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Abstract

This paper is second part of a survey on the basic notions and defini-
tions of the infinite dimensional differential geometric approach of (Fliess,
Lévine, Martin & Rouchon 1993, Pomet 1995). In this approach, a sys-
tem is a infinite dimensional manifold. In the first part of this survey
(Pereira da Silva, Silveira, Correa Filho & Batista 2008), one may find
an elementary introduction about JR“-manifolds and diffieties. In this
second part, the notions of state representation and dynamic feedback
are defined in an abstract manner, and then they reinterpreted in terms
of coordinates and their corresponding equations. Instrumental in this
setting are the different versions of the inverse function theorem, which
are presented in this paper. The concept of subsystem is a key notion
for establishing the definition of dynamic feedback and a new notion of
regularity of implicit systems. This notion of regularity is shown to be
useful for establishing a notion of equivalence between (implicit) systems.
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1 Introduction

The infinite dimensional geometric differential approach of nonlinear system
was introduced in (Fliess et al. 1993, Pomet 1995). The main ingredient of this
approach is the concept of Diffiety (Alekseevskij, Vinogradov & Lychagin 1991,
Zharinov 1992), which is, roughly speaking, an infinite dimensional manifold
induced by the infinite prolongation of a differential equation (that may be an
ordinary or a partial differential equation).

In this approach, a control system

&(t) = f(t,z(t), u(t))

is an infinite dimensional manifold with coordinates given by {t,;mu(o),u(l),
u® .. .}. This corresponds to the infinite prolongation of the original equatio
The main qualities of this point of view are:

1. One can define a system without choosing the input and the state a priorﬂ

2. Geometric definitions of an input and of a state representation can be
given.

3. The notion of dynamic feedback can be stated in a geometric manner.

4. Differential algebraic systems (DAESs) (or implicit systems) can be consid-
ered in this approach with a clear geometrical interpretation (for instance,
systems with constraints are immersed submanifolds of the unconstrained
system).

5. This approach leads to a geometric notion of equivalence between (im-
plicit) systems.

6. In several contexts, a certain number of prolongations of the system are
made, and this number is not fixed a priory, (for instance, the notion of
flatness and the problem of decoupling). Hence, working with the infinite
prolongation of the system may be very elegant in these cases.

Although the meaning of a state representation will be defined in a intrinsic
manner, it is important to stress that the choice of a state representation can be
regarded as a choice of particular set of (local) coordinates. This point of view
is useful in the classification of feedback complexity and the study of implicit
systems as well.

I The algebraic differential approach of (Fliess 1989, Fliess, Lévine, Martin & Rouchon
1995) is the algebraic version of this approach (see also (Conte, Moog & Perdon 1999))
2This point of view is shared by the behavioral approach (Willems 1992).
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The notion of subsystem is instrumental in this setting, and allows a geomet-
ric definition of exogenous feedback. The system FE is an exogenous extension of
a system F, if S is a subsystem of E. The standard equations of dynamic feed-
back are recovered when one chooses particular state representations of E and
S. In fact, those equations are the relations between these inputs and states. It
is important to stress that the notions of dynamic feedback and state represen-
tation of this geometric approach mimics the notion of feedback of (Fliess 1989)
and (Delaleau & Pereira da Silva 1998a).

It is well known that the inverse function theorem do not hold in this in-
finite dimensional approach (Zharinov 1992), at least considering its original
statement. The main technical ingredient of the proofs of the results of this pa-
per are some generalizations of the inverse function theorem. New results about
this question and comparisons with existing ones are discussed in this work. It
becomes clear that, in some sense, the Dynamic Extension Algorithm (DEA) is
a version of the inverse function theorem and the results that are presented in
this paper need less regularity assumptions than the DEA (see Appendix .

In this work, an implicit system A is a pair (9, y), where S is a system and
y is a set of constraints. The notion of subsystem is also a main ingredient of
a new definition of regularity of an implicit system. It is shown that a regular
implicit system A in the sense of our definition can be regarded as an immersed
(embedded) submanifold A of S. One may regard A as a control syste
and a state (local) representation of A can be defined as being a (local) state
represetation of A. This leads to a consistent definition of equivalence between
two implicit systems A; and A, namely, they are equivalent if the corresponding
immersed systems A; and A, are equivalent by endogenous feedback.

This second part of this survey is organized as follows. In the present sec-
tion. One will present the notations of the paper. In section [2| the notions
of Diffities and Systems are recalled. In Section [3] the generalization of the
inverse function theorem are introduced as well as the relationship with state
space representations. In section [4] the notion of subsystem is discussed. In
section [B] the notion of subsystem is used for establishing an intrinsic notion of
dynamic feedback. In section [6] a new notion of regularity of implicit system is
introduced. The appendices present some proofs and a geometric description
and interpretation of the dynamic extension algorithm (DEA). It includes also a
comparison between the regularity assumptions of the DEA and the ones of our
inverse function theorems, showing that the DEA (see lemma [5)) needs stronger
regularity assumptions when compared with theorems [3| and

This work is mainly based on previous works (for instance, (Fliess, Lévine,
Martin & Rouchon 1999, Pomet 1995). However, some results and definitions
of this work are original. This is the case of theorems and
and definitions [I7) and [I9] However, the authors believe that the the unifying
spirit of the presentation of this work is also an important contribution. This
work also establishes some important auxiliary results for (Pereira da Silva &
Batista 2009, Pereira da Silva & Batista 2010).

3In the sense of a diffiety that admits a local state representation.



The reader may refer to the Part I of this paper for a survey on the main
aspects of IR** manifolds and diffieties (Pereira da Silva et al. 2008) used in this
Part IT of this work. It introduces also some notations considered here. The
following result, which is a consequence of Proposition 25 of Part I, is restated
here in a less intrinsic manner.

Proposition 1 Let S be a IR*-manifold. Given a local chart (U,$) with co-
ordinate functions {x;,i € IN*}, and a one-form w defined on U, there exists
some open neighborhood Ve C U of & and a finite subset F' C IN*, such that, for

all x € Vg, one has
= ¢ilx)da;],
i€l

where ¢;(x) does not depend on x; for i ¢ F for all x € Vg.

Remark 1 Many results of this paper relies on the last proposition. As a con-
sequence, in many results that holds locally around some &, one must restrict the
open neighborhood of & according to Proposition [1} Recall from Part I of this
survey, that the differential d¢ of a smooth function ¢ : U — IR is a one-form.
In particular, Prop. 1| generalizes a result that holds for differentials.

One introduces now some further notations.

Context permitting, we will denote the Cartan field of an ordinary diffiety
M simply by %.

Given a smooth object ¢ (a smooth function, field or form) defined on a
diffiety M with Cartan field dt, then ¢ (or (1) stands for the Lie-derivative
La¢, and ™ stands for L'y ¢ = LdL” Y,n € IN, where L% ¢ = ¢(0) = ¢.

Let z be a smooth functlon deﬁned on M. Then dz denotes its differential.

Let ¢ = (21,...,z,) be a vector of smooth functions (or a collection of func-
tions). Then {dz} stands for the set {dxy,...,dzn}. If u = (ug,...,uy) is a
set of functions then u(*) = (ugk), e (k)) and u stands for the set of functlons
{u® : k€ IN}. Let a = (ai,...,q,) € Z™ be a multi-index. Then o — 1
stands for (o; — 1,..., o, — 1). Consider the compact notation
wlfe) — U U {UEJ)}
i=1 0<j<a;

For instance, if u = (uy,uz,u3) and @ = (2, —1,0) then u{®)) = {u(o) 51), 52),
ugo)}7 dulfe) = {dugo),dugl),du?),duéo)}, a—1=(1,-2, —1), and dul{e—1) =
{dugo),du(ll)}.

2 State Representations, Flatness and Control

Systems

In Part I of this survey, one have studied the notion of diffieties and systems.
Now, one shall study control systems, that is, systems that admits (local) state

{pDifferential}
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representations.
The trivial diffiety T™(u), of differential dimension m is the space IR* of

global coordinates {¢, ug-k) |7 € Im],k € IN} equipped with the Cartan field

J (k)
dt ot . Ou;
jelm]
the set u = (u§°), e ,uﬁ,?)) (which is a subset of coordinate functions) is called

input of the trivial diffiety. The diffiety 7™ (u) is also callecﬁ trivial diffiety of
flat output wu.
The time-invariant trivial diffiety T™(u), of differential dimension m is the

space IR? of global coordinates {u;k) |7 € |m], k € IN} equipped with the Cartan

field p 5
(k+1)
—_— = u >
JElm]

the set u = (ugo), e ,uﬁ,?)). The diffiety 7™ (u) is also calle time-invariant
trivial diffiety of flat output u.

Definition 1 (Fiber) Given a Lie-Bicklund submersion m : V. — T between
IR* manifolds, let v € V and let 7 = n(v) € T. A fiber is a subset of T given
by F, = n=Y(7). Recall that there exists local coordinates ¢ = (Z,2) defined on
an open neighborhood U of v and 1[) = Z defined on an open neighborhood W
of T such that 7 locally reads (%, %) — Z. Such coordinates are called adapted
charts. Without loss of generality, assume that 2(7) = 0. Then, one may write
F,NnU={¢eU| Zg = (£,0)}. In particular, it is easy to show that the fiber is
an immersed submanifold of V' with local coordinates & called fiber coordinates.

Proposition 2 The cardinal of the fiber coordinates X is a local invariant, that
18, it does not depend on the choice of the adapted coordinates.

Proof. See appendix [[] O

If card Z = n is finite, then one says that the fiber is finite dimensional and
the integer n is called fiber dimension.

An intrinsic definition of local state representation,which is similar to the
ones of (Fliess, Lévine, Martin & Rouchon 1997b, Fliess, Lévine, Martin &
Rouchon 1997a, Fliess, Lévine, Martin & Rouchon 1998, Fliess et al. 1999), is
given below.

4See definition

5The time-invariant trivial diffiety 7™ (u) represents the space of free differential variables
Ul,...,uUm. The differential-algebraic version of 7™ (u) is the differential field k(u), where
ui,...,um are differentially independent over the ground field k (Fliess 1989).

{dFiber}
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Definition 2 (input and state — geometric version) We say that u is a (local)
input for a system S if there exists a (local) Lie-Bécklund submersion w:V C
S — T™(u), where V is an open subset of S and the fiber is finite dimensional,
with constant dimension n. Any set of fiber coordinates x is called a state for
the input u.

It is an easy exercise to show that the last definition is locally equivalent to
the following definition:

Definition 3 (input and state — local coordinates version) A local state rep-
resentation of a system (S,IR,T) is a local coordinate system, (¥, V), with

Y = {t,z,U} where v = {x;,i € |[n]}, U = {u§k)|j € |m],k € IN} where
Toyp Yt,x,U) = t. The set of functions v = (x1,...,x,) is called state and

w=(u1,...,Un) is called input. In these coordinates the Cartan field is locally
written by
d 0 - 0 (k1) O
L _Z E o E . 1
ai ot T2 Tign T Y ,® (1)
i=1 ke N i
jelm]

It is important to point out that, in a first moment w(*) is only a nota-
tion describing the set of coordinates ¢ = {¢,x,U}. It follows from that
L%u(k) = %(u(’“)) = u(*+1)_ Another point of view is to include in the defini-
tion the fact that

ulk D) — %(u(k)), ke NV 2)

If one includes (2)) in the definition, then can be excluded, since it becomes
a consequence of .

The first definition (Def. [2| )is intrinsic, and it is in accordance with the
definition of input and state given in the differential algebraic approach of (Fliess
1989). The second definition (Def. is not intrinsic, but it is the coordinate
counterpart of the first one. In many situations, it is easier to work with the
second definition, and so this is the point of view adopted in this entire work.
Output. An output y = (y1,...,yp) of a system S is a set of functions defined
on S.

Definition 4 A state representation of a system S is completely determined
by the choice of the input u and the state x, and will be denoted by (x,u). If
span {di} C span{dt,dz,du} in V, the state representation is called classical
(or proper), and f; depends only on (t,x,u) for i = 1,...,n. Given a local
proper state representation (x,u) defined in V, an output y is called classical
(or proper), if span{dy} C span{dt,dz,du} in V. In this case, the output y
depends only on (t,x,u).

Flatness. In what follows, one may state the notion of flatness in three different
directiond?]

6For the moment the precise statements will be ommited since one is interested only on
the main ideas.

{d:stateinput:intrinsec}

{d:stateinput:nonintrinsec]
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e Consider that a flat system is locally diffeomorphic to a trivial diffiety
T (y) with flat output (see Def. 5| This definition implies that the solu-
tions of the system are parametrized in a unique way by the choice of the
smooth map y(t).

e Roughly speaking, a system is flat when one may compute the state and
input as functions of the flat output and their derivatives. So, the open
loop control for tracking a desired trajectory can be easily determined (for
instance, computed torque method in robotics).

e A system is flat when it admits a state representation for which the state
absent and the input is the flat outputﬂ This means that the solutions of
the system may be computed without any integration. All the variables
of the system are completely determined by time differentiations (of the
flat output).

The following definition is an intrinsic definition of Flatness.

Definition 5 A system is (locally) flat if it is (locally) Lie-Bdicklund isomorphic
to the trivial diffiety, that is, there exists a Lie-Bdcklund difeomorphism ¢ : U C
S —V CT™(y), where U and V are open subsets.

This is equivalent to consider the dimension of the fiber to be zero in defin-
ition 2| In particular one may give the following equivalent (but not intrinsic)
definition of flatness.

Definition 6 A system is (locally) flat if there exists a (local) state represen-
tation (z,u) with x = 0. In this case, taking y = u, the Cartan field is locally

given by
d 0 (k+1) O
el \ 3
dt ot + Z Yj ay(k)’ ( )
ke, J
jelml

a particular case of in which y is called flat output.

A third and fourth definitions of flatness consider that one may compute
the input and the state a function of the flat output and its derivatives. These
definitions depends on a particular choice of state representation, and so they
cannot be intrinsic.

Definition 7 Let S be a system with state representation (x,u) and output U.
Assume that (x,u) and y are defined on an open subset conlaining an open
subset U C S. Let s = cardy. Recall that T*(y) is the trivial diffiety with flat
output y (see the beginning of section|d). Consider the map T' : U — T*(y),
defined by v — (t(v),y O @),y ),y D (v),...). The system S is flat (on U)
with flat output y if

"The name flat output is standard, but the flat output is in fact an input of the system.

{dFlatness1}
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1. There exists a map y : U — IR® and smooth maps x : IR x (IR*)**! — IR"
and p : IR x (IR®)P+Y — IR™ such that, for every & € U one has x(£) =

Xty Q). .-y (€)) and u(€) = p(t.y' (&), ...,y P (€)).
2. The image T'(U) contains an open neighborhood of T'(§).

The next definition replaces the assumption that I'(U) contains an open
neighborhood of £ by the fact that the cardinal of the input and the flat output
candidate y coincides.

Definition 8 Let S be a system with state representation (x,w) and output U.
Assume that (x,u) and y are defined on an open subset containing an open
subset U C S. Let s = cardy. The system S is flat (on U) with flat output y if

1. There exists a map y : U — IR® and smooth maps x : IR x (IR*)**! — IR"
and p 2 IR x (IR*)PH1 — IR™ such that, for every & € U one has x(£) =

Xty (), -y () and u(€) = u(t,y O (€), ...,y D (€)).

2. s = cardy = cardu.

It is clear that the Definitions 5] and [6] are equivalent. The next result states
a comparison with Definition [7] The proof is deferred to appendix [K]

Proposition 3 Consider a system S. Let £ € S. Let (x,u) be a local state
representation defined on an neighborhood V' of . Consider the Definitions [(
and[?. Then

o If a system is locally flat around & according definition [0 then it is locally
flat around & according Definition [

e If a system is locally flat around & according definition[7 then it is locally
flat around & according Definition [0

o If a system is locally flat around & according Definition refdFlatness? it
is locally flat according definition [8

o If a system is flat on U according definition [§ then it is flat on an open
and dense subset of U according definition [0

Remark 2 To our best knowledge, there is no proof of equivalence of Definitions
@ and@ without some regularity assumption (for instance, our proof holds on the
set of reqular points of some codistributions). In Comllary@ (see section this
assumption is replaced by the independence of the differentials {dy(o), ceey dy(V)}
up to a convenient order 7.

Differential Dimension. The number of components of the input of a (local)
state representation (x,u) of a system S is called (local) differential dimen-
sion. Assume that system S a connected manifold and there exists local state
representations around every point of S. Then, it can be shown that the differ-
ential dimension of S is a local invariant (Fliess et al. 1993, Pomet 1995, Fliess

{dFlatness4}
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et al. 1999). For every connected component of S, the differential dimension is
a global invariant (see (Pereira da Silva 2000)).

Control System. A control system S is a system that admits a local state
representation around every point, and the differential dimension is a fixed,
globally defined integer. In other words, the dimension of the input of every
state representation is equal to a global invariant m.

Let S be a flat control system with flat output y. Because a flat output y is
also an input u, then dimy is the differential dimension of the system.
System associated to differential equations. Now assume that a control
system is given by a set of equations

t = 1
fti = fi(taxaua"'au(ai))? (S LTL—‘ (4)
M N Y

A diffiety S of global coordinates ¢ = {t,z,U}, where U = {u®) k € IN}, and
Cartan field given by can be always associated to .

3 Inverse function theorems and state represen-
tations

Recall that the inverse function theorem does not hold for IR“4-manifolds, at
least when considering its standard statement (Zharinov 1992, Alekseevskij
et al. 1991). For systems, the corresponding notion of coordinates is the concept
of state representation. Hence, in this context our version of the inverse function
theorem is devoted to establish conditions that assure that a set of functions
(z,u) is a state representation of a system S. A known result about this ques-
tion is in fact lemma [5] of the appendix [C} Lemma [5] relies on the properties of
the dynamic extension algorithm, and requires the nonsingularity of the codis-
tributions (7). It will be shown that lemma [2] can replace the application of
dynamic extension algorithm, with the need of less regularity assumptions (see

appendix .

3.1 Characterization of State representation

The next result is an auxiliary lemma that is useful in this paper. Its proof is
deferred to appendix [A]

Lemma 1 Let (x,u) and (z,v) be two proper state representations of the system
S defined on an open neighborhood U of £ € S.

1. If b € IN is such that span {dv} C span dt,dw,du(o),...,du(b)}, then
span {dz} C span {dt, dz, du®, ... du®—Y il

8When b = 0, then span {dt, dz, du® .., du(b*”} stands for span {d¢, dz}.

{eStatRep}
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2. Let B € IN be the smallest non-negative integer such that there exists an
open neighborhood V' of € such thatﬁ
on V. If span{dz,dv} C span {dt7 dz,du®, . .. ,du(V)}, then 8 < n+my,
where n = dimx and m = dim u.

The following result is a fundamental result of this work.

Lemma 2 Let (z,u) be a local proper state representation of a system S around
some £ € S, and let z = (21,...,25) and v = (v1,...,v.) be setﬂ of smooth

functions defined on the diffiety S. Suppose that span {dz,dv} C span {dt,dz,du}.

Then (z,v) is a local state representation of S around £ if and only if there exist
a € IN such that

e The set'S = {dt,dz,dv,...,dv™} is linearly independent at €.

e One has span{dxz} C span {dt, dz,dv,... 7dv(o‘_l)}, in an open neighbor-
hood of &.

e One has span{dz,du} C span {dt, dz,dv,... ,dv(“)} in an open neighbor-
hood of &.

The proof of the previous Lemma is deferred to the Appendix [B]

The last two results can be generalized easily for the case where the orders
of derivation of different components of the inputs are not the same. The proof
of those results are similar to proof of Lemmas [I] and [2} and they are left to the
reader.

Lemma 3 Let (x,u) and (z,v) be two proper state representations of the system
S dﬁned on an open neighborhood U of & with cardu =m. If 3 € IN™ is such
tha

Lemma 4 Let (xz,u) be a local proper state representation of a system S around
some £ € S, and let z = (21,...,25) and v = (v1,...,v.) be sets of functions
defined on the diffiety S. Suppose that span{dz,dv} C span{dt,dx,du}. Then
(z,v) is a local state representation of S around £ if and only if there exists
some o € IN" such that

e The set S = {dt,dz, dv"{*))} is linearly independent at &.

e One has span{dx} C span {dt, dz, dv<<o‘_1>>}, in an open neighborhood of
£.

e One has span {dz,du} C span {dt,dz,dv<<a>>} in an open neighborhood of
£.

