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ABSTRACT. Conditions for existence, uniqueness and
smoothness of solutions for systems of fractional differential
equations of Caputo and/or Riemann-Liouville type having
all of them in general and not of the same derivation
order are established in this paper. It includes mixed-
order, multi-order or non-commensurate fractional systems.
The smooth property is shown to be relevant for drawing
consequences on the global behavior of solutions for such
systems. In particular, we obtain sufficient conditions for
global boundedness of solutions to mixed-order nonlinear
systems and asymptotic stability of nonlinear fractional
systems using backstepping control.

1. Introduction. This paper deals with the existence and asymp-
totic behavior of smooth solutions for a system of fractional equations
defined by

(1.1) D¥y,(t) = fi(t,y(1)),

where y : [0,00) — R™ has components y;, a; >0 fori=1,...,n, and D
stands for either the Caputo or Riemann-Liouville fractional derivative
operator.

When a; =« for i=1,...,n, many authors established conditions for
continuous solutions; among them, the reader may consult [10, Sections

2010 AMS Mathematics subject classification. Primary 26A33, 34A30, 34D20.

Keywords and phrases. Fractional differential equations, smoothness, stability,
boundedness, backstepping.

The first author thanks “CONICYTPCHA /National PhD scholarship program,
2018”. The second and third authors were also supported by Conicyt-Chile, grant No.
FBO0809. Second author was also supported by Fondecyt-Chile, grant No. 11170154.

Received by the editors on July 7, 2017, and in revised form on November 14,
2017.

DOI:10.1216/JIE-2019-31-1-59 Copyright ©2019 Rocky Mountain Mathematics Consortium

59



60 GALLEGOS, AGUILA-CAMACHO AND DUARTE-MERMOUD

5, 6], since it is an illustrative reference of the reasoning involved. The
system (1.1) is generally studied in its strong solutions, namely, solutions
of an equivalent (under mild assumptions) integral system, which is a
Volterra equation with a weakly singular kernel. Mathematical results
in regards to the theory of integral equations are used to establish
higher-order smoothness properties of the solution for the scalar case
(see, e.g., [11, 23]). The study of weak solutions requires sophisticated
tools and, even so, restricted answers were obtained [20].

Also, for the case a; =« for i =1, ..., n, further properties have been
studied, such as an estimate of the growth [6], boundedeness properties
[15] and stability of the solutions [8]. The smoothness is taken as
an assumption in [1] in order to derive its asymptotic results, but no
conditions for this were given. Our contributions to the problem are
detailed below.

In Section 2, we set conditions for existence and uniqueness of
continuous solutions to (1.1) in the general case, where y is a vector
and «; are not necessarily all the same. This problem is relevant for
several reasons. First, it is necessary to simulate fractional systems in a
software to know what conditions must be imposed at the initial time
to have a well-defined continuous solution. In applications of fractional
order controllers to integer order systems, mixed order equations like
(1.1) appear [17]. On the other hand, some real process models are
most precise if a system like (4.1) is used in the general case [7, 12].
Second, many authors still discuss the initialization problem [24], but,
from a mathematical point of view, it reduces to determining what
kind of initial conditions must be imposed on the relevant variable z.
And, third, our method can be applied in generalizations for Dirichlet
problems following our ideas, together with those exposed in [3]. In [9],
this problem was analyzed, but with a sequential fractional derivative,
which is neither Caputo nor Riemann-Liouville. After this paper was
submitted for publication, an ArXiv publication [13], using a different
approach, considered the existence problem for Caputo systems with
continuous assumptions in closed intervals. We presented, in addition
to this, results for Riemann-Liouville systems and two corollaries for
continuity at open intervals.

In Section 3, we set conditions for existence and uniqueness of smooth
solutions to (1.1). This is done in the general case, but, even for the
same order of derivation, our results generalize the classical result of
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[23] formulated for an scalar integral equation. The relevance of this
problem derives from a fundamental quadratic inequality for fractional
derivatives [2, 4, 5], which allows for Lyapunov functions to be obtained
for fractional order systems by requiring a smooth condition on the
solution. In this way, weaker conditions for theorems involving Lyapunov
functions for fractional systems than [16, Theorem 1] can be obtained.

In Section 4, we illustrate the relevance of smooth properties for
the solutions of (1.1) to determine their asymptotic behavior by
showing how to deduce boundedness properties for fractional differential
equations. The method proposed represents a contribution since
the usual techniques, comparison principles and Lyapunov functions
[16, 22], have no immediate generalization for mixed order systems.
We also give conditions to assure the asymptotic stability for a nonlinear
fractional system using backstepping control.

We conclude this section by introducing some notation which is used
throughout the paper. C"(I C R,R?), or, in short, C"(I C R), denotes
the set of functions f: I — R® such that f has its n first derivatives
continuous on I. We denote Y, a;:= Y ., a; whenever the index limits
are clear from the context. We will use the following norm for functions:

Ylloo 1= sup yilt
1Ylloo tel;|7()l

and, for vectors:

Iy ()12 Z=Z|yi(t)l-

Note that ||y||oc := supc; ||y(t)|[1 and that || -||; is equivalent to the
standard norm on R™. [-] denotes the ceiling function.

2. Continuity of solutions. In this section, conditions for C°-
smooth solutions are established. It is shown that asking for C%-smooth
solutions to (1.1) is equivalent to asking for its strong solutions, namely,
solutions to an integral equation related to equation (1.1).

We recall a framework of fractional calculus. The fractional integral
of order & € Ry of a function f:R — R is given by (see [10, Section 2]):

1

(2.1) IOI0 = o / (t =) f(r) dr,
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where T'(+) is the gamma function and, without loss of generality, we
have fixed the initial time at ¢t = 0. We define K, (t) := 1/(I'(a;))t*~*
as the kernel of the fractional integral of order a;.

