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This paper is devoted to the investigation of the nonnegative solutions and the stability and
asymptotic properties of the solutions of fractional differential dynamic systems involving delayed
dynamics with point delays. The obtained results are independent of the sizes of the delays.

1. Introduction

The theory of fractional calculus is basically concerned with the calculus of integrals and
derivatives of any arbitrary real or complex orders. In this sense, it may be considered as a
generalization of classical calculus which is included in the theory as a particular case. The
former ideas have been stated about three hundred years ago, but the main mathematical
developments and applications of fractional calculus have been of increasing interest from
the seventies. There is a good compendium of the state of the art of the subject and the
main related existing mathematical results with examples and case studies in [1]. There
are a lot of results concerning the exact and approximate solutions of fractional differential
equations of Riemann-Liouville and Caputo types, [1-4], fractional derivatives involving
products of polynomials, [5, 6], fractional derivatives and fractional powers of operators, [7-
9], boundary value problems concerning fractional calculus (see, e.g., [1, 10]), and so forth.
There is also an increasing interest in the recent mathematical literature in the characterization
of dynamic fractional differential systems oriented towards several fields of science like
physics, chemistry or control theory because it is a powerful tool for later applications
in all fields requiring support via ordinary, partial derivatives, and functional differential
equations. Perhaps the reason of interest of fractional calculus is that the numerical value of
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the fraction parameter allows a closer characterization of eventual uncertainties present in the
dynamic model compared to the alternative use of structured uncertainties. We can find, in
particular, a lot of literature concerned with the development of Lagrangian and Hamiltonian
formulations where the motion integrals are calculated though fractional calculus and also in
related investigations concerning dynamic and damped and diffusive systems [11-17] as well
as the characterization of impulsive responses or its use in applied optics related, for instance,
to the formalism of fractional derivative Fourier plane filters (see, e.g., [16-18]) and Finance
[19]. Fractional calculus is also of interest in control theory concerning, for instance, heat
transfer, lossless transmission lines, the use of discretizing devices supported by fractional
calculus, and so forth (see, e.g., [20-22]). In particular, there are several recent applications
of fractional calculus in the fields of filter design, circuit theory and robotics, [21, 22], and
signal processing, [17]. Fortunately, there is an increasing mathematical literature, currently
available on fractional differ-integral calculus, which can formally support successfully the
investigations in other related disciplines.

This paper is concerned with the investigation of the solutions of time-invariant
fractional differential dynamic systems, [23, 24], involving point delays which leads to
a formalism of a class of functional differential equations, [25-31]. Functional equations
involving point delays are a crucial mathematical tool to investigate real process where
delays appear in a natural way like, for instance, transportation problems, war and peace
problems, or biological and medical processes. The main interest of this paper is concerned
with the positivity and stability of solutions independent of the sizes of the internal delays
and also with obtaining results being independent of the eventual mutual coincidence of
some values of delays, [31-33]. It has to be pointed out that the positivity of the solutions is a
crucial property in investigating some dynamic systems like biological systems or epidemic
models, [32, 33], where positivity is an essential requirement since negative solutions have
nonsense at any time instant. It is also a relevant property concerning the existence and
characterization of oscillatory solutions of differential equations, [34]. Most of the results are
centred in characterizations via Caputo fractional differentiation although some extensions
are presented concerned with the classical Riemann-Liouville differ integration. It is proved
that the existence of nonnegative solutions independent of the sizes of the delays and the
stability properties of linear time-invariant fractional dynamic differential systems subject to
point delays may be characterized with sets of precise mathematical results.

1.1. Notation

Z, R, and C are the sets of integer, real, and complex numbers, Z, and R, are the positive
integer and real numbers, and

Zy, =7Z,U{0}, Ro; := R, U {0}, C,:={zeC:Rez>0},
(1.1)
Coy :={z€C:Rez >0}, n:=1{1,2,...,n}.

The following notation is used to characterize different levels of positivity of matrices:
Ry == {M = (M;j) € R : M;; > 0; VY(i,j) € nxm} is the set of all n x m real matrices of
nonnegative entries. If M € R then M > 0 is used as a simpler notation for M € R

RYP™ = {0# M = (M;;) € R : M;; > 0; V(i,j) € nxm} is the set of all nonzero nxm

real matrices of nonnegative entries (i.e., at least one of their entries is positive). If M € R™"™
then M > 0 is used as a simpler notation for M € R}*™.
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RY™ = {M = (M;j) € R"™: M;; > 0; V(i,j) € nxm} is the set of all nxm real matrices
of positive entries. If M € R™" then M > 0 is used as a simpler notation for M € R};". The
superscript T denotes the transpose, M! and M; are, respectively, the ith row and the jth
column of the matrix M.

A close notation to characterize the positivity of vectors is the following: Rj, := {v =
(vl,vz,...,vn)T € R" : v; > 0; Vi € n} is the set of all n real vectors of nonnegative
components. If v € R” then v > 0 is used as a simpler notation for v € Rf,. R} := {0#v =
(v1,02,... ,vn)T € R" : v; > 0; Vi € n} is the set of all n real nonzero vectors of nonnegative
components (i.e., at least one component is positive). If v € R” then v > 0 is used as a simpler
notation for v € R.

R?, = {v = (vl,vg,...,vn)T € R" : v; > 0; Vi € n} is the set of all n real vectors of
positive components. If v € R" then v > 0 is used as a simpler notation for v € RY,.

M = (M;;) € R is a Metzler matrix if M;; > 0; for all (i,j #i) € n x . MR™™" is the
set of Metzler matrices of order n.

The maximum real eigenvalue, if any, of a real matrix M, is denoted by Amax(M).
Multiple subscripts of vector, matrices, and vector and matrix functions are separated by
commas only in the case that, otherwise, some confusion could arise as, for instance, when
some of the subscripts is an expression involving several indices.

2. Some Background on Fractional Differential Systems

Assume that f : [a,b] — C" for some real interval [a, b] C R satisfiesf € Ck2((a,b),R") and,
furthermore, d*1 f () / dr* ! exists everywhere in [a,b] for k = [Rea] + 1 for some a € C,.
Then, the Riemann-Liouville left-sided fractional derivative "“D%, f of order a € Cy, of the
vector function f in [a, b] is pointwise defined in terms of the Riemann-Liouville integral as

k t
<RLDg+f>(t) ::ﬁ<d f Ldr>, te[a,b], (2.1)

dtk a (t _ T)a+l—k

where the integer k is given by k = [Rea]+1and I : C\Zy- — C,whereZy_:={ne€Z:n <0},
is the I'-function defined by I'(z) := [;"7*'e™"dr; z € C\ Zo_. If f € C*'((a,b),R") and,
furthermore, f® (1) = d*f(r)/dr* exists everywhere in [a,b], then the Caputo left-sided
fractional derivative “D?, f of order a € Cy, of the vector function f in [a,b] is pointwise
defined in terms of the Riemann-Liouville integral as

t (k)
(cDg+ f)(t) - F(kl— ~ f (t{ T)(:;)l_kdf, telab], (2.2)

where k = [Rea] + 1if a ¢ Zy, and k = a if a € Zy,. The following relationship between both
fractional derivatives holds provided that they exist (i.e., if f : [a,b] — C" possesses Caputo
left-sided fractional derivative in [a, b]), [1]

(°Ds.f) = "Dy, [f(T) 5> M] ®), telabl 23)

=0 ]
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Since Rea < k, the above formula relating both fractional derivatives proves the existence
of the Caputo left-sided fractional derivative in [a, b] if the Riemann-Liouville one exists in
[a,b].

