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Abstract

In this paper, we introduce a modified variational iteration method
(MVIM) for solving Riccati differential equations. Also the fractional Ric-
cati differential equation is solved by variational iteration method with
considering Adomians polynomials for nonlinear terms. The main advan-
tage of the MVIM is that it can enlarge the convergence region of iterative
approximate solutions. Hence, the solutions obtained using the MVIM give
good approximations for a larger interval. The numerical results show that
the method is simple and effective.
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1. Introduction

The fractional calculus has a tremendous use in basic sciences and en-
gineering, see e.g. [2, [12], 13} 14, 15 18, 21, 22]. Recently, the applica-
tions have included solving various classes of nonlinear fractional differen-
tial equations numerically (see for example Refs. [2| 21] and the references
therein). Daftardar-Gejji and Jafari [4, [7] have employed the Adomian
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decomposition method to solve the linear/nonlinear systems of fractional
differential equations which gives numerical answers to any order of desired
accuracy.

The variational iteration method (VIM) is one of the powerful methods
within the exact and approximate analytical solutions for solving nonlinear
equations. The method was first initiated by [0], and it was successfully
used by various researchers to investigate the linear and nonlinear problems
[6, T0]. We mention that Jafari et.al. applied the variational iteration
method to the modified Camassa-Holm and Degasperis-Procesi equations
and fractional Davey-Stewartson equations, [9, 10]. Momani and Odibat
[17] has implemented the variational iteration method to solve nonlinear
fractional differential equations. It was shown by several authors (see e.g.
Wazwaz [24]) that this method is more powerful than existing techniques
such as the Adomian decomposition method [4, [T6], perturbation method,
etc. Besides, the VIM gives rapidly convergent successive approximations
of the exact solution if such a solution exists. Another important advantage
is related to the fact that the VIM is capable of greatly reducing the size of
calculation while still maintaining high accuracy of the numerical solution.
Moreover, the power of the method gives it a huge applicability in handling
a wide number of analytical and numerical applications.

The fractional Riccati differential with respect the time is governed by
the equation given below

DYy(t) = A(t) + B(t)y + C (), (1.1)
where A(t), B(t) and C(t) denote given functions and « represents a pa-
rameter describing the order of the fractional derivative.

There are several definitions of a fractional derivative of order o« > 0.
For example, the Riemann-Liouville integral operator of order « is defined

by ([12])

1 X
°f(z) = / (2 — )" f()dt, a >0, &> 0, (1.2)
L(a) Jo
and its fractional derivative of order av > 0 is:
dm
Df(x) = dym (I *f(x)), with a suitable integer m. (1.3)

The Riemann-Liouville integral operator plays an important role in the de-
velopment of the theory of fractional derivatives and integrals, [12]. How-
ever, it has some disadvantages for treating fractional differential equations
with initial and boundary conditions. Therefore, we adopt here the Ca-
puto definition, which is a modification of the Riemann-Liouville definition
(B 12, 21)):

dm

DEfla) = 1"

f(@)), (1.4)
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where m € N: m — 1 < a < m. The Caputo fractional derivative first
computes an ordinary derivative followed by a fractional integral to achieve
the desired order of fractional derivative. We mention that the Riemann-
Liouville fractional derivative is computed in the reverse order. We have
chosen to use the Caputo fractional derivative because it allows traditional
(integer order) initial and boundary conditions to be included in the formu-
lation of the problem, but for homogeneous initial conditions assumption,
these two operators coincide. For more details on the geometric and phys-
ical interpretation of fractional derivatives of both the Riemann-Liouville
and Caputo types, see Podlubny [20].

The aim of this paper is to extend the variational iteration method
proposed by [6] to solve nonlinear Riccati differential equation of fractional
order.

The manuscript is organized as follows: In Section [2] the analysis of
the method is presented. Section [3] deals with modified variational itera-
tion method. Numerical methods and presented in Section d Finally, the
conclusions are illustrated in Section

2. Method Analysis

We consider the fractional differential equation

Doy(t) = A(t) + Blt)y + C(t)y*, 0 < a < 1, (2.1)
with initial condition y(0) = 0, where D¢ = C‘;; is the Caputo derivative.

