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Abstract: This paper presents the dynamical aspects of a nonlinear multi-term pantograph-type
system of fractional order. Pantograph equations are special differential equations with proportional
delays that are employed in many scientific disciplines. The pantograph mechanism, for instance,
has been applied in numerous scientific disciplines like electrodynamics, engineering, and control
theory. Because of its key rule in diverse fields, the current study establishes some necessary criteria
for its controllability. The main idea of the proof is based on converting the system into a fixed point
problem and introducing a suitable controllability Gramian matrix G.. The Gramian matrix G, is used
to demonstrate the linear system’s controllability. Controllability criteria for the associated nonlinear
system have been established in the sections that follow using the Schaefer fixed-point theorem and the
Arzela-Ascoli theorem, as well as the controllability of the linear system and a few key assumptions.
Finally, a computational example is listed.
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1. Introduction

In dynamical control systems, controllability is an essential tool and plays a vital role in diverse
fields of sciences and engineering. In such systems, to achieve a specific goal, an input control
function is acquired to drive the system state from some known state to a desirable state. The
dynamics of control systems are usually modeled using ordinary differential equations, partial
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differential equations, or even more precisely fractional order differential equations. The research
work done in [1-3], demonstrates some modern and classical work on control theory.

In recent years, an increasing interest has been seen in fractional mathematical models in order to
increase the quality of modeling real-world phenomena and enhance system stability. Fractional order
derivatives have gained a nominal rule in modern research in diverse fields of science such as physics,
chemistry, mathematical biology, and engineering. Being an accurate and precise method of modeling
dynamical systems, it has attracted many great researchers and mathematicians in various applied
circumstances; see [4—10] for details. In contrast, integer order controllers have been generalized to
fractional order controllers [11], whereas Manabe has explored fractional order systems in the area
of automatic control. Similar work on fractional order controllers and discretization techniques has
also been carried out in [12]. Stability analysis of a noninteger order PID controller, optimization,
and design have been explored in [13]. For further study on some new ideas in dynamic systems and
control in the framework of fractional calculus, we suggest the research work done in [14-20].

Several systems in our surroundings have a great dependence on their entire past states besides
their reliance on their recent states. Such systems include chemical processes, transmission lines,
rolling mill systems and our industrial systems. Laplace and Condorcet introduced delay differential
equations and delay integro-differential equations in the eighteenth century to model such systems
mathematically. Many techniques have been used in the literature to solve such systems with state
or control delays [21-23]. Several research studies have also been carried out towards applications
of noninteger order systems in diverse fields, and some useful results have been obtained. In the
controllability analysis of nonlinear systems, the main difficulty one has to face is the solution of
such systems. The most commonly used techniques for finding solutions are the numerical technique,
the spectral method, etc. Due to its high accuracy and precision, the spectral method of solutions is
advantageous over the other methods of solutions. A similar method of solutions has been utilized in
the solutions of linear fractional differential equations by the authors in [24-30].

Among other qualitative aspects like stability, existence, uniqueness of solutions, etc.,
controllability is a key concept and has a tremendous role in mathematical control theory. It is used to
control an object’s behavior to get the intended result. In recent approaches toward the controllability
of nonlinear systems, the most powerful and appropriate method is the fixed-point technique. Some
fixed-point techniques have particularly been utilized to establish controllability results, depending on
the nonlinear function being used in the systems. In [31] Balachandran considered a neutral
fractional integro-differential system with distributed delays and explored its controllability results.
Balachandran and Krishnan [32], established controllability conditions for a nonlinear fractional order
system with multiple delays. In [33] Muslim and George have investigated the controllability of a
fractional dynamical system in a Banach space. Controllability analysis of fractional order
neutral-type systems with impulsive effects and state delay has been explored in [34]. The relative
controllability of a dynamical system governed by a fractional order system with a pure delay has
been studied in [35]. The existence results and controllability conditions of a nonlinear system with
damping in Hilbert space have been considered in [36]. Kumar in [37] has recently explored
fractional order damped delay systems with multiple delays for relative controllability. Yapeng et al.
in [38] have investigated the controllability results of a dynamical system with input delay, governed
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by a fractional order integro-differential system. Their inclusion is given by
‘Dv(t) = Mv(t) + Nu(t) + Qu(t — p) + h(t, v())
+ g(t,v(1), ft [, s,v(s))ds), v(t) e R", t € J = [0, ],
v(0) = vo, u(®) = ¥(2), O—p <1<0,

where r € (0,1), M is an n X n matrix, N and Q are matrices of order n X m, and the functions
h:JXR'" >R, g: JXR'"XR" > R"and f : J X J XR" — R" are continuous and nonlinear.

