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The local stability of approximate periodic solutions and period-doubling bifurcations in
a harmonically forced non-linear oscillator with symmetric elastic and inertia non-linearities
are studied analytically and numerically. Approximate principal resonance solutions are
first obtained using a two-term harmonic balance and then a consistent second order
stability analysis of the associated linearized variational equation is carried out using
approximate methods to predict zones of symmetry breaking leading to period-doubling
bifurcation and chaos. The results of the present work, which follows the analysis approach
presented by Szemplinska-Stupnika (1986 International Journal of Nonlinear Mechanics 23,
257-277; 1987 Journal of Sound and Vibration 113, 155-172) are verified for selected system
parameters by numerical simulations using methods of qualitative theory, and good
agreement was obtained between the analytical and numerical results. Finally, a criterion for
the period-doubling bifurcation is proposed analytically, for this type of oscillator, and
compared with computer simulation results that predict the true period-doubling
bifurcation and chaos boundaries. © 2001 Academic Press

1. INTRODUCTION

The route to chaos from regular period motion (or from chaos to regular periodic motion)
through a sequence of period-doubling bifurcation in non-linear oscillators with single
equilibrium positions has been the subject of many analytical and numerical investigations,
e.g. references [1-10]. These studies and others have shown that this route to (or from)
chaos can be adequately described by making use of approximate analytical methods to
study various instabilities of approximate periodic solutions along with a computer
simulation using methods of the qualitative theory. By making use of variational Hill-type
equations to examine various instabilities of corresponding approximate periodic solutions,
these studies have shown that it is possible to determine and describe with fair accuracy, if
any, the zones of period-doubling bifurcations on the resonance curves of individual
harmonic solutions. Then methods of qualitative theory with the aid of digital computer
simulations were used in these studies to determine the locations of chaotic motion zones,
which are preceded by period-doubling bifurcations. Szemplinska-Stupnika [1, 2] used this
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approach in connection with the harmonic balance method to describe the period-doubling
bifurcations in a single equilibrium Duffing oscillator with asymmetric hardening
non-linearity [2] and the symmetry breaking and then period-doubling bifurcations in
single equilibrium symmetric Duffing oscillators with softening non-linearity [1]. It is to be
noted that for an oscillator with asymmetric non-linearities, an approximate periodic
solution is asymmetric which usually contains a bias and both even and odd harmonics. For
such oscillators the stability analysis of the variational equation corresponding to an
asymmetric periodic solution shows that even to first order the asymmetric periodic
solution can undergo period-doubling bifurcations, i.e., period-doubling bifurcations are
very likely in oscillators with asymmetric non-linearities. The results of the analysis
presented in reference [2], show that for an asymmetric Duffing oscillator the chaotic
motion appears in a narrow zone which is preceded by a wider period-doubling zone close
to the theoretical stability limit of the 3 subharmonic resonance, i.e., in the neighborhood of
the frequency where the % resonance curve has a vertical tangent. On the other hand,
symmetric non-linear oscillators of the hardening type do not, as a general rule, admit, at
least in the first approximation asymmetric solution which is necessary for period-doubling
bifurcations, i.c., the stability analysis of the variational Hill-type equation corresponding to
an approximate periodic solution in a symmetric non-linear oscillator shows that an
approximate solution can undergo period doubling provided that it is asymmetric (e.g., see
references [ 1, 2] for more details). The results presented in references [2, 3, 9, 10] for the
classical Duffing oscillator and the Duffing-Ueda oscillator with hardening non-linearities
obtained using a combination of harmonic balance and numerical simulations, show that
for symmetric non-linear oscillators of the hardening type the transition to (or from) chaos
is a sharp one and is associated with the loss of stability of the third superharmonic resonant
response. In this case the chaotic motion appears at frequencies well below the principal
resonance, i.e., in the region which is not adequately described by a first approximate
harmonic solution. It is to be noted that the results presented in references [2, 4, 8—10] and
in many other studies, indicate that for an asymmetric or a symmetric non-linear oscillator
of the hardening type with single equilibrium position oscillator the chaotic motion is
always associated with the loss of stability of secondary resonance (super-, ultrasuper-, sub-
or ultrasub-harmonic). That is, in such oscillators, the chaotic motion forms a transition
zone which separates two periodic solutions having different periods (i.e., having different
topological properties). On the other hand, in the symmetric Duffing oscillator with
softening-type elastic non-linearity, numerical and analytical results presented in references
[1,5,7, 11-13] show that in this oscillator the chaotic motion is preceded by a sequence of
period doubling and appears near the peak of the principal resonance curve. Using
a combined harmonic balance and computer simulation, Szemplinska-Stupnika [ 1] showed
that the stability analysis of the first approximate harmonic solution for this oscillator can
predict the symmetry-breaking and period-doubling bifurcations provided that higher
order instabilities of the corresponding variational Hill-type equation are examined. It is to
be noted that, unlike the classical symmetric Duffing oscillator with hardening
non-linearity, the symmetric Duffing oscillator with softening non-linearity can admit in the
first approximation, asymmetric solutions which appear in pairs at usually relatively large
response amplitude over a narrow frequency band [5]. For example, in order to illustrate
a point of interest in the present work, consider the non-linear Duffing oscillator

it + 61 + u + eu® = Pcos(Qt + ¢), 1)

where 0, ¢, P, Q2 and ¢ are constants, and 6 > 0. This Duffing oscillator is of the hardening
type when ¢ > 0 and is of the softening type when ¢ < 0. The constant phase ¢ was added to
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the forcing term so that one may obtain a response in which the fundamental harmonic
contains a cosine term only. Using the harmonic balance method, an asymmetric periodic
solution to equation (1) in the first approximation takes the form

u(t) = Ay + Ay cos(Qt), )

where A4, is a constant bias and A, is constant amplitude. Substituting equation (2) and its
derivatives into equation (1), ignoring harmonic terms higher than the fundamental which
arise, and balancing the remaining harmonics leads to the following set of three non-linear
algebraic equations for the unknowns A4,, A;, Q and ¢ which define the steady state
frequency response:

