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Generalized incremental homogeneity, incremental observability and
global observer design

Stefano Battilotti

Abstract— We introduce the notion of incremental gener-
alized homogeneity, giving new results on observer design
for systems with bounded trajectories and putting into a
unifying framework constructive results for triangular (feed-
back/feedforward) and homogeneous systems. An asymptotic
state observer is designed by dominating the generalized homo-
geneity degree of the nonlinearities with the degree of the linear
approximation of the observation error system. Incremental
generalized homogeneity provides a high flexibility in the design
of the observer gains and gives a systematic tool for the
stabilization of systems with highly complex structures.

Index Terms— Generalized homogeneity, observers, O-
immersions.

I. INTRODUCTION

Homogeneity and homogeneous approximations have been
investigated by many authors for the analysis of the stability
of an equilibrium point: [12], [6] and [16] to cite few (see
[4] for a complete list of references). This theoretical setup
has been exploited in the design of homogeneous observers
([17], [14], [13], [3]): the idea is to design an observer for
the homogeneous approximation and convergence to zero
of the estimation error is preserved under any perturbation
which does not change the homogeneous approximation. The
most severe limitation of homogeneous observers is that their
gains cannot be varied one independently from the other
since the ratio between consecutive gains is constant. When
dealing with non-homogeneous systems, different restrictions
on the system structure have been adopted such as feedback
([18], [9]) or feedforward forms and strong observability
assumptions such as complete uniform observability ([15]).
The most general result on observers the author is aware
of is [1], which however is mainly an existence result.
The existence of a global observer has been proved for a
restricted class of systems (5) ([2]) under the additional
hypotheses that system (5) is output-to-state stable (OSS)
and uniformly completely observable. However, also in this
case the proof relies heavily on the information of the
Lyapunov function as well as the non-negative functions
which are used to characterize the output-to-state stability
of the nonlinear system (5). Recently, constructive results
have been obtained for uniformly completely observable and
feedback linearizable systems with bounded state trajectories
([11]). In this paper we prove some new results on observer
design by introducing the notion of generalized homogeneity,
which extends the notion of homogeneity and puts into a uni-
fying framework existing constructive results for triangular
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(feedforward/feedback) and homogeneous systems. Roughly
speaking, any system can be considered homogeneous in the
generalized sense with some degrees and weights, but the
basic idea is that only if degrees and weights are properly
related then the stabilization is feasible. An asymptotic state
observer is designed for systems with bounded trajectories
by dominating the generalized homogeneity degree of the
nonlinearities with the degree of the linear approximation
of the estimation error system. A novelty introduced by the
notion of generalized homogeneity is the mixed low/high-
gain observer structure, in combination with saturated state
estimates ([18]). A peculiarity of our notion is that it is
defined for increments of functions and this simplifies the
design of the observer.

Using generalized homogeneity and weak observability
properties such as incremental observability ([8]), we also
see how to design a globally convergent observer, in the
sense that it does not depend on the compact set containing
the system trajectories. Our result is rather along the direction
of the paper [11], in which the question of the constructive
design of a global observer is addressed for the same class
of systems considered in [2], and it can be straightforwardly
extended to OSS systems by a simple transformation of the
time scale (see also [2]) such that the system has bounded
trajectories in the new time scale.

II. NOTATION

e R™ (resp. R"*™) is the set of n-dimensional real
column vectors (resp. n X n matrices). R{} is the set
of n-dimensional real column vectors with non-zero
entries. Ry (resp. R, Rixn) denotes the set of real
non-negative numbers (resp. vectors in R™, matrices in
R™*", with real non-negative entries). R~ (resp. RZ)
denotes the set of real positive numbers (resp. vectors
in R™ with real positive entries). Set

Li=(1,---, )7

with 1-¢:= (¢,---,¢)T for any c € R.

