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Abstract. In this paper, we deal with the genericity of the observability property and the
existence of asymptotic observers for nonlinear systems. In the case where the number of outputs
is larger than the number of inputs and the state space is compact, we prove that observability
in a very strong sense (more or less, observability for each sufficiently differentiable input) is
generic. This is obtained by using standard (but not easy) transversality arguments. For the
inputs that are bounded with their derivatives up to some order, we prove the generic existence
of an asymptotic observer with arbitrary exponential decay of the error.

I. Introduction, statement of the results. We deal with general controlled
and observed smooth nonlinear systems:

(X) = f(z,u), y=h(z,u).

For the sake of clarity, the precise assumptions that we make on these systems
are set and discussed in the next section II.1.

For these systems, our goal is the synthesis of nonlinear observers. A nonlinear
observer for (X) is another control system (Ox) controlled by both the input
u(t) and the output y(t) of (X). This system (Oyx) is expected to “estimate”
asymptotically the state of (X). In this paper, we will in fact assume that (Ox)
is controlled by the output y(t) and the input u(t) of (X') together with some of
the derivatives (/) (t) of the input. (This last fact seems unavoidable.) Roughly
speaking, we require that there is a smooth embedding e (depending on the inputs)
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from the state space X of (X) to the state space X of (Ox) such that the distance)
d(e(x(t)),z(t)) tends to zero when t goes to infinity. (Z is the state of (Ox).)
If d(e(x(t)),z(t)) tends exponentially to zero, the observer (Oyx) is said to be
“exponential”. Precise definitions and statements of results are given in section IV.
There are several ways to deal with the synthesis of nonlinear observers. In
the linear case, the problem is solved by the standard Luenberger observer [LU]J.
In the nonlinear case, a major difficulty, that does not appear in the linear case,
is the existence of “bad” inputs that make the system (X') unobservable (inputs
that are “non-universal” in the sense of [S], i.e. such that couples of different
“indistinguishable” initial states exist, i.e. these initial conditions, together with
the considered bad input, produce the same output function y(t) for (X)).

For general nonlinear systems, the problem of synthesis of observers is far from
solved. In our opinion, this is due mainly to the presence of these “bad inputs”.
Our results in this paper also strengthen this point of view, as the reader will see.

The most general method that we know, to deal with the construction of
nonlinear observers, is the “high-gain observer method”. (It is, at least, more
general than the output injection method developed in [KI], [KR], [HG1], [HG2],
which applies to a very special class of systems only.) This “high-gain observer”
method has been initiated in [GHO], [GHK], [GK] and we will use it in this
paper. Let us first briefly comment these previous papers: they deal with the
single-output case. It could appear as unnatural that the single-output case plays
a particular role in the theory. This is completely clarified in this paper. In [GHO],
[GK], we dealt with single-output controlled systems, and we showed that the
observability property is nongeneric (the strong observability property which is
required as soon as one wants to construct observers, i.e. observability for all
inputs). When this property holds, it has been shown that systems can be put
under a very special canonical form. In the case of systems having this property (of
strong observability), we were able to construct nonlinear exponential observers
with arbitrary exponential decay of the estimation error.In our other paper [GHK],
we study the uncontrolled single output case. We show that the set of systems such
that the state can be reconstructed on the basis of the knowledge of the output
plus its 2d first derivatives is generic (d = dimension of the state space). It results
in the fact that the high gain construction applies generically, and hence that
exponential observers generically exist. Similar results, about the observability
property, have been obtained in [T], [A], [TC].

The purpose of this paper is to generalize the previous result to controlled
systems for which the number of outputs is strictly larger than the number of
inputs. For these systems, we will show the following results:

1. The set of systems such that the state can be reconstructed on the basis
of the outputs and their k first derivatives (k large enough), for inputs that are
also k-times differentiable, contains a residual set. If a bound is given a-priori for
the inputs and their first derivatives, this set is open, dense. (The state space is
assumed to be compact.)



GENERICITY OF OBSERVABILITY 229

2. A bound on the k first derivatives of the inputs being given, the set of
systems that have an observer working for every such input is open dense.

Our paper is organized as follows: in section II, we give and discuss our no-
tations, assumptions. We state precisely our observability results and we restrict
to an open dense class of systems eliminating too degenerate situations. In sec-
tion III, we prove our observability results. In section IV, we sketch the proof of
our results on the genericity of the existence of observers.

To conclude, let us say that, at the moment when we correct the paper, we
are able to prove a number of additional results. In particular, all of our results
hold for the class of systems such that h, the output function, is a function of
x only (with slightly different proofs). Also, let us thank the anonymous referee,
whose remarks and suggestions were totally adequate.

II. Assumptions, notations, preliminaries
I1.1. Notations, assumptions

a. Systems and topology under consideration. All along the paper, we will deal

with nonlinear systems of the form:
dx
dt
where z € X, an analytic compact d,-dimensional connected manifold, h : X X
U — R%, ug € U = I%, where I is some compact interval of R. f and h are
assumed to be jointly C" in x and ug, for r fixed sufficiently large.

The topology that we consider for our systems (X) is the topology of C”
uniform convergence on X x I%:. But for technical reasons, we will need a compact
manifold as the set of values of the inputs. By Whitney’s extension theorem, for
r < oo, there is a linear continuous map M : C"(X x [%) — CO"(X x R%)
(equipped with the compact-open topology). We consider two compact sets K
and Ky, X x I% C int(K;) C int(K3), and a C° function g which is 1 on K;
and 0 outside Ks, and the map M* : C"(X x %) — C"(X x Rd), M*(s) =
g(z,up)M(s). M* is also linear continuous. Hence, we see that we can embed %
in a d,-dimensional torus T and that there is a continuous linear map, called
again M*, M* : C"(X x I%) — C"(X x T). This shows that, if we prove our
openness and density results in C"(X x T), they will also be true in O™ (X x [%).
If they are true for each (sufficiently large) r, they are also true in C*(X x I%).

