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Abstract: Fractional differential equations have been applied to model physical and engineering
processes in many fields of science and engineering. This paper adopts the fractional-order Chelyshkov
functions (FCHFs) for solving the fractional differential equations. The operational matrices of fractional
integral and product for FCHFs are derived. These matrices, together with the spectral collocation
method, are used to reduce the fractional differential equation into a system of algebraic equations.
The error estimation of the presented method is also studied. Furthermore, numerical examples
and comparison with existing results are given to demonstrate the accuracy and applicability of the
presented method.
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1. Introduction

Fractional differential and integral operators are generalizations of differential and integral
operators of integer order. In physical sciences, differential equations are used to model phenomena.
However, differential equations of integer order cannot give acceptable results for complex systems.
So, fractional differential equations are used to improve these models [1-4]. Several papers have been
devoted for studying existence and uniqueness of solutions to the fractional differential equations [5,6].
Solving fractional differential equations is a desirable objective. There are some issues in solving these
equations analytically except for a limited number of these equations. So, several studies have been
reported for the development of new methods for finding numerical or approximate solutions, such as
fractional differential transformation method [7], Adomian decomposition method [8], homotopy
perturbation method [9], homotopy analysis method [10], variational iteration method [11], Galerkin
method [12], collocation method [13], wavelet method [14], B-Spline operational matrix method [15]
and Jacobi operational matrix method [16].

Spectral methods, finite differences and finite element methods are the main methods of
discretization that provide a numerical solution of differential equations. The spectral methods
have the advantage that they are accurate for a given number of unknowns [17,18]. These methods
exhibit exponential rates of convergence/spectral accuracy for smooth problems, and this differs
from finite difference and finite element methods, which offer only algebraic convergence rates [19].
In spectral methods, the solution of differential equations is approximated as an expansion in terms
of orthogonal polynomials. The most commonly used spectral schemes are the collocation, tau and
Galerkin approaches [20,21].

Symmetry 2020, 12, 1755; doi:10.3390/sym12111755 www.mdpi.com/journal /symmetry


http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
https://orcid.org/0000-0003-0888-7198
http://www.mdpi.com/2073-8994/12/11/1755?type=check_update&version=1
http://dx.doi.org/10.3390/sym12111755
http://www.mdpi.com/journal/symmetry

Symmetry 2020, 12, 1755 20f17

Orthogonal functions play an important role in finding numerical solution of differential equations.
These functions simplify the treatment of differential equations via converting its solution into the solution
of a system of algebraic equations. Some examples are shifted Legendre polynomials [22], Chebyshev
wavelets [23], shifted Chebyshev polynomials [17], shifted Jacobi polynomials [24], block pulse operational
matrix [25], etc. Orthogonal Chelyshkov polynomials were presented in [26]. Using these polynomials,
a solution has been given of weakly singular integral equations in [27], Volterra—Fredholm integral
equations in [28], linear functional integro-differential equations with variable coefficients in [29] and
Volterra-Fredholm-Hammerstein integral equations in [30]. Furthermore, the operational matrix of
fractional derivatives based on Chelyshkov polynomials for solving multi-order fractional differential
equations has been presented in [31] and the operational matrix of fractional integration to solve a class of
nonlinear fractional differential equations has been introduced in [32]. Recently, Talaei [33] has proposed
a numerical algorithm based on FCHFs for solving linear weakly singular Volterra integral equation.

Solving fractional differential equations by using series expansion of the form i 7:x"*(x), a >0,

=
such as Adomian’s decomposition method, homotopy perturbation method and He’s variational

iteration method, is a common and efficient method [34]. So, building orthogonal functions of
fractional-order may be useful in solving fractional differential equations more successfully.

The motivation of this paper is to construct the FCHFs based on Chelyshkov polynomials.
Additionally, the operational matrices of the fractional integration and product for FCHFs are derived.
In addition to that, an application of FCHFs for solving linear and nonlinear fractional differential
equations is presented. The paper is organized as follows. Following this introduction, some definitions
and preliminaries of fractional calculus, as well as the FCHFs and their properties are presented in
Section 2. In Section 3, we investigate the error of the proposed method. The FCHFs operational
matrices of fractional integration and product are given in Section 4. Section 5 presents a new
technique to use the FCHFs operational matrices for solving multi-order fractional differential equation.
The performance of the proposed algorithm is reported in Section 6 with satisfactory numerical results.
Finally, the paper ends with conclusions in Section 7.

