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Abstract

In this paper a generalized nonlinear Van der Pol oscillator equation X+ X 2m+1)/@n+1) —

€ (1 - X 2) X with m, n € N will be studied. It will be shown that the recently devel-
oped perturbation method based on integrating vectors can be used to approximate
first integrals and periodic solutions. The existence, uniqueness and stability of time-
periodic solutions are obtained by using the approximations for the first integrals.

Keywords: Integrating vector, first integral, perturbation method, nonlinear oscilla-
tor, pertodic solution.

1 Introduction
We consider a generalized nonlinear Van der Pol oscillator equation
.. M 2 .
X+ X2t =¢(1-X?) X, (1.1)

where X = X(t), m, n € N, and where € is a small parameter satisfying 0 < ¢ < 1. The
dot represents differentiation with respect to t. Many researchers studied the unperturbed
nonlinear oscillator equation

X+ f(X)=0. (1.2)
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For instance, Awrejcewicz and Andrianov [1, 2] studied (1.2) using the so-called small
and large J-method. Using a generalized harmonic balance method Mickens and his co-
authors [3]-[6] also studied equation (1.2). For a particular case of equation (1.2) with
f(X) = XY+ gome results have been presented in [2, 3, 5, 7]. The periods of the
periodic solutions for this particular case have been approximated by Mickens in [3, 5].
Moreover, exact expressions for the periods of the periodic solutions for this particular
equation (1.2) have been given by Van Horssen in [7]. Equation (1.1) with m =n = 0
is the well-known Van der Pol equation. Recently (1.1) with m = 0 and n = 1 has
been studied in [6]. Approximations of the periodic solution are constructed in [6] by
using the method of harmonic balance. In this paper the recently developed perturbation
method based on integrating factors (see [8]-[12]) is used to approximate first integrals and
periodic solutions for the generalized nonlinear Van der Pol oscillator (1.1). In this paper
not only asymptotic approximations of first integrals are constructed but also asymptotic
approximations of the periodic solutions and their periods are determined. The presented
results include existence, uniqueness, and stability properties of the periodic solutions. In
this paper we show that straightforward expansions in € can be used to construct asymptotic
results on long time-scales. This paper is organized as follows. In section 2 of this paper
it is shown how approximations of first integrals can be constructed. It will be shown in
section 3 of this paper how the existence, the stability, and the period of time-periodic
solutions can be determined from the constructed approximations of the first integrals.
Finally in section 4 of this paper some conclusions will be drawn and some remarks will
be made.

2 Approximations of First Integrals

In this section we will show how the perturbation method based on integrating factors can
be applied to approximate first integrals for a generalized nonlinear Van der Pol oscillator.
Consider a generalized nonlinear Van der Pol oscillator equation

X+ X5 —e(1- X)X, (2.1)

The unperturbed solutions of (2.1) with € = 0 form a family of periodic orbits. This family
covers the entire "phase plane” (X, X). Each periodic orbit corresponds to a constant
energy level £ = X2 + (@LDX (2m+2n42)/@n+1) - To a constant energy level E a phase

2m+2n+2)
angle ¢ can be defined by ¢ = fOX \/QE_(( dr

. We use the transformation
2:+J1r)1>r(2m+2n+2>/(2n+1)

(X, X) — (E,v), and then obtain

E - EXf = gl(E7w>7
(2.2)

¢ =1- GIOX (2n+1) - Xf - gz(E, w)’

(2B Crtl T(2m+2n+2)/(2n+1))%
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where f = (1 — X?2) X. By multiplying the first and the second equation in (2.2) by the
integrating factors py and ps respectively it follows from the theory of integrating factors
as presented in [8]-[10] that p; and pg have to satisfy

opr _ Opz
o — 9B

(2.3)
8/11 . 8#2 _

Gt = =55 (g1 + p1292) , B2 = =57 (1191 + p1292)

