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DESIGN OF HOMOGENEOUS TIME-VARYING STABILIZING
CONTROL LAWS FOR DRIFTLESS CONTROLLABLE SYSTEMS
VIA OSCILLATORY APPROXIMATION OF LIE BRACKETS IN

CLOSED LOOP*

PASCAL MORIN', JEAN-BAPTISTE POMET!, AND CLAUDE SAMSONT

Abstract. A constructive method for time-varying stabilization of smooth driftless controllable
systems is developed. It provides time-varying homogeneous feedback laws that are continuous and
smooth away from the origin. These feedbacks make the closed-loop system globally exponentially
asymptotically stable if the control system is homogeneous with respect to a family of dilations
and, using local homogeneous approximation of control systems, locally exponentially asymptotically
stable otherwise.

The method uses some known algorithms that construct oscillatory control inputs to approximate
motion in the direction of iterated Lie brackets that we adapt to the closed-loop context.
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1. Introduction.

1.1. Related work and contribution. Stabilization by continuous time-vary-
ing feedback laws of nonlinear systems that cannot be stabilized by time-invariant
continuous feedback laws has been an ongoing subject of research in the past few
years.

The fact that for many controllable systems no continuous stabilizing feedback
exists was first pointed out by Sussmann [23]. A simple necessary condition was given
by Brockett [1], since known as “Brockett’s condition.” It allows us to identify a wide
class of controllable systems for which no continuous stabilizing feedback exists; these
include most controllable driftless systems. More recently, Coron gave a stronger
necessary condition [2].

A possible way of stabilizing systems for which these necessary conditions are
violated is to use discontinuous (time-invariant) control laws. This has been explored
in the literature, but the present work does not go in this direction at all.

The possibility of stabilizing nonlinear controllable systems via continuous time-
varying feedback control laws was first noticed in the very detailed study of stabiliza-
tion of one-dimensional systems by Sontag and Sussmann [21]. More recently, smooth
stabilizing control laws for some nonholonomic mechanical systems were given by
Samson [18]; this was the starting point of a systematic study of time-varying stabi-
lization. Coron [3] proved that all controllable driftless systems may be stabilized by
continuous (and even smooth) time-varying feedback and that “most” controllable sys-
tems (even with drift) can also be stabilized by continuous time-varying feedback [4].
Pomet deals with a less general class of controllable driftless systems [15].
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From here on, only driftless systems are considered in this paper. After the
general existence result given in [3], studies on the subject have focused on methods to
construct continuous time-varying stabilizing feedback laws and on obtaining feedback
laws that provide sufficiently fast convergence.

As far as the constructiveness aspect is concerned, for simplicity let us divide
the construction methods into two kinds. The first kind of method applies to rather
large classes of controllable driftless systems, such as the work of Coron [3] (general
controllable driftless systems; the paper is not oriented toward construction of the
control, but a method can be extracted from the proofs), Pomet [15] (controllable
driftless systems for which the control Lie algebra is generated by a specific set of
vector fields), or of M’Closkey and Murray [12] (same conditions as in [15]). These
studies all share the following feature: they use the solution of a linear PDE, or the
expression of the flow of a vector field, to construct the control law. This solution, or
this flow, has to be calculated beforehand, either analytically or numerically, and this
introduces, especially when no analytical solution is available, a degree of complication
which may not be necessary. The second kind of method found in the literature
provides explicit expressions. Its drawback is that it applies only to specific subclasses
of driftless systems, such as models of mobile robots or systems in the “chain form”
or “power-form,” like the work of Samson [18], Teel, Murray, and Walsh [27], and
Sépulchre, Campion, and Vertz [20], among others.

Alternatively, a need to improve the speed of convergence came out of the slow
convergence associated with the smooth control laws that were first proposed. This
concern motivated several studies, starting with the work by M’Closkey and Murray
[11], yielding continuous control laws which are not smooth, or even Lipschitz every-
where, but are homogeneous with respect to some dilation, and thus exponentially
stabilizing, not in the standard sense but with respect to some homogeneous norm
(this notion was introduced by Kawski [7]). See, for instance, further work by the au-
thors of this paper [16, 14] or by M’Closkey and Murray [12], who have also proposed
recently a procedure that transforms a given smooth stabilizing control law into a
homogeneous one [13]. Except for this last reference, which requires that a smooth
stabilizing control law has been designed beforehand, the construction of homoge-
neous exponentially stabilizing control laws in the literature is restricted to specific
subclasses of driftless systems.

The design method described in the present paper has the advantage of being
totally explicit, in the sense that it requires only ordinary differentiation and lin-
ear algebraic operations, while it applies to general controllable systems and pro-
vides exponential stability. This method gives homogeneous feedbacks, which ensure
global stability if the control vector fields are homogeneous and local stability oth-
erwise. The fact that it relates controllability with the construction of a stabilizing
control law in a more direct way than previous designs also makes it conceptually
appealing, all the more so as it may be viewed as converting the open-loop control
techniques reported by Liu and Sussmann in [25] and Liu [9] into closed-loop tech-
niques.

However, the generality of the method also has a price. When applied to particular
systems for which explicit solutions have long been available, the present method often
yields solutions which are significantly more complicated. This comes partly from the
complexity of the approximation algorithm proposed in [25, 9], which we use. This is
also a consequence of the modifications that we have made to adapt this algorithm
to our feedback control objective.
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1.2. Outline of the method. Nonlinear controllability results were first de-
rived for driftless systems; see, for instance, the work by Lobry [10], where it is shown
that such systems are controllable if and only if any direction in the state space can be
obtained as a linear combination of iterated Lie brackets of the control vector fields,
at least in real-analytic cases. It was also shown very early on by Haynes and Hermes
[5] that, under this same condition, any curve in the state-space can be approached by
open-loop solutions of the controlled system. (Note that this property is not shared
by all controllable systems, but rather is specific to driftless systems.) In these stud-
ies the key element is that, in addition to the directions of motion corresponding to
the control vector fields, motion along other directions corresponding to iterated Lie
brackets is also possible by quickly switching motions along the original control vector
fields. Take, for example, a system with two controls

(1].) T = Ul bl(l') + us9 bg((E)
with state z in R?, and assume that at each point x the vectors

(12) bl(x) ) bQ(x) ) [blv bg]($) ) [bla [b17 bg”(:ﬂ) ’ [b27 [bla bg]](l’)

are linearly independent, and thus span R®. The idea in [5] is the following: first, it is
clear that any (e.g., differentiable) parameterized curve t — v(t) is a possible solution
of the “extended” system with five controls:

(13) T =11 bl(:c) + Vg bQ(ZL’) + vs3 [bl,bg](l’)
+ 04 (b1, [b1,b2]]() + w5 [b2, [b1, ba]](2)

(simply decompose ¥(t) on the basis (1.2) to obtain the controls). Then it is proved
in [5] that there exists a sequence of (oscillatory) controls u; (e, t, v1,ve, U3, V4, v5) and
us(g,t,v1, 02,03, v4,v5) such that the system (1.1) “converges to” the system (1.3)
when e — 0 in the sense that the solutions of (1.1) with these controls u; converge
uniformly on finite time intervals to the solutions of (1.3). The proof in [5] does
not give a process to build these sequences of approximating sequence of oscillatory
control, and although the case of a simple bracket (approximating [b1, bs] by switching
between b; and bs) is elementary and well known, the case above of brackets of order
3 is more complex. The more recent work by Liu [9] and Sussmann and Liu [25] gives
an explicit construction of the approximating sequence. The process of building this
sequence is amazingly intricate compared to the simplicity of the existence proof in
[5]. Of course, the controls uy are not defined for e = 0, and both their frequency and
their amplitude tend to infinity when e goes to zero.

Being aware of these results, and faced with the problem of proving that any
controllable driftless system may be stabilized by means of a periodic feedback, the
most natural idea is probably the following, which we illustrate for (1.1) (5 states, 2
controls):

(a) Stabilize the extended system (1.3) by a control law v;(z). This is very easy,

and & may even be assigned to be any desired function, for instance, —z.

(b) Use the approximation results and build the controls ug(e,t,vi(x), va(x),

v3(x), va(x), vs(x)), according to the process given in [25, 9] so that when e
tends to zero, the system (1.1) controlled with these controls “tends to” the
extended system (1.3) controlled with the controls v;(x).
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(c¢) Since the limit system is asymptotically stable (for instance, © = —z), and
asymptotic stability is somehow robust, the constructed control laws are, it
is to be hoped, stabilizing for € nonzero but small enough. For instance, one
may take ||z||? as a Lyapunov function for the limit system, its time-derivative
along the limit system is —2||z||?, and it is tempting to believe that its time-
derivative along the original system controlled by ug(e,t, v1(x), va(x), v3(x),
v4(),v5(x)) is no larger than —||z||? for e small enough.

