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This paper is devoted to the investigation of nonnegative solutions and the stability and asymptotic properties of the solutions
of fractional differential dynamic linear time-varying systems involving delayed dynamics with delays. The dynamic systems are
described based on g-calculus and Caputo fractional derivatives on any order.

1. Introduction

There are abundant background results concerning the
exact and approximate solutions of fractional differential
equations [1-4], fractional derivatives involving products
of polynomials [5, 6], fractional derivatives and fractional
powers of operators [7-9], and boundary value problems
concerning fractional calculus in a theoretical context and
also concerning a wide range of applications like, for instance,
control theory, robotics, signal processing, heat transfer,
lossless transmission lines, and so forth [1-22]. In particular,
some generalized operators of fractional integration have
been recently applied to the product of generalized Bessel
functions of the first class in [6] leading to multivariable
generalized Lauricella-type functions. Furthermore, related
generalized fractional integrals are also discussed in that
paper. On the other hand, new unified integral formulas
involving products of Srivastava-type polynomials and the
H-function as well as fractional integration for Appell’s
functions are discussed in [23, 24].

This paper is concerned with the investigation of nonneg-
ative solutions of fractional g-differential dynamic systems
with point delays and some related asymptotic properties
formulated by the Caputo fractional derivative. See, for
instance, [25-31] for formulations of functional dynamic
systems under delays. Some of these papers are concerned
with fundamental properties of positive dynamic systems

or with the nonnegative solutions of dynamic systems in a
fractional context. See, for instance, [32-34]. On the other
hand, see [13-22, 32-39] for a background on quantum and
fractional calculus and some related applications to dynamic
systems.

The Caputo g-difference scheme has been proposed in
[40] and then the problems of initial values are investigated in
[41, 42]. In particular, a Caputo-type g-fractional initial value
problem is solved in [41] with the solution being formulated
in terms of a new g-Mittag-Leffler function. On the other
hand, the related investigation in [42] is focused on analytical
aspects of g-fractional calculus while the variational iteration
method is extended “ad hoc” to g-fractional calculus in order
to solve the Caputo g-fractional initial value problem. There
is also a recent monograph [43] available on the fractional
g-difference methodology which is of potential interest for
readers interested in quantum fractional calculus. Also, it has
to be pointed out that an increasing research interest is being
devoted to the use of fractional calculus in the analysis of
mathematical models based on partial differential equations.
In particular, the fractal heat conduction problem is solved
by proposing a local fractional variation iteration method
in [44]. On the other hand, the solutions of the Helmholtz
equation involving local fractional derivative operators are
investigated in [45] combined with series expansion and
variational iteration methods.
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It might be pointed out that positive dynamic models are
an essential tool to describe some real world applications as,
for instance, medical, biological, or epidemic models. It has
to be pointed out that a major advantage of the use of g-
calculus is that it does not need the existence of limits or
restrictive regularity conditions on the functions dealt with
in order to establish the formulation. In particular, derivatives
and higher-order derivatives of a wide class of functions exist
almost everywhere under the g-calculus framework [37].
In this context, the g-calculus formalism on differ-integral
systems is close to the classical one on difference systems
with the additional advantage that the parameter running the
samples can be chosen to be real so that it links the selection
of the sampling points in a multiplicative fashion. Such
sampling points are backward-in-time dependent on each
time instant for which the g-fractional solution is evaluated
while asymptotically vanishing to zero as the number of used
samples increases to infinity for each given time instant where
the quantum fractional solution is being computed.

L1 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

N=2Z, =72, U{0}; Ry, =R, U{0};

C, ={ze€C:Rez > 0}; Cy, ={z € C:Rez >0},

n:=11,2,...,n}.
1

The following notation is used to characterize different levels
of positivity of matrices.

Ry = {M = (m;) € R™™ . my; > 0sfor all (i, j) €
n x m} 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 € Ry,

RY™ = {0#M = (m;) € R™™ :my; > Osfor all (i, j) €
n x m} is the set of all nonzero n x m real matrices of
nonnegative entries (i.e., those with at least one of their
entries being positive). If M € R then M > 0 is used as a
simpler notation for M € R7".

RY" == {M = (M) € R"™ : M;; > O;for all (i, j) €
7 x m} is the set of all n x m 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 and 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.

Rl = {v=(v,vp....,v,) € R":v, > 0;foralli e}
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 € Ry, .

R = {0#v = (v, v5...,v,) € R":v; > O;forallie
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 > 0is used as a simpler notation for v € R’,.

RY, == {v=(v,vy...,7,) €R":v;>0;forall i €7} is
the set of all # real vectors of positive components. If v € R”
then v > 0 is used as a simpler notation for v € R .
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M = (M) e R™" is a Metzler matrix if My =
0; for all (i, j #i) € nxn. MR™" is the set of Metzler matrices
of order n.

The maximum real eigenvalue, if any, of a real matrix M,
is denoted by A, (M).

x> y,x > y,and x > y mean, respectively, x — y > 0,
x—y > 0,and x — y > 0 for x, y being any real scalars,
vectors, or matrices of compatible dimensions or orders.

The following fundamental result of [32] is concerned
with the unique left-sided solution on Ry, of the differential
fractional system (36).

Theorem 1. Consider the Caputo fractional differential system

of order o with p > 0 (potentially repeated) delays and 0 < q <
p distinct delays:

(“Dlx) @

S ! ka1 (k)
=tawl, e

s

1]
o

A;(t—h)+Bu(t); te€lab]

1

on Ry,, forany a« € Cy, withk = [Rea] +1ifa ¢ Z,
and k = aifa € Z;k-1,k € Zy,,0 = hy < h; <
h, < < h, = h < oo are distinct constant delays,
Ag,A; € R (i € p == {1,2,...,p}), are the matrices of
dynamics for each delay h;, i € puU{0}, B € R is the control
matrix and with initial condition of the state being given by k n-
real vector functions @; [-h,0] — R", withj € k—1U{0},
which are absolutely continuous except eventually in a set of
zero measure of [—h,0] C R of bounded discontinuities with
(pj(O) = xj(O) =x7 (0) = Xjo j € k-1u{0}andu: R,, —
R"™ is a bounded piecewise continuous control function. Then,
the unique left-sided solution of (2) is given by

k-1

x(t) = Z <®txj0 (1) x50

i=0

p

+ ; Jhi D, (t 1) Ao (7 - hy) dT)

3)

Pt
+;LA O, (t-1)Ax(t—h)dr

t
+I O, (t—-1)Bu(r)dr; teRy,
0

withk = [Rea] + lifa ¢ Z, and k = aif« € Z,, where
Dy (1) := tjE(x,j+1 (Aot");
By (£) 1= 17 Ega (Aot"), @
0 M\
oy (a?) = 3 o)

=0

jek-1U{0,a}
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fort 20 and @y (t) = @, (t) = 0 fort < 0, where E, j(Aqt")
are the Mittag-Leffler functions.

If g-calculus is used then the integral formulas of
Theorem 1 are not necessary to calculate the fractional
Caputo-type solutions of any order as shown in the subse-
quent example.

Example 2. Consider the differential equation x(t) = ax(t),
x(0) = x,. The standard solution for any real g € (0,1)
and t > 0is x(t) = e x(qt). It is globally stable (resp.,
globally asymptotically stable) for a < 0 (resp., for a < 0) and
nonnegative for any a € R if x(0) > 0.

