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Résumé

Dans la théorie de [l'automatique, les équations différentielles ordinaires a temps continu
et de dimension finie forment une discipline importante. Lorsqu’on aborde un probleme
de commande, ’étape initiale consiste a déterminer a quelle catégorie appartient un tel
systeme d’équations. En effet, ces systémes peuvent souvent étre transformés d’une forme
dans une autre, et prendre alors des apparences tres différentes. Des lors, un systeme de
commande n’est plus associé a un unique systéeme d’équations, mais & un ensemble de sys-
temes d’équations, “équivalents” les uns aux autres par transformation. Dans ce contexte,
une propriété vérifiée par une représentation particuliere d’un systéme peut étre attribuée
aussi bien au systeme lui-méme, qu’a toutes les équations qui le représentent de fagon
équivalente. Vérifier une telle propriété peut étre un probléeme ardu.

Dans cette these, et comme d’autres avant nous, nous étudions la question de savoir
si un systeme de controle multi-entrées donné est plat, c’est-a-dire s’il peut étre trans-
formé en un systeme linéaire controlable par l'intermédiaire d’une extension dynamique
dite endogene, suivie d’'un changement de coordonnées. Ce probleme est difficile et il a
déja été abondamment étudié. Ainsi, vouloir proposer une approche nouvelle ou une solu-
tion completement originale serait, dans une certaine mesure, illusoire. Dés lors, une part
substantielle du texte est consacrée a la présentation de concepts et de résultats existants,
avec parfois une approche alternative ou un point de vue original. Une autre partie de la
these est dévolue a des questions liées a la platitude, une autre encore a une version tres
simplifiée du probleme.

Dans un premier temps, les systémes de commande sont modélisés en tant que plonge-
ment d’une variété fibrée dans 1’espace des jets de ’état. Le systeme extérieur, ou systeme
Pfaffien, correspondant aux équations différentielles se présente alors naturellement. La
prolongation des entrées est ensuite introduite en tant que relevement du plongement men-
tionné ci-dessus. Diverses filtrations et leur application a la linéarisation par retour d’état
statique sont ensuite traitées.

Un chapitre entier est consacré a ’approche géométrique de dimension infinie et a
l'utilisation d’opérateurs différentiels matriciels. Un théoréeme désormais classique est
présenté. Il lie la platitude a I'intégrabilité de la base d’un certain module apres application
d’un opérateur différentiel adéquat. La condition ainsi obtenue peut étre décomposée en
un probléme fermé par différentiation des équations. Le probléme qui en résulte est connu,
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mais nous en présentons une alternative ot une condition assimilable a une courbure est
trivialisée.

Un sous-probleme de la platitude qui a attiré I’attention des chercheurs est le suivant.
On suppose donné un systeme de commande auquel on impose de satisfaire a certaines
contraintes d’état; ce systeme est-t-il plat? Dans ce contexte, un concept utile est celui de
couverture d’un systéme par un autre, ainsi que les résultats qui ’accompagnent. En effet,
il est connu qu’'un systeéme plat n’est susceptible que de couvrir un systeéme plat. Ainsi,
pour un systeme linéaire sujet a des contraintes non-linéaires, si la version non-contrainte
du systeme couvre la version contrainte, la platitude du systeme sous contraintes s’ensuit.
Nous donnons une condition suffisante pour qu'un systeme quelconque donné couvre une
version sous contrainte de ce méme systeme. A cet effet, nous définissons le concept
d’invariance commandée dynamiquement qui généralise la notion classique d’invariance
commandée. Un autre ingrédient nécessaire est ’algorithme d’extension dynamique, dont
nous présentons une version “infinitésimale”.

La modélisation de systemes mécaniques par un ensemble de masses ponctuelles soumises

a certaines forces et soumises a des contraintes quadratiques, est une méthode souvent ef-
ficace. La version non-contrainte du systéme résultant est représentée par des équations
de type linéaire en 1’état et les entrées, ainsi que bilinéaire en 1’état et les multiplica-
teurs de Lagrange. Nous proposons un systeme de drapeau relatif qui possede certaines
propriétés d’intégrabilité génériques habituellement réservées aux systemes linéaires. Ce
drapeau peut étre calculé a ’aide d’un algorithme dédié particulierement simple et efficace,
et fournit une condition suffisante pour la platitude des systémes bilinéaires mentionnés.
Cette condition, combinée a celle de couverture, est utilisée pour prouver la platitude d’un
ensemble de systemes. On montre encore que les systemes bien connus que sont la voiture
non-holonoéme et le pendule font partie de cet ensemble.

Mots-clés: Commande non-linéaire, systémes non-linéaires, platitude, linéarisation par
bouclage dynamique, systemes sous contraintes.



Abstract

In Control System Theory, the study of continuous-time, finite dimensional, underdeter-
mined systems of ordinary differential equations is an important topic. Classification of
systems in different categories is a natural initial step to the analysis of a given control
problem. Systems of equations can often be “transformed” into other “equivalent” ones.
Then, a control system is associated to a set of equivalent equations. In this setting, a
property of a control system can be defined as a property that has to be satisfied by some
arbitrary system of equations in the set representing the control system. Assessing such a
property can be a difficult task.

In this thesis, we review and study a number of ways to determine whether a multi-
input nonlinear system is flat, i.e. whether it is equivalent to a linear system after some
dynamical extension and change of coordinates. This is a difficult as well as a well studied
problem. Therefore, coming up with some altogether new approach or solution is to a
certain extent illusory. A substantial part of the text is devoted to describing existing
approaches and sometimes to propose either an original alternative or an original point of
view. Another part of the thesis is dedicated to the study of a drastically reduced version
of the problem, where more can be said in an algorithmic way.

Nonlinear control systems are first modeled as the embedding of some fibered bundle
to the first jet of the time-and-state-variables manifold. The exterior system, or Pfaffian
system, corresponding to the ODE then arises naturally. Input prolongations are then
introduced as lifts of the previously mentioned embedding. Various filtration techniques
and their applications to static feedback linearization are discussed next.

A full chapter is devoted to the infinite dimensional approach involving matrix differ-
ential operators. A now classical theorem, linking integrability of the basis of a differential
module after application of one such an operator, and the flatness property is discussed.
The relations obtained can be decomposed in an equivalent set of differentially closed
equations. We state a version of the resulting theorem where the “curvature equations”
are trivial.

A subproblem that has attracted the attention of researchers is the question whether a
given system — subject to some state constraints — is flat. In this setting, useful concepts

are that of a covering of a system by another one and the accompanying result stating
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that a flat system can cover only a flat system. Hence, if a “large” linear system is given
together with a set of nonlinear constraints, flatness of the constrained system is assessed
if the unconstrained system can be shown to cover the constrained one. Starting with
the classical notion of controlled invariance and a generalized notion coined dynamic con-
trolled invariance, sufficient conditions are discussed which also involve the notion of right
invertibility and the dynamic extension algorithm.

Modeling of mechanical systems by free moving point masses subject to some control
forces and quadratic constraints is often effective. The resulting unconstrained equations
are linear and bilinear in the state and control/Lagrangian multiplier variables. We propose
a relative derived flag that leads to a filtration with guaranteed integrability at each stage.
This leads to a very effective sufficient condition for the flatness of the unconstrained model.
The algorithm, together with the test described in the previous section, is used to show
flatness of some generalized pendulum-like equations. They are also shown to specialize
to the non-holonomic car equations and to the VTOL/pendulum equations when some
specific parameters are suitably chosen.

Keywords: Nonlinear control, nonlinear systems, flatness, dynamic feedback lineariza-
tion, constrained systems.
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Introduction

As an enthusiastic tyre manufacturer claims “power is nothing without control” a some-
what more cautious control engineer might reply with a worried frown, “and even then...”.
Indeed, a higher performance car often requires a driver with better skills. In automation,
a similar pattern occurs. The more advanced a device is, the more control possibilities
and performance potential it offers, the more difficult the control task becomes.

Control and system theory has grown to become a vast and interdisciplinary field of re-
search. In one of its aspects, a model of a plant or device to be controlled is given as a set
of ordinary differential equations comprising a number of control variables. Manipulating
these variables, one wishes to steer the behavior of the system. This amounts to impose
something on the solutions of the equations by means of the application of appropriate
control profiles. One might for instance require stabilizing the system, or making its solu-
tions follow a predefined trajectory.

A common ground to all branches of control engineering is the theory of finite- (small-)
dimensional, deterministic, linear systems. From that perspective, a lot of problems have a
clear-cut solution and one is easily tempted to believe that mastering a dynamical system
amounts to just a few computations. However, seldom does such an idealization faith-
fully model the behavior of a real plant. Tackling larger systems, adding various kinds
of uncertainties, or considering nonlinear equations, quickly and tremendously complicate
matters.

Renouncing linearity is quickly followed by a kind of nostalgia and by the desire of retriev-
ing it without compromising the qualities of the model at hand. This concrete engineering
concern has first tickled mathematicians a long time ago so that the relevant mathematical
branches are manifold, ranging from algebra to geometry.

Retrieving linearity in a system without altering its behavior in an essential way calls
for some notion of equivalence between systems. A nonlinear system is then said to be
linearizable! if it can be put into equivalence with a linear one in some way. Varying types
of systems and varying types of equivalence result in varying levels of difficulty in estab-
lishing such a property. When the equivalence consists of the existence of an invertible
change of coordinates and a state feedback parameterized by new inputs, the correspond-
ing linearizability property is referred to as static. In the single-input case, the problem is
solved by the Goursat normal form, see e.g. [13]. For systems with more than one input,
solutions were given in [72, 69] and as an extended version of the Goursat normal form

IThis is not to be confused with a linear approximation of a nonlinear system.
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in [58]. When static feedback linearization fails, one may be able to couple the system
with another one, coined a dynamic extension or a dynamic feedback so as to obtain a
larger statically linearizable system. The corresponding equivalence notion is then of a
different more general type. A closely related property is the one of differential flatness,
[44, 47, 45]. Solutions of a flat system are parameterized by m arbitrary functions of time
and their derivatives up to a certain order, where m is the number of inputs. Checking
linearizability by dynamic feedback or flatness of a given control system in the general case
remains an open issue in a number of aspects. Necessary conditions are known, [129, 117],
as well as sufficient ones, e.g. [17, 104, 21]. Conditions equivalent to the definition of
flatness have also been found, see for instance [5, 21, 24, 8, 88]. Procedural approaches
have been proposed; besides the already cited references see e.g. [121, 2, 3].

The objective of this thesis is to contribute to the study of flatness and dynamic feedback
linearization.

Main Contributions

e A known characterization of differential flatness, [5, 21, 8, 88], involves an “exterior”
differential equation whose unknown is a matrix differential operator. The differ-
entially closed counterpart is a system of equations comprising a condition akin to
curvature. We propose, in the C* setting, an equivalent characterization that is free
of the latter condition.

e We generalize the classical condition of controlled invariance to what we coined
dynamic controlled invariance. We show that given a distribution satisfying the
condition, there corresponds a subsystem for which the original system is a dynamic
feedback. Singularity (regularity) of this feedback is then characterized using an
adapted version of the dynamic extension algorithm.

e Given a system and a subsystem, we use the previous characterization to check
whether the system covers ([21]) its subsystem. We give a sufficient condition to
decide when an unconstrained system covers the constrained system resulting from
the addition of state constraints. This also leads to a sufficient condition for flatness
of the constrained system, once flatness of the unconstrained system is assumed.

e A class of bilinear control system is presented along with an algorithm that efficiently
computes a specific relative derived flag. This flag possesses some guaranteed inte-
grability properties. This leads to the fact that the system is flat once the algorithm
saturates to an empty set.

e A subclass of the studied bilinear systems is proposed. When imposed a quadratic
state constraint, these systems transform to a set of “generalized pendulums”. Setting
parameters to some adequate values produces the well-known non-holonomic car and
the VTOL/pendulum equations.

e Known and well-known topics are presented. Along the way, we prove a number
of technical and intermediate results. We think that some of them are of interest
on their own. We also hope to have approached certain known concepts with some
degree of originality.
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Organization Chapter 1 defines the description of a control system as a fiber bundle
embedded in a jet bundle. Maps between two such bundles are discussed, followed by input
prolongations (finite and infinite). The second section treats static feedback linearization
by considering the conditions allowing successive input eliminations. The chapter closes
with an informal definition of flatness.

Chapter 2 deals with the characterization of flatness by the use of differential opera-
tors. These operators are defined along with their action on the differential 1-forms of the
infinitely prolonged bundle. They are then endowed with a graded structure, a product
rule and an exterior derivative. The algorithm for the construction of a Brunovsky-basis
of the differential module of forms associated to the system is presented. Finally, the
mentioned characterization of flatness is described. The contribution of this chapter con-
sists in a variant of that characterization. The obtained variant is used as a guide in the
construction of flat outputs on some simple examples.

Chapter 3 first discusses various types of dynamic feedback and reviews some related
results. The classical notion of controlled invariance is introduced. We show that if the
system is statically feedback linearizable, to any controlled invariant distribution corre-
sponds a statically feedback linearizable subsystem. This motivates the introduction of
dynamic controlled invariance. It is then shown that the dynamic feedback associated to
a dynamically controlled distribution potentially lacks an important property, it is not
necessarily non-singular (or regular). This regularity is assessed using the dynamic exten-
sion algorithm. A condition for deciding if a surjective map defined on the state space
manifold induces a covering is obtained. We then deal with the covering of constrained
systems. Does the unconstrained counterpart of such a system cover the constrained one?
A sufficient condition is obtained, also yielding a sufficient condition for the flatness of
the constrained system. These considerations show many parallelisms with the notion of
relative flatness, [108]. In the last section, we give an example of a system linearizable by
singular static feedback that is not flat.

Chapter 4 describes a class of bilinear systems and an associated integrable filtration.
A sufficient flatness condition is immediately deduced. The algorithm is then used on a
particular set of equations. When an additional state constraint is considered, the systems
remain flat, and for some specific parameter values, well known physical flat systems are
obtained. Some simulation results are presented.
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Chapter 1

Preliminaries

The geometric study of differential equations has a long history and has lead to a very rich
theory. Its manifold impact on engineering in general and in the study of nonlinear control
problems in particular has been tremendous, see e.g. [70, 6, 52] among many more. In this
preliminary chapter, we shall content ourselves with some concepts useful for representing
and analyzing a given control system. The framework will be that of jet bundles and
their prolongations [102, 119, 59, 133]. More concretely, the equations describing a control
system in explicit form are a system of ordinary differential equations with some input (or
control) variables that may be assigned freely. The “admissible” changes of coordinates on
the state and input variables lead to the definition of a bundle structure. Solutions of the
systems then relate to certain sections on the bundle. In turn, these sections and their
jets allow one to define the codistribution of contact forms, their dual vector fields and
the system of exterior equations related to the control problem. From these structures,
many properties of the problem at hand can be analyzed, such as feedback linearizability
[72, 69, 58, 57] or generalizations of the Goursat normal form of the associated Pfaffian
system [58, 143, 148]. When jets of infinite order are considered, the corresponding geom-
etry becomes infinite dimensional. This calls for the language of diffieties, [153, 1, 49, 23].
In Section 1.1, with the equations of a control system, we associate a bundle structure that
reflects the different natures of time-, state- and input-variables. Solutions are represented
by sections satisfying the initial ODE. The Cartan distribution (respectively codistribu-
tion) is defined. Input prolongations and infinite dimensional representations are discussed.
Section 1.2 deals with the problem of static feedback linearizability within the presented
framework. Lastly, Section 1.3 contains an informal and preliminary definition of the
notion of differential flatness.

1.1 Representations of Control Systems
In this section we describe what is meant by a control system and some of the ways one
may represent it mathematically. Roughly, one can distinguish two kinds of mathematical

representations, finite-dimensional, underdetermined on one side and infinite dimensional

21



22 CHAPTER 1. PRELIMINARIES

on the other. Our starting point will usually be an underdetermined system of ordinary

differential equations in the (state) variables z = (2!,...,2") and independent (time)

variable t. These may assume two different forms, the implicit form

Fr(t,z,i)=0 k=1,....,n—m (1.1)

or the explicit form ' .
= f'(t,x,u) 1=1,...,n (1.2)
where w = (ul,...,u™) is the vector of control variables. In the above we assume that

rank %—5 =n —m, rank % = m and that F¥(t,z, f(t,2,u)) = 0 for all u in some open set.
A solution will be a set of n functions of time z*(¢) satisfying the equations (1.1) or such
that there exists m additional time functions u!(t) and (1.2) is satisfied.

1.1.1 Finite Dimensions

From now on, we consider the system’s “variables” as coordinates on manifolds. Since all
our considerations are local, the manifolds in question can always be taken as open subsets
of multiple Cartesian products of R. The “time manifold” B shall have the coordinate t.
The “time-and-state-space manifold” M = B x X shall have the coordinates ¢, z", ..., 2".
We also have a natural projection map map : M — B given simply by mamp : (¢, 2) — (B).
In this setting, a function of time x(t) is a section on the fiber bundle w5 : M — B, i.e.
amap o : B— M, reading o : (t) — (¢t,2z(t)) and 0 € TM.

Next, we consider the space of first jets of sections in /M. This is nothing but the manifold
M augmented with the data corresponding to the derivatives of curves z(t) with respect
to t. Hence, J'M = M x R" shall be equipped with coordinates ¢, z!,...,z™,p', ..., p"
The lift of a section o € I'M to j(o) € ['J*M is then given by a map j(o) : B — J'M
and reads j(o) : (t) — (¢, z(t),p = az(tt)).

The discussion above implies that the coordinates ¢, x and p are related in some way. These
relations can be encoded by a codistribution on T'(J!M)* called the Cartan codistribution
and spanned by so called contact forms. A 1-form § € T(J'M)* is a contact form if
the pull-back j(0)*0 is the zero form on TB* for any section ¢ € I'’M. The Cartan
codistribution on T'(J*M)* is spanned by the forms

0" = dz' — pidt i=1,...,n.
Indeed )
0x'(t)
ot
By duality, one can define the Cartan distribution on T'(J'M) spanned by all vector fields

(sections of T'(J'M)) annihilating the forms 6°. The Cartan distribution is hence spanned
by

j(0)*(dz' — pidt) = d(z'(t)) — dt = 0.

0 o 0 d 0 0

— - an — e,

ot P oz opt opn
Remark 1.1. The previous distribution does not qualify as a Cartan distribution as defined
in the context of diffieties, see [153, 1, 49, 23], as it is not involutive.
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In our geometric setting, a solution to the equations (1.1), is given by a section o € I'’M
satisfying
FFoj(o)t)=0 k=1,....n—m tecB. (1.3)

In other words, the image of ¢ through j(o) must lie on the submanifold of J! M defined
by the equations
F*(t,z,p) = 0.

We shall denote this submanifold by &:
E={(t,z,p) € J'M | FF(t,z,p) =0, k=1,...,n —m}.

Now, the explicit system equations (1.2) provides us with a parameterization of £ in J! M
in the form of an embedding from some manifold I/ to J'M

f:U—JM fo(ta,u) = (txp' = fit x,u) (1.4)

with f(U) = & C J' M. The manifold U can also be considered as a fiber bundle, sharing
the same base manifold M as the jet manifold J' M. The projection map myaq : U — M
is given by mya = 719 © f, leading to the commutative diagram

U—I- Mm (1.5)

10
TUM

M
o
B

Tum : (t,z,u) = (¢, ).

and explicitely

A section 0 € TM, o : (t) — (t,x(t)) can be lifted to a section & on Tymp o mym : U — B
by additionally specifying time functions for the variables u!,

G (t) = (t,z(t), u(t)).
Such a section is then a solution of the explicit system of equations (1.2) if
fod(t)=7j(o)(%) t € B. (1.6)

Clearly, (1.6) implies (1.3). The infinitesimal relations imposed on solutions can again be
encoded in a Cartan codistribution defined on TU*. A 1-form w € TU* is a contact form
if for any section ¢ lifted from o € T'’M and satisfying (1.6), the pullback 6*w is the zero
form on TB*.

Note that since U is homeomorphic to its image € in J' M through f, any form on TU* is
the pullback of some form on T'(J*M)*. Now, assume o € I'M satisfies (1.3) and assume
6 € TU is a lift of o satisfying (1.6). Let ¥ be any 1-form on T'(J'M)*, then

() = (fo6) 9 = j(0)0.
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Therefore, a 1-form on TU* is a contact form if and only if it is the pullback of some
contact form on J' M through f. Hence, the n-dimensional Cartan codistribution on TU/*
is spanned by the forms

wh= 0" = dx’ — fi(t, x,u)dt i=1,...,n (1.7)
and the (1 4+ m)-dimensional Cartan distribution by the vectors

0 ; 0 0] 0
— t — d —,...,—.
ot + 1 7$’u)3z1 M a0 Gum
Note that Remark 1.1 also applies here.
We close this section by a last remark on the properties of the Cartan distribution on TU.
The tangent space T'B is spanned by %. Let again o and & be a (solution) section in I'M

and its lift to TY such that (1.6) is satisfied. Then the pushforward of % by & reads

& 9 dait) &  oul(t)

“u T wt o or ot o
(1.6) O o  oul(t) 0

5 +fi(t,x(t)7u(t))azi + ot oul

and is a vector of the Cartan distribution at the point 6(¢) = (¢, z(¢), u(t)) € U. Therefore,
with any solution &, there is an associated vector field in the Cartan distribution on TU
that is g-related to % € TB. This vector field precisely represents time differentiation of
functions on U along the solution trajectory of (1.2) given by 4.

1.1.1.1 Bundle Maps and Static Feedback Transformations

We now describe the effect of changing the coordinates on a control system in a way that
preserves time. To this end, consider two fiber bundles marg : N — B and mp5 : M — B
over the same base B, with local coordinates (¢, z) and (¢, x) respectively. Assume that
¢ : N — M is an invertible smooth bundle map of the form ¢ : (¢,2) — (t,z = ¢(¢, 2)).
Then, a section s € I'V defines a section 0 € I'M by ¢ = ¢ o s. This in turn induces an
(invertible) map between the two corresponding jet bundles J'¢ : JIN — J'M which is
required to satisfy

T (j(s) = j(dos)

where

0p(t,2(t))  0¢ 0z(t)
ot 9z ot )

](¢ o S) : (t) = (tv (b(tvz(t))v p=
for any section s € ' and therefore reads

_ 0p(t, z) n 0p(t, z)

1. —

q)-
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Recall that the implicit equations (1.1) define a sub-manifold & C J'M. Through J!¢,
the real valued functions F*(t,z,p) pull back to real valued functions G*(t, z,q) = F* o
Jé(t, z,q) and define a sub-manifold H C J'N by setting G* (¢, z,q) = 0. The relations
G*(t,z,%) = 0 correspond to (1.1), rewritten in the new state variable 2.

One may now consider any bundle myn : V — N over N together with an (invertible)
map ¢ : ¥V — U over ¢ of the form ¢ : (t,2z,v) — (t,z = ¢(t, 2),u = @(t, z,v)). Because ¢
and J'¢ are invertible, the embedding f : U/ — £ C J' M uniquely induces an embedding
g:V —H C J'N by requiring

Jrpog=foep.

The map g = (J'¢)~! o f o ¢ corresponds to the explicit equations (1.2) transformed in
the new state and input variables z and v. The situation is summarized by the following
commutative diagram (the sections and their lifts have been omitted):

Jlo
JIN <Ly id U—I M
S | 2
¢
N M
77/\\/’& %AB
B

The transformation on f, induced by ¢ and leading to the map g encodes the classic notion
of a static (state and input-) feedback transformation.

Finally, it should be clear that the contact forms on T'(V)* can be pulled back from the
contact forms w’ on T'(U)* and are hence given by p*w® i =1,...,n.

1.1.1.2 Pfaffian System Associated to a Control System

A section o and its lift 6 satisfying (1.6)
G (t) = (t,z(t),u(t))

can also be seen as describing a 1-dimensional embedding of B in Y. Since the contact
forms w® of (1.7) are precisely such that 6*w’ = 0, the solution submanifold is an integral
manifold of the Pfaffian system = {w!,... w"}. Moreover, since t is a local coordinate
on such a submanifold, solutions are 1-dimensional integral manifolds of (€2, dt), the Pfaf-
fian system 2 with independence condition dt. Indeed, 6*dt = dt # 0.

Considering the ideal in AT(U)* generated by  (or its dual) is the starting point of a
number of algorithms used to analyze properties of control system such as static feedback
linearizability in the Gardner-Shadwick algorithm [58] or equivalence to partial prolonga-
tions of contact distributions through the (generalized or extended) Goursat normal form
[143, 148], to cite only a few.
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1.1.2 Infinite Dimensions
1.1.2.1 First Input Prolongation

In this section, we describe the first prolongation of a control system. Prolongation consists
in augmenting the set of equations describing the system by differentiating the relations
at hand with respect to time. The augmented set of equations involves the initial set of
variables and new variables representing the time derivatives of the initial ones. From the
new variables, n — m of these can be eliminated, and m cannot. When the set of variables
that is not discarded consist in the time derivatives u(*) of the (initial) input variables u,
one speaks of the first input prolongation.

We now describe how one may construct the first prolonged bundle U', describing the
system with the inputs u added to the state and the inputs derivative u(!) taken as new
input variables.

The implicit equations F*(t,2,p;) = 0 on J'M are differentiated to obtain equations on

J*M
F*(t,z,p1) =0 (1.8a)

OFk N oFk . N OFk

p,=0 k=1,...,n—m (1.8b)

where (t,x,p1,p2) are coordinates on J2M. Denote by £ C J?>M the submanifold of
J2M consisting of the points satisfying (1.8). Remember that the embedding f is a
parameterization of the solution set £ of F(t,z,p1) = 0 in J'M. Note that dim J?M =
dim J'M + n and there are n — m new equations in (1.8) involving the n new variables
p2. An initial assumption is that rank %ﬁ’pl) %
solution of (1.8a), parameterized by f, can be lifted to a solution of (1.8) by solving for
a subset of py and keeping m of them free. Hence, £! is an (1 + n + 2m)-dimensional
submanifold of J?M and projects through the canonical projection w1 : J2M — J'M
to the (1 + n + m)-dimensional submanifold £ C J'*M.

In the same manner as in Section 1.1.1, we proceed in describing an embedding f! from
some manifold U! to &Y, ie. fl:U! — EY C J2M.

Consider a section 0 € I'’M and its two first prolongations j!(o) = j(o) € TJ'M and
j2(0) e TJ*M

= rank = n — m. Therefore, any

7 0 a®) )0 et = 250)
7o) (t) = (t,2(t),p1 = a”git)’m _ aaﬂigt))

Next, consider J'U. J'U stands for the first jet of I considered as a bundle over the
basis B, i.e JU = J' (s 0 mys : U — B) with coordinates (¢, z,u, p1,u(!)). Remember
that & is a lift of o to a section in T'Y. In turn, & can be prolonged (lifted) to a section
jt(6) e TJU:

Ox(t) Ou(t)

6O (L u®) 500 = (ha(®).pm = T2 = ),
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We now define the prolonged bundle ¢! over /. This definition depends on the initial
choice of input coordinates u on U. As a manifold, ' shall have coordinates ¢, z, u, u(")
and we have the following projection maps
Tyt e JU—=ut Tyt e (ta T, U, P1, u(l)) = (ta T, U, u(l))
a0 Ut — U Y10 ° (t,:z:,u,u(l)) — (t,x,u)
and
TU,10 © T 1 = T10 - J1U —U.