The Riemann-Liouville fractional derivative of order « is given by
Epef.= Dmm=2f and the Caputo derivative is © D® f := [~ *D™ f
[10, Sections 2, 3], where m = [a/].

Consider the system of integral equations

(2.2) yi(t) =pi() + I [fi( y ()] (@),

where a; >0, y; : R>g = R, p; : R>0 =+ R and f; : R>g x R" = R for
i=1,...,n. Equation (2.3) will be compactly written as

(2.3) y(t) =p(@) + I°[f (-, y()](@),

where « is to be seen as a vector with components «;, and y, f,p are
vectors of components y;, f;, p; respectively, for i =1,... n.

Theorem 2.1. Consider system (2.3) with p:[0,T] = R™ a continuous
function and f;(-,-) continuous functions in their first variables and
Lipschitz continuous functions in their second variables for i =1,...,n.
Then

(i) There exists a unique continuous solution y € C[0,T] to system
(2.3).

(ii) y € C[0,T] is a solution to system (2.3) for

(2.4) = 3 g

if and only if each of its components y; is a solution to € D% y; = f;(t,y)
with initial condition ygk)(()) :yg(’f) fork=1,... [a;]—1andi=1,...,n.
Proof. (i) Define the operator A on C[0,T"] for any 0 <T”" <T by

(2.5) Ay(t) == p(t) + I[f (- y (),

that is,
(Ay)i(t) = pi(t) + 1 [fs (- y()](F)

fori=1,...,n.
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We will first prove that A : C[0,T] — C[0,7"]. To prove that
Ay € C[0,T"] for any y € C[0,T'] whenever p € C[0,T"], we must show
that I*[f(-,y(-))](¢) is continuous in [0, T"]; thus, we can drop p to prove
this fact. For any 0 <ty <ty <T”, we have

() = Auta)lh = 32| [ Kt =) (e e

- / " Ko (t2 — 1) fi(ryy(r)) dr

- Z ’ /0 ! (Ko, (t1 —7) — Ko, (ta — 1) fi (1, (7)) dT
- QKai(t2_T)fi(7'vy(7'))dT .

ty

By using that |f;(t)| <||f||cc for any ¢ >0 and any i € {1,...,n} and
inequalities in equation ([10, (6.7)]), we have

(ta — £1)*
Ay(ty) — Ay(t <2||flleo -
| Ay(t1) — Ay(t2)[[x < 2[|f]] Z oy + 1)
ieJe
(tg —t1)™ + 15" — 17"
+1flloe D ,
ieJ e +1)
where J denotes the set of indices ¢ such that «; > 1. By using the mean
value theorem, there exists a 0 <t; <& <ty <T' forallie {1,...,n}
such that
(ta —t1)*
Ay(ty) — Ay(t <2/|floo —_
vt = Aute)ls <20l 3 T2

+ ||f||oo Z (t2 _tl)ai +ai(t2 _t1)§?i71 .

ey F(Cv2+1)
Thus,
(ta —t1)*
Ay(tr) = Ay ()|l <2/ flle > =
4yt = Ay(ta)lh <201l 2 T

@i Oti(tg — tl)Taiil
F(Oz,-i—l) ’

Il 3 2 )

icJ



64 GALLEGOS, AGUILA-CAMACHO AND DUARTE-MERMOUD

yielding that ||Ay(t1) — Ay(t2)||1 converges to zero whenever so does
|t1—t2|. Hence, A:C[0,T']—C[0,T"']. We now prove that, for a particular
To <T, A is a contraction map. For any y,y € C[0,T], we have

1Ay — AY[loc = S Z [T i Coy(OIE) = I fi G g (@)

By Lipschitz assumption (without loss of generality, we assume a

common Lipschitz constant L for each f;, i=1,...,n),
4y = A7loe ST sup 51 [lly() = FOII)
te[0,T]
and hence,
| Ay — Al < L( . ly(t) = 5(1)]]1) ZTC“/F )
te[o

= Llly = lloe Y T /T(cv))-

Choosing a natural number N such that Top =T/N implies
> T3 T(ew) < 1/L,
A becomes a contraction auto map on C[0, Tp], whereby existence and

uniqueness of a fixed point of A follows by [25, Theorem 1.A]. Further-
more, we can write system (2.3) for a time greater than T as

yit+To) = p(t +Th) /K (t+ T —7)f (7 y(r)] dr

/ Kozl (t+TOa (t+T0))] dT7

and, by continuity of the solution in [0, Tp], function

B(t) = plt + To) + / Ko, (t4To — 1)[f (r.y(r))] dr

is continuous. By repeating the arguments, we conclude continuity and
uniqueness of this solution in [0, Tp], and hence, continuity and unique-
ness of the solution to the original equation in [0, 27,]. Recursively, and
since the fixed point of A is a solution to system (2.3), it follows that
there exists a unique solution to (2.3) in C[0,T7.
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(ii) The proof is similar to [10, Lemma 6.2].