3. Solution of a Fractional Differential Dynamic System of
Any Order « with Internal Point Delays

Consider the linear and time-invariant differential functional Caputo fractional differential
system of order a:

« f9(r) R
<CDO+x>(t) Tk a)f T de-%Aix(t—hi)+Bu(t) (3.1)

with k-1 < a(e Ry) < k; k-1, k € Zyp,,0 = hg < hy < hp < -+ <hy, = h < ®
being distinct constant delays, Ay, A; € R (i € p = {1,2,...,p}), are the matrices of
dynamics for each delay h;, i € pU {0}, B € R™™ is the control matrix. The initial condition
is given by k n-real vector functions ¢; : [-h,0] — R", with j € k-1 U {0}, which are
absolutely continuous except eventually in a set of zero measure of [-h,0] C R of bounded
discontinuities with ¢;(0) = x;(0) = xN(0) = xjo. The function vector u : Roy — R™ is
any given bounded piecewise continuous control function. The following result is concerned
with the unique solution on Ry, of the above differential fractional system (3.1). The proof
follows directly from a parallel existing result from the background literature on fractional
differential systems by grouping all the additive forcing terms of (3.1) in a unique one (see,
e.g., [1,(1.8.17), (3.1.34)—(3.1.49)], with f(t) = 3., Aix(t — h;) + Bu(t)).

Theorem 3.1. The linear and time-invariant differential functional fractional differential system (3.1)
of any order a € Co, has a unique solution on Ro, for each given set of initial functions ¢; : [~h,0] —
R", j € k — 1U{0} being absolutely continuous except eventually in a set of zero measures of [=h, 0] C
R of bounded discontinuities with ¢;(0) = x;(0) = xU)(0) = xjo; j € k—1U {0} and each given
control u : Ro, — R™ being a bounded piecewise continuous control function. Such a solution is
given by

k-1 P rhi
Xq(t) = Z (‘Dajo(t)xjo + Z f D, (t - 1) Aipj (T - hi)dT>
i=0 i=1 70
! (3.2)
14 t t
+> f Dy (t - T)Aixa(T — Wy)dT + f @, (t - T)Bu(t)dr, t€ Ry,
i 0
withk = [Rea]l +1ifa¢ Z,andk =aifa € Z,,
D@ujo(t) = VEq i1 (Aot"),  D@ult) = t*"Eqal(Aot"), (3.3)
Eqj(Aot™) = 3 ———— (Aot jek-1U{0,a} (3.4)

2=0 r(“€+])

fort >0 and @yo(t) = Ou(t) = 0 for t <0, where E, j(Aot™) are the Mittag-Leffler functions.
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Now consider that the right-hand side of (3.1) is the evaluation of a Riemann-Liouville
fractional differential system of the same order a as follows:

(RLD&x) (t) = i Aix(t - ) + Bu(t) (3.5)
i=0

under the same functions of initial conditions as those of (3.1). Through the formula (2.3)
relating Caputo and Riemann-Liouville left-sided fractional derivatives of the same order a,
one gets

k=1 . 7j
(“Dgx) 1) = i Aix(t - hj) + Bu(t) - ""D§, <§’1 x%f) (t). (3.6)

i=0 =0

Since the Caputo left-sided fractional derivative and the Riemann-Liouville fractional integral
of order a € C, := {Z,U{z € C, :Rez ¢ Z,}} are inverse operators (what is not the case if
a¢ C,), (see [1, Lemma 2.21(a)]), one gets from (3.6), (2.3), and (3.2) if & € C the subsequent
result for the fractional differential system (3.5) on Ros.

Corollary 3.2. If (3.5) of any order a € C, is replaced with (3.1) under the same initial conditions
then its unique solution on Ry, is given by

k-1 H P rhi
Xa(t) = Z<<(Daj0(t) - ﬁ1n>xj0 + Zl jo Dy (t - 7)Aitpj (T — hi)dT>

=0

Pt .
+ Zl J‘h‘ Dy (t — 7) Aixo (T — hi)dT + fo @, (t - 7)Bu(t)dr, a¢ Zy.; t € R,

(3.7)
k-1

P rhi
= ((Ea,j+1(t) - %Lz)tjxjo +> f Dy (t - 7) Aigpj (T - hi)dT>
’ i=1 70

j=0

Pt t
+> f @y (t - T) Aixa(T — hi)dT + f @, (t - T)Bu(r)dr, a ¢ Zo., t € Ry,
= hi 0

withk = [Real +1lifa ¢ Z,andk =aifa € Z,.

Another mild evolution operator can be considered to construct the unique solution
of (3.1) by considering the control effort as the unique forcing term of (3.1) and the functions
of initial conditions as forcing terms. See the corresponding expressions obtainable from [1,
(1.8.17), (3.1.34)—(3.1.49)], with the identity (f(t) = Bu(t)) and the evolution operator defined
in [2, 3] for the standard (nonfractional differential system), that is, « = 1 in (3.1). Thus,
another equivalent expression for the unique solution of the Caputo fractional differential
system of order a is given in the subsequent result.
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Theorem 3.3. The solution of (3.1) given in Theorem 3.1 is equivalently rewritten as follows:

k-1 14 h; t
Xa(t) = <11raj0(t)xjo +> I Yot — 1) (T - hi)dr> + f Y, (t-7)Bu(t)dr  (3.8)
j=0 i=1 Y0 0

fort € Ros,any a € C, withk = [Rea] +lifa g Z,andk =aifa € Z,;

u]O(t) - t]Ea]Jrl(AOt ) + Zj “ 1Etm(AOT )A lpa]()(t -T-h; )dT
(3.9)
W, (t) := 1 E 10 (Apt?) +ZI AE (Ao AW, (t — T — hy)dT

fort>0and Wajo(t) = Wa(t) =0, j € k—1U {0} for t € [-h,0).

Also, the solution to the Riemann-Liouville fractional differential system (3.5) under
the same initial conditions as those of (3.4) is given in the next result for k = [Rea] + 1 if
a ¢ Z, based on (3.6).

Corollary 3.4. If (3.5) being of order a € C, is replaced with (3.1) under the same initial conditions
then its unique solution on Ry, is given by

k-1 h; t
xa(t) = Z << wjo(t) — >x]0 + Z J oot — T)g; (T - h,-)dT> + fo W, (t - T)Bu(r)dr

j=0
(3.10)

withk = [Rea] +1ifa & Z, and k = a if « € Z, which is identical to that given in Corollary 3.2.

Particular cases of interest of the solution of (3.1) given in Theorem 3.3 are

(1) a = k which yields the solution:

k-1 14 hi t
xk(t) = Z<1ij0(t)x]'0+Zj 1p]<]'()(l’—T)(,l)]'(’l'—l’li)dT> +I lpk(t—T)Bu(T)dT, (311)
j=0 i=1 -0 0

(2) a further particular case a = k = 1 which yields the solution:

h;
x1(t) = P1(t)xjo + i Io Wi (t—7)po(T — hi)dT + JZ Wi (t - 7)Bu(t)dr (3.12)
i=1

since Wypo(t) = W1 (t), t € Ry, which is the unique solution of (Dx)(t) = f:o A;(t - h;) + Bu(t)
under any almost everywhere absolutely continuous function (except eventually in some
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subset of zero measure of [-h,0] of bounded discontinuities) of initial conditions ¢ = ¢y :
[-h,0] — R". Use for this case, the less involved notations (¥x)(t) = (W100x) () = (P1x)(t)
for the smooth evolution operator from Ry, x R"” to R”, and @(t) = @y (t) = Oy (t) = e, t €
R. for the exponential matrix function e? from Ry, to R™", which defines a Co-semigroup
(e, t € Ry,) of infinitesimal generator A from Ry, to L(R"). Then, the unique solution
x(t) = x1(t), t € R, for the given function of initial conditions is