Ay(1 — Q2 + 3eA] + 2eA43) = Pcos ¢, (3)
0QA; = Psin¢, 4)
Ao (1 + 643 +3e43) =0. (5)

From equation (5) one can see that there are two possible solutions: the first has A, =0
which corresponds to the symmetric solution, and the second is asymmetric for which the

bias is given by
1 3 1/2

From equation (6) one can easily see that a pair of asymmetric solutions in the first
approximation, i.e., a pair of non-zero real values of the bias 4,, may exist for a certain
range of amplitude and system parameters only when ¢ < 0, e.g., when the oscillator is of the
softening type. The steady state 4;-Q relation for the asymmetric solution may be obtained
by adding the square of equation (3) to that of equation (4) and using equation (6) whereby
one obtains

5% 15 5* 15 P22
2 _ YT RN —ZgA? — <
Q <2+2+43A1>i[4+5 <2+48A1>+<A1>:| , £¢<0. (7

On the other hand, the steady state 4,-Q relation corresponding to the first approximate
symmetric solution for the oscillator in equation (1) is obtained by adding the square of
equation (3) to that of equation (4) with 4, = 0. This leads to

§* 3 5* 3 P2
2 _ 4T og2 Z 52 ZeA? —
Q _<1 5 +46A1>i|:1+4 R <1+48A1>+<A1>:| : ®)

which is valid for both the softening and hardening oscillators. The frequency response
curves obtained using equations (7) and (8) are shown in Figure 1 for the softening case
e= —1 with 6 =04 and P =023 which was the subject of numerous detailed
investigations (e.g., references [1, 5, 8, 11, 13, 14]). Also shown in this figure are the unstable
regions of the above approximate harmonic solutions. The boundaries of these unstable
regions were determined by following the procedure in references [1, 2, 15] as outlined in
section 2, e.g., by analyzing the associated linearized variational Hill-type equation using
the harmonic balance method. These results, which were also reported in references [1, 5, 8,
11, 147, show that the resonance curves of the asymmetric solution intersect those of the
symmetric solution near the region of chaotic motion, which lies in the zone where the



456 A. A. AL-QAISIA AND M. N. HAMDAN

3
2 -
<
<
2
=
£
<
1 -
-
0
0-0
Frequency ()
Figure 1. Steady state frequency response (SSFR), first order stability (Ist stab.), second order stability (2nd
stab.), biased solution and its stability using a single term only. P = 3-5,¢; = 10, ¢, = 1 and 6 = 0-5: ——, SSFR;
——— , 1st stab.; —--—, 2nd stab.; = , Aoy ————— Ay; + + + + +, unstable Ag and Ay; ——, A4 .. Positive

value of 4 in the symmetric solution at which A, in the biased solution has a non-zero real value, calculated from
equation (28).”

principal resonance curves of the symmetric first approximate solution may enter the
second unstable region of the corresponding variational Hill-type equation. Furthermore,
these asymmetric solutions are only stable within this narrow zone [5]. It is to be noted that
although the interest here is not specifically in the frequency response characteristics and
stability of approximate solution of softening oscillators in the form given by equation (1),
analytical and numerical simulation results presented in reference [14] indicate that the
qualitative nature of the approximate harmonic balance solution changes, for certain ranges
of system parameters, if one uses a two-mode (i.e., fundamental plus third) harmonic
balance solution instead of a single-mode (i.e., only fundamental) harmonic balance
solution. The results of stability analysis of the approximate harmonic solutions presented
in reference [14] and in more detail in reference [ 157, show that erroneous (i.e., qualitatively
incorrect) instability boundaries and type can be obtained if the level of approximation in
the solution of the associated linearized variational equation is not consistent with (i.e., the
same as) that of the approximate solution.

Dooren [13] introduced a numerical procedure to study the transition from regular
periodic motion to chaotic behavior of the Duffing oscillator in equation (1) with softening
non-linearity. The procedure used is based on the computation of accurate higher order
approximate periodic solution of Galerkin’s type in conjunction with the corresponding
stability analysis of the first variational equation.

Zavodney et al. [16] investigated the response of a single-degree-of-freedom system with
quadratic and cubic non-linearities to a principal parametric resonance. They used the
method of multiple-time-scales (MMS) to determine the second order modulation of the
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amplitude and phase, and verified these equations by integrating the governing equations
using an analog computer “to obtain a global bifurcation diagram in the excitation
amplitude—excitation frequency plane” and a digital computer “to obtain Poincaré maps
and transition from a smooth basin to a fractal basin of attraction”.

Awrejcewicz and Mrozowski [17] discussed the chaotic dynamics of a particular
non-linear oscillator having Duffing-type stiffness, Van der Pol damping and dry friction.
They utilized an averaging technique to obtain information regarding the bifurcation
behavior of the vibrating oscillator and analyzed numerically, the chaotic behavior of the
oscillator for parameters near bifurcation curves. Also, they studied the effect of dry friction
on the behavior of strange chaotic attractor.

Nayfeh and Sanchez [7] also studied the periodic and non-periodic response of the
Duffing oscillator in equation (1) with softening non-linearity. They used a second order
multiple-time-scale (MMS) with reconstitution to obtain an approximate second order
solution in conjunction with the Floquet theory to analyze the associated variational
equation, which was linearized about the predicted second order approximate solution. The
calculated Floquet multipliers were used to guide the generation of the bifurcation diagram
in the parameter space of interest. They showed that the proposed scheme is capable of
predicting symmetry-breaking and period-doubling bifurcation as well as jumps to either
bounded or unbounded motions. The results obtained are validated using analog and
digital computer simulations, which show chaos and unbounded motions.

Asfar and Masoud [18] investigated the phenomenon of period-doubling bifurcation
with the Duffing oscillator with negative linear stiffness with the aid of approximate
analytical methods and computer simulation. They use the Hill-type variational equation
with the Floquet theory to find the type of subharmonic instabilities that are responsible for
the occurrence of period doublings in the considered system and they proposed a threshold
criterion for the onset of period doubling and compared it with the computer simulation.

