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1. Introduction

The method of multiple scales is one of the important perturbation techniques widely used. The
method yields transient solutions as well as steady state solutions in contrast to some other
techniques which yield only the steady state solution.

When employing higher order expansions, slightly different versions of the method appear in
the literature. The oldest version, called reconstitution method, is due to Nayfeh (see, for example,
Refs. [1-3]). Generally speaking, in this method, for primary resonances, the damping and forcing
terms are re-ordered such that they balance the effect of non-linearities. The nearness of the
external excitation frequency to one of the natural frequencies is represented by using only one
correction term. The time derivatives for each time scale do not vanish separately, but their sum
vanishes for finding the steady state solutions. In contrast, Rahman and Burton [4] showed that
the reconstitution method (which will be called MMS 1) cannot capture well the steady state
Lindstedt—Poincare solutions. MMS 1 yielded extra solutions which are not physical for the
simple duffing oscillator. Rahman and Burton [4] then suggested an alternative version (MMS II)
to handle the problem. The excitation frequency and the damping should be expanded in a series
and require that each time-scale derivative vanish independently. This method was presented for
finding the steady state solutions. However, the unsteady solutions cannot be retrieved using the
method. Boyacy and Pakdemirli [5] applied this new version as well as MMS 1 to partial
differential equations with arbitrary quadratic and cubic non-linearities and found similar results
to Ref. [4]. Hassan [6] applied MMS II to the case of superharmonic resonances and compared his
results with the harmonic balance method. Later, Lee and Lee [7] improved MMS II by showing
how to calculate unsteady solutions as well as the steady state solutions (MMS II modified).
Similar to MMS 1, the suggested modified version make series expansions unnecessary for the
frequency, damping and excitation amplitude. In this version, damping and excitation are scaled
to appear in the first non-linear order. In MMS 11, only the steady state solutions can be retrieved
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whereas in this modified version transient solutions can also be obtained. In establishing this, time
derivatives are taken to be non-zero only on their corresponding level of approximation, i.e., D,
terms are non-zero on the first level of approximation but vanish on the second level of
approximation.

In treating partial differential equations using MMS, besides selecting a version, one has to
select one of the two choices: (1) discretize the equations first and then apply MMS (discretization-
perturbation method) or (2) apply MMS directly to the partial differential system (direct-
perturbation method). The advantages of selecting the latter choice has been widely discussed [2.,5,
8—13].

In this work, an odd non-linearity problem will be treated using MMS I and MMS II modified.
The model considered is

X+ ux 4+ x +ox’ + px° = Fcos Qt, (1)

where x is the amplitude of vibrations, u is the viscous damping, ¢ and f are the non-linearity
coefficients, and F and Q are the external excitation amplitude and frequency, respectively. Dot
denotes differentiation with respect to time variable ¢. Approximate solutions will be derived using
two higher order versions and comparisons between the methods as well as with direct numerical
calculations will be presented.

2. Approximate solution by MMS I

The non-linearities are reordered such that their effects appear at different orders
o =cd, p==cp. (2)

In this version, the excitation amplitude and damping are ordered such that they balance the non-
linearity at the last order. Primary resonances are assumed for the external excitation frequency

F=2¢&f, u=éa Q=1+¢éo. (3)

This choice of ordering is the best possible choice as will be explained at the end of this section and
Section 4. The approximate expansion is

x(t;8) = xo(To, Ty, To) + ex1(To, Ty, To) + &x2(To, T1, To) + -+, 4)
where T,, = &"t. Time derivatives in terms of fast and slow time scales are
d/dt = Dy + eD; + &*Ds + -+,
d?/de? = D} + 2¢DyD; + e2(D} + 2DyD3) + -+, (5)

where D, = 0/0T,. Substituting all into the original equation and separating terms at each order
yields

Dng + X0 = 0, (6)

D%xl 4+ x1 = —2DgD1xy — o?xa, (7)
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Dixy +xa = — 2DgDyx1 — (D7 + 2Dy D1)xo
— [iDyxo — 3o?x(2,x1 — Bxg + f cos QTy. (8)
The first order solution is
xo = A(Ty, T») exp(iTy) + c.c., 9)

where c.c. stands for complex conjugates of preceding terms. Removing the secular terms at the
next order requires

21D\ A = —36A4%A. (10)
The solution at this order is
x| = %(/P exp(3iTy) + c.c.). (11)
At the last order, the secular terms are removed if
2iD,A4 = —gid — (108 — L) 43 4* +gexp(iaT2). (12)
The evolution of complex amplitudes in real time would then be
.d4 .
2= 2i(eD1 A 4 2Dy A) + --- (13)
or
.d4 - 27 15,2\ 43 52
2= —pid = 3047 — (108 — Bo?) 4’4
F :
+ Eexp(l(Q — D). (14)

Note that all system parameters are expressed in their original form since the original
equation does not depend on the artificially introduced perturbation parameter. Using the polar
form

