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Preface

This book basically gathers the material of the 28¢th Grenoble International
Summer School on Control, dedicated to ”Nonlinear observers and applica-
tions”, organized within the Control Systems Department (former Laboratoire
d’Automatique de Grenoble) of the newly formed GIPSA-lab research center, and
hosted by the ”Maison Jean Kuntzmann” of the IMAG Institute, in September
2007.

The motivation for this school and the present book is twofold: on the one
hand, the observer problem is undoubtedly crucial in control systems, and on
the other hand there are not so many comprehensive documents on this topic.
The present one does not claim to be exhaustive, but can give a good idea on the
problem, on the possible tools to get solutions, and on various applications. Its
spirit basically follows from the pioneering studies which took place in particular
in Grenoble in the early eighties, and the subsequent developments, owing a
lot to Guy Bornard and his coworkers. In particular, a general overview on
observer tools for nonlinear systems is here proposed, focuses on high gain and
adaptive gain techniques are given, as well as immersion and optimization-based
approaches. Some applications in control and fault or parameter estimation are
finally discussed.

I am grateful to all the contributors for their participation in this project.

Dr A. Voda, associate professor in the GIPSA-lab research center, and who
has been in charge of the annual organization of high-level summer schools in
Grenoble for quite a few years now, is to be sincerely thanked for her help and
suggestions in the organization of this 28th event. The school and the book
edition are also supported by the French research center C.N.R.S, research min-
istry M.E.N.R.T., and polytechnical institute I.N.P. Grenoble, while the school
practical organization strongly relies on the administrative staff of the GIPSA-
lab control systems department. In particular, my warm thanks go here to Mrs
Marie-Thérese Descotes-Genon and Mrs Marie-Rose Alfara.

June 4th 2007 Saint-Martin d’Heres,
Gildas Besangon
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An Overview on Observer Tools for Nonlinear
Systems

Gildas Besancon

Control Systems Department (former Laboratoire d’Automatique de Grenoble),
GIPSA-lab. ENSIEG BP 46, 38402 Saint-Martin d’Heres, France
Gildas.Besancon@inpg.fr

1.1 Introduction and Problem Statement

1.1.1 Context and Motivations

The problem of observer design naturally arises in a system approach, as soon
as one needs some internal information from external (directly available) mea-
surements. In general indeed, it is clear that one cannot use as many sensors as
signals of interest characterizing the system behavior (for cost reasons, techno-
logical constraints, etc.), especially since such signals can come in a quite large
number, and they can be of various types: they typically include time-varying
signals characterizing the system (state variables), constant ones (parameters),
and unmeasured external ones (disturbances).

This need for internal information can be motivated by various purposes:
modeling (identification), monitoring (fault detection), or driving (control) the
system. All those purposes are actually jointly required when aiming at keeping
a system under control, as summarized by figure [[LT] hereafter. This makes the
reconstruction - or observer - problem the heart of a general control problem.

The purpose here will thus be to give an overview on some possible tools for
observer design (the related problems of control, fault detection or parameter
identification being considered in subsequent chapters): in short, an observer
relies on a model, with on-line adaptation based on available measurements, and
aiming at information reconstruction, i.e. it can be characterized as a model-
based, measurement-based, closed-loop, information reconstructor.

Usually the model is a state-space representation, and it will be assumed here
that all pieces of information to be reconstructed are born by state variables.
In front of this, one can try to design an explicit dynamical system whose state
should give an estimate of the actual state of the considered model, or just settle
the problem as an optimization one. The present chapter will focus on the first
case, the second one being considered in a subsequent one.

About the considered model, it can in general be either continuous-time or
discrete-time, deterministic or stochastic, finite-dimensional or infinite-dimensi-
onal, smooth or ”with singularities”. But in order to give a quite consistent
presentation, the present chapter will be restricted to the case of smooth,

G. Besangon (Ed.): Nonlinear Observers and Applications, LNCIS 363, pp. 1433,/ 2007.
springerlink.com (© Springer-Verlag Berlin Heidelberg 2007
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Fig. 1.1. Observer as the heart of control systems

finite-dimensional, deterministic, continuous-time state-space descriptions (even
though some elements of observer design can be found for other cases in the
literature).

In this framework, the subsequent subsection specifies the problem formula-
tion, while section presents the main related observability notions. Section
then discusses some possible techniques for observer design from a viewpoint
which can be summarized by figure below:

PN

= Observer form
— ; . e Observer
interconnection
\ can be turned into / t
1
1
1
1
1
1

observer form
( interconnection )

Other
—————— »| (optimization, —————==-
approximation,...)

Fig. 1.2. A methodology for observer design

In short, the idea is to rely on specific structures for which observers are avail-
able (observer forms, in the figure), and try to bring the system under consid-
eration to such cases. Hence, some basic structures for observer design are first
presented, classified in two categories: those with a constant (input-independent)
correction gain, and those with a time-varying (possibly input-dependent) correc-
tion gain. Then, methods for possible extensions of those designs to more general
classes of systems are proposed, either by means of interconnections, or by trans-
formations. Some conclusions and further remarks are finally given in section T4l



An Overview on Observer Tools for Nonlinear Systems 3

Notice that the material here presented roughly updates ﬂﬂ], summarizing
some own research and viewpoint on the problem (in the continuity of ﬂa} for
instance) as well as various results borrowed from the quite large available ones
(including overviews of [15] or [26] for instance).

In all the subsequent sections, the following notations/terminology will be
used:

e Standard notations z,u,y and t respectively for state vector, input vector,
output vector, and time variable (which might be omitted as an argument
when not indispensable),

I for the identity matrix of appropriate dimensions,

v; for the ith component of a vector v,

M = MT > 0 for a symmetric positive definite matrix M,

Stable matriz for a matrix with all eigenvalues having strictly negative real
parts.

while the abbreviation 'w.r.t.” will stand as usual for 'with respect to’.

1.1.2 Observer Problem Statement
Model Under Consideration

All over the chapter, the system under consideration will be considered to be
described by a state-space representation generally of the following form:

i(t) = f(x(t), u(t))
y(t) = hz(t)) (1.1)

where = denotes the state vector, taking values in X a connected manifold of
dimension n, u denotes the vector of known external inputs, taking values in
some open subset U of IR™, and y denotes the vector of measured outputs
taking values in some open subset Y of IRP.

Functions f and h will in general be assumed to be C* w.r.t. their arguments,
and input functions u(.) to be locally essentially bounded and measurable func-
tions in a set U.

The system will be assumed to be forward complete.

More generally, the dynamics might explicitly depend on time via f(x(¢),
u(t),t), while y might further directly depend on u and even ¢, via h(z(t), u(t), t).
Such an explicitly time-dependent system is usually called ’time-varying’ and
generalizes (L)) into:

i(t) = Fla(), ult),) 1)
y(t) = h(a(t), u(t),1) '

However, the observer techniques discussed in this chapter are based on more
specific forms of state-space representations, among which the following ones can
be mentioned:

e Control-affine systems:

flz,u) = fo(x) + g(x)u
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State-affine systemsﬂ:

flx,u) = A(u)x + B(u), h(z)=Cx (or C(u)x + D(u))

Linear Time-Varying (LTV) systems:

flzyu,t) = A(t)x + B(t)u, h(z,u,t) = C(t)x + D(t)u

Linear Time-Invariant (LTI) systems:
flz,u) = Ax + Bu, h(z,u) =Cz+ Du

Finally, the system will be said to be 'uncontrolled” whenever f and h do not
depend on u.

In general, x. (¢, zy,) will denote the solution of the state equation in ()
under the application of input u on [t, t] and satisfying x, (to, zt,) = xt,, while
u will be omitted for uncontrolled cases.

Observer Problem

Given a model (1), the purpose of acting on the system, or monitoring it, will
in general need to know z(t), while in practice one has only access to u and y.
The observation problem can then be formulated as follows:

Given a system described by a representation (LI]), find an estimate &(¢)
for z(t) from the knowledge of u(7),y(r) for 0 < 7 <t.

Clearly this problem makes sense when one cannot invert h w.r.t. « at any time.

In front of this, one can look for a solution in terms of optimization, by looking
for the best estimate Z(0) of x(0) which can explain the evolution y(7) over [0, ¢],
and from this, get an estimate #(¢) by integrating ((IT]) from 2(0) and under u(7).
In order to cope with disturbances, one should rather optimize the estimate of
some initial state over a moving horizon, namely minimize some criterion of the
form:

/ 1h(xu (T, 2e=1)) — y(7)|*dr
t—T

w.r.t. z;_p for any t > T, and y(7) corresponding to the measured output over
[t — T, t] under the effect of the considered input w.

This is a general formulation for a solution to the problem, relying on available
optimization tools and results for practical use and guarantees (see e.g. @, ,
D: so it takes advantage of its systematic formulation, but suffers from usual
drawbacks of nonlinear optimization (computational burden, local minima...).

Alternatively, one can use the idea of an explicit ”feedback” in estimating x(¢),
as this is done for control purposes: more precisely, noting that if one knows the
initial value x(0), one can get an estimate for z(¢) by simply integrating ([CT])
from x(0), the feedback-based idea is that if x(0) is unknown, one can try to

! Including bilinear systems as a particular case, for which A, B,C,D are linear
w.r.t. u.
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correct on-line the integration #(¢) of (II)) from some erroneous Z(0), according
to the measurable error h(z(t)) — y(¢), namely to look for an estimate & of x as
the solution of a system:

z(t) = f(&(t), u(t)) + k(t, h(&(t)) — y(t)), with k(t,0) = 0. (1.3)

Such an auxiliary system is what will be defined as an observer, and the above
equation is the most common form of an observer for a system (L)) (as in the

case of linear systems [36, 42]).
More generally, an observer can be defined as follows:

Definition 1. Observer
Considering a system (I1]), an observer is given by an auziliary system:

X(t) = F(X(t), u(t), y(t),t)

B(t) = HOX (), ult), y(t), 1) (1.4)

such that:

(i) £(0) = z(0) = z(t) = z(t), ¥Vt >0;
(i) |Z(t) — z(t)|| — 0 as t — oo;

If (i) holds for any x(0),%(0), the observer is global.
If (i1) holds with exponential convergence, the observer is exponential.
If (ii) holds with a convergence rate which can be tuned, the observer is tunable.

Notice that the overview on observer design presented in the sequel will mainly
be dedicated to global exponential tunable observers.

Notice also that with notations of (IT]) and (L), the difference & — x will be
called observer error.

Notice finally that with the above point of view, the observation problem
turns to be a problem of observer design.

1.2 Nonlinear Observability

The purpose of this section is to discuss some conditions required on the system
for possible solutions to the above mentioned observer problem. Such conditions
above all correspond to what are usually called observability conditions. In short,
they must express that there indeed is a possibility that the purpose of the
observer can be achieved, namely that it might be possible to recover z(t) from
the only knowledge of u and y up to time ¢: at a first glance, this will be possible
only if y(t) bears the information on the full state vector when considered over
some time interval: this roughly corresponds to the notion of ” observability’ .

However, when restricting the definition of an observer strictly to items (i)-
(ii), one can find observers yielding solutions to the observation problem even in
cases when y does not bear the full information on the state vector:

Consider for instance the simple system:

T=—-x4+u, y=0
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Clearly one cannot get any information on = from y, and yet the system:
t=—-%+u

satisfies (i)-(ii) and yields an estimate of x, since:

27N .
T —ax=—(& —x).

This corresponds to a notion of ” detectability”. Notice that in that case, however,
the rate of convergence cannot be tuned. Additional remarks in that respect can
be found e.g. in [d].

If we restrict ourselves to the case of observers in the sense of tunable ob-
servers, then observability becomes a necessary condition. Such a condition can
be specified in a geometric way as shown hereafter, while analytical additional
conditions are discussed afterwards.

1.2.1 Geometric Conditions of Observability

For a possible design of a (tunable) observer, one must be able to recover the
information on the state via the output measured from the initial time, and more
particularly to recover the corresponding initial value of the state. This means
that observability is characterized by the fact that from an output measurement,
one must be able to distinguish between various initial states, or equivalently,
one cannot admit indistinguishable states (following [33]):

Definition 2. Indistinguishability
A paire (xo, () € R™ x IR"™ is indistinguishable for a system (L)) if:

Vu €U, Vt >0, h(xu(t z0)) = h(xu(t,z5)).

A state x is indistinguishable from xq if the pair (x,xq) is indistinguishable.
From this, observability can be defined:

Definition 3. Observability [resp. at xo]
A system (Il) is observable [resp. at xo] if it does not admit any indistinguish-
able paire [resp. any state indistinguishable from xo].

This definition is quite general (global), and even too general for practical use,
since one might be mainly interested in distinguishing states from their neigh-
bors:

Consider for instance the case of the following system:

T=u, y=sin(x). (1.5)

Clearly, y cannot help distinguishing between xy and x¢ + 2km, and thus the

system is not observable. It is yet clear that y allows to distinguish states of

=350
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This brings to consider a weaker notion of observability:

Definition 4. Weak observability [resp. at xo/

A system (1)) is weakly observable [resp. at xo] if there exists a neighborhood U
of any x [resp. of xg] such that there is no indistinguishable state from x [resp.
xo/ in U.

Notice that this does not prevent from cases where the trajectories have to go
far from U before one can distinguish between two states of U.
Consider for instance the case of a system:

with h a C® function as in figure[[L3 below: clearly the system is weakly observable
since any state is distinguishable from any other one by applying some nonzero input
u, but distinguishing two points of [—1, 1] needs to wait for y to move away from 0.

L L L L ! L L L L
-4 -3 -2 -1 0 1 2 3 4 5

Fig. 1.3. Output function of a weakly but not locally observable system

Hence, to prevent from this situation, an even more local definition of observ-
ability can be given:

Definition 5. Local weak observability [resp. at xo]

A system (L) is locally weakly observable [resp. at x] if there exists a neigh-
borhood U of any x [resp. of xo] such that for any neighborhood V' of x [resp. xo]
contained in U, there is no indistinguishable state from x [resp. xo] in V when
considering time intervals for which trajectories remain in V.

This roughly means that one can distinguish every state from its neighbors
without ”going too far”. This notion is of more interest in practice, and also
presents the advantage of admitting some 'rank condition’ characterization.

Such a condition relies on the notion of observation space roughly correspond-
ing to the space of all observable states:
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Definition 6. Observation space

The observation space for a system (I1l) is defined as the smallest real vector
space (denoted by O(h)) of C* functions containing the components of h and
closed under Lie derivation along f, := f(.,u) for any constant u € IR™ (namely
such that for any ¢ € O(h), Ly, o € O(h), where Ly, p(x) = g:f(a:, u)).

Definition 7. Observability rank condition [resp. at xo]
A system (IL1l) is said to satisfy the observability rank condition [resp. at xo] if:

Vo, dimdO(h) |,=n [resp. dimdO(h) |z,= n]
where dO(h) |, is the set of de(x) with ¢ € O(h).
From this we have [33)]:

Theorem 1. A system (1) satisfying the observability rank condition at xq is
locally weakly observable at xg.

More generally o system (I1l) satisfying the observability rank condition is
locally weakly observable.

Conversely, a system ([I1]) locally weakly observable satisfies the observability
rank condition in an open dense subset of X.

In short this follows from the facts that:

(i) the observability rank condition at some xy means the existence of n elements
of the observation space defining a diffeomorphism around z;

(ii) for any indistinguishable pair (x¢, z() and any element ¢ € O(h), o(zg) =
e(xp).-

As an example of application, consider again system (L]): for this system one
clearly has dO(h) = span{cos(z)dz, sin(z)dx} and thus dimdO(h) |,,= 1 for
any g, namely the system satisfies the observability rank condition.

As a second example, consider a system of the following form:

T = Ax

y=Cx with x € R". (1.6)

For this system, the observability rank condition is equivalent to local weak
observability (which is itself equivalent to observability) and is characterized by
the so-called Kalman rank condition:

Theorem 2. For a system of the form (I.8)

e The observability rank condition is equivalent to rankQ,, = n with O,, the
C
CA

so-called observability matrix defined by O,, = cA? the ;

CA"1
o The observability rank condition is equivalent to the observability of the sys-
tem.
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The first point results from straightforward computations (e.g. as in M]) since
here the kth Lie derivation Lih(x) = CAFz, while the second one results from
the definition of observability (see e.g. [40]).

Notice that if system (0] satisfies the above observability rank condition,
the pair (A4, C) is usually called observable.

Notice also that the above result also holds for controlled systems with & =
Ax + Bu.

Notice finally that the above observability rank condition is also sufficient for
a possible observer design for ([L6]) (even necessary and sufficient for a tunable
observer design - see later).

However, in general, the observability rank condition is not enough for a
possible observer design: this is due to the fact that in general, observability
depends on the inputs, namely it does not prevent from the existence of inputs
for which observability vanishes.

As a simple example, consider the following system:

. (Ou
“=\oo)” (1.7)
y=(10)z

it is clearly observable for any constant input u # 0, but not observable for
u=0.
This means that the purpose of observer design requires a look at the inputs.

1.2.2 Analytic Conditions for Observability

In view of example (7)) additional conditions to those previously presented
might be required for possible observer designs, related to inputs. The purpose
here is to discuss such conditions, while effective designs will be proposed later
on.

More precisely, notions of universal inputs and uniform observability for sys-
tems (1) are first introduced (as in HE] for instance), and the stronger notions
of persistency and regularity more usually defined for state affine systems
are then presented for the more general case of systems (IIJ).

Definition 8. Universal inputs [resp. on [0,t]]
An input u is universal (resp. on [0,t]) for system (L1) if Vzo # x4, 37 > 0
(resp. 31 € 0,1 5.1, h(xu(r,70)) # h(x0 (7, 7h)).

An input u is a singular input if it is not universal.

As an example, for system (7)), u(¢) = 0 is a singular input.

It can be underlined here that for C*¥ systems, universal C* inputs are dense
in the set of C* functions for the topology induced by C* HE]

But one has to also notice that in general characterizing singular inputs is not
easy. Things are easier for systems which do not admit such singular inputs:

Definition 9. Uniformly observable systems (resp. locally)
A system is uniformly observable (UO) if every input is universal (resp. on [0,t]).
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Ezample 1. The system () below is uniformly observable [23]:

01 0---0 o1 (1)
- pa2(71,T2)
T = 0fx+ : U (1.8)
: 1 On(T1, .o Tpe1)
0-.. 0 On-1(T1,. .., 70)

y=mx1; x= (1., 20)T

This can be checked by considering any pair of distinct states x # z’: assuming
indeed that their respective components xj and z coincide up to order i and
that z;,1 =}, then it is clear from (L8) that @; 1 —4j_; # 0 and thus there
exists to such that x;(t) # a}(t) for 0 < t < tp. By induction, we easily end
up with the existence of some time for which x;(t) # 2/ (¢), which is true for
any u.

This property actually means that observability is independent of the inputs
and thus can allow an observer design also independent of the inputs, as in the
case of LTI systems (see later).

For systems which are not uniformly observable, in general possible observers
will depend on the inputs, and not all inputs will be admissible. Restricting the
set of inputs to universal ones, as in the case of uniformly observable systems -
for which all inputs are universal, is actually not enough:

Consider for instance the following system:

j::<_0u8>ax; y=(10)z

For this system, the input defined by u(t) = 1 for ¢t < ¢; and u(t) =0 for t > ;
is clearly universal, but if a disturbance appears after ¢1, it is also clear that x
cannot be correctly reconstructed.

This shows that universality must be guaranteed over the time, namely must
be persistent. In order to characterize this persistency, notice first that we have
the following property:

Proposition 1. An input u is a universal input on [0,t] for system (I1) if and
only if J1 11 (7, 20)) — hlxulr, 2))|Pdr > 0 for all o # .

This can be easily checked from definition
Then one can define persistency as follows:

Definition 10. Persistent inputs
An input u is a persistent input for a system (L)) if

t+T
S0 TV 2 b0, Vo £l [ hllra) - hx(na)|Pdr > 0
t
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Equivalently, this can be expressed as:

t
/ hberzin) = hdraho)Pdr > 0. Var £ahp (19
t—

which might be more suitable thinking of ¢ as a current time and the inequality
as a property on the past measurements.

This basically guarantees observability over a given time interval.

However this does not prevent observability from possibly vanishing as time
goes to infinity. If this happens, effective observers would in general have to
compensate this by a correction gain going to infinity:

Consider for instance the system defined by:

i‘1:$2
To = To+u

1
y = lJr:Eg = yl
X2 Y2

For this system any (bounded) input can be checked to be persistent in the
sense of definition [0}, since whenever x;,_7 and z}_; differ from one another
in their second component, (L)) clearly holds, while if they only differ in their
first component, it can be shown that the left-hand side roughly behaves as
(e=*(t=T) — =) which is indeed positive. But from this it is also clear that the
system is less and less observable as t — oo.

It can be noticed that the state variables x1,xo could here be reconstructed
by an auxiliary system of the form (3]), for instance given as follows:

Ty = Y2 — k1(t)(1z§ — )
To = .i‘z +u — k‘g(.i‘z —yz)

for any ks > 0 and some k; growing as y, (namely of the form w1 (1 + y3)
for k1 > 0). This system indeed clearly guarantees that &2 — x5 — 0 (since
gt(i“g — .732) = —k‘g(i“g — 332)), and also that .i‘l — T — 0 (from jt(.i‘l — .731) =
—k1(&1 — 1)), but with a correction gain k1 (t) growing to infinity.

In order to avoid this, one needs a guarantee of observability, namely some
reqular persistency:

Definition 11. Regularly persistent inputs
An input u is a regularly persistent input for a system (I1)) if:

E|t07T : th,T, xi_T, Vit Z to,
t
/t ., 1A Cxu (T, 2e—1)) = h(xu(T, 25 )|PdT > B(lze—1 — 2} 1))

for some class K function (.

From the above proposed definitions of persistency and regular persistency, we
recover the usual definitions already available for state affine systems (of [15] for
instance):
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Proposition 2. For state affine systems, reqularly persistent inputs are inputs
u such that:

t
3to, T, o :/ oL (r,t —TYCTCD, (1.t — T)dr > al >0 Vt>t5, (1.10)
t—T

with @, (7,t) the transition matrixz classically defined by:

dD (7, t)

dr = A(U(T))@U(T, t)v @u(t7 t) =1.

This is a straight consequence of the application of definition [[I] to the case of
state affine systems, with G(||z]|) = af|z[|.

The left-hand side quantity in (L.I0) corresponds to the so-called observability
Grammian, classically defined for LTV systems, for any t; <t € IR, as:

ta

I'(t1,t2) :/ o1 (1,t1)CT (1) O (T)D(7, 1 )dr (1.11)
t1

where @ as above denotes the transition matrix for the autonomous part of the

system.

Remark 1

e Regularly persistent inputs for state affine systems are those making the sys-
tem an LTV system Uniformly Completely Observable in the sense of Kalman
@] (since uniform complete observability for LTV systems is typically de-

fined by (LCI0);

e For general nonlinear systems, the definition is not of easy use, while for state
affine or LTV systems, it is independent of initial states.

As an example of input properties, consider the following system:

jc=<8g>m; y=(10)

For this system, the input for instance defined by:

u(t) =1lonte 2kT,(2k+1)T[, k>0 _
u(t)=0onte[(2k+1)T,(2k+2)T[, k>0 o

is regularly persistent, while that defined by:

u(t) =1onte [2kT,(2k+ 1 )T, k>0
u(t)zOontE[(2k+k}r1)T,(2k—|—2)T[,k20 L N

is not [15].
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Notice that for the reasons previously mentioned, regular persistency appears
to be the property actually needed for effective state reconstruction.

However, it can be noticed that it depends on some time 7" roughly required to
get enough information. If one is interested by an estimation ’in short time’, he
will need some kind of stronger observability property, corresponding to the ap-
plication of what was originally called locally reqular inputs on the basis of state
affine systems ﬂﬁ] In a more general context, this property can be formulated
as follows:

Definition 12. Locally regular inputs
An input u is a locally regular input for a system (L) if:

o, Vey_p,zh_p, VT < Ty, YVt > T,
t
1
/ﬁ 1A (¢u(7, 20-7)) = hxu (7,2 -0))[Pdr > B(l|ze-r = 2z, 1)
t—T
for some class KL function 5.
This property characterizes in some sense observability for arbitrarily short
times. Obviously when T' decays to zero, the observability cannot be kept guar-
anteed, which explains the decaying characteristic of 5. When again considering

state affine systems, we can roughly recover the definition previously used in
[15, 4, [11) for instance, by considering some appropriate 8(||z; — 2}, EE

Proposition 3. For state affine systems, locally regular inputs are inputs u such
that:
1o, : VT < Ty, Vt > T,
T 0
t T
1 1.12
/ oL (1t —T)CTCD, (1.t — T)dr > . (1.12)
=T T -
0 ek
with @, (7,t) the transition matriz as in proposition 24
Here ( is given by the right-hand side multiplied by ||z;(—7 — «}_||: this is
in particular motivated by the form of the Grammian for the linear part of a
uniformly observable system (L8) [15]:

rt—T.t)=T

. o:’ﬂmwh] —
IO
~
w

which can indeed be lower bounded as in (IL.I2]) for « small enough.
Obviously for a linear observable system, every input is locally regular.
Notice that the characterization (LI2) actually slightly differs from that pre-
viously considered in [15, 4, [11] (@, (7, t) was considered instead of &, (r,t — T
in the inequality), but they become equivalent whenever @,, (i.e. A) is bounded.
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All this will tell us on some possible observer designs for classes of systems,
as discusses in next section. Notice that more specific notions of observability,
which have been introduced in connection with more specific designs not pre-
sented in details here will be omitted (such as ’infinitesimal observability’ or
"differential observability’, related to "high gain techniques’ as in HE], or 'generic
observability’ used in algebraic approaches as in HE] for instance). Additionally,
some final remarks can be given as follows:

Remark 2

e If a system, e.g. control affine, is not observable in the sense of rank condition,
it can be decomposed into observable and non observable subsystems as
follows [34):

1= f1(G15G) + 91(¢rs G)u
G = f2(C2) + 92(C2)u
y = ha2(C2)

where the subsystem in (, satisfies the observability rank condition. In that
case one has to work on (.

e If the considered system is not observable, but satisfies the following:
Vu such that xgand xf, are indistinguishable by u :

Xu(t, o) — xu(t,z() — Oast — oo

it satisfies a property of detectability, and in that case one may have the
opportunity to design an observer in the sense of (i) and (ii).

e The analytic observability conditions which have here been presented (persis-
tency, regular persistency, local regularity of definitions [I0, 01 or [2 respec-
tively) have been defined in terms of inputs, for controlled nonlinear systems
of the form (ITJ). But those definitions clearly still hold for time-varying
systems (L2). They can even be considered for uncontrolled systems (time-
varying or not) since they are basically defined by output evolutions w.r.t.
initial conditions. In other words, those notions could have been defined as
various observability properties, parameterized by the input in the controlled
case.

1.3 Nonlinear Observer Design

In view of the previously presented notions of observability, and in particular
the problem of inputs which has been highlighted, it can easily be understood
that observer designs will in general depend on the inputs of the system (or the
analytic observability conditions previously highlighted).

However, in some cases, the observer design might be independent of the input,
as in the case of uniformly observable systems for instance. Hence, following the
viewpoint of ﬂa], observer designs can be classified into 'uniform observers’ and
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'non uniform observers’ w.r.t. inputs (or time), and we can roughly consider the
following cases:

e For uniformly observable systems, one might design uniform observers;
e For non-uniformly observable systems, one might design non uniform ob-
servers.

The first ones correspond to the so-called Luenberger observer for LTI systems
@], while the second ones typically correspond to the case of Kalman observers
for LTV systems @] Those observers will be first recalled in the next subsec-
tion, and then extended to nonlinear systems as Luenberger-like and Kalman-like
designs. Subsection will then discuss possible extensions of such "basic de-
signs’.

Notice that one might also design non uniform observers for uniformly ob-
servable systems (for instance using a Kalman approach), while in some cases
uniform designs might be achieved for non uniformly observable systems (when
the system satisfies some detectability property for instance, as discussed in ﬂﬁ})

1.3.1 Basic Structures

Some observers are presented here for particular structures of systems. In the
whole section, an observer is to be understood as a global, exponential, tunable
observer.

Remember that the observer approach we consider is that of designing an
auxiliary system intended to give an estimate & of the actual state vector = in
the sense that Z(t) — x(t) — 0 as t — oo. Hence the main problem turns to
be an observer design so as to make the origin asymptotically stable for the
corresponding observer error system. In all the presented results hereafter, this
can be mostly studied by classical Lyapunov tools, as they are recalled in the
appendix section [[.5l

Observer Designs for Linear Structures

The cases of LTI and LTV systems are here first considered.

Luenberger observer (for LTI systems)

Let us consider here LTT systems of the following form:

z(t) = Az(t) + Bu(t)

y(t) = Cut) (1.13)

For those systems we have the following classical (Luenberger) result [42)]:

Theorem 3. If system (I13) satisfies the observability rank condition then there
exists an observer of the form:

3(t) = Az(t) + Bu(t) — K(C&(t) — y(t))

with K such that A — KC is stable.



16 G. Besangon

Remark 3. The rate of convergence can be arbitrarily chosen by appropriate
design of K.

This can be established by showing that observability guarantees the existence
of a transformation into a so-called observability canonical form, for which the
design of an appropriate observer gain is straightforward (see e.g. @])

Kalman observer (for LTV systems)

Let us consider here LTV systems of the following form:

@(t) = A(t)z(t) + Bu(t)
y(t) = C()x(t)

with A(t), C(t) uniformly bounded.
For those systems we have the following (Kalman-related) result @, 16, 132,

10, @}:

Theorem 4. If system (1.17)) is uniformly completely observable, then there ex-
ists an observer of the form:

() = A()2(t) + B(t)u(t) — K(£)(C(H)2(t) - y(t))
with K (t) given by:
M(t) = A(t)M(t )+ Mt VAT(t) = MO)CT (W C(H)M(t) + V + 6M(1)
M(0) = My = M0 >0, W=WT>0
K(t) = Mt)CT(Hw!

with either § > 2||A(t)|| for all t, or V =VT > 0.

(1.14)

(1.15)

Remark 4

e The rate of convergence can be tuned by ¢ or V.

e For § =0, we get the classical Kalman observer, the usual related condition
for convergence being that (A4, V') be uniformly completely controllable (dual
of uniform complete observability).

e For § = 0, the observer is optimal in the sense of minimizing w.r.t. z:

; [(C(7)2(7) = y()"WHCO(7)2(7) — y(7)) + 0T (1)V " o(7)]dr
+(Zo — .i‘o)TMJI(ZO — i‘o)

under 2(t) = A(t)z(t) + v(t) y(t) = C(t)z(1).

Namely, it provides an explicit solution to the optimization-based approach
mentioned in the introduction.

It is also optimal in the sense of minimizing the mean of the square es-
timation error for a system affected by state white noises and measurement
white noises, uncorrelated to each other, with V" and W as respective variance
matrices [40].
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e The observer gain can also be computed as K(t) = S7*(¢)CTW =1 where S
is the solution of:

S(t) = —AT(1)S(t) — S(t)A(t) + CT ()W 1C(t) — 6S(t) — S(t)VS(t)
5(0) = ST(0) >0

which makes it a linear equation in S whenever V' is chosen equal to 0.
This is also true for all subsequent Kalman-like designs, even if they will be
expressed in terms of (LIH).

The result of theorem [ can be established by showing that:

(i) Jaq,az, tg such that ¥Vt >ty : 0 < oyl < M~Y(t) < ol basically from the
condition of uniform complete observability;

(i) V(e,t) = e (t)M ~1(t)e(t) where e := & — z is a Lyapunov function for the
observer error equation, which is exponentially decaying with a rate of decay
tunable via ¢ or the minimal eigenvalue of V.

This can be shown either when V = 0 and § > 2||A(¢)| [0, 32], or when
V=VT>0and =0 [24].

On the basis of theorem[d] an extension can be intuitively derived for nonlinear
systems relying on its first order approximation along the estimated trajectories,
and known as Extended Kalman Filter (see e.g. [27]):

Definition 13. Eztended Kalman Filter (EKF)
Given a nonlinear system of the form:

#(t) = f(2(t),u(t))
y(t) = h(z(t))

the corresponding Extended Kalman Filter is given by:

B(t) = f(@(1),ult) — K(O)(h(2(t) — y(1))
where K (t) is given as in the Kalman observer (IL.1) with:

_of oh

At) = (#(0)u(t), CW) =,

(2(t))

This yields a candidate for a systematic observer design in front of a nonlinear
system, but in general the convergence is not guaranteed, except under specific
structure conditions (or domain of validity). This motivates the inspection of
more specific nonlinear structures.

Observer Designs for Nonlinear Structures

Some observer designs are here presented for specific structures of nonlinear
systems, extending the Luenberger and Kalman observers above recalled for
linear systems.
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Luenberger-like design (for UO systems)

Let us first consider classes of systems for which observability does not depend
on the input, namely Uniformly Observable systems.

The idea is basically to rely on a linear time-invariant part in order to design
a gain as in Luenberger observers, and either compensate exactly all nonlinear
elements when possible (by output injection for instance), or dominate them via
the linear part.

Additive output nonlinearity
Consider here a system of the form:

&= Ax 4+ ¢(Cz,u)

)= Ca (1.16)

Here the nonlinearity can be constructed from direct measurements and thus com-
pensated in the observer design (as originally proposed in @7 } for instance):

Theorem 5. If (A,C) is observable, system (I10) admits an observer of the
form: )
&=Az+¢(y,u) - K(Ct—y)

with K such that A — KC' is stable.
Remark 5

Clearly here, the observer error is exactly linear, and thus the convergence rate
can be arbitrarily tuned by appropriate choice of K as in the case of linear
systems.

Additive triangular nonlinearity
Consider here a system of the form:

T = Aoz + ¢(x,u)

Yy = C().T
01 0
_ (1.17)
with A(): s 5 C():(].O 0)
1
0 0

Here the idea will be to use the uniform observability, and thus a structure as
in ([L8), to weight a gain based on the linear part, so as to make the linear
dynamics of the observer error to dominate the nonlinear one ﬂﬂ, 14, ]:

Theorem 6. If ¢ is globally Lipschitz w.r.t. x, uniformly w.r.t. u and such that:

i

(@,u)=0forj>i+1, 1<ij<n,
Ba:j

system (1.17) admits an observer of the form:
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A 0
&= Aok + (&, u) — Ko(Cot —y)
0 AT

with Kq such that Ag — KoCy is stable, and X large enough.

Remark 6

e This design is known as high gain observer since it relies on the choice of
some sufficiently large tuning parameter \;
The larger A is, the faster the convergence is.
Output injection can also be used as in theorem
This design can be extended to systems of the following form @, , ]:

£(t) = f(z(t), u(t), y(t) = Cox(t)
where gj:; =0forj>i+1and 827:;1 > a; > 0 for all x, u;
e The design can also be extended to multi-output uniformly observable sys-

tems [17, [18];

e This design has been shown to be very useful for observer-based control.

The result of theorem Bl can be established by showing that V(e) = T P(\)e is a
Lyapunov function for the observer error equation, exponentially decaying with
a rate of decay being tunable via A, where:

A 0 A 0
e=&—x and P(\) = Py ;

with P, such that:

Kalman-like design (for non-UO systems)

In the case when observability depends on the inputs (systems which are not
uniformly observable), the design will be restricted to some appropriate classes
of inputs. Then the two possible cases of compensable or non compensable non-
linearities can again be considered.

State affine systems
Consider here a system of the form:

(1) = A(u(t))z(t) + B(u(t))
y(t) = Cx(t)

with A(u(t)) uniformly bounded.

(1.18)
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Here the idea is that imposing the input function yields a linear time-varying
system. Hence the following Kalman-like result holds @, , }:

Theorem 7. If u is reqularly persistent for (II8), then the system admits an
observer of the form:

2(t) = Au(®)(t) + Bu(t)) — K (t)(Ci(t) — y(1))
with K (t) given by:

M(t) = M(t)AT (u(t)) + A(u(t)) M (t) — M(E)CTW LCM(t) + V + 6M(t)
M(0) = MT0)>0,W=WT>0
K(t)=M@t)CTw-!

with § > 2||A(u(t))|| or V.=VT >0 as in LTV systems.

Remark 7
The convergence rate can be tuned by appropriate choice of 6 or V.

This design can clearly be extended to systems which are affine in the unmea-
sured states, up to additive output nonlinearity, of the following form @, ]:

z(t) = A(u(t), Cx(t))x(t) + B(u(t), Cx(t))
y(t) = Ca(t) (1.19)

with A(u(t), Cxu(t, o)) bounded for any xq.

Theorem 8. If u is regularly persistent for (I.I9), in the sense that it makes
o(t) == (CXZ((;)CEO)) reqularly persistent for ©(t) = A(v(t))x(t), y(t) = Cx(t)
for any xo, then the system admits an observer of the form:

() = A(u(t), y(1))&(t) + B(u(t), y(t)) — K(t)(C&(t) — y(1))
with K (t) given by:

M(t) = M(H) A" (u(t), y(t) + Alu(t),y ()M (t) — M(H)CTWCM(t)
+V + 6M(t)

M) = MT0)>0,W=WT>0

K(t)=M@t)CTw-1

with § > 2||A(u(t), y(t))|| or V =VT > 0.
State affine systems and additive triangular nonlinearity

Combining structure of system (ILI8) or more generally (L.I9) with that of sys-
tem (LI7) leads to consider systems of the following form:
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= Ao(u,y)r + p(z,u)
y = Cox with

0 a12(u, y) 0 120
Ao(u,y) = ) - bounded, Co=(10---0),
n—1n 3
0 0

and with ¢ as in theorem [Gl

This means that the observer will need to rely on high gain, but for a non
uniformly observable system. As a consequence, the observability property cor-
responding to observability for short times of proposition [3 will be here required,
but parameterized by y as above:

Theorem 9. If ¢ is globally Lipschitz w.r.t. x, uniformly w.r.t. w and such that:

D g o
(x,u)=0forj=i+1, 1<i,j<n,

8.73j

and u is locally regular for {I1.17), in the sense that it makes v(t) := (C’Xu((?x )>
ul\b, L0

locally regular for @(t) = A(v(t))x(t), y(t) = Cx(t) for any xo, then the system
admits an observer of the form:

&= Ao(u,y)& + (@, u)— | - Ko(t)(Coz —y)
0 A"

with Ko(t) given by:

M (t) = MM (AT (ult), y(t)) + A(u(t), y(£))M(t) — M(E)CTWCM(t) + 5M(t))
M(0)=MT0)>0,W=WT>0

K(t) = M(t)CTw!

6> 2[|A(u,y)|| and X = }. large enough.

This can be established by showing that M]

(i) From local regularity assumption:

1
X >0, VA > Ao, VE> y 0< arl < M7Ht) < aol
for a, ap independent of .
(i) V(e,t) = eT P(\,t)e is a Lyapunov function for the observer error equation,
exponentially decaying, with a rate of decay tunable by A\, where e = & — =
and

A0\ ! A0

PAY) = - M) .
0 A" 0 A

-1
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Notice that this kind of design also holds for systems of the form (L20) where
the a;i+1’s in Ag are matrices instead of scalars ]

Finally, notice again that we have presented observer designs in terms of
UO systems (for which observers with constant gains have been given) and non
UO systems (for which observers with varying gains have been presented). But
obviously one could design an observer with a varying gain for UO systems, since
in that case any input will satisfy the appropriate condition for the observer to
work. Conversely, in some cases one can design an observer with a constant gain
even if the system is not UQO: this can be done provided the system satisfies some
detectability property as mentioned before ﬂﬂ]

1.3.2 Advanced Designs

The presentation of possible observer designs in previous section has been re-
stricted to very specific structures of systems. In this section are presented some
ways to deal with nonlinear systems which do not a priori satisfy the structures
previously presented.

Interconnection-Based Design

The first way to extend the class of systems for which an observer can be designed
is to interconnect observers in order to design an observer for some intercon-
nected system, when possible. If indeed a system is not under a form for which
an observer is already available, but can be seen as an interconnection between
several subsystems each of which would admit an observer if the states of the
other subsystems were known, then a candidate observer for the interconnection
of these subsystems is given by interconnecting available sub-observers (e.g. as
in m]) This is sketched by figure [l below for the case of two subsystems.

As a simple example, consider the following system:

.7.31 = T2
.i‘z = U1
@4 = U2 ’

= (2)

Clearly here one can consider the system as the interconnection of the following
two subsystems:

T = X9 T3 = T4 + (,0('1))
(21) @2 = U1 and (22) i‘4 = U2
Yy =x1 Yy=x3

where v = x5 defines the interconnection.

Tt is also clear that (X) being linear and observable, it admits an observer
(say O1), as well as (X3) whenever v is considered as a known input for (Xs)
(let (say O2(v)) denote the corresponding observer).
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Fig. 1.4. Interconnection-based observer design

The idea is then to get an observer for the whole system from the intercon-
nection (O1)+(02(&2)) where &5 is provided by (Oy).

It can here be checked that for instance if ¢ is globally Lipschitz, (O1)+
(O2(Z2)) can indeed yield an observer.

Now if (X9) is replaced by:

T3 = p(r2)T4
(Y3) § 4 = up
Y2 = T3

it also results from previous section that an observer can be designed for (X))
if x5 is considered to be a known input, provided that this input is regularly
persistent for (X}). If ¢ is globally Lipschitz, it can again be checked that this
is enough for making it possible to get an observer for the whole system by
interconnecting sub-observers (e.g. as in [10]).

This shows that under appropriate conditions separate possible designs can
indeed yield some overall observer. But it does not go that well in any case.
Consider for instance the following system:

1

i = — N :O 122

T1 2(t+1)1‘1, 1 ( )
1

Y = — M :O 123

T2 4(t+1)1‘2+1‘1, Y2 ( )

This system can be seen as an interconnection via x1 between two subsystems re-
spectively defined by (I.22)) and (L23)). Clearly each of them admits an observer
(here not tunable) as follows, as long as x1 is assumed to be known for the second
one:
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: 1

L] = — 13 = 1.24

1 ot + 1) T8 Y 0 (1.24)

. 1

7 z ; =0 1.25
2 4(t+1)$2+$1, Y2 (1.25)

But if we inject 7 given by (L24)) into (L23]), one can check that the error
equation is not stable.

This just illustrates the fact that in general, the stability of the interconnected
observer is not guaranteed by that of each sub-observer, in the same way as
separate designs of observer and controller do not in general result in some
stable observer-based controller for nonlinear systems (no separation principle).

This means that the stability of interconnection of sub-observers requires a
specific attention. Conditions can indeed be derived so as to guarantee a possible
design by interconnection of separate subdesigns, either in the case of cascade in-
terconnection as in the above examples, or even in the case of full interconnection

[13).
Full interconnection

Let us first consider the general case of full interconnection, via the example of
systems made of two subsystems for the sake of illustration, and described by
the following representation:

1 = fi(z1,29,u), w C U C R™; f; C* function, i = 1,2;
(2) To = f2($2,$17’u,), x;, € X; C Rni7 1 =1,2; (126)
y = (h(x1), ha(22))" = (y1, 42)7, vi € R, i =1,2.

Assume also that u(.) € U € L*(IRT,U), and set X; := AC(IR", IR™) the space
of absolutely continuous function from IR" into IR™. Finally, when i € {1,2},
let 7 denote its complementary index in {1,2}.

The idea here is that system ([L28]) can be seen as the interconnection of two
subsystems (X;) for ¢ = 1,2 given by:

(EZ) T; = fi(aci7v;7u), Yi = hi(l'i), (’U;/U,) e X xU. (127)

Assume that for each system (X;), one can design an observer (O;) of the fol-
lowing form:

(0:)  zZi = filzi,vr,u) + ki(gs, 2i) (hi(z3) —vi), G = Gi(zi,v5,u,9:), (1.28)

for smooth k;, G; and (z;,¢;) € (IR™ x &), &; positively invariant by (L28).
The point is to look for an observer for (L20) under the form of the following
interconnection:

©) {f]z = Gi(&4, T7,u,G;); 1 = 1,2 (1.29)

Set e; := z; —x;, and for any u € U, v; € X; consider the following system (where
k7*(t) denotes gain k;(g;, z;) defined in (L2])) :
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€ = fi(zi, v, u) — fi(zi — €5, v5,u) + k77 () (hi(z:) — hi(zi — €;))
gi(u,vf) 2,‘ = fZ(ZZ, Uz, u) + klvi (t)(hz(zl) - hi(Zi — ei))
9i = Gi(zi, v, u, Gi).
Then sufficient conditions for (L29) to be an observer for (L26) have been ex-
pressed in [13] as follows:

Theorem 10. ] If for i = 1,2, any signal v € U,v; € AC(IRT,IR™), and
any initial value (29, ¢9) € R™ x@;, 3Vi(t,e;), Wi(e:) positive definite functions
such that:

(i) Vax; € X;;Ve; € R™;VtE >0,

oV
ot

v,

(ta ei) + aei

(t,eq)[fi(zi + eq, ve(t), u(t)) — fiwi, valt), u(t))
+kf7(t)(hl($z + ei) — hz(ﬂfz))] < _Wi(ei)

(i) Ja; > 0;Vx; € X;;Va; € R™;Ve; € R™;Ve; € IR™;Vt > 0,

o

o, (1) r-+ () = o u0)]| < o/ Witen) VWi,

(m) a1 + ag < 2,
then (ILZ9) is an asymptotic observer for (L24).

This can be established on the basis of Lyapunov arguments by appropriately
combining V7 and V5. The result can be extended to more than two subsystems
by using Lyapunov stability analysis of interconnected systems for instance as
in |37)].

As an example, this approach can yield observers for systems of the form:

i"l = All‘l + fl(l"thvu)
i"2 = AQIQ + f2(1"171‘27u)

o 011‘1
y= CQ.TQ
relying on high gain separate designs for x; and x5 for instance, or even Kalman

separate designs (in particular if A; = A;(u) for some ¢ € {1,2} for instance)

)

Cascade interconnection

In the weaker case of cascade interconnection, namely when fi(z1,22,u) =
fi(z1,u) in (CZ0), various results have been proposed for the stability of the
interconnected system. Let us report here the weakened assumptions proposed
in ] in this context of observer design:
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Theorem 11. Assume that:

L System i1 = fi(x1,u); y1 = hi(x1) admits an observer (O1) as in (L28)
(without v2), s.t. Yu € U and Yx1(t) admissible trajectory of the system
associated to u:

+oo
tlim e1(t) =0 and / llex(®)||dt < 400 (with eq := 21 —2x1); (1.30)
— 00 0

II. 3¢ > 0; Vu € U; Vag € Xo, || fo(wg, 21,u) — fo(z2, 21, u)|| < cflzy — o1

IIINu € U,Yv; € AC(IRT, IR™), V29,99, Tu(t, ex), w(es) positive definite func-
tions s.t for every trajectory of SQ(U’UI) with 22(0) = 28, g2(0) = ¢3:
(Z) V$26X2762€]Rn2,t20,

ov

o O (e lfalwn + enn(6) () — oz, 01 (8) u(t)

(t, 62) + 862
+k3' (1) (ha (w2 + €2) — ha(22))] < —w(e2)

(i) Vey € R™,t > 0; v(t,e2) > w(ez)
(iii) Veq € R™\B(0,r),t > 0; ‘g: (t,eg(t))H < A1+ wv(t, ea(t))) for some
2
constants A\, > 0 and B(0,r) := {ez : |le2|| < 7}.

Then: )
T1 = fi(Z1,u) + k(g1 21) (ha (1) — ha(21))
Ty = fo(d1, &2, u) + ka(g2, L2)(ha(21) — ha(21)) (1.31)
g1 = G121, u,01); '
gg = Gg(i‘g,i‘l,u,gg).
is an observer for [(L20) where f1(x1,x2,u) = fi(x1,u).
[ ]

Once again this result can be established by Lyapunov analysis.

Notice that the here above proposed conditions might be modified by using
more specific stability results for cascade systems.

A typical example of cascade observer design can be found in HE], where the
Kalman-like design was extended to systems of the following form:

i'l = Al (’U,, y)fE1 + Bl (uv y)

i'2 - AQ(ua Y, 1'1)1'2 + BZ(U, Y, 1’1)
o 011'1

y= 021‘2

Those examples show how using available observers for systems in some partic-

ular forms, one might be able to design observers for further nonlinear systems.

Next section proposes another way to do so.
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Transformation-Based Design
Principle

The observer designs presented till now are still all based on particular structures
of the system (either isolated or interconnected). The subsequent idea is that
these designs can also give state observers for systems which can be turned into
one of these forms by an appropriate transformation. The most commonapproach
in that respect is to consider changes of state coordinates. Such a relationship
defines some system equivalence:

Definition 14. System equivalence [resp. at xo/
A system described by:

&= f(z,u) = fu(z)r € R",ue R™
{y _hie) e (1.32)
will be said to be equivalent [resp. at xo/ to the system:
2= F(z,u) = Fy(z)
1.33
LIHG (1:33)

if there exists a diffeomorphism z = @(x) defined on IR" [resp. some neighbour-
hood of xo] such that:

o7
Yu € Rm, g(E fu(l') |w:¢‘*1(z): Fu(z) and hod~ ! = H.

Systems (L3F) and (L.33) are then said to be equivalent by z = P(x).