Unfortunately, these arguments, which would have been somewhat simpler than those
in [3], are not rigorous as they stand. The meaning of “tends to” in point (b) is very
imprecise. In [5], and in [25, 9], only uniform convergence of the trajectories on finite-
time intervals are considered. This is not adequate for asymptotic stabilization. The
Lyapunov function-based argument in point (¢) does not work because, in general,
when ¢ tends to zero, the time derivative of a given function along the system (1.1)
in feedback with the controls uy from point (b) does not tend to the time-derivative
of this function along the “limit” system (1.3). In addition, the fact that feedback
controls are considered instead of open-loop controls complicates the proofs because
the controls depend on the state and therefore may have a very high derivative with
respect to time not only through the high frequencies and amplitudes built into the
approximation process but also through their dependence on the state, whose speed
is proportional to these high amplitudes.

However, we show in the present paper that the above sketch is basically correct,
provided that homogeneous controls associated with a homogeneous Lyapunov func-
tion are used and that the construction of the approximating sequence is modified to
take into account the closed-loop nature of the controls. An argument of the type
of point (c) is possible based on a notion of approximation that is not in terms of
uniform convergence of trajectories, but in terms of the differential operator defined
by derivation along the system.

This paper is organized as follows. After a brief recall of technical material in
section 2, we state in section 3 the control objective, make homogeneity assumptions,
and explain how they will yield local results for general controllable systems. The
design method is developed in section 4 through four steps: choice of the “useful”
Lie brackets, construction of the stabilizing controls for the extended system (system
(1.3) in the above example), construction of the “state dependent” amplitudes for
the feedback law, and construction of the oscillatory controls by the method exposed
in [9]; the material from these steps is then gathered to give the control law, and
the stabilization result is stated. We present in this section all that is needed for
the construction of the control law, but the proofs of some properties needed at each
steps, and of the theorem, are given separately in section 7. Section 6 is devoted to
a convergence result needed in the proof of the stability theorem; it is a translation
in terms of differential operators (instead of trajectories) of the averaging results
presented in [25, 9, 26] and in [8]. An illustrative example is given in section 5.

2. Background on homogeneous vector fields. For any A > 0, the “dilation
operator” ) associated with a “weight vector” r = (r1,...,r,) (r; > 0) is defined on
R™ by

ox(x1, .oy mn) = (A", A ).

A function f € C°(R™;R) is said to be homogeneous of degree 7 with respect to the
family of dilations (6y) if

VA>0, f(oa(z)) =A"f(z).
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A homogeneous norm is any proper continuous positive function that is homogeneous
of degree 1.

A continuous vector field X on R™ is said to be homogeneous of degree o with
respect to the family of dilations (6y) if one of the following equivalent properties is
satisfied:

(1) For any ¢ = 1,...,n, its ith component, i.e., the function x — X;(x), is

homogeneous of degree r; + o.
(2) For any function h homogeneous of degree 7 > 0 with respect to the same
dilation, the function Lxh (its Lie derivative along X) is homogeneous of
degree o 4 7.
(3) For all positive constant A, the vector field ((6)).X), conjugate of X by the
diffeomorphism 6 —away from the origin— satisfies ((63).X) () = A7 X (z)
for x # 0.
The previous definitions of homogeneity can be extended to time-varying functions
and vector fields by considering an “extended dilation”:

a1, oy Tn, t) = (AN @y, ., ANy, ).

Finally, let f € C°(R" x R;R"), with f(z,.) T-periodic, defining a homogeneous
vector field of degree zero with respect to a family of dilations (6y). Then, the two
following properties are equivalent (see [7] for the autonomous case):
(i) the origin = = 0 of the system & = f(x,t) is locally asymptotically stable.
(ii) « = 0 is globally p-exponentially asymptotically stable, i.e., for any homoge-
neous norm p, there exist K,v > 0 such that, for any solution z(.) of the
system,

pa(t)) < Kp(x(0))e™".

In what follows, when using the expression exponentially asymptotically stable, we will
refer to the p-exponential asymptotic stability defined above.

3. Problem statement. Consider a smooth driftless controllable system
(3.1) T = Zulfl(t%)
i=1

In general, there does not exist a dilation with respect to which the control vector fields
are homogeneous. However, controllability implies that after some adequate change
of coordinates, there exist a dilation and a controllable homogeneous approzrimation
[6, 7]—with respect to this dilation—of the system (3.1) around the origin. Different
methods exist to find such a change of coordinates and dilation. For instance, a
constructive method (i.e., requiring only algebraic computations and derivations) is
given in [22]. Using this method, one obtains a driftless control system with control
vector fields homogeneous of degree —1. Moreover, any homogeneous feedback law
that asymptotically stabilizes this system also locally asymptotically stabilizes the
original system.

The present work constructs a homogeneous feedback that ensures global expo-
nential stabilization for homogeneous systems. Applied to the homogeneous approxi-
mation of a general system (3.1), it provides local exponential stabilization of (3.1).

Throughout this paper, we always consider a system
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where the b;’s are smooth vector fields and the system of coordinates is such that

there exist some integers (rq,...,7,) such that
(1) each vector field b; is homogeneous of degree —1 with respect to the family
of dilations 6, with weights (r1,...,7,);
(2) the rank at the origin of the Lie algebra generated by the b;’s is n:
(3.3) Rank(Lie{by,...,b,,}(0) ) = n.
The integer valued weights r1,...,7, are now fixed, and we denote
(3.4) P = Max{r;i=1,...,n}.

Our objective is to design feedback laws u = (uy, ..., u,) € C°(R x R™"; R™) such
that the origin = 0 of the closed-loop system (3.2) is exponentially asymptotically
stable.

Remark 3.1. We require only full rank control Lie algebra at the origin, but con-
trollability follows, because homogeneity allows us to deduce the same rank condition
everywhere.

Remark 3.2. We assume that the degrees are all equal to —1. These are the
degrees given by the construction of a homogeneous approximation in [22]. If a system
is naturally homogeneous, but the degrees are not all equal (if they are equal, a simple
scaling makes them all equal to —1), it might be better to use this natural homogeneity
than to construct a different homogeneous approximation that will have all the degrees
equal to —1. The present method can be adapted to the case when the degrees of
homogeneity are not all equal; this requires only a modification of the first step (see
Remark 4.3).

4. Controller design. The control design consists of four steps described below.
Step 1 (selection of Lie brackets).
In this step, we select some vector fields Ej (j =1,...,N), obtained as Lie brackets
of the control vector fields by, ...,b,. The E)j are chosen recursively as follows. For
any p=1,..., P (with P defined by (3.4)),
(1) compute all brackets of length p made from the control vector fields b; (i =
1,...,m);

(2) select among the vector fields so obtained a maximal number of vector fields
independent! over R. These vector fields are the bj (mp—1+1 < j < mp).
(We set my = 0 so that all the integers m, (p = 0,..., P) are defined, with
N = mp.)

It follows from this construction that with each vector field Bj we can associate a
Lie bracket of some b;’s, i.e.,

(4.1) b = Ci(brr .y e)
with
e C; a formal bracket and b,1,..., b_c(;) the elements that are bracketed (listed
in the order they appear in the brécket);
e /() the number of vector fields that are bracketed in (4.1), i.e.,
€(j):p <~ mp—1+1§j§mp~

IRecall that some vector fields X1, - -, X, are said to be linearly independent over R if and only
if for any (A1,...,Ar) in R", the vector field A1 X1 + -+ + A\ X, is identically zero on R™ only if
Al=--=X=0.
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For instance, if we choose a vector field bg = [[bz,b1], [b1, [b1,b2]]], then we encode
this as (4.1) with £(6) =5, 78 = 73 = 784 = 1, 7¢ = 7§ = 2, and the symbol Cq
defined by Cg(z1, 22, 23, 24, 25) = [[#1, 22], [#3, [24, 25]]]. This notation is sloppy but

avoids using formal Lie brackets and the evaluation operator (see [24]) from a free
Lie algebra to vector fields, which would make the exposition uselessly heavy. Of
course, the decomposition (4.1) is not unique in general. From now on, we consider
that one decomposition has been chosen and that the C;’s and Tf’s have been defined
accordingly.

Remark 4.1. (1) In Step 1 above, we do not need to compute all brackets of length
p. More precisely, let F denote the free Lie algebra generated by some indeterminates
S1,---,8m. Then, one can select a basis B of this Lie algebra (for instance a P. Hall
basis, as used by Sussmann and Liu [25, 26] and Liu [9]). If B, denotes the elements
of B of order p, then it is clearly sufficient to consider Lie brackets of the b; obtained
by evaluating (in the sense of [24]) the elements of B, at s; = b; (i = 1,...,m). One
usually takes this into account when checking controllability.