P rhi
x(t) = D(t)xo + ), f O(t - 1) Aip(T - hy)
i=1 70
Pt t
+ Z J Ot -1)Aix(T — h)dt + ’[ @O(t — 7)Bu(r)dr (3.13)
= h,‘ 0

P rhi t
=W(t)xg + Z 4[0 Y(t-T1)p(T - h;)dr + .[0 Y(t-71)Bu(t)dr, t€Rp:
i=1

and x(t) = ¢(t) for t € [~h,0], where ®(t) = e satisfies D(t) = AgD(t) t € R, and ¥(t) =
f:o AW (t - h;) with ¥(0) = D(0) = I, (the n-identity matrix) and ¥(t) = 0, t € [-h,0) which
has a unique solution ¥(t) = e'(I, + 3| ﬁll e T A ¥ (T - h;)dr) for t € Ry, [2, 3, 25, 26].
A problem of interest when considering a set of p delays in [0,h] is the case of
potentially repeated delays, then subject to 0 = hg < hy < hy < --- < h, < h < oo, with g
of them {hj,, j € U {0}} being distinct, each being repeated 1 < v; <p (j € gU {0}) times so
that

P
O=hg=hopy<hip<---<hp<h<oo, D vj,=p+],
20
(3.14)

-.
|
_

hjp =hkvi, k=) ve, View; jequ{0}.
0

~
Il

Thus, the following result holds from Theorem 3.3 by grouping the terms of the
delayed dynamics corresponding to the same potentially repeated delays.

Theorem 3.5. The Caputo solutions to the subsequent Caputo and Riemann-Liouville fractional
differential systems of order a with p > 0 (potentially repeated) delays and 0 < q < p distinct delays:

(“Dgx) (1) = i At =)+ Bu(),  ("Dgx) () = i Ai(t-h)+Bu(t)  (3.15)
i=0 i=0

on Ry, for the given set of initial conditions on [-h,0) are given by

k-1

9 rhp t
HOEDY <‘Pa]~0(t)x]~0 + Zl f ) Wao(t—1)i (T - hip)d7'> + fo ¥, (t-7)Bu(t)dr  (3.16)

j=0
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forany a € C, with k = [Rea] +1ifa & Zo, and k = a if & € Zy.., and, respectively by

k-1 t] q hip t
x,(t) = Z Wajo(t) - il xjo + Z j Wajo(t — 7)o (T = hip)dT ) + f ¥, (t - 7)Bu(t)dr
j=0 : i=1 70 0
(3.17)
forany a € C, withk = [Rea]l+1ifa ¢ Z, and k = a if a € Z., where
Vo—l
Wajo(t) := Egju1 < <Z Ai>t“>
i=0
1 (3.18)

q t -1 Vi
+ I T ' Equ <<Z Ai>T”‘> <Z A vj+e)>‘¥'ajo(t -7 - h)dr,
i=1 70 i=0 /=1

£> 0and Wao(t) = Wo(t) =0, j € k—1U (0} for t € [~h,0).

4. Nonnegativity of the Solutions

The positivity of the solutions of (3.1) independent of the values of the delays is now
investigated under initial conditions ¢; : [-h,0] — R{,, j € k-1U {0}.

0+”

Theorem 4.1. The Caputo fractional differential system (3.1) under the delay constraint 0 = hy <
hi < hy < -+ < h, = h < oo for any given absolutely continuous functions of initial conditions
¢;:[-h,0] = Rf,,j€ k =10 {0} and any piecewise continuous vector function u : Ry, — Ry, if
k=lal+1lifa¢ Z,and k =a € Z,, for all t € Ro,; for all a € R has following properties:

(i) @qjo(t) is nonsingular; for all j € k =1 U {0} and @y (t) > 0; for all t € Ro, (if B € R"™
then @4 (t) > 0; for all t € Ry.),

(ii)
(1) Ag € MR & (D(t) = (I)l()o(t) > O;fOT all t € Ry,
(2) Ag € MR™" = @gjo(t) > 0; forall j € k=10 {0}; forall t € [O,Zj)for some
sufficiently small Z]- € R, with @uo(t) > O, for all t € Ry, (ie., to = o). This
property holds for all t € Ro, (i.e., t; = oo; for all j € k—1U {0}) if, in addition,

either Ag > 0 or if Ay is nilpotent or if 0 < a < k = 1. Furthermore, there are at least
n entries (one per row) of @yjo(t) being positive; for all t € Ro,;

(iii) Any solution (3.2) to any Caputo fractional differential system (3.1) is nonnegative
independent of the delays; that is, x,(t) € R{,; for all t € [~h, ) N Ry, for some t € Rys,
for any set of delays satisfying 0 = hg < hy < hy <--- < h, < h < oo and any absolutely
continuous functions of initial conditions ¢; : [-h,0] — Ry, forall j € k-1U {0} and
any piecewise continuous control u : Ro, — RI, if and only if Ao € MR™" for t € Ry,
being sufficiently small. Furthermore, x,(t) € R(,; for all t € [~h,0) U Ry, if, in addition,
either Ag > 0 or if Ag is nilpotent or if 0 <a <k =1, A; € Rj;" (Vi € p) and B € Rj;™.
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Proof. Tt is now proven that @gjo(t) > 0; for all t € Roy = A9 € MR™™; for all « € R, for
any j € k —1U {0}. First, note the following. If &« = k = 1 then @400 () = E11(Aot) = D(t) =
SR Aste/e! = et > 0if Ag € MR™" from the above part of the proof and also Ay €
MR™™ = ®(t) > 0; for all t € Ry,. This follows by contradiction. Assume that @;,,(t) < 0 for
somet € R,. Consider the positive differential system x(t) = Aox(t), x(0) = ej, Ap € MR™" s0
that x;(t) = —|®;, ()| < 0 which contradicts the system being positive. Thus, Ag € MR™"
@d(t) > 0; for all t € Ry.. Furthermore, since ®(t) is a fundamental matrix of solutions of the
differential system, it is non-singular for all finite time and the above result is weakened as
follows.

Ag € MR™™ & (D(t) = Dyu00(t) = et > 0 A D(t) is non-singular; for all t € Ry, ). Since
®(t) is nonsingular; for all t € Ry, at least n of its entries (one per-row) is positive. Property
(i) has been proven. Now, one gets from (3.3)-(3.4):

0 Aftae © A‘Zt‘g ta-1)¢ gy _
Dpio(t) = Ex i1 (Aot®) 0 - , jek-1uU{0)}.
j08) = Eaj1(Ao %r(aeﬂn) Z; o (al+ )I(at+j) 0
(4.1)

Let e; the ith unit Euclidean vector of R” whose ith component is 1. Then, one obtains for all
j € k—1U {0}, irrespective of the value of « € R, and k € Z, being k = [a] + 1l if a & Z, and
k =a € Z,, provided that Ay € MR™":

Al g
Do, (1)) = e] Dajo(t)e - -
(@ajon (1)) = € Pajo(t)e <Z €' T(al+j+1) c

Abt? Ha-De g
Z o (al+ )I(at+j) )"
Ha-1)¢ gy
T( At
2 € (e >e’"o<e<oo<r(ae + k)>
o0 t(u 1)251
Zo € (al + )T (al +7)
N AL e
Z —r )ém min -
= ¢ 0<e<N \ (a€ +j)T'(al + k)

(4.2)

>

(a-1)¢
eA°t>em min t reg+1) (43)
0<e<N \ (al + j)T'(al + k)

a-1)¢
> eT(eA°t>em min KT + 1)
= 0<e<N \ (a€ + j)T'(al + k)

for all (i,m) € n xn, for all t € Ry, since Ag € MR™" & ®(t) > 0; for all t € Ry, for some
N(< o) € Zy, and N is finite if and only if Ay is nilpotent (of degree N). Equation (4.3)
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implies that eiT(eAUt)em > 0 and then (@yjo,,(t)) > 0, for all (i,m) € n x n in the following
cases:

(a) N < oo, t € [0, Z), since NRy, and some sufficiently small t € R,, since A €
MR™" = I+ Agt > 0; for all t € Ro. and @yjo(t) = 3oL (ALLE/€1) (K@Dt / (al + )T (al +f)) =
I+ Agt + o(t) > 0 for some sufficiently small t € Ry, for any a € R,.

