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approximations

V. Andrieu*
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In the honor of the 60th birthday of Laurent Praly

Abstract

In this paper, we study the construction of Lyapunov functions based on first or-
der approximations. In a first part, the study of local exponential stability property
of a transverse invariant manifold is considered. This part is mainly a rephrasing
of the result of [3]]. It is shown with this framework how to construct a Lyapunov
function which characterizes this local stability property. In a second part, when
considering the global stability property of an equilibrium point it is shown that the
study of first order approximation along solutions of the system allows to construct
a Lyapunov function.

Notation :

e For a vector in R” and a matrix in R"*" the notation | - | stands for the usual
2 norm.

e For a positive definite matrix P, tmax{P} and Ly {P} are respectively the
largest and smallest eigenvalue.

1 Introduction

The use of Lyapunov functions in the study of the stability of solutions or invariant
sets of dynamical systems has a long history. It can be traced back to Lyapunov
himself who has introduced this concept in its dissertation in 1892 (see for an
english translation). The primary objective of a Lyapunov function is to analyze
the behavior of trajectories of a dynamical systems and how this behavior is pre-
served after perturbations. However, this tool is also very efficient to synthesize
control algorithms as for instance stabilizing control laws, regulators, asymptotic

observers (see for instance [T41 20]).
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This is why the study of converse Lyapunov theorem have received a huge
attention from the nonlinear control community. One of the first major contribution
to the problem of existence of a Lyapunov function can be attributed to Massera
[18]. This results have then subsequently improved over the years (see [13])
and we can quote Teel and Praly who established a theorem of existence of a
Lyapunov function in a very general framework in [26]]. However, despite the
rise of a very complete theory to infer the existence of a Lyapunov function, its
construction in practice appears to be a very difficult task.

On another hand, using a first order approximation to analyze the local stability
of a nonlinear system is the most commonly used approach. Indeed, a first order
analysis deals intrinsically with linear systems tools and it provides a simple way
to construct local Lyapunov functions for a nonlinear system.

In this note, the linearization approach is extended in two directions. The first
extension is the case in which the stability studied concerns a simple manifold and
not an equilibrium. This extension has already been published in [1]] and [3] and
in this note we briefly rephrase these results.The second extension is to show that
when dealing with equilibrium points, global property may be characterized from
first order approximations along solutions.

In order to introduce these results and aiming at allowing to get a full grip on
the key points of the approach the following simpler framework is first considered.
Hence, some very classical results are rephrased in the following paragraph.

Consider a nonlinear dynamical system defined on R" with the origin as equi-
librium :

é=F(e), F(0)=0, (1)

with state e in R" and with a C! vector field F : R" — R”. Solutions initiated
from e in R" evaluated at time ¢ are denoted E(e,?).

The origin of system (I) is said to be Locally Exponentially Stable (LES for
short) if there exist three positive real numbers k, A and r such that the following
estimate holds :

|E(e,t)] < kexp(—At)le|, V(e,t) eR™ xRy, |e] <r. (2)

As it is well known, the LES property of the system (I)) can be checked from
the study of the first order approximation around ”0”. Indeed, it is well known
(see Theorem 4.15, p.165]) that LES of the origin of () is equivalent with
exponential stability of the origin of the linear dynamical system defined in R" as
follows :

L OF . _
=_—_—(0)e. 3
¢ 86( ) 3
Constructing a Lyapunov function for the linear system (3) is an easy task.

Indeed, if the matrix %—IZ (0) is Hurwitz, and given a positive definite matrix Q in

R > the matrix P in R" %" defined as :

e QF N\ IF
P= /0 exp (5 (O)S) Qexp (x(O)S) ds 4)

is well defined, positive definite and satisfies the Lyapunov algebraic equality :

=, (0 P+P=-(0)=—0. )



The former equation implies that the mapping € — &' P is a Lyapunov function

=T p~ ~T A~
for the system () since it yields along its trajectories &' Pe = —e ' Qe.
Moreover, the quadratic function V (e) = e Pe is a Lyapunov function for the
nonlinear system (I) since along its trajectories the following equality holds :

;T_IJZ:ZeTPF(e) :eT[7Q+2/(;1P {g—i(se)f 3—5(0)} ds]e.
| S —

small if |e| small
This implies that there exists r > 0 and A > 0 such that for all e such that |e| < r,

r—

¢ Pe < —)e' Pe. This characterizes local exponential stability of the origin of ().
In conclusion to this rephrasing of the simplest framework, the following as-

sertions have been obtained.

Fact 1 : The exponential stability property for the nonlinear system implies an
exponential stability property for the linearized system.

Fact 2 : The exponential stability property for the linearized system can be char-
acterized by a quadratic Lyapunov function.

Fact 3 : The Lyapunov function associated to the linearized system may be used
directly on the nonlinear system to characterize its stability property.

In the first part of this paper, based on the result of [3], we will show that
this is also the case when considering exponential stability of a simple invariant
manifold. This allows to introduce Lyapunov function that characterizes the local
exponential stability property of an invariant manifold.

The second part of the paper is devoted to global properties. It will be shown
that these three facts are also true when considering the global attractivity of an
equilibrium. Finally, in the conclusion, we introduce some difficulties we are
facing when considering the case of the global stability property of an invariant
manifold. This gives a gimps of the results obtained in [2]].

