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Abstract: In this paper, the solutions of some typical nonlinear fractional differential equations are
discussed, and the implicit analytical solutions are obtained. The fractional derivative concerned here
is the Caputo-Fabrizio form, which has a nonsingular kernel. The calculation results of different
fractional orders are compared through images. In addition, by comparing the results obtained in
this paper with those under Caputo fractional derivative, it is found that the solutions change relatively
gently under Caputo-Fabrizio fractional derivative. It can be concluded that the selection of appropriate
fractional derivatives and appropriate fractional order is very important in the modeling process.
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1. Introduction

Fractional calculus is a generalization of classical integer calculus. Just like the powerful application
of classical calculus, the effectiveness of fractional calculus does not depend on its mathematical
properties, but on its ability to describe related phenomena. Because it has genetic characteristics and
can well describe memory, the modeling of many phenomena mostly depends on fractional calculus. It
has become a useful tool to describe complex dynamics in engineering, industrial scientific application,
biomedical science and technological development (see [1, 2] and the references therein). As we all
know, there is no universal definition of fractional calculus, and fractional differential operators have
many forms, such as Riemann-Liouville, Caputo, Riesz, Riesz-Caputo, Weyl, Hadamard, Chen, etc.
Many researchers are still committed to introducing new fractional derivative operators and applying
these new operators to some practical problems [3, 4]. Of course, each constructed fractional
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operator has its specific characteristics and properties, which are suitable and easy to represent specific
problems. The list of reasonable properties of fractional operators has been given in [5]. In addition,
some researchers have proposed that if the differential operator does not satisfy the exponential law,
it cannot be called derivative or fractional derivative. Labora and Nieto and Rodriguez-Lopez proved
that there is no a fractional derivative that verifies index law [6].

Fractional calculus has become an active research field for some reasons or weaknesses: the case
of the local singular kernel and the case of the nonlocal nonsingular kernel. The fractional derivatives
such as Riemann-Liouville type and Caputo type, which are widely used in many models, have singular
kernels in their definitions. In recent years, the development of new nonlocal fractional derivatives
with nonsingular kernels have attracted great interest [7, 8]. The idea is to have more types of
nonlocal fractional derivatives, and which fractional order model is appropriate will be measured in
the simulation. In order to avoid the singular kernel problem, Caputo and Fabrizio proposed a new
fractional derivative, which uses the exponential function as the kernel function [9]. The emergence
of the new definition of fractional derivative with exponential kernel is an answer to the requirement
that many classical constitutive equations can not fully simulate the dissipation process of energy
(heat), mass (diffusion) and stress behavior of many new materials in modern technology. In many
investigations, it has been found that the new operator can effectively describe various processes in
the best way (for example, see [10, 11]). Caputo-Fabrizio derivative has also been used to represent
many problems in various fields, such as, biology, infectious diseases and even to study the evolution
of COVID-19 epidemic, which can be found in [12-18]. The concept of Caputo-Fabrizio fractional
derivative and its applications have been modified in literatures [19-21]. In [21], the logistic differential
equation of fractional order and nonsingular kernel was solved and the analytical solution was obtained.
For more information on the meaning of nonsingular kernel, please refer to [22, 23]. For the solutions
of fractional differential equations with singular or nonsingular kernels, see [24—33].

Inspired by [21], this paper studies the solutions of three kinds of classical differential equations
with the Caputo-Fabrizio fractional derivative: the Riccati equation, the anti logistic equation and the
simple nonlinear model for the ENSO phenomenon. Some of the examples considered are classical
ones in order to obtain the comparison of results under different fractional order operators. The purpose
is to give some new results of classical differential equations. The structure of this paper is as follows:
in Section 2, the related properties of Caputo-Fabrizio fractional order operators are reviewed. In
Section 3, the implicit solutions are studied for the specific equations, and the image of the implicit
solutions are drawn. Section 4 summarizes the work of this paper.

