Journal of Sound and Vibration (1999) 223(1), 49-71
Article No. jsvi.1998.2106, available online at http://www.idealibrary.com on IIII):[':E"'

®

ON THE STEADY STATE RESPONSE OF
OSCILLATORS WITH STATIC AND INERTIA
NON-LINEARITIES

A. A. AL-QAISIA
Department of Mechanical Engineering, Faculty of Engineering and Technology,
University of Jordan, Amman, Jordan

AND

M. N. HAMDAN

Department of Mechanical Engineering, King Fahd University of Petroleum and
Minerals, Dhahran, Saudi Arabia

(Received 16 July 1998, and in final form 2 December 1998)

The concern of this work is the steady state periodic response having the
same period as the excitation of strongly non-linear oscillators i + du + mu
+eulil + e uir® + eou’ = Pcos Qt, where m =1, 0 or —1, & and &, are positive
parameters which may be arbitrarily large. Single-mode and two-mode
harmonic balance (HB) approximations, and second order perturbation-
multiple time scales (MMS) with reconstitution version I and version II
approximations to the steady state amplitude frequency response curves are
compared, for the case m =1 with each other, and with those obtained by
numerically integrating the equation of motion. The transformation of time
T = Qt and detuning in the square of forcing frequency are used in the MMS
with reconstitution version I and version II. The objective here is to assess the
accuracy of these approximate solutions in predicting the system response over
some range of system parameters by examining their ability or failure in
establishing the correct qualitative behavior of the actual (numerical) solution.
The cases m =0 and m = —1, are studied for selected range of system
parameter, using the single and two modes harmonic balance method and
compared to those obtained numerically. It was shown that MMS version II, in
addition to being appreciably simpler than MMS version I, leads to more
accurate qualitative and quantitative results even when the non-linearity is not
necessarily small.

© 1999 Academic Press

1. INTRODUCTION

This work is concerned with the primary resonance response of a lightly damped
strongly non-linear harmonically driven oscillators with inertia and static
(displacement dependent) odd non-linearities for which the equation of motion
has the following form:

0022-460X/99/210049 + 23 $30.00/0 © 1999 Academic Press



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

it + Ot + mu + e1u%ii + e il + ey’ = Pcos Q. (1)

Here dots denote the time derivatives, 0, ¢;, & and P are assumed to be positive,
the displacement u(z) is of order unity, and m is an integer which may take the
values m =1, 0, —1, in order to allow results to be obtained for which the
associated linear unforced (P = 0) oscillator is, respectively, statically stable,
neutrally stable, or statically unstable. In equation (1), the first of the non-linear
terms is a softening inertia type, the second is a hardening inertia type, while the
third is a hardening static spring type.

Results of free undamped vibration analysis of equation (1) (P =9 = 0),
obtained by Hamdan and Shabaneh [1] indicated that for the case m =1,
regardless the value of ¢; and ¢,, the period—amplitude (tr — A4) relation exhibits a
softening behavior when, roughly, ¢;/e; >1-6, and a hardening type behavior
when ¢;/e; < 1:6; when & ~ 1-6 &, the period 7 becomes nearly constant,
independent of motion amplitude A4, i.e., exhibits a nearly linear behavior, for all
values of A.

For the cases in which the associated linear oscillator in neutrally stable
(m = 0) or statically unstable (m = —1) the results obtained in reference [1]
indicate that, the period 7t exhibits a hardening behavior with amplitude A
variations regardless of the relative strength of the inertia non-linearities with
respect to the static hardening non-linearity; i.e., regardless of the value of ¢,
with respect to &,. It was also shown in [1] that the period of free oscillations of
these types of oscillators described in equation (1) (P = ¢ = 0) becomes nearly
constant independent of motion amplitude A, i.e., exhibits a linear behavior, at
relatively large values of A for all three cases m = 1, 0, —1. Furthermore, the
results presented in reference [1] indicate that, for the case m = 1, a qualitative
failure of the single term harmonic balance method (SHB) occurs when ¢; and &,
are in the range 1-5 <e¢/e; < 1-8.

The aim of this work is to extend the analysis presented in reference [1] by
determining quantitative and qualitative information about the steady state
response behavior of the harmonically forced oscillators of the type described in
equation (1). The emphasis is on situations for which first order approximate
solutions may lead to qualitative as well as appreciable quantitative errors in the
steady state amplitude—frequency response.

A number of approximate analytic techniques are available for the analysis of
non-linear oscillators, such as those under consideration in equation (1). The
more commonly used of these methods are, the MMS, which in its standard
form, is applicable only to the case m =1, and the HB method which is
applicable for all three cases m = 1, 0, —1.

In order to illustrate the problem of interest of this work, a brief summary of
the procedural steps involved in the MMS and HB methods and limitations of
these methods, discussed in details in references [2—6] are presented in the sequel.
By applying the MMS method, which is applicable only to weakly non-linear
systems, the equation of motion can be ordered by introducing arbitrarily a non-
dimensional small gauge parameter ¢ in the appropriate terms of the equation
[2]. For example, to analyze a resonance response, the non-linear terms, the
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forcing and, the usually assumed linear, damping terms are multiplied by the
small gauge parameter ¢ so that these terms appear at the same time (same
order) in the perturbation scheme (equations) [2]. Thus the range of system
parameters and response amplitude over which the predicted perturbation
solution is satisfactory is fixed in advance by the ordering scheme; however this
range is usually left unspecified [6].

