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Solving Fractional Oscillators Using Laplace Homotopy
Analysis Method

MOHAMMAD ZURIGAT

ABSTRACT. In this paper, we present an algorithm of the Laplace homotopy analysis method
(LHAM) to obtain approximate solutions for linear and nonlinear oscillator fractional differ-
ential equations. The proposed algorithm presents a procedure of constructing the set of base
functions and gives the high-order deformation equation in a simple form. The method pro-
vides the solution in the form of a rapidly convergent series. Numerical examples are used to
illustrate the preciseness and effectiveness of the proposed method.
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1. Introduction

Fractional order ordinary differential equations, as generalizations of classical in-
teger order ordinary differential equations, are increasingly used to model problems
fluid flow, mechanics, viscoelasticity, biology, physics, engineering and other applica-
tions [9, 5, 6]. A review of some applications of fractional calculus in continuum and
statistical mechanics is given by Mainardi [9]. The solution of fractional differential
equations is much involved. In general, there exists no method that yields exact so-
lutions for fractional differential equations. Only approximate solutions can be found
using linearization or perturbation method. In recent years, much research has been
focused on the numerical solution of fractional differential equations. Some numeri-
cal methods have been developed, such as differential transform method [1, 20, 16],
Laplace transform method [15, 10], Pade approximation method [7], homotopy per-
turbation method [12, 13], Adomain decomposition method [17, 19] and variation
iteration method [14]. In this paper, we will consider the dynamics of the so-called
driven fractional oscillator. This fractional oscillator is obtained by replacing the
second time derivative term in the corresponding harmonic oscillator by a fractional
derivative of order v with 1 < o < 2. The derivatives are understood in the Caputo
sense. The general response expression contains a parameter describing the order of
the fractional derivative that can be varied to obtain various responses. In the case
of o = 2 the fractional system of oscillators reduces to the standard system of simple
harmonic oscillators. Some aspects of such a system have been studied previously
by other researchers [11, 2, 3]. Liao [8] employed the basic ideas of the homotopy
in topology to propose a general analytic method for linear and nonlinear problems,
namely homotopy analysis method. This method has been successfully applied to
solve many types of nonlinear problems [21, 4, 18, 22]. In this paper, we further ap-
ply the homotopy analysis method to solve fractional oscillator differential equations.
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The objective of the present paper is to modify the homotopy analysis method to
provide symbolic approximate solutions for linear and nonlinear oscillator fractional
initial value problems. The LHAM is a combination of HAM and Laplace transforms.
This method is characterized by choosing the identity auxiliary linear operator. The
organization of this paper is as follows: Brief definitions of the fractional calculus in
are given in Section 2. The LHAM is presented in Section 3. In Section 4, four nu-
merical examples are solved to illustrated the applicability of the considered method.
Conclusions are presented in Section 5.

2. Fractional Calculus

Some basic definitions and properties of the fractional calculus theory which are
used in this paper.

Definition 2.1. A real function f(x), x > 0, is said to be in the space C,, i € R if
there exists a real number p > u such that f(x) = zP fi(z),where f1(z) € C[0,00).
Clearly C, C Cgif B< p.

Definition 2.2. A function f(x), x > 0,is said to be in the space CT"

Ja m e NU {O}a
if f™ e C,,.

Definition 2.3. The left sided Riemann-Liouville fractional integral operator of order
a >0, of a function f € C,, p > —1, is defined as

JOf(t)

t
1 f@)
I‘(a)o/(x—t)ladt’ a>0, x>0,

Jf(x) = f(a), (1)

Definition 2.4. Let f € C™, m € N U{0} then the Caputo fractional derivative of
f(x) is defined as

m—a £(m) -1 N
pefe)={ T ) Ml << me ©)
T, Q=M.
Hence, we have the following properties
L JYJf(t) = J*TUf(t), a,v>0.
r 1
2. JotY Fw(zl_ﬁl)t”*oﬂ a>0 v>-1, t>0. (3)
m—1 tk
3.JDEf(t) = f(t)— f<k>(o+)g, t>0, m—1<a<m.
k=0 ’

Lemma 2.1. If m—-—1< a < m, m € N, then the Laplace transform of the
fractional derivative D2 f(t) is

LDIf() = s*F(s) = > fRO)s* 1 t>0, (4)

where F(s) be the Laplace transform of f(t).
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Proof. The convolution integral with two functions and is defined by

F(t) # g(t) = / f(t — r)g(r)dr.