9The integer § always exists (locally), since {t, z, (v(*), k € IN)} is a local coordinate system
(see Proposition . If span {du} C span {dt,dz}, one also chooses 3 = 0.

10A priori r = card v is not assumed to coincide with m = card u. However, if the assump-
tions of Lemmaholds, then card v and card u must coincide (by Lemmaand the uniqueness
of the differential dimension).

11See the notations in the end of section

10

span {du} C span {dt, dz,dv® ... ,dv(ﬁ)}

{1Lemma3}
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3.2 Comparison

In this work, the previous versions of the inverse function theorem will be com-
pared with other results of the literature. We begin showing that the inverse
function theorem of Pomet is a consequence of lemma/f2l A comparison with the
dynamic extension algorithm, which can be regarded as a version of the inverse
function theorem, is deferred to Appendix [H]

The following result is equivalent to a time-varying version of (Pomet 1995,
Prop. 3).

Corollary 1 Let S1 and So be two control systems and let ¢ : S1 — S be a
Lie-Bdécklund map. Let (x1,v1) and (xz2,v2) be two global state representations
defined respectively around £ € S1 and (&) € Sa. Assume that the set

By = {dt,d(z2 0 ¢)} U{d(v$" 0 ¢),k € IN} (5)

is a basis of the C°°(S1)-module defined by H = span {dt,dx,dv(k) ke N}.
Then there exists an open neighborhood Uy of € such that the map ¢|Uy : U; —
o(Uy) is a diffeomorphism.

Proof. Let z = x5 0 ¢ and v = vy 0 ¢. We shall consider the abuse of notation
of appendix [F] Note now that one may assume, without loss of generality, that,

locally, span {dz,dz,dv} C span {dt,dz;,dv,}, otherwise one may extend the
state x1 to 1 = (1,01, ... 71}9))7 with ~ big enough, and take the new input
01. Based on similar reasons, one may assume that dZ = span {dt,dz, dv}.
Since the set is a basis of H, these 1-forms are independent pointwise at
all v € 57 (see appendix @ Hence, the first assumption of Lemma [2| holds for
every o € IN. Then As B, is a basis of H, there exists some « big enough such
the third assumption of lemma [2| holds. By Lemma [I} the second assumption
of P holds. O

4 Subsystems, decoupling and flatness

The concept of subsystem is a key notion in the definition of dynamic feedback
and in the study of implicit systems as well. We will show that lemma [2| is a
tool for obtaining conditions for the existence of the output subsystem and the
existence of adapted state equations for a given subsystem. The characterization
of a flat output and a regularity notion for the decoupling problem (Martin 1993,
Martin 1992) are easily obtained from this the last result.

Definition 9 (Subsystem and adapted state equations) A (local) subsystem S,
of a given system S is a system S, such that there exists a surjectivﬁ Lie—
Baicklund submersion m : U C S — S,, where U is an open subset of S. A
(local) subsystem will be denoted by (S, ™) or simply by S,.

12 Since submersions are open maps, one can always consider that Sq = 7(U) by restricting
Sa to the image of 7.

11
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Assume that there exists a local classical state representation (x,u) of a sys-
tem S of the form

i'a = fa(tymaaua)a (6&)
Ty = fo(t, Ta, o, Uq, Up), (6b)

where x = (q,2p) and u = (uq,up). Suppose thaﬂ represents the state
equations of a subsystem S, and w: S — Sy is such that w(t,z,U) = (t, x4, U,),
where U denotes the set (u\9)| j € IN) and U, denotes the set (u,"9)| j € IN).
A state representation of S the form 7 is said to be adapted to the
subsystem Sy .

Later, under some regularity assumptions, it is show that state equations
adapted to a subsystem can be generically constructed.

Definition 10 (Output subsystem) Given a system S with output y, a (local)
output subsystem is a (local) subsystem 7= : U C S — Y such that 7 (T \Y')

:span{dt,dy(k) : keﬂV} e, € € U.

It is shown in (Pereira da Silva & Corréa Filho 2001) that the properties
of dynamic extension algorithm can be used in order to study the existence of
output subsystems of a system S. In this work it is shown that the results
of section [3] may be used to obtain similar results, but with less regularity
assumptions.

The next result shows that concept of (local) output subsystem is (locally)
intrinsic.

Theorem 1 (Uniqueness of local output subsystems) Let S be a system
with output y. Two local output subsystems Y1 and Yy defined around £ € S are
locally Lie-Bdcklund isomorphic.

Proof.  This result is shown in (Pereira da Silva & Corréa Filho 2001). The
proof is given here for the sake of completeness. Since the m; : U; € S — Y]
are Lie-Béacklund submersions for i = 1,2, there exists local charts of ¢; =
(t, X:, Z;), i = 1,2, defined in some common neighborhod H C S of £ and local
charts ¥; = (¢, X;), of Y;, i = 1,2, defined on W; = m;(H) such that, in these
coordinates ¢; o wi_l o (t,X;,Z;) = (t,X;), i = 1,2. Since Y7 and Y, are
both local subsystems we have span {dt,dX;} = span {dt, dy®) : k€ |IN] }, for
i = 1,2. In particular, it follows that the local coordinate change (t,X1,7,) =
@1 0 (b;l(t,XQ, Z5) is such that X7 = 0(t, X3) and X5 = 0(t, X1). So the map
w defined by (¢, X5) — (¢,0(t, X2)) is a local diffeomorphisnﬂ Let § : Wy C
Y, — Wi C Y; be the local diffeomorphism defined by § = 1/;1_1 ooy To

13Here one abuse notation, as explained in Appendix
14\We stress that we are not using the Inverse Function Theorem, but only the existence of
the inverse of the coordinate change map.
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complete the proof it suffices to show that ¢ is Lie-Bécklund. For this, we show
first that 6 o ma|g = m1|m. In fact, note that

Yro(Som)ogy (t,X1,2)) = tro(Somogy')o(proer')(t, X1, 2Z1) =
(Yro6)ompody (t, Xa, Zo) = (uowhs)omody (t, X2, Zs) =
po (hpomoody N, Xa, Zo) = pul(t,Xo) =

(t,X1> = ’(/}1 Oﬂlo(b;l(t,Xl,Zl)

From the first and the last terms above, we have that joms| g = m1|x. Denote by
0; the Cartan fields respectively of Y;, for ¢ = 1,2. By definition wf% = 0; om;.
In particular 9y odomy = dyomy = (my)* % = (50772)*% = 5*(772)*% = §,.00075.
As 79 is surjective it follows that 9y 0 & = .0, showing that § is Lie-Bécklund.

O

The following definition will be important in the study of implicit systems.

Definition 11 (Strongly adapted state equations) Let S be a system with out-
put y and let Y be a local output subsystem with corresponding Lie-Bdcklund
submersion w: U C S — Y. A state representation ((zq, 2b), (Va, V) is said to
be strongly adapted if:

e [t is adapted to Y according to Definition[9
e One ha span {dy(k) ke IN} = span {dza, (dv,(lk) ke EV)}

e One has that z, and v, (and hence o ke IN) are subsets of {y*) : k €

N}

Consider the codistributions, called output filtrations:

Y. = {0}

Y, = span {dy(o), cee dy(k)} (7a)
Y1 = span{dt}

Y, = span {dt, dy®, ..., dy(k)} (7b)
Y_1 = span{dt,dz}

Vi = span {dt, da, dy'?, ..., dy(k)} (7c)

The following result, adapted from (Pereira da Silva & Corréa Filho 2001),
is a consequence of the dynamic extension algorithm (see Lemma. It assures
the existence of local output subsystems and their corresponding adapted state
equations.

15The definition of output subsystem and the fact that (zq,vq) is a state representation of
Y implies only that span {dt7 (dy(k) 1k € W)} = span {dt7 dza, (dvgk) :kelN)

16This means that the components of z, and v, are functions belonging to these sets of
functions.
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{tY}
Theorem 2 (Existence of output subsystems) Let S be a system and let

(z,u) be a classical state representation defined on an open neighborhood W C S.
Let y be a classical output defined on W. Let n = cardx. Let U C W be the
set of regular points of the codistributions Yy, Vi, k = 0,...,n. Then, around
any & € U, there exists an open neighborhood Ve of & and a local classical state
representation (z,v) = ((2a,2s), (Va,vs)) of the system S, defined on Vg, such
that:

{iv1}
1. The (local) state equations are {eYSub}
Za = falt, 2a;va), (8a) {eYSuba}
Zy = folt, 2, 20, Va, Ub)- (Sb) {eYSubb}
{iv2}
2. Let Y be the local subsystem associated to and let m : Ve — Y be
the corresponding Lie-Bicklund submersion. We have ©*(T*Y) = span
{dt, dzq, (dvék) :ke€IN)} = span {dt,dy(k) ke ZN} In particular, Y 1s
an output subsystem of S.
3. Yo—1 = span{dt,dz,} and Y, = span{dt,dz,,dv,}. Furthermore, one
may choos 2o C{y @, ...,y DY} and v, € {y@,...,yM}.
4. Le A={ceS|yPE =0,k e IN}. Assume that ¢ € A. If Y,
and Y, _1 are nonsingular at &, then the local state representation 1
strongly adapted to the output subsystem Y around &.
Proof. See appendix [E] O
The next result needs less regularity assumptions than the last theorem. It
also assures the local existence of the output subsystem.
{toutputsubsystem}
Theorem 3 (Existence of output subsystems — invertible case) Assume
that S is a system with (a globally defined) output y = (y1,...,yp). Assume
that, around any & € S there exists a local proper state representation (x,u) and
= P
a = (ag,...ap) € IN? such thaﬂ {yintan)
1. .
span{dy} C span {dt,dz,du} {yxnaccresce}
2. span{dx} N span {dt, dy<<a_1>>} = span {dz} N span {dt, dy<<o‘>> }
{yxnaosingl}
3. span {dt, dx, dy<<o‘_1>>} is locally nonsingular around €.
{yxunaosing}

4. span {dt, dx, du, dy<<o‘>>} 18 locally nonsingular around &.

17This means that the components of z, and v, are functions belonging to these sets of
functions.

18This subset is important in the context of implicit systems (see )

9Note that o may vary from each local choice of (z,u).
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{tyindependent}
5. The set {dt, dy<<o‘>>} 18 independent at €.

Then, around any & € S there exists a local output subsystem Y and a strongly
adapted state representation.

Proof. By [3] and [5] one may construct a family x;, C = of functions such that
By = {dt,dxy, dy‘>=1)} is a local basis of span {dt,dx, dy<<0‘_1>>}. Let B € IN?
be a multi-index. Then, at every v € S one may write

dim (span {dt, dz, dy<<@>>}) = dim(span {dz})
+ dim (span {dt7 dy<<6>>})

—dim (span {dz} Nspan {dt, dy P }) (9) A{eEstrela}

By |5l we have that span {dt, dy<<°‘*1>>} is locally nonsingular around £. Now
by (9) for 8 = o — 1, by and by the nonsingularity of span {dz} it follows
that span {dx} N span {dt7 dy<<"_1>>} is nonsingular around &.

By similar arguments, it is clear from 2 and @D for f = « that

span {dt, dx, dy<<a>>} is nonsingular around &. (10) {eNonsingular}

It will be shown now that By = {dt, da;, dy'{*)} is a basis of span {dt, dz, dy{{®) }
In fact, since {dt, dxb,dy<<a_1>>} is a basis of span {dt, dz, cly“a_m}7 it is clear
that B generates span {dt, dx, dyt{e) } Byandagb with = a—1, and by 2
and @ with 8 = «, it follows easily that card B, = dim (span {dt, dx, dy{) })
Hence Bs; must be a basis of span {dt,dz,dy<<a>>}. By H4| and , there ex-
ists a family w, C u of functions such that {dt, dxy, dub,dy<<a>)} is a basis of
span {dt, dz, du, dytted }

Now let 8 = (a,0,...,0), where we have completed o with m — p zeros in
order to obtain a multiindex of dimension p + cardu,. Let v = (y,up). By
construction, v{{#=1) = y{e=1) and {8 = (y«ad) ).

Then it followthat span {dx} € span {dt7 day, dot =1 }, span {du, dip} €
span {dt, dxb,dv(w»} and span {dzy,dv} C span {dt,dz,du}. Hence, lemma

implies that (xp,v) is local state representation for S. In particular, by ex-

tending the state, one may take the local state representation (Z, %) where
(0) (e1—1) (0) (ap—1)

T = (Tq,2p), & = (Ug,Up), Ta = (Y3 '5---»Y e s Yp e Yp ), and
Ug = (y%al)7 R ]E,ap)). So, we may write the following state equations {eStateRepresentationY}
ip(t) = g(t Ta, T, Ua, up) (11a) {eZeroDynamics}
g0 = Y
gt o= P

20Using the fact that the span {di} C span {dt} C span {dt, dz,du}.
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) = Ua (11b)

yz()o) _ yl()l)
yéO) _ y£2)
gler D = g, (11c)

Note that is of the form (8] (after replacing (zq,25) by (24, x3) and (ve,vp)
by (ua,up)).

Let V be the open neighborhood of £ such that the state representation
(Z,u) is defined on V. Let 7 : V. — Y, where Y = n(V), be the map defined
by W(t,xa,xb,(ugj),ul()j) cjEeN)) = (t,xa,(ugj),: j e IN). As (t,(y®) : k¢
N)) = (¢, xq, (ugj),: j € IN)) are global coordinates for Y, one may define the

Cartan field 0y by
9 kt1)_0
Oy = B + E Y;

(k)
kelN, ayj

Jj€lp]

With this definition it is easy to show that 7 is a Lie-Backlund submersion.
Then it is clear that Y is a local output subsystem and the state representation
(2,0) is strongly adapted to the local output subsystem (see Definition .
O

Remark 3 One sees that the state-feedback that is constructed in the proof
of the last theorem is a solution of the input-output decoupling problem. The
proof of theorem @ shows that one can construct a state space representation
((Ta,ua), (Tp, up)) that is strongly adapted to the output subsystem Y such that:

ag— ap—1
(A) xa:(yio),...,ygl 1),..., I@,...,y,() )).
(B) ua = (\™, ... yi™)).
(C) xp completes {dt,dy{>=0} to basis of {dt,dx,dy @11},

(D) One may choose up in order to complete {dt,dz,,dxy,dus} to a basis
{dt,dxq,dxy, dug, dup} of span {dt, dz, du, y<<o‘>>}.

The equation (11a]) is in fact the Zero Dynamics. The dimension of the state
xp of the zero dynamic@ is called by the defect of the output subsystem Y .

21The idea of zero dynamics was introduced in (Byrnes & Isidori 1988, Byrnes & Isidori
1991). The notion of defect is directly related to nonflatness, and can be found in (Fliess
et al. 1995). Here the use of the word defect is associated to a particular output, whereas the
real notion of defect is the minimal dimension of z for all the possible output choices.
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Note that x; is a set of fiber coordinates of the corresponding Lie-Bécklund
submersion 7 : V. C § — Y (see definition [1| and Proposition . When the
zero dynamics is absent, the system is flat with flat output § = (y,up). The
following result is a generalization of a result of (Martin 1992).

{cMartin2}
Corollary 2 Assume that S is a system with a local proper state representation

(x,u) with a proper output y = (y1,...,yp). Let & = (ap,...ap) be a multiindex
and consider the notations of the last theorem. Then y is a local flat output

according Def. [0 if only if there exists some a such that, locally, one has {yxnaocresce1}

1. span{dx} C span {dt,dy“o‘—l))}

{yxunaosingl}
2. span{du} C span {dt, dy<<o‘>>}.

{tyindependent1}
3. The set of 1-forms {dt,dy‘*"} is independent at €.

Proof. The necessity follows from the Definition [f]and part 1 of Lemmal[I] The
sufficiency is a straightforward application of Lemma O

Now it is shown that the regularityﬁ result of Martin (Martin 1993) for time-
invariant systems around an equilibrium point may be obtained as a consequence
of theorem [3
{cMartin}
Theorem 4 Let S be a system and assume that (x,u) is a local classical state
representation defined on a neighborhood U of £&. Let y be a classical output of
S defined in U. Assume that state equations are of the form

a(t) = flz(t) +g(z(t))ult)
y(t) = h(z(t))

and suppose thmEI
& = (to, zo, (uéj),j € IN)), where f(xo,up) =0 and uéj) =0,j€IN.

Assume that the components of f,g and h are analytical maps with respect to
their arguments. Suppose that cardx = n and cardy = cardu = m. Let T'S be
the linearized system at &, given by

i) = ) )+ gt
) = )

22The definition of regularity of Martin is more general than other regularity definitions,
for instance the one of (Di Benedetto & Grizzle 1990), at least for square systems. However,
(Di Benedetto & Grizzle 1990) also consider nonsquare systems.

23The time component t is irrelevant, as well as the presence of dt in Y}, since the system
is time-invariant.
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Consider the codistributions Yy and Vi, k = —1,0,1,2,..., obtained for system
S by using . When written in local coordinates, y*) is also an analytical
map, and then one may define the generical dimension@ D(Vk). Similarly, let
TV, k= —1,0,1,2,..., be the codistributions obtained for system T'S by using
. Assume that in U one has:

L4 D(yn) - D(ynfl) =m
o There exists ng > n such that Aim TV, = D(Vn,)-

Then there exists T C x such that (T,y) is a local state representation of S with
state T and input y.

Remark 4 It will be clear from the proof of the last result that T is the state of
the zero dynamics.

Proof. As £ is an equilibrium point of the Cartan field, it will be shown that
TY, and TY}; may be identified respectively with yk|£ and Yk|€, for K € IN.

Then it will follows that dim Y, |; = D(Vy,)- In fact, let A = %‘ , B = g(x),
Zo
C = 2] Then, for the linearized system, it is easy to show tha

oz |lxg

k—1
dy® = CA*dz + ) " C AT Bdu*—I 7
J=0

Now note that, for the nonlinear system
dy®) = Cdz + ¢dx

where ¢ = % — C is such that ¢|¢ = 0.
Since ¢ is an equilibrium point, for any function « that is locally defined
around & € S one has &|¢ = 0. Computing dy™ one gets

dy™ [%(C+¢)]dx+ (C + ¢)di:

(CA+ ¢+ ¢pA)dz + (CB + ¢B)du

Hence it is easy to show by induction that, for the nonlinear system:
k-1
dy™ = (CA* + ¢p)dx + Y (CA B + ;) dult ==Y
j=0
where the matrices ¢ and v; are null at the point £. In particular this shows

that the claimed identification between TV (resp. T'Yy) and Vil (vesp. Yil,),
for k € IN, makes sense.

241t is easy to show that these generical dimensions coincides with the dimensions taken
over the meromorphic field of (Di Benedetto, Grizzle & Moog 1989).

25 Abusing notation, and letting dz standing for the column vector (dx1, ... ,dxn)T, then
Adz stands for (3°7_; a1jdxj, ..., 200, anjdz;)T and so on.
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Assuming without loss of generality that U is connecteﬂ, recall that, given
an analytical codistribution €, then D(2) = dim§|, if and only if v € U
is a regular point of ). Now choose v € U such that v is a regular point
of the codistributions Vi, Yx, k = 0,...,n defined in —. In particular,
D (Vi) = dim Y|, and the same property holds for Y.

