Journal of Sound and Vibration (2002) 254(5), 1005-1011 -
d0i:10.1006/jsvi.2001.4104, available online at http://www.idealibrary.com on lﬂial

®

CALCULATION OF THE JUMP FREQUENCIES IN THE RESPONSE OF
s.d.o.f. NON-LINEAR SYSTEMS

P. MALATKAR AND A. H. NAYFEH

Department of Engineering Science and Mechanics, MC 0219, Virginia Polytechnic Institute and
State University, Blacksburg, VA 24061, U.S.A.

(Received 30 August 2001)

1. INTRODUCTION

It is a well-known fact that the non-linearity present in a system leads to jumps in the
frequency- and force-response curves [1]. As shown in Figure 1, the frequency-response
curve of a Duffing oscillator is bent either to the left or to the right, depending on whether
the type of non-linearity is softening or hardening. The bending of the frequency-response
curve leads to a jump in the response amplitude when the excitation frequency is swept from
left-to-right or right-to-left. The response amplitude increases at a jump-up point and
decreases at a jump-down point. Between the jump points, multiple solutions exist for
a given value of the excitation frequency, and the initial conditions determine which of
these solutions represents the actual response of the system. The jump points of a
frequency-response curve coincide with the turning points of the curve where saddle-node
bifurcations occur. The goal of this letter is to determine the minimum forcing amplitude
that would lead to jumps in the frequency-response curves of single-degree-of-freedom
(s.d.o.f.) non-linear systems, and to also locate the jump-up and jump-down points in the
frequency-response curve when the forcing amplitude is above the minimum value.

Worden [2] and Friswell and Penny [3] computed the bifurcation points of the
frequency-response curve of a Duffing oscillator with linear damping. They used the
method of harmonic balance to obtain the frequency-response function. To compute the
jump frequencies, Worden [2] set the discriminant of the frequency-response function,
which is a cubic polynomial in the square of the amplitude, equal to zero, while Friswell and
Penny [3] used a numerical approach based on Newton’s method. Their first order
approximation results agree well with the “exact” results. But for systems with higher order
geometric, inertia, and/or damping non-linearities, a more general and simple method of
determining the jump frequencies is required. In this letter, we present two methods based
on the elimination theory of polynomials [4, 5], which can be used to determine both the
critical forcing amplitude as well as the jump frequencies in the case of s.d.o.f.-non-linear
systems. Also, the methods are devoid of convergence problems associated with bad initial
guesses, and have the potential of being applicable to multiple-degree-of-freedom (m.d.o.f.)
non-linear systems [6,7]. The proposed methods are outlined in the context of
a single-mode response of an externally excited cantilever beam possessing cubic geometric
and inertia non-linearities and linear and quadratic damping.
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Figure 1. Typical frequency-response curves of a Duffing oscillator with (a) softening non-linearity and
(b) hardening non-linearity. - - - indicate unstable solutions and SN refers to a saddle-node bifurcation.
2. THEORY

2.1. FREQUENCY-RESPONSE FUNCTION

As the cantilever beam constitutes a weakly damped, weakly non-linear system, we use
the method of multiple scales [8] to derive the modulation equations governing the
amplitude and phase of the excited mode of the cantilever beam. In the process of deriving
the modulation equations, we define the following quantities:
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where ( is the linear viscous damping factor, w, is the nth natural frequency of the beam, Q is
the excitation frequency, a, is the base acceleration, [ is the length of the beam, s is the
arclength, @,(s) is the nth mode shape, and ¢ is the quadratic damping coefficient.

Seeking a first order uniform expansion of the transverse displacement v(s, t) of the beam,
we obtain

u(s, t) ~ a(t)cos(Qt — P)D,(s) + -+

and the modulation equations governing the amplitude a and phase y of the response are
given by

d=—,ua—ca2+isiny, 1)
2m,

ay':aa—ia3+icosy, )
4m, 2m,

where o is the effective non-linearity comprising the geometric and inertia non-linearity
contributions, and the overdot indicates differentiation with respect to time t. For a detailed
derivation procedure of the modulation equations, we refer the reader to Anderson et al. [9].