If F(s)and G(s)are the Laplace transforms of f(¢) and g¢(t), respectively then

£ / £t~ T)g(r)dr) = F(s) G(s),
0

and from Definition 2

£ f(1) = ﬁf( / (t = 1) f(r)dn),

SO

F(s)

as

L(Jf(1) =
Take the Laplace transform of both sides of the property (3), we have

"B(Dgf(t)) — F(S) _ mz_l f(k)(0+)s_(k+1),

SOL
k=0
and so
m—1
£(DYf(t)) = s F(s) — Z fEOHs* 1 m—1<a<m.
k=0

3. Laplace Homotopy analysis method

The homotopy analysis method which provides an analytical approximate solution
is applied to various nonlinear problems. They use the auxiliary linear operator to
be D2. In this section, we present a modification of the HAM. This modification is
based on the Laplace transform of the fractional derivative D¢ f(t). To illustrate the
basic idea, let us consider the following fractional differential equation

DSu(t) = g(t,u(t),u'(t)), t>0, 1<a<?2, (5)
subject to the initial conditions
uw(0) =a and u'(0) =b (6)

Applying the Laplace transform to both sides of Equation (5) and by using linearity
of Laplace transforms we get

L£(Dgu(t)) = £(g(t,u(t),u'(t))).
Using (4), then we have
5°%(s) — s La — 5272 = £(g(t,u(t), (1)),

and
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where £(u(t)) = u(s).

The so-called zero-order deformation equations of the Laplace Eq. (7) has the form
~ - ~ a b 1 d

(1= @)d(550) — Tols)] = ghldlssa) — & = 5 — — £(glt 6(t50), ota))), (8)

where ¢ € [0,1] is an embedding parameter, when ¢ = 0 and ¢ = 1, we have %(s; 0) =

uo(s) and ¢(s;1) = u(s) respectively. Thus, as ¢ increasing from 0 to 1, ¢(s; q) varies

from g(s) to u(s). Expanding ¢(s; ¢) in Taylor series with respect to ¢, one has

(s;q) = To(s) + Y Um(s)g™, (9)

m=1
where ~
o 1.0m(s59)
um(s) = maqimhzo- (10)

If the auxiliary parameter h and the initial guesses g (s) are so properly chosen, then
the Series (9) is converge at ¢ = 1 and one has

U(s) =To(s) + Y Tm(s). (11)
m=1

Define the vectors R
Um = {Uo(s),u1(8),u2(8), ..., um(s)}. (12)
Differentiating Equation (8) m times with respect to the embedding parameter g,
and then setting ¢ = 0, h = —1 and finally dividing them by m!, we have the so-called
mith-order deformation equation

() = Xmli(m—1)(5) = Ron (@1 (5)), (13)
where
R(Ton1(s)) = Ty (5) = 55 (G s L0t 05, o0t 0)a-0)
4 )0 = xm), (14)
and { 0, <1
Xm = 1, m>1 " (15)

Applying the inverse Laplace transforms of (13), then we have a power series solu-

tion y(t) = _;ioyi(t) of (5).

4. Numerical Results

In order to assess the accuracy of the Laplace homotopy analysis method pre-
sented in this paper for fractional oscillator differential equations, we applied it to the
following problems [1].

Example 4.1. Consider the following simple harmonic fractional oscillator
Dfu(t) + w®u(t) =0, w>0, t>0, 1<a<2, (16)
subject to the initial conditions
w(0) =1 and v/ (0) = 0. (17)
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Take the Laplace transform of both sides of (16) and by using (17), we have

~ - 1
u(s) + (%)O‘ u(s) — 3= 0. (18)
In view of (13) and (14) is follows
~ ~ =
Um(S) = X’rnu(mfl)(s) - R’H’L( U m—l(s)): (19)
where
= ~ W g~ 1
R (T 1 (9)) = i1 (5) + (2) 1 5) = (1= x), (20)
SO
_ 1 w w2a w3o¢ w4o¢
u(s) = S gotl T gatl  gati T gdatl (21)