A = laexp(il), (15)
the approximate solution and amplitude phase modulation equations can be written in the

form
3

x:acos(Qt—y)~|—%cos(3Qt—3y)+ (16)
F
d:—ga—i—zsiny, (17)
j 30’ ! 15,2y 5 b
aj = a(@ —1) = @’ — 5(108 — Po’)a’ + S-cos, (18)

where
y=(Q—1r— A (19)
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In the case of steady state motion, @ =y = 0 and the frequency-response relation becomes

F2
Q=1+ Jaay + 5108 — Lo?)ag+1 [= — 12, (20)
a4y
Performing the standard stability analysis [14] for the fixed points, one obtains the conditions
> —4c>0 and c¢<O0 (unstable solutions),

W —4c>0 and c¢>0 (stable solutions),

1> —4c<0 (stable solutions), (21)
where
2
wor 2 w4,
CZZ-F%COSJJ{%M +3(108 — Lo*)a +2—acosy}. (22)

Now, one might wonder if a different choice of ordering would yield better results. Another choice
would be to incorporate damping and excitation at the first non-linear order

F=¢, u=cei, Q=1+c¢o. (23)

Note that there is no other choice possible than the considered two different scaling (i.e., Egs. (23)
and (3)). Selecting the excitation and damping to appear at different orders of approximation
may lead to inconsistencies. Performing a similar analysis for this choice of ordering yields
finally

0= — ga + Sapa® + LuF cosy
. 3—Q .
+ Fsiny <T> — $oFa*siny, (24)

3—-Q .
ay=a(Q—1) +%u2a — %owﬁ —|—Fcosy<T> —é/,cF sin y

1
32

Comparing Egs. (24) and (25) with Egs. (17) and (18), one readily observes excess terms. The
approximate solution is again the one given in Eq. (16) but modulations of amplitudes and phases
differ for this choice. More will be said about these different selections in Section 4.

Note that a time transformation 7" = Qt in the beginning of the analysis with the scaling given
in Eq. (3) would yield exactly the same frequency—response relation as given in Eq. (20).

(108 — ¥o)a® — SaFa* cos y. (25)

3. Approximate solution by MMS II modified

The same problem will be solved by using the modified MMS II due to Lee and Lee [7]. First,
the time variable is transformed into

T = Q. (26)
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The equation of motion would then be
QX" + uQx' + x +ox® + px° = Fcos T. (27)

Excitation frequency and amplitude and damping are expanded to first non-linear order only [7]
and hence

a=¢ex, B=e&P, F=q¢f, p=cep
QP =1+¢e0, Q=1+con. (28)

The approximate expansion is the same as given in Eq. (4) with the time variables defined in a
slightly different manner such that 7, = ¢"T. The equations at each order are

D%X() + x9 =0, (29)
D(2)X1 4+ x1 = —=2D¢Dx9 — iDyx¢ — GlD%X() — OZXS + f cos Ty, (30)

D%Xz + Xy = — 2DgD1x1 — (D% + 2DOD2)X0
— fi(Dox1 + D1xo) — fic2Doxo
— O'](D%Xl + 2DgDxy) — 30?X%X1 — Bx(s) (31)

Solutions xp and x; are the same as given in the previous section. Elimination of secular terms
yield the following relations at each order:

2iD1A = —fiid + 0,4 +€ —3aA4%A, (32)
2iD>A = —(108 + 3a*) A’ A% — 1071 A. (33)
The evolution of complex amplitudes in terms of original parameters would be
.dA 2 F 2=
21d—T_(Q — 1)A+5 — 304" A4
— (108 + 34’ A* — pQiA. (34)
Using the polar form
A =Laexp(~ip), (35)

the solution- and amplitude-phase relations in real time are
3

X =acos(Qt —y)+ %cos@!)t — 3+ -, (36)
. Mo E .
a= 2Qa+2Qsmy, (37)
2 3 Q ns F
@y :E(Q —Da— 3oQa’ — 3—2(10ﬁ+%oc Ja +5 Qcosy. (38)
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The frequency-response relation is

F2
Q=1 +§aag+J—6(10ﬁ+§a2)agi,/?—(ﬂg)2. (39)
0

Performing a similar stability analysis yields
1?2Q* —4c¢>0 and <0 (unstable solutions),
QY —4c¢>0 and ¢>0 (stable solutions),

12Q* —4c<0 (stable solutions), (40)
where
200 FQ Q FQ
c:'u4 +2—acosy{%a9a2+§(IOB+%a2)a4+Zcosy}. (41)

Next section is devoted to comparisons between the methods as well as numerical solutions