2 Local transverse exponential stability of a man-
ifold

2.1 Transverse local uniform exponential stability

Throughout this section, instead of considering the system (I}, a system in the
following form is considered.

¢=F(ex), x=Glex), F(0,x) =0, (6)

where e is in R, x is in R™ and the functions F : R" x R™ — R" and G :
R" x R™ — R"™ are C2. We denote by (E (e, x,t),X (e,x,t)) the (unique) solution
which goes through (e,x) in R" x R at time t = 0. It is assumed that these
solutions are defined for all positive times, i.e. the system is forward complete.
For this system, the manifold & = {(e,x),e = 0} is an invariant manifold. The
purpose of this section is to show that the properties obtained to characterize the
exponential stability property of an equilibrium given in the introduction (i.e. the



facts 1, 2 and 3) are still valid when considering the stability property of this man-
ifold.

The local exponential stability of an equilibrium becomes the local exponential
stability of the transverse manifold. This one is defined as follows.
Definition 1 (Transversal uniform local exponential stability (TULES-NL)) The
system (8)) is forward complete and there exist strictly positive real numbers r, k
and A such that we have, for all (eg,xq,t) in R" X R™ x R>q with |e| <,

|E(e0,x0,1)| < Kleo| exp(—Ar1) . @

In other words, the system (@) is said to be TULES-NL if the manifold & :=
{(e,x) : e =0} is exponentially stable for the system (@), locally in e and uniformly
in x.

2.2 Fact 1 : Exponential stability of a linearized system

As mentioned in the introduction, a linearized system “around” the invariant man-
ifold has first to be considered. In this case, the system is defined as :

€= %(X)E7 x=G(x), (8)
where G(x) = G(0,x).

If one wish to show that Fact 1 also holds in this context we need to establish
that the manifold & := {(x,é) : € = 0} of the linearized system transversal to &
in (8) is exponentially stable.This is indeed the case has shown by the following
proposition which has been proved in [3].

Proposition 1 ( [3] FACT 1 holds) If Property TULES-NL holds and there exist
positive real numbers p, [ and ¢ such that, for all x in R™,

JoF G
. < i <
e < | F0m| <p ©
and, for all (e,x) in Be(kr) x R™,
J*F 9*F G
m(e‘a)‘) <c, ’m(&x) <c, ’z(&x) <c, (10

then the system @8 is forward complete and there exist strictly positive real num-

bers k and A such that any solution (E(ey,xo,t),X (xo,t)) of the transversally lin-
ear system (8) satisfies, for all (ey,xo,t) in R™ x R" x R,

|E(20,x,1)| < kexp(—A1)|o] - (1D

The proof of this proposition given in [3]] is based on the comparison between
a given e-component of a solution E (€9,x0,t) of (8) with pieces of e-component
of solutions E(e;,x;,f —1;) of solutions of (€) where ¢;,x; are sequences of points
defined on E. (€9,x0,t). Thanks to the bounds (@) and (10, it is possible to show
that E and E remain sufficiently closed so that E inherit the convergence property
of the solution E. As a consequence, in the particular case in which F' does not
depend on x, the two functions E and E do not depend on x either and the bounds
on the derivatives of the G function are useless.

In [3], the exponential stability of the manifold & := {(x,¢) : &= 0} of the
linearized system transversal to & in (8)) is named property UES-TL.



2.3 Lyapunov matrix inequality

The ¢ components of the system (8)) is a parametrized time varying linear system.
Hence, the solutions E (e, x,t), can be written as :

E(e,x,t) = ®(x,t)e,

where @ is the transition matrix defined as a solution to the following TR *"

namical system :

dy-

JF
de
An important point that has to be noticed is that due to equation (IT)), each element
of the (matrix) time function 1 — ®(x,¢) is in L([0,4-o0)). Consequently, for all
positive definite matrix Q in R, the matrix function

T
P(x) = Tgnjm A ®(x,s5) " QP(x,s)ds (12)

B0 = 20X @01, B(E0) =1

is well defined.

By computing the Lie derivative of the matrix P given in (I2)), it is possible to
show that this one satisfies a particular partial differential equation which shows
that this function may be used to construct a quadratic Lyapunov function of the
linearized system.

Proposition 2 ( [3] FACT 2 holds) Assume Property UES-TL holds, i.e. there
exist k and A such that any solution (E(y,x0,1),X (x0,)) of the transversally lin-
ear system (8) satisfies, [l Assume moreover, that there exists a positive real
number [ such that

JdF
de
then for all positive definite matrix Q, there exists a continuous function P : R"™ —
R"*"e and strictly positive real numbers p and p such that P has a derivative 0 5P

0x)|<p  VreR™, (13)

along G in the following sense

26P(R) = lim LEER) Z P »

h—0 h ’

and we have, for all X in R™,

JoF JoF
0GP(E) +PF) 5 (0,5)+ 5-(0.9)P(R) < -0, (15)
pl <P(X)<pl. (16)
When looking at the time derivative of the function (¢,x) — &' P(x)é along the

solution of the system (8), it yields :

¢"P(x)e=—¢'Qe.
Hence, (¢,x) — ¢ P(x)€ is a Lyapunov function associated to the & component of
the linearized system (8). In other words, Fact 2 introduced in the introduction is
still valid when considering transverse exponential stability property.
The assumption (I3) is used to show that P satisfies the left inequality in
(I6). Nevertheless this inequality holds without (I3)) provided the function s

‘% (Ois)’ does not go too fast to zero.