From the fact that D()y) = dim Vg|,, and from part 10 of Lemma [5] of
Appendix [C] applied to system S at v, and to system 7'S at v, one concludes
that there exist nonnegative integers §, A, [, L, n and N, with n <n and N < n,
such that

D(Ve) = 1+0+1U(k+1),k>n,
dmTY, = 1+A+Lk+1),k>N,

Since dAimTY,, = D(Yn,), then 6 — A = (L — 1)(no + 1). Remember that
ng>n,n>A>0n>3§>0 then L =1 and 6 = A. This implies that
|0 — Al < n, and so the equation |6 — A| = |(L —1)|(no+ 1) has a unique solution
L =1and A =§. This shows that dimTY,, = D()),) and hence we have that
dim TYy, = dim Y |e = D(Yg) for all k > n. In particular, £ is a regular point of
Yy, for k > n. Furthermore, since D(),,) — D(Vn—1) = m, then Il = L = m. In
particular, from Lemmal5| part 5 applied to the linear system 7T'S, we must have
that dim 7Yy, 11 —dim TY;, = m for all k € IN. Then dim Yk+1|£—dim Yk|5 =m,
for all k € IN. In particular, this means that the set {dt, dy(®), ... dy®}, (when
computed for system S) is locally linearly independent around ¢ for all k € IN.
In particular Yy is also nonsingular at & for kK > n. We show now that, locally
around &, we have Y, Nspan {dz} = V,+1 Nspan {dz}. In fact, from Lemma
part 7| applied to system TS, one has T'Y,, Nspan {dz} = TV, 41 N span {dz}.
Hence, Y, Nspan {dz}|; = Vyi1 Nspan {dz}|,. As

dim Y|, = dim Y%|, + dimspan {dz} |, — dim ), Nspan {dz}|,

for all v € U, the nonsingularity of Y; and )j around ¢ for £ > n implies the
nonsingularity and the smoothness of Y;, Nspan {dz} around ¢ for k > n. So, we
locally have dimY;, Nspan {dz} = dim Y, 41 Nspan {dz}. As Y, Nspan {dx} C
Y, +1 Nspan {dz} then one must have Y;, Nspan {dz} = Y;,+1 Nspan {dz}.

It is easy to show tha@ if U and Y are analytical codistributions such that
U C Y on an open and dense subset of S, then if £ is a regular point of Y, then,
locally around &, one has U C ).

Using the last remark, it will be shown now that, locally around ¢ one has
span {du} C Y,. In particular span {dz,du} + YV, = Y, is locally nonsingular
around &. In fact, from part 9 of Lemma [5) in an open and dense set, one
has span {du} C },. From the nonsingularity of Y, at £, the claimed property
follows. Summarizing;:

1. span {dy} C span {dt,dx}

26 Otherwise one may take the connected component of U containing &
2"In fact, take a local basis {wi,...,w} of J around &. Now take some w € U. If
{wlv,wilv,...,wk|v} were linearly independent, then D(Y + U) would be greater than D(}).
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2. span {dz} NY,, = span {dz} N Y,41.

3. The codistribution ),, = span {dt, dx,dy ), ..., dy(")} locally nonsingular
around &.

4. The codistribution Y, + span {du} = span {dt,dz,dy®, ..., dy™} is lo-
cally nonsingular around &.

5. The set {dt,dy(®,... dy™} is independent at &.
Then, the desired result follows from Theorem [3|in the particular case where «

is the p-multi index (n,n,...,n). O

Remark 5 An important example for which the reqularity assumptions of the-
orems[{] and[3 hold, but not the ones of lemma[5 of Appendiz[Q}, is given in the
end of this section (see ) Note that Theorem@ assures that there exists a
state representation of the form , where, in that case, U s absent.

It is easy to see that the last proof shows that the following conditions are
equivalent:

e There exists ng > n such that Aim TV, = D(Vn,)-
o dimTY,, = D(Vy).
o dimTY, = D(Yx) for all k > n.
The last condition is the notion of reqularity adopted by Martin (Martin 1993).

The theorem [3]is generalized now for the case where the system is not right-
invertible.

{tNoninvertible}
Theorem 5 (Existence of output subsystems — non-invertible case) Let
S be a system with proper state representation (x,wu) and proper output y, both
defined around some § € S. Assume that there exists a partition y = (g,y) such
that, locally around &, one has .
{pyintxu}
1. dy dt,dx,du}.
span {dy} C span {dt, dv, du} {pyxnaocresce}
2. span {dx} N span {dt, dg®, ..., dg“"”} =
span {dx} N span {dt, dy©, ..., dg(a)}.
{pyxnaosingl}
3. span {dt, de,dg®, . .. ,dg(a‘l)} 1s locally nonsingular around &.
{pyxunaosing}
4. span {dt, dz, du, dy?, . . ., dg(“)} is locally nonsingular around &.
{ptyindependent}

5. The set {dt,dy®, .. .,dﬂ(o‘)} is pointwise independent in an open neigh-
borhood of &.
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6. span {dy(o), . ,dy(a_l)} C span {dt, dx,dy, ..., dg(a‘”}
7. span {dt, dy© ... 7dy(k)} is nonsingular for k = o and k = o — 1.

8. span {dy(o‘)} C span {dt, dy© dy™ ... dyle—D, dzj(o‘)}

Then there exist a local output subsystem Y that admits an adapted state repre-
sentation (Z,a), where & = (xq,xp) and @ = (uq, up), with state equations

To(t Ja(t,a(t), uq(t))
() = folt, za(t), T, ua(t), up(t))

such that span{dt,dx,} = span {dt, dy©®, ..., dy(o‘_l)}, span {dt,dz,,du,} =
span {dt, dy© ..., dy(a)}, span {dt,dz} = span {dt, de,dy©®, . .. ,dy(a’l)}, and
span {dt,dZ,da} = span {dt, dz, du, dy?, ..., dy(® } Furthermore, one may
choose ug = 5 and x, C {y©,... 4@V}, In particular, span{dz} +) =
span{dxy} ® Y and span {dz,du} + Y = span {dxy, dup} ® Y. Moreover, if the
next condition holds

9. Le@ A={cecS|y®E) =0,k e IN}. Assume that £ € A. Suppose
that span {dy(o), dy®M, ... ,dy(k)} 18 nonsingular around & for k = a — 1
and k = a.

then the state representation (Z,4) is strongly adapted to the (local) output sub-
system Y around .

Remark 6 The proof of Theorem[5 shows that
(A) One may choose u, = §'*).

(B) One may choose x, C {y©,... ¢y} such that {dt,dz,} is a local basis
of span {dy, e dy(a’l)}.

(C) One may chose xp, in a way that dry, completes {dt,dxz,} to a local basis
of span {dt7 dx,dy, ..., dy(o‘_l)}.

(D) One may chose uy in order to complete {dt,dz,,dzy, du,} to a basis {dt,
dxq, dxy, dug, dup} of span {dt, dx,du,dy, ... 7dy(o‘)}.

Proof. The affirmations 1 to 5 says that the assumptions of Theorem [3| holds
for the output y. One may apply such result for the output g, obtaining a
state representation (z',a') = ((@},%#}), (al,a})) as stated in the Remark
that is z} = (5(@,...,g@ V), and ul = y(*)), for which span {dt,dzl} =
span {dt, dg©®, ..., dzj(o‘_l)}, span {dt, dwl, dua} = span {dt, dg©®, ..., dy® },
span {dt,di'} = span {dt,dz, dg\?,...,dy®"V}, and span {dt,dz', di'} =
span {dt7dm,du, dg©®, ... ,dgj(“)}. From 7, one may locally complete {dt,dz}}

28This subset is important in the context of implicit systems (see )
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to a basis {dt,dz,} of span {dt,dy, ...,dy*V}. By 3 and 6 it follows that
Ya_1 = span {dt, da, dy®, ..., dy(a_l)} = span {dt, de,dg®, .. ., dy(a_l)} is
nonsingular. So one may complete dz, to a local basis {dt,dx,,dxy} of Vo_1.
It follows that span {dt,dz},dxt } = span {dt, dz,, dzp}. Let @ = (uq,up) = @'
Hence, if & = (x4, xp), then (Z, @) is also a proper state representation (see Corol-
lary [3] of section [5.1). By 8, it follows that span {di,} C span {dt,dz,du,}.
From this it is easy to show that the state representation (Z, %) is adapted to
the output subsystem Y.

Now assume that 9 holds. Let Y, = span {dy®,...,dy®} and v} =
span {dt,dy®, ..., dy*®}. We show first that span {dt} N Y|¢ = {0} for every
point € of A. In fact, let € € A and let 5 = Zf:o Z;Zl aijdyy) l¢ = Bdt|¢. Then

i i i+1
Ble = (n; &)le = X, laigdyts DYle = X, 5 i (dyss L)le = X, 5 oyt Ve =
0.
Now note that
dim Yy, = dim (span {dt}) + dim Y, — dim (span {dt} N Yy)

The nonsingularity of span {dt}, Y, and Y for k = a — 1 and for k = a im-
plies the nonsingularity of span {dt} N Y,—; and span {dt} N Y, around £. In
particular, span {dt} N Y,_1 = span {dt} N Y,—1 = {0} in an open neighbor-
hood of £&. We show now that one has span {dz,} = Y,_1 around £. Since
Tq C{y,...,y @V}, it is clear that span {dz,} C Y4_1. To show the inverse
inclusion, take some w € Y,_1. Then w = Z?:“l ;dxq, |0 + Bdt for convenient
functions «;,i € |n,|, and . Let V¢ be an open neighborhood of ¢ for which
span {dt} N Yo_1 = 0. If for some v € V¢ one has 3|, # 0, then Gdt|, will be
in span {dt} N Y,_1|,. In particular, on Vg, w belongs to span {dz,}. By simi-
lar arguments, one shows that span {dz,, du,} = Y,. By derivation, it follows

easily that span {dxa, (dul? ke ]N)} = span {dy®) : k € IV}. O

Now we present the tricky example of Respondek (Respondek 1992). Con-
sider the control system

1 = Ty -+ 34U — z%uz (12a)
To = mg+ aciul — T3T4U2 (12b)
i3 = a(x) (12¢)
4 = bx) (12d)
s = w (12e)
Te = U (12f)
o= (12g)
Y2 = o (12h)

where a(z) and b(z) are both smooth functions such that a(0) = b(0) = 0. For
this example the regularity assumptions of Lemma [5| do not hold (for instance
the codistribution ); = span {dt,dm,dy,dy(l)} is singular around z = 0 and
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ul) = 0,5 € IN). It is shown in (Martin 1993), that the assumptions of theorem
[] holds for this example. In particular, from the proof of Theorem [ it follows
that the regularity assumption of Theorem [3] holds.

5 The notion of dynamic feedback

The notion of (regular) dynamic feedback relies in the concept of feedback ex-
tension. A system FE is a feedback extension of S if S is a subsystem of E (see
for instance (Fliess et al. 1997b, Fliess et al. 1997a, Fliess et al. 1998, Fliess
et al. 1999)). The following definitions establish a intrinsic notion of exogenous
(or endogenous) dynamic feedback

Definition 12 (Feedback Extension) A system E is a (local) feedbecak extension
of a control system S around some £ € S, if

o There exists an open neighborhood U C S of & and a Lie-Bdcklund sub-
mersion 7 : E — U.

e The fiber dimension is finite and constant everywher@.

The feedback extension is said to be endogenous if ™ is a (local) Lie-Bécklund
isomorphism. If the feedback extension is mot endogenous, then it is said to be
€X0genous.

Remark 7 Let £ € w(E). There is no loss of generality of considering that
w(E) = U, where U is an open neighborhood of §&. In fact, asm: E — U is an
open map, if it is not surjective, it suffices to take U = d(E) and to consider
m:FE—TU.

Proposition 4 Let (E,7) be a (local) feedback extension of a control system S.
Then E is a control system of same differential dimension than S. Furthermore,
the feedback extension is endogenous if and only if the dimension of the fiber is
zero.

Proof. Since S is a control system, one can choose a local state representation
(z,u). Then {t,x,(u® : k € IN)} is a local coordinate system of S. Denote
the Cartan fields of E' and S respectively by dg and ds. Abusing notation, one
lets = and u®) stand respectively for z o 7 and u®) o 7 for all k € IN. As 7 is
Lie-Bécklund, such abuse of notation makes sense (see appendix .

Since 7 is a submersion and the dimension of the fiber is finite, one may
choose local coordinates (w, ) for E and v for S such that 7(w,y) = 7. Since
the coordinate change map I' such that v — (t7w,u(0)7u(1), ...) is a local dif-
feomorphism, then the map (w,v) — (w,T'(y)) is also a local diffeomorphism.
In particular v = {t,w,z, (u® : k € IN)} is a local coordinate system for E
and so ((z,w),u) is a local state representation of E. In these coordinates one

29Gee definition [1] and Proposition
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may write m(w,v) = v. Since 7 is Lie-Bécklund, from appendix [F] it follows
that Og(xz o w) = 9g(x) o™ = & o m. The following state representation of F is
obtained:

Ftzt),ut), ..., u®(t)) (13a)
w(t) = g(t,z(t),w(t),ult),...,u(t) (13b)

a(t)

where is a local state representation of S. The first equation is equivalent
to write dg(x o) = & o . In other words, is the state representation of
S. The second equation only says that Og(w) may be written as a function of
the the local coordinates.

In particular F is a control system of same differential dimension than S. It
is also clear that, to say that 7 is a diffeomorphism is equivalent to say that the
dimension of w is zero (which is the dimension of the fiber). O

The last definition is not clearly related to the classical feedback equations,
since the state representations of the two control systems E and S are not chosen
a priori. In fact, roughly speaking, a (dynamic) feedback in the classical sense
is defined by the equations depending on the inputs and states of systems E and
S. In the proof of the last proposition it was shown that the state of E is an
extension of the state x of S. This is usually the case when one defines dynamic
feedback from equations. Two things are not usual in equation . the first
one is the fact that the input of system E is the same than one of system S.
The second one is the fact that the state equations are not proper, that is, they
depend on the derivatives of the inputs. We are ready to state our geometric
definition of dynamic state feedback.

Definition 13 (Dynamic State Feedback) Let (E,m) be a (local) dynamic ex-
tension of S. Choose local state representations (xz,u) of S, defined on an open
neighborhood Ve of & = w(¢) € S, and (z,v) of E, defined on an open neigh-
borhood W, of ¢ € E. Without loss of genemlitﬂ assume that Ve = m(We).
Abusing notation, one may let x and u stand respectively for xom and uomw. Then
(B, 7, (z,v),(x,u)) is said to be a local dynamic state feedback if span{dx} C
span{dt,dz}. The system S with input u and state x is called open loop system,
and the system E with input v and state z s called closed loop system.

The last definition assures that x “is part of the state z of the extension”, as
shown in the next proposition. It also establishes the link between Definition
and the standard definition of regular feedback using equations. Note that v
is the new input of the closed loop system.

Proposition 5 Let (E,m,(z,v), (z,u)) be a local dynamic state feedback around
some point v € E. There exists a set w of functions locally defined around
v € E, such that span {dt,dx,dw} = span {dt,dz} in a neighborhood of v. Then

301f is not the case, one may take W = W, (7~ *(V¢) and V = m(W) and to consider.
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(BE,7, ((z,w),v), (x,u)) is also a local dynamic state feedback whose state equa-
tions are locally given by

i(t) = flt,z(t),ult),...,u) (14a)
w(t) = g(t,zt),wt),v),... vP) (14b)
u(t) = ¢t z(t),wt),v(t),...,v") (14c)

where (l4al) are the local state equations of S. The state feedback is said to
be proper if the state representation ((x,w),v) (of E) is proper with prope7E|
output u. In this case the state equations are given by

w(t) = [t x(t), ul(t)) (15a)
w(t) = g(ta(t), w(t),v(t) (15b)
ut) = ¢t w(t), z(t), v(t)) (15¢)

Remark 8 The equation (14c|) (or (15c))) is called control law and (or
) are the state equations of the closed loop system.

Proof. Since span {dz} C span {dt,dz} and the elements of {dt,dz} are inde-
pendent, one may choose w such that {dt, dz, dw} is a local basis of span {dt, dz}.
Now, note that ((x,w),v) is a local state representation of E. In fact, the co-
ordinate change map (¢,z) — (¢, z,w) is a local diffeomorphism that is a classic
state transformatio

The fact that is the local state representation of S is a consequence of
the fact that 7 is Lie-Bécklund (see the proof of proposition and appendix [F]).
Equations and are consequence of the fact that {¢,z,w, (v(k) S
IN} is a local coordinate system for E. O

5.1 A complexity classification of state-feedback

The last section have considered endogenous and exogenous feedback, which
is a classification of complexity of feedback extensions. In particular, a state
feedback (FE, (z,v), (z,u)) may be endogenous or exogenous according the clas-
sification of the extension E. For endogenous feedbacks, one may identify E and
S. Hence an endogenous state-feedback may be denoted by ((z,v), (x,u)), since
it is completely determined by the choice of two different state representations
(z,v) and (z,u) of S.

The following definition is a complexity classification of endogenous state
feedbacks (Delaleau & Pereira da Silva 1998a).

Definition 14 (quasi-static/static feedback) Let ((z,v), (x,v)) be an endoge-
nous state feedback of a system S.

o [tis said to be a quasi-static state feedback if span {dt,dz} = span{dt,dx}.

31See Definitions [3] and
32Gee Part 3 of Lemma 1, in the Part I of this survey
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o [t is said to be a static state feedback if it is quasi-static and span {dt,dx,
du} = span{dt,dz,dv}.

Theorem 6 Let (x,u) be a proper local state representation of S defined around
£e€S. Let z=(z1,...,25) and v = (v1,...,vp) be sets of smooth functions de-
fined locally around £. Then (z,v) is a local state representation defined around
& and ((z,v), (z,v)) is quasi-static if and only

o span {dt,dz} = span {dt,dz} locally around §.

o There exist integers o, 3 € IN such that, on an open neighborhood of £,
one has:

— span {du} C span {dt, dz,dv, ..., dv®},
— span {dv} C span {dt, dz,du,...,du(®},
— The set {dt,dz,dv,...,dv**P} is linearly independent at €.

Proof. From Definition |14} and from the fact that {t,z, (u®) : k € IN)} and
{t,z,(v®) : k € IN)} are local coordinate systems around &, it is clear that
the given conditions are necessary. To show the sufficiency, let @ = u(® and
&= (z,u® ... u®=Y). By construction (#,1) is a local state representation
around ¢. Note also that span {dZ} C span {dt,dx,di} C span {dt,dx,du} C
span {dt, dz,dv, ..., dv(ﬁ)}. Hence

e By derivation one shows that span {da} C span {dt, dz,dv® ... dv(@th) }

e span {dz,dv} C span {dt,dZ,du}.
e span {dz} C span {dt, dz, dv© ... ,dv(‘“rﬁ)}.
The desired result follows from lemma [2| applied to (Z,4) and (z,v). O

To characterize static-state feedback, one may take o = (30 in the conditions
of the last theorem.

Corollary 3 Let (z,u) be a proper local state representation of S. Let z =
(#1,.-.,25) and v = (v1,...,vp) be sets of functions defined locally around some
£ € S. Then (z,v) is a local state representation of S and ((z,v),(z,v)) is a
static state feedback around & if and only, one

o span {dt,dz} = span {dt,dz} locally around §.

o span {dt,dx,du} = span {dt,dz,dv} locally around &, and the set {dt,dz, dv}

is linearly independent at &.
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5.2 Two important endogenous feedbacks

The endogenous state feedback constructed by the dynamic extension algorithm
(see Lemma furnishes solutions for many nonlinear control synthesis problems
like disturbance decoupling, input-output decoupling, input-output linearization
and dynamic linearization (see (Di Benedetto et al. 1989, Huijberts, Nijmeijer &
van der Wegen 1991, Pereira da Silva 1996, Delaleau & Pereira da Silva 1998a,
Delaleau & Pereira da Silva 1998b, Delaleau & Rudolph 1998).

Using the notations of Lemma if one takes the state representation (xg«, ugx ),
then the corresponding state feedback (E, (xg+, uk+), (x,u)) is a proper endoge-
nous state feedback. However, the extension of the state is unnecessary, and
it will be shown that one may regard the same construction as a quasi-static
feedback.

Corollary 4 (Delaleau & Pereira da Silva 1998(1@ Let (xz,u) be a proper state
representation of a system S with proper output y. Consider that the regularity
assumptions of Lemma@ hold and one chooses Gy, C Yr+1 and Ug1 C Uy in the
procedure described in that lemma. Let §o = Yo and define yi from the equation
Uk = (Up—1,9k) fork=1,...k*. Let z=2x and v = (gj(()o), .. ,gj,(ﬁ*)7ak*). Then
((z,v), (z,u)) is a quasi-static feedback.

