Thus,
by (5) and (13) , there exist functlons w1, wy of class KL
(parametrized by ¢) such that, if 2(0) € X, |2(0)] < 9,
and £(0) € E, then,

maX{W1( Z(0)], )%Hx”w}’
max {w2(|Z(0)],1), 0||Z|| }

| <
| <

for all t € Ryq. Thus, if we further impose ¢ > ¢*, with
0* = max{/l1,f2} and £ = dp, the small gain condition
given in Teel (1996) is verified. Thus, the set {2 = 0,2 =
0} is locally exponentially stable with basin of attraction
including {|Z] < ;)6 |Z] < &}. This concludes the
first part of the proof.

In order to prove the second part, we need now to show
that for any € € Ryg and any T, € Ry, there exists
4, € Ryg such that |Z(t)| + |2(¢)| < e for all t > Te.
Hence, first select p® € Rsq such that

exp (—(\u— L)1) 6 < £, (16a)
for any p > p®. Fix any p > max{u*, u°}, where p* is

defined as in the first part of the proof, and pick any
T € (0,T¢] such that

ol —exp(~(\u— DTNR< 5. (16b)

Finally, let £° € R+ be such that
a(l) exp (—blT) + 46 < min{ﬁ, i} , (16¢)

for all £ > ¢°. Fix any ¢ > max{¢*,(°}, where ¢* is
defined as in the first part of the proof. As a consequence,
by recalling (5), the fact that |Z(¢)| < d for all ¢t > 0 and
(16), we obtain |Z(t)] < R for t € [0,T] and |2(t)] < £

for all t > T. Furthermore, by using the bounds given in



(11), and the definition of T in (16) and of ¢ in (12), we
obtain

[(8)] < exp(— (A — L)1)3
+ G [y exp(—(\u— L)(T — 5))|Z(s)|ds

— ot _
UG [ exp(—(vi— L)(t — ))|2(s)]ds

S §+§+osup 7 E65)] < e

for all ¢ > T.. Hence, for the selected values of the high-
gain parameters £ and p, we have that |Z(t)|+|2(¢)| < €
for all ¢ > T,. This concludes the proof. [ |

3.2 Feasibility of Assumption 1

Consider the following statement that provides verifiable
conditions ensuring that items 1) and 2) of Assumption 1
hold.

Proposition 1. Suppose there exist a compact set X C
R™ and 6* € Ry such that system (1) is locally k-
differentially observable on X + Bg«. Then, there exist
X CR", G: X — R>ED § c Ryg, and A € Ryg
such that Assumption 1 holds.

Proof. First of all, k-differentially observability implies
rank(J(z)) = n for all x € X + Bs~. Therefore, there
exists a continuous bounded function G : X + Bsx —
R"*(+1) and X\ € Rsq such that G(z)J(z) > M for
all z € X + Bs« (see the subsequent Remark 1 for two
possible choices of G satisfying such properties). Fur-
thermore, since the map Og(-) is smooth, by using the
multivariate version of Taylor’s theorem (Kénigsberger,
2013), one has that, for all z € X and & € By,

Ol +2) = Ok(2) + J(2)i + Y Talz+3)i®,

|| =2
where, for all o € Z" such that |a| = 2,

2 920y,

Tolzx+2):= a/0 (1-1) 550 (x + t2)dt

In particular, due to the smoothness of Oy(+) and to the
compactness of X and of Bs«, one has that there exists
H € Ry such that, for all (z,%) € X x Bs«

82

Yoz +3)| < =50 7)| < H.
|To(z + 2)] |/3|=2,;£Ié%v)fazem* 957 k(z+ )
This implies that, for all (z,%) € X x Bs-,
Y Yalw+ )z < Y [Tl + i) |3
|| =2 |a|=2
<H Y [#*|<n’H|z]
|a]=2

Furthermore, by the boundedness of G(-), there exists

G € R such that |G(x)| < G for all € X. Therefore,
we have that, for all (z,Z) € X x B;-,

7T G(@) (Olw + 7) — Op(@)) > Nal? - n?GHIi [
Thus, item 2) of Assumption 1 holds with ¢ <
min {ﬁ,é*} X=X+Bs, \= % and the function
G previously defined. Finally, item 1) of Assumption 1

is verified since the set X5 coincides with X which is
non empty by assumption. |

In view of Proposition 1, we conclude that Assumption 1
allows to take into consideration a large class of au-
tonomous systems, namely all k-differentially observable
systems whose trajectories evolve in some given compact
set. This is the case of systems possessing an equilib-
rium, a limit cycle, or chaotic (bounded) behaviours.

