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A class of quadratic systems and time-varying feedback laws

Jean-Michel Coron? Ivonne Rivas'

Abstract

We present a method to construct stabilizing time-varying feedback laws for a large class of
systems. We apply our technique to several classical examples which do not satisfy the necessary
Brockett condition or the necessary Coron condition for stabilization by means of continuous
stationary feedback laws.
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ity
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1 Introduction

In this paper we first study the stabilization of finite dimensional control systems of the following
form

#=Ax+ Bu and y=Ly+ Q(z,x), (1.1)

where n, m and k are three positive integers, A € R™*" B € R™*™ L € R**F and Q is a symmetric
bilinear map from R™ x R™ into R¥, i.e., there exist k symmetric matrices qi,...q, in R**" such
that Q(z,7) = (212, . .. 2% q%)" for every x € R"™ and for every & € R™. For the control system
, the state is (2, y")"" € R"** with z € R” and y € R, and the control is u € R™.

There are very few physical control system having the form given by . However, as it will be
shown later on (in Theorem the feedback laws, constructed to asymptotically stabilize the control
system , will also asymptotically stabilize systems for which is a “good approximation”.
The construction of such that it is a “good approximation” for a given system follows from
the power series expansion method introduced in [7] (see also [5 Chapter 8]) to study the local
controllability of a given control system Z = f(z,v) where the state is z € R’ and the control
is v € R™. The method is the following one: let us assume that f(0,0) = 0 and we want the
study the local controllability of 2 = f(z,v) around 0 € R’ with small controls. We expand
z=z1+23+23+...,v=v] +v2+v3+... where (z1,v1) is of order 1, (22, v2) is of order 2, (z3,v3)
is of order 3 and so on. Identifying the different orders in 2 = f(z,v) leads to
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fy = 520,002 + 20,002 + 5 5-5(0,0) (21, 21)
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+ (0,0)(z1,v1) + (0,0)(vy,v1), (1.3)

and so on. The control system is a linear control system where the state is z; € R! and the
control is v1 € R™. We decompose this linear system into its controllable part and its uncontrollable
part. Let n € {0,1,...1} be the dimension of the linear controllable part. We assume that n €
{1,...1—1} and let k :=1—n € {1,...1—1}. Performing, if necessary, a linear change of variables,
we may assume that the controllable part is the vector space

H:={z:= (2", y")" e Rlwithz e R,y = 0 € RI""}.

Then there exists A € R™", M € R™*! L € R*** and B € R"*™ such that

2‘2(0,0) = <6‘ Af) , (3"5(0,0) = (g) (1.4)

and such that the linear control system & = Ax + Bu, where the state is x € R™ and the control is
u € R™, is controllable. Let us assume that z;(0) € H. Then z;(¢) is in H for every time ¢. We
write z; = (z,0) and u = v;. From (1.2 we get

& = Az + Bu. (1.5)

We take vo = 0. Let y € R! be the last [ components of zp: 25 = (£, 3')% for some & € R™. Then

(1.3) leads to
y- — Ly 4 Ql((JItr, utr)tr7 ($tr? utr)tr)j (16)

where Q is a symmetric bilinear map from R™*™ x R"* into R*. Let us assume that

0% f 0% f
=0and — =0. 1.7
Dz0v M B2 (L7)
Then, using once more (|1.3)), (1.6) becomes
g =Ly+Qz,x), (1.8)

where @ is a symmetric bilinear map from R™ x R” into R*. Note that and are just our
initial control system . The key points of the power series expansion method is that, if is
controllable in time T, then Z = f(z,v) is locally controllable in time 7" and, moreover, it provides
a method to check if is controllable in time 7. This method was used in [7] to prove a con-
trollability result on a Korteweg-de Vries equation. (In fact, in the case studied in [7], an expansion
to the order 2 was not sufficient; an expansion to the order 3 was necessary.) Here we use this
power series expansion in order to asymptotically stabilize 2 = f(z,v). Roughly, speaking under
the assumptions that 0 € R¥ is stable (but not necessarily asymptotically stable) for 7 = Ly, that
(1.5)) is controllable and that is controllable, we provide a method to construct time-varying
periodic feedback laws (¢, z) € R x R v(t, z) € R™ leading to a local exponential stability of the
closed loop system 2 = f(z,v(t, z)) for the weighted “norm” |z|? + |y|. We illustrate this method
on some classical control systems. Note that this method can also be used in the framework of
partial differential equations: See [9] for a Korteweg de Vries equation. Let us also emphasize that
if does not holds, one can consider the control system Z = f(z,v) and ¥ = w, where the



state is (2", v")" € R™™ and the control is w € R™, which is dynamic extension of z = f(z,v).
This new system satisfies and, if one can apply to this new system our method, this leads to
explicit asymptotically stabilizing “dynamic” (see, e.g., [5, Definition 11.33]) feedback laws for the
initial system 2 = f(z,v). In some cases this dynamic extension procedure is only needed on part
of the control, as shown for the control system .

Let us point out that the linearized control system of (|L.1]) around the trajectory (z,y,a) := (0,0, 0)
is

t=Ax+ Bu and 9= Ly, (1.9)

a linear control system which is never controllable. We assume the existence of 7" > 0 such that

the following three properties [(P1)}, [(P2)}, and |(Ps3)| hold

(P1) There exists
pre (0,1) (1.10)

such that
(i = Az) = (|o(T)[2 < pul2(0)2). (1.11)

Note that Property implies that 0 € R™ is asymptotically stable for & = Ax. Conversely,
if 0 € R™ is asymptotically stable for © = Az, then holds if T' > 0 is large enough (and it
holds for every T' > 0 if one is allowed to perform a suitable linear invertible transformation on x).
In particular if £ = Az + Bu is controllable, this property always hold if T > 0 is large enough
provided one replaces A by A + BK with a suitable K € R™*™. In all the applications presented
below & = Ax + Bu is controllable.