Necessity. Suppose that y(t) = p(t) + I*[f(-,y(-))](t) is a continuous
function. We first will see that this function holds the initial conditions
associated to a fractional derivative. By continuity of the solution
I*[f(-,y(-))](0) = 0, thereby, y(0) = yo. By differentiating,

yM(0) = pi™ (0) + DFIF IR [f(-, y(-))](2)

for k=1,...,[a;]| — 1, where it was the semi group property of integral
[10, Theorem 2]. Then, using [10, Theorem 3.7],

yM(0) =y (0) + 1R (-, y())](2)

for k=1,...,[a;] — 1 and, by continuity of the solution, the fractional
integral vanishes at zero, whereby y(k)(O) =y (0). Next, we will see

1 K2
that the function holds for the Caputo fract?onal equation. By ay-
differentiating the equality y;(t) = p;(t) + I*[fi (-, y(-))](¢), which holds
for all t € [0, T'], we have D®iy; = f(t,y), where we have used on the right
hand side, [10, Theorem 3.7] to obtain D* I [f;(-,y(-))](t) = f(t, y(t)),
since the function y is continuous by hypothesis. Hence, as a composi-
tion of continuous functions, f(-,y(-)) is continuous and D% p; =0 since
p; is a polynomial of order at most [a;| — 1. In particular, we prove
that y is continuous and «;-differentiable in [0, 7] since the a-derivative

of pi(t) + I*[f:(-,y(-))](t) is continuous in [0, 7.

Sufficiency. Assume that y is a continuous function such that
D%iy,(t)= f(t,y). Since f(t,y(t)) is a continuous function and by defini-
tion of the Caputo derivative [10, Definition 3.2], we have, equivalently,
RDi[y; —p;](t) = f(t,y), where, in this case, p; is an order [a;]—1 Tay-
lor expansion of y and D% denotes the Riemann-Liouville derivative.
By definition of the Riemann-Liouville derivative, we have, equivalently,

By [«;]-integration, we have

(2.6) Irt=ei [y, —pi] (8) = 1T F (L y()) () +q(D),

where ¢(t) is a polynomial of order at most [«;] — 1. From continuity
of functions f(-,y(-)) and y(t) — p;(¢t), we deduce that both fractional
integrals of (2.6) are zero order [a;] —1 at t =0, that is, integer differen-
tiation up to [«;] —1 of both integrals vanish at ¢ = 0. Hence, ¢ is zero
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order [a;] — 1, and therefore, ¢ = 0. By differentiating and applying
[10, Theorem 2.14],

yi(t) —pi(t) = DI Tl [l £y () ().

By [10, Theorem 2.14], y;(t) = p;(t) + I% f(-,y(-))(t), which concludes
the proof. O

Remark 2.2. The uniqueness of the solution on the set C[0,7T] was
asserted, but not in general. This drawback, common in integral
equation analysis, is due to the fact that the fixed point tool applies
only on a particular Banach space. Many authors using a fixed point
argument forget this fact claiming uniqueness without specifying with
respect to which space (see, e.g., [6, Theorem 2]).

Corollary 2.3. Consider the system of integral equations

(2.7) y(t) = g(t) + I*[h()y (@),

where a, y(t), g(t) are vectors in R™ and h(t) € R" x R™ for every t > 0.
Suppose g € C(0,T] N LY(0,T), and h is a bounded matriz function
(l|h]loo < ho) continuous on [0,T]. Then, there exists a unique solution
y€C(0,TINLY(0,T).

Proof. Defining the operator Ay := g+ I*h(-)y(:) on L'(0,T) and,
considering the L'-norm,

||f||L1<o,T>:=</ £ dT>:</ Z|fz |dT)

and we note that

A40() = AT = | 357 (1) - )0

1

/0 ZKai(T)|yi(t_T)—ﬂi(t_,]—)‘d,r 1
Sho/o D Kal) ) It =7) = Giult =) dr.

< hg
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Choosing a sufficiently small time s so that ho(fy >, Ka, (7)dr) <n
for n <1 a fixed number, we have

[Ay(t) — Ay(®)ll L2 (0.5)

S/O /0 ;Kai('r);|yi(t_7—)_gi(t—T”det’

and, since y;, K,, are in L1(0, s), we get
[ Ay (t) = Ay()[| L2 (0,5)
/ ZKm (/ ZIyz t—7) yz(t—7)|dt> dr

wheroby [[45(t) = ATO)l110) < 1lo(t) = T30, L A s
contraction map in L'(0,s). Moreover, since g € L(0, T) A is an
auto map in L'(0, s). The fixed point theorem ([25, Theorem 1.A]) can
be applied on the Banach space L!(0, s), whereby there exists a unique
solution y € L(0, s).

We choose § € (0,s) and consider the following system of integral
equations
Yi(t+0) = gi(t+6) + 1 [fi(-,y(-))](t +9).

fori=1,...,n. Note that g;(t+ ) € C[0,T — ] and

ol = [ T S hu )b

0

(t—7)*
+/0 Tz:hu 7+ 8)y; (T +0) dr.

The term g; (¢ fo (t+6—7)* "3, hij(1)y; (1) dr € C[0, T] since
hy € L*(0, s) (by the Holder inequality), whereby its fractional integral
exists ([10, Theorem 2.1]), >~ € L1(0, s) is a non negative monotone
function so that, for a sequence ¢, tending monotonically to t € [0, T,
we have

(tn+06—7)% 1 Z hij(T)y; (1) — (t+ 8 — 7)1 Z hij (7)y;(7)

monotonically and, by dominated convergence, q;(t,) — ¢;(t).
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Therefore, calling y;(t) := q;(t +0), Eij(t) = h,;(t+9), we get
i) = q(t) + I B (t).

By Theorem 2.1, y;(t) € C[0,T — §]. Since 0 < § < s is arbitrary,
yi(t) € C(0,T). O

Remark 2.4. Theorem 2.1 can be improved to obtain uniqueness
on the set C(0,T]N L' (0,T), with similar translation and contracting
mapping arguments used in the proof of Corollary 2.3.

