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NONLINEAR OBSERVERS FOR LOCALLY UNIFORMLY OBSERVABLE
SYSTEMS

HAassAN HAMMOURI' AND M. FARZAZ2

Abstract. This paper deals with the observability analysis and the observer synthesis of a class of
nonlinear systems. In the single output case, it is known [4-6] that systems which are observable
independently of the inputs, admit an observable canonical form. These systems are called uniformly
observable systems. Moreover, a high gain observer for these systems can be designed on the basis of
this canonical form. In this paper, we extend the above results to multi-output uniformly observable
systems. Corresponding canonical forms are presented and sufficient conditions which permit the design
of constant and high gain observers for these systems are given.
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1. INTRODUCTION

Many techniques have been developed for designing an observer for nonlinear systems. Among these tech-
niques, a rather natural approach consists in considering systems which can be steered by a change of coordinates
into state affine systems up to output injection. Indeed, for these systems an extended Luenberger (or Kalman)
observer can be designed. Several authors [11,12,14], have characterized such nonlinear systems. An impor-
tant feature of these systems lies in the fact that they possess similar observability properties as linear ones.
Consequently, they are observable independently of the inputs.

Generally, observable nonlinear systems are not diffeomororphic to linear systems up to output injection and
may admit singular inputs (i.e. inputs that do not distinguish two initial different states). Up to now, does not
exist complete theory which allows the design of an observer for general observable systems. This is partly due
to the complexity of the singular inputs analysis. However, for some classes of nonlinear systems, the authors
in [1,2] have given sufficient conditions allowing the design of observers which converge irrespectively of the
inputs, based on Lyapunov techniques. As it has been noted in [1], these systems are such that if an input u
does not distinguish two initial states x # Z on R™, then, their respective trajectories z*(¢), “(t), which are
issued from these initial states, are such that lims—, ;o (x%(t) — Z*(¢)) = 0. In the linear case, this means that
the unobservable modes are stable.

As suggested above, an interesting class of nonlinear systems are those which are observable independently
of the inputs. These systems are also called uniformly observable. In the control affine case, the study of such
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systems started in 1977 when the author in [15] gave a canonical form for single-output uniformly observable
bilinear systems. This canonical form was then used to synthesize an observer. Later, the authors in [4]
extended this canonical form for single-output uniformly observable nonlinear systems in the control affine case.
A new proof of this result is given in [5]. Moreover, using this canonical form, the authors designed a high gain
observer. Using similar canonical forms, many authors have studied separately high gain observer synthesis (see
for instance [3,6]).

Since there is no normal form which characterizes general multi-output uniformly observable systems, one of
our objectives, in this paper, consists in the characterization of a large class of uniformly observable systems.
Therefore, we introduce the notion of uniform observable structure and give a triangular canonical form which
extends the canonical form given in [6].

This paper is organized as follows: in Section 2, we give a brief survey of some basic notions and general
results related to the uniform observability and the high gain observer synthesis for some particular class of
nonlinear systems. In Section 3, we introduce the canonical form of uniformly observable systems in the multi-
output case and we propose two observers synthesis for these systems. The first observer has a constant gain
while the second has a gain which depends on the inputs. Appropriate assumptions under which each of these
observers can be synthesized are given and discussed. In Section 4, we characterize nonlinear systems that can
be steered by a change of coordinates to the considered canonical form.

2. SOME OBSERVABILITY CONCEPTS AND RELATED RESULTS

Different notions of observability have been presented in [9,10]. More recent concepts of observability can
be found in [8]. The purpose of this section is to establish the definitions of some classical and relatively new
concepts of observability. We therefore, recall some theoretical results and implications associated to these
concepts.

Consider the MIMO nonlinear system:

= f(u,x)
{ y=h((w) o

x(t) € M, a n-dimensional manifold; u(t) € U, a Borelian set of R™; u and y are the known input and output
of (1) respectively.
Throughout this paper, system (1) is assumed to be smooth. This means that there exists an open set U
containing U such that:
f:UxM—TM and h:M —RP

are of class C*™.
For every fixed w € U, f, : M — T M denotes the vector field defined by
h = (hi,...,hp) is an almost everywhere local submersion. It means that, Rank(

fu(z) = f(u,x) and the map
% (z)) = p for almost every z.
e Some well-known observability notions

Let uw € L*°([0,T],U), x € M an initial state and x*(-) the trajectory associated to the initial state z and
to the input w. This trajectory is well-defined on the maximal interval [0, T (x,w)[C [0,T]. When T'(u,z) < T,
T'(u, ) is called the positive escape time. In such a case, T'(u, z) has the following property: for every sequence
(tn)n>o0 s-t. nEIJIrloo t, = T'(u,x), the set {*(¢,),n > 0} has no accumulation point.

System (1) is said to be observable if for every two different initial states z, Z; there exists an input u €
L>([0,T],U) s.t. h(z*(-)) is not identically equal to h(z“(-)) on [0, (z,Z,u)] where T'(z,Z,u) = min{T (u, x),
T(u,Z)}. We say that such an input distinguishes the considered initial states x, Z on [0, T].