(P2)

"yl < Jyl, vy € R (1.12)

Note that Property implies that 0 € R¥ is stable for y = Ly. Conversely, if 0 € R¥ is stable
for y = Ly, performing if necessary a linear invertible transformation on y, holds for every
T > 0. Let us emphasize that our results are interesting only if 0 € R¥ is not asymptotically stable
for y = Ly. Indeed if 0 € R¥ is asymptotically stable for § = Ly and if Property @ also holds,
then 0 € R"** is already globally asymptotically stable for with the feedback law u = 0 and
0 € R™"t* is already locally asymptotically stable for with the feedback law u. = 0 provided
that and hold. In all the applications given below, 0 € R* is not asymptotically stable
for y = Ly.

(P3) There exist § >0, Co > 0 and v : [0,T] x S¥=! — R™ such that

v e L®([0,T] x SF=HR™), (1.13)

lu(t,b) —v(t,b)] < Colb—b'|, V¥t € (0,T), Vb e SE1, Wb e SF1, (1.14)
(z = A% + Bu(t,b), y Lg Q(, ) #(0) =0, §(0) = 0)

= (2(T) =0, §(T) - e""b < —26) , ¥b € SF71. (1.15)



In and in the following, S*~! denotes the unit sphere of R¥: S¥~1 := {b € R¥; || = 1}.
For € > 0, let us consider the following periodic time-varying feedback law u. : R x R¥ — R™

—tL
VewtEylo (¢, =2} v eo,T), vy e R*\ {0
wi(t,y) = VI y‘”(’|etLy|)’ €0.7), ¥y € R\ {0, (1.16)
0, vt €[0,T), y=0¢c RF
ue(t +T,y) = uc(t,y), Vt € R, Vy € R¥. (1.17)

In order to motivate Property let us mention that the more popular condition of controllability
implies this property. More precisely, let us first define the (classical) notion of controllability we
are considering.

Definition 1 Let 7 > 0. The control system (1.1)) is locally controllable in time T > 0 if there exists
n > 0 such that, for every (zg,y0) € R™ xR* such that |zo|+|yo| < 1, there exists u € L>(]0, 7]; R™)
such that

(i = Az + Bu, § = Ly + Q(x,), 2(0) = 70, y(0) = yo) = (a(r) = 0, y(r) =0). (118

(Let us point out that if ((', y*™)" u) : [0,7] — R"* x R™ is a trajectory of the control system
(L.1), then, for every A € R, ((Az'™, A2y™)™, Au) : [0, 7] — R"* x R™ is a trajectory of the control
system . Hence the local controllability in time 7 > 0 implies in fact the global controllability
in time 7.) There are many explicit conditions relying on iterated Lie brackets allowing to check if
the control system is locally controllable in small time (i.e. in time 7 for every 7 > 0). For
more some of these explicit conditions, see in particular [19] and [5, Chapter 3]. With this notion
of local controllability, one has the following proposition, which is proved in Appendix [A]

Proposition 2 Let us assume that there exists T € (0,T) such that the control system (1.1]) is
locally controllable in time 7. Then Property holds.

In all the applications given below, there exists indeed a 7 € (0,7") such that the control system
(1.1)) is locally controllable in time 7.

We are interested in the asymptotic behavior of the solutions to the closed loop system
& = Az + Bu(t,y) and y= Ly+ Q(z,x), (1.19)

Let us emphasize that the regularity of u. is sufficient for the existence of solutions of the Cauchy
problem associated to . Moreover, by a theorem due to Kurzweil [I1], 0 € R™t™ is globally
asymptotically stable for if and only if there is a Lyapunov function (of class C°°) which
is T-periodic with respect to time. The existence of this Lyapunov function is important since it
insures some robustness with respect to (small) perturbations, which is in fact the true goal of the
stabilization issue.

The following theorem, which is proved in Section [2| shows that the feedback law u. defined by
(1.16)-(1.17) leads to global asymptotic stability provided that € > 0 is small enough.

Theorem 3 Let us assume that and hold. Then, there exists €9 > 0 such that, for every
e € (0,eq], there exist C >0 and \ > 0 such that, for every solution (x,y) of (1.19), one has

(@) + ly(8)] < Ce™ (Jz(0)* + |y(0)]) , V¢ € [0, +00). (1.20)

4



Our next result allows to stabilize nonlinear control systems for which a quadratic “approximation”
is given by (1.1) and satisfies the assumptions of Theorem The control system takes now the
following more general form

& = Az + Ry(v,y) +eBu, y = Ly + Q(x, ) + Ry(x,y), (1.21)

where the state is (z',y")" € R"* with z € R® and y € R*, and the control is u € R™. We
assume that R, : R” x RF — R” and R, : R" x RF — R* are both continuous. Our next result
deals with the asymptotic stability of 0 for the closed loop system

& = Az + Bu(t,y) + Ry(xz,y) and ¢ = Ly+ Q(z,x)+ Ry(x,vy). (1.22)

We have the following theorem, which is proved in Section

Theorem 4 Let us assume that [(P1), [(P2)| and |(Ps) hold. Let us also assume the existence of
n >0 and M > 0 such that

: (1.23)

|R,(ex, e%y)| < Me'™t Ve € (0,1), V(z,y) € R™ x R¥ such that |z| + |y| < 1
| < 1. (1.24)

IR, (e, e%y)| < Me*™ Ve € (0,1), V(x,y) € R™ x R* such that |z| + |y

Then, there exists €9 > 0 such that, for every e € (0,g¢|, there exist C > 0, p > 0 and A > 0 such
that, for every solution (z,y) of (1.22)) with |z(0)|?> + |y(0)| < p, one has

()] + ()] < Ce™™ (J2(0)[* + [y(0)]) , Vt € [0, +00). (1.25)

2 Proof of Theorem [3
Let

p2 € (p1,+00). (2.1)
Theorem is a corollary of the following proposition, where assumption (|1.10)) is no longer required.