The dimension of U* is 1+n+2m, the same as ! € J? M. Let the section o satisfy (1.6) so
that it represents a system solution. We can define the embedding f': U — &' C J?M
as the unique map satisfying

7T21Of1077'17u1 ogl(&)(t):foﬁ(t) IfGB
The situation is summarized in the following commutative diagram:

™ ul 1 1t

JU ——U' ——= J*M

A \ l

U, 10 21
10

U—1oMm

A

) : \ o

TUM
Jte) . s 1
) - N G’ TMB
g

The canonical projection myo : JU — U reads mig : (t, 2, u, p1,uD) — (t, 2, u).
It is easy to verify that f! takes the form
fl(t,x,u,u(l)) = (t,z,u (1.9)
Py = [t x,u)
Ofi(t,x,u)  Of(t,z,u)
J [t ]
P2 = ot * oxt

To define the Cartan codistribution on /!, one first writes

of (t,z,u) )
oul

fit, o, u) + ).

eteTut 6t =m0 05(6)

and then, exactly as for the Cartan codistribution on U, w € T(U')* shall be a contact
form if

1

6w =0, Vo satisfying (1.6).

S1x,,
Computation shows that the (n +m)-dimensional Cartan codistribution on U! is spanned
by

da’ — fi(t,x,u)dt and dut — u'Mat i=1,....n l=1,...,m
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and the (1 4+ m)-dimensional Cartan distribution by the vector fields

o o )
ot + (2 u) ozt tu oul and out(V)

Note also that the contact forms are pulled back from contact forms on T'(J2M)* through
f1*. Indeed, from (1.9):
P (dpf — pydt) = d(f7(t, 2, w))
3 Ofi(t, x,u) n Ofi(t,x,u)
ot ox?
P o
- Oxt oul

and an initial assumption is that % is full rank. Finally note that

L0 0 o) 0 ad) 9 oV 9

l=1,...,m.

fit, o, u) +

af‘](t, Z, U) 1(1)
Sl U dt

(du! — u'Ddt)

o T ot ot o ot o ot oul
i o oul(t) 0 o0*l(t) 0
il G OR Q)L weils e vanty v i veamle i 1CY

and as in the end of Section 1.1.1, % € T'B is both pushed forward to a vector annihilating

the contact forms and is such that it represents time differentiation of functions on U* along
the trajectory 61 of the system (1.2) lifted to U?.

1.1.2.2 Higher Order and Infinite Prolongations

It should be clear that the process of the previous section can be repeated any number of
times, leading to the following “prolonged” diagram

LAy LYY
T2y L g
U—Ie M
M
TMB
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At the k-th step, U* is a (1 +n + (k + 1)m)-dimensional manifold. The contact forms on
U* are spanned by

da’ — fi(t,z,u)dt, du' — W' Da, . dut D — B gy 1=1,...

and the annihilating vector fields by

9 9 9 iy 9
0
m l = 1, e, M.
The projective (inverse) limit
U> = 1&1 uk
k

is an infinite dimensional manifold. A countable basis of contact forms for the Cartan
codistribution is given by

dat — fi(tw,u)dt, dul(m) — D gy i=1,....nl=1,....m, r=0,...

The 1-dimensional Cartan distribution is spanned by the vector field

_ 0 9 | ety 9
Di&"»f (tazau)axl +u aul(r)

(1.10)

where the sum on r ranges from 0 to infinity. If D is additionally chosen so as to satisfy
D dt = D(t) = 1, then it is uniquely given by (1.10) . Compared to the case U* with k
finite, the limit case U has an important additional property. Indeed, if w is a contact
form, Dw is also a contact form. Moreover, since the Cartan distribution is spanned by
one vector field, it is involutive. In this situation, the pair (°°, D) is a diffiety and D
generates the Cartan distribution on U, [153, 1, 49, 23].

1.2 Static Feedback Linearization

In this section, we deal with the following question. Given a control system of the form
(1.2), is it possible to transform it into a linear controllable system using an invertible
state and input transformation of the type described in Section 1.1.1.17

1.2.1 Eliminating Inputs

In Section 1.1.2.1, we have seen that one can always augment a system by adding its input
variables to the state and by devising new input variables corresponding to the old ones’
time derivatives. Can the opposite process also be carried on? That is, can one discard
the input variables and choose new inputs among the state variables so as to obtain a
smaller system, whose prolongation produces the original one?
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1.2.1.1 Linear Case

To illustrate the idea, consider the linear time-invariant system
z = Az + Bu AeR™™ BeR"™™ rankB=m. (1.11)

Choosing any rank n — m matrix N € R(®=")*" guch that NB = 0, leads to the implicit
equations

Ni = NAz. (Step 1)
Next, picking any N € R™*" with rows independent of the rows of N and further setting
M e R (=m) and M € R™ ™ such that (M M) (%) = I, we may split the state
variables into two sets -
y=Nzx v=Nzx (Step 2)
that is # = My + Mwv and obtain the dynamics
= NAMy+ NAMv cardy=n—m cardv =m. (1.12)

Hence the reduced system has state dimension n —m. However, since rank M = m, we
have that rank NAM = m—p, p > 0; from the new inputs v, p of them can be eliminated.
To do so, choose a G € R"™*™~? guch that rank NAM = rank NAMG and obtain

= NAMy+ NAMGw cardy=n—m cardw =m — p. (1.13)

Note that the input prolongation of (1.12) leads to a system equivalent to (1.11) under a
linear instance of the bundle mapping of Section 1.1.1.1. The input prolongation of (1.13)
leads to a “subsystem” of (1.11), with p less inputs. We will not define what we mean by
a subsystem precisely.

1.2.1.2 Elimination from the Contact Codistribution

In the reduction process illustrated in the previous section, Step 1 corresponds to trans-
forming the explicit system equations (1.2) into the implicit equations (1.1). This step
extends to the nonlinear case without condition. However, Step 2 is not always possible
in the nonlinear setting, there are integrability conditions. Before discussing reduction for
nonlinear systems, we will re-describe the linear case in a way that is consistent with the
description of control systems we have given so far. On the bundle maq : U — M with co-
ordinates expressions mya ¢ (¢, 2, u) — (¢, ), the contact forms encoding the infinitesimal
relations between coordinates are (in a vectorial notation that should be clear)

O = {dz — (Az + Bu)dt}.

These contact forms (because the coefficient functions depend on u and although given by
combinations of the differentials dt, dx) are forms in TU* and not in TM*. Elimination
Step 1 can then be reformulated as looking for all infinitesimal relations that can be
expressed using variables on M only. These are given by the codistribution Qca

Q = {Ndz — (N Az)dt}. (1.14)
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Step 2, leading to the reduced state y is obtained using the relation
Ndxz = d(Nz). (1.15)

Note that this relation is actually an integration step and is always possible and trivial
in this linear time-invariant setting. After (linear) algebraic transformations identical to
those of the previous section, we obtain the codistribution

Q= {dy — (NAMy + NAMGw)dt}

where (¢,y,w) are all coordinates on M. The forms of Q) are contact forms on a bundle
Tmy - M — Y with mymy (8, y,w) — (t,y) representing the system (1.13).

1.2.1.3 Nonlinear Case

We now discuss the construction of Q (similarly to (1.14)) in the nonlinear case. Recall
the contact forms on U are given by

Q = {w=ds" - fi(t,z,u)dty C TU* i=1,...,n. (1.16)
Redefine Q as the largest codistribution on M satisfying
QcTM and  m R CQ

where 7} MQ is the codistribution in TU* generated by the elements of Q) pulled back
though 7/ 4.

Lemma 1.2. The codistribution WZ,MQ C Q) satisfies
« 4 e 0
T2 C Q ::{weQ|ﬁde€Q,l:l,...,m}.

moreover, assume QW) + {dt} is integrable, then w7, = Q.

Proof. By Lemma A.12 and from mya, = {%}, w;,MQ is obtained by computing the
sequence of nested codistributions

QO =0 Q) ={ue™ | %J dwe QM 1=1,...,m}. (1.17)
u

which for some 7 = r*, saturates to Q") = FZ{MQ. We must show that if Q) 4 {dt} is
integrable, then r* = 1.
Assume Q) + {dt} is integrable, then there are functions y’ and g7 on U such that

0 — {Mj = dy’ —gjdt}.

And by (1.17),

0 . 0 .
o7 A0 = gadg Adt=Sdt € 9, 1=1,...,m.
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But dt ¢ Q implies g—ij =0,l=1,...,m so that %J dp? = 0. Any p € QW is of the

form p = ajp? for some functions a; on Y. Therefore

0] oo
— du= e Q)
aul” T gut”
Hence Q@) = QM) je. r* =1. O
A successful example for the previous lemma is given by any linear system. Before
going on, let us give a negative example.

Example 1.3. Consider the control system given by
it =2 + (u)? & = u.
The contact forms on U are spanned by
Q={w =de* — (2* + (u)?)dt, w?=dr*—udt}
and ker Ty = {%} The codistribution Q1) is spanned by
0 =w' = 2uw? = (da' — 2udz?) — (2* — (u)?)dt.

Indeed 5
— 1 dw = 2dz? — 2udt = 2w?.
ou

However, w? is independent of @, hence 2 di ¢ QW so that Q) = {0} # QWM. There
is no non-zero 1-form in T M* that pulls back to a form in Q through ker mya™. But we

also see that
QW 4 {dt} = {da' — 2u dz?, dt}

is not an integrable codistribution. Note that this example still admits a reduction/lin-
earization of some kind. See Example 4 in [143].

Lemma 1.4. The codistribution QM) as computed in Lemma 1.2 has dimension n — m.

Proof. With the contact forms w!, ..., w" spanning € given by (1.16), we have %J dw? =
—%dt. It follows that Q) is spanned by

O = {njw'} = {nfda’ —nf fldt}y  k=1,...,n—m
of'(t,x,u)

o =0 ranknf =n —m

s.t. nr(t, z,u)

since rank % is assumed to be m. O

Lemma 1.5. Let the codistribution Q(lA), as computed in Lemma 1.2, be such that o 4
{dt} is integrable. Then QM) = 77, Q for some Q@ C TM* and Q + {dt} € TM* is

integrable.
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Proof. The equality Q1) = oy MQ follows from Lemma 1.2. Clearly dt = 7} ,,dt. Hence
QW + {dt} = 77,0 (2 + {dt}) and the result follows from Corollary A.9. O

Let Q) C Q be such that QM) + {dt} is integrable, so that by Lemma 1.2, there
is a codistribution @ ¢ TM satisfying Q1) = ﬁi‘{MQ. Then by Lemma 1.4 and since
ker 7y, = 0, dim Q = n — m. Next, from Lemma 1.5, Q + {dt} € TM* is integrable so
that Q = {dy’ — g7dt} where 47, g/ are functions on M.

Recall from Section 1.1.1 that a section ¢ € TM, ¢ : B — M and its lift & € TU,
6 : B — U that satisfy the original system equations (1.2) are such that

Q= {0}
and since o0 = mya © 6 and WZ‘{MQ C ), we have
o*Q = 6% (m3, ) = {0}.

Therefore, on any solution of the system (1.2), the functions y* and g* on M satisfy the
equations
gk = gk (¢, z), k=1,...,n—m.

As in the linear case, (and without loss of generality) we may use the relations y* = y* (¢, z)
to eliminate z!,..., 2" ™ so as to obtain the equations

)

g* =gkt y, a2, k=1,....n—m

% =m —p, p > 0, so that we may further discard

,- -, Z"TMFP o obtain the equations analogue to (1.13)

analogous to (1.12). Clearly, rank
:Cnferl

7* = g*(t,y,w), E=1,....n—m w=(z"" ™t 2"

Finally, consider the set of equations

W = ¢"(t,y,w) k=1,....,n—m (1.18a)
W e s=1,....m—p (1.18b)
gn—mto  _ gm—pto c=1,...,p. (1.18c¢)

It is easy to check that the system described by (1.18) is statically feedback equivalent to
the system described by (1.2), i.e. equivalent under a bundle map as presented in Section
1.1.1.1. Denote this map by ¢, we also have

{dy* — g*dt, dw® —w*dt, dz"" ™7 — @™ PHodt) = {p*(da’ — fidt)} = p*Q.

Importantly, the equations (1.18b)-(1.18¢) are linear. Hence, if one is able to recursively
repeat the elimination procedure on (1.18a) until the nonlinear part is “empty”, then one
has established a complete equivalence between the nonlinear system (1.2) and a linear
system. Actually, it is possible to verify a priori whether the recursive procedure leads
to the desired result, i.e. before performing any integration, by applying a recursive test.
This is the object of static feedback linearization.
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1.2.2 Static Feedback Linearization

In this section, we state the conditions under which a control system (1.2) may be trans-
formed into a linear one using a transformation of the type described in Section 1.1.1.1.
These transformations are also called static feedback transformations.

Recall once more that the Cartan codistribution of contact forms on TU™* is spanned by

Q={w =da" — fi(t,z,u)dt } 1=1,...,n
and its annihilating distribution on TU, V =1Ly« Q by

9 ) o 9

It is useful to split V' into two components. Indeed V is not involutive and contains an m
dimensional involutive subdistribution ker myyrq, C V spanned by

0 0
kerﬂu/\/l* = {w, ,au—m}

Hence,

V =kermyams + {D}

Note that the vector D is not unique. We may chose any representative of V/ ker 7,
and we scale it so as to have

D(t)=DJydt=1.

1.2.2.1 Other Ways to Compute Q)

Lemma 1.6. With D chosen as in (1.19), the computation of Q) from Lemma 1.17
takes any of the following three equivalent forms

Q(l):{weﬂ|%de€Q,lzl,...,m} (1.20)
={we Q| DidweQ} (1.21)
={we Q| dvweQ} (1.22)

where in the last equality, Q also represents the ideal it generates in NTU*.
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Proof. With w® = da® — fidt the generators of 2, expand dw’ as

dw' = —df* A dt
= (gf dx +g—fd +aa—fdt)/\dt
(gfk (" + fFdt) + gfl dul> A dt
= gic FAdt— g—fd A dt (1.23)
D dw' = gi;wk + g—i;dul (1.24)
ailJ dw® = fg—tf;dt. (1.25)

Since neither du' nor dt are in €2, the result follows easily from (1.23), (1.24) and (1.25). O

Remark 1.7. Lemma 1.6 still holds verbatim if D is replaced by any other representative
of V/ker mypy-

1.2.2.2 Condition for Static Feedback Linearizability

Proposition 1.8. Consider the two filtrations defined on the codistributions of contact
forms Q C TU*

0= QY ={uLe Q" | DL dwe Q} (1.26)
0V.—q oY —(wed” | dwe” } (1.27)

Assume either Q) + {dt} is integrable for all r > 0 or Qy + {dt} is integrable for all
r>0. Then Q(T) Q(T) =: Q) for all v > 0 and there is a * such that QUT+k) = Q0)
for all k > 0. Further assume that Q") = {0}. Then, the control system described by
(1.2) s locally equivalent under a static feedback transformation to a linear controllable
system.

Conversely, if the system (1.2) is locally static feedback equivalent to a controllable linear
system, then the filtrations (1.26) and (1.27) agree and Q") + {dt} is integrable for all r,
and QU = {0} for some r*.

Remark 1.9. If the integrability condition of Proposition 1.8 is not satisfied, then in general,
the filtrations (1.26) and (1.27) do not agree for all r.

Sketch of proof. Use Lemma 1.6 to show that each step allows recursively to build a re-
duction of the form (1.18). Use Q") = 0 to show that in the last reduction step, (1.18a)
is empty, leaving only linear equations. To show the converse, take a linear controllable
system, (1.15) implies that integrability modulo dt is alway satisfied. Use the rank of the
controllability matrix to show that Q") = 0. Finally, verify that the codistributions Q(")
are invariant under invertible bundle maps of the type of section 1.1.1.1. (|
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The result of Proposition 1.8 is found with equivalent or similar formulations in [72,
69, 58, 57 to cite a few.

1.2.2.3 Remark on Regularity

In the preceeding paragraphs, we ignored some important aspects regarding regularity.
Indeed, in all computations, it was implicitly assumed that all distributions (respectively
codistributions) were well defined, at least locally. This might fail and lead to difficul-
ties even if the system equations satisfy the initial regularity assumptions. For instance,
consider the simple equations

$1=f1=$1$2 :'c2=f2=u.

The condition rank% = 1 = m is satisfied everywhere. The system is equivalent to
a double integrator except when x! = 0, where x! becomes uncontrolled. In the next
chapter, we shall avoid this kind of situations by restricting the study of the system to the
neighborhoods of so called Brunovsky-regular points.

1.3 Flatness

The relevance of the theory of differential algebra [116, 79] in the mathematical aspects
of automatic control was recognized in [40]. Shortly afterwards, in [42], the same au-
thor reformulated many structural properties of linear systems using differential fields and
module theory. The notion of differential flatness was then introduced in this differential
algebraic context in [44]. In [47, 48], the module theoretic aspects of flatness in nonlinear
systems reappeared by means of Kéahler differentials and the introduction of the tangent
linear system.

Shortly after the differential algebra point of view, the differential geometric description
of flatness was introduced, [45, 46]. This approach describes control systems on diffieties
and equivalence between these by Lie-Bécklund transformations.

The notion of differential flatness is central throughout our text, but the concepts of differ-
ential algebra are essentially absent. In this regard, we cannot give a definition of flatness
in strict accordance with the chronology of its development. However, the main idea can
be grasped quite easily and an informal definition requires no particularly sophisticated
apparatus. This is the object of the present section. We will then rely on the result from
[5], given by Proposition 2.17, as a more rigorous definition.

1.3.1 Informal Definition

Consider a control system in explicit form (1.2) and its infinite input prolongation as
described in Section 1.1.2. The system inputs variables u!,...,u™ are free, i.e. they are
not required to satisfy any differential equations. This means that within their domain
of definition and on some time interval, one may assign any (smooth) time functions
ul(t),...,u™(t). All the variables u/(") for r > 0 are then obtained by time differentiation
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and there therefore exists time functions (solutions) x?(¢) such that the system equations
are satisfied. However, the variables z? are not completely specified by the choice of inputs.
For instance, the initial conditions are free.

At the same time, the basic assumption that rank % = m implies that given any trajectory
o1 (t) — (t,2°(t)) satisfying the implicit equations (1.1), the inputs u! may be solved for
and expressed as algebraic functions of ¢ and z!,...,2". By time differentiation, all the
variables u!(") for 7 > 0 are specified too. Hence, all system variables ¢, z, u, 1, ... can be
computed from the variables ¢t and x. However, these variables are not free, since they are
required to satisfy the system equations (1.2).

A control system is flat if there exists variables with both properties, i.e. free of any
differential relations and allowing the reconstruction of all the other system variables from
their values and their time derivatives.

More precisely, consider the control system (1.2) and its infinite input prolongation on
U>®. The system is flat if there exist m functions z!,..., 2™ on UY>®

zs:zs(t,x,u,u,...,u(L_l)) s=1,....m
for some finite L, called the flat outputs, together with a map ® : R™*™% — R™ such that
xi:(I)i(t,z,é,...,z(Rfl)) i=1,...,n

for some finite R.

Remark 1.10. If the basic assumption rank % = m is dropped, one additionally requires
the existence of a map W : R« 5 R™  allowing the reconstruction of u, i.e. such that
ut =Vt 2, 2,..., 2B« for | = 1,...,m. In the following, we shall always assume that
rank % =m.

Using notions that will be approached in Chapter 3, flatness can be defined precisely
as follows.

Definition 1.11. A control system with m inputs is said differentially flat or flat if it is
Lie-Bdicklund equivalent (equivalent under some Lie-Bdcklund isomorphism) to the system
described by the equations ' = u',..., 9™ = u™.

Any statically feedback linearizable system is flat, but the converse does not hold.
Deciding if a given control system is flat is a difficult problem that has received a lot of
attention over the years. We shall be concerned with related questions in the following
chapters.
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Chapter 2

Matrix Differential Operators

This chapter mainly reviews concepts borrowed from the literature on differential equa-
tions and differentially flat systems. Nevertheless, the last section presents an equivalent
form of a known characterization of flat systems that is original to the best of our knowl-
edge.

The point of view adopted here is the infinite dimensional geometric description of control
systems. This approach has been introduced in the study of flatness in [45, 46]. Another
important ingredient is the concept of the tangent linear system, the properties of which
are reflected by those of a differential module of 1-forms associated to the control system
under investigation, [47, 48]. Indeed, the problem of finding the flat outputs of a flat
system is difficult, but its infinitesimal counterpart is algorithmic and involves the con-
struction of a basis of the mentioned module [5]. An integrability problem then remains
to be solved. The obtained basis may be transformed in another one by a matrix differen-
tial operator, the action of which does not preserve intergrability in general. Differential
operators are of interest in the more general study of partial differential equations, see e.g.
[150, 19, 20] and regarding their relevance in the study of flat systems, see [5, 21, 8, 88|.
Once a basis of the module is obtained, it is possible to set up a system of differential
equations, the unknown of which are differential operators, and for which the existence of
a solution coincides with the flatness of the studied control system.

The differential module of 1-forms encoding the properties of the tangent linear system
together with the differential operators acting on it are defined in Section 2.1. These
operators are given a graded structure and an exterior derivative is defined. Section
2.2 describes the algorithmic procedure that produces a basis of the differential module.
The decomposition of the module and some properties it shares with the original control
system are also discussed. In Section 2.3, matrices of operators together with their action
on module bases and their link to flatness is developed. The characterization of flatness
mentioned earlier is also presented. Lastly, Section 2.4 gives an equivalent version of
the flatness characterization result where curvature equations are absent. A worked out
example closes the chapter.

39
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2.1 Differential Operators
Consider the bundle U given by the projective (inverse) limit of the composite bundle

TU,32 9 TU,21 Z/[l TU,10 U quMMﬂwMB B

and remember that coordinates on U are given by

)

3

(t, z,u, u®

Let R denote the ring (also an R-algebra) of smooth real-valued functions on 4*°. Func-
tions in R are required to depend on a finite number of variables, more precisely

reR = 3k finite and 37 € C°(U*,R) s.t. r= T ook T

In other words, r = r(t,z,u,u™ ..., u®) and is C* in all its arguments.
In the following, D represents the infinitely prolonged Cartan vector field on TU>
_ 9 9 k9
Df§+f(t,x,u)%+u Sul(k)

where we assume that f* € R. For any r € R, the Lie derivative Dr is in R. Note that
although D is given by an infinite sum, the computation of Dr can be performed with
finitely many partial derivative operations. One can now define the ring of polynomials in
D with coefficients in R denoted by R[D]. An element a € R[D] is a finite sum

a:a0+a1D+...+aADA a; € R.
The noncommutative products - D and D -7 of D and r € R C R[D] read
r-D=rD
D-r=Dr+1rD
The ring R[D] is a ring of operators, i.e. Va € R[D], a : R — R. For a,b € R[D] and
r € R one verifies that
(a-b)(r) = a(b(r)).
From now on, let APTU** denote the R-module of p-forms on U/*. Differential p-forms
on U are required to be finite in the following sense.
w € APTU* = Fk, 3w e APTUM st w=1] o @
Explicitly, the p-form above takes the form

finite
w:ZaIdyh/\.../\dyIP ol eR, ylie{x,u,...,u(k)}.
I3

The wedge product is as usual

A APTUS* x NITU* — APTITY>*
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and the algebra of forms of all degree on &> will be denoted by ATU°*. The Lie derivative
along D gives a map APTU* — APTU>*. Therefore, the action of elements in R[D] can
be extended naturally to APTU* and ATU>*:

a€R[D]  a:ATUS* — ATU*
such that if a = ag + a1 D + ... + a4aD? and w € ATU>* then
a(w) = apw + a1 Dw + ... + asD?w
where D'w is the I-fold Lie derivative along D. For a,b € R[D] and w € ATU>* we have
(a-b)(w) = a(b(w)).

We now consider APTU* over the ring of operators R[D]. Doing so, we obtain a new
module. We shall denote this module by AP, the R[D]-module of differential p-forms on
U=.

Remark 2.1. For p =1 and as a R-module, A'TU>* is generated by an infinite number
of independent elements. But since Ddu'!®*) = du!(**1) the R[D]-module A' is generated
by

dt,dzt, ... de", dut, ..., du™.

However, this is not a basis in the sense that A! may possibly be generated by fewer
elements. See Section 2.2.
2.1.1 Graded Differential Operators

The ring of differential operators R[D] can be extended to a graded structure AR[D].
(See also [8]). We shall write APR[D] for the set of polynomials in D with coefficients in
APTU>*. As the set of O-forms on U™, R can be identified with A°T2(°°*. Therefore we
also identify R[D] with A°R[D]. An operator o € APR[D] is a finite sum

a=agAl+ay AD+...+as AD? a; € APTUS*

and is said of order A and degree p. For a as above and w € AITU*, we have

a: NITU* — APTITY>

aw)=ag Aw+ a1 ADw+...+as A DA.
Note that o immediately extends to a map of modules,
a: AP — APTY,
The wedge product on ATU* can in turn be extended to
A APR[D] x AIR[D] — APTIR[D). (2.1)

using the rule

(@A) (w) = a(B(w)).
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Remark 2.2. The wedge product A is not anti-commutative on A'R[D] as it is on AYTU>*.
Example 2.3. Take o, 8 € A'R[D] and w € AXTU>* such that
a=dz'D B = da? w = dz>.
Then
(a A B)(w) = a(B(w)) = dz' D(da?* A da®)
= da' A dDx? A da® 4 dat A da? A dDa?
whereas
(BA @) (w) = Bla(w))
= —dx' Adx? AdDzP.
Let us finally write
AR[D] = @ APR[D].
P

The wedge product on AR[D] is associative and distributive over the addition. Hence
AR[D] is a ring of differential operators and R[D] = A°R[D] is a subring of AR[D)].
2.1.2 Exterior Derivative on Graded Differential Operators
In this section, and as in [8], we extend the exterior derivative d to AR[D] as a map

d: APR[D] — AP R[D]

In [88], this operator is directly defined on matrices with differential operators as entries
and is denoted by 0. In [21], the same behavior is obtained using a notation involving
commutators and anticommutators of operators.

Given a € APR[D] and w € AYTU>*, the operator da € APYIR[D] is such that

d(a(w)) = (da)(w) + (=1)"a(dw).
Explicitly, the a above is a finite sum of the form
a=aq; D a; € APTU*
and thus
d(a(w)) = d(a; A D'w)

=da; A D'w + (—1)Pa; A dD'w

= da; A D'w + (—1)Pa; A D'dw
so that da € APTIR[D] is the operator given by

da = day; D'

Hence, to compute the exterior derivative of an operator in APR[D], one simply applies
the exterior derivative to the form coefficients. Clearly, dda = 0 for any o € APR[D].
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2.2 Basis for the Module A!

As will be shown in forthcomming sections, important properties of a control system are
reflected by properties of its associated module of differential 1-forms A'. A first task is
to obtain a basis of A!. By a basis, we mean a minimal set of elements in A', generating
A! as a R[D]-module. Because a basic assumption is that rank % = m in the explicit
system equations & = f(t, z,u), the m variables u can be solved for as algebraic functions
of t,z and & = Dz. This implies, as already noted, that a basis of A! is contained (as a
R-submodule) in

HO = {dt,da', ... dz"}.

Next, define the following filtration of the R-module H® for k > 0
HO = {dt . de}  H*Y ={we H® | Dwe HP} (2.2)

Remark 2.4. The above derived flag is defined using the infinitely prolonged vector field D,
nevertheless, it can be computed using finite objects only. Denoting C(TU*) the Cartan
distribution on U* as defined in Chapter 1, the same filtration as (2.2) is obtained as

HO = {dt, dx}
H*D — (e H® | Dw e H® D e C(TU*) s.t. Do dt = 1}.

(Recall that the Cartan distribution C(TU*) on U* is of dimension 14+m and that contrarily
to the case of U, the choice of D € C(TU¥) s.t. D1 dt = 1 is not unique. However, the
obtained filtration is independent of this choice.) Therefore, despite the fact that H®*) is
contained in {dt, dr} as a R-submodule, elements of H*) are not necessarily elements of

TM* but are at least in TU*~1*. Indeed, the coefficients in the 1-forms may depend on

U, .. .,u(k’l).

Let E be a R-submodule of A'T/>*. The dimension of E at a point p € U is the

dimension on the R-vector space E|,. The following definition is equivalent to the one
given in [21].