The interest of such a property for observer design can then be illustrated by
the following proposition (e.g. as in [d]):

Proposition 4. Given two systems (1) and (X2) respectively defined by:

= X(z,u) {ZzZ(z,u)
X and (X
L s 2y = ()
and equivalent by z = &(x),
If: )
2 = Z(2u) + k(w, H(2) —y))
©{ 5= Fu
is an observer for (Xs),
Then: )
z . 0P\ X
(02) T =X (T,u) + <8$) k(w, h(z) —y)
W = F(w,u,y)
is an observer for (X1).
From this indeed, if a system is not of an appropriate structure for an observer
design in view of previous sections, but is equivalent to some other system which

does have some appropriate structure, then the observer problem can be solved
for the original system.
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Ezxamples

The idea of proposition [ has motivated various works on characterizing systems
which can be turned into some appropriate structures for observer design, from
the linear one up to output injection @, @7 ] to several forms of cascade block
state affine systems up to nonlinear injections from block to block as in (L34)

below for instance ,, , @, , , e

2= A1(u, )z + o1 (u,yth)
29 = As(u, y2, z1)z2 + pa(u, Z/27 21)

Zg = Ag(u,y?, 21, . 2g-1)2q + pq(u, Y%, . .. 2g-1) (1.34)
Ciz1 y' .
y=1 : |=1:
Cyzq y?

weR™, z € R,y € R,

As a simple illustrative example, let us consider here the problem of turning a
nonlinear system:

&= f(x)

y = h(z), x € R"

into a linear observable form up to output injection as follows:
& = Ax + ¢(Cx)
y=Cx
Necessary and sufficient conditions for this problem to be solvable have been
given in terms of differential geometry in @]
A constructive algorithm to simultaneously check the possibility of the trans-

formation and construct ¢ can alternatively be given in the spirit of @] as
follows:

1. Get the representation:

y" = oy, g,...y" )
and set z1 1= y.
. s 9, (n—it1)
2. For i > 1, define ¢; by: 0" = oyn)

If o; is not only a function of y, the transformation fails and the procedure
ends. Else, set: z;41 := 2, — @;
3. Continue until i = n or the procedure aborts.

The procedure is clearly sufficient, and it can be checked that it is indeed nec-
essary.

As a second simple example, turning some n—dimensional nonlinear control
affine system into the appropriate structure for high gain observer design, if
possible, is obtained by the following transformation ﬂﬁ, @]
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h(x)
th(ff)

w
Il

L}“lh(m)

Finally, it can be underlined that some enlargement of the class of systems admit-
ting an observer on the basis of the particular structures highlighted in the above
presentation can also be obtained by further considering output transformations
(e.g. as in @, 28, B]), or state extension ( e.g. using immersion @, 41, 35, ])7
for instance.

In particular, it has been shown in ﬂﬂ] that any control-affine system satisfying
the observability rank condition can be turned into a form (IL20) for appropriate
dimensions of the a;;41’s.

1.4 Conclusion

The purpose in this chapter was to give some overview on techniques of observer
design for nonlinear systems. Clearly this presentation follows a particular view-
point on the problem, and does not claim to be exhaustive. In particular the most
important notions of observability (from this viewpoint) have been reviewed, and
some observers have been presented according to two types of designs in that
respect: uniform and non uniform ones w.r.t. input (or time). Those designs are
in particular driven by specific structures of systems, and admit smooth explicit
gains. Extensions of such designs to more general structures by interconnec-
tions and transformations have also been discussed. More details on some of the
mentioned techniques can be found in the subsequent chapters - such as high
gain designs, immersion-based results or optimization-based approaches. On the
other hand, further comments on detectability and related designs have for in-
stance been omitted, as well as various other technical approaches where the
design is not necessaril meOth (as in sliding modes [2 _ B ), explicit (as in
LMI-based designs ﬂﬂ @ ) or exact (as in many approxunate approaches).

1.5 Appendix: Lyapunov Tools

The purpose of observers being asymptotic state reconstruction, an observer for
a given system is to be an auxiliary system such that the error between the
observer state and the system state asymptotically decays to zero, namely 0 is
to be an asymptotically stable equilibrium for the error system.

From this, Lyapunov tools for stability analysis are instrumental in designing
observers, and the purpose here is thus to recall the main results in that respect
(as they can be found for instance in [37]).

In general the considered stability will be that of some nonautonomous system,
namely a system of the form:

o(t) = f(x(t),t) (1.35)
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such that f(0,t) = 0 for any ¢t > 0, and where f is regular enough (at least
piecewise continuous in ¢ and locally Lipschitz in z on D x [0,00) where D is
some state domain of IR" containing 0).

For such a system one can consider the following:

Definition 15. Stability
The equilibrium x = 0 of (I34) will be said to be uniformly stable if:

Ve > 0, 36 > 0, independent of to : ||z(to)]] < 6 = ||x(t)|| <€, YVt > tg > 0.
The equilibrium is uniformly asymptotically stable if it is uniformly stable and:
de > 0 independent of to : V| z(to)|| < ¢, limi—oo||z(t)]| = 0, uniformly in to,

namely:
()] < Blz(to)ll,t —to), YVt =t = 0,V|[z(to)|| < c

for a constant ¢ > 0 independent of ty, and a continuous function [B(r,s) van-
ishing at O and strictly increasing w.r.t. its first argument, and decreasing w.r.t.
its second argument even going to zero at infinity (class KL function).

The equilibrium is globally uniformly asymptotically stable if it satisfies the
above inequality for any initial state x(to).

The equilibrium is exponentially stable if it satisfies the above inequality with
B(r,s) = kre= 7%, k,v > 0, and globally exponentially stable if this condition
holds for any initial state.

Then we can recall the following:
Theorem 12. Let V : D x [0,00) — IR be a C' function such that:
1. Wi(x) < V(z,t) < Wa(z)

ov oV
2. ot + O flt,x) < —Ws(x)

fort > 0,z € D and Wy, Wy, W3 are continuous positive definite functions on
D. Then the equilibrium x = 0 is uniformly asymptotically stable.

If the above conditions hold globally and in addition W1 is radially unbounded
(Wi(z) — oo if ||z|| — o), then x = 0 is globally uniformly asymptotically
stable.

If in fact:

Wi(x) = kil|z|| for i =1,3, Wa(z) < ko=

for ki,ko, ks, c > 0, in the above conditions, then then x = 0 is exponentially
stable.

If those conditions hold globally, then then x = 0 is globally exponentially
stable.

Notice that a function V satisfying the first inequality of item 1 above is called
proper, and it is called decrescent if the second inequality holds.
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2
Uniform Observability and Observer Synthesis

Hassan Hammouri

LAGEP UMR CNRS 5007, Université Claude Bernard Lyon 1
hammouri@lagep.univ-lyonl.fr

2.1 Introduction

The single input observability is the practical observability notion that can be
used for the state and parameter estimation. A system is single input observ-
able if there exists an input which distinguishes any different initial states (see
chapter 1). Such inputs are called universal inputs. For analytic systems the ob-
servability is equivalent to the single input observability (see [19]). For nonlinear
systems, even if the system is single input observable, it may admit an input
which renders it unobservable. However, for stationary linear systems, the sin-
gle observability doesn’t depend on the input and can be characterized using a
Brunowsky canonical form . The property that the single input observability
doesn’t depend on the input will be called the uniform observability. As for sta-
tionary linear systems, canonical forms can be designed in order to characterize
some class of uniformly observable nonlinear systems.

In the observation context, a natural extension of stationary linear systems
consists in considering linear systems up to output injection:

{;’:é§+<ﬂ((u,y)) (2.1)

where the state x € IR", the known input u € IR™ and the measured output
y € IRP.

Clearly, the observability of (C, A) is equivalent to the fact that system (2.1)
is observable independently on the input.

Assume indeed that (C, A) is observable. Let u be any borelian input on some
[0,7] and 2°, 2° be two initial states. Assume now that the associated outputs
y(t) = y(2°, u,t), y(t) = y(2°, u,t) are identically equal on [0, 7] and let us show
that these initial states are the same.

Denote by x(t), x(t) the associated trajectories and differentiating y, y, we
obtain CAx(t) = CAz(t), for every t € [0,T] (since y(t) = y(¢). Differen-
tiating CAx(t) and CAz(t) and using the fact that y(t) = y(t), we deduce
that CA%x(t) = CA%z(t). Repeating this argument until obtaining CA¥z(t) =
C’Akac(t)7 for 0 < k < n—1 and using the observability of (C, A), we deduce that

20 = 2Y. The same argument can be used to prove the converse.

G. Besangon (Ed.): Nonlinear Observers and Applications, LNCIS 363, pp. 35-FZ0, 2007.
springerlink.com © Springer-Verlag Berlin Heidelberg 2007
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An observer for systems (2.])) is a simple extension of the Luenberger observer:

2= Az + ¢((u,y)) + K(CZ - y) (2.2)

where K is any constant n x p constant matrix such that A + KC is stable.

Based on this nice observability property and the fact that the observability
is an intrinsic property (it doesn’t depend on the system of coordinates), one
can ask how we can transform a nonlinear system by a change of coordinates to
systems of the form (Z]). This problem has been initiated by H. Krener and A.
Isidori in [17] and extended to the multi-output systems in E], [22)).

In what follows, we recall the result of [17].

Consider the single output non controlled nonlinear system:

{ole 23)

The state z(t) € IR", the known input u(t) € IR™ and the measured output
y(t) € RP.

In the single output case (p=1), we will recall the necessary and sufficient
condition that systems (Z3)) must satisfy in order to be transformed into the
canonical form:

&= Az + ¢(y)
{y:C’x (2.4)
00 O
10 0
where, A= | . .| and C = (0,...,0,1)
0...10

To do so, consider the family of vector fields Xj, ..., X,, defined by:

LXl(L’]?(h)):O, for k=0,...,n—1
Lx, (L}~ () =1 (2.5)
Xi:[Xi—lny for i:2,...,n

where Ly, denotes the Lie derivative along the vector field X; and [,] denotes
the symbol of the Lie bracket operation.

Now, define the following transformation @ = (@1, ...,9,) by:
Lx,(®;)(x) = &, where 6] is the symbol of Kronecker.

Theorem 2.1.1 [17]

Assuming that the system (2.3) is observable in the rank sense at some x° € IR".
A necessary and sufficient condition for which z = ®(x) becomes a local system
of coordinates around x° in which system (Z3) becomes of the form (27) is that
the vector fields X1, ..., X, commute. Namely, [ X;, X;] =0, for every, i,j.

Proof 1. Assuming that X1,...,X, commute, then one can check that: f =
Z?;ll Di(x)Xit1. Hence, system (2.3) becomes of the form (2.4).
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Since the relation (23]) doesn’t depend on the system of coordinates, to prove
the converse, it suffices to check the commutation of vector fields X1,..., X,
obtained from f = Az + ¢(y).

In [1§), [22)), the authors gave an extension of this result to the multi-output
systems which can be transformed into the Brunowsky canonical form:

&= Az +¢(y)
f2=a "
00 0 00 O
A 0 0 10 0
where, A = . L A = . . is np X mp matrix with
0...4,0 0...10
Ci 0 0
nm+...+np=n,and C=| : . 1 |, with Cp =(0,...,1) a ng vector.
0 ... G

The fact that we are only interested to nonlinear systems which can be trans-
formed to a Brunowsky canonical form up to output injection is that every observ-
able linear system up to output injection can be transformed by a linear change of
coordinates to a Brunowsky canonical form. Clearly the class of these systems is
very restricted. This is why, many authors try to obtain others classes of systems
for which an observer can be designed. An extension of the above result consists
to classify nonlinear systems which can be transformed to controlled state affine
systems up to output injection. An important property of these systems is that a
Kalman like observer can designed m], ﬂ_‘l__1|] (see chapter 1). Contrarily to the ex-
tended Luenberger for linear systems up to output injection, the Kalman like ob-
server for state affine systems converges only for inputs which render sufficiently
observable the system. This comes from the fact that general observable state affine
systems may admit inputs which render them unobservable. An important prob-
lem consists in asking if a nonlinear system observable for every input (uniformly
observable system) admits an observer which converges for every bounded input.
This problem is completely solved in the single output case (see [3], [4], [5], [6]) and
many partial solutions have been obtained in the literature for the multi-output
case (see for instance @], ﬂﬁ]) In the following chapters, we will give these classes
of canonical forms and the associated high gain observer construction.

2.2 Canonical Form and High Gain Observer : A Single
Output Case

Consider nonlinear systems of the form:
T = f(xa u)
2.7
Lo 27

where the state z(t) € IR", the known input u(¢) € IR™ and the measured output
y(t) € RP.
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Recall that system (27) is uniformly observable (or observable independently
on the iput), if for every input v € L*([0,T],R™), where T" > 0 is fixed, u
is universal input. Namely, for every initial states x°, z°, the associated out-
puts y(x°, u,t), y(z,u,t) are not identically equal on [0,T(, 2% 2% u)[, where
T(,2° 2% u) < T is largest time such that the trajectories x(t) and x(t) are will
defined for every ¢ € [0, T(, 2%, 2%, u)[.

Notice that if the linear part of systems (24)), (2.G]) is observable then system
[24) is uniformly observable. Moreover an observer takes the form (2.1, (271) .
This observer exponentially converges whenever the unknown trajectory x(t) is
defined for all ¢ > 0. A sufficient condition which guarantees the completeness of
the system (ie. the trajectories are defined on the whole IR™) is that ¢ is a global
Lipschitz function. Notice that the completeness is necessary for the existence
of an observer which converges as t — oo.

In the following subsection, we will show that uniformly observable systems
can be transformed into a canonical form. This canonical form extends the
Brunowsky canonical form (24]).

2.2.1 Observability Canonical Form for Uniformly Observable
Systems

For the sake of simplicity, we consider the control affine nonlinear system:

{:‘e = fol@) + urfi + - . + e fin(2)
y = h(z)

where the state z(t) € IR", the known input u(¢) € IR™ and the measured output
y(t) € IR. The f;’s are assumed to be of class C*°.
Given a function ¢ from IR" into IR of class C™, the the Lie derivatives of ¢
along the vector fy are:
n dp - .
Ly, (¢) = Zi:l foi Oy Fork=1,...,n, LI;O (p)=Ly, (Liﬁo 1(()0)), with L?“o (p)=¢p.
Py ()
Denote by @(z) = : the transformation defined by:
D, (x)
by (x) = Ly (B) (), for k=1,...,n.
Then the following theorem initially stated in [3] and reformulated in [4] with
a simple new proof can be given:

(2.8)

Theorem 2.2.1. If system (Z.8) is uniformly observable, then there exists an open
dense subset M of IR™ such that for every 2° € M, there exists a neighborhood V
such that the map © becomes a diffeomorphism from V into its range. Moreover,
it transforms system (Z.8) restricted to 'V into the following canonical form:

g=Az+o(2) + D thi(2)us
y=0Cz =

(2.9)
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Vi1 (21)
01 o : f
A= : i , 'LZJO(Z) = ’ 7/%(2) = ¢kj(21a-~-azj) ’ C =
1 .
0 ...0 Yn(2) ‘
wkn(z)
(170,. 70),

Conversely, if a system (Z8) can be transformed into the above canonical
form using any diffeomorphism, then the system is uniformly observable on the
domain of definition of the diffeomorphism.

Proof 2. Assuming that system (Z.8) is uniformly observable, then in particular
u = 0 renders the system observable. Clearly, the property that ¢ is a local
diffeomorphism is an open property. Namely the set of points of IR"™ for which

is of rank n is an open subset of IR". To show that this set is also a dense

T
subset of IR", we will use the fact that the input uw = 0 renders system (2.3)
observable. Assume indeed that this set is not a dense one. Then there exists an

open subset W of IR™ such that for every & € W, the rank of P (&) is lower than
x

or equal to n—1. In particular there exists k < n—1 and differentiable functions

a1,...,qk, such that dLgco(h)(f) = Zf:l ai(g)dLj(gl(h)(ﬁ), for 1 <j<n. Now

taking any different initial states £°, 50 such that dLgco(h)({O) = dLi;O (h)(ﬁo), for
0 < j < k—1 and consider the associated trajectories £(t), £(t) of the non forced
system (u = 0), it follows that h(&(t)) = h(&(t)). Hence u = 0 renders system
(Z8) unobservable. This contradicts the fact that the system is observable for
every inputs.

Now, let show that @ transforms system (2.8) into the canonical form system
Z3).

Since the system is observable for every input ui,..., U, then in particu-
lar, it is so for inputs of the form (0,...,u;,...,0). Hence, it is enough to give
the canonical form for the single input-single output uniformly observable
system:

{;3: }J:(ES;) +ufi(x) (2.10)

Let 2° € IR" such that ® becomes a diffeomorphism from an open neighborhood
of this point.

Set z = O(x), namely, z; = Lj(gl(h)(m), 1 < i < n. In this new system of
coordinates, system (Z10) takes the form:

{;zgz+wo(2) + ugh(2) (2.11)
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P11(2)
0 z
where A is the shift matriz defined above, 1pg(z)= s (z)=| Y1(2) |,
Y1n(2)
Cc=(1,0,...,0).
Indeed, for 1 <i<n-—1,
. dL}t (h) ‘ -
Zit)= 7" "(x@t) = Ly (h)(x(t)) + u(t) Ly, (L~ (h)(2(t)) 1o
= zipa (1) + u(t)ri(2(2) (2.12)
where, ni(2) = Ly, (L1 ()(@7(2))
Fori=n,
: dL}lgl(h) n—1
Zn(t) = (2(t) = Ly (h)(x(t)) + u) Ly (L (h))(2(1)) )13
= Von ((0) F ul0) el >> (2.13)
where, hon(2) = L} (#71(2)) and ¢1n(2) = Ly, (L}, (h)(7(2))

By construction, z1(t) = h(x(t)). Thus C = (1,0,...,0).

Now, let us show that ¥1,(z) = ¥1i(z1,...,2;), for 1 <i<mn:
Assume that this is not the case, and let ig be the smallest integer ig < n — 1
awxho # 0. In what follows, we will
construct an input ug(t) which renders system m) unobservable, and from the
fact that the observability doesn’t depend on the system of coordinates, we can
conclude that ug renders system (2Z8) unobservable.
Zig+1 — i+l
¢12( ) wu(Z)
29 =20 for1 <i<mn;i#jand 29 # z(; such that 1;(2°) — 11;(2°) # 0.
Thus there exist neighborhoods Vo and Vo of 2° and 2° respectively, such that
for every (z,z) € Vox Vo, ¥1i(2) —11i(2) # 0 (in particular v(z, z) is will defined
on 2=VyxVy).

The candidate input ug which renders system (Z11]) unobservable will be con-
structed as follows.

Consider the following system defined on 2 by:

z= Az +vo(z) +v(z,2)1(2)
{52 Az +o(2) +v(z, 2)Y1(2) (2.14)

(29,2%) is as above, denote by (2°(t),2°(t)) the solution of system (2.14)) which
issued from (2°,2°) at t = 0. Then on some interval (maybe small) [0,T],
(29(t), 2°(t)) is will defined, the same is true for ug(t) = v(2°(t), 2°(t)). In what

follows, we will show that the outputs 2 (t), 29(t) associated to initial conditions

20 and 2° are the same on [0,T), which contradicts the fact that the system is

uniformly observable.

for which there exists j > iy + 1 and that

To do so, set v(z,z) = From above, there exists 20, 2°, with
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Set e(t) = z(t) — z(t), system (Z.1J) becomes equivalent to:

2= Az +o(z) +v(z, 2)¢1(2)
{ é = Ae+ (Yo(2) — vole — 2) +v(z,e — 2)(¥1(2) — 1 (e — 2)) (2.15)

Using the definition of v, one can remark that e(0) = 2% — 20 is an equilibrium

point of the time varying linear system:

é(t) = Ae(t) + (Yo(2(1)) — bo(e(t) — (1) .16)
+u(20(t), e(t) — 2°(1) (V1 (2°(1) — Yu(e(t) — 2°(1))) '
Thus, for e(0) = 2° — 2°, we have e1(t) = 0 on [0,T], hence the outputs 29(t),
29(t) are the same on [0,T]. Consequently, uy doesn’t distinguish the different
initial states 20, 2°. This is in contradiction with the fact that every input renders
the system observable. Thus @ transforms system (Z.8) into the canonical form
D).

The converse is obvious. Indeed, since the observability doesn’t depend the
system of coordinates, it is enough to show that system (2.9) is uniformly ob-
servable.

The proof is straightforward. To do so, take any different initial state 2°, z
and any u € L°([0,T], IR™)) such that the associated trajectories 2°(t), 2°(t)
are well defined on [0,T] and that the outputs 2{(t), 23(t) are identically equal
on this interval, and let us show that z° = 2°.

Differentiating these outputs yields that 29(t) = 25(t) and by repeating this
processus, we get 20(t) = 29(t), for every k.

0

Let us illustrate this theorem by a simple academic example:
Example 1. Consider the system

=1 +u
To = —XTo + uxy (217)
Y =1+ T2

The transformation @ is given by:

¢ = <§1 + 52> . and then system (2.17) takes the form:
1= 22

21 = z9 + u(l + (Zl =+ 22))

(21 + 22)) (2.18)

N O

Zo =21 + ’LL(]. —

y=2
Consequently system (2.17) cannot be put into the canonical form. Hence it is
not observable for every input uw € L>([0,T], IR).

One can also verify that the constant input uw = —2 renders the system unob-
servable.

Based on the above canonical forms, an observer will be given in the following
subsection. This observer possesses the property that its gain doesn’t depend
on the frequency of the signal, but only on the upper bound of the signal. This
observer is called a high gain observer.
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2.2.2 High Gain Observer Design
Consider a gain the observable canonical canonical form:

2 =Az+ o(u,z2)
y=0Cz (2.19)
zeR"; ue R

01 0
A= "-1 . C=(1,0,...,0) (2.20)
0 ...0
4101(21’u)
olu,2) = | er(z1,...,2,u) (2.21)
on(z,u)

This canonical form extends this given in theorem 221 for systems (23]
(here, ¢(u,x) is not necessary affine with respect to u).

In order to design our high gain observer, the following hypothesis will be
required:

H) The above nonlinear function ¢ is a global Lipschitz function :
For all bounded subset of IR™; 3¢ > 0, Vz, 2" € IR", we have ||¢(z, u)—p(z/,u)|| <
c|lz — 2’|, where ||.|| denotes the euclidian norm of R".

Remark 2.2.1. i) This hypothesis guarantees the completeness of the system
( for every admissible control, all trajectories of the system are defined on
the wall RT).

i1) If the concerned trajectories of the system lie into a bounded subset £2 of IR",
then we can prolong the monlinear term ¢ to a global Lipschitz function @
outside B, so that trajectories of the new system coincide with those of the
initial system (see the application of mechanical systems, at the end of this
section).

Now, let § > 0 a parameter and set:

6 0 0 k1
Ag = . and K = s
0 Lo kn,
k1 1 0
such that A + KC = : becomes a Hurwiz matrix.
n—1 0
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Our candidate observer takes the following form:

2= A+ p(u, ) + AgK(CZ —y) (2.22)

where y(¢) is the measured output associated to the unknown state of system
E19).
Theorem 2.2.2. Under the hypothesis H), system (223) forms an exponential
observer for system (Z14). More precisely, we have:

Let U a compact subset of IR™, then there exists a constant 6y > 0 such that
VO > 0p; Ja > 0; 33 > 0; V2(0), we have ||2(t) — 2(t)|| < ae™P|Z2(0) — 2(0)]|,
where z(t) is the unknown trajectory to be estimated.

Remark 2.2.2. The convergence of the above observer can be arbitrary chosen.
More precisely, 8 depends on the parameter 8 and lim 5(6) = 4.
Proof 3 (of theorem [2.2.3)
Set e(t) = A, (2(t) — 2(t)), to prove the theorem, we will show that |e(t)| <
Ae77|e(0)]| for some constant X and vy which depend on 0.

Using the equation (Z19) and (Z223) and the definition of Ay and e, we de-

duce:
é=0(A+KCO)e+ Ay (o(u,2) — o(u, 2)) (2.23)

Set o = Ayt (p(u, 2) — p(u, 2)) and denote by 8p; its ith component, we obtain:

1 = 1 )
6011 = |y, (910, 2) = @i 2))| < €\ J0263 + .. + 0242 (2.24)

where c is the Lipschitz constant (given by the above hypothesis H). This constant
depends only on the upper bound of ||u(t)]| .
Now taking 0 > 1, it follows that

6] < clle]| (2.25)

Since A+ KC' is Hurwiz, there exists a symmetric positive definite matrixz P
such that:
(A+ KCO)TP+ P(A+ KC)= -1 (2.26)

where I is the identity matrix.
Set V(e) = el Pe, and using (Z23)-(228), a simple calculation gives:

dWE;(t))) = —0lle(t)||* + 2T (1) Poyp (2.27)
Now from ([228), it follows that:
d(V(e(t)))

dt

Taking 0y > 2¢||P|| = B, then for every 0 > 0y, it follows that V(e(t)) <
e~ 0=tV (¢(0)), which exponentially converges to 0. This ends the proof of the
theorem.

Remark 2.2.3. Notice that the triangular form given in (ZZ21]) together with the
Lipschitz condition play a capital role in the proof of the theorem.

< — (0 + 26| P|)lle®)]? (2.28)
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2.2.3 An Extension to a Simple Multi-output Canonical Form

In this subsection, we will give an extension of the above single output canon-
ical form to a multi-output case. The considered class contains the model of
mechanical systems in the case when the positions are measured.

z2=Az+ p(u, z)
{y:(k (2.29)
z
where z = | 2 | € R™; z;, =€ RP with gp =n, u € R™, y = z;, it means that
Zq
C = (Ip,...,0) is p x n matrix, where I, is p X p identity matrix.
01, 0 o1
A= is a n X n matrix, and ¢ = 2 5 wr(u, 2) € IRP.
Ip e
0 ...0 Pq
or(u, 2) = or(u, 21, ..., 2k) (2.30)
System (Z29) can be rewritten:
for 1<k<qg-1,
Zk = Zk+1 + Qﬁk(u, 21y Zk)
for k=1, (2:31)
Zq = pq(u, 2)
0I, 0 0
Set Ay = : .
0 ...071,

Using similar argument as for the single output case, an candidate observer
for system (2.29) takes the form:

Z= A7+ o(u,2) + A K (CZ —y) (2.32)

More precisely, we can state a similar theorem as theorem above.

An application of this theorem can for instance be given by mechanical
systems:

Many mechanical system have a mathematical model of the form:

a2

s T (& E) +Bu=0 (2.33)

')
where ¢ € IRP is the position vector and E is the velocity vector of the system.
I'(¢) is the inertial matrix which is in general symmetric positive definite. (&, £)
is a vector which contains the Coriolis forces.
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Set z; = € and € = 2y, if the position vector is measured, system ([2.33) takes
the form:

21 = Z2
29 = p(u, 2) (2.34)
Y=z

where, ¢(u, ) = —I'"1(§)(7(§,€) + Bu).

Assuming that the state of the system belongs to a bounded set 2. Let x be
a C* which takes 1 on {2 and vanishes outside a bounded set containing this
set. Then trajectories of system (Z33]) coincide with the following:

le = Z2
29 = @(u, 2) (2.35)
y=x

where, §(u, z) = x(2)¢(u, 2).
This construction permits to render the nonlinearity a global Lipschitz one.
Hence, one can estimate the state of the system by using the observer:

Z= A7+ 3(u,2) + AgK(CZ —y) (2.36)
— OIP _ _ Kl _ Kl Ip . .
where A = 00 ,C =, 0)7K—<K2>7A+KC—<K20>1SHurw1z.

In [5] the authors have extended the above canonical form ) to single
output uniformly observable systems which are not necessarily control affine:

{ Z" = ;:((Z;f)) (2.37)

where x € M, u € U both M and U are analytic manifolds. f and h are analytic
with respect (z,u). The extension to the multi-output case is stated in ﬂ] and
ﬂﬂ], see the following section.

2.3 High Gain Observer for a Multi-output Canonical
Form

2.3.1 The Considered Class of Systems

We consider nonlinear systems which are equivalent by diffeomorphism to sys-
tems of the form:

2=Az+ o(u,z)
{y _ s (2.38)
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21 Zk1 »
where z = | 22 € R 2z = h2 € R™ with an =n, u € R™,
P
Zp ank'
Y1
Y= Y21 ¢ RP. Moreover:
Yp
fA, 01 0
A= . A= " s
0...01
L Ap 0...00
Ke P1 Pk1
C= , Cr =1[1,0,...,0] and ¢ = ©2 HIRES Ph2
L CP Pp Phny

We assume the following :

A1) there exist two sets of integers {o1...0,}, {61,...,0p}, with 6, > 0, k =
1,...,p, such that:

fork,l=1,....p;i=1,...,n, and j = 2,...,n; we have :
i ) 1
If Zilkj (u,z) #0 for some j>2 then of + ; >O’;—21 (2.39)

where of = o, + (i — 1)6). In particular, assumption A1) implies that :

Oy

(u,2)=0 for j>i+1 and 1<i<n,—1.
8ij

A2) the function ¢ is global Lipschitz with respect to z locally uniformly in w.

Before stating our main theorem, let us analyse the meaning of the condition
given by assumption Al) more closely.
Set:

I = {(z,k) :1<i<ng,1<k<p for which there exist

(1,7), 1 <1 <p, 2<j<ny such that ?;Oki (u,2) £ O} (2.40)

Zl]

Let (i, k) € I and set also:

I(i,k) = {l; 1 <1< pfor which 33,2 < j < n; such that Opni (u,2) # 0}

82’1]'
(2.41)
Notice that I and I(7, k) may be empty.
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Now, let (i,k) € I, 1 € I(i, k) and set:
Ao
j(i, 1, k) = max {j,2 < j < m; such that 8@” (u,z) # 0}
Zlj

The above condition is equivalent to :

. . Ok &
V(i,k) € I; VIielI(i,k), of + 5 > OLliik) — ) (2.42)
or equivalently,
27 —1 25(i, 0, k) —3

O’k—O'l+(Z2 )6]@—(](2”2) )6l>0. (2.43)

Hence, assumption A1) holds if the linear problem:
MX >0 (2.44)
has a solution in N?? where X = g yo=(o1,...,0p)T, 6= (61,...,6,)T and

M is a constant matrix derived from (2:39)).

Note that the linear problem (244]) admits a solution in N2, if and only if,
it admits a solution in (R} )? . Indeed, if (Z39) is satisfied for some positive real
numbers o1, ..,0p; 01, .., 0p, then for every integer N > 0, we have:

21 —1 25(i,1, k) —
Now — Noy+ ¢ 12 ) v, — A6 ’2) 3 Ne >0
Now, taking N sufficiently large, the set of integer parts ([Noi],---,[Nopl;
[N61],- -+ ,[Nbp]) forms a solution for linear program (Z.44).

Consequently, a solution of the linear problem (Z44]) can obtained in two
stages: First, we calculate a solution of (ZZ4) in (R% )% by using a linear pro-
gramming technic (see for instance the simplex algorithm). Next, we consider
an integer N such that the set of integers ([Noi],---,[Nopl; [Né1],- -+, [N6p]),
becomes a solution of (Z44]).

Example: consider the following system

211 = 212 + @11 (u, 211, 221, 222)
zi2 = 213 + p12(u, 211, 212, 221, 222)
213 = p13(U, 211, 212, 213, 221, 222)
251 = 222 + o1 (u, 211, 221) (2.45)
259 = 223 + pao(u, 211, 212, 221, 222) ’
293 = 9023(% 2115 2125 Z13, 2215 2225 223)

211

221

y:

For this system, one can chose 01 = 02 =1 and 61 = 3, o = 2.
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2.3.2 A High Gain Observer

Consider the dynamical system :
= Az + o(u,2) — S5tCT(C% —y) (2.46)

with :

i)
Zin=yr for k=1,...,p (output injection)
Zpi = Ziy for i £ 1

ii) u and y are the known output and input of the system (2.38)) respectively
3051
iii) So = is a block diagonal matrix with Sps,, k = 1,...,p,
Sysp
the unique solution of :
0% Sys,, + AL Sys, + Spo, A, = CLCy. (2.47)
We then state the following :

Theorem 2.3.1. Assume that system (2Z:38) satisfies assumptions A1)-A2),
then: VM > 0; 36p > 0; V0 > 0g; I\g > 0; e > 0 such that ||2(t) — z(t)||* <
Xoe Hot||2(0) — 2(0)||? for every admissible control u s.t. ||u(t)|| < M, V¥t > 0.

Moreover, GEI—‘,I}OO o = +oo. This means that system (11) is an exponential ob-

server for system (Z.38) which works for bounded inputs.

Proof 4. First of all, it can be shown that the explicit solution of equation (12)
s given by :
(—1)i+icd ! n!

. itj—2 o
Syop (i,§) = gﬁk(iﬂ‘fli for 1<i,j<n, where CP= (1 p)pt’

Moreover, Sys, is symmetric positive definite for every 6 > 0 (see ﬂ]}
A simple algebraic computation also gives :

1
Sgor = 06 Ap(0)S1, Ak (0) (2.48)
where S1 = Sys;, l9=1 and
1
1
0o
Ai(0) = , k=1,...p
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Set e(t) = 2(t) — z(t). Then the error equation is given by :

é=(A- SélC'TC’) e+ p(u,2) —o(u, 2).

where u is an admissible control such that ||u|lcc < M, M > 0 is a given constant.
In particular for the k’th subsystem, we have:

ek = (A — Spt CFCk) er, + on(u, 2) — i (u, 2).

0%k
1
got
Now set Ag(0) = for k = 1,...p where o¥ are the integers
1
67

defined in A1).

Then, the following equalities hold :

o A(0)ARA; N (0) = 0% Ay,

o N (0)A 1 (0) = 9=V I, (1) is the ny X ny identity matriz)
o CLA M (0) = 671 Cy,

° C’kAlzl(Q) = C}

Set e, = Ap(0)ex for k=1,...,p. Using the above equalities, we get :

e = Ak(0) (Ar — Sy, CLC) A (0)er, + Ak(9) (wr(u, 2) — pi(u, 2))
= 0% (A — SICECR) e + AR(0) (9 (u, 2) — or(u, 2))

p
Consider the function V (e) = el'Se = Z V;(&;) where V;(g;) = €' Sy;e; and S =
i=1
diag (511, ey Slp).

We have :

Vk = é{Slkék + é;{Slkék
— 2097 S (A — S1CTCL) e + 26781 Ak(6) (or(u, 2) — @i, 2))
= —g% (égslkék + é{C{Ckék) + 26{51]@/1]@(9) (pr(u, 2) — v (u, 2))

Therefore,

Vie < —0% Vi + 26F S13 Ak (0) (pr(u, 2) — o (u, 2))
< 0%V, + 2||Suxel| | A (0) (or(u, 2) — o (u, 2)) ||

2

Vi + 20/ M VY Y

i=1

IN

1 .
001; “pkl (U, Z) - (pkl(uv Z)|

where \E,is the mazimum eigenvalue of Sy.

X
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Now,

el;l

ng D n
Vk < _96k Vi + 2/)’6 \/Afnax \/Vk zk: Z Zl: Xi7j90§ —oy

i=1 (=1 j=1

where py =sup G (u,2);2 € R" and ||u|loo < M ¢ and x;,;=0 if G (u,z)=
0z ’ 0z
0, xi,j =1 otherwise.
Therefore,
ng P
. 1 k
Vi < — ok Vi + 2p5 \/Aﬁwz \/Vk Z Z Z Xiyjﬁoj_oi él”
i=11=1 j=1
ng P . R \/Vvl
< 0 Vi £ 200 Moo VIR D DS 07 Y
i=1 1=1 j=1 VAbin
where AL .. is the minimum eigenvalue of Sy;.
Thus,
. 2 ng P
Vi < — (\/géka> + QPkMS\/Q‘S’“Vk Z Z Z Xi’jeo‘_;—df—isk/Q—lSl/Q\/lel‘/l

i=1 =1 j=1
where pg is the conditioning number of S (i.e. the square root of the ratio of the

mazximum and the minimum eigenvalue of S).

Now, according to A1) there exists e, > 0 such that :
o O
l k
Ui, T, < —eg.

1 k
Then, assuming 6 > 1, we have 6%~ % —bk/2-6,/2 <1.

Therefore,
ng P ny
Ve < - (VOri) + 205 v/60 v 30D 3 0y
i=1 =1 j=1
P mny
< — (\/Q‘Ska>2 + Q’rbkpkuse_e\/e‘sk‘vk Z Z \/eélvl

=1 j=1

where € is the minimum of the e ’s.

P
Now set VF=0°V}, fork=1,...,p and V* = Z Vi*. Notice that §°mnV <

k=1
V* < @0max V| where Omazs Omin 45 the mazimum respectively the minimum of
the 6 ’s.
Then,

P
Vi < =Vi + 2miprps0 VVEY DV

1=1 j=1
Vi + 2ngmprpusd™¢ \/Vk*\/V*

<
< =V + 2npnprpustd” V*
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Hence,

V < —V*+2n2pusdV*
< —(1—=2n°pusd= ) V*

where p = max{pg,1 < k < p}.
Finally,

V < —gomin (1 - 2n2pu59_5) \%4
Now, choosing 6y such that 1 — 2n?pusfy € > 0, we obtain :
VO > 0o; e(t)' Se(t) < exp(—pugt)e(0)” Se(0)

where g = @omin (1 - 2n2pu59_‘).

Otherwise,
le()* < p§ eXlg(—Mfﬂf)||é(0)||2 and consequently [[e(t)||* < Mg exp(—pot)|e(0)]*
0 1
where \g = p% 2(12)29; with ¢1(0) = max g 1<k<p

and co = min{ Ulk J1<k< p}. This ends the proof of Theorem [Z.31.
i

We have discussed observers for multi-output nonlinear systems which are ob-
servable for every input. Under adequate structure conditions, it is possible
to deal with arbitrary nonlinearities. The lack of canonical observability forms
for multi-output systems is a difficulty, and the condition given is coordinate-
dependent. Another difficulty is due to the computation of the coordinate
changes that are required first, before applying the results presented. The ob-
server structure presented in this section extends those given in the above section.
Nevertheless, the canonical form discussed in this section doesn’t cover all the
uniformly observable system. In the following section, we will give another struc-
ture which allows to broaden the class of uniformly observable systems proposed
above.

2.4 Uniformly Observable Structure and Observer
Synthesis

2.4.1 Some Observability Concepts and Related Results

Different notions of observability have been presented in HE] More recent con-
cepts of observability can be found in ﬂa] The purpose of this section is to
establish the definitions of some classical as well as relatively new concepts of
observability. We therefore recall some theoretical results and implications asso-
ciated to these concepts.

Consider the MIMO nonlinear system:

{2l 240
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x(t) € M, a n-dimensional manifold; u(t) € U, a borelian set of IR™; u and y
are the known input and output of ([2.49]) respectively.

In this section, system ([2:49]) is assumed to be smooth. This means that there
exists an open set U containing U such that:

f:UxM—TM and h:M — IRP
are of class C*™.

For every fixed u € U, f, : M — TM denotes the vector field defined by
fu(z) = f(u,z) and the map h = (hi,...,hp) is an almost everywhere local

submersion. It means that, Rank( _ (x)) = p for almost every x.

Ox

e Some well-known observability notions

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

accumulation point.

System (Z49) is said to be observable if for every pair of different initial
states x, T, there exists an input u € L°°([0,7],U) s.t. h(z*(-)) is not identi-
cally equal to h(Z"(-)) on [0, T (z, T, u)[ where T'(z, T, u) = min{T (u, ), T(u,Z)}.
We say that such an input distinguishes the considered initial states x, T on
[0,T].

An input which distinguishes every pair of different initial states on [0,7] is
called a universal input on [0,7]. A non universal input is called a singular
input on [0, 7). Notice that unlike linear systems, observable nonlinear systems
may admit singular inputs. Obviously, a system which admits a universal input
is observable. The 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 @]

Now, denote by O the smallest vector space containing h1, ..., h, and closed
under the Lie derivatives Ly, , u € U (ie. Vu € 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
dimO(x) = n. It is said to be rank observable if Yz € M, dimO(z) = n. This
rank observability condition is related to the concept of local weak observability
notion (see for instance [13] for more details and precise definitions).

e Uniform observability concepts

The following definitions and results are useful for the characterization of sys-
tems of the form ([249) which are observable independently on the input.



Uniform Observability and Observer Synthesis 53

Definition 2.4.1. Let E be any borelian subset of U, system (2.49) is said to
be:

(i) E-uniformly observable iff for every T > 0 and every u € L*°([0,T], E),
u s a universal input on [0,T)].

(ii) locally E-uniformly observable iff every x € M admits an open neigh-
borhood V, s.t. system ([2.49) restricted to V, is E-uniformly observable.
(#ii) locally E-uniformly observable almost everywhere iff there exists an
open dense subset M' of M s.t. the restriction of system (249) to M’ is

locally E-uniformly observable.

For single output control affine systems if the system is locally IR™-uniformly
observable, then locally almost everywhere it can be steered by the local change
of coordinates to a canonical form (29]) (see theorem [Z2ZT] of subsection [Z2Z1] of
section

In the single output case, this canonical form as well as its associated high
gain observer have been extended in ﬂa] to single output analytic systems of the
form:

{ 5 - }J:((;‘if)) (2.50)

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 (7' f,)uecv, defines, in a unique
sense, a lifted system on T'M :

Finally the lifted system associated to system (2350) is given by:

é: TMfu(g)
Uiy 221

where dprh(-,u) is the classical differential map from TM — IR.
When M = IR",TM can be identified with IR" x IR" and £ = («, z). Thus
system (25T takes the form:

&= f(u,r)

zZ= or (u, ).z (2.52)
% |
7= (u, ).z

Definition 2.4.2 [4]. Let u € L>([0,T],U) and x € M

i) System (Z.50) is said to be infinitesimally observable at (u, z) if the linear
map:
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ToM — L™= ([0, T(u,z)[, R) (£ — darh (u(-),€%()))

1s one to one.

it) System (Z250) is called uniformly infinitesimally observable iff for every
T > 0; for every (u,z) € L>=([0,T],U) x M, system (Z320) is infinitesimally
observable at (u,x).

The following result is stated in [§] (Theorem 3.1):

Theorem 2.4.1 [4]. Assume that the single output system (Z30) is analytic
and uniformly infinitesimally observable and that either one of the following
conditions holds:

(i) U is a compact connected analytic manifold.
(i) U = IR™ 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 (2250) is locally everywhere diffeo-
morphic to the triangular canonical form:

b= Fl(u, 2%, 2?)
32 = F?(u, 21, 22, 23)

= F’(u7 2l 2t (2.53)
Fr(u, 2%, ..., 2")
y= (u,z )
with
H Fi
gzl (u,z) #0 and aaziH (u,2) #0; Y(u,2) e UXV, andi=1,...,n—1 (2.54)

where V' is the domain in which the local transformation takes its values.

As in subsection 22l an observer for single output systems ([2.53)) can be obtained.
The structure of the observer takes the following form:

Z=F(u,2)+ K(C%—y) (2.55)

In the following subsections and 2244 we will extend the above observer
design (Z353) to a class of MIMO nonlinear systems which generalizes systems
[2353)). The class of nonlinear systems which can be steered by a change of
coordinates to such a canonical form will be characterized in subsection

2.4.2 Preliminary

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

(soae -
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Fl(u,2) 2t
where F(u,z) = : , 2z = © |5 v € U a compact submanifold of
Fi(u, z) z4
R™; 2» € R";ny >mng > ... > ng; n1+ ...+ ne = n. Bach function F"*(u, z),
1=1,...,q — 1 satisfies the following structure:
Fi(u,2) = Fi(u,2%,..., 2", 20 € R™ (2.57)

with the following rank condition:

7

OF n
Rank(aziﬂ (u,2)) =niy1 Vz€ R";YueU (2.58)

In section 4, we will show that condition ([258]) characterizes a subclass of locally
U-uniformly observable systems.

Definition 2.4.3. A constant gain exponential observer for system (2.50) is a
dynamical system of the form:

Z=F(u,2)+ K(Cz —y) (2.59)
where K is a constant matriz such that:

12(8) = 2(B)]| < Ae™"*[|2(0) — 2(0)]]

z
where A > 0 and p > 0
(IRT,U) nor on 2(0),

are constants which do not depend on the input u €
2(0).
In the following subsections, we will give two observer constructions. First, we

give a sufficient condition allowing to design a constant gain exponential observer
for system (Z.56]). Next, we propose an observer construction for general systems

of the form 250)-(Z.517)-(25]).
2.4.3 Constant Gain Exponential Observer

Consider again system (250) where the inputs u(t) take their values in some
Borelian and bounded subset of IR™. As in many works related to high gain
observer synthesis, we need the following assumption :

H1) Global Lipschitz condition:
de > 0;Vu € UsVz, 2/ € R™,||F(u, 2) — F(u,2")|| < ¢z — 2|
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 @])
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Now, let p1 > pa be two positive integers and denote by M(ps, ps; IR) the
space of p; X po real matrices. Let N € M(py,po; IR) with rank(N) = po
and consider the convex cone of M(py,p2; IR) given by C(p1,p2;o; N) = {M €
M(p1,p2; R); s.t. M'N +NTM < al,,} where « is a constant real number and
I,,, is the pa X po identity matrix.

Theorem 2.4.2. Assume that assumption Hy) holds. Then, a sufficient condi-
tion for the existence of a constant gain exponential observer for system (Z50])-

(Z.50-(2.28) is:

For every k,1 <k < q—1, there exists a ni X ngy1 constant matric Sk 41
k

OF
such that: (u, z) € C(ng, nkt1; —1; Sk ky1); for every (u,z) e U x R"

9zk+1
(2.60)
ny > ng > ... > ng, n; is the dimension of z'-space.

Remark 2.4.1. In the single output case, condition ([2.5])) is equivalent to con-
dition (260) of Theorem [2.].2

The proof of the theorem requires the following proposition:

Proposition 2.4.1. Assume that H1) and (Z.60) hold. Then, there exists anxn
S.P.D. matriz P satisfying the following condition:
There exist p > 0; 7 > 0 such that for every (u,z) € U x IR", we have :

PA(u,z) + AT (u,2)P — pCTC < —nI (2.61)
0Ai(u,2) 0 ... 0
: 0  Ax(u,2)0 :
where A(u,z) = o - R : with Ag(u,z) =
. Ag_1(u, 2)
0 cee e 0
OF*
Ozk+1 (u,2)
OF*

Proof of Proposition .47l Set I}, = {8 p1 (W, 2); (u,2) €U x IR"}. From
z
condition ([2:60), we can choose matrices Sk 11,1 <k < ¢ — 1, such that:

VM, € Fk75€k+1Mk +M,?Sk,k+1 < -1,

k+1
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Now consider the following symmetric bloc tridiagonal matrix:

PPy 0 ... 0
PL Py Pz 0 0

p_| 0 : : : (2.62)
0 .. 0 PLy i Pryg1 Py
0 ... 0 0 PL,. P

where Pj, 11 = pr+15kk+1 and Py is a ng X ng S.D.P. matrix, pry1 and Py
will be specified below.
In the sequel, if M is a k x | matrix, we denote by ||M|| the subordinate

| l|l2-norm: ||M]| = sup || ME||, where ||€]| and || M¢|| are the Ly-norms.
llel=1
Let o = Amaz (Per) and 05 = A\pin(Prr) be the respective largest and small-

est eigenvalues of Pyi. From hypothesis H1), we know that Iy is a bounded
subset of M (ng, ng41, R). Set my, = sup{||My|l; My € I'v} and choose P such
that:

(1) 4pi+1”Sk’k+1”2 < OpOps1, for 1 <k <qg-1

(i) 4do2m? < prprs1, for 1 <k <qg—1

(iii) 4p5mi o 1Sk k1 l® < prprz, for 1 <k <g—2
To obtain such a matrix, it is enough to choose Py = orly (0 = 0%), and
numbers pg such that pp << o << ppr1 << 0k+1, Where the notation
a << b means that Z is sufficiently small.

Before proving inequality ([2.61]) of Proposition [Z41], let us show that P is a
S.D.P. matrix. Indeed, let x € IR", = # 0, a simple calculation shows that:

q q—1
T T
2T Pr = E (mk Pkkmk)—i—ZE (a:k P;g);cﬂackH)
1 1

1 47 1
= 21'1 Pul‘l + 21'qTqu$q+

1
2

g—1
T T T
Z(xk Pk:k:xk +4(Ek P];ij+11'k+1 _’_$k+1 Pk:+1,k:+1$k+1)
1
o1 12 aq 2
> q
> % et + e+
18]
5 D @rllz*I” = dprga | Sk lla® 2 + Frpa 1)
1

Using condition (i) above, we get 7 Px > 0.
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Now let us show inequality (ZGI)) of Proposition 41l Set A(u,z) = A, a
simple computation gives:

2T(PA+ ATP — p,CTC)x
= —p1||=t)? + 221" PriAra? + 221" PraAga®

22T (PL Ay + AT Pyo)a? + 222" Py Aga® + 222" Pz Agat
e
+ xq_zT(Pf—:;,q—qu—S + Ay 3Py-3,4-2)a7""
+ 2xq_2TPq qu_gAq_gxq_l + 2xq_2TPq_qu_1Aq_1xq
+ xqflT(PqT 2q—14g-2 + Ao Py g-1)z7!
+ 2297 TPq—Lq—lAq—lxq + ﬂUqT(PqT—l,qu—l + Ag—lpq—lyq)xq

1
= {_/’1||~T1 12 + 42t PryAra? + 22T (Ph A + A{Plz)xz}
T T
+ % {—,01”1‘1”2 + 4.731 P12A2.733 + .I‘S (P23TA2 + Agng)xg}
+ {I2T(P1€A1 + A,{P12)l‘2 + 41‘2TP22A2I3 + IST(P%AQ + Agng)l‘g}
+

2
(2.63)
+ ...
+;{xq 2T(PT3q 2 Aq— 3+Aq 3Pg—3,q-2)2"" ? + 47" 2t Py2,g-2Aq—22"" '
+ o lT(PqT 2.g-14¢—2 + Aq—2Pq72,qfl)m 71}
+;{$q 2T(PT?,q 2 Ag— 3+Aq 3Py_3,4-2)2"?
+ 42972 Py g g 1 Ao + 20T (PL) Ag1 + A _1Pq71’q)l‘q}
+ ; {xq 1T(lDTQq 144- 2+Aq o Py—2,4-1)77"
+ dzr1T Py1,qg-1A¢—127 + qu(PqT—Lqufl + Aq—lqul’q)mq}
q—1
<! Z {=prlle®(1” + 4ll<®|[|z"* |ogmy, — prga ||z}
1= L
+ Z {=prll2®(1” + 4ll2® 12" 2] prs1mn 1 | Sh s [| = prvell2 2}

(2.64)
Using conditions (ii) and (iii) above, we obtain:

2T (PA+ ATP — p,CTC)x < —nl, where 1 > 0 is a constant.