Proposition 5 There exists cg > 0 and C > 0 such that, for every e € [0, 9] and for every solution

of (1.19), one has
()] + ly(6)] < C(lz(s)]* + [y(s)]), Vs € [0,T], ¥t € [s, T, (2.2)
|2(T)[? + ely(T)] < pala(0)* + & (1 —£%6) |y (0)].
Proof of Proposition |5} Let (z',y'")" be a solution of (1.19)) on [0,T]. From now on, we denote
by C' > 0 various constants which vary from place to place but do not depend on ¢ € (0,1), on
t € [0, 7] or on (2, y* ) solution of (1.19)). However, these constants C' may depend on T', A, B,

L and v.
From ([1.13]), (1.16]) and (1.19), we get that

d
2 (1 4 1) < O (2l + [ul?). (2.4)

which gives (2.2]). From (1.13), (1.16), (1.19) and (2.2)), we get that

[2(t) = e4(0)| < C= (12(0)] + v/Iy(O)]) (2:5)




From ([1.19)) and ([2.5)), we have

ly(t) — ey (0)] < C (J2(0)]* + £2[y(0)]) - (2.6)
From (1.11)), (2.1)), (2.5) and (2.6]), there exists €1 > 0, such that for every
e €[0,e1], (2.7)

one has (2.3)) for every solution of (T.19) satisfying |(0)| > £/31/[y(0)]. From now on, we consider
that (2.7)) holds and that

[2(0)] < 7*V/Iy(0)]. (2.8)

Note that if (x,y) is a solution of (1.19)), then, for every A > 0, (Az, A2y) is also a solution of (1.19)).
Hence, using also (2.8)), in order to prove (2.3), we may assume, without loss of generality, that

b:=y(0) e SF1, (2.9)
12(0)] < /3. (2.10)

Equations (2.5, (2.6), (2.9) and (2.10) lead us to
lz(t)] < Ce23, |y(t) — eHb| < Ce¥/3, vt € [0,T). (2.11)

Let us define 1 : [0,7] = R", 22 : [0,T7] — R", 23 : [0,T] — R", by

z1(t) == ettz(0), (2.12)
&9 = Azxg + Bu(t,b), 22(0) =0, (2.13)
X3 1= X — T1 — EX2. (2.14)
From ([1.11)) and (2.12), one has
j21(T)|* < pala(0)[*. (2.15)
From ([1.13]), (1.15)) and (2.13)
lzo(t)| < C, Vt € 10,71, (2.16)
2o(T) = 0. (2.17)
From ([1.19)), (2.12)), (2.13)) and (2.14)), one has
&3 = Axs + Buc(t,y) — eBuv(t,b), x3(0) = 0. (2.18)

From ([1.13]), (1.14), (1.16]), (2.11) and (2.18)), one has

lz3(t)] < Ce?, vt € [0,T). (2.19)
Let us fix

p3/2 € (p1, p2). (2.20)



(The existence of p3/y follows from (2.1)). From ©.14), @2.15), (2.17), (2.19) and (2.20)), one gets

that

[2(T)P < payl2(0)]2 + C<*, (2.21)

We now estimate y. Let y; : [0, 7] — R¥ be defined by

v1 = Lyr +2Q(x1, ) — Q(x1,71), y1(0) = 0, (2.22)
Y2 = Ly2 + Q(w2,72), y2(0) = 0, (2.23)
ys =y —y1 —yp —e'lb. (2.24)
Then, from , and , one has
()] < C¥3)2(0)], vt € [0,T). (2.25)
and (L.13), (L.15)), (2.9), (2.13), (2.16) and (2-23) give us
ly2(T)| < C, y2(T) - "0 < —26. (2.26)
From , and , we have
eTLh + 2y (T)| < 1 — 462 + Cet. (2.27)

Equation (1.19), the previous estimates (2.15) and (2.14), the decomposition (2.22)), (2.23) and
(2:24) give us

Ys = Lys + 2eQ(x2, x3) + Q(3,23), y3(0) = 0. (2.28)

Hence, from , and , one has
lys(T)| < Ce3. (2.29)

Using ([2.24)), (2.25), (2.27) and , one has
ly(T)| < 1 — 4662 + Ce® + Ce?3|2(0)). (2.30)

From (2.9)), (2.20), and (2.30)), one gets that exists g > 0 such that if € € [0, ],

|2(T) + ely(T)] < pala(0)* + (1 — 20¢2) |y (0)], (2.31)
which concludes the proof of Proposition O

Remark 6 It follows from our proof of Theorem[3 that, in this theorem, one can take

A = min {—ln(m) _In(1 = <40) } . (2.32)

T T



3 Proof of Theorem [4]

In this section we deduce Theorem [4 from Theorem [3] and the existence of homogeneous Lyapunov
function for asymptotically stable homogeneous time-varying vector fields.
Let Z be a time-varying vector field of period T with respect to time, i.e. Z : R x R"™ — R" satisfies

Z(t+T,z)=Z(t,z), Vt € R, Vz € R™. (3.1)
We say that Z is a Carathéodory function if it satisfies the three following properties

VR > 0,3 C(R) > 0 such that |Z(t, z)| < C(R), Vt € R, Vz € R" such that |z| < R, (3.2)
Vz € R"™, the function ¢t € R +— Z(t, z) is measurable,
for almost every ¢ € R, the function z € R +— Z(¢, z) is continuous. (3.4)

Let I be an interval of R and let z : I — R™. As usual, we say that z is a solution of Z = Z(t, z)
on [ if z is absolutely continuous on every compact subinterval of I and

2(t) = Z(t, 2(t)) for almost every t € I. (3.5)

Let us recall that Carathéodory’s Theorem insures that, if Z is a Carathéodory function, then,
for every tg € R and for every zg € R"™ there is an open interval I containing ty and a solution
z: I — R"of 2= Z(z) such that z(ty) = 2o.