The use of g-calculus for D x(t) == (x(t)-x(qt))/(1-q)t =
ax(t) yields

x(t) =x(qt) +(1-q)atx(t); (5)
then, the solution becomes

x(0) = 1_EC(qt)

T—(-qat ©

(a) If a > 0 then it is positive if x(0) > 0 and 0 <
t < 1/[(1 = g)a] but any g-solution is unbounded if
x(0)#0 and |x(¢)/x(gt)| > 1if 0 <t < 1/[(1 — q)a]
and |x(t)/x(qt)| = +oo if t = 1/[(1 — g)a].

(b) If a = 0 then x(t) = x(0) so that the g-solution is
constant, globally stable, and nonnegative if x(0) > 0.

(c) Ifa < 0 then x(t) = x(qt)/(1 + (1 — @)lalt) < x(qt) <
x(0); t > 0 with the first inequality being obvious
and the second one being proved by contradiction.
Assume that the second inequality is false. Then, there
ist > 0, so that thereis gt > 0, such that foranyn € N,
the subsequent contradiction is got:

x(0) < x(qt)
=(1+(1-q)lalt)x(®) < x(q't)
= (1+(1-q)lalqt) x(qt)

s.”S(1+(1_q)|a|qnt)x<qn+lt) (7)

<limsup (1+(1-¢q)lalq"t) x (qnﬂt)

n—+00

= HETm(l +(1-q)al q"t)x(q””t) =x(0).

Since x(t) is bounded for ¢ > 0 for any given x(0) then
lim, , x(t) = 0. Therefore, for a < 0 the g-differential
equation has a nonnegative g-solution on Ry, for any x(0) > 0
and it is globally asymptotically stable. On the other hand,
the Caputo fractional solution of real order « of the associate
fractional differential equation is

dx® (1)

(o)
t) =
0=

x(0) =xg t=0. (8)

=ax(t),

3
The formulation within the g-calculus framework leads to
t
£V (1) = x7V (0) + J ax (1)) dty,
0
(1) = 7P (0) + 27V (0)
t 7y
+ J J ax (1) dt, dt,
0 Jo
(a=j) Lo (j—1)
x“T @) =) %7 (0)
izzl )

ta Jt J’ij1 o JTI x (rj) drdr, dr,,

0 Jo 0

k
x(@®) =x9 @) = Z 7@ (0)
i=1

J 'x (1) drdr, dr,.

LS
”’JJ
0 Jo 0

Note that the solution is positive for any order « = kifa > 0
and x?(0) = 0fori = 1,2,...,k and x(0) = x(0) = x,.
Assume that, for a < 0, there is some ¢ > 0 such that x(t) = 0
and x;_;(r) < Ofort € (¢t,t + T) and some T > O since
it follows from continuity arguments that if it is negative at a
point it is also negative on some interval containing the point.
Then, the following contradiction arises:

0>x(t+T)

T %9 (1)

-

Il
—_

1

T T T (10)
+|a|J J J |x (i + £)| dr dr, dT,
o Jo 0

so that any Caputo fractional solution of any real order «
is nonnegative for t > 0 and any given initial conditions
x(i)(O) > 0fori = 0,1,...,k — 1. Since any solution is
nonnegative for any nonnegative initial conditions, then if



4
a < 0, one gets for the case of interest xP0) = 0 for
i=1,2,...,k

0<x(t)

t T T
—lal J J o J x (1) drdr, dr, (11)
0Jo 0

— x(0) - |al Lt LTH

= tlim x(t)=0

J 'x (1) dr dr, dt,
0

and then global (resp., global asymptotic) stability holds for
a < 0 (resp., for a < 0) while the solutions are nonnegative
for any nonnegative initial conditions and any real a. These
stability properties are independent of the nonnegativity of
the solutions since if x(0) < 0 then by continuity of the
solutions x(¢) < 0 in some interval [0, t,) so that

() = - |x (0)] + |al JO LH L Ix ()| dr dr, dr; 0

te[0,t,)
and t, = t,(x,) is large enough, since r(t) =
[ T . . . . . .
_[0 jo .[0 |x(ty )ldT dt, d; is strictly increasing since it

possesses a nonnegative integrand, so that there is t* € [0,¢,)
such that x(t*) = 0 and then x(t) = 0; for all ¢+ > t*, that
is, the solution reaches the zero-equilibrium in finite time
and global asymptotic stability is guaranteed. To evaluate the
error between the g-calculus solution and the standard one,
denote them, respectively, as x(t) = x*(t) + e(t) and x"(¢)
and then define the extended vector v(t) = (x*(¢), e(t))T. The
substitution of both solutions yields

ea(l—q)t 0
v(ity=| (1-q)at 1 v(qt); VteR,,.
1-(1-q)at 1-(1-g)at
(13)

Note that for a#0, the first eigenvalue of the matrix of
dynamics tends to +co if a > 0 and to zero if a < 0 while the
second one converges to zero ast — 00 in both cases. Thus,
the error between both solutions converges asymptotically to
zero if a# 0. If a = 0 then v(t) = v(qt), for all t € Ry,.

2. Preliminaries on Fractional
g-Differential Systems

Fundamental definitions of g-calculus are [35-38]

1_ n

lal, = 1_‘2,

acR, qge(0,1). (14)
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The g-power function is

@-0 =1,

If z € Z, then the g-power function is
z-1
@-b2=1,  @-0?=[][a-bd"] 6
k=0

leading, in particular, to (a - b)(l) = szo [a - bqk] =a-
b. Formula (16) is the g-analog of the Pochhammer symbol
(g-shifted factorial) [36]. The g-derivative of a function f is
defined by

fgz) - f (@)
(q-1)z ’ a17)

(qu) (0) = lim (qu) (=)

(qu) (2) =

[35, 36] and the g-derivative of high n-order of a function f
is defined by (Dgf)(z) = f(z) and

(Dif)@ =D, (D) f) (@), neZy. — (8)
Lemma 3. The following properties hold.

(i) The commutation property Dé(DZf)(z) =
Ds(Déf)(z); forall j,k € Z,,, forallq € (0,1)
holds for any real z # 0.

. . ik —_

(ii) TT 'commutatzon property Dé(qu)(z) =
Dq(Déf)(z); forall j,k € Z,,, forallq € (0,1)
holds for z = 0 for any jk,n € Z,,, such that
n = j + k, provided that (D;f)(O) exists for any
ien={L2,...,n}

(iii) (Dg(f + 9)(2) = (Dgf)(2) + (D g)(2) or any real
z# 0, and also for z = 0 zf(D;f)(O) exists for any
ien={12,...,n}

(iv)
" _ 1 v (7 i),
(qu)<z)—(1_q)nzn;( 1) <j)f(qz), (19)

foralln € Z,, for all q € (0,1) holds for any real
z#0 and also for z = 0 if

w1 (& f(d7)
(03) 0= = 1;n0<]zo( ()25 ) eo
exist for alln € Z,,,.

Proof. First, note that for z+#0 the identity (DZ ) =
Dq(D;’_lf)(z) always holds for n € Z,,, with (Dgf)(z) =
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f(2z), which ensures the existence of (D;‘ f)(z)forn € Z, and
z#0. Proceed now by complete induction and assume that,
for some given k € Z,,, the commutation property below
holds for the existing (D;‘ f)(z) for any real z #0:

(Dif)(2) =D (D, f) (2) =

Then, by using the commutation property of the operator
(DqD’;’l) on D, f for any real z #0

(DqDZ_l) (qu) (2) = (DZ_qu) (qu) (2)
= (DD f) (2) = (DD, f) (2) (22)
= (D} 1)@

D, (Dg‘1 fl@. @

The commutation of the operator composition DZDq for any

nonzero z € Z, has been proven. Now, for any integer z > 2
we can find integers j,k € Z, (being nonunique for z > 3)

such that j + k = n. Hence, (DéDZf)(z) = (DZDéf)(z) =
(D{;k f)(z) and the result follows by taking an arbitrary n and
nonzero z € Z,. Property (i) has been proved. Property (ii)
can be proved in the same way for j + k = nand anyn € Z,
such that (D;f)(O) exists fori € n = {1,2,...,n}. Properties
(1)-(iii) have been proved.