An input which distinguishes every pair of different initial states on [0, T is called a universal input on [0, 7).
A non universal input is called a singular input on [0, T]. Notice that unlike linear systems, observable nonlinear
systems may admit singular inputs. Obviously, a system which admits a universal input is observable. The
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converse is also true in the analytical case (it means U, M, f and h are analytic). The proof of this result is
given in [13].

Now, denote by O the smallest vector space containing hi, ..., h, and closed under the Lie derivatives Ly,
u € U (i.e. Yu € U;Vr € O, Ly, (1) € O). This vector space is the classical observation space. Let O be the
co-distribution spanned by {dr,7 € O}, system (1) is said to be rank observable at x € M if dim O(z) = n.

It is said to be rank observable if Vo € M,dim O(z) = n. This rank observability condition is related to the
concept of local weak observability notion (see for instance [9] for more details and precise definitions).

e Uniform observability concepts
The following definitions and results are useful for the characterization of systems of the form (1) which are

observable independently on the input.

Definition 2.1. Let E be any borelian subset of U, system (1) is said to be:

(i) E-uniformly observable iff for every T' > 0 and every u € L>([0,T], E), u is a universal input on
[0, TT;
(ii) locally E-uniformly observable iff every x € M admits an open neighborhood V; s.t. system (1)
restricted to V,, is E-uniformly observable;
(iii) locally E-uniformly observable almost everywhere iff there exists an open dense subset M’ of M
s.t. the restriction of system (1) to M’ is locally E-uniformly observable.

For single output control affine systems:

:'c:f(:c)Jngi(:c)ui zeR" ueR™,
i=1

y = h(x) y € R.

(2)

The authors in [4] have characterized systems which are locally R™-uniformly observable almost everywhere.
They showed that if the system is locally R™-uniformly observable, then locally almost everywhere it can be
steered by the local change of coordinates:

2= (@), Ly(h)(x), ..., L7~ (h) ()]

into:
é:Az—i—go(z)—i—Zwi(z)u- 3)
i=1
y=0Cz
where,
(') 1 0 0
A= : B 1 790(2): ,C:[].,O,...,O]
0 ... 0 on(2)

and the j-th component v;; of ; is such that ¢;;(2) = ¥y (2%, ...,27) for j =1,...,n; i =1,...,m.

A short proof of this result is given in [5]. Moreover, the authors used this triangular canonical form to
construct a high gain observer. In the single output case, this canonical form as well as its associated high gain
observer have been extended in [6] to single output analytic systems of the form:

= f(u,z
{ Y= h((u,x)). (4)
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To do so, the authors used the uniform infinitesimal observability concept: consider the tangent map T f, :
TM — T(T M) associated to f,, : M — TM, for every u € U. The family of vector fields (T f,)ucu, defines,
in a unique sense, a lifted system on T'M:

Finally the lifted system associated to system (4) is given by:

é = TMfu(g)
{ g = dph(§,u) )

where dprh(-,u) is the classical differential map from TM — R.
When M =R", TM can be identified with R” x R™ and £ = («, z). Thus system (5) takes the form:

z= af(u x).z
T 9 ) (6)
gj:%(u,x).z.

Definition 2.2 ( [6]). Let u € L*>°([0,T],U) and = € M:

i) system (4) is said to be infinitesimally observable at (u,z) if the linear map:
T,M — L= ([0, T(u, 2)[,R) (£ — darh (u(-),£"(-)))

is one to one;
ii) system (4) is called uniformly infinitesimally observable iff for every T > 0; for every (u,x) €
L>([0,T],U) x M, system (4) is infinitesimally observable at (u, ).

The following result is stated in [6] (Th. 3.1):
Theorem 2.1 ( [6]). Assume that the single output system (4) is analytic and uniformly infinitesimally observ-

able and that either one of the following conditions holds:

(1) U is a compact connected analytic manifold;
(ii) U =R™ and f,h are polynomial in u.

Then, there exists a subanalytic (resp. semi-analytic in the case of (ii)) subset M’ of codimension 1 in M such
that system (4) is locally everywhere diffeomorphic to the triangular canonical form:

2t = F(u, 21, 2?)
22 = F%(u, 21, 22, 2%)

2 ;.Fi(u,zl,...,ziﬂ) (7)
,é".: Fr(u,2t,...,2")
y=H(u,z')
with _
%(u,z)#o and %(u,z)#O; V(u,2) eU xV, andi=1,...,n—1 (8)

where V' is the domain in which the local transformation takes its values.
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Both canonical forms (3) and (7) have been used to design an observer for single output systems (1). The
structure of the observer takes the following form:

N>

=F(u,2)+ K(C2—vy) 9)

where F'(u, z) is the dynamics of systems (3, 7) and K is a constant vector which does not depend on the input.

In Section 3, we will extend the above observer design (9) to a class of MIMO nonlinear systems which
generalizes systems (7). The class of nonlinear systems which can be steered by a change of coordinates to such
a canonical form will be characterized in Section 4.