In the present work, which is motivated by the work in references [ 1, 27, the main concern
is with approximate analysis, aided with a computer simulation, of the stability,
symmetry-breaking and period-doubling bifurcations leading to chaos of approximate
harmonic solutions of the harmonically driven non-linear oscillators having single
equilibrium positions and described by the general non-dimensional form

it + Ot + u + &y (W?ii + wi®) + e,u’ = Pcos(Q1), )

where 9, €5, &5, P and Q are constant positive parameters. The interest here is focused on the
cases where the oscillator in equation (9) is not weakly non-linear, i.e., when the
displacement u is of order unity, &; and/or ¢, are not necessarily small compared to unity. In
the above oscillator, which has a single equilibrium position at u = 0, the two non-linear
terms inside the parentheses are of inertial type having a net softening effect, while the last
non-linear term is of hardening type. Thus, depending on the relative values of ¢; and ¢, the
characteristics of the frequency response curves of this oscillator may be of softening or
hardening type. These characteristics were studied in reference [19] using the harmonic
balance method and two versions of the second order perturbation multiple-time-scale with
reconstitution method. The results in reference [19] show that the two-mode harmonic
balance method yields quantitatively fairly accurate and qualitatively accurate solutions
even when the oscillator is relatively strongly non-linear, while the first approximate
solution obtained using a single-mode harmonic balance or the perturbation MMS method
as well as the second order approximate solution obtained using MMS with reconstitution
may lead to qualitatively incorrect frequency response characteristics. The interest in the
above oscillator lies in the physical systems that it can model, such as the in-plane flexural
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vibrations of an inextensible beam element [20, 21]. Depending on the range of its
parameters, the above oscillator may exhibit primary and secondary (sub- or
super-harmonic) resonance responses as well as irregular (chaotic) behavior. The focus of
interest here, which is motivated by the work in references [1, 2], is to use the methods
of approximate theory in conjunction with numerical simulation using the methods of
qualitative theory such as phase plane plots, Poincaré maps, frequency spectrums and
Lyapunov exponents, to determine for a selected range of system parameters the boundaries
of period-doubling bifurcations and chaotic zones relative to the principal resonance
curves. Based on the results presented in reference [19] the two-term harmonic balance
method is used to obtain the approximate fundamental symmetric solution, and to analyze
to second order the stability of the associated linearized variational Hill-type equation. The
harmonic balance method is also used in this work to study the steady state frequency
response curves and stability of the asymmetric solution of the non-linear oscillator.

2. APPROXIMATE SYMMETRIC SOLUTIONS

An approximate solution to the oscillator in equation (9) may be obtained using the
harmonic balance method which does not place a restriction on the order of magnitudes of
non-linear terms relative to linear ones, i.e., &; and &, need not be small compared to 1. For
convenience, equation (9) is rewritten in terms of a new time scale T = Qt, so that it becomes

Q% + Q6 + u + £,Q%u%i + &,Q%uii® + eu® = Pcos(T + ¢), (10)

where dots are now derivatives with respect to the new time T, and the unknown constant
phase ¢ has been added to the harmonic excitation so that one can obtain a harmonic
balance solution in which the fundamental has a cosine term only. A two-term approximate
symmetric solution to equation (10) can be obtained by substituting

u(T)= Aycos T + A3cos3T + Bzsin3T (11

into equation (10), where 44, A3, B; and ¢ can be determined by the harmonic balance
method (HB), and solving the set of non-linear algebraic equations for 4, As, B; and ¢.
Results for the steady state response using a two-term harmonic balance method (2THB)
have been presented in reference (19) for different values of the parameters 9, ¢, &, and P.
For convenience, in Appendix A, the application of the harmonic balance method using
a single term (SHB) and two terms (2THB), from which one can obtain the steady state
response curves, is shown.

3. STABILITY ANALYSIS OF SYMMETRIC HARMONIC BALANCE SOLUTIONS

The stability analysis of the approximate harmonic balance solution in equation (11) may
be carried out by introducing a small perturbation v(T') to the assumed solution (11), i.e., by
substituting

u(T)=Aycos T + A3zcos3T + B3sin3T + v(T) (12)

into equation (10), for the sake of brevity and to demonstrate the procedure used in
obtaining results for the stability. The stability analysis will be examined by using a single
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term only in the assumed solution, i.e., by substituting u(T) = Acos T + v(T) into equation
(11). This leads to the following non-linear variational equation:

s A? 2 A?
027 (1 + & > + &0 + 2e0AcosT + &4 70052T
+0(0Q — 26, Q%> Avsin T — &, Q%> A%sin2T)
3 2 2[42 2.2 3 2 3 2 42
+v ESZA +1—£0Q 7-{-819 v +§82A COS2T—§81Q A”cos2T

A2
+£,Q%A4%0%cosT + v> Acos T (3e, — £,Q%) + e,0° = T (261Q% —&,) cos3T. (13)

Results from substituting equation (12) into equation (11) are shown for convenience in
Appendix B.

The stability is governed by the linearized version of equation (13). In addition, the
excitation term on the right-hand side is deleted, because it has no influence on the stability;
this leads to the following Hill-type equation:

A2
5Q? (1 +ey (1 + cos 2T)> + 6(0Q — &,Q2* A?*sin 2T)

A? 3
+ u<1 + > (Be, — 69Q%) + 3 A?cos2T (e5 — 8192)> =0. (14)

Then by virtue of the Floquet theory, a particular solution of the linearized variational
equation LVE (14), is sought in the form [1]

o(T) = e n(T), (15)

where f§ is defined as the characteristic exponent and #(T) is a periodic function with
periods T and T/2. The solution of v(T) is stable (respectively, unstable) if the real part of
f is negative (positive); and the real part of f is zero on the boundary between stable and
unstable regions [15].