Let r = (r1,...,7)" € (0,400)" and let Y = (Y1,..., V)" : R x R" — R"™ be a time-varying vector
field. One says that the time-varying vector field Y = (Y1,...,Y,)" is r-homogeneous of degree 0 if

Yi(t, (€21, ., €™ 20)™) = €"1Yi(t, 21, .oy 2n), Ve > 0, V2 = (21,...,2,)" € R, Vt € R. (3.6)

Theorem 7 ([14]) Let T > 0. LetY be a time-varying vector field of period T with respect to
time. We assume that

Y is a Carathéodory vector field, (3.7)
Y is r-homogeneous. 3.8)

Let
0 € (max{r;, 1 <i < n},+00). (3.9)

Then there exists a function V € C®(R x (R™\ {0});R) N C*(R x R™;R) such that

V(t,z) >V (t,0) =0, V(t,z) € R x (R"\ {0}), (3.10)
Vit+T,x)=V(tz), V(t,x) e R xR", (3.11)

‘ Illgl- Min {V(t,x); t € R} = +o0, (3.12)
%+Y-VV<0inR><(R”\{O})XR, (3.13)

V(t, (a1, ... emzn)") = PV (L, (21, .., 20)'"), V(e, t,2) € (0, +00) x R x R™.

As a corollary of this theorem, one has the following theorem.



Theorem 8 ([14]) Let T > 0. Let X, Y and R be three time-varying vector fields of period T
with respect to time. We assume that

X,Y, and R are Carathéodory vector fields, (3.14)
Y is r-homogeneous, (3.15)
X=Y+R. (3.16)

We also assume that, for some p >0, n >0 and M > 0, one has
|Ri(e™ a1, ..y €, t)| < Me™ T Ve € (0,1), (3.17)

for every i € {1,...,n} and for every v = (x1,...,x,)" € R™ such that |z| < p. Let us assume
that 0 is locally (or globally) asymptotically stable for & =Y (t,xz). Then 0 is locally asymptotically
stable for & = X(t,x) and there exists A > 0, C > 0 and p > 0 such that, for every solution
x:[0,400) = R" of & = X (t,x) such that

> |z (0)]V < p, (3.18)
=1
one has . .
D )< CeT™ S a (0)[V7, it € [0, +00). (3.19)
=1 =1

(In fact, in [I4], Theorem |8 is stated with more regularity on the vector fields. However the
Carathéodory regularity is in fact sufficient. See also (the proof of) Theorem 12.16 in [5], which
relies on [15].)

Theorem [4] follows directly from Theorem [3] and Theorem O

4 Applications

In this section we present various applications of our approach to construct stabilizing time-varying
feedback laws.

4.1 An example with £ =1

Let us consider the control system
T1 = T9, Tog =W, Y = T] — T3, (4.1)

where the state is (21, 22, %)™ € R? and the control is w € R. Let us recall the Poincaré inequality

/ ot < L / (02t Vo € CU([0.1])  such that  p(0) = o(1) = 0.  (42)
0 ™ Jo

This inequality can be proved by expanding ¢ as the following Fourier series
+o0
p(x) = Z fisin(lrx). (4.3)
=1

9



Indeed, with this expansion, one has for every » € C'([0,1]) such that ¢(0) = ¢(1) = 0,

[ et Z L 22“2 L[ ewrar (14)

Note that 1/72 is optimal in as one can see by considering ¢(x) := sin(mz). From inequality
, one gets that the control system is not (locally or globally) controllable in time 7' if
T < . Moreover, using the fact that 1/72 is optimal in and using the power series expansion
(see Section[I]), one gets that the control system is (locally and globally) controllable in time
T if T > m. However it does not satisfy the following necessary condition for feedback stabilization
by means of continuous stationary feedback laws due to Brockett [I] (see also [5, Theorem 1.1]).

Theorem 9 Let us consider the control system z = f(z,w), where z € R! is the state, w € R™
is the control. Assume that f(0,0) = 0 and 0 can be locally asymptotically stabilized by means of
continuous stationary feedback laws, i.e. there exists a continuous map w : R' — R™ vanishing at
0, such that 0 is (locally) asymptotically stable for the closed loop system z = f(z,w(z)). Then

the image by f of every neighborhood of (0,0) € R! x R™ is a neighborhood of 0 € R'. (4.5)

The control system (4.1]) does not satisfy the Brockett condition (.5)). Indeed, if (o, 3)% € R? is
such that 8 < —a?, there is not (x1,z2,w)™ € R? such that

Ty =a,w =0, 27 —z3=p. (4.6)

Hence, by Theorem |§|, the control system cannot be locally asymptotically stabilized by
means of continuous stationary feedback laws. We are going to see that Theorem [3] can be applied
to construct time-varying stabilizing feedback laws. Let us first point out that is not satisfied.
In order to deal with this problem it suffices to apply the transformation w := —x1 — x2 + u, which
transforms the control system into the control system

. . . 2 2
Tl =22, T2 =—T1 — T2+ U, Y =2] — Ty, (47)

where the state is (z1,79,7)" € R? and the control is u € R. This control system is of the form

(1), with
0 1 0

Qx,2) == x12] — xoxh, V(x1,12)" € R?, V(2), 25)" € R% (4.9)

In order to apply Theorem [3 let us first check that properties [[P1)], [[P2)| and [(P3)] are satisfied.
Let = (z1,22)% : [0,T] — R? be a solution of # = Az. Then

d
7 ($1 + x2) —22, (4.10)
d

%2 =TT 22 # 0 for (z1,22) € (R\ {0}) x {0}, (4.11)

which, together with the (proof of the) LaSalle invariance principle implies that |(P; )| holds. Since
L = 0, one has Let us now turn to Let us first point that, by the Poincaré inequality
(4.2), cannot hold if 7" < 7. Let us also mention that, by the controllability of (4.1)) in time T

10



if T'> 7 and by Proposition holds if T' > 7. Let us give an explicit v having the properties
required in |(Ps)l We take T'= 3.6 and define v : [0,7] x {—1,1} — R by

g(t), ifb=-land1<t<T,
0, if b=—1 and otherwise, (4.12)
Ft), ifb=1land T/4<t<(T+4)/4

with
f(t) = 1%((#(12 +t(4+1)) —2t(6 +t(3+ )T + (2+t(241)T?)),
g(t) = 2?;]((2 + (=14 B0+ (3 + ) — 128(=5 + £(7 + £(3 + 2t)))T

+16(7 + 6t(1 + 1)) T% — 8(1 4 2t)T3 + T4).