This ends the proof of the proposition.

Proof of Theorem [2.4.21 We assume that hypothesis H1) and condition (Z.60)
of Theorem 2.4.2] hold, and we will construct a constant matrix K, such that the
following system:
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Z=F(u,2) — AgK(C%:—vy) (2.65)
0L, 0 ... O
. . . 0 6°L,, 0 :
is a constant gain exponential observer, where Ay = ,
: -0
0 ... 06,
Iy, is the np x ny identity matrix, k = 1,...,¢ and 8 > 0 is a constant real

number.

Let P be the S.D.P. matrix given by ([Z62) and set K = P~1CT. We will
show that for 6 sufficiently large, 2(t) — z(¢) exponentially converges to 0.

As in ﬂl B] and many other references related to high gain observer synthesis,
consider the change of coordinates z = A;lé, z= A;lz, and set € = z — 2. Let
us show that £(t) exponentially converges to 0, for € sufficiently large.

SF!
Set 0F = | : , Where
Ry
OF = Fi(u, 2, ... 2071 2 — Fi(y, 2t ... 207t 2t ) for 1 <i<g—1

and 6F1 = F1(u, 2) — F(u, z).

A simple calculation gives :

E(t) =0 (A(t) — pP'CTC) e+ A, '6F (2.66)
OF! 21 2
0822(%2’5)08}72 0
: 21 22 ¢3
0 gs3 (W2,25,6)0
At) = -
0
q—1

N . 8§2q (u,3%,...,2971 €9)
0... e 0

with & = 211 4 0; (271 — 2#+1) and w; is a diagonal matrix whose elements are
in [0, 1].
To show the exponential convergence to zero of £(¢), it is enough to show:
d

dt (eT(t)Pe(t)) < —ae® (t)Pe(t) (2.67)

for some constant a > 0.
Set V(t) = T (t)Ps(t), we obtain:

V(t) = =0T (1) (AT (t)P — PA(t) — pCTC)e(t) 4 2e(t)PA, ' F (2.68)
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Using the Lipschitz condition (assumption H1)) and the triangular structure
@XE1), it is not difficult to see that there exists a constant 8 > 0, such that for
every 6 > 1, we have:

145 6F|| < Bel (2.69)

where 3 is a constant which only depends on the Lipschitz constant of F'.
Combining (Z61)), (Z68) and (2.69), we deduce:
V(t) < (=00 + 26| P|)lle@)]?
= din(P) (=0n+28||PI)V (t) (2.70)
To end the proof of the theorem, it is enough to take 6 > max(1, Qﬂ IPID-

In this subsection, we have shown that the design of a constant high gain
observer requires condition (2.60). However, this condition is not always satisfied

by general systems of the form (Z50), (Z57), Z5I).

Consider indeed the following system:

21 =y 283
22 = ug2?
23 =0 (2.71)
1
y=0Cz= (22
where u = (u1, uz2) belongs to the unit circle U = {u s.t. |lul| = 1}.

It is obvious to see that system (Z71]) is of the form (258, 257), (Z58)) and
satisfies hypothesis H1).
Now , assume that system (Z71]) admits a constant gain exponential observer:

2= Au)z + K(Cz —vy) (2.72)
00 u; ki1 k12

where, A(u) = [ 00wy |, K = | k21 koo | is a constant matrix and C' =
000 k31 k32

100
010)°

Thus, for every u € L®(R™*,U), the error equation:
é=(A(u) + KQ)e (2.73)

is exponentially stable at the origin.
In particular, the error equations associated to inputs u(¢) = (1,0) and u(t) =
(—1,0) are exponentially stable. This implies that:
ki1 ki 1 k11 k12 —1
ko1 koo O | and | ko1 koo O are both Hurwitz matrices.
k31 k32 0 k31 k32 0O
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A simple calculation shows that this yields to the following contradiction:
The next section gives a method allowing to design an exponential observer

for systems of the form (256]), Z57), (Z5).

2.4.4 Extension to a More General Structure

Consider again systems of the form (Z56), (Z57), (Z58). We know that for
every (u, z', ..., ,z") and for 1 < k < ¢ — 1, the functions 2Ft!
FF(u, z', ..., , 2% 2Ft1) are locally one to one. In the sequel, we will assume

9

the following:
H2)For1 <k <gq—1,F*(u, z', ..., 2", .)isone to one from IR™*+! into IR"*

Notice that in the single output case, condition (i) (resp. (ii)) with condition
2354) of Theorem 24T] imply H2).

Before giving our candidate observer, we need some notations and assump-
tions.

Consider the following functions:

Pl (u,2t) =2t

k(y o1 By 0P 1 k—1ypk—1(, 1 k
(15(u7z7...72):azk_l(u,z,...7z VE  Hu,z7y..0,2%); 2<k<gq
(2.74)
From the triangular structure (2.57]), it is easy to see that
OF! OFk—2 _ _
A (T = 922 (u,2%,2%) ... k-1 (u, 24, .. 2" FF " (u, 21, ., 2F)

Using assumption H2) and the rank condition (Z5S), it easy to show that :

e for every (u,z',..., 2" 1), &F(u,2',...,2*=1 ) is one to one from IR™ into
Rnk—l
o for every (u,z',...,28 1), ¢F = ®F(u,2', ..., 271 2¥) implies that z*¥ =

ok (u, 24, .., 271 CF) where ©F(u, 21, .., 2871, ¢¥) is a function which smoothly

depends on (u, 2!, ..., 2" 1).
In the sequel, we will assume that ¢* admits a smooth extension @* i.e.:

- @ is a smooth function w.r.t. (u, ¢, ..., ¢+ 1 ¢Y)
- moreover, if ¢ = &' (u, 2', .., 2%) for 1 <i < k, then 2 = &% (u, 21, .., 2871, ¢F).

Our candidate observer for system (Z50)), (Z57), (2.58) takes the following form:

Z=F(u,2) — A(u, 2) A K (C2 — ) (2.75)
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where F is given in (Z58); A(u, 2) = [(845 (u,é))T 0P (u,é)] <8¢ (u,é))T

0z 0z 0z
with
H! 0l,, 0 ... 0
@2 2
b = VAV 0 "1, 0 ’ , I, is the n; X n; identity matrix.
: : o0
P4 0 ... 0 69,

Kisa qny X np constant matrix such that A—KCis Hurwitz, where Aand C
are respectively qni X gni and n; X gn; matrices defined by:

0L, 0 ... 0
0 I, 0 ...
A= (2.76)
0
T
0o vei el O
C=(In,0...0) (2.77)

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

G (u,0,0) =G'(¢") =0

G*(u,0,¢) =G (u,0,¢t .. CF) (2.78)
oP* - ~
= ai (u7 C17 (pz(u’ <1’ <2)7 R (pk(u7 C17 A Ck))v (2'79)

k—1 B@k ‘
D g (0@ L) B ) T 2 <k <
1

As in the previous section, let us assume the following:

H3) (i) Ja > 0; Yu € U; Vz, 2, |[®F(u, 2%, ..., 2F) — &F(u, 2", 27| >
allz =2, for 1 <k <gq

(ii) Vp > 0; 38 > 0; Vu € U; Yo € R™,[v]] < p; ¢, (5 [GF(u,0,¢) —
GF(u, 0, ¢ < BlIC = (||, for 1 <k <gq

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



Uniform Observability and Observer Synthesis 63

In the sequel, we denote by U the set of bounded absolutely continuous functions
u(.) from IR into U, with bounded derivatives (ie. & € LT°(IR")).
Now, we can state our main results:

Theorem 2.4.3. Assume that system (220)-(2:57)-(2.28) satisfies hypotheses
H2) and H3), then:
For every u e U, 30y > 0; V0 > 6y; I\ > 0, do > 0,

() = 2)]| < Ae~]|2(0) = 2(0)|, for every ¢ > 0.
Moreover, o may be chosen large by taking 0 sufficiently large.
If we omit hypothesis H3), then we can state:

Corollary 2.4.1. Consider system (2.20)-(2-57)-(228), and assume that H2)
is satisfied. Let u € 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 ([2.79) can be designed in order to estimate such bounded
trajectories.

Proof of Theorem Let v € U and consider the following systems:

A 2.80)
{y=C<
¢ =AC+G(ui,¢) = A K(CC ~y) (2.81)
Gl
G? o
where, G = | . |; the G*’s are defined in (Z79) and A, C are given by (Z.76)
G

and (Z77), and K is such that A — KC is Hurwitz.

We can easily check that if z(¢) (resp. 2(¢)) is a trajectory of system (Z350)
(resp. of system (270])) associated to an input u € U, then &(u(t),z(t)) (resp.
D(u(t), 2(t))) is also a trajectory of system ([Z80) (resp. of system (Z8II)). Ac-
cording to hypothesis H3-(i), if [|{(t) — ¢(t)|| exponentially converges to zero,
then so does ||2(t) — z(t)||. Hence, it is enough to show that system (Z&I]) is an
exponential observer for (Z80).

To do so, we shall proceed as in [4] and [5]. Set £(t) = Agl(f(t) — (%)), we
obtain:

e =0(A— KC)e + Ay '6G (2.82)
where 6G = G(u, 0, ) — G(u, i, ().
Since A — KC is Hurwitz, there exists a S.P.D. matrix P such that P(A —
KC)+ (A-—KO)YTP=—1
where [ is the identity matrix. To end the proof of the exponential convergence,
it suffices to show the following:
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T
1P ) < a2 (2.89)

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

d(e” Pe)

dt

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

145 18G < Blle] (2.85)

(t) = —0le||* + 2eTPA, ' 6G (2.84)

where [ is a constant which does not depend on . Combining (Z:84) and (Z:85),

we obtain:
d(eT Pe)

dt
Now, let us choose 6y > max{?ﬁ, 1}, it follows that for 8 > 6y, we have:

(t) < (=6 +20)|le]|?

le@®)]l < Are™ 2" [|e(0)]| (2.86)
where A1 > 0, Ay > 0 are constants, and Ay = \y() — ~+o0 as § — +oo.

Proof of Corollary 2.4.7]

Let u € U and consider the functions ¢* defined in (Z74). Let £ be a compact
set containing all {(®*(u(t), z(t)),..., P (u(t), 2(t)))}, where z(t) is any trajec-
tory of system (256]), associated to the input u and issued from K. Let =} be
any C'-function which takes value 1 on (2, and vanishes outside a bounded open
set containing 2;. By construction of the system of coordinates ({!, ..., () (see
above), Z* is a function only of (¢',...,¢*) and having a compact support.

ZL.GY (u,,C)

Now set G (u,,() = (the G*(u,u,()’s are given by (Z79)),

Eq.Gq(.u,u, Q)

then for every trajectory z(t) of system (Z56) associated to u and issued from
Ky, &(u(t)(t), z(t)) is also a trajectory of the following system:

S T
¢ ~C + G(u, 1, ) (2.87)
y=0C¢
Thus, it is enough to construct an exponential observer for system (Z87]).
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:

= AC + G(u,i, O) — Ay K(CC —y) (2.88)

forms an exponential observer for system (2.87).
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2.4.5 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 (Z50)-(Z517)-(258).

Consider nonlinear systems of the form ([2.49). Notice that, in general, observ-
ability (resp. rank observability) of system (Z49) does not imply observability
(resp. rank observability) of the associated autonomous system :

= fu(z)
RN S (2.89)
where u is a fixed constant control and f,(z) = f(u,x).

The uniform observability structure that we will define in particular possesses
the property that if system (Z49) is rank observable, then for every fixed u € U,
(X.) defined by (Z]9) is also rank observable.

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

e & is spanned by {dh1, ...,dh,} (notice that £} does not depend on u since
hi = hi (ac))
e For k > 1,let £, be the codistribution spanned by £} and {defu (h1),...,

ar§, (hy)}
Clearly, we have £} C ... C &Y, C &Y C ...

Definition 2.4.4. System (2.49) is said to have a U-uniform observable
structure (U-u.o.s) if and only if:

(i) Yu,u' € U; Vo € M, E(z) = EX (x).
(ii) For each i, the codistribution E!' is of constant dimension v} (dim EM(x) =
v, Ve e M;YueU).

In a similar way, let (&;);>1 be the family of codistributions defined by:

o & = span{dha, ...,dhy}
e &1 =& + span {deui ...qul(hj);ul,...,ui elU,j= L...,p}.

Remark 2.4.2

a) From (i), we can deduce that for every uw € U and every i > 1, & = EF.

b) From (i), if system (2.49) is rank observable at some x and has a U-u.o0.s.,
then it is rank observable at each point of M.

Taking account of Remark [ZZ4.2] we shall denote indifferently £ by &, vj* by
v and we shall denote by ¢ the smallest integer s.t. £; = Eg41.

In what follows, we assume that U is such that every compact subset of U is
also a compact subset of IR". This property holds in particular if U is a closed
or an open subset of IR™. For the sake of simplicity, we will also assume that h
is a local submersion.
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We now state the main result of this section :

Theorem 2.4.4. 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 (2.49) is
locally U’ -uniformly observable (see Definition [2.7.7]).

Remark 2.4.3. Notice that if we omit the compactness hypothesis of U', the
theorem is no longer true.

Indeed, consider the following example:
i1 = cos(1 + u?)x3
iy = sin(1 + u?)z3
23 =10
Y= (mla $2)

(2.90)

with U = IR and M = IR®. Clearly, EY and & are respectively spanned by
{dz1,dxs} and {dx1, dxo, dzs}. Thus (Z90) is rank observable and it has a IR-u.o0.s.
Now, taking any 20 = (29, 29,29) € IR? and any neighborhood

5 =29 —e, 29 +e[x]|2d—e, 29 +e[ x|zl —e, 2 +e[. Consider any constant control

2km
u such that 14w < ¢ and take two initial states x,Z with =1 = Z1,22 = s
U

2km
and x3 — T3 = L2 Let z(-),Z(-) be the trajectories corresponding to u and

respectively issued from 2 and Z. Obviously, x1(t) = Z1(t) and xo(t) = Z2(t) for
every t > 0. Thus, such v is not universal on any [0,7],7 > 0. Hence system
(Z90) restricted to V5 is not locally U’-uniformly observable for any unbounded
interval of U’ of TR.

The proof of Theorem [Z4.4] requires the following lemma:

Lemma 2.4.1. Assume that system (2.49) is rank observable at some point and
has a U-u.0.s5. Then :

i) for every x € M, there exist a neighbourhood V and a diffeomorphim:

& : V—W which transforms system (2.49) restricted to V into the following form.:

2t = Fl(u, 2!, 2?)
3% = F%(u, 21, 22, 2%)

(2.91)
29 = F(u,z)
y==z'
where
1
ZeR™, z=|:| €W, uelU
24

Moreover, we have
P=n1>Ng > ... >N, (2.92)
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i) YueU;Vze W; Vi, 1 <i<gqg-—1, we have:

oF!
rank (82’”‘1 (u, z)) =N (2.93)

where nijy1 = dim &1 —dim &;

Proof of Lemma [2.4.7] since system (2.49) has a U-u.o0.s., we have:
Vue U & =& CEé‘:EQC...Cé';‘:Eq and for i > g+ 1, 5;‘:&:5}1‘.
Now, let u° be a fixed element of U; from the definition of the Eiuo’s, we know
that (dhy, .. .,dh,) forms a basis of & = " (since h : M — IR? is assumed to
be an almost everywhere local submersion). For i = 2, ... ¢, and after reordering
adequately (hi,...,hp), a basis of & = 5;‘0 is given by

B = (dhl, wodhy, dLy,o (A1), .y dLyg, . (g ), AL (1), ..,dL;:j(hm_l))

Set n1 = p and n; = dimé&; — dimé&;_1, and using the construction of the B;, we
obtain ny > ng > ... > ng.

Now, using the fact that system (2.49)) is rank observable at some point, from
Remark (ZZ.2)), it becomes rank observable at any point of M and hence, the
dimension of & = &£ is equal to n. Moreover, from Definition 2.4.2}(ii), it
follows that & — (hh...7hn17...7L;§“0_1(h1)7...7dL;q:1(hnq)) becomes a lo-
cal 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 sys-
tem (Z.4J) restricted to V' can be transformed by @ into a system of the form
TD). Indeed, since &, = &, Vu, we have that Ly, (L}*j(h])) depends only on
By by Ly () L ().

To end the proof of the lemma, it remains to prove (Z93)).

Denote by &;, £ the codistributions associated to system (2.91]) defined in a
similar manner as the &;’s and £*’s. Notice that & (resp. &) is the pull-back of
&; (resp. g’;‘) (& = d.&; (resp. & = d5*<5~'§‘)>. Since @ is a diffeomorphism, the

properties (i) and (ii) of Definition L2 are then preserved for the £*’s. But £*

oFi~t ORI
is spanned by [ dz!,... dzt ..., ' dz',.. ., "7tdZ' |, where
! 0zt 0zt
, , . dzt
L 0 T e W
0zt \ 92 7T 0z anc as = g
’ dzy,,
Since £ is of a constant dimension an, it follows that :
j=1
oFi—1
rank 9z (u,2) =ny, Y(u,2) € U x W where W =@(V)

We can now prove Theorem 244l
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Proof of Theorem [2.4.4L let U’ be a compact subset of U. Let us show that
for every x € M; there exists a neighborhood V, of x such that the restriction
of system (1) to V,, is U’-uniformly observable. Using Lemma [ZZ ] and the fact
that the observability is an intrinsic property (it does not depend on the system
of coordinates), it is enough to show that the restriction of system (231 to
W = &(V,) is U’ uniformly observable.

To do so, we need the following notations:

Set v; = nq + ...+ n; the dimension of &;, and denote by m; (resp. ;) the
canonical pI‘OJQCthD from IR” to IR™ defined by (z!,...,2%) — 2% (vesp. from
RY T to R” : (2',..., 27 > (217...,21)).

Set W; = WZ(W) W =m,(W), 2t = (z1 2% and denote by F, .: the map
from W;1; into IR™ defined by F, .i(z"1) = Fz(u 2, 21 where the F’s are
defined in (291)).

To prove Theorem [Z4.4] one just have to show that there exists a neighbor-
hood W = &(V,,) of ¢(z) (maybe small) such that for 1 <i < g —1; for every
u € U’ and for every 2zt e W., F; _i 1S one to one. Assume indeed that the F;Z 'S
are one to one and let us show that system (Z91)) restricted to W is U’-uniformly
observable.

Let u°(-) € L>=([0,T],U’) be any admissible input, we will show that u°(-) is
a universal input on [0, 7. Otherwise said, let z, Z be two initial states such that
the corresponding outputs z*(t), z!(¢) are identically equal on [0, T] and let us
show that z = Zz.

Since z!(t) = z1(t), Vt € [0, T}, differentiating this equality, we get:

thus,

Faoy o100 (Z2(1) = Fyo(y 210y (22 (1))
hence,

22(t) = z%(t) (since F;Zl is one to one).

Differentiating this equality and proceeding in a similar way, we get z3(t) = z3(t).
Repeating this procedure and using the same arguments for i = 3,..., we get
zZ=2Z.

Now, let us show the injectivity of the F; _i's. Assume that for every neigh-

bourhood W of &(z), there exist i,1 < i < ¢ —1; u € U'and 2* € W,
such that the restriction of F? 2 is not injective. Thus, one can find se-

quences (5k)k20 <€k >0, lim &‘k:O), (uk)k>0, Uy € U’ and (Zsk)kzo S

B(P(z),ex) ={2/ || z — ( ) ||< er} such that F° , is not one to one for some

Uk Zey,
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fixed ig € {1,...,¢ — 1}. It means that, Vk; 3zl0t! ziotl € 1, (B(D(z),ex)),

Zlotl o Ziotl and such that F“; i (20T = F:; o (zloth).
) Ek b 5k

Applylng the Mean Value Theorem, we get:

OF ) ) )
l: ) ( io+1 + 6, ( ig+1 Zlo+1)):| ~(Z;2_+1 _ Z;Z""l) =0

8Z’L+1 Ek+1 €k
where ©;, is the nj,11 x nj,41 diagonal matrix diag(6,...,0n, ,) for some
9]‘ S [071}7 1<5< Nig+1-
Zi0+1 _ 2i0+1
Since ziot1 £ zio+l get (ot = T ok we obtain :
” Zlo+1 Zlo+1 ”

OF™ (i1 io+1 _ sig+1 io+1 io+1
o (PR ot =2t [t =0 and | ¢t = 1.

azerl 5k+1 5k+1 Ek41

Since (ug)k>1, (¢©°T1),>1 are bounded sequences, then one can extract subse-

€k
quences (ug, )i>1, ( ;‘;l‘"l)lzl such that lim wug, =wu and lim C::zj‘l = o+l

1 —+00 ki ——+o0
with u € U’ and [|¢ ]| = 1.

) OFo )
Now, using the continuity of the map : (u, 24 .., z”’"‘l) — (w2t Z”"H)
8zz+1
and the fact that
: io-+1 (ol _ mio+ly) — Lo+l _ i -
kkrﬁx} (zéil + 04, (207 — 25 )) = 2""" and kEToo P ,, = " we obtain :
OF™ 1 G041\ fio+1 . io+1
9zit1 (u,z", ...,z ¢ =0 with ||¢"7 =1 (2.94)

0

Ozt (

But, from Lemma [ZZ1] the n;, x n;,4+1 matrix u, z) is of rank n;, 1 and

Fio
i+l (u, z) = {0}. This is in contradiction with ([2:94)).
z

o > Nig+1, thus ker
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3.1 Introduction

We distinguish two kinds of observers for nonlinear systems which are used by
scientists and engineers: empirical observers and converging observers.

The first class of observers are based on some approximation of the nonlinear
system or approximation of a theoretical best estimation. The most common
example is of course the extended Kalman filter. Although, for linear systems,
the Kalman filter is a converging observer and an optimal observer for some
quadratic cost function, the nonlinear version is based on a linearization of
the nonlinear system in a neighborhood of its estimation. Hence, the extended
Kalman filter is a good — almost optimal — local observer but it is not a globally
converging observer. Intuitively, if the a priori estimation is far from the actual
state value, the linearization around the estimate has no sense (Section B.2.2).

There is a lot of empirical observers, based on neural networks, genetic algo-
rithms, fuzzy logic, and so on. These observers are also based on an approxima-
tion of the process.

Another type of observers are based on the approximation of the exact solu-
tion. Setting indeed the problem as a stochastic problem, the optimal solution
is given by the Duncan-Mortensen-Zakal (DMZ) equation. The solution of this
nonlinear stochastic partial differential equation is the law of the state knowing
observations. Hence, the conditional expectation of the state knowing observa-
tions can be expressed using the solution of the DMZ equation. However, this
PDE equation is very complicated. There exist some algorithms in order to cal-
culate an approximation of the solution, and therefore to obtain an approximate
observer. For instance, some Monte-Carlo methods can be used in order to cal-
culate the conditional density of probability of the conditional law. In this case,
these methods are called particle filtering methods. They consist in the simula-
tion (by Monte-Carlo methods) of several processes, which allows the calculation
of the law of the state. The observation appears in the DMZ equation as a killing
process. Although this approach has some theoretical justifications (it converges
when a finite parameter — the number of particles — goes to infinity), observers
based on this approach are always approximate observers.

G. Besangon (Ed.): Nonlinear Observers and Applications, LNCIS 363, pp. 71 2007.
springerlink.com (© Springer-Verlag Berlin Heidelberg 2007
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Although these empirical observers are not proved to converge, they are used
by many engineers for many processes, including some critical processes. During
normal operation, these observers are often very reliable and give very good
practical results.

The second class of observers are theoretically converging observers. In the
present chapter, we mainly discuss about high-gain observers. Nevertheless, there
exist also some other classes of converging observers. Most of them only deal with
a small class of nonlinear systems. Most of them also have some bad performances
in the presence of noise.

Here, we will not speak about sliding observers, algebraic observers, or finite
dimensional filters, but we will focus on high-gain observers, and their perfor-
mances compared to extended Kalman filter.

Our purpose is to present a uniform framework where nonlinear filtering,
empirical observers and exponentially converging observers are compared. We
mainly discuss about their similarities, and we propose an observer based on
empirical observers (as those used by engineers), which is an exponentially con-
verging observer.

Despite the lack of theoretical justification, the extended Kalman filter (EKF)
is one of the most famous algorithm used to estimate unknown state variables
from measurements in dynamical nonlinear systems. It is also used to estimate
unknown constant or slowly varying parameters in linear systems and sometimes
to perform failure detection. In this last case, it is necessary to quantify the
efficiency of the EKF with time. This task is usually based on the innovation
process, which is the integrated difference between actual measurements and
predicted measurements. The innovation process can be monitored, and a large
value of the innovation can be used to send an alarm or to switch from an old
model to a new one. It can also be used to estimate the noise entering into the
process or to estimate the measurement noise.

The empirical EKF is even used for critical processes. Therefore, in order
to increase the performance and the reliability of the EKF several engineers
and researchers already tried to develop an adaptive version. Using innovation
and state estimation, it seems possible to estimate parameters that characterize
the state of the process. These parameters can then be used to adapt the gain
matrix by online automatic tuning of some of the covariance matrices used in
the computation of the gain matrix. These kinds of adaptive EKF are empirical
but seem to have nice behavior compared to the EKF.

Because of the difficulty to ensure robustness when adaptive quantity is con-
tinuously updated, some authors used an adaptive algorithm based on switching
between several models. For instance, in ﬂﬁ], authors have developed an ap-
plication on a highly critical process (from a robustness point of view). They
proposed to switch between two covariances matrix @)1 and ()2 depending on
the state of the process.

There exist many papers dealing with adaptive observers and adaptive ex-
tended Kalman filtering especially in the GPS and DGPS community, see
@, , ] In ﬂﬂ] for instance, authors present an adaptive extended Kalman
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filter using innovation in order to adapt () and R matrices, exactly in the same
spirit as in the present chapter, except that they do not give any theoretical
proof. Nevertheless, the need for this kind of observer is clearly established.

In those papers, adaptation of the filter is done using empirical rules (genetic
algorithms [35], neural networks [44], statistics [33]...), and no proof is given. But
in all cases, efficiency of the adaptive observer is highlighted. Let us remark that
for neural networks based extended Kalman filters (N-EKF), the system is split
into a linear part and a nonlinear part, and the extended Kalman filter is applied
to the nonlinear part, which is approximated by neurons. The weights of neurons
can be calculated using EKF, making the algorithm adaptive. In this case, some
proofs can be established, but only if the neural network can approximate the
system.

An intuitive theoretical justification of adaptive gain is based on the high gain
observer theory. It has been shown from a long time (ﬂﬂ]) that high gain ob-
servers have very nice theoretical properties. The first one is that they required
to study the observability property of the model. This study prevents from devel-
oping an observer for a non-observable system. But high gain observers are also
exponential observers: one can prove the convergence of the high gain observer.
In our opinion, the convergence property is a minimum requirement for an ob-
server which is used on some critical processes, and sometimes as a diagnostic
tool. Therefore, it is a good idea to adapt the gain of observers in the following
way:

e use an EKF when the estimation is close to the true state, because EKF is a
good (optimal) local observer (as already stated) and

e use a high-gain observer when large perturbations occur, because these ob-
servers are nonlinear converging observers.

In [14, [15, 20], the high-gain extended Kalman filter (HG-EKF) has been
introduced. Compared with the Luenberger observer, HG-EKF is also an ex-
ponentially converging observer, but with the property that it is more efficient
in the presence of noise. Indeed, the high sensitivity of high-gain observers is a
well known drawback: the high gain ensures convergence but also increases noise
effects. In B], a new algorithm, based on classical and high-gain EKF, has been
developed. This algorithm is based on a theoretical result, which states that a
time-dependent HG-EKF, which is asymptotically equivalent to a classical EKF,
may be an exponentially converging observer, if the transition from HG-EKF to
EKEF is slow enough. But this result is based on a time-dependent observer and,
in order to make its convergence property persistent, it is necessary to use sev-
eral observers and to switch from one to another, depending on the innovation
process. Although it is an efficient observer, as shown in the reference above,
but also in ﬂﬂ, @}7 it is rather complicated and CPU intensive. Moreover, even if
the final algorithm can be considered as an adaptive high-gain extended Kalman
filter (AG-EKF), its implementation is far from classical observers as used by
engineers.

In this chapter, we will present a time-independent adaptive-gain extended
Kalman filter. The adaptation of # will depend on the innovation process.
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As usual for the HG-EKF, the parameter 6 appears in the Riccati equation
of the Kalman filter, and more precisely in the matrix @, denoted by Qy. But in
this new case, the high-gain parameter appears also in the matrix R (denoted
by Rp), as in ﬂﬂ] (for a practical application). It is the first difference with the
result of [8]. The second difference is that 6 may increase if the innovation is
high and decrease if the innovation is low. This idea is the basis of practical
applications: it is also the cornerstone of the proof of the theorem.

Before considering extended Kalman filtering, we will present in the next sec-
tion some results concerning nonlinear filtering. A nonlinear filter is similar to
a nonlinear observer, in the sense that it is supposed to estimate the state of a
system given some measurements. But nonlinear filtering deals with stochastic
equations. In the deterministic case, one has in mind that the model approx-
imates the system, that some un-modeled and unmeasured perturbations can
enter continuously into the system, and that measurements are corrupted by
noise. Therefore, an observer should be robust to these perturbations. In the
filtering problem, these perturbations are taken into account in the synthesis
of the algorithm. Hence, the stochastic approach seems to be more adapted to
the problem, which is better defined (and the stochastic problem is completely
solved by the DMZ equation).

As we will see however, both approaches yields similar tools. In fact, the main
difference between the two theories is the observability property:

e In the stochastic case, the system has not to be observable. A nonlinear
filter can be developed even for unobservable systems since it gives only the
conditional law of the state knowing observations. Typically, an observable
system gives rise to a unimodal law.

e In the deterministic case, an observer has no sense for a non observable system
(except perhaps if the system is globally asymptotically stable in which case
the model itself is a — slow — observer).

The ”nonlinear filtering” section may be read even by a reader which is not
specialist in probability. It can also be omitted by a reader which is not interested
by the filtering/observation comparison.

3.2 Nonlinear Filtering

3.2.1 Duncan-Mortensen-Zakai Equation
We study the observer problem in a stochastic setting. Let us consider the fol-

lowing stochastic system

{dX(t>=f(X(t)’U)df+Q%dW<t) (3.1)
dY (t) = h(X (t),u)dt + R2dV (1) .
where

e X (t)€R", X (0) being a random variable, Y (¢) € R?, and u is a R%valued
measurable function,
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e W (t) and V (f) are two independent Wiener processes (also independent
from X (0)).

In this chapter, we will omit to specify the time variable whenever no confusion
is possible, writing X instead of X ().
Therefore,

E {(Q%Wu)) (Q%Wos))'] —Qu

(where M’ denotes the transpose of a matrix M) so @ is the covariance matrix
of the state noise, and R is the covariance matrix of the measurement noise (the
notation Qi‘ represents the Cholesky decomposition of @), also called square root
of Q).

In this section, we denote by X (¢) a process or random variable and x (¢) its
realization, that is x (t) = X (¢t) (w).

X (0) is supposed to be an L? (R") random variable independent from W and
V. For simplicity, we will assume that this random variable admits a density
function, denoted by p (0, z) = dP({Xd(f)Sx}).

Considering equations in the Ito sense, if f is a Lipschitz function w.r.t. x
with a Lipschitz constant independent of w, then system (B]) admits a unique
solution.

In this stochastic context, the observer problem is an estimation problem: we
want to calculate the best estimation of X (¢) knowing measurements Y from 0
to t, denoted by the o-algebra F . Hence, we want to calculate the conditional
expectation E [X (t) | )], or more generally E [¢(X (t)) | FY'] for any test
function ¢. Finally, this is equivalent to calculate the conditional law of X ()
knowing F} .

We assume that this law admits a density denoted by p (¢, x), i.e. the condi-
tional law is absolutely continuous with respect to Lebesgue measure (this re-
strictive assumption is not necessary but it simplifies some formulas, especially
the DMZ equation). Then, p (¢, ) is the solution of the well known Duncan—
Mortensen—Zakai (DMZ) equation. We will not explain this equation here: it is
a stochastic partial differential equation, which has to be regularized before to
be used, and which is difficult to use for practical problems, especially if n is
large (see [37] for a clear statement of the DMZ equation).

The DMZ equation has been used in several ways:

e First, this equation may be simplified in some very special cases. One of them
is the linear case, where the solution of the DMZ equation is the Kalman
filtering equation. There also exist some nonlinear cases where the DMZ
equation gives a computable solution, for instance for systems which are
linearizable up to a change of coordinates, or an immersion. In these cases,
it is of course a very good approach to build an optimal observer.

e Second, despite its complexity, the (regularized version) of the DMZ equation
can be approximately solved, for instance using Monte-Carlo methods. In this
context, Monte—Carlo methods are called particle methods. The main idea is
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to approximate the initial law of X (0), given by its density p (0, z), by a set
of "particles”, i.e. a set of independent random variables X; (0) such that

N
1‘) ~ Z 6X71(0)
i=1

where 6, denotes the Dirac measure at x. The notation ~ will be precisely
defined in Theorem

The principle of a particle method is then to approach the probability law
of X (t) knowing FY by a (weighted) sum of Dirac measures at points X; (t).
When applied to filtering, this just consists in approaching the law of the current
state knowing observations by means of a particular weighted sum of Dirac
distributions. This kind of method is well adapted to the case in which the
dimension of the state is large, because in this case one usually uses the Monte-
Carlo method to compute the conditional expectation

E[o(X () | 7] = / o(@)p(t, 2)d

and this method requires a sample of the law p (¢, ) which is given by X; (¢),
i=1,...,N.

To characterize a particle method, it is sufficient to give some rules such as

e how to calculate weights of particles (e.g. Dirac measures)
e how to move particles X; (¢) in the state space

Let us give an example of a particle filtering. As we will see in next section,
this algorithm have some similarities with the observer construction (Section
B33)), although it has been obtained by a totally different way.

We will study the nonlinear filtering problem with linear discrete-time obser-
vation, that is to say, the second equation in ([B)) is replaced by

Vi = CX (ty) + R2V (k) (3.2)

where (tx),cy is the sample time and (V' (k))ren is an independent (w.r.t. W
and X (0)) Gaussian white noise. The limitation to a linear observation func-
tion is not necessary but is a simplification when one wants to implement this
algorithm. The choice of discrete-time observation simplifies the mathemati-
cal background necessary to define the DMZ equation. Indeed, in this case,
the conditional density p (¢,x) is given by the discrete version of the DMZ
equation:

1 tr_1)
p(tkax) = fyk—lzyk—l fYk / ))({(tk )p<tk—17§)d§ (33)

Vi (Y

with the following notations
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° ff/i (t):w(yk) represents the conditional density of Y}, knowing X (¢) = x;
° )){(((;)):g(m) represents the conditional density of X (¢) knowing X (s) = ¢;
k- k—
. f;,/k =yt (yx) represents the conditional density of Y}, knowing Y between
time 0 and time ¢;_1 is equal to (yo,...,yx—1) so that for instance,

k_, k
p(t,z) = fyp " (@)
Equation (833) is nothing else than the Bayes formula applied to the problem.

Remark 1. We point out that the DMZ equation (3.3)) gives an exhaustive infor-
mation on X (t) knowing all informations available at time ¢. Hence it gives the
best possible estimate and, if the system is observable (Definition [), it is a very
good observer.

As usual with equations describing evolution of a density of probability, the
un-normalized version of the DMZ is more tractable: (33) is equivalent to

altioa) = B ) [ R0 @atteo )¢ (3.4)

with
Q(tkv 'T)
fX Q(tkv f)dﬁ

There are several ways to solve the un—normalized DMZ equation using par-
ticle methods. The first way is to recognize the composition/rejection theorem
in this formula (Hﬁ]), and therefore to consider this equation as a simulation
formula, which is the basis of a Monte-Carlo method. The algorithm consists in
simulating the process (by ”particles” Z;) and killing some of them thanks to
measurements (the ”"bad” particles). At a time ¢ty < t < tgy1, the number of
particles which are still alive is a random variable N (k). If this random number
is large enough, the conditional density is approximated by

N(k)
x) ~ Z oz, ()
i=1

This approach can not be applied exactly as explained here, since N (k) is
a decreasing integer which goes almost surely to 0 (each measurement kill par-
ticles). In order to obtain a more efficient algorithm, one usually consider a
weighted sum of Dirac measures.

Let us introduce coefficients a; () € [0, 1]. These numbers represent the degree
of confidence in each particle, and replace binary coefficients 1 (the particle is
alive) or 0 (the particle is dead). As for the DMZ equation itself, we consider an
un-—normalized set of coefficients b; () € RT such that

a; (t) = ]\?Z (®

Zj:l b; (t)

p(tkv 'T) =
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We consider an algorithm P which describes the trajectory of particles z; ()
and weight coefficients b; (t). The law truncated at n particles given by P is
denoted by P, (t) (dP, (t) = p, (t,x) dz) and defined by

Z'L z1 t
P, (t) = Zl ( ) Z az zl(t)
= 1

Algorithm 1. Initialization
2; (0) is the realization of a random variable with respect to the initial law

p(0);

Loop
z; (k) is a Gaussian variable with respect tofX(t’“ U=zilte-1), Y=y,

bi (tx) is defined by

bi (t) = bi (te—1) fé(tk—l):zi(tk—l)(yk)

Let us remark that this algorithm is easy to implement on a computer, in par-
ticular on a parallel computer.

Theorem 2. Let us consider the system

{dX = f(X,u)dt + Qz2dw (t)
Y = CX (t) + R2V (k)

and P (t) being the conditional law of X (t) knowing FY . If P, (t) represents the
law given by the algorithm P with n particles, then we have

P, (t) — P(t) as n — oo weakly almost surely

Remark 2. This theorem is true at t fixed. It is never true for any ¢. In order to
obtain an asymptotic result (as in observer theory), it is necessary to add some
correlations between particles. This is particularly simple here (see [39]).

In order to illustrate this theorem, we consider a continuous stirred tank reactor
(CSTR). The dimensionless form of the model is:

dX, = (—Xl +Da(1 X1)exp{ }) dt + dWh

X
1+ Xo/y
dX, = (—X2(1 +0) + HaDa(1 = X1) exp{ | ); I }+ﬁU> dt + dW

where W7 and W5 are two independent Wiener processes. X; is the reactant
concentration and Xy is the temperature into the tank. We suppose that X,
is measured in discrete time and that we want to control X; using the control
variable u. The system can also be written in the following generic form
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trt1

X (tegn) = X (5) + / X (s)ds + / BdW (s)

tr tr

V.= CX (tk) + Vi

with C' = (O 1 ) We suppose that W is a two-dimensional Wiener process and
that Vj is a Gaussian process independent of W and with covariance R. We
propose the following discretization scheme for the continuous-time equation

0P (i, try1, X (

tk))
B — . W
oz \/tk+1 Wy

X (trv1) = P(tr, trr1, X (tr)) +
where @(s,t,x) is the solution of

{ = f (@ (1)

at time ¢.
The right-hand part of this scheme is the first order development of

tk41
Dtk tit1, X (te) + / BdW (s))

ty

which naturally comes from the diffusion equation. A classical theorem of prob-
ability, see for instance ﬂz_lﬂ, shows that this scheme converges in law to the
solution of the diffusion equation when the step of the discretization goes to
Zero.

Our main goal is to estimate the reactant concentration X; and its confidence
intervals, in order to control as well as possible the CSTR.

If we solve the equations, we can see that for each particle z (¢) at time ¢ and
for each weight b (t), we have, thanks to the algorithm of the theorem

e Correction at time ¢y,
2(te) = 2 (t;) + P(t;) CT(CP () O + R) ™My — Cx (
+ (P () = P (t5) CT(CP (t;) CT + R)7ICP (1
P(tk) = BB (tk+1 — tk)
exp(_ 2 (yk—Cz(tE))T(CPt; CTJrR)?l(yk_CZ(tE)))

b(tk) = b (te-
(tr) (tr—1) \/27-det(CP(t; )CT+R)

(3.5)
where wy, is a Gaussian white noise.
e prediction between t; and tx11
d‘%g =f(z(1))
& = fHE@®)P ) + P(t) fr(E@) (3.6)
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3.2.2 Extended Kalman filter

The previous algorithm is CPU-time consuming and rather complicated to im-
plement, especially in the linear case. Indeed, for a linear system, there exist a
very simple and famous solution. Let us consider the following linear system:

{dX = (A(t) X + B(t)u) dt + Q2dW (t) (3.7)

dY = C(t) Xdt + R2dV (t)

with X (0) a random variable with Gaussian law N (mg, P), the DMZ equation
reduces itself to the well-known Kalman filter. More precisely, solving the DMZ
equation yields the following result: the conditional law of X (¢) knowing y (s)
from 0 to t (FY) is the Gaussian law N (z (t), P (t)) where, for an output tra-
jectory y (t), z (t) and P (t) are the solutions of the finite-dimensional system of
ordinary differential equations:

dz = (A(t) z+ B (t)u) dt + PC (t) R~ (dy — C (t) z dt)
{ W =A{t)P+PA(t)+Q—PC(t) R'C(t)P

with 2 (0) = mg and P (0) = Py. Therefore, z (t) = E [X (t) | 7] (w) is the
best estimation of X (¢) knowing measurements up to time ¢. When applied to
a deterministic observable linear system, ) and R being considered as tuning
parameters, the Kalman filter is called the Kalman observer. The observable
property is not crucial in the stochastic case since the conditional law is defined
even for non observable systems. But the observability property implies that
the covariance matrix of the conditional expectation of X (¢) knowing Y (s),
0 < s <tis bounded.

In the deterministic case, this property is crucial. Recall also that, for linear
systems, observability does not depends on inputs.

The Kalman filter/observer algorithm has been used for a long time by en-
gineers for linear systems. For nonlinear systems, engineers introduced and suc-
cessfully used the extended Kalman filter (EKF), either in its stochastic or its
deterministic form. The EKF is just the standard Kalman filter for linear time-
dependent systems, applied to the linearized system along the estimate trajec-
tory. The EKF is the heart of our approach.

Let us consider a nonlinear system

(3.8)

{dxzf(X,u)dtJrQ%dW(t) (3.9)

dY = h(X)dt + R2dV (t)

where f and h are smooth Lipschitz functions, the linear Kalman filter does
not apply anymore, and the exact solution should be obtained by solving the
DMZ equation. But if one wants an approximate solution, it is very common to
consider the first order approximation of the previous system. The right way to
do this is to consider an a priori solution & (¢) of the deterministic system asso-
ciated to ([B3) and to use the Kalman filter to estimate the first order difference
bx (t) = x (t) — & (t) between the a priori solution and the estimated solution.
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This approach yields the following first order Kalman filter, for a given output
trajectory:

WD) — f*(&,u)bx + Ph* (&,u) R (y(t) — h (&, u))
T = I"(@u) P+ Pf*(#,u) +Q (3.10)
—Ph* (&,u) R~'h* (&,u) P

where f* and h* are the Jacobian of f and h w.r.t. = respectively. But this
approach has a major weakness: the choice of the a priori solution & (¢) is not
obvious if there is no precise a priori information on the initial state. This
is usually the case, especially in the deterministic case, since the only missing
information on the system is precisely the initial state. Moreover, if one makes
a bad choice of Z (t), the first order equation has no significant meaning since
the actual state is far from the initial guess. At the opposite, if 6z (0) is small
(that is the a priori solution is close to the actual solution, at least at time 0),
then & (t) + 6z will be a good approximation of the optimal filter, when state
and measurement noises are small ([38]).

To overcome this difficulty, engineers have an attractive idea: to replace the a
priori solution by the estimated solution at current time. The main advantage
of this approach is that the estimated solution is supposed to be close to the
actual solution, hence the first order approximation should be small and hence
the linear approximation should be a good approximation. This remark yields
the extended Kalman filter:

(‘;i = f(zu) + PR* (&, u) R (y() = h(z,u))
W= 1" (zu) P+ P (z,u) +Q (3.11)
—Ph* (z,u) R*h* (z,u) P

where z is the estimated state. Here again, if Py, @ and R are small, this filter
is close to the optimal filter (see all works of Picard, [@] for instance).

In a deterministic context, the extended Kalman filter is a converging local
observer (see M, ]), that is if 2 (0) =~ x (0) then z(t) —z(t) — 0 as t —
+o0o (exponentially). Nevertheless, the extended Kalman filter has no global
converging properties. Indeed, it is well known that, if the initial guess z (0)
is far from z (0), the extended Kalman filter may not converge. Moreover, the
mathematical study of (BI]) is difficult because it has no clear mathematical
meaning: it is not a first order approximation of a nonlinear object around a given
trajectory. In other words, the behavior of ([B.IT) is not intrinsic and depends on
a choice of coordinates. Hopefully, this mathematical difficulty will give us a way
to chose a good system of coordinates and to prove some convergence results,
thanks to this crucial choice of coordinates.

To conclude, the EKF is very efficient in a lot of practical problems. It is
used as a filter or as an observer in many various systems. From a theoretical
point of view, it is not an optimal filter (it differs from the DMZ equation).
Nevertheless, when the system has some observability properties, it has very
nice local properties: in the stochastic case, it is a good filter when noises are
small (see [38]) and in the deterministic case, it is a local observer (4, [d]).
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3.2.3 Continuous-Discrete Stochastic Systems

Before considering deterministic systems and observers, let us recall a result
concerning discrete measurements. Continuous-discrete time are very common
in practise: the nonlinear differential equation describes a mechanical, physical or
chemical process. Therefore, it is a continuous time system. But measurements
are usually sampled at times t;. Therefore, the system can be written

dX (1) = F(X (8)  u(t)dt +dW (1)
{ ye = h (X (tx)) + V (k) (3.12)

where h is a differentiable function from the state space to RP.

For this system, the EKF has two set of equations: the correction step which
is applied at each measurement time and the prediction step which is used to
predict the system according to the model.

Correction step

Z(tf) = Z (tx) + G (k) (ye — h(Z (1)) .

Ck) = Plth (Z(¢ B)) (W (Z @) P ()b (Z (@) + ) (3.13)
P(tf) = (I =G (k)b (Z (t)) P (1)
Prediction step
1 = F(Z,u)
{% = f*(Zuw)P+Pf (Zu) +Q (3.14)

These equations present some similarities with equations BHBH). As we
will see in the end of Section B34l if the system is observable, then equations
BI3BI4) may give an observer. In the non observable case, one should use
CHED).

Although this kind of model is closer to the practical case, it is less used than
continuous-time systems. The main reason is a practical one: the sampled time
is usually chosen small enough w.r.t. time constants of the process. Therefore,
the continuous EKF can be applied. Sometimes (for very fast processes or for
slow measurement devices), the sampled time is a constraint and can not be
neglected. In this case, continuous-discrete EKF should be applied.

3.3 Nonlinear Observers

3.3.1 Canonical Form of Observability

From now on, we study deterministic nonlinear systems of the general form

d:f = f(xau)
2{ CZIJ — h(z,u) (3.15)

on a smooth n-dimensional manifold X, y € RP, u € U, subset of R?. We want
to develop an observer. Our approach is closely related to observation theory, as
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explained in the book from Gauthier and Kupka m], which is itself a summary
of papers [16, 17, 18, [19, 32).

This theory leads to the consideration of systems under the normal form
B21), or similar multi-output normal forms. Here, by ”observability”, we mean
”observability for every fixed input function w(t)”. For details, see E]

In this introduction part, we summarize the main observability results of the
observation theory developed in HE]

First of all, the state-output mapping PXyx , is the function z(0) —
(y (t));>0- In this definition (and the following ones), we do not speak about
explosion times, in order to simplify the notations.

Definition 1. The system (313) is said uniformly observable, or just ob-
servable, w.r.t. a certain class C of inputs (L*(U) in most cases) if, for each
u(.) € C, the state output mapping PXx ,, is injective.

This first definition is the natural definition of observability. Nevertheless, injec-
tivity is not a very tractable property, since it is not stable (even for standard
mappings between finite dimensional spaces -example: © — 2%, R — R). There-
fore, in order to state results, we need a few other definitions. The uniform
infinitesimal observability makes the observable property stable.