The approximate theory of the Hill-type equations allows one to assume functions #;(T)
and 5y (T) as truncated Fourier series, so that at the stability boundaries, i.e., § = 0. the
disturbances are sought as

m(T) = v(T)p=0 = Y. bycos(mT + ) = by,.cos(mT) + bygsin(mT), m= 135,00,
(16)
nII(T) = U(T)ﬁ:0 = bO + me COS(mT + lpm) = b() + bmc COS(MT) + bms Sin(MT):

m=246, -, c0. (17)

The instabilities of type I (first order stability) are those which bring odd harmonic
components to the system response, while type 11 (second order stability) gives a build-up of
the even harmonic component [1].
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The first and second order unstable regions can be predicted by substituting equations
(16) and (17) into the LVE (14) and using the harmonic balance method. This leads to an
infinite set of linear homogeneous equations (b,,. and b,,,, m = 1,3,5, ---, oo for analysis I)
or (by, b, and b,,,, m = 2,4,6, ---, oo for analysis II). These equations can be expressed in
matrix form as Ax = 0, where x is one of the two column vectors ( ---, b;, by, -+ )T, and
(bo, - » bic, big, -+ )T; A-is the characteristic matrix. Nontrivial solutions for b, exist only
when the determinant (4) of the characteristic matrix, vanishes. This determinant depends
on f3, thus A(f) = 0 provides the characteristic equation for 5. The stability conditions
become A(f =0) is positive (respectively, negative) in a stable (unstable) region, and
A(f = 0) = 0 at the boundary between the stable and unstable regions [15].

To determine the boundaries of the first unstable region “i.e., analysis I” according to the
above procedure, one may substitute as a first approximation

m(T) = v(T)g=o = by cos(T) + byysin(T) (18)
into equation (14) and applying the harmonic balance method to obtain the following set of

algebraic equations for (by., byy):

A4
1 —QZ +T(382 —231Q2) —59

b 0
. b =tof 0
50 1— Q%+ (9e, — 66,Q%) | ©

Non-trivial solutions for by, by, exist only when the determinant of the coefficient matrix in
(19) vanishes, which gives the following relation:

3 9
Q4 <1 +2e, A% + Zsz“) +Q? <52 — 2 — A% (3ey + 2¢1) — 28182144)

27
+ (1 + 3e,4% + 1685,44) =0. (20)

Solving the last equation for Q2 gives the boundaries of the first order unstable region. The
boundaries of the second unstable region “i.e., analysis II”, which may give rise to
period-doubling bifurcation (PDB), can be obtained by substituting the following equation
as a first approximation:

n]](T) = U(T)ﬂ:o = b() + b2c COS(ZT) + b2s Sin(ZT), (21)

into equation (14) and applying the harmonic balance method to obtain a set of algebraic
equations,

A2 342
1+7(382—81Q2) 0 7(82—8192)
A2 b() 0
0 1402+ (32— 50,2?) —26Q by L =Jol.
3142 Az ch 0
7(82—81.(22) 25Q 1—4Q2+7(382—581Q2)

(22)
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Non-trivial solutions for by, b,, b, exist only when the determinant of the coefficient matrix
in equation (22) vanishes, which gives the following relation between A and @, for certain
system parameters 9, &, &,:

6

A
16 (€3 — 99¢,6,0Q% + 93e26,Q* — 5¢3Q°)

A4
+5 (4563 — Q2 (10863 + 114e,6,) + Q* (216216, + 6167) — 4463 Q6)

2

A
+ > (9e, + Q% (126%¢, — 48¢, — 11g;) + Q*(48¢, + 48s, — 45%¢,) — 16¢,Q°)

+1+0Q%@6*—8)+16Q* =0 (23)

to be satisfied at the stability boundary. Equation (23) can be resolved for A2 to give the
boundaries of the second unstable region and the critical bifurcation value of the amplitude.

4. APPROXIMATE ASYMMETRIC SOLUTIONS AND THEIR STABILITIES

Using the harmonic balance method, an asymmetric periodic solution to equation (10) in
the first approximation takes the form

u(T)=Ag + Aycos T, (24)

where A, is a constant bias and A4, is the amplitude. Substituting equation (24) and its
derivatives into equation (10), one obtains

AZ
A, [A(Z) (3e, — ;9% + Tl (3e, — 2623 +1 — QZ} =P cosq, (25)
A10Q = Psin ¢, (26)
AZ
AO |:A(%82 + 71 (382 - 8192) + 1:| = 0 (27)

For Ay # 0, it follows from equation (27) that

2

&2

Equations (25), (26) and (28), yield (in terms of A4, only) the frequency response equation of
the system:

225 75 5 1
<1—6 &5 — 7 Q% + 106263Q% — 3 e36,Q° + Zej‘(ﬁ) AS

35 15
+ <158§ — 7818%.(22 + 5 e30% + Te2e, Q% — 561630Q% — 630Q° + sf£2§26> A}

+ (463 + 6%Q% — 46,6,0Q% + 463Q% + 3Q% — 26,6,Q% + 630Q%) A% = P2 (29)
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Steady state resonance curves 4, and 4, can be determined from equations (28) and (29)
respectively.

The stability of the assumed solution (24), can be examined by using the same procedure
followed in the previous section, i.e., by substituting u(T) = 4y + Ay cos T + v(T), into
equation (10). This yields the following linearized version of the variational equation:

A2
Q2 [1 + 7131 (1 + cos2T) + &, (A3 + 24,4, cos 2T)}
+ 0 [0Q — e, Q% (A2sin2T + 2A0A,sin T)]

A2
+v [1 + 71 (3, (1 + cos2T) — £,Q2(1 + 3cos2T))

4 36,42 + 24 Ay cos T (3¢5 — 8192)} = 0. (30)

It is clear that equation (30) has two parametric excitations with periods T and T/2. To
examine the period-doubling bifurcation in the first approximation of the biased solution,
one may seek a particular solution at the stability limit as

T T (T
U(T) = bl/Z COS (5 + l//1/2> = bl/Z)cCOS <E> + b1/2)881n<5>. (31)

Then, by substituting equation (31) and its derivatives into equation (30), and applying the
harmonic balance method and putting the condition of non-trivial solution for b, ,,. and
b1)2)s, 1.€., the determinant of the coefficient matrix equals zero, a relation between the
amplitudes (4, and 4;) and the frequency £ to be satisfied at the stability boundary can be
obtained, such that

gl

1 I3
Q4 — + 21242 + 542
< + 6( o+ 5 1)+64

T (4A% — 164243 + 25A‘{)>

6% 1 3e . )
+ @ <4 — 53— QA3+ 4D - 2 (1245 + 1549 — S A3 + 5A%)>

AZ
+ <1 + 365242 + A3) + 9¢3 <Az§ + f)) =0. (32)

For convenience, teh elements of the coefficient matrix are given in Appendix B.