Nawaz et al. [39], explored the controllability of a dynamical system modeled by a noninteger
order differential system with control and state delay. Very recently, in another paper, Nawaz
et al. [40] utilized the delayed Mittag-Lefller matrix functions and Schauder’s fixed point techniques
for controllability results of a nonlinear system with pure delay in the framework of fractional
calculus. Their inclusion in the linear case is given by

‘D'v(t) = Mv(t — p) + Nu(t), v(t) e R", p>0, t € J =[0,],
v(t) = y(1),-p <1 <0,

and the corresponding nonlinear system is described by

Dv(t) = Mv(t — p) + Nu(t) + h(t, v(t — p), u(t)), v(t) e R", p >0, t € J =[0,{],
V() =y(1),—p <1 <0,

where ‘D"v(¢) represents the Caputo derivative of v(¢) with 0 < r < 1. M and N are the matrices
of order n X n and n X m, respectively. v : J — R" is continuously differentiable on [0, {] with
> (k-1p,ke N={1,2,...}. u(t) € R™ is the input control function, and 4 : / X R" X R" —» R"is a
continuous nonlinear function.

The pantograph equation is a special delay differential equation that plays a nominal role in
describing numerous phenomena [41]. The equation was initially introduced by Ockendon and
Taylor [42]. It has a tremendous rule in dynamical systems, electrodynamics, control systems,
etc [43]. The equation has been generalized by different researchers in diverse forms for establishing
existence and stability results [44—48]. However, to the best of our knowledge, no work has been
carried out on the controllability of a dynamical system governed by a fractional order generalized
multi-pantograph system with state delay. Motivated by the above work, especially [38, 40]
and [49, 50], in this paper we present the controllability of a generalized multi-pantograph system in

the Caputo sense described by the equation

‘D'v(t) = Mv(t — p) + Nu(r)
+ g(t,v(t — p),v(m1),...,v(n,1), v(t) e R", t € J =1[0,¢], (1.1)
v(t) = y(t),-p<t<0,
where 0 < y; < 1,i = 1,2,...,n,0 <r < 1,M € R*, N € R u(t) € R" is the input control
function, v : [—7, ] — R" is differentiable and continuous on [0, £] with € > (k—1)p,k e N ={1,2,...},

p > 0 is a state delay, ¥ € C; = CY([-p,0],R"), and g : I x RU*Y" — R” is a nonlinear continuous
function.
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2. Background materials

Definition 2.1. [48] The fractional integral of a suitable function f : [0,00) — R, of order v > 0 is
defined as

1 t
Lft) = — f (t— )" f(s)ds.
of I'v) Jo /
['(v), represents the gamma function of v.

Definition 2.2. [48] The Caputo fractional derivative of a suitable function f : [0, c0) — R, of order
v > 0 is defined as

1

‘D'f(1) = ——— ” f (t =) fD5)ds, g—1<v<q.
0

I'(q

Here g = [v] + 1. In particular for g = 1, we have 0 < v < 1. Consequently, one may arrive at

1

‘Df(1) = T

fl(t —s)"f'(s)ds.
0

Definition 2.3. [49] Given a state matrix M, a state variable v € R™! and delay p, the delayed
Mittag-Leffler type matrix function co“;M’r, in a single parameter r is defined as

®’ —00 < l‘ < _p’
g =), —p<1<0, 2.1)
) K(t—(f— kr
I+ X2 e (k= Dp <t<kp,

where O is a null matrix, Ml € R™", and I represents an identity matrix.

Definition 2.4. [50] Given a state matrix M, a state variable v € R™" and a delay p > 0, the delayed
Mittag-Leffler type matrix function éﬁg’r, in two parameters r and 1 is defined as

0, —00 <t < —p,
My (p+t)r—]
& =11 @) ) . —-p<t<0, (2.2)
(p+1)"~ oo MF(r—(k—1)7)"* V"~
T I+ Zk:l T (k— l)p <t< kp;

where O is a null matrix, Ml € R™", and I represents an identity matrix.

Lemma 2.1. The gth order derivatives of each of the single and double parameter delayed Mittag-
Leffler functions have the following forms:

0, —00 <t < —p,

— 2

éaMt' q —
P M (= (k= D)

Ckr+1-¢q) °~

(2.3)

(k—1)p <1< kp,
k=1
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and
e, o<
C(r)(t+p) '
r-q = s p<i<0,
&il) =1 TOIe-g o
F()(+p) ™' S MT (K + Dr) (= (k= Dp)r+ !
- <

F(f)F(r_q) +; F(kr+;7)F(kr+r—q) ) (k 1)p<l‘_kp,

where q is a positive integer.

(2.4)

Proof. Differentiating Eqs (2.1) and (2.2) q times in a row makes it simple to determine the outcome.