The following remark details how to choose the function
G so that the assumptions of Proposition 1 are met.

Remark 1. By Menini et al. (2017), if the observabil-
ity map O : X — RFF!l is an immersion, whence
rank(J(x)) = n for all x € X’ and the set X is compact,
the following choices for G : X — R™"*(*+1) can be made
in order to meet the assumptions of Proposition 1:

1) G(z) = J'(x), obtaining a gradient-like algorithm
for the inversion of the observability map;

2) G(x) = J'(x), obtaining a Newton-like algorithm for
the inversion of the observability map.

In the first case, since rank(J(z)) = n for all x € X, one
has that vJ " (z)J(z)v = |J(z)v|?> > 0, for all (z,v) €
X x R™ such that |v| = 1. Therefore, since the eigenval-
ues of a matrix are continuous functions of its entries, by
letting Amin () be the smallest eigenvalue of J(x) " J (),
if X' is compact, then there exists A = mingex Amin (),
A € Ry, such that J'(z)J(z) > M. In the second
case, since rank(J(z)) = n for all z € X, one obtains
Ji(x)J(z) = I for all x € X. Boundedness of J(x)
follows again by the compactness of X. In fact, since
JT(x)J(x) > M for all x € X, J(x)TJ(x) is invert-
ible for each z € X, whence J(x) is continuous in X
and its boundedness follows by the extreme value the-
orem. Note that if both f and h in (1) are known ele-
mentary functions, the matrix J can be easily computed
through any software able to carry out symbolic dif-
ferentiation. Therefore, the main advantage of choosing
G(z) = J T () relies on the fact that, in such a case, a
symbolic expression for the map G is usually available,
even though the parameter A in item 2) of Assumption 1
may be rather small. On the other hand, if one chooses
G(z) = Ji(x), the parameter \ in item 2) of Assump-
tion 1 is always equal to 1, but determining a symbolic
expression of JT(x) may be rather challenging, especially
if n and k are large integers. O



The following remark provides further details about the
parameter § that makes Assumption 1 be fulfilled.

Remark 2. In the proof of Proposition 1, it has been as-
sumed that the parameter § € Ry is sufficiently small
in order to guarantee that the Taylor approximation
up to the second order of the observability map is suf-
ficiently close to its actual value. However, in practi-
cal applications, such a parameter need not be small
and is essentially related to the positive definiteness of
#TG(2)(Op(2 + &) — Op(2)) for (2,%) € X x Bs. Nu-
merical techniques able to determine the greatest value
of § that makes such an expression be positive definite
with respect to  are given in Wazewski (1948); Zampieri
(1993). On the other hand, in Menini et al. (2018a), an
exact technique, based on algebraic geometry tools, has
been proposed to estimate the largest value of § that
satisfies the above requirements. O

3.3 Feasibility of Assumption 2

The main objective of this section is to provide an ob-
server for the time derivatives of the output of system (1)
satisfying Assumption 2. In particular, we will show that
a classical high-gain observer (see Khalil and Praly, 2014
and references therein), or some of its recent variations
(see, e.g., Astolfi and Marconi, 2015; Teel, 2016; Astolfi
et al., 2018), can be used for this purpose, although we
highlight that other design methods can be used to ob-
tain (4).