5. COMPUTER SIMULATION, RESULTS AND DISCUSSIONS

The stability analysis of the non-linear oscillator described in equation (10) was verified
near the principal resonance zone for selected values of system parameters P, ¢q, ¢, and 9,
using computer simulation and with the aid of time histories, phase plane, Poincaré map
and Lyaponuv fractal dimension.

The response of the non-linear oscillator is controlled by two competing softening
“e1 (u?it + wi?)” and hardening “e,u®” non-linearities, which exhibit fundamentally two
different response characteristics [ 19], depending on the relative value of ¢; and &,.
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Results for a softening-type oscillator, i.e., ;/¢, > 1-6, are presented in Figure (1) and the
parameters P, &, &, and 0 were chosen to be 3-5, 10, 1, 0-5 respectively.

In Figure 1, the steady state response using the HB method, first and second order
unstable regions are obtained using a single term only. In the same figure is also shown the
biased solution given in equation (24). One can see from Figure 1 that the first order
unstable region intersects the steady state response curve at the vertical tangency point as
one may expect “Figure 2”, and the second order unstable region intersects the response
curve at Q =~ 1-43. To improve the accuracy of the predicted steady state response and
stability, results are obtained and shown in Figure 3, for the same oscillator but using two
terms for the steady state response, i.e., equation (A8), and stability analysis, i.e., using two
terms in the assumed solution of the variational equation (B2) to obtain results for both the
first and second order stabilities. In addition, the same figure shows also the biased solution
and its stability. Results of the stability analysis “using two terms Figure 3” show that the
first order unstable region disappears and the steady state response curve is stable in the
resonance area and it seems that the frequency response resembles linear behavior. This
behavior was verified numerically and steady state numerical solutions were obtained in the
resonance area, as one can see from Figure 4. Stability analysis also shows, that the steady
state response curve penetrates into the second unstable region at 1:1836 < Q < 5-8482, and
the biased solution is unstable at 0-72 < Q < 2-07, at which there is a possibility of
period-doubling bifurcation (PDB). It is worth mentioning that the PDB can occur also
inside the frequency range 1-1836 < Q < 5-8482, predicted by the second unstable region.

It was found that by increasing the frequency, the PDB is first observed at 2 = 1-06
followed by higher period doublings 47 at Q =109 and they develop in chaos at
Q = 1-095. The first chaotic zone observed is in the range 1:095 < Q < 1-29 and then ends
by a 9T attractor followed by a 3T one. The 3T attractor disappears and chaos returns in

Amplitude (A)

0
0-380 0-385 0-390 0-395 0-400
Frequency (£2)

Figure 2. Expanded view of Figure (1): ——, SSFR; —---—-, 1st stab.
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Amplitude (A)

0
0-0 05 10 1-5 20 2:5 30
Frequency (£2)

Figure 3. Steady state frequency response (SSFR), first order stability (1st stab.), second order stability
(2nd stab.) using two terms. P = 3-5,¢; = 10,¢, = 1l and 6 = 0'5: ,SSFR. “A, of equation (11)”, @ 2nd stab.,
Ao, Ay, A4y same as in Figure 1.

Amplitude (A)

|
02 03 0-4 0-5 0-6
Frequency (£2)

Figure 4. Steady state frequency response (SSFR) using two terms and numerical solution. P = 35, &y = 10,
& =1and 6 =05: , SSFR; O, numerical solution.
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Figure 5. Time history, phase plane and poincaré map. P = 3-5, ¢, = 10, &; =1 and 6 = 0'5: (a) Q = 1-06;
(b) @ =109; (c) Q=1095, 44 =00619, 7, =00, i3 = — 01419 and d, =2-436; (d) Q =1-80, 4; = 0-2142,
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dp =2-690; (g) Q =245, 2; = 0:3064, 1, = 0-0, A3 = — 04488 and d, = 2-683.
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Figure 5. Continued.

the range 1-80 < Q < 22, and it ends also by are asymmetric 67T attractor. Further
investigations showed that the third chaotic zone in the range 22 < Q < 2-5 ends with
higher period doublings 4T, which is followed by PDB in the range, 2:6 < Q2 < 3-0 and at
2 = 3:0 periodicity returns to the system.

In Figures 5, the time histories, phase planes and Poincaré maps are shown for different
values of Q and for the parameters (P = 3-5, ¢; = 10, &, = 1, § = 0-5). Results presented in
Figures 1 to 4 and with the aid of computer simulations “Figure 5”, show that, and as one
may expect, the resonance curves of the asymmetric solution intersect those of the
symmetric solution near the region of chaotic motion, which lies in the zone where the
principal resonance curves of the symmetric solution may enter the second unstable region.

Chaotic behavior of the non-linear oscillator is verified also by another diagnostic
tool which is used in dynamical systems, the calculation of Lyapunov exponents. In the
present work the Lyapunov exponents are calculated, using the algorithm presented
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by Wolf et al. [22], from the generated time histories, i.e., by integrating equation (10) using
the Runge-Kutta method. Since the dimension of the considered oscillator is 3, the behavior
is chaoticif 2; > 0,2, = 0 and 43 < 0 with ) 4; < 0, where 4;, 4, and A; are the Lyapunov
exponents. The fractal dimension of the chaotic attractor can be calculated from the
Lyapunov exponents according to the relation [22]

Z?: 1 Ai

| Zisa]

where n is defined by the condition, 2; + 4, + --- + 4, > 0. On the presented Poincaré
maps, in Figures 5, 7 and 11, that have chaotic behavior, the calculated Lyapunov
exponents and the fractal dimensions are shown to be used as a diagnostic tool for chaos.