These controls are represented on Fig. |1l Clearly (1.13]) and (1.14)) hold.

a0

( —— 2.5) N
e R S e
] | I\ I 1
20 , ] | '
|l | ll '| 15—\ | \ E
10 |l '” || l ~ - \ I’ \ ,’
1 It A oA !

ol VI \/’ | ] i \/ \ /

Figure 1: Control v defined by (4.12)) for b = —1 on the left and b = 1 on the right.

Straightforward computations show that ([1.15)) holds, since for b = 1, 3,(3.6) * b = —4.92 and for
b= —1, yp(3.6) * b = 0.12. See also Fig.

4 1.5
N
3 " e
a0 —= P —
S R B e
[ T osl / FARN f\
. 1 ] TSN Y
AR i \ 7/ A
SR % v %
\ [ or A il
27 oy ANV 1
A/ N/ A\ /
-3r \ b -0.51 \ /
/
4 \ \\ /
\ _ L N~
0 1 2 3 a o 1 2 3 4

Figure 2: Solutions of the closed loop system of (4.7)) for v defined in (4.12)), for b = —1 on the left and
b =1 on the right.

11



The feedback law u defined by ([1.16]) and is
ue(t, y) = ev/[ylv(t — 4[t/4], Sign(y)), (4.13)

where, for s € R, |s]| is the integer part of s and Sign(s) is the sign of s: Sign(s) =1 for s € (0, +00),
Sign(s) = —1 for s € (—00,0) and Sign(0) = 0.

.5 1 o.

1 . o + 23 +0.9]y|

0 20 40 60 80 100 120 140 160 180 —0.4e 0%
1
I

0.5 7

o 4
05 . . . . , . . ,

20 40 60 80 100 120 140 160 180

200

Figure 3: Trajectory of the solution of the control system (4.1)). For ¢ = 0.9 and initial data
21(0) = —0.2, 22(0) = 0.5 and y(0) = 0.46 and comparison of decay between |(z1,72)"|*> + ¢|y| and
y(t) = 0.41 exp(—0.025¢).

e

- |

0 80 100 120 140 160 180 L - ==} + a3 +0.9]y|
' ——0.33¢70%"

0 20 40 60 80 100 120 140 160

Figure 4: Trajectory of the solution of the control system (4.1]). For ¢ = 0.9 and initial data z1(0) = —0.8,
72(0) = 0 and y(0) = —0.2 and comparison of decay between |(z1,z2)"|? + ¢|y| and 0.33 exp(—0.25¢).

4.2 An example with £ =2
We consider the control system
i1 =wi, dy=wy, §1=a7—a3 f2=2m120 (4.14)

where the state is z := (21, 22, y1, y2)" € R* and the control is u = (wy,w9)"™ € R2. One easily check
that, for every T' > 0, this control system is (globally) in time 7". This control system satisfies the
Brockett condition (4.5). However one has the following necessary condition, due to Coron [2] for

12



feedback stabilization by means of stationary feedback laws, a condition which is slightly stronger
than the Brockett condition (|4.5]).

Theorem 10 If the control system ? = f(z,v), where z € R is the state, v € R™ is the control
and f(0,0) =0, can be locally asymptotically stabilized by means of continuous stationary feedback
laws, then, for e > 0 small enough,

fe(Hioi ({(z,0) € R™; f(z,u) #0, |2] <e and |u] <e}))) = H1(R"\ {0}, 2),

where H;_1(Q,7) denotes the (I — 1)-singular homology group of ) with integer coefficients and fi
is the homomorphism induced by f : {(z,u) € R"; f(z,u) # 0, |z| < e and |u| < e} — R'\ {0}
(see, e.g., [18, page 161]).

The control system (4.14) does not satisfy the Coron condition . Indeed, the control system
(4.14) can be written as 2 = f(z,u), with for z = (z1, 22, y1,%2)" € R* and u = (w1, w2)" € R?,

f(z,u) = (wy,wo, 3 — 23, 2z129)". (4.15)
Then one can check that, for every ¢ > 0,
fe (H3 ({(z,u) € RY x R?%; f(z,u) #0,|2| < eand |u| < e}).Z)) = 2H3(R*\ {0},Z). (4.16)

By Theorem since the control system does not satisfy , it cannot be asymptotically
stabilized by means of (continuous) stationary feedback laws. However it is locally controllable
in small-time and, by [4], it can be asymptotically stabilized by means of periodic time-varying
feedback laws. Let us check that, once more, the method presented in this article allows to construct
such feedback laws.

As in the previous application in Section condition is not satisfied. In order to deal with
this problem it suffices to apply the transformation w; = —z1 + vy and we = —x9 + ug, which
transforms the control system into

T1=—T1+uy, To=—x2+ uUg, (4.17)
yl = l’% — 1‘%, :l]g = 2.%'11‘2, (4.18)

where the state is © = (z1, 22, y1,y2)" € R* and the control is u = (u1,u2)" € R2. This control
system has the form (1.1)), with

-1 0 10
wm (3 0)em (3 )0 w19

Qz,2) = (w12 — moxhy, 22125)™, V(z1,20)" € R?, V(a], 2h)" € R?. (4.20)

Then is satisfied with p; := e=7 € (0,1). Clearly implies that holds. By the
controllability of in time T for every T' > 0 and by Proposition holds for every T > 0.
Let us give an explicit v having the properties required in We choose T := 4 and consider
the control law v : [0, T] x S — R? defined by

_3\/%

vi(t,b) = 512 Sign(by) sin (arccos(bl)/2) t(t — 4)(t* — 8), (4.21)
va(t,b) = — 3{:{?51'91@(1)2) cos (arccos(bl)/2) t(t — 4)(t* — 8), (4.22)

13



with v = (v1,v2)" and b= (by,b2)". This control law is represented on Fig. [5] and [6]

Figure 5: Controls vy (t,b) and va(t,b) defined in ([#.21)) for t € [0,4] and b € S* respectively when by is
negative.

