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TRIVIALISABLE CONTROL-AFFINE SYSTEMS REVISITED

TIMOTHEE SCHMODERER"*® AND WITOLD RESPONDEK??

Abstract. The purpose of this paper is to explore the concept of trivial control systems, namely
systems whose dynamics depends on the controls only. Trivial systems have been introduced and stud-
ied by Serres in the context of control-nonlinear systems on the plane with a scalar control. In our
work, we begin by proposing an extension of the notion of triviality to control-affine systems with
arbitrary number of states and controls. Next, our first result concerns two novel characterisations of
trivial control-affine systems, one of them is based on the study of infinitesimal symmetries and is
thus geometric. Second, we derive a normal form of trivial control-affine systems whose Lie algebra
of infinitesimal symmetries possesses an almost abelian Lie subalgebra. Third, we study and propose
a characterisation of trivial control-affine systems on 3-dimensional manifolds with scalar control. In
particular, we complete the proof of the previous characterisation obtained by Serres. Our character-
isation is based on the properties of two functional feedback invariants: the curvature (introduced by
Agrachev) and the centro-affine curvature (used by Wilkens). Finally, we give several normal forms of
control-affine systems, for which the curvature and the centro-affine curvature have special properties.
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1. INTRODUCTION

In this paper, we consider control-affine systems 3 of the form

S €=+ gi(Qu, ueR, (1.1)

i=1

where the state £ belongs to a smooth n-dimensional manifold M (or an open subset of R™, since most of
our results are local), and f and g; are smooth vector fields on M, i.e. smooth sections of the tangent bundle
T M. Throughout the paper, the word “smooth” will always mean C°°-smooth, and all objects (manifolds,
vector fields, differential forms, functions) are assumed to be smooth. We denote a control-affine system by
the pair X = (f, g), where g = (g1, ..., gm). We will assume throughout that the vector fields g; are pointwise
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2 T. SCHMODERER AND W. RESPONDEK

independent everywhere (see a comment, following Def. 1.1, that justifies this assumption). To any control-affine
system X = (f, g) we attach two distributions:

g:Span{gl7"'agm} and gl:g—’_[f,g]:Span{glw"agmv[fvgl]v"‘,[fagm]}' (12)

We call two control-affine systems ¥ = (f, g) and Y= ( 1, g) feedback equivalent, if there exists a diffeomorphism
¢ : M — M and smooth functions a : M — R™ and 8 : M — GL,,(R) such that

f=0. <f+Zgz-ai> and g =¢. | > g8 |,
i=1 j=1

where ¢. denotes the tangent map of ¢. If ¢, o, and 3 are defined locally around &g, then we say that > and )
are locally feedback equivalent at £, and & = ¢(£p), respectively. Feedback equivalence of control-affine systems
means, geometrically, equivalence of the affine distributions A = f + G and A = f + G attached to ¥ and ¥,
respectively.

In the thesis [1], Serres proposed the notion of a trivial system of the form

(T) :&=F(w), z€X, weR™,

where w is the control that enters nonlinearly and X is a smooth manifold. The dynamics F(w) of a trivial
system does not depend on the state variables = and thus depends on control variables w only. Actually, (7))
is called flat in [1] but that name can be misleading because, first, there is a well established notion of flat
control systems [2] and, second, the class of trivial control systems does not coincide with control systems
of zero-curvature [3], which thus can be considered as geometrically flat, as we will discuss in Section 3. For
those reasons, following [4], we call (T) a trivial system and we say that a general control-nonlinear system
& = F(z,w) is trivialisable if it is equivalent, via a feedback of the form & = ¢(z), W = ¥(z,w), to a trivial
system (7)), where (¢,1) : X x R™ — X x R™ is a diffeomorphism. Inspired by the above considerations, we
adapt the concept of triviality to control-affine systems as follows.

Definition 1.1 (Trivialisable control-affine systems). We say that a control-affine system 3 = (f, g) is (locally)
trivialisable if it is (locally) feedback equivalent to a trivial system of the form:

w =u

(T):{ & =F(w) , (myaw)eM=XxR" ueR™,

whose 2-dynamics depend on the controlled w-variables only.

Notice that for (T') we have g; = %, for 1 < j < m, that justifies our assumption that the vector fields
g1, --.,9m of ¥ are pointwise independent everywhere. The notions of trivial and trivialisable general control-
nonlinear versus control-affine systems are two sides of the same coin. Indeed, two control-nonlinear systems & =
F(x,w) and & = F (&, ) are feedback equivalent if and only if their control-affine extensions & = F(x,w), 1 = u
and & = F(Z,), w = @ are equivalent via control-affine feedback transformations, see [5], Proposition 3.4.
Therefore a control-nonlinear system & = F(z,w) is trivialisable if and ounly if & = F(z,w), w = w is trivialisable
in the sense of Definition 1.1 and the latter class is the object of our studies in this paper.

Trivial control systems are interesting to study because they model trajectories of dynamical systems under a
nonholonomic constraint that does not depend on the point. Indeed, under the additional regularity assumption
that tk £ (w) = m, equivalently, the distribution G' of (T') satisfies tk G! = 2m, there exist local coordinates
x = (2,y), with dimz =n — 2m and y = (y1,-..,¥m), and a suitable feedback, such that the equations of (T')
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can be rewritten

2 =f(w)
jo=w
W =u

and we conclude that the trajectories of (T") satisfy the nonholonomic constraints Z = f(y), whose shape is
independent of the point = (z,y). Denoting by X the (locally defined) quotient manifold M /G, we see that
a trajectory z(t) € X satisfies the nonholonomic constraint Z = f(y) if and only if there exists a smooth control
u(t) such that (x(t),w(t)) is a trajectory of (T'). Connections between equations on the tangent bundle and
control systems are explored in [6, 7]. Examples of trivial systems can be found in the literature; e.g. in [7] we
characterise trivial elliptic, hyperbolic, and parabolic control systems, Dubin’s car [8] is a very simple model
of system that is trivial, and, finally, trivial control-nonlinear system on surfaces (i.e. n = 2) and with scalar
control have been studied, characterised (and normal forms in particular cases have been given) in [1, 4, 9].

1.1. Outline of the paper

In the next subsection, we develop the main notions of differential geometry and of control theory that we will
need in the rest of the paper. Next, in Section 2, we study trivial control-affine systems on manifolds of arbitrary
dimension and with an arbitrary number of controls. We propose two characterisations of trivial systems, one
of them is based on the Lie algebra of infinitesimal symmetries. Afterwards, in the remaining part of the paper,
we focus on the single input case. Using our characterisation of trivial systems via symmetries, we will give a
normal form of single-input trivial systems whose Lie algebra of infinitesimal symmetries possesses an almost
abelian Lie subalgebra. In particular, in the two- and three-dimensional cases, we give an exhaustive list of trivial
systems possessing such a Lie subalgebra of symmetries. Next, in Section 3, we will be interested in revisiting
the characterisation of trivial systems discovered by Serres [1] in the context of control-nonlinear systems on
surfaces. We propose a characterisation of trivial control-affine systems on three-dimensional manifolds with
scalar control. Our characterisation exhibits a discrete invariant, and two fundamental functional invariants:
the control curvature introduced by Agrachev [3, 10], and the centro-affine curvature used by Wilkens [11]. Both
functional invariants can be computed for any control-affine system. We will fill a gap in the proof of Serres
and interpret his results. Finally, in Section 4, we discuss several normal forms (some new and some existing
in the literature) of control-affine systems, for which the control curvature and the centro-affine curvature have
special properties.

1.2. Preliminaries

In this subsection, we recall the main definitions and notions of differential geometry and of control theory
that we need in the paper. The main notations that we use are summarised in Table 1.

Differential Geometry. For a manifold M we will denote by TM and T*M the tangent and cotangent
bundle, respectively. The space of all smooth vector fields (smooth sections of T'M) will be denoted V(M)
and the space of all smooth differential p-forms by AP(M), except for smooth functions (0-forms) whose space

is denoted C*°(M). For a diffeomorphism ¢ : M — M, a vector field f € V°°(M), and a differential p-form
w € AP(M), we denote by ¢, f € V(M) the push-forward of f, and by ¢*w € A?(M) the pull-back of w. The
(local) flow of a vector field f € V°°(M) is denoted by ~] (for any ¢ for which it is defined). The Lie derivative of
a differential p-form w along a vector field f will be denoted by L (w). In particular, for a function A € C*°(M)

and its differential d\ (an exact 1-form) we have

Ly (A) = (d\, f) and Ly (d\) =dLs ().
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TABLE 1. Main notations for the paper.

M, TM, &= (z,w) Smooth n-dimensional manifold, its tangent bundle, and its local coordinates
with dimw = m.

b, G, O* A diffeomorphism, its tangent map, its cotangent map.

X=(f,9) A control-affine system given by (1.1).

G and G! Distribution spanned by the vector fields g¢i,...,¢, and the distribution
spanned by the vector fields g1, ..., gm and [f, g1],-..,[f, gm]; see (1.2).

(T) Trivial control-affine system; see Definition 1.1.

RAT A real Lie (sub)algebra, a subalgebra, an ideal.

Ya, Eg’k Normal forms of trivial systems having an almost abelian subalgebra of
infinitesimal symmetries; see Theorem 2.4 and Proposition 2.7.

Ys = (fs,9) Control-affine system given by a semi-canonical pair; see Definition 3.1.

e = (fe,9¢) Control-affine system given by the canonical pair; see Definition 3.1.

(K1, k2, k) and (A1, A2, A3)  Structure functions attached to any control-affine system on a 3-dimensional
manifold with scalar control; see (3.1).

(e,k, V) Feedback invariants of control-affine systems; defined for the canonical pair by
(3.17) and expressed for any control-affine system by (3.6).

For any smooth functions ¢, A, and g, the Lie derivative possesses the following properties: Lo s (A) = aLy (A),
and Ly (Ap) = Ly (A\) u + ALy (p). Iterative Lie derivatives are defined by L’JE (A) =Ly (L];f1 ()\))7 for any

k > 2. For any two vector fields f,g € V°(M), we define their Lie bracket as a new vector field, denoted
[f,g] € Vo°(M), such that for any smooth function A we have

Lit,qg (A) =Ls (Lg (A) — Lg (Ly (N)) -

The Lie bracket possesses the following properties: it is bilinear over R, it is skew-commutative, i.e. [f,g] =
—[g, f], and it satisfies the Jacobi identity:

[ L9, Pl + [g, [h 1l + [, [ £, 91l = 0, Y f,9,h € VZ(M).

Moreover, for any smooth function «, and any vector fields f, g, and h, we have

[fsag +h] = alf,g]+ Lj (@) g+ [f ]

Two vector fields f and g satisfying [f,g] = 0 are said to be commuting; since under diffeomorphisms ¢ :
M — M the Lie bracket is transformed by [¢.f, ¢.g] = ¢« [f, g], the commutativity property does not depend
on coordinates. The celebrated Flow-box theorem (also called the “Straightening-out theorem” or the “Local
linearisation lemma”) asserts that on a given n-dimensional manifold M there exists a local coordinate system
(z1,...,xp,) such that f = 8%1 in a neighbourhood of any point p where f(p) # 0. This can simultaneously be
done for a family of (locally) independent vector fields (f1,..., fr,) if and only if they are mutually commuting.

