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Abstract The classical Matrosov theorem concludes uniform asymptotic stability
of time-varying systems via a weak Lyapunov function (positive definite, decrescent,
with negative semi-definite derivative along solutions) and another auxiliary function
with derivative that is strictly nonzero where the derivative of the Lyapunov func-
tion is zero (Mastrosov in J Appl Math Mech 26:1337-1353, 1962). Recently, several
generalizations of the classical Matrosov theorem have been reported in Loria et al.
(IEEE Trans Autom Control 50:183-198, 2005). None of these results provides a
construction of a strong Lyapunov function (positive definite, decrescent, with nega-
tive definite derivative along solutions) which is a very useful analysis and controller
design tool for nonlinear systems. Inspired by generalized Matrosov conditions in
Loria et al. (IEEE Trans Autom Control 50:183—-198, 2005), we provide a construc-
tion of a strong Lyapunov function via an appropriate weak Lyapunov function and
a set of Lyapunov-like functions whose derivatives along solutions of the system sat-
isfy inequalities that have a particular triangular structure. Our results will be very
useful in a range of situations where strong Lyapunov functions are needed, such as
robustness analysis and Lyapunov function-based controller redesign. We illustrate
our results by constructing a strong Lyapunov function for a simple Euler-Lagrange
system controlled by an adaptive controller and use this result to determine an ISS
controller.
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1 Introduction

Lyapunov’s second method is ubiquitous in stability and robustness analysis of non-
linear systems. In recent years, its different versions were used for controller design,
e.g. control Lyapunov functions, nonlinear damping, backstepping, forwarding, and
soon [4,6,14,21,25]. Although it is often useful to obtain a strong Lyapunov function
(positive definite, decrescent, with negative definite derivative along solutions) to ana-
lyze robustness or redesign the given controller, it is often the case that only a weak
Lyapunov function (positive definite, decrescent, with negative semi-definite deriva-
tive along solutions) can be constructed for a problem at hand [1,2,5,8,9,18]. For
example, controller design methods that are based on the passivity property typically
require the use of the La Salle invariance principle [8] which exploits weak Lyapunov
functions to conclude asymptotic stability.

The La Salle Theorem in its original form applies only to time-invariant systems.
On the other hand, the Matrosov Theorem [15] concludes uniform asymptotic stability
of time-varying systems via a weak Lyapunov function and another auxiliary function
with derivative that is strictly nonzero where the derivative of the Lyapunov function is
zero [15]. Different generalizations of the Matrosov theorem that use an arbitrary num-
ber of auxiliary functions to conclude uniform asymptotic stability have been recently
reported in [11]. Moreover, results in [11] make use of the recently proposed notion
of uniform § persistency of excitation (u-PE condition) [13] that allows to further
relax the original Matrosov conditions. The proofs presented in [11, 15] do not provide
a construction of a strong Lyapunov function and they conclude uniform asymptotic
stability by considering directly the behavior of the trajectories of the system.

The main purpose of this paper is to construct strong Lyapunov functions using
appropriate generalized Matrosov conditions that are inspired by main results in [11].
In particular, each of our results assumes existence of an appropriate weak Lyapu-
nov function and a set of Lyapunov-like functions, similar to [11], to provide explicit
formulas for constructing a strong Lyapunov function. Moreover, our results parallel
the main results in [11] and we present a construction that exploits the ué-PE condi-
tion. Constructions provided in this paper will be useful in a range of situations when
the knowledge of a strong Lyapunov function is useful, such as robustness analysis
and Lyapunov-based controller redesign. Observe, in particular, that an ISS Lyapunov
characterization was obtained in [26] and that strong Lyapunov functions have been
used to design stabilizing feedback laws that render asymptotically controllable sys-
tems ISS (as defined in [23]) to actuator errors and small observation noise (see [24]).
Such control laws are expressed in terms of gradients of Lyapunov functions, and
therefore require explicit strong Lyapunov functions to be implemented. We illustrate
our main results by constructing a strong Lyapunov function for the pendulum equa-
tions controlled by an adaptive controller and, in a second step, by using this Lyapunov
function to determine a feedback rendering the closed-loop system globally ISS with
respect to an additive disturbance in the input. We note that our results can also be
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Lyapunov functions for time-varying systems 153

applied to a class of nonholonomic systems studied, for instance, in [19] and [11]
and to a class of Euler-Lagrange systems (e.g. robotic manipulators) controlled by the
well-known Li-Slotine model reference adaptive controller (see [10], [22]). Moreover,
our results provide an alternative construction of a strong Lyapunov function to that
presented in [17] for time-invariant systems, and a special case of our results also
generalizes the constructions of strong Lyapunov functions given in [16] and [14].

The paper is organized as follows. In Sect. 2 we present mathematical preliminaries
and assumptions that are needed in the sequel. Section 3 is devoted to the case where
the assumptions of the classical Matrosov theorem are satisfied. Section 4 contains
main results. An illustration of our main results is presented in Sect. 5, and the proofs
of all main results are given in Sect. 6. Conclusions and some auxiliary results are
given, respectively, in the last section and the appendix.

2 Preliminaries

Unless otherwise stated, we assume throughout the paper that the functions encoun-
tered are sufficiently smooth. We often omit arguments of functions to simplify nota-
tion. Throughout this paper, | - | stands for the Euclidean norm vectors and induced
norm matrices. A continuous function k : R>¢9 — Rxg is said to be of class K if
k(0) = 0 and £ is increasing. It is said to belong to class K if it is unbounded. A
function B : R>9 x R>9 — R is said to be of class KL if for each fixed s, the
mapping B(r, s) belongs to class K with respect to r, and for each fixed r, the mapping
B(r, s) is decreasing with respect to s and S_l)irfw B(r,s) = 0. A continuous function

V : R" — Riis positive semi-definite if V(0) = 0 and V(x) > O for all x € R". Itis
positive definite if V(0) = 0 and V (x) > O for all x # 0. It is negative semi-definite
(definite) if —V is positive semi-definite (definite).

Consider the time-varying system:

X =f(x) ey

with € R, x € R" and assume that it is locally Lipschitz uniformly in ¢. For all
xo € R" and 19 € R, we will denote by x(¢; to, x9), or simply by x(¢), the unique
solution of (1) that satisfies x (#; f9, xo) = xo. In order to simplify the notation, we
use the following notation:

oV A%
DV = —(,x)+— @ x)f, x),
ot 0x

where V : R x R" — R.
We need the definitions and assumptions given below. The following definition is
a slightly modified version of [20, Definition 5.14].