2.4 Construction of a Lyapunov function

From the matrix function P obtained previously, it is possible to define a Lyapunov
function which allows to characterize the property of local exponential stability of

&.

Proposition 3 ( [3] FACT 3 holds) If Property ULMTE holds and there exist pos-
itive real numbers 1 and c such that, for all (e,x) in B,(n) x R,

P
g(x) <c, (7
JI’F JI’F oG
’aeae(evx) S(’v ’axae(evx)’§c7 %(Qx) ch (18)

then Property TULES-NL holds.

This is a direct consequence of the use of V(e,x) = ¢ P(x)e as a Lyapunov
function. The bounds (I7) and (I8) are used to show that, with equation (I3),
the time derivative of this Lyapunov function is negative in a (uniform) tubular
neighborhood of the manifold {(e,x),e = 0}.

In conclusion, from Proposition[Il 2land (it yields that Fact 1, Fact 2 and
Fact 3 obtained in the analysis of local exponential stability of an equilibrium
are still valid in the context of local exponential stability of a transverse manifold.
In [3]] the previous framework has been employed as a design tool in different
contexts :

e It has been employed to construct a Lyapunov function which characterize
the property of exponential incremental stability.

e [t has been used to show that a detectability property introduced in isa
necessary condition to the existence of an exponential full order observer.

e It has been employed (see also in [4])) to give necessary and sufficient condi-
tion to achieve synchronization.

All results written so far concerns local properties. The following section is
concerned with global property of an equilibrium point. Our aim is to follow the
same strategy in order to construct global Lyapunov functions.

3 Global stability properties

3.1 Local exponential stability and global attractivity

In the previous section has been studied the case of the local asymptotic stability
(of a manifold or of an equilibrium point). In this Section, another property is
studied : the global attractivity. In other words, we consider again system () and
we assume that for all e in R",

thm\E(e,t)| =0. (19)
Note that global attractivity in combination with the local asymptotic stability of
the origin implies that the system is globally and asymptotically stable. However,
it is not globally exponentially stable in the usual sense (see [14, definition 4.5
p-150]) . Nevertheless the following property can be simply obtained.



Proposition 4 Assume the origin of (D) is locally exponentially stable and glob-
ally attractive, then there exist a positive real number A and a continuous strictly
increasing function k : Ry — Ry such that :

|E(e,1)| < k(le[) exp(=A1)le] . (20)

Proof : The origin being locally exponentially stable, there exist three positive
real numbers Ay, k; and r; such that equality @) holds. Consider the mapping
c:R"% xR — Ry defined by :

_ |E(e1)]
eh) = Ll oxp(=Ar) °

where 0 < A < ;. Since inequality (@) holds, it yields that this is a continuous
function. Moreover, the global attractivity property and the LES of the origin of
system () implies that :

lim c¢(e,t) =0, Ve R™ .
t—rtoo

Consider the function ¢ : [ry,+e) — Ry U{+oco} defined as :

c(s)= sup  A{clet)}.

r1<|e|<s,t>0

‘We first show that in fact this function takes finite value for all s. Indeed, assume
this is not the case for a given s, i.e. &(s) = +oo. This implies that there exists
a sequence (e;,1;);eny With r; < |e;| < s such that c(e;,t;) > i. However, (€;)ien
being a sequence in a compact set, it is possible to extract a sub-sequence (ei/.) jeN
such that e;, — e* with r; < |e¢*| <s. Note that this implies #;, — +eo. Moreover,
by the global attractivity property, there exists t* such that |[E(e*,r*)] < 4. By
continuity of the solutions it yields that there exists j* such that |E(e;;,t*)| <1
for j > j*. Without loss of generality, we may assume that#;, > * for j > j*. The
LES property implies for all j > j*:

|E(ei;:ti;)] kyexp (=Ai(t;; —t))|E(e;; ") - ksexp(Ar*)

ey, lexp(—A1) = lei,[exp(—At,) "

ij< C(e,'ﬂt,'j)

Hence a contradiction. Consequently, for all s > ry, &(s) is bounded. It is also
increasing. So it is possible to select k : Ry — R as any continuous function
such that :

k 1 s < r
>
k(s) = { c(s) s>n
It is clear from its definition that the property (20) is satisfied. a

Example 1 A very simple example of such a property is the scalar system :

e

ez_m.

21
Solutions of this ordinary differential equation satisfies the following equations :

E(e,1)*exp (E(e7t)2> = ?exp(e?)exp(—2t) , Ve e R.



This implies
E(e,t)* <E(e,t)*exp <E(e,t)2> < eexp(e?)exp(—21) ,

and global attractivity and LES of the origin of (Z1) hold since equation 20) is
satisfied with k(s) = sexp (%sz) and A = 1.

