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SIMULTANEOUS COMBINATION, PRINCIPAL
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The non-linear dynamics of a parametrically base-excited slender beam carrying a lumped
mass with an excitation frequency nearly equal to twice the second mode natural frequency
is examined. The mass and the position of the attached element are so adjusted that the
system exhibits 1:3:5 internal resonance by virtue of which a combination resonance of
type w; + w3 occurs simultaneously in the system. The method of multiple scales (mms) is
applied to reduce the second order temporal differential equations of motion of the system to
a set of first order differential equations which is used to study the steady state, periodic,
quasi-periodic and chaotic responses of the system for different control parameters, namely,
frequency and amplitude of base excitation, damping, internal detuning, etc. The results of
perturbation analysis are compared with those obtained by numerically integrating the
original temporal equations of motion. Poincaré section and Lyapunov exponents are used
to characterize the chaotic responses.

© 2001 Academic Press

1. INTRODUCTION

A slender beam with an attached mass can find application in the study of vibration [1-12]
of the appendages of space crafts, manipulator arms, high-speed machinery, high rises and
many other structural elements. For some amplitude and frequency of base motion, the
system is subjected to parametric excitation and when the response amplitude becomes
large, non-linearities begin to affect the motion and hence one cannot apply the usual
linear analysis to obtain the resonant behaviour. Also, for some location and dimension of
the attached mass, the natural frequencies of the system are commensurable giving rise to
internal resonances [11-13] making the analysis of the system very complex and time
consuming.

Though there are a number of studies available on the base-excited cantilever beam
with an attached mass, most of them deal with the determination of natural frequencies and
linear mode shapes [1-5] and some determine the trivial state stability boundary
and non-linear response of the system with single-mode approximation [6-10]. Zavodney
and Nayfeh [10] studied theoretically as well as experimentally the non-linear response of
a slender beam carrying a lumped mass to a principal parametric excitation. They used
single-mode approximation as the chosen physical parameters do not yield internal
resonance. The present authors addressed the same system of Zavodney and Nayfeh and
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found internal resonance conditions [ 11-13] for certain mass and position of the attached
element. In these studies, the internal resonance of 1: 3 was considered along with principal
parametric [11] and combination parametric [12, 13] resonances, and many interesting
fixed-point, periodic, quasi-periodic and chaotic responses were obtained using
perturbation techniques.

For a general review of literature for parametrically excited system one may refer the texts
of Nayfeh and Mook [14], Szemplinska-Stupnica [15] and Cartmell [16] and for the
analysis of dynamical systems the texts by Nayfeh and Balachandran [17], Iooss and
Joseph [18], Chow and Hale [19] and Kuznetsov [20].

As the importance of internal resonance is well established in the non-linear systems,
many researchers studied two-degree-of-freedom systems with quadratic or cubic
non-linearities having one-one, one-two, one—three type of internal resonances [11-23]
for principal and/or combination parametric resonances. Due to the complexity in the
analysis, most of the studies in non-linear systems are limited to two degrees of freedom and
a very few studies are available for systems with three-mode interactions [24-30].

In the present paper, the parametrically excited cantilever beam with a lumped mass having
cubic non-linearities of geometrical and inertial type is analyzed to obtain the non-linear
responses when it is excited at a frequency nearly twice that of the second-mode natural
frequency. The system parameters are so chosen that 1:3:5 internal resonances are exhibited.
By virtue of this internal resonance, a simultaneous combination resonance of sum type
occurs in the system. The method of multiple scales (mms) is used to study the fixed-point,
periodic, quasi-periodic and chaotic responses of the system for various control parameters.

2. ANALYSIS

The temporal equation of motion of a uniform cantilever beam of length L carrying a
mass m at an arbitrary position d from the fixed end (Figure 1) subjected to base motion
z = Zycos 2t in the non-dimensional form can be given by [11]

o0 o0 o0 o0
i, + 26l i, + Optly — & Y fumimc0s(9pT) +& > > Y
m=1 =

X {0 Uiyt + PrimUiligti + ViimUUyiln} = 0, (1)

where (') = d( )/dt. u,, {, and w, are, respectively, the transverse displacement, damping
parameter and frequency of the nth mode, f,,, is the forcing term in nth mode due to the
modal interaction of mth mode and  is the time. While o, is the geometric non-linear term,
Pium and vi,, are the inertial non-linear terms present in the nth mode due to the modal
interactions of k, [ and mth modes (see Appendix of reference [11]). The small dimensionless
parameter ¢ has been introduced as a book-keeping device to indicate the smallness of
damping, non-linear terms and excitation. Due to the presence of large number of coupled
non-linear terms it is practically impossible to get a closed-form solution. Hence, here a
perturbation method (mms) is used to determine the approximate solutions of the system.

