Systems & Control Letters 84 (2015) 7-12

journal homepage: www.elsevier.com/locate/sysconle

Contents lists available at ScienceDirect

Systems & Control Letters

systems &
control letters

On fractional extensions of Barbalat Lemmma

A
® CrossMark

Javier A. Gallegos ***, Manuel A. Duarte-Mermoud **, Norelys Aguila-Camacho *°,

Rafael Castro-Linares*©

2 Department of Electrical Engineering, University of Chile, Av. Tupper 2007, Santiago, Chile
b Advanced Mining Technology Center, University of Chile, Av. Tupper 2007, Santiago, Chile

¢ Department of Electrical Engineering, CINVESTAV, Av. IPN 2508, Mexico DF, Mexico

HIGHLIGHTS

e Barbalat-like lemmas for fractional integral are posited.

o Qualitative analysis of asymptotic properties for some types of fractional differential equations is shown to indicate applicability of those lemmas.

e Error Model of Type I with fractional derivative is comparatively analyzed.

ARTICLE INFO ABSTRACT

Article history:

Received 13 November 2014
Received in revised form

18 May 2015

Accepted 11 July 2015
Available online 8 August 2015

Keywords:

Fractional calculus
Asymptotics properties
Barbalat Lemma

This paper presents Barbalat-like lemmas for fractional order integrals, which can be used to conclude
about the convergence of a function to zero, based on some conditions upon its fractional integral. Some
examples in the context of asymptotic behaviour of solutions of fractional order differential equations,
indicate the potential application of these lemmas in control theory.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Barbalat Lemma is a fundamental result in asymptotic analysis
of differential equation solutions and thereby in control theory,
relating the convergence of an integral with the convergence of its
integrand. For instance, the major theorems in adaptive control (in
the MRAC framework) rely on this Lemma and its Corollaries [1].

As expected, many publications have this Lemma as a main
element of their developments. Among them, relevant to our work
are those where a change in the hypothesis of original Lemma is
proposed [2] or this is applied in a somehow different context [3].

On the other hand, many techniques to study the properties of
solutions of integer order differential equations have recently been
generalized to the fractional order case, such as Laplace Transform,
Lyapunov functions and frequency methods [4].
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Then, two natural questions arise; is there an analogue of
Barbalat Lemma for fractional integrals? If so, has it any utility in
the analysis of solutions of fractional order differential equations
and in control theory? Partial responses to both questions were
givenin [5]. The present work studies these questions and displays
the results in the following way: Section 2 provides the necessary
background to understand the answers to the first question which
are presented in Sections 3 and 4. Section 5 contains our answers
to the second question, while Section 6 is devoted to general
conclusions and to open questions arisen from precedent sections.

2. Preliminaries and notation

Some useful definitions and properties (taken mainly from [6]
except where indicated) are presented in this section for & > 0.

Definition 1 (Fractional Integral). The fractional integral of order «
of function f (t) on the half axis R™ is defined as

1 t
0 = s f (t — Y (2)de. (1)
0
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Also, we denote [¥'f (t) = ﬁ th(t—r)”‘”f(r)dr and Iy 1,f (1)

= ﬁ fOT(t — 1)* f(r)dTr whent > T.
In the following, n = [¢] + 1if¢ & Nand n = [«] otherwise,
where [« ] denotes the integer part of the real number «.

Definition 2 (Caputo Derivative). The Caputo derivative of order o
of function f (t) on the half axis R is defined as

Df(t) = 1"F TV (0). (2)

Definition 3 (Riemann-Liouville Derivative). The Riemann-Liou-
ville fractional derivative of order « of function f (t) on the half axis
R is defined as

n

Rnpa _ i n—a
D (6) = I 0). (3)

We will denote €D*f (t) as D*f (t) since we will be using mainly
the Caputo fractional derivative throughout the paper because
of its properties which will simplify our analysis. Also, by those
properties, equations with Caputo fractional derivative use initial
conditions of the function and its integer order derivatives - with a
clear physical meaning - and therefore, the majority of the results
found in control applications use Caputo‘s derivative and we would
like to contribute with results in that direction. In the cases where
we use the Riemann-Liouville factional derivative we will use the
notation given in (3).