 For any G € RP*" we denote by G;; (or [G];; to avoid
ambiguity) the (4, j)-th entry of G and by G; (or [G];
to avoid ambiguity) the i—th row of G. We retain similar
notations for functions.

o We denote by C/(X,Y), with j > 0, X C R" and
Y C RP?, the set of j-times continuously differentiable
functions f : X — Y. For any f € C°X,Y)
we write f = 0 to say that f(z) = 0 for all
r € X. We denote by D/(R") the set of func-
tions f € C/(R",R") with decoupled components,
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viz. f(z) = (fi(z1),- -, fn(xn))T L*(R4+,R") is
the set of bounded functions f € C°(R;,R") and
L'(R.,R") is the set of f € C°(R4,R™) such that
L If(m)|ldr < oo. For any f € C'(R™RF) we
define (Vf)(z) = (%) (x),-- -, (22)7 ()"

o the increment Af of f € C°(R",RP) (at x € R™)
is defined as (Af)(z) := f(z + Az) — f(x) with
increments Az € R". For any f € C°(R",RP),
g € COR",R") and x € R"™ we have A(f o
9)(@) = f(g() + (Ag)(@)) — (f o g)(x), where o
denotes composition of functions. When we consider
only increments [Az]; € R along the [-th coordinate x;,
l=1,...,n, wereplace A by A; and define A, f(x) :=
flz, ..o @, 2+ [Az), 241, - .- ) — f(z) with
Aof(x) := f(z).

o For any two vectors ¢,7 € R", we define ¢ =
(€, er)T and € o = (€' a1, -, elra,) T, viz
the dilation of a vector x with weight r. Moreover,
we write © < y (resp. * < y, * = y) if and only if
x; <y (resp. x; < Yy, vy =y;) foralli =1,...,n.
We retain a similar notation for pairs of vectors: we
write (x,y) < (z,w) (resp. (z,y) = (z,w)) if and only
if z; < z; and y; < w; (resp. x; = z; and y; = w;) for
alli=1,...,n.

III. INCREMENTAL GENERALIZED HOMOGENEITY
DEGREE

A. Definitions

Below we introduce the notion of generalized homogene-
ity which generalizes along several directions the classical
notion of homogeneity.

Definition 3./: (Incremental generalized homogeneity
degree). A function ¢ € C°(R™ R) is said to have in-
cremental generalized homogeneity (i.g.h.) degree h € R"
with weights r € RYZ and limit function ® if there exist
® € CO(R™ x R", R*") such that

Ap(e"ox) = > 1P (x, Ax)ehl [Ax], (1)

for all e > 0 and x, Ax € R™. A function ¢ € C°(R",R")
is said to have incremental generalized homogeneity (i.g.h.)
degree (d,h) € R™ x R™ with weights r € RZ and limit
function ® if there exist ® € CY(R"™ x R™, R"*") such that

Agi(e"ox) = editri S ®i(x, Am)e’” [Az]; (2)

foralli=1,...,n,e>0andz, Az € R".

Remark 3.7: It is easy to see that the limit function ®x
retains the same generalized homogeneity properties of ¢.
I.g.h. reduces to the notion of homogeneity when Az = —x,
#(0) =0, r € RZ (viz. positive weights) and d = 1-d and
h = 1-hyq for some dy, ho € R. The function ¢(z) := x1+3
has i.g.h. degree h := (ry,3r2)T with weights 7 := (ry, )7
and limit function (1, [Az]3 + 3(z2[Ax]2 + 1%)) Note that
¢ is homogeneous if and only if 7y = 3ry.0

The function sin z is not homogeneous in the generalized
sense but its absolute value is bounded by the absolute value
of x which has i.g.h. degree (0,0). Therefore, a function,

although not homogeneous in the generalized sense, may be
bounded by some other function which is homogeneous in
the generalized sense. This motivates the following defini-
tions.

Definition 3.2: (Incremental generalized homogeneity
degree in the upper bound). A function ¢ € C°(R",R)
is said to have incremental generalized homogeneity in the
upper bound (i.g.h.u.b.) degree h € R™ with weights r €
R} and bounding function ® if there exist ® € CO°(R™ x
R", RY™) and €y > 0 such that

[Ap(e" 0 x)] < YLy Pulw, Ax)e™ |[Azli|  (3)

for all € > €y and v, Ax € R™. A function ¢ € C°(R",R")
is said to have incremental generalized homogeneity in the
upper bound (i.g.h.u.b.) degree (d,h) € R™ x R™ with
weights » € R{ and bounding function ® if there exist
® € C°(R™ x R",R*™) and €y > 0 such that

|[Ad;(e" o x)| < it S P, Aa:)eh’ [[Az];[4)

foralli=1,...,n,e > ¢ and z, Ax € R™.