Proof. The result is a simple consequence of the statement of Lemma [f] of
Appendix [C] and Theorem [} The details are left to the reader O

When the regularity conditions of Lemma [5| holds, the last result constructs
a quasi-static feedback even in the case when the output rank p(y) is less than
the number of output components. The regularity assumptions needed in order
to construct this feedback are stronger than the ones that are needed to prove
the following result (see Appendix .

Theorem 7 Let S be a system with local proper state representation (x,u) and
proper output y. Let cardy = p and let o € INP be a multiindex. Consider
the same assumptions of theorem |3 Choose w in a way that {dt,dz,dw} is a
local basis of span {dt,dx, dy<<a—1>g} and let u be such that {dt,dz,dw,du} is a
local basis of span {dt,dac, du, dy<<o‘>>}. Let v = (ygal), . 7y1()%)), and let v =
(v,u). Let x = (z,w). Then (x,v) is a state representation of S. Furthermore
((x,v), (x,u)) is an endogenous state feedback with proper state equations.

Proof. Let z be such that {dt,dz, dy’*=1} is a local basis of span {dt,dx,
dy<<0‘_1>>}. By the proof of Theorem (2,7) is a local state representa-

. - N s ey 0 ar—1 0 ap—1
tlon Where = (Z7 y)’ = (IU’ u)7 y = (yi )7 DR yg ! )7 ctt y1(7 )7 ttc y; i ))’
and U = (y%al), ce 1()%))~ By construction, {dt,dw,dz} is also local basis of

span {dt,dz} and {dt,dw, dx,dv} is a basis of span {dt, dz, dv}. By Corollary

331n (Delaleau & Pereira da Silva 1998a) one may find a differential-algebraic version of this
result.
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(x, v) is also a state representation. Since span {du, di, dw} C span {dt, dw, dx,dv},

the state representation (x,v) is proper, and so it admits local state equations

in the form . O

It can be shown that the feedback constructed in the last proof solves several
dynamic feedback synthesis problems like disturbance decoupling, input output
decoupling, dynamic linearization, and input-output linearization.

6 A notion of regularity for implicit systems

Let ¥(w) = 0 be the set of n “algebraic” equations in the variables wy, ... ws
given by

\Ill(wl,...,ws) =0
: Do (16)
\I/n(wl,...,ws) = 0

and let F'(w,w) = 0 be set of Differential-Algebraic Equations (DAE) given by@

F1<w1,...,ws,w1,...,ws) =0

Fn(wl,...,ws,wl,...,ws) =0

One may consider that differential-algebraic equations are generalizations of
algebraic equations. With some regularity assumptions, an algebraic equation
defines an immersed manifold in the space W = IR® of the possible real
values of the variables w = (wq,...ws). The space W is the space of free
algebraic variables w. Now, in order to extend this point of view in the context
of DAE’s, one may considere that the trivial diffiety 7% (w) is the space of free
differential variables w (see section . Hence one may expect that a DAE can
define an immersed manifold in 7%(w), or more specifically, a system in the
sense of section 2l

When studying finite dimensional differential geometry, the definition of a
regular manifold from a set equations can be done using a rank condition.
For instance, let ¥ : IR" — IR™ be a smooth map and let M = ¥~1(0). Let
JU|y = 0¥ /0x|,. One says that w is a regular point of J¥ if the rank of JU|,,
is constant for w € Vg, where V is an open neighborhood of w. Assume that
all @ € M are regular points of J¥, with rank J¥|,, equal to r for all w € M.
Then M is an immersed submanifold of IR™. In fact, around any point £ of M,
the rank theorem allows to construct adapted local coordinates (z,z) in a way
that, locally, 0¥ /0x = 0 and ¥(x,z) = 0 if and only if z = 0. In this case, a
local chart of M is the map that associates (z,0) € M to . The insertion map
t: M — IR™ in these coordinates reads ¢(z) = (x,0). The immersion ¢ is in fact
an embedding (see (Warner 1971)).

34In appendix [J] it will be shown that a general implicit system can be converted to this
form.
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When studying implicit systems, the situation is quite similar. One has a set
of differential equations and, in some sense, a good notion of regularity might
be related to adapted local coordinates. Now, the “suitable geometry” is the
geometry of diffieties. In this context, the rank theorem is not available, but a
notion of regularity may be stated by choosing special coordinates. For instance,
when working with diffieties, the characterization of an immersioﬂg_gI ¢ is based
on the existence of a local chart (z,z) in a way that «(z) = (z,0). Following
this idea, as one is working with control systems, and their state representations
are the “suitable” choice of coordinates (see Definition , it is quite natural to
expect that a regular implicit system is an immersion between two systems for
which there exists, in some sense to be formalized, adapted state representations.

After this preliminary discussion, the geometric definition of an implicit sys-
tem is now given. For this, recall the notion of a solution (or integral curve) of
a system (see Part I of this paper). Let IR be the diffiety of global coordinate s
and Cartan field %, where % is the standard operation of differentiation of real
functions. A solution is a Lie-Backlund mapping between an open interval of
IR and S. In other words, given a system S with Cartan field dg, a solution is
amap o : (a,b) C IR — S such that 6(t) = 0. |¢(%) = Is|o() for all t € (a,b).

Definition 15 (implicit system) An implicit system A is a pair (S,y), where
S is a control systenﬂ equipped with a set of outputs y, called constraints. A
solution of the implicit system is a solutioﬂ o : (a,b) = S of S such that
y(o(t)) =0, for allt € (a,b). An implicit system A may be denoted by (S,y),
or simply by A when S and y are defined by the context.

Note that an implicit system may be defined by equations. For instance,
define S by

p(t) = f(t x(t),u(t)) (17a)
y(t) = h(t z(t), u(t)) (17b)
then the corresponding implicit system A is given by
o(t) = ftz(t),u(t)) (18a)
y(t) = h(t,z@),u(t) =0 (18b)

Note that (x,u) is a state representation of S, but it is not necessarily a state
representation of A. For instance, if y; = x1, and y2 = us + x3, then y = 0
induces a relation among the components of x and u. For this reason x is called
pseudo-state of A and u is called pseudo-input of A.

Remark 9 A “general” implicit system is of the form

H(t,w(t),w(t)) =0 (19)

35See the Part I of this survey.
36The definition of control system is given in the end of section

37See the definition of solution , (or integral curves) in the first part of this survey, Definition
?7
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Let x = w, and let w = w. It is clear that the system 18 equivalent to the
implicit system
i(t) = u(t)
y(t) = Ht

&
£
If
o

which is in the form . However, a precise notion of equivalence is needed in
order to clarify this question (see Appendices 77 and @

Given an implicit system A = (S, y), define the subset A of S by
A={¢es |y =0ke N} (20)

The notion of strongly adapted state equations is instrumental for the defi-
nition of regular implicit systems. For convenience, the definition [T1]is restated
here in a more convenient form.

Definition 16 (Strongly Adapted State Representations) Let S be a system with
output y and let Y be a local output subsystem defined around & € S. A local
state representation (x,u) defined around & is said to be strongly adapted to the
output subsystem Y, if © = (x4, 2p), u = (uq,up), the local state equations are
of the form

'i.a = fa(t,wa,ua), (21&)
‘ib = fb(t,xa,l'b,ua,Ub). (21b)

where 1) 1s the local state representation of Y. Furthermor span {dxa, (dut(lk)

span {dy(k) ke ﬂ\f} and the set of functions {xa,ugk) : k € IN)} is contained
in the set {y*) : k € IN}.

Note that the definitions of adapted state equations and strongly adapted state
equations coincide for time-invariant systems. It must be pointed out that the
dynamics is a generalization of the zero dynamics, since it can be defined
even when the decoupling problem for system S with output y is not solvable.
It is worth recalling that the connection of the zero dynamics with implicit
systems was already considered for instance in (Byrnes & Isidori 1988, Krishnan
& McClamroch 1990, Byrnes & Isidori 1991).

Definition 17 (regular implicit system) An implicit system A = (S,y) is regu-
lar if

1. A#£0.

2. There exists a local output subsystem 'Y for system S with output y around

all € € A.

38This is stronger than saying that span {dt, dzq, (du((lk) 1k € EV)} =
span {dt,dy(k) 1k e W}
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3. Around all £ € A, system S admits a local state representation that is
strongly adapted to'Y (see definition IE)

The following definition regards an implicit system as an immersed subman-
ifold.

Definition 18 Consider an implicit system A = (S,y). An equivalent system
is a control system [°| ' such that

e There exists an injective Lie-Bdcklund immersion v : T — S.

e A smooth curve o : (a,b) — S is a solution of A if and only if there exists
a solution v : (a,b) — T of T such that o(t) = Lo v(t) for all t € (a,b).

The next proposition shows that the last definition implies that y*) o, must
be identically zero for all k € IN.

Proposition 6 If T' is equivalent to an implicit system A = (S,y) according
to Def. @ and v : I' — S is the corresponding Lie-Bicklund immersion, then
u(T') C A, where A is defined by .

Proof. See Appendix O

Another definition of equivalence between an implicit system and a control
system I is the next definition.

Definition 19 Consider an implicit system A = (S,y). A canonically equiva-
lent system is a control system I' such that there exists an injective Lie-Bécklund
embeddin t: T — S such () = A.

Note that one may identify ¢(T") with A. As the subset topology of A coin-
cides with the topology of A induced by ¢, one may consider, without great loss
of generality, that I' = A and ¢ is the insertion map.

The next proposition shows that Def. is stronger than Def.

Proposition 7 If T is cannonically equivalent to A = (S,y) according to Def.
then it is equivalent to A according to Def. [1§
Proof. See Appendix [N] O

The next result shows that one can construct a canonically equivalent system
I for every regular implicit system and I may be identified with A.

Theorem 8 Let A = (S,y) be a regular implicit system such that S is a control
system. Then there exists a canonically equivalent system T'.

39Remember also that a diffiety T' is a control system if it admits a state representation
around every point v € T'.

40Remember that an injective immersion ¢ is an embedding if, for every open set U C T,
then ¢(T") is an open subset of S.
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Proof. Let I' = A c S, where A is defined by 1} Let ¢ be the insertion
map. Let 7 be the time-function of system S and let 7 be the map 7 restricted
to I'. Tt will be shown that I' = A C S has a canonical structure of immersed
(embedded) submanifold of S with the following properties:

1. The map 7 : I' — IR is a submersion.

2. The Cartan field Or can be canonically defined for T' by the rule ¢t,0r =
85 oL

3. One has Or(mr) = 1. In particular (I, dr,7r) is a system in the sense of
section

4. The insertion ¢ : I' — S is a Lie-Béacklund immersion.

5. System I' admits a local classical state representation around every point
& €T, that is, I' is a control system.

6. System I is canonically equivalent to A according to definition

We show first that I' is an immersed manifold. For this, consider the topolog-
ical subspace I' C S with the subset topology. For each point £ € I', by definition
there exists local charts ¢ : U — U C IRA, where ¢ = {t, zq, Va, 2, Vo }, Vo =
{v((lk) ke N}V, = {vék) : k € IN}, and we have span {dt,dz,, dV,} = span
{dt,dy™ : k € IN}. This local chart is adapted to a local output subsystem
7 :U — Y, and is such that 7(t, Za, Vay 26, Vo) = (L, 2a, V). Furthermore, by
definition, Z = {z,,V,} € ¥ = {y® : k € IN}. By construction, if v € UNT,
then y*) (v) = 0 for all k € IN. This implies that all the components of Z are
also null in v. If we show that the functions in W =) — Z are also null in v €
rn ﬁ, we will show that a point v is in I'N U if and only if z, =0and V, =0
in v. In fact, note first that, since span {dZ} = span {dY} and the functions
of Z are part of a coordinate system, all the functions 6 in Y can be locally
written in U of the form 0 = 6(zq, V,) (see Lemma 1 of Part I of this survey).
Now take a point £ € U NT. Then 0(¢) = 0. Now let v € U be such that
(2a: Va)lv = (2a; Va)le = (0,0). Then 6 ((za, Va)lv) = 6(0,0) = 0 ((za, Va)l¢) = 0.

Now consider the map p: I'N U— w(n U) C IR® such that the expression
of p in the coordinates (phi, U) is given by u(t,0,0, 2, Vi) = (¢, 2, V3). We shall
show that these maps form a smooth atlas of I'. By construction it is clear that
these maps are homeomorphisms. Hence it suffices to show that these charts
are C*° compatible. For convenience denote the functions of the chart ¢ by
{t, X, Z} and the functions of the chart u by {t, Z}, where X = {z,,V,} and
Z = {Zb, %} B

Now let p; : I'NU; — V;, i = 1,2, be two local charts constructed in that
way, based, respectively, on the local charts of S given by ¢; = {t, X;, Z;},
i = 1,2. In particular, it follows that u; 0 ¢;(t,0, Z;) = (t, Z;), t = 1,2. Without
loss of generality, assume that U; = Us. Consider the local coordinate change
(t,X1,71) = ¢1 0 ¢2_1(t,X2,Z2). Note that the map p : Vo — Vi such that
(t, Z1) — (t, Z3) defined by (t,0, Z1) = ¢106, (t,0, Zs) is alocal diffeomorphism
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with inverse defined by (¢,0, Z3) = ¢ o qﬁfl(t,O, Z1). Since p = p1 0 u;l, we
conclude that such charts are C*°-compatible. Since in the coordinates (t, Z;)
for T one has rr(t, Z1) = t, from this construction is also clear that 70 : T' — IR
is a submersion.

Now let ¢ : I' — S be the insertion map. In the coordinates ¢ and p previ-
ously constructed, we have «(t,Z) = (¢,0, 7). In particular, ¢ is an immersion
between IR4-manifolds and so ¢ () is injective for all ¢ € T'. Remember that any
function 7 of the set X = {zq, Vy} C ) is such that 7|, = 0 for every v € I'NU.
To be as clear as possible, for the moment one let {t Ty, Vb} stand for the local
coordinate functions of I[*!} where Now note that L(t iy, (Vo) = (t, T, Va, T3, V)
where t = 1, x4 = 0,V, =0, z, = Zp and V,, = V}. It follows that, regarding
t+(v) as a linear map from T,T" to T}(,)S, one may Write

[’*(V) <O(0 ot + Zz 1 al[“)wb + Z ZkElN Bjka (k)>
(0‘0 a5 T it dwb + 2000 Yken Bikgatmr <k>)
J

v

(v)

where the real coeficients ag, oy, fjir are arbitrary. Now as span{d)} =
span {dy®) : k € IN} = span {dz,,dV,}, it is clear that span {dy}J“ o

incides with the image of ¢, (v).
In other words, one has shown that the image of ¢,(v) contains every tangent

vector 7,(,) such that 7,(,y(n) = 0 for every function 7 in the set . In particular,

we have that the image of ¢.(v) contains %(L(V)) for every v € T NU. So we
can define Jr by the rule t,0r = % o t. By definition, it follows that ¢ is a
Lie-Bécklund immersion.

Let ¢ = (t, x4, Vo, b, Vi) and p = (¢, xp, Vi) be, respectively, the coordinates

of S and I" constructed above. In this coordinates we have

8 Ny
o = +Zfb (+,0,0, 25, Vp) 5~ +ZZ ”” (22)
N i=1 jeIN
where fi,, = C‘ft( ) =T, (t, xa,Va,xb,Vb) i € [np]. In other words, (zp,up) is
a state representation of I'. By (22) it is also clear that dr(m) = 1. 0

The next theorem shows that the notion of equivalence that is stated in Def.
is intrinsic.

Theorem 9 Let 'y and 'y be two control systems that are canonically equiva-
lent to an implicit system (S,y). Then 'y and Ty are Lie-Bdicklund isomorphic.

Proof. Tt is a consequence of Theorem [T3] given in Appendix [l a

41The notation {t,zy, V3 } would be an acceptable abuse of notation, but would create some
confusion in the present proof.
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Now, one might ask when a given implicit system is regular. This question
may be partially answered by the following results. The next theorem is a
generalization of a result of (Pereira da Silva & Corréa Filho 2001).

Theorem 10 Let A = (S,y) be an implicit system. Assume that S admits a
global proper state representation (x,u) for which y is also proper. Let A be
defined as in (20)), where dimx = n. Consider the codistributions Yy, YV and
Y defined by

Assume that

o A0, where A is defined by .
e Every v in A is a regular point of Yy and Yy for k=0,...,n.
e Every v in A is a regular point of Y, and Y,,.

Then A is a regular implicit system.

Proof. Direct Consequence of theorem [2] and Definition O

Theorem [3]is also useful for the characterization of regular implicit systems.

Theorem 11 Let A = (S,y) be an implicit system. Assume that S admits a
global proper state representation (x,u) for which y is also proper. Let A be
defined as in and assume that A # 0. Suppose that the assumptions of
theorem |3 holds around every point of A. Then A is a reqular implicit system.

Proof. From the Remark [3| just after Theorem 3| around each point v € A
there exists an output subsystem that is strongly adapted to Y. Then it is clear
that the statement of definition [I7] holds. O

The last result may be generalized for the non-invertible case. Note that the
assumptions of theorem [10| are stronger than the ones of the next theorem (see

appendix .

Theorem 12 Let A = (S,y) be an implicit system. Assume that S admits a
global proper state representation (x,u) for which y is also proper. Let A be
defined as in . Suppose that the assumptions of theorem@ holds for some
o € IN around every v € A. Then A is a regular implicit system.

Proof. Direct consequence of theorem O

7 Concluding remarks
This paper covers some basic aspects of an infinite dimensional differential geo-

metric approach of nonlinear control systems. Recall that the finite dimensional
inverse function theorem assures, via the independence of the differentials of a
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set of functions, that they form a set of local coordinate functions. The point of
view of this paper is that a state representation is the “suitable” notion of local
coordinate system in control theory. In particular, any result that assures the
existence of a state representation based on regularity assumptions can be re-
garded as a generalization of the inverse function theorem. In this context, one
may consider that the Dynamic Extension Algorithm (see Lemmaof Appendix
is a version of the inverse functions theorem. It becomes clear that theorems
[Bland [f] are generalizations of lemmal[p]in the sense that they require less regular-
ity assumptions and what they show is essentially the same thing: the existence
of the output subsystem and the corresponding adapted state equations.

A key concept of this article is the notion of subsystem, that is important
for the definition of state representation, the definition of feedback, the study
of decoupling theory, the notion of flatness etc. The definition of output sub-
system and the corresponding adapted state equations particularly important
for establishing a geometric notion of regularity of implicit systems. This no-
tion of regularity of implicit systems have been considered in several works, for
instance (Pereira da Silva & Corréa Filho 2001, Pereira da Silva, Veloso Paz-
zoto & Corréa Filho 2006, Pereira da Silva & Batista 2010). It seems that
this notion is particularly useful for establishing results for an implicit system
A = (S,y) that are based only on the geometry of the explicit system S and
the map y, and so can be always computed by effective methods. Those results
do not rely on a explicit state representation of A, which does exist for regu-
lar implicit systems, but it cannot be always computed@ The relationship of
this notion of regularity and other notions of the literature (for instance, see
(Rheinboldt 1984, Reich 1990, Rheinboldt 1991)) is a subject of future research.
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A Proof of Lemma [1]

Proof. To show the first claim, assume that there exists a € IV such that

(a) span{dz} C span {dt, dz,du'®,... du(®}, and

(b) span {dz} ¢ span {dt,dz,du'®, ... dul@D}. (23)

Note that

dz = apdt + Zn: a;dr; + Za: i 5jkdul(€j),
i=1

=0 k=1
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where «;, 8 are smooth functions defined on U C S. Since span {dz} ¢
span {dt, dz,du®, . .. ,du(“_l)} some 3,; is not the null function for some j €
{1,...m}. Then,

di = dodt + Y (cuda; + agdiy) + Y Y (Brdu + Bipduf V).
i=1 §=0 k=1
As span {di} C span {dt, dx,du}, it follows that span {d?} C span {dt, dz, du(®,
co., dul®*DY} but span {dz} ¢ span {dt,dzx,du®),... du®}. Since (z,v) is
proper, span {dz} C span {dt,dz,dv}. As span {dz} C span {dt,dz,du(®,...,
du(}, it follows that span {dv} ¢ span {dt, dz, du® ... du® }. Note that the

reasoning above holds for ¢ = 0. In this case, span {dt, dz,du® ... ,du(‘kl)}
stands for span {dt,dz}. Now assume, as an absurd, that for somﬂ b e
IN, one has span {dv} C span {dt,dzx,du'®, ..., du®}, but span{dz} ¢

span {dt, de, du®, ... dul—D } Then there exists a such that holds. Then
b < a. Then, from the reasoning above, span {dv} ¢ span {dt,dz, du(®,...,
du(® }, which is an absurd. Note that the reasoning above holds for b = 0, where
span {dt, dz, du® . .. 7du(b_l)} stands for span {dt, dx}.