Let us define the lift of X' on T X, also called the first variation of X. Let
us consider Tx f : TX x U — TTX (the tangent bundle of TX) the tangent
mapping of f : X x U — TX and dxh : TX x U — RP the Jacobian of
h:X x U — RP. Then

G = Txf(Ew) = Tx fu(§)

T dt XJAS, XJu 3.16

L ey i (310)

The state-output mapping of 7'X' is denoted by PT X ,. It is also the first
order approximation of PXx , denoted by T'PXx .

Definition 2. System X' is said uniformly infinitesimally observable if, for each
u(.) € L*(U), each xo € X, all the tangent mappings TPX 5 ,|xo are injective.

Remark 3. This definition of observability is stable in the sense of discretization:
if a system is uniformly infinitesimally observable, its continuous—discrete version
BI2) remains uniformly infinitesimally observable for a sampling time small
enough. It is not the case for a system which is only observable (see E])

The two following definitions are another way to define observability in a stable
way. Note that these definitions are important for practical purpose, since they
give a way to prove observability for nonlinear systems.

Definition 3. System X is said differentially observable (of order k) if for all
j*4, the extension to k-jets mappingEl Dy xg — P X — RF™ s injective.

L k-jets j%u, of smooth functions u at t = 0 are defined as
i = (u(0), 4 (0), ..., u* D (0)).

Then, for a smooth function w and for each zo € X, the k-jet j*y =
(y(0),y'(0), ...,y(k*)(O)) is well define: this is the k-jets state-output mapping Py.
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Definition 4. System X is said strongly differentially observable (of order k) if
for all j*u, the extension to k-jets mapping Dy by + To — jFys X — RF™ s an
mjective immersio

Clearly, strong differential observability implies differential observability, which
implies observability for the C*° class, (and L°°-observability).

It is also a consequence of the theory that for analytic systems, uniform in-
finitesimal observability implies observability of the restrictions of ([BI3]) to small
open subsets of X, the union of which is dense in X.

The main result concerning observability of systems[3.I5lis that, depending on
the number of outputs w.r.t. the number of inputs, the property may be generic
or not generic. More precisely, we distinguish two cases:

1. More measurements than control inputs (p > d): in that case, observability
is a generic property, and generically, a system can be put globally under a
normal form similar to ([B21]), but the dimension of the state in the normal
form is bigger than the dimension of the state of the original system: it is
at most double plus one. Also, the control in the normal form contains a
certain number of derivatives of the control of the initial system. But this is
more or less unimportant for observation problems, where the control, and
hence its derivatives, are known.

Hence, if p > d, and for sufficiently smooth inputs, generic systems are
very good from the point of view of observability.

2. Less or same number of measurements than control inputs (p < d): in that
case observability is a non generic property. It is even a property of infinite
codimension. This high degeneracy leads to the fact that, in the case of
control affine systems, all observable systems can be put locally under normal
forms similar to B21) (with a; = 1,7 =1,...,n).

In the analytic case p = 1, d > 1, we can be more precise. If (310 is
uniformly infinitesimally observable, then locally almost everywhere on X,
the system (BIH]) can be put in the form

y = h(z1,u)
dftl = fi(x1, 22, u)
T2 = f2($1,$2,x3,u)
@ (3.17)
dxy, 1
Cét - fn—l(xlax27"axnau)
= falzr, w2, 20, 1)
where o of
d . i=1,..n-1 3.18
81‘1 an 81‘14_1’% ) n ( )

do not vanishe on V, x U.

2 Immersion means that all the tangent mappings Ty Py, jkg to this map, have full
rank n at each point.
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In the control affine case, where (3.10]) can be written:

d
&= f(z)+ ) gi(z)u; (3.19)
i=1
y = h(z)
then the canonical form of observability is
y=m

j;tl = 2o+ >0 gz
g =3+ > g2y, we)uy

(3.20)

dzy,—
x%f = Ty + Zle gn—l,i(xla T2, -~7In—1)ui
Tn
dt

= VJJ(CE) + Zle gn,i(‘rla T2,y Tp—1, mn)uz

These two results are very important since they allow us to restrict our study
to systems of the form (BI7) and (320) (and also because of course, these results
are based on a constructive diffeomorphism).

3.3.2 High-Gain Extended Kalman Filter

We describe observers for nonlinear systems in canonical form of observability
B20 and BZI] below), on R™. The control space Uadm, is supposed to be a
closed subset of R%. In this section, the observation is assumed to be single-
valued: it is a u—dependent linear form on R™. This hypothesis is not necessary
and our observers constructions also applies for multi-output systems. From an
observability point of view, the multi-output case is a little bit more complicated
since canonical forms of observability are less natural. But from the observer
point of view, except in section B.3.4] the problem is exactly the same, since we
simply apply some kind of EKF.
We consider systems of the form

@ = A(u)z + bz, u)
{ dy — Clu)e (3.21)
where A(u) , C(u) are matrices:
Oas(w) O -+ O
ag(u) .
Au) = : ST, (3.22)
an, (u)
0 0

C(u) = (ay(u),0, ....,0) (3.23)
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and where a;(.), ¢ = 1,...,n, are positive smooth functions, bounded from above
and below:
0<am<a;(u) <apy

Also, b(x,u) is a smooth, u—dependent vector field, depending triangularly
on x and compactly supported:

) b(x1,u)
b(z,u) = <x1’:x2’ ) (3.24)

b<xla"'axnau)

These assumptions look very strong, but as we have already seen, under either
genericity hypotheses or observability hypotheses, for the purpose of synthesis of
observers, it is sufficient to restrict to these systems, under the normal form (B:21])
(or similar multi-output normal forms), and meeting these assumptions. In fact,
this form generalizes the canonical form of observability ([B:20) for control affine
systems. We call B2])) (together with B22H3.23)) the generalized canonical
form of observability. There are several reasons to study (B:21]) rather than (3220):

e It is sometimes easier to put the system into this form, using intuitive trans-
formations, rather than a more restrictive normal form, the last transfor-
mation being based on Lie derivatives. This point will be illustrated in the
application sections;

e Since we want to apply an EKF which uses the model to filter noises, and
a high—gain approach to kill the nonlinear part of the system, it is better to
leave the largest part of the nonlinear system in A rather to put it in b. This
technical point will be developed later;

e Last but not least, our observer construction still work for these systems.

However, this form does not include the canonical form of observability for
systems (BI5) when the control is not affine. For those systems, there exist a
change of coordinates that put the equivalent system into a system of the
generalized canonical form of observability 321 [10, [23]. For this, we just need
to suppose that v admits a time derivative almost everywhere.

Consider a system [BI7) on R™, and set:

z =&, (x) = (h(z,u), Lyh(z,u), ...,L}“lh(a@, u)). (3.25)

Let K C R™ be any fixed open relatively compact subset. We deal with semi-
trajectories of X' that remain in K, only. It follows from (BI8) that, for all
u € U, @, is an injective immersion (this is easily checked by induction on the
components of @,,). Therefore, @, is a u—dependent diffeomorphism from K onto
its image. Consider the image of the system (B.I7) restricted to K by the time
dependent diffeomorphism @,,. It is of the form:

G = AL+ g(&u )
d 7 d
{ zt;=§1 t (3.26)
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where A is the antishift matrix, and where g is smooth and depends in a trian-
gular way of &.

Even if some technical difficulties remains in the general theoretical case (see
@] for a precise result), it is clear that the new system is of the form (B2I))
except that we use explicitly LZ;Zv considered as a new input.

Thanks to this result, our observers (Sections B.3.2 and B:334) applies
to general uniformly infinitesimally observable systems.

Let us come back to the system ([B2I)) and its properties. The assumption
0 < am < a;(u) < aps is not more restrictive than a;(u) # oA 1t just implies
observability of systems in the normal form (B:Z1]), by the following reasoning:

1. If the output y(¢) is known, the input being also known, the fact that ai(u)
is nonzero implies that we can compute z1(t) from y(t),

2. The fact that az(u) # 0 implies that we can compute x2(¢) from the knowl-
edge of x1(t),

3. By induction, we can reconstruct the whole state x(¢) from the knowledge
of y(t).

The compact support of b can be trivially achieved, by multiplying by a cut-off
function, compactly supported, leaving the original vector field b unchanged on
an arbitrarily large compact subset of R™. Let us mention that this restriction to
compact sets (unavoidable in a general observation theory), has not so important
consequences: for instance, the high gain observers can be used in general for
global dynamic output stabilization (again, see [20]).

The following results have been proved in , \ ]

We consider the equations of the extended Kalman filter (3.11]), in which the
covariance matrix ) depends on a real parameter 6, § > 1, in the following way:

Qo =0A7"'QA™"

where
10 0 - 0
0,4 0
A=lo0 L
: L0
0-cnvn- 0071171

The EKF becomes the high-gain extended Kalman filter (HG-EKF):

;IIZ = A(u)z + b(z,u) + PC'R™Y(y (t) — C=z)
g = (Alu) +0"(z,u)) P+ P(A (u) + b (2,u))’ (3.27)
+Qy¢ — PC'R™'CP

3 Modulo a trivial change of variables, and the fact that the a; being smooth, restrict-
ing to a compact subset of the set of values of control implies that we can find the
am and ans.
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If # = 1, the HG-EKF is equivalent to the EKF. If 0 is large, Qg is a large
symmetric definite positive (s.d.p.) matrix and since it appears in the Riccati
equation in a positive way, P will become large (in the s.d.p. sense). Therefore,
the gain of the observer, namely PC’R~, will be large. This is why the observer
B27) is called high-gain extended Kalman filter.

This observer has some very nice properties. From a practical point of view,
since it is based on extended Kalman filtering approach, it is well designed for
filtering noise using the model. Moreover, the HG-EKF is applied to a system
written in the canonical form of observability. As a matter of fact, it clearly
improves the convergence of the observer, both in simulation and in practical
situations. Moreover, the parameter € has a clear meaning and can be used to
tune efficiently the observer: if the observer is too slow, 8 should be increased,
and if the noise is not enough filtered, 6 should be decreased.

This last point has also been validated from a theoretical point of view: the
estimation error has arbitrarily large exponential decay, depending on 6. This
holds whatever the initial error is, (that is, this is a global result). The theorem
is the following;:

Theorem 3. For 0 large enough and for all T > 0, the HG-EKF (3.27) satisfies

fort > Z;
5) oD

for some positive continuous functions k (T'), w (T) and p(T).

I () = = (B)] < 0"~k (T)

Remark 4. In a stochastic setting, the HG-EKG is a nonlinear filter with bounded
variance ([13]).

3.3.3 High-Gain and Non High-Gain Extended Kalman Filter

The EKF is a local converging observer, and has very good properties w.r.t.
noise. It is close to the Kalman filter, which is an optimal solution to estimate
the unknown state.

The HG-EKF is a globally converging observer. Moreover, it converges expo-
nentially as fast as wanted, depending on the choice of the parameter 6.

The EKF cannot be used to estimate the state from a poor a priori estimation,
or when large unmodelized perturbations occurs. The HG-EKF is designed to
do this. This is the basis of the observer construction proposed in this section.
More precisely, let us recall that:

1. if one sets 6 to 1 in system (B27) then one obtains the classical extended
Kalman filter, which is a local optimal observer (in the sense explained above)

2. if 0 is large enough then one obtains a high-gain observer, which is a global
exponential observer.

The first application of this remark was presented in B] we just added the
equation
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do
dt

to the system [B21). If 0 (0) = 0y is large enough (and the parameter A small
enough) then we obtain an observer which is a high-gain observer for small time
and which converges asymptotically to a classical extended Kalman filter. Hence
we can expect its convergence since the observer should converge exponentially
to the state (high-gain observer property) and then stays in a neighborhood of
the state (since extended Kalman filter is a local observer). Indeed this result
has been proved in ﬂé] More precisely, the observer can be written (where Qg
has be defined in the previous section):

— A\ (1-0) (3.28)

;l; = A(u)z + b(z,u) + PC'R~Y(y (t) — C2)

o = (A(u) +b(z,u)) P+ P(A (u) + 0" (z,u))
+Qy — PC'R™ICP

49 =M1-9)

(3.29)

and the theorem says that the asymptotic behavior of the observer is the one of
the extended Kalman filter, the ”short term behavior” is the one of the HG-EKF.
More precisely, let us denote by € (t) = z (t) — z (t):

Theorem 4. For all 0 < X < X, (Ao small enough), for all 6 (0) = 6y large
enough, depending on X, for all S (0) = So > ¢ Id, for all K C R", K a compact
subset, for all zy such that e (0) = zo —z (0) € K, the following estimation holds,
forallT>0:

le(m)II* < R (A, ¢) e Tlleol[*A(60, 7, ), (3.30)

A0, 7, A), = 902(n71)+§ 6*190(176_”),

Moreover the short term estimate
le(m)]|? < 0(r)* "D R (Ao, ¢) e (@ 0T=a2)7 £ (0) |2, (3.31)

holds for all 0 < 7 < T and for all 8y large enough. R (A, c) is a decreasing
function of ¢, and a, a1 and as are three positive constants.

Remark 5. [B.31) means that, provided that A is smaller than a certain constant
Ao, and 6 is large in front of ), the estimation error goes exponentially to zero,
and can be made arbitrarily small in arbitrary short time. Moreover, in (3.30),
the function A(6y, 7, ) being a decreasing function of 7, for all 7 > 0, A > 0,
A(0g,T,\) can be made arbitrarily small, increasing 6y, hence the observer is
an exponential observer. Therefore, the observer is an exponential observer but
the asymptotic rate of convergence does not depend on 6(t) (because 6 (t) ~ 1),
hence this observer does not converge as fast as we want after a given time 7.

The main drawback of this observer, as presented here, is that it converges expo-
nentially for any initial condition only in the beginning, in order to estimate the
initial state of the system: if a large perturbation occurs after time 7, this observer
will have the same behavior as an EKF (since 6 (t) ~ 1 for ¢ larger that 7).
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In order to construct a persistent observer, we should take into account this
property and construct a time-dependent observer. The simplest way is to use
several observers of the form ([3:29), each one initialized at different times, and
using some delays between each initialization. Thus we obtain several estimations
of the state, given by each one of the observers: the final estimation is the one
corresponding to the observer that minimizes the innovation process. The whole
construction is clearly explained in B, @] and we will recall the algorithm:

We consider a one parameter family {O,,7 > 0} of observers of type (3:29),
indexed by the time, each of them starting from Sy, 6y, at the current time 7.
In fact, in practice, it will be sufficient to consider, at time 7, a slipping window
of time, [ — T, 7[, and a finite set of observers {Oy,, 7 — T < ¢; < 7}, with
ti=1—iy,i=1,.,N.

As usual, we call the term I(7) = §(r) — y(7), (the difference at time 7
between the estimate output and the real output), the ”innovation”. Here, for
each observer Oy, ,we have an innovation I, (7).

Our suggestion is to take as the estimate of the state, the estimation given by
the observer O, that minimizes the absolute value of the innovation.

This is a very natural choice, according to probability theory (Section B.2l).
The innovation process will also have an important role in Section [3.3.4], but we
will consider its integral over small past time, which is another possible choice
here.

Let us analyze what will be the effect of this procedure in a deterministic
setting: after the transient part and if no un-modeled perturbation occurs, the
best estimation is given by the oldest observer. Indeed, the oldest observer has
converged and moreover, it is close to a classical EKF and therefore, it is more
robust to measurement noise. But if a large perturbation occurs, making a jump
on the state, the oldest (EKF) observer will no more converge. The youngest
observer, which is a HG-EKF, will converge since it is in transient time (it’s life
time is less than 7). After an (arbitrary) short transient, the youngest observer
will then give the best estimate and hence the smallest innovation.

This analysis is validated by our experience and we can even use these remarks
to detect jumps, which correspond to abnormal operations or sensor failures.

Another remark is that this approach may be compared to a particle filtering
method where the a posteriori estimation of the state is the maximum likeli-
hood one. There exist several differences between these two algorithms and in
fact, their use depends as usual on the observability study. If the system is not
observable, a filtering approach should be used. If the system is observable, an
observer can be used.

3.3.4 Adaptive Gain Extended Kalman Filter

Here, we present a much simple observer. Instead of equation ([B.28]), we introduce

the equation
do

o =F.0) (3.32)

where
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t
- / ) = G () ds =y = Bl B (3.33)
t_

is the innovation from time ¢t — T' to current time ¢. More precisely, in ([333)), y
represents the output, but 4;_p represents the prediction of the output from the
state estimation at time ¢t — T' (given by the observer, z (t — T')). Hence g7 (s)
is the solution at time s of

4 = A(u)E (7) + b(E (1) )
§t-T)=2z(t-T)
Gz (7) = C (u) € ()

T is a tuning parameter, representing the length of the window used to cal-
culate the innovation. In the following theorem, the function F' will be chosen
in the form

FO,I)=A(1-0)+ K (Omax—0) Z (3.34)

In fact, F' can be chosen in a more general form. We will give a version of F' that
is better adapted in the presence of noise in the application part of this chapter
(Section [BH). Intuitively, the role of the function F is:

e to let A decrease if the innovation is small, because in this case the observer
has already converged and a Kalman-like observer will be sufficient to cor-
rectly estimate the state

e to let 6 increase if the innovation is too large, because in this case, the
observer gives a bad estimation of the state and 6 has to be large enough in
order to ensure convergence, thanks to the exponential property of high-gain
observers.

Finally, the adaptive-gain extended Kalman filter can be written

dz
s = A(u)Z +b(Z,u) + ST'C'R;H(CZ — y(t))
— (4 Z,u))'S — S(A “(z
b ( (u)1+b( ;u))'S = S(A(u) +b" (Z,u)) (3.35)
+C'R,*C — SQpS
B 1= 0) £ K (B —0) T
dt
We define QQp and Ry from ) and R thanks to the matrix
10 0--- 0
0,4 0
A=1lo00 A
ST
0 vv--- 0 enl_l

by Qo = 0ATTQA™! and Ry = ' R. Let us remark that this change of coor-
dinates is different from the previous one (high-gain extended Kalman filters of

Section 3.2 and Section 3.3.3).
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Our main result is the following;:

Theorem 5. Let us consider a system in the canonical form of observability.
We consider the adaptive-gain extended Kalman filter (3.33). Let us suppose
that A\, K and Omax (in (3-33)) are three constant parameters such that A is
small enough, K is large enough, and 0y is large enough. Then, (333) is an
exponentially converging observer.

The proof is based on the following crucial lemma;:

Lemma 1. Let 29, 25 € R™. Let us consider the outputs y1 (t) and yo (t) with
initial conditions respectively 29 and x3. The following condition (called persis-
tant observability) holds:

VT >0 Yu € L (Usam) IAr >0

1 T
et =a8l < o [ I ()= )lr

The main difference between the previous observer is the fact that now, the
matrix R depends on #, which was not necessary when 6 was only a decreas-
ing parameter. The behavior of this adaptive—gain extended Kalman filter is
illustrated on a DC-motor, in Section [3.5

We point out that this AG-EKF is a very promising tool: it is a small modifi-
cation of already existing adaptive—gain EKF proposed by engineers to improve
the performance of EKF during abnormal operations. We propose the same ap-
proach in a theoretical framework, ensuring the exponential convergence of the
algorithm.

3.3.5 Observer for Continuous—Discrete Systems

As already explain in Section B.2.2] practical problems may often be written
in continuous-discrete form ([BI2). There also exist some observability results
concerning these systems. Let us suppose, for simplicity, that the sampling time
is constant, i.e. t = k At.

A generalized canonical form of observability for these systems is the natural
extension of the generalized canonical form of observability (32T

{ o — A(u)z + bz, u) (3.36)

yr = C (u) z (tk)

were A, b and C are defined as in [322), 324) and 323 and satisfies the
same hypothesis. In the affine control case ([B.20), with a discrete observation,
the change of coordinates is the same as in the continuous case. In fact, (B2I))
and (3.30) are exactly equivalent with v = y (t1).
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The HG-EKF for continuous—discrete systems has the (not surprising) form:

Correction step
(tn) C(w) + LR) (3.37)

Prediction step

{ 4 = Au)x + b(z,u)
= (Aw) + 5 (z,w) P+ P(A(u) + 5 (2,u)) + Qo

Then we have:

(3.38)

Theorem 6. (M]) Under same assumptions as in continuous case and for At
small enough, there is an interval [0y, 01] such that for any 6 € [0y, 01], the
continuous-discrete high-gain extended Kalman filter (3.31H3.38) is an expo-
nential observer.

Genericity and observability have also been studied for continuous—discrete sys-
tems. One can expect that same results hold when sampling time is small enough.
Roughly speaking, it is more or less true. There exist continuous—discrete ver-
sions of theorems from Section B3 in the continuous-discrete case ([1, [2)).

3.3.6 A ”weak” Separation Principle

In this section, we just want to give an important application concerning high-
gain observers and particularly the high-gain extended Kalman filter.

Usually, observers are used in order to control nonlinear systems with a state-
feedback control law. This control law u (x) is calculated in order to achieve a
good performance and, at least, to ensure the stability of the closed loop system.
An observer is developed in order to estimate the state (which is not completely
measured, in most applications) and the control law applied to the process is
u (z) (where z is the estimation of x given by the observer ).

Therefore, the closed loop system consist in a control law and an observer,
and both are developed independently.

In the linear-quadratic case, the ”separation principle” stated that, if an op-
timal state-feedback control law is applied with an optimal observer, the result
is optimal. It is a very strong ”superposition” result which is false for nonlinear
systems.

Nevertheless, we can expect to prove a weaker version of the linear separation
principle.

Let us consider again our system [B.2Il Let us suppose that there exist a
positively invariant compact subset of R" for any control law w (t).

4 If a filter has been developped, then one should apply the more accurate con-
trol law w(t) = E [u(X (t))|F)"] which is usually different from wu(2) where
z=E[X )| F].
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Theorem 7. If u(x) is a state feedback which make the system [ZZ1] globally
asymptotically stable, then the system

;f Au(z))z+b(x,u(z))

32 A(u)z +b(z,u) — S(t)"LC"R™Y(Cz — y(t))
ir = —(Aw) +07(z,u))'S = S(A(u) + 0" (2, u))
+C'R71C - SQyS

18 globally asymptotically stable for 8 large enough.

Hence, this theorem show that the state-feedback control law can be replaced
by an observer based control law and that the stability is preserved.

Remark 6. It has to be pointed out that this result is not true for the adaptive-
gain extended Kalman filter (with these hypothesis) because it is necessary to
have an exponentially converging observer with an arbitrary fast convergence.

3.4 Identifiability and Identification

3.4.1 Definitions

The problem of identification is a generalization of the observation problem:
very often, practical control systems depend on some functions, (with physical
meaning), that are not well known, and that have to be determined on the basis
of experiments. Systems under consideration have the following form

o = f(x,u, ¢ (z,u))
{ "y = h(z,u, 0 () (3.39)

If x denotes the state of the system, if ¢(x, u) is the unknown function, and y(t)
is the observed data, the identification problem is the problem of reconstructing
the piece of the graph of ¢(.),visited during the experiment. That is, for an experi-
ment of duration T', we want to determine the trajectories (z(t), u (t) , p(x(t), u(t)),
for all t € [0, T, using only the observed data {y(t), t € [0, T]}. We say that a sys-
tem is identifiable if this is possible, whatever the experiment.

An identifier is a device performing this task. We will be interested with ”on-
line identifiers” only, i.e. identifiers that estimate the graph of ¢ simultaneously
to the experiment.

The two problems, of observation and identification, are of course strongly
connected for two reasons:

1. we do not suppose that x (0) is known. Hence, the identification problem
include an observation problem: we want to estimate both z (¢) and ¢(.). It
is the main difference with the right-inversion problem, also known as the
input identification problem.

2. identification requires an identifiability study, and this study is closely re-
lated to observability study. Moreover, our main tools to perform identifica-
tion are based on (high—gain) observers.
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Let us explain the second point, in the uncontrolled case. We consider smooth
(C¥ or C*°, depending on the context) systems of the form X

(2,0 (a)
E{ "y = h(z.p(x) (3.40)

where the state © = x (¢) lies in a n—dimensional analytic manifoldd X, 2 (0) = o,
the observation y is RP—valued, and f, h are respectively a smooth (parametrized)
vector field and a smooth function. The function ¢ is an unknown function of the
state. Each trajectory is supposed to be defined on some interval [0, T4, ).

e If the number of outputs is three or more, then, identifiability is a generic
property,

e If there is only one or two outputs, then, identifiability is a nongeneric prop-
erty, so strong that it can be characterized by four very rigid normal forms.

Our goal is to estimate both state variable z and unknown function ¢ : X —
I, I being a compact interval of R (the theory, developed in @], clearly has
extensions to higher dimension). More precisely, we want to reconstruct the
piece of the graph of ¢ visited during experiment.

Let us recall some definitions and results from this last paper. For this intro-
duction, we will only consider uncontrolled systems such as ([3.40). Some results
can be extended to controlled systems.

Let 2 = X x L* [I], where

L™ [I] ={¢ :[0,Ty] — I, ¢ measurable}
Then we can define the input/output mapping
Py : 2 — L [R%]
(0,2 (1)) — y ()
Definition 5. X is said to be identifiable if Ps; is injective.

As for observability, we define an infinitesimal version of identifiability. Let us
consider the first variation of the system (B340) (where ¢ () = p o x (t)):

gf = f(z,9)
TEwO,Lﬁ,go,n di = Txf (.73, ()5) g + dtPf (l‘
§=dyh(z,0){+doh(x

and the input/output mapping of T'X

PTE,Qm,@ : TxOX x L [R] — L [Rdy]
(o.n () —9()

Definition 6. X is said to be infinitesimally identifiable if Prx, 4., is injective
for any (zo, ¢ (+)) € 2 i.e. ker (Prx 4,,5) = {0} for any (xo, ¢ (+)).

5 Analytic manifold stands for analytic connected paracompact Hausdorf manifold.
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Both identifiability and infinitesimal identifiability mean injectivity of some map-
ping. Clearly injectivity depends on the domain. Therefore, it seems that these
notions are not well defined. In fact these notions do not depend on the domain.
Indeed, if an analytic system X is not (infinitesimally) identifiable because there
exists a L* function which makes the system not (infinitesimally) identifiable,
then there exists an analytic function which makes the system not (infinitesi-
mally) identifiable.

We consider again a system X' of the form ([3.40). In HE], we have shown that
identifiability is a generic property if and only if the number of observation p is
greater or equal to 3. On the contrary, if p is equal to 1 or 2, identifiability is a very
restrictive hypothesis (infinite codimension) and we have completely classified
infinitesimally identifiable systems by giving certain geometric properties that
are equivalent to the normal forms presented in Theorems Bl and @ [10] below.

These theorems are the basis of our identifier construction: since every identifi-
able systems may be put, up to a change of coordinates, in one of these canonical
form of identifiability, then it is sufficient to develop an identifier for these forms
(exactly as observers for observable systems).

Theorem 8. (p = 1) If X is uniformly infinitesimally identifiable, then, there is
a subanalytic closed subset Z of X, of codimension 1 at least, such that for any
xog € X\Z, there is a coordinate neighborhood (x1,...,%n, Vay), Vo, C X\Z in
which X (restricted to Vy,) can be written:

"1.71 = 1‘2
: 0
Y =T

Theorem 9. (p = 2) If X is uniformly infinitesimally identifiable, then, there is an
open-dense semi-analytic subsetU of X x I, such that each point (0, o) ofU, has a
neighborhood V, x I, and coordinates x on Vi, such that the system X' restricted
to Vay X Iy, denoted by Xy, «p, . has one of the three following normal forms:

e type 1 normal form

Y1 Z1 Y2 = X2
1 =13 T =14

Tok—3 = Tog—1 Tog—2 = Tag

Yon § Zok—1 = for—1(21, ..., Tops1) (3.42)
Tok = Tok41
i'nfl = Tn
Ty, = fn(xv ‘P)

with % #0.
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e type 2 normal form

Y1 =T Y2 = T2
.i‘l = I3 .i‘z = T4

Tor_3 = Tap—1 L2r_2 = T
Eop_1 = Y(x, @) Tor = Fop(x1,...,
222 Tor+1, Y(2, ¢)) (3.43)
Eorp1 = Forpr (21, ..,
Tary2, (2, @)

Tp_1 : Fn—l(%ﬂ’(%@))
T = Fu(z,0)

with % #0, 2 £0,.., %5 0

) Oari1 0xn
e type 3 normal form

U1 = T1 Y2 = T2
T =3 Tg =@4

X3 : : (3.44)
jjn—S = Tn—-1 jjn—2 = Tn

Tp—1 = fn—l(l"y(ﬂ) T, = fn(l"v(p)
with afo(fn_l,fn) #£0.

Theorem 10. (p > 3) If X is an infinitesimally identifiable generic system,
then there is a connected open dense subset Z of X such that for any xo €
X\Z, there exist a smooth C°—function F and a (y7y’7...7y(2”))7dependent
embedding Py e (x) such that outside Z, trajectories of Xy, , are mapped
via Py sea into trajectories of the following system

g =7
23t
bz = pont1
dzan - -
Z2dt+1 =F (Zlv sy 22nt 1 Y- 7y(2n+1))
y=z
where z;, 1 =1,...,2n+ 1 has dimension p — 1, and with
-1
{ r=0,  gem (2) (3.45)
=W (x,9)

(g is a selected output).
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3.4.2 Identifiers

As explained before, we have to build an identifier for each canonical form of
identifiability. The basic idea is the same for all these forms, and leads to the use
of the nonlinear observers developed previously: we assume, along the trajecto-
ries visited, a local model for . For instance, a simple local model is: o) = 0.

This does not mean, at the end, that we will identify ¢ as a polynomial in
t: the question is not that this polynomial models the function ¢ globally as a
function of ¢, but only locally, on reasonable time intervals (reasonable w.r.t. the
performances of the observer that we will use).

This idea is just an extension of the classical way to identify constant or
slowly varying parameters m. In this case, one uses to add the parameter in the
state variables and to add the equation ddT = 0. Therefore, the local model is a
constant polynomial. In our case, such local model is too constrained (since ¢ is
not supposed to vary slowly), so we add a polynomial local model.

Let us consider a system X' in the identifiability normal form B41l Adding
the local model for ¢, we get the system:

Yy = T, (346)
i'l = T2, .y m.’I’Lfl = Tn,

In =¥ (z,01), 1 = P2,...; Pr—1 = Pk, P = 0,
ov :
# 0 (never vanishes). (3.47)
1

This is a system on R"**  which is not controlled (however, for the consider-
ations that follow, ¥ could depend on a control u), and this system is under the
normal form BI7 BIF).

Therefore, we may apply high gain Luenberger observer, or we may apply the
trick in Section[3.3.21 Then, for instance, the observer of Sections [3.3.2] and
B3 may be applied to this system. It will provide estimations of x(t), ¢(t), that
is, just an estimation of the piece of the graph of ¢ visited during the experiment.

The cases of normal forms B.42)), (343)), (3:44)), corresponding to Type 1 to 3
systems can be treated in a similar way to the single-output case, with some more
or less easy adaptations of the methods of the previous sections. This exercise is
left to the reader.

An application of this technique in a difficult case (the local polynomial model
does not apply) is presented in Section Some important remarks and prac-
tical considerations are discussed in this section.

3.5 Series-Connected DC Motor

In this first application we present (in simulation) the design of the adaptive-
gain extended Kalman filter (AG-EKF, see Section[3:34) for a single input single
output (SISO) system, namely a series-connected DC motor.

Basically, an electric motor converts electrical energy into mechanical energy.
In a DC motor, the stator (also called field) is composed of an electromagnet, or
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a permanent magnet, that immerses the rotor in a magnetic field. The rotor (also
called armature) is made of an electromagnet that once supplied with current cre-
ates a second magnetic field. The motion is then caused by the attraction/repelling
behavior of magnets. As far as the magnetic field created by the stator remains
fixed the rotor windings are connected to a commutator. The direction of the cur-
rent flowing through the armature coils is then switched during the rotation and
the polarity of the armature magnetic field is reversed. Successive commutations
then maintain the rotating motion of the machine. A DC motor whose field circuit
and armature circuit are connected in series, and therefore fed by the same power
supply, is referred to as a series-connected DC motor M]

3.5.1 Mathematical Model

The model of the series-connected DC motor is obtained from the equivalent
circuit representation shown in Figure Bl We denote by Iy the current flowing
through the field part of the circuit (between points A and C) and I, the current
through the armature circuit (between points C and B). When the shaft of the

Ra Rf
La /\/\/\/ C Lf A
\
B

Fig. 3.1. Series-connected DC motor equivalent circuit representation

motor is turned by an external force, the motor acts as a generator and produces
an electromotive force. In the case of the DC motor, this force will act against
the current applied to the circuit and is then called back or counter electromotive
force (BEMF or CEMF). The electrical balance leads to

Lfff +Rfff =Vac
for the field circuit, and to
Loly + Ryl, =Vop — E

where Ly and R; are the inductance and the resistance of the field circuit, L,
and R, are the inductance and the resistance of the armature circuit, and FE
denotes the Back EMF. Kirchoff’s laws give us the relations



100 N. Boizot and E. Busvelle

I=1,=1I;
{ V =Vac +Ves
which gives for the total electrical balance
LI+RI=V-FE
where L = Ly + L, and R = Ry + R,. Now denoting by @ the field flux, we
have & = f(Iy) = f(I), and E = K,,,Pw, where K,, is a constant and w, is the
rotational speed of the shaft.

The second equation of the model is given by the mechanical balance of the
shaft of the motor using the well known Newton’s law. We consider that the
only forces applied to the shaft are the electromechanical torque T, the viscous
friction torque and the load torque T, leading to

Jw, =T, — Bw, — T,

where J denotes the rotor inertia, and B the viscous friction coefficient. The
electromechanical torque is given by T, = K.®I with K. denoting a constant
parameter. We consider that the motor is operated below saturation: the field
flux can be expressed by the linear expression @ = L,yI where L,y denotes
the mutual inductance between the field and the rotating armature coils. To
conclude with the modeling of the DC motor we suppose the ideal hypothesis of
100% efficiency in the energy conversion expressed by K = K,, = K., and for
notation simplicity we write Loy instead of K'Lqy. The voltage is the input of
the system wu(¢) and the current I is the measured output. We finally obtain the
following SISO model for the series-connected DC motor

LI\ _ ( u—RI— LaywI
Jw, )~ \ LafI? — Bw, — T, (3.48)

y=1
This model will be used to simulate the DC motor by means of a Mat-
lab/Simulink S-function.

3.5.2 Observability Canonical Form

Before implementing the observer in order to reconstruct the state vector of this
system we test (quite easily) its observability property. We use the differentiation
approach that is we verify the differential observability (Definition [3)) which
implies observability.

e I(t) is known with time, then [ = (1/L)(u — R.I — Lqfw,I) is known and as
far as u(t), R, and Loy are known then w, can be computed

e now that w,(¢) is known, &, = (1/J)(LasI?— Bw, —T,) can be computed and
because of the knowledge we have of I(t), Lqf, B,and J, T, can be estimated

We deduce from this that a third variable may be added to the state vector
in order to reconstruct both the state of the system and the load torque applied
to the shaft of the motor. We assume that the load torque is constant over time.
Sudden changes of the load torque will then be considered as unmodeled per-
turbations. The observer we use is the adaptive-gain Kalman filter as described in
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Section [3.3:4] because it has the classical EKF structure when no perturbations

occur and the structure of a HG-EKF when the system faces a perturbation.

Estimation of the load torque is made possible by the addition of the equation

T, = 0 to (B348) (see remarks in Section BZ2). We now need to find the coordi-

nate transformation that puts this systems into the observability canonical form.
From the equation y = I, we choose z; = I and then

1
Z1 = L(u(t) — RI — Loplw,)
which by setting z3 = Iw, becomes
X Laf 1
A== + L(u(t) — Rz1) = aa(u)za + b1 (21,u) (3.49)
we now compute the time derivative of zo
. . 1 B Laf 3 Laf 9 u(t) R
Zo = Iw, + 14, = JTaI war+ 7 I I wl + I W LwTI

when I > 0 and consequently z; > 0 which sounds as a reasonable assumption
as far as I is the current of the circuit which is equal to zero only when there
is no power supplied to the engine (and therefore nothing to observe), we set
Wy = 2, and by setting z3 = T, this equation becomes

1 B L, Loy z2 u(t)z R

Jz;; - JZQ + szi’ - Lf zi + L. LZQ = az(u)zs + ba(21, 22, u)
(3.50)

and identical remark as above lead us to the expression T, = 2 and recalling

that Ta = 0 we obtain

Zy=—

. Lo z0z3  u(t)zs R
Z3 L = + L = LZ3 3(21, 22, 23, 1) ( )

Thus the application from R*T x R x R — R*T x R x R defined by
(I,wr,To) — (I, Iw,, IT,) with (z1,292,23) — (zh Z, 2) as its inverse, is a

change of coordinates that puts the system (3.48) into the observer canonical
form defined by [B49), (350) and BX11). It is necessary to compute the coeffi-
cients of the matrix b

3.5.3 Observer Implementation

We now recall the equations of the AG-EKF

‘Cfg = A(u)Z +b(Z,u) + PC'Ry; (CZ — y(1))

g = PA@W) +b(Z,u)) + (A(w) + 0" (Z,u)) (3.52)
—PC'R;'CP + Qq

do

g = A1 =5(D)-(1=0) + K.5(T).(Omaz — 0)
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where Ry = 07'R and Qy = 0AQA with Ay = diag (9,92,...,9”), s(Z) =
[1 + e’ﬁ(I*m)]_l and

t
7= / s) = G (9)1P s = ly = Gl (3.53)
t7

In fact, these equations are a slight modification of ([B.34): the function F'
has been modified in order to take into account noise effects, as we will explain
below.

The simulation of the DC motor is straightforward, we then only comment the
implementation of the observer. A Matlab/Simulink block diagram representing
the DC machine and the observer is shown in Figure (this figure is incom-
plete as far as one would surely want to plot errors between real and estimated
states). As it may be seen from the simulink block diagram shown in Figure 3.3]
the observer is decomposed into three parts: two level 1 S-functions and a trans-
port delay block. As written on the diagram, the rightmost S-function is dedi-
cated to the computation of the three main equations of the observer which are
equations ([352]). This block has three type of inputs: the measured output of
the observed system, the input delivered to the observed system and the innova-
tion. The innovation is computed using a distinct S-function because unlike the
main equations that may be processed continuously (or quasi-continuously), a

Wi &)
Input noise Input Qutput noise Current |
N

Load torgue
values

Level 1 S-function
DC motar

Estimated

Observer subsystem
AEKF State

Load torgue

Load torgue
noise

Fig. 3.2. Simulation and observation of the DC motor

CDOutput of the DC matar: |

{ Yinput of the DC motar: V'

BuboDCSeries

Estimated
state

Level 1 S-function

n g
>l » i ohserver 3 main
> eriesinnoy
m equations
level 1 S-function
Transport Computation of the
Delay Innovation

Fig. 3.3. Observer subsystem
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discrete S-function is needed to compute the innovation. This choice was made
because:

e the computation of the integral is made by means of a fixed step trapezoidal
method

e we have to keep memory of the input and the output trajectories over a time
interval [0; T where T is the delay of ([8.53]) which is easily done with a fixed
step process.

The codes to implement those different functions may be downloaded from
http: //www.u-bourgogne.fr/monge/e.busvelle/springer/ or obtained from the au-
thors if the link happens to be disabled.

3.5.4 Simulation Parameters and Observer Tuning

The parameters used to simulate the DC engine, motivated by measures made on
a real system, are L = 1.22 H, Res = 5.4183 (2, L,y = 0.0683 N.m.bel.A_l,
J =0.0044 kg.m?, and B = 0.0026 N.m.s '.rad~'.

We now need to set the observer parameters d, Dt, R, Q, Opae, A, K, B, and
m. Before explaining how those parameters may be tuned, we want to stress
that the last four ones do not need to be reset for each new observer. Those
parameters appear in the last equation in (352 and drive the evolution of the
parameter 6. The values A = K = 500, g = 2000, and m = mj + ms where
m1 = 0.005 (m2 will be specific to each new process) may be kept each time a
new observer is implemented. The procedure used to tune the parameters R, @,
Ornaz is inspired by the one proposed in E, part. 5.2.2].

1. As a first step, we determine the (symmetric positive definite) matrices
R and @ by using an EKF. This observer can be obtained from the AG-EKF
when the parameters of the adaptation function are set to 0 and 6(0) = 1. Large
perturbations are not considered and the observer is initialized to the proper (or
previously estimated) values of the state vector.

2. As a second step, we set the R and () matrices to the values previously
found and use a HG-EKF in order to tune 6. As above the observer needed is
obtained from the AG-EKF when the parameters of the adaptation function are
set to 0. Then 6(0) is the value that is tuned. Here we will try to find a value
for the high-gain parameter that allows fast and reasonable convergence (with
respect to noise amplification) when large unmodeled perturbations are applied
to the system. 60,4, is then taken equal to the value estimated at this step.

3. As a last step we now set the parameters of the adaptation function. We
remark that when m = 0 then s(0) = 0.5. Thus we need to shift the sigmoid
function to the right if we want s(0) to be close to zero. Choosing y; as small as
we want and solving the equation s(0) = y; allows to obtain the parameter m.
This solution is easily computed provided that the parameter § is known. As
the sigmoid function is centered on (0,0.5) when m = 0, the computation of 3
is made by setting a length [ for the transition part and solving the nonlinear
equation (with m = 0): s(1/2) — s(—1/2) = (1 — y1) — y1. Of course, another
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Adjust the m and Beta coefficients of the sigmoid function
s(1)=111 +exp[-Beta(l-m)]

Sigmoid coefficients

Beta 2000 05
m 0.005
0.4
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Fig. 3.4. Estimation of § and m; by trial and error

approach is to graphically define 8 and m from trial and error. Figure[3.4shows a
simple Matlab GUI implemented to ease this latter method (the result displayed
is for the values of 8 and m; given above). The code of this GUI is also available
from hitp://www.u-bourgogne.fr/monge/e.busvelle/springer/.

Now that the transition part is small, we want the gain to increase and de-
crease quickly. If we suppose that 6(¢t) = 1 and that we want it to reach 0,4,
within a time 7 then the equation 0 = 0"“1:*1 = K.(01az — 1) allows the compu-
tation of K. As far as the equation used to compute K is only an approximation,
a bigger value (e.g. twice the computed value) may be used. Finally, a reasonable
choice for the last parameter remaining is A = K.

The parameter T', the length of the window on which innovation is computed,
is related to the rise time of the system when it is facing perturbations: it has
to be sufficiently big so as to give an account of perturbations that occur on the
system. The sample time Dt of the discrete S-function should ideally be chosen
as small as possible, leading to a significant increase of the amount of time and of
the memory needed to compute the innovation (we need to keep track of g +1

t
system outputs and gt system inputs). Dt = T/3 or Dt = T /4 seems to be
reasonable, fewer values will of course give more flexibility to the system.
Because of measurement noise the innovation will never be equal to zero and
therefore the observer will stay in a high-gain mode. To avoid this problem, the
parameter m is rewritten m = mj + mgy where my is the previously computed
quantity and meo will represent the influence of the noise on the system. As a

result, when Z < mq we will have s(Z) < y; and 6 won’t increase. We denote
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Fig. 3.5. Estimation of the standard deviation

by o the standard deviation of the output noise, which can be estimated from
output measurements, and then ms = T.0% where T is the delay used in the
definition of the innovation. Figure shows the output of the simulated DC
motor (with addition of noise) and that ¢ = 0.7 is a reasonable value for the
standard deviation.

Finally all those steps allow us to set the parameters to R = 1, Q =
[1,0,0;0,5,0;0,0,5], Omax = 3, A = K = 500, 3 = 2000, T = 0.1, Dt = 0.01,
and m = 0.005 + 0.049.

3.5.5 Simulation Results

Figures and [3.7] shows the performance of the designed observer, all the ob-
servers identify the values taken by the load torque but with different behaviors.
The EKF rejects noise but converges slowly when the system faces unmodeled
perturbations. We may add that in order to speed up a little bit the EKF the @
matrix was set to [25,0,0;0,25,0;0,0,50] in this special case, it was kept to the
value given in the previous chapter for all the other simulations.

The HG-EKF is on the contrary very sensitive to measurement noise but is
very fast regarding convergence when a perturbation arises.

The AG-EKF presents both the advantages of the two previous filters, namely
noise rejection and speed of convergence under perturbations. We observe that
the adaptive-gain observer is a little bit slower than the fixed high-gain one.
This is due to the delay induced by the computation of innovation, in fact the
value chosen for Dt will have an impact on this delay as far as the behavior
of 0 (increasing towards 6,4, or decreasing towards 1) will only change with
the innovation. In all the parameters tuned for this last observer one will have
a major impact, this is ms. If indeed it is set to a too big value, then # won’t
increase every time it is needed, which does not constitute a major drawback
because the EKF rejects noise (this is true provided that mq is not such as big
that it totally prevent @ from increasing). On the contrary, if mso is too small
then @ will increase when it is not needed (only because of the noise) having the
only effect to amplify noise. However as it can be seen from Figure B35l o and
therefore my is not difficult to estimate from output measurements. To illustrate
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this comment Figure shows the evolution of § for two different values of mo
(the value 0.049 corresponds to the simulations which results are shown above).

3.6 Electronical Neuron Circuit

With this second application we illustrate how observers can assist system mod-
eling and, in the case considered here, prototype assessment (as in Section B.4)).
Identifiability study of this model has been presented in ﬂﬂ]

The modelization of neurons is extensively studied in neuroscience research.
A large quantity of models of isolated neuron cells or of neuron cells networks
are available in the literature each one of them presenting variable degrees in
their accuracy. The model we use here, a modification of the model proposed by
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Fitzhugh, Nagumo & al. in the early 1960’s, is a simplification of the one of a
single isolated biological neuron proposed by Hodgkin and Huxley |24]. Historical
informations on the development of this model can be found in |2§]

3.6.1 The Modified Fitzhugh-Nagumo Model (MFHN)

From the biological point of view this model is composed of two variables, V'
representing the membrane voltage and W that represents the recovery variable

s
{ V=V-" -W (3.54)

W =e(g(V)-W—n)

where € and 7 are constant parameters and g is the piecewise linear function

_[BVifV >0
gwq—{aVﬁVﬁO

where a and (3 are constant parameters.

This model was implemented as an analogue circuit at LE2I laboratory (uni-
versity of Burgundy), the exact description of this circuit is given in ﬂa)], The
analysis of this physical system is made by means of an observer based approach,
real data being available.

3.6.2 Identifiability and Observability

From the analogue circuit point of view, V' corresponds to a voltage and W
to a current therefore both of them can be measured. Although in the case of
a real biological system it will only be possible to measure V', the membrane
voltage. Thus we will consider that only V is actually measured. The objective
of this study is the identification of the function g (i.e. the part of its graph
visited during the experiment) and the study of the identifiability property of
the system constitutes a first step. In Section [3.4] we described an identifiability



108 N. Boizot and E. Busvelle

normal form for single output uncontrolled systems (normal forms for systems
with more than one output are also given)

.751 = X9
o= @ (3.55)
Tn =1(x,9)

y = 1

We now want to find a change of coordinates that allow the MFHN equations
to match this normal form. This coordinate transformation is easily found: set
z1 =V and 29 = V.

i =V
=T .
To=V -VV2-W (3.56)
2 ot
= (l—xl)xz—e(g(xl)—x1+ 3 —|—x2—n>
=Y(z,9)

Since € # 0, the system is clearly identifiable. We see that if the parameter
1 is unknown we have the possibility to redefine the unknown function g as
g(z1) = g(z1) — n with no change in the normal form.

In order to identify the function g, we extend the state vector by making g
a state variable. As it is clear that g is not constant over time we model it as a
local polynomial of time

g(V(t) =gt) =ao+art+ ... + apt”

which implies that df;z&” = 0. The model is completed by the addition of n
new state variables corresponding to the n first derivatives of g with respect to
time (for a total of n+ 1 new variables). It appears that when the system defined
by ([BE6) is extended in that manner it is in the observability canonical form.
However there exists a much more simpler way to obtain the canonical form that
is not to do any change of variables. This latter form is the one we will consider
so as to avoid change of variables while implementing the observer

1% 0-100..00 1% V_V;
w 00 ¢0..00 w —e(W =)
g | ho 0001..00 ho 0
h =l 0000..00 h
dt 1 1 + 0
Bt 00 00..01 By 0
hy 0000000 hn 0

i 0
where h; = ddgt(f) for i = 0, ...,n and with ddtg =g.
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Fig. 3.9. Identification from real data

One could think that the choice of a local representation for the function
g (here a polynomial of time) and the transformation of the model into the
canonical observability form is enough to prove identifiability. It is in fact not
the case. This subtle difference has been well illustrated in E, part 6] where the
authors exhibit the example

= o)
{y:mw(x) rek

indeed, keeping the notations used above for the function g and setting n = 1,
then the change of coordinates (x, hg, h1) — (21, 22,23) = (z + ho, ho + h1, h1)
leads to an observability canonical form. However the authors showed that this
system is not identifiable !

