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Abstract. The paper proposes an algorithm to solve a general Duffing equation, in
which a process of transforming the init1al equation to a resulting equation 1s proposed,
and then the coupling successive approximation method 1s applied to solve the resulting
equation. By using this algorithm a special physical factor and complex-valued solutions
to the general Duffing equation are revealed The proposed algorithm does not use any

of small in the ion solving. The coupling successive proce-
dure provides an analytic approximated solution in both real-valued or complex-valued
solution. The procedure also reveals a formula to evaluate the vibration frequency, w, of
the nou-linear equation. Since the first upproximation solution is in a closed-form, the
chaos index of the general Duffing equation and the chaotic charactenstics of solutions
can be predicted. Some examples are used to illustrate the proposed ynethod. In the case
of chaotic solution, the Pointcaré conjecture 15 used for solution verification.

Keywords: General Duffing equation, coupling successive approximation method, chaos
index, chaotic structures of solutions.

1. INTRODUCTION

Many dynamical problems lead to a general Duffing equation [1-6] with not only
the third order but also second order nonlinearities. Recently, there have been increasing
researches dealing with the Duffing equation with a set of chaotic solutions. The commonly*
index used to recognize the chaotic solutions of the Duffing equation is Liapunov index
[7), which requires a complex calculation. Therefore, there is a need to develop another
index using an easier calculation.

There are many available methods to solve nonlinear differential equations in gen-
eral, and the Duffing equation in particular. For examples:

- The Rungen Kutta [8] and Newmark [9] methods are two numerical methods,
which require no additional assumptions in equation solved. Applying these methods, some
authors were able to find and assess chaotic solutions to the Duffing equation. However,
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these solutions may not converge [10) and there are difficulties in assessing properties of
parameter-dependent solutions.

- The perturbation method (11}, the asymptotic method [12], the averaging method
[13] and the extended Galerkin |14| method are four approximate analytical methods that
requires an assumption of small parameters in applying the algorithm to the equation and
convergence. However, in solving mechanical and dynamical problems |1-6], coefficients
of nonlinear terms and coefficients of exciting forces are rather large. The assumption of
small parameters also leads to another limitation in the four methods, where only periodic
solutions could be found and examined, but not chaotic solutions.

The methods used in Refs. [8-14] were able to find and assess the real-valued solu-
tions of the Duffing equation. These findings are considered sufficient for linear differential
equations since the linear combination of the real and imaginary components of the so-
lutions is also a solution to this type of equations. However, for nonlinear differential
equations, these findings are not sufficient as the linear combination is not a solution to
these equations [15). Moreover, for the complex-valued solutions of nonlinear differential
equations, there exists a phase space instead of phase plane as for the real-valued solutions

15].

= In order to overcome the shortcoming, many new techniques appeared in the lit-
erature such as: variational iteration method [16, 17), energy balance method [18, 19,
parameter-expansion method [20), Hamiltonian approach (21, 22|, variational approach
[23, 24), homotopy analysis method [25], ...

When most of these methods are applied to free nonlinear vibration equation the
convergence of method is still open. They do not indicate the way to find complex-valued
solutions of the equation if that exist.

This paper proposes an algorithm and an iterative process to find the real-valued
solution or complex-valued solution of the general Duffing equation.

The focus of interests in the paper includes:

Finding an algorithm to transform the initial equation to a resulting equation;
proposing a coupling successive approximation method to solve the resulting equation;
finding an apalytical approximation solution in real-valued or complex-valued solutions;
building the formulae for calculating the oscillation frequency of a system of non-linear
equations, and providing a simple indication of chaotic solutions to the Duffing equation;
describing chaotic solutions in an analytical form, examining the characteristics of chaotic
solutions and using the Poincaré conjecture for verifying the chaotic properties of the so-
lutions.