2. Basic properties of Caputo-Fabrizio fractional derivative

Definition 2.1. Fractional derivative in Caputo sense defined as
1 !
CD"t:—ft— ~f(1)dr, 2.1
0= = ) €@ @.1)

. . . . 400 .
in which 0 < a < 1 is the fractional order, I'(s) = fo e 't*~1dt is the Gamma function.

Definition 2.2. The answer of Caputo and Fabrizio to the new call in modeling of relaxation process
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in dissipative phenomena was the following constitutive definition [9, 18, 19, 26]

“IDIf@) = M) (" 500 p(ryar, 2.2)
l-«a 0

in which f is a real smooth function, M(«) is a normalization function such that M(0) = M(1) = 1.

This is the definition of the Caputo-type because there is a derivative under the integral sign. It is
analogous to the Caputo fractional derivative in the fact that one replaces the constant F(ll—a) by %
and the singular kernel

Ktn)=0t-1"
is replaced by the exponential function kernel
K(t,7) = 7,

but now the kernel K(z, 7) is no singularity for ¢t = .
By the Definition (2.2), it follows directly that if f(#) = C (C is a constant), then ¥ D?C =0asin
the Caputo sense (2.1). Moreover, it follows that

. . d
m(“" Dy (] = £ (). 2.3)
and
lm(“" D F(0)] = £(1) = fl@. 24)
Then, the Caputo-Fabrizio fractional integral (anti-derivative) of order @ was proposed as
2(1 —a) 2a !
CF ja ()= ———9(t) + —f (t)dr, t = 0, (2.5)
STt oM@ T 2= oM@ Jy 8

inwhichge H',0 <a < 1.
Losada and Nieto improved the original definition of the fractional derivative of Caputo-Fabrizio
and suggested a new definition [19] , namely

1

1 (3
“FDef() = — e D f(7)dr, (2.6)

here M(«) is accepted to equal 1. The Caputo-Fabrizio derivatives (2.6) of some elementary functions
have been derived in [23].
The corresponding fractional integral of a function g is

PP = (1 - )lg(t) - g(O)] + @ fo o(r)dr. @.7)

In fact, the integral of the function given by Caputo and Fabrizio is the average of the function itself
and its Riemann-Liouville integral.
Thus,
CIEDIf0] = f0) +c, (2.8)

where ¢ an arbitrary constant. However, as remarked in [18, 21]
DI f(0] = f() - f(O)e T (2.9)
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3. Solutions of some typical nonlinear differential equations

In this section, some nonlinear ordinary differential equations with Caputo-Fabrizio fractional
derivative will be solved, and the calculated results of different fractional orders are compared.

Example 1. Consider the a-th order fractional Riccati equation,
CF nya _ 2
Diyt)=-y(H)+1, t>0, O0<a<l, 3.1

subject to the initial condition y(0) = 0.

In the case of @ = 1, the fractional equation is simplified to the classical integer-order Riccati
differential equation. The importance of these equations usually appears in the optimal control
problem. The feedback gain of linear quadratic optimal control depends on the solution of Riccati
differential equation, which must be found in the whole time range of the control process [34, 35].

When a = 1, the exact solution is given in [35]

eZt _
= S (3.2)
and we can observe that, as t — oo, y(t) — 1.
Let y(¢) is a solution of (3.1), integrating of (3.1) can be obtained
FIrDyyn] =" I'[-y* @) + 11. (3.3)
By (2.8), the following expression can be obtained,
!
y(®) = y0) = (1 —)[-y* () + 1 = (=y*(0) + D] + af [-y*(1) + 1]dz. (3.4)
0
Sort out (3.4) and we can get
!
0 = (1= (0 +a [ -0+ 1 (3.5)
0
Taking the first derivative,
Y (1) = =2(1 = a)y®y' () + a[-y*(1) + 1], (3.6)
or
Y (0) +2(1 = a)y@y' (1) = al-y* () + 1]. (3.7
In the case of @ = 1, (3.7) is restored to the integer-order ordinary differential equation, the
constants —1 and 1 are solutions. For 0 < @ < 1, when y(¢) # —1, 1, we rewrite (3.7) as following
Y@ 2y(0)y' (1)
Eer S R ©:8)
Integrating of (3.8) can be obtained
Qa - 1) In|l —y*| = 1In(1 — y)* = 2(at + ). (3.9)

AIMS Mathematics Volume 7, Issue 8, 14139-14153.