Definition 1 A continuous function ¢ (¢, x) : R x R" — RP? is decrescent in norm
if, there exists a function 7" (-) of class K, such that for all x € R” and all ¢ € R the

@ Springer



154 F. Mazenc, D. Nesic

following holds

o, )| = T(Ix]). 2

Definition 2 The system (1) is uniformly globally asymptotically stable provided there
exists B € KL such that |x(¢; tg, xo)| < B(|xo|, t — o) for all xg € R", 1o > 0, and
= 1.

Definition 3 Suppose that there exist functions V : R x R* — R, a1, o0, a4 € K
and a3 : R” — R such that for all x € R" and all ¢ € R, the following holds:

ar(x)) <V, x) < ax(lx]), 3)
DV < —a3(x), @
v
‘a—(t,x) < as(|x]). (5)
X

If the function o3 is positive semi-definite, then we say that V is a weak Lyapunov
function for the system (1). If, on the other hand, «3 is positive definite, then V is
referred to as a strong Lyapunov function for the system (1).

Assumption 1 The function f in (1) is locally Lipschitz uniformly in t, f(t,0) =0
forallt € R, and a weak Lyapunov function Vi for the system (1) is known. Besides
two functions o, &y € Koo such that for all x € R" and all t € R,

ar(jx) = Vit,x) = aa(lx)), (6)

are known.

Assumption 2 The following functions are known: V; : RxR" — R, i =2,3,..., ],
such that V; and %(I, x) are decrescent in norm, positive semi-definite functions
N; :RxR" - Rjfori =2,..., ], decrescent in norm; a function My, of class K ~o;
continuous functions x; : R x R" x Ri=2 — R, fori = 3, ..., j, continuous and
positive semi-definite functions x+i : R* x R — R fori =3, ..., j, such that, for
allx e R, reRandr, >0,...,ri_1 >0,

Ixi(t, x,ro, .o ric)] < xxi(x,r2, .00 1im1) @)
and for all x € R",
Xxi(x,0,...,0)=0. (8)
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Lyapunov functions for time-varying systems 155

Moreover, for all t € R and all x € R", we have:

DV3; < —N3 + x3(t, x, N2),
DVy < —N4 + x4(t, x, N2, N3), 9)
DV; < —=Nj+ x;j{t,x,Na,...,Nj_1)
and
J J
D UNit. x)+ D |Vilt. )| < My(|x]). (10)
i=2 i=1

Remark 1 Since Assumption 2 ensures that the functions N;, V; are decrescent in
norm, the requirement (10) is not restrictive at all: when functions given by explicit
expressions are decrescent in norm, it is in general very easy, from a technical point
of view, to determine the explicit expression of such a function.

Remark 2 We note that it is often the case that V; in Assumption 1 is the same as the
function V; in Assumption 2, that is V; (¢, x) = Va(t, x), V(¢,x) € R x R".

Remark 3 According to [20, Theorem 5.16], when the vector field of the system (1) is
locally Lipschitz uniformly in 7, satisfies f (¢, 0) = O for all # € R and admits a strong
Lyapunov function, then it admits the origin as a uniformly globally asymptotically
stable equilibrium point.

Remark 4 All our main results will be using Assumptions 1 and 2, as well as some
other conditions. We note that Assumption 1 assumes existence of a weak Lyapunov
function, whereas Assumption 2 assumes existence of a set of auxiliary functions.
We note that these auxiliary functions do not have to be positive definite in general.
Moreover, we note that the references [10-13] present a range of different situations
where Assumptions 1 and 2 hold. Moreover, the functions V; are constructed for the
cases of model reference control [10,11], classical Matrosov theorem [12], a class of
nonholonomic systems [11] and systems satisfying appropriate uniform observability
conditions [11].

3 Basic result

The objective of this section is to familiarize the reader with the technique used though-
out our work. We explicitly construct a family of strong Lyapunov functions in the
simple case where the system (1) satisfies the conditions of the classical Mastrosov
theorem. In this specific case, Assumption 2 is satisfied with only two auxiliary func-
tions, V», V3 and, in addition, V; = V, (see Remark 2). This construction is the first
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construction of a strong Lyapunov function under the conditions of the Matrosov the-
orem. Due to its introductory interest, we give it in this section, instead of putting its
proof in Sect. 6.

Theorem 3 Consider the system (1) and suppose that Assumptions 1 and 2 hold with
Jj = 3 and that V| = V,. Suppose also that, for all t € R and all x € R", we have:

No(t, x) + N3(t,x) > w(x) an

where w is a known positive definite function. Then, one can determine two nonnegative
functions py, p3 such that the following function:

W, x) = p1(Vi(t, x))Vi(t, x) + p3(V1(t, x)) V3(2, x) (12)

is a strong Lyapunov function for system (1).

Proof Let
Sa(t, x) = Vi(t, x) + V3(1, x). (13)
From Assumption 2, we deduce that
DS, =DV +DV3; < =Ny — N3 + x3(t, x, N2). (14)

Using the inequality (7) in Assumption 2 and Lemma 6, one can determine the explicit
expressions of a function ¢, of class K, and of a positive and nondecreasing function
p such that

Ix3(t, x, N2)| < ¢ (N2)p(lx]). 15)
This inequality and (11) yield

DSy < —w(x) + ¢(N2)p(Ix]). (16)
Let

Sp(t, x) = p3(Vi(t, x))Sa(t, x) a7
where p3 is a positive definite function to be specified later. A simple calculation yields

DSy < —p3(VDw(x) + p3(V)$(N2)p(x) + p5(V1)SaDV). (18)

@ Springer



Lyapunov functions for time-varying systems 157

Let us distinguish between two cases:
First case: N> < p3(V1). Since ¢ is increasing, the inequality

p3(VDo(N2)p(Ix]) = p3(V@(p3 (V) p(1x]) 19)

is satisfied.
Second case: N» > p3(V1). Then the inequality

p3(VD@(N2)p(Ix|) < Nagp(N2)p(Ix]) (20)
is satisfied. It follows that, for all x € R", r € R,

p3(VDo(N2)p(Ix]) = Nagp (N2)p(Ix]) + p3(VDé (p3(Vi))p(Ix]). 21

From Lemma 3, we deduce that one can construct a positive definite function p3 such
that

. —1( _ox) ai(lx])
p3(V) < inf {qi (2p<|x|>) , sz<|x|>+1}’ )
/
1P3(VDI = saggen

where « is the function provided by Assumption 1 and M), is the function satisfying
(10). For such a choice, it follows from (21) that the inequality