Corollary 2.5. Consider the system of integral equations

(2.8) y(t) =p(t) + 17 f (-, y()) (),

where « is a vector of positive components, and y(t), p(t), f(t,y(t)) are
vectors in R™ for every t > 0. Suppose p; € C(0,T)NL*(0,T) and each
fi is continuous and Lipschitz continuous on the second variable for
i=1,...,n. Then, there ezists a unique solution y € C(0,T|NL(0,T)
for (2.8).

In particular, y € C(0, T)NLY(0,T) is a solution to system (2.8) for
i, gen by

[ai] ai—

t el
(2.9) Zr Py Tliféﬂﬂ d=Fy(r),

if and only if it is a solution to TD%y; = fi(t,y) with initial conditions
given by lim,_, o+ I11=%y, (7). For null initial conditions, y € C[0, T]N
LY(0,T).

Proof. Defining the operator Ay :=p+1%f(-,y(-)) on L*(0,T), the
proof of the first part follows the same procedure as the proof of
Corollary 2.3, since, by Lipschitz assumption:

|4y (t) — Ay()| < L] Zfai i () = w5 OO

where L is a common Lipschitz constant (see the proof of Theorem 2.1).
The second part is proved by a similar procedure as the proof of Theorem
2.1 (ii). O
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Remark 2.6. (i) Note that, by a suitable choice of p, Corollary
2.5 includes a system defined with Caputo and Riemann-Liouville
derivatives. For instance, for index ¢ odd, the Caputo derivative is
used and all the rest are Riemann-Liouville derivatives.

(ii) Corollary 2.5 provides specific conditions for application of the
inequality [5, Lemma 1] for Riemann-Liouville systems as it requires
continuity of the solution.

3. Differentiability of solutions. In this section, we establish
conditions for CP—smooth solutions (for p a natural number greater
than 1) to the equation

(3.1) D*y(t) = f(t,v),

where « is a vector of positive components, y(t) is a vector for all ¢ >0
and D refers to the Caputo or Riemann-Liouville derivative. Since at
least the solution of (3.1) is required to be C!-continuous, we must study
the integral version of (3.1), according to Theorem 2.1 or Corollary 2.5.

The main motivation of this problem is that Caputo fractional
differentiation of the quadratic expression on y obeys a simple inequality
when the function y is continuously differentiable (or, more weakly,
absolutely continuous) and 0 < a < 1, from which an asymptotic analysis
can be performed [4, 14]. In its simplest form [4, Lemma 1], this
inequality establishes that, for an absolutely continuous function y,

(3.2) CD[y?)(t) < 2y(t)D*[y](t), for all t > 0.

It was also proven that the Riemann-Liouville derivative holds the
same inequality [5, Lemma 1]. Note that this inequality does not hold
for > 1 (just take a = 3/2 and x(t) =t). But, as suggested in [11,
Remark 2.2], the solution of (3.1) with a < 1 in C*[0,7] only occurs
under null initial conditions. Analytically, it follows from the following
reasoning: if f(0,y(0)) # 0, then y is not continuously differentiable
at ¢ = 0. Indeed, by contradiction, if y is continuous at zero, then
it is bounded in [0,t]. Therefore, © D%y(0) = lim,_,o+ oI} *y(t) = 0.
However, © D%(0) = £(0,y(0)) # 0, which is a contradiction.

The type of singularity of y that occurs in the origin in the scalar

case is O(t*~1), as follows from [23, Theorem 1]. In fact, one can write
(up to constants) g(t) =t*~ +(t) for any ¢ > 0, with (¢) a continuous
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function in [0, 7]. Since lim;_,o+ fot [To=1 +4(7)](t) = 0, we can express
y(t) = y(0) + fot[T“_l + (7)) dr for any t > 0, and thus, y € A0, 7],
i.e., y is absolutely continuous in [0, 7] ([10, Definition 1.5]), and thus,
[4, Lemma 1] can be applied.

Next, we generalize [23, Theorem 1] to establish differentiability for
vector mixed order differential equations, mainly following the reasoning
of the proof of [23, Theorem 1]. This will require some previous results.

We recall that, for the scalar equation,

y(t) = g(t) + Ty(t) = g(t) + / Kot — 7)y(r) dr,

with the kernel function K, in L'(0,T), there exists a resolvent function
R such that

y(t) = g(t) + / R(t - 7)g(r) dr,

with R(t) =t*~! + I*R(t) (see [23, Section 2]). Moreover, using [23,
Lemma 1], R>0 and R € L'(0,7T), whenever g € L'(0,T).

The next result, which generalizes [23, Lemma 3], will be instrumen-
tal in the proof of the main result of this section.

Lemma 3.1. Consider the following pair of nonlinear equations:
(3.3) X;(t) = g;(8) + I f5 (-, X;5())(2),
where a € R™, X;(t) € R™ for anyt >0, f;(-,-) is a continuous function,

g; € LY(0,T) for any j=1,2, and f1 is a Lipschitz continuous function
in its second argument of Lipschitz constant L. Then

1X1(8) = Xo ()]s < [lQ(H)]1 +/0 Rao(t—7)||Q(7)][1 dr,
where Ry, is the resolvent of Y i~ LK,,(t) and
Q1) = g1(t) = g2 (1) + I*[f1 (-, X2 (-)) = f2 (-, X2())] (D)

Proof. Defining Z := X1 — X5, G := g1 — g2, we have
Z=G+I[fi(-, X2() = f2(, X2 (D] + L[ f1( Xa () — fr (-, X2 ()]
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Setting Q := G+ I*[f1(-, X2(-)) — f2(-, X2(+))], it follows from the

Lipschitz assumption that |Z;| < |Q;|+LI1%||Z||; fori=1,...,n. Hence,

2@ < llQ(t ||1+ZLI‘”HZ )lh
<llQ |1+/ 5 Lo (t=)lIZ(r)
Defining K, (t) := >, LK,,(t), we obtain

1Z®l < IIQ(t)\I1+/0 Ko(t=7)||Z(7)[ |1 dr.