Definition 2.5. A point p € U™ is said Brunovsky-regular, if the dimensions of the
modules H® and H® + DH®) are constant in some neighborhood of p for all k > 0.

In the above definition, one should be precise about what is meant by a neighborhood
of p € U*°. A neighborhood of p € U* is taken as the pre-image through my o4 of an
open neighborhood of p = 7y, c0q(p) in U? for some g > 0.

Remark 2.6. From Remark 2.4, H® corresponds to a C>®(U*~!)-submodule of A TU*~1*,
Therefore, around a Brunovsky-regular point, we may identify H*) and H®*) + DH®)
with codistributions on U* (and codistributions on U*°).

Example 2.7. Consider the system described by
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The system satisfies the basic regularity assumption % = m = 1 at every point. The
filtration defined above is easily computed as

HO = {dt,dz', da?}
HWY = {dt,dz'}
(2) _ {dt} lf :L'l 7& 0
== { {dt,dx'} ifzt =0
And HZHF) = H(2) for all k > 0. One also obtains

HO 4+ DHO = {dt,dz", dz?, du}

H(l) + DH(I) o { {dt,dl’l,dl‘2} if $1 7é 0

{dt,dz'} ifzt =0
(2) (2) _ {dt} if $1 7é 0
H™ +DH { {dt,dz"} if 2t =0

Hence, the Brunovsky-regular points are all points (t,x1,$2,u,u(1),u(2), ...) € U™ such
that x' # 0.

Let us show
Lemma 2.8. With the filtration defined by (2.2) and around any Brunovsky-regular point,

i) There is a k* >0 s.t. Vk < k* : dim H**Y < dim H® and Vk > 0: H*E +F) =
H* ). Also D(H*)) c HF),

ii) For allk >0

dim (H® + DH®)/H®) = dim (H® /7 F+D)

iii) For allk >0

dim (H® + DH®)/H®) =dim (H® /(H*D 4 DHEHD))
+dim (H*TD /(H*F2) 4 D *2)))
+...
+dim (H* =2 /(g* =Y pE* =))
+dim (H*® =1 /(HED))

w) For all k>0, let {w"*} € H® be an independent set of representatives of
H(k)/(H(k-i-l) + DH(k-i-l))

in HO for all k > 0. Then the 1-forms w"* are independent and generate an m-
dimensional R-submodule of H©).
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Proof. The condition about Brunovsky-regularity implies that the codistributions defined
in 4),41),iii) and iv) are all locally well defined and spanned by some local sections of the
respective cotangent spaces.

i) Follows directly from the construction of H*) and the fact that the dimension on H(®)
is finite.

ii) Since H**+Y) ¢ H®)  one can build adapted bases H*+1) = {17} and H®) = {u*, M},
By construction, Du® € H®). Next assume that the DM are not independent modulo
H®) | then there are functions aj such that a; DN € H®)_ But this implies that the
element a; M is in H*+1 indeed D(a;jN) = D(a;)N +a;D(N) isin H* by assumption.
But this contradicts the fact that {u‘} and {u*, M} are the claimed adapted bases. Hence
D) are independent modulo H*).

From these adapted bases it is clear that (H (k) /H (k“)) is represented by the independent
set {NM}. And since DX are independent modulo H®* whereas Dy' € H®, ((H® +
DH®)/H (k)) also has the independent set {\/} as representatives.

iii) For k > k*, H**D = H®) and DH® < H® so that the relation is trivially satisfied.
For 0 < k < k*, and on each side of the equation, we subtract the case k + 1 to the case
k obtaining

dim (H® + DH®)/H®)) — dim (H*+) 4 DHEFD) /g EFD)
= dim (H® /(H*D)  DH*+D) (2.3)

If one can verify (2.3), then the result follows by induction on k. Note that by construction
H*D c gt 4 pgt+)  g® < gH® 4+ pH®), (2.4)

Given three nested codistributions C' C B C A, note the identity dim(A/B)+dim(B/C) =
dim(A/C). Hence, (2.3) reduces to

dim (H® + DH®)/H®) = dim (H*®) /g *++1)

which is ).

iv) Representatives of the spaces H®) /(H*+1) 4 DH*+1) are independent because of
(2.4) and because for two nested codistributions B C A, representatives of A/B in A are
independent of B. Hence the forms w®* are all independent. It follows that dim{w"*}
is given by setting k = 0 in 4ii). This gives dim{w®*} = dim ((H® + DH®)/H©®)) =
dim({dt, dx, du} /{dt,dx}) = m. O

Besides the algebraic properties of the filtration (2.2) given by the previous lemma, the
module H*") | to which the constructions saturates, also enjoys an important “differential”
property. See [91, 92, 140, 5] for original results and more details. We content ourselves
with the following lemma.

Lemma 2.9. Around a Brunovsky-reqular point, the codistribution H*") of Lemma 2.8
is involutive and H*™) ¢ TM*. Moreover dt € H*").

Proof. This proof is adapted from the proof of Proposition 3.3 point 2 in [5].
By Remark 2.4 and Lemma 2.8, we may work in finite dimensions by considering only /¥
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and use the vector

_ 0 A 0 (1) (k™) 9

(2.5)

Define V' C TU*" as the annihilator of H*") ie. V =Lpyu H*). Next, write Vcv
the space of Cauchy characteristic vector fields of H*) which, by Lemma A.3, is involutive
and given by

V={XeV|[X,V]cV}
—{XeV|Xidwe H*) vue H*)}. (2.6)
Define also H =Ly V, the retracting space of H*"). Clearly, H*") c H and H is
integrable. R R A
We now show that D(H) C H. Take any X € V and any w € H*"). From the Cartan

formula we have

[D,X]ow=D(X_w)— X1 Dw=0 (2.7)

since X1 w =0 and Dw € H¥"). Again from the Cartan formula
[D, X)sdw = D(XJ dw) — X1 Ddw.

The first term in the r.h.s of the last relation is in H*") since X1 dw € H*") and for the
second term, we have that X1 Ddw = X1 dDw € H*") by (2.6). Hence

D, X1 dwe H*. (2.8)
But (2.7) and (2.8) imply that [D, X] € V, so that [D,V] C V. By Lemma A.17, this last
relation implies that D(H) C H.

Next, we verify that H*") is not only the largest D-invariant sub-codistribution of H(©) =
{dt,dx}, but also the largest D-invariant sub-codistribution of

{dt,dz,du, ... du* D}
To this end, we extend the filtration of H in the other direction as

HO = {dt,dx}
HY = {dt,dx, du}

HER = {dt,dx,du,. .. duF~D}

HEF) = {dt, dx,du, ..., du* ~D}

We see that with this choice, the relations H*+1) = {w € H® | Dw € H®} are verified
for all £k > —k*. Therefore, H (%) is the largest D-invariant codistribution inside H (=k")
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Now, we show H c HE*). From the expressions of D, see (2.5), we deduce that for
k> 0, H*) possess a basis of the form

H® — {a(t,z,u,... ,u(kfl))dt, Bi(t, z,u,. .. ,u(kfl))dzi} r=1,...,dimH®.
Therefore, the retracting space of H*) for k > 0 is contained in
{dt,dz,du, ... du* D} = HR

and in particular, Hc HEF),

We hence have verified that H is D-invariant and that H ¢ H (=) but we also showed
that H*) is the largest D-invariant in H(=*"). Tt follows that H c H*) so that
H = H*) and H*) is integrable. The codistribution generated by dt is D-invariant,
hence dt € H*"). As an integrable codistribution contained in {dt,dz}, H*") may also
be identified with a codistribution in TM*. O

Lemmas 2.8 and 2.9 provide a basis of the module A! through the following proposition.
The result is found in [5] for the autonomous (time invariant) case. The non-autonomous
C*> case is presented in [21] where a set of generators of A!/{dt} is constructed. In [88],
a basis of A'/{dt} for the case H*") = {dt} is obtained by other means (more on this
later).

Proposition 2.10. Around a Brunovsky-regular point, let p = dim H*™) and x*,..., x*~*
functions on M such that H*) = {dt,dx',...,dx?~'}. Let also {w",...,w™} = {w"*}
with w"* as in Lemma 2.8. Then

dt, dxt,....dx"7 Wl W™

generate the R[D]-module A and

1 m
e W

are representatives in A' of a basis of the R[D]-module A'/H*) = A'/{dt, dx*,...,
dxr~t}.
Proof. By Lemma 2.8, the w’/ € {w®*} are representatives of bases of the spaces
H(k)/(H(kH) + DH(k'H))
for k > 0. Therefore, for each &k > 0
H®) = {wiky + gE+) 4 pppktl)

Hence, because HF ) = HE) vl > 0 and by induction, the elements of H® are
generated by the elements (together with their successive Lie-derivatives along D) of

{w', .. W™+ HE),

w

But H® generates A'. The set {w', ... ,w™} is minimal because in A'/H*") it generates
the R[D]-submodule {du}/H*") for which {du’, ..., du™} is clearly an independent basis;
and a basis of a module cannot be smaller than a basis of one of its submodules. O

Remark 2.11. We do not speak of a basis of A when referring to {dt, dx!,...,dx""1,
wl, ..., w™} because {dt, dx',...,dx?"'} generate H*") as a R-module, but as a R[D]-
module, H*") may be generated by fewer elements contained in {dt, dx*',...,dx"~t}.
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2.2.1 Decomposition of A'

In the following, we observe that around a Brunovsky-regular point, the module A" de-
composes as A = T @ F where T is torsion and F is free. Moreover T is unique and
F = A'/T. For similar facts in the case where the ring R is a field, see [42, 88, 28].

In our setting, an element 7 in A is torsion (is an element of the torsion submodule of A')
if and only if there exists a differential operator r € R[D] such that r(7) = 0. On the other
hand, the set u/ € A',j =1,..., s generates a free submodule S C A! if and only if there
exist no set of (not all zero) operators r; € R[D],j = 1,...,s such that >>°_, ri(u?) = 0.

Example 2.12. Consider the system with one independent input u and three states

2!, 22, 2?

it = a? 2 =zt % =u.

The system is linear, hence, all points of U are Brunovsky-reqular. Next, dx' and dx?
are torsion, indeed, with r = D? — 1, r(dz') = r(d2z?) = 0. A free module F such that
Al = {da', dz?} © F is generated by dx3. Another choice could be dax® +dz*. The element
du = Ddz? also generates a free submodule, but not such as to decompose Al as desired.
Note also that the fact that the proposed generators of F are integrable is specific to the
example.

These observations, together with Lemmas 2.8 and 2.9 and Proposition 2.10 lead to

Corollary 2.13. Around a Brunovsky-reqular point, the R|[D]-module A' decomposes as
A'=TaeF
where T is the torsion submodule generated by H* | i.e. by
dt,dxt, ... dxy"!

and F = A'/T has basis elements represented by

Proof. We just need to show that H*") contains only torsion elements. Take any h €
H® . Since dim H*") = p, the elements h, Dh, ..., D?h in H*") must be R-linearly
dependent. Suppose aph + a1Dh + ... + a,D?h = 0, then r € R[D] given by r =
ap+a1D+ ...+ a,D" is such that r(h) = 0. O

The next lemma states that the ideal generated by torsion elements is stable under the
action of D.

Lemma 2.14. Around a Brunovsky-reqular point, the ideal Z1 in ATU* generated by
H¥) s invariant under the action of any differential operator in ARI[D].

Proof. Tt is enough to consider the action of D. A homogeneous element T € Z (| AYTU*
has the form 7 = ¥ Aoy, k=1,...,p with {14} a basis of H*") and oy, € AT~ TU>*.
Then D(7) = D(¥*) A ag +¢F A D(ay,), but D(p*) € HF. O
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We close this section by insisting on the fact that the torsion submodule 7 of A!
corresponds to the state-space of the “largest uncontrolled subsystem” of (1.2), [42, 5].
Since D(H*)) ¢ H*")| there are (local) functions g',...,g?~ € C®°(O,R) for some
open set O C M such that

Xl = gl(t7X17" "Xp_l)

=g Y.

and of course £ = 1.
In Example 2.12, we may take x! = 2! and y? = 22.

2.3 Matrix Differential Operators

The modules we are considering are all generated by finite sets of elements. For this reason,
it is convenient to gather these together in a vectorial notation. We will call these objects

vectors of forms and write for instance
T
w = (w1 wm) .

See also e.g. [5]. A differential operator transforming a s-length vector of p-forms into
a v-length vector of (p + I)-forms may be represented by a v-by-s matrix of operators in
A'R[D]. Let P be such an operator whose matrix entries are p] € A/R[D] and 11 a s-length

vector of p-forms p = (p' --- ,uS)T. Then the v-length vector of (p + I)-forms P(u),
simply noted P, is _
Zipzl (')

Pu= :
DAV
We will denote by M. [D] the set of such matrix operators. Le.

ML D] (APTU*) — (APHTY~) .
Two operators of compatible shapes can be composed together. Let P &€ Min[D] and
Q € Mik[D] Then the composition of P and @, noted P A Q or simply PQ is the
operator in M'T[D] with entries

P} A ;.

Summation is on ¢ = 1,..., s and the binary operation A is the one of (2.1). The wedge
operator (respectively the matrix product) is hence a map

At M D] x MELID] — MEID].

Therefore, s-by-s operators of all degree in M ,[D] form a ring. Operators in M} [D]
form a subring of M [D].

Thanks to these two ring structures, vector of forms can be considered as elements of
modules. We will write
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o AP for the MY  [D]-module of s-length vectors of p-forms

o A™* for the M  [D]-module of s-length vectors of forms of any degree.

2.3.1 Invertible Operators

In the set of square differential operators, those locally invertible by another operator are
of special interest. Note that such operators can only be of degree zero. Also, invertible
operators are two-sided:

Lemma 2.15. [21] Let U,U € M} [D], then UU = I, implies UU = I, where I is the
s-by-s identity matriz.

Proof. The proof in not trivial, see [21]. In the setting of [88], where R is a field, the
decomposition theorem (Smith normal form) shows that an invertible matrix is the product
of elementary matrices. It is easily verified that those elementary matrices satisfy the
lemma and the result for all invertible operators follows. O

Note also that the (local) inverse to an invertible operator is (locally) unique. Following
[88], define the set of (locally) invertible or unimodular operators or unimodular matrices
Us[D] € MY ([D] as

U[D] == {U € M?,[D] | 30U € M? (D], UU = I,}.

2.3.2 Flatness and Integrable Module Bases

The following result from [5] provides an equivalent condition for a control system to be
flat. The condition is not essentially easier to verify than the definition of flatness itself,
but is appealing for the insight it gives on the problem. Firstly, the condition is formulated
in the differential algebraic framework described earlier in this chapter. Secondly, it shows
that assessing flatness of a system is also an integrability problem, as in static feedback
linearization but of a more difficult kind. Indeed in the latter case, one can build a certain
basis in a first step (which is an algorithmic task) and then perform an integrability test in
a second step (which is also algorithmic). If the integrability test fails, the system cannot
be static-feedback linearized.

The test for flatness also involves the construction of a basis, a basis of its associated
module A!. A preliminary necessary condition is that the torsion submodule of A! must
be generated by dt alone. Next, one computes a basis w € (AlTU"O*)m of the free
module A!/dt. If the forms w!,...,w™, dt constitute an integrable codistribution, then
the system is flat. However, if this is not the case, the system is not necessarily non-flat.
The reason is that given a basis w for A!/dt, and any invertible (unimodular) matrix
operator P € U,,[D], the length-m vector of forms p € (AlTU"O*)m given by yu = Pw is
also a basis of A /dt. Unfortunately, the action of invertible operators does not preserve
integrability (as opposed to the case of non differential, i.e. order zero operators):
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Example 2.16. Assume that the four variables x,y, z,& = Dx are algebraically indepen-
dent, then

1 0\ [dx\ _ dx 1 0 1 0y (1 0
zD 1) \dy) \zdz+dy zD 1)\—-z2D 1) \0 1)°
But {dx,dy} is integrable whereas {dx, zd& + dy} is not.

Therefore, if the integrability test on w fails, there might still exist an invertible P such
that Pw is integrable. We now state the mentioned result.

Proposition 2.17. [5] Consider the control system described by (1.2) or (1.1) and the
associated differential module A*. Compute H*") and compute w a basis representative
for AI/H(k*) as in Lemma 2.8. The control system is flat around a Brunovsky-reqular
point, if and only if the two following equivalent conditions are satisfied

~ The codistribution H*") = {dt} and there exists an operator P € U,,[D] such that

d(Pw) =0 mod dt

~ The codistribution H*") = {dt} and there exists an operator P € Up1[D] such that

(o(3))

Where for a 2-form m, m =0 mod dt if m = a A dt for some 1-form a.

Sketch of proof. Since dt is torsion and Ddt = 0, it is easy to check that one may always

choose
- P h
=5 1)

where h is a column of m functions in R. Therefore, P is invertible if and only if Pis. It also
follows that {ix = Pw,dt} is a set of m + 1 integrable 1-forms. Remember that the entries
of w are forms on AYTU* *. Suppose the order of P is r, then p € AYTU* +7* Hence,
there exists m independent functions z!,..., 2™ (flat outputs) on UK+ all independent
of t such that {dz,dt} = {u,dt}. By the invertibility of P, dz represents a basis of A /dt.
Therefore, all state-variables x can be computed as functions z° = ¢'(¢, 2, .. .,Z(A)) for
some finite A, and the system is flat. Conversely, if the system is flat, there exists such
functions z implying that dz is a basis of A! /dt. Hence there must be an invertible operator
between dz, dt and w, dt. O

Remark 2.18. The order of the required operator P is not known a priori. For a fixed
chosen order, one may in principle set up a system of PDE and study existence of solutions.
However, if there is no solution, there might still be one for the same problem with the
order fixed higher. One may also fix the maximum number of input derivatives on which
the flat output z(¢,z,u,u) ...) may depend. See e.g. [50, 104, 3].
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2.3.3 A Closed System of Equations

The equations of Proposition 2.17 are concise but are not differentially closed. Expanding
the exterior derivative of the relations leads to new relations. Indeed

d(Pw) =0 mod dt
= dP w+ P dv=0 mod dt.

Assuming H*") = {dt} and P invertible, by Lemma 2.14, we may multiply the expression
above by P~! and obtain

dw=—-P 'dPw mod dt
=T w mod dt

with IT € M;, ,,[D], I = —P~'dP, which may also be rewritten as dP = —PII. Further
differentiation leads to
dll = —d(P~') dP

and 0 = d(P~! P)=d(P~') P+ P d(P~!) so that d(P~!) = —P~! dP P~!. Hence
dil = P~ dP P~' dP
=1I 1L

We can therefore state the following proposition. The result is found in [21, 8, 88] with
varying notations.

Proposition 2.19. Consider the control system described by (1.2) or (1.1) and the as-
sociated differential module A*. Compute H*") and compute w a basis representative for
Al/H(k*) as in Lemma 2.8. The control system is flat, if and only if the codistribution
H*) = {dt} and there exist two operators P € Up,[D] and 11 € M, D] satisfying

dw =T w mod dt (2.9a)
dIl =11 11 (2.9)
dP = —P 1L (2.9¢)

Remark 2.20. In contrast with the equations of Proposition 2.17, the system (2.9) is closed
under the exterior derivative d. Indeed, applying d to the left-hand side of (2.9a)-(2.9¢)
gives zero since dda = 0 for all a. The derivatives of the right-hand sides read

dIw) =dlw—-TMdw=NNw-IIIMTw=0 moddt
AIIT) =d0N-MdlI=TOI-IIIII=0
d(—PI)=—dPU—-PdI=PININ-PIII=0.

This means that differentiating the relations (2.9) does not lead to new algebraically
independent relations. See also Corollary 2 in [88].
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2.4 A System without Curvature Equations

The goal of this section is to state an equivalent of Proposition 2.19 “without curvature
equations”, i.e. where (2.9b) is trivial. To this end we first go along the line of [88] by
introducing the notion of hyper-regularity and by defining an operator Pr obtained from
the implicit system equations (1.1).

We will say that an operator H € M} [D] is (locally) hyper-regular if

e There exists a U € Uy,[D] s.t. UH = (0 Iy ) in the case p > ¢
p—a.q
e There exists a U € Uy[D] s.t. HU = (I, 0,,4—p) in the case p < ¢

and the set of p-by-¢q hyper-regular matrices will be denoted by H,, 4[D].

In [88], where R is a field, the set H, 4[D] is defined as those operators whose diagonal

Smith reduction leads to (Opl_pq p) respectively (I, 0Opq4—p). We now state some simple
properties of unimodular and hyper-regular operators.

Lemma 2.21. The only elements of R[D] possessing a (local) inverse in R[D] are (locally)
the non-zero elements of R.

Proof. Suppose r =19+ ...+ 1p (%)p has an inverse s = sg + ...+ 54 (%)q with r, # 0
and sq # 0. The product rs has a highest degree term in (%)pﬂ and coefficient r,s4 # 0.

But since rs =1=1 (%)O +0 (%)1 +...40 (%)m—q, it follows that p + ¢ = 0. Thus,

p=0and ¢ = 0. We conclude that r =19 # 0 and s = so = 1/r # 0. O

The next lemma states that block triangular matrices are invertible if and only if the
diagonal blocks are invertible.

Lemma 2.22. Let M € Mg+q7p+q
S e M) D] such that

A R A 0
M:(O B) or M:(S B)

then A € U,[D] and B € Uy[D] if and only if M € Up4[D].

[D], A€ MY, D], B € MC,[D], R € MY D] and

Proof. We show the first case. Suppose M is unimodular, then there is an inverse M1 €

up+q[D] B
(A P
and _ _
1 (AA+RQ AP+RB\ (I, O
aart = (MG AREEN (D).
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But then, using associativity and Lemma 2.15 (i.e. the two-sidedness of inverses)
BB=1, = BelUyD]
BQ=0 = BBQ=Q=0
AA=1, = AcU,[D].

The proof of the other case is similar. O

Lemma 2.23. A triangular matriz R € ./\/l?hn[D] is (locally) unimodular if and only if
the diagonal elements are (locally) non-zero elements of R.

Proof. Suppose R is upper triangular and write R as

sU L1 .. pln—l
2 . .
R= 0 ) _ R r
. Tn—l,n—l 0 &M
67’7,
where R € ./\/191_17,1_1[D] is again upper-triangular. By Lemma 2.22, R is unimodular if

and only if R and 0™ are. By Lemma 2.21, 6" is a 1 x 1 unimoduar matrix if and only if it
is a non-zero element of R. Repeating n — 1 induction steps on R finishes the proof. The
proof of the lower-triangular case is identical.

O

Lemma 2.24. Let M € MY, [D], M =37 M;D" such that M, # 0 and r > 0. Then,
if M, is invertible, M is not unimodular.

Proof. For any matrix M € MY [D], M = Z;:o M;D? such that M; # 0, we have
that MM = Z};rg N, DF with Nyyr = MM, . (The terms of lower degree are more

complicated). If M is an inverse to M, then Ny = ... = N7y, = 0. The two statements
follow easily. O

Now we state an equivalent condition for a rectangular matrix to be hyper-regular.
Lemma 2.25.

i) A matric M € M) [D], p > q, can be completed with a matriz N € M) [D] to a
unimodular matric I’ = (M N) € Up[D] if and only if M is hyper-reqular. Moreover,

N is also hyper-regular.

it) A matric M € M [D], p <q, can be completed with a matric N € M)_, [D] to a
M

N) € Uy D] if and only if M is hyper-regular. Moreover,

untmodular matrix I' = (
N is also hyper-regular.

Proof. We show i). Assume M € H,4[D], then there exists U € U,[D] s.t. UM =

( Iq > Then set N = U~} (Oan—Q)_ .
Op—q,q [p_q
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2.4.1 The Operator P

Consider the implicit system equations (1.1) that reads

Ft,z,2)=0 k=1,...,n—m.

Build the following order-1 operator Pr € M3,_,, [D] with entries
OF" OF*
L T=f(t,x,u) T =f(t,z,u)
The column index is ¢ and k is the row index. Clearly,
Pp dx =dF(t,z, f(t,z,u)) moddt = 0 mod dt (2.11)
with dF = (dF' --- dF”_m)T. In [88], the following result is shown using the Smith

diagonal reduction of Pr. Our lemma is identical, only dropping the assumption that R
is a field.

Lemma 2.26. Let p be a Brunovsky-reqular point. Let w = (wl, e ,wm)T be a basis of

Al/H(k*) around p, as constructed in Corollary 2.13, and set the matriz M € R™*™ such
that
w = Mdzx mod dt.

There is a meighborhood of p where Pr is hyper-regular and (]]y) is unimodular if and
F
only if around p, the torsion submodule of A' is generated solely by dt.

Before proving the lemma, a simple negative example is given.

Example 2.27. Consider the fully determined system (with no inputs, i.e. m =0), given
by implicit equations

G"(9,7)=4"—¢"(y) =0 r=1,...,p.

Then, dG = Pgdry with
dg
Po=1,D— —=
G p a,y
and by Lemma 2.24, P is not unimodular (hence not hyper-regular). Indeed, the torsion
submodule is generated by all variables dt,dy .

Proof of Lemma 2.26. The following computations are all performed around a Brunovsky-
regular point. Remember that the implicit and explicit equations (1.1) and (1.2) are such

that Fk(t,a:, f(t,z,u)) = 0 are identically zero for all u in some open set. Therefore,
computing the exterior derivative dF*(t,z, f(t,z,u)) leads to

0 <aFk OF* afi)

dt

— + o
ot " 0d 0t ) |y pm

OF% N OFF O f
oI ot OxI

L (ortor
ozt oul

da’?
i=f(t,2,u)

dut.

T=f(t,x,u)




56 CHAPTER 2. MATRIX DIFFERENTIAL OPERATORS

From now on, we drop the evaluations |;— f(t,z,u) from the notation, but they are still
implicitly considered. By the independence of dt, dz’, du', the previous computation imply
the relations
OFk o ft
01t Out

af =m, % is the kernel of

=0 (2.12)

BF

and since rank 5 6F

=n—m and . Moreover,

OF* 778Fk oft
dxd  9it Oxd

_OF of
Pr =7 (InD 8z) (2.13)

so that

By (2.12), the forms of relative degree 1, i.e. elements of H), are given by

OF OF' . gFn—m
HWY = {dt, —dx) = {dt, —dx", . ..
{,a:.cw} {’a:bz:”’ ¥E

dz'}. (2.14)

Now consider w',w? € {dt,dr} such that Dw' = w?, ie. w' € H®. There are two
n-length row vectors m!,m? € R " such that w! = m'dz mod dt and w? = m?dx
mod dt. Then

w? = Dw! = ( dzx) mod dt
= (D( ) r mod dt
= (D b a—f)d:c mod dt.
=m?=Dm") +m G_f

so that

Dw! — w? = D(m'dx) — m*dr mod dt

= (D(m") + m'D)dx — (D(m" erlg dr mod dt
(D) (m") +m* 9L
=m'(I,D — gf)d:c mod dt (2.15)

with m! in the row span (with coefficients in R) of = 6F . By Lemmas 2.8, 2.9 and Proposition

2.10 there are n — p forms w*" spanning H(O)/H(k 5 and p forms v* spanning H*") such
that around a Brunovsky—regular point, there are n — p — m relations

D(whT) = Whkr+l (2.16)

and p relations
D~? = Gp~y? mod dt (2.17)
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where G € RP*?. Define the row vectors m*" € R'*™ such that w*" = m*"dz mod dt
and g* € R'" such that v* = g®dx mod dt. Then consider the following construction

w170 ml,o
w'r;l,() mmao
D(UJLT) _ w1a7'+1 ml’T.(InD - %)
(2.15) .
m,Tr . m,Tr m,T . a
D(w™") — @mrtl m™" (1D — L)
v 9
D(y") — Gy g'(I.D - 5)
D(y*) = GHy” 9°(I,D — %)
for some full-rank matrix N € R"™™"~" and for k = 1, ..., m and the equality is modulo

dt. But the same vector also decomposes as

wl,O wl,O
wm-,o Im Om,n—p—m 0 wm-,o
D(whT) —wb L eae) | 7p | 1 0 wh”
. (2.17) .
D(wm"') _ Wm,T-&—l 0 D I 0 T
D(y") - Gy” oa
: 0| Opnpm |I,D-G :
D(v*) = Gfy” w ol
—_———
Q

By Lemmas 2.22 and 2.24, W cannot be invertible if p # 0 since it is block triangular and
the lower right-block is I,D — G. It is also easy to see that in the case p = 0, the matrix
W is unimodular. Hence, W € U, [D] if and only if H*") = {dt}. On the other hand,
around Brunovsky-regular points, {dt,dz} = {dt,Q}, so that there exists an invertible
matrix Q € R™*" satisfying Q = QM dx mod dt. Therefore

de =WQ =WQQdr mod dt
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and we conclude

Hence the matrix on the Lh.s. is unimodular if and only if W is, and by Lemma 2.25,
Pr is hyper-regular under the same condition. Any other basis of A! is obtained from

(SRR wm’O)T by left multiplication by an element of U, [D]. O

We can now state the claimed equivalent to Proposition 2.19.