Lemma 2.2. For a square matrix M € R™" with constant entries, the Inequality
161 < &AMIIE),  (k=1Dp <t<kp, k={1,2,...),

hold, where &.(|IM]|t") = X1e %, r > 0,1t € R denotes the Mittag-Leffler matrix function.

Proof. By the results given in Eq (2.1), we have

, MF (1 — (k- 1) p)*
Y = ~Ip<t< =
16N =0+ ) =—Frn b k-Dpsrsko, k=(12..),

oo

k=1
S I = (k= 1)p) |
<l + Y
— (kr +1)
S (M
<||II _—
=M 2 r @1y
= &M,

which we needed to prove.

Lemma 2.3. [50] A solution v € C([—p, {],R"), of the system

‘Dv(r) = Mv(t — p) + f(t,v(1)), v(it)eR", teJ=[0,(], p>0,
w(1) = (1), —-p<1t<0,

where f : J — R" is a continuous function, is characterized by

0 t
v(1) = EM y(—p) + f ENP Y (s)ds + f ENTP f(s,v(s))ds.
- 0

0
In addition, we define

n n

vl = E [vil, vi € v, [I[M]| = max E Im;jl, m;; € M,
1<j<n £ 7
p

i=1
n
INI| = max " |yl ni; € N,
1<j<m & ;
=

e = max |y (o).
rel=p.0]

O
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Table 1. Description of the notations and symbols used

‘D” Caputo derivative of fractional order alpha

G. Controllability Gramian matrix

C(J,RYH Banach space of vector valued continuous functions

éﬁ’gﬂ Two parameter delayed Mittag-Leffler function

0 A fixed delay

U(t) An arbitrary continuously differentiable function, i.e., € C! = C ; ([-p,0],R™)
0 <mn; <1 Proportional delays

FOS Fractional order system

3. Controllability analysis

In the following, we look into the dynamical system’s controllability. We have divided the system
into linear and nonlinear components, and controllability results were established for each instance.
The Caputo derivative, the delayed Mittag-Leffler function, and some fixed-point approaches are the
major tools we use in this work.

3.1. Linear fractional-order system

This section explores the controllability results of the linear system Eq (4.2), which is given by

‘Dv(r) = Mv(t — p) + Nu(t), v(t) e R", t € J = [0, {], 3.1
v(t) = y(t),—p <t < 0. ‘
Utilizing Lemma 2.2, solution v(¢) to the system Eq (3.1) can be expressed as given by
_ 0 t
v(0) = & y(—p) + f ENPI Y (s)ds + f &P Nu(s)ds. (3.2)
—-p 0

The Gramian controllability matrix G.(0, €), for ¢, € J and v(¢) = y¥(¢),t € [—p, 0], is defined as
{
G.(0,6) = f ENTPIINN G ds, (3.3)
0

where * represents the matrix transpose.

Definition 3.1. The linear fractional-order system Eq (3.1) is said to be controllable on an interval
[0, €], if there exists an admissible control function u(t) such that the solution Eq (3.2) to the system
Eq (3.1) fulfills the conditions v(0) = (0) and v(€) = v,.

Theorem 3.1. The linear fractional-order system Eq (3.1) is controllable on [0, £, if and only if the
Gramian matrix G.(0,€) Eq (3.3) is invertible.

Proof. Sufficiency: Assume that G.(0, €) is invertible on [0, £]. Then, the control function u(t) that
steers the system Eq (3.1) from an initial state /(0) to any desirable state vy, is given by

0
u(s) = N8,V G0, Ovia = 8" w(=p) + f &Y (s)ds). (3.4)

-p

AIMS Mathematics Volume 8, Issue 6, 13764—-13784.



13770

Substituting ¢ = € in Eq (3.2) and plugging Eq (3.4) in the resultant equation, we have

0
W) = EX y(—p) + f EC g/ (5)ds

-
£
+ f éc;)%(f—p—s)rNN*éc;)R,A’I’*(f—p—s)"gt—‘l(O’ g)
0

0
X [Veq — @[i,Mf Y(—p) — [p éa,,M([_p_s) W' (s)dsds 45)

0
=& Y(-p) + f EMP Y (5)ds + G.0,0G;(0,6)

-p

0
X [y = & y(=p) - f EMCI Y (s)ds].
Y

Simplification of the last equation yields
V() = Vi,
which implies that the system Eq (3.1) is controllable.
Necessity: Let det[G.(0, £)] = 0, i.e., G.'(0, £) is not well defined. Then, there exists a nonzero state v
that satisfies the following condition:

v'G.(0,0)y =0

= f *5M<"—P ‘)'NN*é”‘M = yds = 0,

- f ly* &y P NIPds = 0
0
and following the above set of implications, one arrive at
* eM(l—p—s)"
ViENTPIN =0, (3.6)

for all p, s € [0, €]. Let the system Eq (3.1) be controllable on [0, £], and there exist two control input
functions () and () such that