Furthermore, the amplitudes of different harmonics of the predicted
approximate periodic response are assumed to satisfy the established ordering
scheme which determines in advance the relative importance of each of these
harmonics and assumes the rapid attenuation of higher ones for the weakly non-
linear system [6]. Furthermore, the essence of the MMS perturbation method is
to seek asymptotically valid, usually low order, approximations to the steady
state periodic response by using a number of time scales and power series
expansions for the dependent variables and parameters of the assumed weakly
non-linear system in terms of a small positive gauge parameter ¢. These series
expansions are neither unique nor convergent, and several procedural steps have
been devised by various authors in order to obtain consistently ordered
(asymptotically valid) first and higher order MMS results. This has led to, so
called, different “versions” of the MMS method which differ in, for example,
whether or not a transformation of time, 7' = Qr, is used, the way the detuning
parameters are introduced (i.e., the way the excitation frequency Q is expanded
in power series of the perturbation parameter ¢), and in the way the partial time
derivatives for the amplitude and phase of the response main harmonic
component are used to obtain the second and higher order steady state response
[3-5, 7, 8]. Consider, for example, the problem, discussed in detail in reference
[3], of obtaining a uniformly valid second order MMS approximation to the
steady state primary resonance response of the weakly non-linear oscillator

V+edv+ v+ eg(v) =ecos(Qr), (2)

where ¢ is a small positive parameter (0 <e& < 1), v is of order unity, 4 > 0 and
g(v) is a static non-linear function. According to the MMS method [2], one
defines a number of time scales 7, = ¢"t, n =0, 1, 2, ..., where T, = ¢ is the fast
time scale on which the main oscillatory behavior of the response occurs and 7,
n > 1, are slow time scales on which the amplitude and phase modulations,
caused by the non-linearity, damping and response, take place. Then upon
expressing the time ¢ derivatives in terms of the new time scales 7,, and
substituting assumed series expansions for the dependent variables, i.e.,

V(Z, 6) = V()(T(), T, T>,.. ) + 8V1(T(), T, T, .. ) + 62V2(T0, Ty, T, .. ) + 0(83),

and in some cases, assumed series expansion for some or all system parameters
into equation (2), and equating the coefficient of each power of ¢ to zero, one
obtains a hierarchical set of linear partial differential equations:

Dgvo +vo =0, Djvi +vi = fi(vo, To), Digva+v2 = fo(vo, vi, To, T1);

ngn + Vn :ﬁ(VOS Vla V2, cery V}’I—l) TOa Tla T29' R Tn—l)’ (3(8'_03 cety n))
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where D, = 0/0T,, and the f,, defined by the system non-linearity g(v), are
functions of the system parameters, i.e., damping and excitation amplitude and
frequency. These linear differential equations are then solved in sequence to the
desired order of approximation, where the solutions vy, vq,..., v,_; appear as
forcing terms in the differential equation for v,. For the first of these equations,
(equation (3a)), the solution is given by

V()(T(), Ty, .. ) = A(T1, T, .. .)eiT° + cc, (4)

where cc is the complex conjugate of the preceding term, and A = A(T), T»,...)
is the complex amplitude which is function of the slow time scales Ty, T»,....
One then solves equations (3b—n) sequentially for vy, v,,..., v,, where usually
only the particular solutions to each v; are considered. The fact that each of the
forcing terms f; in equations (3b—n) is a function of vy, as well as derivatives of v,
with respect to the different time scales T,, where v, is given by equation (4),
results in the appearance of resonance term of the form R; e’ + cc, in the
driving function f; in the equation for v, This resonance (called secular) term,
leads to unbounded term in the solution for v;; therefore for each of the v,, and
thus v, to be periodic one must eliminate these secular (unbounded) behavior
producing terms in each of equations (3b-—n) by setting each R, =0. The
functions R, are in general non-linear functions of the system parameters and
complex amplitude A, but are linear in D;A, D? |A,..., DiA, D, |A,..., D\A.
One then solves R; for the partial time derivative D;A of the complex amplitude
A with respect to the time scale T}, and substitutes for D? |4 and D; A4 from the
solution of R;,_; = 0, to obtain an equation for D;A in the form

DiA = Ni(A4, A), i=1,...,n, (5)

where N;(A4, A) are non-linear functions of system parameters and complex
amplitude A. The partial time derivative in equation (5) are then combined, to
obtain the total time derivative dA/d¢ by noting that A = A(T;, T>,...) and

d

d—t:D0+£D1+82D2,.... (6)
This process, known as reconstitution procedure [9-11], yields a power series

for the evolution of the complex amplitude A in the form [3]

dA - - . - _

1 = N4, A) + &Ny (4, A) + -+ &Ni(A4, A) + O™, (7)
where A is the complex conjugate of the amplitude A, The ith order steady
solution in the original non-linear problem (equation (2)) is then obtained from
equation (7) by setting dA/dz = 0. Noting that A is complex, one substitutes into
the resulting dA/dT =0 equation the polar form A = (a/2)e’®, where the
amplitude a and the phase ¢ are real functions of the slow scales T4, T5,....
Then upon separating the real and imaginary parts of the resulting equation, one
obtains two equations da/df and d¢/d¢, known as modulation equations,
defining the slow evolution of the amplitude ¢ and the phase ¢ of the main
Fourier component of the ith order steady state response of the original non-
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linear problem. The steady state response thus corresponds to the fixed points of
these modulation equations, which are obtained by setting da/dz = 0 and d¢/
dz = 0. This leads to two real algebraic equations relating the ith order steady
state solution amplitude a and ¢ to system parameters. By eliminating the phase
from these two algebraic equations, one then obtains a single algebraic equation,
known as the frequency—amplitude equation, relating the fundamental harmonic
amplitude and frequency of the ith order steady state periodic response to the
system parameters. The local stability of the obtained steady state solutions with
respect to infinitesimal disturbances da and d¢ can be analyzed by determining
the eigenvalues of the linearized modulation equations.