The inverse Laplace transform of (21) has the form

B (wt)e (wt)? (wt)3 (wt)*e
=1 pih ) T Tit20) Tatsa) Tardw 32

In order to improve the accuracy of the homotopy analysis solution of the simple
harmonic fractional equation, we calculate is obtained for different values of «. For
« = 2, we obtain the same solution found in Al-rabtah et al.[1] using the differential
transform method
_ (wt)?  (wt)?  (wt)®  (wt)®

u(t)y=1-— 51 + 1 al + TR (23)
Equation (23) is the solution of a simple harmonic oscillator and given by wu(t) =
cos(wt). Now, taking a = 1.9, u(t) is obtained as follows

. (wt)? NCOR @)%  (w)F

(34) L% TE I
Fig. 1 shows the series solution (22) exhibit the periodic behavior which is the char-
acteristic of the simple harmonic Equations (16) and (17) obtained for « =2, 1.9 and
1.8. Comparison between these results shows how the displacement of the fractional
oscillator varies as a function of time and how this time variation depends on the
parameter «. It can be seen that the behavior of the driven fractional oscillator is
very similar to the behavior of the damped harmonic oscillator, where the motion

is still oscillatory, but the total energy decrease and the phase plane diagram is no
longer a closed curve, but a logarithmic spiral.

u(t)

Example 4.2. Consider the following fractional oscillator equation
Diu(t) +w®u(t) =1, w>0, t>0, 1<a<2, (24)
subject to the initial conditions

w(0) =0 and v/ (0) = 0. (25)
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FIGURE 1. u(t) function of Equation (16) for different values of a.

The Laplace transform of both sides of (24) has the form

~ W, ~ 1
() +(5) (s) = (26)
and the mth-order deformation equations has the form
~ ~ =
um(s) = X’mu(mfl)(s) - Rm( u m—l(s))7 (27)
where
= . W, g~ 1
R (@ m—1(s)) = Um—1(s) + (3) Um-1(s) = 5 (1 = xm), (28)

and by solving the above linear system of equations, the first components of the
Laplace homotopy analysis solution are derived as follows

7 esc(mar) w2 7 ese(ma)w

I'(1—a)(a) ) gdatl I'(1 — a)[(a)stett + . (29)

« 3a

~ 1 w
u(s) = o~ gy T2

The inverse Laplace transform of (29) has the form

B 1 o w® 20 w?e wese(ma) o
W = fare Tty T+ Ta—aT(@) ’
B 7 ese(ma)w3® e 4 (30)

Il —a)'(a)(1 4 4a)
For «a = 2, the first terms of the series solution are given by

2 Wit whS W8

Now taking « = 1.9, u(t) is obtained as follows:
1 1 2 —1—VB)1, s
u(t) = 29 £ w;l t5 + w67 (2 - ( =9 \Cgﬂ)t%
I'(35) I'(%) ') T(E)T(n)
(-1-— \/5)7'('0.)ﬂ 38
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FIGURE 2. w®u(t) function of Equation (24) for different values of a.

and for o = 1.8, we have

9 18

() Logp o @8 e @0 5y T )
U = -

L& r(z (2 5o —

wTE TE o grarg)

27
W 5 36
+ ts 4 ...
§ - WIEIrErE)

Fig. 2 shows the response function for a =2, 1.9 and 1.8. The results here are very
similar to the results of the previous example. The behavior of the driven fractional
oscillator for the step function is similar to the behavior of the damped oscillator.

Example 4.3. Consider the following fractional oscillator equation
Dgu(t) + wu(t) = sin(wt), w>0, t>0, 1<a<2, (31)
subject to the initial conditions
w(0) =0 and v/ (0) = 0. (32)

If we take the first terms of the power series of sin(wt), and by using the construct
of the homotopy (13) and (14), then we have

3 5 wa—i—l wa+3 w(x+5

- w w w 33
u(s) = sat2  gatd + sat6  2a+2 + s20+4 ~ S2a+6 o ( )

The inverse Laplace transform of (33) has the form

u(t) = w at+l w? at3 4 w® pa+s _ wot! 2a+1

IF'2+a) IF'd+a) I'6+a) I'(2+2a)

wa+3 2043 wa+5 9

—Pats _ __—  q4%eth 34
T+ 20) T6+2a) (34)
For the value of « =2, u(t) is obtained as follows
3 5 7
ut) =2~ pp LT P oy

t' —
6 60 2520 362880
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FIGURE 3. w®u(t) function of Equation (31) for different values of a.

