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Abstract.

Given a control-affine system and a controlled invariant submanifold, we present necessary and
sufficient conditions for local feedback equivalence to a system whose dynamics transversal to the
submanifold are linear and controllable. A key ingredient used in the analysis is the new notion of
transverse controllability indices of a control system with respect to a set.
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1. Introduction. Ever since Poincaré’s seminal work [22], the problem of equiv-
alence of vector fields has been a central question in the field of dynamics. In his 1879
work, Poincaré found sufficient conditions for an analytic vector field to be locally
equivalent to a linear one by means of an analytic transformation. Poincaré’s key
insight in formulating this problem was that, rather than trying to solve a differential
equation, it is convenient to seek a coordinate transformation reducing the associ-
ated vector field to its “simplest” form, the normal form. In control theory, the
problem of equivalence of a control system to a linear controllable system by means
of smooth coordinate transformations was first formulated by Krener in 1973, [13].
In 1978, Brockett [3] formulated and solved the feedback linearization problem for
single-input, single-output systems, whereby the equivalence to a linear controllable
system is established by means of a smooth coordinate transformation and a regular
feedback transformation; this is referred to as feedback equivalence. The multi-input
multi-output extension of Brockett’s work was carried out by Jakubczyk and Re-
spondek in [12] and, independently, by Hunt, Su, and Meyer in [8]; see also [26].
When a control system is not feedback linearizable, it is natural to ask whether it
admits a feedback linearizable subsystem. This problem, first posed by Isidori and
Krener in [11], is referred to as partial feedback linearization. For single-input systems,
Krener, Isidori, and Respondek [14] investigated partial feedback linearization yield-
ing a linear subsystem of maximal dimension. This result was extended by Marino
in [15] to the multi-input case; see also [16], [23]. For systems with outputs, Xu and
Hunt [30], [31], consider a similar problem.

In [2], Banaszuk and Hauser formulated and solved the transverse feedback lin-
earization problem (TFLP) for periodic orbits of single-input control-affine systems.
If T'* is a periodic orbit of the open loop system, the problem entails finding condi-
tions for feedback equivalence to a control system whose dynamics transversal to I'*
are linear, and controllable. In [19], we generalized Banaszuk and Hauser’s results to
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the case when I'* is an arbitrary controlled invariant embedded submanifold of the
state space. In this paper we present the complete solution to the local TFLP for
multi-input systems, relying on a mild regularity assumption. A key ingredient used
in the analysis of the problem is the new notion of transverse controllability indices
of a control system with respect to a set. The transverse controllability indices are
an adaptation of those introduced by Marino [15].

When the set I'* is an equilibrium point, the problem considered in this paper
(see Section 3) reduces to the classical state-space exact linearization problem. In
this special case our conditions coincide with those of the classical results on feed-
back equivalence to linear, time-invariant, controllable systems [8, 12], and the trans-
verse controllability indices coincide with the controllability indices introduced by
Marino [15].

We now discuss some of the applications of transverse feedback linearization
(TFL). While classical feedback linearization is used to stabilize equilibria of non-
linear systems, TFL is applicable to the more general set stabilization problem. In-
deed, if a system is transversely feedback linearizable with respect to a controlled
invariant manifold I'*, then designing a controller that locally stabilizes I'* amounts
to designing a stabilizer for the origin of a linear time-invariant system and so the
set stabilization problem is greatly simplified (see Section 3 for a more precise discus-
sion). In light of the above, TFL is relevant to all those problems where the control
objective is the stabilization of a manifold, rather than an equilibrium. Consider,
for instance, the simplest synchronization (or state agreement) problem: make the
states of two coupled dynamical systems converge to one another. This is equivalent
to stabilizing the diagonal subspace. In the more general case when one wants to
make the outputs of several coupled dynamical systems converge to one another then,
generally, the set to be stabilized is a manifold. As other relevant applications of TFL
we mention path following (make the output of a dynamical system approach and
follow a path) [2, 18, 19], and the stabilization of virtual constraints in mechanical
systems [24].

Another important application of our main result is the solution of the following
zero dynamics assignment problem with relative degree. Given a control-affine system
and a controlled invariant manifold I'*, does there exist an output function yielding
a well-defined vector relative degree whose associated zero dynamics manifold locally
coincides with I'*? Our main result in Theorem 3.2 gives checkable necessary and
sufficient conditions that completely answer this question.

This paper is organized as follows: Section 2 contains mathematical preliminaries.
Section 3 presents the formal problem statement, the statement of our main result,
Theorem 3.2, and a comparison of our result to the solution of the classical state-space
exact linearization problem [8, 12]. A relationship to the partial feedback lineariza-
tion problem is established in Theorem 3.5. In Section 4 we introduce the notion
of transverse indices, compare them to the controllability indices of Marino [15] in
Lemma 4.1 and establish their feedback invariance. The proof of the main result is
presented in Section 5 and Section 6 contains concluding remarks.

2. Preliminaries. Consider a control system Y modeled by equations of the
form

X o= f(z)+ Zgl(x)ul =: f(z) + g(z)u. (2.1)
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Here x € R™ is the state, and u = (u1, ..., u;,) € R™ is the control input. The vector
fields f, g1, .., gm : R® — TR™ are smooth (C*°). We assume throughout this paper
that g1,...,9m are linearly independent.

When we talk of a manifold M, we mean a smooth manifold without boundary.
By a submanifold is meant an embedded submanifold. All objects are presumed to
be smooth. In this paper we consider submanifolds of R™, where R™ is identified with
Fuclidean n-space.

2.1. Notation. If k is a positive integer, k denotes the set of integers {0,1,...,
k—1}. We let col(zy,...,z%) := [r1 ... x,]" and, given two column vectors a and
b, we let col(a,b) := [a’ b"]T. If U is an open set of R", let Diff(U) denote the
collection of diffeomorphisms from U to some open set U € R™. If F : M — N is
a map between manifolds then dF, : TyM — Tp, N denotes its differential. If M
and N are vector spaces, then use dF, to denote the Jacobian matrix of F' at z. If
F : M — N is a diffeomorphism between two manifolds, and if v is a vector field on
M, then the differential of F' can be used to define a vector field on N by means of
the push-forward map Fj, defined as Fyv(q) = (dev(p))‘p:Ffl(q). This corresponds
to the usual change of coordinates in a differential equation. We denote by I,,, the
m X m identity matrix. The direct sum of two matrices A and B is the block diagonal
matrix

A@Bz[A 0]

0 B

where the zeros denote matrices of suitable size. Given two subspaces V and W of
the same vector space, the notation V' @ W (internal direct sum) is used to represent
the subspace V 4+ W when V and W are linearly independent.

DEFINITION 2.1. Given an open set U C R™, a regular static feedback, denoted
(o, B), on U for the control system (2.1) is a relation

u=a(z) + B(x)v

where u = (u1,...,Up) and a : U — R™, 3: U — GL(m,R) are smooth mappings.
We denote by f = f+ga and g := gB the vector fields obtained after the application
of (a, B). -

DEFINITION 2.2. Two control systems X : & = f(z) + g(x)u and X : & = f + ¢4,
are feedback equivalent on an open set U C R™ if there exist a reqular static feedback
(o, B) defined on U and a diffeomorphism = € Diff (U) such that

f=Ef+gq), §=CE.(98)

on U.

On a manifold M, V(M) will denote the set of all smooth vector fields on M
and C°° (M) the ring of smooth real-valued functions on M. Given v € V(M), ¢} (p)
denotes the solution of & = v(x) with initial condition z(0) = p at time ¢. A closed
connected set N C M is said to be invariant for f € V(M) if

(po € N) = (vt € R)(¢] (po) € N).