According to the variational iteration method [6], we construct a correction
functional for Eq. (2.1IJ), which reads

(67

d%yn
it = o+ IO e’ = A©) = BOw — COuf). (22)
To identify the multiplier, we approximately write (2.2) in the from
t de n ~ ~
=+ [ MOL — A - B@w - CORE, (23)
0 dg§

where ) is a general Lagrange multiplier, which can be identified optimally
via the variational theory, and ¥, is a restricted variation, i.e., dy,, = 0.
The successive approximation y,4+1, n > 0 of the solution y(t) will
be readily obtained upon using Lagrange’s multiplier, and by using any
selective function yo. The initial value y(0) and y;(0) are usually used for
selecting the zeroth approximation yg. To calculate the optimal value of A,
we have .
St =0+ [ AT
0 d§
This yields the stationary conditions \'(£) = 0, and 1 + A(£) = 0, which
gives

dé = 0. (2.4)
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A= —1. (2.5)

Substituting this value of Lagrangian multipliers in Eq. (2.3]), we get the
following iteration formula

dOC
(6%

Y1 = yn — 10" I~ A(6) = B(&)ya— C(&)42]. (2.6)

dge
Here the nonlinear term of Eq. (2.6) can be decomposed into an infinite
series of polynomials given by

N(u)=y* =) Ai(ug,us, ..., u;), (2.7)
n=0
where A; are the so-called the Adomian polynomials defined by
1 d¥ =
A = N iA") =0, 2.8

and Up 1 = Ynt1 — Yn-

It is now well known that these polynomials can be generated for all
classes of nonlinearity according to specific algorithms defined by (2.7]).
Recently, an alternative algorithm for constructing Adomian polynomials
has been developed by Wazwaz [23].

Beginning with an initial approximation yo(t) = y(0), we obtain the
following successive approximations

« da n
gt == e = A©) =B ~CO I A, (29)
i=0
and finally the exact solution is obtained by
y(t) = lim y,(t). (2.10)

In other words, the correction functional (Z3]) will give a sequence of ap-
proximation and the exact solution is obtained at the limit of the resulting
successive approximations.

THEOREM 2.1. (Banach’s Fixed Point Theorem) Assume that X is a
Banach space and A : X — X is a nonlinear mapping, and suppose that
[A[u] — Ap]|| < &llu = o, w,veX
for some constants k < 1. Then A has a unique fixed point. Furthermore,

the sequence u,+1 = Aluy,], with an arbitrary choice of uy € X, converges
to the fixed point of A.

According to Theorem [2.7] for the nonlinear mapping

Al)] = 50 + 1N i = A€~ B CO)3,
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a sufficient condition for convergence of the variational iteration method is
strict contraction of A. Furthermore, the sequence ([2.2]) converges to the
fixed point of A which is also the solution of problem (2.1I).

3. The modified variational iteration method

The main drawback of the standard VIM is that the sequence of suc-
cessive approximations of the solution obtained can be rapidly convergent
only in a small region, which will greatly restrict the application area of
such a method.

To enlarge the convergence region of the sequence of successive ap-
proximations obtained, [5] modified the VIM by introducing an auxiliary
parameter.

For using for MVIM (2]), we rewrite it as

Dyy(t)—D2y(t)++[DIy(t) — At) = B(t)y—C()y*(t)] = 0,

where v is an auxiliary parameter and v # 0, which is used to adjust the
convergence region of the following iterative formula. A correct functional
for (21)) can be written as

Ynt1 = yn +I1AE[DIY(E) — DIy(8) (3.1)
+ A[D2y(€) — A(6) = B(&)y — C(Oy*(€)])-
To identify the multiplier, we approximately write (3.I]) in the form

Yol = gt /0 A(E)[D%yn(€) — DEG(E) (3.2)

+ YDLG(E) — A(E) — B(&)in — C(E)Tn(£)]1dE,

where A is a general Lagrange multiplier, which can be identified optimally
via the variational theory, and ¥, is a restricted variation, i.e., dy, = 0 and

A=—1. (3.3)

Substituting this value of Lagrangian multiplies in the Eq. (31]) and ac-
cording to the VIM, the following iteration formula can be obtained:

Ynt1 = Yn— VI [D2Yn(§) = A(E) = B(Oyn—C(ya(9)],  (34)

From the convergence analysis in Section [2] it is easy to see that the smaller
the value of || is, the wider the convergence region of iterative sequence
B4) is. In fact, iterative formula (B.4]) gives us vast freedom of choice. For
some strong nonlinear problems, one can choose a relatively small value
of |y| (generally less than 1) to obtain a good approximation in a wider
region. In addition, it should be especially pointed out that when |y| = 1,
(B4) becomes the standard variational iteration formula (2.2]).
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THEOREM 3.1. Suppose that yo(t) = « and the iterative sequence
{yn(t)} obtained from (3.4) converges to y(t); then y(t) is the solution of

Eq. (21).