P3(VD@(N2)p(Ix]) = N2gp(N2)p(Ix]) + %P3(V1)w(X) (23)
is satisfied. Combining (18) and (23), we obtain
DSy < _%P3(V1)w(x) + Nog (N2)p(Ix]) + p5(V1)SaDVi. (24
From (22) and (10), we deduce that
DSy =< _%IB(V])CU(X) + Nop (Mp(Ix]) + Dp(Ix) + [DVi]. (25)
Since DV| = DV, < —N,, we obtain
DS, < _%P3(V1)w(x) + @ Mp(Ix]) + Dpo(lx)) + 1D Vi]. (26)

Thanks to Lemma 4 one can determine a function I, positive and nondecreasing,
such that

¢ Mp(Ix)) + Dp(x]) + 1 < I'(x]) 27)
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which, in combination with (6), implies that
1 _
DSy < _§P3(Vl)w(x) + ey (V) IDV). (28)

Using again Lemma 4, one can determine a function />, positive and nondecreasing,
of class CN where N is a positive integer, such that, for all r > 0,

max {2, @' ()] = D). 29)
Hence, we obtain the inequality
1

DS < —§P3(V1)w(X) + I2(V)|DVi. (30)

Now, observe that the expression of the function W given in (12) with pi(r) =
}for I>()dl + p3(r) and p3 satisfying (22) is

Vi(t,x)
I (Ddl + p3(Vi(e, x)) | Vi(z, x)

Wi, x) = Viax)
0

+ p3(Vi(t, x)) V3(t, x)
Vi(t,x)

= / DAL+ p3(Vi@, ) Vi(t, x) + p3(Vi(t, X)) Va(2, x)

0
Vi(t,x)

— / Dy()dl + Sp(t, x) GD
0

and therefore (30) implies that
1
DW < —§p3(V1)w(X)- (32)

We deduce from (6) that there exists a positive definite function y3 such that % p3(V1)
w(x) > y3(x). Therefore the requirement (4) is satisfied by W. Besides, W satisfies,
forall r € Rand all x € R”,

W(t,x) = [0)Vi(t, x) + p3(Vi(t, x) Va(z, x) (33)
Using (10) and (6), we obtain

W(t, x) = I (0)ar(|x]) — p3(Vi(z, x)) Mp(|x]). (34)
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From (22) and (29), we deduce that

W(t, x) > ai(]x]). (35)
Moreover the functions %(r, x), %(r, x) and W are decrescent in norm. Therefore
W also satisfies the requirement (3) and (5). It follows that W is a strong Lyapunov
function for system (1).

4 Main results

In this section, we establish main results of this paper that are summarized in Theo-
rems 4, 5, and 6. Each of these results provides a construction of a strong Lyapunov
function using an existing weak Lyapunov function from Assumption 1, a set of Lyapu-
nov-like functions from Assumption 2 and other appropriate conditions.

The first result of this section is an extention of Theorem 3 to the case where, instead
of only one auxiliary function, several auxiliary functions are available.

Theorem 4 Consider the system (1) and suppose that Assumptions 1 and 2 hold and
that, forallx € R" andt € R,

J
D Ni(t, x) = w(x) (36)

i=2

where w(x) is a positive definite function. Then, one can determine nonnegative func-
tions p; such that the following function:

J
W(t,x) = > pi(Vi(t, x)Vi(t, x) 37

i=1
is a strong Lyapunov function for system (1).

Remark 5 We note that a construction of the functions p; in (37) is provided in the
proof of Theorem 4. Moreover, we emphasize that there is some flexibility in terms of
choosing functions p; in (37). This flexibility can be seen from the proof of Theorem 4.
As illustrated by the example studied in Sect. 5, this flexibility can be frequently used
to simplify the design of the functions p;. The same comment applies to all the results
of this section.

To state the second main result, we will suppose that the system (1) admits the
decomposition:

)2'1 =f1(t,x), x2=f2(t1x) (38)

with x; € R™", x, € R", n; + ny = n. Note that we allow for the cases when either
n1 = n or np = n that correspond to x; = x and xp = x, respectively.
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Theorem 5 Consider the system (38) and suppose that Assumptions 1 and 2 hold.
Suppose also that the following conditions hold:

C1. There exist a positive definite real-valued function w, and a positive semi-defi-
nite continuously differentiable function M : R x R"? — R such that M (t, x3)
and %(t, x7) are decrescent in norm and the following holds for all x € R"

andt € R,
J
D Nt x) = o(lxi]) + M(t, x2) (39)
i=2
and
|fat. )| < xg(t.x, No, N3, ..., Nj_y), (40)

where x ¢ is so that, for all x € R" and t € R,
0<xp(t,x,Noy...,Nj—1) < Aps(x,Na,...,Nj_1) (41)
where the function Xy is positive semi-definite and such that, for all x € R"
Ars(x,0,...,0) =0. (42)

C2. There exist a differentiable function 0 : R.o — R and a positive definite
function y : R — R such that for all (t, x) # (t,0), we have:

t
/ M(s, x2)ds = y (1)), 43)

1=6(x21%)

Then, one can determine nonnegative functions p; and a positive definite function &
such that the following function:

J
W(t,x) =D pi(Vilt, )Vit, ) + i1 (Vi(t, )8 (12 ) At x2)  (44)

i=1
with

t

t
A(t, x2) = / /M(l,xz)dl ds (45)

1=0(x2|?) \$

when x, # 0 and
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A(,0) =0, Vt (46)

is continuously differentiable and is a strong Lyapunov function for system (38).

Remark 6 Conditions of Theorem 5 can be regarded as generalized Matrosov theorem
conditions and they are directly related to conditions used in [11, Theorem 1]. Indeed,
our Assumption 1 corresponds to [11, Assumption 1]. Our Assumption 2 corresponds
to[11, Assumptions 2 and 3], and so on. In particular, our condition C2 corresponds to
the so-called ud-PE condition introduced in [13]. Note, however, that our conditions
are stronger and we assume that we know all the bounding functions because they
are required in the construction of the strong Lyapunov function W. For instance, we
assume that we know the functions € and y in the condition C2 of Theorem 5, whereas
this is not needed in the main results of [11]. This is the main difference between our
conditions and those given in [11]. A consequence of our stronger assumptions is that
we construct a strong Lyapunov function W, which was not done in [11].

It is possible to strengthen the persistency condition (43) and at the same time
relax the condition (40) to provide a similar Lyapunov function construction that is
presented in the next corollary. Observe that the strong Lyapunov functions we obtain
are given by expressions slightly simpler than (44).