It is to be noted that, when carrying calculations to second or higher order,
there are two different ways, leading, in general, to two different results, to make
dA/dt in equation (7) equals to zero; i.e., there two different ways to obtain
second or higher order steady state solutions from equation (7). According to
the first approach, known as MMS with reconstitution version I [3], the
condition dA4/dt =0 in equation (7) (also called solvability condition), is
obtained by letting

Ni(A, A) +eNy(A, A) +--- = 0. (8)

Another way to meet the solvability condition dA4/dz =0 in equation (7),
according to the so called MMS with reconstitution version II [3], is to set each
N; equal to zero, e.g., N;=0,i=1, 2,.... Obviously the two procedures lead to
the same steady state results at the first order. They also lead to the same steady
state solution at the ith order if it happens that each of the functions Ny,..., N;
is identically zero [3]. Rahman and Burton [3] determined a second order
perturbation solution for the primary resonance response of the harmonically
driven, weakly non-linear (0 < ¢ < 1), Duffing oscillator

il + edit + u + er’ = Py cos Q1. 9)

They used transformation of time 7 = Q¢ and found that formal application of
the MMS with reconstitution version I used, i.e., in [9-11], can in passing from
first to second and higher order generate additional spurious steady state
solutions (i.e., solutions which do not exist in the actual numerically obtained
response), and inconsistency in the ordering as the amplitude becomes relatively
large. For example, for the Duffing oscillator in equation (9), it was shown in
reference [3] that the MMS with reconstitution version I procedure leads to, at
the second order, an amplitude—frequency response relation in the form of a
polynomial of degree seven in the square of the steady state amplitude 4 of the
dominant harmonic. Thus, depending on the considered ranges in frequency €,
up to seven solutions may coexist where some of these solutions (spurious
solutions), although predicted to be stable, could not be obtained numerically
[3]. As a result of these extraneous (spurious) solutions, the second order steady
state frequency curves obtained this way were shown to exhibit qualitative
behavior that is substantially different (i.e., do not resemble) the actual
(numerically obtained) ones, even though the first order solution is reasonably
acurate [3]. This implies that the second order terms in these solutions do not
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represent, as they should, a small correction to the first order ones Rahman and
Burton [3] argued that the “breakdown” of these results at second order (also at
higher orders), is caused by a violation of the ordering requirement as a result of
the explicit dependence on ¢ of the steady state solutions v(7T') generated at each
level of approximations. For example, they argued that the MMS with
reconstitution version I procedure in references [9—11] may yield solutions
where each v{(7T) in the dependant w(T) variable series expansion
WT) = vy + ev; + &v,+---, is a function of the parameter ¢, and thus violates
the stipulation of the MMS perturbation method that each of these v(7) is not
explicitly dependent on &. They showed that, for the Duffing oscillator in
equation (9), as a result of this explicit dependence of the v/’s on ¢, the lowest
order in ¢ of the neglected O(&’) terms in equation (8) is the same as that of the
retained Ny(4, A) and eN,(A4, A) terms in this equation. This according to
reference [3], violates the ordering requirement of the MMS perturbation
method, since the essence of this method is to obtain a uniformly valid
approximate solution where the neglected terms should be of higher order in &
than the retained ones. It was also shown in reference [3] that the amplitude of
the second order spurious solutions obtained for the Duffing oscillator in
equation (9) using the so called “MMS with reconstitution version I”’, becomes
relatively large as & is made small, and thus these spurious solutions are far
removed from the small amplitude solutions (i.e., from the backbone of the
frequency response curve); also these solutions, for small ¢, appear over small
bands of the excitation frequency. Therefore, by discarding these large amplitude
spurious solutions one may obtain, for small ¢, a second order steady state
response curve which resembles the actual one. In other words, the MMS with
reconstitution version I procedure, may vyield qualitatively, as well as
quantitatively, correct second (and higher) order aproximations for weakly non-
linear (i.e., ¢ small), systems provided that one disregards the additional
(spurious) large amplitude solutions. For the cases where the oscillator in
equation (9) is strongly non-linear (i.e., ¢ is relatively large), the second order
spurious solutions were observed to spread over a wider bands of the excitation
frequency and move closer to the actual (numerical) solution (i.e., move closer to
the backbone curve of the actual solution), [3—5]. Consequently, as ¢ is increased
from small values, the second order spurious solutions begin to interfere with,
i.e., become difficult to separate from, the actual solutions and thus begin to
change (distort) the qualitative (as well as quantitative) feature of the steady
state frequency response curve.

As indicated above, in the MMS with reconstitution version I procedure [9—
11], the second and higher order steady state solutions are obtained from
equation (8) by setting the entire right side of this equation to zero. On the other
hand, according to the so called MMS with reconstitution version II, suggested
by Rahman and Burton [3, 8], one may obtain second and higher order solutions
from equation (8) by requiring that each of the functions N; in the right side of
this equation is set to zero, in conjuction with using either of the following two
procedural steps: (1) retain the homogeneous solutions for each of the v; or (2)
suppress the homogeneous solutions for the v; but expand both the excitation
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frequency 2 and damping ratio { in power series in ¢, (i.e., use 2-{ expansions):
QP =1+se0+0, (=0+el+---.

Rahman and Burton [3, 8] explained that the use of ecither of these two
procedural steps is necessary to ensure that in each of the functions Ni(A4, A),
Ny(A4, A), ..., exactly two new unknowns appear which are determined when
each of N;(A4, A) is set to zero to obtain the steady state solution. They argued
that this so called MMS with reconstitution procedure version II leads to results
where the v, are not explicitly dependent on ¢. Their analysis of the primary
resonance response of the Duffing oscillator in equation (9) for the weakly non-
linear case (¢ =02, 0 =0-1, P =1) indicates that the second order solutions
obtained using the above MMS with reconstitution version II, with Q-
expansion show the correct qualitative and reasonably good quantitative,
behavior; however, this second order solution was found to overcorrect
“slightly” at large response amplitudes. They indicated that they preferred using
the MMS with reconstitution version II with the Q- expansion instead of the
MMS with reconstitution version II in which one retains the homogenous
solutions (i.e., with the first of the above two procedural steps), as the later was
found in reference [12] to suffer a breakdown at saddle node bifurcation points
in the steady state response of the Duffing oscillator in equation (9).

