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Abstract: In most of the literature, the design of a high gain observer is based on normal forms. In the case where a nonlinear
system, which is characterized by a normal form, is observable independently on the input, it is shown here that the gain of
this observer does not require any differential equation. In this paper, we also investigate the problem of the high gain observer
of a class of nonlinear systems which are not observable independently on the input. It is shown that if the input satisfies some
observability condition, then an exponential observer, whose gain derived from a Lyapunov differential equation, can be designed.
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1 INTRODUCTION

The problem of state estimation is an important issue for
the control, the diagnosis and the process monitoring. Many
methods have been developed for designing an observer for
nonlinear systems. Among these methods, a rather natural
approach consists in characterizing nonlinear systems which
can be steered, by a change of coordinates, into state affine
systems up to output injection. Indeed, an extended Luen-
berger (or Kalman) observer can be designed for these class
of systems (see for instance [1, 2]). For stationary linear
systems, the observability does not depend on the inputs. An
extension of this result for a more general class of nonlinear
systems consists in giving normal forms which characterize
nonlinear systems that are observable independently on the
inputs. This problem has been initiated by [3] in the single
output case. This normal form has been used in [4] in order
to design a high gain observer in the control affine case. An
extension of this observer synthesis for non control affine is
stated in the single output case in [5] and in [6] in the multi-
output case. For several other subclasses of multiple input
multiple output (MIMO) uniformly observable systems, ob-
servers have been designed (see eg. [7-10]).

Based on the previous works mentioned above, recently,
in [11], the authors gave a sufficient condition permitting to
characterize nonlinear systems which can be immersed into
high dimension normal form. The proposed class of systems
may admit inputs which render them unobservable. In order
to design an observer for these systems, the authors assume
that the inputs must render the system sufficiently observable
in some sense. The gain of the proposed observer is then
derived from a Lyapunov differential equation.

In this paper, we will consider the same class of normal
form stated in [11].First, we will show that if an input sat-
isfies the hypothesis which is stated in [11], then a classi-
cal high gain observer can be designed: i.e., the gain of the
observer does not require any Lyapunov differential equa-
tion.Next, we will propose an observer design based on a
class of inputs which satisfy a weaker hypothesis than those
considered in [11].
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This paper is organized as follows: in the next section, we
give the problem statement and we discuss the observer syn-
thesis based on the observability hypothesis stated in [11].
In section 3, we propose a new observer synthesis based on
hypothesis weaker than the hypothesis stated in [11].

2 PROBLEM STATEMENT AND SOME PRE-
LIMINARY RESULTS

In this section, in the field of high gain observers [12],
we recall some normal forms that have been used for their
design. Two cases are presented: the first one concerns nor-
mal forms which characterized nonlinear systems which are
observable independently on the input. In this case, the ob-
server gain does not require any differential equation. The
second case concerns normal forms of nonlinear systems
which admit inputs that render them unobservable. For these
systems, the observer synthesis depends on the input excita-
tion.More precisely, in [11], the authors gave an observabil-
ity condition that an input must satisfy in order to design a
high gain observer whose gain derived from a differential
equation. In subsection 2.2, we show that if such condi-
tion holds, then a classical high observer can be designed,
namely, the gain of the observer can be synthesized without
the use of differential equation.

2.1 Problem statement

Consider the single output nonlinear system:
j" = f<x7 u)7

{ y = h(x),

the state xz(t) € R”, the input u(t) € R™ and the output
y(t) e R.

System (1) is said to be uniformly observable if every in-
put u(.) distinguishes every two different initial states x(0),
z'(0) on any interval [0, T (z(0),2'(0))] in which z(.) and
a'(.) are well defined.

In the control affine case, the authors in [3] (see also [4]
for a simple proof), showed that if (1) is uniformly observ-
able, then it can be transformed locally almost everywhere

ey



by a change of coordinates into the following normal form:

z2=Az+g(u,z),
where:
0 1 0
a=| 00 . C=11,0,...,0],
Co 1
0 0 0
g1(u, 21)
g(u,z) = y 2= (21,0, 20) 7.
gn—l(uvzla"'azn—l)
gn(u7z)

This normal form is then used in [4], in order to design an
observer of the form:

2= A7+ g(u,2) + MK (CZ — y), 3)

where Ay is the diagonal n X n matrix Ay
0 0

: : and K is a constant n-column vec-
0o ... 67

tor such that (A + KC) is a Hurwitz matrix. This observer

exponentially converges whenever g is a Global Lipschitz

function and for 6 sufficiently large.