We set adgg =g, adsg = [f,g], and the iterated Lie bracket is denoted by ad'}g = {f7 ad];_lg} for k > 1; see
[12], Chapter 1 for a detailed introduction and proofs of the above properties.

Infinitesimal symmetries. We briefly introduce the notion of symmetries of control-affine systems (see
[13, 14] for a detailed introduction). For a control-affine system ¥ = (f,g), given by (1.1), with state M a
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smooth n-dimensional manifold, we define the set of admissible velocities A as
A©) = {f(©) + D gi(&)ui = wi € R} C TeM.
i=1

Clearly, A is a collection of affine m-planes, that is, an affine distribution. We say that a diffeomorphism
¢: M — M is a symmetry of ¥ if it preserves the affine distribution A = f + G, that is, ¢..A = A. We say
that a vector field v on M is an infinitesimal symmetry of ¥ = (f, g) if the (local) flow 7 of v is a local
symmetry, for any ¢ for which it exists, that is, (74)«A = A. Consider the system ¥ = (f, g) and recall that G is
the distribution spanned by the vector fields g1, ..., gn. We have the following characterisation of infinitesimal
symmetries.

Proposition 1.2. A wvector field v is an infinitesimal symmetry of the control-affine system ¥ = (f, g) if and
only if

[v,9] =0 mod G and [v,f]=0 mod G.

By the Jacobi identity, it is easy to see that if v; and vy are infinitesimal symmetries, then so is [v1,v2], hence
the set of all infinitesimal symmetries forms a real Lie algebra denoted by &. Notice that the Lie algebra of
infinitesimal symmetries is attached to the affine distribution A = f + G and not to a particular pair (f,g) =
(f,91,---,9m). Different pairs (f,g) related via feedback transformations («a, ), define the same 4 and thus
have the same Lie algebra of infinitesimal symmetries which, therefore, is a feedback invariant object attached
to 2.

2. TRIVIAL CONTROL-AFFINE SYSTEMS

In this section, we first propose two new characterisations of trivialisable control-affine systems (with the
state-space of arbitrary dimension and with an arbitrary number of controls); see Theorem 2.1 below. Second,
we give a normal form of trivial systems whose Lie algebra of infinitesimal symmetries possesses an almost
abelian Lie subalgebra; see Theorem 2.4 and Proposition 2.7 of this section.

2.1. Characterisations of trivial systems

The following theorem gives two characterisations of trivialisable systems. The first one is technical and shows
that triviality is a property that depends on the coordinates (like being a linear control system depends on the
choice of coordinates), and the second one is based on infinitesimal symmetries and is thus geometric. Recall
that to a control-affine system ¥ = (f, g) we attach two distributions G = span {g1,...,gm} and G! = G+ [f,G],
see (1.2).

Theorem 2.1 (Two characterisations of trivialisable systems). Consider a control-affine system ¥ = (f, g) with
state on a n-dimensional manifold M and with m > 1 controls. The following assertions hold locally around &g:

(i) Suppose that Tk G' = m + k is constant. The system ¥ is locally trivialisable if and only if ¥ is locally
feedback equivalent to

S i = hi(z,w), for 1<i<n-—m,
T w; = uy, for 1<j5<m,

where the smooth scalar functions hy,. .., hy_m satisfy

rkspan {dhq,...,dh,—mn} = k. (2.1)
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(i1) X is, locally around &y, trivialisable if and only if the distribution G is involutive and of constant rank m
and, additionally, the Lie algebra of infinitesimal symmetries & of ¥ possesses an abelian subalgebra 2

such that A(&o) & G(&o) = Tey M.

Observe that the assumption on the rank of the distribution G! in statement Theorem (i) implies that the
dimension n of the manifold M is greater than or equal to m + k. If n = m + k, then the trivialisation (T')
of ¥p (and thus of ¥) can be taken (for suitable w and u) as &; = w;, 1 <i <k, w; =uj, 1 <j<m. On
the other hand, if n > m + k, then &; = w;, 1 <i <k, &; = Fi(w1,...,wg), k+1<i<n—m, and w; = uj,
1 < j < m. Notice that k¥ < m, so if n > 2m, then there are always nonlinear equations &; = F;(wy,...,wy). In
item Theorem (i), there are no particular relations between the dimension of the state space and the number
of controls (other than the obvious n > m).

Remark 2.2. For the system X, define h = (hl,...,hn,m)t. Then, under the assumption that rkG' is
constant, condition (2.1) can be equivalently reformulated as

oh oh
rk %(x,w) =rk m(.’l},'(ﬂ),

in a neighbourhood of (zg, wp).
Proof.

(i) Suppose that ¥ is locally trivialisable, i.e. by Definition 1.1, ¥ is locally feedback equivalent to (T"), which
is of the form of ¥ with h;(z, w) = F;(w), for 1 < ¢ < n—m, and we now show that those functions satisfy
(2.1). On one hand, the condition rk G! = m + k implies that the Jacobian matrix g—g is of constant rank

k, where F = (F,...,F,_,,)T. On the other hand, we obtain that dh; = dF; = Z;n:l gf;’ dw;. Hence

the rank of span{dhy,...,dh,_.,} is the same as that of g—i and the conclusion follows. Conversely,
assume that ¥ is feedback equivalent to Y7. Using the assumption rkG' = m + k we can reorder the

z-coordinates such that h = (fALh...,lALk,kaH, ooy hpn—m), where rk 83 = k. We set w; = fzi(x,w), for
1 <4 <k, completed by W41,...,W, (chosen among the w;’s) in such a way that wq,..., 10, form a
local coordinate system. We conclude, by condition (2.1), that the functions hg41, ..., hy—m depend on
the variables w1, . .., wg only. Using a feedback transformation that yields w; = 4;, 1 <14 < k, we conclude
that X is, indeed, a trivial system in coordinates (z, ).

(i) Suppose that ¥ = (f, g) is locally trivialisable, then for (T') we have G = span{ R }, which

Owy ? Qwm

clearly is involutive and of constant rank m. Moreover, the vector fields v; = %, for 1 << n—m,
are commuting symmetries of (T') that span the abelian Lie algebra 2 satisfying A(&o) @ G(&) = Te, M.
Conversely, suppose that the Lie algebra of infinitesimal symmetries & of ¥ = (f, g) possesses an abelian
subalgebra 2 satisfying (&) ® G(£o) = T¢, M. Choose commuting vector fields v; € 2, for 1 <i <n—m,
that are linearly independent at & and local coordinates & = (Z,w) such that v; = 3%1,’ for 1 <i<
n —m. In those coordinates, we have g; = Aj(i,u?)% + Bj(i,w)é%. Since G is of constant rank m
and satisfies Ql(éo) ®G (50) = Tg M, via a suitable feedback transformation we choose generators of G as
Gy = Ay (@0 + 5
that v; are symmetries of X, that is [v;, g;] € G, we deduce that A; = A, (@), therefore we actually have
[vi,9;] = 0. Moreover, G is involutive so we deduce that [g;, gx] = 0. Therefore, all vector fields v; and g,
commute and thus there exist coordinates £ = (x,w) such that v; = 8%1-7 for1<i<nm-—m,andg; =

(to simplify notations, we skip the “tildes” and denote §; by g; and jlj by A;). Using

Fw;
for 1 < j < m. The vector fields v; are symmetries of ¥ so [v;, f] € G implying that f = Fa% + Fa%, where
F = F(w) and we achieve F = 0 by a suitable feedback transformation.

O
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The previous theorem gives two characterisations of trivialisable systems with arbitrary number of states and
controls. In the remaining of the paper, we focus on single-input systems, which reveal to be rich. Namely, we
will study trivial single-input systems possessing an almost abelian algebra of symmetries in Section 2.2 and, in
Section 3, we give several normal forms of systems with three states and one control for which the curvature (a
feedback invariant) has special properties.

2.2. Normal form of trivial systems possessing an almost abelian Lie subalgebra
of infinitesimal symmetries

Recall that & denotes the Lie algebra of all infinitesimal symmetries of the system 3 = (f, g). Theorem 2.1 of
the previous subsection asserts that if 3 is trivialisable, then & possesses an abelian subalgebra 2 complementary
to the distribution G. In many cases, 2 is the Lie algebra of all infinitesimal symmetries &; for instance, this
is the case for the 3-dimensional trivial system & = e", § = w, w = u. To identify specific classes of trivial
control systems, it is interesting to study the case of 2l not coinciding with &, that is, systems that admit
additional symmetries (not belonging to 2(). The first case to consider is 2 being replaced by an abelian ideal
J of codimension one in a subalgebra K of &. The picture is thus

jgﬁCC‘i

where the subindex 1 below “C” indicates the codimension. In general, the Lie algebra & of all infinitesimal
symmetries can be of any dimension (finite or infinite). On the other hand, we will assume that dim & = n. Thus,
dim3J =n — 1 and if J satisifies J(§o) @ G(&§o) = Te, M, then X is, first, single-input, and, second, trivialisable
due to item Theorem (%) of Theorem 2.1, in which case the required abelian subalgebra 2l is replaced by the
abelian ideal J. Below we provide a normal form, completed by a detailed analysis of all possible casses, of
control-affine systems possessing an almost abelian Lie algebras of symmetries.

Definition 2.3 (Almost abelian Lie algebra). Let R be a real Lie algebra; following the definition of [15], we
call R almost abelian if it has an abelian ideal J of codimension one.

It is a simple application of Lie algebra homology to deduce that an almost abelian Lie algebra (possibly
of infinite dimension) is isomorphic to the semi-direct product 8 = J x vectg {vo} and that its structure is
determined by the non-zero action of vy on J, namely by

ady, : I — 7
v — [vg, ] .

Moreover, two almost abelian Lie algebras & = J x vectg {vo} and R =7 % vectg {?p} are isomorphic if and only
if there exists a real invertible transformation P : J — J and a non-zero constant y € R* such that Pad,, =
padg, P; see [16], Proposition 11. Therefore, isomorphism classes of almost abelian Lie algebras correspond
to similarity classes of the linear operator ad,, (up to multiplication by a scalar). In particular, if & is finite
dimensional, then the similarity classes of ad,, corresponds to the Jordan normal forms. In the following
theorem, we consider the case of ad,, being non-singular (see Rem. 2.6 below for the singular case) and we
give a general normal form of control-affine systems, whose Lie algebra of infinitesimal symmetries possesses an
almost abelian Lie subalgebra.