2. Preliminaries

2.1. Fractional Calculus

Now, we will present some definitions and properties of fractional integration and differentiation
which will be used throughout this article [35,36]. In the literature, one can find many definitions
of fractional integration of order &« > 0, but these definitions may not equivalent to each other [37].
The definition of Riemann-Liouville is the more widely used, which can be stated as follows

Definition 1. The Riemann-Liouville fractional integral operator of order « > 0 of a function y(x) is given by

Iy (x) = r(l‘x)/ox(x — t)“ily(t)dt, a>0,x>0, 1)
y(x), a=0.
For Riemann-Liouville fractional integral operator I* we have
Iy (x) = I""7y(x) = D'y (x), a7 >0, 3)
I (Ay1(x) + Agya(x)) = ATy (x) + A2y (x), )

where A1 and A; are constants.
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Definition 2. The fractional derivative of order a > 0 in the Caputo sense is defined in the form

D*y(x) = I1*1=*DI*ly(x) = r(ml_a) /0 “r—plle L () (g [a]—1<a < [a],x>0 ()

where [a] is the smallest integer greater than or equal to w.

Some characteristics of the operator D* are given as follows

0, n€No&n < [a],
D% = T(y+1) (6)
_ M) -
F(ry—oc—i—l)x , NE€Ng&n>Ja] or & N&ny> |af,
D*C =0, Cisconstant, (7)
D*I*y(x) = y(x), ®)
[a]-1 () 0+
oy ¥ (O ) i
IDy(x):y(x)—i:X(:) T x>0, )
D*(p1y1(x) + p2y2(x)) = p1D"y1(x) + p2D*ya(x), (10)

where |« | denotes the largest integer less than or equal tow, N = {1,2,...}, Nyo = {0,1,2,...} and 4,
Mo are constants.

Definition 3. (Generalized Taylor’s formula). Assume that D/y(x) € C(0,1] for j = 0,1,...,n+ 1 and
0<n <1, then

(x) iixm D"y(0%) e DIy (z), 0 Vx € (0,1] (11)
x) = 4 n z), <z<x Vxe (01,
Y = Tl +1) y T ((n4+1)y+1) Y

where D = DD ... D',
~———

I times

In the case of 77 = 1, the generalized Taylor’s formula reduces to the classical Taylor’s formula.

2.2. Fractional Chelyshkov Functions

The set C, = {C,;}}_, of Chelyshkov polynomials is a set of orthogonal polynomials of degree 1
over the interval [0, 1] with the weight function w(z) = 1 and has the form

Cuilz) = Y (~ 1) (” - i) <” it 1) d, i=0,1,...n (12)

~ j—i)\ n—i

It can be seen that, all members of the set C,, have the same degree n, which represents the
main difference with other sets of orthogonal polynomials. The orthogonality condition of these
polynomials is

1 O, l 7& r,
/ Cu(2)Cur(2)dz = 1 LLr=0,1,...,n. (13)
0

Tryr 70

Chelyshkov polynomials C,;(z) are related to Jacobi polynomials PP (z), where a, B > —1 and
m > 0 by the following relation

Cuilz) = (1) 2/ P"** D07 1), i=0,1,...,n. (14)
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The fractional-order Chelyshkov functions (FCHFs) can be built by substituting z = x7 and
7 > 0 in the Chelyshkov polynomials. Suppose that CZi(x) denotes the FCHFs C,;(x"). Then,
from Equation (12), C!.(x) can be defined as

Cli(x) = i(—l)/’*i (n B i) (n it 1) M i=0,1,...n. (15)

fr j—i)\ n—i

These functions are orthogonal with respect to the weight function wy (x) = x7~! over the interval
[0,1] and satisfy the orthogonality property

1 0, l#7,

/ CZI(JC)CZ,(JC)(U,7 (x)dx = 1 l L,r=0,1,...,n. (16)
0 — =
n(l+r+1) "
Let the FCHFs vector be
T
Cy(x) = (Clo(x), Ch (x),- -, Clu(x)) (17)
which can take the form