Now, substitute « = 1.9, in equation (34), then w(t) has the form:

3 5 29 49 69
u(t): w t%— w t%-l- w t%— w10 P2 w 10 t%— w10 L
L'(%5) (%) L(3) I(%) I(3) L(g)
and for a = 1.8, we have
3 5 14 24 34
u(t) = =2 - WA Yy W e, Y0y W e
NCIR TR (CR (E TS (R

Fig. 3 shows the LHAM approximate solutions for various values of a which have the
same trajectories.

Example 4.4. Consider the nonlinear fractional Van Der Pol oscillator equation of
the form

21

Du(t) + —

(u?(t) — D' (t) + u(t) = gsin(wt)7 w>0, t>0, 1<a<2, (35)
subject to the initial conditions
w(0) =0 and v/ (0) = 0. (36)

If we take the first terms of the power series of sin(wt), then the Laplace transform
of Equation (35) has the form

21 1 6, w w3 wb

21 - -
- Wu(s) + S—au(s) = g(5a+2 T sa+d + gat6 s

205>

U(s) + 5o £(u®(t)u' (1))

and the mth-order deformation equations has the form

—

U () = Xmﬁ(m—l)(s) — R (tUm-1(s)),

where



SOLVING FRACTIONAL OSCILLATORS USING LAPLACE HOMOTOPY ANALYSIS 9

m—1 i
= - 21
R (Tna(s) = Tnea(5) 4 oo £03 148 Yty 0 (6) —
i=0 j=0
21 1 _
50ga—1 tm—1(8) + —LUm-1(s) =
6, w w3 wb
_g(5a+2 T ata + sat6 ) (1= Xm)-

By solving the above linear system of equations, and taking the inverse Laplace trans-
form of w(s), then we have the first components of w(t) as

B 6w w(a — 1) cse(ma) 6w m(a — 1) ese(ma)
) = eyt e ar@ T arareCt Tear@
6w® (o — 1) cse(ra) 189w?T(2 + 2av) ol
et Te—ar@ | T I a0 tare i)

382+ )W T(d+20) 5.4
1252+ a)I'(4 + )T (4 + 3¢)

189w5T(6 4 20v) ( 5a+6 oo +4) yats

(37)

125T(6 +3a) T(6+a)T(2+a) (1+a)T2(4+ )
For a = 2, in Equation (37), we have
3 2 5 4 6
w3 w5 3w w’ |y Twh 41w® 4y
t) = —=t° — —t ' — t tt— ...
u(t) 6 100 + (1000 * 4200) 30000 2400000

By taking o = 1.9, u(t) is obtained as follows

6w (L+VB)m . 2  6w® L+ Vo) | 1
0= g e s
6w® L+ VE)m | e 189w°T(2) o1
Y@@ n )t mrErE
189w (%) 57 1890 15.5 121 e
1250 (3Hr(2)r(9) * 125F(M)(F(§g)r( ) + 290r2(59)) o

Finally, for « = 1.8, the following series solution is obtained

6w i 14 6w3 T 24
u(t) = (2 - AN (2- i
50(L2 5022
GV rrdni-¢€ GV rran/i- €
6w5 ™ 34 189w F(2 ) 32
e (2 s+ St
50(32 1250 (T () (2L
R ONONEEEC IR
189w (43) 2 189wOT(48) 15 261 | 52
- 9 295 Tt ot 575 (5719 S )t —
1257 () (2)r(4r) 125T(30) ‘T(2)r(2 ) 7002(2)

Fig. 4 shows the homotopy analysis approximate solutions for various values of «,
a=2,1.9 and 1.8. The parameter is taken as w = 0.5.

5. Conclusion

The purpose of this paper is to construct the Laplace homotopy analysis method to
linear and nonlinear oscillatory equations of fractional order. The Laplace homotopy
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FIGURE 4. u(t) function of Equation (35) for different values of «
and w = 0.5.

analysis method is used to construct an approximate analytical solution for the linear
harmonic fractional equation D%u(t) + w®u(t) = f(t). The response function u(t)
of different force functions ( f(t) = 0, 1 and sin(wt)) are obtained for different
values of o (1 < a < 2). The numerical results showed that the behavior of the
fractional oscillator is similar to the behavior of the damped harmonic oscillator.
Also, the Laplace homotopy analysis method is used to construct an approximate
analytical solution for the nonlinear fractional Van Der Pol oscillator. However, the
proposed approach can be further implemented to solve other nonlinear problems in
the fractional calculus field.
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