0
WO = 8 y(—p) + f

!
EVC g (5)ds + f &N Ni(s)ds = 0, (3.7)
- 0

and

0 ¢
v(l) = & y(—p) + f ETPTY (s)ds + f ERTPNii(s)ds = v. (3.8)
0

-p
From Eqgs (3.7) and (3.8), we obtain

f @‘"M([_p S N(@(s) — a(s)ds,

=y = f v EME N a(s) — as)ds. (39)

0
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By utilizing Eq (3.6), one may write

vy=0,

which is a contradiction to the fact that v # 0. Hence, our supposition that G, (0, £) is not well defined
is wrong, and the theorem statement that G.(0, €) is invertible is true. O

Remark 3.1. The behavior of physical systems is modeled mathematically using linear
fractional-order systems (FOS). They can be identified by a differential equation with fractional-order
derivatives, which are non-integer exponents that provide greater modeling freedom for complex
processes. A system’s ability to be controlled by outside inputs is referred to as its controllability. The
finding mentioned above has multiple uses in various fields. Aerospace engineers have created control
systems for aerospace vehicles like spacecraft, satellites, and missiles using linear FOS
controllability. Analysis of controllability aids in identifying the bare minimum of control inputs
necessary to direct the system to a desired state. Moreover, linear FOS controllability has been
employed in robotics to construct robot control systems. Designing effective control systems with the
fewest possible control inputs is made possible by the consideration of controllability. Power
electronic systems like inverters and converters can be designed using the equations. Its dynamical
characteristic aids in the development of effective control schemes capable of controlling output
voltage and current.

3.2. Nonlinear fractional-order system

The aim of this section is to establish controllability conditions for the nonlinear system utilizing
some fixed point techniques. The nonlinear system is described by the inclusion:

‘Dv(t) = Mw(t — p) + Nu(r)
+ 8@t v(t — p),v(m1), ..., v(1), v(t) €R", 1€ J =1[0,{], (3.10)
v(t) =y(1),—p <1 <0.

Utilizing Lemma (2.2), the solution v(¢) of the system Eq (3.10) is given by

V(1) = & y(—p) + f ENP Y (s)ds + f &N Nu(s)ds
3.11)

f En 7 g (5, V(s = p), V(N1 9), - ., V(11a8))ds.

To establish our results, we consider the following assumptions:

A; : There exists a nonzero constant K; such that the nonlinear continuous function g : IXR"XR" —
R” satisfies g(t, v(t — p), v(m1), ..., v(n.t)) < Ky, Ve [0,£] =

AIMS Mathematics Volume 8, Issue 6, 13764—-13784.
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A, : To avoid tedious calculations, it is assumed that

ni = lOll, n =W oI, te[-p,0l,
M1 M1
m = 6" = sup 162,
0<s<t<t
M — ) — r M — r
my = £ = sup £,
0<s<t<t
M(t—o—s)" M(t—0—s)"
my = |E5# ) = sup |1,
0<s<t<t
Mi—4 Mi4
my =& = sup |67 1,
0<s<t<t
M(t—p—s5)""1 M(t—p—s)""1
ms =& " = sup | " |
pl=q 0<s<t<t Pl ’
M(t—p—s)" M(t—p—s)"
me = 627 = sup &4,
0<s<t<t
m; = sup |(f— sy
0<s<t<t

Theorem 3.2. If the hypotheses A, A, hold, and the linear system Eq (3.1) is controllable on [0, (],
then the nonlinear Eq (3.10) is also controllable on [0, {].

Proof. To establish the desired results of controllability, we transform the Eq (3.11) into operator form.
So, define an operator T : C, — C, by

0 t
(TV)@) = &5 Y(=p) + f &MY (s)ds + f & Nu(s)ds
‘P 0 (3.12)

!
+ f é%(t_p_“)rg(s, v(s — p),v(m8), ..., v(11,8))ds,
0

and taking norms, we have

0
IKTVON < 16 Iy (=p)ll +f 1P~ Iy (s)lids
-

!
+f ||<5’,§f("”‘”rllIINIIIIM(S)IIdS
0 (3.13)
+f IIéﬁ”ﬁ“‘p‘”rllllg(s,V(s—p),V(mS),.--,V(nnS))Ilds
0