3. OBSERVER SYNTHESIS

The canonical form that we consider has the following triangular structure:

{2F@¢) (10)

y=0Cxz
Fl(u,z) 2!
where F(u,z) = , 2= :u € U a compact submanifold of R™; 28 € R%: ny > ng > ... >
F(u,z) 24
ng; N1+ ... +ng = n. Bach function F*(u,2),i=1,...,q — 1 satisfies the following structure:
Fi(u,2) = Fi(u, 2%, ..., 2", 2/ e R™ (11)

with the following rank condition:
i

OF n
Rank <W(u, z)> =n;41 VzeR"Vuel. (12)

In Section 4, we will show that condition (12) characterizes a subclass of locally U-uniformly observable systems.

Definition 3.1. A constant gain exponential observer for system (10) is a dynamical system of the form:

N>

=F(u,2)+ K(Cz —y) (13)
where K is a constant matrix such that:
[2() = 2()] < Ae™[[2(0) — 2(0)]|

where A > 0 and p > 0 are constants which do not depend on the input u € Lo(R™,U) nor on 2(0), z(0).

In this section, we will give two observer constructions. First, we give a sufficient condition allowing to design
a constant gain exponential observer for system (10). Next, we propose an observer construction for general
systems of the form (10-12).
3.1. Constant gain exponential observer

Consider again system (10) where the inputs wu(t) take their values in some Borelian and bounded subset
of R™. As in many works related to high gain observer synthesis, we need the following assumption:

H1) Global Lipschitz condition:
de > 0;Vu € U;Vz, 2 € R ||F(u, z) — F(u, 2")|| < ¢|lz — 2.
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Notice that such assumption can be omitted in the case where the state of the system lies into a bounded set
(this remark is formulated in many papers concerning the high gain observers, see for instance [5]).

Now, let p1 > p2 be two positive integers and denote by M(p1, p2; R) the space of p; X ps real matrices. Let
N € M(p1,p2; R) with rank(N) = p2 and consider the convex cone of M(py, p2; R) given by C(p1,p2;a; N) =
{M € M(p1,p2;R); s.t. MTN+NTM < aldp, } where « is a constant real number and I, is the pa X po identity
matrix.

Theorem 3.1. Assume that assumption Hy) holds. Then, a sufficient condition for the existence of a constant
gain exponential observer for system (10-12) is:

for every k,1 <k < q—1, there exists a ny X ny41 constant matriz Sk g1 such that:

OFF (14)
W(u,z) € C(nk, nky1; —1; Sk pt1); for every (u,z) € U x R™

ny > ng > ... > Ng, n; is the dimension of Zt-space.
Remark 3.1. In the single output case, condition (8) is equivalent to condition (14) of Theorem 3.1.
The proof of the theorem requires the following proposition:

Proposition 3.1. Assume that H1) and (14) hold. Then, there exists a n X n S.P.D. matriz P satisfying the
following condition:
There exist p > 0; n > 0 such that for every (u,z) € U x R™, we have:

PA(u,2) + AT (u,2)P — pCTC < —nI (15)

where

with Ag(u, z) = ;’Tlfl(u,z).
Proof of Proposition 3.1. Set I'y = {%(u,z); (u,2) €U x R”}. From condition (14), we can choose
matrices Si p+1,1 < k < g — 1, such that:

VMy, € Ty SEjia Mie + M Sk g1 < —1In

k41"
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Now consider the following symmetric bloc tridiagonal matrix:

Py P 0 0
PL Pm Py 0 0
p_| 0 . . . : : (16)
0 ... 0 P, Pri,1 Py
0 .. 0 0  PL. P,

where Py g1 = pr+15%,k+1 and Py is a ng X ng S.D.P. matrix, pp+1 and Py will be specified below.
In the sequel, if M is a k x [ matrix, we denote by |[|M]|| the subordinate || ||o-norm: ||M| = sup | M¢],
ligl=1
where ||€]| and || M¢|| are the Lo-norms.

Let 0, = Amax(Prx) and 0x = Amin(Pir) be the respective largest and smallest eigenvalues of Pyi. From
hypothesis H1), we know that I'y is a bounded subset of M (ng, ngt1,R). Set my = sup{||Mg||; My € 'y} and
choose P such that:

(1) 4074118kt 1l” < GrGpr1, for 1 <k <g—1;
(ii) 4oim3 < prprt1, for 1 <k < q—1;

(ili) 407 1 1m3 41 1Sk pr1ll® < prprre, for 1 <k <q—2.

To obtain such a matrix, it suffices to choose Py = ol (0x = 0k), and numbers py such that pp < o <
a
Pk+1 < Ok+1, where the notation ¢ < b means that — is sufficiently small.