Nayfeh and Sanchez [10] used the MMS with reconstitution version I to
obtain a second order approximation to the primary resonance response in their
study of the onset of asymmetry-breaking and period doubling bifurcation, of
the forced softening Duffing oscillator:

it + 2004+ u — o’ = PcosQt, S, >0 (10)

They presented the amplitude—frequency response curves calculated using the
first and second order approximate solutions for the case P =0-3, 6 =02, « = 1.
These curves showed that the second order approximations, for this case where
P, 6 and o are not relatively small, are in good (quantitative as well as
qualitative) agreement with those obtained by numerically integrating equation
(10); that is, these results indicate that the second order solutions obtained using
the MMS with reconstitution in [9-11], represent merely a “‘slight” additive
correction to the first order solutions up to relatively large response amplitude,
i.e., for a response amplitude up to ~0-85.

First and second order perturbation solutions for the primary resonance
response of the softening oscillator in equation (10) were also obtained by
Rahman and Burton [8] using a ‘“modified MMS” procedure presented in
reference [7] with reconstitution version II in conjuction with the €, instead of
(Q-{), expansion. In accordance with this MMS procedure, they used
transformation of time 7 = Qt, and defined a new expansion parameter o = «(e)
using the free oscillation frequency—amplitude relation (backbone of the steady
state response curve) i.e., « = ea’/(4 — 3a®), where a is the steady state amplitude
of the response fundamental harmonic. They presented results for the relatively
strongly non-linear case P = 023, 6 = 0-2, ¢ = 1, which showed good agreement
between second order solutions and numerical results only for amplitudes less
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than 0-8. For larger amplitudes, the first as well as the second order solutions
were found to breakdown and become sensitive to the way in which the steady
state amplitude is defined.

The effects of using transformation of time (i.e., 7 = Qr) and those of using
two different ways of introducing the frequency detuning, i.e., in the square of
excitation frequency or in the excitation frequency itself, with or without
transformation of time, as well as the effects of using the frequency expansion in
the inertia term only and in both the inertia and damping terms, on the second
order MMS reconstitution version I approximations to the primary resonance
response of the weakly non-linear hardening Duffing oscillator in equation (9)
were recently investigated by Hassan [4, 5]. It was shown that the combined
effects of using transformation of time (7 = Q¢) and introducing a detuning
parameter in the square of excitation frequency, i.e., Q> =1 + ¢o, can induce
spurious solutions and a non-uniform expansion at large response amplitudes. In
fact his results indicate that regardless of which of the above procedural steps, or
combination of, is used in the MMS with reconstitution version I, the second
order results show extraneous solutions at large response amplitudes. However,
the size of the gap(s) between the predicted backbone curve and the predicted
extranecous banches, and the size of frequency band(s) over which these
extraneous solutions appear were different for the above mentioned different
procedural steps or combinations of steps. It was argued that the use of
transformed time (7' = Qr) with MMS with reconstitution version I leads to a
non-uniform expansion and to spurious solutions, and that these spurious
solutions and other effects of a non-uniform expansion can be climinated by
transforming the partial derivatives with respect to different time scales in the
modulation equation(s) back to the real time ¢. It is to be noted at this point that
the approximate analytic solution should at least establish the correct qualitative
behavior of the actual non-linear steady state response in order to get non-
erroneous and reasonably accurate stability analysis results, i.e., in order to get
the correct nature of the bifurcation points.

The other commonly used method for obtaining approximate solution to non-
linear oscillators is the harmonic balance (HB). Unlike the MMS method, the
HB method does not place restriction on the strength of the non-linearity and is
applicable to those cases where the linear oscillator is statically unstable
(m = —1) or neutrally stable (m = 0). Therefore, the arbitrary reordering of the
various terms in the non-linear equation when using the MMS is not necessary
when using the HB method. It is to be noted that, in many cases the MMS and
the HB method yield basically the first order approximate solutions. These first
order approximations, however, do not always, even for a weakly non-linear
system, give a satisfactory, or even yield inaccurate, description of the qualitative
and/or quantitative behavior and stability of the actual system repsonse [6, 13].
For such cases, it is necessary to go to second or higher order approximations to
obtain realistic analytical description of the actual response and stability
analysis. Hamdan and Burton [13], for example, have shown that the qualitative
nature of the HB solution and the predicted stability boundaries of the softening
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Duffing oscillator in equation (4), change, for certain parameters ranges, if one
uses a two-modes HB solution rather than a single-mode solution.

It is to be noted that in the HB method a periodic solution of the dependent
variable is assumed in the form of a Fourier series, mostly truncated to only a
few leading harmonics which are assumed to be dominant and of equal level of
importance over the full range of system parameters [6]. Upon substituting the
assumed series solution in the equation of motion, and equating the coefficients
of different harmonics to zero, one obtains a set of coupled non-linear algebraic
equations in the coefficients of the assumed harmonics and frequency of motion.
These coupled non-linear equations, are then solved simultaneously to obtain an
approximation to the steady state periodic response. The number of these
coupled equations which need to be solved simultaneously is equal to the
number of harmonics in the assumed series solution.

