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Abstract This paper suggests a computationally effective homotopy perturba-
tion Sumudu transform technique (HPSTT) to investigate various time-fractional
nonlinear models in Liouville-Caputo sense arising in mathematical physics. The
nonlinear terms are presented in terms of He’s polynomials. The error analysis of
HPSTT is discussed. The numerical simulation results are illustrated graphically to
study effects of the arbitrary order of fractional derivative on the behavior of obtained
solution.
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1 Introduction

Fractional derivatives are used in modeling of numerous important models in
significant areas such as signal and systems, control theory, mechanics, chemical
engineering, biological sciences, fluid dynamic traffic, acoustics, neurophysiology,
plasma physics, and many engineering sciences. The universe is full of nonlinear
fractional-order models, and it is not possible to find their exact solution due to their
nonlinearity in nature. So, we have to choose some numerical methods for their
convergent solution. In literature, there are few techniques for finding approximate
solution to these models, e.g., homotopy perturbation [1-4] scheme, gq-homotopy

A. Prakash (<) - H. Kaur - Rahul
National Institute of Technology, Kurukshetra, Haryana 136119, India

Rahul
e-mail: rahul_61900119 @nitkkr.ac.in

M. Goyal
Institute of Applied Sciences and Humanities, GLA University, Mathura, UP 281406, India
e-mail: manish.goyal @gla.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 383
S. Suhag et al. (eds.), Control and Measurement Applications for Smart Grid,

Lecture Notes in Electrical Engineering 822,

https://doi.org/10.1007/978-981-16-7664-2_31


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7664-2_31&domain=pdf
http://orcid.org/0000-0003-0963-4651
http://orcid.org/0000-0002-6992-0142
http://orcid.org/0000-0002-5883-9576
http://orcid.org/0000-0001-6047-7474
mailto:rahul_61900119@nitkkr.ac.in
mailto:manish.goyal@gla.ac.in
https://doi.org/10.1007/978-981-16-7664-2_31

384 A. Prakash et al.

analysis [5] via the Laplace transform, iterative method via the Sumudu transform
[6], variational iteration [7] scheme. For more methods, (see, for details, [8-53]).

This paper studies the merit of scheme HPSTT to get the numerical solution of
nonlinear time-fractional Belousov-Zhabotinsky (BZ) equation. HPSTT is a smooth
combination of homotopy perturbation scheme and Sumudu transform. This tech-
nique offers the numerical solution simply in a convergent series. It is evident that
some semi-analytical methods, when combined with the Sumudu transform, take less
CPU runtime in calculation than other techniques. Sumudu transform [54, 55] has an
advantage of the “unity” feature over other transforms. Watugala [56] proposed the
Sumudu transform, and Asiru [57] proved its properties. Weerakoon [58, 59] applied
it in finding solution to wave equation.

Singh et al. [60] presented homotopy perturbation method via the Sumudu trans-
form (HPSTM). It is largely due to the works of Ghorbani and Saberi-Nadjafi [61].
Ghorbani [62] used He’s polynomials in nonlinear term. The benefit of HPSTT is
its power of embracing two robust computational schemes for tackling a fractional
differential equation. These approaches can reduce the time and computation work
more in comparison with other existing schemes, preserving efficiency of the results.

We examine the time-dependent nonlinear Belousov-Zhabotinsky (BZ) equation
with fractional derivative in Liouville-Caputo sense in this paper. The Belousov-
Zhabotinsky reaction is an experimental model for pattern formation and chemical
oscillatory reaction. It is a famous example of the self-organizing chemical system.
It is given as

Dlu(x,t) =u(x,t)(1 —u(x,t) —rv(x, 1)) + ux(x, 1),
Dlv(x,t) = —au(x, HHv(x, 1) + v (x, 1), (1)

where0 <a <1,0<t< R < 1.

The fractional model given by Eq. (1) is studied for the first time by Ali Jaradat
et al. [63] with generalized Taylor series and discussed the effects of arbitrary order
on its solution. Our paper is prepared as follows.

After introduction in Sect. 1, we give few definitions and some properties
of Liouville-Caputo arbitrary-order derivative and the Sumudu transform in next
section. In Sect. 3, analysis of HPSTT is presented. Next section has the error anal-
ysis, and in Sect. 5, HPSTT is implemented on the time-fractional nonlinear BZ
equation. In Sect. 6, we discuss the results and their importance using figures. Also,
in last Sect. 7, we recap outcomes and find a conclusion.

2 Preliminaries

We write some definitions of fractional-order derivatives and integrals in Liouville-
Caputo sense along with few properties of the Sumudu transform (see, for details,
[64, 65]).
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Definition 2.1 A real function g(u), u > 0, lies in spaces:
(a) (g, ¢ € Rif there exists a real number p > ¢ in such a manner that
g(u) = pnPgi(n), while gi(n) € C[O0, 00).
(b) Cjifg'eCleN.