Before proving inequality (15) of Proposition 3.1, let us show that P is a S.D.P. matrix. Indeed, let z € R™,
x # 0, a simple calculation shows that:

q—1

q
TPy = Z (:ckTPkk:Ek) + ZZ (:EkTPk,kH:ckH)
1

1
1 1 14 T T T
T
= 5:01 Pzt + §ququ£Eq + B Z (:L'k Pupx® + 42F ka,kakJrl + gFtl PkJrLkakH)
1

qg—1

01 o ~ ~
Sl 1P P+ 5 Y @rlla®l® — dpraa Sk g2 + G 2 42) -
1

v

Using condition (i) above, we get 27 Px > 0.
Now let us show inequality (15) of Proposition 3.1.
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Set A(u,z) = A, a simple computation gives:

:cT(PA +ATpP— plCTC’):c = fp1||:nl||2 + 2991TP11A1:E2 + 2991TP12A2:E3
+$2T(P17;A1 + A{Plg)IQ + 2$2TP22A2I3 + QIQTP23A3I4
+...
T _
+a?7? (P;[ 3,0-244¢-3 JrAqT—sPq*37qf2)93q ?

—2T -1 —2T
+2297° Py_o g0 Ag_ox? " + 22977 Py_g g 144127

tar 1t (P;[ 9.g-14g—2+ A:}F—qu*qul)fcqil
+2xq71 Py1,g-14¢-127 + qu(PqT—Lqufl + AqT—Iqul,q)fcq

1
= 3 {—p1||301||2 + 4301TP11A1302 + 3U2T(P1T2A1 + AITP12)x2}

1 . . .
+§ {—p1||$1||2 + 4I1TP12A2I3 + IST(PQP,TAQ + AgP23)I3}

1
+§ {xQT(Pl’gAl + A’{Plg).ﬁQ + 4$2TP22A2$3 + $3T(P£A2 + A2TP23)x3}
+...
1 T
+3 {xq PP g o Ag s+ Al 4Py sq 2)07 2 + 429 Py g 5 Ag 527!
1T _
A (PqT—27q—1Aq—2 + AqT—QPq—Zq—l)xq 1}

1 T
+2{xq ? (PTSq 2Aq 3+Aq 3Pq 3,9— 2)$q 2

+ 4Iq_2TPq_27q_1Aq_1xq + IqT(P

q—1 qu—l + AqT—lpq—l,q)xq}

1 T _
+2{ -t (PT2q 14— 2+Aq 0Py q-1)z?!

+ 4z Py1.4-144- lququT(PqTquAqfl JFAqT—lqul,q)ﬂfq}

1 q—
< 3 Z prllz®|1* + 4l a® (|| Hlowmy — praa |22}
1
1 q9—
5 Z {*Pk”xk”Q + 4||=’Ek|| |\93k+2||f7k+1mk+1 1Sk k41l — Pk+2||fﬂk+2||2}'
1

Using conditions (ii) and (iii) above, we obtain: 27 (PA + AT P — p;CTC)x < —nlI, where 1 > 0 is a constant.
This ends the proof of the proposition. O

Proof of Theorem 3.1. We assume that hypothesis H1) and condition (14) of Theorem 3.1 hold, and we will
construct a constant matrix K, such that the following system:

Z=F(u,2) — AgK(Cz —y) (17)
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0I,, 0 ... 0
, . . 0 6%, 0 : o
is a constant gain exponential observer, where Ay = 2 , In, is the ny x ny identity
; .0
0 e 0 09,,
matrix, k =1,...,¢ and 6 > 0 is a constant real number.

Let P be the S.D.P. matrix given by (16) and set K = P~1CT. We will show that for # sufficiently large,
2(t) — z(t) exponentially converges to 0.

As in [5-7] and many other references related to high gain observer synthesis, consider the change of coor-
dinates Z = Ae_lé, z = Ae_lz, and set ¢ = Z — Z. Let us show that e(t) exponentially converges to 0, for 6
sufficiently large.

SF!
Set 6F = | : , where §F = Fi(u, 2%, ... 2071 20F0) — Fi(u, 2t . 27 2 ) for 1 <i<¢g—1 and
OF1
0F1=F(u,2) — F1(u,z).
A simple calculation gives:

(t) =0 (A(t) — pP'CTC) e+ A, 'OF (18)
where
OF! .
ﬁ(ua 1;52) 0 0
OF? A
0 ﬁ(uazlazagg) 0
A(t) = '
0
a1
o aaz‘l (u, 2%, ..., 2971 €9)
0 ... ... ... 0

with € = 27 4+ w,; (27! — 2**1) and w; is a diagonal matrix whose elements are in [0, 1].
To show the exponential convergence to zero of £(t), it suffices to show:

%(ET@)PE(@) < —acT(H)Pe(t) (19)
for some constant a > 0.
Set V(t) = €T (t)Pe(t), we obtain:
V(t) = —0"(t) (AT (t)P — PA(t) — pCTC) e(t) + 2e(t)PA, 'S F. (20)

Using the Lipschitz condition (assumption H1)) and the triangular structure (11), it is not difficult to see that
there exists a constant 3 > 0, such that for every 8 > 1, we have:

185 "0F | < Blle] (21)

where 3 is a constant which only depends on the Lipschitz constant of F'.
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Combining (15, 20) and (21), we deduce:

1

V(t) < (=0 + 28| P|)l=(®)]* < N (P)

