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Abstract: In this paper, we consider classes of linear and nonlinear fractional differential equations involving the Caputo-Fabrizio
fractional derivative of non-singular kernel. We transform the fractional problems to equivalent initial value problems with integer
derivatives. We illustrate the obtained results by presenting two mathematical models of fractional differential equations and their
equivalent initial value problems. We show that it is impossible to convert all types of linear fractional differential equations to the
integer ones.The obtained results will lead to better understanding of fractional models, as the solutions of their equivalent models can
be studied analytically and numerically using well-known techniques of differential equations.
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1 Introduction

The Caputo-Fabrizio fractional derivative has added a new dimension in the study of fractional differential equations. The
beauty of the new derivative is that, it has a nonsingular kernel [1]. The Caputo-Fabrizio derivative is designed with the
convolution of an ordinary derivative and an exponential function but, it has the same supplementary motivating properties
of heterogeneous and configuration [2,3,4] with different scales as it is in the Caputo and Riemann-Liouville fractional
derivatives. Many results about the new Caputo-Fabrizio fractional derivative have been developed in the last two years.
For instance; the corresponding fractional integral as well as the solutions of several linear fractional differential equations
were discussed in [5]. Maximum principle theory of boundary-value problems, which plays an important role of solving
many fractional diffusion equations, was discussed in [6,7,8]. The existence and uniqueness results for fractional boundary
value problems were studied by many authors using different techniques [2,6,9,10]. A reduction of order formula and a
fundamental set of solutions results were established in [11] for a class of linear fractional differential equations. Also,
numerical techniques of Caputo-Fabrizio fractional models were examined by many authors. For instance; the numerical
solutions for groundwater pollution [12], for the model of RLC circuit [13], for the model of wave movement on the surface
of shallow water [14], and for the heat transfer model [15,16], were discussed. Caputo-Fabrizio fractional derivative has
been implemented in many areas of mathematical modeling to model real world problems. For instance, Mass-spring-
damper motion model [4,17], non-linear Fisher’s-diffusion equation [7], Elasticity model [18], Liénard model for fluid
transmission line [19] and the Korteweg-de Vries-Burgers functional differential equation [14,20].

The aim of this paper is, to convert Caputo-Fabrizio fractional differential equations to equivalent initial value problems
with integer derivatives, without losing the non-locality of the real world phenomena.

The paper is organized as follows. In Section 2, we discuss a class of fractional differential equations of variable
coefficients of order 0 < o < 1, and its equivalent initial value problem of order 2. In section 3, we extend the results for a
class of higher order fractional differential equations with variable coefficients. In Section 4, we present two applications
of the new results. Finally, we close up with some concluding remarks in section 5.
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2 Fractional differential equations with variable coefficients

In this section, we show that a class of linear and nonlinear fractional differential equations with variable coefficients can
be transformed to initial value problems with integer derivatives. We start with the definition and main properties of the
Caputo-Fabrizio fractional derivative.

Definition 1./1] Let f € H'(a,b), a < b, a € (—oo,t), 0 < & < 1, the Caputo-Fabrizio fractional derivative in the Caputo
sense is defined by

(CFCDOC 1 / f S, (])
where B(ot) > 0 is a normalization function satisfying B(0) = B(1) = 1.

The corresponding fractional integral is defined by, see [5]

l-a o [
CFCa
L'H)t) = —— — ds, 0 1. 2
PR = g O+ G | F90s 0< < @
The relation between the Caputo-Fabrizio fractional derivative and the corresponding integral is given by
(TEIDNEEDEf(1) = f (1) — f(a). 3)

For more about the Caputo-Fabrizio fractional derivatives we refer the readers to [1,5,9,21].
Lemma 1.Let z € H'(a,b) and consider the linear fractional differential equation

ko(1)(CFEDY2) (1) + ky (1)Z (1) + ka(1)z(1) = f(1), O<a <1, )

where ko, ky,ka, f € Cla,b), and ¥ D% is the Caputo-Fabrizio fractional derivative in the Caputo sense. This fractional
differential equation is equivalent to the initial value problem