2.1. PHYSICAL EXAMPLE

Following Zavodney and Nayfeh [10] and keeping in view the internal resonance of
1:3:5, a metallic beam is considered with the following properties:

L =1254mm, I =004851 mm* E =020936x10°N/mm? Z, =1mm
¢ =01 Ns/mm?, p=003332 gm/mm, pu=42, J=01223307, f =024,
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Figure 1. Base-excited cantilever beam with an attached mass.
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The roots of the characteristic equation are numerically found to be x; = 1-71297,
K, = 3:02257, k3 = 423208 and the corresponding non-dimensional frequencies are w; = 1,
w, = 311472 and w3 = 5-27647. The book-keeping parameter ¢ and the scaling factor 4 are
taken as 0-01 and 0-1 respectively. The coefficients of damping ({,), excitation ( f,,) and
non-linear terms (% Prim Yim) are found to be of the same order. The values of other
required parameters given in Appendix A and in reference [13] are calculated to be

011 = 0:6604576, o1, = — 179176, 0,15 = 39:64944,

Ue21 = 9013, Ue22 = — 571463, Ae23 = 5739503,

*e31

01
0Os

— 971194, 0,4, = 014784, 0,35 = — 211-15,
02822713, Q, = 757212, Qs = 1810312, Q, = — 1-64962x 103,
— 770371, Qe = 1762617, Q- = 197654, Qg5 = 860796,

[ =537879x 1072, f% = 548805x 1073, f% = 880996 x 103,

54 = 662088 x 1073, f55 = 0-1083383, f% = 220869 x 1072,

f5 =721249x 1072, f#% = 01498814, £ = 0-1428675,

Uf = 4496846 x 1073, (% = 2871499 x 1073, (% = 195911 x 10~ *.
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2.2. PERTURBATION SOLUTION

The approximate solution of equation (1) can be obtained using the method of multiple
scales. Let

uy(t5 ) = tno(To, T1) + ety (To, Ty) + -+, (2a)
To=1, Ti=¢t, n=1,2,...,00. (2b)

Substituting equations (2) into equation (1) and equating the coefficients of ¢° and ¢ to zero,
one has

D(Z)unO + CUrzluno = 07 (3)

D(Z)unl + CUﬁunl = - |:2CnDOunO + 2D0D1“n0 - z f;tmumO COos ¢T
m=1

n n i 2
+ Z (tkimUkotioUmo + BramttcoD ottioDottmo + /klmukouloDoumO):|: 4)
klm

where Dy = 0/0T, and D, = 0/0T ;. The solution of equation (3) is given by

Uyo = An(Tl) eXp(i(’onT‘O) + CC, (5)

where cc indicates the complex conjugate of the preceding terms.

For principal parametric resonance of second mode, the external excitation is nearly equal
to twice the frequency of the second mode. Also, due to 1:3:5 internal resonances, this
external frequency is approximately equal to the combination of the first- and third-mode
frequencies. Hence, simultaneous principal parametric and combination resonances along
with the internal resonances of 1:3:5 occur in this system. Introducing the external
detuning parameter ¢; and internal detuning parameters ¢, and o5 as

Wy, = 3w + €05, w3 = Swq + €03,
¢:20)2+8O'1:CO1+CO3+8(2O'2—O'3+O'1) (6)

and substituting equations (5) and (6) into equation (4) and eliminating secular terms we
have
forn=1,

2iw ({1 Ay + AY) — 3 fisArexplieo, + 01 — 03)To) + Z %e1jA;A ;A4
=1

J
+ Q14 AT explico, To) + Q2 A1 A3 Azexp{ic(os — 02) To}
+ Q3A§1‘T3 €Xp{i8(20'2 — 0'3) To} = 0 (7)

for n =2,

2i())2(€2A2 + Alz) — %fZZZZ exp{if‘:()—l To} + Z OCerAj/IjAZ + Q4A? eXp{ — iSUzTo}
j=1

j=

+ Q5A3Z% exp{— ie(o3 — 05) To} + Q6A1A5A4; exp{is(a3 — 20,) To} =0 ()
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for n =3,