Proposition 2.28. Consider the control system described by (1.2) or (1.1) and the asso-
ciated operator Pp € M? [D] defined by (2.10). The control system is flat around a

n—m,n

Brunovsky-reqular point if and only if there exists an operator P € /\/l?nyn[D] such that

(é) € Uy [ D] (2.18)

and
dP dz =0 mod dt. (2.19)

Proof. By (2.18), both P and Pr are hyper-regular. Hence, by Lemma 2.26, the torsion
submodule of A' is solely generated by dt. Let N € U, [D] be the inverse of the matrix
(2.18) and decompose it as N = (N N) with N € H,, ,,[D] and N € H,, p—m[D]. Then

dx = (N N) (5) dx = NPdz + NPpdx (210
2

NPdz mod dt.

1...

This shows that the vector of 1-forms w = (w w™) T given by w = Pdzx, is a basis of

the free summand A'/{dt} of A'. Next, by (2.19)
dw = d(Pdz) = dP dz =0 mod dt

so that w is exact modulo dt and the system is flat by Proposition 2.17. O

Remark 2.29. As in Remark 2.20, we note that (2.19) is closed under the exterior derivative
d. Indeed, expanding

d(dP dz) = ddP dz — dP ddx =0

yields no new algebraically independent relation. Hence, there is no equivalent of the
equation (2.9b) of Proposition 2.19.



2.4. A SYSTEM WITHOUT CURVATURE EQUATIONS 99

2.4.2 Example

We now illustrate the result of Proposition 2.28 on a simple flat, non static feedback
linearizable system.

Example 2.30. Consider the following explicit system equations from [50].

1,2

The corresponding implicit system reads F(t,z,%) = i'i? — i3 = 0. Hence
Pr = (uQD ul'D fD).
The filtration (2.2) leads to k* =2 and
HO = {dt,dz', da?, dz®}
HW = {dt,u?dz* + u'dz? — dz®}
H® = {at}
and
HO 4+ DHO = {dt, dz*, dz?, da®, dut, du?®}
HY 4+ DHW = {dt, u?das' + u'da? — da®, >V dzt + o' D dz?}
H® + DH® = {dt}.
The Brunovsky-reqular points are those where the 6 previous codistributions have constant

rank. Hence, all points are Brunovsky-regular, except for those where w2 =M = 0.
Now consider the operator P € M9 3[D] given by

_ 1 0 0
P(—acQD —ul 1)

and apply the following transformation to the composite matrix U = ( P)

Pr
1 0 0 10 0 1 0 0
—22D —u! 1 0 0 1 —x2D 1 0
WD w'D —-DJ) \0 1 u! w?D —-D —ul

The second matriz of the l.h.s. has determinant —1. The matriz on the r.h.s. is a diagonal
operator and is therefore seen to be unimodular whenever v # 0. If u*™) happens to
be zero, by the symmetry of the equations in u',u?, one may swap their role and obtain a
similar U. Hence, such a U exists whenever u'™ and u>V) are not both zero. Therefore,
there is a unimodular U at all Brunovsky-regular points. Finally, in the above case, i.e.

ul(l) 7& 0-

0 0 0 dat 0 0
_ _ 2 — -
dP dx = (d:CQD —dul 1) Z‘zg - (de A Ddzl — dul A d:cQ) - (0) .
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The forms w = P dx integrate to (x', x®>—2%ul). Finally, by Proposition 2.28, we conclude
that the system is

e flat with flat output (x', x® — x%u') whenever u'@ £ 0
o flat with flat output (z2, 3 — x'u?) whenever w2 £ 0

e not Brunovsky-regular whenever v = 42(1) = 0.

2.4.3 Applications
2.4.3.1 A Closer Look at the Condition dP dx =0

In the proof of Proposition 2.28, it was shown that the column of 1-forms w given by
w = P dx represents a basis of the free module A'/{dt} and that the condition (2.19)
then implies that

w=Pdr=dh mod dt

for some functions h = (h* --- h™), the flat outputs. Moreover, there is a finite k& such
that h = h(t,z,u,...,u®). Hence, for [ =1,...,m
on! ont . ont !
1_ o on L i O 1(k)
dh' = En dt + axidz + auldu +...+ 8ul(k)du .

Next, under the basic regularity assumption rank % = m, the system equations can always
be brought in the form

so that forr >0andl=1,...,m

W) = prig and du!™) = DTt dgt
Therefore we may be assumed P to take the form
hli+hlD+ ...+ hl,, D1
P= z
W +RE D + ..+ R, DR
Npm4him D + ... 4 L, DFF hloir o+ hia
: : : (2.20)
R +hT D + . L+ R DT hjmﬂ . pm

Tn
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where the lower index indicates partial derivative. In the following, we use these remarks
as a guide for the construction of flat outputs on some simple examples.

2.4.3.2 Nonholonomic Car

Consider the explicit equations of the nonholonomic car

& =u'cosf g =u'sind 0 =u?

and their implicit form
F =2sinf — gcosf = 0.

The operator Pr then reads
Pp = (sinD —cosfD  u').
By Lemma 2.22, the following ansatz

p 511 512 0
< > = 521 522 0 € Us[D]
Pr X

sindD —cosfD u!

is unimodular if and only if the upper 2-by-2 block S € Us[D] and u' # 0. The condition
dP A dg = 0 is easily satisfied by choosing S = I, i.e.

1 0 0

Lil 0 1 0
PF . 1
sindD —cosfD wu

Hence, the differential of the flat outputs are given by

dz
dhl) - <1 0 0) <d:c>
=Pdg= dy | =
2
(dh 0 10 0 dy
which integrates to the flat outputs
' =z h? =uy.

Other flat outputs We now attempt to transform the matrix Pp by left-multiplication
by a (unimodular) rotation matrix V'

—cosf sinf 0
(sindD —cos#D wu' )| —sinf® —cosf O
P 0 0 1

v

=(1 D u' )
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which has the effect of lowering the order of the leftmost element of Pr. Hence, by Lemma
2.22, we may now choose between two different ansétze ensuring unimodularity:

p 811 S12 0 0 s11 Ss12
( P ) V = S921 S99 0 or 0 S21 S99
o 1 D ! I D o

Assume O-flatness. This implies h''? = h12(z,vy,0), i.e. from (2.20)
1
b hl hllj hg
h2 hi h?
The two columns of zeros in

py L ( su s 0 and PV = 0 s11 s12
S91 S99 O 0 s21 S22

lead to two set of PDE which read

hy =0 q —sin@hzé—costhlczo
hi=0 an —sin® hi —cosf hZ = 0.

These have solutions (both satisfying det S =1 # 0)

hl' =z d hl =0
h? =y an h? = ycosf — xsinf.

The first solution is identical to the one obtained above, whereas the second represent
another, algebraically independent set of flat outputs for the nonholonomic car.

2.4.3.3 Planar Pendulum

The explicit second order equations for the planar pendulum read
I=u J=u ah = —u' cosf + (u? + 1) sin 6.
The second order implicit equation is obtained as
F =af+icosh — (jj+1)sinf = 0.
The associated order 2 operator Pr is then given by
Pp = (cos0D?* —sin@D* aD? —b)

where a € R and b = u!sinf + (u? + 1) cos® € R. As in the non-holonomic car example,
we first apply a rotation matrix V}
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cosf sinf O
( cosOD? —sin#D* aD? —b ) —sinf cosf 0
0 0 1

Pr

Vi
=(D?>-6> 20D+ aD>—b)
which results in two elements of order two with constant coefficients on the left and the

right. Hence, a second (constant) transformation matrix V5 allows us to obtain an order
zero element, i.e. an element in R

. . . 1 0 7a
(D*—6% 20D+60 aD*>-b )| 0 1 0
00 1

N————

. . .. V2
=(D?*—60> 20D+0 ab?>—b)
N—_——
ER
V=" Ve R3S detV = 1.

We may now again try the following form of ansatz

811 S12 0

<]f )V 521 522 0
r D2 — 02 20D+ 0 ab?>—b

PP ) is unimodular whenever S is and af? — b # 0.
F

Next, assuming ht? = h12(z, y, ) implies
1 11 31
5 (M omyoh
S \n2 r2 R
T Yy 6

12 3172

det S = hLhZ — h1h2 0 (2.21)
hy —acosf hy +asinf h, =0
hg —acosf hi +asin b2 = 0.

which, by Lemma 2.22, ensures that <

and leads to the equations

(2.22)

The PDE (2.22) has solution
h' = +asinf h* =y + acosf (2.23)
for which the unimodularity condition (2.21)
det S = hyh? —hyhi =1#0

is satisfied. The solution (2.23) represents the well known flat outputs.
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2.4.3.4 A 1-Flat Example

Consider again the system from Example 2.30 given by

it =t 12 = u? % = ulu?

We will try to reconstruct a (local) set of flat outputs. The order of the rightmost element
of Pr may be lowered by the following transformation

1 0 0

(v’D w'D -D )| 0 1 1
N—— — 0 0 Ul
Pr « ,

v
:( u?D  u'D —ul)

_ .0
(0 0)
We suspect the system is 1-flat, i.e.

b2 — hl’Q(xl,x2,x3,u1,u2).

Next we try the ansatz

Hence, from (2.20), the form
Rl +nl.D  hl,+hl.D Rl
P=
h2, +h2,D K%, +h3.D k2

From the chosen ansatz for P and the chosen V

_ s h,[leD + h}ﬂ + Ulhis | - -0
PV = L . (2.24)
-+ h2,D+ h2, +uth?, - -0
This leads to the linear homgeneous PDE in 5 variables x1:2:3, 412
hl, =0
h%, =0 - dh',dh? e {da',du’,dz® — u'dz?}
hi, +ulhl, =0 = {da',dut,d(z® —u'z?)}
h2, +ulh2, =0
which for h!2, implies the form
' = HY (2!, u!, 2% —uta?) h? = H*(2', u', 2% —u'z?).
The left 2-by-2 block in (2.24) must be invertible and reads
(- aE)D Y HL w'HE ) (1 0
(H? — 2*H2)D + H? —uw'H? )\ —2?’D —u!

HY=H}=0 H}=1

for pe_pz_o p2-
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making the block invertible (unimodular) if u! # 0. This integrates to the flat outputs
ht =zt h? = 2% —ulz?

Note that lowering the order of the leftmost element of Pr then leads to a PDE without
solution.

2.4.3.5 Remark

The approach sketched in the three previous example is very conservative. Indeed, the
transformation matrix V', chosen so that PrV contains an (n — m) X (n — m) invertible
sub-matrix (which by Lemma 2.26 is always possible for a flat system) is not necessarily
such that the corresponding sub-matrix of PV is zero for some suitable P. Nevertheless,
it is noteworthy that the pendulum equations can be dealt with so easily.

2.5 Conclusion

This chapter gave a review of the use of matrix differential operators in the context of
the flatness problem. These operators, among which certain are invertible, were shown
to act on bases of the differential module associated with a given control system. A now
classical result was presented stating that given a basis, the flatness of the underlying
system is equivalent to the two following conditions being satisfied: i) The torsion part of
the module must be generated by the differential of the time variable dt alone and i) there
must exist an invertible matrix operator transforming the basis in a new basis composed of
exact differential 1-forms. The conditions of the theorem were then further decomposed so
as to obtain a closed system of equations characterizing the existence of flat outputs. The
contribution of this chapter consists in a reformulation of the obtained characterization.
This reformulation does not “solve” the problem either, but the absence of “curvature
equations” may be seen as an appealing feature, as illustrated in the construction of flat
outputs of some simple examples.
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Chapter 3

Dynamic Controlled Invariance

In the preceding chapter and considering the characterization of flatness, the emphasis was
put on establishing the existence of flat outputs. Another approach consists in attempting
to verify the equivalence of the given control system with some controllable linear one. In
general, doing so involves the usage of a dynamic feedback [16, 17, 51, 24]. The equivalence
between two systems also means the existence of a specific type of reversible mapping,
namely a Lie-Bécklund isomorphism [48, 49, 108, 1]. In turn, these mappings are related
to a specific type of dynamic feedback called endogenous [44, 47]. In [24], the introduction
of the notion of covering of a system by another one allows to somewhat relax the conditions
on the sought-after map. A covering is a map between infinite dimensional manifolds. It is
then of interest to devise a test that decides whether a surjective map from the state-space
of a given system to another manifold induces a covering between corresponding infinite
input prolongations. A first step in that direction is made by generalizing the condition
of controlled invariance [100, 62, 15] to something that will be called dynamic controlled
invariance. This condition is however too loose on its own account and an additional
condition is provided by an infinitesimal version of the dynamic extension algorithm [127,
128, 99, 97, 37, 105]. The developed theory then provides a convenient setting for the
following problem: Given a control system and a set of feasible constraints, does the
unconstrained system cover the constrained one? This problem is closely related to the
notion of relative flatness [108]. Finally, the first aspect of our condition for a covering,
i.e. dynamic controlled invariance, actually corresponds to a degenerate type of dynamic
feedback. A simple example shows that linearization via that type of feedback introduces
many additional difficulties.

In Section 3.1, after a brief discussion of dynamic feedback and endogenous dynamic
feedback, we describe the kind of mappings relevant to the theory of flatness, namely
Lie-Béacklund mappings. We go on by reviewing the notion of a covering and the related
results regarding flatness. Section 3.2 first reviews the condition of control invariance
and then generalizes it to the one of dynamic controlled invariance. Next, the dynamic
extension algorithm for a set of 1-forms is described. Brought together, dynamic controlled
invariance and the DEA provide the condition for a (finite dimensional) map to induce a
covering. In Section 3.3, we present a sufficient condition for a constrained system to be

67
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covered by its unconstrained counterpart. We next show how this may be used to infer
flatness of the constrained system. Finally, Section 3.4 gives the example of a system
linearizable by singular static feedback that is not flat and discusses some implications.

3.1 Dynamic Feedback

Recall the general expression for the equations of a control system in explicit form
it = fi(t,xz,u) cardr =n cardu =m. (3.1)

In Section 1.1, we considered changes of coordinates on systems described by (3.1) involving
a map x = ¢(t,z) and a change of inputs ¢ over ¢ of the form v = ¢(t,z,v). The
maps where required to represent an invertible, time preserving bundle map, therefore
rank % =n and %‘5 = m. If ¢ is over the identity, i.e. ¢ = id, then the transformation
represents a static feedback for system (3.1)

it = fi(t,z,u) u =t z,v) carder =n cardu,v =m (3.2)

with new inputs v. Let us insist on the fact that this definition of static feedback implies
that cardv = card v and that the transformation is reversible.
A dynamic feedback for system (3.1) consists in assigning to the input u of system (3.1)
the output of some other system. As inputs, this “added” system receives the state x of
(3.1) and some new variables v.
it = fi(t,x,u) (3.3a)
¢ =d(t, &) u =b(tE0) (3.3b)
card{ =ng cardv =m,
(3.3¢)

At this point we make no assumption on card v but we require that

Jfob
rank( gg ) = My. (3.4)

v

In the static case of (3.2), the condition rank g—f = m guarantees that for any solution

6 (t) = (t,z(t),u(t)) of equations (3.1), there is a solution p=1 06 : () — (¢, z(t),v(t))
of system (3.2). The analog in the case of a dynamic feedback is a bit more subtle.

3.1.1 Non-Singular Dynamic Feedback

Assume that for any (smooth) section 6 € TU, & : (t) — (¢, x(t),u(t)), solution of
system (3.3a) there exists a solution & : (t) — (¢, &(t),x(t),v(t)) of (3.3) satisfying
G(t) = (t,06.(t),bo5(t)). In other words, assume that any (smooth) solution of (3.3a)
can be extended to a solution of (3.3). In this case, and following [16], we will call (3.3b)
a non-singular dynamic feedback for system (3.3a). In [17], such a dynamic feedback is
said reqular.
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Remark 3.1. The (non-)singularity of a dynamic feedback clearly depends on the system
to which it is applied. In the literature, by dynamic feedback it is frequently meant a
non-singular dynamic feedback with m, = m as for instance in [16, 51, 24] or non-singular
with m, > m in [17] when it comes to linearizing the system (3.3a).

Lemma 3.2. Consider the s independent 1-forms o', ..., o € AN TU>* and the sequences
of R-modules

k
Ag={a',...,a°}  Ap=-TD'Ay=Ag+ DAy + ...+ D*A,.
=0

Then for Q@ >0
dimAgi1 —dimAg <o = dimAgigr1 —dimAgyy <o Vg >0.
Proof. There exists a multi-index I = (I1,...,I,) such that
Agi1 = Ag + {al (@) qln(@+0)Y,
Hence

Agig = Ag +{ah1@0 _ ol-(@+a)
AQ+q+1 — AQ + {ah(Q-i-q—i-l)’ e ala(Q-l-q-i-l)}

and the result follows. O

Condider the sequence of R-modules generated by
Ey, = {dt,dx,d¢ db,...,db"P} k> 0.

In the language of Chapter 2, the non-singularity of a dynamic feedback can be charac-
terized as follows.

Lemma 3.3. Let V™ be the infinitely prolonged bundle and A" the differential module as-
sociated to the system described by (3.3) so that Al is generated by the 1-forms dt, dx®, d&7.
Then, around a point p € V° where {dt,dzx,d{} and En.—1 have constant dimension,
(3.3b) is a non-singular dynamic feedback for the system (3.3a) if and only if the 1-forms
dbl,...,db™ are a basis of a free submodule of A.

Proof. Write db = (db' --- db™)T and assume that db',...,db™ is not the basis of a
free submodule of A!. Then there exists a non-zero operator H € M9 D] such that
H db = 0 and where D is the infinitely prolonged Cartan vector field of system (3.3),
ie. D= % + fi|u:b% + aja%j + US(kJ’_l)av?(k)' Let h? D", = 0,..., R be the entries
of H, then hl D"db? = hb d(D"b?) = 0. This implies the existence of m not all trivial
relations n?(b, Db...,D®b) = 0 and p = 1,...,m. Along solutions of 3.3, the implicit
equations 7?7 (b, b, ..., b)) = 0 are hence satisfied. Choose any smooth trajectory ¢ — b(t)

not satisfying all relations n? (b, g, o, D) = 0, there clearly exists a solution section &
for (3.3a) such that & : (t) — (¢, z(t),u(t) = b(t)); but there is no solution & to (3.3) such
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that 6(t) = (¢,64(t),bod(t)) holds.

The converse needs a bit more work. From an arbitrary solution of (3.3a), we need to
construct a solution of (3.3). Assume that db',...,db™ is the basis of a free submodule
around p. Define

k

Xo = {dt,dz} Xpy=1TD'X, k>0
1=0

By ={db,....db"P} k>0

Cr = {dt,dz,db,...,db""} = X+ B,  k>0.

Clearly dim By = (k 4+ 1)m. We now show that dimCy = 1 +n + (k 4+ 1)m. By the
assumption rank % = m and by the equation u = b(t, &, 2,v), we have {dt,dx,dz™M} =
{dt,dx,db}. Hence, X; = Cj. Differentiating k times, we obtain that Xy; = Cj for
k > 0. Since Cx, = Xo + Bk, Xo as finite dimension and dim By = (k + 1)m, there must
exist a finite P > 0 such that

dim Cp+p+1 — dim Cp+p =m Vp Z 0.

On the other hand, assume there is a @ > 0 such that dim Xg11 — dim Xg < m, then by
Lemma 3.2
dim Xg1g4+1 —dim Xgyq <m Vq > 0.

But since Xj411 = Ck, we have a contradiction. Therefore, using dim Xy = 1 + n, we
indeed have that
dim Cy = dim Xp41 =1+ n+ (k+ 1)m. (3.5)

Next, consider
Ey, = {dt,dz,d¢,db,. .. db"P} = Cp + {d¢}  k>0.

we verify that any subset & C & such that Ene—1 = Che—1 + {d¢} (which exists, since
Ene-1 has constant dimension) is such that

dt,dz,d,db, ..., db"™ are independent Vk > 0. (3.6)

Choose a multi-index I = (I1,...,1L,), I; € {1,...,n} such that
{dt,dz,dzMY = {dt, dz, de" ™} = {dt, dz, db}. (3.7)
Define C; ), = {dt,dx,dz" ™) ... dz"*+D} such that by (3.7), Cx = 4., Ci ). From

(3.5), note that
dimCip=1+n+(k+1). (3.8)

Since z, & are state variables for the system (3.3), by (3.8), and dim d{ = ng we see that

{dt, da,de} N Cipe—1 = {dt,dz,d€} N Cyperr V>0,
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Intersection distributes over union, therefore
{dt, dz,d€} N Cpo—1 = {dt, dz,de} N+ Ci ooy = T{dt,da,d} N C; 1
i=1 i=1

= i:—l—l{dt, da,d€} N Cy ety = {dt, dz,dE} N —:|—1 Cimeti
= {dt,dz,d€} N Crerr V1> 0.

Hence £is as claimed. Choose a minimal subset §~ C &, complement of € in £. Clearly,
{d¢} € Cn—1 + {d&} so that there exist some function x such that

E=x(t.x&b,... D),

From (3.7), we also see that z,b,..., b(”i_lz are local state coordinates for the n¢-th pro-
longation of system (3.3a). From (3.3b), déV) C {dt,dx,d¢,dv}. And by the assumption
(3.4), we may choose a minimal subset ¥ C v such that

Epe—1+ DE,, 1 = {dt,dz,d,db,...,db"9), dv} = {dt,dx,dE,db, ... ,db"), dv}
and v a complement of ¥ in v. There exists a function v satisfying
b=v(t,x,&D,... ,b(”g),l_)).

Hence, t,z,£,b,...,b(%~ 1 are local coordinates for a system with inputs b("¢) 5. The
equations of this system are

&= f(t,z,b) (3.9a)
b=b® ... e = pno) (3.9b)
5: a(t7 I? g? X(t’ I’E? b’ A '7b(n€71))71_)7 V(t’ I’E’ b7 A ’b(ng)’/l_)))' (3.9(3)

Clearly, the map -
T (t,r,&,b,...,b("ﬁ),ﬁ) — (t,z,u=0b)

transforms solutions of (3.9) to solutions of (3.3a) and the map
t
x
0:(t,z,&b,....0") 5y u=0b
3
v

transforms solutions of (3.9) to solutions of (3.3). Now consider any (smooth) solution of
system (3.3a) given by the section & : (t) — (¢, z(t),u(t)). This section always lifts to a
solution "¢ of system (3.9a)-(3.9b) as

9" u(t)
otre

67 (1) = (t,z(t), b= u(t),...,b"e) = ).
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One may now choose any suitable initial condition for £ and input o(¢) (around p) and
together with 6"¢(t), (3.9¢) is an ODE whose solution completes 6™¢(¢) to a solution of
the system (3.9). This solution is mapped to a solution of (3.3) by the map . See also
24, 109] O

Lemma 3.3 has the following obvious consequence.
Corollary 3.4.
i) A static feedback (3.2) with rank %‘3 =m is a non-singular (dynamic) feedback.

it) A dynamic feedback (3.3) with m, < m is singular.

3.1.2 Endogenous Dynamic Feedback

One may further restrict the class of dynamic feedbacks (3.3b) with the notion of en-
dogenous dynamic feedback. This notion was introduced in the framework of differential
algebra not discussed here, see [44, 47]. In our setting, an endogenous dynamic feedback
is a non-singular dynamic feedback (3.3b) for (3.3a), such that m, = m and satisfying
the additional property that the state variables £!,...,£™¢ of the compensator can all be
expressed as functions of the variables ¢, z,u,,...,u®) for some finite k, see e.g. [5].
Equivalently, a dynamic feedback (3.3b) for (3.3a) is endogenous if the systems described
by (3.3a) and (3.3) are Lie-Bécklund equivalent, see for instance [87], p. 128.

Example 3.5. The two following instances of (3.3) are non-singular dynamic feedbacks
for the integrator & = u, both with m =m, = 1.

) T=1u w= gl ) T =1 w=gl
a . . - . . -
61262 52:,() 51:,0 52:,()
In a), the feedback is endogenous, indeed, £* = 1 and €2 = ii. In b), the variable €2 cannot
be obtained as a function of x,u,,... In particular, the initial condition £2|;—o can be

assigned independently from x|i—g, u|t=o, t|t=0, - . .
An endogenous feedback can also be characterized as follows.

Lemma 3.6. Let Al be the differential module associated to the system described by (3.3)
so that A' is generated by the 1-forms dt,dx®,d¢? and let AL be the submodule of A
generated by the 1-forms dt,dx*. Then, at a point p € V>, (3.3b) is an endogenous
dynamic feedback for the system (3.3a) if and only if it is non-singular, m, = m and
AL =AY around p.

3.1.3 Mappings

Consider two control systems sharing the same independent time variable ¢ described by
the equations
= f'(t,x,u) cardz = ng, cardu =my, (3.10)
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and ‘ ‘
7 =g’ (t,y,v) cardy = ny, cardv =m, (3.11)

respectively. Following the discussion of Section 1.1, one can define bundles myag : U — M
and myn VYV — N where mynm ¢ (8, 2,u) — (¢, ) and mpn : (¢, y,v) — (¢, y). On these
bundles, the system equations induce corresponding Cartan distributions and codistri-
butions. The infinite-input prolongations then yield two diffieties (/*°, D) and (V*°, E)
where

0 ; 0 ety 0O 0 ;0 ar+1)_ 9
Pegtlam e pam MBSt 0G TV
with k,g =0, 1,... span the respective one-dimensional Cartan distributions.

Between the infinite bundles ¢/*° and V*°, considered as bundles over the same base (time
manifold) B, a smooth bundle map is a map ® : U +— V> such ®*¢t = ¢t and such that
for any function h € R(V*>°), ®*h € R(U>). See Chapter 2, p. 40, for the definition of
the smooth functions in R. A mapping ¢ additionally satisfying

®.(Dlp) = Elay  VpEU™ (3.12)

is called a Lie-Bdicklund mapping. The condition (3.12) says that the two Cartan vector
fields D and E representing (total) time differentiation along system solutions are ®-
related. If there are local coordinates on U and V*° such that ®(t,z,...,y,...) =
(t,z,...) then ® is a Lie-Bdicklund submersion. Lie-Bécklund submersions are connected
to subsystems in [108]. If there are local coordinates on U*° and V*° such that ®(t, z,...) =
(t,x,...,0,...) then ® is a Lie-Bdicklund immersion. If ® is one-to-one and has a smooth
inverse, it is called a Lie-Bdicklund isomorphism. [48, 49, 108, 1].

3.1.3.1 Coverings

The next definition and the related results are borrowed from [24]. A Lie-Bécklund map-
ping & : U — V> is called a covering if the tangent map ®.|, is a R-vector space
epimorphism (a surjective map) and dimker ®,|,, if finite, is constant for all p in U>.
The dimension of a covering is the dimension of ker ®.|,. The dimension may be finite or
infinite. If (4°°, D) and (V°, E) are the diffieties associated to systems (3.10) and (3.11)
respectively and if ® : U — V> is a covering, then the system (3.10) is said to cover the
system (3.11).