An analogue to the fundamental theorem of integer calculus is
stated in the next two properties for Caputo fractional derivative:

Property 4. If f belongs to C"[a, b], the space of continuous functions
that have continuous first n derivatives, then for all t € [a, b]

n o fFk
oo =g - 3! kf e

k=1

(4)

Property 5. Iffbelongs to £L°°[(a, b)], the Lebesgue space of bounded
functions in the interval (a, b), then for all t € [a, b]

D*I*f(t) = f(b). (5)
The next property allows to give a semi group structure to the
set of operators I* [7].

Property 6. Let « > Oand 8 > 0.If f € Cla, b] then forallt €
[a, b]

I“IPf (t) = 19MPf(t). (6)

Since our object of study is the generalization to the fractional
order case of the Barbalat Lemma and corollary [1], next we will
explicitly state the integer order versions of them.

Lemma?7. If f(t) : RT — R is a uniformly continuous function
for t > 0, such that lim;_, f0°° If (z)|dz exists and is finite, then
lim— o f(t) = 0.

Corollary 8. If f € £2 N £ and f is bounded, then lim;_, o f (t)

Perhaps, one of the most important applications of the Barbalat
Lemma and Corollary in adaptive control theory is its use in proving
the convergence of the identification error (in a identification
scheme) and the convergence of the control error (in a direct model
reference adaptive control scheme). See for instance Sections 3.3.1
and 3.3.2 in [ 1], respectively.

In what follows, the results are stated for initial condition at
t = 0, but they can be easily generalized to initial condition at
t = a by a change of variable t — (t — a).

3. Resultsfor o > 1

In this section a generalization of the Corollary of Barbalat
Lemma is presented for « > 1 using conditions on the fractional
order integral rather that on the integer integral.

Lemma 9. Let f be a non negative uniformly continuous function. If
forallt > 0,1*f(t) < C with C a positive constant and an integer
p > 1, then f converges to zero.

Proof. We will proceed by contradiction. Let us suppose that f
does not converge to zero. Then, by negation of the definition of
convergence, 3¢ > 0 and there exists an increasing divergent se-
quence (t;);en such that f(t;) > €. Since f is uniformly continuous
3§ > OsuchthatVi € Nif [t — t;] < & then |f(t) — f(t;)] < €/2.
Therefore if t € ([t;, t; + &]) then [f(t)| = f(t) = |f(t;) — f(t;) +
fO1=fE) —If &) —fF@O)] > €/2.

Let p(t) be a function null in every point except when t €
([ti, t; + &]) where its value is € /2.

By definition I' (a)I*f = fot(t — 1)*"If(1)dr and therefore

t—1 t
T'(a)%f = / (t —7)* f(v)dr +/ (t — ) f(v)dr.
0 t—1

Since f is a positive function, we have

t—1
r@)I“f > / (t — )" 'f(r)dr.
0

Since (t — 7)*~! > 1for0 < v < t — 1 and since f(t) > p(t) for
every t, we can write

[n¢]

t—1 t—1
r(a)l“f > / f(rydr > / p()dr = ) €82
0 0 1

where n;, = max{i: t; <t — 1}. Taking limit when t — oo we
obtain

t—1
oo > IN'(a)C > I'(@)I*f > / p(t)dt — o0
0

which contradicts the assumption that I*f is bounded. Therefore,
f converges to zero, as t tends to infinity. O

Remark 10. For « = 1 this Lemma implies Corollary 8 (and there-
fore is its generalization). In fact, since f is a bounded function with
bounded derivative (by hypothesis of Corollary 8), f and f? are uni-
formly continuous functions, and since f € «£2 then f> € £,
whereby applying Lemma 9, one have f? converges to zero, and
in particular, f converges to zero. For « = 2 Lemma holds only
for f = 0 because I*’f = I'I'f and since I'f is an increasing func-
tion, I?f is unbounded (f being uniformly continuous). For similar
reason, the same conclusion can be derived for o > 2.

Remark 11. Since [%f can be expressed in terms of t*~! x f,
where * denotes the convolution operator, the Lemma can be thus
extended: if the convolution g * f is uniformly bounded where g is
a monotone increasing non negative function (g(t) = 0 fort < 0)
and f is a positive uniformly continuous function, then f converges
to zero at infinity.

Corollary 12. Let us suppose that f is a bounded function in
Cl+(RY) and f¥©0) = 0for k = 0,1, ..., [a] + 1. If D*f is
positive and uniformly continuous then D*f — 0.