() (t) +er () (1) +cot)v(r) = h(t), Q)
v(a) =0,V/(a) = e"*“z(a), (6)

where v(t) = [} et*Sz(s)ds, o = 1%, and

h(t) = (1= a)et f(t) + ko(t) B()v'(a), @)

o) = (1-a)k (1), ®)

c1(r) = ko(1)B(a) + (1 — ) (ka () — Haki (1)), )

co(t) = —Hako(r)B(ct). (10)

Proof-We have

(CFCDch)(t) _ %./:Z,(s)efﬁ(tﬁv)dsz %g*ﬂal ‘/ale'uaszl(s)ds' (11)

Integrating by parts yields

(DG 1) = L o) — el 2(a) — pge Pt ["ebere(s)ds], (12)

We have v(t) = [! eMe¥z(s)ds, and since z € H'(a,b), then z is continuous on (a,b). Applying the Fundamental Theorem
of Calculus, it holds that V(1) = e"*'z(t), a < t < b. We have

2t) = e MV (1), 2 (1) = e M (—pgy (1) +v (1)), v(a) = 0,and V' (a) = eH*?z(a).

Therefore,
(CFCDE2) (1) = P [ty (1) — bt/ () — prgeHav()],

7”0”?(_—02 WV (t) =V (a) — uav(t)]. (13)
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By substituting in equation (4) we get
B(a
e Hal (k() (l) —( )

-«
Multiplying the above equation by (1 — a)e**’ and arranging the terms yields

V(1) =V (a) — pev(t)] + ki (1) [~ v () +v' (£)] +kz<r>v’<r>) = £(1).

(1— ki (1) (1) + (koa)B(a) +(1 - ) (ka(t) — Haky (r>>)v’ (1) — Hrko (1) B(c)V(1)
= (1= a)el (1) + ko(t)B(a)v'(a),
which proves the result.

Remark.In equation (4) if the coefficients ko, k; and k, are all constants, then the fractional differential equation reduces
to the second order initial value problem with constant coefficients

eV + eV (t) +cov(t) = h(t), v(a) =0,V (a) = e**z(a).
This special case has been discussed in [17].

Remark.In equation (4) if we choose k;(t) = 0, then the fractional differential equation reduces to the first order initial
value problem

[(1 = a)ka(t) + ko (1) B()]v'(¢) — HaB(00)ko (1)v(t) = €' (1 — ) f(t) + ko(t) B(ct)V' (a),
v(a) = 0.

Remark.We remark here that, since v(t) = [! e#$z(s)ds, and z € H' (a,b), then v € H?(a,b).

Remark.Using equation (12) one can define the Caputo-Fabrizio fractional derivative for a more wider space, such as
L'(a,b), see [18] for more details. However, the restriction in the space we have considered, which is H'(a,b), comes
from the appearance of the term 7’ in Eq. (4). This constrain doesn’t allow us to consider a more wider space.

Following analogous steps in the proof of Lemma 1 we have
Lemma 2.Let z € H' (a,b) and consider the nonlinear fractional differential equation
ko(£)(CFEDE2) (1) + ki (1)2 (1) + ka(1)2(1) = f(2,2(1)), O<a <1, (14)

where ko, ky,ky, f € Cla,b], and CFCDg is the Caputo-Fabrizio fractional derivative in the Caputo sense. This fractional
differential equation is equivalent to the initial value problem

W' )+t () +cot)v(t) = (1 —a)et™ f(t,e 'V (¢)) + ko(t)B(a)V (a),
v(a) =0,V (a) = e'2?z(a),

where v(t), Lo, ca(t),c1(t),co(t) are as defined in Lemma 1.

3 Higher order fractional differential equations

We extend the results obtained in Section 2 to a class of higher order fractional differential equations. We start with the
following result.