Proposition 3.7 ([24]).

i) A non-singular dynamic feedback (3.3b) for system (3.3a) with m, = m defines a
finite-dimensional covering of (3.3a) by (3.3). The dimension of the covering is
smaller or equal to ne¢.

it) Under some regularity assumptions (see [24]), if a system is covered by a flat system,
then it is flat. The dimension of the covering can be finite or infinite. !

Tt has been suggested that the proof of Theorem 6 in [24] contains an arguable step. In a private
communication, the author of [24] sent a correction for his proof.
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Proof. i) see Theorem 4 and 7)) Theorem 6, both in [24]. O

Note that if the covered system has less inputs than the system covering it, then the
dimension of the covering is infinite.
An interesting consequence of the previous Proposition is that given a flat system system
(3.3), the flatness of (3.3a) can be guaranteed by verifying the non-singularity of the
dynamic feedback (3.3b), i.e., without checking that the feedback is endogenous.
Another consequence, which is actually the point of [24], is that a system linearizeable by
a non-singular dynamic feedback is necessarily flat. In Section 3.4, we give an example of
a system linearizable by a singular (static) feedback that is not flat. To the best of our
knowledge, the conditions under which a system linearizable by singular dynamic feedback
is flat are not known.

3.2 Finite Dimensional Tests

In this section, we go back to finite dimensional descriptions of control systems, as pre-
sented in Chapter 1. In particular, we are interested in the behavior of surjective bundle
maps from the state space of some given system to another manifold, fibered over the
same base B, i.e sharing the same time variable . We will see that there always exists a
control system defined on the codomain of the surjective map such that all trajectories of
the original system map to solutions of the codomain system. However, some cases are
more interesting than others, in particular we will be interested in knowing whether the
considered map induces a covering between the corresponding prolonged systems. Indeed,
in this case, and in this case only, not only do trajectories from the first system map to
trajectories of the second one, but any solution of the second system can be “lifted” to
trajectories of the first one.

The desired information can be gathered from the properties of the kernel of the induced
tangent map. If the distribution defined by the kernel satisfies the classical control invari-
ance property [100, 62, 15], then Corollary 3.11 shows that the map induces a covering
and the test requires no system prolongation. However, regarding flatness of the covered
system, Proposition 3.12 shows that this simple situation is not “interesting” in some sense.
If the covering system is static feedback linearizable, then the covered system is static feed-
back linearizable too. The more appealing situation of a statically feedback linearizable
system covering a flat but not static feedback linearizable system cannot happen when the
kernel of the tangent map is controlled invariant.

Besides controlled invariance, more general situations have been studied in many differ-
ent ways. In [141], the system defined on the codomain of the studied surjective map is
said to describe a quotient system. In [81, 114], the related question of decomposition of
a system in so called cascades is investigated. Various other structures are proposed in
[151]. In [75], vector fields of the tangent of the state-space manifold that may be lifted to
symmetries of the control system are characterized; these symmetries and their properties
are then used to decompose the system.

We propose a characterization of the surjective bundle map that we coin dynamic controlled
invariance because of the similarity it bears with the criterion for controlled invariance,
which it generalizes, and its natural link with (singular) dynamic feedback. The criterion
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can be applied on the unprolonged system. However, verifying that the corresponding sys-
tem decomposition induces a covering necessitates a finite number of input prolongations
and the application of the dynamic extension algorithm [128].

We first state a technical result useful in proving both Propositions 3.9 on controlled
invariance and 3.13 on dynamic controlled invariance.

Lemma 3.8. Let M be an m-dimensional manifold, y = {y*,...,y™} a local system
of coordinates on M and D € TM* a vector field on M. Let also {vl,... 0™} C y,
{wh, ..., w™} Cyand{z',..., 2™} Cy be three subsets of the coordinate sety. Assume
that

i) the vector fields [631 , D} R, [L D} o .., &Lmz are all indenpendant

Swmw ’ D210

i) there are functions o and B¥ in C°(M) such that

O plow |2 s 0
[2.0) = [ 0] st 11

Then the m, independent vector fields

0 49

= — — o -
Yot v owI

commute, i.e. [X;, X;] = 0.

Proof. First note that for any two functions a',a?, part of a local coordinate system on

M, the Jacobi identity implies that the double bracket

0 0 0 0 0 0
27 1

(]

is symmetric in a! and a?. Next use =y for the equality modulo Z, i.e. A} =5 Ay iff there
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exists a z € Z such that A; = A3 + z and expand the following double bracket

e ) [ o)
« [ ]
o o]+

d ;007 [0 dal [ 0
awT’DH T % P [%D} T ou |ow P

0 j 0oy Oay, 0
i’ awr’D” +( % P avi) L‘W’D] (8.15)
f

(3.15) is symmetric in i, k:

; 0 0 (3.14) 0 0
igr |9 |9 A1) i [ |
Vi {6103" {&M’DH Vi [6w“ {8wj’D]]

i 0 0 . 0 0
jer J _ g r | Y
= e {a 7 {awT’D” = o [6wi’[awr’D”

Again by the Jacobi identity (3.14), the whole expression (3.15) is symmetric in the indices
i, k. Therefore, one obtains the relation (3.15), , — (3.15), ; =z 0 which reads

j Oaj ;j0ay  Oap,  Ooj 0 _
( gws ~ ow T G avk) [%’D} =20

and by assumption i), this implies

I
Q
P
Q
ot
‘
l_| | — |

The first term in the last line o

804 0o, Oaf, 0o
J J k k 4
. v =0. 3.16
U gwi M gws T dut Dk (3.16)
Finally, compute the bracket
0 o 0 0
X, Xil = | = —ap=—, —
X Xl [61}’“ Y gur v N 6w3]

NEERE AR I )
Avk’ Tt Qwi ovi’F gwr kowr T owi

:( i@a{ ;0ay,  Oaj, (’)ag) 0 (3.16)

ow Y ow T vt ook
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3.2.1 Controlled Invariance

Throughout this section, we consider the bundle myq : U — M with adapted coordinates
mum : (t,x,u) — (t,x) and the system described by equation (3.1). The manifold M
itself has a bundle structure mpp : M — B with adapted coordinates (¢,z) and B is
the time manifold with coordinate ¢. To simplify notations, we denote by U C TU the
involutive input distribution defined as U = ker myyrq,. In the specified coordinates, U =

{6%1, cey %}. We shall also consider the vector field D € TU
0 - 0
D=— (¢ —. 3.17
3t+f(7x’u)8z1 ( )
With the above choices, the Cartan distribution € on U/ is spanned by
¢={D}+U.

A controlled invariant distribution Z is a (locally) constant dimensional involutive
distribution in T'M satisfying Z dt = 0 and such that there exist a lift Z C TU and a
vector field D € € with

TumsZ =72 dimZ=dimZ D.odt=1 (3.18a)
[D.Z] c Z. (3.18b)

The next proposition is adapted from and generalizes Theorems 7.5 and 13.7 in [100].

See also e.g. [62].

Proposition 3.9. Let Z C TM be an involutive p-dimensional distribution satisfying
Zydt =0 andletU € TU be the input distribution. Then (locally), the following conditions
are equivalent

1) The distribution Z is controlled invariant.

ii) There are functions y', 2% € C*°(M) andv?, wP € C*(U) such that Z = {52} C TM,
(t,y,2) are coordinates on M and (t,y,z,v,w) are coordinates on U. The Cartan
distribution on TU s spanned by

_ B 0 . 0 0 0
D=— kot — + h'(t — d —, —.
5 79 (62, vw) o+ (,y,w)ayl and =2, 55
i11) The control system described by (3.1) is static feedback equivalent to the one described
by
=g (t, z,y,v,w) (3.19a)
g =ity w) (3.19D)

iv) Let Z; = (] 5% with ¢/ € C®(M) be a basis of the involutive distribution Z C TM.

With the coordinates (t,x,u) on U, consider Z C TU the lift of Z C T M spanned by
the (same) vectors Z; = (1, (! ) 52 = ¢ 52 The distribution Z C TU satisfies

(Z,D) e [UD+U+Z i=1,...,p. (3.20)
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Remark 3.10. In 4v), the criterion can be checked equivalently, replacing the proposed lift
of Z C TM by any lift Z C TU satisfying dim Z = dim Z and mym.2Z = Z C TM. To
see this, replace Z; in (3.20) by Z; + pﬁ% for any pl € C=(U).

Proof. We first show i) = iv). The assumption that Z C TM is controlled invariant
implies that there are coordinates (¢,z,y) on M and (¢, z,y,u) on U such that Z = {%}
and

_ ) . 9 0 .
D:D+71W Z{aZiJreﬁW} 7 el e e ).

The condition [Z, D] C Z then implies that there exist ¢ € C>(U) such that

TR AR R
92 " Cigul’ Tou| T 9\ o T S

9 _ |0 a1 0 l paVI pafé 9 . 0
[azi’D] S [aul’D] " <Ci€s 9z +Dle) ow 1 ur T

which implies iv).

Next we show iv) = ii). By assumption, there are independent functions z!,..., 2",
yl,...,y" P on M such that (¢, z,y) are coordinates on M, (t,z,y,u) are coordinates on
U and Z = {3%} C TM. With this choice of coordinates, the vectors 2 € TU are
vectors lifted from the vectors % € T M, indeed, my M*% = 621" We shall let Z C TU
denote the involutive distribution spanned by those lifted vectors azi' Set m < m such
that dim ([U, D] + U + Z) = m+m+p. One can split the set of input variables (previously

rearranging them if necessary) as 4! = u!,..., 4™ = u™ and 4! = ™+, .. G = y™
such that
9 pliviz=|Lplivsz L p|lnw+z=0 (3.21)
ou’ - |ou’ ou’ o '

Now, conditions (3.20) and (3.21) imply that there are functions o, 35 € C®°(U),i € 1...p,
l€1...m such that

0z’ o’ i Qup

i,k=1...p Il=1...m p=1...m.

0 B B,
28] =t [ 2] st o o

Set the three bases of Lemma 3.8 as {a%k}, {%} and {525, %} respectively. Condition
i) of the lemma is satisfied because of (3.21). Relation (3.22) satisfies the condition ).
Hence we conclude that the vector fields

0 ;0

commute, i.e.

[X;, Xi] = 0. (3.24)
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Note that the vectors X; € TU are (other) li X, =
WMM*% = a(zi' Now, recall that y',...y" ? are coordinates on U such that {dt,dy,
du,du} =17y Z. Compute

0 _0Dy") _ 0y _ 9(Dy’)
J = — =
[azi’ ] 0z D@zi 0z (3:25)
3.22)
DyJ ayj
Doa
= Za (3.26)
so as to obtain from (3.25), (3.26) and (3.23) that
(2 _ 9 N pyi—x., dDy
0= (azi o aul) Dy’ = X;1dDy (3.27)

Set X C TU, X = {X,} and note that dim X = dim Z = p. Define the m independent
1-forms 77 := addz" + du9, ¢ = 1...m and let the codistribution J C TU* be given by
J = {dt,dy’,v?,daP}. Clearly, X, dt =0, X;1dy? =0, X;0 v? =0, and X;, da®? = 0.
Hence

dimTU =n+m+1 dimJ=n+1—p+m dim X = p.
1oy J=X (3.28)

It now follows from (3.24) and (3.28) that the codistribution J is completely integrable,
i.e. there are 97 € C*°(U) such that
0v

J = {dt,dy’, dv?, di? k—— =1

with the rank property following from the form of 7%. From (3.27) we also see that
dDy* = dy* e J.

Hence, we have obtained adapted coordinates (¢, z,y, 7, @) on U with (¢, z,y) coordinates
on M in which g/ can be expressed as functions independent of z*. It follows that we can
rearrange the new input variables ¥, % in two sets v, w and that in these coordinates, the
vector field D can be taken of the form

B B
+ 9"t 2,y v, w) = + Rty w

)8
ot QzF 0y’

That 44) = 4i) should be clear from the discussion of Chapter 1.
We now show ii) = i). Let ¢ be the invertible bundle map ¢ : U — U such that

o= (tay) U=tz y v w).
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Note that
7 l
+hjg¢;%% +hj%%
:D—i—vl%
with

a¢l a¢l a¢l
U ) kZ7u JZru
V= T g T G

The expression of D from i) shows that

o -1 o8¢k o d
[aD}a_WC{a_}

0 = 0 _
O |:3zi’D] = |:¢*%a¢*D:|
|, 9 1 0 9
N {(ﬁ*@zi’Dery 6ul} < {¢*6z}'

0 o0 o 0 0
9zt 9zt x| 9zt Aul

Hence

But
s

so that we clearly have

0\ _ [0¢; O | _ i B
UM {qﬁ*@} o { 0zt 8x5} o {¢Z*8zi} =ZCIM.

Hence Z = (b*{%} C TU is the sought after lift of Z C TM and ¢,D the sought after
element of €. O

An easy consequence of Proposition 3.9 is that controlled invariance implies that there
is a subsystem described by the equations (3.19b) that is covered by the complete system
(3.19), and therefore also covered by the static feedback equivalent system (3.1):

Corollary 3.11. Let everything be as in Proposition 3.9. Then the system (3.19) covers
the system (3.19b).

Proof. ConsiAder the infinite prolongation D = D+ ols+) au(?(l) + " (Pt Bw?(f)) and the
vector field D, = % +hi(t,y, w)aiyi +w" Pt __2 . The map ¢ : (¢, 2,1y, v, w,0,10,...) —

Owr () *
(t,y,w,,...) is such that ¢.D = D,,. O
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Corollary 3.11 together with Proposition 3.7 say that if one wants to construct a flat
system, one may simply consider a controllable linear system and an arbitrary controlled
invariant distribution Z. Then, any surjective map 7 such that ker 7, = Z will “project”
the linear system to a smaller flat system. However, as the next proposition shows, nothing
very interesting can happen because the obtained flat system is necessarily static feedback
linearizable.

Proposition 3.12. Let the conditions of Proposition 3.9 be satisfied and additionally
assume that the control system described by (3.1) is static feedback linearizable. Then the
system described by (3.19b) is statically feedback linearizable as well.

Proof. By Proposition 3.9, there are coordinates (¢, z,y,v,w) on U such that the Cartan
distribution € is spanned by
0 0 0

) o
Q::{& +gk(t,z,y,v,w)—+h (tava)a_yia %7 W}

0zk
and the Cartan codistribution 2 by
Q= {dzk - gk(tv 2 Y,0, ’U.))dt, dyz - h’z(ta Y, w)dt}

From the same result, we may define a surjective map 7 : i/ — V given in coordinates by
7w (tz,y,v,w) — (t,y,w) where (t,y,w) are coordinates on V. The equations (3.19b)
describe a system on V — N with Cartan distribution

o . o 0
+ h'(t, y, w)

Cw =15 3y Bwr)

and Cartan codistribution ' .
Oy = {dy* — h*(t,y, w)dt}.
We also see that kerm, = {a—ik, %} and that 7.€ = €, in the sense of Section A.2.2.

Hence, by Lemma A.9ii), the two sequences defined by
¢ — ¢ elr+l) — o(r) 4 [Q(T)’ Q(T)]
¢ = et =gl (e, )]
are such that 7,e) = @55) for all » > 0. And by Lemma A.13 the two sequences
oM —q Qr+1) .— {we Q) | dw € Q(T)}
o =9, QUrth .={we Q) | dwe )}

are such that Q) =1, € and Qg) =17y Qg) for all » > 0. Define the two distri-
butions K € TU and K,, C TV such that K =17y« dt =Ly w*dt and K,, =Ly dt.
Clearly 7,K = K,,. Since the system on U is static feedback linearizable, Q") + {dt} is
integrable for all 7 > 0 by Proposition 1.8 and it follows that € N K = Lzy- (Q) 4 {dt})
is involutive.

One may next verify that ker 7, C K implies that 7, (€ NK) = (7.€)N (7. K). There-
fore, again by Lemma A.9ii), 7. (€W NK) = Cg) N K, is involutive. But Cg) NKy =Ly«
((25,3“) + {dt}) so that Qi) + {dt} is integrable for all » > 0. The result follows by invoking
Proposition 1.8 once more. |
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3.2.2 Dynamic Controlled Invariance

Assume an involutive distribution Z C TM of constant dimension p is given but that
the conditions of Proposition 3.9 are not satisfied. That is, Z is not controlled invariant.
Then, one may still consider the surjective maps 7m with domain M and kerm, = Z. It
is also still possible to lift such a map to a map # : Y — V with mpn : V — N and
N = 1(M). Moreover, there are adapted coordinates such that

mum : (Ly,z,u) = (Ly,z)  mon: (Gy, &) = (Ey)
Tty 2) = (ty) 7ty zu) = (ty sty z,u)

and Z = {%}. The situation is summarized in the following commutative diagram.

r
Uu——-=y
TUM TYN

M u N
Wﬂk\ %/B
B

On the bundle V, one may also define a control system such that any solution ¢ — & ()
of the system on U leads to a solution ¢ — 7(5(t)) of the system on V. However, in
general, the converse is lost, i.e. a given solution of the system on V is not necessarily the
projection of a solution on U. Indeed, in the map 7, the functions x are only such that

rank % < card k.
ou

In [141], the system obtained on V has been coined a quotient system of the original
one. We use the term dynamic controlled invariance for the similarity the criterion of
the next proposition bears with the test for controlled invariance and its natural link to
(singular) dynamic feedback. One should also stress the fact that in the following, the
obtained system is not necessarily covered by the original one. To decide this, additional
tests need to be performed. Indeed, one has to verify that the corresponding dynamic
feedback is non-singular.
Let us reconsider the set of coordinates such that

Tum : (t,z,u) = (¢, ).
The following is a weaker form of the controlled invariance criterium of Proposition 3.9.

Proposition 3.13. Let Z = {(} 52} C TM be an involutive p-dimensional distribution

satisfying Z dt = 0. Let also Z C TU denote the distribution spanned by {m}; v, (g)% =

{C} 621'}‘ Consider D € TU, the vector field given by (3.17) and U € TU, the input
distribution spanned by {% | l=1...m}. Assume the distributions

U.D|+U+[2,D)+2,  U+Z and Z
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have constant dimensions around some point of U. Then, around that point, the following
conditions are equivalent

1) The integrable codistribution Y =1pa Z, satisfies dim(Y + DY) =dimY + s

ii) There are n— p functions y* such that (t,y, z) are coordinates on M and independent
functions k',... k* € C®(U); in these coordinates, Z = {a;gk} and the vector field
D € TU can be rewritten as

0 0 0
D=— +gk(t,z,y,U)7 + Bty k(t Y, 2, u)

ot =k oy’
h
ranka—z = Sy, rank% = s, rank& =8 =28, + S,.
i11) The distribution Z satisfies
dim ( ([U,D]4+U+[Z, D]+ Z) mod (U+Z2)) = s. (3.29)

Moreover, the largest choice for the number s, is given by
sy =dim ( ([U,D]4+ U+ Z) mod (U+ Z) ).

Remark 3.14. There is no (static) feedback involved, only a change of coordinates (¢, z) —
(t,z,y) on M, i.e. the system inputs u are kept unchanged.

Proof. The equivalence i) < ii) should be clear. We now concentrate on i) = ii). Define
sy :=dim ( ([U,D]+ U+ Z) mod (U + Z2))
s, :=dim ( ([U,D]+U+[Z,D]+ Z) mod ([U,D]+U+Z) )

For any two R-linear vector space A and B such that B C A, note that dim(A mod B) =
dim A — dim B. Hence
Su+ S8, =Ss.

By assumption, there are functions z!,...,2” (part of a coordinate system on M) and
input variables u!,..., u™ (part of a coordinate system on U) such that U = {%} and
Z = { aazi}' The numbers s, and s, are such that (possibly rearranging the lists of
variables), splitting the u and z variables each in two sets (@, @) and (Z, 2) as

at =ut, ..., at = ut at =ttt AT = ™

=21, 2% = 2% = z%=+1 P78 = 2P

ey

leads to a basis of the distribution [U, D|+[Z, D]+U+ Z given by the independent elements

0 0 0 0]
{ |:waD:| yeeey {%7D:|7|:55D:|7"'7|:%5D:|5

0 o 0 0

w,...,%,ﬁ,...,%} (3-30)
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For the brackets involving the remaining variables 4, Z, there must exists relations of the
form

9 ploar |2 n| 9 p O L9

[aﬂw,D} = a,, {aﬁk,D} + by, [82h’D] + k) S +€wazi (3.31)
O ol [ plaeg [ plsp?

|:62va:| ’U|:auk)D:|+/8’U |:azh7D:|+77jaup+evazz (332)

Considering the three sets of variables {@*, 2V}, {@*, 2"} and {u?, '}, and using Lemma
3.8, we may conclude that the vector fields defined by

— 9 k 9 h 9
Vii=ga — g~ g
0 0 0
X, =— —aqF— _ph_—__
T om Y oak g ozh
commute, that is
X, X]=0 [X,W=0 [LV]=0. (3.33)

Next, define the independent 1-forms

uk = da® + afdﬂl + afd%i
v = dz" 4 ordat + phazt

Clearly,
Viopb=0  Viovh=0 Xopb=0 Xoavh=o0. (3.34)

Now, choose y!,...y" ” independent coordinates on M such that {dt,dy’} =1lrrp Z.
One has ‘ ‘
Viodt=0 Viady’ =0 X,adt=0 X;ady =0. (3.35)

Define the codistribution J := {dt,dy’, u*,v"}. Relations (3.34), (3.35) and a count of
dimensions shows that
J =Lru {Vi, Xi}

and (3.33) imply that J is completely integrable. Therefore, there are independent func-
tions v*, (" € C>(U) such that

, ov o¢
J =A{dt,dy’,dv”,d¢"} rank 5 = Su rank 55 = 5 (3.36)

where the rank properties follow from the form of p*, ",

Now on one hand we have

) 9Dy 9 }
[ g D} Y = St = 5 dDy (3.37)
0 . 9Dy’ 0 .
7 J— — j
L’)zv ’ D} Y= ae = gz v (3.38)
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and on the other hand

v ouk v ozh
0 0 ,
_ k_~ h_Y
= <aw PTG + by, 5an ) dDy’ (3.39)

0 332) (L] O Rl O ;
v g 52 “ 7 J
[agv’D]y o | ggre D) TP |5z P ) v
i
k

_ akaD h@Dyj
v ou v ozh
= (aljai + B aah)J dDy’. (3.40)

Computing the differences between the r.h.s. of (3.37) and (3.39) and between the r.h.s.
of (3.38) and (3.40) shows that

ViodDy' =0  X;5dDy’ =0

which in turn implies
dDy’ = di’ € J. (3.41)

We now show that rank g? = s, and rank 371 = sz Assume rank % +rank % < Syt 5, =

s. This implies that there exist functions ¢*, " € C>°(U), not all zero, such that

o5 o5
k h —
O oaF T oz =

This can be rewritten as

= g 97"
0Dy 0y’ 0Dy’ oy’
gk _pY% h _p9%
¢<8uk Dak>+<¢ FE =T
0 0 .
= <¢’“ [W’D} + " {@,D} >J dy’ (3.42)
S

Clearly, we also have that S, dt = 0. But {dt,dy’} =11y {%, %}, so that S €
{ 6‘31 , azr} Therefore, there are functions 6!, 9" € C>°(U) satisfying the nontrivial relation

0 d )
k h l i _
¢ [ak’ }—l—(p [azh’ }H’a +9' o =0
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which contradicts the fact that (3.30) is a basis of independent elements. Hence indeed

0y 0y
rank—?i —|—rank—?i =8,+8,=s

ou 0z

and because card u = s, and card Z = s,

rank—y = Sy rank—y = 5,.

ou 0z
Lastly, from (3.36) and (3.41) and setting k! = vl,... K% = v¥e gt = (1 . kS =
(%=, we conclude that there are functions h’ such that

7 o=h(ty.k) K =rP(ty, zu)

Oh 0k K
rank — =s rank — =s rank — = s,.
oK ou “ 0z ?
The converse statement i) = i) is easily verified. O

3.2.3 Differentially Independent Codistributions

Proposition 3.13 states the conditions that need to be satisfied for the existence of coor-
dinates on M such that the dynamics (3.1) take the form

2= gM(t, z,y,u) (3.43a)
“i i oh
gt = h'(t,y, k(t, z,y,u)) rank o =5 (3.43b)
K
However, in contrast to the case of controlled invariance, the conditions of Proposition 3.13
are not sufficient to conclude that the system described by (3.43) covers the system (3.43b)
described by 9* = hi(t,y, k) with k as input. Indeed, any solution z(t),y(¢), u(t) satisfying
(3.43) leads to a solution of (3.43b). But given a solution y(t), 5(t) of the equations

y' =Nt y, k) (3.44)

there does not necessarily exist z(t), u(t) such that z(t), y(t), u(t) is a solution of (3.43) and
R = k(t, z,y,u). Notice that the equations (3.43) can be seen as a dynamic feedback on the
system with equations ¢° = h'(t,y, k). By Proposition 3.7i), if this dynamic feedback is
non-singular, (3.43) covers (3.43b). In turn, by Lemma 3.3, if A! is the differential module
associated to (3.43), the dynamic feedback is non-singular if and only if dk!,...,dx?
(locally) generate a free sub-module of A*.

These additional conditions can be checked by verifying the right invertibility of system
(3.43) with k(t, z,y,u) as output, also characterized by the differential independence (to
be defined next) of the codistribution {dx}.

Form Chapter 1, recall that for system (3.1) and for all £ > 0, we may defined the
manifold ¢* with (local) coordinates (t,z,u,...,u*)) on which the k" input prolonga-
tion of the system is defined. This set of manifolds has a composite bundle structure,
for ¢ > k we have the projection map my g : U* — U7 with coordinate expression
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Tk (Gasu, . u® o u D) s (G2, u®),

We will say a set of 1-forms pu = (u!,...,pu*), u* € U*, or the codistribution it spans,
is differentially independent around a point p € U if there is a point p € U such that
Tu,0ok(P) = p and {ﬂi,,ook,ul, c s Ty ok} 18 @ basis of a free module around p.

Clearly, identifying 7, ., pu* with p* and working on U, the set u is differentially
independent if and only if dim{u|p, fils, ..., |5} = s(r + 1) as a R-linear space for all
r > 0.

We begin with an easy but useful fact.

Lemma 3.15. Let u = (ut, ..., uP) be a set of independent 1-forms and o = (i, ..., GP) =
(ul(”), . 1PP)Y for some numbers r; > 0. Then u is differentially independent if and
only if [ is.

Proof. From the definition, it is obvious that if y is differentially independent, so is ji. Next
suppose 71 = 1,79 = 0,...,7, = 0, i.e. o= (i}, p?%, ..., uP) and assume fi is differentially
independent but y is not. Therefore pu! = 'yl,rﬂl(r) withl =1,...,p, r =0,...,R and
y1,0 = 0. Differentiating the relation once gives u! = "yl,rul(r) + ’yz,rul(”l). In the last
relation, ¥1,0 = v1,0 = 0, it is hence a relation on fi, a contradiction. The result follows by
induction. O

The next Lemma is an extension to (not necessarily integrable) codistributions of the
notion of static state feedback.

Lemma 3.16. Assumev = (v1,... ,v™) is a set of differentially independent 1-forms and

set U ={v}. Let X be a (finite dimensional) codistribution satisfying
XNnU=0 X+XCX+U.
Then, any set 0*,..., 0™ of m representatives of a basis for
U+X)/X
is differentially independent.

Proof. Differentiating k times shows that

X4+XCcX+U = X+4.. . +X®PcXx4+U+...+U0*D (3.45)
Let x!,...,x" form a basis of X. By assumption, there exist two matrices «, 8 such that
7 =alv® 4 By’ rank o = m.

Hence

k k
gtk _ alsys(k) + Z (f) als(r)ys(k—r) + Z (/;/’) ﬂé(‘l)xi(k—q)
r=1 q=0
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such that by (3.45) that
7O =alys® mod X +U+... 4+ U Y vE>1.
Hence, by the full rank of o and after setting U = {7} we have
VE=X+U+.. +0W =X4+U+...4U® Vk>o0.