Periodic solutions of the beam correspond to the fixed points of equations (1) and (2). To
determine these fixed points, we set the right sides of equations (1) and (2) equal to
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zero. We, thus, obtain the following frequency-response function relating the response
amplitude a and the excitation frequency @ (or o)

S —f2 —( )? A3)
01, = a + ca)’,
"2 4, * 4wy a* K
where the subscript 1 and the “ — ” sign refer to the left branch of the frequency-response

curve, while the subscript 2 and the “ + ” sign refer to the right branch. Equation (3) can be
rewritten in polynomial form as

F(a,0) = a® + pa* + qa® + ra®> + s =0, 4)
where
16072 o 32w? 1602 412
p= 2 <02_ J)a q= 2 ue, r= 2 (:u2+0-2)3 SZ_LZ'
o 2m, o o o

The frequency-response function can also be written as a polynomial function in ¢ as
follows:

F(a,0)=pc* +qgo +r=0, (3)
where
1602 8w, 412 16w?
p=—p-da’, g=——a* r=da°— iz + —5— (c*a* + 2cpa® + p*a®).
o o o o

2.2. SYLVESTER RESULTANT

The resultant of two polynomials is defined as the product of all of the differences
between the roots of the polynomials, and is a polynomial in the coefficients of the two
polynomials [4]. Consider two polynomials f(x) and g(x) defined as

bix', b, #0.

M=

fx)= i a;x', a, #0, g(x) =

i=0 i

(0]

an an—l e oo al ao 0

O an an71 cee cee al ao O
21 9) 0 0 da, Qy_q ao
I = b, by 0

0 bm bm—1 bl bO 0

0 0 b, bn_1 b,



1008 LETTERS TO THE EDITOR

A necessary and sufficient condition for f(x) and g(x) to have a common root is that the
resultant Z( f, g) be equal to zero [4]. The discriminant 4 of a polynomial f'(x), of order m, is
related to the resultant Z(f, ') in the following manner:

AL L) = (=) Vg, 4,

where a,, is the coefficient of the x™ term in the polynomial f(x). We know that f(x) = 0 has
two equal roots if f(x) = 0 and f”(x) = 0 have a common root, and hence if Z(f, f') = 0. We
use this idea to determine the critical forcing amplitude and jump frequencies.

2.3. CRITICAL FORCING AMPLITUDE

For a low excitation amplitude, we do not observe the jump phenomenon and the
frequency-response curve is single valued; that is, for every value of Q there is a unique
value of a. But in the case of a large excitation amplitude, we observe jumps, and for a range
of Q values there exist multiple values of a for a given value of Q, as seen in Figure 1. Let
fo denote the critical value of f marking the boundary between the values of f leading to
jumps and those not leading to jumps. The frequency-response curve for f=f,. has an
inflection point, which we denote by (o.,, a.), where the frequency-response function
Z (a, 0.,) =0 has three positive real roots equal to a.. Therefore, the derivative of the
frequency-response function with respect to the response amplitude @, denoted by
F'(a, 6.,) = 0, has two real roots equal to a,,, which requires that the resultant Z(%', #")
be equal to zero at the inflection point (o, a..). Thus, using equation (5), we obtain

6
S ag) = BT, T "Na=a, = Y. bitley =0, (6)

where
bo = 144c?1Pwi, by =384c3uws, by = 64w2(a?u? + 4ctw?),

by = 168ca’uw?, by = 96c%0’w?, bs=0, bs=—3a™.

We now have a sextic polynomial equation in the response amplitude at the inflection point
a... Using the resultant, we basically eliminate o, and obtain a polynomial equation in a,,
only. By using equation (4), we can eliminate a., and obtain a polynomial equation in a,,,
but that would involve a more number of computations. Also, in that case spurious
solutions appear while solving for a.,.