Theorem 6 Consider the system (1) and suppose that Assumptions 1 and 2 hold.
Suppose also that the following holds for all x € R" andt € R

J
ZNi(l,X) = M(1,x) = p(H)p(x) (47)
i=2

where [L is a positive definite function and p(t) is a nonnegative function such that,
forallt € R,

t

/ pdl = pp, Pt) < pu (48)

-t

where T > 0, py, > 0, pyy > 0. Then, one can determine nonnegative functions p;
such that the following function:

1 t

J
Wit x) = Zpi(vl ) Vi(t, x) + pjr1(Vi(t, x)) / /ﬁ(l)dl ds

i=l t—1 s

(49)

is a strong Lyapunov function for system (1).
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5 Illustration

In this section, we illustrate our main results by means of a system resulting from
an adaptive tracking control problem for the well-known pendulum equations with
an unknown friction coefficient (see [6, Sect. 1.1.1]). First, we recall how an adaptive
control law can be constructed, using a classical approach, which relies on the construc-
tion of a weak Lyapunov function. In a second step, we use Theorem 6 to determine
a strong Lyapunov function. The construction we will carry out is slightly different
from the one used to prove Theorem 6, and hence our example also illustrates the
flexibility of the approach. Finally we exploit this strong Lyapunov function to obtain
a control law which renders the system ISS with respect to additive disturbance in the
input. Observe that the ISS property, introduced by Sontag in [23] plays a central role
in modern nonlinear control analysis, controller design, and robustness analysis.
The system we consider is given by the equations
X1 = X2,
[)'62 = —Lsin(x) — 03 — (T +d), (50)

with 6 unknown but constant, with g, m, [ known, where T is the input and where d
is a disturbance. The controller will be designed to track the trajectory

xf(@t) = %sin(r), x5 (1) = %cos(t). (51)

When d = 0, this simple adaptive control problem can be solved by classical
Lyapunov-based design techniques, presented for instance in [7]. The proof relies on a
dynamic extension and the construction of a weak Lyapunov function, which ensures
convergence of the state variables to the reference trajectory (51), when d = 0. But
the construction of a strong Lyapunov function is still an open problem and therefore
the problem of constructing a control law is such that the corresponding closed-loop
system is globally ISS with respect to the additive disturbance d. This absence of
strong Lyapunov function in the broad literature devoted to mechanical systems and
adaptive control, and the advantages inherent to the knowledge of strong Lyapunov
functions, such as the possibility of constructing a robust control law, are motivations
for our choice of illustrating this example.

Step 1 Solution of the adaptive problem when d = 0.

First, we briefly recall a solution to the adaptive control problem in the absence of
disturbance d, based on the Lyapunov technique of [7, Sect. 4.3].

Lemma 1 Consider the system (50) with, for allt € R, d(t) = 0 and the adaptive
controller

T(t,xy,x2, é) = —mlgsin(xy) + mi? [el +er + %sin(t) — éxz] (52)

A

0 = —x2[2e + 1]
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with
e1 =x1 —x{ (1), ex=x2—x5(). (53)

Then this adaptive controller guarantees that global asymptotic tracking is achieved:

zEToo[xl([) —x{ (0] =0, tligloo[m(t) —x5(0)]=0. (54
Besides,
lim [0 — ()] = 0. (55)
t——400

Proof Using the error variables e, e and the expression of the control law in (52),
we obtain

é] = (56)
and
e = —% sin(xy) — O0xy — x;(t)
— s [—mlg sin(x1) + mi*[e + 2 + 5 sin(t) — 6x] (57)

= —e1 — ey —0(ex + x3(1) 4 0(ea + x3(1)).

Hence, using the notation 0=0— 6, we obtain the system

é] = ey,
éy = —e1 — ey +0(ex +x3(1)), (58)
0 = —(e2 +x3(1)2e2 + e1].

To simplify the notations, let Z = (eq, e, ] ). The derivative of the positive definite
and radially unbounded function

1~
Vi(Z) = el + e +erer+ 567 (59)

along the trajectories of (58) satisfies

DV; = 2ejer+(2ex+er)[—e1 —ea+0(er+x5 (1)) 14e3 —0(er+x35 (1)) [2er+e1 ]
= —e% —eren — e% (60)

and therefore DV] < 0 when (e1, e2) # (0, 0). Since the system (58) is periodic in

time, the LaSalle Invariance Principle applies and ensures that (54), (55) are satisfied.
Observe that V; is a weak Lyapunov function for the system (58).
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Step 2 Construction of a strong Lyapunov function.

By using Theorem 6, we now construct a strong Lyapunov function for the system
(58). Since Vj is a weak Lyapunov function, a natural choice for V, and N> is Vo = Vj
and

No2(Z) =e%+elez+e%. (61)
We select as auxiliary function V3 the function
1.
Vi(t, Z) = —59 cos(t)ep (62)

because its derivative along the trajectories of (58) satisfies

1~ ~ 1
DV; = —59 cos(t) |:—el —ey+6 (ez + 5 cos(t))i|

+ % [(ez + % cos(t)) (2e; + e1) cos(t) + 6 sin(t)] e

= —N3(, Z) + x3(t, 2) (63)
with
1 252
N3(t, Z) = 2 cos“ (1) >0 (64)
and

1~ 1~ 1 ~
x3(t, Z) = 56 cos(t)er + 59 cos(t)ey — 5 cos(t)@zez

+ % |:(ez + %cos(t)) (2e2 + e1) cos(t) + 6 Sin(’)] e2.  (65)

Observe that DV3 < 0 when N»(Z) = 0 and 6 # 0, cos(t) # 0. More precisely, one
can check that, with our choice of functions V1, V,, V3, Theorem 6 applies:

1. i) Assumption 1 is satisfied because V defined in (59) is a weak Lyapunov function
for the system (58).
2. One can easily prove that

L5 5 1 ERNL AU T
Ix3(t, 2)| < §|9€1| + |9€2|+§9 lea] + lez] +§|€1€2|+§€2

1
+leeal. (66)
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Using successively the inequality N> (Z) > %[e% +e%] and the inequality V{(Z) >
% [e% + e% + 52], we deduce that

3 . 1~ 5 5
Ix3(t, Z2)| < §|9| 2Ny + 592 2Ny + [§|€2| + Z} Nz < xx3(Z, N2)  (67)
with

3 ~ 5
3(Z,Np)) = | — Vi |18/ N: —[1+ V]D]N;
X3 ( 2) [ﬁJrv 1]||\/ 2+2[+ DIN2

< [(% +m) 0] + ; 1+ vn} (VN2 + M) (68)

Moreover, one can easily find a function M}, of class K so that, for the choices we
made, the inequality (10) is satisfied. It follows that Assumption 2 is satisfied.
3. The inequality