(b) N < oo and Ag > 0 since t@D¢¢1/(al + j)T(a€ + j) > 0; for all € € Z,,, for all
j€ k-1u {0} for any a € R.. It follows from inspection of (4.2) since e (e*!)e,, > 0 for all
(i, m) € n x 1, since Ag € MR™". This implies (Dgjo,, (t)) > 0; for all t € Ry,.

(¢) N < 00 = mingepn (H* D¢ /T(al + k)) > 0; for all j € k —1U {0} for any & € R, so
that eiT(ert)em > 0, for all (i, m) € n x n, since Ag € MR™?", irrespectively of Ay > 0 or not,
what follows from (4.3). This implies (®y;jo,, (t)) > 0; for all t € Ro.

(d) N <o0,0<a<k=1.Then,j=0so that

HeDeg  faDegr e g faDe(g 1)) r(e) 1
= >
T(al+j+1) “T@l+1) afl(al)  al(ad) at-0eT(qf) ~ at-a)e’ (4.4)

Ve e Zy., VYteRgy,

since 0 < a < 1 implies

I'(al) = f % leTdr <T(¢) = f e dr, Ve Zy,. (4.5)
0 0

As a result, @, (t) from (4.2); for all t € Ry,. Also, direct calculations with (3.3)-(3.4) lead to

o pa- 1A€ta€ ) A t(a 1)( €+1)€]

D, (t) i= " Egu (Apt®) = eZ T((Z+ Da) z(:) o T(@+ Da) (4.6)

and similar developments to the above ones yield (D(t));,, > 0; for all (i,m) € 1 x 7, for all
t € Rp; under the same conditions as above in the cases (a) to (d) for @, (f). On the other
hand, one gets from (3.2)—(3.4) for the unforced system with point initial conditions at f = 0:

k-1

xa(t) = D Dajo(t)xj0 = [Daoo(t), - .., Pak-1,0(t)] |0y, - - ,x;z_l,o]T (4.7)
0

which leads to x,(t) = @uio(t)xi by taking point initial conditions xjo #0, xjo = 0, (i#7),
je€ k-1u {0} so that @gig(t) is nonsingular for all ¢ € Ry, since otherwise the solution is not
unique for each given set of initial conditions since any trajectory solution subject to some set
of initial conditions xjo #0, xjo = 0, would have infinitely many initial conditions, subject to
identical constraint, so that such a trajectory is not unique which is a contradiction. Since this
reasoning may be made for any j € k-1u{0}, ®,jo(t) is nonsingular for all j € k-1u{0},
all and, in addition, @,jo(t) > 0; for all j € k-1u {0}, for all t € Ry, if either Ay > 0 or if Ay is
nilpotent or if 0 < & < k = 1 or without these restricting condition within some first interval

[0,t). The following properties have been proven:
(a) Ag € MR™" & Dy0(t) > 0; for all t € Ry,
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(b) Ag € MR™" = (Dyjo(t) > 0 A detDujo(t) #0 A Dy (t) > 0; forall j € k—1U {0},
k=la]l+1lifa¢ Z, andk=a € Z,, forall t € Ry,). L

It remains to prove @gujo(t) > 0; for all t € Roy = A9 € MR™"; for all j € k-1, some
t € Ro.. This is equivalent to its contrapositive logic proposition. Proceed by contradiction by
assuming there exist j € k — 1 such that Ap & MR™" = Dyjo(t) < 0, some t € Ro,. Note that
Ag & MRV = el e™!(t)e,, = e] Daoo(t)em < 0, some t € Ry, some (i,m#i) € 7. Then, one
gets

(Dgjo,, (1) = €] Dajo(t)e <e-T<eA0t>e max M <0 (4.8)
o7 im P e "o<e<eo \ T(al + k)

which contradicts (—®,jo(t)) > 0; for all t € R, & Ag ¢ MR™"; forall j € m, somet € Ro,.
Thus, the proof of Properties (i)-(ii) becomes complete since the above proven property (a)
extends to any j € k —1U {0} as follows.

(c) Ag € MR™" & M,jo(t) > 0; forall jek-1U {0}, k=[a]+1ifa¢ Z,andk=a €
Z,, for all t € Ro,; for all & € R, so that the unforced solution for any set of nonnegative point

initial conditions is nonnegative for all time and, furthermore, ¢;(t) > 0 (Vi € k-1u {0}); for
allt € [-h,0],u(t) € Rf,; forallt € Ro,, A; >0 (Vi € p) and B > 0; for all t € Ro, implies
that (3.2) is everywhere nonnegative within its definition domain. The converse is also true
as it follows by contradiction arguments. If there is one entry of B or A; (some i € p) which
is negative, or if Ag ¢ MR™", it can always be found a control u(t) € R, of sufficiently large
norm along a given time interval such that some component of the solution is negative for
some time. It can be also found that some nonnegative initial condition of sufficiently large
norm at t = 0 such that some component of the solution is negative at t = 0*. Thus, Property

(iii) is proven. O
The following result is obvious from the proof of Theorem 4.1.

Corollary 4.2. Theorem 4.1(iii) is satisfied also independent of the delays for any given set of delays
satisfying the constraint 0 = hg < hy <hy <--- < hp =h < oo.

Proof. It follows directly since Theorem 4.1 is an independent of the delay size type result
and, under the delay constraint 0 = hg < hy < hy <--- < h, = h < o, it has also to be fulfilled
for any combination of delays satisfying the stronger constraint 0 = hg < hy <hy <--- < h, =
h < . O

Corollary 4.3. Any solution (3.8), subject to (3.9), to the Caputo fractional differential system (3.1)
under the delay constraint 0 = hg < hy < hy < --- < h, = h < oo is nonnegatively independent
of the delays within a first interval, that is, it satisfies x.(t) € RY,; for all t € [-h,t) N Ro, for
some sufficiently small t € Ro, for any given absolutely continuous functions of initial conditions
¢; : [-h,0] — R,, j € k=1U {0} and any given piecewise continuous vector function u : Roy —
R, withk = [a] +1ifa ¢ Z, and k = a € Z,, for all t € Ro,; for all « € R, if and only if
Ag € MR™", A; € RiY" (Vi € p), and B € Ry™. In addition, x, : [~h,0) URo, — Ry, if,
in addition, either Ag > 0 or if Ao is nilpotent or if 0 < a < k = 1. Furthermore, Wyjo(t) > 0

(with at least n entries being positive), det Wajo(t) > 0 (Vj € k—1U {0}) and ¥, (t) > 0; for
all t € Ros (if B € R™™ then W,(t) > 0; Vt € Ro.).
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Proof. The solution (3.8) is identical to the unique solution (3.2) for (3.1) thus it is everywhere
nonnegative under the same conditions that those of Theorem 4.1 which have been extended
in Corollary 4.2. O

Note that the conditions of nonnegativity of the solution of the above theorem also
imply the excitability of all the components of the state-trajectory solution; that is its strict
positivity for some t € R, provided that B > 0 and the control u : Ro; — R, is admissible
(i.e., piecewise continuous) and nonidentically zero since ¥,(t) > 0 and nonsingular for all
t € R.. It is now seen that the positivity conditions for the Riemann-Liouville fractional
differential system (3.5) are not guaranteed in general by the above results for any given
absolutely continuous functions of initial conditions ¢; : [-h,0] — R, j € k-1U{0} and
any given piecewise continuous vector function u : Roy — Rfj, withk = [a] +1ifa ¢ Z, and
k=aeZ,, forallt € Ry,; forall « € R,. The following two results hold by using Corollary 3.2
and Corollary 3.4.