A closed connected set N C R" is called controlled invariant for (2.1) if there exists
a smooth feedback smooth @ : N — R™ making N an invariant set for the closed-
loop system. Following [28], we denote the class of closed, connected, embedded
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submanifolds of R™ which are controlled invariant for (2.1) by #(f,g,R™). If N €
J(f,g,R™), we write Z(f, g, N) for the collection of maps that render N controlled
invariant, i.e. maps @ : N — R"™ such that f 4 gu is tangent to N, i.e.,

(f +gu)|y: N —TN.
If feV(M)and A € C*°(M) then
= @) - 2w)

LiAp) = %Lo h
is the Lie derivative of A with respect to f at p, it is also an element of C°°(M). If
fsg € V(M) then the Lie bracket of f and g is defined by the following relation

LipgA = L(LgA) — Lg(LgA), VA€ C(M).
We will use the standard notation for iterated Lie derivatives and Lie brackets
LgLf)\ = Lg(Lf/\),
LoX =X, LiX:=Ly(LE'))

1

ad(}g =g, adl]fcg = {f, ad;ﬁ_lg] , k>1

The set V(M) can be equipped with different algebraic structures. For our purposes
it suffices to consider V(M) as either (i) a vector space (infinite dimensional) over R
which, when endowed with the Lie bracket [, | : V(M) x V(M) — V(M), becomes a
Lie algebra, or (ii) a module over the ring C*°(M). Given a Lie algebra g, a subset
h C g is called a subalgebra if hi, ho € b implies [hq, ha] € b.

Finally, if A C M is any subset, then a smooth map » : M — A such that
r| 4, = 14, where 14 is the identity map on A, is called a smooth retraction of M
onto A. The following lemma regarding retractions is a simpler, local version, of the
Tubular Neighborhood Theorem [5].

LEMMA 2.3. Let N C R" be an n*-dimensional submanifold of R™. Then,
for every p € N there exist a neighborhood U of p in R™ and a smooth retraction
r:U—=NNU.

2.2. Vector Bundles. The discussion, terminology and notation of this section
is standard and can be found in [6] or [25]. A smooth n-dimensional vector bundle
(or n-plane bundle) & = (7, E, B) can be thought of as' a family {E,},ecp of disjoint
n-dimensional vector spaces parameterized by a space B. The union of these vector
spaces is the space I and B is called the base space. The map 7: F — B, E, — p is
a smooth surjective submersion and is called the vector bundle projection. Moreover,
¢ is “locally trivial” in the sense that, locally (with respect to B), E looks like a
product with R™: for each p € B, there is a neighborhood U of p and a diffeomorphism
t:m Y (U) - U xR™, vy — (t1(q), t2(q)v), which is an isomorphism from each fibre
7 1(q) onto ¢ x R™ for each ¢ € U. This property is exhibited by the commutative
diagram below where 7 (g, v) = q.

U) ——=U x R"

| A

U

1The discussion here is informal. In particular we define a vector bundle as a triple (, E, B)
where more formally one defines a vector bundle as a 5-tuple by augmenting the above triple with
two operations @ and ®. See [6], [25] for more details.
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The pair (7~!(U),t) is called a vector bundle chart with domain U and dimension
n. The collection of all vector bundle charts of £ is a vector bundle atlas. A vector
bundle is a manifold in its own right with an atlas of compatible vector bundle charts.
We will usually refer to a vector bundle as simply &, or 7 : E — B or even denote the
bundle by E alone.

If A C B is any subset and { = (7, E, B), then we denote 7~ !(A) by E|, the
restriction of £ to A. It is a well-defined vector bundle. A subbundle of the bundle
¢ = (m, E,B) is a bundle & = (m, Eo, B), over the same base space B such that
Ey C E, and 7 B, = To- Additionally, there must exist a vector bundle atlas ® for §

such that if (771(U),t) € ®, the following diagrams commute

U U) —2 U xRF xR* 1 (U) —> U x RF x {0}

| o

U U

The prime example of a vector bundle is the tangent bundle 7 : TM — M of a
manifold M. If N C M is a submanifold of M, then T'N is a subbundle of T'M |

TN ={vy, € TM|y : v(z) € T,N}.

The algebraic normal bundle of N in M is the subbundle over N whose fibres are the
quotient spaces T, M /T, N. It is denoted T'M|, /T N.

Let £ = (m, E, B) be a smooth vector bundle. A C'*° inner product or orthogonal
structure on ¢ is a family {«,},ep where each «, is an inner product on E, and the
map (p,y,2) — ap(y,z) defined on {(p,y,2) € BXxE X E : p =7(y) = 7(z)} is
C®. The pair (£, «) is called an orthogonal vector bundle. If M is a manifold, a C*
orthogonal structure on T'M is called a Riemannian metric. In this paper, orthogonal
structures will always arise in subbundles of TR"™|y, where V is a submanifold of R",
whereby the standard inner product on R™ is used. Suppose (£, ) is an orthogonal
vector bundle. If y, z are in the same fibre E,, we write (y, z) or (y, z), for a,(y, 2).
If ¢ = (n°, E°, B) C n = (m, E, B) is a subbundle, the orthogonal complement £+ C g
is the subbundle defined fibre-wise as

(gj_)p = (gp)L ={ye E,: (y,2) =0, z € E;S}'

Note that £+ is isomorphic to n/&. Of particular interest to us will be the case when
N C M is a submanifold and M has a Riemannian metric. In this case TN+ C TM|,
is called the geometric normal bundle of N in M.

2.3. Distributions. A smooth distribution D on a manifold M is an assignment
to each p € M of a subspace D(p) C T, M which varies smoothly as p varies. Locally, a
smooth distribution is spanned by a collection of smooth vector fields which are called
local generators. A point p € M is a regular point of D if there exists a neighborhood
U containing p for which dim (D(g)) is constant for all ¢ € U. In this case D is said to
be non-singular on U. If p is a regular point of a distribution D with dim D(p) = d,

then there exist an open neighborhood U° of p and d smooth local generators f1, ..., fq
defined on U such that for each ¢ € U°, D(q) = span{fi(q), ..., fa(q)}. We will write
D = span{fi,..., fa} when such a finite set of local generators exist.

A non-singular distribution can be viewed as a subbundle of TM. As such,
when TM has an orthogonal structure, we will use the notation D to indicate the
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orthogonal complement of D in 7M. This stands in contrast to the notation ann(D)
which we use to denote the annihilator of D contained in T'M™*, the cotangent bundle.
If D is a distribution defined on a manifold M and N C M is a submanifold we will
at times consider the subbundles TN + D and TN N D of TM|, defined fibre-wise,
for each p € N, by T,N + D(p) and T, N N D(p), respectively. The following fact is
used in the sequel.

LEMMA 2.4. Let N C M be a C*®-submanifold of the C*-manifold M. Let
p € N be a reqular point of a C°-distribution D on M. Suppose there exists an open
neighborhood V in N such that dim(T, N N D(p)) is constant for all p € V. Then
there exists a neighborhood U of p in' V' such that TNND and (TN N D)J‘ are smooth
in U.

Given a smooth distribution D on M, we denote by D the involutive closure of
D, i.e., the intersection of all involutive distributions containing D. We denote by
Lie(D) the smallest subalgebra of V(M) containing the vector fields in D. We will use
Liegeo(ar) (D) to denote the smooth distribution spanned by vector fields in Lie(D).
Then, Liece(ar)(D) € D and generally the inclusion is proper.

If A and A are distributions and f is a vector field, then we use the following
notation

[AA] =span{[X,Y]: X € A)Y € A}
[f, A] = span{[f,7] : T € A}.

A smooth distribution A is invariant under a vector field f if [f,A] C A. A dis-
tribution A defined on an open set U is called locally controlled invariant for the
dynamics (2.1) if for each zg € U there exist a neighborhood U of x¢ and a regular
static feedback (a, 3) on UV such that

] s
3, A] C A, ie{l,...,m},

where f = f + ga and § = gps.