Therefore, the use of a sufficiently large number of harmonics to improve
accuracy results in a messy non-linear algebraic problem. Furthermore,
intuitively one expects the assumed HB solution to converge to the actual
solution as the number of harmonics in the assumed solution is increased. This is
however generally true provided that the harmonics in the assumed truncated
series solution are the dominant ones and the neglected harmonics are small
compared to the retained ones [6]. Furthermore, since the retained harmonics, as
indicated above, enjoy equal level of importance and are allowed to interact with
each other in a non-linear way, the problem of selecting the “right”” combination
of these leading harmonics which will lead to the correct quantitative behavior of
the predicted response becomes a difficult task, especially when the non-
linearities are not small [6]. Hassan and Burton [6], as well as others, have shown
that for the forced oscillation of the hardening Duffing oscillator given by
equation (9) with ¢ = 1, the HB method in which only a few leading harmonics
are used can fail to predict some actually existing periodic solutions and/or it
may predict some spurious solutions which do not exist in the actual system
response. It was shown [6] that this qualitative failure of the HB method, which
may not be predicted by stability analysis, is neither restricted to the single
approximation nor to systems with asymmetric potential wells. It was suggested
[6] that to avoid erroneous results the approximate HB results should be checked
against numerical or experimental or a higher order HB approximation, i.e., by
increasing the number of harmonics in the assumed series solution.

In light of the above review, the objective of this work is to analyze the
periodic steady state response of the type of oscillators described in equation (1).
Interest here is in situations where the first order approximate solutions may lead
to qualitative as well as appreciable quantitative errors is steady state amplitude—
frequency response curves as, i.e., when the response is strongly non-linear.
Single-mode and two-mode HB approximations, and second order MMS with
reconstitution version I and version II approximations to the steady-state
amplitude—frequency response curves are compared, for the case m = 1 with
each other, and with those obtained by numerically integrating the equation of
motion. The transformation of time 7 = Q¢ and detuning in the square of
forcing frequency are used in the MMS with reconstitution version I and
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version II. The objective here is to assess the accuracy of these approximate
solutions in predicting the system response over some range of system
parameters by examining their ability or failure in establishing the correct
qualitative behavior of the actual (numerical) solution.

The qualitative behavior of the primary resonance response of the oscillator in
equation (1) for the cases m = 0 and m = —1 are studied, for selected range of
system parameter, using the single and two modes harmonic balance method and
compared to those obtained numerically. And finally, regions of first order
stability are also presented.

To the authors’ knowledge, despite its physical importance, studies dealing
with the forced vibration of oscillators having inertia and hardening static non-
linearities of the type described in equation (1) are not commonly available.

2. ANALYSIS

Here, approximate analytical solutions for the periodic steady state response,
having the same period as the excitation, of the non-linear oscillator described
by equation (1) are presented. These solutions are obtained using single mode
(HB), two modes (HB) and second order MMS with reconstitution version I and
version II.

A new time T = Q¢ is first introduced so that equation (1) becomes;

Q%ii 4 Qi + mnu + &1 Qi + &1 Q*uil® + eyu’ = Pcos(T + ¢) (11)

where dots are 7T derivative and the unknown phase ¢ has been added to the
excitation so that one may obtain a fundamental harmonic response containing
a single trigonometric term.

2.1. SINGLE MODE HARMONIC BALANCE (SHB)

According to the SHB method, an approximate solution of equation (11),
takes the form;

u(T) = Acos T, (12)

where A4 is the steady state response amplitude. Substituting equation (12) into
equation (11), neglecting third harmonics which arise, and equating coefficients
of the first harmonics, one obtains the following equations:

(Ger — (e1/2)Q%) A% + (m — Q*)A = Pcosp, — QA= Psing. (13, 14)

The steady state frequency response is obtained by squaring and adding
equations (13) and (14) and solving for Q? as a function of 4; this yields

Q=R +/R - R, (15)

Ry = —(8" —3004% = o104 — 2m — eymA?) /(2 + 26147 + 1 4%)2), (16)

where
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Ry = (23 A +3mE,A* + m* — P /A%) /(1 + &1 4% + &1 4% /4). (17)

Equation (15), yields two real solutions for Q provided that the radical term is
real and less than R;; a single real solution is obtained when the radical term is
zero or greater the R, and no real solution exists when R% - Ry, <0.

The steady state frequency response curves obtained using equation (15) are,
for convenience, presented and discussed in section 3.

2.2. TWO MODES HARMONIC BALANCE (2HB)

In order to improve the accuracy of SHB approximation one includes more
higher harmonics in the assumed solution in equation (12). In this work, only
one more mode is added to this equation, whereby the two-modes
approximation, having the same period as the excitation, to the steady state
solution of the system in equation (11) with odd non-linearities takes the form;

u(T) = Aycos T+ A3z cos3T + By sin 37. (19)

Substituting equation (19) into equation (12) and using the same procedure
followed previously and neglecting the higher order harmonics, one obtains the
following coupled non-linear algebraic equations for A;, A3, B; and the phase ¢;

S0 A} + 30 AT A3 + 36241 A5 + 360 A\ B + Am — AQ* — (e1/2)Q% A

— 3 QP A3 A5 — 561 QP A3 A3 — 56/ Q2 A1Bs = Pcos ¢, (20)
%82/1%33 — 95A1 — %8192/1%33 = "Psin (b’ (21)

%82/1%33 + %82A§B3 + %823% + Bym — 34300 — 9Q233

— 5e1QPA]By — 361 Q*A3B5 — 26197 B; = 0, (22)

(e2/4) A7} + 362 A} A3 + 362 A3 + 362 A3 By + Asm + 3B30Q — 9A43Q°
— (e1/2)QA] — 561Q° 4743 — 361 Q7 45 — 261 Q* A3 B5 = 0, (23)

These equations may be expressed in a more convenient form as follows. First,
squaring and adding equations (20) and (21) and solving for Q7 leads to

aQ* +b* +c=0 (24)
where:
a=1+ Aje; + 3e1 4145 + 106143 + 1061 B + fe1 4] + 36143 45
+ e 4343 + 15614145 + 256343

+ Zef AT B3 + 156 A1 A3 B3 + 5061 43 + 2561 B3, (25)
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b= 52 — %SZA% — %82A1A3 — 382A§ — 3823% — %818214? — 3818214?/13
— D109 ATA5 — 12616041 A3 — 156180435 — Le160 A7 By — 1261604, A3 B3