Theorem 4.4. Any solution (3.7), subject to (3.3)-(3.4), to the Riemann-Liouville fractional
differential system (3.5) under the delay constraint O = hg < hy < hp < - < h, = h < wis
everywhere nonnegative independent of the delays, that is, it satisfies x, : [-h,0) URqo, — R{,, for
any given absolutely continuous functions of initial conditions ¢; : [-h,0] — R{,, j € k-1u {0}
and any given piecewise continuous vector function u : Ro, — Rf, withk = [a] +1ifa & Z,
and k = a € Z,, forallt € Ry, for all @ € R, if Ay € MR™™, A; € RJJ" (Vi € p),
(Eqjui(t) = (1/j1)I;) > 0; forall j € k-1U {0}, for all t € Ry, and B € RI™. The conditions
Ag € MR™", A; € Rj(" (Vi € p) and B € R{(™ are also necessary for x, : [~h,0) URqy, —
R}, for any nonnegative function of initial conditions and nonnegative controls. The condition
(Egjs1(t) = (1/j0)1,) > 0; forall j € k-1u {0}, for all t € Ry, is removed for initial conditions
¢; : [-h,0] — Ry, subject to ¢;(0) = xjo = 0.

Proof. The proof follows in a similar way as the sufficiency part of the proof of
Theorem 4.1(iii) by inspecting the nonnegative of the solution Corollary 3.2, (3.7) for a
nonnegative function of initial conditions and any nonnegative control. O

Theorem 4.5. Any solution (3.10), subject to (3.3)-(3.4), to the Riemann-Liouville fractional
differential system (3.5) under the delay constraint 0 = hy < hy < hp < --- < hp =h< wis
everywhere nonnegatively independent of the delays, that is, it satisfies x, : [~h,0) URo, — Ry, for
any given absolutely continuous functions of initial conditions ¢; : [-h,0] — R{,, j € k—1U {0}
and any given piecewise continuous vector function u : Ro, — Rf, withk = [a] +1ifa & Z,

and k = a € Z, for all t € Ro,; for all & € Ry if and only if Ay € MR™", A; € Ri;" (Vi € p),

(Wajo(t) = (#/j)1,) 2 O for all j € k=1U {0}, for all t € Ro, and B € R:™. The condition
(Wajo(t) — (#/j)I,) > 0; forall j € k—1U {0}, for all t € Ro, is removed for initial conditions
(P] : [_h/ O] i Rng SubjECt to (p] (0) = x]~0 =0.

Proof. The proof of sufficiency follows in a similar way as the sufficiency part of the proof
of Theorem 4.1(iii) (see also the proof of Theorem 4.5) by inspecting the nonnegativity of
the solution Corollary 3.2, (3.7) for a nonnegative function of initial conditions and any
nonnegative control. The proof necessity follows by contradiction by inspecting the solution
(3.10) as follows.
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(a) Assume that Ay ¢ MR™" and the solution is nonnegative for all time for any
nonnegative function of initial conditions and controls. Take initial conditions ¢;(t) = 0; for
all t € [h,0], forall j € k — 1; o(t) = 0; for all t € [-h,0), ¢ (0) = x00(0) #0 and u = 0 on Ro,.
Then (3.10) becomes

Xa(t) = (Waoo(t) — In)X00 = (Eaoo(t) — In)xoo for t € [0, h] (4.9)

since Wyoo(t) = Daoo(t) for t € [0, h1]. Since Ag ¢ MR™", there exist £ € [0,h;] and (i =
i(t), m(t) #i) € n such that (Py0(t));,, < 0. Otherwise, if Ag ¢ MR™" and D40 (t) > 0; for all
t € [0, h1], it would follow from (4.3) that @,y (t) > 0; for all ¢ € Ry, since

X
et — pXAuhi+AG _ pxAchi pAcS _ <eAgh1> PRI (4.10)

from the semigroup property of (et € Ry,) with x = xt hy) = [t/h1] and (0,h1) 2 6 =
6(t,h1) = t — yh; what implies @a00(t) > 0; for all t € Ry, from (4.3). Thus, Ag € MR™"
which contradicts Ag ¢ MR™". It has been proven that A9 ¢ MR = eiT(Duoo(t)em < 0;
for all t € (0, h1] for some (i = i(t), m(t) #i) € n. Now, take xoo; = 6jm (Vj € 1) where 6,
denotes the Kronecker delta. Then,

T t] T t] T
Xai(t) = e; Waoo(t) - ﬁIn X00 = €; Dy00(t) - ﬁIn €m = €; Dy00(t)em < 0. (4.11)

As a result, Ag € MR™" is a necessary condition for the solution to be nonnegative for all
time irrespective of the delay sizes.

(b) Assume that the solution is nonnegative for all time for any nonnegative function
of initial conditions and controls. Assume that eiTAgej < 0and he#h;; for all i(#¢€) € p for
some i,j € n, £ € p. Take initial conditions xjo = ¢;(0) = 0; for all t € [-h,0]; forall j €
k-1u{0}, p;=0;forall je k- 1and u =0. One gets from (3.2)

"
Xai(t) = f e] Dy (t—17) < > Aj> ¢o(T—H)dr
0 j(#6)ep (412)

he
+I €] Oy (t — ) Agipo(T — he)dr; Vit € [0, hy]
0

for the case W' = h;; for all i(#¢ € p). Now, if h = hy > I, take a further specification of
initial conditions as follows: ¢o(t) = 0; for all t € [0,H'], and @o(T) = (kl,...,kn)T > 0;



14 Abstract and Applied Analysis

for all t € (W, hy] then
he
X, (t) = f eiT(I)a(t —T)Aepo(T — he)dT
hl

n o n h
= Z Z < e Dyiy (t - T)Aermd7'> ki
h/

r=1 m=1
n l’lg T
= ]Zl k; <L/ @ (t T)dT> Ay (413)
m hg
= Z K, <Z f D, (t - T)dT> Atrm
(m#j)en r=17 MK

m hg
+k; <Z j Dy (t - T)dT> Agrj, YVt [0, hi.
r=17H

As aresult, A; > 0 (Vi € p) is a necessary condition for the solution to be nonnegative for all
time irrespective of the delay sizes.