In the light of the presented results, it can be shown that a criterion that might predict the
necessary physical parameters combination for this type of oscillators, for PDB can be
proposed. However, PDBs in many non-linear systems occur just before the onset of choas.
Therefore, PDBs may be considered often as the lower threshold of chaos [18]. Once the
second unstable region intersects with the steady state response curve, i.e., equation (23) is
satisfied, one can use this equation which gives critical bifurcation value of the amplitude as
a function of the frequency and the system parameters, A, = A.. (2, &1,&,, 0). Upon
substituting the value of 4., into the frequency response equation (A4), one can obtain the
critical value of the forcing parameter [1], such that

dy=n+ (33)

1 3
<16 (963 — 126,6,Q% + 48%94)>Ac6, + <2 g (1 — Q%) +e,(Q* — QZ)> A%
F(1+ Q252 —2) + Q% A2 = P2 (34)

Equation (34) may give the minimum value of the forcing parameter required for
period-doubling bifurcation and may be used as a threshold criterion for PDB.

Threshold force (P)

0 1 1 1
10 1-5 2:0 25 30
Frequency ()

Figure 6. Analytical PDB criterion obtained using equation (34), true PDB and true chaotic boundaries.
P=35¢ =106, =1and 6 =0-5: , Analytical PDB; -+ , true PDB; - -——, true chaos.
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In Figure 6, the proposed criterion is shown with the true boundaries of PDB and chaos
for the softening-type non-linear oscillator (P = 3-5,&; = 10, ¢, = 1, = 0-5). The difference
between the proposed criterion and the true boundary of PDB is due to the fact that it is
calculated by using a single term only in the assumed solution. On the other hand, the
boundaries of the true PDB and chaos have the same qualitative characteristics and they
give the minimum threshold values for both PDB and chaos.

To verify the results presented in Figure 6 for the true boundaries of PDB and chaos, time
histories, phase planes and Poincaré maps are shown in Figure (7), for ¢; = 10, ¢, = 1,
0 =05 and Q = 20, at different values of P. The behavior of the oscillator is periodic at
P = 1-68, PDB appears at P = 1:69 and higher period doublings (4T, 8T') and chaos appear

A. A. AL-QAISIA AND M. N. HAMDAN

at P = 1-83, 1-85 and 1-86, respectively.
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Figure 7. Time history, phase plane and poincaré map. ¢; = 10, ¢, = 1, 6 = 0-5 and Q = 2-0 but for different
values of the excitation amplitude P (a) P = 1:68; (b) P = 1-69; (c) P = 1-83; (d) P = 1-85; (¢) P = 1-86, 4, = 0-15,
22 =00, A3 = — 02332 and d, = 2:64322.
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Figure 7. Continued.

In Figure 8, the steady state response, first order and second unstable boundaries, biased
solution and stability of the biased solution “asymmetric” are presented for the non-linear
oscillator with hardening characteristics, i.e., &/¢;, < 1:6, for the parameters (P = 35,
& =05,¢, =1, = 0-1). The first order unstable region intersects the response curve at the
point of vertical tangency and the second unstable region has two boundaries; the first one
is located at the superharmonic resonance zone at 0925 < Q < 1-02 and the second
intersects the response curves at Q = 3-30. In the figure, the asymmetric solution intersects
the symmetric one at Q = 2-55, i.e., before the steady state response enters the second
boundary of the second unstable region.

In Figure 9, results are obtained for the same hardening-type oscillator, i.e., P = 35,
e =05,¢ =1, 0 =01, but using two terms for the steady state frequency response and
stability analysis. Here the first order unstable region results obtained using two terms has
expected characteristics, i.e., intersect the steady state response curve at the point of vertical
tangency as shown in Figure 10. The second order stability analysis predicts also two
portions: the first one at 0-9754 < 2 < 1-0616 and the second one at 2 > 3-:0918. As one can
see, the estimates of the frequency bands of the two portions of the second unstable analysis
have been improved when using two terms in the stability analysis. Results obtained from
asymmetric solution indicate that the PDB may rise as mentioned before at Q =~ 2-55, and
at the frequency band of the first portion of the second unstable region.

Computer simulations inside the first portion, i.e., in the superharmonic resonance area,
have predicted three chaotic zones; the first at 070 < Q < 0-71, the second at
074 < Q < 0:77 and the third one at 1:019 < Q < 1-:080, PDB at 0-79 < Q < 0-81 and
higher period doubling (4T') at 2 = 0-78. Computer simulations at values of Q = 2-55 where
the symmetric solution bifurcates into an asymmetric one “just before the symmetric
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Amplitude (A)

Frequency ()

Figure 8. Same as Figure 1, but for the hardening-type oscillator, using a single term only: P = 35, ¢ = 05,
&, =1and 6 =0-1.

10

N

Amplitude (A)

IS

Frequency ()

Figure 9. Same as Figure 3, but for the hardening-type oscillator, using two terms: P = 35, &, = 0-5, &, = 1 and
0 =01.
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Figure 10. Expanded view of Figure 9:

, SSFR; O, 1st stab.

solution enters the second portion of the second unstable region at Q > 3-0918” have shown
also some transitions in response of oscillator summarized as follows; PDB in three zones:
the first at 252 < Q < 2-71, the second at 3-82 < 2 < 4-055 and the third one at
4-58 < Q < 498, and higher period doublings 8T at Q = 46 and 16T at Q = 2-72.

In Figure 11, time histories, phase planes and poincaré maps for the hardening oscillator
are shown for P =35, ¢, =05, &, =1, 6 = 0-1 and for some selected values of Q which
simulate different behaviors of the hardening-type oscillator.

6. CONCLUSIONS

The results presented in this work indicate that for the type of non-linear oscillators
governed by equation (10), two-terms harmonic solutions of the steady state frequency
response and second order stability analysis of the associated linearized variational Hill
type equation may predict with good accuracy the portions on the steady state frequency
response at which the period-doubling bifurcation (PDB) may rise.