Lemma 3.Let f € H*(a,b) and 0 < o < 1, then it holds that,

B(a) o
(D) (e) = HO L 1) — ot (@) o FEDLN), o = o (15)
Proof.-We have

4 a

(CFCD(aX+1Z)(t) — 1Bia()x/ Z”(S)eim(ti‘y)ds,

B(o o

_ Uet Ues _
— o’ /ae Z'(s)ds, Ug T—a
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Integration by parts yields

B(a / g ’
(DG 12)(0) = P bt (), g [ b (5)as],

o]

= B ) e a0 2(4)] - 1o (FEDE) 1),

R

which proves the result.

Lemma 4.Let 7z € H*(a,b) and consider the linear fractional differential equation
ko(1) (TG 2) (1) + ki (1) (VD) (1) + ha(1)2(e) = (1), O< <1, (16)

where ko, ki,ka, f € Cla,b), and ¥ D% is the Caputo-Fabrizio fractional derivative in the Caputo sense. This fractional
differential equation is equivalent to the initial value problem

dy ()" (1) +di (1) (1) +do(1)v (1) = g(1), (17)
(a) = Oavl(a) = euaaz(a)v

<

where v(t) = [ eteSz(s)ds, o = 1%, and

el0) = L 1) + B(@)ka(0) (@) - Chakolt) ~ (0 ()], 18)
dz(t) = ko(l), (19)
dl(l‘) = ki 72[.Lak0+k2(1*06), (20)
d()(l‘) = ,LLOC(,LLakO — k]). 21

Proof.-We have V' (t) = et z(1), z(t) = e V' (1), 7 (1) = e H! (V'(¢) — V' (1)), and from Eq. (13) it holds that

e HM'B(a)

(FDg2) 1) = S

V(1) =v(a) = pav (1) (22)
Substituting in Eq. (15) yields

e HB(a)

(FeDgHZ) () = S

' (6) = 2pav (1) + pav(r) —v'(a) + 2pa (a)]. (23)
By substituting the above results in Eq. (16) we have

e~Hat B(qt)
l—a

a1

o V0 —V(@) = pav(1)]

ko(t) V' (6) = 21V (1) + pav(t) = (a) + 2paV(a)] + ki ()

+hy(t)e M (1) = f(t).
The last equation yields

ko(O)V' (1) + [k — 2ttako + ko (1 — )V (1) + [kot2 — ky e ]v(t)
(1-a)

= a0+ Bk (@) ~ Ciako(r) — ki ()Y (@),

which proves the result.

Lemma 5.Let z € H" ' (a,b) and 0 < o < 1, then it holds that

B o n—1 B _ 4 n—1 ne

(CFCDgc+nZ)(t) — 1(__; ( Z(*l)"uéz(” k) (t)—e Ue(t—a) Z(*l)"uéz( k) (a))
k=0 k=0

(1)U (CFEDY)(r),  where n>1, pg= & 24)
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Proof.-We apply mathematical induction to prove the Lemma. For n = 1 Eq. (24) yields

Blo)

(D)0 = D (1) e ha -2 (@) — 1o TEDE) 1) 25)

This result is true by virtue of Lemma 3. Assume (24) holds true for k = n, and want to show that it is true fork =n+1,
i.€;
CFC pya+(n+1) B(a) (v ky k _(n+1-k) —Ug(t—a) - ky k _(n+1-k)
(D) 1) = TE (Y (kb 1) — e Hal) Y (1o )
k=0 k=0
+ (=1 g (D). (26)

CFCDg+("+1)Z)( )

Now integrating by parts of ( t) yields

!
(CFcDgz+(n+l)Z)(t) _ B(a) e*“"’/ euasz(n+2)(s)ds,

1-a
B 1
_ 1 (:X) o Hat (e’uasZ(nJrl)(SH; _ Iioz/ e'uMZ(”Jrl)(s)dS),
_ o~ Hat ( 2D (1) — eHadz(n+D) (a)) — ka(TEDE) (1),

_ ”(‘"*')() (@) - pa(FEDE)(0).

Applying the induction hypothesis we have

(Erepg g ) = 210 (Z(”“’(r) —z<"*'><a>) ~ Ha (f(—agc(f(—l)kuéz(”” 9

1—a =
n—1

et T ) + (D).