Proof. It is a straightforward consequence of previous lemma by
applying Property 4. O

The next proposition is a mathematical observation.
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Proposition 13. Let f be a positive continuous function. If for all
t > 0, If(t) < C with C a positive constant then I*f converges
ast — oo.

Proof. Since f is a positive function, I~ f is also positive function.
By Property 6 we can write I*f = I'[7If and therefore I%f
becomes an increasing function. Finally, since I*~'f is bounded, it
will converge ast — co. O

4. Resultsfor0 <a < 1

This section presents results obtained for « < 1. In this case a
direct generalization of the Corollary of Barbalat Lemma is not true
as it is shown in the next proposition (the technical proof is given
at the Appendix).

Proposition 14. There exists a non negative uniformly continuous
function f such that I1°f(t) < C, for allt > 0, with C a positive
constant, but f does not converge to zero as t goes to infinity.

Nevertheless, one can assure at least the statement given in the
next proposition.

Proposition 15. If f is a non negative bounded function and I*f <
C € R, thenliminf;_, . f = 0.

Proof. We prove it by contradiction. Let us assume thatliminf;_, o,
f =1 > 0 which exists because f is bounded, then there exist an
arbitrary smalle > 0and T = T(¢) > Osuchthatf >1—€ > 0
for all t > T. Therefore fort > T,C > I*f > I“g = (I —
e)(t —T)* +Br —> oo ast — oo (where g takes the value of
I —eforallt > T and the value of f(t) for eacht < T, and
Br = Iy 1,8 (t) = ﬁ fOT(t —1)* g (7)dr which is positive when
t > T), thatis a contradiction. O

Even for .£P functions, since lim,_. o I*f = f for almost every
point [7], if lim;, o [*f = L € R and L is not zero, f does not
converge to zero when f is a continuous function. Hence, if L is not
zero, one cannot expect a general result for every 0 < o < 1 with
hypotheses independent of «.

Thereby, we will make a stronger assumption (Proposition 13
does not necessary apply for « < 1 because fractional integral of a
non negative function can eventually decrease, so the convergence
of the fractional integral cannot be assured from its boundedness)
namely f a positive function and lim;_, o, [*f = L € R, and we will
seek for extra conditions assuring lim;_, o f = 0.

Also, it should be noted that if L # 0, If = I'"*I*f — oo
(by Property 6). Thereby if lim; .o, [“f = L and f is positive then
f & £'. Thus this case effectively will extend the class of functions
with bounded integer integral such that the function vanish at
infinity to functions not in .£! but having convergent «-integral
such that the function vanish at infinity.

Next, we remind the Lemma proved in [5]

Lemma 16. If f is a uniformly continuous function from R* to R™
and lim;_, o, I*f(t) = 0 then lim;_ o f(t) = 0for 0 < @ < 1. The
case o = 1is only possible if f(t) = 0 forall t.

4.1. Extensions of Lemma 16

For the proofs of the lemmas of this subsection, we will first
state and prove two interesting properties.

Property 17. If f is a bounded function that vanishes forallt > T
then I*f — 0and D*f — 0ast — oo. Moreover, If will be a
uniformly continuous function and if D“f is continuous, D“f will be a
uniformly continuous function.

Proof. Since f is a bounded function vanishing for all t > T, we
can write

1 < Ufmax| o7 1- (7

Resolving the integral we get |[[*f| < C(t* — (t — T)*) =
c*(1—(1- %)“) where C is a constant defined in terms of |fjq«| and
I' (o). Rewriting t* as 1/t~ to use L’'Hopital’s rule, the asymptotic
behaviour when t goes to infinity is given by [[*f| < Ct*~! which
implies that [[*f| — 0 and therefore [“f — O0ast — oc.

For the Caputo derivative part, note that f is constant after time
T and therefore its derivative vanishes after time T. Then we can
use the same argument as above to show that D*f goes to zero as
t goes to infinity.

Furthermore, since f is bounded, then I*f is uniformly continu-
ous (in fact, it is Holder-« [7]). Since D*f is a continuous time func-
tion and it is convergent to zero at infinity, then D“f is uniformly
continuous. O

Property 18. Let f be a bounded function, if If — Last — oo
thenIff — Last — oo, forany T > 0.