Na(Z) + N3(t. Z) < p(D)(Z) (69)

is satisfied with
1 s
P = cos? (), w(Z) = el +e3 +6* (70)

t

and / p(Hdl = %n, 0<p0 <1
11—
Hence, all the conditions of Theorem 6 are satisfied and therefore one can con-
struct a strong Lyapunov function for the system (58). By performing explicitly this
construction, we obtain the following result:

Lemma 2 The function

7w [sin(2t) =« 21m 2
W, Z) = > 2 +Z+79 Vl(Z)+TV1(Z) + Vi, Z2) (71)

where V1 is the function defined in (59) and V3 is the function defined in (62), is a
strong Lyapunov function of the system (58). Its derivative along the trajectories of
this system satisfies

DW < —%VI(Z). (72)
Proof Observe that the function u defined in (70) satisfies

1
n(Z) = 7 (2). (73)
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This inequality and the proof of Theorem 6 lead us to consider the function

t t

C(t,Z):% / / cos2()dl | ds V1(Z)=%[sin(2t)+rr]V1(Z) (74)

t—m s

whose derivative along the trajectories of (58) is
T T
DC = 1 cos(2H)Vi(Z) + 3 [sin(2t) + ] DV;. (75)
Since DV, < 0, [sin(2f) + 7] > 0 and cos(2t) = 2 cos?(r) — 1, it follows that
T T,
DC < —Zvl (Z) + ) cos“ (1) Vi(Z2). (76)

Moreover, using (60) and (63), one can prove easily that derivative along the trajecto-
ries of (58) of V| + V3 satisfies the inequality

DV|+ DV3 < —% cos?>(NV1(Z) + x3(t, Z), (77
where x3 is the function defined in (65). It follows that the derivative of
Va(t,2) =C(t, 2) + nVi(Z) + 7 V3(t, Z) (78)
along the trajectories of (58) satisfies
DVs = ~ZVi(2) + 13, 2). (79)

By using (67), the expression of x.3 in (68) and the triangular inequality, we deduce
that

1~ 3 2 s
x:3(Z, Ny) < —6° +4(— + vV Vl) + T(l + VI)N2

16 V2
< 1§2+77N +21VN (80)
=16 ) 2 ) 14V2.

Combining (79) and (80), we obtain

T Tl 21w
DVy < —=Vi+ —N, + —V|N>. (81)
8 2 2
Since N = —DV}, it follows that the derivative of the function (71) along the tra-

jectories of (58) satisfies (72). By using the fact that V; is a weak Lyapunov function
and that the functions V3 and % are decrescent in norm, and that W > V;, one can
check easily that W is a strong Lyapunov function.
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Step 3 Robust control law.

In this part we use our Lyapunov construction to robustify our controller and obtain
the desirable ISS property.

Theorem 7 Consider the system (50) with the adaptive controller

T(t,x1,x2, é) = —mlgsin(xy) + mi? [e1 +er+ % sin(t) — éxg]
: 2
+ I:IT Slﬂ(2l)+7’f + 797]'[ + 217T Vl (31 e, 9)] [62 + 67]] (82)
——9 cos(t)
o= —x2[2e2 + e1]

where Vi is the function defined in (59), ey, ex defined in (53), 0 =60 — 0, Z =
(e1, e, 0). Then this adaptive controller guarantees that there are a function B of
class KL and a function y of class K (see the preliminaries for the definitions of
functions of class K and class K L) such that, for all ty € R, Zyg € R", t > 1,

|Z(t: 10, Zo)| = B(|Zol. 1 —10) + J/( sup ) Id(S)I)- (83)

{selro,t

Proof We deduce directly from Lemma 2 and its proof that, when the adaptive con-
troller is

T(t, x1,x2,0) = —mlgsin(xy) +mil*[e; + ey — ¥5(1) — O(ex + x5(0)] + v, (84)

where v is an input to be specified later, and when there is a disturbance d, then

1 oW
DW<——V1(Z) (t Z)(v+d). (85)
The choice
1oW
-—A(t, 7 86
U= 196 (t,2) (86)
gives
7w 1 (oW : W
DW < —=Vi(Z) — ——5|—t. Z t,Z)d. &7
<—3"@ 4m12(aez< )) e D (87)
Thanks to the triangular inequality, we deduce that
1
DW < —ZVi(Z) + —d. (88)
8 mi?
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Since V] is a weak Lyapunov function, it follows that W is a ISS Lyapunov function
for (58) (see [3,26] for the definition of ISS Lyapunov function). From the results of
[24] or [26] (see also [6, Theorem 5.2]), one can deduce that the closed-loop system
is ISS.

To conclude, one can prove after lengthy but simple calculations that the function
T given in (84) with v defined in (86) admits the expression (82).

6 Proofs of main results

Proof of Theorem 4 We prove this result by induction on the number of the auxiliary
functions in Assumption 2. The result of Theorem 4 holds in the case where its assump-
tions are satisfied with only one auxiliary function, i.e. when j = 2 because in that
case Ny = w(x) and one can construct a strong Lyapunov function by following the
proof of Theorem 3. Assume that the result of Theorem 4 holds when its assumptions
are satisfied with j — 1 auxiliary functions with j > 2. Let us prove that it holds as
well when the assumptions are satisfied with j auxiliary functions. To prove this, let
us consider a system (1) satisfying the assumptions of Theorem 4 with j auxiliary
functions, with j > 2, and let us construct a new set of j — 1 auxiliary functions for
which the assumptions of Theorem 4 are satisfied.
Let us define

j+
Sa(t, x) = Z Vi(t, x). (89)

i=2

Then, according to Assumption 2 and (36),

Jj+1 Jj+1
DS, < —ZNi +2Xi(t’x7N2»~--’Ni—l)
i=2 i=3
Jj+1
< —o@) + D xit.x, Na.... . Nioy). (90)
i=3

Using the inequality (7) in Assumption 2 and Lemma 6, one can determine the explicit
expression of a function ¢, of class K, and of a nondecreasing and positive function
p such that

J+1 J
D xilt.x, Nayo o N <6 [ D0 N | p(lxD. 1)
=3 =2
It follows that
J
DS, < —o(x)+¢ | D Ni | p(Ix]. (92)
i=2
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By following verbatim the proof of Theorem 3 from (18) to (30), one can determine a
positive definite function p,. and a function I, positive and nondecreasing, such that
the derivative of the function

Sp(t, x) = p«(Vi(t, x))Sa(t, x) 93)
along the trajectories of (1) satisfies
J

1 1 1
DSy = _EP*(VI)U)(X) t5 ZNi Ia(Vi) — Era(VI)DVl- (94)

=

Let

1
Va (2, X) =Sb(t,X)+EFa(Vl(t,X))Vj(t,X)- 95)
Simple calculations yield
J
1 1 1
Dy = =5 p (VDo) + 5 _Z;,Nf Fa(V1) = 5 (V) DV;

i=

1 1
+§Fa’(V1)VjDV1 +5La(V)DY;. (96)

Thanks to (10) and (6), one can determine a function I, positive and nondecreasing,
such that

1 1,
—51}(%) + EFG(Vl)Vj < Ip(VY). 7
It follows that the derivative of the function
Vi(t,x)
vp(t, x) = v (1, x) + / Iy(DHdl (98)

along the trajectories of (1) satisfies

| 1< 1
Dvp = =2 pa(VDO@) + 5 ( 2 Ni | Vi) + 5 VDDV, (99)

=
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Using Assumption 2, we deduce that

Jj—1
Dvp < =5 pu(VDw () + 5 | DO N; | Tu(V1)
=2
+3 T (VD xj(t, %, Na, ..., Nj).