This canonical form together with its associated observer
synthesis has been extended to non affine control systems
by [5] and [6] respectively in the single input and the multi-
output cases. In the non affine control systems, the normal
form takes the following form:

Z1 = Fi(u, 21, 22),

237; = Fi(U,Zl, .. .,Zi+1)7

“

Zq = Fy(u, 2),
y=Cxz,

21
where z = , 2z; € R", u € U a connected and
Zq
bounded set of R™. my 2 no > ... 2 ng;ny +na+ ...+
ng = n, and where:

%

Rank ( OF.

aZz‘-s-1

(u7z)> =n;y1; V2 € R";Vu € UsVi, (5)

In the single output case, we have ¢ = n and all the n;’s are

OF: () #

equal to 1, and the condition (5) means that
0zi1

0, for every (u, z).
In the single output case, the observer synthesis for the class
of systems (4) is based on the following lemma:
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Lemma 1 Consider a n X n matrix A(t) =
0 al(t) 0
0 0 ) and  assume  that
: : an—1(t)
0 0 0

0 < a < ai(t) < d for some constants a, a’. Then

there exist a constant vector K; a symmetric positive
definite matrix P and a constant o > 0 such that:

(A(t) + KO)'P+ P(A(t) + KC) < —al  (6)

The following result has been stated in [5] for the single out-
put systems. Its extension to multi-output systems is shown
in [6].

<

X

Theorem 1 Ler u(.) be an input such that 0 < a
| OF;
5Zi+1
where a, a' are constants. Assume again that the sign of

OF;
3Zi+1
such that for every 6 > 6y, the following system forms an
exponential observer for system (4):

(u(t),z)| < d, for every t > 0 and for every 2z,

(u(t), z) does not change. Then there exists 0y > 0,

Z=F(u,2) + AgK(CZ —y), (7)

where Ay is the diagonal matrix given above, K is the con-
stant gain stated in lemma 1 and where F;(u,z1,...,2i11)
is the it" component of F.

We have seen that an observer for control affine system (2)
is of the form (3), and that the gain K of this observer derived
from the pair (C, A) (the matrix A + KC is Hurwitz). This
idea has been extended in [11] to systems of the form:

£ = A(u)z +g(u, 2),
{ y = Cz, ®)
where:
0 ai(u) 0
Aw = 7" , o
: : an—1(u)
0 0 0
gi(u, z) = gi(u, z1,...,2;)and C = [1,0...,0].

In order to design an observer for (8) based on the follow-
ing state affine system:

{

the authors assume that the inputs u(.) that render the system
(10) observable in a strong sense are given by the following
definition:

Definition 1 [11]

A bounded input u(.) is said be locally regular, if there exist
to = 0, 6o > 0 and o > 0, such that for every 6 > 6y, for
everyt = max{%7 to} we have:

l

z = Au)z,

y=Cz (10)

G(u,t — %,t) oL (5,)CT Chy(s,t)ds = abA,?,
s

an



where G(u, t— %, t) is the Grammian of observability defined
on [t — %,t], ¢u(t, s) is the transition matrix of system (10)

d(pult,s)) _ . o
(T = A(u(t))pu(t, s)), with ¢, (s,s) = I is the
identity matrix, and Ay is the diagonal n X n matrix defined
above.

Theorem 2 [11]
If u(.) is locally regular, then an observer for (8) takes the
following form:

Z= Az + g(u,2) — AgS™ICT(CZ —y),

S =—0(vS+ AT (u)S + SA(u) — CTC),

S(0) is a n x n symmetric positive definite matrix,

(12)

where 8 > 0 is a constant parameter which may be cho-
sen sufficiently large and v > 0 is a constant parameter
which guaranties the stability of the differential equation
Sy = =Sy + AT(u)Sy + SoA(u) — CTC, in the sense
that agl < So(t) < Bol, for everyt > 0, ag > 0, Sy > 0
are positive constants.