(2) Since the vector fields b; (¢ = 1,...,m) are homogeneous of degree —1, each
bracket of length p of these vector fields is homogeneous of degree —p. Moreover, the
weights of the dilation being integers, any smooth vector field homogeneous of integer
degree is, in fact, polynomial. Using a (finite) basis of the polynomials homogeneous
of degree k (k € {0,..., P —1}), selecting Lie brackets of a given length consists only
of computing a basis of a finite dimensional vector space.

(3) We do not need to consider brackets of order larger than P because they
are identically zero; indeed, all components of these vector fields are homogeneous of
negative degree and, therefore, they would tend to infinity at the origin if they were
not identically zero.

Ezxample. Let us illustrate this step on the following academic example:

Ty = Ui,
. 2
o = x3(ur + u2),
I3 = U3,

which is of the form (3.2) with m = 3 and

o L0

_— [
81‘1 3 8372’

, 0, 0

bl = Ty — 3 = .
381‘2’ 8$3

by =
The control vector fields are homogeneous of degree —1 with respect to the dilation
with weights 1 = 1, 7o = 3, and r3 = 1.

For the brackets of length 1, i.e., the control vector fields, b; and b3 are indepen-
dent at the origin while by is zero at the origin but independent from b; and b3 away
from z3 = 0. Hence m; = 3, and one can take by = b = Ci1(b1), by = by = Ca(b2),
and b3 = b3 = C3(b3)

At length 2 all the brackets vanish at the origin, but they are not identically zero:

[b2, b3] = —2x38—‘22, and [bs,b1] = —[ba, b3]. Since [b1, b2] = 0, we have mqy = 4. We
define, for instance, by = [b2, b3] = C4 (b2, b3). )
Finally, since [bs, [be, b3]] = —28%2, ms = b with, for instance, b5 = [bs, [b2, b3]] =

Cs(bs, by, b3). Note that here, due to the origin being a singular point for the distri-
butions spanned by the control vector fields and by the brackets of order at most 2,
N is strictly larger than n.

With this general construction, we have the following proposition.
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PROPOSITION 4.2. For any family (l;j)j:17,,_,N defined as above, we have the
following: R ~
(a) Let ji,...,jn be such that Span{b;, (0),...,b; (0)} =R". Then

Vo € R",  Span{b;, (z),...,b;, (r)} =R".

(b) Any vector field b that can be written as a Lie bracket of order p of some b;’s
is a linear combination of the b;’s with £(j) = p, i.e.,

Mp
b= Y \bi= Abj

J=mp-1+1 £(5)=p

for some real numbers \; € R.

(¢) The vector fields {Bj}j:L___7N are linearly independent over R.

(The proof is in section 7.1.)

Remark 4.3. 1If the degrees of the vector fields b; are not all equal, the above
construction has to be modified. More precisely, in the recursive construction of the
family (b;)j=1,....n, we have to consider an induction on the degree of homogeneity
instead of an induction on the length of the Lie brackets. (Note that this is just a
generalization of the above construction, since for vector fields of the same degree —1
the set of Lie brackets of length p is the same as the set of Lie brackets of degree —p.)
This means that at each step, we have to compute the set of Lie brackets of a certain
degree and select from among them a finite number of vector fields that form a basis
of this set.

Step 2 (stabilization of the extended system).

Let a be a smooth vector field, homogeneous of degree zero with respect to the
family of dilations (6y), and such that the origin x = 0 of the system & = a(z) is
asymptotically stable. One may take, for instance, a(x) = —x. In view of Proposition
4.2(a), the n x n matrix whose columns are b;, (z),...,b;, (x) is invertible for all z.
Define the functions @; (j =1,...,N) by

j, ()

(4.2) ij, ()

eu; =0 Vj ¢{ji,-in}

These functions are obviously such that
(4.3) a=> i;bj,

and furthermore, we may state this proposition.

PROPOSITION 4.4. For any j =1,...,N, the above-constructed function u; is in
C>®(R™ — {0}; R) N C°(R™;R) and is homogeneous of degree £(j).

Proof. Continuity and smoothness away from the origin are inherited from the
vector fields Bj and the vector field a. Each @;, is homogeneous of degree £(ji) because
the [th component of the vector field a is homogeneous of degree r; and the element
(k,1) of the matrix (b;, (x),...,bj, (x))~" is homogeneous of degree £(ji) — ;. This
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last statement is true because the element (k,1) of the matrix (b;, (), ...,b;, (x)) is
homogeneous of degree r; — ¢(ji) for the vector field; Ejk is an iterated Lie bracket
of ¢(ji) homogeneous vector fields of degree —1 and hence is homogeneous of degree
—l(r). O

Step 3 (construction of the state-dependent amplitudes).

This step consists of finding some functions v} € C*(R"—{0}; R)NC*(R™;R) (j =
1,...,N, k=1,...£4(j)) homogeneous of degree one and such that

N
(44) Z uj Cj(ijlv N Z(J) ZC .. 7b7_;(j)vf(])).
=1

Recall that the C;’s, defined in Step 1, are the brackets associated with the Ej’s, ie.,

(4.5) bj = Ci(brrs b en).

The construction of the functions v¥ is based on the following lemma.
LEMMA 4.5. Let C(b;,, ..., b;,) (ir € {1,...,m}) be any Lie bracket of some vector
fields b;, (i, € {1,...,m}), and vy, € C*(R"—{0};R)NC°(R™;R) (k =1,...,p) some

functions homogeneous of degree 1. Then,

k
J

Mp—1

(1) C(bilvl,...,bipvp) :U1...1}pC(bil,...,b1‘p) — Z hj [;j;

i=

(ii) for any j=1,...,mp_1, h; € C=*(R™ —{0};R) N C°(R™; R) is homogeneous

of degree £(j).

The proof of this lemma, left to the reader, follows from Proposition 4.2(b) by a
direct induction on the length p of the bracket C(b;, v1, ..., b;,v,). It is a generalization
of the fact that for two functions v; and ve, and vector fields b;, and b;,, [v1b;,, v2bi,] =
’Uﬂ)g[b“,b ] ’L)Q(Lb vl)bzl + Ul(Lb ’Ug)bzz

Note that the functlons h; in Lemma 4.5 can be explicitly computed by expressing
brackets of order not larger than p — 1 as linear combinations of bi,... bmw1

Based on Lemma 4.5, the functions v¥ can be constructed recursively as follows.

Step p = P: For any j € {mp_1 + 1,...,mp}, we define

Uj

(4.6) UJP:prl andvfzp(k::l,...,P—l),

with p any homogeneous norm in C*®°(R™ — {0};R) N C°(R™;R) (for instance, one

may take p(z) = (32| %)+ with g = 2 [T, ry).
In view of (4.5), (4.6), and Lemma 4.5, we have

mp mp mp—1
(47) E Cj(lel)le, ey b_,_[“l)f) = E ﬂjgj — E hfi)j
J J
j=mp_1+1 j=mp_1+1 j=1

with hf (j =1,...,mp_1) obtained by expanding the brackets in the left-hand side
of (4.7) with respect to the variables vf and their derivatives.

Step 1 < p < P: Assume that the functions vf G=mpy+1,...,mp, k =
1,...,€(j)) and h¥ (j = m, +1,...,mp, k = p+1,..., P) have been computed in
Steps P to p+ 1 and satisfy the induction assumption

N
(4.8) > Ci(bravj,....b, m)v Z iijb; thP“b

Jj=mp+1 J=mp+1
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We define, for any j € {mp_1+1,...,mp},
Lo +1 K
(4.9) Ué-’:F(uj—l—h? Jandvj =p (k=1,...,p—1).

In view of (4.5), (4.9), and Lemma 4.5, we have

Mp Mp Mp—1
(4.10) Cjlbrav),...,broh) = SO (g R+ Y (W — B
j=mp_1+1 j=mp_1+1 Jj=1
for an adequate choice of the hf (j =mp—1+1,...,m,) obtained again by expanding

the brackets in the left-hand side of (4.7) with respect to the variables v;? and their
derivatives. In view of (4.8) and (4.10), we have

N N mp_1

1 LG)\ - ~

(411) § : Cj (b‘rjlvj Yo »b_,_;(j)vj / ) = E Ujbj — E h?bj
J=mp—1t1 j=mp_1+1 =1

so that the induction assumption (4.8) on Steps P to p+ 1 is also true for Steps P to
.
The computation of the functions vg? and hf ends after Step p = 1 has been
performed. Let us remark that in the last step (p = 1), there is no function h? to
compute. With this construction, we have the next proposition.