On the other hand, the g-derivative operator (17) is a
linear operator [37], so that

(D, (f+9) (@) = (D,f) (&) + (Dy9) (). (23)

Property (i) and (23) yield for z#0, and also for z = 0 if
(D;f)(O) exists for any i € n = {1,2,...,n}, the following
relationships:

(D5 (f +9) @) = (D, (D} (f + 9))) @
(D (Dy(f +9))) @)
(Dy (Df) @)+ (Dg9))) () (24)
=D, (D} f) &) + (D} 9))) (@)

= (D!f) (@) +(Dlg) 2).

Hence, Property (iii) follows.
To prove Property (iv), define the time g-delay operator

z, on f as (z,f)(z) = f(qz) so that (zéf)(z) = f(q'2),
for all j € Z,, with (zg f)(z) = f(2). Now, for any nonzero

real z, assume that the property is true forn =0, 1,...,k and
some given k € Z, . Thus,
(D1) @) = z< v/ (1)1 (d2)
(25)

_ ((1 —zq)”f) (2)

 (1-9)"

forn =0,1,...,k from (19) (first identity) and the definition
of the operator z, (second identity). Then, one gets from the
definition of the g-derivative in (17) the use of the first and
second identities of (25) for (DZ f)(z), with n = k, the identity
(zq f)(z) = f(gz), and, finally, the second identity in (25) for
n=k+1:

(D} f) @ = (P, (D))

((l—z )(z) (l—z

((1-2,)F) (@2)
) (1-q)z*(1-q)2
(

((1-2)"F) @ - ((1-2,)2f ) @
- (1- )k+1 K+l
((1-2)"F)@
o (1-gfen
v ()
7 26)

so thatif (19) holds for any givenrealz# Oandn=0,1,...,k
for any given k € Z, then it also holds forn =0,1,...,k + 1
and such a nonzero real z. Then, by complete induction, (19)
is true for any nonnegative integer n. If (DZ f)(0) exists for
any n € Z,, the result also applies for z = 0. O

Assume that f : [a,b] — C" for some real interval
[a,b] c R. Then, the Riemann-Liouville left-sided fractional
q-derivative RLDZa .f of order « € Cy, of the vector function
f in [a, b] is point-wise defined as

("D, ) ®

1 of *
-—— [bD S
Fq(k—oc)< q<j (t— gy

where k = [Rea] + 1and T : C\ Z,. — C, where

= {n € Z : n < 0}, is the g-gamma function defined
as T,(2) = (1-q)“ /(1= 9" = (1/(1 - 9" HTR (1 -
qj )/(1 - qz+j Nz e C\ Z,_ which satisfies the following
relations [35, 36]:

Le+)=(1-97(1-9 7 =[e,l,, @8
where [z]q = (1 -4¢°/(1 —q) for z € R is a greal

number. Remember that the usual gamma function is defined
by T'(z) f;o " ledr; z € C\ Z,_. Now, we can
replace the standard simple and higher-order derivatives
under the integral symbol by their g-derivative versions to



build the Caputo fractional g-derivative CDZa . f byusing the
identities

dyf (1)
dr, (29)
=D, (D' f) @) = D (D f) @)

in [a,b]; then the Caputo left-sided fractional g-derivative
c

(Daf) @) = £ (1) =

D‘;a . foforder a € Cy, of the vector function f in [a,b] C
R, is point-wise defined as

(D, £)®

=;Jt(t o) (D f (@) dyrs (30)
rq(k_“) a r ’

€ [a,b],

where k = [Rea] + 1ifa ¢ Z), andk = aifa € Z,.
Note that the existence of f € C*((a,b), R") in (30) is not
required, as it is required in the standard fractional calculus
for the existence of Caputo derivatives since the existence
of the standard and higher-order fractional g-derivatives is
ensured.

Example 4. Consider the differential dynamic system

x(t)—ZA t—h)+Bu(t); tel0,00), (31)

where 0 = hy < hy < hy < -+ < h, = h < oo are
distinct constant delays, A, A; € R”";for all i € p are the
matrices of dynamics for each delay h;, i € pu {0}, B € R™"
is the control matrix and with initial condition of the state
being given the real vector function ¢ : [-h,0] — R”,
which is absolutely continuous except eventually in a set of
zero measure of [-h, 0] € R of bounded discontinuities with
¢(0) = x(0) = x5 j € p,andu : Ry, — R™ isabounded
piecewise-continuous control function. Some results about
the nonnegativity of the solutions of (31) by using standard,
fractional and g-calculus follow below.

Proposition 5. The solution of (31) is nonnegative on [0, 00)
forany ¢ : [-h,0] — R0+ andu : Ry, — Ry ifand only if,
A; eR)" for all i € pand A, € MR™".

Proof. The sufficiency part of the proof is direct since the
unique left-sided mild solution is given by

P
x(t) = e <x0 + Z J e A9 (T -h)dr
i=1 70

+ZJ ATA % (2 - hy) dr (32)

t
+ j e Bu (1) dT); Vt € Ry,.
0
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It turns out that, under the given assumptions, x : Ry, —
R0 . and then the solution is nonnegative; for all ¢t € R, since

e Ry for all t € Ry, since A; € MR™". On the other
hand,

x; (1) = eTeA" Xo

S(E ] e

j=1

X (Aij(pj (r-h,)dr
4 A
+ oA T—-h)d
;L 5, (= hy) ))

m p
+ er el et T)B,]u] (r - h;)dr,

Vt e Ry, icn

(33)

It is easy to see that it is always possible to get x;(t) < 0 by
construction if any of the conditions ¢ : [-h,0] — Rg,,
A; € Ry foralli € p,u : Ry, — Ry, orA, €
MR & ™' ¢ Rlsforallt € Ry, fails for some ¢ :
[-h,0] — Ry, and u : Ry, — Ry, by taking some
large component in either the initial condition function or
the control function corresponding to a negative entry of the
matrix whose positivity condition fails. O

Proposition 6 (Theorem 4.1(iii) of [32]). Any solution (37)
to any Caputo fractional differential system of fractional order
a € C,, is nonnegative independent of the delays; that is,
x(t) € Ry, for all t € [-h,t) N Ry, for somet € R, for any
set of delays satisfying 0 = hy < h; <h, <---<h, <h<oo
and any absolutely continuous functions of initial conditions
®; : [-h,0] — Rg, forall j € k-1U {0} and any
piecewise continuous control u : Ry, — Ry, if and only if
A, € MR™ fort € Ry, being sufficiently small. Furthermore,
x(t) € Ry, forallt € [-h,0) U Ry, either if, in addition,

Ay > 0orif Ay is nilpotent orif 0 < « < k = 1, A; € R)"
for all i € p) and B € Ry;™.

Proposition 7. Consider the q-calculus version of (31) under
similar initial conditions:

t t) &
(D) () = X0 ’“(‘” =Y A=)+ Bt
BCErI- (34)
t € [0,00).
Assume that ¢ : [-h,0] — Ry, u : Ry, — R\, A €

Ry for all i € p. Then,

(i) x(t) = 0; for allt € Ry, if either 1 > Ay; > 0 or
Ay <0and Ay = 0 for all i, j (#i)€ n.
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(ii) x(¢) > 0; forall t € Ry, if (~Ay) € MR} with Ay; =
-1 forcill i € nand éOij < 0 with Ay; < 0 for only
one j € 1 for eachi € n.