14143

Therefore
|1 _y|20z—3 . |1 +y|20z—1 — e2m X 626. (310)

By the initial condition y(0) = 0, we can get
e =1, (3.11)

then ¢ = 0.
Therefore, we obtain the implicit solution of (3.1) is

2a-3 2a-1

1=y 1yt =™ (3.12)
It can be verified that the implicit solution (3.12) is consistent with (3.2) when a = 1.
The implicit solutions (3.12) for different fractional order « is plotted in Figure 1. As can be seen

from Figure 1, the higher the « is, the more the corresponding image is above.
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Figure 1. Solutions of the fractional Riccati equation for the initial condition y(0) = 0.

Table 1 shows a comparison of the results between the Riccati equation under Caputo fractional
derivative solved by the modified homotopy perturbation method in [35] and the values of (3.12) under
Caputo-Fabrizio fractional derivative. From the comparison in Table 1, it is clear that when @=0.5, 0.75
the values of (3.12) is smaller than the approximate solutions in [35]. It can also be found that the value
of the solution under the Caputo-Fabrizio fractional derivative changes more gently from a = 0.75 to
a = 1. It can also be seen from Table 1 that when @ = 1, the degree of solution coincidence in the two
cases is high, indicating that the results of the two forms of fractional operators are consistent when
the order tends to integer order.
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Table 1. Comparison between implicit solutions (3.12) and approximate solutions under
Caputo fractional derivative.

t

Approximate solutions in [35]

Implicit solutions (3.12)

a=0.5 a=0.75 a=1 a=0.>5 a=0.75 a=1

t=0.0 0.0 0.0 0.0 0.0 0.0 0.0

t=0.1 0.273875 0.184795 0.099668 0.048771 0.073513 0.099668
t=0.2 0.454125 0.313795 0.197375 0.095163 0.143775 0.197375
t=0.3 0.573932 0.414562 0.291312 0.139292 0.210478 0.291313
t=04 0.644422 0.492889 0.379944 0.181269 0.273435 0.379949
t=0.5 0.674137 0.462117 0.462078 0.221199 0.332556 0.462117
t=0.6 0.671987 0.597393 0.535867 0.259182 0.387834 0.537050
t=0.7 0.648003 0.631772 0.603631 0.295312 0.439322 0.604368
t=0.8 0.613306 0.660412 0.661706 0.329680 0.487123 0.664037
t=09 0.579641 0.687960 0.709919 0.362372 0.531372 0.716298
t=1.0 0.558557 0.718260 0.746032 0.393469 0.572229 0.761594

! The Riccati equation under Caputo fractional derivative is solved by the modified homotopy perturbation method in [35].

Example 2. Consider the following fractional Riccati equation,

subject to the initial condition y(0) = 0.
When a = 1, the exact solution is

and we can get that, as t — oo, y(f) = 1 + V2.

FDIy() = 2y(0) — yA(1) + 1,

y() = 1 + V2tanh( V27 + %m(

V2-1

2

t>0, O<ac<l,

+ 1)),

(3.13)

(3.14)

Let y(¢) is a solution of (3.13), similar to the method of Example 1, it can be obtained that

or

Y () = (1= )2y (1) = 2y()y (] + al2y(0) — y*() + 11,

(2a = 1)y (0 +2(1 = a)y(0)y' () = al2y(t) - y*(1) + 1].