Figure 6: Controls v1(¢,b) and va(t,b) defined in (4.21)) for ¢ € [0,4] and b € S' respectively when
by is positive.

In figure [7| the condition condition can be verified.

Figure 7: Solutions of the closed loop system (£.17) with controls (£.21) when b takes the values
(0.5,0.86), (—0.5,0.86), (—0.5, —0.86) and (0.5,0.86) respectively.

For the control system (4.17)), we consider the feedback law

14



In Figure [§| and El, a trajectory of system ([4.17) and (4.18) with the feedback law (4.23)) is shown.

0.5

0.6

—0.20

10 20 30 40 50 60

— a2+ a3+ 0.7V + i
0.8] == -0.6Te M

Figure 8: Trajectory of the solution of the control system (4.1)) for e = 0.7 and initial data z1(0) = —0.4,
22(0) = 0.4, y1(0) = —0.6 and y2(0) = —0.2, and comparison of the decay rate between |(x1,x2)"|? +
e|(y1,92)%| and 0.67 exp(—0.13t).

-1 4 == at a3+ 0.8V +ud
o 5 10 15 20 25 30 35 40 45 50 1
0.5 T
/\
A AYANDEN
° S
R
\ -
05—\/ —_—— -
- 5 70 5 26 25 30 35 20 a5 50

Figure 9: Trajectory of the solution of the control system (4.1)). For e = 0.8 and initial data x1(0) = —0.48,
22(0) = —0.2, y1(0) = 0.7 and y2(0) = 0.2 and comparison of the decay rate between |(z1, x2)" |2 +¢|(y1, y2)¥|
and 1.14 exp(—0.2t).
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4.3 The baby stroller control system
In this section, we consider a non-linear system describing the motion of a baby stroller given by
jjl — I3COS T2, jZQ = T4, x'4 = W2y, y =3 Sin.rg, (4.24)

where x1 and y are the coordinates of the midpoint between the two back wheels, xo is an angle
which gives the orientation of the baby stroller (see Figure , and x4 is the angular velocity. For
this control system, the state is (z1, x2, z3,y)" € R* and the control is (z3,ws)" € R2. This control
system does not satisfy condition . Therefore, as already motivated in the introduction, we
consider the following dynamical extension of

.’L‘l — I3COS X2, fCQ = T4, l"g = w1, $'4 = Wwa, y = I3 Sinxg, (4.25)

where the state is (z1, 22,73, 24,y)" € R® and the control is (wy,ws2)"™ € R%. By a theorem due
to Sussmann [19] the control system is locally controllable in time 1" for every T' > 0. The
control system does not satisfy the Brockett condition , as it can be easily checked by
looking at the solution of

x3cosre = 0,24 =0, w1 =0, wg =0, x3sinxy = ¢, (4.26)

where the unknown is (1, z2, x3, 24, y, w1, w2)" € R” and the data is £ # 0. Hence, by Theorem@,
the control system cannot be locally asymptotically stabilized by means of continuous sta-
tionary feedback laws. Let us emphasize that, however, by [4], we know that the control system
can be asymptotically stabilized by means of periodic time-varying feedback laws. Let us
show how Theorem [4] can be applied in order to construct such stabilizing feedback laws.

Remark 11 There is another strategy to construct time-varying stabilizing feedback laws for control
system (4.24]). One could first consider the control system

561 — I3 COS T2, :i‘g = T4, y = I3 sin o, (4.27)

where the state (x1,22,y)" € R and the control is (x3,24)" € R? and then apply the backstepping
approach (see, e.g. [5, Section 12.5]). For the construction of time-varying feedback laws for the
control system , we refer to Samson’s pioneer work [16], as well as [6]. Our approach allows
to handle directly the case where one of the control is the torque instead of the angular velocity.

Figure 10: Baby Stroller design of system (4.25))
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Let us consider the following auxiliary control system
a'cl = I3, .i'Q = T4, i‘g = wi, i74 = w2, y = I2x3,

where the state is (1,22, 73, 24,y)" € R® and the control is (wy,w2)® € R2 It has the form of
(1.1). However it does not satisfies Property |(P1)l In order to handle this problem, we perform the
following change of variables

w) = —x1 — X3+ U, Wy = —T2 — T4 + U2,
which transforms the control system (4.3]) into
T1 =23, Tog =24, T3 = —T1 — T3+ Uy, T4 = —T2 — T4 + U, Y = T2T3, (4.28)

where the state is (z1, 22, 3,24, y)" € R’ and the control is (ur,us)™ € R2. It still has the form

(1.1) with [ =4, m =1,

0 0 1 0 0 0
0 0 0 1 0 0

A= 0 o 1B=1 ol (4.29)
0 -1 0 -1 0 1

1
Qz,2') = 3 (zomhy + 237h) , Vo = (21, 32, 73, 24)"" € RY, Va! = (2, 2h, 2, 2" € RY. (4.30)

If yo = —1 +1/2(1 +4/3) and

o 1 0 1
1 0 1 0
such that Diag[\1, ..., \s] = P~1AP then
(—=1)%/3 0 0 0
ATy _ 0 (—1)%/3 0 0 -1
e fl2 = ||PExp 0 KO e P
0 0 0 —/—1 5
4 — cos (\/§) + sin (?) \/14 — 2cos (\/g)
= 3 <1
e

and Property now holds. For the control system , one has L = 0 and therefore Property
holds. Let us now consider Property Again, by a theorem due to Sussmann [19],
the control system is locally controllable in time T for every T' > 0 and, therefore, by
Proposition holds for every T' > 0. Let us give an explicit v having the properties required
in We take T := 4. Let d > 0. Let us define v = (v1,v2)" : [0,4] x {—1,1} — R? by

vi(t, 1) = v (t, —1) = d(32 — 16t + 4% — 4¢3 + 1), vt € [0, 4], (4.31)
va(t,1) = —va(t, —1) = d(—128 + 160t — 641> + 20t> — 7t* +t°), V¢ € [0, 4]. (4.32)
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Clearly (1.13) and (|1.14) hold. Straightforward computations show that (1.15) hold, b = 1,
yp(4) = —31.20 and for b = —1, y,(4) = 31.20.