3.6.3 Implementation

The high-gain extended Kalman filter is adapted to the problem of identification
of the unknown function g. The implementation of this observer is much more
easy to carry on than the previous one: only one S-function is needed. Even if our
objective is to use real data obtained from the analogue circuit mentioned above
we use a continuous S-function. This is motivated by the fact that our data’s
sample time is smaller than the average time step used by the software to com-
pute the continuous solutions (but a continuous—discrete observer (3.31)—([B.38)
can be another possible choice). The corresponding Matlab/Simulink diagram is
shown Figure

Codes may be downloaded (together with a set of data) from http://www.u-
bourgogne.fr/monge/e.busvelle/springer/.

3.6.4 Results

A first series of simulations of the MFHN model are done in order to tune the
three parameters n, @), and 6. The parameters for the MFHN model are set to
a=0.5, §=1.96, ¢ = 0.2966, n = 0.20531 V(0) = 1.0656, and W (0) = 2.6903.
Since we are using an observer that only has a high-gain behavior, @) is set to
the identity matrix Id(34pn)x(34n).- The high-gain parameter 6 is then chosen
to ensure an accurate identification of the function. Several simulations show
that 8 = 1 (corresponding to an extended Kalman filter) does not lead to the
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identification of the function. The identification is made possible when 6 € [5; 10],
and is very accurate when # > 10. Figure 310 shows identification results for
four different values of the high-gain parameter when the data fed to the observer
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Fig. 3.12. Decomposed identification of the function g

are simulated. No noise has been added during those simulations and then even
if = 15 gives the best result, the trade-off between speed of convergence and
sensibility to noise leads us to choose a smaller value.

The values for V' got from the analogue circuit are shown Figure B.11] and the
result of the identification (with § = 10 and n = 1) is shown Figure B.12(a). We
see that the unknown function is identified as a loop and from the shape of the
data used, we expect four of them.

We isolated the first values given by the observer in order to obtain the
clearer graphic Figure BI2(b) in which we highlighted the overshoot due to
the inaccurate initialization of the observer. After this overshoot the observer
converges to the values taken by the unknown function and while V' < 0
the estimation is quite good. When V' becomes positive the estimation is not
that accurate anymore. Two reasons can be pointed out to explain this phe-
nomenon: the real data do not correspond exactly to the output the theoretic
model would give for the same set of parameters (which is analogous to mod-
eling errors) and the fact that the function we want to identify is not differ-
entiable in 0, a very specific property that is not reflected by our polynomial
approximation.

We rewrite the model used to perform the identification so as to take this into
consideration

Ty =2y Ty = b(x, é, B)

& =m =
=a b= [ (3.57)
dy =a3 o= [
Gs=0 fs= 0

The results of this new identification are shown Figure BI3|(a-b). This new
estimation is very accurate after a few cycles. Small errors both for the positive
and negative values of V' are still visible, they can also be spotted when we trace
the values taken by & and B against time as in Figure 314l Those errors are due
to the fact that real data differ from the ideal mathematical model.
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(a) after 4 cycles (b) after 15 cycles

Fig. 3.13. Estimation of ¢
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4.1 Introduction

In this chapter we present immersion transformations of nonlinear systems for
observer synthesis. A transformation through immersion is a generalization of an
equivalence transformation to the extent that the dimension of the state space
is not necessarily preserved. The immersion of a system for estimation purposes
involves in fact the immersion (in the differential geometry sense) of the state
space into a space of larger dimension, leading to a dynamical extension of the
system.

The idea of dynamical extension is actually quite natural when solving esti-
mation problems. For a simple illustration, consider the linear system

T=—-x+u
Yy=x+v
where v is an unknown measurement bias, assumed constant. The usual approach

for the estimation of the state in this case is to extend the state vector to include
the bias, which leads to an immersion into a second order system:

T =—x1+u
To =10
Yy = x1 + Ta.

As for a common example in a nonlinear setting, dynamical extension is fre-
quently performed with the intention of estimating the parameters of a system
through a state observation technique.

The immersion transformations discussed in this chapter go beyond the ex-
tension of the state vector with variables that can be assimilated with constants
inasmuch as the objective is to transform nonlinear systems—possibly obtained
through preliminary dynamical extension—into systems that suit the design of
observers, through (further) dynamical extension. To that aim, we present pre-
cise immersion conditions with respect to several structures that are particularly

G. Besangon (Ed.): Nonlinear Observers and Applications, LNCIS 363, pp. 115 2007.
springerlink.com © Springer-Verlag Berlin Heidelberg 2007
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interesting from the observer design viewpoint, with an emphasis on the condi-
tions that can be easily translated into immersion algorithms.

Section recalls some standard definitions for the basic concepts used
throughout this chapter without aiming at a rigorous treatment but rather at
setting out the notation. Section 3] presents results concerning the immersion
into state-affine structures, while section 4] presents results for immersion into
linear structures. Finally, section presents an observer design based on im-
mersion into a nonlinear system satisfying some specific structural constraints.

4.2 Notation and Definitions

4.2.1 Nonlinear Systems

The general description of nonlinear systems used in this chapter assumes that
the state space is a C'* manifold of dimension n, denoted by M, the input space,
denoted by E is a subset of IR™, and the output space, denoted by S is a subset
of IRP. As far as the inputs as functions of time u : [0,¢,) — E are concerned, we
assume that they are elements of the set of measurable and bounded functions
defined on IR™ with values in E.

We consider that the dynamics of the system are characterized by a family
of vector fields parameterized by the input u, f, = {f. | ¢ € E}, such that the
application M x E — TM (tangent structure of M), (x,¢) — f(x,c), is C*.
We also consider that the output of the system is given by a C*° output map
h:M—S.

For convenience, we assume that M admits a global system of coordinates,
which leads to a global representation of the system,

&= fulz) = f(z,u)
y = h(z),

and very often we consider that M = IR".

We denote by x;0 , the internal trajectory of the system under the action of
the input u starting from z°, and by yz. ,, the corresponding output trajectory.
We assume that ygo 4, : [0,%50 ) — S is a measurable function.

(4.1)

4.2.2 Observability

The only observability-related concept that will be needed in this chapter is the
observability rank condition relative to the observation space of the system. In
that respect, let us recall the following:

Definition 1 (Observation space). Given a system (4.1)), we denote by O(h)
and we call the observation space of the system the smallest vector space over
IR of functions defined on M with values in IR that contains the set {hi,..., hp}
and is invariant under the action (through Lie derivation) of the vector fields

mn fu.
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We denote by dO(h) the space of the differentials of the elements of O(h) and by
dO(h)(z) the (finite dimensional) vector space over IR obtained through evalu-
ation at x of the elements of dO(h). The system satisfies the observability rank
condition at a point x° if

dimdO(h)(z°) = n.

We note that the observability rank condition characterizes the local weak
observability of the system [18].

4.2.3 Immersion

This section gives the precise mathematical characterization of the notion of
subsystem towards the situations in which the input-output behavior of a system
is reproduced in the input-behavior of another system. As suggested by the term,
a system has lower order than the system of which it is subsystem. We usually
refer to subsystems as immersed systems. Conversely, if a system admits one or
several subsystems, then it can be submersed into such system.

Let us first recall the definition of the immersion as concept in differential
geometry.

Definition 2 (Immersion and submersion of manifolds [6]). An applica-
tion T : M — M’ is an immersion (submersion) if its rank is n = dim M
(n' = dim M") everywhere. If T is an injective immersion, then it establishes a
one-to-one correspondence of M and the subset M" = (M) of M'.

We also recall the concept of embedding.

Definition 3 (Embedding ﬂa]) An embedding is a one-to-one immersion
T: M — M', which is a homeomorphism of M into M’', that is, T is a homeo-
morphism of M onto its image, M" = (M), with its topology as a subspace of
M'. Every one-to-one immersion is locally an embedding.

Since the rank of 7 is less than min(n,n’) at every point, if 7 is an immersion
then n < n’, while if 7 is a submersion, n > n’. As far as the observer design is
concerned, we are mainly concerned with immersions.

Definition 4 (Immersion of dynamical systems). Consider two C™ sys-
tems S = (M, fu,h) and S" = (M', fI h') such that every input that is admissi-
ble for one of them is also admissible for the other. The system S is immersible
into system S’ if there exists a C*° map 7: M — M’ such that

(i) For every pair (z°,z°) € M x M, h(z°) # h(z®) implies h'(7(x°)) #
W (7(x*)),

(ii) For every pair (x,u), the domain of definition of y’T(m)m includes the domain
of definition of yz ., and on the intersection of their domains, y, ., and y’T(
coincide.

T),u

In this situation, T is an immersion of dynamical systems and S can be repre-
sented as subsystem of S’.
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It turns out that an immersion of dynamical systems for observer design pur-
poses has to be at least an immersion of manifolds. This guarantees that the
internal trajectories of the two systems initialized respectively at z° and 7(x°)
are (at least locally) in one-to-one correspondence, making possible the inverse
transformation of estimated trajectories in order to recover the original variables,
and ensuring that the systems share (locally) the same observability properties.
Moreover, when the immersion is an embedding, S is subsystem of a uniquely
determined C*° system of order n’ defined on M’ and their internal trajectories
are in one-to-one correspondence.

Sometimes, the system we are dealing with does not possess the required
observability properties. In some cases it is possible to perform a submersion
through the canonical map obtained by factoring the state space by the relation
of indistinguishability HE] and obtain a system which possesses a certain observ-
ability property. We shall see in Section .53 an example of such a submersion.

4.3 Immersion in a State-Affine Structure

One important difficulty when designing observers for nonlinear systems arises
from the fact that in general the observability properties of such systems depend
on the applied input. The main advantage of state affine systems is that they lend
themselves to the characterization of the quality of the applied input through the
observability grammian specific to linear time varying systems. The observation
of state-affine system can be then easily performed through Kalman ﬂﬂ], or
Kalman-like [16] observers (as recalled in chapter).

4.3.1 Immersion Without Output Injection

The first result on the immersion of continuous-time nonlinear systems into a
state-affine structure

2= Au)z + p(u)
y=0Cxz

has been presented by Fliess ﬂﬂ] for input-affine analytic systems as an applica-
tion to the theory of nonlinear causal functionals he had previously introduced
in @]

The immersion transformation leads in this case to a bilinear representation
and the necessary and sufficient condition for immersion is that the observation
space of the system to be immersed has a finite dimension. The proof uses on the
one hand the fact that the output of an analytic system is a causal functional
of the input u, generated by a power series with coefficients in the observation
space of the system, and on the other hand the fact that the observation space
of any bilinear system has a finite dimension.

It turns out that the finiteness condition with respect to the observation space
also applies to general C*° systems.
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Theorem 1 (Immersion into a state-affine system [12])

(i) If the observation space of a system (4.1) has a finite dimension, then the
system can be immersed into a state-affine system.
(ii) If in addition the system is originally control-affine, then the immersion leads
to a bilinear system.
(iii) If the class of admissible inputs contains the piecewise-constant inputs, then
the immersion condition is also mecessary.

The main characteristic of the immersion performed under the conditions of
this theorem is that the order of the system obtained after immersion coincides
with the dimension of the observation space of the original system. Some proof
elements for the ”if” part of the theorem turn out to be useful for the construction
of the immersion.

First, the finiteness of O(h) implies that every element of this space can be
expressed as IR-linear combination of basis elements. Let £(f,) denote the Lie
algebra generated by the vector fields of the family f,. The observation space
is invariant under the action (through the Lie derivative) of the elements of
L(fu), so this action can be given an IR-linear representation through a map
0: L(f,) — End(O(h)).

On the other hand, every linear endomorphism of O(h) determines a unique
linear endomorphism of the dual space O(h)*. This means that there is a "nat-
ural” action of L(f,) on O(h)* with IR-linear representation given by a map
p: L(fu) — End(O(h)*) such that, if f € L(fy), then p(f) is the dual map of
0(f), defined as follows: if [ € O(h) and A € O(h)*, then

(p(HIN] = AO()D).

In this equality, ! can also be seen as an element of the double dual O(h)
O(h), so the endomorphism p(f) defines a linear vector field on O(h)*. It is then
possible to define a dynamical system on O(h)* with dynamics given by the
family of vector fields p(f,) and output map h' defined as follows: if A € O(h),
then h/(A) = [A(hn) -+ Alhy)] " .

The original system is subsystem of the above defined system, with immersion
map 7: M — O(h)* defined as follows: if x € M and [ € O(h), then 7(x)[l] =
I(x). According to this definition, the components of 7(x) in the dual basis are
the basis elements of O(h) evaluated in z, so knowledge of a basis of O(h) is
sufficient to construct the immersion. Next, given a vector field f of the family
Ju, in order to compute p(f) (which is also the image of f through the tangent
map 7, [d]), it is enough to compute the directional derivative of the components
of 7 in the direction of f.

*k —

Ezample 1 (Immersion of an input-affine system , ]) Consider the follow-
ing SISO system defined on IR\ {0}:

z = fo(z) + fi(x)u = ax — bx® + zu

1
y=M@=$%p
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with a,b € R, « € IN and a > 2. A basis of O(h) is {1, ,." }, which defines the
immersion map 7 : R\ {0} — IR? as

L]
=1 1 |-
poa—1

In order to compute the projections of the vector fields fy and f; through the
immersion 7, we proceed as indicated above:

{Lii}_l] - {b(a— 1)0+ “ii‘_’?] N {b(ao— 1) a(lo—a)} [” ’

Lyk1 7 [0 o o 1
Lf1 10}71 N xlojfal N 0l-a m1:11—1 '

The original system is therefore subsystem of the bilinear system

°= {b(ao—l) a(lo—a)}”“[gﬂa}z
y=1[01] 2.

4.3.2 Immersion with Output Injection

The finiteness condition with respect to the observation space is fairly strong
and seldom satisfied in practice, even for apparently ”simple” systems, like the
one in the following example.

Ezxample 2. It can be easily verified, through successive differentiation of the
output application along the direction of the vector field that describes the dy-
namics, that the observation space of system

@1 = X2
.i‘z = T1T2 (42)
Y=

has infinite dimension.

In some situations, it is however possible to immerse a system with infinite
dimensional observation space into a state-affine system, by resorting to output
injection.

We shall first present an approach by Hammouri and Celle ]7 which uses an
idea that does not differ much from the idea in the previous section as the im-
mersion condition is still a finiteness condition related to the observation space.
In concrete terms, the system to immerse is an autonomous, single-output, an-
alytical system defined on IR™:

(4.3)
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and the immersion condition is that the elements of the observation space are
linear combinations in a finite basis with coefficients in the space of the functions
of h, more precisely in R(h)—the ring of the functions of the type [ o h, where
Il € C¥(9) (the set of analytic functions defined on the output space of the
system with values on the real axis). The system is then immersed in a system
of the form

0 10 0 0
z= . . zZ+ :
: 10 0 (4.4)
0 ceee-- 0 1 0
aly) - an(y) PN ()

y=x
with NV > n. However, there is no a priori information towards the value, nor
the existence of V. In fact, the available result can be stated as follows:
Theorem 2 (Immersion into a state-affine system ﬂﬁ]) If a system (4.3)

satisfies the conditions:

(i) There is an integer N such that h,Lyh, ..., L;V_lh are R(h)-linearly inde-
pendent;
(i) L}Vh is element of the R(h)-module generated by the IR-vector space IR ®

span(h, L¢h, ..., LY~"h),

then it can be immersed into a system ({.4)). Conversely, if N is the smallest
integer for which a given system [{-3) can be immersed in a system (f.4)), then

and hold for that system.
Ezample 3. For the system ({2)), we have

h = x4, Lih =z, L3h = h(z)za,
so in this particular case we obtain an equivalence with the state-affine system

z= Olz
= oy

Yy =z.

Remark 1. Since the construction of the immersion resembles to a certain extent
the construction performed when the observation space has finite dimension, the
result can be easily extended to non-autonomous and multiple-output systems.

Again, just like in the case of the immersion without output injection, there are
systems to which the above result does not apply, but that can still be immersed
into a state-affine structure.
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Example 4. It can be easily verified that the observation space of the system
1 =21+ 2122
i‘Q = T
y=a
is not finite-dimensional, nor can it be given the structure of a module over R(h).

Nevertheless, if the dependence on y is made explicit in the nonlinearity x1x2,
then the system can be written as

. ly
i = [1 0} .
Yy =2a1.
However, the conditions for immersion into a state-affine structure through such

”general” output injection are very difficult to characterize. This fact is equally
true for diffeomorphism transformations into systems of the form

z=Au,y)z + ¢(u,y)

4.5
y=Cx. (4.5)

a problem which is treated for instance in ﬂﬂ], where generic transformation con-
ditions are given, which are very difficult to check in practice and do not offer any
guidelines for constructing the transformation. Specific cases have been considered
in [@] The difficulties originate in the fact that in general there are multiple ways
to parameterize the vector fields that describe the dynamics of the system by the
measured output y. A more detailed discussion on this subject is available in m]

Here, we shall present an idea to immerse a nonlinear system into a state affine
structure by means of output injection which is more along the lines of the idea
in Section 31l More precisely, the idea consists in fixing an explicit dependence
on y of the dynamics in the original description of the system and then try to
immerse the system using the finiteness condition towards the observation space
by considering the extended input [*]. We summarize this result in the following
proposition, which provides a sufficient condition for immersion.

Proposition 1. Given a system (4.1)), if the family of vector fields f(x,u) can
be parameterized by the output y such that the observation space is finite dimen-
stonal when considering the extended input [Z], then the system can be immersed
in a state-affine structure (7.0)).

Remark 2. In general, there is no link between the observation space described in
the above proposition and the real observation space of the system. In the above
proposition, this object is created only for immersion construction and should
not be used for other purposes, such as testing the observability rank condition.

Ezample 5. Consider the system
T =T + xlxg
T = T1

Yy=1a
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and write the dynamics as
. X1 33%
&= fo(z) +yfi(z) = ol TY| 1|
Then,

Lh=z1 = h, Ly h=a3, L3 h = 2zs, L3 h=1,

so the system is immersible into a state affine structure through the immersion
map
T
&
2%2
1

T —

The new representation is obtained by proceeding as in Example [T

1000 0100
P 0000 ity 0010
0000 0002
0000 0000

Example of application

For a more practical example of application of Proposition[I, consider the model
of an induction motor with state variables
isq,tsg — the components of the stator current phasor
@sa, Psp — the components of the stator flux phasor
» — the mechanical speed
and inputs the components of the stator voltage phasor wsq, usgs:

;tis = [_(UI%T + ol%s M+ pwpJ]is + [UL L, I— paL wrJ¢s + U}/s Us
éitd)s = —Rsis + us
(?twr = f“ " W +pJ (is8Psa = lsaPsp) — J{n i

y= [w} :

In the electrical part, L stands for inductance, R stands for resistance, o =
2

1-— L L, with M the maximum mutual inductance between one stator and one

rotor Wmdlng, the indexes s and r refer respectively to the stator and the rotor,

and
10 0-1
T
As far as the mechanical part is concerned, 7; denotes the load torque, J,, the
total inertia momentum (rotor plus load) and f, the viscous friction coefficient.
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Finally, in both electrical and mechanical parts, p represents the number of pairs
of poles.

For such a system, the control problems generated by uncertainties in the
electrical parameters as well as by the absence of flux, torque and sometimes
even speed transducers are well-known and have motivated a lot of work. As
a result, it can be shown that the above model extended with the unknown
electrical parameters and load torque can be immersed into a form (£3) for any
considered set of such unknown parameters, even when the speed is not measured
@, ] Notice however that in these works the immersion is performed through
a heuristic approach in which a suitable parametrization of the dynamics by the
measured output is chosen at each step of the construction with the objective of
obtaining an affine structure. Here, we shall show that it is possible to achieve
the same result—at least towards the simultaneous estimation of the electrical
parameters, load torque and state variables when the speed is measured—Dby
using the approach of Proposition [l

First, a preliminary dynamical extension is performed such that the electrical
parameters URE‘T, 6%57 ” LR;T‘LT? Uis, R, and the load torque 7; are included in the
state vector, denoted from now on by z. Resistances usually vary with temper-
ature, but the dynamics are in general unknown and this is true for the load
torque as well. For this reason, it is assumed that these dynamics are slow com-
pared to the dynamics of the employed observer and the corresponding variables
are assimilated with constants.

Let us now define the following vector fields:

T
fo(z) = |:U£2T¢sa ULIZTLT(bsﬂ 00 —(j;:;wr + JinTl) 0--- 0}

T
file) = [~(F + B )0 =R 0 —p )} 6450 0]

SN
&
[

T
|:O _(O'F%T + JI}Z) O _Rs inn(bsa O e O]
[~plisp = o1 $s8) Plisa — 5 bsa) 0000 0]
falx) =[,1 01000---0]"
[

fs(x) =[0 ,; 0100---0
and the output map

]
]T

. T
h(z) = [zm is wr]
Then the original system can be represented as

t = folx) +y(D)fi(x) +y(2) f2(x) + y(3) fa(x) + u(l) fa(z) + u(2) f5(2)
h(x)

SIS
|

and one can compute:
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Lyyh1 = oL L7 Psa
Lgoha = oL T, Psp
LflLfohl = szLfth =[R2

oLgsL,
R,
Ly, Lyhy = Ly Lgyho = ;7
R, R
Lflhl = Lf2h2 = T oL, oL,

Lyyhi = =plisg — .1 $s5)
Lf3h2 = p(isa - gi (bsa)
LflLfshl = _sz)Lfsh2 = _polhl aL

Ly hy = Ly ho = Uis

Lihs = —(J° wr + ' 7)
Lphs=—p, ¢y
Lphs=p) ¢sa

Ly Lyhs =Ly Lyhs =p; R

Ly Lphg = —Lg,Ly,hs = —p |

from where a basis of the "observation space” is obtained: isq, isg, Wy, LRTL Dsas

RsR, R, R, R 1 1 1
G'L L7 G385 UIZLTT’ ULSTLM U[jTa ULSS’ 0L5¢50‘7 0L5¢5ﬁ7 oLy Th Gsa, Pss, Its and 1,

so the system can be immersed into a state affine structure with output injection
and an exponential forgetting factor observer (Kalman-like) can be employed for
estimation.

We shall illustrate the effectiveness of this method through some estimation
results obtained for a real data set collected from a 7.5 kW induction motor avail-
able at the control systems department of GIPSA-lab. The set contains terminal
voltage, terminal current and mechanical speed measurements corresponding to
the response of the system to a change in the speed set-point from 0 to 75 rad/s.

The evolution of the speed, both real and estimated is presented in fig. [l
Since flux measurements were unavailable, the performances towards the esti-
mation of these variable are illustrated through the norm of the flux phasor,
plotted against the reference imposed to the flux controller in fig. Finally,
the evolution of the parameter estimates is presented in fig. where it can be
seen that the obtained steady-state values are very realistic. They actually are in
a good accordance with the a priori available information on those parameters.

4.4 Immersion into a Linear Structure

Linear structures are obviously very appealing for observer synthesis, which
in this case is trivial; in particular, linear systems can be observed through
Luenberger-like observers HE] (the errors dynamics are linear, with freely as-
signable spectrum under the observability condition).
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Fig. 4.1. Real and estimated mechanical speed
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Fig. 4.2. Real and estimated flux norm
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Fig. 4.3. Estimated values of electrical parameters

4.4.1 Extensions of the Immersion into a State-Affine Structure

The first approach to the immersion into a linear structure represents a natural
extension of the result in Section E3.] on the immersion into a state-affine
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structure, in the particular case of input-affine systems E, @] More precisely,
if we relate to Example [I the way the vector fields are defined in the new
representation shows that for an input-affine system

&= fola) + 3 file)u
=1

(4.6)

y = h(z),
if, besides the finiteness of the observation space, the Lie derivatives of the basis
elements of this space along the vector fields fi,..., f;, are constant, then the

system obtained through immersion is linear.

Just as in the case of the immersion into a state-affine structure, it is possible
to weaken the immersion condition by resorting to output injection. This idea
is considered for instance in B], where the objective is to immerse a state-affine
system (0] into a linear (up to output injection) structure:

2= Az+ ¢(u,y)

Yo (4.7)

Theorem 3 (Immersion into a linear system B]) The necessary conditions
for a system ([f-0)) to be locally immersed around a point x° in a system (Z-7)
are

(i) dim O(h) < oo,
(i) YA € O(h), dLs, Adhy A+ Adhy =0, i=1,...,m.

Conversely, if dhy A --- Adhy,

.o 7 0, these conditions are also sufficient.

Remark 3. Condition [(ii)] of the theorem translates the requirement that the Lie
derivatives of the basis elements of O(h) along the vector fields fi,..., f;, can
be written as functions of the type [ o h, with | € C*(S) (see also Lemma [T]).

4.4.2 Observer Linearization Approach

This second approach to the immersion into a linear structure is more recent and
has stemmed from the works on the transformations that allow the synthesis of
observers with linear error dynamics, initiated by Krener and Isidori ] (a
detailed exposition of these results is also available in HE]) The considered
problem in HE] is the transformation of an autonomous, single-output system of
the form (@4]) into a linear (up to output injection) structure

= Az+¢(y)

e (4.8)

which is also observable, or, without loss of generality, in the observability canon-
ical form:
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010 -0
A= ol C=1[10---0]. (4.9)

1

o --- 0

The integrability of a certain distribution is a necessary condition for the ex-
istence of the transformation, which is then obtained as solution of a first-order
partial differential equation. An extension to multiple-output and non au-
tonomous systems under the assumption that the input functions are piecewise
constant is available in ﬂﬂ], where the transformation of the state space can also
be combined with a diffeomorphism of the output space.

An alternative approach to the construction of the transformation is based
on the expression of the nth derivative of the output of a system of the form
[@REI). The characteristic equation is then obtained [22], which, in the general
case where a diffeomorphism ) is considered in the output space, can be written
as

L?E—L?fl(cpl o h) —L?72(4p2 o h) — ... — Lf(pn_ oh)—pnoh=0,

where h = 1oh. Under the assumption that v is known, this a partial differential
equation of order n — 1 in n unknowns (the components of ¢).

There are however situations where the characteristic equation has no solu-
tion. The idea to use immersion transformations in such situations appears in
the independent works of Jouan [20] and Back and Seo [1], which explore the
possibility to solve the characteristic equation when its order is N — 1, with
N > n. Both references are, however, mainly concerned with the computational
aspects of the problem, as it is still very difficult to check the existence of a
finite IV and even more difficult to find the value of N such that the immersion
can be performed. Basically, the only solution is to try applying the immersion
algorithm for successive values of N, starting with N =n + 1.

Besides the solution of the characteristic equation, supplementary immersion
conditions are specified in the non autonomous case, the latter restricted, in
addition, to input-affine systems.

Theorem 4 (Immersion into a linear system ﬂﬁ]) A input-affine system
{Z-0) can be immersed into a system [{{. 1) if and only if the following conditions
hold:

(i) The autonomous part of the system is immersible in a system ([{f.3);

(i) If 7 is the immersion of the autonomous part, eventually combined with a
diffeomorphism 1 of the output space, then there exist some functions ; j,
i=1,....,m,j=1,...,N, such that

Ly7j="ij0oh).

Moreover, around regular points of the codistribution dh, condition 18 equiv-
alent to



Immersion-Based Observer Design 129

dLg,7; Adh = 0.

Note that the conditions of Theorem Ml are weaker than those of Theorem [ to
the extent that in the latter the non autonomous part must be immersible into
a linear structure without output injection.

4.5 Immersion into a Constrained Nonlinear Structure

In this section we discuss the immersion of a nonlinear system into another
nonlinear system that satisfies particular structural constraints. Our interest
towards this structure is justified on the one hand by the fact that it is suited,
under appropriate excitation conditions, to observer design and on the other
hand by the fact that it can be obtained through immersion—as far as input-
affine systems are concerned—under quite mild conditions. The observer features
are first given (extending a basic case presented in chapter), and then is discussed
the immersion procedure.

4.5.1 A Triangular Structure for Observer Design

We shall first discuss the synthesis of an observer for nonlinear, single-output
systems of the form
2= Au,y)z + o(u, 2)

(4.10)
y = C(u)z + n(u)
where the involved matrices have particular structures
[0 Ar2(u,y) O - 0
A =
(u,y) 0
Aq—l,q(ua y)
0 . 0
- 4.11
o1 (1, 1) (1
pa(u, 21, 22)
plu,2) = .
qufl(uv RBlyeees qul)
L pq(u, 2)

Clu) = [Ci(u) 0 --- 0],

with z = col(z1,...,24) € RN, zie RNifori=1,...,q, A1, € RNi=1>Ni for
i=2,...,q and Cy(u) € RN,

Note that particular cases of this structure have already been considered for
observer design. When the A;_;;’s are scalars different from zero we get the
structure for classical high gain design from ﬂﬂ] when the scalars are also inde-
pendent of u and y, or from ] when the dependence is allowed. Some high-gain-
based observer for the case when A;_1 ;(u,y) = A;—1:(u) € IR was proposed in
7], the same problem being reconsidered in [5].
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Finally, notice that when ¢(u,z) = ¢(u,y) we get the so-called state affine
structure for which a Kalman-like observer can be designed under appropriate
excitation conditions HE, E] All these suggest that an observer for a system
(ETOHATT) should combine ingredients required for both high gain design and
Kalman-like design.

In particular, as it is often the case with nonlinear systems, the observability
of a system (LI0HATII) typically depends on the inputs. When further aiming at
a high gain observer design, one needs a guarantee of observability at arbitrarily
short times. This can be characterized as follows:

Definition 5 (Locally regular inputs ﬂﬂ, B]) An input function u is said
to be locally regqular for a system [ I0H{-11) if for any initialization z° of the
system there exist o > 0, Ao > 0 such that

t
/ Doy (1, )T CT (w)C(w) Py (1, 1)dT > aAATZ(N) (4.12)
t—
forall X\ > Xy and t > i, where
VN 0
NIy,
A(N) =
0 My,

and D, ,(7,t) satisfies

dDy (T, 1)

v = A)y )Py (T, (1) = Iy

With such an excitation, and under the usual technical (Lipschitz) assumption
for high gain observer design, one can obtain asymptotic estimation of the state:

Theorem 5. If a system (£.10H4-11)) is such that the following hold:

(i) The input u is bounded, locally regular and making A(u,y) bounded,
(ii) The nonlinearity ¢ is Lipschitz globally in z and uniformly in u,

then for every o > 0 there exist A,y > 0 such that the system:

= Au,y)2 + ¢(u, 2) = AN)ST'C(u)T[C(u)2 +n(u) — 3]

3
S = N—7S — A(u,y)TS — SA(u,y) + CTC)

with any initial condition 2(0) € R™ and S(0) > 0, ensures for all t > 3
() = 2(t)[| < pe™"

with p > 0.
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Proof. The idea of this observer originates in the work of Besangon EL where
the introduction of the two tuning parameters A and - helps to accomplish two
objectives:

(i) It can be shown that, regardless of the choice of A > XA > 0, if the input
is locally regular, then there exist v > 0 and «aj, s > 0 such that a; Iy <
S(t) < agly for all t > }\;

(ii) Using the fact that S(t) has finite, positive bounds, it can be checked through
typical high-gain arguments (such as in M] for instance) that for sufficiently
large A, if € := 2 — z the candidate Lyapunov function

V(t) = et)T A 1S (1) A} e(t)
satisfies V' < —B(A\)V < 0 along the trajectories of £(t), where 3()) is a
strictly positive increasing function.

Details for establishing these two points can be found in [27] or in [2]. The
conclusion clearly follows from standard Lyapunov arguments. O

4.5.2 Immersion of Rank-Observable Systems

Once an observer is designed for systems of the form (@IOHZTII), we would
obviously like to know to what extent an arbitrary nonlinear system can be
put in that form. We will show that every input-affine, single-output system
of order n that satisfies the observability rank condition at a point xz° can be
immersed around this point into a system ([@IOHZII) of order N, with N > n
and A(u,y) = A(u). This result can be easily extended:

e to include the dependence on y,
e to systems that do not satisfy the observability rank condition,
e to systems that are not input-affine.

Formally, we consider control-affine systems of the general form:
&= fo(z) + Y filz)ui
i=1

y = ho(x) + Z hi(x)u;,

but for convenience we shall use the condensed representation:
(4.13)

where ug := 1, and:
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u = [’U,()’U,l -~-um]T

Given the structure [{I3), we will be interested in immersions into systems
(EI0HATI) with a control-affine structure, but also with the temporary restric-
tion that A(u,y) = A(u), namely systems of the following form:

z—ZulAz—&—Zb (u)z + B(z)u

y—ZulCz—i—Zdul— u)z + Du

(4.14)

where A(u), C(u) and the vectors b;(z) are like in (II)) (the structure of each
b; is identical to the structure of ¢ with respect to z).

Theorem 6. A system [{-13) that satisfies the observability rank condition at
some x° can be immersed around such point into a system (.17)) with structure

(11
The proof of the theorem relies on a straightforward result from the theory of
exterior differential forms, which will be stated here without proof.

Lemma 1. Let d¢s,...,do be independent, exact 1-forms on an open set U C
R™. If dy is an exact 1-form such that

dpy A+ Adey Adip =0

on U, then ¥ = ¢¥(éd1,...,0%) on U.
Proof (of Theorem[d). We will show that

(i) under the condition of the theorem the immersion procedure given hereafter

applied to the system ([{I3) yields a system (LI4) with structure (1)),
(ii) the corresponding transformation is an immersion in the sense of Definition [l

Immersion procedure

1. At the first step, build the vector z1(x) of all hi, 0 < i < m, that depend on
z,

2. At step k + 1, assume that the vectors z1,...,z; were constructed in the
previous steps and choose among the differentials of their components the
mazimum number of independent differentials that generate a reqular codis-
tribution around x°. Let {d¢1,...,d¢,, } denote the set of these differentials.
e Ifv, =mn, end the procedure,

e If not, assume that z, = col(z},... ) and construct the vector zi41
of all functions Lfizllj, i=0,...,m,75=1,..., N that do not satisfy

doy A+ Adey, /\dLﬁzi =0

around x°.
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(i) Notice that by construction, the components of the vectors 21, 22, . . . belong
to the observation space of the system, O(h), which means that their differentials
are elements of dO(h). Therefore, the construction will continue until a basis of
dO(h) is obtained.

In order to see that the construction cannot stop unless vy = n, we note
that v, = n if and only if the vector zx41 is empty. To prove this affirmation,
suppose that v, < n and the resulting 21 is empty. This means that each
covector LfiZ']Z:, 0<i<m,1<j < Ngcan be written as linear combina-
tion of d¢q,...,d¢,, in a neighborhood of x°. Combined with the manner in
which the vectors z1,..., 2 have been defined, this means that the codistribu-
tion span(de¢s, . . .,d¢,, ), which contains the codistribution span(dho, . .., dh., ),
is invariant under the Lie derivative along the vector fields fy, ..., fm. This codis-
tribution has dimension less than n around z°, which contradicts the assumption
dim dO(h)(z°) = n.

The assumption dimdO(h)(z°) = n also guarantees that the construction
ends in a finite number of steps, since a situation in which vy — n when k — oo
would obviously lead to a contradiction.

Suppose now that v, = n. We claim that the dynamical system having the
components of z = col(z1,...,2,) as state variables can be put into the form
(ET4) with structure given by @II). Since indeed for an arbitrary element 27,
1 <7< Ng,

g(x) =) Lya(=)us,
i=0

from the condition used for the construction of zi41 and using Lemma [ if
k < q, one can write:

Zp = Ak7k+1(u)zk+1 + Bk(zl, R zk)u

When k = ¢, the map ¢ = col(¢1, ..., ¢y,) is a diffeomorphism of a neighborhood
V' of x°. Therefore, all functions of x, which include the iterated Lie derivatives
of the functions ho(x), ..., hy,(x) along vector fields in the set {fo,..., fm}, can
be expressed on this neighborhood as functions of n elements of z. Thus,

2q = Bq(2)u.

(ii) For the proof of this part, it is enough to note that the map z(z) can
stand for the immersion map 7(z). In this case, if we express the system (€I4)
in the form

N
Il
s.z
~
El

&
I
<

<
|
INgE
S
—~
IS
~—
£

s
I
=

then, by construction,
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fi(T(x)) (4.15)
hi(r(x)), (4.16)

or
&Efi(ﬂ?)
hi(x)

with ¢ = 0...m, for all z € V°. Equation ([{.IH) translates the fact that the
flows &/ (z) and @] (z) of the vector fields f; and f; satisfy

(@] () = f (7(x))
for all z € V° and all ¢ > 0 such that &/ (z) € V°, which implies that

T(Tze u(t)) = 2r(z)u(t)

for all z € V° and all ¢ > 0 such that z,e ,([0,¢)) C V°. Combined with (Z.IG]),
this shows that the two systems have the same input-output map when initialized
respectively at x® and 7(x*®) for all z® € V°. O

Remark 4. Note that this transformation is indeed of interest for observer design
since an estimation of z can be obtained through the observer in Theorem [ and
then a (unique) estimation of x can be computed by inverting the diffeomor-
phism ¢.

An example of application of the immersion procedure and subsequent use of
the observer in Theorem [ can be found in [2].

4.5.3 Extensions
Non-rank-observable systems

The immersion procedure described in the proof of Theorem [f] can also be ap-
plied to certain input-affine systems that do not satisfy the observability rank
condition, but whose dynamics can be decomposed in two parts such as the out-
put is related to only one of these parts, which is also locally weakly observable.
In such a situation, under the assumption that z° is a regular point of dO(h),
if dimdO(h) = d < n, the immersion procedure ends when d independent cov-
ectors exist among the differentials of the elements of z.
Recall first that if there exists a codistribution {2 with the properties that

a) it is spanned around a regular point 2:° by d’ ezact covector fields;
b) it contains the codistribution span(dhy, ..., dh,);
¢) it is invariant under the vector fields fo, ..., fi;

then a coordinates transformation Z = ¢(x) such that

span(ddn—g 41, ..., dda} = £2,
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puts the system (£6) in the following form around z°:

&1 = fro(€r,6) + Y fralé, &o)u;

i=1

& = fa(&) + D fai(E2)ui

i=1

y=ho(&2) + Y hi(&)us
=1

where & = col(Z1,...,2—a) and & = col(Zn—a41,-..,2n) [@] In this rep-
resentation, the output is only related to the last d’ components of the state
vector, which correspond to the components of the coordinates transformation
whose differentials span dO(h). It is obvious that & — & (x) is a submersion of
the considered neighborhood of z°, since the rank of this application is d’
around x°.

Notice now that the codistribution dO(h) with a basis of exact covector fields
generated around a regular point z° by the immersion procedure meets the re-
quired properties for such a decomposition of the system. Moreover, dO(h) is the
minimal codistribution with these properties, i.e. there is no other distribution
with the same properties and dimension d’ < d such that in the resulting de-
composition the output be affected by d’ elements of the state vector. Therefore,
the estimation of £, by means of a state observer is the maximum that can be
obtained around z° from the input-output map of the considered system.

The immersion can be performed directly on the original system (13]), which
is the same as first decomposing the system and then immersing the observable
part (which now satisfies the observability rank condition around &;(z°)). How-
ever, in contrast with the immersion performed under the conditions of Theo-
rem [6l there no longer exists a one to one correspondence between the internal
trajectories of the two systems.

The A(u,y) case

One important effect of the immersion procedure is a (sometimes significant)
increase of the order of the system. This effect could be reduced by output
injection combined with a slightly different construction strategy. Nevertheless,
the presence of y makes the immersion procedure to no longer be systematic.
We obtain a heuristic procedure, with no guarantees as to its effectiveness.
More precisely, instead of considering as state variables the iterated Lie deriva-
tives of the functions ho, ..., h,, along vector fields in the set {fo,..., fm}, one
could proceed as follows: starting with the same set of variables as in the original
immersion procedure, write at each step of the construction the Lie derivatives
of the functions considered as state variables at the previous step as sums, by
conveniently isolating the terms that can be expressed around x° through al-
ready defined state variables and separating the ones that are to become new
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state variables. The construction ends when there exist n independent covectors
fields among the differentials of the functions considered as state variables. This
necessarily happens at some point, as it can be easily seen that the codistribution
spanned by these covectors around z° coincides with dO(h).

Sometimes it may happen that for a term that has to be considered as a new
state variable, say (, the explicit dependence on y leads to a representation ( =
E(y)f(m) In this case, the new state variable could be chosen to be f(m), making
the matrix A dependent on y through ((y). In this way, a simpler expression
may be obtained for the derivatives of the new state variables, which may also
lead in the end to a system of lower order.

Non-input-affine systems

A similar approach to the one in the preceding discussion may yield results
in some non control-affine cases. More precisely, one can handle situations in
which the output map can be suitably written as a sum of terms in the form
fj(w)7(x). The immersion procedure is then initialized with the terms generically
denoted by 7(x). Then, constraints have to be put on the expressions of their
time derivatives in order to carry on the construction and it goes the same for
all subsequently created state variables. More precisely, just like for the output
map, a suitable arrangement of these expressions as sums has to exist such that
the terms that cannot be expressed around z° as functions of already defined
state variables (and eventually u) are in the form 7j(u)7(x), with the exception
that the dependence 7j(u,y) is also allowed.

Example 6. Consider the system

i1 = ua(xz) + Bx1)z2
Tg = ’Y(‘Tla T2, 'LL)
Yy =12=ax1.
If for instance uaag") +B(x1) > a > 0 for all z1, z2, one could design a high gain
observer as in HE(]? But when this condition is not fulfilled, one can yet immerse
the system into the form studied in this section.
First, set 2+ = z1. By making the dependence on y explicit in the time deriva-

tive of this first state variable,

2 = ua(xy) + Bly)za,

new state variables are obtained: 23 = a(z2) and 23 = x5. Their differential
equations are

. Oa(xa)
1 _
%2 = 8.732

2

Z% = 7(%171'2711,) = '7(2%7Z27u)

7(1'17 X2, 'LL) = 6(23)7(2%7 Z%? 'LL)

which shows that the construction has ended.
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4.6 Conclusion

In this chapter, some results directly based on the idea of increasing the dimen-
sion of the state for a given representation, so as to obtain a new representation
with a form well suited to observer design, have been reviewed. It can here be
emphasized how such an approach has been shown to provide an estimation tool
for the widely studied problem of simultaneous state and parameter estimation
in induction motors. It has also been shown in this chapter how such a method
can be thought of for a wide class of nonlinear systems.
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5.1 Definitions and Notation

In this chapter, the concept of Moving-Horizon Observer (MHO) is recalled and
some related topics are discussed and illustrated through dedicated examples.
Throughout this chapter, interest is focused on nonlinear systems that may be
described by the following equations:

z(t) = X (¢, to, o), (5.1)
y(t) = h(t, z(t)),

where X : Ry x Ry x R® — R™ is a map that gives the state z(¢) of the system
at instant ¢ based on the knowledge of the state x(tp) = xo at some instant .
The map X (-, -, ) may be obtained by using an appropriate system model (Ordi-
nary Differential Equations (ODE’s), Differential Algebraic Equations (DAE’s)
or even a quite sophisticated hybrid simulator). Some of the results presented
hereafter may need a particular system model. This is indicated when needed.
y(t) € R™ denotes the measured output at instant ¢. Using similar notations as
for the state, the output trajectory is denoted hereafter by:

Y (-, to, zo) = h(X (-, to, 70)) (5.3)

Note also that in (5.1])-(52)), dependency w.r.t measured variables such as control
input, time varying parameters with known time evolution is implicitly handled
through the argument ¢ of the map X. When unmeasured disturbances w € R™»
and measurement noise v € R™ are to be considered, equations (B1)-(E2) are
replaced by the following ones:

x(t) = X (t, to, zo, wy, ), (5.4)
y(t) = h(t, z(t)) +v(t), (5.5)

where w}, denotes the disturbance profile {w(7)} ¢, 4. Note that these distur-
bances may also represent model discrepancies. The same notation vfo are used
to denote measurement noise profiles.

G. Besangon (Ed.): Nonlinear Observers and Applications, LNCIS 363, pp. 139 2007.
springerlink.com © Springer-Verlag Berlin Heidelberg 2007
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In the present chapter, it is assumed that some knowledge is available on the
admissible sets of states, disturbances and measurement noise. Namely, there are
known compact sets maps X(-), W(-) and V(-) such that the following inclusions
hold at each instant ¢:

xz(t) e X(t) CR™ 5 w(t) eW(E) CcR™ ; wo(t)eV(t) cR™. (5.6)
These constraints enable the following definition to be stated:

Definition 1 (Measurements-compatible configurations)

Consider some time interval [t — T,t] and a corresponding measurement profile
yt . A pair (€, w) € X(t — T) x [R™]|E=TT] s said to be (y!_,)-compatible if
the following conditions hold for all o € [t — T, t:

1. w(o) € W(o),
2. X(o,t —T,¢,w) € X(0),
3.yt p(o)=Y(o,t —T,&,w) € V(o).

When these conditions hold, the following short notation is used:

(57 W) € (C(tu ysz) (57)
to denote the set of (y;_r)-compatible pairs. Q

Roughly speaking, a (y;_,)-compatible pair (,w) is a pair of initial state (at
instant ¢ — T') and a disturbance profile w defined on [t — T, ¢] such that the
resulting trajectory obtained by (54 meets the constraints (&.0]) over [t — T, ¢].

5.1.1 Technical Definitions

In this section, some technical definitions that are needed in the remainder of
this chapter are successively given:

v' A function « : Ry — Ry is a K-function if it is positive definite, continu-
ous, strictly monotonic increasing and proper (lim, o a(x) = 00).

v" Given some closed subset S of an Euclidian space E, the projection map Ps

is defined as follows:
Ps:E—S: Ps(e) = mirgl d(e — o) (5.8)
o€

where d is some distance that is to be understood from the context.

v/ For all matrix A, o(A) denotes the smallest singular value of A.

v Given a piece-wise continuous function g(-) defined over some time interval
I and some integer i, the following notations are used:

19z =/I||9(T)|IidT P 190)llee = supflg(m)ll

v Given a multi-variable function f(x1, s, ... ), the partial derivative of G w.r.t
x; is shortly denoted by fy, (%1, x2,...).
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5.2 The Constrained Observation Problem
Based on the above definitions, the observation problem can be stated as follows:

Definition 2 (The finite horizon observation problem)
The finite horizon observation problem amounts to choose some observation hori-
zon length T > 0 and to use at each instant t, the available information, namely:

1. the system equations (5.4))-(23)

2. the past measurements yi_r,
3. the constraints (&8) and
4. some additional exogenous knowledge.

in order to produce an estimation &(t) of the current state x(t). @

The need for some additional Knowledge comes from the fact that the first three
available information (system equations, measurements and constraints) are of
no help to choose between all the candidate states that belong to the following
subset:

2 ={X@tt-T.e,w) | (&w)eCtylr)}. (5.9)

Indeed, all states in {2; belong to trajectories that respect the constraints and the
noise level and are therefore equally valuable candidates to explain the output
measurements. Therefore, there is indeterminism unless one of the following
conditions holds:

v 2y ={z(t)} or
v some additional criteria is considered.

The first case £2, = {z(t)} occurs in particular when no disturbances nor mea-
surement noises are present (W = {0} and V = {0}) provided that the system
is observable in the following trivial sense:

Definition 3 (Uniform Observability of nominal systems)
The system (51)-022) is uniformly observable if there is some T > 0 and a
K-function « such that the following inequality holds:

t
/ 1Y (0.t = T,2) = Y(ot = T,2®)|’do > a(|l=') —2®|]) (5.10)
t—T

for all t >0 and all (zM),2?) € X(t —T) x X(t = T). Vi

Indeed, under disturbance and noise free assumption and for uniformly observ-
able nominal systems, if X (¢,t — T,£) belongs to (2 for some ¢ [see (B3],
then one has according to condition 3 of definition It y! , (o) = Y(o,t —
T,x(t = T)) = Y(o,t — T,¢) for all o € [t — T,t] and this implies according
to (BI0) that a(||x(t —T) —£||) = 0 which simply means by definition of « that
& = z(t — T). Consequently, under the above assumptions, the only element in
Qpis X(t,t =Tzt —T)) = x(t).
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It is important to underline that definition [3] involves state constraints since
inequality (.10 has to be satisfied only on the set X(¢t —T') x X(¢t — T') of admis-
sible pairs. The following example shows a system that is uniformly observable
on some restricted region of admissible states but not in the whole state space.

Example 1. Consider the nominal nonlinear system given by:
Ty =-—xztx2 5 T2=0 ; y=z122

This system is observable on the subset X = {x € R? | 25 > 0} but not on

R2. This is because any pair of states (z(1), 2(?)) such that (1) = —2(?) leads to
identically the same output profile. This would contradict (&I0) if global uniform
observability is checked. &

In the general uncertain and noisy situations, {2; may not be a singleton and
one needs to add some additional requirement in order to make the best choice
between all the pairs (§,w) € C(¢,y!_;). Once such a criterion is defined, the

best choice denoted by (£(t), w(t)) is used to compute the best state estimate
Z(t) according to:

E(t) = X (t,t —T,E(t), w(t)) (5.11)

Typically, one way to define a choice criterion is to look for (&, w) € C, (¢,y! ;)
that minimizes some functional:

J(t,€,w) == T(t,€ - € (1)) —l—/t_TL(W(J),ey(U)) where  (5.12)
ey(0) = yi_7(0) =Y (0,t = T,& w). (5.13)

More precisely, the best choice (é (t),w(t)) is obtained by solving the following
optimization problem:

P(t) (£7Ivl",1)lélgt J(t, &, w) (5.14)
Note that the definition of the performance index J introduces an additional
knowledge through the relative weights on the disturbance term w and the output
prediction error term e,. The resulting trade-off recalls the one introduced in
the Kalman filter by using penalties equal to the inverses of the corresponding
covariance matrices, namely:

L(w,e,) = 0w Q  w+ 55R*1€y

Moreover, the weighting term I'(+,-) in (5I2]) enables to penalize the distance
between £ and some particular value £*(¢) that may condense the past knowledge
on the most likely value of the state at instant t—7". The value of £*(t) is generally
induced by the past estimation.
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Remark 1. The formulation given above can be viewed as the generalization of
the Kalman filter equations that hold only for linear unconstrained systems with
particular statistical properties of the uncertainty (w) and the measurement
noise v (white Gaussian signals). In this case, the penalty term writes I'(¢,n) =
nP(t)n and £*(¢) is induced by the past estimation giving rise to the Kalman
filter updating rules in the discrete or in the continuous case (see B} for more
details).