Now one will show the second part of the statement of the lemma for
v = 0. By the first part of the statement of the lemma, it follows that
span {dz} C span{dt,dx}. Note that one may consider that y = v is a
proper output of system S when (z,u) is the corresponding state represen-
tation. Now define the codistribution@ V_; = span {dt,dx}, V_1 = span {dt},
Vi = span {dt,daj, dv® . ,dv(k)} and Vi = span {dt, dv® ..., dv(k)}, for
ke IN.

Remember that dimu = dimv = m by the uniqueness of the differential
dimension (see section . Now choose a regular poinﬁ v € V of the codis-
tributions Vi, for k = 0,...,n, where n = dimz. Around this regular point,
define pr = dim Vj, — dim Vi1 and o = dim V, — dim Vj_1, for k € IN. Since
{t,z,(v™® : k € IN)}, is a local coordinate system, the codistribution Vj, are
always nonsingular for all k£ € IV, since the differentials of the functions forming
a coordinate system are independent. In particular py = dim Vy — dim Vy_; =
cardv = m, for all kK € IN.

Let k£* be the integer defined in part 5 of Lemma [5] Note that 0 < k* < n,
and that o, = pp = m = dimwv for all k& > k*. From part 9 of Lemma [5] it
follows dim(Vy, Nspan {du}) = 0. It follows easily from dimensional arguments
that span {du} C V.

Now, as the set {dt,dz,dv(®,... dv*")} is independent and span {dz} C
span {dt,dz}, one may choose a subset Z C z such that {dt,dz,dz,dv(®,...,
dv*)} is a basis of Vy+. Now, the proof will be completed by showing that
span {dZ} C span {dt,dz,dv,...,dv*)}, and so, span {du} C span {dt,dz,

43Since {t, =, (u®) : k € IN)} is a local coordinate system, there exists an open neighborhood
of £ and a € IN such that, restricted to U one has span {dz} span {dt, dz,du® ..., du<a)}.(see
Prop. .

44Corresponding to the ones of Lemma

45Remember that the set of regular points of Vi is open and dense in V.
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dv,..., dv(k*)} showing that 0 < n, at least on an open and dense set. For
this, define V = span {dt,dz,dv(®, ..., dv*)}. From the fact that o = m =
dimv for k > k*, it follows easily from dimensional arguments, that Vi1, =
span {dz} @&V @span {dvF +D . dv +R) Y = span {dT} @ span {dt, dz, dv(©),
oy dvFTHRY for all k € IN.

Assume now that span {dZ} ¢ span {dt, dz,dv, ..., dvF =D } In particular
span {dZ} ¢ span {dt, dz,dv, ... ,dv®} for any k € IN, no matter one try to
restrict these codistributions to any open neighborhood W of ¢ for which W C
V. But this is a contradiction, since {t, z, (v®), k € IN)} is a local coordinate
system.

One has shown (abusing notation) that the map ¢ = %(ﬁ) is zero on
an open and dense set for k > (3. As ¢y is smooth, it must be identically zero,
showing the second part of the lemma for v = 0.

To show the second part of the lemma for v > 1 it suffices to apply the
result for 7 = 0 to the state representations (z,%) and (z,v), where & =
(z,u® ... uO~D) and 7 = u(). O

B Proof of Lemma [2

The proof of Lemma [2|is based on Lemma 1 of Part I of this survey.

Proof. (Of Lemma [2) As the desired result is local, without loss of generality
one may assume that S is an open set U of IR* with global coordinates (¢, U)
where ¢ = {t,z, (u® : k € IN)} and Cartan field

d 0 &K, 0 (he1) O
Gttt L 24
i=1 keIN, J

jelm]

Let m : U € R* — R C R™"™*! the map defined by (¢, z,u,u™,u® ..) —
(t,x,u), where u = u(®). Note that R = m(U) is an open subset of IR"+™+1,
Since the state representation is proper, then f; depend only on (¢,x,u), and
one may write f; = f; om for convenient smooth functions f; : R — IR. We
shall denote f = (fi,..., fn) and f is such that f = fo .

Let W = R x IRB ¢ IR*. Note that U C W. Since f;,i = 1,...,n are well
defined in R, one may extcnd@ S to a system denoted by W, and defined on
the open set W, with global coordinates (q~5, W) and Cartan field 1D where
olU = ¢.

As the state representation is proper, then span {di} C span {dt,dx,du}.
So, span {du,di,dz} C span {S}, and thus, from Lemma 1 of Part I of this
survey, there exists an open neighborhood V' C U of {, an open se 1% C IrRP,
and smooth maps x : V — R", yu:V — R™, XU :V - R" and 2V : V —

46Here one is using the fact that S is an open subset of R4,
47TNote that p = 1 + s(a + 1)r, where r = card v.
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IR?® such that, for all ( € V

2(¢) = x0d(C) (25a)
u(@) = pod(Q) (25b)
2(¢) = XWos(Q) (25¢)
2¢) = 2zWo6() (25d)

where 6 : V — V is the smooth surjective and open map defined by §(¢) =
(t(¢), 2(¢),v(C), ..., v (¢)). Without loss of generality, one may assume V =
U, otherwise one may restrict U to V' accordingly.

Let h:V —C IR"*™*! be defined by

h(t, 2,0,...,0) = (&, x(,2,0,..., 0, u(t, z,0,...,009)).
By construction, it is clear that

m =hod (26)

~

and so h(V) = R. Regarding & as a map defined on U, one may write
i=fom (27)

Then one concludes that fohod = fom =& = XM 0. As § is surjective, it
follows that ~
foh=xW (28)

is an identity on V.

By Lemma 1 of Part I of this survey, the mapping x(t, z,v,...,v(®)) is the
expression of z in local coordinates {¢, z, v, . .. RHCN w} for some convenient set
w. Since span {dz} C span {dt, dz,dv,... 7dv(a_l)}7 then it is clear that

=0in V. (29)

Proposition 8 Consider the map x™V) : V — R" defined by:

S ey OX C o anOX R X
X(l)(t,Z,’U, ce ,U( )) = E + Z(l)( 323Uy e ,’U( ))E + Z WQ}(JJ’_D (30)
=0
Then it follows tha@
(¢) = xW o d(¢) = XWod(¢). ¥ eV (31)

The proof of the proposition is deferred to the end of this appendix.
Since ¢ is surjective by , it follows that, in the entire V, one has

X(l) = x@® (32)

48Recall that V = U.
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From (25¢)), it follows that

(0) = XV (t(¢), 2(0), v(¢), - v V(). ¥ €U (33)
Consider now the system S; with global coordinates ¢ = {¢, 2, (fz(k) NS
IN)} defined on the open set S; = V x IR®, with Cartan field given by
0 . 0 0
W (7 3 ey L ~(k+1)
s, = =+ 72 (1,3, )82+Zuj PG (34)
Now, using the map p that appears in one may define maps p(®) : §; —
IR™ Dby the rules:
pO = pu 20, ,0),
for (£, %,9,...,99) eV (35a)
k k a+k k
(D) ot o 3 o ey
ot 0z = ool
= p*@E 20,00,
for (,%,9,...,50tR) e V x R (35b)

Let 7:5 — V be the canonical projection (i, Z, 0, oM.

By definition it is clear that, in V one has p® = poxr.

Define the map I': S} — S = W = R x IRP such that (¢,2,5©,5M,...) —
(t,z,u,ul®,...), where

t t (t=tol) (36a)
r = yxor=x(tz...,0), (yoxr=zxzol) (36b)
u = por=u(lz...,0), (nox=uol) (36¢)
W) W55ty () = @) o) (36d)

By definition it is clear that
mol=honm (37)

is an identity on Sj.

To show that I" is Lie-Bécklund, one has to show that, for every coordinate
function @ of W, one has dg,(f o) = 4(9) o T. In fact, note from
and ., that 831 (to F) = 5‘51( {) = 1. On the other hand from one

obtains < (t) o 1 Now from and , it follows that

dt
Os,(xoT) 851 v(o‘)) = xM o 7. On the

tz ( )(t Z,0, 7.
other hand from 1 ., |.D and , one obtams df( z)ol=fomol =
fohof = X(1 o7 =xWo#. Now, 35 (u® oT) = 8s, (u™*)) = p*+Y . On the

other hand, 4 (u(®)) o F =yt ol = ,u(k“) showing that I' is Lie-Backlund.
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Now, one will define a map A that will be shown to be the inverse of I". Since
span {dz,dv} C span {dt,dx,du}, note that there exist a map Z : R — IR®,
which is the expression of z in the original coordinate system (¢,U), such that

2(¢) = Zom(() (38a)

for all ( € U. The same reasoning leads to the existence of a map V : R — IR"
such that

v(¢) =Vom(() (38b)

for all ¢ € U. Define the map A : U — S such that (t,z,u,u™,...) —
(t,2,9,5M,...), where

t =t (t=toA) (39a)
2 = Zom=z (2=Zom =2Z0oA) (39b)
0 = Vom=v (v=Vom =00A) (39¢)
5B = ) () = 5 o A) (39d)

Note that A(¢) = (8(¢), v @D (), v @t (¢),v@3)(¢),...). In particular, it
follows that~A(U) C 81 =V x R®. Recall that 7 : S; — V is the canonical

projection (£,2,9,5M,...) = (£,2,0,...,5(®)). Then it is clear that
FoA=6 (40)

To show that A is Lie—Biicklund note from that 4 (foA) = 4(¢ ) 1
On the other hand from , one has s, (f) o A =1lo A = 1 Note from
that 4 G(ZoA) = dtz = Z. On the other hand, from , i and 1-) one
hasas()OA ZWogoA=2ZW0o6 = 3. Now from ,and
one has Js, (0F)) o A = §(F+D) o A = o+l = 4 v(k oA).

Now it erl be shown that ¢« = T'o A is the 1dent1ty map on U. In fact,
note from and , that (restricted toU),tor=toloA=toA =t
Furthermore from , and , 1t follows that tot = x0T 0 A =
xomoA = XO(S =zx. Now from , and (| -, it follows that uot =
uoloA=pomoA=pod =u. Simce7 both I" and A are Lie-Bécklund, it
follows that ¢ is so. Assume by induction, that ©®) o, = u*). Then, u**tY o, =
(du®); ) or = (du®; for) = (du®); e, &) = (1*(du); £) = (d(u¥)or); &) =
(du®); %> = u**t1D)  showing that = I"o A is the identity map on U.

Since ¢ : U — U is the identity map, it follows that I'(imA) = U. Let V; be
the open set given by Vi = "}(U) € S;. Then U = .=} (U) = T o A)~1(U) =
AHTYU)) = A~ (V1). So A(A=1(V1)) = A(U) = imA. It follows that
imA C V4. Then ¢t =T o A = (I'|V4) o A is the identity map on U.

It will be shown now that j = Ao (T'|V4) is the identity map on V;. For
this, let Z : V — R* and V : V — IR" be the canonical projections defined
respectively by Z(t,z,v,..., 9(®)) = 2 and f/(f,é,ﬁ,...,ﬁ(“)) = 0. Then it is
clear that, on V; C S7 one may write

i = Zow (41a)
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706 (41b) {eZtildelta}

2 =
v = Vor (41c) {eVtilpitil}
v = Vod (41d) {eVtildelta}
From and b)), it follows that Zohod = Zom =z = Zo4. Since
0 is surJectlve then it follows that
Z=Zoh (42) {eztilh}
is an identity in V. Analogously, From , and l) it follows that
V=VYoh (43) {eVtilh}

Now note from (39al) and that rebtrlcted to V1), tog=toAo(T|V}) =
to (I'|Vy) = t. Note also from , , ) and (41a)) that 207 = Zo
Ao (T)Vy) = Z om o (TV)) = Z ohow = Z o@ = %. Analogously, by
. ., and (| ., one shows that 00 = ¢. Since, both I" and A are Lie-
Bécklund, it follows that 7 is so. Assume by induction that %) 0y = #(*), Then,

(k+1)0] = <dv(k ’851 0.7> <d’U 7]*8S1> < (dv(k))a 851> < (v(k Oj),831>
(do®);9g,) = o¥+1). Hence, j is the identity map on Vi. It follows that
[V, : Vi - U and A : U — Vp are Lie-Bécklund isomorphisms. In particular
(z,v) is a local state representation around &. O

Proof of Proposition 8] The proposition is essentially the chain rule. The
proof is presented here for completeness.
Let ¢ € V and define 7 = 6*(%|C). For simplicity, one lets % stand for %k.

Then
T=a ~+Z,3ha~ +ZZ’Y”

7=0 k=0

for convenient real coefficients o, 3, and v;,. As z = Zod and 00 =50 6§ for
j=0,...,a, then

d, ~ d, - d

a = 5*(%)@) = %(toé) = %(t) =1
d. . d . d .
Bn = 5*(%)(%) = E(Zh 00) = = A
d., (i d,_(; d (; ;
W= = LPEN) = @ 08) = Zull =

It follows that T = 4, (d) ot Jrzh 1zazh +ZJ 0 2_k=0 (J)aam
Now note that, by (25¢c|) and E7 one may write

d d
(1) — r = —_ =
XWos=g= dt(XO(S) S (dt)x 7(X)

Now, by 1' and it follows that, if one defines y(V) : V- R by ,
then one may write.
i=XWos=yMos

This completes the proof of proposition [§ O
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C The dynamic extension algorithm.

The Dynamic Extension Algorithm (DEA), a well known algorithm in nonlinear
control theory, is essentially a tool for computing system right-inverses and the
output rank (Fliess 1989, Descusse & Moog 1987, Nijmeijer & Respondek 1988,
Pereira da Silva 1996, Delaleau & Pereira da Silva 1998b). The information
computed by the DEA is essentially the same information computed by the
inversion algorithm (Silverman 1969, Singh 1980, Singh 1981)@ The DEA has
an intrinsic interpretation (Di Benedetto et al. 1989, Delaleau & Pereira da
Silva 1998a). Recall that the dynamic extension algorithm is a sequence of
applications of regular static-state feedbacks and extensions of the state by
integrators. According to the ideas of the end of Section |2 this algorithm can
be regardeded as the choice of a new local state representation of system S.
Let S be a system with local classical state representation (x,u) and classical
output y, with local state equations given by

a(t) = [t (), u(t)) (44a)
y(t) = h(t,z(t), u(t)) (44b)

Let £ € S. Let (x_1,u—1) = (z,u) be the original state representation of S, with
output y® = y. In step k of this algorithm (k = 0,1,2,...) one will construct
a local classical state representation (z,uy) with output y*+1) = hy(zy, uz)
defined on an open neighborhood Uy, of £ € S. The following regularity condition
is needed in order to perform the kth step of the algorithm:

The codistribution span {dt, dxrp_1, dy(k)} is nonsingular at &. (45)
Each step of the algorithm may be interpreted three sub-steps as followﬂ

e (S1) Choose g, among the components of y by completing {dt, dxy_1} into
a local basis {dt,dxg_1, dy,(ck)} of span {dt, dry_1, dy(k)} around &;

e (S2) Choose 4y among the components of ug_; by completing {dt, dxy_1,
dgj,(f)} into a local basis {dt, dmk,l,dgj,(ck), dii } of span {dt,dxg_1,dur_1}
around £.

e (S3) Define zy = (xk,l,y,(f)) and uy = (y,(f“),ak).

Remark 10 Let 0, = Uy, U = gjl(ck) and vy = (U, 0f). Since cardup_1 =
cardvy, and span{dt,dzi_1,dug_1} = span{dt,dzi_1,dvy}, then (S1) and
(S2) defines a (local) static-state feedback (see corollary [3). Hence, (S3) is
an extension of state by putting some integrators in series with some inputs
(namely, the components of Uy ). In particular, if the reqularity conditions
are met for k=0,1,...,r, then carduy = cardu=m for k=0,1,...,7.

49The book (Kotta 1995) considers the inversion algorithm for discrete systems.

50The sub-steps (S1), (S2) and (S3) may be performed even when the system is not affine,
but in this case, one must apply nonconstructive results for the computation of the feedbacks,
like the inverse function theorem. When the system is affine, the algorithm is effective (see
(Di Benedetto et al. 1989, Pereira da Silva 2000)).
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The following lemma summarizes the main geometric properties of the DEA
for time-varying systems (see (Pereira da Silva 2000)).

Lemma 5 Let S be a system with Cartan field %. Let (x,u) be a local state
representation of S defined on U_y C S, with classical output y and state equa-
tions . Let n = cardx and m = cardu. Let Vi, C U_4 be the open and dense
set of regular points of the codistributions Y; and Y; for i = 0,...,k defined by
—. Let £ € V,,. In the kth step of the Dynamic Extension Algorithm,
one may construct’*| a new local classical state representation (xy,ur) of the
system S with state xj = (x,g(()o), e ,gj,(f)), input up = (y;’““),ak) and output
y B+ = hy(t, 2, ur) defined in an open neighborhood Uy, C Ux_y C Vi, of €,
such that

1. The set {dt,dzxy} is a basis of span {dt,dm,dy, ... ,dy(k)} =YV (on Uy, C
Vi ).

2. The set {dt,dxy,duy} is a basis of span {dt,dx,dy,...,dy(k+1),du} =
Vit1 + span{du} (on Uy).

3. It is always possible to choose g,(c’“) in a way that gj,(ck_)l C g,(f) (on Uy).

4. It is always possible to choose Uy C Ug—1 (on Uy).

5. Let k> 0. The sequence oy, = dim(Vx|e) — dim(Vx—_1]¢) is nondecreasing,
the sequence pp = dim(Yy|e) — dim(Yx—_1]¢) is nonincreasing, and both
sequences converge to the same integer p, called the output rank at &, for
some k* <n =dimux.

6. The DEA may be performed for arbitrary k € IN, and one may choose
Uk, k € IN in a way that the dimensions of Y; and Y; are constant on
Uy for i € IN. Furthermore, one may choose Uy, = U~ for k > k*. In
particular Vi, =V, for all k > n.

7. YN span{dx}|, = Yi-_1 N span {dz}|, for every v € Uy and k > k*.

8. For k > k*, one may choose Gy = §+ (in Uy+ ). Furthermore, for r > 0,
one may write Yy g = Yoip-—1 + span {d@,(€2+k*)} (in U~ ).

9. dim Y N span{du}|, = ok, k =0,1,2,..., for every v € Uy~.

10. There exists a nonnegative integer §, with 6 < n, such that o, =149 +
op<(k + 1),k > k*. When the system is right invertible, that is, when
ok« = cardy, the integer § is called the defect of the output y, and it
coincides locally with dim Yy, — dim Yy, for all k > k*.

51Note that card uy = card up_1.
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Remark 11 The Dynamic extension algorithm can be performed around every
point & of V,,. However, in the step k the state representation (zy,ur) that is
computed by the DEA is defined only on Uy, C Ux—1 C V,. In the proof it will
be clear that this is due to the fact that in every step one is applying Corollary
[3 of section [5.1], which holds only locally. It is important that k* and Uy~ do
depend on £. However, since k* < n, then 5 implies the convergence of o and
pr for k > n for any & € V,, (independently of the choice of £). By 6 and 7
it follows easily that Yy N span{dx} |, = Y, N span{dx}|, for every k > n and
every v € V,,. In fact, to see this it suffices to take into account that is always
such k* <n for all choices of working point &.

Proof. We shall show that 1 and 2 are true for £ € Vj. Then, after showing 6,
this will imply that 1 and 2 are true for all £ € V,, for all k € IN.

and [2] Let £ € Vj,. Assume by induction that one has constructed a proper
state representation (xp_1,ug—1) on Ug_1 for which 1 and 2 hold. Tt will be
shown that, following the steps (S1), (S2) and (S3), one may construct a proper
state representation (xg_1,ug—1) on Uy C Ug_1 such that 1 and 2 holds.