Theorem 2.4 (Control systems with almost abelian infinitesimal symmetries). Consider a control-affine system
Y = (f,9) on an n-dimensional state manifold M and with scalar control. Assume that f(&) ¢ G(&o) and that
the Lie algebra of infinitesimal symmetries & possesses an almost abelian Lie subalgebra & = J x vectg {vo} sat-
isfying: I(&o) ® G(&o) = Te, M and the operator ad,, is non-singular. Then, locally around &y, 8 acts transitively
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on M and X is locally feedback equivalent to a trivial system of the form

Sa { ¢ o=ep(Aw)FO) g
W =u
around (x,0) € R"1 x R, where A is the matriz representation of ad,, in the basis (%,...,%), and

F(0) # 0 € R ! is defined by f = E?;ll Fla%, mod G.

Remark 2.5. By a linear change of coordinates, the system X 4 can be brought into a simpler normal form by
transforming the matrix A into its real Jordan normal form. Below, I and I’ (for complex eigenvalues) denote
suitable subsets of the indices {1,...,n — 1} and the vector z = (z1,...,2,_1) of transformed coordinates
consists of blocks x; and zjs corresponding to the Jordan blocks of A. The matrix exponential of the normalised
trivial system decouples over Jordan blocks, which yields:

(1) For a diagonal Jordan block given by a real eigenvalue A € R, we have:
i =eMny;
(2) For a diagonal Jordan block given by a complex eigenvalue A = a + ib € C, we have
z;r = e cos(bw)n; and p = e sin(bw)ny;
(3) For a non-diagonal Jordan block given by a real eigenvalue A € R, we have
Ty = e’\th where Nj= (7)1 Now - nqwq)t;

(4) For a non-diagonal Jordan block given by a complex eigenvalue A = a + ib € C, we have

;=€ cos(bw)Ny, where N;= (7]1 Now - nqwq)t7

ip =e™sin(bw)Np, where Np=(n] nhw - n;wq)t :
In all of the above cases, n; and 71} (present in the vectors nr, nr/, Ny and Ny/) are normalized to either zero or
one. See Corollary 2.8 and 2.9 for an illustration of the above cases for two- and three-dimensional systems.

Proof. Consider the control-affine system ¥ = (f,g) given by vector fields f and g, and let n vector fields

V1,...,Un_1, Vg span the n-dimensional Lie subalgebra & = vectg {v1,...,vn_1,v0} of the algebra of infinitesimal
symmetries. By assumption, K is almost abelian, its abelian ideal is J = vectg {v1,...,v,—1} and, in the basis
(v1,...,0n—1), the linear operator ad,, is represented by the matrix A = (a;)?;:ll, i.e.
n—1 .
[vo,vi]:Zagvj, Vi<i<n-1 (2.2)
j=1

Since J(&) @ G(&o) = T, M, by statement Theorem (i) of Theorem 2.1, ¥ is locally trivialisable and following
the proof of that theorem we deduce that there exist local coordinates (z,w) around (zg,0) and a feedback
transformation such that v; = %, for1<i<n-—1,¢g= a%, and f = Z;le Fi% = Z?;ll Fv;, where

F; = F;(w). We express the infinitesimal symmetry vy = Z;:ll ’yi% + 5%, where 7; = 7v;(x), since vg is a
symmetry of G = span {-2}, and § = §(z,w). Using the fact that vo is a symmetry of f, i.e. [vo, f] € G, We
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deduce the following equations:

n—1
(F [vo, v;] + 6(w )dF on > =0 or, equivalently,
pt dw
dF
1) AF 2.
()5 () + AP (w) =0, (2.3

where F' = anl Fi(w ) . The assumption f(&) & G(&o) implies that F(0) # 0 € R"~1. Moreover, A is non-
singular, hence (0 ( ) # 0 and we conclude that K acts transitively on M around &;. Moreover, for all wq,ws

we have 5(31) 5Tws) = 5(32) 5Twpy Lhus, the Magnus expansion [17] holds and the solution of equation (2.3)

is F(w) = exp (h(w)A) F(0), with h(w) = — [ W dr. Clearly, A'(0) # 0 and, therefore, W = h(w) is a local

diffeomorphism that maps wg = 0 into wy = 0. Within this new coordinate system (relabelling w as w, for
simplicity) we have F(w) = exp (Aw) F(0). O

Remark 2.6 (On the singularity of the operator ad,,). The non-singularity of A is crucial to deduce from
equation (2.3) that R is transitive. Indeed, if this is not the case, then we may have Af(0) = 0 and we cannot
conclude that §(0) # 0. However, under the additional assumption that K is transitive on M, i.e. 6(0) # 0, the
same conclusion, as the one of Theorem 2.4, holds even with A being singular.

To show the transitivity of &, the proof of the previous theorem used f(&) ¢ G(&o) and, therefore, we gave
a normal form around a point which is not an equilibrium. On the other hand, if we drop that condition,
then a result similar to Theorem 2.4 holds for an almost abelian Lie subalgebra K of symmetries whose rank
drops at &y, see Proposition 2.7 below. That case turns out to be much more restrictive on the normal form
and on the almost abelian Lie subalgebra. Indeed, we will show that the operator ad,, has to be necessarily
diagonalisable over R and that all its eigenvalues have to be positive integers. To compare the normal form
given in the proposition below and the one of the theorem above, we give the form of ¥ 4 in the case of A being
diagonalisable over R. In that case, item Remark (1) of Remark 2.5 yields i; = n;e’%, 1 <i<n—1, W = u.
Moreover, using the local diffeomorphism w = In(1 + ), the system ¥4 takes the normal form

P o— ms i <i<n—
2/\:{% ni(w+ 1%, 1<i<n-—1, weER,
w =
around (zg,0) € R™ ! x R, where the )\;’s are the eigenvalues of ady, and n = (91, ... mn,l)t is a vector whose

components are either 0 or 1; notice that, due to (&) ¢ G(&o), necessarily n # 0.

Now, we will assume that the system ¥ = (f, g) satisfies the accessibility rank condition dim £(¢y) = n, where
£ ={f,g}ra is the accessibility Lie algebra of ¥; see [12]. That condition applied to X implies that all n; =1
and that all eigenvalues \; are pair-wise distinct. Therefore, any system . satisfying the the accessibility rank
condition, the assumptions of Theorem 2.4, and such that the matrix A is diagonalisable over R, is locally
feedback equivalent to

El{xl :(w+1))\i//\1, 1§Z§'I’L—1, UgR,

W =u

where Ay < Ay < ... < A, (recall that \; # 0 by the non-singularity of A). Moreover, two such systems ¥} and
E}\ are feedback equivalent if and only if [Ay : -+ : A1) = [5\1 D S\n,l] or [Ay:- i Apoq] = [S\n,l D 5\1]
Notice that the lack of accessibility (meaning that either some eigenvalues are equal, or some 7; = 0, or both)
implies that the full Lie algebra of infinitesimal symmetries & is of infinite dimension; on the other hand for
accessible system, & is of finite dimension, actually it is the almost abelian algebra &; we will give details about
that analysis elsewhere.
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Proposition 2.7. Consider a control-affine system 3 = (f,g) with an n-dimensional state manifold and a
scalar control. Assume that Y. satisfies the accessibility rank condition dim £(&) = n, that f(&) € G(&), and
that the Lie algebra of all infinitesimal symmetries & possesses an almost abelian Lie subalgebra K& = T %
vectg {vo} satisfying: 3(&) ® G(&) = Te, M and the operator ad,, is non-singular. Then there exists the smallest
integer k > 1 such that g A ad];f(«fo) # 0, the Lie subalgebra 8 is transitive on M\{&}, the operator ad,, is
diagonalisable over R and its eigenvalues A; are pairwise distinct and such that kX;/A\1, for 2 <i<mn—1, are
positive integers greater than k, where A1 is the smallest, in absolute value, eigenvalue of ad,,. Moreover, the
system ¥ is locally feedback equivalent to

Zg’k:{j.i iwk/\i/)\l’ l<isn-1 , u€R,

w o =u

around (zg,0) € R™.

Recall that the eigenvalues of ad,, are given up to a multiplication by a non-zero factor and that it is a
classical fact that (under the above assumptions) the integer k is an invariant of feedback transformations.

Hence two systems Eg’k and Eos\’k are locally feedback equivalent around (z¢,0) if and only if k£ = k and the

ratios A\; /A and by / 5\} are equal for all 2 <4 < n—1 (after permutations of x;’s and Z;’s such that the sequences
(Ai/)\l)izl,n—l and (Ai/Al)izl,n—l are both gI‘OWng).

Observe that the normal form Eg’k defines a polynomial system since k\;/\; are positive integers. There-
fore there are only countably many feedback non-equivalent classes of systems Eg’k, whereas in the case of
Theorem 2.4 there are uncountably many feedback non-equivalent normal forms E}\. The difference lies in the
assumption that there exists or not an equilibrium at the point &y under consideration and that the systems
have to be smooth around that point. Indeed, both normal forms X} and Zg’k consist of power functions of the
variable w, but to be smooth around w = 0, the second one needs to actually be given by monomials only.

Proof. The beginning of the proof is the same as that of Theorem 2.4 up to equation (2.3), so we start from
there. We have f = F = Z?z_ll Fi(w)a%i and g = % implying that £ = {f,g}ra = vectr {g, adgf, j> 0} and
by f(£0) = 0 we conclude that dim £(&y) = n implies the existence of the smallest & such that g A ad’;f(fo) £ 0;
the latter condition being feedback invariant. Differentiating relation (2.3) k — 1 times and evaluating the result
at w = 0 yields §(0)F*)(0) + AF*=1(0) = 0 and thus, by definition of k, we deduce that §(0) = 0. Moreover, by
derivating the same equation once more, we obtain (A + kd’(0)Id) F*)(0) = 0. Hence, (—k¢'(0), F¥)(0)) is an
eigenpair of A and, since A is non singular, we conclude that 6’(0) = p # 0. Thus, the one-dimensional singular
vector field §(w)-2 can be linearized at w = 0, see [18], that is, there exists a smooth local diffeomorphism

w = (w) that maps 5(w)% into pw 8?1;' Under that transformation, equation (2.3) becomes

pwF' () — AF () = 0, (2.4)

where F(w) = F (¥ ~(w)). Let P: R"™~! — R"~! be an invertible linear transformation such that P~*A,P =

Jp, where A, = %A and J, is the real Jordan normal form of A,, whose eigenvalues are A;/p (recall that \; are
the eigenvalues of ad,, represented by A). Set Z = Px, then equation (2.4) in Z-coordinates becomes (we drop

the “tildes” for a better readability)
wF'(w) — J,F = 0.