2. THE ALGORITHM TO TRANSFORM THE INITIAL EQUATION
TO THE RESULTING EQUATION

2.1. The algorithm to transform the initial equation

Consider a general Duffing equation as

i+ 2vE + Az® + 2¢2° + ka = peoswt. (1)
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Adding a fixed parameter o to both sides of Eq. (1), then dividing both sides by z + d,

we have
(& + 2vi + Ma® + 2qz? + ka + o) = a—+rp:0;r~'t’ (2)

z+d
where d is a fixed parameter, z + d is assumed to be different from zero and checked after
z is found
Eq. (2) can be rewritten as
. . . . 2
8 (E) e Bt (1) (1) <ot “
dt \u w2 dt \2v 2v z+d
in which . )
u T
S e gt tat (4)
12=bi+b1+b +L (5)
2v ‘z+d T T r+d

and with the conditions that parameters o, d, ¢, a3, a3, by, b2, b3, b are suitably determined.
Applying Egs. (4) and (5) into Eq. (3}, then combining the equivalent equation with
Eq. (2), we obtain a system of algebraic nonlinear equations of parameters
a;-by =1, as+by+2a1a2 —2b1by =0,
(a2 + b2) d + 2a1a3 — 2bybs = 2v (ay + by),
) — b5 = X(a+b1),
(e3 — b3) d + 2aza3 — 2b2bs = 2q (a1 + b1) ©
(2a2a3 — 2b3b3) d + a3 — b3 + (202 — 2ba) b=k (ay + by),
(a} - b3) d+ (2a3 — 2b3) b = 0 (a1 + b1) .

Solving the system of Eqgs. (6), the parameters are given by

A A
bh=a -1, a2=(2u1—3)y[—g, b2=(2a1+1)\(—§,
A 3
a3 = L [(Zal+1)uﬂ—§—(al—l)q+§(2a1»1))\d],

[ X 3
by = S |:(2a1—3)u —g—a1q+§(2a1—l)Ad],
8
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2a1 1 8 [ 2\ g /22 AMak
b=8 = |i(2q~/\d)d+9/\ (q+4l/ 3 q—2v 3 3 q+4u\ g N
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Given Eq. (4) and Eq. (5) and the parameters specified by Eq. (7) one can see that Eq.
(3) and Eq. (1) are totally equivalent.

Note that, there are still two arbitrary parameters, a; and d in Eq. (7). For simplicity,
ay and d are suitably selected. First, d is selected so that 6= 0, i.e. d is selected from the
equation

/ / [\
(Qq—)\d)d—k%(q-%—élu 42) (q—?u -%>4§<q+4u —§>d—k=0A

Solving the equation yields

where
1
0= |-{k-
[5(x ©)
Next, a; is selected so that b, = 0. Thus,
a; = —\/— § by =34/ —
a2y LI (10)
3 = ~ i
6 2 12 / 2 2
Substituting b, = b= 0 and the values b5, b3 given by Eq. (10) into Eq. (5) leads to
1)

Note that the selection of a; and d such that b; = b = 0 provides the most useful algorithm.
Subtracting side with side of Egs. (4) and (5), respectively, we obtain
i 1 i
(a2 —b2)z+ a3 —b3 = v 1y ¢ .
u 2v z+d
Substituting the value of = given by Eq. (11) into the above equation leads to

20 4 1v T
Y —2_2Y_
(q:) 3v u 2v z+d
Integrating the equation wnh respect to ¢ yields
2w=2/362/3(wFO) _ u
(z +d) v/

Taking a new function £ into consideration as

=213 ,2/3(vFON _ u _ 1
€ (z +d)v1/2 T (12)
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therefore we obtain

19 _ 3
ZZ—2§+ (vF¥0). (13)

Based on given Eq. (13) and Eq. (11), a transformation is obtained as
[ X 1€
+dvyf——| + = 1
q 8] EY: (14)
8

2.2. Transforming the initial equation to the resulting one

2
)

Eq. (3) can be rewritten as

d /o 10 42 19 o+ peoswt
a(ﬁgu)*ﬁ‘(gv) = =F¥d (1)

Multiplying both sides of the equation by u/v!/? leads to

udu+1i)+u a\* 102—(+cost) U
vl/2dt \u 2w vl/2 [\ u 2v =7 pesw (z + dyvl/2’