=0
n—1
= 18(7—02 (z(n+l)(t) — uak;o(_ 1 )kugz(nfk) (1) - Z("H)(a)
_Hlae*lia(tfa)nil(_l)kugz(rsz) (a)) —(=1)" Ma(CFCDa) ().
k=0

(27
We have

n—1

() = e Y (1) k"0 (1) = D (1) + Y (=D kR 1)
k=0

=

~
Il

(=)

1)k 0()

[\j:

= 2" (1) +

x-
I

S eI

and

n—1

2" () — pa Y (—1)fub P (a) = i (—1)fubz 10 (a).

k=0 k=0
Thus,

(CFCD26+(n+1)Z)(t) _ f(_a) < i(il)k”éz(wrlfk) (t) _ g Halt—a) i(il)k”éz(wrlfk) (a)>

A=) =0
H(=1)" g (DY),
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which proves the result for k =n+ 1.
Lemma 6.Let z € H"(a,b) and 0 < o < 1, and consider the linear fractional differential equation

co()(FEDF2) (1) + c1(1)2 (1) + c2(t)2" (1) + -+ ez (1) + cnr (1)2(1) = (1), (28)

where cy,c1,+ ,cai1,8 € Cla,b], and FCD% is the Caputo-Fabrizio fractional derivative in the Caputo sense. This

fractional differential equation is equivalent to a linear initial value problem of order (n+1).

Proof.-We have
(FCD%2) (1) = Mef““’ /[ Z(s)et*ds, where 0<a<l1, Ug= %
a 11—« p ’ YT
't
= DO 1) — et a) — et [ (s
Let v(t) = [} eMa’z(s)ds, then, V/(t) = eHo'z(t), and z(t) = e He!V/(t). Substituting in Eq. (28) yields
co(t)f(,—a;f“‘”[v/(t) — e Haty/( )]+ Z cr(t) (e ey (1)) P + ey (1)e MV (1) = g(1).
Since
(k) ko7 k ' '
(euaq/o)) =Yy ( {)(euw)U)O/ﬂkn(ﬂ
j=o \/
K 7k ' ,
— o Hat ;) (]) (=) () k=7 gy,
‘17

we have

B(a _ a Lk
Co@)lgié[ Haty/ (1) Uo(t+a) (a) — uge Moy +_2:Ck Amz): (1) Q—ua)()()“ ’*U(ﬂ

j=0
+ engr (e HeNV (1) = g(1),

or,

B(a) - () (i) (k—j+1) /
o) T2 (1) — ()] + z a0 Y (%) () D0 00 + e (0 1)

j=0

=g(r)e“a‘+co<t>%e’“““v’<">’

which is an ordinary differential equation of order (n + 1) of the function v(¢). The initial conditions
v(a),V'(a), - ,v""V(a), follow from v(t) = [ eFSz(s)ds.

Lemma 7.Let z € H"(a,b) and 0 < o < 1, and consider the linear fractional differential equation
ko(CFEDEH2) (1) + ki (TEDE ) (1) -+ Ak (TEDE2) (1) + Kns12(t) = h(1),
(29)

where ko, ki, ,kni1,h € Cla,b], and CF CDg‘ is the Caputo-Fabrizio fractional derivative in the Caputo sense. This
fractional differential equation is equivalent to a linear initial value problem of order (n+1).

Proof.-We show that Eq. (29) can be transformed to have the same form as in Eq. (28), and hence the result follows from
Lemma 6. From Eq. (24) we have

B(OC) n—1

(TCDE) 1) = T ¥ (=1 g R (1) — eI (@)] 4 (—1) g (TODER) (1)
m=0

n—1
= (1) (FDE) (1) + Y €,
m=0
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where 3
G = 2L 1y 1) — el ) (30)
Thus,
h(t) = ko(“FEDE2) (1) + ki (FEDFT 1 2) (1) + ko (FEDFT 2 2) (1) + -+ + k(D) (1)
thnt12(t)
= Y k(FDET ) (1) + knpa2(t)
j=0

b

m=0

1
— Zk ( _1 n— Jun ](CFCD(Z + Cn 1)+kn+12()

n n—j—1 )
= Y (=1 (CFDE) )+ Y Y kG + Kasaat)

j=0 j=0 m=0
= (PR 0) Y k(1) +hnr2()
=0
o (B
_ (n—j—m) Ba(t—a) ,(n—j—m)
x mgo kj(l_a< U e) bt )