The system ¥ is assumed to satisfy the accessibility rank condition dim £(£p) = n, so all components F;(w) of
F(w) are not identically zero. Therefore, by Lemma A.1 of Appendix A, we conclude that all eigenvalues of J,
are positive integers (\;/p # 0 since A is non-singular) and that F;(w) = ¢;wi/?, \;/p € N and ¢; € R. Using the
accessibility rank condition one more time, we conclude that all eigenvalues \; are pair-wise distinct. Permuting
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the components Z;’s we can assume that the smallest, among the ratios A;/p, is A1/p and, by definition of &, it
follows that k = \1/p and thus \;/p = k\;/A1. Using accessibility once again, we see that ¢; # 0, so replacing
T; by z; = i— we bring the system ¥ into the form Eg’k. O

The previous proposition describes, around an equilibrium, the class of all C*°-smooth systems having an
almost abelian Lie subalgebra of symmetries and satisfying the accessibility rank condition®. If ¥ is analytic,
then its accessibility at &y is equivalent to the accessibility rank condition to hold at ;. Thus, both properties
imply the existence of the integer k, which is crucial for obtaining the normal form Zg’k. The following example
highlights that there are accessible trivial C*°-smooth systems possessing an almost abelian Lie algebra of
symmetries but failing to satisfy the accessibility rank condition and for which k does not exist. Therefore, such
systems are not feedback equivalent to Zg’k. Consider around &y = (x0,0) the system

w

{x =fw)/M, 1<i<n-—1
{ U

. with f(w) = exp (—uf) Li(0) =0,

and the quotients X;/A1, for 1 < i < n — 1, are non-zero integers. By a straightforward calculation, one may
check that the system possesses an almost abelian Lie subalgebra of infinitesimal symmetries £ = J x vectr {vo },
where J = vectg {6%1, ol %} and vy = Z?:_ll i—;‘xi% + %w?’%, and that dim £(&y) = 1.

The above theorem and proposition generalise our previous observations on the Lie algebra of infinitesimal
symmetries of null-forms of elliptic, hyperbolic, and parabolic systems for which we have n = 3 and, respectively,
A=(58),A=(§2),and A= (29); see [19]. Moreover, to extend Theorem 2.4 and Proposition 2.7, we give
below the equivalence classes of trivial low dimensional systems possessing an almost abelian Lie subalgebra of
symmetries. These results correspond to the different classes of almost abelian Lie algebra of dimension two and
three. In dimension two, there is only one class of almost abelian Lie algebra given by ad,, = (1). We have:

Corollary 2.8 (n =2). Let ¥ = (f,g) be a 2-dimensional trivialisable control-affine system around &y such
that its Lie algebra of infinitesimal symmetries & contains an almost abelian subalgebra & = T x vectg {vg}.

(i) Under the assumptions of Theorem 2.4, the system % is locally feedback equivalent to the normal form,
given around (xg,0), to

T = +1 . ~ o b P
{ o :Z(w ) ; with J:vectR{ax} and Uozx%+(w+1)%’

wheren =0 orn=1.
(i) Under the assumptions of Proposition 2.7, there exists the smallest integer k > 1 such that g A adl;f(fo) #0
and the system % is locally feedback equivalent to the normal form given, around (x9,0), by

& =wk o~ 0 0 w 0
{w —u s with J_VeCtR{&zz} and vo—x%—kga—w.

Notice that in both above cases the Lie algebra & of all infinitesimal symmetries is of infinite dimension (if
n # 0, then that algebra depends on one function of one variable, see [20]) and admits £ as a proper subalgebra.
In dimension three, there are three classes of almost abelian Lie algebra given by: ad,, is diagonalisable over R,
ad,, has a double real eigenvalue and is not diagonalisable, and ad,, has a pair of complex conjugate eigenvalues.
These three cases yield:

L Actually, the proof shows that the key ingredient to obtain the normal form Zg’k is the existence of the integer k. The proof
can be adapted to show that k > 1 exists as soon as dim £(§p) > 2. Instead we assume the stronger accessibility rank condition
dim £(&p) = n to avoid the case of infinite-dimensional Lie algebra & of all infinitesimal symmetries, which we will discuss elsewhere.
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Corollary 2.9 (n = 3). Let X = (f,g) be a 3-dimensional trivialisable control-affine system around &y such
that its Lie algebra of all infinitesimal symmetries & contains an almost abelian subalgebra & = T x vectg {vg}.

(i) Under the assumptions of Theorem 2.4, the system X is locally feedback equivalent to one of the following
normal forms, given around (xg,yo,0), and for all of them the ideal J is vectg {a%v 8%}

(a) If ad,, is diagonalisable over R, then we have the local normal form

w

T =e
gy =ne*  ;with vy = xé + )\y2 + i,
0 =u ox Jdy Ow

where A # 0 andn =0 orn=1.
(b) If ad,, has two real eigenvalues and is not diagonalisable, then we have the local normal form

@ =e" (n +muw)
) =eW cwith vo = (z + )—(9 + 2 +7€)
135 ;u T ; 0= Yy o yay ow’

where (ﬂoanl) = (170) or (7707771) = (Ov 1)
(c¢) If ad,, has two complex eigenvalues, then we have the local normal form

= sin(e) with = (O - D+t N+ o

where A > 0.
(i) Under the assumptions of Proposition 2.7, there exists the smallest integer k > 1 such that g A ad];f(ﬁo) #*
0, the linear operator ad,, is diagonalisable over R and ¥ is locally feedback equivalent to the following

normal form, given around (xo,yo,0), for which J = vectg {6%7 6%}7

b=t d d d
g =wkr s with vg = kv +kA\y— +w-—,
0 = or Jy ow

where kX is an integer greater than k.

3. TRIVIAL SYSTEMS ON 3D-MANIFOLDS

In this section, we study trivial systems on 3-dimensional manifolds with scalar control. Our aim is to give
a new interpretation of the results of [9] and to extend them by giving several normal forms.

Throughout this section, we consider a control-affine system ¥ = (f, g) of the form

€= fE)+9(€u, ueR,

where the state ¢ belongs to a 3-dimensional manifold M and the vector fields f and g satisfy, at any £ € M,
the following regularity assumptions

(A1) fAgNlg f]1#0,
(A2) gAlg, fINIg,lg, fl] # 0.
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To any control-affine system ¥ = (f,g) we attach 6 structure functions uniquely defined by the following
decompositions:

[f’[fvg]] :klg+k2[gmﬂ+k3[g’[g>f]]7

[9,09. F] = Aif+ Xeg+ A3y, f]. (3.1)

Notice that assumption (A2) implies that A\; # 0. We now define two different classes of pairs (f, g).

Definition 3.1 ((Semi)-canonical pairs). We call the pair (f,g) semi-canonical if k3 = 0, and we will denote
it by (fs,g). If, additionally A; = £1, then we call (f, g) a canonical pair and we denote it by (fe, gc)-

Observe that a semi-canonical pair is characterised by the inclusion [f, [f, g]] € span{g, g, f]}, which is the
property of the singular vector field of ¥ (justifying the notation (fs,g) for a semi-canonical pair). Under
assumption (A2), that singular vector field is unique and can be computed using the singular control, thus we
are not surprised that the following proposition shows that a semi-canonical pair exists (but observe that our
proof does not require using the machinery of singular controls).

The following proposition shows that a control-affine system is always feedback equivalent to a system given
by a semi-canonical and even by a canonical pair. Moreover, those pairs can be explicitly constructed, meaning
that the feedback transformations bringing (f, g) into (fs,g) or into (f., g.) are constructed via differentiation
and algebraic operations only (no differential equations to be solved). Furthermore, a canonical pair is unique
(up to multiplying g. by —1) hence its structure functions are feedback equivariants (up to a discrete involution,
see Rem. 3.4 below).

Proposition 3.2 (Existence of semi-canonical and canonical pairs). Consider a control-affine system ¥ = (f, g)
satisfying assumptions (A1) and (A2). Then, the following statements hold globally:

(i) X is globally feedback equivalent to X5 = (fs,g), where (fs,g) is a semi-canonical pair;
(ii) 3 is globally feedback equivalent to X = (fe,gc), where (fe, ge) i a canonical pair.

Moreover (fs,g) and (fe,gc) can be explicitly constructed via the following feedback transformations

fs=[f+gks, fe=/Ffs, and gc:|>\1|_1/2g.

Furthermore, the canonical pair (fe.,gc) is unique up to g — —ge.

The proof of the above proposition is based on the following lemma, which gives some relations between the
structure functions ki, k2, k3, A1, A2, A3, and shows how they change under feedback transformations. Its proof
is a straightforward computation that we detail in Appendix B.

Lemma 3.3. Consider a control-affine system ¥ = (f, g) with structure functions (ki, k2, ks) and (A1, Az, Ag).
Then, the following relations hold:

Lf ()\1) = —kg)\l - Lg ()\1]63) y (323)
Li (A2) — Asky + Ly (k1) = —kadg — Ly (Aoks) (3.2b)
Lf (/\3) - /\2 = —k‘3)\1 — Lg (k‘g) — Lg (/\3k13) . (320)
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Under the feedback transformation f — f = f+ goa and g — § = g8, where o and 3 are smooth scalar functions
satisfying B # 0, the structure functions are transformed by

ki =ki+Lig,p (@) + 5 (Ly (1) + oLy (3) = YLy (@) + k2
+ks (L[g,f] (8) + Lg (7) = 7Ly (In |5|)~> )

Fa = ks — Ly (In[B]) — 2 — aLy (n|B]) + ksLq (8), (3.3)
ks = % (kS - a)a
M=%, A= B — Bha+ YAz — Lig, 51 (B) — Lg (7) + 29L, (In | B]), A3 = BAs + L, (8), (3.4)

where v = Ly (8) + aLy (8) — BL4 (o).

Proof of Proposition 3.2. Consider ¥ = (f,g) whose structure functions are (ki,ks,k3) and (A1, A2, A3). By
equations (3.3) and (3.4) we have that under feedback transformations Bks = k3 — o and A\; = 32)\;. Hence,
choosing o = k3 we obtain that the transformed pair ( f ,9g), where f = f + gks, is semi-canonical. Moreover,
additionally choosing 8 = |/\1|_1/ % recall that A\; # 0 by assumption (A2), yields a canonical pair (f,g.) =
( f ,§), where g = Bg. Clearly, the singular vector field fs = f. is uniquely defined, but the canonical vector field
ge is unique up to g. — +g.. O

Observe that for the canonical pair (f.,g.) we additionally have ko = 0, due to (3.2a). Thus, the canonical
pair (f., g.) satisfies the following decomposition (renaming ki to x, A1 to &, A2 to u, A3 to v)

[f67 [fmthH = K{e, )
[907 [gcafc” =5fc+,ugc+l/[gc,fc]7 (31 )

where e = £1. Moreover, using equations (3.2b) and (3.2c) we deduce that x, u, and v are related by

Ly, (n) —vk+Lg (k) =0 (3.2b")
Ly, (v) —pu=0, (3.2¢)

from which we deduce that the feedback invariants x and v are associated via
L?cc (v) —ve+Lg, (k) =0. (3.5)

Therefore, a canonical pair identifies explicitly a discrete invariant ¢ = +1 and two constructible feedback
invariant functions x and v called, respectively, the curvature and the centro-affine curvature by analogy with
Serres’ work [4]; see also [11]. Observe that due to (3.2¢”) above, 4 is determined by v. Moreover, the curvature
K determines the centro-affine curvature v up to an affine part; i.e. if f. is rectified as %, then v is determined
by x via (3.5) up to two functions 4 and vy satisfying Ly, (v;) = % =0.