This theorem therefore states that a Lyapunov differential
equation needs to be solved in order to get the observer gain
for the observer (12) of the system (8). In the next part of this
section, we will prove that a simpler constant gain observer
may be designed for the system (8).

2.2 Preliminary results

We give here a proposition which shows that for contin-
uous locally regular inputs, a constant gain observer of the
form (7) can be designed for system (8). This means that the
system of differential equations S = —0(S + AT (u)S +
SA(u) — CTC) is not necessary in order to design an ob-
server for systems (8). To do so, it suffices to show that if
u(.) is a continuous locally regular input, then it satisfies the
conditions of theorem 1.

Proposition 1 If u(.) is a continuous locally regular input,
then there exists 7o > 0; there exist constants a, a/, 0 <
a < o such that for every t > 19, a < |a;(u(t))] < o/,
Sfor 1 < i < n— 1. Moreover, the sign of a;(u(t)) does not

change.

Proof
Since A(u) is a nilpotent matrix and C' = [1,0, ..., 0], we
deduce that:
C(bu(s t) [1
J't a1 dtl, e
13
jt . t" 2 a1 (u(ty)) ... (13)
Ay — 1( ( ))dtl ...dtn_l].
If we set:
oq(t7 s) =1,
as(t, s) L a1 ))dt1,
n— (14)
(7% t,S jt . -th 2a1( (tl))
an 1( ( ))dtl dtn—la

then we get:

[t 65 (s,)CT Culs, t)ds = ¥(t,0) ...

VY11(t,0)  b1a(t, 0) Y1n(t,0)
P12(t,0)  aa(t,0) Yan(t, 0)
¢1n(t7 6) an (t7 9) wnn (t7 9)
(15)
where ¢;;(t,0) = ﬁ_% a;(t, s)a;(t, s)ds.
The condition (11) implies:
369 > 0; Ity > 0;38 > 0; V0 > 6y, we have:
Yt > max{to,0};Vi,1 < i < n,v;(t,0) > 921 I
(16)
Let us analyse condition (16) for¢ =2, ... ,n:
e Fori=2:
J‘t 1 jt a1 u(tl) dt1)2d8
. < max{al( ( ),t— 5 <7< t} J't (t — s)%ds
< max{@(u(r),t~ § <7 < tho
17

e Fori > 2, setting:

vi = max{a?(u(ry)) ...
t1<j<i—1},
we obtain:

Gia(t,0) = oy (7 [77 aa(u(t)--

.az,lu((t ))dtl ...dtzfl) ds...

Yi .Jq:_% ;J‘EZ_Q dtl . dtl_l)QdS (18)
i

(20 — 1)((i — 1)!)202%—1"

a7y (u(rio1)),t — 5 < 75 <

NN L

Combining (16), (17) and (18), we deduce that there ex-
ists a constant 7 > 0, such that for every ¢t > max{to, 0},
aZ(u(t)) = 7. Finally, using the continuity of a(.) and u(.),
it follows that the sign of a;(u(t)) does not change for every
t > max{ty,0}.

On one hand, one has to notice that (8) is a particular form of
(4): indeed, F;(u, z) = a;(w)zi+1+9i(u, 21, . . ., 2;). There-
O ). 2) = aifw.
Zz+1
proved with the proposition 1 that the sign of a;(u(¢)) does
not change. Therefore, the conditions of the theorem 1 are
satisfied: a constant gain observer of the form (7) may also
be applied on system (8), hence without the need to solve

any Lyapunov differential equation.