PRroOPOSITION 4.6. Consider the functions U;»“ defined above. Then

(a) each v}“ (J=1,...,N, k = 1,...,4(j)) belongs to C*(R" — {0};R) N

C°(R™;R) and is homogeneous of degree 1;

(b) (4.4) is satisfied.

Proof. Point (b) is a direct consequence of (4.11) with p = 1. Point (a) is an easy
consequence of Proposition 4.4, equations (4.6) and (4.9), and Lemma 4.5. O

Step 4 (oscillatory approximation of Lie brackets).

The last step of our construction relies on the work of Liu [9] and Sussmann and
Liu [25, 26]. More precisely, consider a control system

A
(4.12) &= uaXa()
a=1
with X7,..., X4 some smooth vector fields on a smooth n-dimensional manifold, a

“Lie bracket extended” system
B
(4.13) &= wsXp(z) (B=>A),
B=1

where the A first vector fields are the same as in (4.12), and the other vector fields
are Lie brackets of Xi,..., X 4. In [9], an algorithm is given that builds, for any set
of integrable functions of time wg (6 = 1,..., B), some “highly oscillatory” functions
of time ug, such that the trajectories of (4.12), with u, = u¢,, approximate those of
(4.13).

We do not describe this algorithm here, though we use the notation

(4.14) ug, = Fla, e, (ws)i<p<n),
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where F is a function described algorithmically in [9]. It depends only on which Lie
brackets have to be performed to obtain the vector fields X 441,...,Xp from the
vector fields Xq,..., X 4. It is of the form

N
; n—1 .
(415) uZ(t) = na,o(t)—{—g*% E nw,a(t)eZWt/E‘F E e n § nw(t)elwt/€7
n=3

weN(2,a) weN(n,a)

with N the length of the higher order bracket Xg in (4.13), 14,0, Mw,qa, and 7, some
functions, and Qs o, ,,,, some finite subsets of R, that are all built precisely in [9].
In particular, the construction of the “approximating inputs” ug, given in [9] implies
the following.

THEOREM 4.7 (see [9]). For any T (0 < T < +00) and any family wg (8 =
1,...,B) of integrable functions on [0,T], the functions us, (o = 1,...,A) given
by (4.14), where F symbolizes the algorithm described in [9], are integrable and are
such that the trajectories of (4.12)—(4.15) converge to the trajectories of (4.13) in the
following sense: For any p € R™, if the system (4.13) with ©(0) = p has a unique
solution x> defined on [0,T] and if z. is a mazimal solution of system (4.12)—-(4.15)
with £(0) = p, then z. is defined on [0, T] for e small enough and converges uniformly
to 2 on [0,T] as e — 0.

Remark 4.8. (1) The functions ug, in (4.15) are real-valued because each Q,, o
(n=2,...,N) is symmetric (w € Qp o = —w € Vpna), N—w = T, a0d N—p o = To -

(2) If the functions wg in (4.13) are constant, the functions 74,0, 7w, and 7, are
also constant.

Consider now the following two systems:

N £(9)
(4.16) B= N ujsbeevs,
j=1s=1
N .
(4.17) &= ch(ijlv}, b oD

J=1

Systems (4.16) and (4.17) are of the same form as (4.12) and (4.13), respectively, with
the vector fields X, being the brsvj’s (with « a double index (7, s)), the vector fields
Xp being these plus the brackets in (4.17), i.e., Cj(Xj1,..., X)), 1 <j < N, and
each wg in (4.13) being constant: 0 in front of the Xz’s that are also X,’s and 1 in front
of the added brackets. Note that since each original vector field from (3.2) appears
many times in the brackets selected in Step 1, we consider here as independent control
vector fields in (4.12) some vector fields that are in fact “multiples” of each other: for
instance if the vector field b; appears more than one time, we have 75 = 73/ = 1 for
some (j,z) # (j',8'), and vjby and v§/by are distinct control vector fields X, in (4.12).
Following Liu’s algorithm, we construct some functions
u; o = F((4,5),(0,...,0,1,...,1)),
where F is the notation introduced in (4.14), such that the trajectories of (4.16)—(4.18)
(which exist on any time interval because the system is degree zero homogeneous)
converge uniformly on any time interval [0, T] to those of (4.17), as e tends to zero.



STABILIZATION VIA OSCILLATORY APPROXIMATION OF BRACKETS 33

Recall (see (4.15)) that they are of the form

P
; n—1 .
(418) u;s(t) =750+ g_% E T}W’j’sew’t/8 + § e n E nwezwt/e )
weN(2,5,5) n=3 weQ(n,j,s)

Note that the functions 7 in (4.18) are constant in view of Remark 4.8 above. We
rewrite system (4.16)—(4.18) as

(4.19) =) ( > ui,s(t)vj(a:)>bi(:c).

i=1 (j,s):T;:i
Our final control laws are defined by

(4.20) ui(z,t) = Y us (i),

(Ls):‘r‘]?:i

As stated in the following theorem, they ensure asymptotic stability of system (3.2)
for “sufficiently large” frequencies.

THEOREM 4.9. Let the controls u be these described above. Then, the vector
field in the right-hand side of the time-varying closed-loop system

(4.21) &= ui(z,1) bi(e)
i=1

is homogeneous of degree zero and, for € > 0 sufficiently small, the origin is exponen-
tially uniformly asymptotically stable. (See the proof in section 7.3.)

Remark 4.10. Our construction a priori implies uniform convergence of the tra-
jectories of (4.21) to those of (4.17), the origin of which is asymptotically stable from
(4.3) to (4.5). However, this is not enough to infer asymptotic stability of (4.21).
In the proofs, and in section 6, we introduce a stronger kind of convergence (DO-
convergence), sufficient to infer asymptotic stability of (4.21). However, we quote
uniform convergence here (instead of the DO-convergence, which we really need) be-
cause we base our construction on [9]. It makes the present construction clearer. (To
construct the controls, one needs only to follow the algorithm in [9]; the kind of con-
vergence does not matter.) Also, using the convergence result from [9] (Theorem 4.7)
provides a shortcut in the proof on DO-convergence. This may make the paper less
self-contained, but it avoids reproducing some difficult calculations made in [9].

5. An illustrative example. We now illustrate the control design method
shown in section 4. Let us consider the following system in R*:

(5.1) & = biuy + baua,

with by = 8%1 —&—:cga%z—i—ma%s and by = 8%4, which can be used to model the kinematic
equations of a car-like mobile robot. One easily verifies that the vector fields b; and
by are homogeneous of degree —1 with respect to the family of dilations of weight
r=(1,3,2,1), and that this system is controllable. We follow this example with the
four steps of our control design procedure.

Step 1. Since [by, bo] = =52, [b1, [b1, ba]] = 5%, and [by, [b, b1]] = 0, the family

(EJ) is directly given by

(bj) = (b1, ba, b3, bs) = (by, b, [b1, ba], b1, [b1, b2]])

(5.2)
= (Cl (b‘r‘ll )’ CQ(b‘r'Q1 )a C3(b7'§ ; ng)a Ca (bTi ) b7-42 ) brjf ))
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This implies that 7 = 1,74 = 2,74 = 1,78 = 2,7} = 77 = 1,7} = 2, and that
myp =2, mg =3, and mg =N = 4.

Step 2. Let us, for instance, define the vector field a by a(z) = —z. (The origin
x =0 of & = a(x) is obviously asymptotically stable.) Then the integers j are simply
defined by jr =k (k=1,...,4). By a direct computation, one obtains the following
expression for the functions :

(@1, U2, 03,14)T (x) = (51752753”54)_1(37)“(37)

(5.3)
= (—T1, —T4, —T1%T4 + T3, T1T3 — T2

)T

Step 3. From Step 1, the brackets Cy, are defined by

Ci(z1) = x1,Ca(x2) = x2,C5(x1, x2) = [x1, 22],Calm1, 21, 22) = |21, [T1, 22]] -
We now follow the procedure exposed in section 4.

Step p = P = 3: The functions v}, v?, and v§ are given, in view of (4.6), by
Uy

p?’

with p € C°(R* — {0}; R) N C°(R*; R) a homogeneous norm. (For instance, one may
take p(z) = (212 + 23 + 2§ + 2}2)12.)

We also compute the functions hf involved in (4.7). A tedious but simple calcu-
lation gives

(5.4) Ui = Ui =P Ui =

ht = viviLy, p,vs + 03 Ly, 03 Lo, v) 4 viLy, (V3 Ly, vi) — 03 Ly, v Ly, v}
(5.5) h3 = —viLy, (viLy,v3),
h3 = —viLpvivi —viviL, v3.
Step p = 2: The functions v and v? are given, in view of (4.9), by
(@s + h3)

5.6 vi=p, wi=222_32
(5.6) 3 3 )

The functions h? and h3 defined by (4.10) can be computed using (5.6):
5 h? = h3 +v3Ly,vi,
( : ) B2 = B3 — ol o2
2 2 — V3L, U3 -
Step p = 1: Finally, the functions v} and v} are defined, from (4.9) again, by
(5.8) vl =1y +h3, vy =iy + hi.