One will show 1 and 2 by induction. Note first that if one assumes that 1
holds for some k € IN and that £ € Vi, then one has that £ is a regular point
of )V, = span {dt,dx,dy(o),...,dy(k)} = span {dt,dxk,l,dy(k)}, and so the
regularity condition holds. Hence, (S1), (S2) and (S3) may be performed on
some open neighborhood of £. By (S2) and Corollary [3] it is clear from Remark
that (xg,u) is a state representation around some open neighborhood Uy of
£

Assume by induction that the state representation (zp_1,ur—1) with output
y*) is proper, i. e., span {diy_1} C span {dt,dxy_1,duj_1} and span {dy(k)} C
span {dt, dzy_1,dui_1}. We show first that span {di} C span {dt, dzy, duy}.

This property holds for k = —1 (that is (z,u) with output (®)). Then from
(S1), (S2) and (S3) we have span {d&j} C span {dt, daxg—1,dig_1, dgj,(ck), dyl(ckﬂ)}
C span {dt, dz, duy }.

In step k = 0, we choose a partition y(® = (g(()o)’gt()o)) in a way that
(S1) is satisfied for k¥ = 0 and construct g satisfying (S2). Then dg)éo) €
span{dt, dz, dgj(()o)}. Thus, dﬁéo) € span{dt, dz, di, dgéo), dgél)} C span{dt, dx, du,
dgéo),dgjél)}. So, by (S3), dy € span{dt,dxg,dug}. Then it is easy to see that
1 and 2 are satisfied for k = 0 and the output (). Now assume that, in
the step k — 1 we have a local state representation (xp_1,ur—_1) satisfying
and [2] that is defined on some open neighborhood Uj_1 of . Choose a partition
yF) = (g,i’“), Q,ik)) in a way that (S1) is satisfied and construct 4y, satisfying (S2).
Byfor k—1 and (S1) it follows that, span{dzx;} = span{dt, dz,dy,...,dy" }.

(k41
By construction, notice that dg;, i € span{dt, dzy_1,dEr_1, dgj,(ck), dg,(ckﬂ)} C

span{dt, dxy_1 duk_l,dy,(ck),dy,(ckﬂ)}. So, dy**t1) ¢ span{dt,dxy, duy}. We
show now that if |2] holds for k — 1, then span{dt,dzy, duy} = span{dt,dx,
dy, ..., dy"* Y du}, completing the induction. In fact, note that span{dt, dzy,
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duy} = span{dxp_1, dgj,(ck), dig }+ span {dy,(f“)}. By (S2) and the induction
hypothesis it follows that span{dt, dxy, duy,} = span{dt, dz, du, dy, . .., dy™}+
span {d@ﬁf’}. Since dy**+V) € span{dt, dzy, duy}, then 2| holds for k and the

fact that (z,uy) with output y*+1) is proper. This shows [1| and

Easy consequence of and (52).

[6l Since £ € V,,, £ is a regular point of Y; and Yj for j = 0,1,...,n.
From the reasoning above, it follows that 1 and 2 holds for £k = 0,...n. From
Definition (3| as {t, zx,ur} are subsets of a set of coordinate functions in Uy,

from 1 it follows that the dimensions V;, j = 0,...,k are constant in U} for
k =0,...n. Without loss of generality, one may assume that one may restrict
Uk in a way that the dimension of Y} is also constant in Uy or k = 0,...,n.

Since U C Ui_1 one may assume that

The dimensions of Y; and ); are constant in Uy,

for i =0,1,...,k and k € |n]. (46)

‘We show first that

dimY;(v) = dim Y1 (v) > dim Yy q 541 (v) — dim Yiq5(v)

for every v € Uy, k € |n],and s € IN (47)

For this note that, if the 1-forms {n,...,ns} C Y; are linearly dependent
mod Yj_1, 4. e, if >0 cumi+ apdt + 30, Zf;é ﬂijdygj) = 0 then, differen-
tiation in timﬂ gives

s p k—1
> (G + dodt + i) + 3> (Bydy? + Bigdyl Ty =0, (48)
=1 =1 j=0

In other words, 71, ...,7s are linearly dependent mod Y;41. Let k € [n]. Note
that there exists » € IN such that dimY; — dimY;_1 = 7 on every v € Uy.
Then we may choose a partition y = (7,47 such that 4 has r components and
we locally have Y, = span {dg(k)} + Yi_1. Let §; be an arbitrary component
of g for j € |p —r]. By construction we have that {d§§k),dg(k)} is linearly
dependent mod Yj_; for every j € |p — r]. From the remark above it fol-
lows that the set {dﬂ;k+l),dy(k+l)} is (locally) dependent mod Y} for every
j € |p — ], showing for s = 0. In particular the sequence pj is nonin-
creasing for k = 0, 1,...n. Now further differentiations of shows easily that
{dy}’“*s),dg(k“)} is linearly dependent mod Yjys—1, showing for s € IN.
We show now that

dim Vi (v) — dim Vi1 (v) < dim Ygq 541 () — dim Vi 5(v)

for every v € Uy, k € |n],s € IN (49)

52That is, the computation of the Lie-derivative with respect to %.
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Assume that (x,ug) is a state representation constructed around a neighbor-
hood U, of a point ¢ and satisfying (S1), (S2), (S3),[[Jand[2] Since span{dt,dx;} =
Y and g,(ckﬂ) C uy, it follows that

the components of dg,ikﬂ) are independent mod Yy (50) {eIndependentYbar}

since the components of gj,ikﬂ) are also components of the input ug, the set

{dt,dxy, duy} is linearly independenﬁ and furthermore span {dt, dz;} = V.
Hence g,&’fﬂl) may be chosen satisfying In particular, g1 > o for k =

0,...n. Now, since {dt, dzy, (duff) :k € IN)} it a set differentials of a subset of
coordinate functions, then it is a set locally linearly independent covector fields.
As the state representation (x, ug) with output y*) is proper, by 1, it follows af-

ter some differentiations that V41 C span {dt, dzy, (du;j) :j=0,...,8s— 1)}
Now, by (53), 7" is a subset of u{™. It is then clear that

the components of dg,ik+s+1) are independent mod Yy s (51) {eIndependentYbarS}

showing (49).
To show the convergence of sequences p and oy for some k* < n, assume
that v € Uy. Denote span{dz} by X. Then Y, = X + Y} and thus

dim Vi (v) = dim X (v) 4+ dim Yy (v) — dim(Y%(v) N X (v)).
Denote for k € IN :

sp(v) = dimYP(v) — dim Vi1 (v)
pe(v) = dimYi(v) —dimYy_q1(v)

Note that pr = px(v) and o = sx(v) are constant for every v € U,. We also
have
sp(v) = pr(v) — dim(Yi(v) N X (v)) + dim(Yi—1(v) N X (v)) (52) {eDim}

To be consistent with the notation of statement 5, note that
o = sk(€) and py, = pi(§). (53) {eSigmaRhoE}
Now let £* < n. Assume that

{fGVk*CVn

(54) {eDuasEstrelas}
Tpr = Pr= = p

Then one will show that, for all s € IN one may execute the DEA for the

step k* + s, constructing a state representation that is defined in Ug«4s and

furthermore
6 S Vk*+s
Ok*ts = Pkrts = P (55) {eTresEstrelas}
Yk:*Jrs NnNX = Yk*fl N X on Uk*+s

531t is part of a local coordinate system
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From and 7 it follows that

P = pr= > prrisi1,dor all s € IN (56)
From , , and , it follows that
p =0k < Oprysi1,tor all s € IN (57)

Note from that
Spx (V) — pex (v) = = dim(YVi» N X)) + dim(Yix—1 N X,)

As sg« (v) and pg- (v) are constant in Uy, this shows that implies that
holds for s = 0. Assume now that holds for some s € IN and one may apply
the DEA for k = 0,...,k* + s, constructing a state representation defined in
Uk +s. From the same reasoning that one has applied to obtain , one may
write

Sk 4s+1(V) — Prrts41 (V) = —dim(Vie 541 N X[y) + dim(Ye- 5 N X[,)  (58)

From and , one may say that the left side of is greater than or
equal to zero. Now, as dim(Y; N X]|,) is nondecrasing as k increases with a fixed
v, then it follows that the right hand side of is nonpositive. Hence the only
possibility is to have

dim(Yk*+s+1 N X‘V) = dim(Yk*_;,_s N X|V),l/ S Uk*+s

and
Sk 454+1(V) = Prryst1(v) = p,for all v € Ups 44 (59)

Now, as £ € Vs, it is a regular point of Vi and of Yy, for £ = 0,...,k* + s.
From , it is clear that ¢ € Vi+ys41. This shows that holds when
replacing s by s 4+ 1. Recall that the only regularity assumption that is needed
in order to execute the step k of the DEA is . In particular, by 1, one may
execute the DEA for k = k* + s + 1 constructing a state representation that
is defined on Ug«441 and furthermore holds. This completes the proof of
by induction.

Now note that, since dim(Y,NX|¢) increases with £, and 0 < dim(Y,NX|¢) <
n, it is clear that there exists some k* < n such that holds. Recall that on
has show that 1 and 2 holds for £ = Vj, for all £ € IN. Now, this means that 1
and 2 holds for an arbitrary £ € V,, and k € IN, since it is easy to verify that
one has also shown that V, = V,, for all &k > n.

To complete the proof of 5, note that shows that pj is nonincreasing
for k < n and that o) is nondecreasing for £ < n, and one has shown that
o = p = p for all k> k*.

Now one will show that it is possible to choose U, = Uy« for k > k*, Recall
that card gy = ok. Since uy = (gjl(fﬂ),ﬂk), it is clear from Remark |10| that
cardtiy = m — 0. As o = op+ for k > k*, it follows from 4 that one may
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choose 4, = Uk~ for k > k*. Analogously, from 3 and the fact that o = o+
for £ > k*, it follows that one may take ¥ = yr_1 for K > k*. Now, as
up = (Ug,Ur), where up = gjl(fﬂ), note that, with these choices, in the step
k > k*, (S3) reduces to xy = (x—1,Uk—1) and ug = (Tg—1, r—1), which is the
operation of putting integrators in series with the first o inputs. This feedback
(which is essentially a coordinate change) is well defined in the entire Uj_.
Hence one may take Uy = Uy for all k > k*, showing 6. Note that the first
affirmation of 5 is implied by 7 and from the fact Uy = Uy~ for all
k> k*.

Easy consequence of that was shown above.

The first part of [§] follows easily from [3] from the fact that card g, = oy
and from [5, The second part of [§| follows easily from the equality card 7, = oy,
from the fact that the components of dgj,(fﬂ) are independent mod Y} (see
and from the fact that o = pp = p for k > k*.

9. Note from 5 that dim(Y) = 1+ n + Z?:o oj. As (zg,u) is a state
representation, then dimspan {dt,dzy,dur} = 1 + carday + carduy, = 1+
n+ E?:o oj +m. As dim(Yg41 + span {du}) = dim Yi41 + dimspan {du} —
dim (Vg1 Nspan {du}). Hence the desired result follows from 2.

10. Let & > k*. By 1 it follows that dimYy, = 1+n+o09+ ... + o =
14+n+ Z?;&(oj — o) + (k4 1)or. Now define § = n + Zf;gl(aj — Ofx ).
As o} is non decreasing, then § < n. As o = op+ for k > k*, it follows that
§ =n+ Y5 o(0;—ox) for all k > k*. It is clear that dimY), = 1+ 4 +
(k+ Dog« for k > k*. Now, as dimYj«|e = 1+ EZ;O pr and dim Yi«|e =
n + dim Yy~ — dim Y« ()span {dz}. Let o = dim Y}~ ()span {dz}. It follows
that 6 + (k* + 1)og» = n —a + ZZ;O pr, where 0 < a < n. Hence § =
n—a+ Z:;O(pk — op+). By 5, it follows that p > o+ and so § > 0. Now
assume that the system is right invertible, that is, oy« = cardy. By 5 it follows
that px > pp+ > ok™ = 0. As pr < cardy, it follows that pp = cardy for all
k € IN. In this case, 6 = n — a = dim Y+ — dim Yj+, which coincides with the
dimension of the zero dynamics.

O

D A basis of the module H is independent point-
wise

Proposition 9 (Pomet 1995) Let S be a diffiety , and let {x;,i € A} be local
coordinates defined on U C Sy. Let By be a basis of the C*°(U)-module given
by H = span{dx; : i € A}. Then the set Bs is pointwise independent.

Proof. Let By = {dz;,i € A}. Hence, By is another basis of H. When written
in this basis, a 1-form may be regarded as an infinite column vector of functions
in C*°(U), with only a finite number of nonzero elements. As B; and By are
basis of TS, there exists basis transformation matrices «, from By to By, and
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0B, from By to Bi. Note that the columns of § are the expression of the forms
of By in the basis {dz;,i € A}. These matrices have an infinite number of rows
and columns, but each column have only a finite number of nonzero elements.
Hence the multiplication aw of a matrix a by a 1-form w and the products a3
and Ba are well defined. By construction, one must have that a8 and Ba are
equal to the identity matrix. In particular, when computing the matrix 3 at a
point v € Sp, one gets a invertible matrix 8(v) of real numbers. So, the columns
of B(v) must be IR-independent. In fact, if there exist an infinite column vector
w, with only a finite number of nonzero elements, such that 8(v)w = 0, then
a(v)B(v)w = 0 implies w = 0. O

E Proof of theorem [2

In this proof we use the results and the notations of Lemma [5] Let n = dim z.
By lemma around £ € U, there exists a local state representation (2,1, tn—1)
defined in V¢ such that

span {dt,dz,_1} = span {dt, dx,dy, ..., dy("_l)} , (60a)

span {dt,dx,_1,dun,_1} = span {dt, dz,du,dy, . . ., dy(")} ,  (60b)

and where u,_; = (ﬂ;n_)l,ﬂn_l). Now choose a subset z, of {y,...,y™ D} in
a way that {dt,dz,} is a local basis of span {dt, dy,..., dy(”)} and choose z; in
a way that {dt,dz,,dz} is a local basis of span {dt,dx, dy,..., dy(”)} around
£ Let v, = gff_)l and v, = G,. By construction, ((24,2), (va,vs)) is a local
state-representation of S defined in an open neighborhood V¢ of {. In fact, by
corollary [3] it is linked to (z,—1,un—1) by local static-state feedback. Since
(p—1,un—1) is proper, then ((zq, zs), (va,vp)) is also proper and holds.

By Lemma [5| part [8] we have that span {dt,dz,,dv,} = span {dt,dy, ...,
dy(™}. Tt follows that span {d2,} C span {dt,dz,, dv,}. Hence holds. By
derivation it is easy to show that span {dt7dza, (dvék) ke ]N)} = span {dt,
dy® : k€ INY.

Let Y be the diffiety of global coordinates {¢, z,, (v((lk) : k € IN)} with Cartan
field

) Ng P oo Mg . 9
Jy = — + Zfai (t, 2a,Va) =— + ZZU,(I]"H)—,.
ot i—1 O §=0 k=1 " avc(l]k)
where n, = cardz, and m, = cardv,. In particular (z4,v,) is a global

state representation of Y. Now it clear that the map 7 : Vz — Y such that
(t, 2as 20, (vgk)7 vl(;k) ik € IN)— (t,2q, (v,(lk) :k € IN)) is a Lie-Bécklund submer-
sion.

To complete the proof, it suffices to show that span {dza, (dv((lk) ke N )} =

span {dy®) : k € IN}. We show first that span {dt} NY|¢ = {0} for every point

92

{atY}

{eAux}



€of A. In fact, let £ € A and let n = Zf o ET 1 audyj(i)\g = fdt|¢. Then ¢ =

+1
(n: gele =i amdy] |g = 0 igldyys )le = Xoj iy e = 0.
Using the notation , one may write

dim Yy, = dim (span {dt}) + dim Y, — dim (span {dt} N Yy)

The nonsingularity of span {dt}, Y} and Y, for k = n —1 and for k = n implies
the nonsingularity of span {dt} NY,_; and span {dt} NY,, around any point of
A. In particular, span {dt}NY, 1 = span {dt}NY, ; = {0} ina neighborhood
of every point v € A. We show now that one has span {dz,} = Y,,—; around
ve A Since z, C {y,...,y" D}, it is clear that span {dz,} C Y,,_;. To show
the inverse inclusion, take some w € Y,,_1. Then w = Y%, a;dzq, |, + Bdt for
convenient functions «;, i € |ng], and 3. Let £ € A and let Ve be an open neigh-
borhood of £ for which span {dt}NY,,_; = 0. If for some v € V; one has 3|, # 0,
then Adt|, will be in span {dt} NY,_1|,. In particular, w belongs to span {dz, }.
By similar arguments, one shows that span {dz,, dv,} = Y,,. By derivation, it

follows easily that span {dza, (dv((lk) ke ]N)} = span {dy(k) ke ﬂ\f}

F A common abuse of notation

Let ¢ : S — S5 be a smooth mapping between two diffieties with Cartan fields
respectively given by Js and Js,. Let ve : S; — IR be a function and let
v = Vg 0 ¢.

Proposition 10 For a given function vy : So — IR define v = vy 0 ¢. The map
¢ is a Lie-Bdcklund mapping if and only for every function vy : So — IR, then
one has 85’311) = {6@202} o ¢ for every k € IN.

Proof. Suppose first that the map ¢ is Lie-Bécklund. By induction, assume
that that BS v = 8’53;11)2 o ¢. Then 9% v = Js, (8’5;111) = 851(82;17)2 °¢) =
¢+0g, (8@2 Lug) = {0s, (8’52_1112)} 0 ¢ = {0%,v2} 0 ¢. Now assume that the state-
ment of the proposition holds. Let (z;,7 € A) be a local coordinate chart for
So. 1If the action of two fields on the functions of a coordinate systems coin-
cides then these two fields also coincides. Now note that, for all ¢ € A, one has
¢051(x;) = g, (w; 0 §) = {Os,7;} o ¢. In particular ¢,0S1 = dg, o @, and so ¢
is Lie-Béacklund. O

It is worth to stress that, in many circumstances, one may abuse notation
by letting both Gglv and {875?2 vy} simply by v(*) (or vék)). Propositionshows
that, if ¢ : S — S5 is Lie-Bécklund, this abuse of notation makes sense.

G Other notions of regular dynamic feedback

The notion of regular dynamic feedback was originally based on equations of
the form (Di Benedetto et al. 1989). Now consider system E defined by
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with input @ = v, state £ = (z,w) and output § = u. Roughly speaking,
the definition of (Di Benedetto et al. 1989) says that is a regular dynamic
feedback if it is (rigth- and left-) invertible, in the sense that the output rank
(see Lemma [5)) coincides with the output dimension .

The corresponding output filtrations of lemma [5| for this system are given
by

Y., = span {dt,dz} = span {dt,dz, dw}
JNJk = span {dt, dz, dﬂ(o), ey dgj(k)}
— span {dt, dz, dw, du® . ... du(k)} ke N (61a)
Y., = span{dt}
ffk = span {dt, dgj(o), . ,d;z](k)}
— span {dt, du®,. .. du(k)} kelN (61b)

We shall consider another output § = (x,u) of system E. Since span {di} C
span {dt, dz, du}, for the output g, the corresponding output filtrations are given
by

Y1 = span{dt,di} = span {dt,dx,dw}
Y, = span {dt, dz, dgj(o), ey dgj(k)}
= M (62a)
Y_; = span{dt}
Y, = span {dt, dg(o), . ,dg(’“)}
= span {dt, da, du®, ... du(k)} (62Db)

Definition 20 (Regular dynamic feedback I) Given a system E defined by ,
with input @ = v, state & = (x,w) and outputs § = u and § = (x,u). Assume
that dimx = n, dimu = dimv = m, and dimw = s. Let « = n + s. Then the
feedback is said to be reqular around v € E if v is a reqular point of the filtrations
and (for both outputs § and §) for k = 0,...,a and the system
1s invertible, that is, if the rank of u, considered as an output of the system E
coincides with cardu.

For analytic systems, it is easy to show that this definition coincides with
the definition of (Di Benedetto et al. 1989), at least in an open and dense subset
of E.