We shall denote the class of these systems, endowed with this C” topology, by
(S™). We denote by H" the set of C" maps h(z,ug) : X x T — R% and by F"
the set of C" parametrized vector fields f(x,up) on X x T. (S"), H" and F" are
Banach spaces.

A few comments about our systems are in order:

(2) :f($7u0)7 y:h($7u0)7

(i) We need the assumption of analyticity for X only for technical reasons. If
X is only C'*°, since the compact C*° manifold X x T has a compatible analytic
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structure, our results of genericity of differential observability and existence of
observers still hold.

(ii) The compactness assumption for X can also certainly be avoided. We
would certainly get the same results in the Whitney topology. However, for the
purpose of construction of observers, compactness is required.

b. Statement of the results. A system X = (f, h) and a C*~!input u : [0, T},] —
T being given, we set w(t) = (u(t), v (t),...,uD(t),...,u* () (we will write
w instead of w(0)), and we denote by Ry f(x(t), w(t),h), the vector formed by
the outputs and their & — 1 first derivatives at time ¢, Ry f(x(t),w(t),h) =
(y(t),y'(t),...,y*1(t)). Hence, an initial condition = being given, the map
Ry p(w,h) : X — RFv Ry ¢(w,h)(x) = Ry ¢(x,w,h) = R ¢(z,w(0),h), is well
defined.

A real number B > 0 being given, we denote by C*~1(B) the set of C*~!
inputs u(t), defined on some time interval [0,7),], the k — 1 first derivatives of
which are bounded by B : Hu(j)(t)H <B,1<j<k—1,0<t<T,.

Our results are the following, assuming that d,, > d,,:

THEOREM IL.1. The set of systems such that Ry, ¢(w, h) is an immersion of X

into R*v | for all u(-) k — 1 times differentiable, contains an open, dense subset
of (S7), for r and k sufficiently large.

THEOREM I1.2. The set of systems such that Ry s(w, h) is an embedding, for
all u(-) k — 1 times differentiable, contains a residual subset of (S™), for r and k
sufficiently large.

A bound B > 0 on the derivatives of the inputs being given, we have:

THEOREM IL.3. The set of systems such that Ry s(w,h) is an embedding for
all u(-) € C*=1(B) is open, dense in (S"), for r and k sufficiently large.

That is, in particular, the set of systems that are observable for all C*~! inputs
is residual. If a bound on the derivatives of the inputs is given a-priori, this set
is open, dense.

What we mean by an “observer”, or an “exponential observer”, for a system,
relative to a bound B on the derivatives of the inputs, will be precisely stated in
section IV. It is a classical notion from control theory, that can be defined in sev-
eral ways. More or less, it is another system, whose inputs are the inputs and the
outputs of the given system, and the state is expected to estimate asymptotically
the state of this system. Our main results on the existence of observers will be
the following, as consequences of theorems II.1-3:

THEOREM I1.4. The set of systems that have a C* observer, relative to the
bound B > 0, contains an open dense set.

THEOREM IL1.5. The set of systems that have, relative to every bound B > 0,
a C* observer (depending on this bound), contains a residual set.

Let us again make a few comments on these results:
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(i) It can be seen very easily from our paper [GK] that in the case where the
number of inputs is equal to the number of outputs, these theorems are all false.

(ii) The set of systems such that the statement of Theorem II.1. is true is not
open. This again can be derived from our paper [GK].

c. Notations. (X)) being given, we define the kth dynamical extension (X*) of
(X) and the kth dynamical extension f* of f as follows. f* is the vector field on
X x T x R*k=Ddu giyen by

dy 9 k—2 d o
f (:Ea Ug,y - - - 7uk—1) — ; fz(xa UO)aZL‘l + ;;uz—kl,] aui,j,

and
Ik = (f* (2, u0, .. up_1) + " ug, h(x, up)),

where bFuy, = Z?L bruy i, bY = 0/0uy_1,; and uy = (ux,;) € R is the control
variable of (X%).

We will be led to consider several maps attached to f* or (X*). Denoting by
L the Lie-derivative operator, we define:

Rj ;X x T x RETDdw s 7 — RFy 5 7 x R D
(z,w, h) = (2,0, .., uk—1,h) = (h(z,u0), Lyrh(z,w),..., (L) th(z,w),w),
Rig: X xT x REDde 5 g Rkdy,
(l’,w,h) - (h(l"UO)?Lfkh(l'aw)’ ERR) (Lfk)k_lh(maw))

Notice that Ry ;(x,w,h) = (Ry,¢(z,w, h),w).
For h fixed in H", we define:

R;;,f(h) c X x T x RE—Ddu _y Rhdy o R(k—l)du,
Ry (h)(,w) = R,y (a,w,h),
and
Rk,f(h) X x T x RE=Ddu _, dey7 Rk,f(h)($,w) = Rk,f($,w,h).