Cy(x) = EX;(x), (18)

where the vector X, (x) and the upper triangular matrix E are given by

T
Xy(x) = (1, x’7,x2’7,...,x”’7) , (19)
0, 0<j<i,
— [e:]m. L . .
E=lelij—o ¢ (—1)~ (’]?_il) (”:J_fl) i<j<n (20)

3. Function Approximation and Error Estimation

Assume that A = [0, 1] and define the weighted space LZ)” (A) by

1
szq (A) = {p : A — R; p is measurable on A & /0 |p(x)|2w,7(x)dx < oo} , (21)
with inner product and norm
1
(o), = [ )0y (x)a, @)
1

Suppose that S, = span {CZO(x), cl(x),..., CZn(x)}, which is finite dimensional and closed

subspace of Li,q (A), then for each y(x) € szn (A) there is a unique best approximation y,(x) € Sy
that satisfies

Hy_y”Hw;] S ||y_§||wr]’ vée Si’l‘ (24)
Additionally, y,(x) € Sy, thus it can be expanded in terms of FCHFs as

yn(x) =Y q:Cl(x) = QTCy(x), (25)
i=0
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where the coefficient vector Q is given by

T (v, Cl) .
Q:(QO/’]Lu-/Qn) /qi:ﬁ/ 120,1,...,71. (26)

ni’ ni>wr7

The following theorem gives an upper bound for estimating the error.

Theorem 1. Assume that DIly(x) € C(0,1] for j = 0,1,...,n + 1 and y,(x) is the best approximation to y
out of Sy, then the error bound is given by

M 1
[y (x) = Y (x) [l < T((n—l—l%;y—i—l) m 27)

M, = sup {\D("H)”y(xﬂ}, x € (0,1]. (28)

where

Proof. Let p(x) be the generalized Taylor’s formula of y(x), then from Definition 3 we get
. X' ! +
=YY ———_D'ly(0"), € (0,1], 29
P = L gy PO7) xe 0 )

with error bound as
B (1)
ST ((n+1)n+1)

va(n-&-l)q
<
“T((n+1)y+1)

D(”“)”y(z) , 0<z<x

(30)
However, p(x) € S, and yy, is the best approximation to y from S, then

Iy3) = 312, < ly() = PR,
= [0~ )y (x)x

1 M x(”+l)77 2
< 1
_/0 (F((n+1)17+1)> wy (¥)dx
2

= o 2 /l x (231 gy

IF'((n+1)y+1)°Jo

M2

= T , (31)

I'((n+1)n+1)°(2n+3)y

and by taking the square roots, we have the desired result. [

4. The Fractional Integration Operational Matrix of FCHFs

In this section, the FCHFs operational matrices of fractional integration and product are obtained,
which can be built easily and their numerical results are accurate.

Theorem 2. Suppose Cy(x) is the FCHFs vector, then

I%Cy(x) =~ PWCy (), (32)
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where PY) = [py ]!, _, is the (n + 1) x (n + 1) operational matrix of fractional integration of order & > 0 in
the Riemann—Liouville sense and its elements are given by

Pik = ég(‘l)Hs_i_k L +Z(ik1;i)§)(lrﬂ(ljy i)a +1) (7;) (n Il—t 1) (s - 115) (n "t 1)' )

Proof. By integrating Equation (18), we obtain

1C, (x) = I"EX, (x)

= EI"X,(x), (34)
and by using Equation (2), we get
1 T(y+1) r(2g+1) T(ny+1) T
o — i n+a 21+ ny+u
Xy (x) (F(a+1)x’F(11+oc+1)x 'F(217+1x+1)x '”"F(my—l—zx—i—l)x
= BX;(x), (35)
where T(r+1)  TQp+1) T(ny +1)
) "+ 1+ ny +
B=d , , Sy 36
mg(l“(a—kl) I'n+a+1)"T2y+a+1) F(n17+zx+1)) (36)
— T
Xy (x) = (x”‘, K y2nte x”’””‘) ) (37)
The vector X, (x) can be approximated in terms of FCHFs as follows
n
XM~y arkCZk(x), r=0,1,...,n, (38)
k=0
where 4, can be obtained from Equations (15) and (26) as follows
1
ag = 1(2k + 1)/ XHCT (x)wy (x)dx
2k 4 1 f ( k) <7’l +s5+ 1) / (7+5+1)7]+a—1dx
= —k n—k 0
L 1)5k n—k\(n+s+1
2"+1§,7r+s+1>+a< SO )
Then,
Xy (x) ~ ACy(x), (40)
where A = [ax]" _ isa (n+1) x (n + 1) matrix and its elements are given by Equation (39).
From Equations (34), (35) and (40), we can write
I"Cy(x) ~ EBACy(x), (41)
and by using Equations (20), (36) and (39) for multiplying the matrices E, B and A, we get
I°Cy (x) =~ PWC, (). (42)