Remark 3.4. A canonical pair is unique up to g. — —g.. Hence the centro-affine curvature v is a feedback
equivariant up to the involution v — —v (which does not influence our conditions below). We will get back to
that subtlety in Proposition 4.1, where we will construct several normal forms. On the other hand, the curvature
K is a true feedback invariant (actually, a feedback equivariant that changes as ¢*x under a diffeomorphism ¢).

For a control-affine system . = (f., g.), given by a canonical pair, we will denote by (e, k,v) the triple of
invariants. Although the canonical pair can be constructed without much work, for the sake of completeness,
we give the expression of (g, k,v) for an arbitrary control-affine system. In particular, observe that our formula
for the curvature k generalises the one given in [21], p. 376, where k3 is already normalised to 0.
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Proposition 3.5 (Invariants of control-affine systems). Consider a control-affine system X = (f,g) on a

3-dimensional state-space manifold, and with scalar control, and let (ki,ka,k3) and (A1, A2, A3) be structure
functions defined by (3.1). Then, the invariants (g, k,v) are given by:

1 1 1
e=sgn(M), & =ki+Ly(ks —Lg(ks)) + 7 (k2 =Ly (k3))* + Lig, gy (k3) + ksl (k2 —Lg (k3)) ,

_ 1
and v = |\ |72 (Ag ~ 5L (ln|)\1)). (3.6)

Our formula for the curvature « is, indeed, a generalisation of that in [21] because if k3 = 0 (i.e. we suppose
that f is the singular vector field fs), then (3.6) reads

1 1
k= kit gLy (k) + (k2)?,

which is exactly the formula given by Agrachev [10, 21].

Proof. Consider a pair (f,g) with structure functions (ki1, k2, k3) and (A1, A2, A3). To deduce the expression of
the invariants (e, k,v), we apply equations (3.3) and (3.4) with a = k3 and 8 = |)\1|71/2, namely the feedback
transformation that constructs the canonical pair. We detail the computation for x and left the computation

for v to the reader. Recall that, applying a feedback to construct the canonical pair, we obtain as a by-product
ko = 0 (see the proof of Prop. 3.2). First we have,

1 _ 1 _ _
7= =5 MLy (A) = Shs Il L (A) = T2 L (hs)

= Il (<50 () = oL (4) =Ty (k) )

where A = In|);|. Second, using ks = 0 we deduce
_ 1 1 2,
k2 = —5Ly (A) = SksLg (A) + A7y = =Ly (A) = ksLg (A) = Lg (k).

|)\1|71/2 (k2 —Lg (k3)). Now the curvature

Therefore, inserting the last expression of ko into ~y, we get v = %

reads k = ky, i.e

1 _ 1 _
f= L) (a) + 2 (QLf (IMa1772 (s = Ly (k) ) + 5haLig (1017 (k2 = Ly (Ks))
1 -
5 I = Ly (R Ly ) )
1
= ki +Lig, g (ks) = 5 (k2 = Lg (ks)) Lg (k3)

1 _ 1 _
+5 (IM V2 Lg (ka = Ly (ka)) = 5 (k2 — Ly (k3) [ 3/2Lf<|A1|>)

1 _ 1 _
3l (2L G = Ly (R) = (6 = Ly ) a2y () )

= by o+ Lig 1) (ks) — 5 (b — Ly (k) Ly (ks) + 5 L (ks — Ly (k)
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— (ks = Ly (k) Ly (A) + sy (k= Ly (k) = § (ks — Ly (k) KoLy (A)
= ka + Lig g (ko) + 5L (ks — Ly (k) + SRolLy (ks — Ly (k)
4 by = Ly (k) (L (A) + T (4) + 2L, (k)

1 1
7 (ks = Ly (ks))* + Ly ) (ks) + ShsLy (2 — Ly (ks).

1

Now consider a trivial system, whose state (z,y,w) belongs to a 3-dimensional manifold M,

T =F1(’LU)
(M) :{ § =RW) , @yw)eM, uck

Notice that (T) is, in general, not given by a canonical pair but is given by a semi-canonical pair since [f, [f, g]] =
0. Clearly, for trivial systems we have x = 0, but the converse is not true as discovered in [9] and as we will
show in the following theorem.

Theorem 3.6 (Characterisation of trivial systems). Consider a control-affine system ¥ = (f, g) together with
its structure functions k and v. Then, ¥ is locally trivialisable if and only if its canonical form ¥, = (fe, gc)
satisfies

k=0, Lys (v)=0, and L 4;()=0. (3.7)

Observe that the conditions of (3.7) can explicitly be tested on the control-affine system ¥ = (f,g). Indeed,
with the help of Proposition 3.2, we explicitly construct the canonical pair (f., g.) of ¥ for which the invariants
k and v can be computed by algebraic operations only. Another way to test condition (3.7) on an arbitrary
control-affine system 3 = (f, g) is to compute the invariants x and v using (3.6) and then to evaluate (3.7) with

fe=f+gks and g. = || g.
Proof. We begin with necessity and suppose that ¥ is trivialisable. Then, (T) is given by f = Fj(w) 8% + Fg(w)a%

and g = % (which, a priori, is not a canonical pair), whose structure functions are k1 = ko = k3 = 0, \; =
Ar(w), A2 =0, and A3 = A3(w). In particular, observe that \; and Az satisfy Ly (A1) = Lig 5 (A1) = 0 and
Ls (A3) = Lig,) (A3) = 0. As in the proof of Proposition 3.2, to transform the pair (f, g) of (T') into the canonical

pair (fe,g.) we use « = k3 =0 and 8 = |)\1|_1/2, which therefore satisfies L () = 0 and Ly, ¢ () = 0. Now,
using equations (3.3) and (3.4) of Theorem 3.3, we calculate the structure functions of (f., g.) = (f, g53) which
are k=0, ==1, 1 =0, and ¥ = A3 = SA3 + L, (8). Hence, for the canonical pair (f, g.) of (T') we have

Ly, (7) = BLy (A3) + Ly (Lg (B)) = BLy (A3) + Ly ( 7 (8)) = Lig.5 (B) =0,
Lig..z.] (7) = BLig 5y (7) = B (Lig, 5 (A3) + Ly, 17 (Lg (8))) = B (Lg ( 11 (B)) = Lig,1g.11 (B))
=B (=ML (B) — ALy (B)) =0,

and the necessity of (3.7) is proved.
Now, conversely, suppose that X, given by its canonical pair (fe, g.), satisfies (3.7). First, due to Lemma C.1
of Appendix C, we apply a local diffeomorphism (z,y,w) = ¢(£) that simultaneously rectiﬁes the distribution

F =span{fe, [ge, fc]} and the vector field g., that is ¢.F = span { aazv ay} and ¢,g. = w. In those coordinates,
we have f. = fl% + fga%, with fi = fi(z,y,w), and we have v = v(w) since Ly, (v) = L, 7. (¥) = 0 and
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fe N ge N ge, fe] # 0. Therefore, using relation (3.1’) we deduce that f. satisfies the following two equations
(notice that Eq. (3.2¢”) together with Ly, (v) = 0 imply that p = 0)

[fer [fes9ell =0 and  [ge, [ge, fe]] = efe + v(w) [ge, fe] -

The second equation reads

Ofe
ow’

P fe e o+ v(w)

= (3.8)

and, interpreted as a second order linear ODE with respect to w and with parameters (x,y), admits local
solutions of the form

aq bl
felz,y,w) = Fi(w) | ag | + Fa(w) | b2 | = F1(w)A + Fa(w)B. (3.9)
0 0

In (3.9), Fi(w) and Fy(w) are smooth fundamental solutions functions of (3.8) (i.e. Fy(wg) = 1, F{(wp) = 0,
Fy(wp) =0, and Fi(wp) = 1) and a; = a;(z,y) and b; = b;(z,y), for i = 1,2, so A = al% + aga% and B =
bla% + bga% are smooth vector fields on R? equipped with coordinates (z,y).

Using the commutativity of f. and [g., f.] we deduce that

[F1A+ FyB,F{A+ FyB] = (FF} — F{Fy) A, B] = 0.

By F1Fj — F{Fy # 0 (since f. A [ge, fe] # 0), we conclude that [A, B] = 0 and, therefore, there exists a local
diffeomorphism 1 (z,y) that simultaneously rectifies A and B (seen as vector fields on R?). For simplicity, we
still denote the new coordinates by (x,y), i.e. we have ¥, A = % and ¥, B = a%' In the coordinates (z,y,w),
the vector fields (fe, g.) take the form

0 0 0
= P (w)— + Fy(w)— d g, = —
J 1(w) ox + B (w) Ay and g ow
and therefore we conclude that the system ¥. = (fe, g.) is trivial. O

Remark that in our proof we start with a canonical pair (f., g.) and we render it trivial by constructing a
suitable local coordinate system.

Remark 3.7. The previous theorem was first discovered by Serres in [1]. In the proof of [1], Theorem 4.3.3 (but
also in [4], Thm. 4.3 and in [9], Thm. 3.4), he shows, using his notation, that as = as(u, ¢2) — ¢1 and g%s = b(u)
and then considers the case oy = as(u) — ¢ and not the general case ag = b(u)ga + az(u) — g1. The proof of
[1], Theorem 4.3.3, given for the case b = 0 (which, using our notation, is equivalent to v = 0), still provides an
inspiring intuition to treat the general case, as done in our proof.

In the following proposition, we express the structure functions of the trivial system (7') and give two
canonical forms of control-affine system that are trivialisable. Both canonical forms are expressed using the
canonical pair but in different coordinate systems. For two smooth scalar functions F(w) and G(w), we define
their Wronskian as W(F,G) = F'G — FG'. Recall that for any control-affine system ¥ = (f, g) satisfying (A1)
and (A2) we defined, via (3.1), structure functions k1, ko, k3 and A1, A2, As.

Proposition 3.8. Consider a control-affine system ¥ = (f, g) and suppose that it satisfies conditions (3.7) of
Theorem 3.0, i.e. ¥ is trivialisable. Then, locally, the following statements hold:
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(i) X admits the normal form (T), that is,

IS

»r .

ISR
[
ok
EE

whose structure functions are k1 = ko = k3 =0 and A\ = _ W, F) Ao =0, A3 = V()

WP, F2)? Wk, Fo)
(ii) ¥ admits the normal forms 11 and 12 given, respectively, by
& =F.1(w) t =1+eyu
S8 g =Faow)  ad T2 G = (@-vlwy)u |
where 7321};“1?2; = +1 and whose invariants are (e',k',v') = (—xgc'ij?'zi,o, ";]/((56‘11’56’22))) and

(e2,k2,1%) = (g,0,v(w)), respectively.
Remark 3.9. Neither the structure functions k; nor \; are feedback invariant. Item Proposition (i) asserts
that for the normal form X7 = (f,g), all k; = 0, so the pair (f, g) is semi-canonical (thus, actually, f = f5)

but, in general, it is not canonical since A1 is a nontrivial function. Item Proposition (i) assures that, given
Y7 = (f,g), we can always choose w.-coordinate, as w = ¢(w,), such that F,; = ¢*F; satisfy % = =1
and the corresponding pair (f., g.), where f. = 071% + Fc,ga% and g. = Bg, with 8 given by (¢~ )3 =1, is

canonical.