When a = 1, (3.16) is restored to the classical ordinary differential equation, the constants 1 + V2
and 1 — V2 are solutions. For 0 < @ < 1, when yi)# 1+ V2, we rewrite (3.16) as following

a-1)

250 = 25y’ (1)

y'(®)

Integrating of (3.17) can be obtained

(@ = 1)In2y(0) = y*()) + 1] +

AIMS Mathematics

2y(t) = y2(1) + 1

@) -1+ \ﬁl_

2V2

In|

YO —1- V2

O -yo+1 ¢

at +c.

(3.15)

(3.16)

(3.17)

(3.18)
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Therefore

y(t)_1+\/§|ﬁ: at ¢

2y(@0) = y* () + 117" - | e - ¢, (3.19)
Y -1-v2
By the initial condition y(0) = 0, we can get
¢ = (V2 - 1), (3.20)

Therefore, we obtain the implicit solution of (3.13) is
=1+ V258 Ly o 1= V21 = (V2 - 1) Ve, 3.21)

The implicit solutions (3.21) for different fractional order « is plotted in Figure 2. Table 2 shows
the comparison between the approximate solutions under Caputo fractional derivative solved in [35]
and the values of (3.21) under Caputo-Fabrizio fractional derivative. From the results in Table 2, it is
clear that the values of (3.21) is smaller than the approximate solutions in [35] in most cases and the
growth of value is also relatively flat. It can also be seen from Table 2 that when @ = 1, the degree of
solution coincidence in the two cases is high.

«=0.5
«=0.75
2k a=1 B

15[ 1

05 ]

0 Il Il Il Il Il Il Il Il Il
0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2

t

Figure 2. Solutions of the fractional Riccati equation for the initial condition y(0) = 0.
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Table 2. Comparison between implicit solutions (3.21) and approximate solutions under
Caputo fractional derivative in [35]

Approximate solutions in [35] Implicit solutions (3.21)
! =05 =075  a=1 @=0.5 @=075  a=1
t=0.0 0.0 0.0 0.0 0.0 0.0 0.0

t=0.1 0.321730 0.216866 0.110294 0.376371 0.159532 0.110295
t=0.2 0.629666 0.428892 0.241965 0.559950 0.331427 0.241977
t=03 0.940941 0.654614 0.395106 0.707172 0.506890 0.395105
t=04 1.250737 0.891404 0.568115 0.833517 0.679413 0.567812
t=05 1.549439 1.132763 0.757564 0.945223 0.844685 0.756014
t=0.6 1.825456 1.370240 0.958259 1.045639 1.000123 0.953566
t=0.7 2.066523 1.594278 1.163459 1.136858 1.144380 1.152949
t=0.8 2.260633 1.794879 1.365240 1.220318 1.276947 1.346364
t=09 2.396839 1.962239 1.554960 1.297077 1.397869 1.526911
t=10 2.466004 2.087384 1.723810 1.367947 1.507537 1.689498

Example 3. Consider the following initial value problem,
DIy = —y@) +y (1), t>0, O<a<l, (3.22)

subject to the initial condition y(0) = 1.

The equation in the form of (3.22) is called anti (inverse) logistic equation (logistic equation for
population decrease). The anti logistic equation is different from the logistic equation, which is mainly
reflected in that the logistic equation bifurcates in a certain period of time, and then forms a dynamic
nonlinear chaotic state, while the anti logistic equation does not have this property, that is, it has no
chaotic state. It is well-known that both logistic equation and anti logistic equation have significant
application not only in population dynamics, i.e., in the biology and demography, but also in the
chemistry, economics and sociology.

When a = 1, the exact solution is

y(1) = : (3.23)
e +1
Let y(7) is a solution of (3.22), it can be obtained that
Y(0) = (1= a)[=y' ) + 250y ()] + a[-y(®) + (1)), (3.24)
or
2 - )y (1) = 2(1 — )y (1) = al-y(t) + Y’ D). (3.25)

When a = 1, (3.25) is restored to the classical ordinary differential equation, the constants 0 and 1
are solutions. For 0 < @ < 1, when y(¢) # 0, 1, we rewrite (3.25) as following

YO-2O¥0 YO

S T R

(3.26)
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Integrating of (3.26) can be obtained