Remark 3.2: Without loss of generality one can assume
€p = 1, otherwise rescale x and Ax as z = € ¢ = and,
respectively, Az = € ¢ Ax and define new bounding func-
tions [®'];(z, Az) := el TG, (e "0z, €5 "0 AZ) (tesp.
[@iu(z, Az) = eg’ﬁri_rﬁhl@il(egr o z,6" ©Az)). It is
convenient to compare our notion of generalized homogene-
ity in the upper bound with homogeneous approximations in
the oo-limit ([3]). The comparison makes sense with Az =
—z, $(0) = 0, r € RZ (viz. positive weights) and d = 1-dp
and h = 1- hg for some dg, hg € R in the above definitions.
First of all, in [3] the so-called approximating or limit
function ¢p(x) is an approximation of ¢(x) over compact
sets, while in our case ¢o(z) == > Pu(z, —x)|z;| is an
upper bound of the absolute value of ¢(z). For this reason, in
[3] the approximating function ¢o(x) is homogeneous with
the same degree and weights as ¢(z). The function sinx
has i.g.h.u.b. degree (0,0) with any weights and bounding
function 1 but it has no homogeneous approximation in the
oo-limit. The function ¢(z) = (w2, 29 + 25)T, p > 1, is
homogeneous of degree p — 1 in the oo-limit with weights
(2 — p, )T and limit function (x2,25)T only ifp < 2. On
the other hand ¢ has i.g.h.ub. degree ((ro — r1,72(p —
1))7,(0,0)T) with any weights 7 € R2 and bounding

function ((O,O)T, 1,1+ '(“ﬂ[fﬂfjf‘x?‘)T) forallp > 1.

Moreover, in our definition the weights may be also
negative. This extension is useful for penalizing large values
of some arguments of a function. The function ¢(x) := z1 29
has i.g.h.ub. degree 0 with weights (1,—1)7 and limit
function ® := (x2,21 + [Az];). The same function has
i.g.h.ub. degree 2 with weights (1,1)7.

The function ¢ = (z9,72sinz)? has ighub.
degree (h,0), with h = (ro — ri,70 + )7,
weights r» = (r1,72)T and bounding function

@ := ((0, a3 et Remsinna)T, (1 22, + [Aals|)T).
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B. Some related properties

Throughout the paper we assume €y > 1 in the above

definitions. All the properties and rules listed below and
related to functions with i.g.h.u.b. degree can be stated and
proved for functions with i.g.h. degree by replacing the
inequalities with equalities and omitting the absolute values.
We give the following rules without proof. The generalized
homogeneity degree of the composition of two functions
behaves as follows.
(P1) (chaining rule) For any ¢ € C°R" R") with
ig.h.u.b. degree (d,h), weights | and bounding functions ®
and v € CO(R™, R") with i.g.h.u.b. degree (—h, p), weights
l and bounding function W, if there exists ®,; € CO(R” X
R™, R}*") such that

Bt orp(ox), el o (AY)( ox)) < Bz, Az)

foralle > 1 and x, Az € R"™ then ¢ o 1) has i.g.h.u.b. degree
(d, p) with weights | and bounding function ® ;.
(P2) (shifting rules) Let (A4, B) be in Brunowski canonical
form. Note that A7 is the Moore-Penrose pseudoinverse of
A, viz. ATAAT = AT, AATA = A, (ATA)T = AT A and
(AATYT = AAT. Therefore I — AAT = BBT is the or-
thogonal projection onto (Im{A})* = Im{7 — AAT} while
I — AT A is the orthogonal projection onto (Im{AT})+ =
Im{7 — AT A} (Im{W} denotes the vector space generated
by the columns of the matrix W). It is easy to see that
(P2.1)for any w € Im{I — AAT} (resp. w € Im{I — AT A})
and » € C°(R™,R"™), with i.g.h.u.b. degree (d, h), weights
r and bounding function ®, A¢ (resp. AT ¢) has i.g.h.u.b.
degree (A(d+1r) —r +w, h) (resp. (AT (d+7r) —r+w,h))
with weights r and bounding function A® (resp. AT ®).