Proof. According to notations given in Definition 1, I*f can be
written as

I°f — I 1f = I5f. (8)

Then the result will follow from Property 17 and algebra of
limits. O

The next Lemma is a simple extension of Lemma 16

Lemma 19. Let f be a bounded function and, after a time T, it is
uniformly continuous and non negative (non positive) function. If
I“f > 0ast — oo, thenf — 0ast — oo.

Proof. Using Property 18 the result is straightforward, since
Lemma 16 is also valid when initial timeisT # 0 [5]. O

Corollary 20. Let D*f(t) be a uniformly continuous function in
CY(R*) that changes sign up to time T > 0. If f(t) — f(0) as
t — oo, then D*f(t) — Oast — oo.

Proof. By Property 4, we can write [*D*f (t) = f(t) — f(0). Since
f(t) converges to f (0), then I“D“f (t) converges to zero ast — Q.
Thus, D*f (t) satisfies the hypothesis of last Lemma and therefore
D*f(t) - 0. O

Now we will state the main extension of Lemma 16

Lemma 21. Let f be a bounded uniformly continuous function in
C'(R™), the space of continuous functions that have continuous first
derivative, such that I*f — Last — oo. Then we can state the
following:

(a) I“f is decomposable as I*f = 57+8 withé(0) = 0, 6(oc0) =0
and &7 is a differentiable function with §7(0) = 0and 87(t > T) = L.

(b) If D*§ does not change sign after a finite time (or vanishes after
a finite time) then f converges to zero ast — o0

(c) If f is a positive function then f converges to zero as t goes to
infinity.

Proof. (a) Since f is bounded and I*f goes to L at infinity, there
exist a continuous function é [7] so that I*f = § with §(0) = 0 and
8(00) = L. Then, if we define § = § — 6 the result follows.

(b) Since f is bounded, by «-differentiating I*f = § and using
Property 5, we can write

f = D*8; 4+ D%6. 9)

By Property 17, we can assure that D*8r converges to zero and
that it is uniformly continuous. Since f and D*§; are uniformly
continuous functions in C!(R*), then D*$ is uniformly continuous
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in C'(R™). Since §(0) = 0 and §(oo) = 0, by using Corollary 20 it
can be concluded that D*§ goes to zero ast — oo and therefore
f—0ast — oo

(c) We define
D*s ifD*$ >0
o _ jl
(D 6)+(t) - {0 lfDa8 < 0} . (10)
Similarly we define (D*§)_ (t). Therefore we can write
D*§(t) = D¥8,.(t) + D*5_(¢). (11)

Since f is a positive function then D*ér + D*§ > 0. And since
D*8r goes to zero as t goes to infinity, (D*§)_(t) also converges
to zero. We will prove that (D*6)(t) will also converge to zero
as t goes to infinity. In fact, since D“§ is uniformly continuous, it
follows that (D*6) (t) is uniformly continuous and since §(0) = 0
and §(oco0) = 0 we can define a function § such that (D¥8)4(t) =
D"‘S(t), in particular we have D*[§ — 3] = 0or D8 = 0 with
the initial condition & (0) = 0 and, by integrating and applying
Proposition 14, the solution $ decay to § or to zero respectively,
whereby 3(00) = 0, and applying part (b) (D“§). = D*$
converges to zero. Therefore, D*5(t) converges to zero and, by
Eq. (9), f converges to zero asymptotically. O

Remark 22. Ifo = 1thenD*§r = Ofort > T.Thus f converges to
zero asymptotically by Part (b). Consequently, Lemma 21 includes
the case of the original Barbalat Lemma [1].

4.2. Alternative hypothesis

We will work with a Hoélder continuity condition on the func-
tions, which seems more natural than uniform continuity for frac-
tional integrals as can be inferred from the many results in chapter
3 of [7]. In particular, we will need the following subspace.

Definition 23. We define H? as the subset of the Holder-A space
of functions with asymptotic behaviour faster than t~¢.

Let function g be defined by I*f = g withg(0) = Oandg(c0) =
L. If f is bounded then f = D%g. Since D*g(t) = I'=%g(t), f
converges to zero if and only if £ (t) has a vanishing 1 — « fractional
integral. An instance of the last condition is § = O(exp(—t)). The
following lemma gives a sufficient condition for the convergence
of f.

Lemma 24. Let us assume that I*f = g with g(0) = 0 and g(oc0) =
L If f is bounded and g € Hé with 0 < A < « then f converges to
zero as t goes to infinity.