Step 4. First, we need to find functions u; (5 = 1,...,4,s = 1,...,£(j)) such
that the trajectories of the system

4
(5.9) F=> > ujsbevs

(5.10) i=Y Cilbavl,... b anvi).
J J
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We remark that, in view of (5.2), (5.4), and (5.6), the vector fields b.1v3, b 1v}, and
bevf are in fact identical. As a consequence, there are only 5—mnot 7 (the number

of terms in the sum (5.9))—different vector fields in (5.9) or (5.10). Therefore, the
system (5.9) can be rewritten as

5
(5.11) &= uX;
i=1

with X; = bﬂ]%,Xg = bQU%,Xg = bﬂ}% = bﬂ}i = bl’UZ,X4 = bg’U%, and X5 = bg’Ui’, and
U1, Uz, U3, Ug, U5 standing, respectively, for uq 1, U2 1, Us,;1 + Us1 + Usa 2, U3,2, and uy 3,
and the system (5.10) can then be rewritten as

(5.12) z=X1 + Xo + [ X3, X4] + [ X5, [ X5, X5]] -
We choose some candidate functions wu;, for the approximation of trajectories of (5.12)
by solutions of (5.11), of the following form:

ui(t) = mypo,

uz(t) = 2,0,
(5.13) < wus(t) = sfénwlvl coswy 1t/ + e 3 (s, COSwWa1t/E + My , COSW L /),

ug(t) = 5*%77‘%2 sinwy ot/e,

us(t) = sfgnww coswa gt/e
with wy ; defined for instance by

Q = {w1,1,w1,2} = {%, —%
and Qo = {wa1,w22,wr3}=12,3,—5}.

Note in particular that each set € is “minimally cancelling” (MC) in the sense of
[9, 25, 26]. Using [9, Theorem 5.1] (see also [9, section 8]), where a very similar example
is treated), one can show that the trajectories of system (5.11)—(5.13) converge to those
of the system

77 11"7 1,2 T] 2.1775’-)‘2‘277 2,3
M[Xg,)ﬂ;] _ M[ng [X37X5]].

5.14) & = moX X2 —
(5.14) & = m1,0X1 + m2,0X2 2w 1 dwo 1wa 2

In order to identify system (5.12) with system (5.14), one can, for instance, define

N1,0 = 72,0 = Nwi,n = Nwat = Nwap = 1

and

Nwi2 = 720‘)1,17 Nwa,s = 74‘*”2,1‘«0272 .

Expressing the right-hand term of (5.11) as a function of the control vector fields by
and by, we finally obtain the expression of our stabilizing feedbacks:

{ﬁ(x,t) = wui(t/e)vi(x) + us(t/e)vs(),
(5.15)
uj(a,t) = us(t/e)vi(z) + ualt/e)vi(x) + us(t/c)vi(x)

with the u;’s defined by (5.13) and the v$’s defined by (5.4), (5.6), and (5.8).

Although the above expression of the control laws appears quite simple, it is, in
fact, quite involved due to the terms contained in the v}’s, and in particular due to the
functions hY defined by (5.5) and (5.7). This is a negative aspect of our construction:
solving the equation (4.4) in the vj’s leads to heavy computations.



36 PASCAL MORIN, JEAN-BAPTISTE POMET, AND CLAUDE SAMSON

6. Convergence of highly oscillatory vector fields as differential oper-
ators. As explained in the introduction (section 1.2), the convergence results which
are implicitly contained in [5], and explicitly in [25, 9] or [8], in terms of uniform con-
vergence of solutions on finite time intervals, are not sufficient here. In this section,
we state separately the convergence result that is used to prove Theorem 4.9. The
word convergence is perhaps a bit farfetched since there is no notion of limit in the
topological sense; the convergence is more of an algebraic nature: we simply decom-
pose the operator as the sum of a nonoscillating term (the “limit”) and a term which
is a differential operator—of order higher than 1—whose coefficients are, when & goes
to zero and x remains in a compact set, O(e?), with v > 0. However, this result will
prove to be sufficient for our needs. It is also sufficient to recover the uniform conver-
gence stated in [5, 8, 25, 9]. In what follows, 7 denotes any time interval (possibly
infinite).

DEFINITION 6.1. Let F¢ (¢ € (0,e0]e0 > 0) and F° be vector fields on R,
defined by Fe(t,z) = & + f(e,t,x) and FO(t,x) = & + fO(t,x) with f € C°((0,e0] x
T x R R") NC®((0,60] x T x (R™ —{0});R™), and f° € CO(T x R™;R")NC>(T x
(" — {0}): R").

We say that F€ converges as a differential operator of order one on functions of
t and x, in brief “DO-converges,” to F°, as e — 0, if

(6.1) Fe=F04+em <F€D§ - ngt) + & D5.
The above equality is understood as an equality of differential operators. v1 and 2
are strictly positive reals, and D and D5 are differential operators whose coefficients
are continuous, smooth outside the origin, and locally uniformly bounded when ¢ — 0,
i.e., there exists eg > 0 such that for all compact subset K of R™, each component of
these differential operators is bounded for (e,t,x) € (0,e0] x T x K.
This kind of convergence carries with it two important properties.
PROPOSITION 6.2. Suppose that a vector field F¢ DO-converges, as € — 0, to a
vector field F° on a time interval T. Then we have the following.
(1) The trajectories of & = f(e,t,x) converge uniformly to those of @ = fO(t, )
on finite time intervals. More precisely, let [0,T] C T, and let 2° be the
(unique) solution of

i = 0 t? 7
62 i = )
z(0) = xg.
Then, for € small enough, the unique solution x¢ of
r = €,t,x),
(6.3) £ = flene)
z(0) = zo

is defined on [0,T), and x°(t) converges to z°(t) uniformly on [0,T)].
(2) If T = [0,400), and if all vector fields in (6.1) are homogeneous of degree
zero and f° is autonomous, then, if the origin of

(6.4) = ()
is asymptotically stable, the origin of
(6.5) z = f(e,t,x)

is (exponentially) asymptotically stable too for e > 0 sufficiently small.
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Proof. We prove (1). First, we rewrite (6.1) as
£ 3 0 € 9 £
Fe(I—emDj)=F —&n Dl& + ™ D5.

This is an equality between differential operators. We apply each side to the coor-
dinate functions x;. Dfxz; and D5x; are simply the coefficients in front of 6@% in
the expression of the differential operator D or D§. This implies (coordinate by
coordinate) that the differential equation (6.3) can be rewritten

(6.6) %(az — eMdy(e,t, 1)) = fOt,x) + 2da(e,t, ),

where d;(g,t,2) (i € {1,2}) is the vector whose jth component is the coefficient of
-9 in Df. This implies that the difference between 2°(t) — z°(t) satisfies

ox;
2% (t) = 2 ()| < ™ ||di(e,t,2°(E)]| + €™ da (e, t, o)

+ / 1797, 25(r)) — fO(r, a0(r))|ldr + 7 / lda(e, 7,25 () dr.

The standard Gronwall lemma then yields, V € € (0,¢0] and V ¢ € [0,T] such that ¢
remains in the interior of a certain compact neighborhood K of the trajectory z°, the
estimate ||z°(¢) — 20(t)|| < (26" + Te72)Me*, where ) is a Lipschitz constant (with
respect to z) of F on [0,T] x K and M is an upperbound on (0, 0] x [0,7] x K for
both ||d1|| and ||dz||. This proves (1).

Let us prove (2). Since the right-hand side of (6.4) is homogeneous of degree
zero, there exists [17] a homogeneous and autonomous Lyapunov function V', positive
definite, whose derivative along (6.4) is given by

(6.7) Vigay = FV = -w.

Here XV, for X a vector field, denotes the Lie derivative of V along X with W
homogeneous positive definite of the same degree as V, i.e.,

(6.8) W(z) > c¢V(x).

Let us now compute the derivative of V' along system (6.5). From (6.1) and (6.7),

ov
V(65) = FEV = —W + E’Yl FEDiV — E’Yl Dia + Eﬂm stv,

which can be rewritten, since V' is autonomous, as

(6.9) FeV, = —W + ¢ D5V,
with
(6.10) V. = V — DIV

Since, by assumption, the operators Di and D5 are homogeneous of degree zero, and
locally uniformly bounded with respect to € > 0, one has, since V' is positive definite,

DSV < kV, |D5V| < kV
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V e > 0. Hence, for € sufficiently small, V is arbitrarily close to V' and hence positive
definite, and also

(6.11) V. = F°V. < —%V.