(Of course, these definitions agree with those given in the previous section.)
AX denoting the diagonal in X x X, we define also:

Trp: X x X\ AX x T x RE"D 5 g7 — RRy 5 RRw 5 7' x R
Ty s (z1,m2,w, h) = (R s (w1, w, h), Ry g (22, w, h),w),
Thp: X x X\ AX x T x RE=Ddu s g, Rkdy » RFdy
Ty f(z1, 22, w, h) = (Ry, f(x1,w, h), Ri ¢ (z2,w, h)),
T s (M) (21, 22, w) = Ty, p(21, 22, W, ),
T, 5 (h)(x1, 2, w) = Ty (21,22, W, h).

T* X ®* will denote the fiber product of s copies of the cotangent bundle T* X
of X, and IT : T*X®% — X. Then T*X®* = {(p1,...,ps) | Ip1 = ... = IIps}.
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The following maps V)’ ¢, Vi ¢, Vi7 1 (h), Vi, ¢(h) will be also of interest:

Vi X x T x RE“Dde 5 g 7o X ®(kd) o p ¢ Ri=Ddu
(@, w, h) = (x,u0, ..., ur—1,h) = (du Ry ; (2,0, h), w),

where d, denotes the differential with respect to the x-variables only of the com-
ponents of the map Ry, s:

do Ry, (z,w,h) = (dgh(z,u0), de L peh(z,0), ..., du(L )" hiz, w)),
doh(z,u0) = (dzhi(z,u0), ..., deha, (z,u0)),
Vig: X x T x RE=Ddu 5 gr —, 7 x8kdy)
(x,w,h) = (z,u0,...,Up—1,h) = dy Ry s(x,w, h),
Vi p(h) 1 X x T x RE=Ddw e x@kdy) o plhdu)

(z,w) = (z,u0, ..., up—1) = Vi p(x,w, h),
Vi p(h) : X x T x RE=Ddu _, = x@(kdy)
(x,w) = (z,u0,...,ur-1) = Vi f(x,w, h).

In the rest of the paper, we will be interested in the following facts:

(F) Ry (h) is an embedding from X x T x R*=Ddw into RFdy x T x RE=Ddu,

Since X and I are compact, despite the non-compactness of R*~1du by the
special form of R} ,, this is equivalent to:

(F1) Ry ;(h) is one-to-one; and
(F2) Ry ;(h) is an immersion.

The fact (F1) is equivalent to the fact that the map T ¢(h) : X x X \ AX x
T x RF—Ddu _, Rkdy » Rkdy ayoids the diagonal in RF% x RFdv,

E being a d-dimensional vector-space, d < oo, we denote (for k& > d) by
V (k, E) the set of k-tuples (v1, ..., vx) € E¥ such that all the d-tuples (vi1, .. ., viq)
extracted from (vy,...,vx) are linearly dependent. V (k, F) is an algebraic subva-
riety of E* of codimension k — d + 1.

The union |J, .y V(kdy,T;X) is a subfiberspace of T*X®(kdy)  denoted by
V(kd,,T*X). V(kd,, T*X) is (as V(kd,,T;X)) a finite union of manifolds of
codimension (kd,) — d, + 1.

The fact (F2) is equivalent to the fact that the map Vj s(h) avoids
V(kd,, T*X): Ry ;(h) is immersive at (x,w) iff Ry y(h) has maximal rank d,
with respect to z only at (x,w).

Several proofs of the “preliminary results” stated in the following sections 11.2,
I1.3 are not obvious. They use basic transversality theorems from [AR], plus several
easy but nonstandard facts about linear systems. Due to a lack of place, we leave
all these proofs to the reader.
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Also, in the sequel, by “Abraham’s transversality theorems’, we mean: Theo-
rem 18.1, p. 46 (openness of nonintersection), Theorem 18.2, p. 47 (openness of
transversal intersection) and Theorem 19.1, p. 48 (transversal density), of [AR].

I1.2. Privileged vector fields. X, I are given as above (I1.1). For every compact
subset K of X x X \ AX, we claim that there is an open dense subset F*" of F"
whose elements f(z,ug) satisfy 1. and 2. below and an open dense subset FO™¥
whose elements satisfy moreover 3. below:

1. The set Ey of zeros of f(z,up) on X x T is a compact submanifold of X x T
of dimension d,,.

2. The set Ef . of points (zo,uo) of E; such that the linearized vector field
Tx fuo (o) = Tx f(x0,up) has cyclic index > c¢ is a closed finite union of subman-
ifolds of X x T of dimension < d,, — (¢ + 1)? + 1 at most (negative dimension
means the empty set).

3. The set Fy of zeros of (f(z1,uo), f(z2,up)) on Wi x T (Wk some open
neighbourhood of K in (X x X \ AX)) is a d,~-dimensional manifold.

11.3. Privileged functions. We keep the notations of the previous section. We
choose an element f of Fy, which is analytic on X x T (such elements are dense
in FO" which is itself open-dense in F" by II1.2).

There is an open dense subset H*" of H” whose elements h(z,ug) satisfy:

(i) the differential dxh(x,up) is cocyclic for the linearized T'x f(x,uq), for
each (z,up) in Ef. Equivalently, the linearization of the system (X) = (f,h) at
(z,up) is observable.

Also, there exists an open dense subset H%"¥ of H" satisfying moreover:

(ii) (z1,22) € Wk, (z1,u0) and (z2,u9) € Ey, then h(xi,up) # h(z2,up),
where Wi is some open neighbourhood of K.