Proof. Since by hypothesis g converges to L as t goes to infinity
and g is uniformly continuous because it is Hélder-A, by applying
the integer Barbalat Lemma in its differential form [ 1], we conclude
that g converges to zero as t goes to infinity. It was proven in [7]
that the behaviour of a function in H* when t goes to infinity is

o 1+a

1+t+g(o°)1+r'

Therefore, since g(c0) goes to zero faster than t =%, f converges
to zero as t goes to infinity. O

I'"%g ~ §(0) (12)

Remark 25. A more familiar condition on g for the convergence of
fisthatg € H*N.£', because if the previous integral (18) does not
converge to zero then & ¢ .£'. Also, the statement of Lemma can
be restated in terms of *D!=¢f instead of g. Hence, an equivalent
condition on f will be that RD'=*f € H?, besides the convergence
of its fractional integral.

Remark 26. For the case when o« = 1, the differential version of
the original Barbalat Lemma implies that & goes to zero under the
assumption of uniform continuity and, together with the assump-
tion that lim,_.1 I'~%g = g, f will go to zero asymptotically.

Corollary 27. Letus suppose that f converges to L as t goes to infinity,
andfor A < a,f € Hé. If D“f is a uniformly continuous function in
CY(R*) then D*f goes to zero when t goes to infinity.

Proof. It follows from the fact that when t goes to infinity I*D“f =
f()—f(0) - L—f(0).Then Lemma 24 can be readily applied. O

4.3. Unbounded case

So far, we have restricted our analysis to bounded functions.
The next proposition relaxes this constraint and gives convergence
conditions for functions in the following space:

Definition 28. Let C(R*,R™) the space of continuous func-
tions from R to RT. We define the Ci_o(R"T, RT) space as
Co R, RY) = {f € CRT, RN (Ot € CRT, RY)].

Lemma 29. Let f be a positive function in Ci_o,(RT, R™). If If
monotonically converges to a limit in RT, i.e. I*f = g is such that
g <O0forallt > ty, then f converges to zero asymptotically.

Proof. Since f is positive and g < 0, then I*f = g is bounded from
below and not increasing. Therefore I“f will converge as t goes to
infinity.

On the other hand, since g is less than or equal to zero, we can
write %I“f < 0 or equivalently

Rpl=ef < 0. (13)

Applying Lemma 2.12 in [8] (in this case h = 0 and therefore
hypothesis of Lemma 2.12 trivially hold) we can write

0<f(t)< 30
I'l—ow)

with fo = I'(1 — ) lim¢_, ¢ f (t)t“. Therefore f converges to zero,

as t goes to infinity. O

(14)

5. Applications

In this section we will give several examples to illustrate the
application of the proposed results.

5.1. Example 1

Let us consider the following integral equation (with degener-
ate kernel) defined by

I°f = g(t.f). (15)

Let us assume that g(t, f) converges to limit L as t goes to
infinity. If ¢ > 1and f is a positive uniformly continuous function,
then f converges to zero as t goes to infinity by Lemma 9. If 0 <
a < 1and g as required in Lemma 19 or Lemma 21 Part (b) or
(c), then f goes to zero as t goes to infinity. For instance,we can
choose g(t,f) = f(0) — g(t)f (t) with g(t) vanishing at infinite,
g(0) = 1and such thatf is positive and uniformly continuous from
an arbitrary finite time t; > 0 and on.

On the other hand, by taking g(t) = A+ Ct~# with0 < a <
1, where C is a real positive constant and A is a real constant,
the equation has convergent solutions to zero if f is positive and
belongs to C;_q (R*, R1). This is because the derivative of t=# is
negative for positive 8. The rest follows from Lemma 29.
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5.2. Example 2

Let the fractional equation be defined as
Rp*f = h (16)

with 0 < o < 1.Eq. (16) can be rewritten as &£1'=*f = h. By the
notation of Lemma 24 we have ¢ = h. If h is a bounded function
such that the integral I'~%f converges as t goes to infinity (if h
changes sign up to time T and the integral I'~*f is bounded, g will
be monotone). Ifh € H* N L! with A < o then f vanishes as t goes
to infinity.

5.3. Example 3

Let us consider the fractional order equation Dx = f(x, t) with
f@,t)=0.