THEOREM 2.5 ([7], [9], [10], [20], [21]). Let A be an involutive distribution. Sup-
pose A, and A+span{gi, ..., gm} are nonsingular on U. Then A is locally controlled
invariant for the dynamics (2.1) if and only if

[f,A] € A +span{g1,...,gm}
[gis A] € A +spanf{g1,...,9m}, i€{1,...,m}.

3. Local Transverse Feedback Linearization Problem and Solution. In
this section we present the main problem studied in this paper. Suppose we are given
a pair (I'*,u*), where T'* € J(f,¢,R"), dimI'™* = n*, and v* € F(f,¢,'*). In
this presentation we consider the controlled invariant set I'* as a given data. For
example in a mechanical system this might correspond to a motion planning task
being solved in order to obtain the shortest path between two given points. In most
situations, however, one is given a set I', perhaps defined by virtual constraints or
design goals, and then one must pare away pieces of I'" until all which remains is
the largest controlled invariant submanifold I'* contained in I'. Various tools in the
literature exist for this purpose (see for instance the zero dynamics algorithm [9] or
the constrained dynamics algorithm [21]). Generally, the existing tools generate a
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local characterization of I'* about the initialization point of the algorithms. In some
cases, viability theory [1] can be used to obtain global characterizations of invariant
sets for dynamical systems. The main problem investigated in this paper, stated next,
concerns the decomposition of the system dynamics into a subsystem describing the
motion on I'* and one describing the motion transversal to I'*, with the essential
requirement that the transversal subsystem be feedback linearizable.

Local Transverse Feedback Linearization Problem (LTFLP): Given a pair
(T, u*) € Z(f,9,R™) x F(f,g,R™) and a point py € I'* find, if possible, a neighbor-
hood U of pg in R"™, a transformation Z € Diff(U), =E: U — R x R" " 1+ (2,8),
and a feedback transformation (a, 3), such that (2.1) is feedback equivalent on U to

2= f22,6) +9'(%, v + g°(2,Ova

£ = At + By, 31

where v = col(vi,v2) € R™, B is full rank, the pair (A, B) is controllable, and
E(I*NU) = {(2,6) e R* xR : ¢ =0}.

In words, we seek to characterize conditions under which (2.1) is feedback equiv-
alent to a system whose dynamics transversal to the set I'* are linear, time-invariant
and controllable. LTFLP asks for a coordinate and feedback transformation valid
on U which generates a normal form with two types of decompositions. On the one
hand, system dynamics near I'* N U are decomposed into a tangential subsystem, the
z-dynamics and a transversal subsystem, the {-dynamics. On the other hand, the
original m control inputs are decomposed into transversal and tangential components
v1 and vg, respectively.

The terminology “transverse feedback linearization” should not be mistaken for
“transverse linearization,” a technique consisting in the Jacobian linearization of the
dynamics transversal to a periodic orbit. In the special case when I'* is a periodic
orbit, the notions of “transverse feedback linearization” and “transverse linearization”
differ similarly to the way that “feedback linearization” around an equilibrium differs
from “linearization” around the equilibrium.

Transverse feedback linearization finds application in the stabilization of I'*. For,
if a transversal controller v; is designed that stabilizes £ = 0, and the trajectories
of the closed loop system are bounded, then the controller stabilizes I'* in original
coordinates. If, on the other hand, the trajectories of the closed-loop system are not
all bounded, then stabilization of & = 0 implies the stabilization of I'* in original
coordinates if there exists a class-K function « such that ||£(z)| > a(||z||r+), where
|z|lr+ is the point-to-set distance of a point x to the set I'*, defined as ||z||p+ :=
inf,epr« ||z — p||. Hereafter, we assume that the preliminary regular feedback (u*, I,
is applied to (2.1) so that f|.. is tangent to I'*. Next, we present a technical result
which is useful in proving the main theorem.

THEOREM 3.1. LTFLP is solvable if and only if there exist py smooth R-valued
functions aq, ..., a,,, defined on an open neighborhood U of pg in R™, such that

(1) UNT*C{zelU:aix)=0,i=1,...,p0}

(2) The system

= f(z)+ i(2)u;
2.0 (3.2)

y' = col(an (), .., a(z))

has vector relative degree {ki, ..., kp,} with ki + -+ k,, =n —n* at po.
7



Moreover, the zero dynamics Z* of (3.2) coincide with T* on U: Z*NU =T*NU.
We omit the proof of Theorem 3.1 and instead refer the reader to [19, Theorem 4.1]
whose proof is identical. System (3.2) has m inputs and py outputs and hence is not
square. The notion of vector relative degree of a non-square system is the same as
that of a square system given in Section 5.1 of [9], with the difference that the pg x m
decoupling matrix A(z) with components a;;(z) = Ly, L?_lai (x) is assumed to be
full-rank, rather than non-singular, at pg.

In Section 4 we give the coordinate-free definition of transverse controllability
indices. It turns out (see Lemma 4.3) that {ki,...,k,,} in Theorem 3.1 are precisely
the transverse controllability indices of (2.1) with respect to I'*.

Theorem 3.1 characterizes the solvability of LTFLP in terms of the existence of
a virtual output function o : U — R0 satisfying (1) and (2). Once the output
function is known, a coordinate and feedback transformation yielding (3.1) is found
constructively using [9, Proposition 5.1.2] and additional elementary manipulations.
The theorem also shows that LTFLP is equivalent to the zero dynamics assignment
problem with relative degree mentioned in the introduction. For, the theorem states
that LTFLP is solvable if and only if I'* can be made into the zero dynamics manifold
of (2.1) induced by a suitable output yielding a well-defined vector relative degree.
On the other hand, Theorem 3.1 does not give any way of finding the output function
or even to determine whether it exists. Hence, it has limited value for constructing
the coordinate and feedback transformation.

Consider the distributions
G; = span{adjcgk 0<j<i, 1<k<m}, (3.3)
and recall from Section 2 that G; denotes the involutive closure of G;. Now the main
result of this paper.

THEOREM 3.2 (Main Result). Suppose that G;, i € n—n* — 1 are regular at
po € T'*. Then, LTFLP is solvable at py if and only if

(a) dim (T, I + Grn+—1(po)) = n
and there exists an open neighborhood U of py in R™ such that for alli € n —n*—1

(b) (Vp € T*NU) dim(T,I'* + G;(p)) = dim(T,I'* + G;(p)) = constant.

It is useful to specialize Theorem 3.2 to the case when I'* is an equilibrium,
because in this special case LTFLP coincides with the state-space exact linearization
problem whose solution was given in [8, 12].

COROLLARY 3.3. Assume that T* = {po} is an equilibrium point of the open-loop
system @ = f(z) and that G; , i € n — 1, are regular at po. Then, LTFLP is solvable
at po if and only if

(a) dimG,_1(po) =n

(V') Gi, i € n—1, are involutive and regular at pg.

Proof. Tt suffices to show that, under the assumption that the distributions G;
are regular, (b') is equivalent to condition (b) in Theorem 3.2. Assume that (b) holds,

i.e.,, Gi(po) = Gi(po). For all p in a neighborhood of py, one has

dim(Gi(po)) < dim(Gi(p)) < dim(Gi(p)) = dim(Gi(po)) = dim(Gi(po)),

and so all inequalities above are equalities. Therefore, dim(G;(p)) = dim(G;(po)) and
dim(G;(p)) = dim(G;(p)), proving that (b)) = (b’). The converse implication is
obvious. O

We recall the classical result



THEOREM 3.4 (State-Space Exact Linearization [8, 12]). Assume that T™* = {po}
is an equilibrium point of the open-loop system & = f(x). Then, LTFLP is solvable
at po if and only if conditions (a) and (V') in Corollary 3.3 hold.