(c) Assume that the solution is nonnegative for all time for any nonnegative function
of initial conditions and controls, and B > 0 is not fulfilled so that it exists at least an entry
Bgj < 0 of B. Then, one has under identically zero initial conditions the following unique
solution:

Xqi(t) = JZ eiT‘Pa(t —T)Bu(t)drt

m t

=> | ¥L(t-7)Bui(r)dr
0

m n t
= Z Z fo Wie(t — T)Beiui(T)dT

i=1 ¢=1

n t
= D, ZI Waie(t — T)Boiwi(T)dT
(i#])eme=170

i

provided that kuj > X, jiem Soen Jo Paie(t = 7)Beitti(7)dr/ (X [y Waje(t — 7)|BejldT) by
assuming that B > 0 fails because By; < 0 for some (¢, j) € n x m and a constant control
component u; = k,; > 0 is injected on the time interval [0, t] for some arbitrary t € R, for the
remaining control components being chosen t be nonnegative for all time. This contradicts
that the solution is nonnegative for all time if the condition B > 0 fails. O

M=

t
Iowajf(t—T)lng|dT>kuj<0, t € Ry,

~
I

1

(4.14)

Remark 4.6. Note that Theorem 4.1 can be extended as a necessary condition for ¢ € [0, h;]
since Wyjo(t) = Dyjo(t) for t € [0, hy]; for all j € k —1U {0}, for all ¢ € Ro,.
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Remark 4.7. Note by simple calculation that (A9 € MR®™™ A A; >0 (i € p)) = (Zf:o A)) €
MR™". This is a necessary and sufficient condition for the nonnegativity of the solutions
of the Caputo fractional differential system (3.1) of arbitrary order &« € R, under arbitrary
nonnegative controls and initial conditions in the absence of delays; that is, for h; = 0;
forallicwU {0} andanyw € Z,.

Remark 4.8. The given conditions to guarantee that the solution is everywhere nonnegative
under any given arbitrary nonnegative initial conditions and nonnegative controls are
independent of the sizes of the delays type; that is, for any given set of p delays. However, the
conditions are weakened for particular situations involving repeated delays as follows. Note
from Theorem 4.5 that the various given conditions A; > 0 of necessary type to guarantee the
nonnegativity of the solution under any admissible nonnegative controls and nonnegative
initial conditions are weakened to (3, A(Zjlb v,-+€)) if there is some repeated delay h; of
multiplicity v; > 2 (i.e., the number of distinct delays is 0 < g < p). Also, if hy = 0 is
repeated with multiplicity vy > 2 then the condition A € MR™" for vy = 1 is replaced
by (ZVO 1 Ag) € MR™",

Remark 4.9. Note that there is a duality of all the given results of sufficiency type or necessary
and sufficiency type in the sense that the solutions are guaranteed to be nonpositive for all
time under similar conditions for the cases when all components of the controls and initial
conditions are nonpositive for all time.

5. Asymptotic Behavior of Unforced Solutions for o € R,

The asymptotic behaviour and the stability properties of the Caputo fractional differential
system (3.1) can be investigated via the extension of the subsequent formulas for « € R, (see
(1.8.27)-(1.8.29), [1]).

(1) If 0 < & < 2 then for |z| — oo and some p € R satisfying y < or min(1, a):

N
1/a ]. ].
E 1 apra e O( ) 51
ap(2) = Z ]2:1:. T(p a]) = ZN+1 (5-1)

with |arg z| < y <o min(1,a), any N € Z,, and
N 1 1 1
Eaﬁ(Z) =—Z r(T—ﬁ'O(m) (52)

withor > |arg z| > p <o = r min(1, &), any N € Z,.

(2) If a > 2 then for |z| — o

1 1/a 2]'.7ri/a 1_ﬂ (EZjJri/szl/a) N 1 1 1
Euﬂ(Z)=EZ<Z e > e —Zm;'FO W (53)

jeQ j=1
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forany N € Z, with € k-1u{0}u{a), |arg z| < amr/2,Q:= {(n€Z:|arg z+2urn| < axr/2}

and i = v/ -1 being the complex imaginary unit. The above formulas are extendable to the

Mittag-Leffler matrix functions E, j.1(Aot%) := 352, (Aot"‘)g/ (@€ +j+1),forall je k-1u

{0}, respectively, Eqna(Aot?) by identifying z — Agt?, z//% — (Ag)"/"t (if (Ap)"/* exists)

and z7' — Aj't™ (if Ap is non-singular), p — j + 1, respectively, p — a. Irrespective of

the existence of (Ag)"/* and of A # 0 being singular or nonsingular, it is possible to identify
— ||Aol ' and z — || Ag||t* and to use

< (||A0||f"’) T
Eniv1 (Aot)|| < Eajo1 (|1 Aolit*) = Viek—-1U{0},
IEe. I ! ;:(:) T(al+j+1) J
) (5.4)

a a SO: (||1\0||tu)
< = _—

”Eau(AOt )” — Eaa(”AOHt ) “~ I—-(ae + a)

The method may be used to calculate an asymptotic estimate of the solution (3.2) if Ag
is non-singular (or an upperbounding function for any nonzero Ay) of the Caputo fractional
differential system (3.1), via (3.3)-(3.4), or, equivalently (3.8), via (3.9) and (3.3)-(3.4). The
estimations may be extended with minor modification to the Riemann-Liouville fractional
differential system (3.5). Note that if all the complex eigenvalues of Ay appear by conjugate
pairs Ap then Ay = T~ JyAg where ]y is its real canonical form. First, consider two separate
cases as follows.

(A) Assume that a € R,, Ag is real non-singular and (Ag) ’“ exists; that is, there exist
M such that M* = Ap and A; (i € p) is real. Then, one gets from (5.1)—(5.3):

1/a

Egji1(Agt) = %< 8)1 § o (AY ) _ Z NG a)€+ 5 <A )t‘

+ o(A5<N”>t-<N+1>“), Vjiek-1u{0}, (5.5)
Epn (Aot A(l a)/al-a (Al/“ ~la A—(N+1) ~(N+Da
(Aof®) = ! Z A T((1- €)a)< oAt

ast — wifO<a <2 forany N € Z,,

_ a _ 1 Vay pemi/a) ™ (e2em/x(AV*)) A
Eajir(Aot?) = “ee%<A° i) e Zr((l (x)€+1) (457)e

+ o(A(;W”)t*(N*D“), Viek-1u{0},

1 i 1- i/ a (5.6)
Eaa(AOt“) = E Z <A(1)/rxt62€7r1/a> “e(eze / (A(l)/ %)

2eQ

Zr((1 e)a)< Ot oA, NN

ast — ooifa>2,forany N € Z,, withQ :={ne€Z: |n| < a/4}.
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(B) Assume that « € R, and A; (i € pU {0}) is real, one obtains from (5.1)-(5.2):

— 1 ol 1 1 1
= 2|0/ a) ,z(1/a -
|Eap(2)| < Eap(z) = a|z| le*|"" % + ;:; T(p-al) o + O<zN+1> (5.7)
forO<a<2 pek-1 U{0},
|Eaﬁ(z)| < Eaﬂ(z) = l Z<|Z|(1*ﬂ)/tx>|ez|1/a " i ;l + O<L> (5.8)
- @i ST(p-al)2 ZN
fora>2,p€k-1U{0,a}. Thus, on gets from (5.7)
A < e\ ,-¢
a -j -j t BAYE
Ea (Aot | < 2 (1ol ) e ; e (1Al )
+ Ol Ag N DN,y ek =Tu (o),
(5.9)
1 1/a N 1
ay| < = (1-a)/al-al| Aot _ O\ —la
|Eaa(Aot)ll < <11 Aoll =/ |e 2 T ge (A7)
O<||A0||—(N+1)t—(N+l)a>
ast — oo, forany N € Z,,if 0 < a <2, and one gets from (5.8)
. a 1 1/vc Aot -2\ ;—la
1Eaja (Aot < = 3 (4ol 71) e Z e w14l )
2eQ
. O(||Ao||-<N“>t-<N+l>a), vjiek=1u {0},
(5.10)