It has been shown that the resonance curves of the asymmetric solution intersect those of
the symmetric solution before the symmetric solutions penetrate into the second unstable
region, regardless of the characteristic type of the oscillator, i.e., softening or hardening. In
addition, it has been shown that at the point of intersection between asymmetric and
symmetric solutions, i.e., when A, in the biased solution has non-zero real value, the
symmetric solution bifurcates into an asymmetric one and the PDB appears in this area and
in some cases this PDB develops into chaos.

A criterion for the PDB is presented analytically for this type of non-linear oscillators, i.e.,
with two competing softening “&; (u?ii + wii*)” and hardening “c,u>” non-linearities. The
boundaries of the true PDB and chaos are obtained numerically according to the
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information obtained from stability analysis. These boundaries have the same qualitative
characteristics and give the minimum threshold value for PDB and chaos, and it can be
used to avoid the PDB and chaotic behavior of this type of oscillator for certain
combinations of system parameters. The difference between the calculated and the true
PDB boundaries results from neglecting the third harmonic component in the assumed
solution used in calculating the critical excitation amplitude P,,, inside the second unstable
region.

First order stability results obtained suggest that a more detailed analysis is required, i.c.,
the analysis which uses some or all of the harmonics used in the assumed solution or
analysis which uses some higher harmonics which are not included in the assumed solution,
in specific for the softening-type oscillator, which is beyond the scope of the present work.
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Figure 11. Time history, phase plane and Poincaré map. P =35, ¢, =05, ¢, =1, 6 =05: (a) Q =070,
Ay = 00929, 2, =00, 23 = — 01105 and d, = 2-840; (b) @ = 0-75, 1; = 0-1385, 1, =00, 23 = — 01599 and
d; =2-866; (c) 2 =0-78; (d) Q = 0-80; (¢) @ = 1-03, 1; = 00901, A, = 0.0, 23 = — 0-1068 and d, = 2-844.
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APPENDIX A: HARMONIC BALANCE SOLUTION

A.1. SINGLE TERM HARMONIC SOLUTION (SHB)
According to the HB method, an approximate solution of equation (10), takes the form

u(T) = Acos T, (A1)

where A is the steady state response amplitude. Substituting equation (A1) into equation
(10), neglecting third harmonics that arise, and equating coefficients of first harmonics, one
obtains the following equations:

<§82 - 8—2192> A3+ (1 — Q% A=Pcosd, (A2)

Q0A = Psin ¢. (A3)

The steady state frequency response is obtained by squaring and adding equations (A2) and
(A3) and solving for 2 as a function of 4; this yields the steady state frequency response:

Q*(463A4° + ¢, A* + A?) + Q2 (0> — 2)A% — B ey + &) A* — 12 6,6,49)

+ (A% 4+ 3 e,A% + 1565 4% = P (A4)
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Equation (A4) can be written in the form

Q* =R, +/Ri — Ry, (A5)

where

3 3 1A%
Rl = — <52 — 582142 — 18182144 —2— 81A2>/<2 + 281142 + 812>, (A6)

9 3 P2 et A*
R, = <16 8%/14 + 582142 +1 _Az>/<1 + 5, A% + 4 > (A7)

Equation (A5) yields two real solutions for Q provided that the radical term is real and less
than Ry; a single real solution is obtained when the radical term is zero or greater than R,
and no real solution exists when R? — R, < 0.

A.2. TWO-TERM HARMONIC SOLUTION (2THB)

In order to improve the accuracy of SHB approximation one includes higher harmonics
in the assumed solution in equation (A1). In this work, only one more term is added to this
equation, whereby the two-term approximation, having the same period as the excitation,
to the steady state solution of the system in equation (10) with odd non-linearities takes the
form

u(T)= A cosT + A3cos3T + B3sin3T. (A8)
Substituting equation (A8) and its derivatives into equation (10) and using the same

procedure followed previously and neglecting the higher order harmonics, one obtains the
following coupled non-linear algebraic equations for A;, 43, B3 and the phase ¢:

3o, A3 4 36,4245 4 ey A A2 + 36, A BE + A — AQP — 8—2192/13

— %81921‘1%1‘13 — 5819214%143 — 5819214%33 = Pcos (]5, (A9)
%8214%33 — .QéAl — %SIQZA%Bs = — Psind). (AIO)

36,A2By + 36, A2B3 + 3¢,B3 + By — 3456Q —9Q°B,

- SSIQZA%B::, - %SIQZAgB:; - %819232 = 0, (All)
& 3,3 3 3 2.3 2 2
ZAI + 582141143 + ZSZAs + ZE2A3B3 + A3 + 33359 - 9A3‘Q
€1 52 43 2 42 9 0242 2. 024 p2
—EQ Al —5819 A1A3 —581.9 A3 —5819 A3B3 :0. (A12)

These equations may be expressed in a more convenient from as follows. First, squaring and
adding equations (A9) and (A10) and solving for Q2 leads to

aQ* + bQ?> + ¢ =0, (A13)
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where

a=14 A%e; +3¢,A,45 + 106,43 + 10e,B2 + L6, At + 33 A3 A5 + 22243 A2
+ 15624, A2 4 2563 A% + 2262 A2B% + 15624, A5 B3 — 5062 A3B3 + 25¢2B%,

b=06%—3¢e,A2 — 36,4145 — 36,43 — 36,B3 — 3616,AF — 3616, 4345 — Y 616,42 43
— 1261854, A3 — 15¢,6, A% — %2616, A3B3 — 126,654, A3B5 — 30¢,6,A3B3
—15¢,6,B% — 2 — g, 4% — 36,4, A5 — 10¢,4%2 — 10¢, B3,

c=153 A + 3634345 + 23 A3A3 + 3624, A3 + 3344 + 42342 B2 + 3634, A4,B3
+36343B% 4+ 563BY + 36,47 + 36,4 A5 + 36,43 + 36,B3 + 1 + 36,0Q%A4,B;

P2
. (A14)

—26,0Q4,B, — —;
382 1D3 A2

Next, equations (A11) and (A12) are solved implicitly for A; and B; respectively:

[ —3eB;3(A3 + B3) + 561Q%B;3 (A3 + B3) + 3436Q]

B
3 [36,42 + (1 —9Q2 — 5¢,Q% A%)] ’

(A15)

_ [43((e1/2) Q% — &5/4) — 36245 (A3 + B3) — 30QB; + 36, Q2 A5 (A5 + BY)]

A
? BeA7 +1—9Q% — 55,Q%47]

. (A16)

Equation (A13) can be written using the form

Q*=R; +/R3 — Ry, (A17)

where R; and R, can be calculated from equation (A14), so that, R; = ( — b/2a) and
R; = (c/a). Equation (A17) has two real solutions provided that R3 > R, and

<R3 — R, < Rj. A single real solution exists provided that R > R, and \/R3 — R, > R,
and no real solution exists when R3 < R,. Equations (A17), (A15) and (A16) were solved
iteratively with an accuracy of 10~ 2 to define steady state solution.