5.2.1 About Temporal Parametrization of Uncertainties

In this section, attention is focused on the need for temporal parametrization
of uncertainties when using (o.I1)-(514) to design a nonlinear observer. Indeed,
the decision variable (£, w) involved in the optimization problem P(t) is infinite
dimensional as w is the uncertainty profile over the time interval [t — T,¢].
Consequently, any concrete implementation of the above scheme needs a finite
dimensional approximation of candidate profiles w.

In many academic texts (see for instance [E]), a discrete time version of the
system model is used and a piece-wise constant structure is implicitly used with
the unknowns

pu = {w(kr) T € Wko) x - x W(ko + N — 1) C R™Y,

where W(k) is a short writing of W(k7) and where the observation horizon length
is T = Nr. This leads to a decision variable (£, p,,) of dimension n + N - ny,.

This choice although apparently natural shows the following major drawbacks:

1. First, the piece-wise constant structure is very often too rich when com-
pared to realistic uncertainties that are often due to badly identified rather
constant parameters, slowly drifting variables or even periodic disturbances.
This excess of spectral content enlarges the size of the set §2; of candidate
paires [see (5.9)] and hence lead to noisy estimation even in presence of small
physical measurement noise.

2. In addition to the drawback mentioned above, the piecewise constant struc-
ture leads to a high dimensional decision variable (n+ N -n,,) with a generally
badly conditioned optimization problem. This is because the high spectral
content of the resulting w leads to too many possible interpretations of the
past measurements.

3. In case of continuously varying uncertain signals, the piecewise constant
parametrization implies a small sampling time leading again to even higher
dimensional problem for the same observation horizon (buffer length).

One way to overcome these drawbacks is to choose a parametrization of w that
reflects in a more realistic way what would be the time evolution of this uncer-
tainty vector. This can be denoted generically by:

w(t) =W(t,pw) ; pw€P.
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Note that here, the dimension of the unknown disturbance parameter p,, is no
more directly related to the dimension of the disturbance vector w nor to the
length of the observation horizon. The cost function to be minimized can then
be rewritten as a function of the new decision variable (&, p.,):

J(ta £7p’w) = J(tv 57 W(va)) (515)

Example 2. A typical example of reduced dimensional parametrization of an un-
certainty vector that evolves smoothly in time is to use time polynomial approx-
imations:

n, n(» 7 7 n(?
Wilt, @+, 00) = Pay (Lt %) 0] 5 pD e R (5.16)
N~ -~ -
Pw

where Py )(-) is the projection map on the admissible set W(t).

The order of the polynomial development for the i-th component of p,,, namely
ngﬁ) is to be chosen according to what could be a realistic evolution of this
component during the observation horizon [t — T, t]. The resulting optimization

problem shows a decision variable (£, p,,) of dimension

MNw
Np :=n+ Z ngj)
i=1

It goes without saying that other time parameterizations can be used in order
to be closer to any available information about the uncertainty evolution. &

When such parametrization is used, the following straightforward notation is
adopted to denote the corresponding state trajectory:

X(t7t07 anpw) = X(tvtOwTOu W(va))

The best estimate of the state is then given by
‘%(t) = X<t7t - Ta é(t)aﬁw(t))

where the pair (£(t),p,(t)) minimizes the cost function J(t,€,p,) defined by

EI0).

Note that by using the extended state:
z= (27 pI)" e R" x R™, (5.17)

together with the trivial dynamic p,, = 0 on the additional state vector, the
uncertain observation problem is put in a deterministic uncertainty free con-
text with a higher dimensional extended system. Note however that for the
new extended uncertainty-free system, the admissible set (2; is generally not
reduced to {z(t)} and the result is still dependent on the additional knowl-
edge that are introduced through the weighting parameters of the cost function

J(t, &, pw).
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Heuristic approaches can also be used to avoid time structured model of the
uncertainties evolution that are not discussed here. See ] for more details.

5.2.2 Optimization Based vs Analytic Observers

Recall that the Kalman filter equations are originally derived based on opti-
mal design considerations (maximum likelihood under white Gaussian signals
assumption). One nice feature of the observer equations is that in the absence
of disturbances and measurement noise, the estimation error:

€= —

shows a comprehensively asymptotically stable dynamic behavior with a stable
closed loop matrix. The generalization of the optimization based formulation
that underlines the Kalman filter to general nonlinear systems leads to generally
non convex and hard to solve optimization problems.

This fact together with the relatively limited computational facilities in the
80’s motivated researches on nonlinear observers that are based on the study of
the resulting estimation error’s dynamic and that can be expressed in analytic
form without the use of on-line computations. However, the possibility to derive
observer equations such that the induced dynamics on the estimation error is
provably asymptotically stable is quite limited. Indeed, given a general nonlinear
system expressed in ODE’s form

= f(z) ; y=h(z), (5.18)
and a candidate consistent observer equation:
&= f(#)+ K(2y)

the explicit observer design problem amounts to find a function K (-, ) of the ob-
server’s internal state and the measured output such that the induced estimation
error equation that is involved in the extended resulting ODE’s:

&= f(x)
é=f(z) = f(x —e) = K(h(z),z —¢)

can be proved to be asymptotically stable. This is clearly a hard task as long as
a high level of genericity is required.

To overcome this difficulty, researchers imagined conditions on the maps f
and h involved in the system and measurement equations (B.I8) in order for a
correction ma Iﬁ, -) to be found. High gain observers m, E] and sliding mode
observers |4, @, 23] resulted from this approach.

Almost twenty years of this state estimation error (SEE)-based observer de-
sign enforced the idea according to which, the very basic notion of observability
expressed in definition [3 is largely insufficient to derive a concrete state esti-
mation scheme. Additional (generally structural) properties are still needed in
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order for a state observer to exist. Moreover, these additional conditions are
constructive in the sense that they are needed not only to guarantee the con-
vergence of the estimation error but they are needed for the observer design
itself.

It goes without saying that, faced with these difficulties even in the nominal
case, studies on nonlinear observers were essentially directed towards nominal
state estimation problems (without uncertainty nor measurement noises). The
robustness issues are generally viewed as a by-side product or tackled through an
even more restrictive structural properties that are expressed for some extended
systems in the spirit of what is presented in section B.2.11

Contrary to analytic observers that use the explicit study of the state estima-
tion error in order to design the observer correction term, optimization based
observers use the very definition of observability in order to derive the state
estimation algorithm. The idea is to use the fact that as long as the nominal
system is considered, estimating the state of an observable system is equivalent
to minimizing J(¢,£): the integral of the squared output prediction error over
some observation horizon (see definition [B).

Consequently, if an algorithm can guarantee that this quantity converges
asymptotically to 0, then there is no need for additional proof of convergence.
The convergence of the state estimation error is a direct consequence of the con-
vergence of the cost function J(¢,£(t)) since this proves that £(¢) converges to
xz(t —T) and that Z(t) = X (¢t,t — T,&(t)) converges to z(t).

Unfortunately, there is no such algorithms with guaranteed convergence prop-
erties for general non convex optimization problems. The keywords Global con-
vergence that is widely used in scientific papers refer to global convergence to
some local minimum. Convergence results still need dedicated sufficient condi-
tions. However, these sufficient conditions are not constructive unlike the ones
used in analytic observers design. These conditions are not needed in the con-
struction of optimization based state estimation algorithms. More clearly, even if
one cannot guarantee the convergence of the resulting state estimation scheme,
one can always investigate the performance of an optimization based observer
on his own system. It is likely that the resulting scheme works quite correctly
even so there is no convergence proof.

Another difficulty arises when using optimization based nonlinear observer.
This concerns the real-time implementability issue. Indeed, the number of itera-
tions that would be needed for a solver to find the optimal solution of P(t) may
exceed the available computation time that would be compatible with the neces-
sary updating rate. This difficulty is made worst by the fact that each evaluation
of the cost function needs the evolution of the system to be simulated during
the observation horizon which may be heavy to perform.

In a word, optimization based nonlinear observers offer several advantages
such as constraints handling and independence w.r.t the mathematical model of
the system. However, there are still several bottlenecks in their implementation
and reliability. Despite these difficulties, these observers are very often the only
available choice. Consequently, investigating implementation issues that enable
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to (at least partially) overcome the above mentioned difficulties is certainly a
profitable investment. This is the aim of this chapter.

Typically, two main issues are to be considered when implementing moving-
horizon observers:

1 The first one is related to the presence of local valleys that may attract the
optimization process leading to bad estimation of the state. As long as generic
observer design is concerned, this problem is unavoidable in constrained non
convex optimization. However, one can use a very particular feature of the
state estimation induced optimization problem to derive singularities avoid-
ance heuristic scheme. This is depicted in section with an experimental
validation on a terpolymerization processes.

i The second implementation issue is related to the computation time the iter-
ative process would need to achieve the optimization task. This time may be
prohibitive when compared to the necessary updating rate. In this chapter,
two different approaches to address this problem are discussed:

O In the first, a differential formulation of moving horizon observer is pro-
posed. In this formulation, the observer equations take a rather standard
form (the observer equations is obtained by copying the system equation
and adding a correction term). The only difference is that the correction
term uses an integral norm of the output prediction error rather than
a point-wise output prediction error. This formulation and the related
techniques enabling to reduce the computational burden are discussed in
section .41

O In the second approach to address the real-time implementation issue, the
optimization process is distributed over the system life-time. A concrete
derivative-free iterative scheme is proposed that may address discontin-
uous (hybrid) behavior of the dynamic system. This scheme is presented
in section .0

As it is discussed in section 5.2 in the forthcoming developments, the robust-
ness issue is addressed indirectly by extending the state vector or by a posteriori
validating tests.

5.3 Singularities Avoidance Heuristic Scheme

In this section, we consider a nominal system given by (G5.1)-([2.2]). The observer
design is developed on the nominal system under the uniform observaility as-
sumption (see definition [B]). The robustness of the state estimation algorithm is
then checked under modeling errors and measurement noise as well as experi-
mentally on a real terpolymerization reactorfl.

! The experimental part of this section is a result of a joint work with Nida Sheibat-
Othman and Sami Othman for the Laboratoire d’Automatique et du Génie des
Procédés (LAGEP, Lyon, France). See [17].
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5.3.1 Expression of the Moving Horizon Observer

Using the notations of section in the nominal context, consider a sampled
receding-horizon observer with observation horizon T = N7, that updates the
estimated state at instants ¢, = k75 according to:

k
€t =arg min (0] = 30 lt) =Y ot )1, 0(520)

where for all i € {1,...,N}, Q;(k) € R™*" is a positive definite weighting
matrix. Note here that there is no more integrals used to define the cost function
as the measurements are assumed to be acquired with the sampling period 7.

Reference to uniform observability is therefore implicitly based on a slight
adaptation of definition Bl to the case of sampled measurement acquisition. This
would lead to what could be referred to as uniform observability under -
sampling. The corresponding definition is identical to definition [3] with the L.h.s
of (BI0) being replaced by the r.h.s of (B:20)

Recall that under the uniform observability assumption, the optimization
problem (E20) admits a unique global minimum £(t;) = z(t_n). Moreover,
this global minimum correspond to a 0 optimal cost value.

The solution of the constrained generally non convex optimization problem
(520 is ideally obtained as the asymptotic output of some iterative subroutine
S (see figure [B.1)), namely:

Present time

Past j

Tterations 3
é(irr?)lin?s(g(“) - X(tp—n, &(tr)) 2(tx)

~

E(ty) = limy_ne €@

/ ¢ —prediction based on £(ty_1)
£(tk-1)

th—N-1 tp—N ty

Fig. 5.1. Ideal computation scheme to solve the optimization problem (E.20). The
iterative process S is initialized at £ that is obtained using the past estimated value
é(tk_l). Then, the iterations ideally lead asymptotically to the solution é(tk) Integrat-
ing the system equations enables the computation of the current estimation &(tx).



Nonlinear Moving Horizon Observers 149

£(tx) — lim ¢ (5.21)
0D = S(ED e, ylk ) 5 €0 = X(ton e v—1.E(te1))  (5.22)

More precisely, an initial guess £(©) for the iterative process is computed based
on the past estimation é (tx—1) by integrating the system equations one sampling
period ahead. The iterations defined by ([5.22]) can then be performed to yield
£(ty) after some iterations and the estimation Z(f;) is obtained according to
E.I9).

Note that the initialization of the iterative process by £(©) that is based on the
past estimation represents in some way an exogenous knowledge that is injected
in addition to the past measurements. Note also that this can be used explicitly
in the definition of the cost function to play the role of £* invoked in section 5.2
More precisely, one can replace the cost function used in (B20) by:

k
T (€)= 1€ = €Pllao + D Myt =Y (o ti-n, o,y (5:23)
i=k—N

where £ is given by ([5.22).

It goes without saying that in practice, the number of iterations of the process
S that can be performed within a sampling period 7, is necessarily limited and
the assignment in (Z.21)) must be replaced by:

E(ty) = EWman) = §Nmas (¢(0) g ylt ) (5.24)

where 87(+) denotes the results of j successive applications of the map S starting
from the initial guess £(°). More precisely, the number of iterations depends on
the required precision € > 0 used in the solver and N,,,, is just an upper bound
on this number. Consequently, the number of effective iterations Negs(ty,e) <
Npnao varies in time with the parameters x(ty), yf)’:f y that contribute to the
definition of the optimization problem and its related complexity for a given
required precision €. It results that using an a priori given bound N,,4,, the
required precision is no more guaranteed even regardless the problem of local
minima.

Now, regardless the iterative process S used to perform the optimization task,
local minima may exist that potentially prevent the iterate ¢ from converging
to the global minimum (¢, ). This is afforded by using multiple initial guesses
unless some other characterization of the global minimum is available.

Fortunately, when dealing with the nominal state estimation problem for uni-
formly observable systems, the global minimum z(¢;_x) one looks for when
trying to solve the optimization problem (B.20) can be strongly characterized by
the following property:

Z(ti—n) is the unique global minimum of ALL the optimization problems
(BE20) that may be obtained by changing the positive definite weighting
matrices Q; (k).
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This makes the state estimation problem a very particular optimization problem
since the global minimum one is looking for is THE global minimum of an infinite
number of KNOWN functons. A subset of this set of functions sharing x(tx—n) as
global minimum can be generated by choosing the following family of weighting
matrices:

Qi(k) =% g, I, st ¢ >0 and Z% =1 (5.25)

where v € [0,1] is some forgetting factor while I, is the identity matrix in
R™ *™  Note that since the vector of weights:

7= (01 ¢ -~-qny)T (5.26)

is involved in the definition of the cost function (.20), the iterative process
(B24) can be worth rewritten in the following form:

E(tr) = Sy (€0 by, yit ) (5.27)

The idea is then to notice that a local minimum for (520) in which some weight-
ing vector ¢) is used may probably not remain a local minimum for another
randomly chosen value of the weighting vector §(?) since it seems reasonable to
admit that only the true global minimum z(t;_x) is a singular point for all
possible values of the weighting vector ¢. Following this intuition, the one trials
updating rules (5.27)) is replaced by the following multiple trials updating rule:

1 A N
7= (11...1); &(tk) =— X (tr—n,to-n-1,&(tr-1))
Yy
for (i = 1: Nirjais)

E(tr) — S (E(tr) s trr yit )
Generate randomly new g satisfying (£.20)

end

#(te) — X (tr, toen, ()
Note that when Niias = 1, the multiple trials updating rule defined above gives
the classical one trial updating rule (527) in which the initial guess £° is given
by (B:22).

Note that in the algorithm described above, the quantities ¢, y;*  and

&(tg—1) are inputs while the resulting estimated values Z(ty) and & (tj) are out-
puts while Nia1s € N is a parameter. This can be shortly written as follows:

€)= AN (Etr) b vl _) (5.28)

T(ty) = X (ts tu—n, §(tr)) (5.29)

which clearly defines a dynamic observer with internal state é that delivers the
estimated state Z(t;) as output.



Nonlinear Moving Horizon Observers 151

It is worth noting that according to the definition of Ap,,.,.(+), one need to
perform Niyiais X Nppge iteration of the process S. Denoting by 7ier the time
needed to perform a single iteration, the following constraint has to be satisfied:

Ntrial X Nmaz X Titer < Ts (530)

in order for the above moving horizon observer to be real time implementable
with 74 as updating period.

It is worth noting that in the real-time implementability constraint (5.30), a
trade-off is clearly to be found that is probably problem dependent. Examples
may be found in which it is worth increasing N¢riais and reducing Np,q. and
vice-versa. On the other hand, the updating period 75 may be quite larger than
the acquisition rate in order to leave time for convergence.

5.3.2 Application to a Terpolymerization Batch Process

In this sectiorﬂ the moving horizon state observer defined in the preceding
section is applied to the state estimation of a terpolymerization batch process.

Multimonomer systems are usually used to produce polymeric materials with
suitable final properties. Terpolymerization systems usually allow producing high
performance materials. In order to control the final polymer properties, such
as the polymer composition, it is of high importance to model and monitor
such processes. In particular, monitoring the number of each one of the three
monomers is a key issue in controlling the final product quality.

In this section, we will be interested in estimating the polymer composition
in emulsion terpolymerization. A complete description of the state estimation
results presented in this section can be obtained in ﬂﬂ] Here, only a sketch of
the result are given to illustrate the estimation process described above.

While several estimators have been proposed for polymerization processes (see
for instance m7 m, B] and the references therein), as long as emulsion terpoly-
merization is concerned, only two applications could be found in the literature.
In ﬂﬁ], an open loop observer is designed to estimate the polymer composition
using calorimetric measurements combined to the process model. In @}, a closed
loop high gain observer is proposed to estimate the polymer composition and it
has been shown by simulation and experimentally that the system can be ob-
servable if the total amounts of monomers are measured. However, because of
the model complexity (see below), the design of such a high gain observer and
the tuning of its gain in order to cope with the system constraints remains a
quite involved task and the high gain observer has been obtained at the price
of tremendous simplification of the dynamic model that lead to rather poor
estimation performance.

In the remainder of this section, the process model is first described, then
simulations as well as experimental validations are discussed.

2 The process description given in this section is basically borrowed from ﬂﬂ] and is
due to Nida Sheibat-Othman to whom I am deeply indebted for our fruitful and
exciting collaborations.
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Process Model

Assuming that monomers are not soluble in the aqueous phase and that the
reaction takes place mainly in the polymer particles, the material balances of
monomers are given by:

N;,=Q;—Rp; i=1,2,3 (5.31)

The reaction rate in the polymer particles Rp; is proportional to the concentra-
tion of monomer in the polymer particles ([M/]) and the number of moles of
radicals in the polymer particles (u):

Rpi = M[Mf](kphplp + kpziPQP + ]{}pgiP?fD) (532)

The time averaged probabilities (Pf) that an active chain be of ultimate unit
of type ¢ are defined by:

pr=_° . opp= P . PP=1-PP—PF (533
1 OZ+,3+’V 2 a+ﬁ+'}/ 3 1 2 ( )
where
a = [M{ ] (kparkps1 [M{] + kparkpsa[M3 ] + kpsikpas[M3])
B = [M3 | (kpr2kps1 [M{] + kpiokysa[M3] + kpiskpsa[M3])
v = [M3 | (kprskpor [M{] + kpo1kpos[My | + kpiskpos[ M ])

In emulsion polymerization, it is well known that the reaction can be divided into
three intervals. In interval I, the polymer particles are produced. Modelling of this
interval allows the calculation of the particle size distribution and the average
number of radicals per particle which allows to calculate the total number of
moles of radicals in the polymer particles () in (5:32). This part of the model
will not be considered since it adds a lot of complexity to the process model
besides the fact that it remains very sensitive to impurities. g will therefore
be considered as a parameter in the process model to be estimated without
modelling. It is important to outline that p can undergo important changes
during the reaction since it is affected by the gel effect phenomena.

In interval II, the particle number is supposed to be constant. Polymer par-
ticles are saturated with monomer and the excess of monomer is stored in the
monomer droplets. During interval III, monomer droplets disappear and all the
residual monomer is supposed to be in the polymer particles. Therefore, the
concentration of monomer in the polymer particles can be calculated by the
following system:

(1= ¢b)N;
N, MW, (Phase II)
i,
(M) = i (5.34)
o (Phase III)
N; —=N; N;
2 MWi( + )

Pj.h Pj
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Table 5.1. Parameter values of the terpolymerization of BuA/MMA /VAc (used in the
experimental validation)

Parameter  Value Unit

b 0.4

MW, 128.2 (g/mol)

MW, 100.12 (g/mol)

MWs 86.09 (g/mol)
1 0.89 (g/cm®)
P2 0.94 (g/cm®)
03 0.93 (g/cm®)
P1,h 1.08 (g/cm®)
2.1 1.15 (g/cm®)
03.h 1.17 (g/cm®)

kpi1 4.5 x 10° (ecm®/mol/s)
kpoz  1.28 x 10° (ecm?®/mol/s)
kpas  4.26 x 10° (em?®/mol/s)

T12 0355
T21 1.98
T13 6635
T31 0037
T23 22.21
T32 007

The condition for the existence of monomer droplets and therefore for deter-
mining if the reaction is in interval II, is governed by the following equation:

(1—¢p)
N161 + Nobo + N363 — (bp >0 (535)
D
where (1 o)
1 —
6 =MWi(  + Py i=1,2,3 5.36
(pi pindh ) (5.36)
and s
MWijT
= 5.37
=2, (5:37)

j=1

The overall monomer conversion that can be measured easily online by calorime-
try is defined by:

_ Z?:l MWz(NzT - Ni)

(5.38)
Zj?:1 MW;NT

Parameters used for the experimental validation of the model are given in table
B.d where kpij = kpii/7i5. The recipe used for the experimental validation of the
observer is given by table [19).
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Table 5.2. Recipe of the terpolymerization of BuA/MMA /VAc

Component Charge (g)
Butyl acrylate 300
Methyl methacrylate 300
Vinyl acetate 60
Sodium dioctyl sulfosuccinate 3
Potassium persulfate 2
Water 2380

Simulation-based Validation of the Moving-Horizon Observer

In order to apply the moving-horizon estimation scheme proposed in the pre-
ceding section to reconstruct the value of N := (Ny, N2, N3) and p, a constant
evolution of p is assumed (over the prediction horizon) and the general state
equation is built up with the state vector being defined by :

z:= (N1 Na Nsp) €RY 3 =0

Recall however that despite this constant behavior during the prediction horizon,
the resulted closed-loop estimation of ;1 may show dynamic behavior thanks to
the moving horizon technique (see figures 5.6 and B.7]).

Note that this is a concrete example of how dynamically unmodelled uncertain
parameters can be tackled by the state extension technique that is described in
section (2] [see equation (5.I7)].

Considering global relative uncertainties dy, ds and ds, the following model is
obtained to be used by the observer:

1+d; 0 0

N = 0 14+dy 0 |- f(z,u) (5.39)
0 0 1+ds

f1="0 (5.40)

y=(1+v) h(x) (5.41)

Namely, relative uncertainties are introduced directly on the r.h.s of the system
ODE’s through the variables d;’s. This can gather all sources of model discrep-
ancy. On the other hand measurement noises are introduced through the variable
v used in the measurement equation (B.41]). More precisely, the following defini-
tions of d and p are used in the simulations:

dz(k) - dmaz . Tz(k) (542)
l/(k) = Vmaz * ru(k) (543)

where the r;(k)’s and v(k) are chosen randomly in [—1, 1].

The results are shown on figures and [0.3] (respectively without and in the
presence of measurement noises) where up to 10% relative errors are introduced
on the r.h.s of the system’s model.
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Fig. 5.2. Observer behavior under model uncertainty given by (E39)-(E43) with
dmaz = 10% and no measurement noise (Vmae = 0). The observation horizon is N = 10
and the number of trials for the singularity crossing scheme is Niyia1s = 4. Initial state
of the observer is 2(0) = diag(0.8,1.3,1.3) - (0) and fops(0) = 0.84moder-

N, True (solid) N True (solid) N, True (solid)
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Fig. 5.3. Observer behavior under model uncertainty given by (GE39)-(E43) with
dmax = 10% and in the presence of measurement noise (Vmaz = 0.01). The ob-
servation horizon is N = 15 and the number of trials for the singularity crossing
scheme is Niriais = 4. Initial state of the observer is #(0) = diag(0.8,1.3,1.3) - z(0)
and fiops(0) = 0.8moder. Note that concerning the output, only the true output and
the estimated one are shown, measurement noise is not presented. This scenario uses
a tolerance ¢ = 10™® for the optimization subroutine.

In order to show the benefit from the singularity crossing mechanism intro-
duced in section (.3 simulations with Nija1s = 1 and Niyjals = 4 are compared.
The results are shown on Figure 5.4l The scenario being used is the same as the
one depicted on figure

Finally, to end this simulation based validation section, let us check the
real time implementability of the moving-horizon observer. The computation
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times that lead to the results of figure are given on Figure Note that
an explicit upper bound is imposed on the number of function evaluations.
More precisely, the internal loop of the optimizer stops as soon as the com-
putation time exceeds the sampling period (30 seconds). Note that all the re-
sults shown above use a tolerance threshold ¢ = 10~® for the optimization
subroutine. It is shown in the following section illustrating the experimen-
tal validation results that this precision is unnecessarily high and quite sim-
ilar results can be obtained using a lower precision (for instance ¢ = 1073)
while reducing dramatically the computation time (see figures [0.6] and 5.1 here-
after). This is especially true under the multiple trials technique proposed
above.

N,: True (solid) N True (solid) N, True (solid)
Estimation with N =4 (dotted) Estimation with N, =4 (dotted) Estimation with N =4 (doted)
Estimation with N =1 (dashed) Estimation with N =1 (dashed) Estimation with N =1 (dashed)

rials trials

rials

trials

rials

=1 Ty
0 T
0 0
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
Time (s) Time (s) Time (s)
10° n The outputs The uncertainty vector &
35 15
3 1
25 05 /’A
2 o
1.5 -0.5
0 1000 2000 3000 0 1000 2000 3000 1000 2000 3(JUU
Time (s) Time (s) Time (s)

Fig. 5.4. Comparison between the observer behavior when Nypiqis = 1 and Nypiqrs = 4
under the scenario depicted on figure Note how the singularity cross mechanism
enables to avoid drops in the estimation quality when the observer encounters a singular
situation. This scenario uses a tolerance € = 108 for the optimization subroutine.

Experimental Validation of the Moving-Horizon Observer

In this section, the ability of the proposed state observer to reconstruct the
individual values of N, Ny and N3 as well as the unmeasured and dynami-
cally unmodeled variable p is shown. Note that in order to experimentally mea-
sure the values of the N;’s, Samples are withdrawn during the reaction and
an inhibitor is added to stop the reaction. The latex is then diluted in a sol-
vent and injected in a gas chromatograph to measure the residual amount of
monomer. By doing so, the true values of the N; can be obtained. This has been
done only during the 80 first minutes of the Batch where only 9 samples have
been analyzed. The dots (*) on figures and (.7 indicate the corresponding
measurements.
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Fig. 5.5. Computation times needed to achieve the state estimation depicted on figure
Note that an explicit upper bound has been imposed in the internal loop of the
optimizer in order to deliver the best estimation that can be obtained within the
available computation time defined by the sampling period (30 seconds). This scenario
uses a tolerance ¢ = 10~° for the optimization subroutine.

These figures clearly show the efficiency of the proposed pair (model,observer)
in retrieving with an astonishing precision the values of the N;’s despite the un-
modelled dynamic of . The rather short computation times (less than 5 seconds
compared to the computation times obtained under high precision tolerance)
underlines how real-time implementability depends on such parameters that are
difficult to set a priori. Finally, it is worth underlying that the times needed to
perform Nipiq1s = 10 (figure [B6) is much less than 10 times the mean computa-
tion time for N¢piqis = 1. This strengthens that the proposed singularity cross
technique is different from the multiple initial guess technique in the sense that
each trials starts from the best result achieved from the previous trial, only the
weighting parameter vector ¢ is randomly modified.

Figure clearly shows an interesting (though expected) feature according
to which the closed-loop dynamic of the additional state p is much more rich
than the dynamic used in the prediction algorithm. Indeed, while the supposed
dynamic is 1 = 0, the estimated evolution of x shows realistic dynamic that is
typical for this variable as it can be attested by polymerization experts. This
asserts the efficiency of the extended state technique invoked in section 2.1l in
handling the uncertainties using nominal uncertainty free framework even for
uncertainties showing important dynamics.

5.4 Differential Form of Moving Horizon Observers

Throughout this section, the system model is assumed to be given in the following
ODE form:
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Fig. 5.6. Experimental validation with Nyriq1s = 10 and tolerance threshold € = 1073
for the optimization subroutine. Note how the dynamic behavior of u is recovered
despite the constant behavior assumption used in the receding horizon observer model.
The dashed lines show what would be obtained if an open-loop simulator is used to
obtain an on-line estimation of the N;’s. Note the excellent matching between the
experimentally measured values of the N;’s and those recovered by the observer. The
same scenario is depicted on figure [5.7] where Ni.;q1s = 1 is used. Note also the quite
rich estimated dynamic for p despite the over simplified (constant) dynamic used in
the definition of the extended state. This asserts the efficiency of using the extended
state formalism in handling uncertainties using nominal uncertainty free framework.

This is because the differential form of the moving-horizon observer needs the
time evolution of the system to be continuously differentiable. Consequently,
under this assumption, there is no clear advantage from using the general form
adopted in the preceding sections. The state and the output trajectories re-
lated notations, namely X (¢,tg,xo) and Y (¢, to, o) are however maintained un-
changed.

Throughout this section, it is assumed that the cost function J(¢,£(t)) used
in the receding-horizon estimation scheme is given by:

K68 = [Vt =10 —y(r)Par (5.46)

In addition to the continuous differentiability of the r.h.s of (5.44]), the following
technical assumption is needed for the convergence result of the present section:

Assumption 1 (Uniform global regularity)
There is a K-function 7 : Ry — Ry such that the following inequality holds:

1Je(t, )% = T (J(t,€)) (5.47)
for all (t,€) Q
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Fig. 5.7. Results under the same experimental validation scenario as figure [5.6] with
Niriazs = 1 and tolerance threshold e = 1073, Note the slight drop in the estima-
tion quality (particularly on N2) compared to figure where the singularity cross
technique is used.

This assumption simply means that regardless the state x(t — T') that holds at
instant ¢t — 7', the corresponding cost function J(¢, ) has a unique singular point
which is precisely the unique global minimum & = z(¢ — 7T"). This is clearly a
strong assumption that may not be necessary for the success of the estimation
task in practical situations but that is mandatory to obtain a provably conver-
gent state estimation scheme in the large (regardless the initial state estimation
error). Locally, this property is clearly satisfied for systems (5.44)-(545]) hav-
ing an observable linearization (see [15] for more details). Further discussion
on how to tackle the case where this assumption is not rigorously satisfied can
be found in } In this general survey on moving-horizon nonlinear observers,
we restrict the presentation to the original basic framework. Another (although
quite closely related) viewpoint leading to differential form of moving-horizon
observer is based on continuation approach and can br found in ﬂﬂ]

The moving-horizon observer described in section follows the standard
scheme of the early formulation of ] except that a singularities avoidance
heuristic has been introduced. In particular, this formulation leaves aside the
detailed description of the optimization process S used in (5.22)) to perform the
optimization task.

Regardless the particular choice of the optimizer S, the classical scheme leads

to a dynamic process on the observer’s internal state &(t) that is precisely given
by (B28)) which is reproduced here for clarity:

E(tr) = AN, (f(tk—1)7tk7 yf,t,N)
#(tk) = X (tes thon, E(tr))
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But there is clearly a more direct way to induce a dynamic on the internal state
& = &(t—T) that is oriented towards the decrease of the cost function J (¢, £(¢)).
Indeed, taking the time derivative of J, one may writdd:

J(,€(t) = Ju(t, £(8) + [Je(t. £(1)]€ (5.48)

Note that the cost function J(t, £(¢)) implicitly depends on the value of the state
x(t — T) at the past instant ¢ — 7. It is worth emphasizing however that this
dependence involves only the past measurements y;_, over the time interval
[t —T,t].

The evolution of £ has to satisfy two conditions:

1. It must lead to a consistent observer in the absence of modeling errors and
measurement noise. This means that if £(t9) = z(to — T') at some instant o,
then £(t) = (t — T) for all t > ¢y. This implies the following structure for &:

() = f(t =T, &(t) + ct.e) (5.49)
correction term

Note that the first term in the r.h.s of (5:49]) is the nominal time derivative
of £(t) (i.e. when &(t) = x(t — T')) while ¢(+,+) is a correction function that
is such that:

{stew) =0} = {et.c@) =0}.

This enables to recover the nominal behavior as soon as J(t,£(t)) = 0, or
equivalently as soon as £(t) = x(t — T') under the observability condition in
the sense of definition

2. The correction term must be oriented towards the decrease of the cost func-
tion J.

Note that by injecting (5:49) in (548)), the dynamic of J becomes:

J = Bt 6W) + [ e@)] - [t - Te@) +e(t.e®)]  (5:50)

To go further, the following two lemmas are needed:

Lemma 1. The correction-free time derivative of J satisfies:

dJ

o lCo=o < ley(LE0) = 6, (t = TE0)] + [o(t.6(0)] - VI

where

ey(1,€(1) =Y (r,t =T, £(t)) —y(r) V7 e[t —T,

3 Assuming that the necessary regularity conditions are satisfied.
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Proof. Taking the time derivative of [5.40) when no correction is used gives:

dJ

om0 = eyl 60) — et = T,€(0)) + (551)

[ [rme-ran -un)] [btrme]ir (552)
where (t,&(t)) is given by:

dret) =] (e -T.E0) i) (559)

Using appropriate upper-bounding inequalities, equation (B.23) gives:
dJ

Lm0 < (1, 60) ey~ T.E0)] + (554
t
swp (3| [ Vnt-T60) -ullar (6559
rEft—Tt] Ji-r .
—6(LEW) <VJ
which clearly gives the result. |

Note that lemma [ states that a function ¢ exists. The following lemma gives
the conditions under which an upper bound i=of this function can be obtained
to be used in the definition of the observer dynamic.

Lemma 2. If it is possible to estimate an upper bound p(t) satisfying:
Vrelt=T1 ; [g(7)l < p(t) (5.56)
then there is a known computable function ¢,(t,£(t)) satisfying:
0 < ¢, £(1)) < 9t E(1)) (5.57)

PROOF. This is a direct consequence of (2.53)) from which it can be inferred that:

dY
stew)s sw I,

t=T.60)] +p(t)]

CEO(

But for given 7, the time derivative of Y (7,t — T,&(t)) is given by:

Y(Tvt - T’ g(t)) = Y;fz (Tvt - T’ g(t)) + }/‘5(7—’ t— T7 §<t))f(t - T7 g(ﬂ)

where Vi, (+) is the partial derivative of Y w.r.t its second argument. The fact
that the partial derivative terms Y;, and Yz can be computed by classical sensi-
tivity related ODE’s ends the proof of the lemma. m]
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Based on lemmas [I] and 2], equation (5.50) leads to:

J < A_g(ey (6@ + [0t - VT + Je(t,€(0) - elt (1)
where the following short notation has been used:

A _p(ey(t,6(1))) = ey (1, £(1)) — ey (t = T,&(1))

This suggests the following expression for the correction term c(t, §):

VRIOIN
e e -

ot 60) = [ 4o [ 1Al 6O = [+ 6,00, 60)] VT ]5.59)

since when injecting this expression in (5.58), one obtains:

] 2
Jt) < _[||3.5|||]]2£!Le 1 - [latp(ey (€@ + [1 + Gt )] VT (5.59)
This means that as long as:
€
EAEON . (5.60)

the cost function J strictly decreases. Now using the inequality (54T) with the
above fact enables the following implication to be written:

{T(J(t,g(t)) > vfl} = {j(t,g(t)) < o}. (5.61)
This clearly shows that under the correction law (5], the set defined by:
— -1( ¢
Ar={t0 | e =T 7))} (5.62)

is an invariant and globally attractive set. But by the very definition of uniform
observability (see definition [)), it can be inferred from (B.62) that the state
estimation error e = £(t) — x(t — T') satisfies the following asymptotic property:

lim [l€(t) = a(t = T)| < o™ orl(7 ) (5.63)

and by continuity of the system trajectories w.r.t the initial state, property (5.63)
clearly implies:

(e/7)—0|t—o0

lim [hm lz(t) — (t)||1 =0. (5.64)

The above discussion clearly proves the following result:
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Proposition 1. If the following conditions hold for the system ([5.44)-(5-42):

1. The map f is continuously differentiable

2. The system is uniformly observable in the sense of definition[3

8. The uniform reqularity assumption [ is satisfied

4. It is possible to correctly estimate upper bounds of y(-) over past time inter-
vals (see lemma[3)

then for any a priori fived desired precision n > 0 on the state estimation error,
there is a sufficiently high ratio /e such that the dynamic system given by:

£(t) = f(t—T,&(t) + c(t, &(t)) (5.65)
i(t) = X(t,t —T,£(t)) (5.66)

where the correction term c(t,&) is given by:

JE(t, (1)

[ 14tz (e (@] = [1+ Bt @] VT | (5.67)

leads to a state estimation error that asymptotically reaches the required precision

n- @

It is worth noting that proposition[Il gives a receding-horizon observer that takes
a rather classical form (differential equation built up with a correction term that
is added to a copy of the system dynamic). There are two major differences
however between this observer and classical analytic observers:

1. The first difference lies in the use of an integral norm J of the output pre-
diction error in the correction term [see equation (B.G67)] rather than its
instantaneous value.

2. The second difference is the way the convergence is proved. While classi-
cal analytic observers investigate the evolution of the state estimation error
which leads to the need for structural properties, here, the convergence proof
is based on the convergence of J and this with the very definition of observ-
ability IMPLICITLY leads to the convergence of the state estimation error.

When compared to the classical moving-horizon observer scheme of section (3]
the moving-horizon observer of proposition [Il contains apparently no optimiza-
tion phase. Indeed, the optimization process is embedded in the dynamic of the
internal state . This dynamic

1. explicitly implements a gradient-based optimization process and
2. distribute the corresponding iterations over the system real life-time.

It is important to underline that the problem of local minima remains a common
feature regardless the way the moving-horizon observer is implemented. In the
context of proposition[I] this problem is hidden by the uniform global regularity
assumption [I] (condition 3. of proposition[I]). Note however that this assumption
is not a constructive assumption in the sense that it is only needed for the
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convergence proof. The expression (B.G7) of the observer dynamic is perfectly
well defined even if this assumption is violated.

The real-time implementation of the observer equation (.67 may face serious
difficulties. This is because the computation of the gradient Je (¢, £(¢)) is a quite
involved task since it amounts to integrate a differential system of dimension
n(n + 1) where n is the dimension of the state vector. This means that the time
needed to perform the computation of the r.h.s of the observer equation, say 7.
can no more be neglected. This computation time represents naturally an upper
bound on the sampling period 74(> 7.) that can be used to update the estimate
of the state vector.

In the following section, a technical solution that is referred to as the post-
stabilization technique is proposed in order to increase the sampling period while
maintaining a good precision.

5.4.1 The Post Stabilization Technique

In order to simplify the expressions, in this section, the observer equations (B.63])-
(B64]) are shortly re-written in the following compact form:

E(t) = fe(t,€(1), Je(t)) (5.68)
#(t) = X (,t — T,&(t)) (5.69)

Proposition [[lstates that observing the state of the system amounts to integrate
the differential system (5.68]). According to the discussion of the end of the preced-
ing section, this integration has to be done using relatively high sampling period
7. In order to efficiently integrate the differential system (5.63)) despite this fact,
it is important to note that this system satisfies the following nice property:

property

The sub-manifold J(¢,£(¢)) = 0 is invariant under the combined dynamic
of the system and the observer equations (B.18) and (5.65).

In [@]7 an efficient integration scheme has been proposed that is dedicated to
differential systems having invariant sub-manifolds. This technique is roughly
depicted on figure[5.8 Namely, given the observer state :(t;) at instant ¢, = ks,
in order to obtain the next state £(tx+1) at instant 41 = (k+1)7s, the following
steps are executed:

v' First, the following differential system is integrated over [ty,txt1] starting
from the initial condition (tx,&(tx)):

§(t) = fe(t,6(), Je(tk)) 5 € [trstrta] (5.70)

The corresponding solution at instant ¢, is denoted by & (tx+1) (see figure
[£.8). Note that during the integration over [tg,tr+1], the gradient Je(ty) is
kept equal to its initial value at instant t. Consequently, £(t541) is a rough
approximation of the exact integration of the observer equation.



Nonlinear Moving Horizon Observers 165

J(t, 52/7:{9/

—

tr trt1

Fig. 5.8. The post-stabilization technique. To obtain the next observer state &(tx+1),
the observer equation is first integrated using constant gradient term J¢ (tx, {(tx)), then
the result &(tx+1) is projected on the sub-manifold J(tx4+1,&) = 0.

v" The second step in the post stabilization technique is to correct the rough
approximation &(tx41) by projecting it on the manifold J(txy1,£) = 0. This
is written as follows:

oz o Jelterr, E(tes1) -
i) = S0) = e B2 4 7 0 Se)) BT

where v > 0 is a regularization constant that is used to avoid numerical
singularities close to the surface.

A detailed investigation on the consequence of the above mentioned post-
stabilization technique is presented in ﬂﬁ] In particular, it has been shown that

when time invariant systems are considered the following asymptotic property
holds:

lim J(&(t)) = O(t2)

k—o0

and this, regardless the order (> 1) of the integration scheme used to compute

E(trt1)-

5.4.2 Examples

In this section, two examples are given to illustrate the differential form of the
moving-horizon observer presented in the preceding section. The first one (sec-
tion [B43)) reports a successful industrial patented application ﬂﬂ] of this observer
to the problem of the simultaneous estimation of the train velocity as well as the
train position on a railways line. The second example (section [F.41) is a rather
academic one that clearly shows the benefit from using the post-stabilization
technique proposed in section [B.4.1] above. Another successful application of
the differential moving-horizon observer can be found in ﬂa] where this observa-
tion scheme has been applied to activated sludge processes used for waste-water
treatment.
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Fig. 5.9. Schematic view of a tilting train. The additional control-induced inclinaison
of the compartment allows for a higher speed on existing rails while keeping the same
comfort level (by maintaining the resulting felt acceleration normal to the compartment
floor).

5.4.3 Nonlinear Observer for Tilting Trains

In this section, an industrial patented application ﬂa] of the differential form
of moving-horizon observer presented in this section is propose(ﬂ. The problem
is first stated in the context of the control of tilting trains, then the need for
an observer is explained and the performance of the proposed moving-horizon
observer is shown.

Tilting Trains: The Control Problem

The problem of controlling tilting trains is schematically depicted on figure
Typically, when the train goes into a bend of curvature p(r) at some curvilinear
abscissa 7 on the rails, a passenger feels a centrifugal acceleration V2p(r). This
acceleration when combined with the gravity gives a resulting acceleration that
is not perpendicular to the compartment floor unless the rails present a by-
construction inclinaison (r).

Consequently, the rails are inclined in accordance with some nominal optimal
velocity Vy,om by an angle 6(r) satisfying:

§(r) = tan—! (; V- 0l1) (5.72)

4 This work has been achieved in a partnership context with the company ALSTOM-
TRANSPORT (Villeurbanne, France). This partnership aimed to develop control al-
gorithms for tilting trains. The work presented is described in details in the related
patent [7].
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Obviously, the curvature p(-) and the rails inclinaison 6(-) become constant char-
acteristics (profiles) of the rails. Now if the train follows these rails with a velocity
that is significantly higher than the nominal velocity V..., that has been used in
the computation and the construction of the rails inclinaison profiles §(-), pas-
senger would feel uncomfortable. The aim of the tilting train control is therefore
to compensate for the lack of rails inclinaison by tilting the compartment using
the dedicated jacks (see figure [£.9). Ideally, the additional inclinaison angle ay
is clearly given at instant t by:

1 _
V(1) (1)) = tan™ (- V2(0) - plr(0))) = 8(r(1) (5.73)
Therefore, from a control point of view, the problem is to track a reference

trajectory that depends on:

e The train’s velocity V' (t)
e The curvilinear abscissa of the train on the rails 7(t)
e The geometric characteristics of the rails p(-) and 6(+)

Remember that the origin of the control problem is related to the high velocities
one aims to use that are higher than the nominal velocity V,,o.,. But the higher
the velocity V is, the faster the set-point ay changes since:

dag ., Oag Oayg
Qg = V+ V=
T ov or or
since the velocity of the train change slowly with time. This makes the tilting
train control a very challenging problem that needs the use of advanced predic-
tive control schemes enabling anticipating actions to be used. Indeed, a slight
delay in the tracking may even give the inverse desired effect on the comfort
level.

(V,r)V (5.74)

The Estimation Problem

Based on the above control problem description, it comes that anticipating the
evolution of the desired set-point ay(V(t),r(t)) is a crucial issue. This means
that the localization of the train on its rail is a key task in the overall control
scheme. Note also that the estimation of a train velocity is a classical problem
due to the need for a decentralized measurements for security reasons and due to
the presence of slipping at the wheels level (see the patent Iﬂ] for more details
on this critical issue).

Consequently, the estimation problem amounts to recover the evolution of
both the curvilinear abscissa r and the error on the current estimation of the
train velocity. To do this, the yaw angular velocity is available using a dedicated
gyrometer that is fixed at the wheels level. Therefore, the dynamical system to
be observed can be given as follows:

i1 = (14 22) - Vin (t) (5.75)
Gy =0 (5.76)
y(t) = (14 z2(1)Vin(t) - p(21(t)) (5.77)
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Fig. 5.10. Evolution of the curvature map p(-) on a portion of the Paris-Toulouse line.
This map is used in the validating scenarios.

where 21 = r stands for the curvilinear abscissa of the train on the rail. x5 is
the relative error on the velocity, namely, the true velocity V() is given by:

V(t) = (14 22(t) - Vi (2)

The map p(-) is supposed to be available using dedicated series of measurements
obtained during careful crossing of the line under consideration. The correspond-
ing evolution of the curvature p as a function of the curvilinear abscissa is given
on figure This curve corresponds to the data characterizing a portion of
the Paris-Toulouse line.

Note that in the above system model, the velocity measurement V,,,(+) is sup-
posed to be delivered by a dedicated velocity estimator or direct measurements.
From the observation viewpoint, this signal is viewed as a known time vary-
ing signal over past intervals and can be handled using the estimation scheme
through the time-varying character of the system model.

Based on the system model (5.70)-(E71), the gradient Je(¢,&) can be com-
puted using the sensitivity matrix of the trajectory of the following system w.r.t
initial conditions:

Z21=(14+2)V
0

%2
2
Z3 = {(1 + 29)Vp(z1) — y]
More precisely, one clearly has:

Je(t,€) = (As1(t) Asa(t)) (5.78)
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where the matrix A(t) € R3*3 is the solution at instant ¢ of the following differ-
ential system:

o= (14 2)V (5.79)
2y =0 2t—T) = (7 0)" (5.80)
s = [+ 2)Vola) —wt)] (5.:81)

0 V(r)o
Ar)=1 0 0 0|A ; A{t—T)=1I3x3 (5.82)

Xl (T) XQ(T) 0

where the terms &7 and Xs are given by :

=214 2)V - plen) — 9| (L 22V 7 (22)

021
Xy =2[(1+2)V (=) = y| -V pl21)

Note that by integrating the differential system (5.79)-(E82) over [t — T, t] one
obtains simultaneously J¢(¢,£(t)) by (5.78) but also J(t,&(t)) by:

Velocity (dotted) vs Estimated velocity (solid)
60 T T T T T
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0 10 20 30 40 50 60 70 80 90 100
Time (sec)
True X, (dotted) vs estimated X, (solid)

0.1 T T T T T
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-0.2
i i i

i i i i i i
0 10 20 30 40 50 60 70 80 90 100
Time (sec)

. True position r (dotted) vs estimated position (solid)
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0 ,".
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Fig. 5.11. Simulation of the differential moving-horizon observer when used to estimate
the velocity and the position of a tilting train crossing a portion of the Paris-Toulouse
line. Initial error on the position is equation de 20 m. The relative error on the velocity
measurement varies form 0 to —15% during the first 20 seconds before it is settled
to —10%. remember that the moving-horizon observer uses a constant evolution for
this error when computing the cost function at each updating instant.
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J(t,€()) = 23(t)-

Therefore, all that one needs to implement the differential moving horizon ob-
server of proposition [I] can be obtained. It is worth noting that for this specific
example, there is no need to integrate the 9th order differential system (B.79)-

since the structure of the system enables significant simplifications (see
ﬁ more details).