— 30616043 B3 — 156162 B; — 2m — eymA? — 3eymA; A3 — 10e;mA3 — 10emB3,

(26)
c= %aﬁA‘l‘ + %siA?/h + %—%A%A% + %8%/11/1% + %3%/1‘3‘ + %%A%Bg + %8%/11/133%
+ %3%/1%8% + %£§B§ + %821’}1/1% +3eomA A3 + 3eymA3 + 3eymBa
+m? + 36102341 By — 36:0Q4,B; — P*/ A2 (27)
Next, equations (22) and (23) are solved implicitly for 453 and Bs, respectively:
B, — [—362B3(A3 + B3) + 361Q7 B3 (A3 + B3) + 34500 (28)
Ber A} + (m — 9Q% — 56/Q% A7)
s [43((e1/2)Q° — &2/4) — 3e243(A3 + B3) — 30QB; + 51Q° 43 + B3))] (29)

Berd? +m — 9Q* — 5¢/Q* A3

Equation (24) can be written using the form

Q> = Ry+ /R — Ry, (30)

where R; and R, can be calculated from equation (27), so that R; = (—b/2a) and
R; = (c/a). Equation (30) has two real solutions provided that R3 > Ry and
w/R3§—R4 < R3;. A single real solution exists provided that R% > R4 and
/R — Ry > Rs, and no real solution exists when R3 < Ry. Equations (28-30)
were solved iteratively with an accuracy of 107® to define the steady state
solution. The steady state frequency response curves obtained using these
equations are, for convenience, presented and discussed in section 3.

2.3. PERTURBATION MULTIPLE TIME SCALES APPROXIMATIONS (MMS)

In this subsection, second order approximation to the steady state response,
having the same period as the excitation, of equation (1) for the case m = 1 are
obtained using MMS with reconstitution versions I and II. In order to apply
the MMS perturbation technique, it is necessary to reorder various terms in
equation (11), for example, since the concern is with primary resonance, the non-
linear terms, the damping and forcing are multiplied by a small gauge parameter,
&, so that they appear at the same order in the perturbation scheme. Accordingly
equation (11) becomes;

Q%ii + ekit + mu + g6\ Q4% + 61 Q?ui® + eeai® = ePcos T, (31)

where dots are 7 derivatives and k = Q5. A frequency detuning is next
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introduced by noting that, for the primary resonance, the driving frequency
differs from the linear natural frequency by terms of O(¢), so;

Q> =1+¢o. (32)

2.3.1. MMS version 1

Upon substituting equation (32) into equation (31) and according to the
procedural steps discussed in section (1), equating like powers of ¢ to zero, one
obtains;

D%uo +uy =0, (33)

Dém +u = —2D1D0u0 - kD()M() - O'D(z)u() — 81u5D%u0

— 81“0(1)0%0)2 — 82“3 + (p/2)e'™, (34)

D%uz +uy = —D%u() - 2D2D0u0 - 2D0D1u1 - 20’D1D0u0 — —kD1u0
— 2D1Dyuy — kDouy — aD%ul - 382u(2)u1 — aslu(z)D(%uo
2 2 2 12 2
— O'Slu()(D()M()) — 281MOD1D()M() — 81u0D0u1 — 281M0M1D0M0
— 281UODOUOD1u0 — 81u1(D0u0)2. (35)
The solution of equation (33) is:
u()(T(), Ty, Tz) = A(T], Tz)CiTO + A(T], Tz)CiiTO, (36)

where the Ty, 7, and T, are time scales and are used to obtain second order
solutions, and A is the complex conjugate of the complex amplitude A = (a/2)e™®
which is a function of the slow time scale. Substituting equation (36) in equation
(34), yields the following inhomogenous equation for u; (T, 71, T»);

Diuy +up = €10 [-2iD1 A+ 04 — ikA + 261 4> A — 36342 A + p/2]
+ &3T0[43(2e) — &3)] + c, (37)

where cc stands for the complex conjugate of the preceding terms. Eliminating
the terms in equation (37) that produce secular terms in u; yields

2iD1A = (0 — ik)A + (26) — 3e5)A>A + p/2. (38)

Equation (38) defines the rate of change of 4 on the slow time scale 7;. The
steady state first order solution can be obtained from equation (38) by equating
D, A to zero, so the frequency response is giving by:

o= (a*/4)(3ey — 261) £/ (p/a)* — k2. (39)
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According to MMS version I, the second order solution can be obtained by
solving equation (37) for u;, retaining the particular solution only, so that

up = (43/8)(ey — 261)e*™ + ce. (40)

Substituting equations (40) and (36) into equation (35), one obtains the
following equation for uy(Ty, T1, T»);

Diuy + uy = €10[~D}A — 2iDy4 — 2igD1 A — kD A — 4igy AAD, A

+ %81(82 — 281)1‘13;12 - %82(82 — 231)A3;12 + 2031A2;1}

+ e3iT°[—i(%(82 — 2¢1) + 4ig ) A D1 A + o (62 — 21)A4° — Sik(er — 2¢1)

+ 206, 4° + %81(82 —2¢1)A%A4 — %82(82 —2¢1)A%A]

+ &0 [ (87 — 281) A° — 3ea (62 — 261) A7) + ce. (41)
The annulment of the secular terms in u, requires that,

2iD2A = —D7A — 2ioD1A — kD1 A — 4iey AAD A + e (62 — 261) A A*
+ 2061 4% 4 — 36 (62 — 26)) A A% (42)

One now combines equation (38) and equation (42) to form a single equation for
the slow evolution of 4 in real time 7,

dA/dT = eD A + &2D24 + O(&?) (43)

where equation (38) is used to determine the term D34 which appears in
equation (42). This procedure known as reconstitution [9], leads to the explicit
form of equation (43);

2idA/dT = e[A(0 — ik) 4+ (261 — 3e2) A% A + p/2] + [—D7 A4 — 2icD, A
— kDA — 4ie) AAD\ A + 31 (62 — 261) A A + 206, A° A
—3er(er — 2)) A3 A% + O(). (44)

Following the procedure of MMS version I, one obtains the steady state
solutions by setting d4/dT to zero in equation (44) and then solving for A. This
leads to the second order frequency amplitude (@, o) relation, which using
Cramer’s rule, becomes

A? = (Ryan — R2a12)2 + (Raan — Rlazl)z, (45)
where

A =anan —apay, apn = Skp/4, apn =P[1 - 8(%0 + (%81 +%52)a2)],

a = —p[l — &0 + (Ze1 + 5e2)a’)],  an = an,
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Ri = —ao +o(3er — &1/2)a + ela(Go” — k*/4) + 0d’(e1/4 — 3e2)
+ as(%sf — €16 — %8%)],

R, — ak — elkoa + (&e1 + %82)a2].