I1.4. Privileged systems

1. There is an open dense subset (S%") of (S”) whose elements (f, h) satisfy
1, 2 of I1.2 and h satisfies (i) of I1.3.

2. There is an open dense subset (S%7%) of (S™) satisfying moreover 3 of I1.2
and (ii) of (IL.3).

III. Proof of the observability theorems

II1.1. Openness and density of injectivity away from the diagonal. In this
section, we will in fact prove more than necessary for the theorems stated herein
(Theorems I1.2-3). However, what we prove (openness and density of injectivity
after restriction to every compact subset K of X x X\ AX) is a step to the result
that we are not able to prove up to now: the set of systems such that Ry f(h) is
an embedding, contains an open-dense set (we are able to get the density only).
The compact set K and the open set Wy, above and below, serve to prove this
point.
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We fix f in FOK of section I1.2. We first prove that the set H™/* of I such
that Ty ¢(h) avoids the diagonal restricted to K x T' x R*~Ddu is dense (Fact
D). More precisely, we will first prove that Ty s : K x T x Rk=Ddu s gor _,
RFdy x RFdv is transverse to Ay, the diagonal of RF% x R*dv.  The result will
follow for k large enough by considering dimensions, by the tranversal density
theorem. With the same reasoning, the map

T : K x T x RE—Ddu o 01 _, phdy o pkdy
Ti(z1, 22, u, X) = T,y (h) (21, 72, u)
is transverse to Ay (Fact D).

The set H%"X has been defined in I1.3 and is a Banach manifold, as an open

set in a Banach space.

We consider (21, ug, ..., ux—1) = (z',u) and (2% ug, ..., up_1) = (2%, u).

Case 1: f(z%,up) = 0, for both i = 1,2. In this case, since h € H"K by
I1.3 (i), h(x', up) # h(x?,up). Hence, T} ¢(h) avoids Ay, at the point (z', 2%, u, h).
Hence:

Tk,f m(xl,x2,u,lz) Ap.

Case 2 f(x',ug) # 0 for one 4, say i = 1. We can find around (z!,u) a

coordinate neighbourhood U, such that f* reads on U;:
k—2 d,
8561 -I-Z::ulj Z@Zj :B UQ ~ +ZZ;JZ;UZ+1]8

Moreover, the u-coordinates are not changed and the change in the z-coordi-
nate depends only on z and ug.
Ry ¢, in these coordinates, reads

Oh Oh
Ris(h)=(h — + L3h — U, ..
) = (Mo, g+ Ly + 5, )
where L means the Lie derivative of @ in the direction of = only.

Case 2.1: wu; =0. We will choose h as a function of x only in a neighbour-
hood of (z,up). In this case

oh 9%h O"h
i g0 = (), 1 5+ Diha, . G+ (b))
1

where ¥, is a differential operator in = of degree smaller than n. (See lemma 1,
appendix.)

h is then chosen of the form h = a(z, uo)(> hixi /i) where a(z, ug) is a bump
function in a neighbourhood of (z,up) in X x 7.

Given any ¥ = (¥,...,¥,_1) in R*¥ we see that we can solve inductively
the equation Ry s(h) = ¥ with respect to the h; (this is possible since ¥, (h) is a
differential operator in h of degree less than n). Ry s is linear with respect to h,
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hence it is equal to its tangent map Ty, Ry r. This shows that Ry, ¢ is submersive
at the point (z!,u,h).

Case 2.2: wuj # 0. In this case, we choose h as a function of ug only (up to
a bump function). Then

oh oh 0%h
Rka(h) = ThORka(h) = (h(uo), %(ul), TUO(UQ) + W(ul,ul), .. )
0

The equation Ry s(h) = ¥ can also be solved inductively for any ¥. Ry s is
submersive at the point (z1,u,h).

It is clear that Ry s being submersive at (2!, u, h) implies that
Tre,f M(at 02 u,h) Ak
Now, applying again Abraham’s transversality theorems to
Th.p: Wi x T x R*E=Ddu 5 gOnK _, phdy o RRdy

we see that the set of h such that Ty y(h) M1 424 Ak, for all (x!,2%,u) €
(X x X\ AX)NK) x R* (where W has been defined in I1.2), is residual, hence
dense. But, dim(X x X \ AX) x T x R¥=Ydu = 24, + (kd,), codim Ay = kd,,.
Hence, for k sufficiently large (k > 2d,), transversality means nonintersection.
Hence, the fact D is proved, as a consequence of (D).

Let Wk be as in 11.2—4, and let TWg be the tangent bundle to Wg. Then
TWyg x T is a vector bundle over W x T. Also consider the vector bundle
Wx x T x R?¥% (over Wi x T) and B, the fiber product of these two vector
bundles:

B=(TWkg xT)® Wk x T x R*W).

Sections of B are maps:

(w1, 22, u0) — (fi(z1,u0), fo(T2,u0), h1(21,u0), ho(Z2,u0)).

Consider IT : B — Wy x T.

Let IT* : J*(IT) — Wx x T be the analytic vector bundle of k-jets of C” sec-
tions of B. Consider (S") x Wk x T and the evaluation map ev : (S") x W xT —
Jk(n)7 eV(Za L1, X2, UU) = (]kf(xla u0)7jkf(x2> UQ),jkh(ZL‘l, UO),jkh(l‘g, Uo)) with
X = (f,h),j*2 = (j*f,5%n) is the k-jet extension of X.

The restriction ev® of ev to (S%"%) x Wx x T has open dense image J°*(IT)
in JK(IT) since ev is a surjective submersion and (S%"¥) is open dense in (S")
by I1.4.