2iw3 ({345 + A5) — 3 f31 A, explieRo, + 01 — 03) To} + Z %e3jA;A A3
=1

J

=+ Q7A2A% eXp{iS(O'Z — 03) T()} + QSAE/TI exp{i8(20'2 — 0'3) T()} = 0 (9)
for n > 4,
2iwn(CnAn + A;l) + Z aenjAj/TjAn = 05 (10)
j=1

where a prime denotes the derivative with respect to T ;. Since the higher modes (n > 4) are
neither directly excited by external excitation nor indirectly excited by internal resonances,
it can be shown from equation (10) that the response amplitudes of these modes die out due
to the presence of damping. Letting 4, = 3a,(T;)exp{if,(T,)} (where a, and f, are real) in
equations (7-9) and then separating into real and imaginary parts, one obtains

201(1ay + ay) — 3 fizazsin(yy + 93) + 3Q atay sin(3y; — 7,)

+3Qaa1axa38i0(2y1 + 72 — 73) + 2Q3a3azsin(y; — 2y, + 73) =0, (11a)
2w1a1 ()t — Ger) — 3f13a3€08(p1 + 73) + 3Q1ataz cos(3y; — 72)

+305a1a5a5c08(2p; + 73 — 3) + §Q3a3a3cos(py — 275 + 73)

3
+ Y pyjara; =0, (11b)
i=t

2w, (82a; + ds) — 3 f22a5810(27,) + 5Q4a3 sin(y, — 374)

+30Qsasaisin(2y; + y; — 73)

+3Qsa1aza38in(2y; — 91 — 73) =0, (11c)
20205 (Ys — Ge2) — 3f2202 €08(272) + §Q4a7 cos(y, — 371)

+ 50sa3a7 cos(2y; + 72 — 73) + §Q6a1a,a3¢08(2y; — 1 — 73)
3

+ Z aezjazajz = 0, (lld)
j=1

j
205((3as + d5) — 3 f31aq8in(y; + p3) + 1Qa,a7 sin(ys — 9, — 2y4)

+ 2Qgaza; sin(y; + 73 — 27,) =0, (11e)
3
203a3(ys — 0.3) — 3 f31a1 cos(yy + 73) + Z Ofesjasajg + 207a,a7i cos(ys — y, — 271)
=1

j=

+ 3Qsa3a; cos(y; + 73 — 272) =0, (11f)
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where
= —But 0uT1, 0o =(02+050,)/3,
Gor = 0501, 0,3=—03+(5/3)a, + (5/6)0;.

The above equations are known as the reduced equations. For steady state, a; = y; = 0,
i =1,2,3. Thus, we have a set of non-linear algebraic equations which is solved numerically
to obtain the fixed-point response of the system. The first order solution of the system can
be given by

U, = a,Ccos{(w, + €00,)T — Y, (12)

2.3. STABILITY EQUATIONS OF STEADY STATE RESPONSE

By directly perturbing the reduced equations, one can study the stability of the non-trivial
steady state solution. But, as the reduced equations (11) have the coupled terms a,y,
(n =1, 2, 3), the perturbed equations will not contain the perturbations 4y; (i = 1, 2, 3) for
trivial solutions and hence the stability of the trivial state cannot be studied by directly
perturbing equation (11). To circumvent this difficulty, normalization method is adopted by
introducing the transformation

Di = a;COSY;, gi=a;siny;, i=1,2,3 (13)

into equation (11). Carrying out trigonometric manipulations, one arrives at the following
normalized reduced equations or the Cartesian form of modulation equations.