< mny + pmyny + €ns||N||K; + €ms K,
= min; + pmyny + tmsz (|IN||K;, + K;) = A4,

where .
u(s) = N6 "G 10,0, (3.14)

and

0
Vv 85U - [ G s
-p
(
- f ENP g(5,v(s = p), V(). - . ., V(1. 9))ds.
0
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Taking norms, one has

0
()| < INIHIEYE =GO, Ol Hvsall + 1€ | lg(—p)Il + f 1€ (5)llds
—-P

Ll
. (3.15)
+f €= N 1Ig(s, v(s = p), V), . .., V(1 s))llds]
0

< IN*llms GO, Ol [Ivsall + miny + pmany + EmsKi] = Ko.
Define a closed convex subset S,,, by
Sy ={veCud) vl < 44}

From this, we see that the operator 7 maps S, into itself. What remains to be proved is that the operator
T has a fixed point. The continuity of T follows from the continuity of g. Then, by the Arzela-Ascoli
theorem, it follows that 7" is completely continuous as well. This property in turn shows that there
exists a fixed point v € S, by Schauder’s fixed point theorem and assumes that 7v = v. Moreover, by
substituting ¢ = € in Eq (3.12) and then plugging Eq (3.14) in the resultant equation, we have

0
(Tv)(€) = & y(—p) + f ENPI Y (s)ds

0

4
+ f (gjo%(f—p—s‘)rNN*(g)p%*(f—p—s)rggl(0’ g)ds
0

0
oM N M(C-p—s)' 17
X [V = &, Y(—p) I p@@p Y (s)ds (3.16)

¢
- f cg’jf“_p_s)rg(s, v(s = p),v(ms), ..., v(n,s))ds]
0

¢

+ f é%“’p_”rg(s, v(s — p),v(n18), ..., v(n,8))ds
0

= Vsd>»

which shows that the input function u(¢) defined by Eq (3.14) transfers the system state from ¥(—p) to
a desired state v, in time ¢ = €. Hence, the system Eq (3.10) is controllable. O

Remark 3.2. The findings examined in this section have numerous applications in physics,
engineering, biology, economics, and finance, among other disciplines. The outcomes can be applied
to the design of control systems. They can aid in system stabilization, oscillation reduction, and
improved control performance. Chemical reaction modeling can also be useful. The reaction’s
non-integer order dynamics can be captured by the fractional order, and the reaction’s temporal delay
can be explained by the state delay. Nonlinear fractional order systems with state delay of the
pantograph type can be used to mimic financial markets. They can assist with stock price forecasting
and market behavior analysis.

Our next controllability result is based on Schaefer’s fixed point theorem.
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Lemma 3.1. (Schaefer’s theorem ): Let V be a Banach space and h : V — V be continuous and
compact. Moreover, assume the set S = {v € V : v = £h(v)}, € € [0, 1]}, has a solution for & = 1, and
all other solutions for 0 < & < 1 are unbounded.

Theorem 3.3. The nonlinear system Eq (3.14) is controllable on [0, (), if the assumptions (A;&A;)
hold and the linear system Eq (3.1) is controllable on [0, {].

Proof. Define a Banach space V. = {v : v,v . °D"(v) € (I,R")}, endowed with the norm
V]| = max{|[v|l, [V, <DV, ||lull}. Also, define an operator T : C,, — C,, by

0
(Tv)(®) = E" y(-p) + f ENPI Y (s)ds + f EPY Nu(s)ds
" (3.17)

t
+ f é%(’_p_”rg(s, v(s = p),v(ms), ..., v(1,s))ds,

0

where u(?) is as defined by Eq (3.14).

To show that the operator 7" satisfies Schaefer’s fixed point theorem, we will go through several
steps:
Step L. As a first step, we show that the set /(T) ={v e V:v =0Tv,0 < o < 1} is bounded in [0, £].
Forv € {(T) and ¢ € [0, £], we have

0 !
v(t) = o-é‘;M’rlp(—p) +0o f é‘;M(’_p_s)rl//(s)ds +0o f é‘;’_)l\”g(t_p_s)rNu(s)ds
> 0 (3.18)

+o f ENTP g(5,v(s = ), v S), - . ., v(17a8))ds.
0

Taking norms and utilizing the assumptions (A;&A,), we have

0
V@I < 16, g (=p)ll + f €5l (5)llds
P

t
+ f ISP~ N |eeC )l Il s
’ (3.19)
+ f 1€ Mg (s, v(s = ) v s)s - . ., v(aas)lids
0
<mn; + pmyn, + tm;||IN|| Ky + tms K
= min; + pmyny + {m3 (|IN[|K; + Ky) = 4.
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Also using Lemma (2.1) and following the same steps as above, we obtain