3.2 Global Lyapunov functions based on first order ap-
proximations

3.2.1 Fact 1 : Stability property of the linearized system along the
solutions

A natural question is to know if the local exponential stability and global attrac-
tivity property can be characterized from a first order approximation analysis. To
oppose to the local study made in the introduction, the linearized system around the
equilibrium can’t describe the property of solutions away from the origin. Hence,
the linearized system along all solutions have to be considered.

Assuming that F is C! everywhere, the linearized system along trajectories is
defined as :

d

¢= a—f(e)a é=Fle), (22)

with (e,e) in R x R". This system is also called the liffed system in [9]] or the
variational system in [8].
Note that the e-components of this system may be rewritten as the following.

L OJF,  _ oF oF -
=%oe + [Sw-Go] ¢ @3

—_—
(LES)=-goes exp. to 2e10  (Glob. Attract.)=> goes (o zero

The following proposition shows that if the e components go exponentially to zero,
then the € components do the same.

Proposition 5 (FACT 1 for global property) Ler F be C' in R and C* around
the origin. Assume the origin of (1) is locally exponentially stable and globally at-

tractive, then there exist a positive real number . and a strictly increasing function
k:Ry — Ry such that :

|E(e,1)] < k(le|)exp(—A)]e] . (24)

Proof : The origin being locally exponentially stable, we can define the matrix P
as in @). With the algebraic Lyapunov equation (see (@), it yields that along the
solution of the system (I, the following equality holds :

e oF oF
STos  5ToasansTpl| 28y 20 ~
€' Pe=—¢ Qe+2e P{ae(e) ae(())}m
:umin{Q} :| ST py
< |—omines o, Pe, 25
< |- Lol o) 72 es)
where y: R"™ — R, is the continuous function defined as
_ Hma{P}[9F - OF
"}’(6) =2 ,u'min{P} (96 (6) (96 (O)




The function F being C2 around the origin, ¥ is locally Lipschitz around the origin.
Hence, there exist two positive real number r and L such that

y(e) < Lle|, Y|e| <r. (26)

From Gronwall lemma, equation (23) implies :

T \/E(aeyt)TPE(aeyt)

E(e,et)| <
| ( )| .umin{P}

(2]

Let t* be the continuous function defined as :

Note that if k(|e|)|e|] < r, t*(e) = 0. Moreover, if k(|e|)|e| > r,t*(e) > 0 and in this
case
k(le|) exp(—=Az*(e))le] <.

Hence, due to the local exponential stability and global attractivity property, equa-
tion (20)) yields for all e,

|E (e,t" ()| < k(le]) exp (—At"(e))[e] <r.
Employing (20), once again, and (26, the following inequalities are obtained for
t>r1"(e):

ot 't*(e) 't
/0 YE(e,s))ds < /0 WE(e,s)ds+ [ y(E(e,s))ds ,
(e)

@)
< /0 (e, 5))ds + Li(Je])el /t;e)exp(%s)ds,

1*(e) r
g/o YE(e,s))ds + % = ce) .

Notice that the previous inequality is also true for # < *(e). Consequently, using
the previous approximation in equation (27) the proof ends since equation 24) is
obtained with :

7~ Hmin{O} T(s) = /M X 1 xc(e
A_zumax{P}7k() I*‘min{P}ep(zfgzY ()>

Example 2 Going back to the previous example given in equation (1), the lin-
earized system is given as :
1—é?
1+e?

€= e.



This gives :

- "t 2E(e,s)?
E(,e,t ‘: —t —7 ,
’ (e,e,1) exp( + o T+ Ele,s)? s | |e]

<exp (ftJr/(:2k(|e|)zexp(fs)ds) le] ,
< exp (1 +2k([e)*(1 - exp(—1)) ) el -

This gives equation 24) with :
k(s) = exp (2k(s)2> = exp <2s2 exp <s2> ) JA=1.

3.2.2 Fact 2 : Lyapunov matrix inequality

By linearity the ¢ components of the linearized system @2)) can be written :

E(@e,t) = D(e,1)7,

where @ is the transition matrix. This transition matrix is defined as the solution
of the following R"*" dynamical system :

~— JF

P(e,t) = a—(E(e7t))<I>(e7t) , P(e,0)=1.

e

An important point that has to be noticed is that due to equation (24)), each element
of the (matrix) time function 1 — ®(e,?) is in L([0,4-o0)). Consequently, for all
positive definite matrix Q in R™*" the matrix function :

T
Ple)=lim | ®(e.s) OP(es)ds, (28)

is well defined. Moreover, it can be shown that the following proposition holds.

Proposition 6 (FACT 2 for global property) Assume that there exist function (k,k)
and positive real numbers (A, ) such that 20) and [24) are satisfied. Then, the
matrix function P : R" — R">*" defined in [28) is well defined, continuous, and
there exist a non increasing function p and a non decreasing function p such that

0<plel)I < P(e) < plle])l, ¥ e R . 29)
Moreoverr_rl,
oF oF
OpP(e) —Q—P(e)z(e) + z(e)TP(e) <-0,VecR™. (30)
=LpP(e)

Finally, if the vector field F is C? then P is C2.

ISee the notation (I4).

10



Proof : From (24), for all (e,t) in R™ x R>q :
|®(e,1)| < k(le|)exp(—At) .