/ 1 3
201(py + {1p1 + Ge1q1) — §f13Q3 2 Y %1;41(p; + 47)
i=1
1 ) ) 1
+ I Q1(2p1q1p2 — P42 + 41492) + P Q2{p3(q1P2 + P142) + q43(q19> — p1p2)}
1 2 2
+ 2 03{q93(p2 — 43) — 2p2q2p3} =0, (14a)
’ 1 1 > 2 2
201(q7 + {191 — Ge1p1) — 5f13p3 + a Y api(pi + q7)
i=1
1 ) N 2 1
+ 2 Q1{2p1919> + p2(p1 — q1)} + ! Q2{p3(P1p2 — 41492) + 43(P1d2 + q1p2)}
1 2 2
+ 2 03{p3(p3 — q2) + 2p2q2p3} =0, (14b)
1 3
205(p5 + (ops + 00205) — Efzth 2 Z 062,"12(1712 + 5112)
i=1
1 2 2 1 It 2
2 04{q:3p1 — q7)} + ! 0s{2p1p3q1 — 95(p1 — q1)}

1
+ 2 Q6{P3(P1d2 — P241) — 43(P1p2 + 4142)} =0, (14c)
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, 1 12
2m5(q> + {502 — 0e2p2) — ifzzpz + 2 Z o2;P2(p; + 47)
i=1

1 1
+3 Q4{p1(pi —3q1)} + 195 (2p1a145 + ps(pt — 43)}
Lo
+ 2 Q6{Ps(P1p2 + 9192) + a43(P1d2 — q1p2)} =0, (14d)
/ 1 > 2 2
2w3(p5 + {3p3 + 0.3q3) — 5f31¢11 2 Z o3;q3(pj + 47)
i=1
1 2 2 1 2 2
2 Q7{CI2(I71 —q7) + 2P1P2Q1} + 4 Qs {Ch(Pz —q3) — 2P1P2Q2} =0, (14e)
’ 1 1 > 2 2
2w3(q5 + {393 — 0.3p3) — §f31p1 + I Z o3;p3(p; + q7)
i=1

1 1
+3 0-{p2(p1 — 41) — 2p19142} + 2 Qs {p1(p3 — 43) + 2q1p2q.} = 0. (14f)

Now perturbing the above equations, one obtains

{4p}, Aqh, Aps, Aqh, Aps, Aqs}" = [J1{4p1., Aqy, Aps, Aqs, Aps, Aqs}7, (15)

where T is the transpose and [J.] is the Jacobian matrix whose eigenvalues will determine
the stability and bifurcation of the system. The stability boundary of the linear system (i.e.,
the trivial state) can be obtained from the eigenvalues of the matrix [J.] by letting
pi=¢q;i=0,i=1,2,3.

The first order solution of the system in terms of p;, g; (i = 1, 2, 3) can be written as

Uy = pCOS@W(T + ¢4 Sin 047, (16a)

Uy = p>c0s3dT + ¢, sin 37, (16b)

Uz = p3COSSmT + g3 Sin ST, (16c)
where

@, = oy + &g, + 0:55,)/6. (17)

3. NUMERICAL RESULTS AND DISCUSSIONS

From equations (12) and (16), it may be noted that for steady state, the response
frequencies for the first three modes are exactly in the ratio 1:3:5 irrespective of the
frequency of external excitation ¢ and are independent of the detuning parameter o .

Before finding the non-linear response of the system with principal parametric resonance
of second mode, it is essential to determine the trivial state stability boundary as it predicts
the bifurcation parameters at which the equilibrium state of the beam becomes unstable.
Figure 2 shows the trivial state stability boundary of the system with ¢ = 4-2, § = 0-24 and
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Figure 2. Trivial state stability boundary with 1:3:5 internal resonance for (1) v = 0-001, (2) v =20, (3) v =5,
(4) v =10, (5) v = 20.

J = 0-12233. For low values of damping and forcing parameter (curve 1), the critical points
are clearly observed near ¢ = 2w, and w; + w3. Here, two zones of instability are observed
for low values of I' and with increase in I, these regions merge to form a single unstable
region. Curves 2-5 in this figure depict the trivial state instability regions for v = 2, 5, 10,
and 20 respectively. One may note that with a moderate increase in damping, the unstable
region remains almost unaltered and with very high values of v (e.g., v = 20) not only the
width of the unstable region decreases but also the threshold value of instability increases,
resulting in the improvement of the stability of the trivial state. For a small change in I', the
increase in the width of the unstable region in this case is much higher than that of
the principal parametric resonance of the first mode with two- [11] and three-mode [28]
interactions. Since the system may have stable non-trivial (n-t) fixed-point, periodic,
quasi-periodic or even chaotic responses inside this trivial state unstable region, an attempt
has been made to explore the possibility of the existence of these responses and study their
bifurcation and stability for a wide range of values of the control parameters.