Integrating the obtained equation with respect to ¢, we find an initial integral

u fu 10
vel (;+ 21}) D2+/(a +pcoswt)mdt (16)

where Dy is an integral constant.
Substituting the values a; = 1, b = 0, parameters ap,a3 given by Eq. (10) and
Eq. (14) into Eq. (4) leads to

TR

(vF0) an

1

u z+d 26 3
and integrating it with respect to ¢ yields

w= (z 4 d) £V /2e! /2070 (18)

From Eqs. (12), (13), (17) and (18) one can get
u (i 19\ 1], 3
P o I s 9
ul/z(quZu) z [z+(x+d)(§+u¥)
Using Egs. (8) and (14), the formulae of & and  + d are expressed as
. 1 (g" 5’2)
i= =2 |
2 *% & ¢

¢
3

z+d=

+(uj:0):'4

2y/-%
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Substituting the above-obtained formulae into Eq. (19) gives

u . S
Y [{ + 206 — 51(5] s (20)
where ’
a8
K=Fk- Y 31

From Egs. (12), (16), and (20), the resulting equation is obtained

. .1

€428 - SKE= &8, (21)
where

1
flEy=2 —253 liDz + /(o +pcoswt)§lzdtz| .
0

The formula (14) and Eq. (21) are the transformation and the resulting equation that the
present paper is looking for. In order to formulate a successive approximation method, the
right hand side of Eq. (21) is written as

f(EJ)=A/ﬁ
L

L
n(6,1) =€ [Dz+/(0‘+l?coswt) 5cht} . (23)
0

n(&,8)¢&, (22)

where

3. EQUATION SOLVED BY THE COUPLING SUCCESSIVE
APPROXIMATION METHOD

Finding an analytic approximated solution to Eq. (21) by the coupling successive
approximation method is carried out by continuous loops of iteration. Each loop contains
continuously iterative steps.

3.1. Loops of iteration

In loop “0"t", we solve the linear differential equation (21) without the right hand
side to find the solution of & (t). In the first loop, substituting £ (¢) = & (¢) in the right
hand side of Eq. (21) and solving the obtained linear differential equation we find &, (¢)
and so on. In loop 7 — 1'®, the value &,_; (1) is found. The function 7{€n—1, t) is computed
by the formula (22)

t

n(Enorit) = (6u1)? D2+/(a+pcoswl) (ng)Qd: , (24)
0
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the iteration scheme of successive approximation method is introduced as following

. R 1 A
n+ 200 — S KEn =2y —gn(fa-r 06ty n =123, (25)

By solving Eq. (25), where the right hand side is a known function and taking into account
Eq. (9), the analytic approximated solution in n'h loop of jteration is obtained

A A

8
b= S tnm1 — ~ taoy + Daem 0 - e, (26)
where
t
Yo (£) = e / DEn-r, 10" dt] | (21)
0
t
et (0= € [, D rmre Ot (28)
0

1
_ [t 142 2 ,\]2
"-L(k 3x 3"

Examining Eq. (26) we can predict some characteristics of solution.
4q¢® 2 . .
Fk-2L — 2,250 then fis a real number, the solution describes an oscillation
depending only one excited frequency w.

2
If k— ET — 51/2 < 0 then 8 is an imaginary number, i.e

42 172
0 =ip with = [% (§V2+§q7~ )]

where ¢ plays the role of a new frequency of a nonlinear vibration. The solution (26)
describes a complex oscillation with many frequencies: excited frequency w, vibration
frequency ¢ and combined frequency of w and i, that the chaotic characteristics of solution
may be predicted.

Each function in the sequence &g(t), &1(2), . ... &€n1(L), En(t) can be determined from
the one immediately proceeding it by solving the respective linear differential equation (25).

The process is stopped when the condition max [1€n () — Enzy ()] < € is achieved,
where ¢ is a small positive number as required. But the convergence proving of this process
is very complicated.