3 MAIN CONTRIBUTION: OBSERVER SYN-
THESIS BASED ON STRONGLY PERSIS-
TENT INPUTS

fore On the other hand, we just

In this section, for a particular set of inputs, we give an
observer for system (8) based on a weaker condition than
this proposed in theorem 2. To do so, consider the system of
differential equations defined on the manifold of symmetric
positive definite matrices ST:

{ S =-0S— AT (u)S — SA(u) + CTC, (19)

S(0) e ST,



where A(u) is the n X n matrix given in (8). A simple cal-
culation gives:

S(t) = e=®T(0,1)S(0) Py (0, ) + ...
J‘(t) e_a(t—8)¢z(8, t)CTC(I)u(S7 t)dS,
', «(t,0) is the transition ma-

)z, with ®,(0,0) = LIf
@ (s,t)|| < et ) where m

(20)

where ©,,(0,t) = &,
trix of the system &
u(.) is bounded, then

[A()) |-

Remark 1 1) For 6 > 2m, e~ %®T(0,¢)5(0)®,(0,) ex-
ponentially converges to 0. In particular, for t suffi-
ciently large, the behavior of S(t) becomes similar to
the behavior of:

0), ®
A(u
(s,

— [ e 0BT (5, 4)CTCP, (5, 1)ds =

\Illl(taa) \P12(t79) \Ifln(t,o)
\1112(75’ 0) Wao (t7 9) \I/Qn(t, 9)
Ui (t,0)  Wau(t,0) W (t,0)
21
Namely, Jw > 0;Vt > 0,V0 > 2m:

S(t) — we=O=2mItT < W(t,0)
(22)

2) ©,;(t,0) = \I/]Ti(t, 0) is n; X n; matrix defined by:

° \1111 t, 9 f 670(7& s)d

° \1112 t, 9 J‘ e*H(t 5) J' A12

e Fori >3, \I’M(t 0) =

Joe 0 [L i [ A (u(ty)) .
...Ali(u(tl))dtl . dtiflds;

e Fori= 2, \ng(t,e) ==
ft e‘e(t_s) ..
(S AT (u(tr))dt) ([L Ara(u
e Fori >3, \Ilgi(t,Q) =
Jo eI ([ ALy (ulty)dty)...

(J‘z J.zl e J’Iii72 Alg(u(tl)) SN
...dtl e dti_l)ds;

o Fori,j >3, V,;(t,0) =
Foe (L AL (ut) - AL i (ultn)-o.
dty ... dti,l)(fi ﬁl . fifz Apa(u(ty)) ...
...Aj_Lj (u(tl))dtl .o dtj_l)ds.

In the sequel we will denote by I'(¢, 6) the diagonal ma-
trix:

))dtlds;

))dtl)ds;

Ai,l’i(u(tl))...

Uqq(t,0)

I(t,0) =

: : (23)
0 \I”rm (ta 9)

By construction, this diagonal matrix is positive definite.

Definition 2 A bounded input u(.) is said to be strongly per-
sistent if:

d6y > 0; Aty = 0; VO > Oy; Vt >t

< S(t) + we=0=2m)tT,
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i) T'(t,0) is invertible and satisfies:

I(t,0) < ()

a(0)¥(t,0), with limg_, o 4

<y forl <j<i

The set of such strongly persistent inputs will be denoted by
Csp.

=0.

i) 3y > 0, |15 (¢ O)[[|Tui(t, 0)]]

Remark 2 Denoting by Cp g the set of locally regularly in-
puts defined in definition 1, then Cr C Csp

As the following example shows, generally we have

Crr & Csp.

Example 1
(0 wu()
- ( 00 >”” o 24
y(t) = (1 0)z(t),

u(t) = cos(t) belongs to Csp, but it is not in Cpg.
Now, we can state our main result of this section:

Theorem 3 Assume that the nonlinear term g(u, z) in (8)
is a global Lipschitz function with respect to z, locally to
u. Then for every u € Cgp, the following system forms an
exponential observer for system (8):

2= AWz +g(u,2) - STICT(CZ —y), 25)
S=-08—AT(u)S — SA(u) + CTC,
Proof
Setting e(t) = Z(t) — z(t) and using (8)-(25), we obtain:
¢ = (A(u) — S71CTC)e + 4(g),

{ (26)
where 0(g9) = g(u,z) — g(u, z). Applying the Cholesky
decomposition to S(t), we obtain S(t) = A(t)AT(t) where
A(t) is a lower triangular matrix with a positive diagonal.