The fixed-point response is obtained by solving numerically the reduced equations (11)
and its stability is determined by studying the eigenvalues of the Jacobian matrix J,. Solid
and dotted lines in the response curves, respectively, represent the stable and unstable
branches. Figure 3 shows the frequency response curve for I' = 1, v = 5:0. The trivial state
loses its stability by two subcritical pitchfork bifurcations (PFBs) (¢ = 6:06 and 6-41).
The entire frequency range can be divided into three zones, the first zone being left to the
unstable region and the third zone to the right of the unstable one. The unstable region of
the trivial branch is the second zone. While in the third zone the response is purely trivial, in
the first zone the system has many unstable branches with a stable non-trivial (n-t) and
trivial branch. Also, in the first zone, the first- and third-mode fixed-point responses are
quenched while that of second mode increases with a decrease in the frequency of external
excitation ¢. When one increases the frequency ¢ across the subcritical PFB at ¢p = 6:06 or
decreases ¢ across the subcritical PFB at ¢p = 6-41, blue sky catastrophe will be observed in
the system, as it is attracted by a strange attractor toward a stable fixed point at infinity due
to the absence of any deterministic stable attractor in the near vicinity. The n-t stable
branch in the first zone loses its stability by subcritical Hopf bifurcation (HB) (¢ = 6:03) so
that the response may jump down from the stable n-t branch to the stable trivial state which
becomes unstable at the subcritical PFB(¢p = 6:06).
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With decrease in damping [e.g., v = 2, Figure 3(b)], while the number of unstable n-t
branches increases, that of the stable n-t branches remains unchanged. Also, there is no
change in the trivial state PFB points (¢ = 6:06 and 6-41), but n-t stable branch becomes
unstable at ¢ = 6:01. Hence, with an increase in damping, though the improvement of trivial
state stability is marginal, that of the n-t state stability is remarkable.

For low values of I', Figure 4(a) (I' = 0-075, v = 2) shows only the second-mode frequency
response curve as the first- and third-mode stable fixed-point responses are quenched and

56 58 6-0 62 64 66 68 70

56 58 6-0 62 64 66 6-8 70
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0 T T Lo e I T T
56 58 6-0 62 64 66 6-8 70
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Figure 3. (a) Frequency response curve for I' = 1:0, v = 5; quenching of the first- and third-mode stable fixed
point response. (b) Frequency response curve for I' = 1-0, v = 2.
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Figure 3. Continued.

the bifurcation points for all the three modes are identical. Here the trivial state has
alternate stable and unstable regions with bifurcation points of subcritical PFB (¢ = 6:22),
supercritical PFB (¢ = 6:235), and supercritical HBPs at ¢ = 6:27 and 6:28. These two
HBPs act as the global origins for the periodic responses. One may note that the n-t branch
emanating from the supercritical BP is stable and hence, unlike the previous case (Figure 3),
here the trajectory will not escape to infinity, but the system will suffer a jump-up
phenomena at the subcritical PFB (¢ = 6-22).
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Figure 4. Frequency response curves for second mode with (a) I' = 0075, v=2; (b) ' =02, v = 5.

With further increase in v or decrease in I', the system will have only the trivial response
when the control parameter crosses the threshold value of the trivial state stability. For
example, when I' = 0-0075 and v =15, the system has only a trivial stable branch.
Figure 4(b) shows the frequency response of the second mode for I' = 0-2, v = 5, which is
topologically equivalent to that of Figure 4(a). Here, the bifurcations occur at ¢ = 6-21
(subcritical PFB), 6-25 (supercritical PFB) and at 6-26 and 6-29 (supercritical HBPs). From
Figures 3 and 4, it may be noted that with an increase in I', for the same value of v, the trivial
unstable zones merge and the stable n-t branch becomes unstable by subcritical HB. For high
values of I' [e.g., I' = 2'5 (figure not shown)], this n-t branch becomes unstable between two
subcritical HBPs.