APPENDIX B: STABILITY ANALYSIS

B.1. SECOND ORDER STABILITY ANALYSIS USING TWO TERMS
Second order stability can be obtained by substituting

u(T)=Aycos T + A3cos3T + B3sin3T + v(T) (B1)

into equation (10); this leads to the following non-linear variational equation:

50> {1 + %1 (A3 + A2 + B2 + (A2 + 24, 43) c0s 2T + 24, A cos 4T

+ (A% + B3)cos6T + 24, B;(sin2T + sin4T) + 2A4;3B;5sin 6T)}
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+6{0Q + &,Q% (24,B3c0s 2T + 4A4,B3cos4T + 643B3cos 6T

— (A7 + 24, A45)sin2T — 44, A3sin4T + 3(B3 — A3)sin6T)}

3 &
+v{1 +§82(Af+A§ +B§)—§192 (42 +9A§+9B§)}

3 3
+ (2 8214% + 382A1A3 — 5819214% — 78192A1A3> cos2T
+ (3e,A A5 — 13¢; Q% A, A3)cos 4T

1
+ (2 (3e5 (A3 — B3) — 27¢,Q% (A3 + B%))) cos6T

=+ (382A1B3 — 7819214133) Sin 2T + (38214133 — 1381Q2A133) Sin4T
+ (382A3B3 - 2781Q2A3B3) Sin 6T + NLTS == 0, (B2)

where NLTS stands for the non-linear terms, the second order stability is obtained by
substituting

v(T)=bgy + by.cos2T + by,sin2T + by, cos4T + bysindT (B3)
into the linearized version of equation (B2), and applying the harmonic balance; this leads to
a set of linear homogeneous equations for by, b,., b, by, and by, that cas be written in
matrix form as

Mb =0, (B4)

where b is the column vector (bg, ba., b2y, bae, bag)T and M is the characteristic matrix. The
elements of the coefficient matrix M are specified below:

My =1+3¢, (A1 + A3 + B3) — 36,Q% (A7 + 943 + 9B3)),
M, =3 A,B; (3¢, — 7,93,

M3 =3¢, (AT + 64, A3) — 5£,0Q% 34T + 174, 45),

M, =1 A,B; (3e, — 136,Q3),

Mis =% A,A45 3¢, — 136,Q7),

M, = 8_22 (3AT + 64, 43) — 5£,Q% (3AT + 144, 43),

M22 =206 + % A1B3 (362 — 98192),

Moy =1—4Q% + 36, (AT + A A5 + A3 + B3) — 36,/Q% (547 + 94,45 + 1343 + 13B3),
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M,y =% B; (363 (Ay + As) — 6,Q% (154, + 1943)),

M,s=1%6,(342 4 64,45 + 342 —3B2) — 16,Q% (1143 + 304,45 + 1943 — 19B3),
My, = A B3¢, — T¢,Q3),

My, =1—4Q% +3¢,(A3 — A1 A3 + A3 + B2 — 36,Q* (543 — 94, A5 + 1343 + 13B3),
M;; =4 AB; (3¢, — 9¢,Q7) — 2Q0,

Ms, =% 6,343 + 64,45 — 343 + 3B%) — 16,Q* (1147 + 154,45 — 1943 + 19B3),
Mis =3By (3ey (A3 — Ay) + £.Q% (154, — 1943)),

My, = A A5 (3ey — 136, Q),

My, =3 By (365 (A3 — Ay) + £,Q% (154, — 1945)),

Myy =4 6,343 + 64,45 + 342 —3B2) — 16,Q* (1143 + 154,45 + 1943 — 19B3),
My, = 490,

Mys=1—16Q% + 36, (A7 + A3 + B3) — 36,Q% (1747 + 2543 + 25B3),

Ms, = A,B; (3¢, — 136,Q?),

Ms, =4 6,(342 + 64,45 — 342 + 3B2) — 26,Q* (1143 + 154,45 — 1943 + 19B3),
Mss =1 B3 (3e,(A; + As) — £,Q% (154, + 1943)),

Msy=1—16Q% + 3¢, (A2 + A3 + B3) — 1 £,Q% (1743 + 2543 + 25B3),

Mss = — 4Q0.

Non-trivial solutions for by, b,., by, by and by exist only when the determinant of the
coefficient matrix M in equation (B4) vanishes, which gives the second unstable portions of
the steady state response curves of the non-linear oscillator obtained using two terms.

B.2. STABILITY ANALYSIS OF THE ASYMMETRIC SOLUTION

By following the above procedure, i.e., by substituting equation (31) into the LVE (30) and
writing the set of linear algebraic equations in a matrix form, the elements of the
characteristic matrix are

2

Q
M11:1—+382<A3—A0A1 +

0 (242 — 64A, + 547),

AR\ £, Q7
2 8

Q6

M21 = _7a
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Q5
M12 = 7,
Q2 AP\ 6,22
Moy =1 ==+ 3, <Ag + AgA, + 21> - 18 (243 + 6404, + 547),

Non-trivial solutions for by, by,2)s exist only when the determinant of the coefficient
matrix M vanishes, which gives the unstable portions of the asymmetric solution of the
non-linear oscillator obtained using equations (28) and (29).
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