Note that conditions (a) and (b) in Corollary 3.3 imply that the distributions
Gy, i € n — 1, are regular at pg. Thus, in the special case when I'* is an equilibrium
point, the conditions of our main result coincide with those of the state-space exact
linearization problem. The difference between Corollary 3.3 and Theorem 3.4 is that
the former relies on the preliminary assumption that the distributions G; are regular
at po, while the latter shows that regularity of G; at po is actually necessary for
the solvability of LTFLP, and hence there is no need to impose it as preliminary
requirement.

The assumptions of Theorem 3.2 are checkable, however its proof does not pro-
vide a constructive procedure for finding the virtual outputs described in Theorem 3.1.
The next result sheds additional light on LTFLP by relating it to the partial feed-
back linearization problem. The result isn’t a viable solution to LTFLP because its
assumptions are not checkable. On the other hand, the theorem provides guidelines
for finding the output function in Theorem 3.1, as discussed below.

THEOREM 3.5. Suppose that G;, i € n —n* — 1 are reqular at py € T'*. Then,
LTFLP is solvable at py if and only if there exist a neighborhood U of po and a smooth,
involutive, and reqular distribution A on U such that

(i) Alp. =TT*.

(ii) A is locally controlled invariant under (2.1).

(ili) (VpeI*NU) dim(T,I* + Gp_ns—1(p)) = n.

(iv) (Vien—n*—1) A+ G, is regular and involutive on U.

Proof. Suppose that LTFLP is solvable at pg. The necessity of conditions (i) -
(iv) can be easily shown by considering the normal form (3.1) and taking

0 0
A—Spaﬂ{a—zjl,...,az—n*}. (34)

Conversely, suppose conditions (i)-(iv) hold. These conditions imply the conditions
of [11, Theorem 2.1]. In particular, condition (iv) implies conditions (a) and (b) of [11,
Theorem 2.1]. Therefore, by [11, Theorem 2.1] we obtain a system whose dynamics in
transformed coordinates is given by (3.1) and where A is given by (3.4). The integral
submanifolds of A foliate a neighborhood U of py and are locally given by the sets
{(2,€) : € = €% = constant}. Condition (i) means that one of the leaves of the foliation
is precisely I'* N U. Without loss of generality this leaf is taken as the zero level set
{(.€) 1€ =0}. 0

Note that the distribution A in Theorem 3.5 is not unique. Also note that this
theorem involves an interaction between the concepts of controlled invariant distri-
butions and controlled invariant manifolds. Together, Theorems 3.1, 3.2 and 3.5 can
be used to find solutions to LTFLP. The following steps outline the typical procedure
one may follow in searching for the output function.

1. Represent I'* in a neighborhood of pg as the zero level set of n — n* R-valued
functions. Using Theorem 3.1, check if there exists a subset of py of these
functions, with pg defined in (4.1), yielding the correct vector relative degree.

2. If the above step fails, check the conditions of Theorem 3.2 to verify whether
or not the problem is solvable. In simple cases, the procedure described in
the proof of Theorem 3.2 may yield the desired output functions.

3. If Theorem 3.2 establishes that the problem is solvable, then there exists a
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distribution A satisfying the conditions in Theorem 3.5. If A is found then, af-
ter computing the controllability indices defined in (4.2), the output functions
are obtained by finding those exact one-forms that span the codistributions
ann (A +G;), i =0,...,k; — 2, and arranging them in the order illustrated
below, with the integers p; defined in (4.1).

ann (A 4+ Gg, —2) day

ann (A + G, —2—;) dchal

ann (A + Gi,—2) dL;fl*bal do
ann (A + Gi,—2—;) dLl;l_kﬁjal dchag

ann (A + Gi,—2) dL;fl*]%al dL]Jfrl63 oy dosg

k1 _kpo k2 _kpo

ann (A + kao,g) de a1 de oy oo dop,
ann (A + Go) dL];172a1 dL];rQag e dLI;"“dapo.

In each row of the above table, the codistribution in the left column is locally
spanned by all of the differentials in that row plus all the differentials in the
rows above. For example, locally we have that

ann (A + Gi,—2) = span{das,dLsaq, ... ,dL;fl*]”al, das}.

The functions aq,...,ap,, resulting from the integration of the exact one
forms day, . . ., doy,, along the diagonal of the table, are the required outputs.
Next we present an example to illustrate the use of Theorems 3.1, 3.2 and 3.5.

Example. Consider the system

—x2 0 —T2
xr = 1 0 uy + 1 Uo
T3X4g I3 0
0 1 0

along with the pair (I'*,u*) € Z(f,g,R*) x Z(f,g,R*)

I*={zeR': 2! + 25 — 23 =124 =0}
u* = col(0,0).

The set I'* is an elliptic paraboloid embedded in the subspace {x € R* : x4 = 0}.
We want to perform transverse feedback linearization of (3) with respect to I'* near
po = col(4,0,2,0). In this example n = 4 and n* = 2 so we seek to feedback linearize
a subsystem of dimension n — n* = 2. The natural approach to solving this problem

10



is to check if one of the two constraints which define I'* satisfy the conditions of
Theorem 3.1. In this case, both constraints, taken individually as scalar outputs, yield
a well-defined relative degree near pg of 1 which does not equal n—n*. Taken together,
as a vector output, the constraints do not yield a well-defined vector relative degree.
In both cases, the conditions of Theorem 3.1 are not satisfied by these constraints.
Next, we check whether or not LTFLP is solvable for (3) using Theorem 3.2. Checking
condition (a) one finds

lel (TPOF* —|— G1 (po)) = 4

Also, since [g1, g2] = 0, it follows that Gy = G everywhere. It is then an easy matter
to check that for any p € I'*, dim (T,I"* + Go(p)) = 3. Thus condition (b) holds and
LTFLP is solvable despite the fact that the constraints which locally define I'* do not
satisfy Theorem 3.1.

The fact that Theorem 3.2 holds for this system implies that there exists a dis-
tribution A satisfying Theorem 3.5. After some trial and error, one finds that the
distribution

—XT2 X1
- 1 T2

A = span 0 | 2w,
0 0

satisfies the conditions of Theorem 3.5. Then, by Frobenius theorem, there exists an
exact one-form da which spans ann(A + Gy). The corresponding function « is given

by
T3
:1 _ —
a(x) n<x%+$%) x4

which yields a well-defined relative degree of 2 at py and satisfies Theorem 3.1. As a re-
sult, the coordinate transformation = : z — col(z1, 22,&1,&2) defined as 21 = 21, 20 =
x2, &1 = o, §o = Ly = x4, directly yields the normal form (3.1), with v1 = u; and
vy = uz. The coordinate transformation Z(z) is valid on R*\ ({z € R* : 21 = x5 = 0}
U{z € R*: a3 = 0}).

4. Transverse Controllability Indices and Preliminary Results. In lin-
ear systems theory, controllability indices, see [4] and [29], describe certain proper-
ties which are invariant under coordinate and nonsingular feedback transformations
and serve to categorize controllable linear systems. Controllability indices have been
ported to the nonlinear setting. They have been used to characterize the largest feed-
back linearizable subsystem of a nonlinear system [15], and conditions under which
a system is feedback linearizable, see [17], [21]. Here, we adapt these ideas to the
framework of transverse feedback linearization. Let V be an open subset of I'*. For
each p eV, let

po(p) := dim(T,T* + Go(p)) — n* (4.1)
pi(p) = dim(T,I* + Gi—1(p) + ad}Go(p)) — dim(T,I* + Gi—1(p)), '

1 =1,2,..., where G; are defined in (3.3), and

ad}Go = span{ad}X : X € Go}, i =0,1,....
11



Geometrically, at each p € I'*, the integers p;(p) represent the number of linearly
independent vectors in ad}Go(p) which are not in T,T'* + Gi—1(p). Associated to the
list {po(p),...,pi(p),...} 1s a set of po(p) integers, {k1(p), ..., kp, (p)}, which we refer
to as the transverse controllability indices of (2.1) with respect to T'*, defined as (we
omit the argument p)

ki :==card{p; >, 7 >0}, ie{l,...,po}. (4.2)

Note that ki > ko > --- > k,,. We show in Corollary 4.2 that the transverse
controllability indices are invariant under coordinate and feedback transformations.