Equation (45) can be written in the form:

7

> Cule. p. k. 0)a®" =0, (46)
n=0

which is polynomial of degree seven in a’. It is clear that equation (45) is
algebraically complicated and one can obtain more than one solution for the
second order approximation of the steady state frequency response. Examples of
the results obtained using this equation are presented and discussed in section

3).

2.3.2. MMS version 11

In this subsection, the second order solution to the equation (31) is obtained
using MMS version 11, with the frequency Q and damping k expansions:

92:1+801+8262+"', k:k1+8k2+82k3+--~. (47)

Accordingly, as explained in the introduction, the analysis proceeds as in the
MMS version II, but with the Q—k expansions (47) instead of (32). This leads to;

Déuo 4+ uy =0, (48)
D%ul +u; = —2D 1 Dougy — k1 Doug — 0'1D(2)u0 — 81u(2)D(2)u0
— erup(Dotto)” — exu) + (p/2)e'™, (49)

Djuy + uy = —Diug — 2Dy Doty — 2DoDyuy — 201Dy Doug — ki Dyug
— 2D Douy — ki Doy — ka Doty — oy Diuy — 62 Djug
— 3821/!%1/{1 — aleluéDguo — olsluo(Douo)z — 2£1u%D1D0u0
— sluéDéul — 2£1u0u1D(2)u0 — 2&1uoDougDyug — e1u; (D()u())z. (50)

The solution to equation (48) is given by equation (36), also equation (40) still
holds. Annulment of secular terms in u;, from equation (49), yields

2iD\A = (01 —ik|)A + (2e; — 3e2)A*A + p/2. (51)

To obtain steady state solutions and according to MMS version II, one equates
each D;A to zero. Thus, the steady state first order solution of equation (51),
may be expressed as;
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o1 = (/4)(3e; — 2e1) £/ (p/a)* — k2. (52)

Substituting equation (40) particular solution for u; and equation (36) into
equation (50) and the annulment of the secular terms in u, yields;

2iDyA = —D}A — 2ic1 D1 A — ki D1 A + 624 — ik A — die; AAD A
+ 261 (62 — 26)) A3 4> + 20161 4% 4 — (2 — 261) A3 4> (53)
Upon setting each D;4 in equation (53) to zero, one obtains
0y = %8(8% — Se180 + 68%)(14 — 0'181612/2, kry=0 (54)

The frequency response in terms of system parameters can now be obtained by
combining equations (52) and (54) and is expressed as follows;

@ =1 +¢0, + &%0y. (55)
For convenience the results obtained using equation (55) are presented and

discussed in section (3).

2.4. STABILITY OF THE STEADY STATE RESPONSE

The stability of the steady state response of the fundamental harmonic
approximation (12), is examined by introducing a small perturbation »(7), i.e.,
by substituting u(7') = A cos(T') + w(T), into the equation (11), followed by use
of the steady state conditions (13) and (14). This leads to the following non-
linear variational equation

V(1 + 61472 + ev* 4 2e1vA cos T + &1 (A%/2) cos 2T)
+ (02 — 26/Q*Avsin T — £, Q* A sin 27)
+v(3er A’ +m — ey QA% )2 + Q% + 36,47 cos 2T — 361 A% cos 27T)
+61Q> 4% cos T+ v* A cos T(3e; — 8192)
+ e9v® = (4°/4)(261Q% — &) cos 3T. (56)

The stability is governed by the linear version of equation (56). In addition, the
excitation term on the right-side of the equation is deleted, because it has no
influence on the stability of the response v(7). The linear stability is governed by
the standard form of the damped Mathieu equation.

V4 uv+ v(ee —2gcos2T) =0 (57)
where

o= (m+ (4%)2)(3er — Q) /Q*(1 + £14%/2), u=0Q/Q*(1 +¢4%/2),
58
g =20 @ — )P+ 1)), (58)
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The leading term approximation to the stability boundaries of (57) associated
with the principal parametric resonance is given by [2].

o(g) =2 1£(4 — i)', (59)

If 4, Q, 5, m, ¢, & in equation (58) are such that the point o(g) lies between the
curves (59), the steady state solution is unstable to small disturbances. Thus the
conditions for instability may be stated in term of 4, Q, 0, m, €, & as follows:

2 G- a)] > [0(1 40 D) - (@400 - ) - 607,
(60)

[m + %2(382 - 8192):| < [92 <1 + e A;) + (G (1@ — &) — (59)2)1/2}
(61)

These instability conditions are identical to those one obtains using the MMS
results, i.e., by determining the eigenvalues of the linearized amplitude and phase
modulation equations to the first MMS solution.