First, let X be the set claimed in Assumption 1 and
define

ri = sup,cy|Lih(z)], i=0,....k+1. (17)
The observer (4) satisfying Assumption 2 can be de-
signed as

& =iy + 0l (y—&), i=0,...,k—1,
ék = ?”k+1 (Lk+lh( )) + 7k£k+1(y - 50)3 (18)

z = [satm(ﬁo) o saty, (&) 1T,

where & = (&,...,&,)T € R” is the state, ¥,...,V: €
R~ are coefficients selected such that the polynomial
skl 4 Zf:o 75" =% is Hurwitz, and £ € Ry is a high-
gain parameter to be chosen large enough. Note that the
observer (18) has been obtained from the classical high-
gain observer (see Khalil and Praly, 2014 and references
therein) by substituting p(2) := L’;Hh 0 0;'(2) with
aty, (Lk“h( )) and by saturating its output. The fol-
lowmg proposition states that the observer (18) satisfies
Assumption 2.
Proposition 2. Let Assumption 1 hold. Then, Assump-
tion 2 holds with system (4) defined as (18).

Proof. Note that L’Jf-“h(-) is Lipschitz on & and that
O+1(X) is bounded due to the smoothness of f and h
and to the compactness of X. Since the output of sys-

tem (18) is saturated and z ranges in the compact set
Oy (X), we have that, for all t € Rx,

n
M~

2:(t) — ()| < R, (19)
=0

with R = 23°F r;. Defines; = £~i(z—&;),i =0, ..., k,

and let e = [gy --- &5 ], whose dynamics are

¢ = (Ape + 0" Buy_, (20)

where Ay is the companion matrix of the Hurwitz poly-
nomial s"t1 4 SFF k=i B — [0 ... 01]T and

ug—1 = saty, ., (LyT'h(2)) — LY h(z). Since LT A()
is Lipschitz and bounded on &, in light of the saturation
function, there exists L € R+ such that

[saty,,, (LT R(2)) = LT h(z)| < Lz —
for all x € X and £ € R”. Therefore, we have that
lur—1llj0,q < L||# —2][[0,4, and hence, by (20) and since

Ay, is Hurwitz, there exist ¢q,co € R>0 such that

le(t)] < [exp(LAxt)|[(0)]
078 [T L exp(EAk(t — 7))|| Bug—1 (7)|dr

< c1 exp(—colt)]e(0)] + o —=r L2 — 2]l j0,4-

Recall that for any ¢ > 1, we have |2 — z] < |€ — 2| <
lkle| and |e(0)| < |2(0) — £(0)|. As a consequence, by
using previous inequalities and (19), we obtain that the

conditions of Assumption 2 are satisfied with £ = 1,
b=rcy,d= —2 and a(f) = 2c1c3l%, where c3 € Ry is
such that Ogy1(X) C Be, and = C B,,. [ |

A result similar to Proposition 2 can be given also for the
variations of the high-gain observer proposed in Astolfi
and Marconi (2015); Teel (2016); Astolfi et al. (2018).
For instance, the low-power peaking-free high-gain ob-
server given in Astolfi et al. (2018) can be modified as

Zi = + ailei, i=0,.. , (21a)

%), = sat,, (Lkﬂh(A)) + ayley, (21b)

1 = saty,,, (Mig1) + Bil®e;, i =0,....k—2, (2lc)
Ne—1 = satrHl(L’JiHh( )+ Be_1Pep_1, (21d)
Z=1[% - 2]" (21e)

where ¢ = (2,17) € RF x RF~1 is the state of the ob-
server, aq, - - - ,ay and g, - -+, Bx_1 are coefficients sat-
isfying the low-power strong stability requirement (see



Definition 2 of Astolfi et al., 2018), ¢ € Ry, £ > 1, is
the high-gain parameter, and

€o=Y— 207 (21f)
€ :satm(m_l) —2?1', i = 1,...,]€. (21g)

Proposition 3. Let Assumption 1 hold. Then, Assump-
tion 2 holds with system (4) defined as (21).

Proof. By Proposition 3 of Astolfi et al. (2018), the
trajectories of system (21) are bounded whenever
saty, ,, (L?"’lh(i)) — L?Hh(aj) is bounded and for each
T € R+, there exists £* € R, £* > 1, such that, for
each £ > (* and for all t > T,

Satm+1(77i(t)):77i(t), 1:07,]{3*1

Therefore, letting T" and £* be as above, if £ > ¢*, then,
by letting e; = [ 7 (2 — 2;) 7t (i — 2it1) ]Tand e,y =

[eo -+ e ], the dynamics of €., are, for t > T,
o = IMyee — " Buy_1,

where M), is a Hurwitz matrix, B=[0 --- 01 1]" and

Up—1 = SatrHl(Ll}Hh(i)) - L’;Hh(:c). Thus, the proof
follows by the same reasoning used for Proposition2. W

Note that, in practical applications (as the one reported
in the forthcoming section), the design (21) may be pre-
ferred to (18), due to the fact that the “low-power de-
sign” (21) has better sensitivity properties with respect
to high-frequency noise, see Astolfi et al. (2018).