Therefore, for € small enough, V. is a strict Lyapunov function for system (6.5). This
ends the proof of 2 via Lyapunov’s first method. 0

Before stating our convergence result, we recall two definitions introduced in
[25, 9].

DEFINITION 6.3 (see [25, 9]). Let 2 be a finite subset of R and || denote the
number of elements of Q). The set Q is said to be MC if and only if

(1) ZwGQw = 07.

(i) this is the only zero sum with at most || terms taken in Q with possible

repetitions:
Z Aow =0
weN ()\w)weﬂ = (07 ce 70)a
(6.12) (Ao)weq € 219 3 = or (1,...,1),
Z|>\w|§|9| or (—1,...,-1).
weN
For example, a set {wi,ws} is MC if and only if we = —w; with wy # 0, a set

{wi,wz, w3} is MC if and only if wg = —w; — wo with wy # 0, wy # 0, wy + wy # 0,

wy —we £ 0, wy +2ws £ 0, 2wy +wy # 0, w1 — 2wy # 0, 2w; —wy #0....
DEFINITION 6.4 (see [25, 9]). Let (Q4)acs be a finite family of finite subsets Q

of R. The family (Q)acr is said to be “independent with respect to p” if and only if

.Z Z Aow =0

ael weN,
(6.13) o (\o)weauaer €272 5= >~ Aw=0 Vacl.
WEN
DIPDLMES,
acl we

For example, the sets ({w1, w2, ws}, {ws,ws}) are both MC and independent with
respect to 2 if and only if w3 = —w; — wo and wy = —wy with wy # 0, we # 0,
w1 Ftwr #0, w —ws #0, wy +2ws #0, 2w +ws #0, w; — 2wy # 0, 2wy — ws # 0,
wy # 0 (this is MC), and w1 +wy # 0, w1 —wg # 0, wy + wyg # 0, wy — wy # 0,
w1 +wy +wy #0, w1 +ws —wy # 0 (this is independence).

We are now ready to state our convergence result.

THEOREM 6.5. Let N be a positive integer and consider, for j =1,..., N,
e some vector fields X3 € C*(R™ — {0};R") N CO(R™;R") (s = 1,...,£(j)),
e some smooth compler valued functions of time nj (s = 1,...,£(j)) such that,

for some M,

(6.14) [n5(t)] < M and |93(t)| <M VteT,

o some sets (1; = {wjl-, . ,wf(j)} of real numbers such that wji = 0 if £(j) = 1,
Q is MC if £(j) > 2, and the family (Q;) (€(j) > 2) is independent with

respect to P = Max;£(j).
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Then the vector field

(6.15) Fe o= +Zza7€

j=1s=1

with
2()—1

(6.16) 0 (1) = 2 TR (3 (1) €5/

J,€

DO-converges, as € — 0, to the vector field

0 N 2 17_...17?(])

Zi ol ) g

(617) F 8t +3=1 o(3) -1 | B
o(1 o(2 o(l(y

7O xg® L x 7O

with BJ - Z 1 alj 2j o(1 c(l()—1)~ °
B D (e @) (e D)

Furthermore, if all the vector fields X7 are homogeneous of degree zero, then all the
differential operators in (6.1) are homogeneous of degree zero also.

Remark 6.6. This result is very much related to the theory of “normal forms” for
time-varying differential equations, as shown, for instance, in [19, Chapter 6]. Let us
recall (see [19] for details) that a vector field 2 +ef°(t, x)—w is said to be in normal
form if and only if [m,fo w} =0, i.e., if f° does not depend on ¢. For a system

() & = f(e,t,2),

finding a normal form means finding a change of coordinates = — y = x+ (e, z) that
transforms (X.) into

(20) 9 = efoly)-

In general, deciding whether a normal form exists for a system, and then possibly
finding this normal form, is a difficult problem and there are no systematic tools
available.

Let us, however, rephrase Theorem 6.5 in the terms of [19]. By a time-scaling
t — et, the system & = f(e, z,t), where f is defined by F* = % + fa%, with F¢ given
by (6.15), is rewritten as

() & = efilt,x) + P fo(t,z) + - + VP fp(t, x).

In the context of “normal forms,” Theorem 6.5 states that (3g), with f° defined by
FO =2 4 92 and FO given by (6.17), is a normal form for (X'), up to terms of
higher order in €.

7. Proofs.

7.1. Proof of Proposition 4.2 (section 4). Point (b) is strictly a consequence
of the construction. Point (c¢) follows from the fact that if a linear combination of all
the vector fields Bj with constant real coefficients is identically zero, then homogene-
ity implies that each linear combination where only the terms corresponding to the
brackets of same length must also be zero, and since by construction all the brackets
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Bj of same length are linearly independent over R, this implies that all the coefficients
are zero.

Let us prove point (a). Recall that any Lie bracket of length p > P made with the
vector fields b; is identically zero (see Remark 4.1). From this fact, the controllability
assumption (3.3), and the construction itself, there clearly exist integers ji, ..., j, €
{1,..., N} such that {b;,(0),...,b;,(0)} is a basis of R”. Hence {b;, (),...,b;, (x)}
is a basis of R™ for x in some neighborhood W of the origin. Let us show that this is
true for any = in R”. Let x be outside W. There exist A > 0 such that T = §5(z) is
in W and hence {b;, (%),...,bj, (%)} is a basis of R”. This implies, since &, is a local
diffeomorphism from a neighborhood of = to a neighborhood of Z, that

{((61:0) @) ((657)85,) @)}
is also a basis of R”. Now, from the homogeneity, (6/\_1)*I~)jk = /\_Z(jk)i)jk. This proves
point (a). 0

7.2. Proof of Theorem 6.5. In [5, 8, 25, 9], the main ingredient of the proof
was iterated integrations by parts. Here we mimic these integrations by parts but at
the level of products of differential operators instead of integrals along the solutions.
The closed-loop vector field F¢ can be rewritten as

0
(7.1) Fo=ar > mix)
1<j<N
£(j)=1

l
_ - . s — s
Y Y (et e X,

Let us make some conventions and definitions, used only in the present proof. We
define the sets of indices

(7.2) J={e{l,..,NL(G) =2} = {mi+1,...,N},
(7.3) Ji={je{l,... . NLLG) =1} = {mia+1,...,m},
(7.4) Ky = {0G)s~0() — 1.0, ~1,1,2,.. £(5)}
and the sets of pairs of indices
(7.5) I={(,s),jelseK;} = |JU}xEK,
jed
(7.6) L={G,s)eltG)=1 = |JU}x K
JEL
We call F; the vector field
(7.7) o= > X = Y mpX
1<G<N (j,s)eh

£(4)=1

Clearly, if we define, for s < 0, the real numbers wj, the complex numbers 77,
and the vector fields X7 by

-5 _  _ s
wj = wj

(7.8) n; Y o= forjeJ, se K;, s>0,
X;S = X3
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the vector field F© from (7.1) may be rewritten as

0 i1 o
(7.9) P = a1 + I+ Z e Tt n;elujt/EX;
(3,8)€I

(7.10) :g+F1+€7%F5+5*%F5+...+5*P;1F8

’ 81& 2 3 P>
where
(711) EE — Z n;@iw;t/aX;.

(4,s)EDL

Note that the interest of (7.10) is that the negative powers of € are written apart,
and the vector fields F; have the “boundedness” property that their coefficients are
continuous functions of x and ¢, smooth outside = = 0, indexed by € > 0, and locally
uniformly bounded with respect to € > 0. (It is not the case of F* itself because
of the negative powers of £.) In the remainder of the proof, we shall always write
the negative powers of ¢ apart so that all the differential operators written as capital
letters never contain coefficients that are unbounded when ¢ goes to zero.