By expanding 11 and ps in powers series in € and by substituting g, go, and the expansions
for the integrating factors into (2.3), and by taking together terms of equal powers in ¢,
we finally obtain the usual O(e™)-problems, for n=0,1,2,... (see also [9]-[12]). The O(e°)-

problem is
( Ouio Ou2.0

oy — OE
Ouio . Opz2o
\ "o = o5 (2:4)
Opz,0 _ _ Bp2o
\ ot o
and for n > 1 the O(e")-problems are
( a/»‘l,n _ au2,n
dp  OE °
e — 2 ( (25
o = 35 \M1n—191,1 T H2n—1021 + Haon) .
Op2,n
L %Qt = _% (:ul,n—lgl,l + ,u2,n—lg2,1 + ,u2,n) )

where €911 = g1,€g21 = g2 — 1. The O(e")-problem (2.4) can readily be solved, yielding

Hio = hl,o(E, 1p — t) and H2.0 = hg,o(E, ¢ —t) with 8](;111)’0 = agz:o. The functions hl,O and hgo

are still arbitrary and will now be chosen as simple as possible. We choose h1y = 1 and
hao =0, and so (see also [8]-[12])

H10 = 1, M0 = 0. (2-6)

Then, from the order e-problem (2.5) y11 and po; can be obtained, yielding
s == (J* (X2 = X2x2) di)

f21 = —% (ft <X2 — X2X2> df) )

An approximation F; of a first integral F' = constant of system (2.2) can now be obtained
from (2.6), (2.7), and the theory of integrating factors as presented in [8]-[12], yielding

(2.7)

F = E- e/t <X2 - X2X2) df, (2.8)
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where

X = i\/2E _ o 2nA L s (2.9)
m+n-+1

The elementary procedure to construct F; using the integrating factors is for instance given
in [8]-[12]. How well F} approximates F' in a first integral F' = constant follows from the
theorems as presented in [9]-[12]. In this case it can be shown that (using the theory as
presented in [9]-[12])

dF
d—tl et1,1g1 + epaa (g2 — 1) = €R (B, 0), (2.10)

where g; and go, and p; 1 and po; are given by (2.2) and (2.7) respectively. In a similar way
we can construct a second (functionally independent) approximations of a first integral by
taking

H2.0 = 1, Hi0 = O, (211)

instead of (2.6). The O(e)-problem (2.5) can now again be solved, yielding

_ 0 t X dr 2 2 v 2 n
Hi1 = oOFE (f (fo (2E— (2n+1) r(2ﬂH—2n+2)/(2n+1))% <X - XX )) dt) ,

(m+n+1)

_ 9 t X dr 2 72 V2 n
M271 - % (f (fo (2E— (2n+1))T(2m+2n+2)/(2n+1))% <X o X X )) dt) ’

(m+n+1

(2.12)

An approximation Fy of a first integral F' = constant of system (2.2) can now be obtained
from (2.11), (2.12), and the theory of integrating factors as presented in [8]-[12], yielding

¢ X dr . . _
i <X2 - X2X2) df| .
o (2E — (2n+1) F@m+2n42)/(2n41) )3

(m+n+1)
(2.13)
How well F, approximates a first integral F' = constant follows from the theorems as
presented in [9]-[12]. In this case we have

F2(va7t) = (1/1—75)4‘6

dF,

s €191 + €lia1(ga — 1) = €2R2(E7 V), (2.14)

where g, and go, and j1 1 and po; are given by (2.2) and (2.12) respectively.

3 Approximations of time-periodic solutions

In section 2 we constructed asymptotic approximations of first integrals. In this section
we will show how the existence, the stability, and the approximations of non-trivial, time-
periodic solutions can be determined from these asymptotic approximations of the first
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integrals. Let T" < oo be the period of a periodic solution and let ¢; be a constant in
the first integral F(E,v,t;€) = constant for which a periodic solution exists. Consider
F =c¢ fort =0 and t = T. Approximating F' by F} (given by (2.8)), eliminating ¢; by
subtraction, we then obtain (using the fact that F(0) = E(T") for a periodic solution)

c (/OT (X2 - x°x?) dt) —O(@) o e (/:;T) (- xx7) dX) —0@). (31

Without loss of generality it can be assumed that at ¢ = 0 in (X (0), X(0)) = (4, 0) with
A > 0. Because of the symmetry of the unperturbed orbits in the phase plane it follows

that (X (%) X (%)) = (—A,0). From (3.1) it then follows that

eI(E) = O(e?), where I(E) = 4 / ! (X - XX2) dx. (3.2)