O

Remark 1. It can be noted that the operational matrix of fractional integration in [32] is a special case of the
operational matrix of fractional integration of FCHFs with 7 = 1.
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In the following, we present the operational matrix of product of two FCHFs vectors, which will
be useful to reduce the fractional differential equation into a set of algebraic equations.

Theorem 3. Suppose U = [ug, uy, ..., un]T is an arbitrary vector, then
Cy(x)Cy (1)U ~ UC,(x), (43)
where
(=1t =1\ (n+s+1
U=y = Z;,)]Z()lzuje]zerkhzkl/ hig = (21 + 1)52 TTkts+1 (s _ l) ( w1 ) (44)

Proof. From Equations (18)—(20), we have

Cy(x)Cy ()U = EXU(x)XUT(x)ETU

YT Y e

k0]010

Yoy 2 ujejieqx i+
= | k=0j=0i= . (45)

2 Z 2 ujejiey kx( k)
k=0j=0i=0

Now, we approximate xH0)1 for i k = 0,1,2,...,n, in terms of FCHFs, as follows

x0T o Y gy Cl (%), (46)
=0

where

1

hjg = (21 +1) x(”k)’]CZl(x)w,Y(x)dx

n 1.
n(21+1) Z <S B ZZ> <n :S:lr 1) /0 o (irkst1)=1 7,0

s=I

n Sl n—01N\/n+s+1
=@+ Zz—f—k-i—s—i—l(s—l)( n—1 ) (47)

s=I

S—

Then, forevery r =0,1,...,1n, we get

n n n n n n
> Y Y wpeenx T~ YN Y wjejien 2 higa Gy (%
j=0

k=0 j=0i=0 k=0 j=0i=0

j
n n n n
=) <k0 2 ) ujejierkhikl> Cl(x)

1=0 j=0i=0

=Y u,C/ (x). (48)
1=0
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By using Equation (48) into Equation (45) we obtain

]
EO* Cyy(x)
Uuqg X
Cy(x)CF (x)U == | 1=0 nl

= UCy(x), (49)
which completes the proof. [

5. Solution Method

In this section, the operational matrices of fractional integral and product for FCHFs together
with the spectral collocation method are applied for solving the fractional differential equations.
Consider the multi-order fractional differential equation

F(x,y(x), D%y(x), D%y(x),..., D*"y(x), Dy (x)) =0, (50)

with initial conditions
yD0)=2A;,i=01,...,[a] -1, (51)

where, y(x) is the unknown function, 0 < a1 < ay < ... < &y, < &, x € [0,1] and D* denotes the
Caputo fractional derivative of order a. To find a solution of problem (50), we approximate D*y(x) as

DY(x) ~ Y qiClL (x) = QTCy(x). (52)
k=0

By using the Riemann-Liouville integral operator I* and Equations (9) and (32), we get

[l =1 () (0) .
v -y L0~ g, ()

i=0 :
~ QTPWC, (x). (53)
Employing Equation (51) in Equation (53) gives
T A
y(x) = QTPWC, (x) + ) S (54)
i=0
Therefore, for j =1,2,...,m
fa] -1 5. ,
D%y(x) ~ QTP(”‘_"‘i)CW(x) + ) i—!’D"‘/xl,
=
Ai i—a;
I, Jai] < Jaf =1, (55)

[a]—1

_ 0T (a—aj)
Q'r ]C”(x)Jri,%,]F(i—aﬁl)x '
-
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clearly if [a;] > [a] the second term of Equation (55) will vanish. Combining Equations (54) and
(55) yields