Condition (b) of Theorem 3.2 implies that pg, p1, ..., Prn—n+—2 = constant while
condition (a) implies that >, p; = n—n*. In the special case when I'* is an equilibrium
point, it is useful to compare our definition of controllability indices with the definition
by Marino in [15]. Marino’s definition relies on the distributions

Yy=f+Go={f+g:9€Go}
%:%*14_[%]"5%*1]7 gOZG()v 7;:1725"'a
Lgﬂi:g;_l-‘rad;‘cGo, Fo=Gp, i=1,2,....

and uses the integers

ro = dim %
r; =dim.% — dim%,_,

in place of the integers p; in the definition of controllability indices. We now show that,
when I'* is an equilibrium point, the integers p; and r; are identical and thus the notion
of transverse controllability indices reduces to the classical notion of controllability
indices.

LEMMA 4.1. For all non-negative integers i, G; = 9;. Thus, when T* = {po} is
an equilibrium point, p; = r;.

Proof. By definition, Gy = % so the lemma trivially holds for ¢ = 0. We now
show that G; C % for all i € N. By definition,

G =%+ 9, Y1)

Since f € ¥, it follows that G; C ¥; for all nonnegative integers 7, which implies
G CY.

Next, we show that ¢, C G; for all i € N which implies ¢; C
it suffices to prove that &; C Liecee(rn)(Gi) since Liegeogn)(Gi) €
that go - LieCco(Rn)(GO) and

7, CE'Z-. To this end,
G;. It is obvious

4 = Go + 9, Go]
= Spa‘n{gla <oy 9m, adfglu e 7a'dfgmu [9791]7 ey [gugm] g S GO}
g Liecm(Rn)(Gl).
For the induction, assume that, for some positive integer I > 2,
9, 1 C LieCm(Rn)(Gi71>, 1€ {2, .. .,I}.

We must show that &; = 4, 1 + (97, %;_1] C Liecoorn)(G) for i € {2,...,I}. It is
enough to prove that (47,9, 1] = [f,9;_1] + [Go,%—1] C Liece ®n)(G;). However,
12



since [Go,¥;—1] C Liegeo(rn)(Gi—1) C Liegern)(Gi), all we are left to show is that
[f,%i—1] C Liegeo (rn)(Gi)-

Let 71 = g1, 2 = g2, --» Tim—1 = ad} "gm_1, Tim = adif*lgm. Then a general
vector field in Liegoo (gny(Gi—1) is a C* (R”g—linear combination of vector fields of the
form

0= [Tjk7 I:Tjk—17 AR [Tj277—j1H] ) (43)

1 < jr <im, 1 <k < oco. By assumption, any vector field in ¥;_; can also be
expressed in this way. Take any vector field h € ¢;_1 and consider

[F 0] =[f,>eti] = [f, citi]

i€l i€

where 7 is some finite index set, ¢; € C*°(R"), and ¥; are of the form (4.3). Each
term in the above summation can be expressed as [f, ¢;t:] = ¢[f, 9] + (Lyei) ¥, so
it is enough to show that [f, ] € Liecee(gn)(Gi) where ¥ is of the form (4.3).

When k =1, i.e. ¥ = 75, then [f,7;,] € G; C Liegoo(rn)(Gi). Next assume that

U= [Tjk—l’ [Tjk—27 e [T, Tl]“

is such that [f,] € Liegern)(Gi). We will show that [f, [7;, ,9]] € Liegeogn)(Gi).
Clearly, [, ,9] € Liegee(gny(Gi—1) for any 1 < jp <im. By the Jacobi identity

[fa [Tjk”ﬂ]] = [[19’ f] ’Tjk] + [[fv Tjk] 719] )

and since [0, f] € Liegoo(gny(Gi) and 75, € G;_1, it follows that [, f],7;,] €
LieCm(Rn)(Gi). Also, [f, Tjk] € G, so that [[f, Tjk] ,9] € 7LieCco(]Rn)(Gi). This in-
duction argument shows that [f,%; 1] C Liegern)(G;) € Gy as required. 0

COROLLARY 4.2. The transverse controllability indices of system (2.1) with re-
spect to a set T'* are invariant under coordinate and feedback transformations.

Proof. The push forward map F, associated with any F' € Diff(U) is an isomor-
phism at each p € T* N U. It follows from the definition of the integers pg,..., pi, ...
that they do not change under coordinate transformations. By Lemma 4.1,

pi(p) = dim(T,I* + i(p)) — dim(T,I'* + Z;—1(p))-

In [15, Proposition 2] it is shown that .#; and &;_; are feedback-invariant, and so the
integers po, ..., pi, . .. are also invariant under feedback transformations. O

LEMMA 4.3. Suppose that LTFLP is solvable at pg € T*. Then the transverse
controllability indices of (2.1) with respect to T'* coincide with the controllability in-
dices of (A, B) in (3.1).

Proof. This lemma will be proved by direct calculation of the integers p; in (z, §)
coordinates. Let V = Z(I"*NU). By the properties of the normal form (3.1), for any
peI™*NU, Z(p) = col(p,0). Hence, in (z,£) coordinates we have that for any p € V
and any ¢ € n — n*

Lo * *x ... *
T,V 4+ G;(col(p,0)) = Im ([Onn*xn* B AB . AiB]> ) (4.4)
In (2,€) coordinates, consider the collection of constant distributions A;, i € n — n*,
given by
Aj=Im(I,-®[ B AB ---A'B]).
13



At each p € V, Aj(p) = T,V + Gi(col(p,0)). Furthermore, since each A; is (trivially)
involutive and Gj|,, C A;, it follows that Gi‘v C A,;. This shows that for all i €
n—n*
TV +G; CA =TV +G;.
On the other hand, TV + G; C TV + G, always holds, and so we have shown that
A, =TV +G; =TV + G;. Calculating the integers p; we have
pi(p) = dim(T,I* + Gi—1(p) + adyGo(p)) — dim(T,I* + Gi—1(p))
= dim(T,T* + Gi—1(p) + ad}Go(p)) — dim(T,I™* + Gi_1(p))
= dim(T,I™ + Gi(p)) — dim(T,I™ + G;—1(p))
= rank(4;) — rank(A;_1)
=rank([B --- A'B]) —rank([B --- A" B]).
The claim follows from the definition of the integers {k1,...,k,,}. O
When the transverse controllability indices are constant on an open subset of I'*

and the distributions G; are regular, the next two lemmas establish the existence of a
feedback transformation yielding a particularly useful set of local generators for each

o LEMMA 4.4. Let U be an open subset of R™ such that V := U NT* # 0. Assume
that, for all i € n — n*,

(Vp € V) dim(T,T* + Gy(p)) = dim(T,T* + G;(p)) = constant

(Vp € U) dim(Gy(p)) = v; = constant.
Then, pg > p1 > -+ > pn—n+—1 and there exist an open set U C U and a reqular

static feedback (o, B) on U such that, letting V := U NT*, for all p € V and for all
i € n —n* the following holds

T,T* + Gi(p) = T,T* @ @span{ad;@k 1 <k<p}p) |- (4.5)

Jj=0

Proof. Choose an open set U C U such that V := U NT* # () and such that V
is covered by a coordinate chart in the atlas of I'*. Apply the preliminary feedback
transformation (u*, I,,) defined on V. Let f = f+ gu*. On V, define the distribution
(i.e. a subbundle of TR"||, defined using the natural orthogonal structure on R")

Go = [GQ n T‘/v]L N éo.
On V, Gy N TV is constant dimensional since
dim(Go NTV) = dim(TV) + dim(Gp) — dim(TV + Gy).