0 t
V1) = e w(—p) + o f ENT Y (s)ds + o f P Nu(s)ds
- 0

0

!
* Uf E P o5, 9(s = P), V(1L S), -« ., V(,8))ds
0

!
r—q —p—s5)"4 (3.20)
=& W(-p) + o fo ™ "Nu(s)ds
t -
+o f ENP ™ o5, v(s = ), V(L S), - -, V(11 8))dS,
0
and taking norms, it would yield
!
VYOI < I1E5 I (=p)Il + f 15,5~ 1IN ()l
0
73
o 3.21
+ f &2 Il lg(s, v(s = p), vy s), .. ., v(a9))lld's (3:21)
0
= myn; + €m6IIN||K2 + mgK,| = Ay.
Now, by the definition of a Caputo derivative, we have
1 ! .
I*D'v(@®)l < | Il f (t — )" dsIV O (s)ll
F(CI - I") 0 (3 22)
<l |
“'Tg-n'qg-r""

The last inequality demonstrates that “D"v(¢) is bounded. This implies that {(7') is bounded as well,
since [Vl = {|IVII, IV, 1D v, lJull}.
Step II. We show that the operator 7" is completely continuous, i.e.,

(a) TB,, is uniformly bounded.

LetB,, ={ve V||| < A;}. The bounded set B,, is mapped into the equicontinuous family by the
operator 7. Then, fort,,, € J,0<t; <t <landv € B, , we have

I(Tv)(z2) = Tv)()I
< “(éj)oMl; _ é;Mt;)lﬁ(—p) + fo(&%M(tz—p—s)’ _ @M(Il—ﬂ—s)r)w’(s)dsll
P

+ | ftl (éﬁfli(trp—s)r _ gpﬁ’ﬂrl(tl—P—S)’)NN*gpl\’ﬂrV(f—P—S)rg;l(0’ f)\IIdS”
0

Ny ffz M O G35 G0, v (3.23)
141

£ fo (T SO gl (s — ) v V()

5]
+| f &N g(5,9(s = P),V(S), - .. V(1 8))ds]l.
1
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As above, from Eq (3.14) we have

I(Tu)(t2) — (Tw) )l < NS, T = &7 PG O, Ol (3.24)

It yields

I°D"(Tv)(t2) = “D'(Tv)(@)ll

B —r—1
< ”F(q _ r) . (t2 - S)q (TV)(q)(S)dS” (325)
1 "

v fo (12 = )7 = (11 = )T WTV)D(s)ds.

Evidently,

lim (7v)(22) = (Tv)(@)| = O,
lim [[(7)(12) = (TV)“(1)]] = O,
lim (D (Tv)(12) = “D(Tv)(a)l = O.

Hence, {(Tv) : v € B,,} is an equicontinuous family of functions that satisfies the uniform boundedness
condition.

(b) The operator T is compact.

To prove the compactness of the operator 7', let € € (0, 1) be a real number and [0, £] be fixed, then
for every v € B,,, we have
0

(Tv)(®) = & Y(=p) + f

-p

[—€
EMNP Y (s)ds + f o Nus)ds
0 (3.26)

I—€
+ f ENP g(5,v(s = ), v(M15), . .., V(1 8))ds.
0

As above, we acquire that {(7.v) : v € B,,} is an equicontinuous family of functions that satisfies the
uniform boundedness condition. Then, we have

II(TV)(t)—(TEV)(t)IISf 150~ 1IN aeCs)ll s

+ | 16 P g, vis = p), v ), . .., v(1a5))lld's (3.27)

1—e€
< ems||N||K, + emsK;
= em;s (|IN||K> + K).

In the same way, we also have

f
(TP (1) = (T) ()| f 32~ HIN ()l s
t—e€

!
+ |G g (s, v(s = ), v s), - ., v(178))llds (3.28)

t—e€

< Em6||N||K2 + em6K1
= emg (IN]|K> + K1) .
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Now, according to the definition of a Caputo derivative, we have

D" (Tv) V(1) = D" (T) (0|

! ||||f(f— )T V)P (s) = (Tev)@(s))dsll. (3.29)
I'(g—r) 0

|

Evidently,
1133 I(Tv)(®) = (Tev)(D)I] — O,
1133 TV D) = (Te) V()] - O,
lim [*D"(Tv)(®) = “D"(Te)(®Il = 0.

Hence, {(Tv) : v € B,,} is compact in V by the Arzola-Ascoli theorem.

Step III. To demonstrate the continuity of 7', we assume two more hypotheses.

Az limy |l = v(0)|| = 0, where V = {vi,vo, ..., V).