(D% says that Tj, : (SOTK) x Wy x T x R*F=Ddv — R2kdy T} (3 21, 29, u) =
Ty, f(h)(x1, 22, u) is transverse to Ay. Clearly, T}, depends only on the k-jet Gk X,
hence T}, factors as

Tk (X, 21, 22, up, U1, . . .y up—1) = T (ev® (X, x1, T2, up), U1, -« ., Up—1),
ch: . Jo,k(ﬂ) % R(k}—l)du N R2kdy.
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Since T), Ay, and ev® is a submersion onto J°*(IT), T2 h Ag. Hence, W =
(Tg)~(Ay) is an analytic submanifold of Jo*(IT) x R*~Vdu of codimension
kd,.

Otherwise, W} is an analytic, partially algebraic (with respect to ui, ..., us)
subset of Jo*(IT) x R =1 hence its projection on J°*(IT) is a semialgebraic
subset of J*(IT) denoted by W2*. The codimension of W2* is k(d, — dy,) + dy.
CI(W?2*), the closure of W* is now a semialgebraic subset of J°*(II) of the same
codimension k(d, —d,)+d,. It follows from the transversality theorems that the
set of X € SO™K guch that ev®(X, z1,x2,ug) avoids CL(W2*) is open dense for
(x1,22) € K since K is compact and 2d, + d,, < k(dy — dy,) + dy, k > 2d,. This
set of X is, by definition of W2*, such that T}, ;(h) avoids Ay when restricted to
K xT x Rk-Ddu g

Remark. Taking a countable union of sets K; such that K; C Kij1,J;c; K
= X x X \ AX, shows that the set of X' such that Ty, s(h) avoids the dzagonal s
residual.

IT1.2. Openness and density of immersivity (Observability theorem II.1).
Again, we fix an f in F*" (see section II).

We want to prove, by IL.1.b, that Vj ¢(h) avoids V(kd,,T*X). We have
dim(X x T x R*k=Dd) = d, + kd,, codim(V (kd,,T*X)) = kd, — d, + 1
by IL.1. Hence, for k(d, — d,) > 2d,, transversality means nonintersection. We
consider any point (x,ug,...,uj_;) =(x,u*). Again, Vi ; being linear in h, it
is sufficient to prove surjectivity of Vi ; at the point (z,u§), in order to ob-
tain density, with the transversality theorems. We will be able to prove this on
(X x T x R*=Ddu)\ (E; x R(*~Y4w). On Ef, we will proceed differently.

(1) First case, f(x,ul) # 0. We choose a coordinate system around (z, u) in
which f* reads again (see III.l)

k—2 dy

(I11.2.10) &”Ul + Zum pr i (@, u0) 5— —|— ZZUH_L]a
j=1

=0 j=1

The change of coordinates in X x T x R*~Ddu Jeaves the u coordinates unchanged
and the change of coordinates in z depends only on z and wug.
If uj is different from zero, let us assume that (u})! is nonzero and proceed
as follows:
o"h o"h
(&m)n + (auo)" (ul, PN ,ul)

where ¥, is a polynomial differential operator of degree n in L}, 0/0x1, and of
degree n — 1 in 0/0uy (this is obtained with an obvious induction).
In that case, we choose a bump function a(m, ug), and

h(z,up) { )+ Z hi( - ugl)i/i!} a(z,ug)

(ITL.2.f1) (Lpe)"h = + T (2, w)(R),



GENERICITY OF OBSERVABILITY 237

with

N

—1 dm l+1

i k—1
1
g ijb”+§ |11

Jj=2

I
<)

7

We can choose h,, such that

dw((aa;];l(ul, )+ &Pn(x,u)(h)) =0

at the point (x,ug) under consideration: this is possible since this equation can
be rewritten as

(" s + Ttz =0,

and ¥, (z,u)(h) does not depend on the derivatives 9°h/(0u})?, i > n by 1L.2.f1.
Hence,

J"h
xm = (bn,l, ey bn,dI)-

These quantities can be chosen arbitrarily, Vi ¢ is submersive.

If u7 = 0, in the above expression II1.2.f1, one can see that, because of the term
Z?;l uy,j Zjil ®; j(x,u0)0/0x; in 111.2.f0, 0"h/(0x1)™ can appear, but multi-
plied by components of u}, that are zero. Hence, the equation d,(0"h/(0x1)™ +
U, (z,u)(h)) = b, can be solved inductively for arbitrary b,.

Setting h(z) = [ho(z2,...,zn) + ... + (¥ /n)hy (22, ..., zn) + .. Ja(z,u0),
a(z,up) a bump function, we get

J"h
(83:1)”

de(Lge)"W(z,u") =d

= (hn(z2,...,2n) + T1hpt1(x2, ..., 2n) +...)  mnear (z,ug),

o"h
x = hn d
(Oz1)™ | ,_g +1(0)da + Z ‘9371

The h; can be taken affine.

Vi is submersive on (X x T'x RE=Ddu)\ (E; x R=Ddu) The set of h such
that Vi, ;(h) avoids V' (kd,, T* X) restricted to (X x T x R*=1du)\ (E; x R(k=1du)
is residual.

Consider

d

Vit 8% x X x T x R 1w — p* x ®kdy
Vi(X, z,ug, w1, .. ug) = Vi g (h)(z,u0, ur, . . ., ug).
With the same proof, we have that Vj, is transverse to V' (kd,,T*X) for points
(x,up) such that f(z,up) # 0 (fact Iy).