Since Gy and T'V are regular distributions and their intersection is constant dimen-
sional, it follows from Lemma 2.4 that, by possibly shrinking U (and hence V'), GoNT'V/
is smooth and so too is [Go N TV]*. Thus, Gy is the intersection of smooth, regular
distributions. Furthermore, Gy has constant dimension on V since, for each p € V,

dim(Go (p))
=n — dim(Go(p) N T,V) + dim(Go(p)) — dim ([Go(p) N T,V]* + Go(p))
= dim(Go(p)) — dim(Go(p) N T,V)

= Po-
14



Since Go € Go and GoNTV = (Gg +TV+) N (Gg + TV4L)L =0 we have
(Vp € V) T,V & Go(p) = T,V + Go(p) = T,V + Go(p)-

By construction, V is covered by a coordinate chart, so there exist n* vector fields
on V such that at each p € V, T,V = span{vi,..., v, }(p). Moreover, by possibly
shrinking U (and hence V'), there exist pg vector fields wy, ..., w,, : V — TR"|,, such
that Go = span{wy,...,w,,} so that, on V,

TV & Go = span{vy, ..., Vnx } @ span{wi, ..., Wy, }.

Using the fact that Gy C TV + Gy, we write
u@zZaivk—i—ZﬁiQk, i=1,...,po, (4.6)
k=1 k=1

where ai V=R, ﬁi : V. — R are C*°(V) functions. Let By be the m X py matrix
of real-valued functions whose (k, j)-th element is 3; and let

(a1 - oo =] - 9gm |Po

We now show that §i,...,§,, are linearly independent which implies that 3y is full
rank. Suppose there exist pg functions ¢; € C°°(V') such that > .7°, ¢;g; = 0. Then,
by (4.6), >-7°, ¢;w; € TV which implies ¢; = 0,4 =1,..., pg, since GoNTV = 0. Note
that this argument also shows that span{gi, ..., g, } VTV = 0. For, if this were false,
then there would exist a linear combination of the w;’s in (4.6) which, point-wise,

belongs to T, V.

Next, we seek m — pg vector fields G,o+1, ..., Jm which belong to TV and such
that, on V', span{g1,...,Gm} = Go. By possibly shrinking U (and hence V'), there
exists a set of smooth local generators, §p,+1,- - -, Gm, for Go NTV. We now have the

desired decomposition on V'
TV + Gy =TV + Go = TV & span{ii, - - -, G }+
where, in the new basis for Gg, at each p € V

G1(P)s - - -+ 9po(P) € Go(p),

§P0+1 (p), ce ,f]m(p) = TpV (47)

On 'V, f(p) € T,V, so we have that adj;gk ETV+Gj 1, po+1<k<m, j=0,1,...
and hence pg > p1,-. ., Pn—n*—1- '

Now we perform the induction step. Assume that, for some positive integer I,
and any i € {0,..., I}, there exists a basis {g1,...,Jm} for Go such that

1—1
Q) TV+Gio1 =TV & @span{ad;gk 1<k <p,}
=0
(b) (W € {pim1 +1,...,m}) ad’ gy € TV + Gios.
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Property (b) implies that p;—1 > pi, ..., Pn—n+—1. We now seek a basis {g1,...,Gm}
for Gg such that for any i € {0,...,I},

() TV +Gi =TV @ | Pspan{adign : 1 <k < p;}
=0

®) (VEe{pi+1,...,m}) ad;gk eTV +Gi .
On V, define the distribution
Gi = [éi NIV + Gi—l)r_ N G;.
Note that G; N (TV + G;_1) is constant dimensional since
dim(G; N (TV+Gi-1)) = dim(G;) + dim(TV + Gi—1) — dim(TV + G;).

The distribution G; is regular on U and TV + G,;_1 is constant dimensional on V.
Since their intersection is constant dimensional, it follows from Lemma 2.4 that the
orthogonal complement of their intersection is smooth, and thus G;, being the inter-
section of two smooth and regular distributions, is smooth. Furthermore

dimG; = n — dim(G;) — dim(TV + G,_1) + dim(TV + G;)
+dim(G;) — dim ( (G N (TV +Gi1)] " + Gi)
=dim(TV + G;) — dim(TV + G,_1)
By construction, G; C G; and G; N TV + 6’1;1) = 0 so by dimensionality we have
that
(TV—I—GZfl) G = TV—FGZ =TV + G;. (48)

By possibly shrinking U (and hence V'), there exist p; smooth vector fields w, ..., wp,
such that on V, G; = span{ws,...,w,, }. Hence, by (4.8) we can write

Pi—1 m
wi=w+ Y Bladge + Y Fladigs, je{l...pl, (4.9)
k=1 k=pi—1+1

where w € TV + G;_; and each ﬁi 1V — Ris a C*(V) function. By property (b),
forall k € {p;i—1+1,...,m}, ad}gk eTV +G;_1. Let

Pi—1

W = Zﬁgad}gk, i=1,...,p;. (4.10)
k=1

Notice that span{ws,...,w,, } N (TV + @i_l) = 0. For, if this were false, then there

would exist a C°°(V)-linear combination of the w; which belongs to TV +G;_1 which,

by (4.8), is not possible. Furthermore, w1,...,w,, are linearly independent because

if there exist p; functions ¢; € C*°(V') such that on V' ¢y + - - - + ¢,,,, = 0, then,

for some w* € TV +Gi_1, crwy + - + Cp,Wp, —w* =0, thus, cywy +---+cp,w,, =0
16



implying ¢; = --- = ¢,;, = 0. Now let 3; be the p;_1 x p; matrix of smooth functions
whose (k, j)-th element is 3] obtained from (4.10) so that

[y - by, | = [ ad?gl . adlifgpifl } B;.
The vector fields w1, ..., w,, are linearly independent and are generated as the image

of p;—1 linearly independent vector fields under ;. Therefore §; is full rank. We can
now write

TV +G; = (TV + Gi—1) @ span{ty, ..., 0, }.
Let
[gl gpl}:[gl gp171}61

The vector fields {gi,...,§,,} are linearly independent because the vector fields
{91,-..,9p,_, } are linearly independent and f3; is full rank. Moreover, since span{g,

-y 0p;} € span{gi,...,Jp,_, } and both are constant dimensional, we can find (mak-
ing U, and hence V, smaller if necessary) p;—1 — p; vector fields §,,41,...,p,_, such
that span{gi,...,Jp,_,} = span{gi,...,gp, . (hence preserving property (a) from
the induction assumption) and ad’gp, 1, - .., ad}g,,_, € TV + Gi—1. This is done by
finding local generators for the smooth distribution

span{gi, ... ,gpi}L Nspan{gi,...,Jp,_, }

which has constant dimension p;—1 — p;. Finally, let g,,_ 41 = Gp,_141, - -, Im = Im-
We have therefore obtained a basis {§1,...,dm} for Go in which properties (a)" and
(b)/ hold. In summary, the induction process gives a basis for Gg in which the input
vector fields are arranged in such a way that for i € n — n*,

(TV 4+ Gi—1 + adifGo) /(TV +Giq) ~ span{adjggl, . ad;}.gpi}.