4 Numerical example

Consider the system (Thomas, 1999)

.Cbl = sin(xg), .CbQ = sin(xg), .Cbg = sin(xl),

(22)
Yy =T,

that can be viewed as the dynamics of an undamped
particle moving in a three-dimensional lattice of forces.
These dynamics exhibits anomalous diffusion and has
been described as a form of deterministic Brownian mo-
tion (Rowlands and Sprott, 2008), thus making the state
estimation process particularly challenging. It is worth
noticing that, although system (22) is globally Lipschitz,
the approach based on the solution of LMIs given for
instance in Zemouche and Boutayeb (2013) does not al-
low the design of an observer for such a system. As a
matter of fact, the LMI given in (35) of Zemouche and

Boutayeb (2013) is unfeasible for the considered sys-
tem. Furthermore, note that the linearization of sys-

tem (22) about the point [Z Z Z]T is not observable.
Hence, even if one allows for time-varying gains, the de-
sign of an observer based on the linearization of sys-
tem (22) may be particularly challenging. Note also that

system (22) is not globally observable since L;h(x) =
Lih(z4[0 2kym 2kom] ") forall j € Zsg and ky, ky € Z.

As it has already been noticed in Menini et al. (2017),
the observability map Os(z) of system (22) is locally in-
vertible in the neighborhood of each z € R3, but not
globally. However, as shown in the following, the ob-
server (7), with (7a) selected as in (21), can be used to
determine an asymptotic estimate of the state of sys-
tem (22), provided 2(0) is sufficiently close to x(0).

A numerical simulation has been carried out to
test the observer (7b), (21) for both the choices
suggested in Remark 1 (i.e., G(z) = J'(x) and
G(z) = J'(z)). For comparative purposes, in all
the simulations the following parameters have been

[1.5808 1.5408 1.5508]", #(0) =

[1.6808 1.3408 1.4508]", %(0) = 0, i = 0,...,6,
771(0) :O,Z.ZO,...75, ap =1, g :27 Q2 :37 043:4,
Qg = 5, a5 — ]., 50 = 1, Bl = 13628, ﬁg = 02498,
B3 = 0.3331, B4 = 0.2651 (that have been designed by
using the algorithm given in Appendix A.1 of Astolfi
et al. (2018)),7;, =10,i=0,...,6,¢ =200 and = 0.9.
Figure 1 depicts the results of the simulation.

assumed: zy =

Several properties of the proposed observers can be no-
ticed from such Figure 1. First of all, we remark that in
light of the low-power peaking-free high-gain observer
design (21), the estimates 2 are not affected by the peak-
ing phenomenon that is common in classical high-gain
observers (see Khalil and Praly, 2014 for further details).
From Figure 1(b), it can be noticed that the choices
G(z) = J'(z) and G(x) = J'(x) perform similarly,
leading to estimation errors for z(t) and z(t) that go to
0 exponentially.

It is worth noticing that, for both the choices G(z) =
JT(x) and G(z) = J'(x), the basin of attraction of
the proposed observer can be estimated by using the
tools given in Gorni and Zampieri (1994); Menini et al.
(2018a). Namely, in view of Assumption 1, it suffices to
determine the largest 6 € R+ such that "G (z)(Ox(x+
%) — O(z)) — A|Z|? > 0 for some A € Ry and for all
I € By. It turns out that, for A = 1, the choices G(z) =
JT(z) and G(z) = J'(z) lead to a maximal allowed
norm of the initial error equal to 0.0759 and 1.0808, re-
spectively. Therefore, the selection G(z) = J'(z) leads
to a larger admissible initial error, even though, with
such a choice, the observer given in (7b), (21) has a more
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Fig. 1. Results of the numerical simulation.

cumbersome expression due to the presence of pseudo-
inverse of the matrix J. Note that, by Theorem 1, the
gains p and ¢ do not affect the basin of attraction of the
proposed observer, provided they are chosen sufficiently
large in order to guarantee its asymptotic stability.

