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The present work investigates the dynamics of a class of two-degree-of-freedom oscillators
with cubic non-linearity in the restoring forces. These oscillators are under the action of an
external load including constant and harmonic components. Initially, a perturbation
analysis is applied to the equations of motion, demonstrating the effect of the asymmetry
induced by the constant loading component on the classical 1:1 and 1:3 internal
resonances, as well as on the possibility of the appearance of a first order 1:2 internal
resonance. Next, sets of slow-flow equations governing the amplitudes and phases of
vibration are derived for the special case of no internal resonance and for the most
complicated case corresponding to 1:1 internal resonance. The analytical findings are then
complemented by numerical results, obtained by examining the dynamics of
a two-degree-of-freedom mechanical system. First, the effect of certain system parameters on
the existence and stability of constant and periodic solutions of the slow-flow equations is
illustrated by presenting a sequence of response diagrams. Finally, the dynamics of the
system used as an example is investigated further by direct integration of the slow-flow
equations. This shows the existence of a period-doubling sequence culminating into
a continual interchange between quasiperiodic and chaotic response. It also demonstrates
a new transition scenario from phase-locked to phase-entrained and drift response.

© 2000 Academic Press

1. INTRODUCTION

The response of mechanical systems with asymmetric stiffness and damping properties has
been examined in a large number of previous investigations (e.g. references [1-5]). In
particular, for multiple-degree-of-freedom dynamical systems with non-linear
characteristics, one of the strongest effects is the appearance of a first order 1:2 internal
resonance. On the other hand, non-linear systems with symmetric characteristics exhibit
1:1 and 1:3 resonances to first order [4-12]. Occasionally, they can also present
asymmetric response due to symmetry-breaking bifurcations [10-13]. Moreover, besides
the asymmetry in the constitutive properties, response asymmetry arises frequently in
symmetric non-linear systems due to the presence of a constant component in the external
loading [4].

The main objective of the present study is to investigate the effects of a load-induced
asymmetry on the dynamics of a general class of mechanical systems with symmetric
non-linearities in their restoring forces. More specifically, the dynamical systems examined
are represented by a set of two coupled equations of motion. These equations are weakly
non-linear and as a consequence, approximate analytical solutions can be obtained by
applying suitable singular perturbation methodologies [4, 137]. Here the emphasis is placed
on cases where conditions of primary external resonance are satisfied. Under such
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conditions, different sets of slow-flow equations are derived for the amplitudes and phases of
vibration arising in the case of no internal resonance and when 1:1 internal resonance is
activated.

The dynamical system examined is presented in the following section in a quite general
weakly non-linear form. Approximate analytical solutions are then obtained for the case of
primary external resonance. Namely, sets of slow-flow equations are first derived for the
amplitudes and phases of vibration by applying the method of multiple time scales. The
simplest form of these equations appears in the case of no internal resonance. On the other
hand, the most complex situation arises when conditions of 1:1 internal resonance are
fulfilled. These cases are examined separately in sections 3 and 4 respectively. In section 5,
an example of a mechanical system is introduced and its equations of motion are presented
in the normalized form analyzed in the previous sections. Section 6 presents characteristic
numerical results in the form of response diagrams, including constant and periodic
solutions of the slow-flow equations. These results are accompanied with results obtained
by direct integration of the slow-flow equations, demonstrating the existence of more
complicated motions of the system, including a period-doubling sequence leading to chaos.
They also illustrate a transition from phase-locked to phase-entrained and drift response.
The final section summarizes the highlights of the study.

2. EQUATIONS OF MOTION — PERTURBATION ANALYSIS

The equations of motion for the class of dynamical systems examined in the study can be
presented in the following normalized canonical form:

i, + Oty + (01 1y F Cualls + Pprliy + PuaUiils + PustigUs + Ppali3)
= 2fuo + 2¢fu1 c08(Q21t — 0,1) + 2¢f,5 cos (2,1 — 0,,) (1)

with n =1, 2 and |¢|« 1. Besides the linear terms, these equations include weak cubic
non-linearities in the restoring forces. In addition, the external forcing includes constant and
harmonic components. The latter are multiplied by the small parameter ¢, because this
study will focus on the principal external resonances of the system. Thus, it will be assumed
in the following that the forcing frequencies satisfy the resonance conditions

Q,=w, + &g, )

The classical multiple time scales method is then applied in order to determine approximate
solutions of the equations examined with the form

u, (ta 8) = Uyo (T0> Tl) + Uy (‘[’-07 Tl) + 0(82)5 (3)

where 1o = t and 7, = &t [4]. Substituting the asymptotic expansion (3) into the equations
of motion (1) and collecting the zero and first order terms in ¢ yields the following linear
equations:

D%uno + Cl)ﬁ unO = 2ana (4)
D3y + O ttyy = 21 €08 (2170 — 0n1) + 2£,2€08(Q27¢ — 0,2) — 2D D tno
— (01 Dottyo + 02 Dolizg + Puitiio + Puatiiol20 + VYuallioU30 + Vualizo)s (5)

respectively, with D,, = d/0t,. For analytical convenience, the solution of equation (4) is
first expressed in the complex form

Upo = [hn + An(‘cl) en] + cc, (6)
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where cc denotes the complex conjugate of the preceding terms, while
h, = f,0/®w} and e, = e,
Then substitution of u,, from equation (6) into equation (5) leads to the following equation:
Dy + wpthyy = f1 €77 ") ey + fp €7 " 02) ey — 2iw, Are, — im0, Arey — w504, A5,
— yu1 [Aje] + 6hy ATel + 3(AT A, + 4hiA;)e; + 6hy A Ay + 4h3]
— a2 [A3Asele, + AT A ele, + 2hyAel + 4h A Ase e, + dh A Ase 6,
+ 8hihyAje; + (2A; A1 A, + 4hiAs)e, + 2h,A Ay + 4hth,]
— pus[A3A e3e; + A3 A 38, + 2hyA3e5 + 4hy A1 Asere; + 4hy A A 6,8,
+ 8hihyAse, + (2A, A, Ay + 4h3A4,)ey + 2h A A, + 4h3hy]
— yaa[A3e3 4+ 6hyA3e3 + 3(A5 4, + 4h3A,)e, + 6h,A, A, + 4h3] + ce.
(7

By a simple inspection of the right-hand side of the last equation it is clearly seen that the
presence of the constant forcing terms f,,, (or, equivalently, h,) affects the terms giving rise to
1:1 internal resonance. This resonance is typical and together with the 1:3 internal
resonances, they are expected to occur to first order in systems with symmetric
non-linearities [4-12]. However, the system can also exhibit 1:2 internal resonance entirely
due to the presence of the constant forcing components. If these components are removed,
the 1:1 and 1:3 internal resonances can still exist while the occurrence of the 1:2 internal
resonance becomes impossible. These observations are analyzed and discussed further in
the following two sections.

3. ANALYSIS OF SYSTEMS WITH NO INTERNAL RESONANCE

For the simplest case, where the system examined exhibits no internal resonance,
application of standard procedures in equation (7) yields the following set of solvability
conditions:

iw; (247 + g1 Ay) = f11 €070 — 3y (414, + 4hiA,)

— 8y12hihy Ay — 7132 A145 4,5 + 4h3A,), ()
1w, (245 + tz2A,) = fr, @7~ %2 — 3y,, (434, + 4h3 A5)
— 8y23hihyAy — 722 (2A145 A, + 4hiAy). )

The overbars indicate complex conjugate quantities, while the primes denote differentiation
with respect to the slow time 7;. As usual, expressing the solution amplitudes in the polar
form

An(Tl) = %(xn (Tl)eiﬁ"(rl)a (10)

substituting in the solvability conditions (8), (9) and separating the real from the imaginary
parts of the resulting relations, leads to a set of slow-flow equations with the following form:

’ . ’ 3 2
oy = — 0y + fysinyy, 1Y) = €0y — €307 — Ca0005 + frcosyy, (11, 12)

’ : ’ 3 2
0y = — €10y + f58in ), 0pY2 = €y — €303 — €400 + f2c08y,, (13, 14)
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where
Vn(fl) = 0,71 — ﬂn(rl) - an (15)
and
o 1 3 ]
¢ == ¢y =01 —— (@p12hihy + 6y11hT + 2913 h3), C3 =£, C4=&,
2 w1 8w, 44
o 1 3
ey = 22 ey =0y —— (4923h1hy + 67,403 + 2y,,h7), e; = /24’ €4 = &,
2 W, 8w, 4,
f1 :&» f2 :@~
Wy (0F)

The system of first order autonomous ordinary differential equations (11)—(14) governs
the amplitudes and phases of the approximate solutions expressed by equation (3). Note
that if (o, o5, 71, 72) is a solution of these equations, then it is easy to verify that

(— oy, 02, 71 £ 7, 72), (otg, — 02, Y1, 72 £ @) and (—oy, — 0,71 £ 7,9, £ 1)

are also solutions. Moreover, combination of relations (2), (6), (10) and (15) with equation (3)
shows that the corresponding solutions of the original equations of motion (1) appear in the
form

un(t) = 2hn + o, COS (Qn‘CO - gnn - Vn) + 0(8) (16)

The above results demonstrate that the constant forcing terms affect the system dynamics
only through the terms ¢, and e,. Also, coupling between the subset of equations (11) and
(12) with the subset of equations (13) and (14) is provided through the coefficients y,3 and
72, only. If these coefficients are zero, the dynamics are essentially reduced to those
exhibited by a single-degree-of-freedom Duffing oscillator (see reference [4]). Similar results
are also obtained for the special forcing cases with f; =0 or f, = 0. For instance, in the
latter case (or, alternatively, when Q, is not close to w,), equation (13) implies that o, — 0,
provided that the damping parameter o,, is positive. Consequently, equation (12) is
replaced by

o)) = €204 — €303 + f1 COS Y (17)

which together with equation (11) forms a set of slow-flow equations similar to that
presented in Appendix A for the single-degree-of-freedom Duffing oscillator subjected to
constant and harmonic loading. The main difference is that the term ¢, continues to depend
on both hy and h,.