We are left to show that this arrangement can be achieved using a regular static
feedback and that the arrangement is valid on U, and not just V' as is presently
the case. To this end, let g = [ g1 - Om ] and define a regular static feedback
defined on V by (&, 3) where & = u* and 3 = (ng)fl g'g. To obtain a feedback
transformation defined off of T, we can, by possibly shrinking U (and hence V),
and applying Lemma 2.3 introduce a retraction r : U — V of U onto V. Then, let
a = d&or and 8 = for. The regular static feedback (a, §) has the desired properties.
O

In order to identify directions in the intersection 7,V N Gi(p) which are not
contained in the intersection T,V N G;_1(p), it is useful to define the integers

po(p) == dim(T,V N Go(p))
wi(p) := dim(T,V N G;(p)) — dim(T,V N G;-1(p)),

for i € N, and let

ni(p) ==Y (),
=0
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so that dim(7,,V NG;(p)) = ni(p). Under the assumption of Lemma 4.4, we have that
dim(T,V N Gi(p)) = n* +v; — dim(T,,V + G;(p)) and hence the p; are constant for all
i € n —n* and we have the following result.

LEMMA 4.5. Let U be an open subset of R such that V := U NT* # (. Assume
that, for all ¢ € n —n*, the conditions of Lemma 4.4 hold. Then, there exists an open
set U C U and ny—n«_1 vector fields v; €V(U),0<j<n—n*—1,1<0< pj, such
that, after the feedback transformation of Lemma 4.4, letting V :=U NT*, and

. 0 j
G, :==span{vy,..., v, ,...... RN T

one has that, for all i € n —n*, on U,

G, = Gy P @span{adﬁ;f];@ 1<k <p,}

Jj=0

and G! ’V —TVNG,.

Proof. Suppose the feedback transformation (¢, 3) of Lemma 4.4 has been applied
which is valid on U C U as defined therein. Since every point p of U is a regular point
for the distributions G;, we can, by possibly shrinking U (and hence V) find a set of
local generators X1, ... ,X,ii valid on U for Gy, i € n — n*.

On V, define the distribution Qo = TV N Gy. By assumption, Qo has constant
dimension pg. Moreover, since (g is the intersection of two smooth, regular distri-
butions and constant dimensional, it is, by Lemma 2.4, smooth. By shrinking U
(and hence V') we can find a basis such that, on V, Qo = span{v1,...,0,,}. By
construction, Qg C Gy so that each 9 € Qo can be expressed as

Vo
b=y XY, kefl,... o},
j=1

where each éé?o : V= Ris a C(V) function. Next, we apply Lemma 2.3 and, by
possibly shrinking U (and hence V') introduce a retraction r : U — V of U onto V.
Let c?o = é?o or so that

Yo

Wim SOhXD e (1l
i=1

are now vector fields defined on U and let Gg := span{v?, .. '7“20}' It follows that
Gl c Gy in U and Gﬂ’v = Qo. By Lemma 4.4, TV + Gy = TV @ span{d1, . .., 0}

so that Qo Nspan{gi, ..., g, } = 0. The distribution G has dimension vy = ng + po
throughout U so that

(Vp € U) Go(p) D span{v?, ... ,vgo}(p) +span{gi, ..., Gp, }(P)
(Vp € V) Go(p) = span{v?, ... ,vgo (p) ® span{gi, ..., Gp, } (P)

0 0
where span{vy,...,v, } CTV.

The vector fields v?, . . ., vgo, G1s-- - Jp, are linearly independent on V/, therefore they
remain linearly independent in some open neighborhood of V' in R", without loss of
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generality U. Therefore, they are local generators for G on U. Next, we perform the

induction step. Assume that, for some positive integer I, and any i € {0,...,1}, on
U,
i—1 ‘
Gi_1 = qu ® @span{ad]fgk 1<k <p;}
j=0 (4.11)

and GL‘_I’V —TVNGiy.

We want to show the existence of p; vector fields vf, ..., v,

{0,..., I}, letting Gy = qu @ span{vi,. .. 7”Li}= one has that, on U,

such that, for any 7 €

G; = Gg D @span{ad}gk 1<k <p;}
et (4.12)

ZTVQGZ‘.

and G y
1%

On V, define the distribution Q; by Q; = (TVNG;)N(TVNG;_1)*. The distribution
Q); is the intersection of two smooth, regular distributions. Furthermore, for allp € V,
dim(Q;(p)) = dim(T,V N Gi(p)) — dim(T,,V N Gi-1(p))
is constant by assumption, thus, by Lemma 2.4, Q); is a smooth regular distribution.
Locally, by making U (and hence V') smaller if necessary, there exist local generators

Ok, k € {1,...,u;}, for Q;. By construction, Q; C G; so that each ¥ € Q; can be
expressed as

Vi

’[)k :Zééng;a ke {17"'a,ui}a

Jj=1

where each & : V — R is a C®(V) function. Let cf; = é¥ or so that

vi
Vi = Zc?iX;, ke {l,...,pu}
j=1

are vector fields defined on U and let G!/Fl := span{vj,..., v}, }. It follows that
Gg/iq C G; and Gy/Fl’V = ;. By the definition of @; and by (4.11) it follows

that, Gy_l‘v N Gy/iq . (TV N Gi-1) NQ; = 0. Furthermore, since (T'VNG;_1) C

(TVNG,), we have that TVNG; = Gl @Gl iy = G!. In addition, by Lemma 4.4,
onV,

GL‘ N @span{adjf;gk :1<k<p;}|=0.
j=0
Finally, since dim(G;) = n; + Zj‘:o p; we have that (4.12) holds on V. Thus, since

Gy C G; on U, (4.12) also holds in a neighborhood of V, without loss of generality,
U.nO
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Lemmas 4.4 and 4.5 elucidate the fact that when the G; are regular and the
integers p; are constant, it is possible to find a local basis for each G; distinguishing
between the tangential component and transversal component. Specifically, we have
that for i € n — n*, on U,

G =Glaag?
(4.13)
= (Gl + G+ 4Gl )@ (Gh+Glo++Ghiy)
where Gy ‘V =TV NG, and
Gl =span{vi:1<j <
i/i-1 t J (4.14)

G?/Fl = span{adif@j 1< <pi}.

The distributions GL‘ Jie1 and G;h/i—l span, respectively, the tangential and transversal

directions contained in G; but not contained in G;_1. An immediate consequence of
Lemma 4.4 is that when Y k; = n — n*, i,

TV + Gy, —1 = TR",
then, after feedback transformation,
TV ®span{ad}gr : 0 < j<n-n*—1,1<k < p;} =TR" (4.15)

As a result, Lemma 4.5 yields the following array? of n independent vector fields on
U.

I . Al rh .
1 GﬁvGOv'"’kao—l/kpon’ka|T—1/k,,0—2’
M . . ol .
2 kao/kpofl’kao/kpofl""7kaoflfl/kp,lfwkaoflfl/kpoflfQ’
l M LAl rh . (4.
po — 1 Gﬁg/kg*l’ Gk}g/kg—l’ trt Gﬁ:271/k272’ Gk}z—l/kg—Q’
[l . . [l .
Po Gkg/kgfl’le/szl""7Gk1—1/k1—2’Gk171/k172’
p0—|—1 ’Ul,,...,vn*,nklil.

In (4.16), each block delimited by semicolons in rows 1 to py contains independent
vector fields in some Gy which are not contained in Gr_;. The vector fields in rows
1 through j, 1 < j < po, span ka07j+l,1. The vector fields in row pg + 1 are
solely defined on V' C I'* and are not contained in any of the G;’s so that at each
p € V, span{vi, ..., vps—ny, _, () = (TpV + Gi,-1(p))/Gr, —1(p). They are chosen
to complete the basis for T),V/, so that

(Vp € V) T,V =span{vi, ..., Uns—ny, _, }(p) © Ggl_l(p).