This allows us to claim that, for every symmetric positive definite matrix Q, the
function P : R — R">" given by (28) is well defined, continuous and satisfies :

k(le])?
21

On another hand, let ¢ be a continuous mapping which satisfies the following in-
equality :

”maX{P(e)} < ”de{Q} P(lel) ; Ve € R .

JdF
S| <

Morover, for all (z,v) in (R x R"), we have :

c(lef) -

P) | OF
5( )—fv (e 5 (E(er)).
However since we have by (20) :
JdF
- <c
e Eea)| < cllele)
it yields the following estimate :
Va(e,r)”! | <exp (clk(lel)lel)r) ] , V(r,v) € (RxR™) .

This implies for all (z,v) in (R x R") :

2
V]2 < [V (e, 71’ |D(e,1)v|?

” {Q} ’VCD e,t) l‘zvlq)(e,t)/QqD(e,t)v

_ IPex (2¢(k(lel)lel)r)

T Ta); V& (e,t) QP(e,t)v

So, this yields :

'®(e,1) OD(e,1)v > fmin{ O} exp ( —c(k(|e|)|e|)t> W2, V(1,v) € (R x R") .
Consequently, we get :

:u'mln{Q}
2c(k(lel)lel)

Finally, to get (30), let us exploit the semi group property of the solutions. We
have for all (¢,e¢) in R™ x R™ and all (t,r) in R2, :

p(lel) = < Amin{P(e)} ~ VeER™.

E(E(2,e,1),E(e,t),r) = E(e,e,t +r) .
Differentiating with respect to e the previous equality yields :
IE OE OE
ﬁ(E(Ee7t)7E(e7t)7r)£(e7e7t) = ﬁ(ae?t +7).

11



Hence, we get the property :
D(E(e,t),r)D(e,t) = D(e,t+r) .
Setting in the previous equality :
e:=E(eh), h:i=—t,s:=t+r,
we get for all e in R" and all (s, /) in R? :
D(e,s+h)P(E(e,h),—h) = D(E(e,h),s) .

Consequently, this yields :

T
P(E(e,h)) == TEIEM A D(E(e,h),s) QD(E(e,h),s)ds ,
T
= Jim (®(E(e,h),—h)) { /0 (P(e,s+h)) QP(e,s+h)ds
D(E(e,h),—h) .

But we have :

i = 5@
Dle,s+h)—D(e,s) 0
it i =5 (@),

and

T T
A %(CI>(e,s))/Q(CI>(e,s))ds+/0 (dD(e,s))/Q% (D(e,s))ds =
(e, T) QP(e,T) -0 .

Since limr and lim;, commute because of the exponential convergence to 0 of
®(e,s), we conclude that (30) is satisfied.

The last assertion of the proposition is simply obtained noticing that if F is
C3 then the matrix function ®(e, ) is also C2 in e. Moreover the first and second
derivatives of its coefficient belong also to L2[0, 4-c0). O

Example 3 If we pursue the analysis for the scalar example given in equation

2D, it yields

1 - T exp <4€2 exp(ez))
P =5 p0) <K? tim_ [ exp(-20)ds = ——

3.2.3 Fact 3 : Construction of a Lyapunov function

With the matrix function P defined for instance in (28) which Lie derivative satis-
fies inequality (30D, it yields that along the solution of the linearized system 22)) :

/—\
¢"Ple)e=—¢'Qe.

12



In other words, the mapping (¢,e) — &' P(e)e is a global Lyapunov function for
the ¢ components of the linearized system (28).

However, e — ¢! P(e)e is not a global Lyapunov function for ¢ = F(e). Indeed,
a simple computation gives :

e P(e)e =2¢ P(e) {F(e) - aa—f(e)e} —e'Qe.

This is negative definite if F(e) — %—I: (e)e is small. However, there is no guarantee

that this is case away from the origin.

Nevertheless, it is still possible to construct a Lyapunov function for the system
(1. Indeed, the matrix function P may be used to define a Riemanian metric on
R" which may be used as a Lyapunov function. Precisely, if P is a C2 function
the values of which are symmetric matrices satisfying 29), The length of any
piece-wise C! path 7: [s,50] — R" between two arbitrary points e; = y(s;) and
ey = Y(sp) in R™ is defined as :

= / ¢ f,l (0)P(1(6)) ™ (0)do 31)

L(y)

By minimizing along all such path we get the distance dp(ey,e3).

Then, thanks to the well established relation between (geodesically) monotone
vector field (semi-group generator) (operator) and contracting (non-expansive) flow
(semi-group) (see [111[6l [12] and many others), we know that if P is C2 and
the metric space is complete, this distance between any two solutions of (I} is ex-
ponentially decreasing to 0 as time goes on forward if (30) is satisfied with Q is a
positive definite symmetric matrix. For a proof, see for example Theorem 1]
or Theorems 5.7 and 5.33] or Lemma 3.3] (replacing f(x) by x + if (x)).