—(2—a)ln|y—y2|+21n|1—y|:at+c. (3.27)
Therefore )
1 -
2 e (3.28)
ly =y
By the initial condition y(0) = %, we can get
e =4l (3.29)
Therefore, we obtain the implicit solution of (3.22) is
L=y i = 4 e, (330)

The implicit solutions (3.30) for different fractional order « is plotted in Figure 3. It can be seen
from Figure 3 that, unlike the logistic equation, the solution of the anti logistic equation decreases, and
the larger the fractional order is, the lower the image.
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Figure 3. Solutions of the fractional anti logistic equation for the initial condition y(0) = %

Example 4. Consider the following initial value problem,

FDy@) —y([1 =y’ )] =0, >0, O0<a<l, (3.31)
subject to the initial condition y(0) = g

The prototype of (3.31) is the nonlinear model of El Nino/Southern Oscillation (ENSO)
phenomenon and Allen-Cahn equation. Initially, a simple nonlinear model for the ENSO phenomenon
was proposed in [36], as shown below

Ht—:T—T{ (3.32)
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in which T represents the amplitude of the growing disturbance. In recent years, the new fractional
derivative to the nonlinear ENSO model was discussed in [37, 38]. On the other hand, the classical 1D
Allen-Cahn equation is given as follows

— —&u, —ull -u*] =0, (3.33)

which was used to simulate phase separation and mean curvature motion in binary mixtures [39—41].
Here, (3.31) can be considered as the special case of (3.33) in which & = 0 and the derivative with
respect to time is change into fractional derivative.

When a = 1, the exact solution of (3.31) is

1

t) = ——, 3.34
y(1) N (3.34)

y(t) = 1 when t — oo.

Let y(7) is a solution of (3.31), it can be obtained that
Y@ = (1 =)y (1) = 3y@0)y' 0] + aly@) -y’ (1], (3.35)
or

ay (1) + 3(1 — a)y*(1)y' (1) = aly(®t) - Y’ (). (3.36)

When a = 1, (3.36) is restored to the classical ordinary differential equation, the constants 0 and 1
are solutions. For 0 < @ < 1, when y(¢) # 0, 1, we rewrite (3.36) as following

/ 20w
“ y(r)y—( ty)3<r> rme y3<yt> (i);((?) - (37
Integrating of (3.37) can be obtained
2aInly| + Qa - 3)Inly* — 1| = 2(at + ). (3.38)
Therefore
D2 = 1P P = &2 - e (3.39)
By the initial condition y(0) = g, we can get
o2 = 933 (3.40)
Therefore, the implicit solution of (3.31) is
D2 — 12273 - [y = 8! . g2, (3.41)

The implicit solutions (3.41) for different fractional order « is plotted in Figure 4. It can be seen
from Figure 4 that, the solutions of (3.31) are increase, and the larger the fractional order is, the more
the image is above.
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Figure 4. Solutions of (3.31) for the initial condition y(0) = g

4. Conclusions

In this paper, the solutions of several kinds of classical differential equations with Caputo-Fabrizio
derivative are studied. This derivative has a nonsingular kernel which can effectively describe various
processes in the best way. The implicit solutions of the problem are obtained, and the solutions under
different fractional orders are compared intuitively through images. In addition, by comparing the
results obtained in this paper with those under Caputo fractional derivative, it is found that the solutions
changes relatively gently under Caputo-Fabrizio fractional derivatives. It can be concluded that the
selection of appropriate fractional derivative and appropriate fractional order is very important in the
modeling process. Moreover, it can be found that the calculation process of the differential equation
under Caputo-Fabrizio derivative is relatively simple and convenient, which is not possessed by other
types of fractional derivatives.

With the continuous improvement and deepening of fractional calculus theory, there are many
different types of fractional calculus definitions. The vitality of fractional calculus does not only
depend on its mathematical properties, but also on its ability to describe relevant practical problems.
Therefore, the direction of further research is to verify which fractional order operator can describe
more accurately according to practical problems.
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