On the other hand,
(P2.2) forany w € Im{I — AT A} (resp. w € Im{I — AAT})
and ¢ € C°(R™,R") with i.g.h.u.b. degree (d, h), weights r
and constant bounding function ®, ¢ o A (resp. ¢ o AT) has
i.g.h.u.b. degree (d, AT (h—r) +7r+w) (resp. (d, A(h—r) +
r + w)) with weights r and constant bounding function ® A
(resp. DAT).

IV. O-IMMERSIONS AND OBSERVER DESIGN
A. Statement of the main result

Consider the system
% = Ax+ Bu+ ¢(x), y = Ox + $(x), )

with state x € R”, inputs v € R™, output y € R,
A in Brunowski canonical form with C = (1,0,---,0)7
¢ € C°(R",R"), ¢(0) = 0, and ¥ € C°(R™,R), ¥(0)
0. Throughout the paper we use the notations x,u,y for
the functions of time and x,y,u for their values. Also,
let x(-,u,x0) denote the state trajectory of (5) with input
u € L*°(R;,R™) and ensuing from zy. We limit ourselves
to single-output systems (5), leaving the straightforward
extension to multi-output systems to the reader. We say that
o € D°(R") is a saturation function with levels h € RZ if,
for each i = 1,...,n, [0]i(s) = s for all s: |s| < h; and

[0]i(s) = sign(s)h; for all s : |s| > h,. The main result of
this section is the following.

Theorem 4.1: Assume that
(DO) there exist two compact sets R,C C R"™ such that
x(t,u®,zg) € C forallt > 0, for all o € R and for some
u® € L*(R4,R™),
(D1) CT4) has i.g.h.u.b. degree (—g, g) with weights r € RZ
and bounding function CT U such that ¥(0,0) = 0,
(D2) ¢ hasi.g.h.u.b. degree (I—AAT)g+A(r—ATr—g), g)
with weights r and bounding function ® such that ®(0,0) =
0,
(D3) A(29 — ATg) < A(r — ATr — g) < AATg.

There exist K,ho > 0, diagonal positive definite I'o €
R" ™ ¢ > 1 and a saturation function o with levels hoe”
such that

{=A+Bu® +¢oo(&) + KM (y —CE—voo(f)),

£(0) =0, ©
K = 96 (KO + ATToKE DY, i=1,....m,
KO .— , @)

is an asymptotic state observer for each state trajectory
x(-,u®, o) of (5) with xg € R.

Remark 4.1: Assumption (DO0) is restrictive even for lin-
ear system (5), but it comes naturally into the picture if we
think of using the state observer (6) together with a stabiliz-
ing state feedback controller for semiglobally stabilizing (5)
by output feedback. The state observer (6) depends on C. In
section D we will see how to design a globally convergent
observer, in the sense that it does not depend on C. o

Remark 4.2: Note that ®(0,0) = 0 and ¥(0,0) = 0 are
required. This is the simplest assumption which guarantees
that the linear approximation of (5) around the origin is
observable. Less restrictive assumptions can be considered
as well.o

Remark 4.3: For lower triangular ¢ and CT%) we can
always make a choice of the weights r and degrees g which
satisfies (D1)-(D3) and corresponds to the “maximal” value
AAT g of A(r — ATr — g), the vector of the “gaps” between
each pair of consecutive weights (we do not prove this here
for lack of space). For example, ¢(x) := (2F, 2T, p,q > 1,
satisfies (D1)-(D3) with any weights r and g := (rip +
2qra, qro) T (positive degrees and high-gain observer (6)).