N

Eaa (Aot < % D <||A0||1/"t> - ” Aot Z R e) <||Ao||’€>t—e

2eQ =1

+ O<||AO||7(N+1)t—(N+1)a>

ast — ooifa > 2 forany N € Z,, with Q = {n € Z : |n|] < a/4}. The formula
(3.8) for the solution is more useful than its equivalent expression (3.2) to investigate the
asymptotic properties of the Caputo fractional differential system. Therefore, we obtain now
either explicit or upperbounding asymptotic expressions for (3.9) by using (5.5) to (5.9) as
follows.
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(1) Assume that a € R,, A is real non-singular, (Ao)l/ " exists and A; (i € p) are also
real. Then, one gets from (5.5)-(5.6) into (3.9):

v, (t) = 1<A_f>1/ﬂl (A i <A )i’] —la O<A—(N+1)tj,(N+1)u>
ajo a 0 £ r(] 1 ag) 0

J< (1 —a)/a (AW)T ZF((l e)ﬂ)( >T<1 Oa-1 O<A6(N+1)TN051>>

x Ai¥ajo(t — T — h;)dr,
(5.11)
Y, (t) = 1A(1-a)/ue<A5/a)t _ i ;(A )t“ Oa | O( (N+1)t_N,,,>
T al 2 T((1-O)a)
Pt N
1 (-a)/a (Ao 1 (-0 C(N41)Na1
+i=21_[0<0£A0 et ;F((l ar <A )T O<Ao T )

X Ailpu(t -T- hj)dT
(5.12)

foralljek-1U{0}ast - wif0<a <2, forany N € Z,, and

1 i -j i/ /a N .
€ =

n O<A6(N+1)tj—(N+l)a>

t .
+ i f l Z <Aél—lx)/ae2e_7[i/a>_]e(2227ri/a(A[l)/a)T)

i1 J0\ %220

€ZN1F((1 O)a) <A >T(1 Oa-1 O<A6(N+1)T—er—1>

x Ai%,jo(t — T — hy)dr,

1 — i i/ a
Ya(t) = — > <Af)1 @/ grex(1-i/ "’)e(‘f” =AY "))
2eQ

Zr((l a>e+1>("‘ )+ O(A NN
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f Al- “)/“eZEJr(l—a)i/tx>e(ez‘””/“(Aé/“)T)
éeQ

Z AT((1- a)e) ( >T(172)a—1 " O(A(;(NH)T*NWl)

x A¥Wajo(t =7 = hi)dr
(5.13)

foralljek-1U{0}ast — wifa>2, forany N € Z,.
(2) Assume that a € R, and A; (i € pU {0}) are real. Then,

[¥ap®]l <~ @mn) e

N
Z TG+ 1-a0)| || Aol et + <”A0”’(N+1)t]—(N+1)a>

_¢ O
Z|F((1 O)ax )|<||Ao|| )T(l 0)a-1

AQT

+i t 1||A ”(1711)/:1 e
a 0
= 0

O(Aol N DN N L A|[[Wajolt - 7~ i) ||,
(5.14)

Z IT((1- g)“)l <||Ao||‘é>t<1_e)a + O<||A0||—(N+1)t_Na>

A[)T

1
||q;a(t)” S ;”AO”(l—a)/u Aot

I<*MW“Wu

omAm*”“fW*0>nAmmua—r—mnur

|- A 0”“37—(1—5):1—1

Zwm O]

(5.15)

foralljek-1U{0}ast - wif 0 <a <2, forany N € Z,, and

[¥aio®| < = <||A Hl/u) ” Aot

o3[ (naaee)e
10"‘0
i=

O<”A0“—(N+1)TN¢11>> ||A1|| "‘Pajo(t -7 - hi) IIdT,

Z r(j+1- |||Ao||7£t’ oy <||A0||*<N+1>ti—(N+1>a>
+

¢ _(1-0)a—
Ao [l Aol (1-0a-1

Zwm Oa)



20 Abstract and Applied Analysis

1
*Z} T((1 = O))]

Apt 1

1 -
el < —[140]| """ |e

f < |A ||(1 a)/a

O<||AO“—(N+1)T—Na—1>> Il Al ||1szj0(t -T-h) ||d’1'

”Aoll—etj—ea n O<”A0”—(N+l)tj—(N+1)a>

AoT ¢ __(1-€)a-1

Z|r<<1 Hay) 1Al

(5.16)

foralljek-1U{0}ast — oo ifa>2, forany N € Z,.

For further discussion, note that there exists a set of linearly independent continuously
differential real functions {a; : Ry, — R,i € v—1U{0}}, where v is the degree of the minimal
polynomial of any square real matrix Ay such that:

v-1 ) v Vi )
= > ai(hA) =D Y kyt'e'; VteRy, (5.17)
i=0

j=0 i=0

(see, e.g., [4,5]), where k;; € R;i € v = 1U{0}, j € ¥U{0}, (M) := {A; € C : det(\;I,— Ap) = 0}
is the spectrum of Ay defined by the set of eigenvalues \; of M of respective index v; (i.e., the
multiplicity of \; in the minimal polynomial of Ay) and algebraic multiplicity y; (i.e., the
multiplicity of \A; in the characteristic polynomial of Ag) so thatn = 3", n; > v = 31, v; with
n being the order of Ay with v being the degree of its minimal polynomial. The subsequent
fractional calculus-related stability result is based on the above formulas.

Theorem 5.1. The following properties hold.
(i) If k = a = 1 (the particular standard bon-fractional case) then (3.1) is globally Lyapunov
stable independent of the delays if

1
Al/ AZ/ sy —A
H <ﬁ1 Pr p>

requiring for the €-matrix measure of Ao to fulfil pur(Ag) := (1/2)Amax(Ao + AL) < 0, for some
Bi € R, (i € p) subject to 37, p? =1, [6]. Also,

< —p2(Aop) (5.18)
2

Wigo(f) = e - AT + O (A7)

(5.19)
I AoT A It 4 O<A617‘71>>A,’qj]00(t -T-h)dr ast— o
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is bounded provided that Ay is non-singular with e** being of the form (5.17) if (5.18) holds and
then the unforced solution:

k-1 P rhi
xa(t) = ) <qfajo(t)x]~o + fo Yoot — T)ep; (T - hi)dT>. (5.20)
j=0 i=1

Is bounded for all time. Furthermore,

[¥r00(®)] < ||

+Zf Jor

x |Ail[[[¥100(t — 7 - hi)|ldT ast— oo

+l Aol + O (140 ?H2)

+ ]| Aol ! + o(||A0||-1T*1>) (5.21)

if (5.18) holds irrespective of Ag being singular or non-singular. If, in addition, p> (Ao) < 0 and (5.18)
holds with strict inequality then (3.1) is globally asymptotically Lyapunov stable independent of the
delays and

W00 () —> ZJ Aof ~ A+ O(A517’1>>Ai11'10(t T —h)dT — 0 ast— oo.
(5.22)

(ii) If k = 1 and a € (0, 1] the inequality (5.18) is strict then (3.1) is globally Lyapunov stable
independent of the delays if pr (AY/®) < 0 and

1
Ay, — Az, A
H <ﬂ1 Py p)

provided that Ay is non-singular and A(l)/ “ exists. Also, then (3.1) is globally asymptotically Lyapunov
stable independent of the delays if, in addition, yz(A(l)/ ") < 0and

G (5.23)

2

1 1/a
A, — A2, .,=—A < |H2 A P (524)
|G e g )| <l
L cavmy L i« 22
Yanoll) = 20— gy A7+ O(ATE)
14 t
by J‘ ( 1 Aéka)/aemg]/a)f Al +o< ~(N+1),_—a- 1>> (5.25)
o1 Jo\&

XAiIPaOO(t - T h,’)dT —0 ast— oo.