5.4.4 Simulations

Simulations are conducted using the portion of the Paris-Toulouse line (see the
corresponding curvature on figure [5.10) with the following parameters:

T=5sec ; 7175=04sec ; =02

Two simulations are proposed to illustrate the benefit from using the proposed
observer. In the first (figure BI0), an initial error on the position is intro-
duced as well as a time varying relative error on the velocity measurement.
In the second scenario, a different profil on the velocity measurement error is

Velocity (dotted) vs Estimated velocity (solid)
60 T T T

0 i i i i i
0 20 40 60 80 100 120

Time (sec)
True x ) (dotted) vs estimated X, (solid)

0.2 T T T

02 i i i
0 20 40 60 80 100 120

Time (sec)
open-loop position error (dotted) vs observer-related error (solid)
300 : : ‘
2001 - ]
100 e |
0 = l\;._-__.,h« :
0 20 40 60 80 100 120

Time (sec)

Fig. 5.12. Simulation of the differential moving-horizon observer when used to estimate
the velocity and the position of a tilting train crossing a portion of the Paris-Toulouse
line. Although there is no initial error on the position the bottom figure shows what
would be the position error if no correction is made. The relative error on the velocity
measurement varies form 0 to +5% and then to —10%. remember that the moving-
horizon observer uses a constant evolution for this error when computing the cost
function at each updating instant.
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X, (dotted) vs estimated X, (solid) X, (dotted) vs estimated X, (solid)
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Fig. 5.13. Comparison between moving-horizon observer with (black dot-dashed line)
and without (dotted) post-stabilization step. Here, the updating period is 75 = 0.1 s.
This si sufficiently small to make the moving-horizon observer stabilizing even without
the post stabilization step. Even in this case, note how the post stabilization step
improves the quality of the estimation.

used without initial error on the train position. Despite the absence of initial
error, figure [5.12 shows what would be the error on the estimated position if the
velocity measurement were integrated without correction. The consequence of
using such erroneous position on the overall tilting control loop would be clearly
dramatic.

5.4.5 Illustrating the Benefit from Using the Post-stabilization Step

The aim of this section is to illustrate how the post-stabilization step proposed
in section .41l enables the updating period to be increased leaving more time
for computations. This is done using the following academic example:

@1 = T2
o = —sin(zy) — 0.221 cos(z112)
Y =1+ T2

Figures and (.14l show the behavior of the differential form of moving-
horizon observer under two different updating periods 7 = 0.1 sec and 75 =
0.4 sec.

When 74 = 0.1 sec, the updating rate is sufficiently small for the observer
to converge quite well even without the post stabilization step (see figure BI3]).
However, when the updating period increases, the sampled observer fails to con-
verge without the post stabilization step (see figure B.14)).
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X, (dotted) vs estimated X, (solid) X, (dotted) vs estimated X, (solid)
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Fig. 5.14. Comparison between moving-horizon observer with (black dot-dashed line)
and without (dotted) post-stabilization step. Here, the updating period is 7 = 0.4 s.
Note how the post stabilization step enables the updating period to be increased while
maintaining good precision.

It is worth noting that in both cases, it is the sampled version ([.70) of the
differential moving-horizon observer that is implemented. This is precisely the
reason for which a high updating period may destabilize the observer.

5.5 Moving Horizon Observers with Distributed
Optimization

The differential form of the moving-horizon observer presented in section[B.4ltries
to solve the optimization problem that underlines the state estimation problem
using a gradient-based descent approach. Moreover, the iterations associated to
this descent approach are distributed over the system life-time. The implementa-
tion of this approach needs however some regularity assumptions that guarantee
the existence of all the partial derivatives of the cost function (the output pre-
diction error).

In the present section, a more general viewpoint on the distributed-in-time
optimization is adopted in order to get deeper insight on the resulting closed-
loop behavior. The ideas developed here are closely connected to those in the
air when real-time implementation of Model Predictive Control is addressed (see
for instance HE, 11, 1, ]) The main message of this section is that even when
efficient and globally convergent optimizers are used, there is some optimal up-
dating rate of the internal state of the observer. This optimal sampling rate
corresponds to some optimal number of iterations of the optimizer between two
successive updates. It goes without saying that the quantitative translation of
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this general result heavily depends on the system, the optimizer and the com-
putational facilities and should be approached using a somehow experimental
way.

In this section, the general simulator form (B of the dynamic system is
considered, namely:

x(t) = X(t,to,70),
y(t) = h(t,z(t)),

The measurement is assumed to be required with a sampling period 7,. Note
that 7, defines the maximal frequency with which additional new knowledge is
injected to any state estimation scheme. The acquisition period 7, may be too
small to be used as updating periO(ﬁ for the estimation. The updating period
is considered here (without loss of generality) as a multiple of 7,, namely, the
updating period 7, is defined by:

Tw = Ny -7, where N, € N
The resulting updating instants are therefore denoted by:
tr=k- -7y =k-Ny Tg

The observation horizon T invoked in the above sections is here taken to be
equal to an integer number N of acquisition periods, namely:

T:=N-1,

that is, the observation horizon involves N past measurements. This enables the
following cost function J(tg, ) to be defined at each updating instant ¢x:

‘ 2

N
It €) = Y|V (0 = st = T.8) = ylts = jra)
j=1

Recall that minimizing J(tx, &) in the decision variable £ amounts to look for
the best estimate of the past state z(tp — T).

Following the same notations than those used in section 5.3, we assume that
some iterative process S has been chosen to minimize J(¢,£) in the decision
variable &, namely:

€00 = (1,604t 1)
The result of n successive application of S for given ¢ is denoted by:
€0 = S0 (1,60, 1)

Let us consider the following assumption about the efficiency of the iterative
process S:

5 The precise meaning of an updating period is made clear later on.
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Fig. 5.15. Schematic view of the distributed-in-time optimization based observer. Note
that the convergence of the overall estimation scheme is the result of a competition
between a decreasing effect due to the optimizer and the increasing effect due to the
natural divergence of open-loop state estimation.

Assumption 2 [Efficiency of the optimizer]
Iterative process S is efficient in the sense that there exists some efficiency map
terf i N —[0,1] such that for all t and £, one has:

(B8l 1)) < acps(m) - J(8.6) (5.83)

where a(+) is a decreasing function such that o(0) = 1. @

The state estimation algorithm studied in this section is defined by the following
rules (see figure E.15):

(1) Initial conditions. Given that the estimation is based on past measure-
ments over some prediction horizon T' = N - 7,. The estimation begins as
soon as N measurements have been acquired. Consider some integer k = kg
such that ko - N, > N. Assume that the current estimation of & is &(ty).

(2) Updating £. The computation of £(tx41) is done in two steps:

1. First n successive iterations are performed using the optimization process
S to decrease the value of the cost function J(tg,£). This is written as
follows

E(te) = 8™ (tr, E(te), y* ) (5.84)

Note that according to the assumption (£.83)) on the optimizer’s efficiency,
one can write the following inequality:

St E(tr)) < cepp(n) - J(te, E(tr)) (5.85)
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2. Then the estimated value of £(tx11) is derived from g(tk) by integrating
the system model:

E(tir1) = X (tpr — Tty — T, E(tr)) (5.86)

Note that when performing this open-loop updating over a time period of N, 7, =
ti+1 — tk, some increase in the cost function have to be expected in general, this
is stated by the following assumption:

Assumption 3 [open-loop behavior of the cost function]
When using open-loop prediction, the only inequality one can guarantee is given

by:
JE+TX(t+7 =Tt =T,€) < [J¢,8)] - 9(7) (5.87)

Q
using the inequality (587) with the following correspondances:

{zé(tk) i t=ty ; T=Ny T,

together with (B5.86]) enables to infer that when using the above estimation
scheme, the inequality one can be sure of is the following:

It Eltren)) < [t E0)| - I(Nur) (5.88)

This with (5.88) enables the following inequality to be derived:

J(trt1,E(tky1)) < [aeff(n) '0(Nu7a):| I (tr, E(tr)) (5.89)

Note that the number of iterations n that may be performed during N, 75 time
units is given by

Nu' a
s )

Titer

where Tier is the time needed for a single iteration.
Based on the above discussion, the following proposition can be derived:

Proposition 2 [Convergence of the distributed in time optimization
based observers]

Under assumptions[d and[3, the convergence of the distributed in time optimiza-
tion based observer is guaranteed provided that the following inequality holds:

NyTq

Titer

D(Ny) = sy (E( )) I(Nura) < 1 (5.90)

where
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Ta 1S the measurement acquisition period

Ny, is the updating period

Titer 1S the time necessary to perform one iteration of the process S

terf(-) is the optimizer efficiency map (see assumption[3)

9(+) is the map characterizing the worst-case divergence rate of the open-loop
prediction (see assumption [3) [ )

SNENENENEN

Note that while condition (2.90) guarantees the convergence of the state estima-
tion error. The corresponding convergence time (defined as the time needed for
J to reach a value that is equal to 5% of its initial value) is still dependent on
the value of NV, according to:

3N,

Gl log(wuvu))J

“Ta (5.91)

It goes without saying that the exact expressions of the auxiliary functions
aerf(-) and ¥(-) heavily depend on the system and the optimizer involved in
the estimation scheme. however, in order to have concrete example showing
the implication of the context on the best implementation parameters of the
distributed-in-time optimization based state observers, let us consider the fol-
lowing structures for aeys(-) and 9(-):

D

= pdip 3 YO =expl-7) (5.92)

acry(n)

Figures .10 and 517 give the evolution of the stability indicator  and the
settling time ¢, as functions of the number of iterations N, used to perform
the observer internal state updating for two different sets of parameters used

WA € ND/T
1.3 400

12r 1 350

3001

250

200

150

Fig. 5.16. Evolutions of the stability indicator w(N,) and the settling time ¢,(N,)
vs the number of iterations IV,, used to update the state estimation. The expressions
(E92) are used with the parameters D =3, d =1, 8- 7, = 0.3 and 74 /Titer = 5. Under
these conditions, stability cannot be guaranteed when more that 9 iterations are used.
The optimal choice (in term of settling time) is the one where only one iteration is
used to perform the updating.
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=N ™D/,

Fig. 5.17. Evolutions of the stability indicator w(N,) and the settling time ¢,(N,)
vs the number of iterations IV,, used to update the state estimation. The expressions
(B92) are used with the parameters D = 50, d = 2, 8- 7, = 0.05 and 7o /Titer = 5.
Under these conditions, while stability of the state estimation error seems guaranteed
regardless the number of iterations used to perform the updating, the use of 3 iterations
gives the best choice in term of settling time.

in (B92)). In the first case (figure B.I0]), the instability rate of the open-loop
estimation is high (8 - 7, = 0.3) leading to a maximum number of 9 iterations
beyond which stability cannot be guaranteed. Moreover, the optimal choice in
term of settling time is to use one single iteration before updating.

In the second case (figure BIT), the instability rate is lower (8- 7, = 0.05)
and the efficiency of the iterations is higher (d = 2 rather than 1 in the first
case). This leads to the stability being guaranteed for all number of iterations
but with the optimal settling time corresponding to the use of 3 iterations.

5.6 Conclusion

The use of moving-horizon observers is intimately linked to the progress of non-
linear constrained optimization. However, the state estimation problem is not
only an optimization problem. The way an optimization process can be used to
result in a dynamic state estimator is to be carefully studied following (at least
partially) some of the guidelines given in this chapter.

Another likely to be promising direction is to combine the partial use of ana-
lytic observer (on a part of the estimation problem) with the use of optimization
process. This enables optimization to concentrate on those parts of the problem
where no particular structural properties are available.
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Summary. The purpose of these notes is to summarize a number on recent develop-
ments in the theory of output regulation for nonlinear systems. Cornerstones of these
developments are the asymptotic analysis leading to a precise notion of steady state
response for nonlinear systems and a number of concepts arising in the theory of non-
linear observers. The steady state analysis is the tool of choice for the identification
of necessary conditions, which make it possible to express in simple terms a new non-
linear enhancement of the classical internal model principle. The theory of nonlinear
observers, on the other hand, provides the appropriate ideas for the design of regulators
for a fairly general class of nonlinear systems that satisfy a suitable minimum-phase
assumption. The ideas in question are instrumental in the design of “asymptotic inter-
nal models”, objects that serve the dual purpose of inducing a steady state in which
the regulated variable vanishes and to make this steady state attractive.

6.1 Introduction

A central problem in control theory is the design of feedback controllers so as to
have certain outputs of a given plant to track prescribed reference trajectories.
In any realistic scenario, this control goal has to be achieved in spite of a good
number of phenomena which would cause the system to behave differently than
expected. These phenomena could be endogenous, for instance parameter vari-
ations, or exogenous, such as additional undesired inputs affecting the behavior
of the plant.

In what follows, we address tracking problems that can be cast in the following
terms. Consider a finite-dimensional, time-invariant, nonlinear system modelled
by equations of the form

T = f(w,z,u)
e = h(w, ) (6.1)
Yy = k(wa x) )

in which z € R" is a vector of state variables, u € R™ is a vector of inputs used
for control purposes, w € R® is a vector of inputs which cannot be controlled and
include ezogenous commands, exogenous disturbances and model uncertainties,
e € RP is a vector of regulated outputs which include tracking errors and any
other variable that needs to be steered to 0, y € R? is a vector of outputs that

G. Besangon (Ed.): Nonlinear Observers and Applications, LNCIS 363, pp. 181-2I0, 2007.
springerlink.com © Springer-Verlag Berlin Heidelberg 2007
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are available for measurement and hence used to feed the device that supplies
the control action. The problem is to design a controller, which receives y(t)
as input and produces u(t) as output, able to guarantee that, in the resulting
closed-loop system, x(t) remains bounded and

lim e(t) =0, (6.2)
t—o0
regardless of what the exogenous input w(t) actually is.

The ability to successfully address this problem very much depends on how
much the controller is allowed to know about the exogenous disturbance w(t).
In the ideal situation in which w(t) is available to the controller in real-time, the
design problem indeed looks much simpler. This is, though, only an extremely
optimistic situation which does not represent, in any circumstance, a realistic
scenario. The other extreme situation is the one in which nothing is known
about w(t). In this, pessimistic, scenario the best result one could hope for is
the fulfillment of some prescribed ultimate bound for |e(t)|, but certainly not a
sharp goal such as ([6.2). A more comfortable, intermediate, situation is the one
in which w(t) is only known to belong to a fized family of functions of time, for
instance the family of all solutions obtained from a fixed ordinary differential
equation of the form

W = s(w) (6.3)

as the corresponding initial condition w(0) is allowed to vary on a prescribed set.
This situation is in fact sufficiently distant from the ideal but unrealistic case of
perfect knowledge of w(t) and from the realistic but conservative case of totally
unknown w(t). But, above all, this way of thinking at the exogenous inputs covers
a number of cases of major practical relevance. There is, in fact, abundance of
design problems in which parameter uncertainties, reference commands and/or
exogenous disturbances can be modelled as functions of time that satisfy an
ordinary differential equation.
The control law is to be provided by a system modelled by equations of the
form ]
§= go(ﬁ,y) (6.4)
u="(&y)

with state £ € R”. The initial conditions x(0) of the plant (€I]), w(0) of the
exosystem ([63)) and £(0) of the controller [€4) are allowed to range over a
fixed compact sets X C R™ W C R® and, respectively = C RY. All maps
characterizing the of the controlled plant, of the exosystem and of the controller
are assumed to be sufficiently differentiable.

The problem which will be studied, known as the problem of output requlation
(or generalized tracking problem or also as generalized servomechanism problem)
is to design a feedback controller of the form ([G4]) so as to obtain a closed
loop system in which all trajectories are bounded and the regulated output e(t)
asymptotically decays to 0 as ¢ — oo. More precisely, it is required that the
composition of (61), (63)) and (G4]), that is the autonomous system
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w = s(w)
&= f(w,z,7(§ k(w,z))) (6.5)
3

= 90(57 k(w7 33))

with output
e = h(w,x),

be such that:

e the positive orbit of W x X x Z is boundedEl
o limy_o e(t) = 0, uniformly in the initial condition]

6.2 The Steady-State Response of a Nonlinear System

6.2.1 Background

The problem described in the previous section can be seen as the problem of
forcing in the plant, by means of an appropriate control input u(t), a response
x(t) that asymptotically compensates the effect, on the regulated variable e(t),
of the exogenous input w(t). The classical way in which the problem is addressed
for linear, time-invariant systems, when the exosystem is a neutrally stable linear
system, is to seek a controller forcing in the associated closed-loop system (G.3])
a (stable) “steady state” response entirely contained in the kernel of the map
defining the tracking error e. Thus, it is natural to expect that a similar tool
should also be effective in the more general setting considered here. It appears,
though, that a rigorous investigation of the concept of “steady state”, beyond
the classical domain of linear system theory, had never been fully pursued. Thus,
it seems natural, in a systematic analysis of the design problem outlined in the
previous section, to begin with an attempt to offer a rigorous definition of the
concept of “steady state” for a general nonlinear system

Thinking of a linear system, Gardner and Barnes [I3], define the concept
in question as follows: “A dynamical system is said to be in the steady state
when the variables describing its behavior are either invariant with time, or are
(sections of) periodic functions of time. A dynamical system is said to be in the
transient (or unsteady) state when it is not in steady state.”

One appealing feature of this definition is that no predetermined separation
between inputs and outputs is sought, but the system is only analyzed in terms of
how the variables that describe its behavior depend on time. Thus, the viewpoint
applies to general dynamical systems and not necessarily to control systems with
specified input and output; it is a precursor (at least as long as the notion of

! That is, the exists a bounded subset S of R* x R™ xR” such that, for any (wo, zo, £0) €
W x X x Z, the integral curve (w(t),z(t),£(t)) of ([GH) passing through (wo, zo, o)
at time ¢ = 0 remains in S for all ¢ > 0.

2 That is, for every € > 0 there exists a time #, depending only on ¢ and not on
(wo, o, &0) such that the integral curve (w(t),z(¢),£(¢)) of (@A) passing through
(wo, o, &o) at time ¢ = 0 yields ||e(t)|| < e for all ¢t > ¢.

3 The content of this section is a summary of results presented in 7.
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steady state is concerned) of the modern behavioral viewpoint proposed by J.C.
Willems [30]. The main restriction, though, is that this definition only applies to
cases in which all relevant variables which describe the behavior of a dynamical
systems are periodic (constant in particular) functions of time. This definition
does not even cover the simple case in which the variables describing the behavior
of a system are linear combinations of sinusoidal functions (of time) with at
least two irrationally related angular frequencies, let alone the case in which the
variables in question are “almost periodic”.

Motivated by this classical idea of a steady state (extended to cover the case
almost periodic functions of time) and by the fact that, in a stable linear sys-
tem, any transient state asymptotically approaches a steady state, it is a common
practice to regard a steady state as a kind of limit behavior. From this view-
point, the steady state can be looked at either as the limit behavior which is
approached when the actual time ¢ tends to +o0o or, respectively, as the limit
behavior which is approached when the initial time ¢y tends to —oo. The two
alternatives are equivalent for a stable linear system. Adopting the first view-
point, James, Nichols and Phillips [21] say that “the transient response of [a
linear] filter is the difference between the actual output of the filter for ¢t > ¢
and the asymptotic form that it approaches” and that “only when a filter is
stable it is possible to speak with full generality of its response to an input that
starts indefinitely far in the past.” Adopting the other viewpoint, Zadeh and
Desoer [31] define a “ground state of [the system], if it exists, [as] the limiting
terminal state of [the system] when the zero input is applied, ... provided the
limiting state ~ is the same for all initial states” and afterward define “the steady
state response of [the system] to an input wu, 4 [as] the limit, if it exists, of the
ground-state response of [the system] to u as tg — —00.”

6.2.2 Limit Sets

While the viewpoint of considering a system in steady state when its variables
are almost periodic functions of time would suffice for a linear system, in a
more general context it is inevitable to seek a definition which characterizes the
steady state as a limiting behavior asymptotically approached as time increases
(or decreases). Fundamental, in this respect, are certain concepts found in the
classical 1927 essay by G.D.Birkhoff, in which he demonstrates that “with an
arbitrary dynamical system ... there is associated always a closed set of ‘central
motions’ which do possess this property of regional recurrence, towards which
all other motions of the system in general tend asymptotically.” [3, page 190]
The first, fundamental, ingredient in the process of characterizing the motions
(of a dynamical system) which are asymptotically approached as time increases
(or decreases), is the concept of w-limit set of a given point. This concept is pre-
cisely defined as follows. Consider an autonomous ordinary differential equation

4 Furthermore they observe, though, that “usually [the system] and w are such that,
in [the expression of the response], v can be replaced by an arbitrary initial state «
without affecting the limiting value of the response as tg — —0c0.”
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i= f(x) (6.6)

with z € R™, ¢t € R. It is well known that, if f : R™ — R"™ is locally Lipschitz,
for any xg € R", the solution of (G.0) with initial condition x(0) = x¢, denoted
by x(t,x0), exists on some open interval of the point ¢ = 0 and is unique.

Assume, in particular, that x(¢,x¢) is defined for all ¢ > 0. A point z is said
to be an w-limit point of the motion x(t, x) if there exists a sequence of times
{tx}, with limy_  t = o0, such that

lim z(tg,x0) = .

k—o0
The w-limit set of a point zg, denoted w(xy), is the union of all w-limit points of
the motion z(t, xq).

It is obvious from this definition that an w-limit point is not necessarily a
limit of x(¢,x0) as t — oo, as the solution in question may not admit any limit
as t — oo. It happens though, that if the motion x(¢, xo) is bounded, then x(t, zo)
asymptotically approaches the set w(x). This property is precisely described in
what follows [3] page 198].

Lemma 1. Suppose there is a number M such that [|z(t,x0)|| < M for all
t > 0. Then, w(x() is a nonempty compact connected set, invariant under (G.6]).
Moreover, the distance of x(t, o) from w(zg) tends to 0 as t — oco.

One of the remarkable features of w(z), as indicated in this Lemma, is the fact
that this set is invariant for ([66]). Invariance means that for any initial condition
To € w(zo) the solution x(¢,zo) of (6.8) exists for all t € (—oo, +00) and that
x(t,To) € w(xg) for all such ¢t. Put in different terms, the set w(xg) is filled by
motions of ([.0) which are bounded backward and forward in time. The other
remarkable feature is that x(t, z¢) approaches w(xg) as t — oo, in the sense that
the distance of the point x(t,x¢) (the value at time ¢ of the solution of (G.6)
starting in z¢ at time ¢ = 0) from the set w(xp) tends to 0 as t — oo.

Since any motion x(¢,xo) which is bounded in positive time asymptotically
approaches the w-limit set w(zp) as ¢ — oo, one may be tempted to look, for a
system (6.06]) in which all motions are bounded in positive time, at the union of
the limit sets of all points xg, i.e. at the set

0= U w(xo)

z0ER"™

and to say that the system is in steady state if its state z(t) evolves in the
(invariant) set §2. There is a major drawback, though, in taking this as a point
of departure for the definition of “steady state” behavior of a nonlinear system:
the convergence of x(t,zg) to §2 is not guaranteed to be uniform in xq, even if
the latter ranges over a compact set (see, e.g. [7]).

One of the main motivations for looking into the concept of steady state is the
aim to shape the steady state response of a system to a given (or to a given fam-
ily of) forcing inputs. But this motivation looses much of its meaning if the time
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needed to get within an e-distance from the steady state may grow unbounded
as the initial state changes (even when the latter is picked within a fixed bounded
set). In other words, uniform convergence to the steady state (which is automat-
ically guaranteed in the case of linear systems) is an indispensable feature to be
required in a nonlinear version of this notion. The set {2, the union of all w-limit
points of all points in the state space does not have this property of uniform
convergence, but there is a larger set which does have this property. This larger
set, known as the w limit set of a set, is precisely defined as follows.

Consider again system (G.0]), let B be a subset of R™ and suppose z(t, o) is
defined for all £ > 0 and all 29 € B. The w-limit set of B, denoted w(B), is the
set of all points x for which there exists a sequence of pairs {zy, t }, with z;, € B
and limy_ oo ¢ = 0o such that

lim z(tg,xx) = .
k—o0

It is clear from the definition that if B consists of only one single point g, all z’s
in the definition above are necessarily equal to z¢ and the definition in question
reduces to the definition of w-limit set of a point, given earlier. It is also clear
form this definition that, if for some xg € B the set w(xg) is nonempty, all points
of w(zp) are points of w(B). In fact, all such points have the property indicated
in the definition, if all the x;’s are taken equal to xy. Thus, in particular, if all
motions with zg € B are bounded in positive time,

U w(@) cw(B).

roEB

However, the converse inclusion is not true in general.
The relevant properties of the w-limit set of a set, which extend those pre-
sented earlier in Lemma [I] can be summarized as follows [I6 page 8].

Lemma 2. Let B be a nonempty bounded subset of R™ and suppose there is a
number M such that ||z(t,zo)| < M for allt > 0 and all xg € B. Then w(B) is a
nonempty compact set, invariant under (6.6). Moreover, the distance of x(t, o)
from w(B) tends to 0 as t — oo, uniformly in xo € B. If B is connected, so is
w(B).

Thus, as it is the case for the w-limit set of a point, we see that the w-limit set of
a bounded set, being compact and invariant, is filled with motions which exist
for all ¢ € (—oo,+00) and are bounded backward and forward in time[l But,
above all, we see that the set in question is uniformly approached by motions
with initial state xg € B, a property that the set {2 does not have.

The set w(B), as shown in the previous Lemma, asymptotically attracts, as
t — oo, all motions that start in B. Since the convergence to w(B) is uniform in
xo, it is also true that, whenever w(B) is contained in the interior of B, the set
w(B) is asymptotically stable, in the sense of Lyapunov.

® The set of all such trajectories is a “behavior”, in the sense of J.C. Willems [30].
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In order to make this claim precise, recall that, for motions converging to
a closed invariant set A, the notion of asymptotic stability, a straightforward
extension of the notion of asymptotic stability of an equilibrium, is defined as
follows. Let A C R™ be a closed invariant set for ([6.6]). The set A is asymptoti-
cally stable if the following hold:

(i) for every € > 0, there exists § > 0 such that,

dist(zg, A) <&  implies  dist(z(t,x), A) <e forall t > 0.

(ii) there exists a number d > 0 such that
dist(zg, A) < d implies tlim dist(x(t, z9), A) = 0.

As in the case of equilibria, for a closed invariant set A which is asymptotically
stable for (G.0]), the domain of attraction is the set of all zo for which z(¢, zg) is
defined for all ¢ > 0 and dist(z(¢,z9), A) — 0 as t — co.

With these definitions in mind, from the result of Lemma [ it is possible to
deduce the following important property.

Lemma 3. Let B be a nonempty bounded subset of R™ and suppose there is
a number M such that ||x(t,zo)|| < M for all t > 0 and all xg € B. Then
w(B) is a nonempty compact set, invariant under [6.0). Suppose also that w(B)
is contained in the interior of B. Then, w(B) is asymptotically stable, with a
domain of attraction that contains B.

Finally, we conclude with another property, which is a straightforward conse-
quence of the definitions.

Lemma 4. Let B be a nonempty compact set, invariant under (G.0). Then
w(B) = B.

6.2.3 The Steady State Behavior of a Nonlinear System

Consider now again system (6.0]), with initial conditions in a closed subset X C
R™. Suppose the set X is a positively invariant set, which means that for any
initial condition o € X, the solution x(¢, zo) exists for all ¢ > 0 and x (¢, z9) € X
for all £ > 0. The motions of this system are said to be ultimately bounded if
there is a bounded subset B with the property that, for every compact subset
Xo of X, there is a time T > 0 such that ||z(t,z0)|| € B for all ¢t > T and all
g € Xo. In other words, if the motions of the system are ultimately bounded,
every motion eventually enters and remains in the bounded set B.

Remark 1. Note that, since by hypothesis X is positively invariant, there is no
loss of generality in assuming B C X in the definition above. Note also that
there exists a number M such that ||x(t,z0)|| < M for all t > 0 and all 29 € B.
In fact, let C1(B) denote the closure of B, which is a compact subset of X, and
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let M, the denote the maximum of ||z|| as z € Cl(B). By definition of ultimate
boundedness, there is a time T such that [|z(t,zo)| < My, for all ¢ > T and
all zy € Cl(B). Moreover, since z(t,zg) depends continuously on (¢, x¢), there
exists a number My such that ||z(¢,zo)|| < My for all 0 < ¢t < T and all g
in CI(B). Thus, the property in question is fulfilled with M = max{Mi, Ms}.
By virtue of this property, one can conclude from Lemma [2] that the set w(B)
is nonempty and has all the properties indicated in the Lemma itself. Finally,
note that, for a system whose motions are ultimately bounded, the set w(B) is a
unique well-defined set, regardless of how B is taken. In fact, let B’ be any other
bounded subset of X with the property indicated in the definition of ultimate
boundedness. Then, it is not difficult to prove,ﬁ using the various definitions,
that w(B’) C w(B). Reversing the role of the two sets shows that w(B) C w(B’),
i.e. that the two sets in question are identical. N

For systems whose motions are ultimately bounded, the notion of steady state
can be defined as follows.

Definition 1. Suppose the motions of system (6.0), with initial conditions in
a closed and positively invariant set X, are ultimately bounded. A steady state
motion is any motion with initial condition in x(0) € w(B). The set w(B) is
the steady state locus of ([6.0) and the restriction of (6.6]) to w(B) is the steady
state behavior of (6.6). <

The notion thus introduced recaptures the classical notion of steady state for
linear systems and provides a new powerful tool to deal with similar issues in
the case of nonlinear systems.

Ezxample 1. In order to see how this notion includes the classical viewpoint, con-
sider an n-dimensional, single-input, asymptotically stable linear system

&t =Fzr+Gu (6.7)

forced by the harmonic input u(t) = ug sin(wt + ¢ ). A simple method to deter-
mine the periodic motion of ([G.1) consists in viewing the forcing input u(t) as
provided by an autonomous “signal generator” of the form

(Z;Z ) E_(L 5) ()

and in analyzing the state state behavior of the associated “augmented” system

6 Let Z be a point of B’. By hypothesis, there exists a sequence {Zx, fx }, with Z), € B’
and limy_ o £y = oo such that x(x, Zx) converges to T as k — co. As all such zx’s
are in a compact subset of X, by definition of B there exist a time 1" > 0 such that
all points xr = z(7T, Tx) are points of B. Set t = tr, — T and consider the sequence
{zk, tx }. Trivially z(tg, 1), being equal to z(t, Zx), converges to T as k — oo. Thus,
T is a point of B also.
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"= (—Ow (g) v (6.8)
i&=Fr+G(10)w.

As a matter of fact, let IT be the unique solution of the Sylvester equation and
observe that the graph of the linear map

m:R? > R»
w — [w

is an invariant subspace for the system (6.8]). Since all trajectories of ([E.8) ap-
proach this subspace as t — oo, the steady state behavior of (6.8)) is determined
by the restriction of its motion to this invariant subspace.

Revisiting this analysis from the viewpoint of the more general notion of
steady state introduce above, let W C R? be a set of the form

W ={weR?: |uw| <c} (6.9)

in which ¢ is a fixed number, and suppose the set of initial conditions for (G.8])
is W x R™. This is in fact the case when the problem of evaluating the periodic
response of ([G.7)) to harmonic inputs whose amplitude does not exceed a fixed
number c is addressed. The set W is compact and invariant for the upper sub-
system of ([G.8). Therefore, by Lemma Hl the w-limit set of W under the motion
of the upper subsystem of ([G.8) is the subset W itself.

The set W x R™ is closed and positively invariant for the full system (G.8])
and, moreover, since the lower subsystem of (G.8)) is a linear asymptotically stable
system driven by a bounded input, it is immediate to check that the motions of
system (G.8), with initial conditions taken in W x R™, are ultimately bounded.
As a matter of fact, any bounded set B of the form

B={(w,z) eR*xR" :w e W, ||z — Huw| < d}

in which d is any positive number, has the property indicated in the definition
of ultimate boundedness. Note also that any of such B satisfies B C W x R™. It
is easy to check that

w(B) = {(w,z) e R x R" 1w € W,z = [Tw},

i.e. w(B) is the graph of the restriction of the map 7 to the set . Note that
w(B) is independent of the choice of B (so long as B is a set with having the
properties indicated in the definition of ultimate boundedness). The restriction
of ([@8) to the invariant set w(B) characterizes the steady state behavior of
7)) under the family of all harmonic inputs of fixed angular frequency w, and
amplitude not exceeding c. N

Example 2. A similar result, namely the fact that the steady state locus is the
graph of a map, can be reached if the “signal generator” is any nonlinear system,
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with initial conditions chosen in a compact invariant set W. More precisely,
consider an augmented system of the form[
w
T

s(w)
Fa + Gq(w), (6.10)

in which w € W C R", x € R”, and assume that: (i) all eigenvalues of F' have
negative real part, (i) the set W is a compact set, invariant for the the upper
subsystem of (610).

As in the previous example, the w-limit set of W under the motion of the upper
subsystem of (G.I0) is the subset W itself. Moreover, since the lower subsystem
of ([GI0) is a linear asymptotically stable system driven by the bounded input
u(t) = q(w(t,wp)), it is easy to check that the motions of system (6.10), with
initial conditions taken in W x R™, are ultimately bounded. As a matter of fact,
so long as w(0) € W, the input g(w(t,wp)) to the lower subsystem of (6.10) is
bounded by some fixed number U and standard arguments can be invoked to
show that

()]l < Ke[2(0)| + LU

for all ¢ > 0, in which K, A and L are appropriate positive numbers. Thus, any
bounded set B of the form
B={(w,z) eR" xR" :w e W,||z| < 2LU}

has the property indicated in the definition of ultimate boundedness.
Moreover, it is possible to show that, regardless of how B is taken, w(B) is
the graph of the map

m:W— R”
w = m(w),
defined by
0
m(w) = Tlim e FTGq(w(r, w))dr . (6.11)
— 00 -T

The explanation of this fact reposes on the following arguments. First of all,
observe that — since g(w(t,w)) is by hypothesis a bounded function of ¢ and all
eigenvalues of F' have negative real part — the limit on the right-hand side of
(6IT)) exists and is finite. Then, a simple calculation shows that the graph of
the map 7 is invariant for (EI0). To see why this is the case, pick any initial
condition (wg, zg) on the graph of m and compute the solution x(t) of the lower
equation of (GI0) by means of the classical variation of constants formula, to
obtain

t
x(t) = ety +/ el'?(t_T)Gq(w(T7 wop))dT
0

7 We retain, throughout, the assumption that both s(w) and g(w) are locally Lipschitz
functions.
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Since by hypothesis zg = 7(wp), using (EII]) we obtain

x(t)

0 t
eFt/ e_FTGq(w(T7 wo))dT +/ el'?(t_T)Gq(w(T7 wo))dT

—oo 0
t 0
= / eI Ga(w(r, wo))dr = / e F0Gq(w (0 +t,wo))db

0
/ e TG q(w(9, w(t,wy)))dd = m(w(t,wpy)) = m(w(t))

— 00

and this proves the invariance of the graph of 7 for (G.I0). From this property, it
is immediately concluded that any point of the graph of 7 is necessarily a point
of w(B). To complete the proof of the claim it remains to show that no other
point of W x R™ can be a point of w(B). But this is a direct consequence of
the fact that F' has eigenvalues with negative real part. In fact, this assumption
implies that all motions of (G.I0) whose initial condition is not on the graph of
7 are unbounded in backward time and therefore cannot be contained in w(B),
which is know to be a bounded set. 4

There are various ways in which the result discussed in the previous example
can be generalized. For instance, it can be extended to describe the steady state
response of a nonlinear system

&= f(x,u) (6.12)

in the neighborhood of a locally exponentially stable equilibrium point. To this
end, suppose that f(0,0) = 0 and that the matrix

e[

has all eigenvalues with negative real part. Then, it is well known (see e.g. [I5]
page 275]) that it is always possible to find a compact subset X C R™, which
contains = 0 in its interior and a number ¢ > 0 such that, if ||z¢|| € X and
llu(®)|l < o for all ¢ > 0, the solution of (GIZ) with initial condition z(0) = zo
satisfies ||z(¢)|| € X for all ¢ > 0. Suppose that the input v to (GI2) is produced,
as before, by a signal generator of the form

w = s(w)

6.13
u = q(w) (6.13)
with initial conditions chosen in a compact invariant set W and, moreover, sup-
pose that, [[g(w)|| < o for all w € W. If this is the case, the set X x W is
positively invariant for

w = s(w)

T = f(:uq(w)) )

and the motions of the latter are ultimately bounded, with B = X x W. The
set w(B) may have a complicated structure but it is possible to show, by means

(6.14)
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arguments similar to those which are used in the proof of the Center Manifold
theorem, that if X and B are small enough the set in question can still be
expressed as the graph of a map = = w(w). In particular, the graph in question
is precisely the center manifold of ([EI4]) at (0,0) if s(0) = 0 and the matrix

s
5= [8111} 0)
has all eigenvalues on the imaginary axis.

A common feature of the examples discussed above is the fact that the set
w(B) can be expressed as the graph of a map = w(w). This means that, so long
as this is the case, a system of the form ([GI2) has a unique well defined steady
state response to the input u(t) = q(w(t)). As a matter of fact, the response in
question is precisely x(t) = w(w(t)). Of course, in general, this may not be the
case and multiple steady state responses to a given input may occur. In general,
the following property holds.

Lemma 5. Let W be a compact set, invariant under the flow of (613). Let X
be a closed set and suppose that the motions of (6.14) with initial conditions in
W x X are ultimately bounded. Then, the steady state locus of (6.14) is the graph
of a set-valued map defined on the whole of W.

Proof. By hypothesis, see Lemma H w(WW) = W. As a consequence, for all
w € W there is a sequence {wy,tr} with wy in W for all k such that w =
limy o0 w(te, wy) . Set p = col(w, x) and let ¢(t,po) denote the integral curve
of ([GI4) passing through py at time ¢ = 0. Pick any point zp € X and let
pr = col(wg,xo). If the motions of (6I4) are ultimately bounded, there is a
bounded set B and a time T > 0 such that ¢(t,pi) € B for all ¢ > T and all
k > 0. Pick any integer h such that t;, > T, set pr = ¢(tn,pr) and tx = tgx — tp,
for k > h, and observe that, by construction, ¢(tx, px) = @(tx, pr). The sequence
{¢(f1, pr)} is bounded. Hence, there exists a subsequence {¢(fx, pr)} converging
to a point p = col(w, ), which is a point of w(B) because all p;’s are in B. Since
system (6.I4) is upper triangular, necessarily @ = w. This shows that, for any
point w € W, there is a point & € X such that (w, %) € w(B), as claimed. <

6.3 Necessary Conditions for Output Regulation

Taking advantage of the notions introduced in the previous section, we are now
in a position to highlight some general properties that any controller that solves
a problem of output regulation must necessarily have. Recall that, as defined
in section [G.I] the problem of output regulation is solved if, in the composite

system (G.5]):
e the positive orbit of W x X x Z is bounded,
e lim; . e(t) = 0, uniformly in the initial condition.

The notions introduced in the previous section are instrumental to prove the
following, elementary — but fundamental — result, which is a nonlinear enhance-
ment of a Lemma of [IT] on which all the theory of output regulation for linear
systems is based.
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Lemma 6. Suppose the positive orbit of W x X x =" is bounded. Then
tlim e(t)=0

if and only if
wW x X x Z) C {(w,z,§) : h(w,z) =0}. (6.15)

Proof. Set, for convenience, B = W x X x 5. Set p = col(w, z,£) and let
o(t,po) denote the integral curve of (G.3]) passing through py at time ¢ = 0. By
Lemma 2

tliglo diSt(¢(t,p0), (.U(B)) =0 )

uniformly in pg. Thus, condition (6IH) is sufficient.

To prove the converse, set K = {(w,z,§) : h(w,xz) = 0}. Since h(w,x)
is continuous and the positive orbit of W x X x = is bounded, to say that
lim;_,¢ e(t) = 0, uniformly in po, is equivalent to say that, for any € > 0, there
exists ¢ such that, for any py € B,

dist(¢(t,po), K) < ¢, for all t > ¢.

Pick any point p € w(B). Then, there exist a sequence of pairs (pg,tx), with
pr € B and t, — oo as k — oo with the following property: for any € > 0, there
exists k such that

dist(p(tk, pr),p) < &, for all k > k.

Without loss of generality, we can pick k such that ¢; > £. Thus, for every £ > 0,
dist(p, K) < 2¢, i.e. dist(p, K') = 0. Since K is closed, p € K and (615 follows. <

It is seen from this simple result that the problem of output regulation, as defined
in section[G.Il can be simply cast as the problem of shaping the steady state locus
of the closed loop system, in such a way that property (6.I5) holds.

To proceed with the analysis in a more concrete fashion, we consider from now
on the special case in which the controlled plant (64) is modelled by equations
in normal form

.Z' = fo(w, 2) + fi(w,z,e1)ex

€1 = €2
é,,‘,l = er (616)
ér = q(w, z,e1,...,e.) +b(w,z,e1,...,e.)u
e = e
Yy = 001(617"'767‘)7
with state (z,e1,...,¢e.) € R*" x R", control input v € R, regulated output

e € R, measured output y € R". The functions fo(+), f1(-),q(),b(-), s(-) in ([GIG)
and (6.3]) are assumed to be at least continuously differentiable. It is also assumed
that



194 A. Isidori and L. Marconi

b(w, z,e1,...,e.) #0 YV(w,z,e1,...,e.).

The initial conditions of (6I6]) range on a set Z x E, in which Z is a fixed
compact subset of R"™" and E = {(e1,...,e,) € R" : |e;| < ¢}, with ¢ a fixed
number.

Suppose that a controller of the form (G.4]) solves the problem of output regu-
lation. Then Lemma 2 applies and, since e = e1, we deduce that the steady state
locus of the closed loop system (6.5]) is necessarily a subset of the set of all states
in which e; = 0. This being the case, it is seen from the form of the equations
(616) that, when the closed loop system (6.1]) is in steady state, necessarily also

eg=eg=--=¢.=0.
As a consequence, the following conclusions hold:

o The steady state locus w(W x Z x E X Z) of the closed-loop system is a subset
of the set W x R"™" x {0} x R”.

e The restriction of the closed-loop system to its steady state locus w(W x Z x
E x Z) reduces to

w = s(w)
s = folw,2) (6.17)
§= 90(570) :

o For each (w,z,0,...,0,§) e w(W x Z x E X =)
0=q(w,z0,...,0) + b(w,2,0,...,0)7(&£0). (6.18)

The prior analysis implicitly assumes that the positive orbit of W under the
flow of exosystem is bounded, i.e. that the motions of the exosystem asymptot-
ically approach the its own steady state locus w(W). In principle, w(W) may
differ from W but there is no loss of generality in assuming from the very begin-
ning that the two sets coincide. After all, the problem in question is a problem
concerning how the closed-loop system behaves in steady state and there is no
special interest in considering exosystems that are not “in steady state”. We
make this assumption precise as follows (see Lemma HJ).

Assumption (i): the compact set W is invariant for ([G3]). <

With this in mind we observe that, by Lemma [l if the positive orbit of W x
Z x E x = under the flow of (61 is bounded, then w(W x Z x E x Z) is the
graph of a (possibly set-valued) map defined on the whole of W. Consider now
the set

Ass = {(w, 2) : (w, 2,0,...,0,8) € w(W x Z x E x Z), for some £ € R"}
and define the map

Ugs © Ass — R
Q(w7270a"'70)

(w,2) = = b(w, z,0,...,0)
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By construction, the set Ay is the graph of a (possibly set-valued) map defined
on the whole of W, which is invariant for the dynamics of

z2 = fo(w,z),

(6.19)

that are precisely the zero dynamics of the “augmented system” ([G.3]) — (G.I6),
while the map wugs(-) is the control that forces the motion of (G3)) — ([EI0) to
evolve on Ag.

With this in mind, the conclusions reached above can be rephrased in the
following terms. Suppose that a controller of the form (G4]) solves the problem of
output regulation for (E.10) with exosystem (6.3]). Then, there exists a (possibly
set-valued) map defined on the whole of W whose graph As; is invariant for the
autonomous system (G.I9). Moreover, for each (wpg, z9) € Agss there is a point
&0 € R” such that the integral curve of (6I9) issued from (wg,2p) and the
integral curve of

§= 90(570)

issued from &y satisfy

us(w(t), 2(8) = 1E®),  VEER.

This is a nonlinear version of the celebrated internal model principle of [12].

6.4 Sufficient Conditions for Output Regulation

6.4.1 The Control Structure

On the basis of the ideas presented in the previous section we proceed now with
the construction of a controller that solves the problem of output regulation.
The “steady state” features of this controller are those identified at the end of
the section, namely this controller has to be able to “generate” all controls of
the form ugs(w(t), z(t)) for any “steady state” trajectory w(t), z(t) of (€I9). The
controller should incorporate a device that generates all such trajectories (the
internal model), thus making sure that the “appropriate” state-state behavior
takes place, and a device guaranteeing that convergence to this specific steady
state behavior occurs. It is here that additional assumptions are needed.
Note that, since W is invariant for @ = s(w), the closed cylinder

C:=WxR""
is locally invariant for (6I9). Hence, it is natural regard (GI9) as a system
defined on C and endow the latter with the subset topology.

Assumption (ii): there exists a bounded subset B of C which contains the positive
orbit of the set W x Z under the flow of ([GI9) and the resulting omega-limit
set w(W x Z) satisfies
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(w,2) €C, (W, 2)lwwxz) <do = 2€Z (6.20)

where dj is a positive number. N

While in the analysis of the necessity we have only identified the existence of
a compact set (actually, the graph of a map defined on W) which is invariant
for (GI9)), the new assumption (ii) implies, in its first part, the existence of a
compact set (still the graph of a map defined on W)

A:=w(W x Z)

which is not only invariant but also uniformly attractive of all trajectories of
([619) issued from points of W x Z. The second part of the assumption, in turn,
guarantees that this set is also stable in the sense of Lyapunov (see Lemma
B). In the next assumption we strengthen this property by also requiring the
set A is locally exponentially stable (this assumption is useful to straighten the
subsequent analysis, but is not essential).

Assumption (iii): there exist M > 1, A > 0 such that
(wo,20) €C, |(wo,20)la <do = |(w(t),z(t))|a < Me™|(wo, 20)|a

in which (w(t), 2(t)) denotes the solution of ([6I9) passing through (wg, 29) at
time ¢ = 0. 4

System (6.16) being affine in the control input w, it seems natural to look for a
controller having a similar structure, namely a controller of the form

€= 0(©) + (&)
w= (&) +v (6.21)

with state £ € R”, in which v is a residual control input, to be eventually chosen
as a function of the measured output y. Here ¢(-), ¥(-) and ~(-) are functions to
be determined.

As a matter of fact, it will be possible to show that, if the triplet {¢(&), ¥ (&),
(&)} possesses what we will define as asymptotic internal model property, the
choice of the residual control v in (G21)) as

v=ky

solves the problem of output regulation, provided that the gain coefficient k is
appropriately chosen.

6.4.2 The Asymptotic Internal Model Property

To simplify the exposition, we address first the special case in which the con-
trolled system (G.I0) has relative degree 1, i.e. is modelled by equations of the
form
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z2 = fo(w,2) + fr(w,z,e)e
é=q(w,z,e)+blw, z,e)u (6.22)
y=e.
As a matter of fact, as sketched at the end of the section, the case of higher
relative degree can easily be reduced to this one.
We begin by rewriting the zero dynamics of the augmented system (63) —
([622)), given by
w = s(w)
. 6.23
2 = folw,2). (6.23)

in the more compact form
7z = fy(2) (6.24)

where z := col(w, z). Moreover, consistently with this notation, we rewrite the
term ¢(w, z,€) + b(w, z, e)u in (622) as
q(w, z,e) + blw, z,e)u = qo(z)bg(2z) + q1(2z, e)e + [bo(z) + b1(z, €)e]u
in which
q(w, z,0)
b(w, z,0)’
and we denote by Z := W x Z the compact set where the initial condition z(0) is
supposed to range. Observe also that, by assumption, bg(z) is nowhere zero and

thus it has a well defined sign. In view of this, the overall system (E3)— ([G22)
is rewritten as

bO(z) = b(w7 Z, 0) ’ qO(z) =

= fo(z) +fi(z,e)e
= bo(2)[qo(z) + u] + [a1(z, €) + bi(z, €)ule

where f)(z, e) = col(0, fi(w, z,e)) and the initial conditions (z(0), e(0)) range in
the set Z x E.
Controlling this system by means of ([G.21]) yields a closed-loop system

(6.25)

z = fy(z) + f1(z,e)e
é = bo(z)[qo(z) +7(£) +v] + [ai(z,€) + bi(z,€)(7(§) + v)le
§=9(&) + (v

which, regarded as a system with input v and output e, has relative degree 1
and zero dynamics given by

Z' = fo(z)
§ = @) =€) + ao(2)] .

Thus, in view of well-known results, it is reasonable to expect that if the
latter possesses a compact invariant set which attracts all trajectories with initial
conditions in Z x = a high-gain control (on e) be able to steer this variable to
arbitrary small values. Note that system (G.20) can be viewed as system (6.24)),
which by assumption already possesses an invariant set which attracts all initial
conditions in Z, driving a system of the form

(6.26)
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£=0(&) —v(E)[¥(&) + aqo(z)]. (6.27)

Thus, the important thing needed, to guarantee that system (6.20]) possesses
a compact invariant set which attracts all trajectories with initial conditions in
Z x =, is to secure that system (6.27]) possesses a bounded response to the input
z provided by ([624). It is here, again, that the notion of steady state turns out
to be useful.