On the other hand, for strict upper triangular ¢ and C71)
we can always make a choice of the weights r and degrees g
which satisfies (D1)-(D3) and corresponds to the “minimal”
value A(2g — ATg) of A(r — ATr — g) in (D3) (we do not
prove this here for lack of space). For example, ¢(z) :=
(3,0,0)7, ¢ > 1, with r := (rq, %ﬁ, gag) 7T
g = (_4(3;,11)7417 _4(3;,11)T1> _4(3;,11)7“1)T’ any r; > 0
satisfies (D1)-(D3) (decreasing weights, negative degrees and
low-gain observer (6)).

The rationale behind (D1)-(D3) can be explained as fol-
lows. If the state trajectories of (5) remain for all times in
C, any Luenberger-like state observer of (5) has the form
E = A+ Bu+¢oo(l) + Lly — CE— 1 oo()) with
L € R" and 0 € DY(R") a saturation function with levels
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such that the restriction of ¢ to C' is the identity function.
If Az := & — z then the observation error system is Ax =
g(Ax,x) := (A— LC)Ax+ A(¢po0o)(x) — LA(¢ 0 o) (x).
For semiglobally stabilizing the observation error system
for some choice of L it is sufficient to stabilize the linear
approximation (A — LC)Ax of g(Ax,x) around the origin
Ax = 0 with some L and dominate the incremental degree
of A(¢poo)(x)— LA(¢poc)(x) by the incremental degree of
(A— LC)Ax. Theorem 4.1 states that this is possible if the
degree of ¢ is in between ((I — AAT)g+ A(2g — ATg), g)
(which corresponds to a “minimal” gap between each pair of
weights) and (g, g) (which corresponds to a “maximal” gap
between each pair of weights). (D1)-(D3) can be interpreted
as a trade-off condition for non-triangular ¢ and CT). For
example, ¢(x) = (2z3,0,0)T, p > 1, is non-triangular
and satisfies (D1)-(D3) with r = (ry,(p + V)ry,m1)7,
g:= (?”’%, —2n —2)T and any r1 > 0 (negative/positive
degrees and low/high-gain observer (6)).o

Remark 4.4: The observer gain matrix K (M in (6) is
homogeneous with weights r only if g; = gol1, which,
since AAT1 = A1, corresponds to the choice 241 - gg =
A(r — ATr) in (A2). Therefore, the gaps between each pair
of consecutive weights are all equal to 2g9. Under this re-
striction, (D2) simply says that ¢ (resp. 1) be homogeneous
(in the upper bound) with degree 2gq (resp. 0) and weights r,
which is the condition required in [13] under the additional
assumption that i) = 0. Under this regard, it is important to
say that the saturation function o is a crucial design issue
only when ¢ and ¢ are not homogeneous in the classical
sense and the saturation levels are directly proportional to
the maximal gap between two consecutive weights. If ¢ and
1) are homogeneous the saturation function can be set equal
to the identity function and (6) is linear and homogeneous.o

B. Constructive procedure for the observer (6)

The construction of the state observer (6) is accomplished
according to the following steps:
(iv) Find a diagonal positive definite 'o € R™*™ and K > 0
such that

To = —2(KCTC + ATToA) + (A + ATTY) -
(I —=ATTo) ™ — (I — A"TTo) T (A+ ATTE)T < 0. (8)
It is easy to see by direct calculations that the matrix T'p

always exists.
(v) Find hp > 0 such that

Ro = —2(KCTC + ATToA) + Qo+ Q5 <0 (9)
where

0 = (2(1+ ATTo)

max
zlzl<vmho,
Azi||Az||<2vmho

D(z,Az)}

2K CT T2

- { z:”zﬁré?’/)éhoy U(z,Az)} + A+ A FO)
Az:||Az]|<2vnhg

(I = ATTo) ™. (10)

This ho always exists on account of (8) and since ® and ¥
are continuous and ®(0,0) =0 and ¥(0,0) = 0.

(vi) Pick € > 1 such that max,.,cc |z;| < hoe™ for all
1=1,...,n.

C. Proof of the main result

We prove theorem 4.1 by showing how steps (iv)-(vi) of
section IV-B lead to establish that (6) is an asymptotic state
observer for the state trajectories of (5). A key point of the
proof relies on the following notion of O-immersion, which
is per se a useful tool for observer design.