As topologically equivalent response curves are obtained with variation in the control
parameters, it is important to note the change of the bifurcation points with the control
parameters so as to avoid the system failure. Figure 5 shows the bifurcation diagram for
v =15 where curves 1, 2, 3 and 4 are, respectively, the set of n-t HBP, trivial PFB,
supercritical n-t HBP and trivial PFB points. It may be noted that bistability region exists to
the left of curves 1 and 2, respectively, for the values of control parameters above and below
their point of intersection (O). Hence, one may observe jump-up from the trivial state to the
n-t stable branch for values of control parameters below O and jump-down from the n-t
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Figure 5. Bifurcation set for v = 5. Lines 1: n-t subcritical HBP, 2: trivial subcritical PFB, 3: n-t supercritical
HBP and 4: trivial supercritical HBP/PFB, C-chaotic, p-periodic, h-supercritical HBPs.

stable branch to the trivial stable branch for the values control parameters above O. While
for lower values of I', curve 4 is the set of supercritical HBPs, when it meets curve 3 the set of
subcritical HBPs, it becomes supercritical PFB. Hence, one should not operate the system
with the values of the control parameters, lying in the shaded area between curves 2 and 3, as
the response is chaotic in this zone.

The variation of the periodic responses with I' and ¢ having global origin at the
supercritical HBP for v = 2 is shown in Figure 6. While orbit 1 is drawn for ¢ = 6-270 and
I' =02, orbits 2-4 are plotted for I' = 0-075 with increasing values of ¢. Orbits 1 and
2 indicate that, for a higher value of I', the periodic response created near the supercritical
HBP has a higher response amplitude. It is observed that the periodic orbits created at the
supercritical HBP (e.g., ¢ = 6:270, orbit 1) decrease with increase in ¢ and disappear at
the other supercritical HBP (¢ = 6-28). With increase in ¢ (curves 2-4), the response
amplitude decreases and the second-mode periodic orbit gets deformed before it disappears
at the other supercritical HBP. Though the system undergoes simultaneous resonances of
principal parametric of second-mode and combination parametric of w; + ws, the
amplitude of the second-mode periodic response is negligible in comparison to those of
the first and third modes. This is due to the fact that ¢, in this case, is closer to w; + w5 than
to 2w,; although the difference of frequencies in these two cases in marginal. Along with
these periodic responses, where the system oscillates about the unstable trivial state, there
exists another set of periodic responses (Figure 7) where the second-mode response does not
oscillate about the trivial state.

As damping increases, these periodic responses disappear when the associated frequency
of external excitation falls in the stable zone marked by the trivial state stability boundary.
But, with decrease in damping, the system response may be chaotic depending on the
amplitude of external excitation I'.

Figure 8 shows the response obtained by the numerical integration of the temporal
equation of motion for different values of ¢ with I' =1 and v = 2. The time responses
Figure 8(a, b) are plotted, respectively, for ¢ =55 and 6'5. Both perturbation result
(Figure 3) and numerical integration of the temporal equation indicate the presence of the
stable trivial fixed-point response. In Figure 8(c), the time response shows the presence of
unstable fixed point at ¢ = 6:225. For the same physical parameters as in Figure §(c), with
another set of initial conditions, the system response is found to be chaotic. Figure §(d)
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Figure 6. Variation of periodic responses with ¢ and I" near supercritical HBP. (1) ¢ =627, v=2, T =02;
I'=0075v=2:(2) ¢ = 6274, (3) ¢ = 6278, (4) ¢ = 6:279.

shows the Poincaré section of this chaotic response. This shows that the prediction of the
perturbation results (Figures 2 and 3) are in good agreement with the numerical integration
of temporal equation of motion.

Figure 9 shows the time response which consists of laminar stretches of pseudo-
quasiperiodic oscillations with interruptions in the form of chaotic bursts for ¢ = 63,
I' =02 and v = 2. This type of transition to chaos, commonly known as the type II
intermittency [17], occurred due to the presence of subcritical Hopf bifurcation in the
fixed-point response. With decrease in ¢, the periodic response shown in Figure 10(a, b) for
I' =05, ¢ =622, v="7 becomes chaotic by the type II intermittency route to chaos. From
the time response (c-e) it is evident that the chaotic outburst irregularly erupts from and
returns to or revisits the original periodic response. The phase portraits of this chaotic
response is shown in Figure 11 which indicate the chaotic bursts shuttle between the
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Figure 7. Periodic responses with I' = 0-075, v = 2: (1) ¢ = 6277, (2) ¢ = 6:278.

unstable non-trivial and trivial fixed points. One may observe that the chaotic outburst is
more frequent in this case than the previous one (Figure 9). Hence with an increase in I” the
system becomes more chaotic. Also, the maximum value of the Lyapunov exponents is
found to be positive characterizing the response to be chaotic (Figure 8(d)-11).