The two presented canonical forms $1°! = (fl gl) and T2 = (f2, g2) are somehow dual to each other.
Indeed, both are given in terms of the canonical pair (f., g.) of ¥ and for £7°! we adopt coordinates for which
the vector field g! is rectified, whereas for X712 the coordinates are chosen so that f? is rectified. The two
forms carry complementary informations about the control-affine system ¥. The canonical form $7°! exhibits
the trivial nature of ¥, but its invariants ¢ and v are not immediately visible, and the canonical form 12
explicitly identifies the invariants € = +1 and v but hides the triviality of the system. The two canonical forms
show that trivial systems depend on a smooth function of one variable: for 72 it is clearly v(w) and for X7
it is the function Fio(w) that determines F. (w) (or, equivalently, the other way around) through the ODE

W Fe o)
w(Fc,17Fc,2) - :tl

Proof. The normal form presented in item Proposition (i) is a direct consequence of Theorem 2.1 and it is a
straightforward computation to derive the expressions of the structure functions. To obtain the canonical form
Y11 of item Proposition (ii), we consider X7 and define g. = 8g, where 8 = \)\1|71/2, see Proposition 3.2. We
choose w = ¢() satisfying (¢~')'8 = 1. Then in the coordinates (z,y,w), the system X7 takes the form X!,
where F,; = ¢*F; and whose third equation reads @ = . Finally, the canonical form ¥1:2 is a special case of
item Proposition (i) of Proposition 4.1 presented in the next section. O

Let us shed a new light on the result of Theorem 3.6. Recall that any system ¥ satisfying (A1) and (A2)
admits a canonical pair (f., g.). On the other hand, ¥ is trivialisable if and only if it can be brought to the
normal form X712 for which (f7°2, g7*2) forms also a canonical pair. Therefore, ¥ is trivialisable if and only if its
canonical pair (f., g.) is equivalent, via a diffeomorphism ¢, to (f1*2, g1°?), that is, ¢« f. = f1°? and ¢.g. = g2
The equivalence of control systems via diffeomorphisms was solved in the C*°-category in [5], Theorem 2.4 and
we will use this result to give another proof of a slightly weaker version of Theorem 3.6.
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Proposition 3.10. The system . = (f.,g.) is locally trivialisable, with its normal form Y12 satisfying
vU(0) =0, for 1 <j<p—1, and VP (0) # 0, if and only if ¥, satisfies (3.7) and, moreover,

L) (v) (0)=0, for 1<j<p-—1, and L§ (v) (0) # 0. (3.10)

Remark, that the above proposition, based on the general result of [5], is slighly weaker than Theorem 3.6.
Indeed, it assumes that the structure function v has a finite order, whereas in Theorem 3.6 we allow v to be
any smooth function; in particular, ¥ may be a smooth function ﬂat at 0, i.e. v9)(0) = 0, for all j > 0.

Proof. Necessity of (3.7) is shown in the proof of Theorem 3.6, while necessity of conditions (3.10) on the
derivatives of v is obvious.
To prove sufficiency we will use [5], Theorem 2.4. For ¥, = (fe, g.) satisfying (3.7) and (3.10) we choose, due

to Lemma C.1 of Appendix C, coordinates (x,y,w) such that g. = % and span {f., [fc, 9¢|} = span {a%’ a%}'

To apply the result of [5], we set fo = fe, f1 = g, fo = [fo, f1] and define structure functions cfj via

fl?f] Zcz_]ka 1<Z]<2

We denote the successive derivatives of c by (ck )“’ e = Ly, ( Ly, (ch) =z -), where ¢ > 0 and 0 <i; < 2.

For ¥, satisfying (3.7) we have ¢, = 1, 012 = —g, 3y = V(w), and all the other structure functions vanish.
Hence, (c2,)% e = LY (c1y) = g;f; and thus the rank of the family C = {(c¥)%, 0<4,j <2,¢>0} is

r =1 and its order is p (see [5] for the definition of the rank and order of a famlly of smooth functlons)
On the other hand, consider the normal form Y = X712 given by fo= fr2 = 630 and f1 = gl? = éga% +(z—

v(w)g) 8‘1 + -2, where we define £ = ¢ and (1) = v(@), that is, the function v of ¥, applied to the argument
. By a straightforward calculation, we conclude that the family C = { Yireeda 0 <4, <2, q> 0} where
kj are defined as above, is of rank 7 = 1 and order p (notlce that Lq (v) = g Z since U

depends on 1w only and the component of f; along -2

the structure functions é

57 1s one).

Now observe that e and Y satisfy r =7 =1, p=p, and the identity diffecomorphism (z, g, w) = ¢¥(z,y, w) =
(z,y,w) maps c . into c - and (c¥ )“’ ~%a into (Efj)il’“"iq, for 1 < g < p+ 1; the latter is obvious because w = w
and, according to our deﬁnltlon of ¥, o(w) = v(w). Therefore, it follows by [5], Theorem 2.4 that there exists a
local diffeomorphism ¢ such that ¢, f. = f1'? and ¢.g. = g1+2, thus proving that ¥ is locally trivialisable. [

Remark 3.11. Notice that the third components of ¢ (that conjugates the systems) and ¢ (that conjugates
the structure functions) coincide and are w = @ while the two first components of ¢ establish the equivalence
of (f.,ge) with (fI'2,g1°2) and have nothing to do with the first two components of 1, which have been chosen
as the identity but can be taken arbitrarily since v = v(w). It is a consequence of r = 7 = 1, see [5], Proposition
2.4 and [22], Remark 3.

4. NORMAL FORMS OF FLAT AND CENTRO-FLAT CONTROL-AFFINE SYSTEMS
ON 3D-MANIFOLDS

We have shown that the curvature x and the centro-affine curvature v are two functional feedback equivariants
of control-affine systems, hence, their properties define non-equivalent classes of systems. In this section, we
propose a normal form for each class of control-systems that is presented in Table 2 below. The presented
classes describe all the cases for which the curvature x and the centro-affine curvature v satisfy kv = 0 together
with the particular sub-cases for which, additionally, either x or v is constant.



20 T. SCHMODERER AND W. RESPONDEK

TABLE 2. Nomenclature of subclasses of flat and centro-flat control-affine systems.

Notation Name Properties

yer=0v Flat Curvature x vanishes

yerv=0 Centro-flat Centro-affine curvature v vanishes
Yo' =0,v=0 Flat-constant Curvature s is constant and the centro-affine curvature v vanishes
»er=0"=0  Centro-flat-constant  Curvature & vanishes, and the centro-affine curvature v is constant
nen=0r=0 Completely flat Curvatures x and v vanish

Each class of control system presented in the above table is denoted by an upper index I given by three
components and defined as follows. The first element is always € = +1 to emphasize the dependence of the
normal forms on the invariant ¢; the second element is either x = 0 to say that the curvature vanishes or ¥ = 0
to express that the curvature is constant (this notation is a bit abusive because x is not a function of one
variable in general); finally, the third index is either v = 0 or Y = 0 with the same interpretation as previously.
The following proposition provides a normal form X! for each class of control-affine systems %!, where the
upper multi-index I is one of the five given in Table 2. The lower index c indicates that all normal forms ¥ are
expressed using their canonical pairs. Recall that the structure function v is unique up to its sign, i.e. changing
ge — —¢gc yields v — —v, hence in normal forms below we suppose that v > 0. All normal forms below are
given around 0 € R? for better readability, but the same result holds around arbitrary point (g, yo,wo) € R3.

Proposition 4.1 (Normal forms of flat control-affine systems). Consider a control-affine system ¥ = (f,g)
together with its invariants €, Kk, and v. Then, the following statements hold locally (all normal forms below are
represented by a canonical pair (fe.,g.) and considered around 0 € R3).

(i) If k = 0, then X is locally feedback equivalent to
z =1+ a(y,w)u

= (3j + b(y7 w)) U,
= c(y, w)u

e,k=0,v .
e iq ¥
w

whose invariants are €, k = 0, and v = v1(y,w)z + vo(y,w), and the functions a,b and c satisfy the
following differential equations

0

oy =< Tl walyw), a(0,w) = 0,
ob

aiy = Vl(va)b(yaw) - VO(y7 w)> b<07w) = 07
0

67; = Vl(va)c<yaw)7 c(O,w) =1,

and thus are given by

aly,w) = {e /O ! exp (- /0 ’ ul(t,w)dt> dr] exp ( /O i (T,w)dT) ,
by, w) = {— /0  vo(rw) exp (- /0 ’ ul(t,w)dt> dT] exp ( /0 ! VI(T,w)dT) ,
o(y,w) = exp < /0 o, w)dT> .
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(i) If v =0, then X is locally feedback equivalent to

& =r(z,y)c(w)
sere0 g = (o) si(w) ,
W= sg—; ce(w) + 2 s.(w) +u
where
Ve —wy/E Wy\E _ n—wyE
ce(w) = e te ¥ and  se(w) = L,

2 2./

whose invariants are €, k = k(x,y), v = 0, and the function r(x,y) satisfies r > 0 and the following
non-linear partial differential equation

5 [ 02 0?
e (5~ 2z ) (nr(en) = s(o.s) (a.)
(ii) If k and v are constant, then
kv =0, (4.2)

i.e. at least one of them vanishes.
(iv) If Kk =0 and v is constant, then 3 is locally feedback equivalent to
(a) If e =1, then

i = e/WeW V244
— I
yhR=0r=0 -, g =eYWemwVriHd  where v > 0.
. 1
w = 3U

2

(b) If e =—1 and v > 2, then

T =e"ve
ZC—M=O7V/=07+ g = e'We v2—4
w = %u
(¢c) Ife = —1 and v = 2, then
T =e¥
2:,5:0,1/:0,0 y — weW .
W =u
(d) Ife = —1 and 0 < v < 2, then
/ i =e"" cos (wv4 —v?)
yor=0r=0- g =e""sin (wv4 —1?)
w = %u

Moreover, for the four normal forms above, €, k =0, and v are complete invariants.
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(v) If v =0 and k is constant, then 3 is locally feedback equivalent to

| oo (1= % (- ) ew)
Rl 0 g = (15 (2% —e?)) se(w)
W = (yeo(w) —zse(w)) +u

whose complete invariants are €, kK, and v = 0.
(vi) If k =0 and v = 0, then X is locally feedback equivalent to

=0,0=0 :c = c=(w)
0=t Ly = s (w).
w o =u

Before presenting a proof for those normal forms, we give some remarks about them. For item Proposition (7)
we adopt coordinates, where the vector field f. is rectified, whereas for the other normal forms we choose
coordinates in which the vector field g. is rectified. The first normal form $5%=%" of flat control-affine systems
describes the most general form of a system for which the curvature x vanishes. On the other hand, the normal
form 35%*=0 of item Proposition (ii), describes systems for which the centro-affine curvature v vanishes. All
other items are then special cases of those two general normal forms.