Thus, a coupling successive approximation method based on Eq. (22) must be devel-
oped with the iterative steps as following: in each loop of iteration, continuously iterative
steps are carried out.
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26D3

(53,0)262.". {2\/j% [ro + & <4u\/¥+q) +v +9]}
.{i0+2\/?[xo+% (“\/?w)]z

(38)
L ;99)2 [zo+ 33/\ (40@4—1)) +- l_x (U—B):|

Dy =

where Dj is an elective constant, it is possible to select D3 = 1.

o. CALCULATING STEPS

Step 1: Providing input parameters £, g, v, A, p, w, To, Zo-
Step 2: Finding o based on Eq. (7), 6 based on Eq (9) and other input parameters.
Step 3: Finding the integral coefficients based on Eq. (37) and Eq. (38).
Step 4: Getting the 0" approximation &9 = Dae= =0 or £ 5 = Dye~ "+t and deter-
mining the initial condition €54, &3 -
Step 5: Finding & m41, Envmsa based on Eq. (30), Eq. (31) and Eq. (32).
Step 6: Finding Znm+1 (£}, Znm+1 (¢)based on Eq. (33) and Eq. (34).
Step 7: Plotting {Rs [ttt (] Re lenmt 1) T s [A])-
Step 8: Plotting {Re (€nm+1 [t]], Re [En,m+1 [t]]}.
Step 9: Plotting {R. [Zn.m+1 [t]]}-
The approximations in the first step of the first loop: 514,5'1,,,51,, are found by
integrating in closed form, next the approximations are found by integrating numerically.

6. APPLICATION AND ASSESSMENT OF SOLUTION PROPERTIES
6.1. Exact solution

The resulting equation of the proposed method can be used to find exact solutions
in some particular cases:
Consider an initial equation
F+ At +kz=0.
It is derived from the Eq. (1) when v =0,4=0,p = 0.
In this case, the transformation (14) and the solving Eq. (21) can be written as

= N _E—%kg:o,
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where: 0 = 0 because v = 0, g =0 and selected constant can be chosen D = 0.
Based on the resulting equations, we find

= Ccosh(\/gt +¢),

z= @tanh (\/gz + ¢) , (39)

i-=k\/2\

1 1
\ (40)
2 cosh? (\/gt + ¢)

and

in which: C, ¢ - integral constants.

x(t) (/)

o5,

o) (m1£)
0

M [

o . o2

Py o N / o
- dtodm) —T L(s)
L0608 -02 ~ed 0 -io 1o

0

2o

Fuig. 1. Comparison of exact solution (39) with numerical solutions using Mathematica 7 and the
solution at first approximation of the proposed coupling successive approximation method
(CSAM); k=1,A = -2,z{0) = 0,%[0] = 0.5

With the initial set of parameters: k = 1,A = —=2,¢ = 0 and the initial condition

z0=2(f)2p=0, Zo=2(t)],_g =05,
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the exact solution (39), (40) can be found

T = \/Itanh (\/It) T= 1
2 2] 2cosh2(\/;)

Solving the initial equation with the set of parameters: k = 1,A = =2,z0 = 0,29 = 0.5
by the numerical method using Mathematica 7 and the coupling successive approximation
method (CSAM) then comparing obtained results with the exact solutions (39), (40) we
can see that they are coincided exactly (see Fig. 1).

6.2. Real-valued solution

In this case, 6 is real and A is smaller than zero. In fact, consider Eq. (1) with given
parameters £ = 0.12,g=0.0,A= -1.0,v» =04, w=1.0,p=1.558, 29 = —0.4, &g = —1.0.
In this case 6 can be evaluated as 6 = 0.0816497.

10 (m1 1)
0%

Fig. 2. Phase plane with ¢ (50, 550), based on the results at the first approximation

ffleWUWM o M

ﬁllﬂm WH il IW o) T T

Fag. 3. Solution z(t), based on the results at Fig. 4. Solution i(t), based on the results at
the first approximation the first approximation
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Remarks:

‘When 6 is real and A < 0, the obtained solution is real-valued one.

The phase curves illustrated in Fig. 2 are smooth. They are not intersecting, inter-
twined into a closed ving.