\
O

B(o m_(n—j—m a) oL m m n—j—m
L) >z by et B E TS i),
j=0 m=0 ]:0 m=0

h(t)+e pa(i—a) BLO) Z Z kj(—1)" iz n=i=m (q)

= (D) Zk OZZ Z k(=)= () 4 ka12(0),

Jj=0 m=
which proves the result.
Following analogous steps in the proof of Lemma 7 we have
Lemma 8.Ler z € H"(a,b) and 0 < o < 1, and consider the nonlinear fractional differential equation
co(t)(FEDEZ) (1) + c1 (1)Z (1) + ()2 (1) + -+ + caz™ (1) + i1 (1)2(t) = g(t,2(1)), 31

where co,c1, -+ ,cur1,8 € Cla,b], and CFCDZ‘ is the Caputo-Fabrizio fractional derivative in the Caputo sense. This
nonlinear fractional differential equation is equivalent to a nonlinear initial value problem of order (n+1).

4 Applications

We consider two applications of fractional differential equations with Caputo-Fabrizio fractional derivative.

4.1 Fractional oscillatory system

In [22], the authors modified the classical oscillatory system to a fractional oscillatory system. They replaced the second
derivative( j,i) by the fractional derivative ( 522(;) where 0 < o < 1, with justifications on the mechanical system. In this

manuscript, we propose a modified fractional oscillatory system by replacing the derivative term j 55 With j[, —=» Without
losing the behaviour of the physical system.
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In order to be consistent with the time dimensionality of a fractional oscillatory system, the authors in [22], introduced
a parameter o in the fractional operator as follows:

d 1 d* d° 1 a*® 0 <1
@ o e R gw gew DS ES T
where the parameter ¢ represents the no-local fractional time components in the system. The proposed fractional
differential equation corresponding to the mass-spring-damper mechanical system is given by

m  d*%x(t) B d*
o2l-a) gpla ol-a dt_ax
where m is the mass, B is the damped coefficient, and k is the spring constant. In this manuscript, we introduce the
fractional operator as follows:

d? 1 ate 1

d 1 d“ 1 [0 I+a
Z - L - p* X <1.
dt - ol—a gto - GlfaD > dt? - o2(l—a) grlta - Gz(lfa)D ! 0<a<l
Thus, the fractional differential equation (32) can be written as

m  d'"%x(r) B d“

o2(l-a) grl+a ol-a dt_ax(t)

(1) +kx(r) =0, O0<a<l, (32)

Fhx(t) =0, O<a<l, (33)

or in a formal fractional sense

m
o2(l—a)

B
CFCDITx(t) + —=a FEDEX(t) + kx(t) =0, 0<a <], (34)
which is a fractional differential equation of order 0 < a < 1, where denotes the Caputo-Fabrizio fractional
operator. By virtue of Lemma 3.2, this fractional differential equation is equivalent to the second order initial value
problem

CFCD]+(Z
0

WV (1) + 0V (1) + () = g (1),
v(0) = 0,V/(0) = x(0),

where, v(t) = [jete x(s)ds, to = 1%, and

) = ' () (e P oyvo), 65)

() = 55 (36)

n() = % - ;’Z’ff‘;‘) +k(1 - a), (37)
2

n(o) = e Blla. (38)

The above problem possesses a solution in a closed form as the differential equation is linear, second order with constant
coefficients.