(=0n + 28] P)V (2)- (22)

To end the proof of the theorem, it suffices to take § > max (1, 2% ||PH)

In this subsection, we have shown that the design of a constant high gain observer requires condition (14).
However, this condition is not always satisfied by general systems of the form (10-12).
Indeed, consider the following system:

2l =y 23
22 = ugz®
23 =0 (23)

where u = (uy, uz) belongs to the unit circle U = {u s.t. |lu| = 1}.
It is obvious to see that system (23) is of the form (10-12) and satisfies hypothesis H1).
Now, assume that system (23) admits a constant gain exponential observer:

2= Au)z + K(Cz —vy) (24)
0 0 u ki ko 100
where, A(fu)=| 0 0 ws |,K =/ koi koo | isa constant matrix and C = ( 01 0 )
00 0 k31 k32

Thus, for every u € L>®(R*,U), the error equation:
é=(A(u) + KQ)e (25)
is exponentially stable at the origin.

In particular, the error equations associated to inputs u(t) = (1,0) and u(t) = (—1,0) are exponentially
stable. This implies that:

kll k12 1 ku klg —1
kor koo O and kor koo O are both Hurwitz matrices.
k31 ksa O k31 kao 0

A simple calculation shows that this yields to the following contradiction: koikse — k3i1kse < 0 and kojkss —
k31koo > 0.
The next section gives a method allowing to design an exponential observer for systems of the form (10-12).

3.2. Observer design for systems of the form (10-12)

Consider again systems of the form (10-12). We know that for every (u, z!,..., ,2¥) and for 1 <k < ¢ — 1,
the functions z#*! — FF (u, 24,...,, 2k zk+1) are locally one to one. In the sequel, we will assume the following:
H2) For 1 <k<q—1, F¥(u, z',..., ,2* .) is one to one from R™+1 into R™*.

Notice that in the single output case, condition (i) (resp. (ii)) with condition (8) of Theorem 2.1 imply H2).
Before giving our candidate observer, we need some notations and assumptions.
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Consider the following functions:

Ol(u,2t) = 21

oPpr-1 _ _ (26)
OF(u, 24, ..., 2F) = W(u,zl,...,zk DWFEFY(u, 2t 2% 2<k<q
From the triangular structure (11), it is easy to see that
OF! OFFk—2
OF(u, 2, ..., 28 = ﬁ(u, 21,22 . W(u, 2 YR (2t 2.
Using assumption H2) and the rank condition (12), it easy to show that:
e for every (u,z',...,2F71), ®F(u, 2, ..., 2¥=1 ) is one to one from R™ into R™1;
o for every (u,z',..., 2K 1), (¥ = ®F(u, 2%, ... 2F"1 2F) implies that 2F = ¢¥(u, 21,..., 2571 ¢¥) where
ok (u, 24, ..., 2¥71 ¢¥) is a function which smoothly depends on (u, z!,..., z*"1).
In the sequel, we will assume that ¢* admits a smooth extension @* i.e.
— @" is a smooth function w.r.t. (u,¢t, ..., ¢F 1, ¢F);
— moreover, if ¢ = ®/(u, 2}, ..., 2%) for 1 <i <k, then 2% = @gF(u, 2%, ..., 281 ¢F).
Our candidate observer for system (10-12) takes the following form:
5= F(u,2) — Au, 2)AgK(C2 — ) (27)
-1
0P " oo 0P ’
where F' is given in (10); A(u, 2) = <£(u,2)> E(u,é) <£(u,é)) with
o! 0L, 0 0
o2 2
d = , Ag = 0 6% 0 , In, is the ny X np identity matrix.
: : . 0
o1 0 ... 0 6,

Kisa qny X nq constant matrix such that A-KCis Hurwitz, where A and C are respectively gni X gny and
ny1 X gni matrices defined by:

0 I, 0 .. 0
0 I, 0 :
A= (28)
0
: I,
0 0
C=(1Iy, 0 ... 0) (29)

In order to prove the convergence of the above observer, we need some notations and assumptions.
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Consider the following functions defined on U x R™ x R"™:

Gl(u,v,0) = G'(¢")=0
folik

Gk(u,’u,() = Gk(uvvacla"'agk) = W(uvclagb)z(uaé-laga)a"'7¢k(u7<1a PR gk))v (30)
2 00k .
+> 5 (L@, ¢ ) B ) T 2 <k <.
1

As in the previous section, let us assume the following:
H3) (i) Ja > 0;Vu € U; Vz, 2/, || ®F(u, 2, ..., 2F) — @ (u, 2’1, ... 2")|| > aflz — /||, for 1 < k < ¢;

(ii) Vp > 0; 38 > 0; Yu € U; Yo € R™,[[v|| < p; Y(, {5 1GF(u,v,¢) — GF(u,v, )| < BlI¢ = ¢, for
1<k <q.

Notice that condition (i) of (H3) implies that for every u € U, the embedding map z — ®(u, z) preserves the
uniform topology.

In the sequel, we denote by U the set of bounded absolutely continuous functions u(.) from R into U, with
bounded derivatives (i.e. & € LT>°(R™)).