The controls ¢ € [0, T] — v(t,b) with b € S = {—1,1} are plotted on Figure [11] and

~
T S T ST N

Figure 12: Solutions of the closed loop system of (4.28)) in the left for b = —1 and on the right for b = 1.

Clearly the open-loop control v satisfies ([1.13)) and (|1.14]). Moreover, straightforward computations
show that (1.15) also holds. For & > 0, we define u. = (uc1,uz0)™ : R x R — R? by (1.16)) and
[TD). Let

p2 € (p1,1).

We may now apply Proposition Let g > 0 and C' > 0 be as in this proposition and let € € (0, o).
By Proposition [5, we get that

(&) + ely(t)] < C (Je(0)* +ely(0)]) , vt € [0,T,
|2(T)* + ely(T)] < pal(0)* + € (1 = £26) |y(0)]

for every solution (z,v) : [0,7] — R* x R of the closed loop system

Ty =13, &2 =4, 3= —21 — 23 + U (L, Y), T4 = —T2 — T4+ ua(t,y), § = 273,

18



Let us now check, using Theorem [4], that the same time-varying feedback also leads to asymptotic
stability for the initial control system (4.25)), i.e. that 0 is also (locally) asymptotically stable for

&1 = w3008 T, T3 = T4, T3 = —x1 — T3+ Ue1(t,Y), T4 = —T2 — T4 + uea(t,y),
9y = x3sin xs.

Let R, : R* x R — R* and Ry:R4><R—>Rbedeﬁnedby
Ru(z,y) == (z3coszy — 23,0,0,0)", Vo = (z1, 29, 3, 24)" € RY, Vy € R,
Ry(z,y) := x3(sinxg — x9), Vo = (x1, 72,23, 24)" € R*, Vy € R.
Then, is the control system . Let us point out that there exists M; > 0 such that
lz3(cos gy — 1)| < My|z|?, |z3(sinze — z0)| < My|z|*, 2 = (21, 20, x3,24)" € RL

In particular (1.23]) and ((1.24) hold for n := 1 > 0 provided that M > 0 is large enough. Hence,
using Theorem 4] one gets the following proposition.

Proposition 12 There exists eg > 0 such that, for every e € (0,eq], there exist C >0, p > 0 and
A > 0 such that, for every solution (z,y) of ([&.3)) with |z(0)|> + |y(0)] < p, one has

z(t)]* + |y(t)| < Ce™™ (|2(0)* + |y(0)]) , V¢ € [0, +00). (4.33)

Numerical simulations are presented on Fig.
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—a} + a3 + 23 + 21+ 0.9]y|
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Figure 13: Trajectory of the control system (4.3)) for ¢ = 0.1 and initial data z1(0) = —0.2, 22(0) = 0.7,
23(0) = —0.3, 74(0) = —0.2 and y(0) = —0.2 and comparison of the decay rate between |(x1, x2, z3,24)%|* +
ely| and y = 0.06 exp(—0.02¢).

4.4 Underactuated surface vessel system

Let us consider the non-linear system that describes the dynamic positioning of surface vessels
which describes drilling, pipe-laying and diving support. More precisely, a ship that has not side
thruster, but two independent main thrusters located at a distance from the center line in order to
provide both surge force and yaw moment.

. dy ma 1 : my do . ds my — ma 1
t=—-——u+—vr+—mn, vV=——ur— —v, rT=——r+—"uww+—73 (4.34)
my my mi ma ma m3 m3 m3
A =u-+2z2r, Z9=0—217, 23=T, (4.35)
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where the state is (u, v, 7, 21, 22, 23)"" € R® and the control is (71, 73) € R2. Physically, u, v and r are
the velocities in surge, sway and yaw respectively, the parameters m; > 0 and d; > 0 for ¢ = 1,2,3
are the ship inertia, added mass effect and hydrodynamic damping, 71 is the surge control force
and 13 is the yaw control moment. Once more,

e using [19], one gets that the control system (4.34))-(4.35) is locally controllable in small time,

e the control system (4.34 - does not satlsfy the Brockett condition (4.5 and, therefore,
by Theorem |§|, the control system (|4.34 cannot be locally asymptotically stabilized by
means of continuous stationary feedback lawvs7

e by [4], the control system (|4.34)-(4.35)) can be asymptotically stabilized by means of periodic
time-varying feedback laws.

Let us point out that time-varying stabilizing feedback laws for the control system —
have been constructed by Mazenc, Pettersen and Nijmeijer in [I2]. Let us show how Theorem
can be used in order to construct other time-varying stabilizing feedback laws.

Before treating the system, we perform transformations already presented in [12]. We do the
following change of variables

m d
Zy =20+ v, u= —— (21 — p)

dg mq
. mip —mo d3 1
Tp = ————UV — — 7T + —173,
ms ms3 ms3
1
Ty = m—2z1 + —u Zor + d—er — d—z(mwr —dju+ 1)

Then the control system (4.34))-(4.35)) becomes the control system

zl———zl——u—i—Zgr—@vr, Zgzur, Zg =,
mi d
. d d . .
v:—i’”i(zﬁrﬂ) fo="Ty, T=T,
mo mo

where the state is (21, Za, 23, v, , 7)™ € R® and the control is (7, 7)'" € R2.