It follows that there exists a nonnegative function p such that
120111 = 1Q) 1 —p()+ 3 Ka(t=))||Z()||1 dr. Since Ko € L'(0,T)
because K,, € L1(0,T) for i —1 ,m, we can express ||Z(7)||1 in terms
of a resolvent, namely,

Z(@®)lx = [1Q)Ix —p(t )+/O Ro(t—7)([|Q(7)Ih —p(7)) dr.

Since p is nonnegative and R, is continuous and positive, and K,, >0
[23, Lemma 1], we conclude that

12112 < 1QI1 (¢ /R t—NIQ)| | dr. 0

We have all the ingredients to prove the main theorem.

Theorem 3.2. Consider the following system of integral equations:

(3.4) yi(t)zpi(t)—l-/o Ko, () fit—7,y(t—7))dr, i=1,...,n,

where a; >0 and p; € CY0,T]. fi(t,z) is a C* function for 0 <t <T
and for all x, and a Lipschitz continuous function in the second variable,
for everyi=1,...,n. Theny € C(0,T]. Moreover, if a; > 1 for every
i=1,...,n, then y € C*[0,T].

Proof. First part. The formal derivative of (3.4) obtained by applying
the Leibniz rule without verifying its differentiability requirements
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(avoiding a vicious circle) is given by:

Dyz( ) Dpz )+Ka ( )f(O,y(O))

# [ Kalt=lfa0r)
(3.5) + fi2(7,y(7))Dy(7)] dr,
where f; 1 = 0fi(x,y)/0x, fi2=0f(x,y)/0y. Defining

Fy(t) := Dpi(t) + Kq, ( / Ko, (t—=7)fia(r,y(7))dr

for all i =1,...,n, and since, by Theorem 2.1, y € C[0, T], we have that
F €C(0,T]. Thus, we can write

Dyi(t) / Ko, (t =) fia(r,y(r)) Dy(r) dr,

where f; o(T,y(7)) is bounded and continuous in [0, T since y € C[0, T]
and the hypothesis f; € C'. By Corollary 2.3, y € C*(0,T] and, by
Theorem 2.1, if a; > 1 for every i =1,...,n, then y € C'[0, T).

Second part. To conclude, we must prove that the formal derivative
(3.5) is indeed the derivative. Choose ¢ € (0,7/2), any h € (0, 4] and
t € (0,T —¢]. Define Z;(t, h) := [y;(t + h) — y;(t)]/h. By using the mean
value theorem on function f;, we get for some 7 € [¢,t+ h],

Zi(t,h) = Ri(t, h) + / Ko, (t—7)fia(r, y(r)) Z(r, ) dr,
where
_ pilt+h) —pi(t)
Ri(t7h)_f
t+h
+h7t Ko, (1) fi(t+h—T,y(t+h—7))dr

+/ Ko, (7)ot (t+0(h) — 7, y(t — 7)) dr
0

for 0 < #(h) < h. By Lemma 3.1,

t
12 (¢, h) = Dy|l, < ||Q(t7h)||1+/0 Rao(t = 7)[|Q(7, )|l dr,
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where

Qu(t. h) =Ryt h)— / Ko, (=) fo2 (7, y(7)) = fiar, y(r))] i

Let C be a common bound of the norm of functions Dp;, fi, fi 1, fi,2 and
F', which exists since they are continuous at [0, 7] due to the hypotheses
and the fact that y € C[0,T]. We have the following bounds:

t
Ri(t, 1) §C+C/h/ Ko, (7) d7+c/ Ko, (7)dr
t 0

and

t
|E; ()] < C’+CKai(t)+C/ K, (T)dT.
0

Therefore,
t
|Q:(t, h)] §2C’—|—C/h/ K, (1) dT+40/ Ko, (T)dr
t 0

T
<20 [1 + Ko, (t) +2/ Ko, () dT}
0
=Cy+ ClKOli (t)

Let Cs be the bound of R,, at [§, T'—4] (by the proof of Lemma 3.1, R,,
is continuous) and 0 < s < § such that [ C2[Co+ C1Kq, (1)] dr <€/3n
for every i=1,...,n.

Let hqg be small enough such that, for every h < hg, |Q;(t,h)| <

e[3n(1+ fo «(7) d7)]~! uniformly over s <t <T —s. We can always
do thls since Q (t,h) converges to zero with h converging to zero,
uniformly on 0 <t <T. In fact, by a dominated convergence argument
similar to that of the proof of Corollary 2.3 (since y € C[0,T] and the
hypothesis f; € C!), we have that

/ Ko (t=7)fin(ry(r})) = fin(r, y(r))] dr

and

/ Ko, (7) fo (t40(R) — 7 y(t—7)) dr — / Koo, (7) fu (=7 y(t—7)) dr
0 0
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converge to zero uniformly on 0 < ¢t < T when h converges to zero
(recall that 7 goes to 7 when h converges to zero and y is continuous);
[pi(t+ h) — p;(t)/h] — Dp;(t) converges to zero when h converges to zero,
since, by hypothesis, p; € Ct[0,T], whereby it is uniform on 0 <t < T;
and, finally,

t+h
hoL / Ko, (1) fi(t+h—7,y(t+ h— 7)) dT — Ko, (£) £(0, y(0))

converges to zero uniformly on 0 < ¢ < T when h converges to zero,
using that f;(¢,z) is a C', by the fundamental theorem of calculus.