Now, we can state our main results:

Theorem 3.2. Assume that system (10-12) satisfies hypotheses H2) and H38), then: for everyuw € U, 36y > 0;
V0 > 6p; AN >0, o > 0,

llz(t) — 2()|| < Xe™7!||2(0) — 2(0)||, for every t > 0.

Moreover, o may be chosen large by taking 0 sufficiently large.
If we omit hypothesis H3), then we can state:

Corollary 3.1. Consider system (10-12), and assume that H2) is satisfied. Letu € U such that every trajectory
associated to u and issued from a given compact subset K1, lies into a compact subset Ko. Then, an exponential
observer of the form (27) can be designed in order to estimate such bounded trajectories.

Proof of Theorem 3.2. Let u € U and consider the following systems:

y=0¢
¢ = AL+ Glui, () = DK (CC —y) (32)
Gl
2 o ~
where, G = ) ; the G*’s are defined in (30) and A, C are given by (28) and (29), and K is such that
G4

A — KC is Hurwitz.

We can easily check that that if z(¢) (resp. 2(t)) is a trajectory of system (10) (resp. of system (27))
associated to an input u € U, then ®(u(t), z(t)) (resp. ®(u(t),2(¢))) is also a trajectory of system (31) (resp.
of system (32)). According to hypothesis H3-(i), if |C(£) — ¢(t)]| exponentially converges to zero, then so does
I2(t) — z(¢)||. Hence, it suffices to show that system (32) is an exponential observer for (31).
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To do so, we shall proceed as in [5] and [6]. Set e(t) = Agl(f(t) —((t)), we obtain:
é=0(A—KC)e+ A1 (33)

where 0G = G(u,u,f) - G(u, 1, ().
Since A — KC is Hurwitz, there exists a S.P.D. matrix P such that P(A — KC) + (A — KC)TP = —I where
I is the identity matrix. To end the proof of the exponential convergence, it suffices to show the following:

d(e” Pe)

2 (0) < (o) (34)

for 6 sufficiently large and for some constant u > 0.
A simple calculation yields to:

d(e? Pe)

n (t) = —0||e||* + 2e" PA,; 166, (35)

As in the proof of Theorem 3.1, using the triangular structure of G(u,u,¢) w.r.t. ¢ and hypothesis H3)-(ii),
and taking 6 > 1, it follows that

185 6G1 < Blell (36)

where (3 is a constant which does not depend on #. Combining (35) and (36), we obtain:

L)1) < (-0 + 28)e]

Now, let us choose 6y > max{2ﬂ~, 1}, it follows that for 8 > 6y, we have:
el < Ae™ ! [l(0)]] (37)

where A; > 0, A2 > 0 are constants, and Ay = A2(f) — +o0 as § — +o0.

Proof of Corollary 8.1. Let u € U and consider the functions ®* defined in (26). Let . be a compact set
containing all {(®*(u(t), z(t)), ..., ®*(u(t), 2(t)))}, where z(t) is any trajectory of system (10), associated to
the input v and issued from K;. Let Z; be any C'-function which takes value 1 on €2, and vanishes outside a
bounded open set containing €. By construction of the system of coordinates (¢!, ...,¢9) (see above), ZF is a
function only of (¢!, ... ,(jk) and having a compact support.
=L.GYu, 1, Q)
Now set é(u, ,¢) = (the G*(u, 1, ¢)’s are given by (30)), then for every trajectory z(t)

=1.GY(u, 1, )
of system (10) associated to u and issued from Ky, ®(u(t)(t), 2(t)) is also a trajectory of the following system:

ST
{ o dc Gi(u, 0, ) (58)

Thus, it suffices to construct an exponential observer for system (38).
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Now since G has a triangular structure similar to that of G and since it is a global Lipschitz function w.r.t. ¢,
we can proceed in a similar way as above to show that the following system:

forms an exponential observer for system (38).

4. UNIFORM OBSERVABILITY STRUCTURE

Many observability concepts are stated in Section 2. In this section, we will characterize systems (1) which
can be steered by a change of coordinates into the form (10-12).

Consider nonlinear systems of the form (1). Notice that, in general, observability (resp. rank observability)
of system (1) does not imply observability (resp. rank observability) of the associated autonomous system:

CORR i (i (0

where u is a fixed constant control and f,(z) = f(u, ).

The uniform observability structure that we will define in particular possesses the property that if system (1)
is rank observable, then for every fixed u € U, (X,,) defined by (40) is also rank observable.

To do so, let u € U and consider the following codistributions:

o &} is spanned by {dh1,...,dh,} (notice that £;* does not depend on u since h; = h;(z));
o for k> 1, let £ | be the codistribution spanned by & and {dL’}u (h1),... ,dL’}u (hp)}.

Clearly, we have & C ... C &, C&EF C ...

Definition 4.1. System (1) is said to have a U-uniform observable structure (U-u.o.s) if and only if:

(i) Vu,u' e U; Vo € M, E(z) = 5}:/(3@);
(ii) for each i, the codistribution & is of constant dimension v} (dim £ (x) = v, Vo € M; Yu € U).