We now define a certain number of differential operators F° of order d for

P1,P2,-,Pd
d between 1 and P, and for all d-tuple (p1, pa,...,pq) of integers such that

1<pp <P forl<k<d,
Loy Lo«

p1 Pd—1

(p17p2) # (272)a

(7.12)
(p1,p2,p3) 7{ (37333),
(pla"'apd—l) 7é (d_1,7d—1>

We define £ . to be equal to

S1,.s sq (Wil twid)t (g Sd_ s
(7.13) > M My Mja € " a7 X5 Xy - X5

N (d— s s S S Sd—1 ?
(Gron) o Gaay € T rpy DR (W5 @5 (W e T

where I%(py,...,pq) is the set of d-tuples of indices ((j1,51),. .., (j4,54)) such that
£(jr) = pi, and which are neither a collection of % pairs of the form (j,s), (j, —s) nor
such that, for some (even) k, 2 < k < d, ((§1,81),---, (Jk, sk)) would be a collection
of % pairs of the form (j,s), (4, —s). More precisely, I%(py,...,ps) may be defined
recursively by I*(p) = I; and

((41,81)s-- -+ (Jas sa)) € I%p1,- .., pa)

b (jk,Sk) € ka v ka

(714) o i ((j1781)7"'7(jd—178d—1)) S Id_l(p17"'7pd—1)7
e there exists no permutation 7 € &(d)
such that (jr(x), Srk)) = (k> —5k)-
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With the above definition of the sets of indices I¢(py, ..., pq), the denominators
in (7.13) cannot be zero because of the following lemma.

LeEMMA 7.1. Let ((j1,51),-- -, (ja,84)) € I¢ (see the definition of I in (7.5)) be
such that Wil + -+ w;d = 0. Then

e cither (6(]1),. ,0(34)) = (d,...,d) and there exists a permutation o € &(d)
such that the p-tuple ((jl, 1),-- (]d,sd)) is exactly equal to ((4,0(1)),...,(j,c(p)))

F (=0 (W), - (G —(p)) (with j1 = -+ = ja = ),

° orﬁ—i-”'-i-ﬁ > 1,

o or there exists a permutation T € &(d) such that (j- ), Srk)) = (Jr, —sk) V k.

Proof. The equality wi! + -+ +w]¢ = 0 may be rewritten as

£(4)

(7.15) Yo Nwr =0,

jE{1,..., N} s=1

where the integer A7 is equal to the number of times that (j, s) appears in ((j1, 1), -,
(jd, $4)) minus the number of times (j, —s) appears. Of course, (7.15) may be rewritten

as
ZZ)\ww:O

je€J weR;

with /\wj = Aj. Note that

D el =D I <d <P
w 7,8
Hence, from the assumption that the sequences of frequencies are mutually “indepen-
dent, with respect to P” and are all MC (see (6.12)-(6.13)), each (A}, ..., )\ﬁ(])) is equal
to either (0,...,0), (1,...,1), or (—1,...,—1). If it is different from (0,...,0) for at
least one j, then all the couples (4,1), ..., (4, £4(j)) or all the couples (j,—1), ..., (4, —£(j))
appear in ((j1,81), .-+, (Ja,s4)). If d = £(4) for this j, i.e., if ((j1,81),--.,(Jd,Sq)) is
a reordering of ((j,1),...,(4,£€(4))), or of ((5,—1),...,(j,—€(j))), then we are in the
first case of the lemma; if d > £(j), then there is at least another couple (j,s)

n ((41,81),- -+, (ja, sa)) and hence the sum ﬁ + -+ ﬁ can be no less than

1+ ﬁ and we are in the second case of the lemma. Let us now examine the

case where all the (Aj,.. .,/\f(s))’s are equal to (0,...,0). This means that for all
j, s, the couple (j,s) and the couple (j,—s) appear the same number of times in
((j1,51),--+,(Jds Sa))- This allows one to build the permutation having the property
required in the third point of the lemma: it is the one that exchanges 1 with the first
k1 such that (jg,,sk,) = (J1,—81), 2 (3 if ky = 2) with the first k3 # k1 such that
(Jkas Ska) = (J2, —$2), and so on. |

We shall now prove the following two facts.

Fact 1. For all g, 1 < g < P, there exist v, 4 and g 4 strictly positive such that

(7.16) FE:— + P+ Z PR
p times
+ e (FEDi — D§ a> + 724 Dj
d 9Ot
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+ > eyt Ay,

(P1,e rq)€{2,...,P}4,
ot e <L
(P1s---s Pq);é(q-«-«,q)

Fact 2. For all p, 1 < p < P, there exist 7{71, and Wé’p strictly positive such that

(7.17) Fp....» :2%2%(“) B
p times J€Jp
+ &M (FED’f - Df, gt > + %0 Df,
with
[X]{f(l), [X;(Q), .. ,X;(f(j))] 1l

(718) B; = Y o

o(l o(2 o(1 =D
vesitn @f @ 0l @) @ 4 O

These two facts imply Theorem 6.5. Indeed, for ¢ = P, the last sum in (7.16) is
empty since p% + -+ Z%P < 1 with all the integers p; no larger that P implies
(p1,...,pp) = (P,..., P). Hence for ¢ = P, (7.16) reads

(7.19) Fe=_— + F1 + E Y Fpp... . p
——
p times
0
+ P <F6 Dg(9 ) + ™" D5 p

Substituting in the above the expression of F;  given by (7.17), one clearly gets (6.1)
with the appropriate differential operators D1 and D5 and the appropriate positive
real numbers v; and 5.

Proof of Fact 1. We prove (7.16) by induction on ¢, from ¢ =1 to ¢ = P.

For ¢ = 1, the sum on the first line of (7.16) is empty, one may take Dj ,, D,
and D5, to be zero, and (7.16) is simply (7.10).

Let us now suppose that (7.16) holds for a certain ¢ > 1 and let us prove it for
q+ 1. This is done through a manipulation on differential operators that more or less
mimics an integration by parts. Since we shall use it elsewhere, let us explain it on a
“general” differential operator Y before applying it.

Consider a differential operator of order d on functions of ¢t and x that does not
contain derivations with respect to t:

alll
(7.20) Y = > nr(t)ar(t, x)
multi-indices I of length d
Define Y= and YV to be
t ol
(7.21)  vbU= > (/ ar(r,x dT) T

multi-indices I of length d

d ol
[ _ T” g
(7.22) Y E (/ ar(1,x dT) oz,

multi-indices I of length d
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Note that these are defined up to a function of x (through the initial time in the
integrals) and that Y[ is zero if the 7’s are constants. The derivative with respect
tot of Y= is Y + Y[ in the following sense:

0 0 0
7.23 y4+yvl = | = yviEU| = vy oyl
(7.23) * ot’ ot ot
Indeed it is obvious that for any smooth function h of z and ¢, one has
0] oh
(1] - 2 (—1] _ oyl Zr
(7.24) Yoh(t,z) + YU h(t,2) = (Y .h(t,x)) IS (),
simply because % commutes with m%?zl' Then we rewrite (7.23) in the following way:
0
y=|= vyl — yll
e
& )
7.25 = eyl — R | yHn -y 2yl
(7.25) ;s r Y

In order to prove that if (7.16) holds for ¢, it also holds for ¢ + 1, we apply the
identity (7.25) with

Y'o= Fp e
-1 _
ylHl = Gy pu
1] _
YU = eHy .,
for
1 1
(7.26) (p1s.--,pg) #(q,...,q) and — +---+ — <1,
b1 Pq
where G, and Hp - are given by
< '(w'?l-y—m—i-w'?q)t/a Sq v Sq—1 s1
NSttt D ¢ CLuAND ¢
(7.27)G;17‘“7pq: Z = iq qu S1 S2 S1 S Sq -
(Grs1)esGara)) € Tiprrpg) 0 W5 T W) o (W) oo wi)

a (51 ., 5 i(“j1+"'+qu)t/5 q ySq—1 S1
(dt (773'1 qu)) e XX X

iqsz‘ll(wjll er;j) o (wjll .. +w;‘:)

(T.28)H5, = Z

((G1,81)5+-,(Jas59))€14(P1,---,Pq)

Note that the denominators are nonzero because, from Lemma 7.1, the definition
(7.14) of the set of indices I9(p1,...,pq) precisely removes the terms where the de-
nominators would be zero.