Knowing the b;, one can easily compute the value of a. numerically. Of the six roots of
#(a,) =0, only one turns out to be real and positive. Once we know the value of q,,,
substituting it into %" (a, o..) = 0 gives us the critical excitation frequency o,,. Using the
values of ¢, and a,, in equation (4) or (5), we obtain the critical forcing amplitude f,,.

For the case of linear damping (¢ = 0), a closed-form solution for the critical forcing
amplitude is possible. The corresponding expressions of f,,, 4., and o, are as follows:

2um, 8 uw,
f;‘r = Sluwn = Qo= —F= > O = * 3,”7
V3./3«| V. /3] V3

where the “ + 7 sign is for systems with effective hardening non-linearity (i.e., « > 0), and the
“ — 7 sign is for systems with effective softening non-linearity (i.e., o < 0).



LETTERS TO THE EDITOR 1009
2.4. JUMP FREQUENCIES

For f> f.,, we observe jumps in the frequency-response curve, as seen in Figure 1. At the
jump points, which we denote by (6%, a*), the frequency-response function % (a, ¢*) =0
has two positive real roots equal to a*, which requires that the resultant Z(%, ') be equal
to zero at those points. Using equation (5), we, thus, obtain a 12th order polynomial
equation in a* as follows:

12
y(a*)z'%(yaf/)la=a* = Z Ciai|a=a*:07 (7)
i=0

where the ¢; are functions of known physical quantities. The values of a* can be easily
computed numerically. Of the 12 roots of ¥ (a*) =0, only two turn out to be real and
positive. Once we know the value of a*, substituting it into % '(a, 6*) = 0 gives us the jump
frequency o*. But for each value of a*, we obtain two values of ¢*, one of which is spurious.
To pin-point the spurious ¢* solution, we check if # (a, 6*) = 0 leads to two positive real
roots equal to a*. If it does not, then that particular ¢* solution is spurious and is discarded.

2.5. GROBNER BASIS

A Grobner basis for the polynomials { fi,f,...,f,} comprises a set of polynomials
{9192, ..., gm} that have the same collection of roots as the original polynomials [7]. Like
the Sylvester resultant, the Grobner basis also can be used to determine the critical forcing
amplitude and jump frequencies. The advantage of using Grobner bases over resultants is
that we do not obtain any spurious solutions while solving for the jump frequencies ¢*. But
in general, resultants are more efficient than Grobner bases.

To determine the critical forcing amplitude, we use the fact that %#'(a,0) =0 and
F"(a, 0) = 0 at the inflection point (¢,,, a..). We begin by computing a Grobner basis for the
polynomials &'(a, 6) and & " (a, ¢), and, thus, obtain two polynomials ¥, and ¥%,, which
also vanish at the inflection point (a,,, 4.,), and have a unique structure as we shall see later.
Using equation (4) or (5) and the lex order ¢ > a, we obtain

6
gl (acr) = Z biai’r = 09 (8)
i=0
5 .
gZ(acr: acr) = 9660‘/’“'03 Oy + Z ciai'r = 05 (9)
i=0
where
bo = 1441wy, by =384c3uw?, by = 64w2(a?u* + 4ctw?),
by = 168ca’uw?, by =96c%a*w?, bs=0, bs=—3a*
and

co = 192c3uws, ¢y = 64wk (Pu? + 4ctw?), ¢, = 132cd*uw?,

c3 = 96c%0*w?, ¢4 =0, c5=— 30"



1010 LETTERS TO THE EDITOR

Equation (8) is identical to equation (6), but now we also have an additional equation
9,(0.,d,) =0. Once the value of a. is numerically computed, we substitute it into
equation (9) to obtain the value of ¢,,. Like before, substituting the values of a,, and o, into
equation (4) or (5) gives us the critical forcing amplitude f,.