P r o o f. Taking limits in the iterative formula in ([B4]), it follows that

nh_I)noo Yn+1 = nh_n)loo Yn (3.5)
AT Tim [Dyn(€)— AE) ~ BE)ya(€) - COE(E))
and thus,
M n@m[nyn(f)—A(f)—B(f)yn(f)—c(f)yﬁ(f)] = 0. (3.6)

Since v # 0, it follows immediately that

L N o
/o Fy  [PSn(O) = A~ BEwa(6) - COWROE,

Then fractional differentiation of both sides with respect to ¢ yields
DSyn(t) = A(t) + B(t)yn(t) + C(t)ys(t) (3.7)

Obviously, y(t) satisfies Eq. (2.1). Also, yo(t) = «, since y,(0) = a.
Hence, y(t) is the solution of Eq. (2.1 and the proof is complete.
According to Banach’s fixed point theorem, it is easy to obtain the

convergence condition for the sequence y,, obtained from (B.4]). a

THEOREM 3.2. Define a nonlinear mapping

Tly(t)] = y(t) = vI*[Dyn(t) — A(t) = B(t)yn — C(t)yn(t)] -
A sufficient condition for the convergence of the iterative sequence {y,(t)}
obtained from (3.4) is strict contraction of the nonlinear mapping T. Fur-

thermore, the sequence (3.4) converges to the fixed point of T' which is also
the solution of Eq. (21).

Therefore, according to (B.4), by choosing a proper and initial approx-
imation {y,(¢)}, the successive approximations of the solution to (ZI]) on
the entire interval [0,7] can be obtained.

4. Applications and numerical results
To give a clear overview of this method, we present the following illus-

trative examples.

ExaMpPLE 4.1. Consider the following fractional Riccati differential
equation:
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d*y
dte
subject to the initial condition y(0)

=) +1, 0<a<l,
=0.

The exact solution of Eq. (&) is y(t) = 21 when o = 1.

1
e2t+]_ )
In view of (2.9)) the correction functlonal for (41 turns out to be:

yn(t) — Ia dga +§A

where the nonlinear term is N(y) = y2, and we have

yn—i—l(t)

115

(4.1)

(4.2)

Ay = ud

A] = ZUO’U,],

Ay = 2ugug +ui,

As = 2ugug + 2ujus.

Beginning with yo(t) = ¢, by the iteration formulation (4.2]), we can obtain

directly the other components as:

to [(3)t2te
() I(1+a) r§3)+ a)’
t [(3)t2t«
20 = pita) T rEta)
2I'(2 + a)t!t2e 2T (3)[(4 + a)t3+2e
1+ a)(2+420)  T@+a)l(4+2a)’
to [(3)t*te 2I'(2 + a)tit2e
1O = iyt rE4a) T T+ 4+ 20)
N 2 (3)T(4 + a)t3+2> 61 (3)[(4 + a)t32
B+ a)f(4+2a) T34 a)l(4+2a)
r'(3) 2I'(2 + a), 2I(3 + 2a)t?*3e
e T re 42000 + 0)0G + 30)
r'(3) L(4+a) T(3)(5+ 2a)tttse
B (F(3+a) F(4+2a)) L3+ a)T'(5 + 3a)

[(1 4 2a)t3®
I'(1+ a)20(1 + 3a)

So, we approximate the solution y(t)

F( )t2+a
'3+ a)

2I'(2 + a)tit2e
1+ a)l(2+2a)’

lim y,(t).
n—-omOo
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Follow up our discussion the Eq. (1] was solved by MVIM, in view of
(34) the correction functional for (4.J]) turns out to be:

e (®) = wn(®) =210 Y A -1l (4.3
=0

Beginning with yo(t) = ¢, by the iteration formulation (4.3]), we can obtain
directly the other components as

t [(3)t2t«
I(l+a) TI(3 +a))’
a 2+«
yo(t) = t—ty—(t—ty+ ’Y(F(lt+ o)~ gg)i o)
b e P(3)t2+a) o 3t
I'l+a) TI'B+aw (24 3a+ a2)(«a)
2t 22t a’te 42 tony
I'3+a) T@B+a) * 3+ a) * T'(3+ )
4o /rtlt2ay 2¢1+2an 1243420
D@ +a) TE+20)  T(+2q)
443299 7(1 + )

T DT+ 2a) (44)

ni(t) = t—ty+(

)

In Figure 1, approximate solution of variational iteration method for
a = 0.98 using the 4-term and the exact solution have been plotted. The
plot presented in Figure 2 is the approximate solution of modified varia-
tional iteration method which considers v = 0.35 and a = 0.98.

COMMENTS. This example has been solved using HAM, ADM, VIM
and HPM in [3, 111 16, 19]. It should be noted that these methods have
given same result after applying the Padé approximants on y(t).