4.2 Application to corneal topography

Okrasiriski and Plociniczak [23] introduced the nonhomogenous fractional Bessel differential equation of order 0, for
human corneal topography as follows:

a
x*DE (x7 (x)) — x*z(x) = Exz, 7(0)=0, z(va)=0, 0<a<l,
where a and b are dimensionless, positive constants and D§ is the Riemann-Liouville fractional derivative. Here we

consider the fractional Bessel equation with the Caputo-Fabrizio fractional derivative. We have

x% CFECD (x7 (x)) — x%2(x) = %xz, (39)
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where FEDY (x7 (x)) = ?E—‘Qe’”“x o etes (s7 (s))/ds, and pg = 7% Integration by parts twice yields

r X X
/ e (s2/(s)) 'ds = etats? (s)[f — Na/ etes?/(s)ds,
Jo 0

= xeh 7 (x) — g (f”“sdsnz; - /0 (ee*s) ’z<s>d3>

X

= xet'e*7 (x) — pgxe'*z(x) + Ug / (e“ass)/z(s)ds. (40)

0
Let w(x) = [if (e"s) z(s)ds, then it holds that

w(x) = " (1 + tex)z(x), w(0) =0, w'(0) = z(0),

and .
e HaX
Z(x) = m((l +uax)w”(x)—ua(2+ua)w’(x)). (4D
o
Using Equations (40) and (41) we have
B(ot) e Hax 2+
PEDfx(0) = T ) pran(1 + B0 a1+ () ). @)
Substituting Eq. (42) in Eq. (39) yileds
24 Ug 9 al—o ,_
ey 1 al,./ 1 _4a a Hax
o(0) = (a1 ) 2 Yot ) a1+ () = 1+ e

a second order linear differential equation of w.

5 Conclusion

The Caputo-Fabrizio fractional derivative has attracted the attention of many researchers because of its appearance in
various applications and its kernel is nonlocal and nonsingular of convolution type. We have developed a simple and
efficient technique to convert fractional differential equations to initial value problems with integer derivatives. The degree
of the resulting differential equation depends on the order of the fractional derivative . It is observed that, for 0 < @ < 1
the linear and nonlinear fractional differential equations of order (¢ + 1) can be transformed to an initial value problems
of integer order (n+ 1). The technique works for several classes of linear and nonlinear fractional equations and can be
extended to other types of equations. We indicate here that, the transformation is valid for a restricted space H'(a,b),
while the Caputo-Fabrizio derivative can be defined for a more general space. Also, it is not possible to convert all types
of linear fractional equations to integer ones. For instant the linear fractional equation

ko(t)(CTED%2) (1) + ki (1)TCDP (1) + ka(1)z(t) = (1), O<oa<1,1<B<2, (43)

where 8 # o+ 1, can’t be converted to initial value problem with integer order using the current technique.

Acknowledgements

The authors acknowledge the support of the United Arab emirates University under the Fund No. 315239-UPAR(1) 2016.

References

[1] M. Caputo and M. Fabrizio, A new definition of fractional derivative without singlular kernel, Prog. Fract. Differ. Appl. 1(2), 73-85
(2015).

[2] A. Atangana and B. S. T. Alkahtani, Extension of the resistance inductance, capacitance electrical circuit of fractional derivative
without singular kernel, Adv. Mech. Eng. 7, 1-6 (2015).

[3]1J. E. Gomez-Aguilar, M.G. Lépez-Lépez, V.M. Alvarado-Martinez, J. Reyes-Reyes and M. Adam-Medina, Modeling diffusive
transport with a fractional derivative without singular kernel, Physica A 447, 467-481 (2016).

© 2019 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

166 ~N S B M. Al-Refai, K. Pal: New aspects of Caputo-Fabrizio ...

[4]J. F. Gémez-Aguilar, L. Torres, H. Yépez-Martinez, C. Calder6n-Ramén, I. Cruz-Orduna, R. F. Escobar-Jiménez and V. H.
Olivares-Peregrino, Modeling of a mass-spring-damper system by fractional derivatives with and without a singular kernel,
Entropy 17, 6289-6303 (2015).

[5]J. Losada and J. Nieto, Properties of a new fractional derivative without singular kernel, Progr. Fract. Differ. Appl. 1(2), 87-92
(2015).