Since X is finite dimensional, there must be a]% >0 suchA that for all p > 0 dim V’;‘*p‘|r1 —
dim V*+? = m. This in turn implies that #'*) ... ™) are differentially independent.

Hence, 7',..., 7™ are differentially independent by Lemma 3.15. ([l

3.2.3.1 Dynamic Extension Algorithm

Verifying differential independence of a set of forms p from the definition requires testing
the (non differential) independence of an infinite set of 1-forms. If time differentiation is
defined by the equations of a control system in classical form & = f(¢,z,u), and if we
restrict the definition of u to u® € TM*, ie. to u* € {dt,dz}, then we can devise a finite
test for the differential independence of p, requiring at most n = card x prolongations on
the system inputs u.

The test consists in an “infinitesimal” version of the dynamic extension algorithm (DEA)
[127, 128, 99, 97, 37, 105] which tests the right-invertibility of a control system with spec-
ified outputs [118, 68, 67]. If a system with (classical) outputs y'(¢,x),...,y%(¢,x) is
right-invertible, the dynamic extension algorithm produces a non-singular dynamic exten-
sion with the property that the extended system has y'(1) ... y*(s) as a subset of its
inputs for some [; > 0. Note that the transformation from the system to its extended
form also happens to be a quasi-static feedback, see [34]. By “infinitesimal”, we shall
mean that instead of verifying the right-invertibility of a system with (classical) output
yr(t,x),...,y°(t, ), we verify differential independence of the 1-forms dy', ..., dy*, which
is the same. To do so, we describe a version of the DEA that is applied to the 1-forms
dy’ instead of the functions 7. This modified algorithm works without regard to the
integrability of the set of 1-forms to which it is applied.

We now define the recursive procedure of the Dynamic Extension Algorithm for a set
of not necessarily integrable 1-forms

pw=(u', ..., p) C TM*. (3.46)
For every k > 0 define
Xy = {dt,dz,p, ... ,u(k)} (3.47)

where {dt,dz} = TM* and
Up = {du*,... ,du™}

such that Xo + Uy = TU*. Note that from (3.46) we have Xy = {d¢t,dx, u} = {dt,dx}.
Also, Uy may be taken as spanned by any set of m 1-forms such that Xg + Uy = TU™.
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The algorithm successively produces Uy € TU + U + ...+ U™, for k = 1,... such that
the following three conditions are satisfied for all k:

Uy, is differentially independent (3.48a)
XeN(Up+...+UP)y=0 ¥p>0 (3.48b)
Xk C X+ Ug. (3.48(‘,)

Lemma 3.17. Dynamic Extension Algorithm
Assume Xy and Uy satisfy the conditions (3.48). Suppose Uy is spanned by {v} =
{vt,...,v™}. Choose any subset ji C u with card i minimal such that

Xk-i-l = {dta dZC, Moo 7M(k)au(k+1)} = {dta dl’aua . '7M(k)aﬂ(k+1)}'

Set v = ﬂ(k“) and take a minimal subset U C v such that Xy, + {v,0} = Xy, + Uy. Build
Uky1 as Ugpr = {0, 0}. Then, Xp1 and Ugy1 satisfy the conditions (3.48) where k is
replaced by k + 1.

Remark 3.18. If one additionally assumes that {u} is integrable, then in each step of the
Dynamic Extension Algorithm, one may choose i such that {fi} is integrable too. This
then produces integrable codistributions X and Uy for all k.

Proof. The choice of 7 is such that
(E*)r =ary! mod Xy r=1,...,cardi ranka = card i

Define Uy = {7, 7}. By Lemma 3.16, the pair Xy, Uy also satisfy condition (3.48a) and
by Lemma 3.15, so does Ug41. By construction, the pair Xy, U1 also satisfies (3.48b)
and (3.48c). O

Proposition 3.19. Consider a set (or codistribution) p as in (3.46) and the sequence X
as in (3.47). Define the sequence of codistributions

Y, = {,U/,/.J/,. 7/1/(k)}

Then the following conditions are equivalent
1) w is differentially independent

it) dmYy41 —dimYy=s Vk=1,...,n—1

iii) dimY, = s(n+1)

i) dim X,, —dim X,,_1 = s

Proof. The main idea for this proof is adapted from [105]. Apply k steps of the algorithm
of Lemma 3.17. Since
Xi+1 = X, + {7}

we have that
X1 +{v} € Xppo
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and by the assumption (3.48b), ¥ is independent of X1, hence dim(Xy41 + {V}) =
dim Xj41 + card fi. Therefore dim Xy49 — dim Xj41 > card i, so that

dim X4 — dim Xy, < dim Xj40 — dim Xj 1. (3.49)

We now turn our attention to the sequence Yj. Assume dim Yj11 — dim Yy = r for some
k > 0. Then, there is a subset fi C p with card i = r satisfying

Vg1 =Y + {p* 1}
Set i C p such that {f, i} = {u}. We have
%D — 0 mod Yy + (a1}
and this implies, differentiating, that
At =0 mod Yigy + {n*+, "2}

which implies that dim Y42 — dimY;41 < r (i.e. there are at least s — r more rela-
tions between the elements i, ..., u*+2) as relations between the elements g, ..., u5+1)
. Hence

dim Y41 —dim Yy, > dim Yiq 0 — dim Yj4 1. (3.50)

For k > 0, define the two sequences of numbers
pr = dim Xy — dim X qr =dim Yy —dimYy
From card p = s and from (3.49) and (3.50) we see that
0<pr <pry1<s $2qk = qe41 =20
hence both sequences must stabilize for k& < k* for some finite k*. Since X, = {dt,dx}+Y}
dim Yy, — dim X, = — dim{d¢, dx} + dim({d¢, dz} N Yy)
leading to

(dimYkJrl* dlek> — (dikaJrl — dlka)
=dqk — Pk
= dim({d¢t,dz} N Yj11) — dim({dt,dz} NY};) > 0 (3.51)

so that ¢ > pr. For any w € {dt,dz}, remember that either w is torsion and then
w® e {dt,dx} Yk > 0 and w™ € {dt,w,...,w™ D} or there is a k, < n such that
wk) ¢ {dt,dx} Vk > k,. Therefore

{dt,dz} N {w,..., 0"V} = {dt,dz} N {w,..., w7}

(3.52)
Yw € {dt,dx} and ¥r >0.
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Define Y 5, = {p, ..., u**} such that
Y = f_“lyi,k-

Since u® € {dt,dz} and by (3.52), we have
Yin—1 N{dt,dz} =Y, nir N{dt,dz} i=1,...,8, r>0.

We now use the fact that intersection distributes over union, i.e. that AN, B; =
U; (AN B;) to show that for > 0

{dt,dz} N Y,y = {dt,dz} N+ Yi,yr
1=1
=+ ({dt,dw} N Yinir)
=1
=+ ({dt,dz} N ;1)
=1

= {dt,dz} N+ Y1
1=1
= {dt, dl’} N Yn—l-

Hence, from (3.51), we deduce that g,—1 = pp,—1. Finally, we see that k* <mn — 1 and the
result follows. |

We may now state an equivalent to Proposition 3.7:) the conditions of which are
checkable using the DEA, i.e. in a finite number of steps.

Corollary 3.20. The system described by (3.43) covers the system described by (3.44) if
and only if the codistribution {dk} is differentially independent.

Remark 3.21. The differential independence of {dx} C TU* can be checked by first pro-
longing the inputs once and then using Proposition 3.19.

Proof. Applying the Dynamic Extension Algorithm n + m times (see above remark), one
can construct successive prolongations of (3.43). At step k, the state space is made
of y,%,k,...,k% where Z is any minimal subset of the variables z satisfying X; =
{dt,dy,dz,dk, ...,d™} = {dt,dy,dz,dx,...,d«®}. By the differential independence
of k, after n + m steps, Up4m can be chosen so that dx("t™+D) < U, ,,,. Hence, by
Corollary 3.11, the obtained system covers the system

K(nerJrl) - w

y'=h'(t,y,K)

which in turn clearly covers the system (3.44). O
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3.2.4 Bundle Maps and Coverings

We now turn our attention to the following situation. We are given a bundle myaq : U — M
and a control system is defined on U by the equations (3.1). A surjective bundle map ¢
from the bundle Ty : M — B to a bundle mag : N — B of the form ¢ : (t,2) — (t,y =
¢« (t,x)) is also specified. We want to verify whether or not, the map ¢ induces a covering
by (3.1) of a control system on some bundle Ty : V — N.

The following proposition is an adaptation of Propositions 3.13 and 3.19 and answers the
question using only the data of ¢ in its domain.

Proposition 3.22. Set Z C TM as Z = ker ¢, and let U C TU be the input distribution
U ={3%}. Pick D€ TU given by

0 - 0
+fz(t733,u)—

D= — -
ot ox*
On TU™™ define
N 0 0
Z=Z+ {5 0 g )

ﬁ:DjLul(TJrl)%, r=0,...,n+m

Construct the following filtration of Z
70) _ 7 20D = (¢ e 2® | D, ¢l e z¥W}
for k=0,....,n4+m. Define s as the number

s = dim( ([U,D]+U+[Z,D]+Z) mod (U+Z)).
Then, the map ¢ induces a covering if and only if

dim Z*+m=Y _ dim Z("+™) = .
Proof. Define Y C TU™T™* as Y =Ly tm- Z. Compute the sequence
yO —y yE+l) — y (k) L py ()

By Lemma A.15, we have that Y ®) =1 7y/nsm« Z®) . Hence dim Z(*+m=1 —djm Z(+m) =
dim Y (™) —dim Y (»*™=1) " The result then follows from Proposition 3.13, (Lemma 3.16)
and Corollary 3.20. O

Example 3.23. Consider mya : U — M with
mum : (Gt 2?2 2t ut u?) = (et 2?2t
the equations (3.1) given by

= T =u = it =u (3.53)
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and the surjective map

=

3 X

o (tat 2?2 at) = (ty',y% %) = (2, 2%, =),

22
The distribution Z € TM, Z = ker ¢, is then given by Z = {,7:2% +x46%4} and U € TU
by U = {32, 52 }. Computation leads to

0 0 0 0
U, DI +U = {ﬁul’ ou?’ 0z2’ 8x4}
0 0 0 0 0 0
2. D)4+ 2=yt g g T g T W g W )

From which we obtain that s = dim ( ([U, D]+ U + [Z, D]+ Z) mod (U + Z) ) = 2. Next

Z:{ﬁ%ﬂ#%,au‘?(o),...,au?(7)} 1=1,2
D :xQ% Jrul% +z4a;z3 +u2% +ul(r+1)au?(r) =12 r=0,...,6
From [ﬁ, au?ﬁ)] = _aulgfm ,7 >0, [15, %] = —%, [D, %] = —% and from
1D, 4 0 . 0 5y 0 s O

EWTES) +z 3u2(r)] ) +z Ju2(r—1)

0 0
_ _ ., 1(0) _ ,2(0)
R T R T

we get, for 0 < k <6

70 = {42 0 0 i a}

Aulk—1) €z D21 Gl " Gl 1=1,2.

_|_

Therefore, dim 20 —dimZz® =2 =s. Hence, by Proposition 3.22, the map ¢ induces
a covering. Since the system (3.53) is linear and controllable, by Proposition 3.7ii) the
covered system is (locally) flat. Equations for the covered system are for instance given by

Note that these equations are locally static-feedback equivalent to the nomholonomic car
equations.

3.3 Coverings of Constrained Systems
We now approach the following question. Given a control system and a set of state

constraints, does there exists a covering of the constrained system by the unconstrained
one? More precisely, consider the system described by (3.1), and a set of functions
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ct(t,x),...,c"(t,z) of the system state, i.e. ¢/ € C®(M). The constrained system is
then described by the equations

it = fi(t,z,u) (3.54a)
dt,z)=0 j=1,...,r<m. (3.54b)

Our aim is to give a sufficient condition for the system described by (3.54a) to cover the
system described by (3.54). Loosely speaking, if the constraints (3.54b) are feasible, i.e.
if there are solutions to the constrained system, then there locally exists a Lie-Bécklund
immersion from the constrained system (3.54) to the unconstrained system (3.54a), see
[108]. However, this does not imply the existence of a covering, i.e. a map in the other
direction. The discussion of this section bears many similarities with the notion of relative
flatness and related results from [108].

We make the following simplifying assumption, let &/°° be the infinite composite bundle on
which the prolongation of equations (3.54) are defined and A! the associated differential
module. Then, around a point p € U™ of interest, we assume that the 1-forms dc?, ..., dc"
generate a free submodule of A!, i.e. that dc', ..., dc" are differentially independent.
The next result provides a sufficient test to verify if a given surjective map 7 with domain
M, induces a control system, as in Section 3.2.2 respectively 3.2.4, that is covered not
only by (3.54a) but also by (3.54).

Proposition 3.24. Let mynm : U — M be the bundle on which the unconstrained system
(3.54a) is defined, let D € TU be given by

0 ; 0

D=— 't —

5 Ttz w5

and c',...,c" € C®(M). Let also Z C TM be an involutive p-dimensional distribution

satisfying Zs dt = 0 and Y C TM* the integrable codistribution annihilating Z, i.e.

Y =lgam Z. Choose pt,...,u° € TM*, any independent representatives of the space
(Y +DY)/Y. Moreover, assume that the r +s < m 1-forms

phy oo psdet, L deT

are differentially independent around some point p € U°.

Then, YN{dc',...,dc"} = {0}. Also, there (locally) exist functions y*,...,y" =P € C>®°(M)
such that {dt,dy’} =Y, functions v',... ,v5 € C*®°(U) and smooth real-valued functions
gt (t,y,v),...,g" P(t,y,v) such that the system described by

4 4 P
¥ =h(t,y,v) ji=1,....n—p rank 2 —
v
is covered by the unconstrained system (3.54a). Moreover, the same system is also covered

by the constrained system (3.54).

Proof. By assumption, {dt,dy*,...,dy" ", dv',... ,dv*} =Y + DY, therefore by Lemma
3.16, dv',...,dv® are differentially independent if and only if !, ..., u* are. This also im-
plies that dv!, ..., dv®,dct, ..., dc" are differentially independent if and only if p',. .., u®,
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dct,...,dc" are. By Proposition 3.13, choosing 2, ..., 2" in such a way that (¢,y,2) is a
coordinate system on M, the unconstrained system equations (3.54a) may be rewritten in
the form
=gt z,y,u)
g =0 () v =0tz y ).
We now show that Y N {dct,...,dc"} = {0}. Assume 3w € Y N{dc!,...,dc"} and w # 0.
Since {dc} is free, dim{w,w,...,w)} = K + 1 for all K > 0. Therefore, since Y has
finite dimension and w € Y, there must be a P > 1 such that wP) €Y + DY and w® ¢
Y. Hence w(P) is a representative of (Y + DY)/Y that is not differentially independent
from {dc}, a contradiction. The above implies that there is a subset z!,..., 2?7 of the
variables 21, ..., z? such that (t,y, 2, c) is a local coordinate system on M and such that
the unconstrained system equations (3.54a) take the new form
éZ = ez(t5y7 2’c7 u)
="ty z )
P =hihe) 0=ty 5 o).
We already know that dv',...,dv®,dc!,...,dc" is a differentially independent set of 1-
forms. Hence, we may apply the DEA a number of times and get the system
Gille) — g
~t(Ly) —L

vooT (3.55)
= gk(t5y725c7"'7c(LC)5v5'"7’U(Lv)7a) .

yo= W(tv)
with @ some subset of the original input variables u. The system (3.55) is equivalent to
(3.54a) by endogenous feedback. Now the map
Ty (t,y,é,c,...,c(Lc),v,...,U(L”),ﬁ,ﬁ,...,ﬂc,ﬂc,...,ﬂv,ﬁv,...)
= (L, v, .0 Gy, )

is clearly a covering of the system ‘ ‘

¥ =W (t,v) (3.56)
by the system (3.55), so that the same equations are covered by (3.54a).
Next, the constrained system (3.54) is equivalent by endogenous feedback to the system

L) — il
o= GR(t,y,2,0,...,0,0,... 00 @) (3.57)
Jo= ()
and the map
7_Ty:(t,y,é,v,...,U(L“),ﬂ,ﬁ,...,...,ﬂv,ﬂv,...)

— (t,y,v,...,U(L”),av,ﬂv,...)
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is a covering of the system (3.56) by the system (3.57). Hence, the constrained system
(3.54) covers (3.56). O

The previous proposition allows one to verify if a given “subsystem” is simultaneously
covered by the unconstrained and constrained systems (3.54a) and (3.54) respectively.
However, it does not say if the unconstrained system covers the constrained one. Be-
fore stating a sufficient criterion for this problem, we use the assumption made on the
state constraints. Indeed, since {dc!,...,dc"} are assumed differentially independent, we
may apply the Dynamic Extension Algorithm and transform the system (3.54a) into the
equivalent adapted problem

i =F(t, &, c... P q) (3.58a)
e = gJ (3.58b)
@ Cu cardu+cardc=m
T Cx cardz+cardc=n
for some L. > 0. (Note that we may assume an extension of the same length L. on each
constraint ¢! without loss of generality). The set of variables 7 is any subset of x (or
functions of z) such that {dt, dz,dc} = {dt,dz}, i.e. (¢,Z,c) are local coordinates on M.
The constrained system (3.54) is then equivalent to
= Fi(t,%,0...,0,7). (3.59)
Before stating the result, let us redefine the bundle &/ according to the extended system
(3.58). The bundle myaq : U — M shall have the local coordinate expressions
Tum : (t,Z,c.. .7C(LC),’I~L,’CLZ) — (¢, Z,c... ,c(LC))

and out of the Cartan distribution defined on U by equations (3.58), we pick

0] - 0 .0
- = i 7 (Le) g c) i7J
D 8t+F (t,Z,c...,c ’u)a:zi 503 0) 5 T=D) +ucacj(Lc)'
Corollary 3.25. Let myp : U — M be the bundle on which the unconstrained system
(3.58) is defined, and let D € TU be as above. Suppose that there exists an involutive

distribution Z C T M satisfying Z 1 dt = 0 and that
dimZ = (L. + 1)r r = card c.

+...+cj(L

LetY C TM* be the integrable codistribution annihilating Z, i.e. Y =171r Z and assume
that

dim (Y +DY)/Y) = cardi = m — .
Choose pt,...,uy™~" € TM*, any independent representatives of the space (Y + DY)/Y.
Moreover, assume that the m 1-forms

1 m—r 1 s
T) ,dc, ..., dc

are differentially independent around some point p € U°. Then, there exists a covering of
the constrained system (3.59) by the unconstrained system (3.58) and a covering of (3.54)
by (3.54a).
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Proof. By Proposition 3.24, there are functions y,...,y""" € C®(M), vl,...,0™ " €
C>(U) and smooth functions h',... A"~" such that

Y ={dt,dy} Y + DY = {dt,dy,dv}
g9 = hi(t,y,v) g=1,...n—r.

Also, Y N {dc} = {0}. Assume there is a w € {dc,...,dc")} for some P > 0 such
that w € Y. Then, either w(®) € Y VQ > 0, which implies a differential relation on
dc (since Y is finite dimensional) and contradicts the differential independence of de, or
3Q > 1 such that w(®) is a non-zero representant of (Y + DY)/Y, which contradicts the
differential independence of i, dc. Therefore, we conclude that Y N {dec,...,dcF=)} = {0}
which in turn, counting dimensions, implies that {¢,y,¢, ..., c(LC)} form a local coordinate
system on M and {t,y,c,..., clLe) yp, i} form a local coordinate system on U. In these
coordinates, the equations (3.58) take the (decoupled) form

94 = hi(t,y,v) g=1,...n—7r

cj(LcJ’_l) _ a‘é (360)

and the constrained system (3.59) is therefore equivalent to

g9 = hi(t,y,v) g=1,...n—r
Jd=0,...,00) =0

which is clearly equivalent to 9 = h9(t,y,v), since these relations are independent of ¢
and its derivatives. But the system ¢9 = h9(t,y,v) is covered by the unconstrained system
(3.58) by Proposition 3.24. O

Remark 3.26. Assume that the unconstrained system (3.58) is linear (or static feedback
linearizable, or flat) and that the conditions of Corollary 3.25 hold. Then the constrained
system is flat. Also, in this case, the decoupled form (3.60) in the proof above shows
that if p!(t,y,v,...,0")), ... 9™ " (t,y,v,...,v) are the flat outputs of the constrained
system, then n',..., 9™ ", dc', ..., dc" are flat outputs for the unconstrained system. This
shows the link of our result with Theorem 7.2 and Corollary 7.3 in [108] where it is shown
for example, that given a flat system, if ¢ is a subset of the flat outputs, then the constrained
system satisfying ¢ = 0 is flat.

Example 3.27. Consider the system described on the bundle myn : U — M with coordi-

nates myupnm ¢ (t, b, 2% 23, 2t ut v ud) = (¢ ot 22, 23, 2t) and satisfying the equations
! =ul + 2u3a2!
% = u? + 2u32?
L (3.61)
= —ul2?.

It is easily verified that the system is flat with flat outputs x>, x*,u3. Consider also the
constraint
c=(x")?+(z*)?-1=0. (3.62)
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For the involutive distribution Z of Corollary 3.25, choose Z = {x1% + ,7:2%}. Then
Y =lrym Z = {dt,da?, da?, a2t da® — 22 dx?}.
Computations show that dim ((YJrDY)/Y) = 2 and two representatives are given e.g. by
pt = uddet + 2tdu® p? = (2?u! — 2'u?)dz' — 2taPdut + (2h)?du.

Further computations show that the matrix

#;1
g |2 (W w? de)
oud

has determinant —2(x')?(c+ 1) which is non-zero if x* # 0. This shows that u*, u?, dc are
(locally) differentially independent since the input differentials du', du?, du® are supposed
so. Hence, by Corollary 3.25, the system (3.61) under the constraint (3.62) is flat.

We shall close this section by stressing the fact that the difficulty in the application of
Corollary 3.25 is to actually find an appropriate involutive distribution Z (or an appro-
priate integrable codistribution Y).

3.4 A Non-Flat System Linearizable by Singular Static
Feedback

By Proposition 3.7, any system linearizable by a non-singular dynamic feedback is flat.
The same does no hold true for singular feedbacks. We close this chapter by giving an
example of a system that is linearizable by singular static feedback but that is not flat.
The example also shows that in general, this property is not invariant under endogenous
feedback. The system in the example is linearizable, but the system obtained by prolonging
one of the inputs once is not.

Example 3.28. Consider the following system with three states and two inputs

-1 1

T =u 2

3 = 22 + cos(u') sin(u?). (3.63)

= 2! +u? T
Using the singular static feedback u' = u and u? = 0, the system transforms to a chain of
three integrators

Pt=ut =2t i =22 (3.64)
However, the system (3.63) is not flat. Indeed, it is known that if a system © = f(x,u)
is flat, then the submanifold of the first jet space given by the equations p = f(x,u),
parameterized by u and with x considered as fized parameters is a ruled manifold, see
[129, 117]. 1t is easily checked that the corresponding manifold is not ruled in the case of
equations (3.63). The manifold is illustrated in the following figure, black and meshed for
(3.63) and red for (3.64).
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Finally, adding u?® to the state and adding the equation u? = @ to (3.63) leads to a non-
linearizable system. Indeed, the new state variable u? may be assigned an initial condition
different from zero, making the reduction to (3.64) impossible.

Remark 3.29. The construction of the example can be viewed as follows. In the proof
of Theorem 2 in [117], it is shown that the equations of a given dynamically linearizable
system may always be “perturbed” so as to destroy the linearizability property. In this
view, one can consider that (3.63) is a perturbed version of the single-input linearizable
system (3.64) and that u? is the perturbation parameter (7 in the notations of [117]).

Regarding the previous example, one should note that the singular feedback is such

that the input variables u' and u? are not only made differentially dependent, but also
algebraically dependent; and it is exactly for this reason that the ruled manifold condition
can be satisfied for the new, smaller set of inputs.
However, consider the situation of a linear controllable system (3.1) and a dynamic con-
trolled invariant distribution Z defined on the system’s state-space manifold. If Z =
{5Z,..., 5%}, we may rewrite the (linear controllable system) in the form of (3.43). Fur-
ther assume that the differentials of the functions !, ..., x® are not differentially indepen-
dent. Then the system (3.44) is linearizable by a singular dynamic feedback. However, by
construction, the functions ', ..., k* are algebraically independent. Hence, one may not
use the same trick as in Example 3.28 to devise an instance of a system (3.44), linearizable
by singular dynamic feedback but non-flat.

3.5 Conclusion

In this chapter, we dealt with the question whether a given system covers another one
which is specified or “induced” by some surjective map defined on the state space. We
obtained both a necessary condition and a necessary and sufficient condition introducing
a generalization of controlled invariance, coined dynamic controlled invariance and apply-
ing a variant of the dynamic extension algorithm. We then went on to give a sufficient
condition for a constrained system to be covered by its unconstraint counterpart, thereby
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also providing a sufficient test for the flatness of the constrained system, given the fact that
the unconstrained one is flat as well. Finally, we gave an example of a system linearizable
by singular static feedback that is not flat and discussed some implications.



Chapter 4

Bilinear Systems

In our previous discussions, we encountered two different kinds of filtrations of (co-)distri-
butions or modules, related to the data of a given control problem. In the case of static
feedback linearizability, the emphasis was put on the Pfaffian system given by the system’s
contact forms. This approach can be understood as rearranging infinitesimal versions of
the equations. The procedure originates in the Goursat normal form for systems of codi-
mension two [61, 13] and is known as the GS-algorithm [55, 58]. Since then, it has been
generalized further in various ways, e.g. [143, 142, 147, 146, 148]. The other approach
consists in finding 1-forms of highest relative degree which can be seen as sorting out the
system variables differentials in an appropriate way. This procedure potentially requires
some input prolongations. We presented it in Section 2.2 as the computation of a basis
of the differential module associated with the system. In [5, 4], it is called the infinites-
imal Brunovsky normal form. See also [69, 72] for earlier results. In the case of static
feedback linearizability, both types of filtrations enjoy some respective integrability prop-
erties. In this situation, both computations also happen to result in equivalent objects.
Concurrently, in the flatness problem, the integrability issue is the most difficult one, c.f.
Chapter 2. The first object of the present chapter is to devise a class of control systems
given by equations of a more general type than linear ones, but simple enough so as to
make a general assertion regarding integrability of their filtration. Indeed, using a specific
relative derived flag [108], we show that one can compute a filtration with guaranteed
integrability. However, as we will see, this comes at a cost. In a second step, we apply
the algorithm to a specific class of equations. These equations, when imposed to satisfy a
quadratic constraint, are shown to be flat. Moreover, we observe that when some parame-
ters are set in an appropriate way, two well known physical flat systems are obtained, the
non-holonomic car and the pendulum.

In Section 4.1, the two types of filtrations are compared in the integrable case. In Section
4.2 we define the studied class of bilinear systems and show that upon adequate prolonga-
tion, the associated filtration always satisfies the integrability conditions. We then deduce
a sufficient condition for the flatness of that class of systems. Section 4.3 defines a set
of “generalized pendulum” equations and shows their flatness. Some trajectory planning
simulations are also presented.
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4.1 Two Filtrations in the Integrable Case

Let us briefly recall the two different filtrations defined in Chapters 1 and 2. A control
system with n states and m inputs is defined on the bundle myn : U — M given by
Tum : (t,z,u) — (t,z) in local coordinates. The system satisfies the equation

it = fi(t,z,u) cardz =n cardu = m.