Finally, it is worth stressing again that the observer given
in (7b), (21) does not require neither the existence of a
global inverse nor a closed-form expression for a local
inverse O, '(-). Furthermore, such an observer is gen-
uinely nonlinear, thus allowing to estimate the state of
the system although its linearization is not observable.

5 Conclusions

In this paper, it has been shown that the knowledge of
the inverse of the observability map is not a strict re-
quirement to design local state observers for autonomous
nonlinear systems that are not in observability canoni-
cal form. Namely, it has been shown that, under some
mild regularity assumptions, a local state observer can
be designed by coupling high-gain observers with a sys-
tem that dynamically inverts the observability map. Al-
though only systems with scalar output have been taken
into account, results wholly similar to the ones given in
this paper hold if the output is not scalar, see e.g. Gau-

thier and Bornard (1981).

As shown in Section 3.3, the proposed framework is very
flexible since it does not require the use of a particular
high-gain observer, but it can be employed with any tool
able to estimate the time derivatives of the output with
arbitrarily fast decay rate (thus including the sliding
mode techniques given in Shtessel et al., 2014).

Future works will attempt:to extend the proposed tech-
nique to systems with inputs (Bernard et al., 2017); to
enlarge the domain of attraction of the dynamical in-
verse (7b) through a suitable choice of the function G
and by requiring strong k-differential observability of the
system rather than just local k-differential observabil-
ity; to characterize the effect of measurement noise on
the obtained estimate (Astolfi et al., 2018). Finally, it is
worth stressing that, since the state of the proposed ob-
server converges exponentially to the state of system (1),
by applying classical Lyapunov arguments, it is possible
to show that the convergence is robust with respect to
small perturbation, such as model uncertainties, and to
small measurement noise.

References

Astolfi, D. and Marconi, L. (2015). A high-gain non-
linear observer with limited gain power, IEEFE Trans.
Automat. Contr. 60(11): 3059-3064.

Astolfi, D., Marconi, L., Praly, L. and Teel, A. R.. (2018).
Low-power peaking-free high-gain observers for non-
linear systems, Automatica 98: 169-179.

Astolfi, D., Postoyan, R. and Nesi¢, D. (2017). Uniting
local and global observers for the state estimation of
nonlinear continuous-time systems, 56th IEEE Conf.
Decis. Control., pp. 3039-3044.

Astolfi, D. and Praly, L. (2013). Output feedback sta-
bilization for siso nonlinear systems with an observer
in the original coordinates, 52nd IEEE Conf. Decis.
Control., pp. 5927-5932.

Astolfi, D. and Praly, L. (2017). Integral action in out-
put feedback for multi-input multi-output nonlinear
systems, IEEE Trans. Automat. Contr. 62(4): 1559
1574.

Bernard, P., Andrieu, V. and Praly, L. (2018). Express-
ing an observer in preferred coordinates by transform-
ing an injective immersion into a surjective diffeomor-
phism, STAM J. Control Optim. 56(3): 2327-2352.

Bernard, P., Praly, L. and Andrieu, V. (2015). Tools
for observers based on coordinate augmentation, 54th
IEEE Conf. Decis. Control., pp. 6324-6329.

Bernard, P., Praly, L., Andrieu, V. and Hammouri, H.
(2017). On the triangular canonical form for uniformly
observable controlled systems, Automatica 85: 293~
300.

Besangon, G. (2007). Nonlinear observers and applica-
tions, Vol. 363, Springer.

Bonnabel, S. and Slotine, J.-J. (2015). A contraction



theory-based analysis of the stability of the determin-
istic extended Kalman filter, IEEE Trans. Automat.
Contr. 60(2): 565-569.

Ciccarella, G., Dalla Mora, M. and Germani, A. (1993).
A luenberger-like observer for nonlinear systems, Int.
J. Control 57(3): 537-556.