4. Comparisons

The alternative scaling (i.e., Eq. (23)) in MMS I produced very much different amplitude and
phase modulation equations (i.e., Egs. (24) and (25)) compared to the others (i.e., Egs. (17) and
(18) for MMS I and Eqgs. (37) and (38) for MMS II modified). This alternative ordering in
MMS I produce the extra unphysical solutions which are discussed in detail in Ref. [4]. For this
reason, only the solutions corresponding to the best possible choice of MMS I (i.e., orderings
given in Eq. (3)) are compared with those of MMS II modified. Comparing the frequency—
response relations obtained by each version (i.e., Eq. (20) for MMS I and Eq. (39) for MMS 11
modified), a major difference is noted in the coefficient of aj. For a suitable selection of
positive non-linearity coefficients o and , the coefficient of aj can be negative in MMS I, whereas
it is always positive in MMS II. The square root terms limit the maximum amplitudes (i.e., root
argument is zero) and it is higher in MMS I. MMS I and MMS II frequency-response curves
are drawn for the parameter values o = 0.4, f = 0.005, © = 0.02 and F = 0.1 in Fig. 1. Solid
lines belong to stable solutions and dotted lines belong to unstable ones. Results of direct
numerical integration of the original equation are represented by diamonds in the figure. It is
evident that MMS 1II produces more reliable solutions and as aj term becomes dominant for
larger amplitudes, the error in MMS I solution increases. MMS 1 predicts up to three stable
branches for a given frequency, whereas numerical integration and MMS II both predict up to
two stable branches. Time transformation in MMS II is not responsible for the better results. If
time transformation had been done for MMS I, exactly the same frequency-response relation
given in Eq. (20) would be obtained. For a suitable selection of o and f5, it is of course possible to
approximately equate the coefficients of ¢ for each version in which case both solutions would be
indistinguishable.

A sample numerical integration plot is given with the above parameter values for the point
corresponding to 2 = 1.7 in Fig. 2. The steady state amplitude is 2.486. In numerical calculations,
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Fig. 1. Frequency-response curves for MMS I and MMS 11 (solid stable, dotted unstable) and direct numerical results
(diamonds) for the non-linear case. (z = 0.4, § = 0.005, u = 0.02 and F = 0.1).

it becomes more and more involved to find specific initial conditions yielding the stable solutions
in the neighborhood of the turning points (saddle node bifurcation points). By trying different sets
of initial conditions, the highest and lowest values of frequency for jump phenomena occur at
Q = 1.75 and 1.15, respectively. Since extensive trials are needed, these points are not the exact
jump points but without appreciable error, it is estimated that jump occurs for slightly higher and
lower frequency values.

An interesting special case is linear damped-forced vibrations (i.e., « = § = 0 in the original
equation) where exact closed-form solution is available,

2

x:xoexp(—%t)cos 1—%14—({)
F
+ cos(Qt — ). (42)

V- @ + oy
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Fig. 2. Time history of the original equation (x(0) = 0, x(0) = 30, Q = 1.7, « = 0.4, f = 0.005, £ = 0.02 and F = 0.1).

The approximate solution using MMS 1 is

X =X exp(— g[) cos(t + @)

F
+ cos(Q2t — )

/41— Q) + 12
and the one using MMS 11 is
Q-1
x:xoexp(—gQ2t> cos<Q(1— 3 )t—l—q))

F
+ cos(Q2t — ).

V= @+ (w0

(43)

(44)

The steady state solution (i.e., the last term ) obtained by MMS II is exactly the same with the
analytical solution. On the contrary, it is approximately equal to the analytical solution for the
case of MMS I and the error increases as the frequency deviates from 1. This can be seen from
Fig. 3 clearly where solid lines belong to the analytical as well as MMS II solutions and dashed

lines belong to those of MMS 1.
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Fig. 3. Frequency-response curves for MMS 1 (dotted), MMS II (solid) and exact (solid) for the linear case.

Comparing the transient responses (the first terms in the solutions), however, the error
introduced is more in MMS II than in MMS I as frequency deviates from 1 as can be readily
detected from the arguments of exponential and cosine terms. This conclusion is also supported
by the comparisons between the different versions in the general non-linear case. Comparing
Egs. (17) and (18) with Egs. (37) and (38), one can readily detect the excess multiplications of
frequency in the latter case which makes the transient responses imprecise. To see further that
MMS I produces more reliable transient solutions, one may consider the more degenerate case of
linear damped vibrations without excitation. The approximate analytical solution using MMS 1 is
reproduced from Ref. [3, p. 144]

2
X = Xg exp (— gz) cos <t - '%t + <p). (45)

The solution using MMS 1I is
X =Xo exp(— gz) cos(t + ). (46)

The damped frequency of the exact analytical solution is /1 — p? or approximately 1 — u?/2. It is
clear that the second correction term in the cosine argument can not be retrieved by MMS II. The
fail stems from selecting D; A = 0 at the second order of approximation.
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5. Concluding remarks

The following conclusions can be withdrawn from the analysis:

(1) MMS II is better than MMS I in finding steady state solutions.
(2) On the contrary, MMS I is better than MMS II in finding transient responses.

These conclusions are valid for primary resonances of the external excitation. Conclusion 1
confirms the previously obtained results given in Refs. [4,7]. However, in this work, a different
non-linear model is used. Conclusion 2 appears to be new and not previously reported. Note that
both methods will yield identical results when D14 = 0 at the first level of approximation [4].
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