Recall that v is unique up to its sign, that is why in item Proposition (iv) we have v > 0 for Proposition (iv)-
Proposition (a) to Proposition (iv)-Proposition (d). It is remarkable that if x and v are constant (hence true
invariants) then at least one of them is zero as asserted in item Proposition (4). Moreover, relation (4.2) already
appeared in [11], where the four families of normal forms given by x = 0 and v constant were listed (but the
non-invariance of the sign of v was not discussed there). The two normal forms of Proposition (vi) with ¢ = +1
and k =wv =0 are , respectively, given by

& = cosh(w) z = cos(w)
yr=0r=0", ¢y =sinh(w) and X_;F=0v=0. y =sin(w)
w =u W=

correspond to hyperbolic and elliptic systems without parameters and have been extensively analysed and
differently characterised in [7, 19].

Proof. For each item, we consider a control-affine system . = (f., g.) given by the canonical pair and with
€ = £1 and structure functions x and v.

(i) Since k = 0, using relation (3.1%), we conclude that the vector fields f. and [f., g.] are commuting. There-
fore, we can rectify them simultaneously to get f. = % and [f¢, gc] = a%. Afterwards, we determine the

form of the vector field g.. First, it satisfies [%, gc} = 8% and thus we immediately conclude

g = aly w5+ o+ by w)) 5+ ol w) (4.3

Moreover, assumption (A1) implies that ¢ # 0. Second, for g. we have {gc, _a%} = E% + p1ge — Va%v where

the functions p and v satisfy (3.2b’) and (3.2¢’) and therefore v = vy (y, w)x + vo(y, w) and p = vy (y, w).
Hence, the functions a, b, and c¢ of g, satisfy

15)
a—Z(y, w) = & + 11 (y, w)aly, w),
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%(va) = vi(y, w)b(y, w) — vo(y, w),

g—;@,w) = 11 (y, w)ely, w).

Solutions of those equations are, respectively,

aly, w) = {g /0 ’ exp <— /0 ' ul(t,w)dt> dr + A(w)] exp ( /0 ' (T,w)dT) , (4.42)

by, w) = {— /0 U, w) exp (- /0 ' Vl(t,w)dt> dr + B(w)} exp ( /0 e w)d7> , (4.4D)
c(y, w) = C(w) exp ( /0 e w)dT) . (4.4c)

Updating the coordinates, we can set C(w) = 1, and A(w) = B(w) = 0; see Appendix D. In those
coordinates we obtain the normal form Y&"=0,

(i) Suppose that v = 0 and choose coordinates (z,7,@) such that g. = Z=. Then, by relation (3.1’) we
conclude that

w+/e — /e W\/E __ ,—W+E
_ _ _ _ _ e +e _ e e
fc = A(LL', y)ca(w) + B(x7y)sa(w)7 ca(w) =

2 ) Se(w): - 5 =

NG

where A = al% + aga% —l—ag%, with a; = a;(Z,7), and B = bl% + bQO% +b3%, with b; = b;(Z, ), being
smooth vector fields. By assumption (A1), we conclude that aiby — asb; # 0, hence A = ala% + ag% and
B= bl% + bga% form a moving frame of the tangent bundle of X = O/G, where G = span {(%} and O
is an open subset of R?, in which the rectifying coordinates (Z,y,w) are defined. We define a metric g on
X by declaring (Z,é) orthonormal, i.e.

(A,A)=1, gA,B)=0, and g(B,B)=—c.

gl
gl

Notice that the signature of g is (+, —sgn (¢)), hence g is definite for ¢ = —1 and indefinite for ¢ = 1.
Since all metrics on 2-dimensional manifolds are locally conformally flat, we conclude that there exists an
isometry (z,y) = (%, 7) such that g = *g, where g = o(z, y)(dz? — edy?), with ¢ > 0. In the coordinates

(z,y), both the pair (A, 3)7 with A = ¢, A and B = 1/1*§7 and (%, 8%) form an orthornormal frame for

g so we have

(A.8) = (et (55

where r = ﬁ and I(x,y) is a a linear isometry, i.e. it belongs to the (pseudo)-orthonormal group O(1, —¢).

Using a suitable change of the variable w = w + h(z, y) we can get rid of I(z, y). Finally, in the coordinates
(z,y,w), the vector field f. of the control system takes the form

fo = rleecw) 3+ rlase(w) 5+ (ol p)eatw) + blap)se(w) o
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We now use the structure equations (3.1’) and deduce that necessarily

or or
a(z,y) = 55@ and  b(z,y) = 9z

and that r satisfies

0?r or\? ar\? 0?r
sra—y2—5 a + e —T@ZKZ(J},?».

which can be expressed in the form of (4.1).

(i4i) If k and v are constants, then due to relation (3.5), we immediately conclude (4.2).

(iv) Suppose that £ = 0 and v is constant, then ¥ satisfies condition (3.7) of Theorem 3.6 and thus 3 is locally
trivialisable. Using the results of item Proposition (ii) of Proposition 3.8, we bring ¥ in the form of 1!
for which f. = Fcﬁl(w)% + Fc,g(w)a% and g. = % form a canonical pair. Using (3.1), we conclude that

the functions F¢ ;, for ¢ = 1,2, satisfy the following second order linear ordinary differential equation

Fli(w) = eFei(w) + vF,;(w). (4.5)
Solutions are dictated by the sign of the discriminant A = 12 4 4¢ of the characteristic polynomial of the
ODE. Moreover, the roots of the characteristic polynomial are ry /5 = ”ig/g . Recall that the sign of v is

not invariant and thus by choosing w suitably we can always get v > 0. Moreover, it is a trivial calculation
to check that the solutions given below are fundamental solutions of (4.5), i.e. we just need to compute
the Wronskian at wy.

(a) If € = +1, then A > 0 for all ¥ > 0. Solutions of (4.5) are given by (after normalising w with 1)

Fo(w) =" eV and  F.o(w) = e"We VY H,

and we obtain the normal form XF#=0"=0,
(b) If e = —1 and v > 2, then A > 0 and solving (4.5) gives

Fei(w) = e’weVri1 and Feo(w) = P We—wVVI—4

and we obtain the normal form EC’*”:O”/:O*JF.
(¢) If e =—1 and v =2, then A = 0 and the solutions of (4.5) are

Fep(w) =we” and Feo(w)=¢e",

which gives 227“2071’/:0,0'
(d) If e = -1 and 0 < v < 2, then A < 0, and the solutions of (4.5) are

F.1(w) =e"" cos (w\/ 4— V2> and Feo(w) =e""sin (w\/4 - V2) ,

’
,k=0,0"=0,—

which gives X

(v) Assume that k is constant and v = 0, then we refine the normal form 5= of item Proposition (ii). We
recognize that equation (4.1) satisfied by r(z,y) describes the curvature (in the usual differential geometry
sense) of the metric g = 7,%(daer — edy?). By assumption, the curvature of g is constant (equal to —x) and
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by Minding’s theorem, surfaces with the same constant curvature are locally isometric. Therefore, there
exists an isometry (Z,9) = ¥(x,y) such that g = ¢¥*g with

= (rram) 0,

72 —ej?

which is also of curvature —k. The action of the isometry on (&,y) can be compensated by applying
w +— w+ h(z,y), for a suitable function h, thus we obtain that the system takes the form of $5%*=0 with
r(z,y) =1— % (2% — ey?), i.e. we get yen'=0v=0,

(vi) The normal form $5%=9¥=0 i5 a special case of item (v) with xk = 0.

5. CONCLUSIONS AND PERSPECTIVES

In this paper, we have analysed in detail the notion of triviality adapted to the context of control-affine
systems. We proposed two new characterisations of trivial control-affine system, one of them is based on the
existence of an abelian subalgebra of the Lie algebra of infinitesimal symmetries. In particular, we gave a normal
form of trivial control-affine systems for which the Lie algebra of infinitesimal symmetries has a transitive almost
abelian Lie subalgebra. In the future, we will be interested in extending our result to the case of multi-input
systems and we will try to propose other characterisation of triviality that are purely geometric. In the second
part of the paper, we have revisited results due to Serres [1] and we give a novel proof of his characterisation
of trivial systems on 3-dimensional manifolds with scalar inputs. In particular, our characterisation uses a
discrete invariant € = £1 and two well-defined functional invariants of feedback transformations: the curvature
k (introduced by Agrachev and Gamkrelidze [3]) and the centro-affine curvature v (studied by Wilkens [11]). We
show that those invariants can explicitly be computed for any control-affine system and that a canonical pair
of vector fields (fe, g.), for which x and v appear explicitly, can also be constructed with a purely algebraically
defined feedback transformation. Then, we extended the results of Serres and Wilkens by giving several normal
forms of control-affine systems. In the future, our goal is two-folds: first we will be interested in the question of
how to use the triple (g, k,v) in order to express a set of complete invariants of control-affine systems (on 3D
manifolds with scalar control). Identifying a set of complete invariants would be helpful in obtaining normal forms
of control-affine system in dimension three. Second, we will be interested in generalising our characterisation of
trivial control-affine systems to the multi-input case, in particular the notion of curvature of dynamics pairs, as
proposed in [23], seems promising.
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APPENDIX A. SMOOTH SOLUTIONS OF CAUCHY-EULER SYSTEM

Let J be the real Jordan normal form of an N x N matrix, i.e.

)\j 1 Aj I
J1
J = , where either J; = ' ’ or Jj= ' ' ,
Je 1 1>
A

a; b;

with \; € R, A, = ( ) where a;,b; € R, b; £ 0, and I — (1 O).

0 1

—b; a;

Lemma A.1. If the Cauchy—Euler system
wF' (w) — JF(w) =0, F(w)eRY (A1)

possesses a smooth solution F(w), around w = 0, such that all components F are not identically zero, then the matriz
J is diagonal with non-negative integer eigenvalues \; € No = NU {0}. Moreover, the solution of (A.1) is given by
Fj(w) = cjw™, for 1 <j < N, with ¢; # 0.

Proof. Four cases are to be discussed. First, the Jordan block is of the form J; = ()\;), with A; € R. For simplicity of
notation, denote A = \; and the corresponding scalar component of F by F, so we have the scalar equation wFy — AFy =
0. The solution of the latter is Fi(w) = 8|w|*, where § = 67 for w > 0 and § = 6~ for w < 0, with 1 and 6~ being real
constants. The function Fy(w) is C*-smooth if and only if A € No, 87 = (=1)*0~, and 6 # 0 (since all F; are assumed
not identicallly zero).