For 0 < h < hg and t € [0, T — §], we have
1Z(t, h) = Dy(t)|h < ||Q(f»h)||1+/ Ra(t=7)|Q(, h)||1 dr
0
t
+ [ Rat=DlIQ W dr

< /34 / Cs[Co + C1 Ko, (7)] dr
0

—I—e/stRa(t—T) {S/OTRa(u)du}_ldT
< €.

Hence, limy,_.g+ Z(t,h) = Dy(t) uniformly on [§,T — ¢]. Since ¢
is arbitrary, it holds for any (d,7). Since convergence is uniform in
any interval [§,T — ¢], the set of functions {Z(-,h) : 0 < h < d} is
equicontinuous. Thus, limy,_g+ Z(t, h) = lim_,o+ Z(¢t — h, h) = Dy(¥)
uniformly on [§,T — §]. Similarly, lim;,_.o+ Z(T,h) = Dy(T), which
concludes the proof. O

Remark 3.3. (i) Theorem 3.2 is also valid for any kernel in L*(0,7) N
CY(0,T) instead of K,,, which makes possible to extend its claim to other
fractional-like systems. In particular, it holds for Riemann-Liouville
systems.

(ii) We note that, by the same reasons as in the scalar case, y €
A0, T, namely, Dy;(t) = Ct¥~1+1);(t) for any ¢t >0 with C a constant,
;(t) a continuous function in [0, 7] and lim; o+ fot [T =L+ (7)](t) = 0.



SOLUTIONS TO FRACTIONAL DIFFERENTIAL SYSTEMS 75

Then, we can express

i) = 1 (0) + / [t ()] dr

for any ¢ > 0, and thus, y € A*[0, 7).

(iii) Since (0, T]—smooth solutions contain only a singularity at t =0,
whenever the initial condition is non zero, [0, T]-smooth periodic solution
cannot be expected for all ¢ > 0.

Using the equivalence with the integral equation, we generalize [11,
Theorems 2.4, 2.5] and [23, Theorem 3] to account for higher order
differentiability in mixed or multi order systems.

Corollary 3.4. Consider the system of integral equations (3.4) with f
holding the same assumptions as in Theorem 3.2. Let k; = [a;] —1 and
k =min;([a;]) — 1.

(i) If pi € C*[0,T] then y; € C*[0,T] for any i = 1,...,n and
y € Ckl0,T).

(ii) If p; € Ck+1[0,T), then y; € C*+1(0,T) for anyi=1,...,n and
y € C*TY(0,T), and its derivative is given by the Leibniz rule.

Proof. (i) By Theorem 2.1, the solution of (3.4) is continuous. Using
the fact that the fractional integral of a continuous function is also
continuous, that a continuous function z satisfies I®ig = I*i [@i—kig
([10, Theorem 2.2]) and D*i[*iz =z ([10, Theorem 3.7]), we arrive at

(3.6) DPy;(t) = DPpi(t) + 1% [fi(-, y(-))](2).

By definition, o; —k; >0, and hence, both terms on the right-hand side
of (3.6) are continuous. Then, y; € C*¥:[0,T], and therefore, y € C*[0, T].

(ii) By differentiating again (3.5), we obtain
D) =G0+ [ Kot =7 salrau(r) D)

where f; 20 =0f;2(z,y)/0y, G; := M; + N,
Ml(t) = szz(t) + ‘DKOM (t)f(oa y(O))
+ Ko, (t) f1,1(0,5(0))
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+ / Ko, (t—7)[fia 1 (r,y(r))] dr,

where f; 21 =0f;2(z,y)/0x and

Ni(t) = /O Kai (t - T)[fi,1,2(7'7 y(T)) + fi’Q’l(T, y(T))
+ fi2o(1,y(7))Dy(T)| Dy(7) dr.

By Theorem 3.2, G; € C(0,T] and, by Corollary 2.3, G € C(0,T]. By
using the second part of the proof of Theorem 3.2, D?y is indeed the
derivative. Recursively, the claims follow. O

Remark 3.5. (i) p(t), chosen as (2.4), satisfies the hypotheses of
Corollary 2.5, and so, for equation € Dy, (t) = f;(t,y(t)), y € C¥+1(0, T].

(ii) The proof of [11, Theorem 2.5], for the same order case, is slightly
incomplete since it merely uses the formal derivative.

We exemplify the claim of Theorem 3.2 by showing an informal proof
for a specific case. Consider the following system:

“Dx(t) = —y(t) f(t)
“Dy(t) = Ay(t) + f(t) (1),
where 0 < 3 < 1, A is a constant matrix and f is a bounded C![0, 00)

function. By Theorem 2.1, z,y € C[0,T] for every T > 0. Hence,
y €CYH0,T] and yf € C*[0,T).

On the other hand, for any «,3 <1 and a+ 8 <1, by applying the
Laplace transform to any (locally integrable) function z, we have:

LIC DY DP2] = s*(L[C DPz]) — s* 1 DP2(0)
=5%(s72 — s7712(0)) — s* 719 DP2(0)
=528, — s28714(0) — 52719 DA 2(0)

Applying the Laplace inverse transform, we get
LTIL[CDYCDP 2] = L7 %P2 — s9F712(0))] — L7 [s* 19 DP2(0)]
=CDatBy — L7 21O DP2(0)],
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and thus, “D*“Dfz = CDFy — (1 — a)"1t~*“DP2(0). Since
CDYBCDBL(t) = -~ D Py f](t), we can write

Da(t) = —C D' Py f](t) +t*~1 D%2(0)
= =D Plyfl(t) = T(1—a)~ 7 y(0) £(0),

and, since D' ~#[y f](t) is the fractional integral of a continuous function,
it is continuous. Hence, 2 € C*(0, T'|, which directly follows from applying
Theorem 3.2, and from Corollary 2.5, y € C*[0, 7.