Definition 4./: A system X(x,u,y) : x = F(x,u,y),
with state x € R", inputuw € U C R™ and output y € R?,
is said to be O-immersed under mappings (Xo, o, YY) into
Yo(xo,w,y0) : X0 = Fo(x0,u,yo0), with state zo € R",
input uw € U and output yo € R?, p > p, if there exist Xp €
C!(R",R"),IIp € CO(R",RP*P) and Y4 € C°(R",RP)
such that
(E1) the mapping xo — = = Xo(x0) is a diffeomorphism
and rank{Ilp(z0)} = p for each zo,

(E2) Fo(,u, Y4(-)) and F(-,u, (IZYY) 0 X5 () are Xo-
related for eachu € U.

The meaning of an O-immersion is the following: the state x
of X is mapped diffeomorphically by X onto the state xp
of Yo and, for each zp, Ilp(xzp) is (up to isomorphisms)
the canonical immersion of R? (the output space of ¥) into
R? (the output space of ¥p). A particular O-immersion of
%X = Ax + ¢(x), y = Cx + 1(x) corresponds to consider
CTy + AT = 2 + AT¢(z) as the new outputs. The idea
of using an augmented output vector for stabilizing a lower
triangular system is not new ([18]) but our O-immersion can
be defined also for non-triangular systems.

Proof of theorem 4.1 (Sketch). The proof relies on the
following fact which is a consequence of the notion of O-
immersion: for a given O-immersion o of X under map-
pings (Xo,I1p,Yy), if for each fixed input u the outputs
vo = Y§(x0) are such that the equilibrium xo = 0 of
X0 = Fo(x0,u,y0) is locally (resp. globally) stable then
for each fixed input u the outputs y := (IIL YY) o X5 (x)
are such that the equilibrium x = 0 of X = F(x,u,y) is
locally (resp. globally) stable. By virtue of the augmented
number of outputs in ¥, we easily construct the outputs
vo = Y}4(xo) from which we obtain the outputs y :=
(TLYE) 0 X' (x).

Let I € R™ ™ be the identity matrix, Go € R"*™ a
diagonal positive definite matrix and H € R and identify
(whenever necessary) G, I, HCTC and A with linear maps
Go,I,HCTC ¢ DY(R") and A € CY{R",R"). In
particular, select Go with i.g.h. degree (Ag, Ag), weights
r and diagonal positive definite limit I'po € R™*" and H
such that HCTC has i.g.h. degree (g,g), weights r and
constant limit function KCTC, where K and ' are chosen
as pointed out in (8) (constructive step (iv)). On account
of (8) and using continuity of ® and ¥ and the fact that
®(0,0) =0 and ¥(0,0) =0, find hp > 0 as pointed out in
(9) (constructive steps (v)). Moreover, for each € > 1 let o
be a saturation function o with levels hpe”.

For each € > 1 satisfying the constructive step (vi) of
section IV-B we have o(x) = z for all € C' and on account
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of (DO) the trajectories x(-, u®, zg) of (5) with 2y € R satisfy

x=Ax+ Bu® + (poo)(x), y=Cx+ (o 0)(x).(11)

With (6), the observation error Ax := £ — x satisfies
Ax = AAx + A(poo)(x) — K™ Ay

with Ay := CAx+A(¢poo)(x) and K™ defined in (7). By
straightforward calculations we find out that K™ = (I —
ATGo) " HCT. Tt easy to see that the system (12) with
state Az, input € C and output Ay is O-immersed under
mappings (Xo, o, Y3):

12)

Xo = (I —A"Go)™", Y5 = I+ Ado(zo), Mo = CT,

(13)
where
Yo = [CT(Yoa) + AT(¢po0 + Go)] o Xo,
zo == X5 (x), (14)
into the system
Axo = Ago(x0) — KoAyo, (15)

with state Azp € R", input x € C and output Ayp € R™,
where

o =[A+ (po0)]oXo, Ko:=HCTC + ATGpA.(16)