Proof. The solution of (34) is

x(t)=( —AO)_1 <x(qt) +(1- q)tiAix (t—hi));

Vt € Ry,

(35)
provided that (I — Ao)f1 exists. Since ¢ : [-h,0] — Ry,,
u:Ry, — Ry, A; € Ry, for nonnegativity of the solutions
the existence of (I - A,)”" € R’ is also required. Note that
if (I - Ay) € RT" and nonsingular then (I - A e RT"
if and only if (I — Ay) € R7™" is monomial (or generalized
permutation matrix, i.e., it has only a nonzero entry per
row and then only a nonzero entry per column). Due to
its structure, this condition can be fulfilled with A being
diagonal, that is, Ay; = 0 for i, j(#i) € 7 in order that
(I-A,) ismonomialand (I-A,) € RT". Then, (I - Ayl e
Ry if and only if for all i € 7 either 1 > Ay; > 0 or
Agy; < 0. Hence, Property (i) follows directly. Property (ii)
follows since, under the given constraints, (—A,) € MR™",

with Ay; = —1foralli € i, (I - Ay) € RT" and Metzler,
monomial (then nonsingular) so that (I - A,)™" ¢ R,
Hence, Property (ii) follows. O

The following extension of Proposition 7 is obvious.

Proposition 8. Proposition 7 still holds if A; : Ry, — R™";
i€nu{0}

3. Fractional g-Differential Dynamic Systems
of Order « with Internal Point Delays

The fractional Caputo g-differential dynamic systems of order
« can become modified from (2). The functions Fq(k - ),

DE([ (t - g0 f(r)dr,), and [ (t-qn)* T (DEf)
(T)dq‘[ are now displayed to be used later in order to solve
such a differential system. The combination of (2) with (24)
with the replacement of f(t) with x(t) leads to

1 t k—a—1 k
m Ja (t - qT) (qu) (T) qu
) (36)
= ZAix(t—h,-) +Bu(t); telab].
i=0
() Ifa e R, and «a ¢ Z,, thenk < a + 1, and
1 . (1 _ q)k—tx—l
I, (k- a) (1- q)(k*“*l)
(37)

7
(b) Ifx € Z, then k = &, and
1 1-gqg
= —— oL (38)
IO (1-9%

Now consider, from (2) and (24), the linear time-varying dif-
ferential functional left-sided Caputo fractional g-differential
system of order «

[eS) _ ktja
(CDZ;‘mx)(t)=(1—q)k‘Xll_[[—1 2 ]

i 1- qj+1

[ a0 P s
P
=Y A, (O x(t-h)+BOu)

i=0

withk-1<a(eR) <kk-1keZy,,0=hy<h <
h, <--- < h, = h < co being distinct constant delays; A, :
R,, » R, A;:R;, —» R" (i€ p:={1,2,...,p}),are the
bounded matrix functions of dynamics for each delay h;, i €
puU{0},and B: R), — R™™ is the control matrix function.
The initial conditions are given by k #-real vector functions
¢; : [-h,0] — R", with j € k—1U {0} and with ¢;(0) =
x;(0) = x(0) = xj,and u : Ry, — R™is a bounded
piecewise continuous control function. The Jackson integral
in the integral term in (39) becomes

r (t-qo)" (DZx) (r)d,t

a

= J (t-qr)" (DZx) (r)d,t

0

_ j: (t- q‘r)k_m_1 (Dgx) (r)d,t

_ (1 _ q) a Z (1 _ qn+1)k_“_1ak*lx*1qﬂ (DZ)C) (qna)
n=0

(40)

for t > a. By replacing the dummy argument 7 under the two
integral symbols in (40) by "t and g"a, respectively, since
(see [37]):

o0

[ f@dr=0-aty r@nd. @

n=0

The series in (41) is convergent for all ¢ € R, since the
function f satisfies | f(¢)| < BtC in a right neighborhood
of t = 0 for some real constants B > 0 and C > -1. So,
the Jackson integral in (40) is convergent since II(DZx)(t)II <

Bt“***17% in some right neighbourhood of t = 0 for real



constants B > 0 and C > -1 [37, 39]. Equations (40) and
(39), together with (18), Lemma 3 (see (19)), and (17), yield:

(“Dyerx) )

=) k+j—a
k-a-1 1-¢g
=(1-9) H[ 1-g/*l ]

-0
x (1-4q) [ti(l N R
=
<D () @0 -a) (1-")
xa " 'q"D((DS'x)) (¢"a) ]
iA O x(t-h)+B@u(t).
=
(42)

The following auxiliary results hold concerning the
product H?:O[(l - 4™)/(1 - ¢'™)] and the series

T (1= g T e g D(DE ) ().

Lemma 9. Define P, := (H?:O[(l ~ g/ -

Then, P, = g, P,for all n € Z,,, where

g™MD.

(@) Py =0and g, =1, foralln € Z,, so that P, = 0, if

«x€Zy;

® P = (1-4/01-q = (k-a),and g, =
(k+tn+1-a),/Yq <1 foralln e Z, ifa ¢
Z0+;

(¢) 3lim,,_, P, = P".

Proof. Note that

(1) Byyy /B, = (1= ) /(1= ) /(-4 (1~
q")) - lasn — 0o;

(2)ifk=a (€ Zy),P=0, P =0, PH/P =1lyP=
P, =P =(k-a), =[k-a],=[0], =

(3)if k#a (¢ R,), with a ¢ Z,, then Py = (1 -
q°)/(1-q) = (k- a), Py = (1-¢*)/(1-g))((1 -
4= ) = (1 + @)k — o) (k+1 - ), =
(k+1-0) /(1 + q)Py, P, = ((1 - 4/ -
q)P, = (1/(1 +q+ @)1 =g/ - )P, =
(I/Q+q+q Nk +2- (x) > P = g,P, with g, =
(k+n+1-a) /Zl Oq and g, < 1. Assume this is

k+n+1— oy k+2n+1-«

false so that g, > 1. Then, 1-q" g +q >
1- qn+1 qk+n a qk+2n+1 « and equlvalently, (_qn _
) Orq (1 q) < qk+n*06(1_

k+n+1 oc) > ( qn+1 k+n—-a

q) >1<q"< 11foc < k < a+ 1 (a contradiction).

O
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Lemma 10. Assume that ||(D];x)(t)IItkWﬂ"*1 is bounded in a
right neighborhood [0,t,) of t = 0 for some t, € R, and some
real constant 1 >y > 0. Define

st =Y (1-4")" g (Dhx) (q't)
i=0 (43)

Vt e Ry, VneZ,,.