A

;1

Second, the Jordan block is of the form J; = .o . Denote A = \; and the corresponding components of F' by

—
Aj
(F1,...,Fy,)", where J; is a (g; X q;)-matrix. The last row of J; gives wFy — AF; = 0, where for simplicity we denoted
q = q;j, and by the above analysis of the first case, we conclude that Fy(w) = f4w|*, with A € Ng and 0] = (=1)*0, .
Now, one before the last row of J; gives wF,_; — AF;—1 — F; = 0 and hence F,_1(w) = |w|* (6, In |w| + 04_1), where
041 is a constant possibly depending on the sign of w. Clearly, F;—1 being smooth at w = 0 implies that 8, = 0, which
contradicts the fact that Fj, # 0. Therefore all Jordan blocks with ¢ > 2 are excluded.
Third, the Jordan block of the form J; = A;. For simplicity of notation, denote A = A\; = a + bi, A = (_“b Z), and the
corresponding components of F by (Fy, F2). Solving (wFy,wF3)" — A(Fi, F2)" = 0 we conclude that F; (w) and F»(w) are
R-linear combinations of |w|® cos (bIn |w]) and |w|®sin (bIn |w|) but none of them is smooth at w = 0, which contradicts

the assumption. So Jordan blocks of the form J; = A; are excluded.
A Ts

Fourth, the Jordan blocks of the form J; = .o produce along the last two rows a system of equations similar

_
A

to that of the third case and, as previously, we concludej that there are no smooth non-zero solutions; hence, the Jordan

blocks with complex eigenvalues are excluded as well.

To summarize, the only smooth non-zero solutions exist in the case of the diagonal matrix J with eigenvalues A; € Ny

and, moreover, are of the for Fj(w) = 6;|w|*, where 0;7 = (=1 07 and 0; # 0. Finally, removing the absolute value,

we obtain that Fj(w) = c;w™, where ¢; = 6‘; # 0. O

APPENDIX B. DETAILED COMPUTATIONS FOR THEOREM 3.3

In this appendix, we detail the computation to obtain relations (3.2a)—(3.2c) between structure functions and we prove
transformation rules (3.3) and (3.4) that show how the structure functions are changed under a feedback transformation.
Consider a control-affine system ¥ = (f, g) with structure functions (k1, k2, k3) and (A1, A2, A3).
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First, by applying the Jacobi identity to [f,[g, [g, f]]] we deduce that [f, [g,[g, fl]] = — lg;[f, [f> g]]]- We compute the

left-hand-side and the right-hand-side separately:
— A3 (kig + k2 [g, f1 + ks [9, ]9, f]]),

(£, (9,19, fIIl =Ly (M) f + Ly (A2) g — A2 [g, f] + Ly (As)
— X2 — Ask2) [g, f]

=Ls (M) f+ Ly (A2) = Ask1) g + (Ls (As)
— Xsks (M f + Xag + A3 g, f])

= (Ly (M) — Asksd1) £+ (Ly (A2) — Ask1 — AsksAa) g
+ (Lf (A3) — X2 — Aska — A3ks) [g, f].-

And on the other hand we have

[, [f, [f 9] = Lg (k1) g + Lg (k2) [g, f] + k2 (AL f + Xag + A3 [g, f])
Ly (k3) (Mif + A2g + X3 [g, f]) + k3 [g, A\ f + Aag + A [9, 1],

= (k2A1 + MLy (k3)) f + (Lg (k1) + k2A2 + Lg (k3) A2) g
+ (Lg (k2) + k2As + Lg (ks) A3) [g, f]
+ k3 (Lg (A1) f + A1 g, f]+ Lg (A2) g + Lg (As) [g, f1+ As (A f + Asg + Az [g, f1)),
= (k21 + MiLg (k3) + ksLg (A1) + ksAsA1) f
+ (Lg (k1) + kad2 + Lg (k3) A2 + ksLg (A2) + ksdsA2) g
(Lg (k2) + k2Xs + Ly (ks) As + ks A1 + ksLg (As) + ksA3) [g, f] -

Identifying the terms in front of f, g, and [g, f] we obtain equations (3.2a) to (3.2c)
Now, we apply a feedback transformation of the form f = f + go and § = g8 and we get first [f, §] = BIf, 9] + g,

where v = Ly (8) + aLg (8) — BLg (). Second,

(9. 3. 7]] = 81919, 111+ BLy (8) g, f1 + (~BLig.11 (B) = BLg (1) +7Lg (8)) g
= B2 + (B*Ae = BLig.11 (8) — BLy (1) + 7Ly (8)) 9+ (823 + BLq (8)) [g, f)
=B\ f + (A" Ma+ B2X2 = BLig, 1) (B) = BLg (7) + 7Ly (B) + 7 (BAs + Ly (8))) 9

+(Bra+Ly (8) [3.1]

implying that A1 = 821, A2 = B2 — BA1a+ A3 — Lig 5 (B) — Lg () + 29Lg (In|B]), and A3 = BAs + Ly (B). Third, we

have

[f, [f §H [f + 9o, BLf, 9] + 9]
=619l +Ls (B) If, 9] +Ls (V) g +v1f, 9]
+aBlg, [f, gl + alg (B) [f, 9] = BLis.g) (@) g + aly (v) g — 7Lg (@) g,
= (/Bkl + Ly () + 5L[g»f] (a) + aliy (v) — 7Ly (a)) g+ (Bk2 — Lf (B) — v — aly (B)) lg, f]

+ (Bks — aB) g, 19, f11,
(5k1+Lf( )+ BLig, 1 ()

+aLg (v) =YL () g + (Bk2 — Ly (B) — v — alg (8)) lg, f]
(8ks — ) { |3 |3, /]| - 8

,32 Lg (B) lg, f] + BLig.51 (B) g + BLg (7) g — vLg ( }

implying ks = % (ks — a). Next, continuing the computation (denoting h = ks [[], [g, f]] ):
[7.[7.3]] = (Bk1 + Ly (1) + BLig11 (@) + aLig () = 1Ly (@) + s (BLig, 51 (8) + BLg (7) = 7L (8)) ) g +
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+ (Bks =Ly (8) =7 — oLy (8) — kaBLy (8)) g, £ +
= (/3]@1 + Ly (v) + BL[g,f] () + aly () — vLg () + ’;3 (ﬁL[g,f] (B) + BLg (v) — 7Ly (5))) g

5 (8ka =15 (8) =7 = aLy (3) = RpLy () {[3.7] + 79} + B

implying k2 = ko — Ly (In|3]) — 2 — aL, (In|B|) — k3L, (8) and finally

k= % (5k1 +Ls (7) + BLig 51 (@) + alig (7) = YLig (@) + k3 (BLig.51 (B) + BLg (7) — 7Ly (8)) + ffﬂ)

=k + L[g,f] (@) + l (Lf (7) +aLg (7) — vLg (o) + ];3 (ﬂL[g,f] (B) + BLg (v) — 7Ly (5)) + 152'7) .

B

APPENDIX C. TECHNICAL LEMMA FOR THE PROOF OF THEOREM 3.6
The sufficiency part of the proof of Theorem 3.6 relies on the existence of a diffeomorphism that simultaneously

rectifies the distribution span {fc, [gc, fc]} and the vector field g. as proven by the following lemma.

Lemma C.1. Consider a control-affine system X = (fe, ge) given by its canonical pair and set F = span{ fe, [ge, fe|}- If
the structure functions of 3. satisfy condition (3.7) of Theorem 3.6, then there exists a local diffeomorphism (z,y,w) =

o(€) such that ¢ F = span{aaz, ay} and ¢.ge = 2.

Proof. First, we prove that there exists smooth solutions h for the system
Ly, (h) =0, Lig.s)(h) =0, and Ly (h)=1

We need to check three integrability conditions:

1. Lis. ige.fe) (h) = Ly, ( [ge, fe] (h)) —Lig., 5] Ly, (R)) =0 and [fe, [ge, fe]] = 0, s0 0 = 0 and the first condition holds.

2. Lis, g0 (h) = Ly, (Lg, (h)) — Ly, (L, (h)) =0 and Ly, 4. (h) =0 so 0 =0 and the second integrability condition
holds.

3. Lygge,seligel (M) = Lig, sy (Lge — Ly, (Lig.7. (h)) = 0 and [[ge, fe] 9] = —efe — vige, fe] . Therefore
Liig..f.),90] (R) = —eLy, (h) — VL[gC .1 (h) =0 and 0 = 0 so the third condition holds.

Take a smooth solution h of the above system, rename it ¢3 = h, and choose ¢1, ¢2 such that d¢; and d¢2 annihilate
ge and are independent (they exist since g. # 0). The local diffeomorphism ¢ = (¢1, p2, ¢3) = (z,y,w) is such that

¢Ffspan{am,8y}and¢*gcf%. O

APPENDIX D. TECHNICAL RESULT FOR THE PROOF OF PROPOSITION 4.1

We show that there exists a local diffeomorphism (Z,§, %) = ¢(z,y,w), around 0 € R*, bringing f. into ¢. f. = %
and g, given by (4.3), into

ege = a(ﬁ,w)% + (& + b5, w)) 3% + &, );; (D.1)

such that a(0,@) = 0, b(0,@) = 0, and &0, ) = 1. To this end, define (&,§,w) = (z — a(w),y — B(w), w), where a(w)
and B(w) are smooth functions defined below satisfying «(0) = 0 and 3(0) = 0. Then, a(g,w) = a(g + S(w),w) —
o (w)e(g + B(w),w) and a(0,w) = 0 if and only if

a(0 + B(w), w) — & (w)c(0 + B(w), w) = 0. (D.2)
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Using, = = Z + a(w), we conclude that b(g, w) = a(w) + b(§ + B(w), w) — B (w)e(§ + B(w), w) and thus b0, w) = 0 if
and only if

a(w) + b(B(w), w) — B’ (w)e(B(w), w) = 0. (D.3)

Now, consider the second order ordinary differential equation (notice that ¢(8(w),w) # 0 since ¢(0,0) # 0 and 3(0) = 0)

d2/j_71 %w % wwf%w@ wwf& w), w
= e @) (S - @ S B W - S5, w)
1 b
+ (Blw), w)? (a(w) + c(ﬂ(w),w)%(ﬂ(w),w)) ,

obtained by differentiating (D.3) with respect to w and using that o' (w) = % Take the solution 8(w) satisfying

B(0) =0, 5'(0) = 358:8; and define a(w) = ' (w)c(B(w), w) —b(B(w),w) and thus a(0) = 0. By construction, the functions
a(w) and B(w) satisfy equations (D.2) and (D.3). Therefore, the local diffeomorphism (Z,7,w) = ¢(z,y,w) = (z —
a(w),y — B(w),w) brings g., given by (4.3), into ¢«ge, given by (D.1), where a(g,w) and B(g,w) satisfy, respectively,
@(0,%) = 0 and b(0,%) = 0. Now it remains to normalise the function & such that &0,0) = 1. To this end, apply the
diffeomorphism @ = ~(w) such that v(0) = 0 and ' (w)&(0,w) = 1. This local diffeomorphism leaves conditions (D.2)

and (D.3) unchanged, thus the calculation is complete.
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