The associated Cartan distribution and codistribution on U are generated by

Q= {da' — fl(t,x,u)dt, ..., da" — f*(t,x,u)dt}
) ) o )

Next, the infinite input prolongation is defined on ¢/*° which has the local coordinates
(t,z,u,u®, u® .. )). On U, the Cartan distribution is spanned by the unique vector
field

0 i 0 ip1) 9 o
Doongrf(t,z,u)axiwLu 5l (P) i=1,...,

l=1,....m p=0,...

n

In Chapter 2, we defined the set of smooth functions on &/*° and denoted it by R. The
R-module of 1-forms in TU>* generated by {dt,dx!,...,dz"} was denoted by H. In
Sections 1.2.2 and 2.2 respectively, the two following filtrations were defined

HO =g  H*Y ={,ecH® | D (w)c H®} (4.1)
00 =0 QD —fw e QW | dw e QW) (4.2)
where dw € Q%) means that dw lies inside the ideal generated by Q(*) in ATU*. The next
result states that in the case where the codistributions Q(F) 4 {dt} are integrable for all k,

these coincide with H®). Recall that the integrability of Q(®) 4-{dt} is what characterizes
static-feedback linearizable systems.

Lemma 4.1. Let my o0 : U™ — U be the projection given in coordinates by Ty oco :
(t,xz,u,u®, u® ) = (tx,u). Assume Q) 4+ {dt} is integrable for k > 0. Then

H® =77 o(Q® + {dt}). (4.3)

Proof. From the definition, one clearly has H® = 77, (2 +{dt}). Assume Q") +{dt}
is integrable for & > 0. Then, for some particular value of k, assume (4.3) holds. There
exists functions ¢*, z,v7, g7 € C*°(U) such that

From (4.2) we deduce dz* A dt € Q). which implies dz* € {d(,dy,dt} = Q¥ + {dt}.
Observe that Q) + {dt} = {dz,dt} = 7}, TM*. Tt follows that the z°,(*, 77 are not
only functions on U but are pulled-back from some functions on M, i.e. z' = zi(t,z),
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¢ = Ci(t,l‘) and 77 = ’yj(t,l‘).

Since D annihilates the elements of Q) it follows that D(¢?) = 2° and D(y7) = ¢’.
And since ¢* and 47 depend only on (t, ac) we have that 77y oD ¢ = DOO(WZt,oooci) =
71,000 (2 ) and 77, .0 D(V) = Doo (7,007 ) = Wit,goo(gj> o '
From dz" € {d(, d, dt} it follows that Do (7]; 100C") = 7 002" are functions of (w7 . oC",
T 0007+ ). We have shown that 77, o (R + {dt}) ¢ H*+. The result follows by
comparing the dimensions of H**1) and Q*+1) + {dt}. O

4.2 Bilinear Systems

We now consider systems with n states %, m inputs «* and L mutiplicators A' considered
as inputs, of the form

??‘l

L
Z (Qui +a) (4.4)

where k € R™ AeR"™™ BeR"™" Q€ R"™ ¢ € R"™ To describe the same set of
equations, we shall also use the following notation

it = f' =k +ala? + bk + N(Qf 2" + o) (4.5)
where k?, a], be,Q
(4.4). The variables u* are inputs to the system and the \' = X9 are also seen as inputs
on which one admits an arbitrary prolongation of length P. The system is therefore defined
on a bundle ¢ with coordinates (¢, z*,u*, A0 ... X(P)) The Cartan distribution on U
reads

cl € R are the entries of the corresponding matrices and vectors in

9] 0 9] .0 0
- i 2 (p+1)!
TONUP) T 8)\L(P)} ot +f ox? A oL
p=0,...,P—1.

V={D

and the Cartan codistribution
Q={da’ — fidt, AP - \PVlgey  i=1,....n p=0,...,P—1.

One may complete 2 and V' so as to build two dual bases of TU* and TU respectively:

Q da® — fidt = W' %
AP £\ gy w2 p=0,...,P—1
d)\(P)l 1% 6)\?13)1 (46)
dt D
— ——
TU* TU

One easily checks that applying any form to any vector gives 1 if these are on the same
row and if the indices agree and leads to 0 otherwise. Hence the two bases are indeed dual
to each other. Concerning the derived flag (4.2) of 2, we have the following result
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Proposition 4.2. If P > max(2K — 1, K + 1), then for k = 1,..., K, the k™" derived
system Q) takes the form

QF) = { pd(dz® — fidt), dN® NP Vgt | p=0,...,P-k—1}
where the matrix Ny, with entries ni depends only on N N=2) " The codistribution
Q" 4 {dt}

is completely integrable. Moreover, to compute Ny, choose N1 as any (constant) matriz of
maximal rank satisfying

N1B =0.

The other elements are obtained by applying the following recursive computation for all k,
1<k<K-1:

e find an M of maz. rank s.t. NyM =0
e find an H of max. rank s.t. H(Nj, + Ny(A + Zle NQ)M =0
e Niy1 = HNy

In the second step, Ny = 22;3 a‘ijl\f’;) A+ The matrices Ny, can be chosen with entries

polynomial in \'®).

Remark 4.3. Applying the algorithm of Proposition 4.2 and increasing P at each step if
necessary, so as to guarantee that P > max(2k — 1,k + 1), does not necessarily lead to
a zero matrix IV, even if the system is strongly accessible. See the forthcoming Example
4.8.

Remark 4.4. In the statement of Proposition 4.2, we made no mention of the regularity of
the obtained Q). For simplicity and throughout this chapter, we shall implicitly consider
only neighborhoods of points p € Y within which the ranks of Ny,..., Ng are constant
and equal to their generic ranks. These generic ranks are well defined since the matrices
Nj, may all be chosen polynomial in their arguments.

Proof. Tt is easy to verify that N; can be chosen as stated. Hence, N; can be chosen
constant. The formula in the proposition implies that if N,. depends on O ... N\{(r=2)
then N, depends at most on AO! . X5=D! Tt follows by induction that Nj depends
at most on A0 \(E=2)L

We now show the correctness of the algorithm. Assume P > max(2K — 1, K + 1) and
1<k < K — 1. Moreover assume that Q®*) and V*) =Ly~ Q%) fit in the following two
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dual bases
) { ng(dzi — fidt) :ngwi m;a?ci J=1...,n—ng
dN(®) _ \Up+1D) gy 0 p=0,....,P—k—1
7l (dat — fidt) = nlw mie =1,
AN(P) _ \l(p+1) gy s p=P—k,...,P—1
dN(P) 5ﬁ%ﬁ
dt D
~——
TU* TU

These bases are dual of each other if and only if the following relations are satisfied (owing
to the form of the dual bases (4.6)).

(mgﬂ aii)J (nfw') = minyo,=nim} = 6 (4.7)
i 0 k i ksl ki
Mg ) (nfw') = minjdi=nfm} =0 (4.8)
- 0 —k Sioksl_ —ko~i
M5 ) (Afw') = minjo;= nfm; =0 (4.9)
i 0 —k ikl —k i k
Mg ) (nfw') = minio;= nym} = 6; (4.10)
We shall use the following shorthands for the relevant elements.
QB = {7 =nlwi n'P =d\N® —\NPHDgy p=0,... . P—k—1
0 0
(k) — —mr 2 - - p_
Vi = {uy = Mg Wha = Fy D} gq=P—k,...,P. (4.11)

Assuming Q(®) + {dt} is integrable, by Lemma 1.6 and Proposition 1.8, we may compute
QD a5

QD = fwe® | Dydwe QW)

“2D e QW | vy Dodw =0, whgo Dodw=0, g=P —k,...,P} (4.12)

The exterior derivative of the generators of Q%) are given by
dpd = dnl Nw' 4 nldwt  dp'? = —dNPTD A dt
so that the elements D du? and D dn'P read

D dp’ = (Da dnl)w' — (Do wh)dn! +nl D dw?
0
= nlw' —nl Do (dff A dt) for P>k —1
=ndw' +nl (df' — D(f7) dt)

D dnfP = d\PHD _ \IP+2) gy
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Hence, the elements of the right-hand side of (4.12) are

af . 0

, 9 , _
vsa (Do dp’) = m;hg%J w' + m;nf(axr D(fz)axT o dt)
. D fi _ 9fi
= il mind 00 < (] 4+l 90

of w0 B
O - D/ )(a)\h(q)Jdt» gq=P—k,...,P

=0 for P >k + 1, since f* dependes on AHO)

ves (Do dn'P) = mg%J (AN PFD) — \PH2) gty =

9]
Whga (D2 dnlp) = a)\h(q)J (d)\l(l)-'rl) _ )\l(p+2)dt)

=6, 00" p=0,....P-k—-1 q=P—k,... P

_ § if p=P—k—1 and ¢q=P—k
o0 otherwise.

Hence, if P > k + 1, the only two terms that are not identically zero are

af

Ve (D dp?) =m0l + n] dz”

) (4.13)

62 if p=P—-—k—1 and ¢q=P—k

) (4.14)
0 otherwise.

whya (Do dn'P) = {

Since Q1) <« QK there must exist functions h§, zj, such that

QU+ = {h?,uj + zlo;onlp}
By (4.12), these functions satisfy
vsa D4 d(h?uj + zl‘;nlp) =

vss D (dh§ A W+ dzp, A n'P) + h§vss D dp’ + 2jpvsa Do dn'®
= h$vss Dodp? + 2vs0 Dodn” =0

Whgo Do d(hjo-‘uj + zlc;jnlp) =
wpga Do (dh§ A W+ dzp, A n'P) + hSwpgo D du? + ZipWhes D dn'®
= h§wnqs Do dp? + 2 wpgs Dodn'? =0
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where we used the fact that v, wp, and D all annihilate the forms 7 and 7'?. These
equations may be rewritten in matrix notation as

(he =) vso Dodp? wpgo Dodpd
J ) \wgs D dn'P Whga D2 dn'? ) —

- . Vg D d,uj 0
(hj le) ( 0 Whqa Do dnlp) - (0 O)

where the second row follows in case P > K 4 1. The null-space of a block diagonal matrix
may always be chosen block diagonal. Therefore, we split the index « into two and rewrite

the equation as
h;- 0 vsa Do dp? 0 (0 0
0 zlfp 0 whgs Dadn') —\0 0)°

Thus, Q*+1) is generated by {h;uj, zfpnlp}. Using (4.13) and (4.14), the relations become

hg(ng + nfa—i:r)m: - hg(ng +n(al + NQL))mE =0 (4.15)

and
% p_p_q=0. (4.16)

In matrix form, (4.8) and (4.15) lead to the equations

NiM =0 M of max. rank (4.17)

L
H(N + Np(A+ Z NQI))M =0 H of max. rank. (4.18)
=1

Setting N1 = HNy, & = (w! -+ w™)T and additionally using (4.16), we obtain that
QW = (NG,  dN® NG [ p=0,...,P -k —1}
= QD — (N @, dN®) NG | p=0,... P —k—2}

which proves the correctness of the algorithm for kK = 1,..., K (under the condition that
Q) 4 {dt} is integrable). Clearly
QW) 4 {dt} = {Ny@, dNP dt |p=0,...,P—k—1}
= {NpdZ, d\'P dt |p=0,...,P—k—1} (4.19)
And since Nj, depends at most on N . \(F=2) (4.19) is integrable if P > 2k — 1.

Together with the requirement P > k + 1 used throughout the proof one obtains the
condition P > max(2K — 1, K + 1). O



108 CHAPTER 4. BILINEAR SYSTEMS

4.2.1 Flatness of Bilinear Systems

Proposition 4.2 together with Lemma 4.1 provide a simple sufficient condition for flatness
of bilinear control systems of the form (4.4). Indeed, assume that there is a pair of numbers
P and K satisfying P > max(2K —1, K +1) and such that the algorithm of Proposition 4.2
yields a sequence of matrices Ny, ..., Ng with Ng = 0. It then follows that the filtration
(4.2) of the Cartan codistribution of (4.4) with P prolongations on A is of the form

00 ={g, dN®) N | p=0,...,P—-1}
Qb ={N@,  aN® NCHg | p=0,...,P-2}

QE-D = £ Np_y@, dN® — N\ gr | p=0,....P-K}

QE) = NP _\NeHDgp | p=0,..., P-K—1}
(P-1) _ 10) _ \I(1)

0 { dX PUCR

o ={}

Moreover the elements Q%) + {dt} are all integrable and coincide with H®) for k& > 0 by
Lemma 4.1. Therefore, the R-modules H*) are generated by

HO = {4z, a\N'® dt | p=0,...,P—1}
HY = {Nd#  d\NP, dt | p=0,...,P-2}

HE=D = { Nge_1dZ, d\N'®), dt | p=0,...,P-—K}
HF) = dN'® dt | p=0,...,P-K—-1}
HP=D = { d\'®, at }

HP)  ={dt}

Using Lemma 2.8, we deduce that

A AEO)
are part of the flat outputs. The other flat outputs, m in number, are obtained as fol-
lows. One seeks integrable representatives of H(® /(HM + D, H®M) to HE- /(HK) 4

DOOH(K)). Since Nx = 0, H(Kfl)/(H(K) + DOOH(K)) is represented by Ng_1dZ, which
is integrable modulo d\"®), ... XP=K) For k =0,..., K — 2, define the matrix

Qk
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as the matrix whose rows are the rows of

independent of the rows of the matrix
Nit1 + Nis1 + Niw1 (A + M Qo).
The remaining flat outputs are then obtained as

Qofa ceey QK—Qfa NK—lf-

Note that these flat outputs are polynomial in A*) and linear in ', ..., z".

Remark 4.5. Tt is not necessary to guess the values of P and K beforehand. The recursive
algorithm of Proposition 4.2 can be applied without a priori knowledge of P and K, simply
by adding appropriate derivatives of A! in each computation of Ny, from Nj. As soon as
the algorithm saturates, i.e. whenever some k such that rank Ny, = rank Ny is reached,
then we set K = k. Next we may choose P = max(2K — 1, K + 1) so as to guarantee the
integrability of Q©) + {at},..., Q) + {at}

Remark 4.6. Consider the extended equations of system (4.5) given by

it = f =k +dia? + bt + N(Q)a" + ) (4.20a)

@) — N+ — 0, P —1. (4.20D)
Since (4.20b) is independent of (4.20a), it can be considered as describing a subsystem of
(4.20). Choosing P sufficiently large, the codistributions {dZ}, {N1dZ}, ..., {NgdZ} are
in one-to-one correspondence with the result of the computation of the relative derived
flag [108] of (4.20) with respect to (4.20b) given by

IO = {da' — fdt,... da™ — frdt}
I0HD — 1 e I | dw e I + J}

with  J = {d\® — \P+Dgp | p >0},

In the case where N = 0 for some K and P large enough, the integrability of Q*) + {dt}
previously discussed is then equivalent to the integrability of I(*) + J 4 {dt} and I5) = 0.
Hence, by Theorem 8.2 in [108], the system (4.20) is relatively flat with respect to the
subsystem (4.20b) (and therefore relatively flat w.r.t. the output subsystem with A as
system outputs). Since the subsystem (4.20b) is clearly flat with flat outputs A!,... AL,
we may use Proposition 5.2 in [108] to deduce once again that the system (4.5) is flat.

Let us give a simple example for the application of Proposition 4.2.

Example 4.7. Consider the dimension 4 system with inputs u, A

T =u To = x1 + A3 T3 = Ao T4 = T3+ A1
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i.e.
=A%+ Bu+ \Q7
0 0 0O 1 0 0 0O
10 0 0 0 0 010
A= 0 0 0O B= 0 Q= 01 0 0
0010 0 10 0 0
The algorithm produces:
01 00
N=[0o0 10 N2<83 10—01)
0 0 01
Ny=(0 =22 X\ ) N, =0.

leading to the flat outputs:

y1=A and Yo = N3T = Ny + }\x3 + Az4

The following example shows that Proposition 4.2 is only a sufficient condition for the
flatness of bilinear control systems (4.4).

Example 4.8. The system with state variables x', x2 and inputs u, \
50'51 =Uu $.2 = SCQ)\

is flat with flat outputs x', x> whenever xo # 0. However, setting
0 0 1 0 0
=0 #=() @6 1)

N1:N2:...:(0 1).
There is no K > 0 such that Ng = 0.

the algorithm yields

4.3 Application: Pendulum-like Equations

This section introduces a very simple class of bilinear systems of the form (4.4) that are
additionally required to satisfy a quadratic constraint. We verify flatness of all systems
in this class and then show that the class contains the well known bi- and tri-dimensional
pendulums (or VTOL) as well as the non-holonomic car.

Let z,y € R", u € R" and let g, gy be constant vectors in R"™. For any integer k£ > 0
define the “generalized pendulum” equations of order k and dimension 2kn as

#®) = gy +ut Aw — y)

y® =g, + Ay — 2) st O=(r-y)(e-y) ~1=0 (4.21)
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Corollary 4.9. The system described by (4.21) is flat with flat output y = y(©).
Proof. Define the vector of (first order) state variables as
Zz = (:L'(k_l) y(k_l) B y)T

The unconstrained system equations (Lh.s. of (4.21)) are given in the form of (4.4) by the
matrices

Lo [ 02n . ( I, > o0 0301 020
- n - n - 2(k—1)n 2(k—1)n
De-1n 0301y 2(k—1)n Ozﬁk,lgn 05"

the constant vector k = (g7 gyT 0 --- 0)T and using the notation
OzC 0y C
2 _ T Ty
o= (azyc ayyc) :

Applying the algorithm of Proposition 4.2 leads to
Nop—1 = ( 2(k=1)n In) Ny, = 0.

It should also be noted that the N7 ... Nyi_; are all constant and independent of A.
This implies that (Nag—12,A) = (y,\) is a set of linearizing outputs for the unconstrained
system. Next, from (4.21)

y P —g,=Ay—2) = " -g)"G" —g,)=Ny—-2)T(y-2)

W™ = g)T (" —g,) = X(C +1). (4.22)

This last relation shows that A can be computed (on a suitable open set) from y*) and
C' so that (y,C) is another set of flat outputs for the unconstrained system. This in turn
implies that the constrained system with C' = 0 is flat with flat output y by application of
Corollary 3.25 or, more directly, by invoking Corollary 7.3 in [108]. Indeed, the mentioned
result from [108] states that given a flat system with flat outputs (y, n), the system obtained
by adding the constraints n/ = 0 is flat with flat outputs y. O

4.3.1 Special Cases

Second order, planar or 3D This is the case k = 2, n = 2,3. If g, and g, are chosen
so as to represent the effect of gravity, one obtains the physical planar respectively three-
dimensional pendulum composed of two linked masses with forces acting on one of the
two.
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First order, planar, gravity-free This situation is given by k =1, n =2, g, =g, =
(0 0)T and reads

1:u1+)\(x1—y1)
2 2 4 A(22 — o2
1:>\(y1 7($1) y°) C:(xl—y1)2+(x2—y2)2—120
2= Ay? - 2?)

These equations can be seen as describing the motion of two vertical pencils on a sheet of
paper and linked by a thread of fixed length. The motion of one of the pencils is controlled.
Using the constraint C, the system can be reparameterized by setting #! — y* = sin§ and

2% — y? = cosf. In the coordinates y',y?, 0, the system reads

.1 _ .
ygzizl;;% A =—1(u'sinf + u? cos )
gf_u pw=ulcos® —u?siné

i.e. the non-holonomic car equations.

4.3.2 Trajectory Planning

To illustrate the behavior of system (4.21) as the order k and the “gravity” vectors g, and
gy change, we present some simple trajectory planning simulations in the planar (n = 2)
case. The flat outputs (y!,y?) are required to follow the path

yl(t) = sin(27(t)) y2(t) = cos(7(t)).

The parameterization 7(t) € C2*(R,R) is chosen piecewise polynomial and such that
7(0) = 0, 7(tena) = 27 and such that the derivatives ‘Ziz at t = 0 and ¢t = tenq are
zero for s = 1,...,2k + 1. Hence, the system is at rest at ¢ = 0 and t = topq. For some 6,
0 < 6 < L4 the parameterization 7(t) is an affine function on the interval ¢ € [4, tend — 6]

The following is a sketch of the parameterization 7(t).

2

tcnd

Figures 4.1 through 4.3 are qualitative representations of the obtained trajectories for
order k = 1,2,3,4 and different values of g, and g,. The red curve represents the path
of the flat outputs y', %2, which also happens to be the planar coordinates of one of the
two “masses”. The red and blue dots represent the position of both “masses” at regular
time intervals. The blue “mass” is the actuated one with coordinates z!, 22, i.e the one on
which the “forces” u', u? are applied and its trajectory is represented by the blue curve.

Notice the symmetry in the trajectories for even orders k. Also, as k increases, the “speed”
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range of the actuated “mass” increases. This is due to the fact that the coordinates !, 22

depend on higher time-derivatives of the reference trajectory y'(¢),4%(t) as k grows.
Finally, note that equation (4.22) has two solutions for A in general. In the simulation, a
simple heuristic was used to choose the right sign for A(¢), so as to ensure a continuous
solutions for x!(t), z2(t).

4.4 Conclusion

The approach in this chapter was to seek a class of systems simple enough to overcome
the integrability issues one encounters when trying to assess flatness of a control system.
Systems affine in the states and some inputs, bilinear in the state and some other inputs
were shown to be of that kind. Indeed, an algorithm can be applied, and from its output,
given it has saturated to an empty set, flatness can be deduce. The procedure was then
applied to a set of equations. These equations, when imposed to satisfy a quadratic
constraint were shown to describe a collection of flat systems. We observed that this
collection contains the non-holonomic car and the planar respectively three-dimensional
pendulums. Finally, some qualitative trajectory planning examples where presented with
varying parameters; perhaps more for their relatively appealing esthetic qualities than
their relevance.
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Figure 4.1: Trajectory planning with “strong gravity”, g, = g, = (0 — 10)7.
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Order k=1 Order k =2
Planar pendulum.

Figure 4.2: Trajectory planning with “weak gravity”, g, = g, = (0 — 1)T.
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Order k=1
Nonholonomic car.
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Figure 4.3: Trajectory planning with zero gravity, g, = g, = (0 0)7.



Conclusion

Synthesis The topics and contributions presented in the thesis may be summarized by
the following three points.

e We gave a variant of a known characterization of flatness. First a basis w of the free
summand of the differential module associated with a control system is computed.
Given that the torsion part of the module is generated solely by dt, the time variable
differential, the only obstacle in concluding flatness is the potential non-integrability
of the codistribution spanned by the basis w. To retrieve integrability, if possible,
one is required to find an invertible matrix differential operator P transforming the
set w in a set of exact 1-forms Pw. An alternative approach from [88] consists in
defining a rectangular operator Pr based on the implicit system equations. The
condition on the torsion part of the module then translates to hyper-regularity of
Pr. A basis w may then be obtained from Pp. Common to both approaches, one
expands the exactness condition d(Pw) = 0 and uses further differentiations so as
to obtain a closed set of equations. We proposed an equivalent set of equations
where one is asked to find a rectangular operator P such that the composite matrix

( If > is unimodular, i.e. square and invertible, and such that dP dx = 0. These
F

new conditions have a different structure than the one proposed so far. A part of
the equations, akin to curvature is trivialized. It should however be stressed that
our characterization does not formulate an easier problem. Indeed, the equations
that have been trivialized always admit a solution and the set of solutions can be
described in closed form, [21, 88].

e Given a control system and an involutive distribution Z defined on the state-space
manifold, we considered the following problem: Does the integral manifold of Z lo-
cally corresponds to the state space of a control system related in some way to the
original system? In the case where Z satisfies the classical controlled invariance, the
answer is positive; there is a subsystem with codimension equal to dim Z. The inputs
to the subsystem can be made to coincide with a subset of the original inputs by an
appropriate bundle preserving change of coordinates. In this situation, we showed
that if the initial system is static feedback linearizable, so is the subsystem.

We were led to the following observation. If one wishes to start with a linear con-
trollable system and then devise some submanifold of its state space so as to obtain
a flat “subsystem” that is mot statically feedback linearizable, then the notion of

117
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controlled invariance is of no interest. This motivated the definition of the notion
of dynamic controlled invariance. To achieve the mentioned situation, the inputs
of the “subsystem” are made to depend on the initial system state. Moreover, the
dependency of the subsystem inputs in the full system inputs must be of defective
rank. Unfortunately, this last requirement has important consequences. Indeed, the
flatness of the subsystem is not anymore immediately implied by the linearity or
flatness of the initial one.

A sufficient condition was obtained through the notion of a covering and related
results from [21]. If the initial system is flat and if it can be shown to cover the sub-
system “induced” by the distribution Z, then the subsystem is flat. A system covers
another one if the map between the two corresponding diffieties satisfies certain con-
ditions. This infinite dimensional criterion was translated to a finite dimensional one
by means of a version of the dynamic extension algorithm.

The following more difficult problem was then considered. Given a system and a set
of state constraints, is the constrained system covered by the unconstrained one? We
approached the problem by first finding a sufficient condition to a related problem:
Given a system, a set of state constraints and an involutive distribution Z on the
state-space manifold, is there a system whose state-space is an integral manifold of
Z and such that it is covered by the unconstrained system and by the constrained
one as well? We showed that the answer is positive if the inputs of the subsystem
v7 and the constraints c¥ are such that dv?,dc* are a set of differentially indepen-
dent 1-forms. This differential independence can be checked thanks to the dynamic
extension algorithm. We then used this result to devise a sufficient condition to the
initial problem.

In the same spirit, we went on by giving an instance of a system linearizable by
singular static feedback that is not flat.

e In the characterization of flatness discussed in the second chapter, the general proce-
dure can be decomposed in two steps. One starts by computing a certain filtration,
thereby obtaining the basis of a module. An integrability problem then remains.
In the case of statically linearizable systems, the mentioned filtration enjoys some
important integrability properties at each stage of the computation. It is therefore
tempting to seek a situation where the flag structure can be adapted at each step
in a way that enforces the integrability condition to remain satisfied. We devised
a simple class of bilinear systems for which this can be achieved. Concurrently, we
proposed a efficient recursive algorithm form the computation of the adequate rela-
tive derived flag. The algorithm is such that flatness of the system may be concluded
if it saturates to an empty set.

We proposed a set of quadratically constrained bilinear equations and proved their
generic flatness. The equations were shown to specialize to known physical flat
systems when appropriate parameters are chosen.

Perspectives As a perspective, we would like to mention two aspects of the approached
problems. These questions could not be answered in the course of our study and we believe
they are of interest. To the best of our knowledge, these problems have received relatively



4.4. CONCLUSION 119

little attention in the literature, [16].

e Consider the situation of a linear controllable system and an involutive distribution
Z = {%} defined on the system state-space manifold. Assume that the condi-
tions of Proposition 3.13 lead to coordinates (t,y’, z¥) such that the system may be
rewritten in the form of equations (3.43), i.e.

=gkt 2, y,0)

. . oh
)t =h'(t,y, Kkt 2, Y, k— =s.
Y (t,y, k(t, z,y,u)) rank o= = s
Further assume that the conditions for the map (t,y, z) — (¢,y) to induce a covering
are not satisfied. As we have seen, this means that the equations above define a
singular dynamic feedback of the system

g =h'(t,y, k).

By assumption, the system is hence linearizable by singular dynamic feedback. What
additional conditions should be satisfied to conclude that the system ¢ = h'(t,y, k)
is flat, i.e. linearizable by a non-singular (regular) dynamic feedback? Our discussion
of the dynamic extension algorithm leads us to propose that answering the following
question would be a useful first step. Assume that the system & = f(¢,2,u) with
cardz = n and cardu = m is flat and that h € R™ is a constant vector. What are
the conditions (if any) for the system with m + 1 inputs given by

&= f(t,z,u) + hv

with v a new additional input to be flat? Note that since the new input enters the
equations in an affine way, the ruled manifold condition cannot be broken, which is
precisely the trick used in Example 3.28.

e In the proposed sufficient condition for the flatness of a class of bilinear systems,
we have seen with Example 4.8 that even if a system is locally strongly accessible
(only dt is torsion), the algorithm may saturate to a non-zero matrix corresponding
to a codistribution larger than {dt}. This is in contrast with the filtration of the
second chapter where H(¥") is precisely spanned by the set of torsion elements of A",
Hence, one may say that we have traded termination for integrability and that the
resulting conservatism leads to effective and easy computations. Can such a tradeoff
be made for a larger, perhaps more interesting class of systems?
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Appendix A

Tools

The aim of this appendix is to clarify the notations used throughout the text, to recall some
basic notions and to derive a few technical results. Section A.1 very briefly reviews concepts
from differential geometry. Some useful identities from exterior differential calculus are
gathered for convenience. Section A.2 deals with some consequences of the Frobenius
theorem, pullback of codistributions and projectability of distributions. In Section A.3,
we discuss the computations of derived systems and filtrations.