4. Stability of solutions. In this section, we provide examples as
to how the smoothness property of the solutions to systems of type (1.1)
is used to study to their asymptotic properties. It is assumed that
the fractional derivative is of Caputo type. We deal with continuous
solutions to nonlinear mixed order (or multi-order) systems. For the
linear case, in [13], necessary and sufficient conditions for asymptotic
stability were recently provided and, in [18, Theorem 2.6], sufficient
conditions for robustness were obtained.

First, we establish a condition which guarantees bounded solutions
of the system of equations, given by:

“Dx(t) = f(z,y,t)
CDy(t) = g(x,y, 1),
where z : [0,00) = R", y:[0,00) = R™, f, g are Lipschitz continuous

functions in their first two arguments and C'. Assume 0 < a <3 <1,
and suppose that

4.2) 2 f(zy,t) +y 9@y t) = (@.9)" (f(z,y,1), g(2,y,1)) <0

for any x,y € R™ and for any ¢ > 0. In the following, C' denotes various
constant numbers, and || - || denotes the Euclidean norm on R? for any
peN.

(4.1)

Theorem 4.1. Consider a solution (x,y) to system (4.1), where f and
g are Lipschitz continuous functions in their first two arguments, C in
its arguments and 0 < o < 8 < 1. Suppose that condition (4.2) holds.

(a)
(i) If a = 8 then (z,y) is a bounded function.
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(i) If a < B, ||f(z(t),y(®),t)|| < Cllz(t)|| for all t > 0 with C a
constant number, and the system in y is BIBO stable with respect to the
input x, then (x,y) remains bounded.

(iti) If a < B, [[f(z(t),y(@), )| < Cllz(t)|| for all t >0 with C' a
constant independent of t, and y* g(-,y,-) diverges to +o00 whenever ||y||
diverges to +o0, then (x,y) remains bounded.

(b) Suppose that there exists a constant number A >0 such that

(4.3) ' f(z,y,t)+y gz y.t) < —\yly

for every x,y,t in the domain. Suppose there exists a C such that

ILf(z(),y(0), )| < Clla(®)l] and [|g(x(t),y(t), )]l < Clly@)l|. Then,
(z,y) is a bounded function.

Part (a). We will prove by contradiction that a number L > ||z(0)]|
cannot exist such that ||z(¢)|| > L for all ¢ > T. Using (4.2), we have

27D +yTODPy = 2T f(z,y,t) +y g(x,y,t) <0,

and hence, by using Theorem 3.2 (which can be applied by the
smoothness assumptions of functions f and g) together with Remark
2.6 (ii) and the inequality (3.2) ([4, Lemma 1] requiring absolute
continuity, and directly extended to the vector case [14]), we have

(4.4) CDYxT2] + ¢ DPyTy] < 0.

Applying again [10, Theorem 3.8] and [10, Theorem 2.2], since by
Theorem 2.1, x and y are continuous functions and by Theorem 3.2, &
is locally integrable, we obtain by S-integration of (4.4):

(4.5) 1°72Tx(-) —2T2(0)](t) + yTy(t) —yTy(0) <0, for all t > 0.

(i) For a = 3, inequality (4.5) can be written as 27 x(t) + yTy(t) <
2T2(0) +y"y(0), from which follows boundedness of (x(t), y(t)). More-
over, Lyapunov stability of the origin (z,y) = (0, 0) follows from standard
e-0 arguments.

(i) If there exists a number L > zT2(0) such that z7z(t) > L for
all t > T, then the integral I°~®[z7z(-) — 2T 2(0)] diverges to +oo and,
since yTy(t) — yTy(0) is bounded from below, the inequality (4.5) does
not hold. Hence, we have proved that a number L > ||z(0)|| cannot
exist such that [|z(t)|| > L for an unbounded increasing period of time.
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Note that we have not yet proved that z is bounded, since it could
occur that, in an unbounded sequence of intervals of finite large, = grows
unbounded. A simple, but restrictive, condition to avoid this kind of
divergence is that || f(z,y,t)|| < C for every ¢t with C' a constant indepen-
dent of ¢,z,y. Indeed, this condition implies ||D%z|| < C and, by [15,
Proposition 1], we conclude that x is a-Holder continuous function and,
in particular, uniformly continuous, whereby its increments or decre-
ments in finite time intervals cannot be unbounded. Hence, since = can-
not diverge on either a finite or on an unbounded interval, = is bounded.

We have proved that a number L > ||z(0)|| cannot exist such that
[|z(t)|| > L for an unbounded increasing period of time. Thus, the only
alternative is that there exist a number L and a sequence (T}, )nen with
bounded separation (|T;, — T, +1] < C for C, a constant independent of
n) such that ||z(T,)|| = L. Writing

Ty
z(t+T,) =xz(0)+ /O Ko(t+Tn—7)f(x(1),y(r), 7) dT

t+7T,
+/ Ko(t+T,—7)f(x(7),y(r),7)dr
T,

and, putting z(t) := z(t +T},), we have
50 = B(0) + [ Kat= 1)@, 5(7),7+ T,) dr
0

where R(t) := x(0) + [, " Ko(t + T, — 7) f(2(7),y(7),7) dr. Note that

IR(O)]| = L and that [ Kot + T — 7)[|f(@(r),y(r),7)|| dr is de-
creasing and converges to zero as t — 400 ([19, Property 17]). Thus,
[|R(t)]| < L, and therefore,

1Z(@)]] < L+] /0 Ka(t=7)f(@(7),y(7), 7+ Tn) dr|.