We will prove that, for each fixed state trajectory x(-, u°, zo)
of (11) with =g € R, (15) with outputs Ayo := Y5 (Axp)
is globally asymptotically stable and therefore, by the O-
immersion property, (12) with outputs Ay := (IIJYY) o
X51(Ax) = CAx+ A(ypoo)(x) is globally asymptotically
stable, viz. the observation error Ax tends to zero as ¢ tends
to infinity. By repeated use of properties (P1), (P2) and (P3)
it can be established that
(F1) Ko has i.g.h. degree (g, g) with weights 7+1-(g1 —gn)
and limit function KCTC + ATTp A,
(F2) oo — Ko¥o has i.gh.ub. (g,g) with weights r + 1 -
(g1 — gn) and bounding function Q¢ defined as in (10).
From (9) (constructive step (v)) it follows that
(F3) there exists ap > 0 such that

A(L’g[wo(Al'o) — (KCTC + ATroA)Axo]
< —ao|Azo]? (a7)
for each Azp € R™ and for all

wo(Azo) € Fo(Azo)

= {w e R" i fuy| < L [Q0llAzo)i]}.(18)

Let € > 1 and Vp(Azo) := 1|e7% o Azo||%. By virtue of
(F1)-(F3)
VVO(Axo) (A¢O (xo) - KOY5(Al‘o))
< —OéoHEg_SOAwo”Q (19)

for each 2 € C, 20 = X' (z) and for all Azp. As a
consequence of the definition of O-immersion, A¢o(zp) —

KoYE and A+ A(¢oo)(z) — KMWIEYE 0 X5 are Xo-
related for each z € C. Let W := Vp o X', Tt follows
that

VW (Az) (AAx + A($oo)()

~KM[CAz + Ao J)(g;)])

= (VVo) 0 X5 (Ax) (A¢O o X5 (x)

KoY 0 X5' (Az)) < —aole'* 0 X5 (Ax)

for all Az € R™ and = € C. By selecting € > 1 as in the
constructive step (iv) of section IV-B and on account of (D0)
it follows that (7) is an asymptotic state observer for each
state trajectory x(-,u®,zo) of (5) with zy € R. o

D. Globally convergent observers

The state observer (6) depends on C. In this section we
will see how to design a globally convergent observer, in
the sense that it does not depend on C'. This can be achieved
at the price of an additional “incremental” observability
condition on (5). Denote by x(-,z) (or simply x(-) when
there is no ambiguity) and y(-,z9) (or simply y(-)) the
state and, respectively, the output trajectory of (5) with input
u = 0 and ensuing from x( (resp. yo := Czg + 1(x0)).

Theorem 4.2: Assume (D1)-(D3) and, in addition,

(G1) x(+,z9) € L>*(R4,R") forall zy € R",

(G2) (5) with u = 0 is incrementally observable, viz. for
any zo,z0 € R™ we have y(t,z0) = y(t,20)vt > 0 =
x(t, x0) = x(t, 20)¥t > 0.

There exist K,ho > 0, diagonal positive definite I'o €
R™*™ and a saturation function o such that

E=AE+¢oa(&) + KM (y — C& —yoa(€)),

5(0) =0, (20)
é=e{le o] (y — CE—poo(€))
+le T oo (& — a(9))|P}, €(0) =1, 1)

with K™ defined in (7)and s := 1+ 1- (91 — gn), Is an
asymptotic state observer for each state trajectory x(-, xo) of
).

Remark 4.5: The matrix I'p and K > 0 are selected as
in (iv) and, with Qo defined in (10):
(v’) ho > 0 is such that

—2(KCTC + ATToA) + [ATTo(I — ATTp) ™!

+(I — ATTo) " TToA12nh% 4+ Qo + QL < 0. (22)

Moreover, the saturation function o has levels hp€e”, where
€ is provided by (21). o

The Van Der Pol oscillator X1 = Xa, X3 = —x1+Xa(1—x3)
with output y = 3(x1), 8 € C°(R, R) any injective globally
Lipschitz continuous function, satisfies the assumptions of
theorem 4.2.