(2) Second case, f(x,u;) =0 and rest of the proof. In the sequel, we work as
follows: g is the first integer such that u} # 0. We assume that (u})' # 0. We fix
a coordinate system around x.
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We consider the vector bundle IIgy; : BY — X x T which is the fiber product
over X x T of TX x T, TX (the tangent bundle of X) and X x T x R%. We
have BY = (TX x T) ® (X x T x R%). Sections of BY are maps (z,ug) —
(f(w,ug), h(z,up)). Let Ik : J*(IIgsx) — X x T be the analytic vector bundle
of k-jets of C" sections of BX. Consider the evaluation map ev : (S") x X xT —
JF(Mpx), ev(X,x,u0) = (55f(z,u0), j*h(x,up)) with X = (f,h) and j*¥ =
(5% f,%h) is again the k-jet of X. Again, the restriction ev® of ev to ((S%")x XxT)
has open dense image J°*(IIpx) C J*(IIgx) since ev is a surjective submersion
and (S%7) is open dense in (S”) by IL.4.

Let J¢¥(Ilps) be the analytic subset of J°®(IIpx) formed by elements
(%X (x,up)) such that f(z,ug) = 0. By our appendix, lemmas 2, 3, we know
that:

(i) Vi depends only on the k-jet of X;
(ii) The nth component of V}, is, when f(z,up) = 0, of the form

a2 )
] (Ougt)st ... (Qug)sr ¢ ¢
dh :
+ 5z,nd$ i1.0 i dm((Lﬁ)n_qg_l_Zf) + Zna
DZO (Qug*)avi ... (Qug " )ari

where 0;,, Z, are smooth expressions with respect to (z,up), algebraic with

respect to (uq,...,ux—1), depending only on the nth jets of f and on the nth jets

with respect to z of d'h/duly, 0 <t < q, with ¢ = [n/g], integer part of n/p.
Hence, Vj, factors as

Vie(X, x,up, uq,y ..o yup—1) = Vi (ev® (X, x,u0), gy ..o, Uk—1),
Vi s JF(IT ) x RN — T X Ekdy,

Set W (kd,, T*X) = (V) Y (V(kd,, T*X)) C J*(IIps) x R¥~Ndu Fact I
above says that at a point (X, x,ug,u1,...,ux—1) such that f(z,ug) # 0, Vi is
transverse to V' (kd,, T* X). At such a point (ev® (X, z,up), u1, ..., up—1), V;> must
be transverse to V' (kd,,, T*X). This subset of J°#(I1p5)xR*~14u is nothing but
the open set C(J&F (ITps) x R*~Y4w) the complement of J3F (ITpx)x R*~1du in
JoF (I ps)xR*—Vdu . Therefore W (kd,, T*X) = W (kd,,, T*X)NC(JF (ITp5) %
R(k=1du) i5 a semi-analytic, partially algebraic (with respect to wuy, ..., ux_1)
subset of J°*(ITps) x R*~Vdu_ Since by IL.1, V (kd,, T*X) has codimension
kd,—d,+1, W(kd,, T*X) has codimension kd, —d,+1in Jo¥ (ITg5) x RF~1du,

W (kd,,T*X) is also an analytic, partially algebraic subset of J*(IIpx5) x
RF=Ddu and W(kd,, T*X) = WH(kd,,T*X) U W2(kd,,T*X) where
W2(kd,, T*X) = W (kd,, T*X) N (JgF(IIps) x R*~Ddu) We will compute the
codimension of W?2(kd,, T*X):

The codimension of the analytic subset Jo¥(IIgx) of J°*(Ilpyx) is d,. The
codimension of W2 in J3¥(IIgx5) x R¥=Ddu is given by lemma 4 of our appendix:
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For a fixed g, corresponding to the point z = (ev® (X, x, up), u1, ..., up_1) we
set A =Tx f(z,up), V§ = dyh(z,up) (" means transpose). By I1.3(i), V; is cyclic
for A. Hence, the fact that z € W2 means that (Vj, A) meets the assumptions of
appendix, lemma 4.

It follows that the codimension of this set Wg2 in JF(Ips) x RF—Ddu ig
larger than (dyo[k/o]) — dy + 1, hence than kd, —d, +1— (rd,), with k = qo+r.

W?2(kd,, T*X) = Ug<dz WQQ, since for o > d, W; is empty.

Wg2 is defined by (uq,...,u,.—1) = 0 and the set of equations of lemma 4.
The codimension of W7 is therefore at least (r — 1)d, + kdy, — d, + 1 — (rd,),
since lemma 4 gives kd, — d, + 1 — (rd,) for the codimension in the jets of h for
(x,up, f) fixed.

We have codim(WZ (kd,, T* X)) > kdy—dy+1—(0—1)(dy—d,) in JpF(IIps) x
R(=1Ddu

Finally, codim(W?2(kd,, T*X)) > kdy, — d,(dy — dy) — dy + 1 in J°*(IIpx) x
R*F=1du and the same is true for codim(W (kd,, T*X)).

Let p(W) be the projection of W (kd,,T*X) on J°*(IIgs). By partial alge-
braicity, p(W) is semi-algebraic, of codimension kd, — d,(dy, — dy) —dy + 1 —
(k —1)dy = (k —dy)(dy — dy) + dyy — dy + 1. Cl(p(W)), the closure of p(W) is
still semi-algebraic, with the same codimension. For k large enough (for k£ > 3d,.),
since dy > d,,, dim(X x T') < codim(Cl(p(W))). Cl(p(W)) is a closed set, hence
the subset formed by X € S%" such that %X (z,uq) avoids Cl(p(W)) is open and
dense. This implies that the set of X' € S%" such that Vj(X) avoids V (kd,, T*X)
contains this open-dense set, or the set of X € S%7 such that Ry, Ri(X) = Ry ¢(h)
is an immersion for all (uq,...,u—1) contains an open-dense set. m

IT1.3. Proof of observability theorems I1.2, I1.3

1. Theorem II.2. The remark at the end of section III.1 plus the result of
section II1.2 show that the set of X' such that R} ,(h) is an injective immersion
contains a residual subset of (S”). As observed in II.1.b, this is sufficient to get
the result. m

2. Theorem II.3. The set of embeddings from XxT'x I](Bk_l)d“) is open: this

is proved for instance in [HIR] in the case of embeddings from compact manifolds
with boundaries. We leave the reader to check that it also works for maps from
compact “corner” manifolds such as X x T x I](Bk_l)d“.