From this fact, a candidate Lyapunov function is the Riemannian distance to
the origin. Hence we introduce the function V : R — R

V(e) = dp(e,0) . (32)

In the following proposition it is shown that this function is indeed a good Lya-
punov function candidate and moreover that it admits an upper Dini derivative
along the solution of the system (I)) which is negative definite.
Proposition 7 (FACT 3 for global property) Assume F is C2. Assume moreover
that there exists a C* matrix function P such that equations Z9) and B0) hold and
that the function p satisfies the following property

lim p(r)r? = 4oo. (33)

r——+oo—

Then the function V defined in (B2) is a Lyapunov function for the system ().
More precisely V admits an upper Dini derivative along the solutions of system (1)

defined as
DV (e) i timeup LEEM) V(e)
N0 h
which satisfies
Hmin {Q}
——FV(e).
plle

Hence the origin is locally exponentially stable and globally attractive.

DV (e) <

13



Proof : Given an initial point e in R" and a direction v also in R", geodesics are
given as solution to the geodesic equation:

e ot D dYJ _, A
—2 Z i 07 (), v(0) =e, —(0) =v, (34)

where the (bfj) are Christoffel symbols associated to P which are C! if P is C2.
The right hand side of the previous equation being C! we know that solutions

(}/(s), Z,Z( )) of (34) exist at least for small s, are unique and C'. Hence, (-) is

C? on its domain of existence.

Now, with Lemma A.1] and the assumption given in equation (33) it yields
that these geodesic can be maximally extended to R. With Hopf-Rinow Theorem,
this implies that the metric space (R, P) is complete. Moreover, for any e in R"
there exists y* : [0,s.] — R a C2 curve (a geodesic) such that :

dP(e70) = L(’}/k)

As a convention, it is assumed in the following and without loss of generality
that the geodesics are normalized :

ay
T ()P (5)

Hence the function V defined in (32)) satisfies :

o= [ L )L wyas= [ ) Ter )4 (5=

Let us first show that V is a positive definite and proper function. Since y* :
[0,s,] is a continuous path from e to zero, this implies that there exists sg in [0, s]
such that :

Se

0

(s)=1.

17 (so)l = lel s [Y"(s)| < el , Vs € [s0,5¢] - 35)

:/(:e \/dd_/);*(s)TP(’y*(s))ddt (s)ds ,
= [ VI @er )L wyas.

Note that :

Since minimal geodesic for an Euclidean metric are straight lines s — bf 7(3?‘(’]) this
implies :

"Se * S‘ T s
/SO ‘%(s) 5)ds >/ 0 7(0) 7 (50) 4o _ 1)

_SO)

Hence, with (33D, it implies :

Vie) = y/p(lef)e] .

14



Moreover,

Since we have V (¢) = s, the two previous inequalities imply the following :

p(lel)lel <V(e) < v/P(le])le| - (36)

With (33)), this implies that the function V is positive definite and proper.
Let now I'(s,7) be the mapping defined by :

) = F((s.)) . T(6.0) = 7°(5).

The vector field F being C2, the mapping y* being C2, it yields that I" is C2. Note
that (s, 2) is a C? path such that :

[(se,h) = E(e,h) , T(0,h) =0

This implies the following inequality for all # > 0 :

E(e,h)) / \/ (s,n)TP(T sh))t; (s,h)ds .

This yields :

o ST o T PO N 2L (5 ) — /22 ()T POy (s 2L (s
DV (e) <limsup 0‘” %% (s:1) TP(L( ,h))as(,fz ~(5)TP(r () G5 (5)
h—0

Hence, with Fatou’s lemma, it yields :

V2 (s )T P(T (5. 1) 9 (5, \/9?’* )TP(y(s)) 2L (s)

ds.

Se
DYV(e)< [ limsup
0 h=0

The mapping i — \/‘3—1: (s,h) TP(C(s,h)) ‘3—1: (s,h) being C! (since " and P are C?),

it yields
D+V(e)§/0%;h{ %(s7.)TP(F(s ))31;( .)} ds
h=0

sl 9K QW(A)

3 \/tﬁﬁ )tﬁﬁ 5 ds,
< —%Mmin{Q} [ T%s)ds 7

15



where the last inequality employs the fact that the geodesics are normalized. With
Cauchy-Schwartz inequality, this implies :

2
DV (e) < _%.umin{Q} (/0 \/‘Z*(S)T‘Z*(s)ds) .

Since minimal geodesic for an Euclidean metric are straight lines, this implies :

1 Se JeTe
DV (e) < — =i / NERY
(e) < zumm{Q} 0 5o Se s,

<- :umin{Q} Se ET

< _ :umin{Q} V(e) .
— 2v/P(lel)

This, together with (36) implies global asymptotic stability of the origin. Since
0 < p(0) <P(0), it also implies that the origin is locally exponentially stable. O

Note that an interesting property of the considered Lyapunov function is that
given two points e; and e, both in R, if we denote dp(ey,e;) the Riemmanian
distance between these two points and ¥* the minimal (and normalized) geodesic,
it yields following the previous proof, this implies that there exists sg such that

[Y"(s0) —e2| = ler —ea| , |Y(s) —ea] < et —ea|, Vs € [50,52] -

From this, it yields

arere = [\ rer () (s,

Moreover, for all s in [sg, s2], we have |Y*(s)| < |y*(s) —e2| +|ea] < |e1 —ea|+]ea].
Hence, it yields :

dy , +dv*
ds )y

5
dpler,e2) = \[pler—exl +leal) |
S0
> \/p(ler —ea| +le2|)|Y* (s0) —e2]

> y/p(le1 —ea| +ez])|e1 —e2] -

Moreover,

Pller —ez|+]e2]))
dp(e1,e2)

The two previous inequalities imply :

p(ler —ez|+1ezl))ler —ea| < dp(er,e2) < /P(ler —ez| +ez]))|er —eal -

Moreover, we have

dP(eheZ) < |€1—622.