2In the array we use the symbols Gil/i—l and Gg‘/Fl to mean a family of vector fields and not

the span of the vector fields.
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5. Proof of the Main Result (Theorem 3.2). Suppose that LTFLP is solv-
able at pg € IT'*. Let V = E(I'* N U) and consider the expression (4.4) for TV + G;
in local coordinates. It is clear from (4.4) that the subspace T,V + G;(col(p,0)) has
constant dimension n* + rank([B --- A’B]). Since the pair (A4, B) is controllable,
we have that rank([B --- A" " ~'B]) = n — n* and condition (a) holds. As far as
condition (b) is concerned, we have already shown in the proof of Lemma 4.3 that
TV +G; =TV +Gi.

Conversely, suppose conditions (a) and (b) hold. These two conditions along
with the regularity of G;, i € n —n* — 1, allow one to invoke Lemmas 4.4 and 4.5.
Specifically, there exist a neighborhood U of py in R”, a regular static feedback (o, B)
on U, and ng,—1 vector fields defined on U such that, letting V := UNT*, the
distributions G; have the representation given in (4.13), (4.14) on U and at each
p € V the n vector fields of the array (4.16) are linearly independent.

Having applied the static feedback (a, ), we will denote f and g by, respectively,
f and g to simplify notation. We construct pg functions «; : U — R satisfying
Theorem 3.1. Pick the point pg as the origin for the s-coordinate system to be
generated from the vector fields in (4.16) (see, [25], [27]). Compose the flows generated
by the vector fields in (4.16) starting from the bottom row. Consider the mapping

Fy: Wy CRY 7™-1 ¢

P I Un* =iy
1Sy = (81, o ’Sn*fnkl—l) — (bs” Fiml g0 ¢zﬁ (po).
"**nklfl 1
We continue by moving upwards in the array (4.16) to generate a sequence of map-
pings similar to Fy. To each pair (Gg}i_l, Gy/i_l), 0 <i < ki —1, we associate a set of

; _(ah gl (M h ol I
times® Sy 1 = (Si/i—l’Si/i—l) = (S(i/i—l,l)’ o 8Gi/i—1,p:) S(ifim-1,1)0 " '7S(i/i—1,ui))

and a mapping
Fijicy: Wijiog CRUFPE S R?
: (Sz”/i—l’ Siﬁ}i—l) = (I)y/i—l °© (I);h/i—l(p)'

Here <I>! Jio1
and @T/i_l is the composition of flows generated by the vector fields spanning GT/i_l.
Specifically,

is the composition of flows generated by vector fields spanning GD Jio1

vi_ @

Bl =d  o-ogl
SGi/i=1m) SG/i-1,1)
adbg,. ad’

(I)T/i—l =0¢ mfgpl ©---0 mfgl .
S(i/i—1,p;) S(ifi—1,1)

Let
S:COI(SQ);Sklfl/klfﬁ--';Sl/O;SO)' (51)

and let W C R™ be a neighborhood of s = 0, sufficiently small, to ensure that the
map
F:W— F(W)

(5.2)
s+ FooFygo--0Fy ok, 30 Fr_1/k,—2 0 Fp(po)-

3We define i/(i — 1) := 0 when i = 0 to be consistent with the array (4.16)
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is a diffcomorphism onto its image and that F(W) C U. The existence of W is
guaranteed by the inverse function theorem and the fact that the differential of F' at
s =0,

dFy =

kq —
|: (2 “en ’U’ﬂ*—’ﬂkI,I a/dfl 191 ...... gl e gpo 'U? ce 'U20 i| (po)'

(5.3)
is an n X n square matrix whose columns span the subspace T, I'* + G, —1(po) which,
by condition (a), has dimension n. As candidate (virtual) output functions, let «,
1€ {1,...,po} be the time spent flowing along adl;i_lgi, ie,

i) = s 10 o(@), i€{l,... po}. (5.4)
The image of V under F~' is the hyper-plane
FAV)={seW:80=0, STy =0,..., S 4/, =0}

Since the chosen functions aq,...,a,, are a subset of the functions whose zero level
set define F(V), the ; are identically zero on F(V) and hence condition (1) of
Theorem 3.1 is satisfied. Next, we must show that o = col(a,. .., ®,,) yields a well-
defined vector relative degree of (k1,...,kp,) at po = F~1(0). As per [9], this entails
showing that

(VRD1) Lad;;gjai(:zr) =0foralll1 <j<pg,foral0 <k <k;—2 foralll<i<pg

and for all z in a neighborhood of pyg.
(VRD2) The pg x pg matrix

Lo oln) 0 Ly, oan)
Ladf;rlgloez(po) e Lad’;flgpoo‘Q(pO) (5.5)
Lad’;poflg1 Qpg (po) o Lad’;poilgpo %o (pO)

is non-singular at p = pg (if this matrix is non-singular, then the decoupling
matrix has full rank).
First we show that VRD1 holds. Fix a set of times Sy = ¢g, Sk, —1/k,—2 = Cpy—1/k1 —25
ey Ski—1/ki—2 = Ck,—1/k;—2, Where each ¢; is a constant vector, to uniquely determine
the hyper-plane

Hi={s €W :Sp=cp,Sk—1/k1—2 — Chi—1/k1—2s+ > Ski—1/ki—2 = Chy—1/k; 2}

Consider the point s = col(cg, ..., cx—1/k,—2,0,...,0) € H; and let x = F(s) €
U. Through z there passes an integral submanifold of each G, i € k; — 1, which
we denote by L;(z). Consider the map Fyo I o -0 Fj, o/, _3(x). It is the
composition of the flows defined by vector fields which are local generators for Gy, _».
Therefore the image of this map is the vy, _» dimensional manifold Ly, »(x) NU. On
the other hand, the image of this map in s-coordinates is the hyper-plane H;, i.e.,
H; = F7Y(Ly, _2(z) N U) Therefore for each s € H;, TsH; = (Ffl)*ékifz(s) =

Im (col(O,I,,kF2)). The function «; is among those fixed times which define the

hyper-plane H;. Therefore, da; € ann(Gj, ) C -+ C ann(Gp) and hence VRD1
holds in a sufficiently small neighborhood of pg.
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Next we show that VRD2 holds. Treating TR™ as an orthogonal bundle with the
usual inner product, the value of the (i, 7)-th entry of (5.5) is equal to

<dai, ad?_lgg‘> (Po)-

From the expression (5.3) for dFp it follows that

_ 0 ] o
adl;'l 19]’(190) = | Fx (am—> , 1<i<ji<po
Sthi—1/ki=2, ) ) 1 |50
so that
9 -1 ki—1 S
I {F* (adf g](x)ﬂ s 1<i<7<po.
S(ki—1/ki—2, j) T=Po

In light of this and the definition of a;, i € {1,..., po}, given by (5.4), in s-coordinates
the values of the entries of (5.5), along and below the diagonal, at py are

0 ..
<d5@-—1/ki—2, i am—> =0ij, 1<i<j < po,
S(ki—1/ki—2, j)

where §;; is the Kronecker delta function. Thus, at 0 = F~!(po) the matrix (5.5), in s-
coordinates, has ones along its diagonal and zeros below. Therefore it is non-singular
at s = 0 which is equivalent to being non-singular at py = F(0). O.

6. Conclusions. We have determined necessary and sufficient conditions under
which a multi-input nonlinear control-affine system is locally transversally feedback
linearizable with respect to a given invariant submanifold. Our main conditions are
checkable, though we do not present a constructive procedure for finding the coordi-
nate and feedback transformations.

One can similarly pose the global transverse feedback linearization problem (GT-
FLP) in which one, roughly speaking, seeks a single coordinate and feedback trans-
formation such that (2.1) is feedback equivalent to the normal form (3.1) in a tubular
neighborhood of T'*. Clearly the geometry of I'* will play an increased role in char-
acterizing the solution. In [19], we provided sufficient conditions for the solvability of
GTFLP in the single-input case. GTFLP for multi-input systems remains an open
problem.
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