Definition 2. The triplet {p(£),¥(€),v(€)} has the asymptotic internal model
property if there exists a C* map 7: W x R*™" — R such that:

(i) the vector fields fo| 4 and ¢ are T-related, namely

07 (z)

9% fo(z) = p(7(2)) Vze A, (6.28)

and
qQo(z) +yo7(z) =0 Vze A; (6.29)

(ii)in the composite system

7 = fo(Z)

€ = o(6) — BONE) + a0(@) (6.30)

the set
graph(r|a) = {(z,§) :z € A, { = 7(2)}

uniformly and locally exponentially attracts Z x =.

Remark 2. Note that conditions (628) and (6.29) simply express the property
that the restriction to A of the autonomous system with output

z="H(z), y=-q(z) (6.31)
is immersed into the system (see [I8, page 406])

E=0(), y=7.< (6.32)

The conditions indicated in (i) imply the invariance of the compact set graph(7|.4)
under the flow of ([@30). If condition (ii) also holds, the set in question can be
identified with w(Z x Z), the limit set of Z x = under the flow of ([630), as shown
below in the proof of Theorem [II In other words, if conditions (i) and (ii) hold,
the set graph(7|4) is the steady state locus of the composite system (G.26]).

We defer to the next section the description of relevant cases in which a
controller which possesses the asymptotic internal model property can be con-
structively designed. Now, we continue the main argument, that is we show why
assumptions (i), (ii), (iii) and the asymptotic internal model property suffice
solve the problem output regulation by means of a controller of the form (G.21]).
This is formally stated and proved in the next theorem (see [25]).
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Theorem 1. Pick compact sets Z, E and = for the initial conditions of the
closed-loop system (63), (622), (6211). Assume that (i)-(ii)-(iii) hold and that
the triplet {¢,1, v} has the asymptotic internal model property. Assume, in ad-
dition, that the vector field 1¥(§) is complete. Then there exists k* > 0 such that
for all k > k* the controller (6.Z1]) with v = —sign(bg)ke solves the problem of
output regqulation.

Proof. The first crucial step to prove the lemma is to show that the trajectories of
([626) originating from Z x = are bounded and the resulting w-limit set w(Z x =)
is precisely graph(7|4). To this end note that boundedness of the trajectories
is a consequence of requirement (ii) in the definition of the asymptotic internal
model property. To show that w(Zx =) = graph(7| 4) note that, by the triangular
structure of (620, it turns out that

w(ZxZ)ccC.

Furthermore, by requirement (i) in definition 1, it follows that graph(r|4) is
an invariant set for (@20 and thus graph(7]4) C w(Z x =). To prove that
graph(7]4) = w(Z x E) we proceed by contradiction. For, suppose that there
exists (z(,&)) € w(Z x Z) such that

(20, €0l graph (-1 = ¢ > 0 (6.33)

and denote by (z'(t), &' (t)) the solution of ([6.26) at time ¢ passing through (z{, &)
at time ¢ = 0. As w(Z x =) is (backward) invariant and compact there exists a
number K; > 0 such that

\(z’(t)7f'(t))\graph(TlA) <K, for all t < 0. (6.34)

Now note that by uniform attractiveness in requirement (ii) of definition 1, it
turns out that for all positive Ko < K there exists T > 0 such that for all
(20,&0) € Z x = satistying

‘(Z07§0)|graph(T|A) <K (635)

the trajectory (z(t),£(t)) of (G30) passing through (z¢, o) at time ¢ = 0 is such
that

@(T), E(T))lgraphy ) < Ko (6.36)

Moreover local exponential stability in the second requirement of the previous
definition implies the existence of positive d, M, A such that for all (zo,&p)
satisfying

|(20: €0)lgraph - ,) < 4

the trajectory is such that

|(Z(t)7£(t))|graph(-,—|A) < MeiM ‘(z()vgo)‘graph(-,—u) .
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Combining the previous two properties with K5 chosen so that Ko < d and T
consequently, it is possible to check that

(@(0). 60 lgraphr ) <Ko =

|(Z(t)7£(t))|graph(q—|A) < Me™> |(Z(0)7£(0))|graph(r|A)

where M := max{M, K, /e *T}. From this, choosing T” such that Me 'K, <
0.5¢ and using ([6.34), it turns out that

|(Z6’§6)|graph(r|A) < Z\?e_AT: |(Z/(_T/)vgl(_T/))‘graph(ﬂA)
< Me MK, <0.5¢

which contradicts ([G.33]). This proves that graph(r]|4) = w(Z x £).

Since the vector field ¥(§) is complete, it is possible to replace the set of
coordinates £ by a set of new coordinates n = F(z,¢,£), with F(z,e, &) such
that

OF OF
e Ibo(@) + bz c)el + 5 0(€) =o0.
Implementing this change of coordinates and setting p := col(z,7n), one can

rewrite the resulting system in simplified form as

p= f(p)+L(p,e)
¢ = q(p) +r(p,e) + b(p,e)v (6.37)

in which

_ fo(z)
fp) = <<p(77) — )y + qo<z>})
4(p) = bo(@) (1) + a0(2) b(p, €) = bo(z) + by (2, €)e

and £(p, e), r(p, e) are suitably defined smooth functions of their arguments such
that £(p,0) = r(p,0) = 0 for all p. In particular, from the first part of the proof,
it turns out that the zero dynamics p = f(p) of (637)) posses an uniformly at-
tractive (locally exponentially) compact invariant set on which ¢(p) is identically

zero. From this and the choice v = —sign(bg)ke the claim of the Theorem follows
by high-gain arguments such as the ones used in [24] (see Theorems 2 and 3 in
the quoted reference). <

Remark 3. For completeness, we sketch how the case of higher relative degree is
handled. Consider again system (G.I0]) and replace the variable e, by

é:=e.+ ¢ tager + ¢  2ajes + ... + gar_ser_1 (6.38)

where g is a positive parameter (to be determined later) and ag, a1, ...,a,_2 is
any fixed set of coefficients chosen in such a way that the polynomial

N b a, DA 24 +ad+ap=0
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is Hurwitz. This change of variable transforms system (6.16) into a system of
the form ] ~
Z = (w,Nz)~+ fi(w, z,e)é (6.39)

zZ=col(z,e1,...,er—1),
and where
f(wv Z, 61)
fo(w, 2) + f1(w, 2,€)ée =
€r—1
—g" lage; — g" 2a1e0 — ... — gar_nep_1 + €
and
G(w, z,6) = q(w, z,e1,...,ep_1,—g" tage; — ... — ga,_oe,_1 + €)
—g " tages — -+ — g%a,_3e,_1 — ga,_o[—g" " tage; — ... — ga,_se, 1 +€J.

System (6.39) is in all identical to system ([622]). Standard arguments (see e.g.
[4]) can be invoked to show that, if ¢ is sufficiently large, assumptions (ii) and
(iii) hold. Thus, the problem of output regulation can be solved by means of a
controller of the form (G2I]) with v = —sign(b)keé. Since € is a linear combination
of the components of the measured output y of (G.I6]), the result follows. <

Remark 4. If assumption (iii) does not hold, the proposed controller can still
solve the problem of output regulation, but in this case a nonlinear control
v = k(e) may be needed, where x(e) is a function which is not necessarily
Lipschitz at the origin (see [24]). <

6.5 Achieving the Asymptotic Internal Model Property

Goal of this section is to present relevant cases, taken from existing literature,
in which a controller satisfying the asymptotic internal model property can be
constructed. Looking at the definition, the property in question is easily seen to
be related to the capability of reproducing, by means of the output (&) of the
system & = @(§) — Y(§)(v(€) + ao(z)), the asymptotic behavior of the output
do(z) of the system z = f(z). This, in particular, shows up through the two re-
quirements detailed in the definition: the first which asks for the existence of the
invariant compact set graph(7|.4) for the two systems on which the two outputs
coincide, and the second in which this set is required to be (locally exponen-
tially) attractive for the composite system ([€.30). The importance of the first
requirement in the design of regulators was highlighted, in the literature, as early
as in [8] (see also [I8, page 406]). If this requirement is met, the regulator is able



202 A. Isidori and L. Marconi

to generate the appropriate steady state control. It is the second requirement,
though, that makes it possible to render that particular steady state attractive.

The problem in question is closely related to the problem of designing nonlin-
ear observers. As a matter of fact it is seen from item (i) of the definition that,
for each zy € A, the function of time

£(t) = 7(a(t, 20))

which is defined (and bounded) for all ¢ € R satisfies

= o(&(t) (6.40)

and, moreover R
Y(€(t)) = —qo(z(t, z0)) -

In view of the latter, system (6.27]) can be rewritten in the form

€= (&) + YO (E) —(©)] (6.41)

and interpreted as a copy of the dynamics (G4Q) of é corrected by an “innova-
tion term” ['y(é) — ()] weighted by an “output injection gain” 1(€). This is the
classical structure on an observer and the requirement in item (ii) of the defini-
tion precisely says that the difference &(t) — £(t) (the “observation error”, in our
interpretation) should asymptotically decay to zero (with ultimate exponential
decay).

This interpretation is at the basis of a number of major recent advances in the
design of regulators. In fact, in a number of recent papers, this interpretation has
been pursued and, taking into consideration various approaches to the design of
nonlinear observers, has lead to effective design methods. In the remaining part
of this section, we summarize these results. More specifically, in the next two
subsections we show how the theory of nonlinear high gain observers (see [14])
and, respectively, nonlinear adaptive observers (see [2], [26]) can be successfully
employed in the construction of the triplet {¢,,~}. In doing this we follow
design procedures which have been proposed respectively in [6] and [10]. The
constructions in question rely upon the special technical assumption that the set
of functions of time obtained by letting zy vary over A in qo(z(t,z0)) is a subset
of the set of solution of a fixed (nonlinear) ordinary differential equation. This
assumption has been weakened in [24], where the theory nonlinear developed
in [I] is used to arrive at a characterization of a triplet {¢,,~} under milder
conditions, as described in the last part of the section.

6.5.1 Gauthier-Kupka’s Internal Model (see [6])

Assume the existence of an integer d > 0, of a locally Lipschitz function f :
R? — R such that, for any z € A, the solution z(¢) of passing through z at time
t = 0 is such that the function p(t) := qo(2z(t)) satisfies
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PO() = fp(t), oV (8),.... p 7D (1))

for all t € R.
Let 7 : B — R? be the map defined as

7'(z) := col(qo(z), Lg,qo(2), - - - 7L?O_lqo(z)) (6.42)

and let f, : R? — R be a function with compact support which agrees with f(-)
on 7'(A), namely

felrrcay = flra and |fe(s)| < K < o0 for all s € RY.

Then, it easy to check that the properties indicated in item (i) of the definition
are fulfilled by choosing

&
(&) = : . w9 =6, (6.43)

€a
fC(§17§27' e 7§d)

with 7(z) = 7/(z). Comparing this construction with the remark after Definition
2l we observe, in particular, that system (631]) is immersed into a system which
is uniformly observable, in the sense of [14] (even though system (G31]) might not
have had such a property). It is precisely this that makes it possible to choose
(&) in such a way that also the property indicated in item (ii) of the definition
can be achieved.

As a matter of fact, the property in question is achieved by choosing

€o
¥(§) = Dy
Cd—1
where D, = diag(k, k2,--- , k%), k is a design parameter, and the ¢;’s are such

that the polynomial A% + coA?~! 4. ..+ ¢4_; = 0 is Hurwitz, as formally proved
in Lemmas 1 and 2 of [6] to which the interested reader is referred for details.

It is worth noting that the assumption in question clearly covers the interesting
(and widely addressed in the recent past literature, see [I7]) case in which the
function f(-) is linear, namely the case in which (6.3T) is immersed into a linear
observable system. In this case, although the choice indicated above is clearly
still valid, a more direct way of designing the regulator is to use f(-) instead of
fe(+) in the definition of ¢(&), to set ¥(§) = G and simply choose G in such a
way that § = ©(&) — Gy(€) is a stable linear system.

6.5.2 Bastin-Gevers’s Internal Model (see [10])

Implicit in the setup of the problem of output regulation is the possibility that
the vector w of exogenous inputs includes a set of uncertain constant parameters.



204 A. Isidori and L. Marconi

The latter can be uncertain parameters in the model of the controlled plant (6.16)
but also uncertain parameters affecting the dynamics of some other exogenous
inputs. In this case, in fact, one can still consider a set (w7, ws) of exogenous
inputs obeying

Wy = s1(wy, ws)

we =0

in which s; (w1, ws) explicitly depends on ws. If this is the case, it is unlikely that
an assumption such as the one introduced at the beginning of the earlier section
is going to be fulfilled, and different scenarios have to be considered. A an obvious
option would be to assume the existence of a function f : R¢ x R? — R and of a
map 6 : A — R? such that, for any z € A, the solution z(t) of passing through
z at time ¢t = 0 is such that the functions p(t) := qo(z(t)) and 0(t) := 6(z(t))
satisfy

PO = fp(t), PV (8),. ... PV (2),6(1) and 8D (1) =0

for all t € R. In this case, though, while the immersion property (i) is easily
fulfilled (exactly as in the previous case), it becomes quite hard to have property
(ii) fulfilled. In order to make this possible, some extra (stringent) assumptions,
on the function f, must be imposed.

Note that, if the hypothesis indicated above holds, system (G.31]) is immersed
into the (d + ¢) — dimensional system

2

N = : , y=m (6.44)
Nd
f(n171727' . '777d79)

6=0 (6.45)

via the pair of maps
n=1'(z), 0=0(z),

in which 7/(z) is the map defined in ([6:42)). The assumption that we make now
is that there is a globally defined diffeomorphism 77 = @(n) that changes system
([6-44) into a system in adaptive observability form, in the sense of [26], namely
a system of the form

i1 = Ai + 6(Cij) + 2(Cib,  y=Ci (6.46)

in which A, C is an observable pair, and ¢ : R — R% and 2 : R — R¥? are
smooth functions. Conditions under which this is possible are well-known and
can be found, for instance, in [26]. Note that, if this assumption holds, the map
7(z) := &(7/(z)) satisfies

or

92 fo(z) = A7(z) + ¢(C7(2z)) + 2(C7(2))0(z) , qo(z) = C7(z). (6.47)
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This being said, we define now the triplet {¢(&),¥(£),v(§)} as follows (see

[10])
fz 001(51752,53) with 51 S Rd, 52 S Rq, 53 S Rd_l X Rq,

A&+ ¢c(C&1) + 2c(CE1)E2 — M (§3)dzve(E2)
v = —dzve(&2) )
Fés + GQC(C&)
(6.48)
H(£37£1)

(&) = | B(&,&) |, 7€) = C&
0

in which ¢.(-) and §2.(-) denote functions with compact support which agree
with ¢(+) and 2(-) on C7(A), F € R&1¥4=1 and G € R¥~1%4 are chosen as

—by 1---00 —by 1---000
= —bg_10---01]" G= —bg—10---010 (6.49)
~bg 0---00 —bg 0---001
and M()v ﬁ(a ')7 H(v) as
0 BT (&, &) = CAM (&) + C2(C&),
M(é—g) = ( ) 5
&3 H(é,6) = M(&)B(&5.6) + K,

where the b;’s, i = 2,--- ,d, and K are design parameters. Finally, dzv,(+) is the
vector-valued dead-zone function defined as

dzve(col(sy, ..., sq)) = col(dze(s1), ..., dzi(sq)) (6.50)

in which dz(+) is any continuously differentiable function satisfying

_Jo itz </
dzf(”f)—{x if 2] > 0+ 1.

Lengthy, but not difficult, computations can be used to check that if the
coefficients b;’s are chosen so that the matrix F is Hurwitz and ¢ so that ¢ >
maxze 4 |0(z)|, then the map

0
7(z) = col(7(2z), 6(z), o(z)) where o(z) z/ e F5G(C7(2(s,2)))ds

— 00

(6.51)
is such that graph(7|,) is invariant for £ = @) and qola = 7o 7|4 and
thus the first requirement in the Definition [ is fulfilled. Furthermore it can
be proved that, if K is appropriately chosen, graph(r|,) also uniformly (and
locally exponentially) attracts Z x = under the flow of ([G.30), namely that the
triplet ([€48) also fulfills the second requirement of Definition 2l The result in
question is presented in the next proposition, whose proof — which relies upon a
persistence of excitation condition — can be found in [I0] .
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Proposition 1. Fiz (¢(§),7(£),v(€)) as in [648) and 7(z) as in (621). Set
b=col(1,ba,...,by) and choose

K =Ab+ \b

with A a design parameter. If for all zg € A the following implication is true
(persistence of excitation condition)

TR (o (z(t,z0)), 7(2z(t,20))) =0 Yt>0 = ¢=0,

then there exists A\* > 0 such that for all X > X\* the set graph(r|4) uniformly
(locally exponentially) attracts Z x = under the flow of (6.30).

It is interesting to note that the analysis discussed above covers also the particu-
lar case in which the exosystem state z includes a vector g of constant uncertain
parameters ranging in a compact set P C R? and there exists a differentiable
map 7' : B — R such that

ot'(z ,
" ty(a) = S(o)7(2) 652

Q(2z) = I'(0)7'(2)

in which (S(p), I'(0)) € R4 x R1*4 is an observable pair for all g € P. In fact,
note that, since the pair (S(g), I'(0)) is observable for all g, standard arguments
can be used to show that there exist a nonsingular matrix M (o) € R?¥9, a

column vector L(g) € R4*! and an observable (parameter independent) pair
(A,C) € R¥*4 x R4 guch that

M(0)S(e)M(0)~' = A+ L(o)C
I(p)M(o)™' =C.

From this, it turns out that relation (6.47)) holds with ¢ = d, ¢(s) = 0, 2(s) =
sly, 7(z) = M(0)7'(z) and 6(z) = L(p). This, in particular, shows that general
design procedure leading to chioce of the triplet (p(£),v(€), ¥ (£)) in (G4F) can
be successfully adopted. It is interesting to note, however, that in this particular
case the general procedure detailed above can be simplified to obtain the triplet
fulfilling the asymptotic internal model property in a more direct and effective
way. How this is possible is explained in the following (see [10] for details).

Let (F,G) € R¥4 x R4 be an arbitrary controllable pair with F Hurwitz
and let T'(p) denote the unique nonsingular solution of the Sylvester equation

FT(0) = T(0)S(e) = =GI'(e)

and ¥(p) the row vector ¥ (o) = I'(0)T (o). By bearing in mind the definition
@50, set € = col(&y, &) with € € R and & € RY, and choose the triplet as

8 This scenario is representative of the important case in which qo(z(#)) is the sum of
a finite number of periodic signals of uncertain amplitude, phase and frequency (see

[28]).
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_ ((F+G&)&a _ e
o= (Fro8) . ao-ga. wo-(g). o)

Simple, though lengthy, algebra can be used to show that if £ is chosen so that

0> ot
= max [&7 (o)

then the first requirement of Definition 1 is satisfied by the triplet (653) through

the map
T(o)7'(2)
T(z) = - , (6.54)
(o)

in which, as also stressed above, the constant parameters ¢ can be though as
trivial components of z. Moreover also the second requirement of Definition 1
can be shown to be satisfied provided that a persistence of excitation condition,
detailed in the next proposition, is fulfilled. For the proof of this proposition the
interested reader is referred to [10].

Proposition 2. Fiz (¢(£),v(€),¥(€)) as in (653) and 7(z) as in [6.04). If there
exist positive T and K such that

+T -
/t 7'(2(8,20)) 7'~ (2(8,20)) ds > KI

for all t > 0 and for all zo € A, then the set graph(r|4) uniformly (locally
exponentially) attracts Z x = under the flow of (6.30).

6.5.3 Andrieu-Praly’s Internal Model (see [24])

In this section we follow the theory presented in [24] to show that, in order
to achieve the asymptotic internal model property, assumptions such as those
considered in the previous two subsections, namely the existence of an ordinary
differential equation to be fulfilled by any of the functions p(t), are not needed.
As opposite to the frameworks discussed in the previous two subsections, though,
this kind theory only guarantees the existence of a triplet having the internal
model property, while its actual construction may be difficult.
Let (F,G) € R¥*? x R?*! be a controllable pair and set

(&) = FE+ Gy (8), Y(E) =G

with v : R — R a continuous function to be chosen in such a way that the
proposed triplet has the required properties.
With this choice it turns out that the composite system (G30]) assumes the
form
7 = f() (Z)
§=F¢§—Gaqo(z).
The first step in proving that the triplet in question can be made to satisfy
the asymptotic internal model property is presented in the following proposition
whose only requirement is that the matrix F' is Hurwitz.

(6.55)
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Proposition 3. Consider system (6.53) under the assumption (i)-(ii)-(iii) in
Section [6A. There exists an ¢ > 0 such that if the eigenvalues of F have real
parts lower than —{, then the map

0
(z) = / =P G (2(s, 2))ds (6.56)
1s differentiable, satisfies
g;fo(z) = Fr(z) — Gqo(z) Vze A, (6.57)

and it is such that the set graph(T| ) is locally exponentially stable for (E.23)
with a domain of attraction containing Z x =.

The proof that, if ¢ is large enough, the map (650 is differentiable can be found
in [24]. The proof of the other properties is a straightforward consequence of the
arguments presented in remark 2l It is worth stressing that the requirement of
choosing ¢ sufficiently large is only a technical assumption needed to guarantee
differentiability of the function 7 (see the proof of Proposition 2 in [24]). In this
sense the assumption in question must be not confused with any “high gain”
requirement on the choice of F'. Note, moreover, that the function v and the
dimension d of the pair (F,G) do not play any role in establishing this result.
As such, the previous result only guarantees the fulfillment of the require-
ment (i) in definition 1, namely the existence of the exponentially stable set
graph(|,) for system (@30) but it says nothing regarding requirement (i). In
this respect it is easy to realize that also requirement (i) is fulfilled if a function
~ can be found that renders (6.29) satisfied. As a matter of fact, bearing in mind

that ¢(&) = F& + Gv(€), [628) reads as

or
0z
which, if ([@29) holds, reduces to (657). This, together with Proposition[3] shows
that a triplet having the asymptotic internal model property can be found if a
function 7(-) exists which satisfies ([G.29)). It is here that the dimension d of the

pair (F,G) plays a role, as formalized in the next proposition whose proof can
be found in [24].

fo(z) = Fz— Gyor(z) vze A

Proposition 4. Suppose
d>2(s+n—r)+2.

Then for almost allll choices of a controllable pair (F,G), with F satisfying the
condition indicated in Proposition[3, the map (650) satisfies

7(21) = 7(22) = ao(z1) = qo(z2) -
As a consequence there exist a continuous map v : 7(A) — R fulfilling (€229).
9 See [24] for details.
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Remark 5. The map 7(-) in ([@350) is defined only on A, but is not difficult to
extend it to a C'! map defined on the whole set W x R"~" as shown in [24]. Also
the map ~(-) that makes (629) true can be extended to the whole R?, but this
extension is only known to be continuous. The problem of determining when a

C' extension exists is under current investigation. N
References
[1] Andrieu V, Praly L (2006) On the existence of a Kazantis-Kravaris/Luenberger
observer, STAM Journal on Control and Optimization, 45: 432-456
[2] Bastin G, Gevers M R (1988) Stable adaptive observers for non-linear time varying
systems, TEEE Transaction on Automatic Control, 33: 650657
[3] Birkhoff G D (1927) Dynamical Systems , American Mathematical Society.
[4] Byrnes C I, Isidori A (1991) Asymptotic Stabilization of Minimum Phase Nonlin-
ear Systems, IEEE Trans. Automatic Control, 36: 1122-1137
[5] Byrnes C I, Isidori A (2003) Limit Sets, Zero Dynamics and Internal Models in
the Problem of Nonlinear Output Regulation, IEEE Transaction on Automatic
Control, 48: 1712-1723
[6] Byrnes C I, Isidori A (2004) Nonlinear Internal Models for Output Regulation,
IEEE Transaction on Automatic Control, 49: 22442247
[7] Byrnes C I, Isidori A (2004) The Steady-State Response of a Nonlinear System:
Ideas, Tools and Applications, preprint.
[8] Byrnes C I, Delli Priscoli F, Isidori A, Kang W (1997) Structurally Stable Output
Regulation of Nonlinear Systems, Automatica, 33: 369-385
[9] Chen Z, Huang J (2004) Global robust servomechanism problem of lower triangu-
lar systems in the general case, Systems and Control Letters, 52: 209-220
[10] Delli Priscoli F, Marconi L, Isidori A (2006) A New Approach to Adaptive Non-
linear Regulation, STAM Journal on Control and Optimization, 45: 829-855
[11] Francis B A (1977) The Linear Multivariable Regulator Problem, SIAM Journal
on Control and Optimization, 14: 486-505
[12] Francis BA, Wonham W M (1976) The Internal Model Principle of Control The-
ory, Automatica, 12: 457-465
[13] Gardner M F, Barnes J L (1942) Transients in Linear Systems, Wiley.
[14] Gauthier J P, Kupka I (2001) Deterministic Observation Theory and Applications,
Cambridge University Press.
[15] W. Hahn, Stability of Motions, Springer Verlag, 1967.
[16] Hale J K, Magalhaes L T, Oliva W M (2002) Dynamics in Infinite Dimensions,
Springer Verlag.
[17) Huang J, Lin C F (1994) On a Robust Nonlinear Multivariable Servomechanism
Problem, IEEE Transaction on Automatic Control, 39: 1510-1513
[18] Isidori A Nonlinear Control Systems (1995), Springer-Verlag.
[19] Isidori A, Marconi L, Serrani A (2003) Robust Autonomous Guidance: An Internal
Model-based Approach, Springer Verlag.
[20] Isidori A, Byrnes C I (1990) Output Regulation of Nonlinear Systems, IEEE
Transaction on Automatic Control, 25: 131-140
[21] James H M, Nichols N B, Phillips R S (1947) Theory of Servomechanisms,
McGraw-Hill.
[22] Kazantzis K, Kravaris C (1998) Nonlinear observer design using Lyapunov’s aux-

iliary theorem, Systems and Control Letters, 34: 241-247



210

[23]
[24]

[25]

[26]

[27]

[28]

[29]
[30]

31]

A. Isidori and L. Marconi

Khalil H (1994) Robust Servomechanism Output Feedback Controllers for Feed-
back Linearizable Systems Automatica, 30: 5871599

Marconi L, Praly L, Isidori A (2006) Output Stabilization via Nonlinear Luen-
berger Observers, SIAM Journal on Control and Optimization, 45: 2277-2298.
Marconi L, Isidori A (2006) A Unifying Approach to the Design of Nonlinear
Output Regulators, in Advances in Control Theory and Applications (Bonivento
et al. eds), Springer Verlag, LNCIS vol. 353: 185-200

Marino R, Tomei P (1992) Global Adaptive Observers for Nonlinear Systems via
Filtered Transformations, IEEE Transaction on Automatic Control, 37: 1239—
1245

Serrani A, Isidori A, Marconi L (2000) Semiglobal Output Regulation for
Minimum-phase Systems, International Journal on Robust and Nonlinear Con-
trol, 10, pp. 379-396

Serrani A, Isidori A, Marconi L (2001) Semiglobal Nonlinear Output Regulation
with Adaptive Internal Model, IEEE Transaction on Automatic Control , 46:
1178-1194

Teel A R, Praly L (1995) Tools for Semiglobal Stabilization by Partial State and
Output Feedback, SIAM Journal on Control and Optimization, 33: 14431485
Willems J C (1991) Paradigms and Puzzles in the Theory of Dynamical Systems,
IEEE Trans. on Automatic Control, 36: 259-294.

Zadeh L A, Desoer C A (1963) Linear System Theory, McGraw-Hill.



7

Parameter /Fault Estimation in Nonlinear
Systems and Adaptive Observers

Gildas Besancon

Control Systems Department (former Laboratoire d’Automatique de Grenoble),
GIPSA-lab. ENSIEG BP 46, 38402 Saint-Martin d’Heres, France
Gildas.Besancon@inpg.fr

7.1 Introduction and Problem Statement

Modeling and monitoring processes are clearly part of an overall control problem,
as well as they can be considered by themselves, and each of them can be seen
from an observer viewpoint: for the first one indeed, whenever the model struc-
ture is given, the problem amounts to that of estimating the model parameters.
Even if this problem has been widely studied in the framework of identification
ﬂE7 @7 ...], it can be recast in an observer formulation, by simply considering un-
known parameters as constant state variables. For the second one, it has clearly
also been very widely studied, in the community of fault detection and diagno-
si8 @, ﬁ, ...]. But one can also use an observer to detect possible faults, for
instance by comparing an observer output to the corresponding measured one.
When taking into account possible faults through parameter changes in a model,
fault detection (and isolation) can even be solved via parameter estimation.

For those reasons, the present chapter is dedicated to the observer problem in
the presence of unknown parameters. In front of this one can clearly extend the
state vector by including the unknown parameters in it, and thus be brought to
an observer problem for an extended system. For such an approach the reader
is referred to the other chapters of the present book discussing various possible
observer techniques (see for instance the overview of chapter 1). An alternative
approach is to rely on some possible observer design for the system assuming
known parameters, and try to find some appropriate adaptation law for the
unknown parameters so as to keep the observer convergence in the presence of
those unknown parameters: this makes the observer a so-called adaptive observer.
When the state vector can be estimated in this way, this actually corresponds to
some robust design (w.r.t. parameter uncertainties) - but will be called adaptive
state observer in the sequel (following the adaptive terminology), while when
the parameter can be further estimated or the state vector can be reconstructed
only together with the parameters, we actually solve a joint parameter and state
estimation problem.

The present chapter will discuss some results on such adaptive observers for
nonlinear systems. Section will first briefly restate problems of parameter

G. Besangon (Ed.): Nonlinear Observers and Applications, LNCIS 363, pp. 211 2007.
springerlink.com © Springer-Verlag Berlin Heidelberg 2007
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estimation or fault detection, while section will present appropriate forms
for adaptive observers together with some possible corresponding designs.

Notice that the results here reported follow various previous works on this
topic and with various co-workers (see B, , , @, m] for instance).

7.2 Fault Diagnosis and Parameter Estimation

7.2.1 Fault Diagnosis

In this section, the problem of fault diagnosis is very briefly recalled, focusing
on observer-based approaches, on the basis of ﬂl_1|] This means that we here rely
on some analytical model.

In a quite general approach, one can assume in that respect that the process
to be monitored can be described by a state-space representation of the following

form:
w(t) = f(x(t),u(t), d(t), f(t)) (7.1)
y(t) = h(z(t), u(t), d(t), f(t)) '
where x € IR"™ is the state vector, y € IRP is the measurement vector, u € IR™ is
the known input vector, while d € IR” denotes a vector of unknown disturbance
inputs, and f € IR? the vector of possible faults.

The problem of fault diagnosis is then that of detecting and isolating faults
affecting the process, from the knowledge of model (1)) together with input w,
and the measurements of y.

Various approaches have been studied in this context, considering more or less
specific functions f and h, and which can roughly be divided into ’parity space’
methods on the one hand, and ’observer-based’ methods on the other hand. Here
we will just recall some features of the second ones (some relationships between
both can actually be found [9]).

In such an approach, the basic idea is to use the output error between the mea-
sured output and the observer output as a detector for fault occurrences: after
the transient due to initial conditions indeed, such a quantity should vanish in
the absence of any fault, while it might be driven away from zero in the presence
of some fault. Such an indicator is called a 'residual’, and thus the fault detection
problem amounts to a problem of residual generator (Fundamental Problem of
Residual Generation FPRG m]) In the case of multi-outputs systems or various
fault models, one can use benches of observers to detect and isolate faults, by
trying to design observers structurally insensitive to some faults and sensitive to
other ones.

Notice that such an approach usually requires an additional stage for an actual
decision, aiming at determining whether a residual significantly differs from zero
and where the faults are most likely located, which will not be discussed here.

About the FPRG, it can be stated in a general form as follows:

For each fault f, find an auxiliary system :

z=¢(2,y,u)
r= w(zvyau)
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such that r in short is affected by f, not affected by d, and asymptotically decays
to zero when f is identically zero.

If one can find a transformation of the original system so as to get a subsystem
which is only affected by f, the FPRG amounts to an observer problem for this
new representation.

A weaker formulation of the FPRG is that » must be more affected by f
than by d, and some ’observer-based’ residual generator can be obtained in some
cases that attenuates the effect of disturbances and not that of faults (see e.g.
21, 22, ).

In a case of a subsystem not affected by disturbances (or when ignoring distur-
bances) the possible faults can also be detected by direct estimation: considering
some a priori given fault models, this boils down to a problem of parameter es-
timation. Few words are added in that respect in next subsection.

7.2.2 Parameter Estimation

A possible approach to fault detection is to rely on parameter estimation al-
gorithms, which is possible whenever faults can be modeled through parameter
changes.
The problem here can be described on the basis of a state-space representation
of the following form:
&(t) = f(0,x(t), u(t),t) (7.2)
y(t) = h(x(t)) '

with z(t) € IR"™ the state vector, y(t) € IR?, the measurement vector, u(t) € IR™,
the known input vector, and 6 € IR? a vector of unknown variables as-
sumed to be constant (which can stand for unknown model parameters or fault
parameters).

Beyond all the methodologies developed within the identification community,
a direct observer approach can be described as follows:

Consider the extended state vector X := (m

9> and the resulting extended

representation:

(7.3)

with 8 = 0.

Then try to design an observer for this system relying on available techniques
for nonlinear systems.

Notice that this approach does not specifically take advantage of 6 being
constant. Moreover, it might ’destroy’ some appropriate structure of the original
system (Z2)) for observer design: for instance in the simple case of a linear time-
inwvariant system including unknown parameters in its state space representation,
the system is turned into a nonlinear one when following the above procedure.

An adaptive approach instead is based on a possible design for the original
system, modified by an appropriate adaptation law.



214 G. Besangon

As an example, consider the system of the following form:

3'31(25) = .I‘Q(t) + ﬁu(t)
da(t) = 20u(t) (7.4)
y(t) = z1(t)

This system is of the (linear) form: @(t) = Az(t) + BOu(t), y(t) = Cx(t) and it
is clearly observable whenever 6 is known. )

From this, if 8 was known, an observer could be classically designed as: Z(t) =
Az (t) + BOu(t) — K(Cz(t) — y(t)).

When 6 is unknown, we have to use an estimate 6 and find an adaptation law
for this estimate so that the observer still works.

With K = (3 2)7 and § = —ku(C% —y), k > 0 it can here be shown that for
bounded inputs, ||Z(t) — x(¢)|| — 0. Moreover, one can further characterize u(t)
so that we also have |§(t) — 6] — 0 (see definition 2] and proposition Bl below).

This example yields the following remarks:

e The resulting adaptive scheme is indeed an observer achieving state estima-
tion. A specificity is that under additional conditions on the input, it can
further achieve parameter estimation;

e The extended system here is also of a specific form (state affine) for which
an observer could have been designed, with on-line computation of a time-
varying gain (Kalman-like design);

e The gain (KT, ku)T in the above ’adaptive’ design is explicitly obtained
off-line;

e System (C4) actually admits a particular (passivity) property between input
0 and output y (see definition [l below).

Hence this example shows how in some cases, appropriate properties allow to
get an observer for state and parameter estimation. This is further discussed in
next section.

7.3 Adaptive Observers

Let us consider here again systems described by a state-space representation of
the form (T2)).

The observer problem which can be then discussed is that of obtaining an
estimate of z(¢t) from known y(¢),u(t), f, h in spite of unknown 6, or estimating
both z(t) and 6 from known y(¢), u(t), f, h.

Although this can be seen as a problem of robust observer design, it is usually
referred to as an adaptive observer problem.

In order to be more precise w.r.t. the two possible 'versions’ of the problem
previously mentioned, we can use here two terminologies: adaptive state observer
for the first one, and joint state and parameter observer for the second one.

As already highlighted in example (4], it will be seen that adaptive state
estimation is possible under some ’'passivity-like’ condition w.r.t. parameters as
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inputs - as this commonly happens in adaptive systems ﬂﬁ, @7 @], while pa-
rameter estimation additionally requires some ’persistent excitation’ condition,
as usual in identification problems.

Let us thus here recall the formal statement of those notions:

Definition 1 (Passivity). [10]

A system & = f(& u), y = h(&, u) is strictly state passive M] in short if there ex-
ists a storage function (positive semi-definite) V' together with a positive definite
function v such that:

a"y = O g )+ ().

Definition 2 (Persistent Excitation). [23]
A signal g : IR — IR" (or even IR"*P) satisfies the property of persistent
excitation if there exist T, ki, ks > 0 such that for all t > 0:

t+T
kil > / 9(PgT ()dr > ko, (7.5)
t

Notice that when considering bounded signals g, the upper bound in (ZH) can
be omitted.
Notice also that this corresponds to the fact that system:

0=0
y =g (t)0

satisfies a uniform complete observability property (see chapter 1).

When considering simultaneous state and parameter estimation, the persistent
excitation condition comes at first, together with an appropriate structure for a
possible observer design.

Obviously adaptive state observers can be recast in a framework of joint state
and parameter estimation problem, but in order to emphasize possible cases
when state and parameter estimation problems can be somehow decoupled, we
will first focus on adaptive state observers and then on observers for joint state
and parameter estimation.

7.3.1 Adaptive State Estimation

Most of available adaptive observers, in the sense of state observers have been
proposed for systems which are linear in the unknown parameter vector 6. Let
us thus consider systems of the following form:

H1) = F((0),2(2),0(0)) + gu(0), 2(0),0(2))0
y(t) = (I, 0) x(t) with 7 (7.6)

with m(t):(g(t)> R, y(t)e R?, v(t)e R™,0 € IR
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In the adaptive observer approach the idea is to rely on some possible observer
design when all parameters are known: so let us assume that there exists an
observer giving an estimate Zg for x when 6 is known, together with a Lyapunov
function V for the dynamics of the observation error in Zp — z (see e.g. appendix
of chapter 1 for a brief recall on Lyapunov results).

Then most of the available results on adaptive observers can be summarized
by the following formulation [1]:

Proposition 1. Consider a system (7.0) with an observer giving an estimate Zg
for x when 6 is known, together with a Lyapunov function V. for 9 — x. Then
we have:
(1) If: o
e 9, 0:0) = o([Ip Ole,y, 0, v)
for some function o,
with g globally bounded and f,g globally Lipschitz w.r.t. z, uniformly w.r.t.
(u,y,1) .
then limy oo ||24(t) — 2(t)|| = 0 when 0=—ApT(§—y,y,20), A>0.
(I1) If moreover g is persistently exciting and ¢ is bounded then we also have
limy—o0||0(t) — 0] = 0.

This can be established by considering a modified Lyapunov function V4% A~ e
with e : =6 — 6 together with a convergence property resulting from persistent
excitation condition (IT) [1].

Notice that such conditions are typically satisfied in results of ﬂﬁ, , }:
in those works indeed, f(y,z,v) = Az + B(y,v) or even Ax + B(y, z,v), while
9(y, z,v) = Gy(y,v) or even Gi(y, z,v), with in both cases appropriate condi-
tions for the existence of a Lyapunov function for the observation error e of the
form V(e) = e? Pe such that PG = C”, which indeed guarantees condition (I).
This is what happens for system (T4]) as well.

Notice also that condition (I) can be interpreted as a passivity-like condition
as follows:

In view of definition [l condition (I) can be replaced by the condition that the
error system obtained with the observer and disturbed by a parameter error is
strictly state passive for this parameter error as an input and some appropriate
output function only depending on the measured output error and measured
further signals (y, 2, u,t ).

On the other hand, condition (IT) stands for some classical condition of 'per-
sistent excitation’.

As a re-interpretation of proposition[I], it can be added that systems for which
an adaptive state observer can be designed can actually be written under a
specific form underlining this possible design. This specific form can be expressed
as follows [1]:

Definition 3. A system of the form:

y = aly,¢,v) + By, ¢, v)b;

C. = Z(y,(,v) (77)
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with y € RP,( € R",u € IR™,0 € IR?
is said to be in nonlinear adaptive observer form if:

1. y is the measured output;

2. There ewists a proper decresent positive-definite C* function V(t,e), such
that for any initial condition for system (7.7), any admissible input u, any
corresponding output solution of (7.74) y(t), any z,e € IR", and any ¢t > 0,
one has:

ov ov

g L)+ o (Z(y(t), e +2,0(t) = Z(y(t), 2, 0(t))) < —rle),

for some Kk positive-definite;
3. For the same conditions as in the above item, and with x(t) denoting the
corresponding state solution of (7.7), one has:

(@) lla(y(t),e + 2, v(8)) — aly(t), z,v(®))]l < Ya/K(e); Ta >0

18y (1), e+ 2,v(8)) = Bly(t), z,v(D))|| < v8v/K(e); 75 >0

(@) [18(y(2), C(8), v(®)[| < b; b > 0.

The terminology of ’adaptive observer form’ is borrowed from HE], and is here
motivated by the fact that structure (1) clearly guarantees a possible adaptive
state observer design. Adding a condition of 'persistent excitation’ further yields
asymptotic estimation of #. This is summarized as follows [El]

Proposition 2. Given o system (7.7), then

lZZOé(y,C}v)+5(y7§w)é—ky(17—y); ky >0
§= Z(y,¢,v) )
0 = —koBT(y,C,0)(G —y)T; ko >0

is an adaptive state observer in the sense that ||§(t) — y(t)||, [|C(t) — C(#)|| go to
zero as t goes to infinity.

Furthermore if B is persistently exciting and 5 18 bounded

then ||6(t) — 6|| also decays to zero.

Structure (Z1) is also some kind of a canonical form for adaptive observer design,
since it can be checked that systems of proposition [[l with a quadratic Lyapunov
function for the observer error system can be turned into ((C.1) by a simple change
of coordinates [1].

In the simple example of system (Z4]), it can easily be checked that z; =
X1, 22 = Tg — 2x1 turn the system into the form (Z7): in this case, 8 = u and
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thus the additional condition so as to get parameter estimation is that u should
be bounded, as well as 4, and satisfy the persistent excitation condition.

More generally, it is clear now that for systems which can be turned into
the form (7)) by change of coordinates, the state can be estimated in spite of
unknown parameters. It is also clear how those parameters can further be esti-
mated too under appropriate excitation condition, yielding simultaneous state
and parameter estimation. This can be recast in a more general way including
recent results on adaptive observers for linear time-varying systems of ﬂﬂ] and
subsequent developments.

7.3.2 Joint State and Parameter Estimation

In the previous subsection a specific form allowing adaptive observer design has
been pointed out, and as long as this form can be obtained by change of state
coordinates, it allows for adaptive state estimation.

Now by further considering changes of variables also possibly depending on
unknown parameters, one can end up with a more general form allowing for
adaptive observer design simultaneously estimating state and parameter vectors
(which is actually required so as to be able to get estimates for the original state
variables). Generalizing the approach sketched in [25], this can be expressed as
follows:

Proposition 3. Considering a system of the form (7.4)), if it can be turned by a
change of coordinates possibly depending on time and parameters z = &(x,0,t) -
with x = ¥(z,0,t) bounded w.r.t. t - into the following form:

2= Z(zy,u,t)

y= H(z,u,t)+ D(z,u,t)0, ye€ R’ ze R",uecR™ 0cIR? (7.8)

such that:

[i| There exists a proper decrescent positive-definite C' function V (t,e), such that
for any initial condition for system (7.8), any admissible input u, any z,e € IR",
y € IR?, and any t > 0, one has:

ov

oy 10+ O 12+ 20,0 - 2.0 < =) (79

Oe
[i7] For any admissible input u and corresponding trajectories z(t), D is per-
sistently exciting, and uniformly bounded by some d, with ||[D(e + z,u(t),t) —
D(z,u(),t)|| < yp/v(e) and |H(e + z,u(t),t) = H(z,u(t), )| < viry/~(e) for
any e,z and some yp,vyg > 0, then an adaptive observer for simultaneous esti-
mation of state x and parameter 8 can be designed as:

( )

5. N>

|| ||

»q@
H_/\
S—

(DG, u, )0+ H(Z,u,t) —y), A>0 (7.10)

>
||

/\
Q>
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This clearly follows from the structure of the error equations e, := 2 — 2, eg =
0 —0:

e, =2Z(e. + z,y,u,t) — Z(z,y,u,t)

¢g = —ADT (2, u,t)D(2,u,t)eq + A(z, 2, u,t)

where A depends on errors D(Z,u,t)— D(z,u,t) and H(Z,u,t)— H(z,u,t). From
this indeed, e, vanishes, and thus so does A, while 0 is a globally exponentially
stable equilibrium of the undisturbed equation in ey (obtained for A = 0) from
persistency of D(Z,u,t) (which results from that of D(z,u,t), since D(Z,u,t) —
D(z,u,t) is clearly £2).

The proof can be formally established by considering P such that:

P+ PDY(2,u,t)D(2,u,t) + DT (2,u,t)D(2,u,t)P = —1I,

and V(t,e,) + ee}l Pey as a Lyapunov function for the overall error equation,
with ¢ small enough.

Notice that the previously considered adaptive observer form (1) can clearly
be turned into (Z8]) by a simple transformation: z1 := y — I'f with I" such that
I' = —kI" + B(y, ¢, v) for any k > 0. Clearly indeed, this yields:

Z1=—kz1 +a+ky

while the equation in ¢ remains unchanged, and y = z1 + I'6.

It can also easily be checked that conditions allowing an adaptive observer
design for linear systems proposed in ﬂﬂ] ensure at the same time a possible
transformation into a form (T8) (such a transformation being actually instru-
mental in the proof). Those conditions indeed can be summarized as follows:
considering a system described by

#(t) = A(t)z(t) + B(t)u(t) + ¥(t)6
y(t) = C()z(t)

one basically needs the existence of a matrix K (¢) such that:

(a) £ = 0 is an exponentially stable equilibrium of £(t) = [A(t) — K(£)C(1))E(t);
(b) The solution of: I'(t) = [A(t) — K(t)C(t)]I'(t) + ¥(¢) is such that CI'(t)
satisfies the condition of persistent excitation.

From this, the simple change of coordinates z = x — I'0 yields:
2(t) = [A(t) = K()C@)]z(t) + K(t)y(t):  y(t) = C@)z(t) + C()I'(t)8

which satisfies conditions of proposition [l

Notice finally that a specificity of structure (Z.§]) is that only y depends on 6
and in a linear way.

However, by following the same idea of parameter/time-dependent change of
coordinates, adaptive observers have also been obtained for classes of nonlinear
systems whose nominal structures (with known parameters) admit an observer,
but for which the parameter-linear form (7.8]) cannot be obtained. This is for
instance the case of systems admitting high gain observer designs ﬂa]
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Proposition 4. Let us consider a system of the form:
#(t) = Aoa(t) + pl(t), u(t)) + b (x(t) u())6 7.11)
y(t) = Cox(t)

withx € R",u e IR™,y € IR,0 € IR?.

Let us assume that:

[A]'] AO; CO; ®s /(/) Satisfy:

01 0
AO = )
1
0 0
Co= (10---0)
and
w1(x1,u) 0 0
902($17$27u) . :
p(z,u) = . P Y(zu) = : ;
9071('7;’ u) ¢n1(33,u) e ¢nq(1‘a u)

[A2] @, v are smooth functions w.r.t. their arguments, and u is bounded gener-
ating bounded states ||z(t)|| < X while ||0|| < O.

[A3] Given Ky such that Ay — KoCy is stable, inputs u are such that the state
vector satisfies the following property:

for any x(0), and any I'(0) € IR™™Y, the solution I'(t) of:
I(t) = MAg — KoCo)I'(t) + Mp(x(t), u(t)) (7.12)
s such that for some tq > 0:

Jor, T independent of A : Vt > t,
and for A large enough, (7.13)

ftJrT r(ryfcfcor(rydr > ol

t

Then for A large enough, the system below is an asymptotic observer for (7.11)),
in the sense that for any initial condition x(0) and any 0(0), 2(0) respectively
bounded by © and X, ||Z(t) — x(t)|| and ||0(t) — 0| exponentially go to zero:

f(t) =A(Ag — KoCo)I'(t) + Mp(&(t), u(t))
t

B(t) = Ao (t ) p(Z(t),u(t) )) P(E(t), u( )) (1)
. +/1(/\) HAKo + (I ()CF [y (t) — Coi(t)] (7.14)
0(t) =A"T ()" CF [y(t) — Co(t)] '

T = zf lz|l < X, I3 ”X otherwise,

0=0if |6 <o % 9 otherwise.

g
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where A()\) is a diagonal matriz whose entry i is given by X'~ (as in high gain
observers).

Typically here, assumptions A1 and A2 mean that the nominal system admits a
possible high gain observer design, while assumption A3 is roughly met whenever
Y(x(t), u(t)) satisfies the persistent excitation condition.

7.4 Conclusions

In this chapter, a brief overview on possible adaptive observer designs has been
given. Such designs are obviously of interest for state estimation in spite of
unknown parameters, but also for parameter identification in continuous-time,
process monitoring (and fault detection), as well as adaptive control for instance.
They allow to take advantage of some appropriate structure for observer design
of the 'nominal system’. But it can happen that the adaptive approach yields
very similar result to that of ’state extension’, as this has been shown for the
case of state affine systems [E] On the other hand, considering that adaptive
designs anyway correspond in the end to observers for extended systems (with
an extended state vector including unknown parameters) can be of interest for
new nonlinear observer designs, for instance as proposed in M]
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