[6] M. Al-Refai and T. Abdeljawad, Analysis of the fractional diffusion equations with fractional derivative of non-singular kernel,
Adv. Differ. Equ. 2017: 315, (2017) .

[7] A. Atangana, On the new fractional derivative and application to nonlinear Fisher’s reaction-diffusion equation, Appl. Math.
Comput. 273, 948-956 (2016).

[8] T. Kaczorek and K. Borawski, Fractional descriptor continuous-time linear systems described by the Caputo-Fabrizio derivative,
Int. J. Apll. Math. Comput. Sci. 26(3), 533-541 (2016).

[9] T. Abdeljawad and D. Baleanu, On fractional derivatives with exponential kernel and their discrete version, Rep. Math. Phys. 80,

11-27 (2017).

[10] D. Baleanu, A. Mousalou and S. Rezapour, On the existence of solutions for some infinite coefficient-symmetric Caputo-Fabrizio
fractional integro-differential equations, Bound. Val. Probl. 2017:145, (2017).

[11] M. Al-Refai, Reduction of order formula and fundamental set of solutions for linear fractional differential equations, Appl. Math.
Lett. 82, 8-13 (2018).

[12] A. Atangana and R. T. Algahtani, Numerical approximation of the space-time Caputo-Fabrizio fractional derivative and
applications to groundwater pollution equation, Adv. Differ. Equ. 2016:156, (2016).

[13] A. Atangana and J. J. Nieto, Numerical solution for the model of RLC circuit via the fractional derivative without singular kernel,
Adv. Mech. Eng. 7, 1-7 (2015).

[14] B. S. T. Alkahtani and A. Atangana, Controlling the wave movement on the surface of shallow water with the Caputo-Fabrizio
derivative with fractional order, Chaos Solit Fract. 89, 539-546 (2016).

[15] A. Atangana and D. Baleanu, New fractional derivatives with non-local and non-singular kernel: theory and application to heat
transfer model, Therm. Sci. 20(2), 763-769 (2016).

[16] J. Hristov, Transient heal diffusion with a non-singular fading memory: From the Cattaneo constitutive equation with Jeffrey’s
kernel to the Caputo-Fabrizio time-fractional derivative, Therm. Sci. 20(2), 757-762 (2016).

[17] N. Al-Salti, E. Karimov and K. Sadarangani, On a differential equation with Caputo-Fabrizio fractional derivative of order 1 <
B < 2 and application to mass-spring-damper system, Progr. Fract.Differ.Appl. 2(4), 257-263 (2016).

[18] M. Caputo and M. Fabrizio, Applications of new time and spatial fractional derivatives with exponential kernels, Prog. Fract.
Differ. Appl. 2, 1-11 (2016).

[19] J. F. Gomez-Aguilar, L. Torres, H. Yépez-Martinez, D. Baleanu, J. M. Reyes and 1. O. Sosa, Fractional Liénard tyme model of a
pipeline within the fractional derivative without singular kernel, Adv. in Differ. Equ. 2016 , (2016).

[20] E. F. D Goufo, Application of the Caputo-Fabrizio fractinal derivative without singular kernel to Korteweg-de Vries-Bergers
equation, Math. Mod. Anal. 21(2), 188-198 (2016).

[21] T. Abdeljawad, Fractional operators with exponential kernels and a Lyapunov type inequality, Adv. Differ. Equ. 2017:313, (2017).

[22] J. F. Gémez-Aguilar, J. J. Rosales-Garcia, J. J. Bernal-Alvarado, T. Cérdova-Fraga and R. Bernal-Cabrera, Fractional mechanical
oscillators, Rev. Mex. Fis. 58, 348-352 (2012).

[23] W. Okrasifiski and L. Plociniczak, On fractional Bessel equation and the description of corneal topography, arXvi: 1201.2526v2
(2012).

© 2019 NSP
Natural Sciences Publishing Cor.



	 Introduction
	Fractional differential equations with variable coefficients
	Higher order fractional differential equations
	Applications 
	 Conclusion