Let W (x(t)) be a uniformly continuous function with respect to
time and let us assume that there exists a positive constant C such
that (locally) holds:

W) > C x| (17)

forallt > T > 0, for some T. Let us suppose that W (x(t)) satisfies
forsome0 < o < 1

DU W )](t) < 0. (18)

IFRDY[W (%)](t) € Hé then the trajectory x(t) starting from any
x(0) in a vicinity of the origin converges to zero as t goes to infinity.

Proof. Since D§[W (x)](t) = %IFaw <0and0 < W,I'™ "W is
bounded from below and not increasing, so it converges as t goes
to infinity. Applying Lemma 24, W converges to zero as t goes to
infinity. Since 0 < C [|x]|> < W(t) then it follows that ||x||*> — 0
ieex— 0. O

5.4. Example 4

It is shown in [1] that many adaptive problems can in general
be expressed by an error equation of the type e = ¢"w with the
output error being e = y — y* where y and y* are the actual and
the desired output, respectively; ¢ = 6 — 6* is the parametric
error with 6 an estimate of the unknown true parameter 6* and
w is the information signal. That is the so called Error Model of
Type I equation. By means of simulations and based on the gradient
method for the objective function e? when « = 1, it was proposed
in [9], to adjust parameters using the following adaptive law

D¢ = D0 = —ew. (19)

Though this scheme has become relatively popular in recent
applications, there is actually no analytic proofs of its effectiveness.
We will show that in the set of uniformly continuous bounded
functions, the set of functions w that makes e converge to zero, is
more restrictive when o < 1 with respect to the case wheno = 1.

In the scalar case, Eq. (19) takes the form D% = —¢w?.
Based on Theorems of Chapter 6 of [ 10], it is easily proved that the
solutions for @ < 1 can be expressed as ¢(t) = ¢(0) — I*[pw?](t)
and that they do not change sign. Without loss of generality, by
the linearity of Eq. (19), we will suppose that ¢(0) > 0. Then
it follows that for all 0 < ¢(t) < ¢(0), thereby I*[¢pw?](t) <
¢ (0)I*[w?](t) < 1/2¢(0) where we have chosen, by using the
proof of Proposition 14, a uniformly continuous function w that
does not converge to zero such that Iw?(t) < 1/2forallt > 0
(specifically, w? := (f/(2C)) with f and C given by Proposition 14).
Whereby, ¢(t) > ¢(0)(1 — I*w?). Since ¢(t) > 1/2¢(0) we have
that e = ¢w does not converge to zero. In the vector case, we take
w’ = (w,0,0,...,0), whereby e = ¢w and the reasoning is
similar to the given above.

On the other hand, for « = 1, by defining 2W = ol it
follows that W = —e? < 0. Then, by integrating, it follows that
the solution and its derivative are bounded (thus ¢ is uniformly

continuous) and fot e?dr is bounded. Since w is bounded and
uniformly continuous by hypothesis, this implies that e is bounded
and uniformly continuous and then e? is uniformly continuous, and
by applying Lemma 9, it follows that e converges to zero.

By using the same function (and assuming differentiability of
the information signal) 2W = ¢"¢ for « < 1 and applying
properties of Caputo derivative givenin [11], it follows that D*W <
—e? < 0, thereby we have bounded solutions and [“e? turns out
to be also bounded. But, by Proposition 14, this is not enough to
conclude convergence of e even if it were uniformly continuous.
However, by applying Proposition 15, we have that liminfe? = 0.

Since ¢ = ¢(0) — I*¢pw?, if ¢ converges, I*pw? necessarily
converges. In order to apply Lemma 21 to conclude that ¢ =
¢w? converges to zero, e should be differentiable and uniformly
continuous; the latter is not hard to prove it but the former requires
an extra differentiability condition upon the input w.

Therefore, in order to assure the convergence of the error to zero
(effectiveness of the adaptive scheme (9)), a stronger condition
must be imposed on the set of signals w() than just uniform
continuity, when adaptation with & < 1 is used.

6. Conclusions

Some extensions for the fractional order case of the traditional
Barbalat Lemma for the integer case, have been discussed
throughout the paper. The analysis was separated for the cases
wheno > 1and when0 < a < 1.

For « > 1 the extensions are stated only for the Corollary
of Barbalat Lemma. To consider a generalization of the original
Barbalat Lemma one needs to work with functions of arbitrary sign
but whose integrals have limits at infinity. This would lead to a
proper generalization of the Barbalat Lemma.