The curve z(t) is periodic with decreasing amplitude, and the solution z(t) shows a
stable motion {Figs. 3 and 4).
6.3. Complex-valued solutions

Complex-valued solutions have two components, the real and imaginary, Ref{z (1)),
Im [z (t)]. Differentiated complex-valued solution with respect to time also has two compo-
nents, the real and imaginary, Re(z(t)], Im(z(t)]. From Eq. (1) and the equivalent Eq. (3),
the initial integral (19) including the four components mentioned above is founded. There-
fore only three components are independent. The three components form a phase space,
which is different from a phase plane in the case of real valued solution {15].

Consider Eq. (1) with the following parameters & = —1/5,¢ = 0.0,A = 8/15,
v=1/50,w=0.32,p= 04,20 = —0.4,30 = —1.0.

In this case § can be evalvated as an imaginary number 8 = 0.316493i, thus 6 = i
where @ is real.

Remarks:
The coefficient of nonlinear term A = 8/15 is twice as big as the coefficient of linear
term k = —1/5. Thus, it is not suitable to use the assumption of small parameters in

solving this problem.

In this example, 8 = 0.3164931, the solution js a complex-valued and chaotic one.
From time period ¢(5000, 6000) to £(9500, 10500), the phase space has a relatively stable
structure (Figs. 5 and 6).

The curves in the phase space (Fig. 5) intersect. They are not smooth and have
complex behavior.

#{:6)

™

Fug. 5. Phase space with £(5000, 6000). based  Fig. 6. Phase space with ¢ (9500,10500), based
on the results at the first approximation on the results at the first approximation

The curves illustrating motion z(t) (Fig. 7) do not behave with any patterns, being
affected by not only global motion, but also local motion. They never repeat themselves
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the exact solution (39), (40) can be found

\/Ttanh<\/Tt) 4 ! L
r=4/= 2t . S
2 2 2<:oshz( %t)

Solving the initial equation with the set of parameters: k = 1,A = -2,z = 0,45 = 0.5
by the numerical method using Mathematica 7 and the coupling successive approximation
method (CSAM) then comparing obtained results with the exact solutions (39), (40) we
can see that they are coincided exactly (see Fig. 1).
6.2. Real-valued solution
In this case, 6 is real and A is smaller than zero. In fact, consider Eq. (1) with given
parameters k = 0.12,¢= 0.0, A= -1.0,» =0.4,w = 1.0,p = 1.588, 20 = —0.4,79 = ~1.0.
In this case 6 can be evaluated as # = 0.0816497.

1k im 1)
[

Dl nm

st

Fig. 2. Phase plauc with ¢ (50, 550), based on the results at the first approximation

Hotm) ).(m15)
i oo
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|
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:‘w"lfl !.|"{Ii"’_£" il h'l" ¢i.}"94 il i ," | ‘ 4 -
i 002 | |
e R

Fig. 3. Solution z(t), based on the results at Fig. 4. Solution Z(t), based on the results at
the first approximation the first approximation
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Remarks:

When 8 is real and A < 0, the obtained solution is real-valued one.

The phase curves illustrated in Fig. 2 are smooth. They are not intersecting, inter-
twined into a closed ring.

The curve z(t) is periodic with decreasing amplitude, and the solution z(t) shows a
stable motion (Figs. 3 and 4).
6.3. Complex-valued solutions

Complex-valued solutions have two components, the real and imaginary, Re [z (t)],
Im [z (t)). Differentiated complex-valued solution with respect to time also has two compo-
nents, the real and imaginary, Re(2(t)], Jm[z(t)] From Eq. (1) and the equivalent Eq. (3),
the initial integral (19) including the four components mentioned above is founded. There-
fore only three components are independent. The three components form a phase space,
which is different from a phase plane in the case of real valued solution (15].

Consider Eq. (1) with the following parameters & = —1/5,¢9 = 0.0,A = 8/15,
v =1/50,w=0.32,p= 0.4,z = 0.4, 29 = —1.0.

In this case 8 can be evaluated as an imaginary number § = 0.316493i, thus § = ip
where ¢ is real.

Remarks:
The coefficient of nonlinear term A = 8/15 is twice as big as the coefficient of linear
term & = —1/5. Thus, it is not suitable to use the assumption of small parameters in

solving this problem.