[a]—1 A
. ~ T — N — .
D%y(x) ~Q pla “J)Cﬂ(x) + ‘_2 mxl 4, j=0,1,...,m, (56)
i=[a;] ]
h 0.N imat Mz_l A AT f FCHF
where &y = 0. Now, approximate ———x' % in terms o s as
pp i= (”‘j“ F(z — DK]' + 1)
Y A 3 Ch = GTE )
—x Y ~ $irCur(x) =G Cy(x), j=0,1,...,m, (57)
i=[a;] [(i—aj+1) =" !
where the vectors G; = [gjo, &j1,---,8jn]’ are given by
fal 1 Ai 1 i—o;
gr=nr+1) ) m/o x4 Cl (x)wy (x)dx,
i:(aﬂ h
LT (DA (= (LY [ e
=) 2 e () () e
B [a]-1 n (,1)1*7)” n—r\/mn+I1+1 . _
_7](2r+1)i:%ngr (17(l+1)+ifocj)l"(ifacj+l) <lfr>< vy >,]—0,1,,..,m, r=0,1,...,n. (58)
Then, Equation (56) becomes
D%y (x) = (QTP(”"”‘i) + G]T) Cy(x), j=0,1,...,m. (59)

Additionally, from Theorem 3, we can write
(D%y(x))* = (QTP) + 6T ) G (x)C] () <(p<“f>) "o+ G,) ,
_ (QTP(DC*%]') 4 G]T) Q1Cy(x), (60)
where Q; is the operational matrix of the product, also
(D%y(x))> = (QTP") +GT) Q,C, (x)C (v) ((P("‘“"f>) "o+ G]-) :

= (Q"P* ) 4+ GT) Q,0y (x), (61)

(DYy(x))” = (QTP(“‘“f) + GJT) Qs2Cy(x)Cy (%) ((P@‘—“f)) "o+ Gj> ,
- (QTP(tXlej) + G]T> Qs 1Cy(x), seN. (62)

By substituting as needed from Equations (52), (59) and (62) in Equation (50), the multi-order
fractional differential Equation (50) is converted into the following algebraic equation

F (x, (QTP(“) + cg) Cy (%), (QTP(”""“) + GlT) Cy(x),-.., (QTP("""‘”) + G£> C, (%), QTC,,(x)> —0. (63
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To find the unknown vector Q, let ¥, = {x; : x; = %, i=0,1,....n} be a set of equidistant nodes

and collocate Equation (63) at the nodes x;, i =0, 1, .....n, which gives
F (%, (QTP + G ) Cy(x), QTP 4 GT ) €y (x1), .., (QTPO) + G, ) €y (xi), QTCy (i) ) = 0. (64)
Equation (64) represents a system of n + 1 nonlinear algebraic equations and can be solved to find
the vector Q. So, an approximate solution of Equation (50) can be determine.
6. Illustrative Examples

In order to demonstrate the efficiency of the proposed method, we apply it to solve some linear
and nonlinear fractional differential equations. A comparison with other methods reveals that the
presented method is effective and accurate.

Example 1. Consider the inhomogeneous Bagley—Torvik equation [16,22]

Dy(x) + D3y(x) +y(x) = ¥ +1,
y(0) =y'(0) = 1.
The exact solution of this problem is y(x) = x + 1. By using the technique presented in Section 5,
we have

(65)

D?y(x) = Q'Cy(x),
Diy(x) = (Q"PH) +G]) ¢y (x), (66)
y(x) = (QTP? + Gf ) €y (),
Substituting Equations (66) in (65), gives
Q" (14 P +P@) ¢y(x) + (G +GF) Cy(x) —x =1 =0, (67)

By taking n = 2, 7 = 1, we obtain

T
Go = (1535> , (68)
3412
T
G = (0,0,0) ) (69)
124 3172 340
21 315 63
) _1_| 82 64 32 (70)
1y | 945 7 27
32 32 32
315 45 3
1 17
15 30
p 1] 1 1 65 (71)
7 180 20 36
1 1 5
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Using Equations (68)—(71) and collocate Equation (67) at the nodes x; = %, i=0,1,2, we obtain

104 124 1, 8 NE Y
105 " 231y/7) 1 \ 1260 T 10395/7) T T\ 420 " 3465 7)) P T

55 172 (v, 3 L (17 10 R Y
168 " 3157 ) 0T\ 21 T 3ae5 ) T 220 3aes ) BT 6T Y @2)
281 388 103 64 E .
210 " 3465.7) 1 " \ 140 3857 ) T\ 420 3465w ) P T