(100)

One can easily prove that v, is decrescent in norm and determine a function My, of
class K such that

J 1 J
2 Nit, )+ 2 (Vi )0 )+ 1Vit, 1)+ (8, )] < My (Ix]). - (101)
i=2 i=1

It follows that the system (1) satisfies the assumptions of Theorem 4 with j — 1 auxil-
iary functions, V3,...,V;_1, vp. According to our induction assumption, it follows that
one can construct explicitly a strong Lyapunov function. Consequently, our induction
assumption is satisfied at the step j.

Proof of Theorem 5 The proof of this result consists in constructing a function V41
such that the condition (36) of Theorem 4 is satisfied.

The function A(f, x2), defined in (45), is continuously differentiable, except at
xp = 0. This function is not necessarily bounded but the condition C1 ensures that
both M (¢, x») and %(t, x7) are decrescent in norm which guarantees the existence
of a function o, of class K, such that, for all + € R, x, € R"2,

oM
IM(z, x2)| < o2(|x2)), ‘a—xz(t,xz) < o2(|x2|) (102)
and therefore, for all (¢, xp) # (¢, 0),
0 < A(t,x2) < 0(Ix2/H)?02(|x2)). (103)

On the other hand, the derivative of A(t, x7) along the trajectories of (38) satisfies,
when x7 # 0,

t
DA = 0(lx2] )M (2, x2) — / M xdr | [1-26/(xax] fote, 0]
t—0(|x2|%)
t t
oM
+ / /—(l,xz)fz(t,x)dl ds. (104)
3)62
1—0(|x2]2) S
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Using (102) and (40) in the condition C1, we deduce that, when x, # 0,

t
DA < 9(|x2|2)M(t,x2) — / M(, xp)dl
1—0(|x21%)
+20(|x21o2(Ix2D) 10 (Ix2 1) |x2 ] x £ (£, X, N2, N3, ..., Nj1)
+0(x2*) o2 (Ix2Dxf (£, x, Noy N3, ..., Nj_y). (105)

Grouping the terms and using the inequality (43) in the condition C2, we obtain, when
x2 #0,

DA = 0(1x2)M (1, x2) =y (1xal) + D (2D (1, Noy N3, oo Njp) - (106)
with, for all m > 0,
#(m) = 0(m*)a2m) [ 216/ ) 2] + 6 ) | (107)
We define now a function B as follows

B(t,0) =0, Vvt (108)
B(t,x2) = 8(Ixal)A(t, x2), ¥(t,x2) # (1,0) (109)

where § is a positive definite function such that, for all s > 0,

S 1 1
0<s ' ’ ’
<é(s) < o mln{g(s)[gz(ﬁ)+l] Zaz(ﬁ)[29(S)|9/(S)|x/§+9(s)2]}
1

18'(s)] < —— .
ST+ 52 456(5)202(V5)

(110)

Observe that such a function § can be obtained by using Lemma 3. The inequalities
(103) and (110) imply that, for all (¢, xo) € R x R"2,

|x2|?

V14 ot

This inequality and (46) imply that B is continuous. Moreover, by taking advantage of
(110) and (111), one can show that B(z, x3) is continuously differentiable on R x R"*2
by showing that, for any (¢, x3) € R x R"*2,

0 < B(t, x2) < 8(|x2")0(Ix2*)?02(|x2]) < (111)

. B(t,lx2) — B(t,0)
lim =

0
-0 l
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and, for all (¢, x2) # (¢, 0),

9B | 4128 | < @y (112)
— 7, x — I, x < ny)———.
a2 9y 2 T+ o)
The derivative of B(¢, x2) along the along the trajectories of (38) is given by
DB = 5§(Ix2")DA + 8 (1x21%)2x, fo(t, X)A(t, x2) (113)

when x; # 0. From (106), (103) and (40) in the condition C1 we deduce that, when
x2 #0,

DB < §(1x2|)0(x2|) M (2, x2) — 8(1x2|P)y (|x2])
+c(x2l)xr(, x, N2y, N3, ..., Nj_1)
+8'(Ix21)21x2lx £ (t, x, N2y N3, ..., Nj—DO(Ixa)2oa(|xal)  (114)

with, for all m > O,
S(m) = >0 (m)2(m) 216 (m?) m +6(m?)). (115)
We deduce from the inequalities (110) that, for all (¢, x2),
DB < M(t, x2) = 8(Ix2 )y (Ixal) + xs (1, x, N2, N3, ..., Njp). - (116)
We define now the following function
j
Vigi(t,x) = D Vi(t.x) + B(t. x2). (117)
i=2

Vit
ax

is decrescent in norm.

Using Assumption 2 and (112), one can conclude that
Then, from Assumption 2 and (116), it follows that

J J
DVjpi < = D Ni(t,x) + D xit, x, Noy N3, ..., Niop) + M1, x2)
i=2 i=2

— 82y (1x2]) + xf(t, x, Noy N3, ..., Nj_y). (118)
Thanks to (39) in the condition C1, we deduce that
Vit < =Njs1 () + xj+1(t,%, Noy N3, ..., Njoi, Nj) (119)
with

Njp1(x) = o(lx1]) + 8(x2*)y (1x2]) (120)
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and

j
Xj+1, x,Na, ..., Nj_1,Nj) = ZXi(f,x,Nz,---,Ni—l)

i=2

+xr, x,Nay ..., Nj_1). (121)

The function N;y; is positive definite and using (10), (120), (110), (111), one can
easily determine a function My, of class K such that

Jj+1 Jj+1
DNt x) + D Vilt, ) < My (|x]). (122)
i=2 i=1

One can check readily that Theorem 4 applies. This theorem provides a strong
Lyapunov function for the system (1) with the features of (44).