D;FdP(EMEZ) S _/‘Sz }/*(S)QY*(S)dS S _ ,umm{Q}

dp(€17€2) 5
. 2, /p(ler —e2| +ez])
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where

D;de(ehez) := limsup dP(E(el’hil)’E(ez’h)) .
N0

In other words, there exists a strictly decreasing distance between any two points.
Consequently, it yields exponential convergence of the euclidean distance between
any two trajectories toward zero. Hence, roughly speaking, we have shown that
when the origin is locally exponentially stable and globally attractive then there
exists a strictly decreasing distance between any two trajectories. However, this
convergence is not uniform in e; and e;. This is a strong difference with the prop-
erty of incremental stability as studied for instance in [3] or [7]. Note moreover that
it is shown in [22] that the asymptotic stability property and incremental stability
property are different.

Note that as mentioned in [3], when the two function p and p are respectively
lower and upper bounded by a nonzero constant then the convergence obtained is
uniform. In this case, the usual definition of incremental stability is recovered.

3.2.4 About the requirement (33)

The requirement (33) is essential to make sure that R" endowed with the Riemannian
metric P is complete. It is also essential to make sure that the obtained Lyapunov
function is proper. It imposes that the mapping p doesn’t vanish to quickly as |e|
goes to infinity. Going back to a definition of the mapping p obtained in the proof
of Proposition [d it yields that if the vector field F is globally Lipschitz then p
is a constant. In other words, in the globally Lipschitz context this assumption is
trivially satisfied.

Another solution to make sure that this assumption is satisfied is to modify the
function P to make sure that this one is lower bounded by a positive real number.
Indeed, note that the trajectories of the system

Fleg . %

3,6 3¢
1+ 2E (o) 1+] % )|

6=

are the same than the one of the lifted system (22)) (this system is obtained after
a time rescaling). Consequently, the origin is globally attractive. Moreover, it is
not difficult to show that its origin is also locally exponentially stable. Finally, if

F is C* then the vector field e — % is C3. Let @ be the transition matrix
+| 3¢ (e

defined as the solution of the following R"*" dynamical system :

JF
d@@ﬂ_kw@ﬁ)ré@ﬂ7@am_L

dt
1+gamm»
Again, each element of the (matrix) time function ¢ — ®(e,?) is in L>([0,+o0)).
Consequently, for all positive definite matrix Q in R"*" the matrix function :
~ T ~ T ~
P(e) = lim D(e,s) OQPD(e,s)ds , 37
T—+.J0

is well defined. With this mapping, the following property may be obtained.

17



Proposition 8 (Lower bounded P) Assume that there exist function (k,k) and pos-

itive real numbers (A, L) such that 20) and (24) are satisfied. Then, the matrix
function P : R" — R"*" defined in (37) is well defined, continuous, and there
exist a a positive real number p and a non decreasing function p such that

0<pl<P(e) <p(le))],VecR"™. (38)
Moreover,

0rBle)+ P(e) 2 (e) + 20 (&) Ple) < 0 (1 2

3
) ,VecR™ . (39

Finally, if the vector field F is C* then P is C2.

Proof : The proof follows the same step then the one of Proposition[@ For all (e, ?)
in R x R there exists :

|®(e,1)| < k(|e|)exp(—At) .

This allows us to claim that, for every symmetric positive definite matrix Q, the
function P : R™ — R"*" given by (28) is well defined, continuous and satisfies :

k(Je])?
22

.umax{P(e)} S ,uvmax{Q} :F(lé’l) 5 V@ S Rne .

Morover, for all (z,v) in (R x R"), we have :

a
% (V’ [‘I’(€7l)]71) =/ [‘I’(Qt)]il TI:(E—(EJ))3 '
1+ ’%(E(e7t))’

However since we have by Q)

JdF
E(e,t
ae( (67 )) ‘3 <1 7

1+ 2E (E(e,n)

it yields the following estimate :

qus(m)*l‘ <exp(t)|v] , V(t,v) € (Rx R™)
From this following the proof of Proposition[6] it yields :

p= bt L) veem.

Also, the following inequality may be obtained :

JdF IF ( NT
O Ple)+P(e) Tgf) 79(? Ple)<—Q,VecR".
1+19E (03 1+]9. () 1+]9,(e)?
Multiplying the former equation by 1+ | %—I; (e)]? and it yields the result. O
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Since the matrix function P is lower bounded, we can define a Lyapunov func-
tion following the proposition [Zl Roughtly speaking we have established the fol-
lowing Lyapunov inverse result : Assuming some regularity on the system, if the
origin is locally exponentially stable and globally attractive then there exists a
strictly decreasing Lyapunov function given as a Riemannian distance to the ori-
gin.

Of course the local exponential stability property is essential. Note that in
[10Q], is shown that up to a change of coordinates (which is not a diffeomorphism
since it is not smooth at the origin) it is possible to transform any asymptotically
stable system in an exponentially stable system. This implies that up to a change
of variable, it is always possible to consider Lyapunov function coming from a
Riemannian distance.