T
Solving Equation (72) gives Q = (0, 0, 0) , and therefore

3 —12x + 10x2
4x — 5x2 =x+1, (73)

y(x) = GICi(x) = (1 5 35) 2
X

3412

which is the exact solution. Additionally, for the same n = 2 with 7 = 1 we can obtain the exact
solution, where

T
1 8
Go = (,1’ > , (74)
373
T
G = (0, 0,0) ) (75)
2 1 335-—1087
. 3 2 6
P(%) _ _} 187 — 50 ) (76)
/7| 73 2 3
1 2 10
5 5 3
1 1 1
. 21 5 42
pa 2| 19 4 11 (77)
91 220 140 6
5 1 5
84 4 6

Similarly, by collocating Equation (67) at the nodes x; = %, i = 0,1,2 and solving the resulting
T
system, we get the solution Q = (O, 0, O) , which yields

3—12y/x 4 10x

y(x) = GIC,y (x) = <1 1 8) 4/x—5¢ | =x+1. (78)
z 373 .

Example 2. Consider the following linear fractional differential equation [38,39]

DAy(x) +y(x) = v+, -
)

y(0) =0.
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The exact solution of this problem is y(x) = y/x. Using the proposed method yields

Diy(x) = QTCy(x),

1 (80)
y(x) = (QTPH) + GT) €y ().
Equation (79) can be written after using Equation (80) in the form
QT (1 + P<%>) Cy(x) + GJCy(x) — M = 0. (81)
Withn = 1and 5 = J, we get
T
Go = (0,0) (82)
Voo 32-97
p—| 8 8vrm |, (83)
Voo 3w
24 8
and the generated set of linear algebraic equations is
(”s oy Y
VT VT o
16 —57m 5y/ 1T T
(1‘4ﬁ> 0~ (”u) flt+—5-=0
3 T
The solution of Equation (84) is Q = (ﬁ ﬁ) . Then
47 4
Voo 32-91
_ ATpd) <\/E 3ﬁ> 8 8w | (2-3Vx) _
x) = P'2)Cqy(x) = =/x, 85
v =P, = (I E) |5 I (BTN = e @
24 8
which is the exact solution.
Example 3. Consider the nonlinear initial value problem [16,22,31]
5
D%(x) + D3y(x) +y?(x) = x*, (86)

y(0) =y'(0) =0, y”(0)=2.

The exact solution of the problem is y(x) = x2. By applying the method described in Section 5,
we obtain

Dy(x) = QTCy (),

Diy(x) = (Q"PY) +GT) €y (x),
y(x) = (Q"P¥ +GF) ¢y (=),
y2(x) = (QTPO) + GT) Qi ().

(87)

where Q; can be calculated from Equation (43). Equation (87) transforms Equation (86) to

Q" (1+P®) + PGy ) Cy(x) + (6] +GFQ1 ) Cy(x) — x* = 0. (88)
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With n = 3 and 5 = 1, the resulting system of nonlinear algebraic equations can be written in the form

1 39 13 1 1 34816 1102592 566864
30 300470+ g3 + 5og0T F 3gpa) T (17 3003779 ~ 21 s (M 2o500s 77002
23552 1
0+ mosyR R 3"
55 269 991 47 12192 90544 234884
E(4 T 70870 t 9257 T 120072 T ﬁ%)z +(2+ W)% +(=3+ W)ﬂl + 4+ WWZ
67264 4
T2t sy T3 (89)
125 67 211 13 512 1024 2084
(1+ J00870 * 7207 T 502072 T 1650%)" + (71 F 1001727t U+ 372" T (C1F o 7%
8192
+(1+ 79009\/#‘13 -1=0,

i 1 NP 304 128 64 .
(2520™ ~ To080" ~ 10080™) T 1 7727~ dos v T o009/ T 1045 AR

T
The solution of system (89) is Q = (O, 0,0, 0) , which leads to the exact solution.

Example 4. Consider the nonlinear multi-order fractional differential equation [40]

Pan 2
Dty (x) +y*(x) = x + <W+2)> , 0<a<2, 90)
y(0) =y'(0) =0.
a1
The problem has the exact solution y(x) = Tat2) Applying the proposed technique in

Section 5 for this problem, we get

Dy(x) = Q¢ (),
y(x) = (QTP@ + 6T ) €y (x), 1)
() = (QTP® + 6T ) ©1Cy ().