A.1 Notations and Basic Notions

For convenience, some useful notions and identities are also discussed. One may refer
to [98, 86, 132, 59] for more details on the subject of differential geometry. We use the
Einstein summation convention whenever the notation is unambiguous.

Manifolds All discussions are local in nature, even when not explicitly stated. An n-
dimensional manifold M may therefore always be identified with some open subset of R™.
As open subsets of R™, all our manifolds will automatically be smooth (i.e. ¢°>°) manifolds.
A manifold may be equipped with a set of (local) independent coordinates z* : M — R
where card x = dim M in the finite dimensional case and x is a countable set in the infinite
dimensional case.

Maps A map between two manifolds ¢ : M — N is an application sending any point
p € M to a point ¢(p) € N. All considered maps shall be smooth, that is, given two sets
of coordinates z° on M and y? on N, the functions y/ = ¢’(x) are smooth functions in
C>*(M). See Chapter 2 for the notion of a smooth function on an infinite dimensional
manifold.

If the map ¢ is a surjection, there exists coordinates z*,Z* on M and %’ on N such that
¢ takes the form ¢ : (z,%) — (y = z). We will usually use the symbol 7 and call it a
projection. The map describes a submersion of M to N. If ¢ is an injective map, i.e. there
are coordinate z* on M and y’,7* on N such that ¢ : (z) — (y = z,7 = 0), then ¢ is an
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immersion from M to N. Since we work only locally, this also implies that ¢(M) = N
and the map also describes an embedding.

Fiber Bundle and Bundle Maps By a fiber bundle or simply a bundle we shall mean
a pair of manifolds M and B together with a projection map 7 : M — B. The manifold B
is called the base and for each point b € B, the pre-image 7=1(b) is the fiber over b. The
whole bundle will be referred to as 7 : M — B or simply as M. Since we work locally, we
may identify M with 7=1(b) x B for any fixed b € B. In other words, we may find adapted
coordinates x%, 47 on M such that 7 : (z,9) — (y). Let us insist on the fact that we rely
on the local triviality of fibre bundles. The global properties are subtler. See [78, 131] for
a general discussion and [59] for the local picture.

Let 1y : M — B and mye : N — C be two bundles. A bundle preserving map or simply
a bundle map from M to N is a map ¢ : M — N such that there exists another map
¢ : B — C and such that the diagram

¢

M ——

N
TMB \LWNC
B—2-C

commutes. In any two systems of adapted coordinates such that map : (x,y) — (y) and
mne : (v,7) — (7), a bundle map takes the form (z,y) — (v = ¢(x,y),v = ¢(y)).

Tangent and Cotangent Bundles Let M be a manifold and p € M any point on M.
We shall denote by T, M the R-linear space of tangent vectors to M at the point p and by
T,M* the dual space of T, M. The union of all tangent and cotangent space at all points
in M, TM = UpepmT,M and TM* = UpepTp M* are the tangent and cotangent bundles.
A smooth section v € I'T'M, i.e. amap v: M — T'M assigning a vector in T, M to each
point p € M is called a vector field and we use the shorter notation v € T M. Similarly, a
smooth map V : M — Gr(T'M, s) assigning an s-dimensional sub-vectorspace of T, M to
each point p € M is called an s-dimensional distribution and we use the shorter notation
VcrTM.

A smooth section w € I'I'M*, i.e. a map w: M — TM* assigning a covector in T, M* to
each point p € M is called a 1-form and we use the shorter notation w € T'M*. Similarly,
a smooth map Q : M — Gr(T'M*, s) assigning an s-dimensional sub-vectorspace of T,,M*
to each point p € M is called an s-dimensional codistribution and we use the shorter
notation  C TM*.

At least locally, the constructions TM and TM* are also C°°(M)-modules. An s-dimen-
sional distribution (respectively codistribution) is a C*°(M)-submodule of TM (respec-
tively TM*) and may locally always be generated by s independent vector fields vy, ..., vs €
TM (respectively s independent 1-forms w!,...,w® € TM*). We shall use the notation
{v1,...,vs} (resp. {w!,...,w*}) to denote the (co-) distribution generated by such a basis.
Assume dim M = n and let V be an s-dimensional distribution V' C T'M. We shall denote
by Q@ =Llry V,Q CTM* the (n— s)-dimensional codistribution of all forms annihilating
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the vector fields belonging to V. Reciprocally, the meaning of Lpy;+« © for © C TM*
should be clear.

Operations on Vector Fields and Forms The set of ¢-forms on a manifold M shall
be denoted by AT M*. A ¢-form w is also a map

w:TM x...xTM — C®(M).
—_—

g-fold

The interior product of a vector field v € TM and a g-form w € AYTM*, denoted by vi w
is the (¢ — 1)-form satisfying

(vaw)(vi, ..., vg-1) = qw(v,v1,...,Uq-1) Yori,...,v9-1 € TM.

For v € TM and w € TM* we simply have vy w = w(v).

We shall write v(w) or sometimes simply vw for the Lie derivative of w along v; v(w) is a
form of the same degree than w. Note the following very useful identities where d is the
exterior derivative and [.,.] is the Lie bracket:

Lemma A.1. Let v,w € TM, w € AITM* and n € A"T'M* then

v(w) = vy dw+d(vs w)

vwiw) = [v,wlsw+wsv(w) (Cartan formula)
dwAn) = doAn+(=1)%w Adn

vai(wAn) = (vow)An+(—1)% A (v n)

vwAn) = vw)Ant+wAuvn)

v(dw) = d(v(w))

v, wl(w) = v(ww)) - w(v(w))

Note that since the Lie derivative along v of w is [v,w], the Cartan formula can be
seen as a Leibnitz (product) rule of the Lie derivative over the interior product.

Proof. All detailed proofs are found in Chapter 2 of [98]. O

Induced Tangent and Cotangent Maps Let M and N be two manifolds and ¢ a
map ¢ : M — N. The map ¢ induces a tangent and a cotangent map

. s TyM = TypN ¢.:TM — TN
¢* : ATy ) N* — AT, M* ¢*: NITN* —  AITM*.

Assume that 2% and y? are local coordinates on M and N and that ¢ : (z) — (y7 = ¢?(z)).
The tangent map then acts as
o 04 0

O gxi ~ oul Oy
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and the cotangent map as

Y
*dy! = =—dx’.
¢dy’ = 5 Sdz
Given a vector field v, ¢,v is called the pushforward of v by ¢ and given a form w, ¢*w is
called the pullback of w by ¢.

Lemma A.2. Let ¢, M and N be as above. Let also w € AITN*, n € A"T'N* and
v,v; € TM. Then

¢"(w An) = (¢"w) A (9"n)
d(¢*w) = ¢*dw
(@*w)(v1,...,v9) = w(@uv1,...,d0q)

Proof. Again, see Chapter 2 of [98]. O

A.2 Frobenius and Friends

A.2.1 Cauchy Characteristic and Retracting Spaces

On a finite dimensional manifold M, consider a (locally constant dimensional) codistribu-
tion  C TM* and the distribution V' C T'M of vectors annihilating w, i.e. V =L+ Q.
The distribution of vector fields in T'M given by

CharQ={veTM |viw=0,vidwe€Q, VweQ}
={veV | vadw € Q, Yw € Q}

is called the set of Cauchy characteristic vector fields of 2. Note that Char (2 is a subset
of V. The dual of Char (2

Retr Q2 :J—TM Char Q2

defines the retracting space of €.

Lemma A.3.
CharQ={veV |[v,V]CV}

Proof. For all v € V and w € Q, and v such that [v,9] € V. The Cartan formula yields

0=[v,7sw=v01w)—701v(w)=—01v(w)

=—01 (v dw+dviw)) = -0 (va dw).

The characteristic and retracting spaces have an important property.
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Proposition A.4. With the notations as above, assume that Char Q) has a constant dimen-
sion. Then Char () is involutive and Retr ) is integrable. Moreover, setting n = dim M,
s = dim Retr Q and r = dim 2, there are local coordinates (y*,...,y%, 24, ..., 2"%) on M
such that € has a set of generators involving {yt, ..., ¥} only, i.e. there locally exists
functions o’ (y) such that

Q={al(y) dy’, ..., al(y) dy'}.
The number s is minimal.

Proof. See [13], Theorem 2.2, p. 31. O

A.2.2 Pulled-back Codistributions and Projectable Distributions

Given a map between two manifolds ¢ : M — N and a codistribution J C TN*, we
shall write I = ¢*J C TM* for the codistribution on M generated by all forms ¢*pu,
u € J. In other words, if {u,...,uP} is a basis of J C TN, then ¢*J is the well-defined
codistribution

I=¢*J CTM* with basis {¢*u',...,¢"uP}. (A.1)

With these notations, Proposition A.4 admits the following interpretation.

Corollary A.5. Let Q0 C M be an r-dimensional codistribution on an n-dimensional
manifold M. Let s = dimRetr (. There exists an s-dimensional manifold N, a (local)
surjective map w: M — N and an r-dimensional codistribution Q@ C TN* such that

Q=x"Q.
Moreover
ker m, = Char Q).
Proof. Use Proposition A.4 and set 7 : (y,...,y% 2%, ..., 2" %) — (¥}, ..., 9%). O

Similarly, given a distribution F' C T'M, a surjective map 7 : M — N and a distribution
H C TN, we will write

mF=H if YzeMm(Fl,)=H|xw (A.2)

where F|, is the R-vector space spanned by the vectors of F' at the point € M. Note
that m. F' is not always well-defined. Moreover, even if 7, F is well-defined, 7, f for f € F
is not necessarily a well-defined vector field on T'N, as the next example shows.

Example A.6. Consider M and N with two local sets of coordinates (x,y,z) and (z)
respectively. Let the map 7 be given by 7 : (x,y,2) — (2). Then with F = {6%, %} and
H = {%} we have m, F = H. But the vector field f = x% € F is such that 7. f is not a
well-defined vector field in TN .

One can link the two notions of (A.1) and (A.2) with the following lemma.
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Lemma A.7. Consider two manifolds M, N and a surjective projection m : M — N.
Let J C TN* be a codistribution on N and I C TM* such that I = 7*J, as in (A.1).
Consider H C TN and F C TM such that H =17n+ J and F =1Ly~ 1. Then o, F = H
as in (A.2).

Proof. Since 7 is surjective, ker7* = 0 so that dim/ = dim J, and dim M = dim N +
dim ker . By construction, dim H = dim N — dim J and dim F' = dim M — dim I. Also,
for any X € kerm, and any p € J, X1 7*u = m. X1 = 0 so that kerm, C F. Using the
above relations, we deduce that

dim 7, F|, = dim N — dim J = dim H | (4).

Hence, if we can show that 7, F|, C H|;(y), we are done. Indeed, Vf € F' and Vu € J,
T fap= faom*p=0since 7°p € I =Ly F, implying 7. F|, C H|(s). O

Although (A.2) is a pointwise relation, there is a relation between vector fields in H
and vector fields in F.

Lemma A.8. Let M, N and 7 be as in (A.2) and let (A.2) be satisfied. Then, for any
vector field h € H, there exists a vector filed f € F such that h = 7. f. The two vector
fields f and h are m-related.

Proof. A vector field h € H C TN may always be lifted to a vector field h € TM in
such a way that mh = h. This can be done by choosing a connection on the fibered
manifold 7 : M — N, see e.g. [59] p. 58 or [98]. Next define the codistribution J € TN*,
J=1rn H. For any u € J we have b n= ho 7" pu = 0, therefore h e F. Set f= h. O

The previous lemma has an immediate useful consequence regarding integrability.
Corollary A.9. Let M, N be two manifolds and 7w : M — N a surjective projection map.

i) Let Q C TN* and Q € TM* be such that Q = Q. Then Q is integrable if and only
if Q is.

it) Let F C TM and H C TN be such that m,F' = H. Then m.(F+[F, F|) = H+[H, H].

Proof. To prove i), define F C TM and H C TN such that F =17y« Qand H =1y~ Q.
If © is integrable, then F' is involutive. Take any two vector fields hi, he € H; by Lemma
A8, there are two vector fields f1, fo € F such that 7. f; = h;. We have 7, [f1, f2] = [h1, h2]
and [f1, f2] € F, hence [hy,he] € H and H is involutive so that QO is integrable. The
converse is clear.

To show i), choose a basis {h1,...,h,} of H. By Lemma A.8, there are f1,...,f, € F
such that m,f; = h;. Since m,F = H and w is surjective, there exists a basis of F' of
the form F = {fi,..., fo.k1,...,k;} with k; € kerm,. Then, F + [F, F] is spanned by
{fiskj, [firs fin), [fir K45 kg, Kjp ]} But by Lemma A.11, [f;, k;] € F + kerm, and clearly,
[k, kj,] € ker . O
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We now consider the following question. One is given (finite dimensional) manifolds M,
N and a (local) surjective projection map m : M — N. Next, a codistribution © C T'M*
is specified. Under what condition, does there exist a codistribution €2 C T'N*, such that

Q=7"Q

and dim ) = dim 2?7 Similarly, given a distribution V' C T'M, is there a well defined
distribution V' € T'N such that R
TV =V

i.e. do the vectors m,v, Vv € V (locally) span a well defined distribution on N?
When the answer is negative, we will see that one can construct a largest codistribution
contained in () satisfying the requirement, respectively a smallest distribution containing
V + ker .. The answer to the first question is clearly related to Corollary A.5.

Lemma A.10. Given the surjective map 7w : M — N and a codistribution @ C T'M* as
above, there exists a codistribution Q0 C TN* such that Q = 7+ if and only if

Yw € Q, VX € kerm, : Xiw=0, Xidwe¢.

Proof. The condition shows that ker 7, C Char 2. By Corollary A.5, there exists a mani-

fold N and a surjective map 7 : M — N, ker 7, = Char() and a codistribution QeTN
such that Q = 7*Q. Hence, locally, we may find coordinates (y*, 2, w*) on M such that

7 (Y, 20, wh) = (3 29)
7 (Y, 20, wh) = ()
From the coordinate expressions above, we see that there locally exists a map 7 : N — N
given by o .
Ty’ 2) = (y)
and such that # = # o 7. Define () € TN, O =#Q. Clearly, 2 = €.

Conversely, Assume there is a codistribution Q C TN* such that Q = 7*Q). Take {&'} a
basis of €2. Then any w € ) is of the form

w=aq; T'W
for some functions a; on M. It follows that for any X € ker .,
Xow=XJ(a; 70" = a; Xo7*Q*
= a;(m.X)10' =0
Xodw=XJ1d(oy m0% = X (doy A0 + o d(7*0Y))
—X(OcZ T +CY1XJ Ao = X (o) 708 + i (me X))o da’

)
( Z) *’\Z
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Let us now answer the second question.

Lemma A.11. Given the surjective map m : M — N and a distribution V. C T M, the set
of vectors m.(v]y) € T'N|r(z) for allv € V generates a well defined distribution on TN,
denoted by w.V if and only if

[V.kerm,] C V +kerm,.

Proof. The augmented distribution V +ker 7, clearly projects to the same set than V' under
7. Hence we may assume that kerm, C V and replace the condition by [V, kern,] C V.
Next, Vw € Q =17y V, Vv € V and VX € kerw, we have va w = X w = 0 and from the
(modified) assumption it follows that

O=[v,Xsw=vXsw)—Xsv(w)=-XJs0v(Ww)
=—X_ (vydw+d(vs dw)) =v1 X1 dw
= X.idwe Q.

Hence, by Lemma A.10, Q = 7€) for some Q) € TN*. The distribution 7,V is then given
by J—TN* Q. O

Assume the conditions of Lemma A.10 are not satisfied. The following result produces
the largest codistribution Q") ¢ Q for which Lemma A.10 applies.

Lemma A.12. Consider the surjective map m: M — N and a codistribution Q@ C TM*.
Compute the following sequence of nested codistributions

QO =0n Lyy kerm,  QUTY ={w e QM | X1 dw e QM VX € kerm, }.

There is an integer r*, 0 < r* < dim Q such that dim Q") is a strictly decreasing sequence
forr=0,...,r* and dim Q") is constant for r > r*. Moreover, Q") C Q is the largest
codistribution in Q satisfying Lemma A.10.

Proof. Since Q) ¢ QU+ if dim QU+ = dim Q) for some r, then QU+ = Q) and
Qr+k) = Q) for all k > 0. Let 7* be the smallest such number, then we see that Q0"
satisfies Lemma A.10.
Take Q C Q an arbitrary codistribution in € satisfying Lemma A.10. Assume that Q C
Q) also holds for some 7. Then, VX € ker 7, and Vw € Q, X dw € Q ¢ Q). Therefore
Q c QU+ and by induction @ ¢ Q7). Hence, Q") is the largest codistribution in
Q = QO satisfying Lemma A.10.

O

A.3 Derived Systems and Filtrations
Given a distribution (or codistribution) E on some manifold M, a derived system FE()

computed from E is an other distribution (or codistribution) contained in or containing
E. By duality, to the derived system of some distribution always corresponds a derived
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system of the codistribution annihilating it and vice versa.
Suppose that the rule for computing a derived system E(1) of E has been specified. One
may define a recursion

EO - EFD — (EOHYD) v >0
thereby producing an ascending or descending sequence of nested vector spaces or modules
E=E9>ED >E® 5 .

or
...CE® cEY cE=EO9,

Such a sequence is called a filtration of E. Note that in the finite dimensional case, a
filtration always saturates after a finite number of steps.

A.3.1 Dual Derived Systems

In this section, we give instances of useful derived systems of distributions and codistribu-
tions on finite dimensional manifolds. In each case, we state a duality result that allows
one to perform the computation either on the distribution or on its annihilating codistri-
bution.

Consider the distributions V, W and a codistribution €2 on some manifold M, we shall use
the following notations where {vy}, {w,} and {w’} are given bases of V., W and Q :

[Vv V] = {[vkl7vk2]} [Va W] = {[Ukva]}

VQ = {v(w)}.

Importantly, note that [V, V], [V, W] and VQ are not independent of the chosen bases,
however V + [V, V], V 4+ W + [V, W] and Q 4+ VQ are. By

QAQ
we shall either mean the ideal in AT M* generated by the elements w’t A w’? or the sub-

module of A2TM* generated by the same elements.

Lemma A.13. Let M be a finite dimensional manifold and V C TM a distribution. Let
I C ATM* be the ideal such that INA'TM* =175 V. That is, I is the ideal generated
by the 1-forms annihilating V.. Then

IW.={well|ldoel} and VI :=V4[V,V]

are such that

IVAANTM* = 1Ly VO
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Proof. Let w be any 1-form of I, i.e. w € I NA'TM* and vy, vo any two elements of V.
Hence v11 w = v93 w = 0. The Cartan formula then shows that

[v1,v2)0 w =1 (V2 W) — V11 V(W) = —v11 V2 (W)
= —v14 (Va0 dw + d(v21 w)) = —v11 (Vo dw).
But for the 2-form dw, —v1 1 (v2u dw) = dw(va,v1) = 0 if and only dw € I. O

Lemma A.14. Let M be a finite dimensional manifold and V,\W C TM distributions.
Let also 2,0 C TM* be codistributions Q@ =Lpp V and © =Lppy W. Then
O:={peQnNO |viwidp=0,YveVYweW} Z=V+W+][V,W]
={peNO |widpe, YweW}
={peNO |vidue®, YveV}

are such that ® =1Ly 2.

Proof. Use the Cartan formula to show that

[v, wlo g =v(wa p) —ws v(p) = —wa v(u)
=—way (vadp+dws p)) =vswsdp

whenever vi p=wi p=0. O

Lemma A.15. Let M be a finite dimensional manifold, V.C TM a distribution and 2 C
TM* the codistribution satisfying QQ =1Ly V. Let also W C V' be another distribution.
Then

oW .=+ W and VO ={veV | [w] €V, Ywe W}

are such that

QW =17y VO,

Proof. The inclusion W C V ensures that the definition of V() is independent of the
choices of bases for W and V. Let w, v and w be any three elements such that w € €,
v eV and w e W. Hence va w = 0. The Cartan formula then implies

vy ww) =w(vs w) — [v,w]s w = [w,v]1 w.
Under these conditions, [w,v]s w = 0 if and only if v w(w) = 0. O

Lemma A.16. Let M be a finite dimensional manifold and V. C TM a distribution.
Let Q C TM* be the codistribution such that Q@ =Ly V. Let also W C V' be another
distribution. Then
i)
OV ={weQ|ww) e, YweW} and VO .=V [W,V]

are such that

QW =17 VO,
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it) Moreover, set ® C TM*, ® =11y W such that Q C ® and denote by {Q, & A O}
the ideal in ATM* generated by the 1-forms w € Q and the 2-forms ¢' A ¢, with
o', ¢% € ®. Then Q) may also be computed as

O ={weQ|dvwe{dAd}}

iii) Additionally assuming that W is involutive, i.e. [W, W] C W and choosing any Vcv
such that V.=V + W, we also obtain the same systems as in i) by computing

QY i={weQ|ow) e VoeV} and VI =V +[V,W]
Proof. i) Since W C V, V 4 [W, V] is independent of the choice of bases. The equivalence
follows from the same formula as in the proof of Lemma A.15.

ii) Again as in Lemma A.15, for all w € W,v € Viw € Q, [w,v]s w = 0 if and only if
vy w(w) = 0. Moreover,

0=vsww)=v1(wsdw+dwiw)) =vsw dw.
In particular and since W C V,
wid wes dw =0 VYwi,we €W w e oW

so that dw € ®, with ® taken as an ideal. Therefore, assuming that Q = {w’} and
® = {w’, ¢*}, there must exist a;, 8s € TM* such that

dw = a; ANw? + Bs A ¢°.
Hence, for allw € W, v €V, w € QW)

0=v1widw
= v ((wo aj)w? + (wa Bs)¢°)
= (wa Bs)(va 7).
A rank argument shows that this implies that w. 85 = 0, therefore 55 € ® which in turn

implies dw € {2, ® A ®}. Conversely, assume w € ? and dw € {Q, & A @}. Then there are
1-forms a; and functions vz, s.t.

dw = aj Aw’ + V0" A "
Hence, Yo € V
va dw = (v ay)w’ + (V2 ¢ — (v1 @))€ @
so that Yw e W

Cartan

0=wividw=ws(vw)—dviw))=wsv(w) v(ws w) — [v,w]a w

=—[v,wiw
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which shows that w € L, (V_—|— W, V]) = Q)
To show 444) notice that V + [V, W] is indeed independent of the choice of generators for
V and

VAW V] =V+ [WV+W]=V+[WV]+[W,W=V+[WV].

On the other hand, if w € Q and wy,ws € W, then [wy,ws]1 w = 0, so that it suffices to
satisfy the relations [0,v]ow =0for allv € V and o € V,0 ¢ W. O

In Lemma A.15 and A.16 i) above, the requirement that W is a subset of V' may be
relaxed. The cost is that the result of the computed derived system is no more independent
of the choice of basis of W (but remains independent of the choice of basis of V'). Hence,
the distribution W must be replaced by a fixed set of elements. Therefore, in the following
we replace W by a single vector field D € T M. Note that the result generalizes without
effort to the case of a set of vectors (Dq, ..., Ds).

Lemma A.17. Let M be a finite dimensional manifold and V' C T'M a distribution. Let
Q C TM* be the codistribution such that QQ =1Ly V. Let also D € TM be any vector
field in TM. Define

i)
O ={weQ|Dw)eQ} and VY :=V+[D,V]

i)
O =0+DQ  and VWY .={veV | [Dv]eV}

Then, in both cases i) and i) the derived systems verify
QW =1 7y VO,

Proof. From the Cartan formula, we have that for v € V and w € Q, [D,v]s w = 0 if and
only if vo Dw = 0. O
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Glossary of Symbols

card
C>(M)

Hp,q[D]
3. g*
ker

APR[D]
APTUY

M, N
M, D]

Lie bracket, commutator

interior product

for B C A, L o B are the elements in the dual of A, annihilating B
wedge product

R[D]-module of p-forms on U

MS,S[D]-module of s-length columns of p-forms
M, [D]-module of s-length columns of forms of any degree

s,s[
time manifold with coordinate ()
Cartan distribution

cardinality

smooth real valued functions on the finite dimensional manifold M

vector field of the Cartan distribution satisfying D dt =1
exterior derivative

submanifold of J! M defined by the equations F(t,z,p) = 0
T'M, sections of the fibered manifold M

hyper-regular p x ¢ matrix differential operators
j(0), 5% (0); first, respectively &' jet of o

kernel

graded (scalar) differential operators with p-form coefficients
R-module of p-forms on U

time and state manifold with coordinates (¢, x)
v X s matrices of differential operators with [-form coefficients
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144 Glossary of Symbols

w elements of the Cartan codistribution on & (Chapters 1 and 4) or represen-
tatives of a basis of A!/T (Chapter 2)

Pr (n —m) X n matrix operator constructed from the system implicit equations

O push-forward; for ¢ : M — N, denotes the induced map ¢, : TM — TN

o* pull-back; for ¢ : M — N, denotes the induced map ¢* : TN* — TM*

T surjective smooth map

T10 projection on jet manifolds mg : J'M — M

Tkl projection on jet manifolds 7y : JEM — J'M for k> 1

TMB projection mpp : M — B, mamp : (t, ) — (1)

TUM projection myam U = M, myam (G z,u) = (¢ )

U kil projection between input prologantions my g : U* — U for k > 1

R field of real numbers

R ring (R-algebra) of smooth real-valued functions on U

R[D] ring of (scalar) differential operators with coefficients in R

o section on the bundle mypp : M — B, o : (t) — (¢, z(t))

o lift of a section ¢ on mapp : M — B to a section on map o myynm U — B,
G (t) = (t,z(t),u(t))

T™M tangent bundle of the manifold M

TM* cotangent bundle of the manifold M

u,v time, state and input manifold with coordinates (¢, z, u)

u* E*™™ input prolongation manifold with coordinates (t,z,u,...,u®))

U[D] unimodular (invertible) s x s matrix differential operators
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Bilinear Systems, 103

Brunovsky-regular point, 43
neighborhood, 43

Bundle map, 24, 92, 122

Cartan
(co-)distribution, 22, 24, 27, 29
formula, 123
Cauchy characteristics, 124
Codistribution
pullback, 125
Constrained systems, 93
Contact form, 22, 23
Controlled invariance, 74, 77
dynamic, 82
Covering, 73
dimension, 73

Derived system, 128
Differential independence, 87
Differential operators, 40
degree, 41
exterior derivative, 42
grading, 41
hyper-regular, 53
invertible, 50
matrix-, 49
order, 41
unimodular, 50
Diffiety, 29
Distribution
projection, 125

linearization, 74
non-singular, 68

Elimination
input, 29
Embedding, 122

Filtration, 129
integrable case, 102
Flat output, 37

Immersion, 122
Input
distribution, 77
Elimination, 29

Jet space, 22

Lie-Bécklund
immersion, 73
isomorphism, 73
mapping, 73
submersion, 73

Manifold, 121
Module of 1-forms, 43

Pfaffian system, 25

Projection, 121

Prolongation, 26
infinite input-, 28

Dynamic extension algorithm (DEA), 75, 88 Relative derived flag, 109
Dynamic feedback, 68 Relative flatness, 94, 97
endogenous, 72 Retracting space, 124
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Section, 22

lift, 22

solution-, 23
Static feedback linearization, 29
Static feedback transformation, 25, 68
Submersion, 121
System equations

explicit form, 22

implicit form, 22

Vector of forms, 49
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