The next two propositions are instrumental for showing the link between the
definitions [3] and RO
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Proposition 11 Consider a dynamic state feedback . Let v be a reqular
point of the feedback according definition [20L Then there exists f € IN big
enough such that

1. span{dv} C span {dt, dz,dw,du, ..., du(ﬂ)} locally around v.
2. The set {dt,dz,du,... ,du(ﬁ)} is locally linearly independent around v.

3. The codistribution span {dt, dw,dz,du,. .. ,du(ﬁ)} is nonsingular around
V.

4. The codistribution span {dt, dw,dx,du, ... ,du(ﬁfl)} is nonsingular around
V.

5. span{dw,dz} N span {dt, du, .. .,du(ﬁ_l)} = span {dw,dx} N span {dt,
du,...,du®} around v.

Proof. Consider the integer k* as defined in Part 5 of of Lemma [5] Denote
respectively by k7 and kj the values of this integer respectively for the output
g and . Let o = cardZ = cardx + cardw. Let § = w and § = (x,u). Let
B = max{k;, k),

Since it is assumed that the rank of the output g is card v, the application
of lemma |5 part 9 gives By lemma [5| part 5, and from the fact that Ve =
Vi, k € IN, the output rank of both outputs § and % coincide. By part 5 of
lemma [5) and from the fact that {dt,dz} is independent, it follows easily that
holds (note that Y3 = span {dt, dz,du, ..., du(ﬁ)}). Since v is a regular point
of the output filtrations for kK =0,...,q, then that [3| and |4 holds. Finally,
is a consequence of part 7 of lemma [5| applied to the output 7. O

The last proposition suggests the following alternate definition of regular
dynamic feedback.

Definition 21 (regular dynamic feedback II) Let E be the system defined by the
equations and S be the system defined by the equations (15al). Then is
called a local regular dynamic feedback if the system E defined by is such
that, for every v € E one has:

1. span{dv} C span {dt, dz,dw,du, ..., du(ﬂ)} locally around v.

2. The set {dt,dx,du,... ,du(ﬁ)} is locally linearly independent around v.

8. The codistribution span {dt, dw,dx,du, ... ,du(ﬂ)} is nonsingular around
V.

4. The codistribution span {dt, dw,dx,du, ... ,du(ﬁ_l)} s nonsingular around
V.

5. span{dw,dx} N span {dt,du, .. .,du(ﬂfl)} = span{dw,dz} N span {dt,
du,...,du®} around v.
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The following result shows that all the previous definitions of regular dy-
namic feedback are essentially equivalent.

Proposition 12 Consider the system E defined by and the system S de-
fined by (L5al). Then

1. Let & = (z,w) and @ = v. If defines a regular feedback in the sense
of definition |21 then (E, (Z,4), (x,u)) is a dynamic state feedback in the
sense of definition [13

2. If v € E is a regular point of the dynamic feedback in the sense of
definition Let & = (z,w) and @ = v. Then (E,(Z,a),(z,u)) is a
dynamic state feedback in the sense of definition [13,

8. Let D C E be the open and dense subset of reqular points of the codistri-
butions and for k =0,...,a, where a« = cardx + cardw. Let
Z = (z,w) and @ =v. If (E,(Z,a),(x,u)) is a dynamic state feedback in
the sense of definition[13 with classical state equations around somev € D,
then v is a regular point of the dynamic feedback according definition [20}

4. Let & = (x,w) and @ = v. Around points of the set D defined in 3, if
(E, (&,0), (x,u)) is a dynamic state feedback in the sense of definition[13,
then it is reqular according definition [21]

Proof. Consider system . To show 1, note that, by definition, (z,u) is a
state representation of S and (Z,u) = ((x,w),v) is a state representation of E.
Denote by u*) the kth-derivative of u considered as an output of E. It suffices to
prove that the map 7 : E — S defined (around some v € E) by n(t, z, w, (v® :
k€ IN)) = (t,z,(u® : k € IN)) is a Lie-Béicklund submersion. The fact that 7
is Lie-Bécklund is an easy consequence of and the remarks of Appendix
Now, take @, with @ C w, in a way that the set {dt, dw, dz,du, . ..,duP~D} is
a local basis of span {dt, dw,dz, du,...,du®~V}. Let Z = (@, ) and & = u.

By deﬁnition the set {dt, dzx,db, ... ,df)(ﬁ)} is locally linearly independent
around v. By construction, one may write

span {dZ} C span {dt,dz,dv, ..., dﬁ(ﬁ_l)}. (63)

By definition it follows that span {da} = span {dv} C span {dt,dz,dw,
du®, ..., du®} = span {dt, dz, dw, du®, ..., du(ﬁfl)} + span {du(ﬁ)} =
span {dt,(iaz:,dﬁ),du(o)7 ... ,du(ﬁ_l)} + span {du(ﬁ)} = span {dt, dz,dw, du(
oy du®}

From (15a), one has span {di} C span {dt,dz,du}. Since ((z,w),v) is
a proper state representation of E, then span {dw} C span {dt,dz, dw,dv}.
Since span {dw} C span {dt,dm,dw,du,...,du(ﬁ_l)}, by derivation one has,
span {dw(l)} C span {dt7 dx,dw, dv, du, . .. 7du(ﬁ)}. By deﬁnition span {dv}
C span {dt, dw,dx,du, ..., du(ﬁ)}. Hence,

span {dZ,di} C span {dt,dz,dv, ..., do""}. (64)
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By (15¢|) one may write
span {dZ,dv} C span {dt, dz,dw, dv} = span {dt,dz,da} . (65)

We show now that {dt,dz,do®, ..., do(®} is (locally) linearly independent.
In fact, the set {dw,dt,dz,du,...,du’® D} is (locally) linearly independent
by construction (it is a basis of span {dw} + Y 3_1) (see (62a) for the defin-
ition of Vg for the definition of Yﬁ). By part 2 of Def. the sets
{dt,dx,du(® ;.. dul®} for a = 3 and a = 3 — 1 are basis respectively of Y5
and Y5_;. In particular, the set {dt,du, ...,du(®} for « = 3 and a = f—1 are
basis respectively of ffﬁ and )75,1. Since span {dz,dw} + Y}, = ) for k € IV,
then one may write

dimYs_; = dim(span {dz,dw}) + dim Y;_; — dim(span {dz, dw} N Ys_1)
dim)Y; = dim(span {dz,dw}) + dim Y3 — dim(span {dz, dw} N Y)

By part 2 of definition it follows that dimYs — dimYs_; = m = cardu.
Subtracting the last two equatlons and using part 5 of definition , one gets
dleﬁ dleﬁ 1 = card v = m. Since yg = yﬁ 1 +span {du(ﬁ)} and yg =
span {dt,dw, dzx, du, . ..,du®~V}, it is clear that {dw, dt, dz, du, . )} gen-
erates 57@ By dimensmnal arguments, it follows that this set must be linearly
independent showing that

{dt, dz, o, ..., dﬁ(ﬁ)} is locally linearly independent. (66)

Summarizing, from , , and , one has shown that
(A) span {dz,dv} C span {dt,dz, du}.
(B) The set {dt,dz,dv®,... doP} is locally linearly independent pointwise.
(C) span {di} C span {dt,dz,do©,... ,do(F~D}.
(D) span {dz,di} C span {dt,dz,dv,...,do"}.

By lemma [2| applied to the state representation (Z, %) and the set of functions
(2,0), it follows that (2,0) = ((w, ), u) is a local state representation of E. Let
v ={t,z, (u® : k € IN)}. Then in the local coordinates {w,~} for F and v for
S, the map 7 reads 7(w,~y) = . So 7 is a local submersion. This shows 1.

To prove 2, it suffices to see that it is a straightforward consequence of 1 and
proposition @

To show 3, note from the proof of proposmonl that {t,z, (u®) : k € IN)} is
part of a local coordinate system of E. Then dimY;, — dimY,_; = m = cardu
for all k € IN. By part 5 of Lemma [f] applied to system E, it follows that, for
k > o, with a big enough, one has dim Y}, — dim Y, = m = card u. Hence the
system is invertible.

Finally, note that 4 is a consequence of 3 and of Proposition O

In figure [T one finds a summary of the results of this appendix.
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Def. @ " [Def. I

—
2103 /
Prop. [T]]
Def.

Figure 1: The relationship between different notions of dynamic feedback ac-
cording. The numbers near the arrows refers to the items of Proposition

H A comparison of regularity assumptions

One may consider that the main result of this paper is Lemma[2] and its conse-
quences and corollaries, like theorem [3] and theorem [f]

In this appendix, the regularity assumptions of theorems [3| and [5| are com-
pared with the ones of Lemma 5] showing that that this lemma needs stronger
regularity assumptions than those theorems. Note that Lemma [5| holds for
& € V,, where V,, is the open and dense set of regular points of Vg,Y) for
k=0,...,n, where n = dimx (see —). We shall begin with the right-
invertible case.

H.1 The right-invertible case

Proposition 13 Consider a system S with a proper state representation (x,u)
and a proper output y, where dimx = n, dimu = m and dimy = [. Assume that
the regularity assumptions of Lema[J holds around some v € S, that is, v € V,,.
Assume also that the system is right invertible, i. e., there exists k* € IN big
enough such thatdim Vg« — dim Vi« _1 = [. Then the regularity assumptions of
theorem@ holds for o = (k*, k*,...,k*) € IN'.

Proof. Note that
1. span {dy} C span {dt, dz,du} (y is proper).

2. By part 7 of Lemmal[5] there exists k* € IN, where 0 < k* < n, such that,

{fFeedback}

{aCompare}

span {dz}Nspan {dt,dy, . .., dy(k**l)} = span {dz}Nspan {dt, dy, ... ,dy(F") }.

3. span {dt,dz,dy, ...,dy"* )} is locally nonsingular around v (by the regu-
larity assumption of Vi, k=0,1,...,n).

4. span {dt,dz,du,dy, ..., dy(k*)} is locally nonsingular around v (by part 2
of lemma [5[f**]

54By lema (zg*_1,uk=—1) 1s a state representation around v and then
span {dt, dzy* _1,dug~_1} is nonsingular.
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5. The set {dt,dy, ..., dy(k*)} is locally nonsingular around v (regularity as-
sumption of Yz, k =0,1,...,n.)

Then the regularity assumptions of theorem [3[ holds for a@ = (k*, k*,... k*) €
IN'. O

Remember now the example of Respondek . For this example we have
already pointed out that the regularity assumptions of Lemmal[5|do not hold, but
the ones of theorem [3| holds. So, one may say that the regularity assumptions
of Lemma [o| are stronger than the ones of Theorem
H.2 The non-invertible case

Adding an output y3 = ¢(y1,y2) to the example (12)), one construct easily a
system for which the assumptions of theorem [5|holds, but not the ones of lemma
The next proposition shows that the regularity assumptions of lemma
implies the ones of theorem [5] even in the case where the system is noninvertible.

Proposition 14 Let S be a system with proper state representation (x,u) and
proper output y, both defined around some v € S. Suppose that the reqularity
assumptions of Theorem [5 holds around v. Then there exists a partition y =
(4,9) such that the assumptions 1 to 8 of theorem@ holds, locally around v, i.
e.,

1. span{dy} C span{dt,dz,du}.
2. span {dx} N span {dt, dg®, ..., dy(o‘fl)} =
span {dx} N span {dt, dg®, ..., dy(a)}.
3. span {dt, dz,dy®, . .. ,dg(’kl)} 18 locally nonsingular around v.
4. span {dt, dz, du, dy?, . . ., dg(a)} is locally nonsingular around v.

5. The set {dt,dg®, .. .,dg(")} is pointwise independent in an open neigh-
borhood of €.

6. span {dy(o)7 . ,dy(afl)} C span {dt, dz,dg®, ..., dgj(o‘*l)}
7. span {dt, dy©@, ... 7dy(k)} is nonsingular for k =a and k = a — 1.

8. span {dy(u‘)} C span {dt, dy© dy™ ... dyle=D, dy(o‘)}.

where a is the integer k*, § = §i+, and § = Yp~ that are defined in the statement
of lemma[3
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Proof. 1In this proof we shall consider the notations of lemma Along this
proof one considers that a = k* and § = g+ (where k* and i~ are defined in
that Lemma). Now, as yx+ is a subset of y, let § be such that y Uy = y with
gny=0.

Note first that 1 says that g is proper and 7 is a consequence of the regularity
assumptions () is nonsingular). Note also that 8 is a consequence of part 8 of
lemma [l for r = 0.

By part 3 of lemma [5| one may take §r C §r4+1. By part 8 of that lemma,
one may take §x = Yr41 for k > k*. From this and from part 1 of that lemma,
it follows easily that

Y. = span {dt, dx, dg,(ﬂ), ceey dgj,(ﬁ) (67)

= span {dt,dz,dy,... . dy"}
for k € IN. As ) = span {alt7 dx,dy ), ... dy®) }, one concludes that 6 follows
from . The prof of 3 and 4 may be obtained by the application of Lemma
parts 1 and 2.

To show 5, note first that, from the regularity assumptions, one may con-
struct a set of one forms n = {n,...,n,, } that completes a local basis of Y3_1
to a basis of Y. It will be shown now that, if 0 = {6,,...,0,} C Y}, is a set of
1-forms such that 6|¢ is dependent modulo Yj,_1|¢, then 6|¢ is dependent modulo
Yk|£~

In fact, assume that 0|¢ is dependent modulo Yj_1|¢. This means that there
exist ; € IR, and a cotangent vector v € Y;_1|¢ such that

i
> ailblili = e
=1

By construction, as 22:1 «a;0; € Yy, it follows that there exists ¥ € Y1 and
smooth functions {deltai,...,d,,} such that

T Pk
Za,ﬂi = 25]'77]‘ + v
i=1 j=1

Note that 0]¢ = 0,5 = 1,..., pr and 7|,¢ € 7¢. Then, the Lie-derivation along
d .
o7 gives
T . Pk .
> aifs = (655 + 4m;) + 4
i=1

Jj=1

with 4 € Yy, d;¢ = 0 and [320%, 5;m;] € Yi. In particular, the set

{éllg mod Yk‘g, PN 7ér|§ mod Yk|£}

is linearly dependent.
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Now, from Part 1 of Lemma the set {dgj,(ﬁ)} is independent mod Yj_; for
k > k*. In particular, {dgjl(ﬁ)} is independent mod Yj_; for k=0,1,...,k*—1,
and this shows 5.

To show 2, note from that one may write

dim(Y;) = dim(span {dz}) + dim(span {dt dy,(c*), .. dy(k) })
— dim(span {dz}) N (span {dt, dgj,(ﬁ), . dy(k)})

Subtracting the last equation obtained for k = k* from the same equation for
k = k* — 1, using 5, and the fact that dim Vi~ — dim Vi« _1 = card g~ = op+
(see parts 1 and 5 of lemma 7 one obtains

dim (span {dz} Nspan { dt, dy,. , ..

O a0 =

dim ( span {dz} Nspan < dt, dyk* .. ..,dg,(c’,f:ll)})

showing 2.

I Equivalence of implicit systems and splitting

diagrams

{aJEquivalence}
The definition of system equivalence is quite natural in our approach.

{D20}
Definition 22 Two systems I'y and I's are equivalent, or Lie-Bécklund iso-

morphic, if there exists a Lie-Bécklund isomorphism ¢ : Ty — T's (that is, a
Lie-Bdécklund diffeomorphism). Let (x;,u;),i = 1,2 be local state representa-
tions respectively of of T';,1 = 1,2 defined respectively on U;,i = 1,2. The equiv-
alence map ¢ preserves the state representations if ¢(Uy) = Ua, 1 = x90¢ and
up = ug o ¢. The map ¢ preserves the inputs if p(Uy) = Us and uy = ug o ¢.If
y; is an output for T';, i=1,2, one says that ¢ preserves the outputs, if y1 and
Y2 are such that y; = yo o ¢.

Now let A = (S,y) be an implicit system. Let y = (y1,...,ys). Let 7°(y)
be the trivial time-invariant diffiety with flat outpuﬁ y.Lety:S — T5(y) be

the map defined by
y:5—T(y)

{ £ (y(0)7 y(l)’ y(2)a .. )lf (68) {ethar}
By simplicity, one will let 0 stand for the point (0,0,0, . ) T*(y). It easy to

show that that 7 is Lie-Béicklund. It is also clear that A = §~1(0), where A is

defined by .
The following definition is useful in the study of equivalence of implicit sys-

tems.

55(see the definition of 7°(y) in the beginning of section
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Definition 23 Let S and N be systems. Let § : S — N be a Lie-Bicklund
map, denoted by S — N. Let somen € N be fired. We say that a given system
T furnishes a splitting diagram for S — N (with center n € N) if there exists
a Lie-Bdcklund embeddinﬂ t: T — S such that (L) = y=1(n). A splitting
diagram will be denoted by

N—sS—~N

Let A = (S, y) is an implicit system and T" a given control system. It is clear
that T' canonically equivalent to A according Definition if and only if one
may construct a splitting diagram I' L eAN , where the map 7 is defined by
(68). In particular the next Theorem gives a proof of Theorem @

Theorem 13 Assume that 'y and s furnish splitting diagrams for S — N.
Then I'y and I's are equivalenﬂ.

Proof. Remember that ¢ : I' — S is an embedding implies that, for every point
felA= +(T"), there exists an open neighborhood U of &, a local chart (¢, U) of
S, and a local chart (V) of T, such that, V = ¢ ~1(U) and in these coordinates
one has (x) = (z,0), and furthermore (z,z) € AN U if and only if z = 0.

The immersions corresponding to the splitting diagrams will be denoted by
11 :0; > Sand 1p: Ty — 5. Let A = 11(I'1) = 12(T3). As the map ¢; is
injective, the map ¢; : I'y — Ais a bijection. We shall show that the map
Lfl oty : 'y — I'y is a Lie-Backlund isomorphism. For, let £ € A. By definition
there exists local charts (Uy, ¢1) and (Uz, ¢2) of S, (Vi,41) of Ty and (Va, t9)
of Ty given by ¢1 = (x1,21), ¢2 = (2, 22), Y1 = x1, 2 = x2, for which, in
these coordinates one has ¢1(x1) = (21,0) and ta(z2) = (22,0). Without loss
of generality, assume that U; = Uy = U. By definition, the coordinate change
map H : ¢2(U) — ¢1(U) given by (z2,22) = (21,21), where z1 = Hy (22, 22)
and z; = H, (29, 29) is such that (z2,0) — (x1,0), where x1 = H,(x2,0). Note
that ¢ (21,0) = 1. In particular, i7" o ta(xe) = 17 (Hyu(22),0) = H(x2).
In particular the map Ll_l o1y : 'y — T'1 is smooth. Analogously, the map
L2_1 oty : I'y — I'y is also smooth. It is clear that the two maps are the inverse of
each other. This shows that the map 6 = Lfl oty : ' — I'y is a diffeomorphism.
Now, to show that € is Lie-Béacklund, note that, by construction, ¢ty 0 8 = 5.
Let 0; and J; be respectively the Cartan fields of I'; and T's, and let dg be
the cartan field of S. As ¢;,7 = 1,2 are Lie-Bécklund maps, one has dg o t; =
(Lz)*az,l = 1,2 As (Ll)*e* = (LQ)*7 one has 85 O lyg = (LQ)*ag = (Ll)*g*ag. Let
E=1(vi),1=1,2. Then dgl¢ = (t1)+«(71)Ty,, Where 7, = 0.(72)02|4,. Note that
(1)« is a (pointwise) injective linear map. The only possibility is 7,, = 91(71)
showing that 6 is Lie-Bécklund. To show that 6 is time-respecting, it suffices to
see that ¢1 and o are injective time-respecting maps and ¢; = 6 o ¢5. O

The following result is useful for establishing system equivalence in some
cases.