From now on, in order to simplify the notations, we consider the case where the physical constants
are equal to 1. i.e. m; =1 and d; = 1 for ¢ = 1,2. Once more a preliminary change of variables
is necessary to guaranty that the system satisfies the assumptions of Theorem [4f We perform the
following change of variables

Ty =—p+ Ty and 7, = =223 =7 + Tps. (4.36)

With the notations of Section |1} z := (21, 1, 23,7)® € R* and y := (v, Z5)%. Then

-1 -1 0 0 00
0 -1 0 0 10

A=10 0 o 110 B=1y ol (4.37)
0 0 -2 -1 01

ur

L= <_01 8) . Qz,x) = <(’Zl J”W) . (4.38)

20



Property [(Ps)| follows from (4.38). Again, by using [19], one gets that the control system (T.1)),
with A, B, L and @ defined by (4.37)) and (4.38]), is locally controllable in time 7" for every 7' > 0

and by Proposition (Ps)| holds for every T' > 0. Let us, once more, give an explicit v having the
properties required in |(P3)}l We choose T' = 4 and define the “control v” for Property by

(—2338875by + 4096b1e* + 41895bye?) (32 + 16t — 20> + ) (4.39)
Ty = ’
g 32768c(—30499 + 559¢*)

and

—256bye*(—256 + 416t — 304¢% + 1563 — 49t + 6t°) N
4096by et + 315by(— 7425 + 133e4)
315by(—118800 + 10056t — 495782 + 34270t3 — 1771t — 1028t°)
4096b1 e+ + 315by (—7425 + 133e4)
315b(e?(2128 — 104t + 850t% — 598t3 + 23t + 20¢5))

Ttau ‘= 2C

(4.40)

4096by % + 315by(— 7425 + 133¢4)

for ¢ > 0, see figure

Figure 15: Solutions of the closed loop system of (4.4])-(4.4])-(4.36) in the left for b = (0,1) and on the right
for b= (1,0)

Trajectories of the closed loop system are shown on Figures [16| and [17] for ¢ = 0.5 and for different
values of the initial data.
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Figure 16: Trajectory of the solution of the control system (4.4)-(4.4) for ¢ = 0.5 and the initial data
21(0) = 0.8, 23(0) = 0.3, x(0) =0, r(0) = 0.2, v(0) = 0.1, 22(0) = —0.1. and comparison of the decay rate
between |(z1, 23, 11, 7)"|? + €| (v, 22)"| and 7.38 exp(—0.33t).
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Figure 17: Trajectory of the solution of the control system (4.4))-(4.4). For ¢ = 0.5 and the initial data
21(0) = 0.56, z3(0) = —0.3, u(0) = 0.2, r(0) = 0.1, v(0) = —0.2 and 22(0) = 0.5 and comparison of decay
rate between |(21, 23, pt, 7)%|? + €| (v, 22)'"| and 7.38 exp(—0.15t).

5 Open Problems

In the literature, there are interesting models that do not adapt to our study, as the rigid spacecraft
[8] described by the control system

1 = T5xe, T2 = X1 + CT3T6, T3 = T5,

Ts = U1, Tg = U
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where the state is (21,72, 73, 75, 76)"" € R® and the control (u1,u2)® € R?, and ¢ # 0, as well the
X4-flyer modeled by (see [20])

1 1
&=z, = —asin(B),y = y1,71 = —acos(f),& = u,
m m
. ) ) 1. )
BZSDaZZZth =9g— Vp=ww="Typ
m

where the state is (z, 21, y, y1, 2, 21, ¢, w)" € R® and the control is (u, v, 7,)" € R3.

L= (? 8) (5.1)

0 —1
=07 5
Therefore, these two problems do not satisfy Property

For the satellite,

and, for the X4-flyer,

A Proof of Proposition

Proof of Proposition [2. Let us assume, for the moment, that the following lemma holds.

Lemma 13 Let 7 € (0,T). Let us assume that the control system (1.1) is locally controllable in
time 7. Then there exists u € L>([0,T];R™) such that, if (Z,7) € C°([0,T]; R™ xR¥) is the solution
of

then

Z(T) =0 and y(T) =0, (A.2)
the linearized control system control system of (L.1) around ((z",5")",u) is controllable. (A.3)

For r > 0, let B¥ be the open ball of radius 7 centered at 0 € R¥. Using the inverse mapping
theorem and Lemma there exists » > 0 and W € C'(B¥; L>([0, T]; R™)) such that, for every
b€ B,

(@ =Ax+ BW(b)(t), y = Ly + Q(z,z), x(0) =0, y(0) =0) = (x(T) =0, y(T) =b). (A.4)
Let us now define v : [0, 7] x S¥=1 — R™ by

rb

,_ _TL
v(t,b) =W ( e STeTE,

) (t), Y(t,b) €[0,T] x Sk=1, (A.5)

Then one has ([1.13)), and if Cy > 0 is large enough, (1.14)) holds. Moreover, from (A.4]) and (A.5]),

one has, for every b € SF=1,

. P __TL rb
(3 =0 i) =~ ) ()
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which shows that (1.15]) holds with

5 r

= . A7
T T2 (A7)

Finally, let us prove Lemma By the R. Hermann [10] and T. Nagano [I3] theorem and the
controllability assumption, the control system satisfies the Lie algebra rank condition at (0,0) €
Rk x R™ (see, e.g., [5, Definition 3.16]). Then, by [3, Theorem 1.3], for every 1 > 0, there exists
u € ([0, T — 7];R™) such that, if (z,7) € C=([0,T — 7];R™ x R¥) is the solution of on
[0,T — 7], then

Z(T —7)| +[9(T — 1) <m, (A.8)
the linearized control system control system of (1.1]) around ((z*", 7*")",u) is controllable. (A.9)
We choose 1 > 0 as in Definition |1l Then, from (A.8)) we can extend u to [0,77] so it is an element

of L>([0, T]; R™) such that, if (Z,%) is extended to [0, 7] so it is the element of C°([0, T]; R™ x R¥)

which is the solution of (A.1) on [0,T7], then (A.2) holds. Then (A.9) implies (A.3]). This concludes
the proof of Lemma [13] and, also, the proof of Proposition O

Remark 14 An alternative proof of Pmposition@ can be provided by using [17] instead of [3].
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