If either Ag is singular or Aé/ * does not exists then (5.25) is replaced by a corresponding less than or
equal to relation of norms with the replacements Ag — || Ao|l, Agl = ||Aoll ™", and et — |leot]].
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(iii) Assume that Ja, = Jay, + Ja, is the canonical real form of Ag (in particular, its Jordan
form if all the eigenvalues are real) with ], being diagonal and Ta, being off diagonal such that the
above decomposition is unique with Ag = T~ J4,T where T is a unique non-singular transformation
matrix. Then, the Caputo fractional differential system (3.1) is globally Lyapunov stable independently

of Ay* to exist or not by replacing pr(Ay'*) — pa( X:) in (5.23) by

1/a

S |M2(]A0d)| (5.26)

2

1
T Ja,T, Yrar triar  Lriar
H <'B 0 P p2 ﬂp ?

with po ( 1/"‘) < 0 for some set of numbers p; € R, (i € pU{0}) satisfying 37 p* = 1. The fractional

system is globally asymptotically Lyapunov stable for one such a set of real numbers if p>(J JY ") <0,
what implies that |arg A| < aor /2, for all A € o(Ay), and

< 2 Uan) | (5.27)

1 1 1
H< 1]A0T T‘1A1T 5 —T7'A,T,.. o T‘lApT>
P

2

Proof. It turns out that x,(t) is bounded for all time so that (3.1) is globally Lyapunov stable if
¥ ajo(t) || is bounded; for all j € k-1u {0} forall t € Ry, for any bounded functions of initial
conditions ¢; : [-h,0] — R"; forallj € k —1U {0} with ;i (0) = x;(0) = xjo. If, in addition,
[Wajo()| — Oast — oo then x,(t) — 0ast — oo so that (3.1) is globally asymptotically
Lyapunov stable and the solution (5.20) is bounded for all time. Thus, if k = a = 1 (the
particular standard bon-fractional case) then (3.1) is globally Lyapunov stable if |[Wigo(t)|| is
bounded for all t € Ry,. A sufficient condition independent of the delays is that (5.18) holds
requiring trivially for the #,-matrix measure of Ay to fulfil p> (Ag) := (1/2) Amax (Ao + AOT) <0,
where the for some f; € R, (i € p) subject to Zf’zl p? = 1, [27]. Equation (5.19) follows
from (5.11) after inspection for N = 1 and it is bounded as t — oo and since otherwise the
global stability property (5.18) would fail contradicting its sufficient condition for j + 1 =
k = a = 1. Equation (5.20) follows from (5.14) for j +1 = k = a = N = 1 irrespective
of Ay being singular or non-singular and of the fact of A(l)/ " to exist or not. Equation (5.21)
follows from (5.19) since pp(Ap) < 0 implies that Aj is a stability matrix then Re(\) < 0;
for all A € 0(Ap) and, furthermore, Wipo(t) — 0, and the unforced solution x,(f) — 0, as
t — oo from the strict inequality guaranteeing global asymptotic stability independent of
the delays, namely, [|(1/f1)A1, (1/2) Az, ..., (1/Bp) Apll, < |p2(Ao)|- Property (i) has been
proven. Property (ii) has a similar proof for a € (0,1], k = 1 by replacing Ay — A(l)/ . Property
(iii) follows by using the matrix similarity transformation Ag = T J4, T = T~ (Ja,, + Ja,)T
and using the homogeneous transformed Caputo fractional differential system from (3.1):

p
Crya _(Cpya - . — h:
(“Dg.z) () = (“DgTx) () ;AlTx(t hi) e

(“Dg.x) 1) = Ep] TATx(t - hi) = T AgTx(t) + Ep: TATx(t - h) (5.28)

i=0 i=1

P —
=T Ja, Tx(t) + > T ATx(t - hy),
i=0
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where z (t) = T x(t); for all t € Ry., hy = 0 plays the role of an additional delay. A = 7A0

and A; = A; (i € p) by noting also that since (] a,, + J4,,) is diagonal with real eigenvalues by
construction, one has

2 (73%)

()

= [Re A& (Aoa) | = 2T an) "

= |Re Amax <]X):‘>

_ 1 1/a 1/a*
- ‘E)Lmax<]l40d + Aog )

= |Re A5 au)

(5.29)

Then, the proof is similar to that of the related part of Property (ii). Note also that p (] }Qﬁ ) <0,
implies that

NS
Ny

)i YAeo(Ag) e farg A| > % VA € 0(Ay).

(5.30)
O

4

24

Re A% <0 <=>arg<)t) € (—

Remark 5.2. Note that a similar expressions to (5.25) applies to guarantee global asymptotic
stability for a € (0,1] in Theorem 5.1(iii) by replacing Ay — T~1J4,, T and A; — T~'A,T with
A (i e p U {0}) defined in the proof of Theorem 5.1(iii). Theorem 5.1 establishes that for any
stability matrix Ay, the asymptotic stability condition of sufficient type is as follows:

< )] (531)

1 4= 1 1 1
H <%T‘1]AOT, —T AT, —T AT, ..., —T—lA,,T>
2

H B2 Pp

provided that ps( ]j‘ﬁ :0) < 0 extends from a = ay < 1, (in particular, from the standard
nonfractional differential system a = ag = 1) to any a € (0, ap] provided that arg(1/a) €
(=or /2,7 /2) in the clockwise sense, or equivalently, if | arg A| > axr /2, for all A € 0(Ay), since

1

1.~ 1 1
“ <ﬁ—T‘1]AOT, —TA T, —TAJT, ..., —T—lA,,T> e
0

< |m2Ua) | < 2 a7,
2

55} P2 Py
VYa € (0, ap].

(5.32)

Note that the global Lyapunov’s stability conditions (5.23) and (5.26) with nonpositive
measures o ( ]}4 ) being eventually zero of the corresponding matrices of the unforced
fractional dynamic system does not imply the boundedness of the solutions of the system
for any admissible forcing bounded control. However, under strict inequalities (5.24) or (5.27)
and negative related matrix measures p( ]}%Z‘), that is, if asymptotic stability holds, the forced
solutions for any bounded controls are guaranteed to be uniformly bounded.

It follows after inspecting the solution (3.8), subject to (3.9), and the expressions
(5.16) that the stability properties for arbitrary admissible initial conditions or admissible
bounded controls are lost in general if « > 2 and may be improved for a € (0,1) compared
to the nonfractional calculus counterpart (i.e., for a = 1). However, it turns out that the
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boundedness of the solutions can be obtained by zeroing some of the functions of initial
conditions. Note, in particular, from (5.16) that ¢; is required to be identically zero on its

definition domain for k—1 U {0} 3 j < a—-1(a > 2) in order that the I'-functions be
positive (note that I'(x) is discontinuous at zero with an asymptote to —co as x — 07). This
observation combined with Theorem 5.1 leads to the following direct result which is not a
global stability result.

Theorem 5.3. Assume that « > 2 and the constraint (5.25) holds with negative matrix measure
Ha( ]}L‘ﬁ ). Assume also that @; : [=h,0] — R" are any admissible functions of initial conditions for

k-1U {0} > j > a—1 while they are identically zero if k —1U {0} > j < a — 1. Then, the unforced
solutions are uniformly bounded for all time independent of the delays. Also, the total solutions for
admissible bounded controls are also bounded for all time independent of the delays.

The stability of positive or nonnegative solutions is of a direct characterization by
combining the positivity conditions of the above section with the stability analysis of this
section. The extensions of the given results to discrete fractional systems under either periodic
or nonperiodic sampling might be of interest for a future research, [35].
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