56Remember that the time is respected.
570ne could write a proof of Theoremusing Lemma@of Appendix Here one will give
a constructive proof
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Proposition 15 Let §; : S1 — Ny and 32 : S1 — Ny be two Lie-Bicklund
mappings denoted respectively by S1 — Ni and So — Ns. Let 6 : So — 51
be an injective embedding such that 0(5y *(n2)) = (g7 (m)). Let ;1 € Ny and
Mo € Na. Let 1o : I'y < So be an injective embedding such that 'y — S — Ny is
a splitting diagram for So — Ny. Then if one defines 11 : I's — S1 by 11 = ous,
then 'y — S7 — Ny is a splitting diagram for S1 — Ny. In particular, for every
splitting diagram 'y — S — Ny, then 'y is equivalent to I's.

I, & S AN,
) (69)
r, < 5 4N

Proof. As the composition of two injective embeddings is an injective embedding
(see the Part I of this survey), it is easy to see that 'y < S; — Nj is a splitting
diagram for S; — Nj. Then the result follows from theorem Il

A first application of theorem [[3] was already considered in the proof of
Theorem [9] that shows that the notion of equivalence of implicit systems that
is studied in Definition [19|is compatible with the Definition One will now
present some other applications of Theorem [13| and Proposition

Theorem 14 Let w = (w1,...,w,) and consider the trivial diffiety T" (w) (see
section @) Let 8= (B1,...,0:) be a multitndex. Let

r=wf) = (wgo),. w§’81),. wﬁo), . 7wﬁﬁr)).

ey ey

Consider the implicit system ¥ given by two distinct blocks of equations ¢(x) = 0
and Y(x) =0, given by

(]Sl(wgo),...,wgﬁl),...,’LU»S‘O)P..,U),,(ABT)):¢1($) = 0
0 0 . . .
gZ)p(wg),...,wgﬂl),...,wg),.‘.,wgﬂ)):qﬁp(m) 0 0
(0) (61) (0) 3.) (70)
Yr(wy o wTY s we L w ) = () 0
byl Py = y(x) = 0

Define the map H : T"(w) — IRP'Y be defined by H(x) = (¢(x),¢(x)). Us-
ing the notation of definition system X may be represented by the pair
Y = (T"(w), H). Analogously the system A defined by the first bloc of equa-
tions, namely ¢(x) = 0, may be denoted by A = (T"(w), ). Assume that A is
canonically equivalent to a control system S according to Definition[19. Denote
the map ¢ : T"(w) — TP(y) defined in the same way that one has defined .
Let N = TP(y). Then there exists a splitting diagram (see Definition [13) for

the map ¢, denoted by S AN (with center 0 = (0,0,0,...) € N) given by

ST (w) AN (71)
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Assume that the implicit system (.S, 1;), where ’(/NJ = 1ou, is canonically equivalent
to I'. Then the implicit system ¥ = (T" (w), H) is canonically equivalent to T.

Proof. Note first that, as ¢ is Lie-Bécklund, then using the notation that is used
in equation , one may write 1 o ¢ = 1 o¢. In fact, to prove this it suffices to
show by induction that ¢*) o1 = (¢ 0 1)),

As (S, 15) is canonically equivalent to I', by definition, there exists a splitting
diagram

g%, (72)
where Ny = 79(z). Define the Lie Bécklund map H : T"(w) — Ny, where N1
TP(w) x T4 w) by H = (¢,%). It is clear that H~ 1(0,0) = q’) (0) N ¥=1(0).
Since is a splitting diagram, then 15(T") = (do1)~1(0) = ¢~ (y=1(0 )) Then

L(e2(D)) = (™ (@7H0)) = ¥ 7H(0) N e(S)
Now, as ([71)) is also a splitting diagram, then ¢(S) = ¢~1(0). Hence
L(e2(D)) = 71(0) N =1 (0) = H~(0)

Define ¢1 : I' — T"(w) by ¢t1 = to 1. Since the composition of two injective
embeddings is an injective embedding, it follows easily that

(¥

H
N

LS T (w) 2 Ny

is a splitting diagram for T" (w) Lt N; with center (0,0) € Ny. In particular, T
is canonically equivalent to ¥ = (7" (w), H). O

J General implicit systems and DAEs of first
order

In the literature one considers that a general first order DAE is a system of the
form
H(t,w,w)=0.

The transformation of a system of the form into the general form, and the
equivalence between this different representations is discussed in this appendix.
The conversion of general DAEs of arbitrary order into the form is also
presented in the end of this appendix.

J.1 Converting (18) into the general form
Now consider a implicit system A = (S,y) given in the standard form that

is repeated here for convenience
o(t) = ft (L), u(t)) (73a)
y(t) = h(t,z(t),u(t) =0 (73b)

{eDiagram2}
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In this work one has considered this implicit system as an explicit system S
defined by along with constraints y = 0 given by . However this is
not the only form to define a implicit system from the equations (|73]).

Another point of view is to consider w = (x,u) and to regard as an
implicit system ¥ = (T"T™(w), H), where T" "™ (w) is the trivial diffiety with
flat output w (see Section . In this case our implicit system will be defined
by the equation

H(t,w,w)=0

To see this, let ¢(t,w,w) = & — f(t,z,u) and let ¥ (t,w,w) = h(t,z,u). Define
H(t,w,w) = (¢(t,w,w),¥(t,w,w)). As an application of Theorem [14] one may
show the equivalence between A = (S,y) and ¥ = (T (w), H).

Proposition 16 ?? If T' is cannonically equivalent to A = (S,y), then T' is
cannonically equivalent to . In particular, if ¥ is canonically equivalent to a
control system I'y then 'y is Lie-Bdcklund isomorphic to T'.

Proof. Let S be the explicit bystem defined by (73a) with global coordinates
{t,x,(u® : k € IN)}. Let {t,(z® u® : k € IN)} be global coordinates for
T= TT( ). Let 4 be the Cartan ﬁeld of S. Recall that

(k+1
dt +Zf1—+ >l (74)
k€N, J
Jj€[m]
By induction define the functions:
O zu) = @
d
Wz, u L u®) = &(g(k‘l)),k >1
Let Ot be the Cartan field of T. note that
- (k+1) k+1)
=0+ ” (k) (75)
keIN, J keIN,
jeln] jelm]
Define
¢(0)(t7w’w) = 2 _ f(t,x(o),u(o))
o (tw, ..., why = (e V) k>1
Define the map ¢ : S — T such that
(b2, @ s ke V) = (¢ (€W, u™ ok € IV))

Remember that a map ¢ : S — T is Lie-Bécklund if and only if, for all (coordi-
nate) function 6 : T — IR one has % (fo1) = drfl ot (see the proof of Proposition
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in the Appendix. Note first, that, by definition, (abusing notation), t¢ = t,
u® oy =u®Ek e IN and 2" o1 = £¢%). Now, by and it is clear tha

%(tOL) = %(t) =1=1lot=0p(t)or
%(uw) o)) = %uw) =) D) o) g () o)
La®on) = L) =gl =40 0, = 1z 0) o

This shows that ¢ is Lie-Bécklund. Now note that ¢ : T — IR™ is such that

boL= (xu) _ f(t’xw)’u(m)) — W p(1,6® @) =,

2D =) ke N

As ¢ is Lie-Béicklund, (¢ 1)) o1 = dp(¢®) o1 = £ (¢(*) 0.). By induction, one
can show easily that

p*) = p®) o, =0, for all k € IN.

for a convenient f(*). By construction, note that ¢*) is of the form z*+1 —
FO @@ e® O w®)) Now denote U = {u®) k € IN} and
® = {¢W k € IN}. Tt is easy to show that = = {t,z(9) U, ®} is a global
coordinate system for T. In the coordinates = for T and {¢,z,U?} for S, the map
L reads

(t,z,U) = (t,z,U,0)

Hence the map ¢ is a global immersion. As the image of ¢ is the a slice of a
local chart, it is easy to show that ¢ is an embedding. Now one may define a
map ¢ — N, where N = 7"(z), where z = (z1,...,2,) in the same way that
one has defined the map . By definition, it is clear that ¢=1(0) = ¢(S). In
particular one has constructed a splitting diagram

SLT AN (76)

Now let y = h(t,z,u(®) be considered as a function y : S — IR. If ¢ =
h(t, 20 u(o)) is considered as a function ¥ : T — IR, then y = v o«. Now, one
of the assumptions of the theorem is that (S,y) = (S, o) is equivalent to T.
Hence the desired result follows from the application of Theorem [T4] O

J.2 Converting DAEs of general form into the form (/18)

Now assume that
H(t,w(t),w(t)) =0 (77)

is a DAE, where w = (w1,...,w,) and H is a smooth map. This system may
be regarded as an implicit system X = (T"(w), H). Note that system may

58Here, 1 denotes a function that is identically equal to one.
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be put in the form with the aid of the following trick. Considere the state
space representation of T"(w) given by:

w="v
Note that may converted into the form
wo o= w (78a)
H(t,w,v) = 0 (78b)

This system is of the form forx =w,u=v, h=H(t,z,u) and f(¢t, z,u) =
u. Here there is no necessity of the application of any theorem, one only need
to note that l) is a state representation of 7" (w) and (| - represents the
same restrlctl that is adjoined to the trivial diffiety 7" (w). Hence (| .
is only an alternate form of denoting the same system ¥ = (T’"( ) H).

J.3 Converting DAEs of arbitrary order into the form

Another common situation is the case of differential equations of arbitrary order.
To consider this situation, let S = T"(w) be the trivial diffiety, where w =
(w1, ...,w,.). Remember that T"(w) is the globally flat system, with global flat
output w. Consider the implicit system (S, ¢) defined by the system obtained
by adjoining to T"(w) the following differential equation

i (t,wy, .. wga“), .. ,wr,...7w£°‘”‘)) =0,i€{l,...,p} (79)

Let 8; = max;{ejs}, i € {1,...,p},j€{1,...,r}

Let z = (wl,...,wgﬁrl), ...,wr,...,wﬁﬁ"fl)),

and v = (uq,...,u,), where
uj; = wj(-ﬁj), and let y = ¢(x,u). It is clear that (z,u) is a global state represen-

tation of T"(w). The corresponding state equations are given by

(0) _ (€]

= w:
J
(1) N )
] - wj
: jefl,...,r (80)
~(_»3j) =

O—yz—@(t wl,...,wia“), Wy wﬁa”)), 1e{l,...,p}.

It is clear that (80]) is in the form -
Now let z = (wl ), . w( , wT,...,wﬁﬁT'fl)), and let 8 = Z;Zl B;.
Consider the implicit system Ay = (Tﬁ (z), F) of the form

F(t,x(t),2(t) = 0 (81)

59As in the behavioral approach of Willems (Willems 1992), we do not distinguish input,
state and outputs among the variables w;,7 = 1,...r in the differential equations (79).
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where F(t,z, &) = (F1(t,x, 1), Fo(x,2)), and

P = (wgl) w'? w!PV) wq(nl), wfnz), . ,w(’BT))

5 1 5+ 1 geeey r

F = (¢1,---,90p)-

In the first subsection of this appendix one has shown that, if I" is canonically
equivalent to system S defined by , then I' is canonically equivalent to
system X defined by . This means means the the conversion of into the
form (which may be regarded as being in the form ) is a convenient
approach in order to study the implicit system .

K Proof of Proposition

Proof. 1. Let & € S. Assume a state-representation (x,u) is given. For
convenience consider that this state representation is defined on a neighborhood
Vof€. Suppose that the system is locally flat around £ according definition [6}
In other words, (0, ) is another state representation deﬁnedm for which the
Cartan field is given by (3). Then, as {t,(y*) : k € IN)} is a local coordinate
system, one may write z = X(t,y(o), cooy@Y and w = p(t,y @, ... yP). Bs-
sentially the result is proved. It suffices to show now that the maps x and p
may be extended respectively to the spaces IR x (IR*)**! and R x (IR®)P+!.

Note that the map 7 : V' — IRx (IR*)**" defined & — (¢(), y0(€),...,y@(€))

is open. Let V= m(V). The map x : V — IR" is smooth. One may restrict
X to some open neighborhood of U of §(§) in such a way that x|U may be
extended to the entire spac@ IR x (IR%)**1. After that one may construct U,
by taking Uy, = 7 1(U). A similar construction can be made for p, and one
may take U = U, (U, showing that the Definition |f| is satisfied on U.

2. Assume that the definition [7] is satisfied on V. Let (¢, V) be the local
chart of S with coordinate functions {t,z, (u*) : k € IN)} associated to the
state representation (z,u). Let U = ¢(V).

Define the map A : T%(y) — R, where T%(y) is the trivial diﬂiety with
flat output y, R is the IR“4-manifold of global coordinate {t,z, (u® : &k ¢
IN)}, defined by t — t, x = x(t,y@,...,9), u = x(t,y 0)7...,y(0‘)), and
by the usual rules of differentiation, define u*) = xy(*) where x(©) = x and

y 1) gy (=)
X(Ic) _ Za+k lz Y; BX
0 =1 5,0

define A = ¢~ 1 o A. Our assumptions implies easily that A o I' is the identity
map on V. In fact, at least this is true (in coordinates) for the components ¢, x
and u of A(T'(v)), that is, for the map Aol" one has t — ¢, x — z and u — u. Now

After restricting A to A~'(U), one may

60Without loss of generality one may consider both state representations defined on V.

61For instance, by multiplying the components of x by a function that appears on the
construction of partitions of unity(Warner 1971)

620ne abuse notation an use the same names of u and z.
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the fact that u®) — u(®) k € IN is easily seen from the definition, by derivation
using the chain rule. Now note that, on V, I' = T'o (AoT') = TToA)oT
In particular (I' o A) is the identity map on the image K = I'(U) of I'. By
assumption, it exists U; C K, where U; is an open neighborhood of T'().
Restricting T’ to U = I'"}(U;) and A to Uy, one gets Ty = T|y = (Aly,) L.
Now, by definition, it is clear that I" is Lie-Béicklund (see the Part I of this
survey). This shows that Definition [7| implies definition @

3. From the same arguments of the proof of 1 one may show that Definition
[6] implies the existence of the maps x and u. Now, by Def. [f] the flat output
y is an input. Hence, by the uniqueness of Differential Dimension (see (Fliess
et al. 1999, Pereira da Silva 2000)), the cardinal of an input is a system invariant
in every connected component of S. Hence card y = card v show that definition
[6] holds.

4. Assume that Definition [§] holds. Without loss of generality, consider
that y is a classic output, that is, span {dy} = span {dt, dz,dy} (otherwise one
may consider a convenient extension of the state). Since u = u(y,...,y"?) it
is clear that span {du} C span {dy, ..., dy® 1. Let £ be a regular point of the
filtrations and . By Part 9 of Lemma it follows that o« = card u. By
Part 5 of Lemma 5| as px > op+ and cardy = card u, from simple dimensional
arguments it follows that the set {dy(?, ..., dy®} is independent for all k € IN.
In particular, a convenient application of Corollary [2] gives the desired result.
O

L Proof of Proposition [2| — fiber dimension in-
variance

Let m# : V — T be a submersion. Assume that there exists local coordinates
¢ = (&,%) of T and ¢ = Z of V such that 7 locally reads (Z, Z) = Z. Assume
also that there exists local coordinates ¢ = (&,2) of T and ¢) = & of V such
that 7 locally reads (&,2) — 2. Without loss of generahty, assume that the
domains such charts coincides, that is qS U—TU, (;5 U — U 77/1 W — W,
¢ : W — W, where v € U and 7 = n(v) € W. Furthermore, one may assume
that 7(U) = W.

In fact, if it is not the case, that is, if for instance ¢ : Wi — W and
1& Wy — W with W, # Ws, one may take W = W7 N W5 and consider the
restrictions of ¢ and v to W. Now let U = 7~ 1(W) N Uy N U; where U; and
U, are the domains of ¢ an (b. The n(U) = W. As 7 is an open map, one may
replace W by 7(U), and one may take the correspondent restrictions of ¢ and
4. By construction, 7(U) = W.

Let Zg = ¢(7) and 2y = ¢(7) =. By construction 2y = ¢ o =1 (Z).

Deﬁnethemapsfr:UﬁWandw U—Whbys=1tomog¢g?

T = 1; oo q?)_l. Since the charts are locally adapted, one may has 7(Z, z) =2
and 7 (&, 2) = £. Since a set of coordinate functions is countable, it suffices to
show the result in the case where 7 is finite.
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Define the fiber } 3
H;y ={z € R? | (3,%) e U} (82)
This set is an open set of IRB. In fact, for each basic open set H = (ﬁ 1 X
f{g) C U with H, containing %o, then IZIEO N H = Hy, which is an open subset
of IRB. In particular, H 3, 1s the union of open sets that are formed in this way,
showing that H 3, is open. Similarly, one may show that

H:, = {3 € R° | (i,%) €U} (83)
is an open subset of IR®. Now note that

i =

= ¢(m~1(7)). Hence b o qg—l(ﬁgo) =
$og! ((;AS(W_I(T))> = QNS(W_I(T)) = H;,. A similar reasoning shows that

$o ¢ Y(Hs) = H,. In particular ¢ o ¢~1(&, %) = (&, Z) for all & € H, and
$od (& %) = (& %) for all & € Hz,. So define the map a : Hs, — Hs,
such that # — & is induced by the map ¢ o ¢~1(%, %) = (&, %0). It is clear
that this map is a diffeomorphism with inverse 8 that is induced by the map
b o (;3’1(3%,20) = (Z,Z%p). In particular, from the Brouwer invariance theorem
(Brouwer 1912), one has card Z = card &.

a similar construction shows that Hj,

M Proof of Proposition [

Proof. 1f o is a solution of A then successive differentiation of y(o(¢t)) = 0 with
respect to ¢ at ¢y shows easily that & € A. In fact, to say that o(t) is a solution
of S is equivalent to have o,];(:) = 95 o o(t), where ds is the Cartan field of
S, and % is the standard operation of derivation with respect to ¢t. Then

d d d
7 Woot) = (yoo)(5) = vulow(0xle5) = yulory (O 00(t) = yMoo(t) =0
Continuing this process one obtains

Yy o o(t) =0, for all t € (a,b) (84)
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This implies that o(t) € A for all t € (a,b). Now given a control system T, it
can be showrﬁ that for every point v € T' there exist a solution v : (a,b) —T
such that v(tg) = v for tg € (a,b). As ~ is arbitrary, implies that +(T") C A.
g

N Proof of Proposition

{aEmbedding}
The proof of the Proposition[7]is based on the following Lemma, which proof is
an easy adaptation of similar results of finite dimensional differential geometry
(Warner 1971, Theo. 1.23, p. 26).

{1Embedding}

Lemma 6 Let I be a IR*-manifold and v : T — S be an injective embedding
between IR manifolds. Let o : I — S be a smooth map such that o(I) C «(T).
Then there exists a unique smooth map n : I — I' such that o = 1t on, that is,
the following diagram is commutative

3
~—
A A

Proof. (of Prop. 7)) Let I = (a,b) C IR. It suffices to show that every solution
o:1 — S of Ais of the form o = v ov, where v : I — I is a solution of T
Let o : (a,b) — S be a solution of A, that is, o(t) is a solution of S such that
y(o(t)) =0 for all t € (a,b). In particular, by successive differentiations with
respect to the Cartan field ds of S, one shows that o(I) C A = (1) (see (84)).
By Lemma [0] there exists a unique smooth map 7 : I — S such that ¢ = co1.
Now, let Or be the Cartan field of I'. As ¢ is Lie Béicklund, one may write

L*(ap) = 83 OL.
Evaluation the last identity at a point 7(¢) € I, for some ¢ € I, one gets
Lely@y (Or) = Os o Lon(t)

Now, as 0 = ¢ o7 is also Lie Bécklund, one may write

d
(. (5) = Bs o von

Where % is the Cartan field of IR, that is, the standard operation of differen-

tiation of smooth functions. Now, since ¢, is injective at every point v of T, it

follows that one may write
d
“Y=0ro
() U
63First consider a local state representation. After that, Borel’s theorem (Borel 1895) assures
that there exists some input with a prescribed infinite jet. After that, the result can be shown
by standard theorems of existence of solutions of ordinary differential equations.
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The last equation is equivalent to say that 7 is a solution of T'.

Now let 1) : I — T be a solution of I'. Then, as ¢ is Lie Béicklund, (con). (%) =
L*(n*(%)) = 1,(0r on) = dg ot on. In particular o = ¢ o7 is a solution of S.

Now as ¢(S) = A, then y o o = 0. In particular, o is a solution of the implicit
system A. d
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