A4 : There exists a positive constant @ = max{||[vill, [lull, D" (v}, ¥ k and ¢, € [0, £].
In the light of the hypothesis (A3 & A4), we have

g(ta Vk(t - p)a Vk(T]lt), R vk(r]nt)) < g(t’ V(t - p)’ V(Ult)’ cee V(Unt))

By the Fatou-Lebesgue theorem, we have
!
I(Tvi)(@) = (Tv)ODIl < f IE P ININI e (s) — u(s)lids
0

t
+f I 11g(s, vicls = ), vicm15),s - . - Vi)
0

- g(S, V(S - p)’ V(UIS), ey V(T]nS))”dS

¢ (3.30)
< fo m3||INJ| [l (s) — u(s)l|lds
+ fo ms|g(s, vi(s = p), vi(m15), . . ., V(11 5))
- g(S, V(S - P)» V(UIS), ey V(?]nS))”dS,
where
llue(s) — u(s)ll < m3IN|IG. (0, Ol
¢ (3.31)
f “g(sa Vk(S - p)’ vk(nl S), ) Vk(’lns)) - g(s’ V(S - P)’ V(Ths)a ) V(T]nS))”dS
0
In a similar way, one can write
I(Tvi) (1) = (Tv) @@ < fo mg||INJ| ||ux(s) — u(s)||ds
(3.32)

+ f mg|lg(s, vi(s — p), vi(m15), - . ., Vi(17,5))
0
- g(S, V(S _.0), V(771 S)’ ceey V(?]nS))”dS,

AIMS Mathematics Volume 8, Issue 6, 13764—-13784.



13778

where ||u(s) — u(s)|| is as given by Eq (3.31). Then, by the definition of Caputo derivative, we have

I°D"(Tv)2(t) — D" (Tv)@ @)l
1
I'(g—r)

(3.33)
<l

I fo (t — ) (Tv) P (s) = (Tv)D(s)]dsl.

Evidently, Eqgs (3.30), (3.32) and (3.33) diminish as k approaches infinity. So, T is continuous and
has a fixed point V € B,,, which is the solution of (3.10), by Schaefer’s fixed point theorem and the
Arzola-Ascoli theorem. Overall, the system (3.10) is controllable in [0, £]. O

Remark 3.3. The modeling of chemical reactions can be done using fractional-order systems with
state delay. The reaction’s non-integer order dynamics can be captured by the fractional order, and
the reaction’s temporal delay can be explained by the state delay. Population dynamics in ecology can
be modeled using the model with state delay. The state delay can serve as a representation of the lag
in how quickly one population reacts to changes in a different population. They can aid in the analysis
and design of more stable and oscillation-free power systems.

4. Experimental & computational section

Consider the following fractional-order system with constant delay:

‘DOv(r) = Mw(r — 0.25) + Nu(r)

+ g(t,v(t = p), v(m 1), ..., v(gt), v(t) eR3, t e J =1[0,1], “.1)
w(1) = (1), -0.25 < 1 < 0,
where
100 1 vi(7) 0
M=|0 2 O|,N=|1{,v@®) =|wn®|.g = 0
l 0 0 1 1 L(J AR

1+v3(1/2)+v3(21/3)+v3(3t/4)

Then, by definition (2.4), the Gramian matrix (3.3), is given by

1
G.(0,1) = f 5M(170'257”06NN*gM*(lfo'zsfs)%ds
0

0.25, 0.6 0.25, 0.6
= G.(0,0.25) + G.,(0.25,0.50) + G.,(0.50,0.75) + G.,(0.75, 1),
where

1 —s5)725 M(0.75 - e (0.50 — )*/5 Ve (0.25 - 5)"/°

0.25
B (
Gai(0,025) = fo Utoe "M Tay ras) T(2.4)
CA—s (05— (0.50- 5 (025 5)5
BB o6 "M ray "M Tas M T rae T

0.006378 0.199877 0.089102
0.199877 6.413748 2.828639 |.
0.089102 2.828639 1.253624
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For G.,(0.25,0.50), we have

050 (1 _ )25 75 _ )5 50 o5
G.,(0.25,0.50) = f GA=9 QIS = 91 050 - 5)

s U T(0.6) a2 T(1.8)
_ -2/5 _ 1/5 _ 4/5
a0 0TS =91 0505
I(0.6) T(12) T(1.8)

0.102320 2.909774 1.620265
0.056632 1.620265 0.907244

0.003621 0.102320 0.056632}

For G.,(0.50,0.75), we have

0.75 -2/5 1/5
_ =97, 075 =9"
G.,(0.50,0.75) = fo U Toe "M
(1—$25 (075 -s)'5
roe "M raa T4

0.034617 0.181316 0.132416}

x BB*[I

0.181316 1.422942 1.009067
0.132416 1.009067 0.716850

For G.,(0.75, 1), we have

1 ~2/5 -2/5
(1-y1) )
., (0.75,1) = [—— BB*[[———1"d
G.075.D= | U0 1*#E U rge 14
1.708663 1.708663 1.708663
=1 1.708663 1.708663 1.708663 |.