Then, the following identities hold:

(1-")"" g [(Dhx) (') - (D) ()]

vVt €Ry,, VneZ,,

-

Il
o

1

=" (S(qt;n) - S(t:m);

(44)
2( 1-q")" g [(Dhr) (q7t) - (D) (4'1)]
=g (S (qt) - ST (1); Ve [ot),
(45)
(1) = — Y () +Sne (Gnt) + Sne (@nt) > (46)
- ()
(47)

$o
+ (- l)J .
i=1 j=0 1-g*") (1-¢)te

(5.
Su@i= 3 YT (Mg

i=N+j=0 (1= g*)(1-q)t
(48)
for any given N € Z,, if « ¢ Z,,, where k = [Rea] + 1,
q\N _ (q’qz"“,qN+k)’ ‘FiN — (qN+1 N+2 N+3 ) S (t) —

lim, , S(t,n); for allt € Ry,, since such a lzmztfunction

exists; for all t € Ry, and Sy,(t) — 0as N — oo;
for all t € Ry,

N+1
o y AN (ke + 1) (Ix (0)]) + )
Sae @nt)| < [ 4
| N (qN )| <qk> (1_Y)(1 _q)ktoc

)

(49)
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where {ey} is a nonnegative real sequence which converges to
0; y € R, is subject to

1
oy gm0, W> 0)

for any given N € Z,,,.
Equations (46)-(47) also hold for k = « (¢ Z,,) by

replacingk — « everywhere k appears. Consider

S(t,n+1)=S(t,m) +d (t,m) (Dix) (q"t);

Vte Ry, VneZy,,

. nr2\k=o=1 ko n+1 k n+1 (51)
3Jim [ (1-477)"" g (D) (¢7'1) | =0
vVt € Ry,

where d(t,n) = (1 — q”*z)k_a_ltkf“q””.

Proof. Since ||(sz)(t)||tkﬂ’7"‘71 is bounded in a right neigh-
bourhood [0,t,) of t = 0 for some real constant 1 > y > 0
then the Jackson integral

Jo (t-qr) " (sz) (r)d,r

=(1—q>§0(1

converges to a function F(tf) on [0,t,) which is a g-
antiderivative of (t—qr)k’“fl(DZx)(‘r) and which is con-
tinuous at + = 0 with F(0) = 0 and is a unique
(t - qr)k_["_1 (D’;x)(r) in this class of functions [39]. Note that
S(t,n) < S*(t) = lim,,_, ,,S(t,n); for all m € Zy,; t € [0,t,)
since the series S(¢, ) is convergent, since the Jackson integral
(52) is convergent for each fix t € [0, ), and non-decreasing
with z since it is consists of nonnegative terms. It follows from
(43), with the replacement t — gt, that

S(gt.n) = k —a [i( 1+1)k*a*1tk—aqi (Dgx) (qi+1t):|

= qk_“ (S (t,n)

+ i( 1+1)k a-1 k aqz

(52)

n+1)k o= ltk « n(

x)(q")

< [(0h) a0~ (04) (9] ):
(53)

for all t € [0,t,) and hence (44) follows. By taking limits
as n — 00 in (44), one gets (46)-(48) since the limit
S*(t) = lim,_, .St n) exists for all t € R, by using
Lemma 3(iv) for the expansion of the g-derivative of order k

since g — O0asn — co. Equation (49) follows by defining

Y = (l—qi“)(k_“_l)/iq < 1withy] <y < 1 for some
1 >y > g forall i (=>N)e Z;, and some N € Z,, or
equivalently

' . i ' i/(1+a—k)
(1-4")" kz(ﬁ) (:>12q’+1+<ﬂ> . (54)
y y

Hence, (46)-(48) follow from (55) for some strictly decreas-
ing real sequence {ey} € R, such that |x(q’"t)| < | x(0)|+ens
for all i (>N)e Z,, for j=0,1,...,k. O

The quantum Caputo fractional solutions have explicit
expressions as formulated in the subsequent result.

Theorem 11. Consider the left-sided q-fractional Caputo solu-
tion of or fractional order « of the functional differential system

p
<CD:0+x) (t) = ZAi(t)x(t_hi)+B(f)u(f); € [0,00)
i=0

(55)

with initial condition of the state x : [-h,c0) — R” being
defined by k n-real vector functions ¢; : [~h,0] — R, with
jek—1U{0}and ¢;(0) = x;(0) = x(0) = xjp jek-1U
{0}, and u : Ry, — R"™ is a bounded piecewise continuous
control function and h = h, = max, ;. h;.

Thus, the unique left-sided solution of (55) is calculated
almost everywhere via analytical expressions obtained from
Lemma 10 as follows.

(i) Ifa ¢ Z,, so that k =
given N € Z, that
-1
I-A (t)>

X <iAj (t)x(t—hj) —(Py+py) (1-9)
=

[Re«] + 1 then one gets for any

_ (Py + p)
x(t) = (—(1

)20( k+1

X [§Nt (Gnt) + Sne (th)] + Bu (t) > ;

(56)

for all t € TRy, where TRy, == {t € R, : ((Py +
pn)] (1 = @* KU — A (1)) is non singular}.
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(ii) If k = (a« € Z,,) then one gets for any given N € Z,
that

-1
1
x(t)=<—och I-A (t))

(1-9)™"

X (ZAj(t)x(t—
=1

)

h;) = Sxe (dnt)

~Snit (Gnt) + B u(t) >

-1
= < (1 _ ql)OH-lt“I - AO (t)>

(S as0t-n)

j=1

+mx(t) -S* (@) + B(t)u(t));
—-q

(57)

forallt € TR,, where TR, = {t € R
((1/(1 = @) — Ay(t)) is nonsingular}.

+

Proof. One can evaluate the approximation of (42) fora =0
and & ¢ Z, by using (46) as

(“Daox) () = (Py+py) (1-9)"
1 P
[Wx(t)"'SNt(th)

+Sxt (Gnt) ]

P
= Z(;Aj(t)x(t—hj)+B(t)u(t) if a ¢ Zy,,
p=
(58)

where

§Nt (th) —0
Vt € Ry,

pn =P =Py —0,
(59)
as N — 00;

with py — 0,05(t) — O0Oas N — oo, forallt € R,.
On the other hand, fora = 0 and k = « (€ Z,,), note that

1/T(0) = (1 = @ “([I32[(1 =47 )/(1 = ¢'™)]) = Py +

Abstract and Applied Analysis

py = 1 from (37)-(38) so that (58) (with k =
simpliﬁed as follows:

( q0+ ) (t)

«) becomes

1
#x (1) + SNt (Gut) + SNt (Gnt)

(1-49)

P
=Y A;Ox(t-h)+B(g)u®) ifk=(acZ,).
=0
(60)
Thus, the (unique) left-sided solution of (55) follows directly
from (59) and (60). O

A variant of Theorem 11 might be obtained in a simple way
by selecting the initial point a = a(t) = t — { so that the real
interval [t — a(t), t] has a constant measure for each t (=h)
€ R, independent of t. For that purpose, one implements
the quantum fractional left-sided Caputo derivative with the
operator (CDZ(t—() LX)(t) replacing (CDZ0 ,x)(t) while fixing
a(t) = t — { in (42) to reformulate (55) with the appropriate
“ad hoc” modifications of (56) and (57).

Theorem 12. Counsider the left-sided q-fractional Caputo solu-
tion of or fractional order « € Ry, of the functional differential
system

(“Digye ) @

(61)

) + Bu (t); € [0, 00)

—ZA @) (t-h

for some prefixed { € R,, with initial condition of the state
x : [=h,00) — R" being defined by k n-real vector functions
¢;: [-h,0] — Ry, with j € k — 1 U {0}, which are bounded
with ¢;(0) = x;(0) = x(0) = xj, j € k—=1U {0}, and
u : Ry, — R"isa bounded piecewise continuous control
functionand h = h, = maxlggph,-.

Thus, the unique left-sided solution of (55) is calculated
almost everywhere via analytical expressions as follows.

(i) Ifa ¢ Z,, so that k =
given N € Z, that

-1
x(t) = (((PN—pN)I A, (t))
1

)Za k+1
<ZA t)x(t—h;) +B@E)u(t)

+ (Py +py) (1 - ‘I)k_a

% (Sneg (@n (= 0)

[Re«] + 1 then one gets for any

+§N(t—() (@ (t=0) = Sne (Gnt) = St (th)) ) ;

(62)
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forall t € TRy, where TRy == {t € R, : ((Py +
pN)/(l q)z“ ket o ) — A (1)) isnonsingular}, where
SNt _t)(gnt) and Snie- 0(@nt) are got by replacingt —
(t = Q) in their counterparts Sy, (Gnt) and Sy, (Gut)
defined in (47)-(48).