Now consider the time variant linear change of coordinates
e(t) = AT (t)e(t), we deduce:

¢ = (ATAWAT—ALCTON~

S =—-0S—AT(u)S — SA(u) +CTC,

e+ AT6(g) +ATA-T
27

where A7 denotes the inverse of AT.

Using the relation S(t) = A(t)AT(¢) and the fact that S(t)

is a solution of the second equation of (25), we obtain:

AAT + AAT = —9AAT — AT (u)AAT — AAT A(u) +C7TC.
(28)
Let us multiply both sides of (28): to the left by A~!, and to

the right by A=7". Then, we get:

ATTA+ATAT = .
=0T — AP AT (u)A — ATA(u)A-T + A—2CTCAT.
(29)
Now setting V (t) = €T (t)e(t):
V=Tet e
=l ATTAT (w)A — AT1CTCA Te...
o+ TATAWAT — AN CTCA e, (30)
4 2TAT8(g) + (5(g))TAATS(g)..

A TATTA + ATA e,



Combining (29) and (30), it follows:

V = —0|le]|> +2¢TAT5(g) + (6(g))TAATS(g) — ...

A €TATICTOA ...

e <=0l + 20l [AT5(g) | + (3(9))T AAT8(g),

(3D

where |||| denotes the euclidian norm.
Using 1) of remark 1, there exists 79 > 0; there exists a > 0,
such that for every t > 7, we have S(t) = A()AT(t) <
a¥(t,d). Combining this inequality together with (31), we
deduce that for every ¢ > t¢:

V < —0le]|? + 2v/alle] \/(6(9))TE(t,0)5(g) + ...
-a(8(g))"0(t,0)5(g)-

(32)

U(t,0) being a diagonal matrix, we obtain
(0(g)"w(t,0)d(g) = T1(6(9) ] wii(t,0)5(9)i-
Now using the mean value theorem, we obtain:
5(g)i = D5 Aij(Je; where ¢ = Z; — z; and
(.) is a n; x n; matrix which is a bounded function of

u, z, 2), and hence:

—~

(5(9))1T‘I’u (t,0)5(g):

= Y iner e AL (Wit 0) Aa(.e

< al|V;(t,0)]| Y, el er, where @ > 0 is a constant,

o _ (33)

Now set, U;;(t,0) = U;; UL where U,; is a lower triangular
matrix given by the Cholesky decomposition. Set ¢; = U6
and € = (¢f ..., €))7, from (33) and inequality ii) of defi-
nition 2, it follows:

(6(9) T Wi (t,0)8(g)

<all i (t, 0)| Xioy 195, (1, 0)l[e] &
<bY.,_, € &, where b > 0 is a constant,

(34)

Combining (32) and (34), we can find two constants a7 > 0,
ag > 0 which not depend on 6, such that for every t > 7
we have:

V < —0|e]|® + ay||e[| VETE + a2, (35)
By definition of ¢, €7¢ = eTT(t,0)e, where I'(,0) is the
diagonal matrix given by (23). From i) of definition 2, we
have:

390 > 0; dty > O,Vg > GO,W > to,
0
T(t,6) < a(6)U(t,0), withlimg_,.. A0 —

9 )

(36)

Now, using the fact that €l'e = e? S(t)e that U(¢,0) have
the same behavior as S(t) (see inequalities (22) of remark
1), then there exist constants oy > 0, ao > 0 which not
depend on 6 such that:

V< bllel® + Ev/a@)llel® + aa@)d? 3D
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o0)

can conclude that V' (¢) exponentially converges to 0. Hence,
it is the same for the estimation error ||e(t)|| between the
state of the system (8) and the state of the observer (25).

4 CONCLUSIONS

Finally, since limg_, o = 0 (see 1) of definition 2), we

In this paper, we have recalled some normal forms which
permit to design a high gain observer. In the case when the
system is observable independently on the inputs, this nor-
mal forms have been used to design a high gain observer
whose gain does not require any differential equation. In
this paper, we have also investigated the case when the sys-
tem admits inputs which render it unobservable. We have
shown that if the input satisfies some observability condition
(strong persistent input), then the observer synthesis requires
a Lyapunov differential equation which permits to calculate
the gain of the observer.
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