1.708663 1.708663 1.708663
Adding (G, — G.,), we have

1.753281 2.192176 1.986815
G.(0,1) =] 2.192176 12.45512 7.166634 |,
1.986815 7.166634 4.586382

which is invertible, as det(G.(0, 1)) = 1.32627801423548. Also, the nonlinear function g satisfies the
assumptions (A; — A4). Hence, the nonlinear system (4.1) is controllable on [0, 1].

Remark 4.1. Comparing the existing literature with our proposed model, we provide the advantages
of the proposed model over the existing models and results. The work carried out in the neighborhood
of the existing results focused on the study of other various models, but our proposed model has not
been given attention by researchers.  The authors in [31] proposed a neutral fractional
integro-differential system incorporating distributed delays and studied results related to
controllability. Also, the researchers in [32] introduced a nonlinear fractional order system with
multiple delays and studied its dynamics. Subsequently, the work carried out in [33] focused on
investigation and formulation of a dynamical system in Banach spaces. The manuscript by [34]
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examines the controllability analysis of fractional order neutral-type systems with impulsive effects
and state delay. In the paper [35], the authors explored the relative controllability of a dynamical
system regulated by a fractional order system with a pure delay. In [36], the existence findings and
controllability requirements of a nonlinear system with damping in Hilbert space were taken into
consideration. Very recently, the controllability outcomes of a dynamical system with input delay,
controlled by a fractional order integro-differential system, have been studied by authors in [38]. The
controllability of a dynamical system modelled by a noninteger order differential system with control
and state delay was investigated by [39]. Recently, in another study [40], controllability results of a
nonlinear system with pure delay were obtained using the delayed Mittag-Leffler matrix functions and
Schauder’s fixed point procedures.

One new factor in our model is incorporation of a delay term, called a pantograph equation.
Pantograph equations are a class of functional differential equations that have applications in
mathematical modeling, such as population dynamics, control theory, and fluid dynamics [41]. The
first attempt was made by the researchers [42]. Pantograph equations are used to design and analyze
mechanical linkages, such as suspension systems, steering systems, and robotics. These linkages can
be used in a wide range of applications, such as automotive, aerospace, and industrial machinery.
Also, these types of equations are used in the design and analysis of electric circuits and systems.
They are used to model and predict the behavior of complex circuits, such as power transmission
lines, filters, and amplifiers [43].

Researchers have generalized the equation in a variety of ways to show its existence and
stability [44—46]. The formulation of the underlying model and controllability of this dynamical
system driven by a fractional order generalized multi-pantograph system with state delay have not, as
far as we are aware, been studied. In this paper, we formulate as well as demonstrate the
controllability of a generalized multi-pantograph system in the Caputo sense defined by the equation.
The motivation was provoked by the above and more precisely [38, 40] and [49, 50]. After a
comprehensive literature review our novel model obtained for

“D'v(t) = Mv(t — p) + Nu(r)
+ g(t,v(t — p),v(mt),...,v(,t)), v(t) e R", t € J =[0,{], “4.2)
v(t) =y(t),-p <t <0.

The descriptions of all symbols and mathematical notions have already been mentioned in the
beginning of this research paper.

5. Conclusions

We established the controllability criteria for a nonlinear multi-pantograph system of fractional
order utilizing the combined techniques of Schaefer’s fixed point theorem and the Arzela-Ascoli
theorem in this article. We transformed the suggested system into a fixed-point problem, defined the
controllability Gramian matrix G, and the control function u(f) and proved that G, must be invertible
for the linear system to be controllable. With the aid of the linear part controllability and some
assumptions on the nonlinear function, we established controllability criteria for the nonlinear system
utilizing Schaefer’s fixed-point theorem and the Arzela-Ascoli theorem. For the authenticity of the
established results, an example has been added in the last section of the article.
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Our proposed model contains three new features: The first is the insertion of a state delay. The
second is the use of a multi-term pantograph nature function. And the third is the use of a fractional
derivative for freedom in the order of the derivative. After the formulation of the main model, we
explore results related to qualitative aspects of the model. These followed by the controllability of the
linear and non-linear cases. Pantograph equations are used to describe the motion of charged particles
in a magnetic field. They are also used to model the behavior of quantum systems, such as quantum
dots and quantum wells. Also, the equations can be applied to model economic systems such as stock
prices, interest rates, and inflation rates. They can be used to predict the behavior of these systems over
time and identify the factors that influence them. Overall, pantograph equations have a wide range of
applications in various fields and are an important tool for modeling and analyzing complex systems.
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