(ii) Ifk = (« € Z,, ) then one gets for any given N € Z, that

-1
1
= —————T1-A,(t
0=t 4
P
x<z JOx(t-h;)+ B u(t)
j=1

+Snie-o (@n (= 0) + Sneo)

X (G (t =) = St (@nt) — Sne (@nt) ) ;
(63)

forallt € TR, where TR, = {t € R,
((r/1 - q)“”t Y — Ay(t)) isnonsingular}, where
SNt _t)(gnt) and Snie- 0(@nt) are got by replacingt —

(t = Q) in their counterparts Sy, (Gunt) and Sy, (Gyt)
defined in (47)-(48).

Proof. It is omitted since it follows directly as that of
Theorem 11 by using (42) witha = a(t) = t — {, for all ¢ €
Ry, . O

The following auxiliary result is useful to then formulate
the solution calculation under a finite truncation of the
infinite series associated with the Jackson integral.

Lemma 13. The following properties hold.

(i) Foranye € R, and any finitereal T, > e and T, > {+e¢,
the limits below exist:

Nh_rPOOSNt (Gnt)=0; teleT), (64a)

Nli_r)noo [§Nt (@nt) = S0 (@n ( - C))] =

te[(+eT,).

(64b)

(ii) Assume, furthermore, that the solution x : R,, — R”
of (61) has the following property:

. x(qt) x(d@-0) 2\
llﬁigp(f;g (- 0° ‘ oo >_
(65)
Then, the limit below exists:
lim lim [SNt (@nt) = Snie-o) (@n (= C))] =0.  (66)

t— 00N — 0

11
Proof. One gets from Lemma 10, (48) that
|'§N(t—() (QN (t- ()) - §Nt (th)"
q k
R —r
;ﬂjzo (1- ’“)( —q)" \J
(o) sy
t-0° te
) qN+1
(1-9)""'(1-g"*)
1 i y
csup [ e (o - 0)] e (a)D)
Vi (=) € Ry,
(67)
since
00 qi 0 qi
i:;d-l 1-gq*! - i:;H 1-q
(o) qi qN+1 (68)
- i:gﬂ =g = (1-q) (1- )
In a similar way, one can obtain
N+1
Swe (Gnt)] < !
|| Nt \IN “ (1 _ q)k+1(1 -~ qN“) ()

xsup[ (e (@05 veer,

and hence Property (i) follows since one has from (67) and
(69) for some finite positive real constants M; = M(e, T;)
and M, = M({ + ¢, T,) that

5w 0l =
< sup sup [ (e (o )]
K fN<M gy Vel
[Sne @xt) = Snegy (@x = )]
24N M,

s Vte[(+eT,).

S g

(70)
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Note that if the solution of (61) satisfies (65) then

[Sxe—o) @ (¢ =) = e (@nt)]

zzw 1

i=N+1 j=0 Hl)( )

g2-12)
(x@%blﬁ_

-0

quNH

1-qg N

<

@)

(71)
Then,
lim sup [Sy-g) (@y (¢ = ©)) = S (@)

<x(qi (t-0) x(tzit)>11>

t-0*

K N+1
< lsq lim sup (sup

—q t-o0 i>N

(72)
so that

0< litnigleiinoo '|§N(t—() (QN (t- C)) - §Nt (th)”
(73)

N-oo 1 t— oo

N+1
S( lim qu >hmsup(0(t—() )=0

and then 3lim, _,  limy _, ||§N(t_() @Gnt-0)- §Nt(th) I =
0. Hence, Property (ii) follows. O

The subsequent result follows directly from Theorem 12
and Lemma 13.

Theorem 14. The following properties hold for o € Ry, .

(i) Ifa ¢ Z,, so that k = [Re«] + 1 then one gets
lim
N —

-1
P*
t)—| —————I-A,(t
00 x() <(1_q)20ck+1ta O()>

P
x(ZAﬁO—h»+B@u@
j=1

+P'(1-q)

- (§N(t—c) @yt -0)

_§Nt @Nt)) > " =0;

t € TRy,
(74)

Abstract and Applied Analysis

foranyreale € R, and { + € < T < oo, where

TRy, = {t €[l+eT):

<(1—q)1271t°‘1 -A (t)> is nonsingular} .
(75)

It in  addition, A, s
limsup, _, o (sup.yllx(q't)/t* -
ON/E =% = Ot = {)*) = 0 then

nonsingular  and
x(q¢ -

hm hm
t— 00N —

x (1) + Ay (t)

P
x(ZAﬂﬂxO—%)+Bmuﬁ)
j=1

P*(1- ‘J)kia (§N(t—() (@ (t-0)

~Sne @Nt)) > H =0

(76)

(ii) If k = (a € Z,, ) then one gets

-1
1
xw—<——f;—4 AUO
0 (1-q)"" 1

lim
N —
<§<A(ﬂx(r— )+ Bu(t)

+ S0y (@n (£ = 0)) = S (Gnt) > " = 0;

t e TR,
(77)

foranyreale € R, and { + ¢ < T < oo, where

TR, : :{te[C+s,T):

( 1
(1 _ q)oc+1

I-A (t)) isnonsingular}.
(78)
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If, in addition, A is nonsingular and limsup, _,

(supys n Ix(q D)/t =x(q' (t=0) /(£ = O)*-O(t - O)*) =

0 then
tlirrgol}lm x(t)+A, (t)

P
X (ZAj (t)x(t—hj) +B(t)u(t) +§N(t—()

j=1
x (qy (t =) = Sy (Gnt) > H =0
(79)
4. Nonnegativity of the g-Solutions of Caputo

Fractional Order o

The following two results hold for the nonnegativity for
all time of the solutions of (55) under certain nonnegative
controls.

Theorem 15. Consider the Caputo fractional g-differential
system of order « € R, (55) under a piecewise-continuous
control vector function u : Ry, — Ry, and any set of
vector functions of initial conditions ¢; : [-h,0] — R§

0+
forall j € k—1U {0}. Assume also that o« ¢ Z,,, B(t) =
(b;(1) € R is a monomial diagonal matrix (ie., b; >

0 and bij = 0; foralli,j (#i) € n) and that the co;altrol

components satisfy the constraints for some N € Z, and some
real nonnegative strictly decreasing sequence {e,}:

u; (t)

> max<0 b ()

X < (Py +pn) (1 _Q)k_“

N+1
X [eiTgNt (gnt) - (%)
e D) (O + ) ]
(1-y)(1-q) ¢

p
_Zle?ij(t—hj)»; Vien, Vt €R,,,
=

(80)

()

j=0

where e; is the unit Euclidean vector of R" with its ith
component being one. Then, the solution of (55) is nonnegative,
that is, x : [-h,0] UR,, — Ry, under a nonnegative real
controlu : Ry, — Ry, if one of the following conditions holds.

13

(C1) Either (Py + pn)/(1 = @) F1% > Apu() > 0 or
Ag;i(t) < 0 with limsup, _, ,Ag;(t) < 0 and Ay;(t) = 0,
forall i, j (#i) en, for all t € Ry, or

(C2) (A1) € MRT", Ay(t) = —(Py +
pa)/(1 = @) 1%, forall i € 7, Ag;(t) < O with Ag;(t) < 0
for only one j € n for eachi € n, for all t € R,.