ExAMPLE 4.2. Consider the following fractional Riccati differential
equation:

d*y

dte

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

=2(t) —2(t) +1, 0<a <1, (4.5)

The exact solution of Eq. ([@3) is y(t) = 1+v/2 tanh(v/2t+ log( jgﬁ ),

when o = 1.

Expanding y(t) using the Taylor expansion about ¢ = 0 gives
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FIGURE 1.
Dashed line:

0.2 0.4 0.6 0.8 1 1.2 1.4

Comparison of y(t) (solid line:

Approximate solution y4(t))

117

Analytical,

Ya

FIGURE 2. Comparison of the exact solution of (4.I]) with
the solution expression (4.4]) (solid line: Exact solution,
Dashed line: Approximate solution)
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Bt e TS 537
t)=t+t2 - - - 4.6
YO =t T s Ty T gy T (4.6)

The correction functional for (£5]) turns out to be:

Yo () = O+ AL 4 3 A — 1], ()
1=0

dge

where the nonlinear term is N(y) = y? and we have

AO = U%,

A1 = 2uu,

Ay = 2ugusg + u%,

A3 = ZUO’U{), + 2U1UQ,

and so on. Beginning with yo(¢) = ¢, by the iteration formulation (47l), we
can obtain directly the other components as

N t 2t9HI(2) ¢t t21(3)
1O = rasn) T ret+2) T+
; _ o ta+2r(3)
2O = i1 s
2t2a 2t2a+1 P( )
" e+ Treas2 PP T rg 1)
t2at+2 AT(a +3)T(2),  2t22T3D0(a + 4)T(3)
- I'(2a+3) (2r(3) + I(a+2) )+ I 2a+ 49T (a+3)’
_ te 2t 21921 (3)
B = i) Trea+1) T Dot 3)
ta-i—lr(a + 2) 2t2o¢+2
B 4r(a +1DI'(2a + 2) * I'(2a + 3) (F(@3)
2T (o + 3) 3 I'(2a +1)
~ T(a+2)(a+ 1)) + (3 +1) 4+ I(a+ 1)2)
4o+t Fla+2) T(2a+2)
e+ 2P T ra+1) T rEa+ )
I'(2a +2)I'(2) 2t30+2 4T (a4 3)[(2)
+ [(a+2) (o + 1)) C T(3a+3) ((213) + T(a+2) )
« « [0 2
el e -1 - T
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I'2a+3
T'(a+1)T
I'2a+4)

I'(3) )4 23913 OT (v + 4)T'(3)
a+3) T'Ba+4)" T(a+3)
AT (o + 3)1(2)
I'(2a+ 3) INa+2) )
2T (2a + 4T (3)(2) . . 39H(2a + 5)T(3)
C T(a+2)T(a+3) ) ['(3a+ 5)T'(a + 3)
I'(3) AT (o + 4)
(P(a +3) I(2a+ 4))

~—

2T (3) +

~—  ~~

!

For a =1 we get the same result as obtained by [I].
Follow up our discussion the Eq. was solved by MVIM, in view of
(34) the correction functional for ([&H]) turns out to be:

(0) =onl0) =1 =20+ 34O -1 (@)
=0

Beginning with y(t) = ¢, by the iteration formulation (4.8]), we can obtain
directly the other components as

g 2t1+a
) = t—t
yi(®) Ll 7((2+3a+a2)F(a)+ (24 3a+a?)l(a)
2t Al ot o?t®
+ + — + )

I'B+a) I'B+a) TI'B+a) TI'B+a)

In Figure 3 approximate solution of VIM for a« = 0.98 using the 3-term
and the exact solution have been plotted. The plot presented in Figure 4
is the approximate solution of modified VIM which considers v = 0.7 and
a = 0.98.

5. Conclusion

In this manuscript, a MVIM has been presented for solving Riccati
differential equations. Comparing with the variational iteration method
for solving fractional Riccati differential equation by Adomian polynomials
results, the results for numerical examples demonstrate that the present
method can give a more accurate approximation in a larger region. This is
also the main advantage of the present method. Therefore, the modification
of the VIM can overcome the restriction of the application area of the VIM,
and then expand its scope of application. However, generally, when the
value of |y| chosen is small, the rate of convergence of the iterative formula
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FIGURE 3. Comparison of y(¢) (solid line: Analytical,
Dashed line: Approximate solution ys(t))

FIGURE 4. Comparison of the exact solution of (L35l with
the solution expression (A.8)) (solid line: exact solution,
Dashed line: Approximate solution)

is relatively slow, and so more iterative steps are required. Mathematica

has been used for computations and programming in this manuscript.
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