(Proof of theorem 4.2) (Sketch). Let Go, I'p, H, K, T'o,
ho > 0 and o be as in the proof of theorem 4.1. Denote
by x(t), €(t),&(t) (resp. y(t)) or simply x, €, & (resp. y) the
state (resp. output) trajectories of (5)-(20)-(21) with input
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u = 0 and initial conditions zg, €y := 1, £ := 0 (resp. yg :=
Cxo+1(x0)). Let s :=r+1-(g1 — gn) and Vo (Azp,€) :=
1]le™% o Azo||?. Note that ATGpXp has i.ghub. degree
(—g,g) with weights s and b.f. ATTo(I — ATTp)~! and
le=51T91[g]y (v) |2 + [[e 519 o o(w)||? < €292nh? for all
v,w and € > 1 (since o is a saturation function with levels
hoe” and {g;};=1,..» is a decreasing sequence). Using the
constructive step (v’) and following the same steps for the
proof of (19) with Ay := Y5 o Xo(Azp)

Vo < _0470||€g—s o AXOH2 — miin{si}Vo(AXO, e)g

+%He+g o {(I -~ KoAT)($ o0 — ) 0 Xo)(x0)
—KoC" (o0 — ) 0 Xo)(x0)}H*. (23)

Claim #1. ¢ € L*(R;,R). Since the right-hand part
of € is non-negative, €(-) is monotonically increasing and
there exists 7' € (0, 00] such that limy7 €(t) = €0 < 00
and [0,7) is the maximal right extension interval of €(-).
Assume that ¢,, = oo. By (G1) there exists T/ < T
such that |x;(t)] < he€e™(t) for all & = 1,...,n and
for all ¢t € [T”,T). Therefore, along such trajectories (o o
Xo)(xo(t)) = o(x(t) = x(t) = Xo(xo(t)) for all
t € [T7,T). Since €(t) and €(t) are non-negative for all
t € [T,T), by integrating the equation of € over [1”,¢] and
on account of (23),

Ine(t) <lne(T')+ O]j—OVO(AxO(T’), €(T")) < oo (24)
)

for all t € [I',T) and for some ky > O which is a
contradiction since lim;r €(t) = oco. This proves the claim.
Claim #2. lim; o (y(t) — C&(t) — ¥ o o(&(t))) = 0 and
lim; o0 (0 (£(t)) — &(t)) = 0. By integrating (21) over [0, ¢],
t > 0, on account of (23) and since x € L*(R,,R"™) (by
(G1)) and € € L* (R4, R) (by claim #1) , it follows that
Vo(Axp,€) € L*°(R4,R) and, therefore,

€> eierg < 0—(5 - 0(5)) € LOO(R+7 Rn)a

e 9 o] (y — C€ — 0 0(€)) € L°(R4,R). (25)
Moreover, € 51791 [g]; (y —C&—1poo(€)) and € 5900 (£ —
o(€)) are uniformly continuous on R, since X,x,&,& €
L*(R;+,R"), €€ € L (R4, R) by (G1), claim #1 and
(25) and ¢ o g, o and ¢ are uniformly continuous on
any compact set of R™. Our claim follows from Barbalat’s
lemma.

Since x,£ € L*(R,,R") (by (G1) and (25)) and € €
L*(R4+,R) (by claim #1) the Q-limit set of (x,¢,€) is
non-empty, compact and invariant and, by virtue of claim
#2, it is contained in the set of points (x,&,€) such that
Cx+Y(x) = CE+1Yoo(€) and o(§) = . Inside this set
we have X = Ax + ¢(x), £ = AE 4 ¢(€) and Cx 4 (x) =
C¢ + (&), which by (G2) implies that x = £. Therefore,
lim;—, o0 (x(t) — £(¢t)) = 0, viz the observation error tends to
zero as t — oo whatever is xq.o

V. CONCLUSIONS

We introduced a notion of incremental generalized homo-
geneity, giving new constructive results on observer design.
Using incremental generalized homogeneity, we also point
out the procedure for designing a globally convergent ob-
server for systems with bounded trajectories. Future work
will be devoted to the global observer design for systems
with unbounded trajectories.
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