Proof of Theorem 6 The proof of this result consits in constructing a function V4
such that the condition (36) of Theorem 4 is satisfied. The function u is positive defi-
nite. Therefore, by using Lemma 3, one can determine a positive definite real-valued
function y of class C ! such that, for all (¢, x) € R x R”,

nx) =y Vi, x), 1y (i, )l < 1. (123)

Next, let us consider the function

13 t

C(t, x) = / /5(1)(11 ds | y(Vit, x)). (124)

-t s
This function and % are decrescent in norm and the derivative of C along (1) satisfies

t

DC = Tp(D)y (Vi) - / Bhdl | ¥ (V)

-7
t t
+ / /ﬁ(l)dl ds | y'(V)DVy. (125)
-7 N

Thanks to (48) and (123), we deduce that

DC < tp(t)u(x) — pmy (Vi(t, x)) + 7> pu|DVi. (126)
Consider now the function
J

Vi1 (t,x) := C(t,x) + T pu Vi(t, x) + 7 D Vi1, x) (127)

i=2
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Vit

== From (126), we deduce that its derivative

which is decrescent in norm as long as
along (1) satisfies

DVjiy < tp(t)(x) — pmy (V1) + 2 py|DVi| + t2 py DV,

J
+tZDV,-. (128)
=2

Using the fact that DV is nonpositive and Assumption 2, we deduce that

J J
DV < tpOu)—pmy (V)= D Nj+t D xi(t,x, Noy.... Nicp).  (129)
i=2 i=3

Using (47) we obtain

J
DVjy1 < —=Njqi1 + TZXi(t,x, Nz, ..., Ni—1), Nji1=puy(V1). (130)
i=3

Moreover, using (123), (48) and (10), one can easily determine a positive nondecreas-
ing function My, such that

j+l j+1
DNt )+ D Vilt, 0)| < Mpn(Ix]). (131)
i=2 i=1

One can check readily now that Theorem 4 applies. This theorem provides with a
strong Lyapunov function for the system (1) with the features of (49).

7 Conclusion

We provided several constructions of strong Lyapunov functions for time-varying sys-
tems that satisfy generalized conditions of the Matrosov theorem. We expect that our
results will have significant implications in several areas of nonlinear control, espe-
cially in the areas of tracking and adaptive control. We will address these issues in our
future work.
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Appendix: Technical lemmas

Lemma 3 Letw; : R" — Ri =1, 2 be two positive definite functions; V :RxR" — R
and y1, ya of class Koo such that, for all (t, x) € R x R", we have:

yi(lx) = V@, x) < ya(lx)). (132)
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Then, one can construct a real-valued function L of class CN, where N > 1 is an
integer, such that L(0) = 0, L(s) > 0 for all s > 0 and for all (¢, x) € R x R”,

L(V(1t,x)) < wi(x), (133)
IL"(V(#, %) < wa(x). (134)

Proof We will prove at the end of this proof that one can construct a function p,
positive, increasing and of class CV, and a function « of class K and of class CV
such that

a(V(t, x)) <wi (x)p(V(t,x)), (135)
a(V(t, x) < wa(x)p(V(, x)). (136)

For the time being, we assume that these functions are known and introduce now the
following function

L(s) ::/ () dl. (137)
2(1+12) (1 + p(2D)?)

s
2

Then L(0) = 0, L(s) > Oforall s > 0, L is of class C" and, because both « and 0
are increasing, for all s > 0,

L(s)</s @(s) Q< %9 @) e
214 (3)°) A p) T ATERO) T ()

s
2

It follows that

L(V (1, %)) < 45D < wi(x). (139)

Therefore (133) is satisfied. On the other hand, the first derivative of L is

/(s) = a(s) _1 a(3)
Li(s) = 2(1+s2)(1+p(25)2) 2 2(1+(%)2)(1+p(s)2)' (140)
Since both « and p are increasing, it follows that
L) < a(s) L o (3)
21+ S2)(1 + 0(25)2) 2 2 (1 + (% 2) 1+ p(s)Z)
a(s) a(s)
T2(L+ () 40+ p()?D)
< &. (141)
p(s)
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Consequently, the inequalities

a(V(t, x)) _

LV (1, x))| < V) =

wa(x) (142)

are satisfied and therefore (134) is satisfied.

We end this proof by constructing a function p, positive, increasing and of class
CV, and a function « of class K and of class CV such that (135) and (136) are
satisfied. We introduce the constant

Wr=inf w(z) (143)
{z:lz|=1}
and define four functions:
w(x) = inf{w(x), wa(x)}, (144)
inf  w(z) if r>1,
81(r) = 1 {zlzlell.r]} (145)
Wy if rel0,1],
inf  w(z) if re]0,1],
8s(r) = | (lzleln1n) (146)
Wy if r>1,
1
3(r) = W—r?s(r)f?z(r)- (147)
f
Observe that
1. If|x| <1, thend =L 8 =34 = inf < )
|x] < (IxD W s(1xDSr(x]) = 85 (|x]) {z:lzIIE[IX\,l]}w(Z) < w(x)
2. If |x] > 1, then 8(|x|) = W%SS(IXI)SI(IXI) =8(x) = inf w(z) <wk).
{z:lzlell, |x[]}

It follows that, for all x € R",
1
w(x) > 3(x]) = —8;(|xDd; (Ix]). (148)
Wy

Since w is a positive definite function, §; is a positive function on R>¢. Therefore,
from (148), it follows that, for all x € R”,

Wy
ds(|x]) < w(x)51(|x|)' (149)

We introduce two functions

We(l+7)

OR Vr > 0. (150)

aq(r) =rés(r), pq(r) =
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Then, from (149), we deduce that, for all x € R",

o (Ix]) = wx)pa(lx)). (151)
Since w is positive definite and at least continuous, one can prove easily that §5(0) = 0,
8s(r) > 0if r > 0 and §; is nondecreasing and continuous. It follows that «,, is of
class K . For similar reasons, §; is continuous, positive and nonincreasing. It follows

that p, is well defined, positive and increasing. Using these properties of «, and p,
and (132), we deduce that, for all (z, x) € R x R",

aa(ys ' (V(t, X)) < w@)pa(yy (V2 x))). (152)
As an immediate consequence, we have
Ve, )N ap(V(t, ) < w@V(E,x) + 11V pp(V(2, x)) (153)
with
ap(r) = aa(y; ' (M), pp(r) = pa(yy ' (). ¥r =0. (154)

We define now, for all » > 0, two functions

ro/ s SN—1
a(r) =/ / / ap(sy)dsy | ---dsq, (155)
0 0 0

r+1 [ s1+1 sN—1+1

p(r) = / / / (v + DY pp(sy)dsy | - dsi. (156)
0 0 0
Observe that, for all » > 0,
a(r) < rNap(r),  p(r) = (r + DV py(r). (157)
These inequalities and (153) yield
a(V(t, x) = wx)pV(, x)). (158)

Since 0 < wi(x) < w(x)and 0 < wy(x) < w(x), we deduce that (135) and (136) are
satisfied. One can check readily that p is positive, increasing and of class CV, and «
is of class K« and of class CV.