Otherwise, the map

(S7) = C"(X x T x If ™% Rrw x RODh) - (0) = Ry 5 (h),

where E};’f(h) is the restriction of R ;(h) to X x T'x Ij(;_l)d“ is continuous (by
compactness).

Hence, the set of (X') in (S™) such that E};J(h) is an embedding is open. It is
dense by theorem I1.2. m
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IV. Construction of the observer

IV.1. Statement of the results. X, I and X = (f, h) being given on X x %,
a C* observer of X relative to the bound B on the derivatives of the control is a
triple Oy, = (R", Fy 4,u, T) Where:

(A) Fy 4. is a parametrized family of C” vector fields on X, depending
smoothly on y, u, v,

(B) 7: X x I x RF=1du — R x RFu is an embedding of the form (setting
now u = (ug, ..., Ug—1))

T(LU,U) = T(.’L‘,UO,Ul, e ,kal) = (¢($7u0)u17 e ,Uk,1)7UQ, Ug,y .- - ,kal),
for some mapping ¢ : X x I% x R—Ddu _, Rn

(C) the differential equation
(IV.0) (&,0) = fF(z,u) + 0 up, 2= Fra)uu(2)

(where f* and b* have been defined in (I1.1.b)) satisfies for any (zg, z9) € X x R",
any ug(t) k times differentiable with all the & first derivatives (uy(t), ..., ug—1(t),
ug(t)) bounded by B, for any time ¢ > 0,

tl}—‘,—moo ||¢(LU(U, Uk, t, I‘Q), U(t)) - Z(y7 u, ug, t, ZO) ” = 07
where z(u, ug, t, o) and Z(y,u, ug,t, zp) denote the solutions of (IV.0) at time ¢,
associated to the control (u,ux) and the initial conditions (zg, 2o).

Since X is compact, the projection set E; of Zy = Z(y, u, ug, t, z0) on ¢(X, u(t))
is well defined:

By = (" € 6(X,u(®) | 120~ 27| = ink 17, — 6(a, u(t))]}.

(¢u(t))_1(Et) estimates x(t) asymptotically in the sense that, for any metric § on
X (compatible with the topology of X):

im (e (2). (6u)) ™ (Be) = 0
(by compactness of X, I and boundedness of (uq,...,ur_1)).

Remark. The practical interest of an observer is that it allows asymptotic
estimation of the state x(t) of the system X on the basis of the knowledge of
the outputs and the inputs, without differentiating the outputs. Differentiating
inputs has physical meaning since usually, the inputs (with their derivatives) are
chosen by the user and therefore are perfectly known.

Our results are the following, setting Iz = {v € R% | ||v|| < B}:

THEOREM IV.1. If Ry (h) is an embedding for some bound B > 0 on the
deriwatives of the control,

R’,;f(h) S X x % % I(kal)du N

there does exist a C* observer for X (relative to B), with n = kd,,.
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L.e. since in section III we have shown that, for any bound B, the set of
X € (S") such that Rj ;(h) is an embedding (for k large enough) is open, dense,
this proves our main theorems I1.4-5.

Our proof, moreover, is constructive. It is a slight improvement of the “High-
gain” technique developed in our papers [GHO], [GHK], [GK]. Moreover, the
estimation rate can be made exponential arbitrary, i.e.:

For any 6 real positive, one can construct an observer such that

(IVl) ||¢(ZC(U, Uk, t, ZUO)’ U(t)) - Z(y7 U, Uk, T, ZO) H < ke_et'
Or, for any Riemann metric 6 on X,

(IV.2) &(2(t), (Du(ry) " (Er)) < kse™ "

IV.2. Proof oftheorem IV.2 and construction of the observer. We consider
Ry, p(h) : X xI%x RE=Ddu — RFdy which is assumed to be such that Ry, 7., (h) =
Ry s(h)(z,u) is an embedding for each u = (ug,...,ux_1) € I% x R*—Ddu

(possibly for u € I% x Iék_l)d“ only).

We consider the maps ¢* = (L« )*h’ and ¢/ = (Lyk;)(Lpr)*th, where h'

is any component of h, i =1,...,dy:
@' YT X x [T x RETDAw R,
© being one of these maps, consider
O : W = Ry ;(h)(X x I% x RFE=DM) c RFy 5 RFw — R,
O(z,u) =6Oo (Ry. ¢(h))(w,u)

(vecall that Ry ¢(h)(z,u) = (Ry,¢(h)(z,u),u)).

© is well defined since R, ;(h) is an embedding. Since W is closed, by the

Whitney extension theorem (see [AR], p. 120), © can be extended to a C™ map
defined on all of R*%v x RFdu,

Consider Wpg, the closed subset of W obtained when the derivatives uq, ...
..., up_1 of the control are restricted to be bounded by B. Then © can be made
globally Lipschitz on all of RF% x R*? just by multiplication by a C* function
which is equal to 1 on a neighbourhood of Wy and equal to zero at infinity,
without modifying its values on Wp.