Proof. Since a ¢ Z,,then k = [Re«] + 1 and one gets from
(55)-(58), (49), and (80) that

x(t)2<(1_

-1
Py +pn
—J-A
q)th—k+1 " 0 (t)>

P
X <ZAj(t)x(t_hj)_(PN+PN)(1 _Q)kﬂx

o Y\ e+ 1) (lx (0)] + &)
X[SN’W)+(_"> (1) (- e

e] +B(t)u(t)>

vVt € Ry,

(81)

since (P + p)/(1 = @ F ) = A (1)) ¢
R7"forallt € Ry, under any of conditions (Cl) or
(C2) where € € R" is a real vector with all its components
being one, since

< iA (0)x (£ = ;) = Sy (@nt) + <lk>N+l

q

e+ 1) (Ix (Ol + &)
(1-y)(1-q) ¢

k
> ¢ (82

(K
v/ (%)
= ]

+B(t)u(t) > >0; VteRy,

from (80) and any of (Cl)-(C2) implies the existence of

(((Py + pa) /(1 = @)** * 1491 - Ao(t))‘1 € RV forallt e
R,,. O

Theorem 16. Under similar assumptions for the control, the
matrix B and the initial conditions as in Theorem 15, assume
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that o = k € Z,,, B(t) = (b;(t)) € R and that the control

components satisfy the constraints

u; (t) > max (0, b, (t)

N+1
x (eiTgNt (Gnt) - <%>
(k+ 1) (Ix 0)]l + &)
(1-y)(1-9)t

P
_ZleiTAj(t)x(t—hj)>>;
i

Vt € Ry,

2 (5)

j=0

Vien,
(83)

for some N € Z, and some real nonnegative strictly decreasing
sequence {e,}. Then, x : [-h,0] UR,, — Ry, under a
nonnegative real controlu : Ry, — Ry, if one of the following
conditions holds.

(C3) Either (1 — @) /(1 — @)*"™t% > Ay;(t) > 0 or
Agi(t) < 0 with limsup, _, ,,Ag;(t) < 0 and Ay(t) =
Ofor all i, j (+1i) € n; for each t € Ry, or

(C4) (~Ay()) € MR with Ay (t) = —(1 - ) */(1 -
q)**'t% for all i € riand Agi(t) < 0 with Ag;(t) < 0 for only
one j € n foreachi € n; for eacht € Ry,.

Proof. Since « (=k) € Z,,, one gets from (55)-(58), (49), and
(83) that

-1
x(t)Z(ﬁI A (t))
-4

X <ZAj(t)x(t—
=1

R y N+1
X SNt(éNt)+<7>
q
(k+ 1) (llx (0] +&x)

(1-y)(1-q) e

(3| o ) o

Vt € Ry,
(84)

s

hj) ~(Py+pn) (1= Q)}Hx
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since there is ((1/(1 — )" t*)I - Ao(l‘))_1 e R forallt e
R, under any of conditions (C3) or (C4). Then,

-1
x(t)Z(WI A (t))
-4

(ZA (1) x (£ = hy) = Sy (@nt)

N+1
(VD (Ix 01+ ey)
+B(t)u(t) (qk> (l_y)(l_q)kt"‘

s}

()

j=0

(85)

from (83) and any of conditions (C3) or (C4) imply from

Proposition 7 the existence of ((1/(1 — q)““t“)[ - Ao(t))_1 €
R, for all t € Ry,. O

Remark 17. If the g-Caputo fractional differential system (61)
is considered instead of (55), Theorems 15 and 16 apply with
the replacements

"§Nt (th)" - ||§N(t—C) (Gn (t=0)) - gNt (th)" ;
"gNt (Eth)" - "gN(tf() (@ (t =) ~ Sne (‘7Nf)||

for any given { € R, and for all ¢ (> {)e R, with the second
replacement leading to the replacement below in (80)-(85)
from (67) so as to keep the validity of both theorems under
the modified nonnegative controls (80) and (83), respectively:

< ¥y )N“ (k+ 1) (Ix O] + ex)
q" (1-p)(1-9) =

qN+1
—>2(1_q)k+1(1_qN+1) (87)
csup | o ([ (@ €= D) = (@) |

Vi (=) € Ry,.

Theorem 15 is extendable for a nondiagonal square or a
rectangular control matrix as follows.

Theorem 18. Consider (55) with o ¢ Z,, under a piecewise-
continuous control vector function u : Ry, — R{,
with m < n, and any set of vector functions of initial
conditions ¢; : [~h,0] — Ry, forall j € k—1U {0},
Assume also that B(t) = (b;(t)) € R has positive rows
biT(t) = (b,(t),b,(t),...,b,,(t) € R, that the control
components of u(t) are generated as uj(t) = /\j(t)m(t), where
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A+ Ry, — Ry, and the solution nonnegativity lower-

bounding function m : R,, — R, satisfy the constraints
infteRmminieﬁ(Z;":1 b; (A1) > 0, and

-1
m (t) > max {(Zbg tA; (f)>
1€n ]:1

x ( (Py +pn) (1 _Q)k_“

) [<1>N+1 (k + D) (Ix O] + &)
q (1-9)(1-q) e

|

p
~Y el A;(t)x(t—h;) -e Sy, (th)>} ;
j=1

vVt € Ry,
(88)

X

yev()

for some N € Z, and some nonnegative strictly decreasing
sequence {e,}. Then, the solution of (55) is nonnegative under
a nonnegative real control if either (C1) or (C2) of Theorem 15
holds.

The proof of Theorem 18 is direct and then omitted. Close
extensions to Theorem 18 for Theorem 16 (¢ = k € Z;,) and
for Remark 17 (the Caputo fractional derivative operator is
defined on finite sliding intervals) can be directly made for a
nondiagonal square or a rectangular control matrix.

Theorem 19. Consider (55) under any set of bounded vector
functions of initial conditions ¢; : [=h,0] — Ry,, for all j €
k —1 U {0}. Assume also that B(t) € R7™, withm > n and
rank B(t) = n, for all t € Ry, and that the following control
law is used for some given bounded vector functionu, : Ry, —

Ry :
u®) =B () (BOB (1) u, (1), (89)
P
w () =uy ()= Y A; () x(t-h;)
j=1

+(Py+py) (1= Q)k_a

|5 G + (2 Mk +1) (Ix (O)]] + &)
[ o <q) (1-7)(1-q) s

k
i(k
-1) ( >
> (-1 j
Then, the following properties hold.

X

j=0
(90)
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(i) The solution of (55) is nonnegative and bounded if « ¢
Z,., and either condition (Cl) or condition (C2) of Theorem 15
holds. If, in addition, uy(t) — 0ast — oo then the solution
x : Ry, — Ry, of (55) converges asymptotically to x, = 0
so that (55) is globally asymptotically stable for any control law
and any set of vector functions of initial conditions satisfying
the given constraints.

(ii) Property (i) also holds if « = k € Z,, and either
condition (C3) or condition (C4) of Theorem 16 holds.