Lemma 4 Let 2 : R" — R be a continuous function. Then, the function { : R>o —
R defined by
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r+1 [/ si+1 5N1+1|:
0

c<r>=1+/
0

is positive, of class CV, nondecreasing and so that, for all x € R",

sup |-Q(Z)|:| dsy | ---dsp (159)

0 {zeR" [zl <5y}

1£200)| = ¢(|x]). (160)

Proof From the definition of ¢, it follows immediately that ¢ is positive, nondecreasing
and of class C". To simplify the notations, we define the function

£2sr) = sup  [2(2)]. (161)
(zeR":|z1=r}

The function £2; is nondecreasing on Rx¢. Therefore, for all sy_1 > 0,

sn—1+1 sn—1+1
5(sy)dsy = / 2s(sy)dsy = 25(sy-1)- (162)
0 SN—1

We deduce that, for all r > 0,

r+1 [ si+1 sn—1+1

¢(sy)dsy | ---dsy > £24(r). (163)
0 0 0
It follows that, for all x € R",
(xD) = 2(x]) = sup [£2(2)| = 182 (x)]. (164)
{zeR":1z1<)x}

Lemma S5 Let F : R>0 X R>9 — R be a continuous nonnegative function such that,
foralla > 0,

F(a,0)=0 (165)
and, for all (a, b) € R>p x Rx,
F(a,b) < ©(a)O® () (166)

where © is a positive nondecreasing continuous function on R>q. Then the function
defined by

Z(b) = sup % D)

Mo 0 (167)
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is well defined, nonnegative and continuous. Moreover, Z(0) = 0 and, for all (a, b) €
R0 x R>o,

F(a,b) < (a* 4+ 1)O(a)Z(b). (168)

Proof Let us prove that Z is well-defined on Rx¢. To simplify the notation, let us
introduce the following function:

Fa,b) = M (169)
U= @2 )o@
Since (166) is satisfied, then
— O(a)
F(a,b) < mo(l’) < Ob). (170)

It follows that, for all b > 0, sup f(a, b) is a finite nonnegative real number.
{eeR50)

Therefore the function Z is well defined on R>(. From the definition of Z, (165) and

(166), we deduce easily that Z is nonnegative, (168) is satisfied and Z(0) = 0. Let us

prove now that this function is continuous. Let b, be a positive real number. Let ¢ be

a positive real number. For all b > 0,

Z(b):max[ sup  F(a,b), sup F(a,b)} (171)

{oel0,a*]} {e=a*}
with o* =/ %@(bc + 1). From (166), it follows that, for all b > 0,

— O@)O b
sup F(a,b) < sup #
{a>a*} {a>a*) (@ +1)O(a)

W O
u S —
ooy (@ + 1)

Ob)

< —
Q@@@+n)+1

Since ©® is nondecreasing, it follows that, for all b € [max{0, b, — 1}, b, + 1],

<

(172)

sup f(a, b) <

{o=a*}

(173)

| ™

We deduce easily that, for all b € [max{0, b, — 1}, b, + 1],

sup F(a,b)<Zb)< sup Fla,b)+ 2. (174)
(e €l0,a%]) (a€[0,a%]) 2
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In particular, for b = b,

sip Flanbe) < Z(be) < sup Fla.bo)+ = (175)
(ael0,a*]) {ael0,a%]) 2

From (174) and (175), we deduce that

sup F(a, b) — sup F(a, be)
{ael0,a*]} {ael0,a*]}

1Z(b) — Z(be)| < +§. (176)

The function  sup F(ot, b) is continuous because [0, «*] is a compact set. It follows
{ael0,a*]}
that there exists § € (0, 1] such that, for all b € [max{0, b, — &}, b, + 6],

sup Fla,b)— sup Fla bl <. 177)
{eel0.a*1} {eel0.a*1} 2
From (176) and (177), it follows that, for all b € [max{0, b, — &}, b, + 6],
|Z() — Z(be)| < e. (178)

We deduce that Z is continuous on [0, +00).

Lemma 6 Let x, : R*™9~! > R withn > 1, q > 2, be a nonnegative continuous
function such that, for all x € R",

xx(x,0,...,0) = 0. (179)

Then, one can determine a continuous, positive and nondecreasing function p, and a
Sfunction ¢y of class Koo, such that, for all x € R", r € R>g, ..., rq € Ry,

q
XaX, 72, g) < (Zrk)p*uxn. (180)
k=2
Proof The function y, satisfies, for allx € R",r, > 0,...,ry >0,
q
Xa(X, 72, rg) < F*(|x|, Zrk) (181)
k=2

where F, is defined by

F*(S, R): Sup X*(Z7l27"'9lq)a VS 205R20 (182)
{(z.12,....lg)€E(s, R)}
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with
E(s. R) = {(Z,lz,...,lq)eR" xR |z §s,lke[O,R],k:2,...,q}.
Forall s > O,

F.(s,0) = sup X*(Z,lz,...,lq) = sup x+(z,0,...,0). (183)
{zL2.....1g) € E(s,0)} (zeR":|z]<s}

According to (179), it follows that, for all s € R>g, Fi(s,0) = 0. Moreover, F is
nonnegative and nondecreasing with respect to each of its arguments which implies
that, for all s € R>0, R € R>o,

Fi(s, R) < [Fyi(s,s) + 11[F«(R, R) +1]. (184)

It follows that Lemma 5 applies to the function F, and provides a function Z,
nonnegative, zero at zero, continuous and such that, for all s > 0, R > 0,

Fi(s, R) < (s* + D[ Fu(s, 5) + 11Z(R). (185)

From (181), it follows that, for all x e R, r» > 0,...,r4 > 0,

q
|X*(x,r2,...,rq)| SZ(ZVIC)IO*(LX') (186)
k=2

with p, defined by
ps(s) = (2 + D[Fu(s,s) + 11, Vs > 0. (187)

This function is positive and nondecreasing on Rx¢ and such that for all x € R",
r e Rsz-J’q S RZO’

q
X720 ] < (Zrk)p*(pco (188)

k=2

with, ¢, defined by

¢(s)=s+ sup Z(), Vs >0. (189)
{I€[0,s1}

One can prove easily that this function ¢, is of class K.
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