3. RESULTS AND DISCUSSION

The steady state frequency response of the non-linear oscillators governed by
equation (1) was calculated approximately, for given values of system parameters
&1, &, 0, m and excitation amplitude p, by using the single and two modes
harmonic balance method (SHB and 2HB), equations (15) and (24) respectively,

2.0
<
Z 101 i/l
g L
| 7 \
4 Q!
1 I 1
0.0 1.0 2.0
Frequency (£2)

Figure 1. Steady state frequency response of the oscillator using SHB. m =1, P = 025,
0=02:—,¢=30and &, =1:0; ------ ,eg=16and e =10, ———, & =01 and & = 1-0.
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3.0

Amplitude (A)

0.0 0.50 1.00 1.50
Frequency ()

Figure 2. Steady state frequency response of the oscillator using SHB. m =0, P =025,
0=02.——,=10and & =01; ------ ,eg=16and & =1:0; ——-— ,& =01and e = 10.

MMS with reconstitution version I (equation (45)) and MMS with reconstitution
version II (equation (55)). The concern of this work is on the strongly non-linear
cases; therefore, the steady state frequency response was calculated for cases in
which &, and/or ¢, are not small. Examples of the results of these calculations for

selected cases of system parameters ¢;, &, 0, m and excitation amplitude p are
displayed in Figures (1-9).

Amplitude (A)

0.0 0.50 1.00 1.50
Frequency (£2)

Figure 3. Steady state frequency response of the oscillator using SHB. m = —1, P =05,
0=02: ,ei=50and & =10; ------ ,ep=16and & =10, ——— ,e =01and e = 10.
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Figure 4. Steady state frequency response of the oscillator using SHB, 2HB and numerical inte-

gration: m=1, P=025,0=02,6 =01 and & =10; ——
cal; ——, instability boundary.

‘—, SHB;

, 2HB; @, numeri-

In Figure 1, the steady state frequency response of the statically stable (m = 1)
non-linear oscillator governed by equation (1) was obtained using single mode
harmonic balance method (SHB) for cases in which ¢; is relatively large or small
with respect to &. The results of Figure (1) shows that the steady state frequency

Amplitude (A)

0.0

0.4
Frequency (£2)

0.6

Figure 5. Steady state frequency response of the oscillator using SHB, 2HB and numerical inte-

gration: m =0, P=025,6=02,¢ =01 and & =1-0; ——

cal; ——, instability boundary.

‘—, SHB;

, 2HB; @, numeri-
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response exhibits a softening behavior when, roughly, & /e, > 1-6, hardening
behavior when ¢;/e, < 1-6, and resembles linear behavior when ¢&; 2 1-6¢..

In Figures 2 and 3, the frequency responses for the neutrally stable (m = 0)
and statically unstable (m = —1) cases were obtained using SHB. These results
show that the steady state frequency response is of hardening type regardless of
the value of ¢; relative to é,.

In Figures 4, 5 and 6, for the three cases (m =1, 0, —1) the instability
boundaries are shown as well as the frequency response curves obtained by using
single and two modes harmonic balance method (SHB and 2HB) and by
integrating equation (1) numerically by the fourth order Runge—Kutta method
with an integration step of 10~2. The 2HB frequency response was obtained by a
direct iteration technique with accuracy of 107® of the non-linear coupled
equations (28-30). It is shown that the 2HB improves the accuracy of the SHB
frequency response curves.

In Figures 7 and 8, the steady state frequency response curves for the case
(m=1) were obtained by using SHB, 2HB and MMS with reconstitution
version II “first and second order”, all of the three methods predict the correct
qualitative ‘“‘hardening” behavior when compared to the actual response
“numerically integrated”.

In Figure 9, the steady state frequency responses are shown for the Duffing
oscillator (m =1 and ¢ = 0), the solutions are obtained using MMS with
reconstitution version I, version Il and numerical integration. As mentioned in
section (1), the MMS version I leads to, at the second order, an amplitude—
frequency response relation in the form of a polynomial of degree seven in the
square of the steady state amplitude, as shown in equation (45). It is clear from
Figure (9), that MMS with reconstitution version I introduces incorrect results

Amplitude (A)

Frequency (£2)

Figure 6. Steady state frequency response of the oscillator using SHB, 2HB and numerical inte-
gration: m = —1, P=105,0=02,¢ =50 and ¢, =1-0; ——-—, SHB; ------ , 2HB; @, numeri-
cal; , instability boundary.
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1.2

0.8

Amplitude (A)

L | 1
0.0 1.0 2.0
Frequency ()

Figure 7. Steady state frequency response of the oscillator using SHB, 2HB, MMS version 11
and numerical integration: m =1, P =025, 6 =02, ¢, =01 and & = 1-0; , SHB; ------
2HB; —-—-—, MMS II first order; —--—, MMS II second order; @, numerical integration.

‘“additional spurious solutions have appeared”, and the frequency response are
distorted compared to MMS version II.

4. CONCLUSIONS

The results presented in this work indicate that for the class of strongly non-
linear oscillators governed by equation (1), first order approximation obtained
by using harmonic balance (SHB) and perturbation (MMS) methods may lead

1.00

0.90

Amplitude (A)

0.80

1.10 1.20 1.30
Frequency (£2)

Figure 8. Expanded view of a portion of Figure 7.
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Figure 9. Steady state frequency response of the Duffing oscillator using MMS version I,
MMS version II and Numerical integration. m =1, P=10, 6 =01, ¢, =00, & =10 and
e=02. , MMS 1 second order; —-—-—, MMS II first order; ------ , MMS 1II second order;
@, numerical integration.

to appreciable, not only quantitative, but also qualitative errors in the predicted
response.

From the results presented in this work it appears that Multiple Time Scales
(MMYS) with reconstitution version II in addition to being algebraically simpler,
can lead to elimination of the spurious solutions of the steady state response of
the oscillators governed by the equation (1), which may appear when one applies
MMS version 1.

Appreciable improvement of the accuracy of the predicted response were
obtained using Two Modes Harmonic Balance (2MHB) and MMS version 11
even when the non-linearity is relatively strong.

Further analysis of the qualitative behavior of the resonance curves for the
oscillators governed by equation (1) would require a more detailed stability
analysis, which is currently under consideration by the authors.
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