In this example, 6 = 0.316493¢, the solution is a complex-valued and chaotic one.
From time period £(5000, 6000) to £(9500,10500), the phase space has a relatively stable
structure (Figs. 5 and 6).

The curves in the phase space (Fig. 5) intersect. They are not smooth and have

complex behavior.

i "vm
f
[0 (0]
! m)

oo —
: S ate N
T e #La] o™

058

*{0]
o

Fig. 5. Phase space with ¢(5000, 6000), based ~ Fg. 6. Phase space with ¢ (9500,10500), based
on the results at the first approximation on the results at the first approximation

The curves illustrating motion xz(t) (Fig. 7) do not behave with any patterns, being
affected by not only global motion, but also local motion. They never repeat themselves
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Fig. 7. The real component of solution z(t),

based on the results at the first approximation

.

Fug. 8. Poincaré section of the phase space in
Fig. 5 with Im|z(t)] =0

and there is no sign of resonance, although the frequency of exciting force w = 0.32s very

close to the vibration frequency v = 0.316493.

Poincaré section (Fig. 8) includes a collection of points. Thus, the chaotic property

of the solution in this example is proved.
6.4. Chaotic solution

As can be seen that the indication of the chaotic solution to the Duffing equation
is shown by the factor 0 (see Eq. (9)), when 8 = iy,  is real number.

Consider Eq. (1) with the following parameters &
0.025,w=1.0,p=7.5,70 = —0.4, g = —1.0.

= 00,9 = 0.0,x = 1.0,v =

In this case & can be evaluated as § = 0.0144338i.

(6]

(18]
-

0r e

Fig. 9. Phase space with ¢ (150,1150), based
on the results at the first approximation

Retutnltmn)

Fug. 10. Phase plane with ¢ (150,1150), based
on the results at the first approximation
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Re{x(0.(m)

o2t

v il
shsts

ol

ol

Fig. 11. The real component of solution z(t),  Fig. 12. Poincaré section of the phase space in
based on the results at the first approximation Fig. 9 with Im[z(t)] = 0

Remarks:

The coefficient A = 1.0 and the coefficient of exciting force p = 7.5 have finite values
different from zero and large, meanwhile the coefficient of the linear term & = 0. Thus, it
is not suitable to use the assumption of small parameters in solving this problem.

In this example, § = 0.0144338:, the solution is complex-valued one. Based on the
indication, 8 = iy, the solution is chaotic.

The curves in the phase space (Fig. 9), and the phase plane (Fig. 10) are rough,
creased, intersecting and intertwined.

The curves of the real-valued component of solution z(t) cluster together. They do
not repeat each with other, but they have similar structure (Fig. 11). The clusters are thus
considered sustainable.

Poincaré section (IFig. 12) consists of a set of points Thus, the chaotic property of
the solution in this example is proved.

7. CONCLUSION

Findings of the paper are summarized as follows:

1. An algorithm to solve the Duffing equation is proposed, in which a method to
transform the initial equation to the resulting equation and a coupling successive approx-
imation method (CSAM) to solve the resulting equation are presented.

2. Based on the proposed algorithm, the analytic approximated solutions obtained
may be real-valued, complex-valued.

3. The indication of chaotic solutions to Duffing equation is found. The indication is

4. When the indication is satisfied, the Duffing equation has complex-valued solu-
tions, and the phase curve is a spatial curve in a phase space in stead of the phase plane.
The Poincare section consists of a set of points and the solution is chaotic.
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5. A formula to compute the vibration frequency of Duffing equation is obtained

/2
1/2, 4¢
B Y 9 B Y
@ [2(3”+3)\

this frequency is only dependent on the parameters of the equation, and independent of
parameters of exciting forces.

6. The structure of chaotic solutions is revealed, since the first approximation solu-
tion is able to be expressed in an analytic form. The chaotic solution consists of complex
vibration with many frequencies: exciting frequency w, vibration frequency ¢ and com-
bined frequency of w and ¢, with bounded amplitude. The chaotic solution is going towards
the attracting set as the process towards limit.

7. Using the resulting equation of the proposed method an exact analytical solution
can be found to some specific Duffing equations without right hand side.
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