Definition 2.2 Liouville-Caputo arbitrary-order derivative of g(u), g € C™,,m €
N, m > 0, is stated as

"
1
DPg(uw) =I1""*D"g(u) = ——— / (1w —m)" P 1g™ (m)dn,
rim—8)J

wherem — 1 < 8 < m.

The operator D? has following basic properties:
L. DPIPg(n) = g(w), 1

2 1PDPg(w) = 8w = X ¢ (07) sty m > 0.

Definition 2.3 Sumudu transform [66, 67] is stated over a set of function.

A={f®1IM, 11,1,>0, | f ()] <Me' if 1 e (—1)7 x [0, 00)

by the following formula,
[e.¢]
SLf(®)] =/f(ul)€_'dt, u € (=, b).
0

Definition 2.4 Sumudu transform [66, 67] of Liouville-Caputo derivative is

m—1
S[DMu(x, )] = s *S[u(x, )] — Zs(_m“+k)uk(0, t,m—1<ma<m.
k=0

3 Analysis of Homotopy Perturbation Sumudu Transform
Technique (HPSTT)

Ponder over a nonlinear time-fractional differential equation of arbitrary order is
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D,ﬁu(x, t)+ Ru(x,t)+ Nu(x,t) = f(x,),l -1 < B <, 2)

with the condition
u"(x,0) = f,(x),m=0,1,2,...,1—1, 3)

where D,ﬂ u(x,t) is B-order derivative of u(x, t) in Liouville-Caputo sense and R
and N are used for linear and nonlinear differential operators, respectively. f(x, t)
is actually the source term.

By Sumudu transform on Eq. (2),

m—1
u *Slu(x, )] — Zu_(“_k)uk(x, 0)
k=0
= —S(Ru(x,t) 4+ Nu(x,t) — f(x,1)).

On simplification,

m—1

S[u(x, )] =Y uu*(x,0)

k=0
— u®{S[Ru(x, )]+ S[Nu(x, )] — S[f(x,1)]} = 0. “)

Taking inverse Sumudu transform

m—1
ulx,1)=8" |:Z ubu(x, O):|
k=0
— ST Mu[S(Ru(x, 1) + Nu(x,t) — f(x, )]} =0 (5)

By homotopy perturbation method, we have

o0

u(x,t) = Zpiui(x,t). (6)

i=0
The nonlinear term is expressed in He’s polynomials as
[e ]
Nu(x,1) =) p'Hi(w), (7)
i=0

where He’s polynomial H;(w) is given as:
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19 x
Hi(w)zﬁa—pi NI plw; , i=0,1,2,3,... (8)

Jj=0 =0

Putting Eqs. (6) and (7) in Eq. (5), we write

00 m—1
> Pty =5" (Z wkuk (x, 0) + S[£ (x, t)])
i=0

k=0
—p[S‘!M“S{[RZp"u,-(x,m} +Zp"H,-(u)m ©)
i=0 i=0

Equating on each side the coefficients of identical powers of p, we find

m—1
P’ ug(x, 1) =5"" (Z whut (x,0) + S[Lf(x, r)]),

k=0
pliun(x, 1) = =S Hu S{[Ruo(x, )] + Ho(u)}},
P iua(x, 1) = =S H{uS{[Ru: (x, )] + Hy(w)}},
PP ius(x, 1) = =S H{uS{[Rux(x, )] + Hr(u)}},

In the same way, the next iterates can be found.
Hence, the solution is

N N
ux, 1) = lim ngnoo;p wi(x, 1) = nggozou,»(x, 0. (10)

4 Error Analysis

Now, we give the error analysis of presented approach found with HPSTT.
Theorem 4.1 If there exists 0 < y < 1, such that

lwivi (T, N < yllui(z, )|, Vi € N,
then, the maximum value of absolute truncation error in HPSTT solution given by

Eq. (10) of time-dependent nonlinear Belousov-Zhabotinsky equation is estimated
as
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J yj+1
- ; <
u(z, §) ;u,u,a = d=%

uo(t, £).

S Applications

In this section, HPSTT is implemented on the fractional model of BZ equation.

Test Example. Consider the following fractional model of Belousov-Zhabotinsky
equation

Diu(x,t) =u(x,)(1 —u(x, 1) —rv(x, 1)) + uxc (x, 1),
Dv(x,t) = —au(x, 1) v(x, 1) + vy (x, 1), (11D

where 0 <o < 1,0 <t < R < 1. The initial conditions are

u(x, 0) = —%(1 _ tanh2<)§c)),
v(x,0) = —% + tanh(%) + %tanh2<%). (12)

The exact solution of Eq. (11) when o = 1, forr = 2,a = 3 is given as

(x.1) 1(1 t h2<x +t))
u(x,t) = —=(1—tanh"( = ,
2 2
1 X 1 X
) = —=+t h(— t) —t h2<— t)
v(x,t) 2+an 2+ +2an 2+
Firstly, exerting Sumudu transform operator on Eq. (11)