In a similar way, let (£;);>1 be the family of codistributions defined by:
o & =span{dhi,...,dhp};
e &1 =¢&; +span{deui oo Lyp, (hy)jur,.. o u €U j = 1,...,p}.

Remark 4.1.

a) From (i), we can deduce that for every u € U and every i > 1, & = &
b) From (ii), if system (1) is rank observable at some z and has a U-u.o.s., then it is rank observable at
each point of M.

According to Remark 4.1, we shall denote indifferently &' by &, v} by v, and we shall denote by ¢ the smallest
integer s.t. £, = Eqy1.

In what follows, we assume that U is such that every compact subset of U is also a compact subset of R™.
This property holds in particular if U is a closed or an open subset of R™. For the sake of simplicity, we will
also assume that h is a local submersion.

We now state the main result of this section:

Theorem 4.1. Assume that system (1) is rank observable at some point of M and has a U-u.o.s. Then, for
every compact subset U’ of U; system (1) is locally U’ -uniformly observable (see Def. 4.1).

Remark 4.2. Notice that if we omit the compactness hypothesis of U’, the theorem is no longer true.
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Indeed, consider the following example:

i1 = cos(1 + u?)w3
ig = sin(1 + u?)w3
3 =0

y = (21, 22)

(41)

with U = R and M = R®. Clearly, £ and £} are respectively spanned by {dxi,dzs} and {dz1,dxs,dxs}.
Thus (41) is rank observable and it has a R-u.o.s.

Now, taking any 20 = (29,29, 23) € R? and any neighborhood V.5, =]a¥ —¢, 20 +¢[x |29 —¢, 29 +¢[x]2]—e, 25+
¢[. Consider any constant control u such that ff; < € and taking two initial states x,x with x1 = Z1, 22 = Z2

12_5—32. Let «(-),Z(-) be the trajectories corresponding to u and respectively issued from z and Z.

Obviously, z1(t) = Z1(t) and x2(t) = Za(t) for every ¢t > 0. Thus, such « is not universal on any [0,7],7 > 0.
Hence system (41) restricted to V5 is not locally U’-uniformly observable for any unbounded interval of U’
of R.

and x3 — T3 =

The proof of Theorem 4.1 requires the following lemma:

Lemma 4.1. Assume that system (1) is rank observable at some point and has a U-u.o.s. Then:

i) for every x € M, there exist a neighbourhood V and a diffeomorphim:
®:V — W which transforms system (1) restricted to V into the following form:

= FY(u, 21, 2?)
3% = F%(u, 2%, 22, 23)

. (42)
29 = F(u,z)
y ==z
where
Sl
ZeRYM, 2= eW, uelU
24
Moreover, we have
p:’n1>n22. >77/q, (43)
i) VueU;Vze W; Vi, 1 <i<q—1, we have:
o i
rank W(u, Z) = Nj+1 (44)

where ni41 = dim &1 — dim &;.

Proof of Lemma 4.1. Since system (1) has a U-u.o0.s., we have: Vu € U,&' =& C & =& C ... C & =&,
and fori > g+ 1, & =& =&

Now, let u° be a fixed element of U; from the definition of the 5}0 ’s, we know that (dhi,...,dh,) forms
a basis of & = & (since h : M — RP is assumed to be an almost everywhere local submersion). For
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i=2,...,q, and after reordering adequately (h1,...,h;), a basis of & = 5}0 is given by
B; = (dhl,...,dhp,deuo (h1),...,dLy.. (hnz),...,dL’J}:ol(hl),...,dL’J}:j(hm,l)) :

Set n; = p and n; = dim&; — dim &;_1, and using the construction of the B;, we obtain 71 > ny > ... > n,.
Now, using the fact that system (1) is rank observable at some point, from Remark 4.1, it becomes rank

observable at any point of M and hence, the dimension of £, = 8}1‘0 is equal to n. Moreover, from Defini-
tion 4.1(ii), it follows that ® = (hl, ceshngy e L}lqsl(hl), ol dL;f‘fl(hnq)> becomes a local diffeomorphism

around each point of M. Now, a simple calculation shows that for every x € M; there exists a neighbourhood
V of x such that system (1) restricted to V' can be transformed by & into a system of the form (42). Indeed,
since £ty = £, Yu, we have Ly, (L}:Ol (hj)) depends only on hy,...,hy,, ..., L o (R1),... ,L’J}uo (M)

To end the proof of the lemma, it remains to prove (44).

Denote by &;, £ the codistributions associated to system (42) defined in a similar manner as the &;’s

and £*’s. Notice that & (resp. &) is the pull-back of & (resp. gl“) (Si = 9,8, (resp. & = (I>*§f)>. Since ® is

a diffeomorphism, the properties (i) and (ii) of Definition 4.1 are then preserved for the gﬁ’s. But g‘f is spanned

i1 ) oFi—1 )
by (dz%, codz) 85; dz', ..., —gi— dzl>, where
. . . dz}
i—1 i—1 i—1 1
aFj, = 8Fj. ,...,aFj, and dz' =
0z° 0%} 0zt g
‘ dzy,
Since g'f is of a constant dimension an, it follows that:
j=1
Fi—1
rank———(u,2) =n;, Y(u,2) € U x W where W = ®(V).