4. CONCLUSIONS

The non-linear dynamics of a slender beam carrying a lumped mass subjected to a base
excitation is studied for principal parametric resonance of second mode which is
simultaneously resonated by combination resonance (w; + ws3) due to the presence of
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Figure 8. Time spectra and Poincaré section obtained from the numerical integration of the temporal equation
of motion with I' =1, v = 2; (a) ¢ = 55, (b) ¢ = 65, (c, d) ¢ = 6:225.

internal resonance of 1:3:5. Though for lower values of I', distinct zones of instability are
observed in the trivial state, with increase in I, these zones merged to form a single unstable
zone with sub- and supercritical pitchfork bifurcations at the ends. The first- and
third-mode stable responses are quenched while that of the second mode increases with
decrease in the frequency of external excitation. The bifurcations in the non-trivial fixed
point branch are subcritical Hopf types. Periodic responses are observed only for lower
values of I" near the unstable zone at w; + ws;. With other parameters fixed, a decrease in
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Figure 10. (a, b) Phase portrait and time spectra showing the periodic response with I' = 0-5, ¢ = 622, v = 7.
(c-e) Time spectra showing periodic-chaotic transition via type Il intermittency with ¢ =62, ' =05, v ="7.
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3

Figure 11. Phase portrait showing the chaotic burst shuttle between the unstable trivial and non-trivial fixed
points.

¢ or an increase in I makes the periodic response chaotic through an intermittency route to
chaos of type II. The numerical integration of the original temporal differential equation are
in good agreement with the perturbation results. The bifurcation set is plotted so that one
can visualize the safe zone to avoid a catastrophic failure of the system. Poincaré section
and Lyapunov exponents are obtained to verify the chaotic response.
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APPENDIX A

The expressions for the terms Q, are given by

Q1 =0i12 + a1 + 0311 + 01211 — ©10:(Bia1 + Bir2)
— {0 (311 + 7i21) + ©3112),

Q> = ias + a3z + 0313 + sy + 0512 + A3z
— 0105(f312 + B3z1) + 0103(Bis1 + B213)
+ 0,03(B123 + Pr32) — 01 (Y321 + v331)
— 3(P1a2 + ¥312) — ©3(123 + 213)}s

Q3 = thpz + thsz + thoz — 03322 + ©105(B323 + B332)
— {03 (13232 + 7322) + 03323},

Q4 =oiy — 0i (Bl + v

Qs = o311 + ais1 + 0113 — 01311 + 0105(B131 + firs)
— {01311 + 7131) + 03113},

Q6 = 0312 + Ai32 + 0321 + U123 + U313 + 033
+ 010:(f312 + B321) — 0103(B331 + B313)
+ 003(B123 + B32) — 01 (7321 + 1331)
— 031132 + ¥312) — 030123 + V313))

Q7 =ai1a+ a1 + W11 + 01311 — 010:(f121 + Bii2)
— {01311 +7121) + 0312}

Qs = 0321 + W12 + 0122
—0if311 + 010:(Bi21 + Bii2)
— {01311 + 71210 + 0312

where o5, P Vim have the same definition as in the Appendix of reference [13].
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APPENDIX B: NOMENCLATURE

response amplitude of the nth mode

coefficient of damping

position of the attached element from the base (Figure 1)

Young’s modulus of the beam material

forcing parameter in nth mode due to interaction of the mth mode
acceleration due to gravity

moment of inertia of the beam section

non-dimensional moment of inertia of the attached mass about its centroidal axis
perpendicular to X-Y plane

moment of inertia of the attached mass about its centroidal axis perpendicular to X-Y
plane

length of the beam

mass of the attached element

scaling factor

reference variable along the beam

time

time modulation of the nth mode

lateral displacement of the beam

vertical base excitation

amplitude of base excitation in mm

reference amplitude of base excitation in mm

non-dimensional time

non-dimensional frequency of external excitation

shape function of the nth linear mode

non-dimensional frequency of the nth mode

frequency of the external excitation

a( )/ot

a( )/os

a( ot



	1. INTRODUCTION
	2. ANALYSIS
	Figure 1

	3. NUMERICAL RESULTS AND DISCUSSIONS
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

	4. CONCLUSIONS
	Figure 8
	Figure 9
	Figure 10
	Figure 11

	REFERENCES
	APPENDIX A
	APPENDIX B: NOMENCLATURE