To have a periodic solution for (2.1) we have to find an energy E such that I(FE) is equal to
zero (see also [11, 14, 15]). It should be observed that the same problem (that is, find zeros

of I(F)) is obtained when the Poincaré return map technique or the Melnikov method is
applied (see also [13]-[16]). To find this energy E we rewrite I(E) in (using (2.9))

[2(E))
I(F)=4L(FE) (1 — , where 3.3
)= ane) (1= 3153 33
L(E) = [t (2B - ;2 x ) T ax,
(3.4)
L(E) = foA X <2E - nfﬁ:LX%)i dX.
Now it should be observed that E(t) = %X(t)Q + %X(t)@mﬁnﬁ)/(%ﬂ), and
E(0) = %A@m”””)/(z”“). From (2.2) we can see that E is constant up to O(e)

on time-scales of O(1). By using the transformation X = Au in (3.4) and by using the
fact that £ = E(0)+ O(e) for 0 <t < T it is easy to see from (3.2)-(3.4) that (3.2) can be
rewritten in

del,(E)(1 — Q) = O(€?) with p > 1, (3.5)

where
2n+1
m+n+ 1) mint T Jo(m, n)

— 3.6
2n + 1 Ji(m,n)’ (3:6)

Q- (26
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and where

1 2m+2n+2

Ji(m,n) = [y 1—u i du,

(3.7)

2m+10n+6

Jo(m,n) = fol \/u4—u 21 du.

It is easy to see that Ji(m,n) > 0 and Jy(m,n) > 0 for all values of m, n € N. It is
also easy to see from (3.6) that % > (0. This implies that @ is strictly monotonically
increasing. Since @ is strictly monotonically increasing in F we can conclude that there
exists a unique, nontrivial E-value such that I(E) = 0. From these results it can be
concluded (see also for instance [[11], section 4.2]) that there exists a unique, nontrivial,
stable time-periodic solution for (2.1). Suppose that at t = 0 X (0) = Ay and X (0) = 0 for

the periodic solution. Then,

Loy 2n+1 2m+2n+2 2n+1 2m+2n+2

- 2n+1 — —A 2n+1 = E 38

2 2m +2n + 2 v Im+2n+2° 0 0 (3.8)

where Ej is the energy such that we have a periodic solution. Obviously E satisfies (see
also (3.3) and (3.5))

4 1\ T Jy(m, n)

m n m+n+ 2 7’]’[,7 n

2B0——— — =1 3.9

< O on+1 ) Ji(m,n) ’ (3.9)

up to O(e7') with p > 1. The period of the periodic solution can be calculated up to
O(eP) with p > 1 from (3.8), yielding

X 2n+1 2mt2n+2 mt2n
i jE\/ et Vg (3.10)
or equivalently
m+n+1dX 1
2n+1 E 2m+2n42 2m+2n+2 =1, (3.11)
V T o

Then, integrating (3.11) with respect to ¢ from ¢ = 0 to £ yields

/ 1 pem 1 d
2n+1 o / 2m+2n+2
1 — o 2nt1

Using a standard numerical integration routine the period (3.12) of the periodic solution
can easily be approximated numerically (up to O(e?~!) with p > 1).




GENERALIZED NONLINEAR OSCILLATOR 7

4

Conclusions and remarks

In this paper it has been shown that the perturbation method based on integrating factors
can be used efficiently to approximate first integrals for a generalized nonlinear Van der
Pol oscillator. In section 2 of this paper it has been shown how approximations of first
integrals for this oscillator equation can be obtained. It has been shown in section 3 how
the existence, the stability, and the period of the time-periodic solution can be deduced
from the approximations of the first integrals.
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