By using the hypothesis || f(z(t),y(¢),t)|| < C||x(¢)]| for all t >0, we
have

1Z(0)]] < L+c/O Kot — 7)|[3(r))]| dr.

Using the generalized Gronwall inequality (see, e.g., [10, Lemma
6.19]), ||z(t)|| < LEL(Ct*), where E, is the Mittag-Leffler function.
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The bound on the right hand side of this inequality is independent of n,
whereby = cannot diverge on a sequence of finite intervals. Then, x is
a bounded function.

Now, we will consider the variable y. By a-integration of (4.4), we
obtain
T (t) — 2T2(0) + 19T DlyTy(t) <0,

and the same reasoning as above shows that D[y?y] cannot be un-
bounded for an unbounded increasing period of time. On the other
hand, if D[y”y] diverges to —oo at an unbounded increasing period of
time, integer order integration of it yields 47 y(t) = y*y(0)+ID[yTy] >0,
arriving at a similar contradiction as above. Hence, D[yTy] is bounded
from below at an unbounded increasing period of time. If D%y =g(x, y,t)
is BIBO stable with respect to the input x and output y, then y is also
bounded.

(iii) Using that x is bounded and ||f(x,y,t)|| < C||z|| is also
bounded, if g is radially unbounded respect to its first coordinate,
2T f(z,y,t) +yTg(x,y,t) <0 does not hold if y is unbounded.

Part (b). By the same reasons as above, we get
(46)  I7Ta() =22 (0)] +y y(t) — y y(0) + [7yTy <0.

From the condition ||f(z(t), y(t),t)|| < C||z(t)|| we conclude that, if
x is unbounded, inequality (4.6) does not hold. Hence, z is bounded.
From this inequality, we have

(4.7) yTy(t) —yTy(0)+ IPyTy < 1P~ 2T 2(0)).

From the condition ||g(x(t),y(¢),?)|| < C||ly(t)]], if y is unbounded,
IPyTy will grow in an order larger than t?, contradicting the right hand
side of (4.6) that grows in an order +*~®. Hence, y is bounded. O

A trivial application of Theorem 4.1 is given by the following system

CDallL'l(t) = )\11’1(t)

CDY g, (t) = A\ (t),

where A\; < 0, 0 < a; < 1 for ¢ = 1,...,n, so that condition (4.2)
holds. The interesting fact is that the solution verifies Theorem 3.2,
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as we expected, since z;(t) = z;(0)E,, (\it®) € C1(0,00] due to the
fact that DE,,(t) is singular at zero (see, e.g., [21, 1.8.20]), but
x;(t) = 2;(0) Eq, (\it™*) € C[0, 00] as Theorem 2.1 indicates.

A slight modification of the above system gives another example

CDYgy(t) = \zi(t) +z123(1 + 22 +22)7L
CDYxy(t) = Aoza(t) — 2xo(1+ 22 +22)7L,

where A1, Ao < 0, whereby equations in z; and x5 are BIBO stable
with respect to xo and 1, respectively. Since condition (4.2) holds
and [€ Dy (£)] < (1+ Ao | and [€D%2a()] < (1+ sl 2], we
conclude from Theorem 4.1 (ii) that the solutions are bounded.

In the second example, we consider the following system:

{me (@) +g(x)z

(4.8) €Dz = filx,2) +gi(z, 2o,

where a <1, 2 :R>9g = R", z: R>g — R and f(0) =0. The functions
f,g:R®* - R"a and fi,g: : R"T!' — R are smooth Lipschitz continuous
functions. It is assumed that, for all (z7,2)”7 € R"*1 gy (z, 2) #0. The
problem is to find a function v such that x converges to the equilibrium
point x = 0 of the autonomous system and z converges to zero. In that
case, we say that the system is asymptotically stabilizable by feedback
input. A backstepping control is proposed in the next result.

Theorem 4.2. Consider that for system (4.8) there exists a smooth
function u such that F(zx) := f(z)+ g(z)u(x) is Lipschitz continuous
and 2T F(z) < —w(x) for all x in a neighborhood of x =0, with w a
positive definite function greater than or equal to 'z and u(0) = 0.
Then (4.8) is asymptotically stabilizable by feedback input.

Proof. For simplicity, we first prove the statement for f; =0 and
g1 = 1. By defining e = z — u, system (4.8) can be rewritten as

(4.9) {CD“I = F(x)+g(x)(z —u) = F(z) + g(x)e

DY =v—)“D%

)

where, by assumption, F': R™ — R" is smooth, Lipschitz continuous and
F(0) = 0. By defining 2V (z,¢e) = 27z + €2, using Theorem 3.2 and [4,
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Lemma 1], we have

DV <aTF(z)+ 2T g(x)e + ev —e) Dw.

By choosing v = —27g(z) + “ DY — ke, where k > 0, we obtain
DV (t) < —w(z) — ke?

whereby (z,e) = (0,0) is an asymptotically stable point [16, Theorem
1]. In particular,  — 0 and z(t) = u(z(t)) — 0 as t — oo since u is
continuous. Note, for the application of Theorem 3.2 that equation (4.8)
takes the form:

CDex = F(z) +g(x)e

DY = —xTg(x) — ke,

and the function G(z,e) := (F(z) + g(z)e, —zT g(z) — ke, ) is smooth
and Lipschitz continuous around (z,e) = (0,0).

For the general case, it is enough to take the control law v, :=
(1/g1(x, 2))(— f1(z, 2) + v) with v defined as above. O

As an example holding the assumption of Theorem 2.1, take f; =0,
g1 =1, g(z)=1and u(z) = —z — f(x).
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