For 0 < o < 1 there is no a straightforward extension for the
Corollary of Barbalat Lemma. We derived conditions on the inte-
grand and on the convergence of its fractional integral to assure
convergence of the integrand. However, these conditions seem to
be quite restrictive for general applicability. The study of the con-
verse of fractional Barbalat Lemma, namely given a function f van-
ishing at infinity, to find conditions on f such that its fractional
integral converges at infinity or to impose conditions on the in-
tegrand other than uniform continuity, could provide some keys in
searching more general extensions.

In this study we mainly used the Caputo derivative in our
developments, because there are many results of stability for
fractional order dynamical systems that employ this definition and
because it simplifies Property 4 for the case « < 1. Nevertheless
other definitions of fractional derivative could be considered in the
Corollaries and similar results could be also obtained.

To prove convergence of fractional integrals of an arbitrary
positive function is harder than in the integer case, where it is
enough to show that the function belongs to .£'. This is because its
fractional integral does not have the monotony property as in the
integer case. One way to prove convergence in this general case is
to have information about the sign of the 1 — « Riemann-Liouville
derivative of the function and about the boundedness of the
integral.

For applications in control theory, the examples discussed in the
paper give conditions for guaranteeing convergence of variables in
a fractional controlled system, for which the controller is designed
to modify the original equations in order to fulfil the required
conditions.
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Appendix

A.1. Proof of Proposition 14

Proof. Let p(t) be a function null at every point except in the
intervals [t;, t; + §] where it takes the value 1 (aperiodic pulse) and
(t)ien is a divergent increasing sequence to be specified and § is a
fixed positive real to be specified.

Note that for each t and for all ¢ < t, p(t) can be written as

p(r) =) pi(r) (A1)
i=1

where n = max {i : t > t;} and p;(t) is a function 0 at every point
except in the interval [t;, t; + §] where it takes the value 1.

For every i, we have I*p;(t) < C; where C; is a positive real
constant. In fact, if t < ¢t; then I*p;(t) = O;ift; < t < tipq
then o' ()[*p;i(t) = (t — t)* < & and if t > t;1¢ then
al(@)?pi(t) = (t — ;)% — (t — t; — )% < &%, because for
every i and for t > t; 1, [“p;(t) is strictly monotone decreasing
since L[(t — ) — (t — t; — §)*] < 0.

By Property 17, for every i, [“p;(t) — 0ast — oo. Therefore,
by definition of convergence, there exists T; such that for all t > T;,
1°pi(t) < %.We will define t;1 1 such that t;; > T.In this way, we
construct a divergent increasing sequence (t;);cy. For instance, let
t; be arbitrary positive real number and t;;; = T; + 1 and a fixed &
so that 8%« ~'I"(a) ' = 1, then necessarily T; + 1 < T;,; because
Tiy1 > tipq since the condition for Tipq is I%pip1(t) < m <1
but [*p;1(tir1+8) = 1. For the same reason, the p; do not overlap
each other. Therefore t;;; — t; > 1and thus (t;)icy is an increasing
sequence. Moreover, t; — 00 asi — o0.

Hence, for any t € R there existsn € Nsothatt,;; <t <
tn+2. Thus, by linearity of the integral operator, we can write

1p(t) = 1 [ > pi(6) + pusa (t)

i=1

=Y Ipi(t) + I*Pnsa (©). (A2)
i=1

Then because of the construction of t; it follows that

n
1
Ip(t) < E Fl + “pny1 () =2+ G (A3)
i=1

Thereby, we have a bounded, positive, not vanishing at infinite
function p, whose fractional integral remains bounded.

Let f(t) be a positive triangular function so that for all t > 0,
f(t) < p(t).For instance, let f be null at every point except in the
intervals [t;, t; + 8 /2] where the function is 26~'(t — t;) and in the
intervals [t; 4+ 8/2, t; + 8] where the function is 257'(t; + § — t).
Then, f is a uniformly continuous function because it is Lipschitz
of constant 26", Therefore f is a bounded, positive, not vanishing
and uniformly continuous function such that

If <I*p<2+4C <C (A.4)

which proves Proposition 14. O

Remark 30. From the proof, a stronger condition than uniform
continuity, namely f a Lipschitz function, is not enough to assure
convergence of f to zero.
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