Consider the following system on RF%v:

- : dy\y

PLE {Zl =zt (7 =(2,.5"), i<k=1 o . H(z,u,ug).
Rk = ¢(27 ’U,) + ¢(2’7 u)uk

% embeds into £* in the following sense: for any input u(t), k times differ-

entiable, such that |u(i)(t)| < B, the trajectories of X* and X* are mapped to
one another by (z(t),u(t)) — Ry, r(h)(z(t), u(t)). (Of course, (Lyx)(Lysr)'h =0
when | < k—1.)

We consider now the candidate “High-gain, Luenberger-type” observer:

fo=H(p,u,up) — Kx(Cp — y),
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where K € RFv x ... x RFdy (dy times), Ky = A\K, Ay = block-diag(\ Id%,
L AE Iddy), 1d% the identity d, xd, matrix, A to be chosen later, C' = (Iddy,O, .
,0), C: R*y x ... x R* (d, times) — R%.

One can prove that, provided that A is chosen large enough and that K is
chosen such that A — KC' is a stable matrix, where A is the d,-antishift matrix:

0 Id% ... 0

0 0 ... 0
A= 0 0 ... Id%

0 0 ... 0

(such a K exists by observability of the linear pair (C, A) and by the standard
linear theory) the relation IV.1 above holds for arbitrary real . This will end the
proof.

The proof of this last fact is nothing but a restatement in this case of the basic

proof of [GHO], [GHK], [GK].

Appendix. All the proofs in this appendix are computational. The proof of
lemma 4 is not that easy, but it is elementary. Everything is left to the reader.

LEMMA 1. If

k—2 dy
= 92, +Zu17] Z@ ij (T, u0) 5— +ZZU’+LJ@
7j=1 1=0 j=1
then
L) () = -2 b (hyus + W ()
k u )
f (8x1)" !

where @, is a differential operator in x of degree < r and ¥, s a differential
operator in x of degree < r.

LEMMA 2. Consider Ry, ¢(h) : X x T x RF=Ndu — RFy - Consider (x,ug) and
let o be the first integer > 0 such that u, # 0, (u1,...,up—1) = 0, possibly uy # 0.
For any integer n, one has (L) h(z,uo, ..., ux—1) = > My s, a sum of mono-
mials with positive integer coefficients, where, writing u{ for the jth component
of u;:

Myy= B2 (Vi Vi)l s
ne = o auim( e Vug, ug
o -0y
o OVrini o VL
C— (LE)Irit x\Jj1,
‘/;_(Lf) i i, (Lf) ! 1,4 1,0 f
a;’ Ko Qg Qv
Juy'  ...0uy ™ Juy' ... 0ug

with

AT
n_>\+ZZ]tz+Zﬁu 5:m+ZZVt7i'

=1 t=1 =1 t=1
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L%g denotes, in local coordinates, the Lie derivative of each component of the
vector field g with respect to f.

LEMMA 3. Under the assumptions and notations of lemma 2, assume that
(x,u0) € Ef. One has

oh 99 th
Ao (L k)" h = Zp (d27h, dir2 28 gera

0h ‘
+ 5i,ndz i1 - — dw((Lfc)n_qg_l_Zf)
DZO (Cf)u()l7 )ql’l R (8u0'”’ )Qr,i

dy,

p 9h
C(Qug ). (Oul)s

= (L) ) i) )

..... =1
withqi; +...+¢i=¢s1+...+s, =q, t1 +...+t, = q and with ¢ = [n/9],
the integer part of n/o; i < n, Z, = 0;n, = 0 if n < p. Here di™h denotes the
set of derivatives of h with respect to x, from order 0 to order ry.

This, in particular, shows that d,(Lsx)"h(x,ug,...,ur—1) depends only on
the sth jets with respect to z of 9'h/0uf, with t < ¢ = [n/g] and s(q) = 1,
s(t) =n for t <gq.

There are monomials corresponding to #; = ... = 85 = p, they correspond to
the higher order Lie derivative with respect to f:

(e ) ()
(Oug')sr ... (Qug)sr ¢ e
and other terms for §; > o:

07h
(Quf)sr ... (Duly)sr
The term (AL3) is also:

(AL3) d,

dy (L) ) (ug )™ (ug ), i > 0.

0%h
(Oug' )5 ... (Qug)sr
LEMMA 4. Let R(49%) be the set of d,-tuples of vectors of R%. We consider RY
for some fized N and also some fized algebraic expressions Z; j(Vo, ..., Vj_1, W),
V; € R(dzdy), W e RN, Z; € R(dzdy), tf](W) € R. Let h, s be also fixed integers
and A a fized dy x d, matriz; C denotes a nonzero projective linear form on R% .
Let W be the set of (C,Vy,...,Ve_1,W), V; € RU=4) W € RN such that:
(i) Vo is a dy-tuple of cyclic vectors for A,
(il) CAIVy =0,i=0,...,h—1;
C(Zl,j(‘/(]a s ij—l, W) + V;) =0,
C(Z2;(Vo, ..., Vict, W) + 8, V; + AV;) =0,...,

(AL3.1) dy (LF)" (i) . (uir ).
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C(Zhyj(‘/ov ccey ‘/}—17 W) + tfz—l,l‘/j + . —|— t‘;t—]_,h—QAh_2‘/j + Ah_lV]) — 07

j=1,...,s—1.

Let W be the projection in the direction of C' of W, i.e.

s

WE={(Vo,. ., Vaet, W) [3C £0, (C,Vp,..., Vi1, W) € WhY.

Then W is a semialgebraic subset of R(*%) x RN of codimension (dysh)—dy+1.
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