3.3 Stabilization

From the previous analysis, it has been shown that a linearization approach leads
to the constuction of global Lyapunov function in the case of local exponential sta-
bility and global attractivity. It may be interesting to know if this type of Lyapunov
function may be used in control design.

We consider here a controlled nonlinear system given on R” as

w=f(w)+gwu, (40)

with f: R" — R" and g : R" — R" are smooth vector fields and u the controlled
input is in R.

Our objective is to construct a control u = ¢ (w) that achieves local exponential
stabilization and global attractivity of the origin. Based on the former analysis, a
sufficient condition based on the use of a Riemanian Lyapunov function may be
given. Note however that these assumptions inspired from and [1]] are very
conservative.

Proposition 9 Assume there exists a mapping P : R" — R™ " such that

1. The matrix function P is C°, satisfies the condition (29, B3) and there ex-
ists a positive real number A and a positive definite matrix Q such that the
following matrix inequality holds :

of of

0rP(w) +P(w) 5= (w) + 55 (w)TP(w) =L [P(w)g(w)] < —Q, YweR".
(41)
2. gisa Killing vector field for the metric P. In other word, for all w in R" :
LgP(w) =0P(w) +P(W)$(W) + g(W)TP(w) =0.
§ § dw dw
3. There exists a mapping U : R" — R such that :
U
5, (W) =POw)g(w)" . (42)

Then the control law u = —AU (w) achieves local exponential stability and globally
attractivity of the origin of system ([0 in closed loop.
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Proof : The proof follows readily from Proposition [l Indeed, the closed loop
system may be rewritten as

F(w) = f(w) = Ag(w)U(w) .
Note that if we compute the Lie derivative of the tensor P, it yields

LrP(w) = LyP(w) —ALgP(w)U (w) —P(W)g(w)g—g} (w)

From the assumptions, this yields the following property :
LrP(w) = LyP(w) = A |P(w)g(w)* < =0
From Proposition[7] it implies the result. a

Following [3], it is possible to slightly relax these assumptions by introducing a
scaling factor o/(w) which multiply g and by rewriting these assumption accord-

ingly.

4 Conclusion and final remark

In this note, it has been shown how first order approximation study may lead to the
construction of Lyapunov function that characterizes the local exponential stability
of a transverse manifold. In the context of stabilization of an equilibrium point, a
global Lyapunov function may be constructed from first order approximation. In
this case, one has to consider the Riemaniann length to the origin as a Lyapunov
function.

An interesting question is to consider the problem of global stability property
for a transverse manifold. However, as it can be shown in this simple example,
some problematic effect can show up. Consider the following planar system de-
fined on R%:

e=—@(x)e, x=x, ¢(x) = A +xsin(x) . (43)
It can be checked, that its solutions are defined for all # in R as :

cos(1) —cos(etxy)

E(eq,x0,1) = exp (—}Lt—i— )60 , X(eo,x0,1) = Mol xg .

X

This implies that the manifold {(e,x),e = 0} is locally exponential stable and glob-
ally attractive uniformly in x. Indeed, we have for all (eg,xp) in R :

(o)) < exp (L ) expl-nfel.

However, note that if we consider the transversally linear system, we have :

ﬁ: {‘P(e“*’xo) ¢/(€“*’XO)E(€0>XOJ)} F} 7

X 0 Hx X

which gives (with E () = E (&9, %, €0, X0,1)) :

E(t) = exp ( /0 r ¢(e#~vsx0)ds) &+ /0 "exp ( AAI¢(e“*Vx0)dv) o' (¢ x0)

x E(wg,s)e* Xods ,

=exp (/Ot (l)(e“*‘sxo)ds) {Eo —5—/(: (Z)/(e“*'sxo)e“"‘veofods} .
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Hence, this yields xg # 0,

E(r) = exp ( /0 t ¢(eﬂxfx0)ds) {20 1 9(etx0) = 6(xo) @} .

Hx X0

With ¢ previously defined it gives :

E(t) = exp (C°s<xo> _::S(E“*txo))

(e=2)1 gin (el xo) — sin(xg)e A
X [emgo +2 (e ’uO) (o) €pXo
X

It can be checked that £ (#) doesn’t converge to zero if A < pi if for instance eg = 1,
x9 = 1, Xp = 1. From this remarks, this implies that the study of the linearized
system have to be taken with care. Indeed, this implies that the Fact 1 given in
the introduction is no longer valid in this context. More precisely, exponential
convergence to the origin of the e dynamics, doesn’t imply that the ¢ component
of the linearized system along the solutions converges to zero.

In [2], it has been shown that when the convergence rate to the manifold is
larger then the expansion rate in the manifold, Fact 1 may hold. In this case, it is
possible to construct a Lyapunov function based on first order approximation.

Finally, the construction of a matrix function P which satisfies equations (13D,
@BQ) or @I is a crucial step in order to make this framework interesting from a
practical point of view. Preliminary results aiming at solving a differential Ric-
cati equation (as the one given in (#I)) are given in [24]. Backstepping based
approaches is also a possible research line (see or [28])). Finally, a method fol-
lowing a numerical approximation of the partial differential equation should also
be considered.
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