0z
We arrive now at the proof of Theorem 4.1.

Proof of Theorem 4.1. Let U’ be a compact subset of U. Let us show that for every x € M; there exists a
neighborhood V; of z such that the restriction of system (1) to V, is U’-uniformly observable. Using Lemma 4.1
and the fact that the observability is an intrinsic property (it does not depend on the system of coordinates),
it suffices to show that the restriction of system (42) to W = ®(V}) is U’ uniformly observable.

To do so, we need the following notations:

Set v; =ny + ... +n; the dimension of &;, and denote by 7; (resp. m;) the canonical projection from R¥: to
R™ defined by (z1,...,2%) — 2% (resp. from R¥+1 to R¥ : (z1,... 21T — (21,...,2%)).

Set W; = m;(W), W, = (W), 2 = (2%, ..., 2%) and denote by F, ,: the map from W, into R™ defined by
F,.i(z"tY) = F'(u, 2", '), where the F"’s are defined in (42).

To prove Theorem 4.1, it suffices to show that there exists a neighbourhood W = ®(V,) of ®(x) (may be
small) such that for 1 <i < q— 1; for every u € U’ and for every 2* € W,, Fézl is one to one. Indeed, assume

that the F’ ’s are one to one and let us show that system (42) restricted to W is U’-uniformly observable.

Let u°(-) € L*([0,T],U’) be any admissible input, we will show that «°(-) is an universal input on [0, T7].

Otherwise said, let 2, Z be two initial states such that the corresponding output z!(¢), z!(t) are identically equal

on [0,T] and let us show that z = Zz.
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Since z1(t) = z(t), Vt € [0,T], differentiating this equality, we get:

FHu®(t),2'(t),2°(t) = F'(u’(t),2' (1), 2%(1))

thus,

Froryo1(0)(Z2 (1) = Fo(y sy (22 (1))

hence,
22(t) = Z%(t) (since Fi,zl is one to one).
Differentiating this equality and proceeding in a similar way, we get 23(t) = z3(¢). Repeating this procedure
and using the same arguments for i = 3,..., we get z = Z.
Now, let us show the injectivity of the F! ;’s. Assume that for every neighbourhood W' of ®(x), there exist

i,1 <i<g—1;u € U'and z* € W, such that the restriction of F’ ; is not injective. Thus, one can find sequences
(Ek)kzo (ex > 0,limp oo €k = 0), (uk)kz0, ux € U’ and (ZEk)k>o € B(®(x),er) = {2/ | 2= 2(x) [|< ex}

such that F"° Jio is not one to one for some fixed ig € {1,...,¢ — 1}. It means that, Vk; 32“’*1, zé‘;“ €
Uk 2, €l
T (B(®(2),ex)), 220+t # ziotL and such that F* o (zlotl) = Flo , (ziotl),
Uk Zep, Uk Zey,

Applying the Mean Value theorem, we get:

F’io . . .
[ oF (sit! + 0, (l+ zg;“))] (2ot = Zlotly —

azz—i-l €k+1
where ©;, is the n;,41 X nj,41 diagonal matrix diag(61, ..., 0, ,) for some 0; € [0,1], 1 < j < njj 41
yio+1 _ io+1
Since zlot1 £ zio+l get (ot = =k Ch we obtain:
H Zto+1 _ 2204*1 H’
k

8Fi0 i0+1 i0+1 —to+1 i0+1 10+1
e (At et — i) | Gt =0 and | ¢t ||= 1.

azerl 5k+1 5k+1 Ek+1

Since (ug)r>1, ((27!)x>1 are bounded sequences, then one can extract subsequences (ug, )i>1, (C;z;rl)lzl such
that lim wug, = v and lim C“’H ¢t with w € U’ and ||+ = 1.

k;—4o00 ki—+o0 .
Now, using the continuity of the map: (u,z',...,z"0*"") — gZFT-fl (u,2',...,2"") and the fact that
limy— 400 ( f:?fl + Oiy (22 ZOH Z;‘;f)) = z%*+ and limy,_ 4 oo gi‘;l = 2% we obtain:
oFio o , |
W (U,Zl,...,210+1) <10+1 =0 with HCZO+1|| =1. (45)

But, from Lemma 4.1, the n;, X n;,4+1 matrix 6F,+1 (u, 2) is of rank n;,41 and ny, > n4g41, thus ker 2225 2 (u, 2) =
{0}. This is in contradlctlon with (45). O

Conclusion. In this paper, a canonical form for uniformly observable multi-output system is first presented.
Then, two observers have been synthesized on the basis of this form. The first has a constant gain whereas the
second assumes a gain which depends on the inputs. Finally, we have discussed the characterization of the class
of nonlinear systems that can be steered by a change of coordinates to the considered canonical form.
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