To determine the jump frequencies ¢*, we use the fact that % (a,0) =0 and #'(a,0) =0
at the jump points (¢*, a*). We begin again by computing a Grobner basis for the
polynomials & (a, o) and % (a, o), and, thus, obtain two polynomials ¥; and ¥, which also
vanish at the jump points (6%, a*). Using equation (4) or (5) and the lex order o > a, we
obtain

12
gl(a*) = Z biai|a:a* = Oa

i=0

11
Gy(0*,a*) = 0% + Y id|4eer =0,
i=0

where the b; and ¢; are functions of known physical quantities. We solve for the values of a*
and ¢* numerically. But this time, we do not obtain any spurious solutions of ¢* because of
the unique form of %,. In this aspect, the Grobner basis method can be viewed as
a non-linear version of the Gaussian elimination technique, which is used to solve linear
polynomial equations.

3. RESULTS

Following the procedure described in the previous section, we computed the critical
forcing amplitude f;, and the jump frequencies ¢* in the response of the cantilever beam for
a value of f > f,.. We used the Resul t ant and Sol ve functions of MAaTHEMATICA [10] to
calculate the resultant of two polynomials and to compute roots of polynomials, and for
computing a Grobner basis for two polynomials, we used the GroebnerBasis function.
Identical solutions are obtained using the resultant and the Grobner basis methods. The
parameter values used in the calculations are: w, =987, a=—7+ 108, { =6 + 1074,
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Figure 2. Frequency-response curves obtained using (a) /' = f,, and (b) f = 8-82. The asterisk in (a) indicates the
inflection point and the circles in (b) indicate the jump-up and jump-down points.
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jo®,ds = 0-18 and ¢ = 200. The critical forcing amplitude is found to be f,, = 0-274 with
0, =— 0795 (Q, = 97747 7) and a,, = 9-277 x 10~ *. Using equation (3), we obtain the
frequency-response curve for f'= f.., which is illustrated in Figure 2(a). The asterisk in
Figure 2(a) denotes the inflection point (o, a.). For a, =49 (f=882), the jump
frequencies are found to be o, =—9199 (QF =95072n) and o},,, = — 36:544
(QF..» = 86:368 m). The corresponding frequency-response curve is plotted, along with the
computed jump-up and jump-down points, in Figure 2(b).

4. CONCLUSIONS

Knowing the form of the frequency-response function, one can easily and accurately
determine the critical forcing amplitude and jump frequencies of a s.d.o.f.-non-linear system
using the proposed methods. The only requirement being that the frequency-response
function be a polynomial function in a and ¢. The simple and straightforward methods can
be applied to a variety of systems. Also, the methods have the potential of being applicable
to m.d.o.f. non-linear systems.

REFERENCES

. A. H. NAYFEH and D. T. MOOK 1979 Nonlinear Oscillations. New York: Wiley.
. K. WORDEN 1996 Journal of Sound and Vibration 198, 522-525. On jump frequencies in the
response of the Duffing oscillator.

3. M. I. FRISWELL and J. E. T. PENNY 1994 Journal of Sound and Vibration 169, 261-269. The
accuracy of jump frequencies in series solutions of the response of a Duffing oscillator.

4. L. W. GRIFFITHS 1947 Introduction to the Theory of Equations. New York: Wiley.

5. E. CHIONH and R. GOLDMAN 1995 IEEE Computer Graphics and Applications 15, 69-77.
Elimination and resultants. Part 1: Elimination and bivariate resultants.

6. E. CHIONH and R. GOLDMAN 1995 IEEE Computer Graphics and Applications 15, 60-69.
Elimination and resultants. Part 2: Multivariate resultants.

7. D. Cox, J. LITTLE and D. O’SHEA 1997 Ideals, Varieties, and Algorithms. New York:
Springer-Verlag.

8. A. H. NAYFEH 1981 Introduction to Perturbation Techniques. New York: Wiley.

9. T.J. ANDERSON, A. H. NAYFEH and B. BALACHANDRAN 1996 Journal of Vibration and Acoustics
118, 21-27. Experimental verification of the importance of the nonlinear curvature in the response
of a cantilever beam.

10. S. WOLFRAM 1999 The Mathematica Book. New York: Cambridge University Press.

O =



	1. INTRODUCTION
	Figure 1

	2. THEORY
	3. RESULTS
	Figure 2

	4. CONCLUSIONS
	REFERENCES