Then (90) takes the form

a+1 2
Q" (1+PWQ,) Cy(x )+G§Q1c,7(x)—x—<rx)> =0. (92)
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2
x
Consider « = 1 with the exact solution y(x) = 5 For solving this case we taken =2 and 7 = 1,

which leads to the following system of nonlinear algebraic equations

1 ) 1 ) 1 ) 1 1 1 30 = 0
%qurmqler%—%%%Jr@%ﬁlﬁ%qwﬁ qo =0,

25 49 121 35 55 77 1 3 1 33

Bt S SRl SR > T T T (93)
14470+ 576 T 1490072t 1qg TNt 707072 T ggeT P T pTot gt g2 — g =0

1, 25, 361, 5 19 95 5_0

3670 T 702 T 360072 T 367091 + 1597092 T 3557192 90 — g1+ 42— 7 =0

15\
Solving these equations yields Q = (0 z ) , which leads to the exact solution.
"4’ 4
Example 5. Consider the following fractional differential equation [31]
1 5:; 5 15ym
Dw@+lﬂww+y@%=?2+m%~§n%fa 1)

y(0)=0

The exact solution of this problem is y(x) = x*/x. Table 1 shows a comparison of the results
obtained by the present method and those in [31] in terms of L and L2, errors for different values of n
and 5. Note that the results for the method that we compare have been executed by the method in [31]
and we use these results to make a direct comparison with the presented method. Symbol “~” means
that the result for n is unavailable for that method. From Table 1, it can be seen that the errors achieved
by the presented method are less than those in [31] for all values of n. In addition to that, when n
increases, the errors are reduced until they become zero at n = 10, # = 0.25and n = 13, n = 0.25.
This means that the presented method is more accurate than that in [31] for this problem.

Table 1. Comparison of the results for Example 5.

Our Method Talaei’s [31]

n

7 LY, Lz, L® 12
4 1.0 3.82 x 1074 3.81 x 1074 1.21 x 1073 592 x 1074
8 0.5 1.18 x 1077 4.06 x 1077 5.80 x 107> 250 x 10~°
10 0.25 0.0 0.0 - -
13 0.25 0.0 0.0 - -
16 0.25 8.13 x 10717 5.36 x 10717 245 x 10~° 9.89 x 107
20 0.25 1.78 x 10715 0.0 8.59 x 107 3.42 x 1077

Example 6. Consider the fractional differential equation [31,41,42]

1 3 24
D%y (x) +y(x) = A T e S | I I

2 T(4—a) r(5—a) (95)
y(0) = 0.

1
The exact solution of this problem is y(x) = x* — §x3. Table 2 describes the results obtained by

the present method and those in [31,41] in terms of Li,ﬂ errors for different values of n with « = T

It can be seen that the new method performs better than the method in [31] and much better than the
technique in [41]. The error achieved by the presented method becomes smaller and smaller with the
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increment of n and converge to zero at n = 20. Which means that the introduced method is more
coincidental with exact solutions than those in [31,41].

Table 2. Comparison of the results for Example 6.

Our Method Talaei’s [31] Chen’s [41]
n
1 Lz, L? 12
8 0.5 5.68 x 1070 3.07 x 10~7 450 x 1073
16 0.25 6.70 x 10717 2.87 x 1077 1.80 x 1073
20 0.25 0.0 - -

7. Conclusions

In this paper, the FCHFs have been adopted for solving fractional differential equations.
The operational matrices of fractional integral and product for FCHFs have been derived.
These matrices are used to approximate solutions of fractional differential equations where the
fractional derivatives are considered in Caputo sense. The introduced method is a spectral collocation
method which reduces the fractional differential equation to a system of algebraic equations.
The efficiency and applicability of the presented method are tested on some problems. Comparison
with some other methods has been performed. The numerical results show that the new method is
more efficient, its performance is quite satisfactory, and only a small number of FCHFs is needed to
obtain good results. Finally, we can say that employing fractional-order basis functions achieves more
accurate results than the corresponding integer-order basis functions, which shows the applicability of
this method for solving the fractional problems.
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