Proof. Since rank B(t) = nfor all t € Ry, and, since m > n,
the right generalized inverse of B(t), Br_iéht(t) = (B(t)BT(1))!
exists for all t € R, and then (89) is well-posed. One gets
from Theorem 15, (84), after substituting (89) into (81)

-1
Py +pn
)Yz ————I1-A,(t t) > 0;
x( ) <(1 _q)z"“k” fa ()( )) uo( ) (91)

Vt € Ry,

since 1, : Ry, — Ry and either condition (Cl) or condition
(C2) of Theorem 15 holds. Then, x : Ry, — Ry, and itis
bounded since u, : Ry, — Ry’ is bounded. Note also that
a similar upper-bounding expression for x(t) can be got by
rearranging signs in (81) resulting to be

Py +pn

x(t)S((l_

-1
T A (t))
q)za k+1 o 0

s

X < ZAj(t)x(t_hj)_(PN+PN)(l _Q)kia

N+1
S (a2
X|:SNt(‘ZNt) (qk>
 (k+ 1) (lx O] + en)
(1-9)(1-q)"t

k
;(—1)1' <’]‘> a] +B@®)u(f) > > 0;

vVt € Ry,
(92)

X
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so that

-1
1
0< (WI AO (t)) Uy (t) < x(t)

-1
1

o — 1 A

<<(1—q)““t°‘ 0()>

N+1
X<u0(t) (q) (k+ 1) (lx )] + &x)

(1-y)(1-q) =
)

Thus, if uy(t) — Oast — oothenx(f) — Oast — oo

N+1

since (y/q) (k + D(Ix(0)] + ex)/(1 - p)(1 — @) ¢*
ast — oo and Property (i) has been proved. Property (ii) is
similar to the solution satisfying

1
x> ((1 e
[l

N+1

Note that (y/g") " (k+ D(Ix(0)]l +ey)/(1 ~ p)(1 - g)*t*
converges to zero as N — oo andast — oo. Thus, for any
givene € R, and N € Z_ thereist, = t,(N, ¢) € R, such that

Sy

Jj=0

(93)

— 0

-1
I—Ao(t)> uy (£) > 0; VteRy,.

(94)

<1>N+‘ (k+ 1) (Ix O + &)
q" (1-y)(1-9) e

(95)
Vt(=t,) € R,.

As aresult, if u, (¢) in (90) is replaced with

wa (¢

X [§Nt (th)‘*(%) )
(k+ D (Ix 0)] + ex)
(1-y)(1-9)t5

)]

The following result is a consequence of Theorem 19 and
Theorems 15-16 under a control law given by (89) and (96).

k—a

u; (t) = uy (t )"’(PN"'PN)(l“I)

(96)

Corollary 20. Consider (55) under any set of bounded vector
functions of initial conditions ¢; : [~h,0] — Ry,, for all j €
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k —1 U {0}. Assume also that B(t) € R}™, withm > n and
rank B(t) = n, for all t € Ry,.Then, the following properties
hold.

(i) If « ¢ Z,, and the control law (89)-(90) is replaced
with (89) and (96) then under either condition (Cl) or
condition (C2) of Theorem 15

(Py + pn)

-1
x(t)Z((l_ pET ~I- 4, (t))

ot
Y

< 1 )A>

———1]e | >0

o tOC

lim inf (x () =AY () (uy (1) +€8)) 2 0 (98)

vVt € Ry,,

for any given € € R, and N € Z, and some t, =
to(N, ) € R,. Asaresult, lim ianOO(x(t)—A_olsé) >
0ifuy(t) — Oast — oo.

(ii) If « = k € Z,, and (90) is replaced with (96) for k = «
then under either condition (C3) or condition (C4) of
Theorem 16

-1
x(t) > <mI—AO (t))

N+1
. (uo 0+(2) e 1 (12 O + o)
1 (1-y)(1-9) (99)

k
i(k 1 1
X (-1)"() <_0c__oc>é ZO,
vVt € Ry,
and (98) holds.

Example 21. From Theorem 11, (57), one concludes that (55),
under any set of nonnegative set of real vector functions of
initial conditions on [-h, 0] and any admissible nonnegative
control vector function, has a limiting nonnegative g-solution
of (Caputo) fractional order « € Z, satistying

-1
liminf<x(t)—<%1 A (t))
e (1-4q)

(100)

<ZA (t) x (t - b +B(t)u()>>20

if 3((1/(1 — @)“H't*)I - Ao(t))7 for all t € R, in order that
the g-solution of (Caputo) fractional order « € Z, of (55)

exist for t € R, some of the two sets of constraints below
holds:
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(1) One has liminf, , (Aq@) - (1/(1 - q)"“rlt‘")l)_1 <

0, liminf, ,  A;(¢) > 0; foralli € p,
liminf, | B(t) > 0.
The first above condition implies

3 limtﬂoo(—Agl(t)) = —A(_)éo > 0so that (—A,,,) isa
monomial matrix which implies thatif A, € MR™"
then it is diagonal nonsingular with negative diagonal
entries.

—_A7L

000?

0; foralli € P,

(2) One has Ellimt_wo(—Aal(t)) =
-A,l (liminf,_, (A,() =
-A, (liminf,_,  B(t)) > 0.

Note that it has been used that for & > 0, Sy (Gnt) — 0,
Sny(@Gnt) — Oast — oo, for all N € Z, from (47)-(48).

If « = 0 then the existence of A[)(l)o is not required
and the first constraint of each of the above sets is changed
to the existence of liminf, | (A,(t) — (1 - q)_ll)_1 <
0, that is, limsup, | Ay(t) < (1-g)"'I provided that
limsup, _, JIIA,@®, < (1 - q)_1 to guarantee the nonsingu-
larity of (A,(t) — (1 —g)~'I).

Ifa ¢ Z,, and k = [«] + 1 then the above constraints
have to be amended via (56) with the replacement ((1/(1 —
Q) ) = (PH/(1 - g/ 1)),

On the other hand, note that the various above results and
properties given in the above remarks within this section lead
directly to sufficiency-type conditions for the nonnegativity
of the quantum fractional solutions and their limit values
under the proposed control laws.

Remark 22. If the g-Caputo fractional differential system
(61) is considered instead of (55), then Theorem 19 and
Corollary 20 hold under modified equations (90), (92),
(93), (95), and (96) being subject to replacements (87) and
Sne(@nt) = Sne-0)@n(t = 0)) = Spe(Gnt)) for any given
{ € R, and for all t (= {) € R, (see Remark17). On the
other hand, modified equations (97) and (99) remain valid
under the above replacements together with the additional
replacements 1/t — (1/t; — 1/(ty—{)%) and 1/t* —
(1/t*=1/(t = {)). A variant of the disposal can be made with
the replacement of { with a function { : R,, — R, with
((t) <t forall t € Ry,.

Remark 23. In the delay-free case and in the case that the
delays are time-varying, the given formalism is extendable
under minor modifications. For instance, assume that the
delays satisfy the constraints t — ;(t) = g 5, for all i € p,
for all t € Ry, for a set of positive real constants satisfying
G(t) < ¢, (), foralli € F, forallt € Ry,. Thus,
an appropriate solution of (61) in discretized form can be
organized on intervals [¢; — {;(t;), ;], for all i € Z, according
to the subsequent algorithm.

Step I (initial point). Select an initial point t; € R,.

Step 2 (sequence of points to construct the discrete solution).
Fix a strictly increasing string of positive real numbers
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(t;ty,ts,...) such thatt;,, = g ™t .for all i € Z, and some
given sequence {m;(t;)} of positive integers.

Step 3 (sequence of interval lengths to construct the discrete
solution recursively). Fix a string of interval (nonzero) mea-
sures ({,(t,),(,(t,), {5(t5), . . .), which are the measures of the
computation intervals [t; — {;(t;),¢;], for all i € Z, in (61),
such that {;,,(t;,,) = q "%t foralli € Z, for some
sequence {j;(t;;1)}, of nonnegative integers, with j;(¢;.;) <
my(t,), satisfying 1 < g ™" — g7 for all i € Z, so as
to guarantee the algorithm running constraints:

t,< (g™ - g i)t <t =gty VieZ,.
(101)
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