Esfandiari, F. and Khalil, H. K. (1987). Observer-based
design of uncertain systems: recovering state feedback
robustness under matching conditions, Proc. Allerton
Conf, pp. 97-106.

Gauthier, J. and Bornard, G. (1981). Observability for
any u(t) of a class of nonlinear systems, IEEFE Trans.
Automat. Contr. 26(4): 922-926.

Gauthier, J.-P. and Kupka, 1. (2001). Deterministic ob-
servation theory and applications, Cambr. Univ. Press.

Gorni, G. and Zampieri, G. (1994). Injectivity onto a
star-shaped set for local homeomorphisms in n-space,
Ann. Polonici Math. 59(2): 171-196.

Hammouri, H., Ahmed, F. and Othman, S. (2018). Ob-
server design based on immersion technics and canon-
ical form, Syst. Control Lett. 114: 19-26.

Isidori, A. (2013). Nonlinear control systems, Springer.

Khalil, H. K. and Praly, L. (2014). High-gain observers
in nonlinear feedback control, Int. J. Robust Nonlin.
Control 24(6): 993-1015.

Konigsberger, K. (2013). Analysis 2, Springer.

Maggiore, M. and Passino, K. M. (2003). A separation
principle for a class of non-uco systems, IEEFE Trans.
Automat. Contr. 48(7): 1122-1133.

Menini, L., Possieri, C. and Tornambe, A. (2016).
Switching signal estimator design for a class of el-
ementary systems, IEEE Trans. Automat. Contr.
61(5): 1362-1367.

Menini, L., Possieri, C. and Tornambe, A. (2017). A
“practical” observer for nonlinear systems, 56th IEEE
Conf. Decis. Control., pp. 6720—-6725.

Menini, L., Possieri, C. and Tornambe, A. (2018a).
Estimation of the basin of attraction of a practi-
cal high-gain observer, Furopean Control Conference,
pp. 1238-1243.

Menini, L., Possieri, C. and Tornambe, A. (2018b). A
Newton-like algorithm to compute the inverse of a
nonlinear map that converges in finite time, Automat-
ica 89: 411-414.

Moraal, P. and Grizzle, J. (1995). Observer design for
nonlinear systems with discrete-time measurements,
IEEE Trans. Automat. Contr. 40(3): 395-404.

Nicosia, S., Tornambe, A. and Valigi, P. (1992). Ro-
bust inversion of nonlinear maps, J. Math. Syst. Es-
tim. Control 2(1): 45-69.

Nicosia, S., Tornambe, A. and Valigi, P. (1994). Nonlin-
ear map inversion via state observers, Circuits Syst.
Signal Proces. 13(5): 571-589.

Rowlands, G. and Sprott, J. (2008). A simple diffusion
model showing anomalous scaling, Physics of Plasmas
15(8).

Shtessel, Y., Edwards, C., Fridman, L. and Levant, A.
(2014). Sliding mode control and observation, Springer
Sci. Bus. Media, New York.

Teel, A. R. (1996). A nonlinear small gain theorem for
the analysis of control systems with saturation, IEEE
Trans. Automat. Contr. 41(9): 1256-1270.

Teel, A. R. (2016). Further variants of the As-
tolfi/Marconi high-gain observer, American Control
Conference, pp. 993-998.

Thomas, R. (1999). Deterministic chaos seen in terms
of feedback circuits: Analysis, synthesis, “labyrinth
chaos”, Int. J. Bifurcation Chaos 9(10): 1889-1905.

Tornambe, A. (1992). High-gain observers for non-linear
systems, Int. J. Syst. Sci. 23(9): 1475-1489.

Wazewski, T. (1948). Sur l'évaluation du domaine
d’existence des fonctions implicites réelles ou com-
plexes, Ann. Soc. Po. Math.

Zampieri, G. (1993). Finding domains of invertibility
for smooth functions by means of attraction basins, J.
Differ. Equ. 104(1): 11-19.

Zemouche, A. and Boutayeb, M. (2013). On LMI condi-
tions to design observers for Lipschitz nonlinear sys-
tems, Automatica 49(2): 585-591.