S[Dfu(x, )] = Slu(x, )1 — ux, 1) — rv(x, 1) + ue(x, )],
S[Div(x, )] = Sl—au(x, Hv(x, 1) + vy (x, 1]

Applying the inverse Sumudu transform

u(x,t) =u(x,0) — Sil{uo‘S[—u +u® +ruv— um]},
v(x, 1) = v(x, 0) — S~Hu*S[auv — vy, 1},

By applying the homotopy perturbation method, using

u(x,t) = Zpiui(x, t) and v(x,t) = Zpivi(x, 1),

i=0 i=0
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And, the nonlinear term is decomposed as
o0 (o]
Nu(x,t) :ZpiH[(u) and Nvu(x,t) = ZpiH,-(v).
i=0 i=0

where H;(u), H;(v) are homotopy polynomials that are representing the nonlinear
terms. So, Eq. (11) becomes

Zpiui(x, 1) =u(x,0)

i=0

o0 .
- Z plui(-x’ t)
—p571 uaS - ' i=0 o ' s
+2 p' Hi(w) — <Z pui(x, t))
i=0 XX

i=0
Do phuix ) = v(x, 0) — pS"{u"S[ZpiHi(v) - <Zp"v,-(x,r>) “
i=0 i=0 i=0 x
(13)

where

oo oo
ZpiH,-(u) =u’+ruv and ZpiH,-(v) = auv.
i=0 i=0

Ho(u) = ug + ruovo, Ho(v) = augvy,
Hi(u) = 2uguy + 2ugvy + 2vou1, Hi(v) = a(uovy + vour),

Solving above equations, we get

up(x, t) = —%(1 — tanh2<§)), vo(x,t) = —% + tanh(g) + %tanhz(é),

ui(x,t)

= _—F(;: D {Z - 2tanh2<%) + Ztanh“(%) — tanh(%)sechz(g)
et (5) + 3t (3 st (3) ]

ot = =y 3 + 3 (5) + an () - Srnn 3 e (3)
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1 1 1
—Zsech“(g) + 3 tanh2(§>sech2(§> + 5 tanh(%)},

27 (9 43 34 x
) =———{42+ tanh® == tanh*(Z
w2, 1) 1“(20:+1){2Jr g AT (2)

+ gtanh(é)sechz(;)
+2sech4( ) 6tanh2<%)sech2< ) %tanh6<§)

— %tanh3(2>sech2( —‘1—1 anh2(2>sech4(2>
+ —tanh4(2>sech2(

2
5
2 2

—lsech"(%)},
vy (x, 1) = —F(Zia—i— ){ % + ?tanhz(g) - %tanh“(%)
+ gtanh(§>sech2(§> + %sech“(%)

~ otanh?(X)sech2(X) + 2 6<£>
6 tanh (2)sech (2) + 4tanh >

— gtanh3<%)sech2<%) —2 tanh2<%)sech4(—)
+ gtanh“()—c)sechZ(%)
+ 2tanh(—> — ;tanh3(%> + %tanh%%) - ;tanh(—)sech4(—)

Hence, the next iterates of series solution can be calculated.
The HPSTT solution is given as

N N
u(x,t):l}iinw;ui(x,t), v(x,r>=1vlgnoo;v,~<x,r>.
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6 Results and Discussion

Figures la—f represent the behavior of solution at « = 1, the estimated solution
for Eq. (11), and the absolute error. We can clearly see from the plots of solution

(c) (d

Fig. 1 auexact(x, r) whena = 1,buypprox. (x, 1) whena = 1, ¢ absolute error = |uexact — Uapprox. |»
when o = 1, d Vexact(x,?), when @ = 1, € vapprox.(x,¢), when @ = 1, f absolute error =
|Uexact - Uapprox.| when o = 1
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(c) (d)

Fig. 2 For different values of «, the plots of a uapprox. (x, t) with x when ¢ = 0.1, b uapprox. (x, 1)
with £ when x = 0.5, € vapprox. (x, 1) with 7 when x = 0.5, and d vapprox. (x, ) with x, whent = 0.1

that the proposed numerical approach is accurate. Figures 2a—d give 2D graphical
representations of the numerical solution for varying fractional order, and we clearly
observe from Figs. 2a, d that the oscillatory behavior of « and v with x as the order
« increases. Figures 2b, ¢ show decreasing behavior of numerical solution with time
for order.

7 Conclusion

In this work, we used a numerical scheme HPSTT to investigate the nonlinear time-
dependent Belousov-Zhabotinsky system and to check effects of the fractional order
on obtained solution. The simulation results are illustrated graphically. The results are
derived using the third-order iterates, and the accuracy of the proposed technique can
be enhanced by calculating further approximations. The supremacy of HPSTT is its
quality of joining two strong methods for the possible solution of nonlinear differen-
tial equations. We conclude that this effective scheme reduces time and computation
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compared to the standard scheme simultaneously conserving the high accuracy of
results.
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