Then (7.25) with the above expressions for YV, Y1 and Y= yields

P
€ _ 71 Sas € e _ € 0 _ €
(7.29) Fm,m,pq - _ZE Fer17~~apq+ eF Gm,m,pq 5Gp1,m,pq§ Ele,m,pq'
r=1
From (7.27) and (7.11) we have
€ €
FTGM »»»»» Pq
s Sq+1
L R HERLLS ST, S ¢
Z J1 Ja+1 Ja+1 " Jq J1
9w (WS +w2) (WS 4 4w
((1,81)5--- 5 (Jgr8q)) € I%(pa,..., Pq) Jl( it Jz) ( it + J“)

(Jg+1,8q+1) € Ir
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From (7.14), the (g+1)-tuples ((j1,81), - - -, (Jg+1, Sq+1)), which arein I9(p1, ..., pg) X
I, but not in 1971 (py, ..., pg,7), are such that there exists a permutation 7 of the set
of integers {1,...,¢q+ 1} for which

((Jrys 87(1))s (Gr(2)> 87(2))s - -+ 5 (Fr(g+1)s S7(q+1)))

(7.30) , . .
= ((j1, =51), (J2, =52)s - -+ (g1, —Sg41)),

and this is possible only if ¢ is odd. Equations (7.8) (for X and w, not for n) and
(7.30) imply that the term corresponding to ((j1, —s1), (2, —S2), .- -, (Jg+1, —Sq+1)) is
equal to

oo ST(1) Sr(q+1)
S7(1) St(q+1) i(w JT(1)+ tw Jr(q+1) Jt/e Sq+1 . 51
7737'(1) nJT(rH—l) € qu+1 XJq X
19 (—wSt ) (—w?st — W2 —WS e
19( wjl)( wi! wjz)...( w! w]q)

which, since ¢ must be odd (if not, there is no such term), is equal to

(Hq+1 ST(M) ei(‘”;ll"'" tw qull)t/s X Sa+t qu Lo X8
J1

k=1 ]7(k) Jq+1
AR R R

and 7 gives the change of index in the product allowing us to say that this is the oppo-

site of the term corresponding to ((j1, 1), (j2,S2), - - -, (Jg+1, Sq+1))- Hence these terms
sum to zero in the above sum. From (7.14), this implies F7G = Fp . ..

Substituting this in (7.29) yields (we rename r as pg41)

0
Fo o = — Z et FS +elGy, . —eG, — —eH;

pi1,.- P1,---PqsPq+1 »Pq P1,---,Pq ot P1,---,Pq "
Pg+1=1

Hence (7.16) yields

0
(731) F*=o + P + E P ... p
———

p times

+ e <F€D§ Df?) + ™ Ds

—1 %+“'+% as 5 0 e
+ (_1)q Z ert a4 <F GP17~--1pq - Gpl -JM& - lev-uqu) :

(p1 : ,Pq) € {217 , P}1
Lol <
(p1,---» Pq) # (¢, - q)

The term corresponding to (p1,...,pq+1) = (¢+1,...,¢+ 1) in the sum on the third
line is (—=1)9F; ;1 ,+1, it adds to the sum on the first line and thls ylelds the first

line of (7.16) for ¢ + 1. The other terms in this sum such that 171 +ot g 1+1 <1

yield exactly the third line of (7.16) for ¢ 4+ 1, and the terms in this sum such that
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1 + -+ T > 1, as well as all the last sum, add up with the second line to give

the second line (the “small” terms) of (7.16) for ¢ + 1. This proves (7.16) for ¢ + 1
and ends the proof by induction of Fact 1.
Proof of Fact 2. From the definition (7.13) of F¢

P1,P2;--5Pd’ we have

(7.32)
Fp,. . ..p
——
p times
_ 3 i ey Xor X X
= 3 1), .8 s s s 1
(s Gz € 1700 o0) R Ry
le +w )
" )» AR R S S
i(p—1),,,51(,,,51 52 s1 Sp—1
((j1,81),~~~ (jp,Sp)) c Ip(p,...,p) ¢ w]l (wjl +w]2)"'(wjl + +w]p—1)

w7.11+ +ws #0

Now, apply (7.20), (7.21), (7.22), and (7.25) with Y equal to the second sum, and
therefore

—1 1
vy = EG;,m,p’ v — EH;,~~~,p7
with
(7.33)
Dooop
p times
Sp z(w + +w )t/e Sp v Sp—1 s
= Z My =15, € X X]p 1 '“X'11_
(G o) G ) € P00 ) Pwit (Wi W) (W W)
wjl + Wiy 7é0
(7.34)
€
Y
——
p times
d s s i(w?ll+---+w:;’)t/g s Sp—1 s
_ > (a (773'11 "‘773‘5)) e XX X
o DSt (WSt 82 S1 ... Sp
(G150 o G ) € P70 ) P (W @)W+ W)

S1 .. Sp
“i1 - +wjp #0

This allows us to rewrite the second sum in (7.32) as

9 P

1

e e € € Fn

EF Gpam:p EGwaP at EprwsP ZE prwspsr
r=1

with
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(7.35)
€
va"'7p77.
——
p times
. O ST Sp+1 X X
N TR RS oD LD o
_ J1 Jp+1 Jp+1 Jp J1
- : : ny, ,S1(, 81 S2 s1 Sp
) ) wwH(w: +Fw.?). (Wi st ws
((‘71151)""’0}7:5}7)) € Ip(p,é.‘,p) jl( J1 ]2) ( J1 ]p)

Wiy W £ 0
(Jp+1,5p41) € Ir
Let us now consider the first sum in (7.32). From Lemma 7.1 and the fact
that, from (7.14), a p-tuple that is in IP(p,...,p) cannot be of the type described
in the third item of this lemma, all the p-tuples ((j1,s1),.-.,(Jp,Sp)) in IP(p,...,p)
such that wj! + -+ + w;;’ = 0 are exactly of the form ((j,0(1)),...,(j,0(p))) or
((4,—0(1)),...,(j,—o(p))) with £(j) = p and o € &(p). Hence the first sum may be
rewritten (recall that X * = X7) as

1 P
77j ... 77]
PRCE
with

X‘_T(P)X(_’(Pfl) .. X‘_T(l)
(7.36) G = Y —m o .

a(l o(2 o(1 o(p—1)\ "
Lo O L ) ey ey

If one replaces in the above sum ¢ by ¢ o 7, where 7 is the permutation that sends
(1,2,...,p) on (p,p—1,...,1) (change of indices in the summation), one gets
X{T(l)X{T(Q) .. X‘?(P)
J J

G o= o (p) ONIL) -, a(p) 4 o=y, @)’
erer (wj _|_..._|_wj )(wj _|_...—|-wj )...(wj +wj )wj

Since w] 4 - -+ + wj = 0, the denominator may be transformed:

(1) xo2)  yo®)
x7Wxe® XS

o(l o(2 o(1 o(p—1)\"
(wj()+wj())"'(wj()+"’+wj(p ))

c; o= (-t Y -0

ceS(p) wj

Finally, a combinatorial computation in the free Lie algebra (see [8], or [9] in which
this identity is also obtained but in a less computational way) gives

(1) xo@)  xol)
x7Wxe® XS

> w0<1>(w;<1> +wI®). (w;T(l) +o w0

o€S6(p) ¥
xeW [x9@ ... x7®))..

1
:72 (D) 1 3 .

o(1 o(2 o(1 o(p—1)\"
po‘GG(p)wj (wj()+wj())_,_(wj()+_,_+wj@ ))
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Hence C; = <*1;”’IBj with B, given by (7.18). Substituting the above in (7.32)
yields

(731) Fp p=" > §R<J1p_1j B;

p times jedp
P
FEGe 5 Q HE lFe
+e po-p —Gpiip —ed, ., - ETLip,. .. pT-
N—— Ot A —t ——r
p times p times r= p times

This clearly yields (7.17), ends the proof of Fact 2, and hence ends the proof of
Theorem 6.5.

7.3. Proof of Theorem 4.9. Let F°¢ = % + f¢ with f¢ the vector field asso-
ciated with the right-hand side of (4.21), and let G = % + g with g the vector field
associated with the right-hand side of (4.17). First, we show that F'* DO-converges
(see Definition 6.1) to G as ¢ tends to zero.

Since (4.21) is the same as (4.16) with u; s = u§, given by (4.18), F'° can be
expressed in the form (6.15), with all X;’s homogeneous of degree zero because each
X7 corresponds to one of the bT; vj’s and, from Proposition 4.6, all vector fields ijs CH

are homogeneous of degree zero. We can apply Theorem 6.5 because the sets Q,, o (n =
2,...,N) in the construction of Theorem 4.7 are MC and linearly independent with
respect to P (see [9, section 5]). It implies that F° DO-converges, as ¢ tends to
zero, to a vector field FO = 2 + f9 of the form (6.17), and in the definition (6.1)
of DO-convergence, all differential operators are homogeneous of degree zero. We
claim that G = F°. Indeed, from Proposition 6.2, the property of DO-convergence
implies the uniform convergence of the trajectories on finite time intervals. Therefore,
the trajectories of (4.21) converge to those of & = f°(¢,z); however, from Theorem
4.7 (recall that (4.21) is the same as (4.16)—(4.18)), they converge to the trajectories
of (4.17). This implies that the systems @ = g(t,z) and @ = f°(¢,x) are the same
because they have the same trajectories. Hence, F° = G.

Finally, since F DO-converges to G = % + g (with g autonomous) and since all
differential operators in the definition of DO-convergence are homogeneous of degree
zero, the asymptotic stability of the origin of (4.21), for € > 0 small enough, will
follow from Proposition 6.2 if we can show that the origin of (4.17) is asymptotically
stable. This is a direct consequence of (4.3) to (4.5). a
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