Among the possible solutions of equations (11)-(14), constant solutions are expected
to play a dominant role. In order to capture such solutions, all the time deriva-
tives on the left-hand side of these equations are set equal to zero. This leads to a
system of four algebraic equations for the unknown amplitudes (o;0, &20) and
phases (710, 720) of these motions. The first two of them are linear in sin y,, and cos y, with
form

. 3 2
fisinyo =cio9 and ficosyio = — Ca0ty0 + €300 + C40l10%20- (18)
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Likewise, the other two equations can be put in the form
fasinyy =egayo and 208720 = — extta0 + €3030 + €4020%70. (19)
Squaring and adding both sides of equations (18a) and (18b) results in
3090 + 2¢30407 0030 + cGuion3o — 2¢2€3000 — 262¢4%5 0030 + (¢ + ¢3)aio —f1=0.  (20)
Similar manipulation of equations (19a) and (19b) yields
3050 + 2e3e407 0050 + €4uiots0 — 2e2e3050 — 2e,e4050030 + (€7 + €3) 050 —f3 = 0. (21)

Equations (20) and (21) represent a set of two algebraic equations for the two unknowns
x; = af, and x, = a3,. Numerical solution of this system determines the amplitudes of
vibration o and a,4. Then, the corresponding phases y;, and y,, are evaluated by simple
back substitution in equations (18) and (19). Finally, the stability properties of these
motions are determined by applying the classical method of linearization [4].

4. DYNAMICAL SYSTEMS WITH INTERNAL RESONANCE

As usual, the system dynamics becomes more involved when internal resonances are
activated. For instances, in the case of a 1:2 internal resonance with

w, = 2w, + &0,
the extra terms
—4(hyy1s + hyyi3) A1 Ay €7 and — (6hy7yy + 2hs)s,) ATe

need to be added on the right-hand side of the solvability conditions (8) and (9) respectively.
Obviously, when the mean load is zero both of these terms disappear and the occurrence of
the 1:2 internal resonances becomes impossible. On the other hand, this is not the case for
the 1:3 internal resonance, which occurs when the frequency condition

W, =3w; + €0
is fulfilled. In this case the extra terms
—912434,e°% and  —y,,Aje i

need to be included in the solvability conditions (8) and (9). In fact, both of these terms do
not depend at all on the constant load components.

The most complicated situation arises when the dynamical system is in a state of a 1:1
internal resonance. This occurs when the linear natural frequencies satisfy the following
condition:

W, = Wy + 0. (22)

The extra terms on the right-hand side of equation (7) that become activated under this
internal resonance condition and need to be added in the solvability conditions (8) and (9)
are

{fi2€ =0 — [0y, + p12AT + p13A1 428
+ 712 (2A1 Ay + 4h7) + 8y13hihy + 3y14 (424, + 4h3)] Ay} e
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and
{f21€ 7 %) — [iw 051 4 y22 A1 A6 7" + 3 43
+ 923 (2A, A5 4 4h3) + 89250 hy 4 395y (A1 Ay + 4h)] A} e

respectively. Then, applying a procedure similar to that presented in the previous section
leads to the following new set of slow-flow equations:

oy =10 + (1 + 3r303 + rad)o, siny + rso, cosy + Feoiq 03 sin 2y
+ q118iny; + quasin(y, + 7 + 05 — 015), (23)
Uy = Pty 4 rg0s + 2reoiad 4 (ry 4 1307 4 Fa03) 0, COSY — 50y SINY 4 reot 03 COS 2y

+q11C087Y1 + q12€08(y2 + 7 + 025 — 015), (24)

oy = S100y + (S5 4 5308 + 35403) 011 SiNY + 5500, COSY + Se02007 sin 2y
+ q228107; + gy sin(yy — 7 + 011 — 05y), (25)
0Uy)s = S0 + Sg03 — 2S60a07 — (S5 + S3007 + 54003) 004 COS Y + 55001 SINY — Sg0L2007 COS 2y

+ ¢22€087; + q21¢08(y1 —y + 011 — 021). (26)

The constants r; and s; are known functions of the system parameters, while the phases y,
are defined by equation (15) and

y =0ty — 1+ fa.

Solution of the set of equations (23)-(26) determines the amplitudes and phases of
approximate motions of the original system (1), which are expressed by equation (16) again.
Application of definition (15) in conjunction with the last expression yields the relation

y=(02—01+0)t1 +71— 2+ 011 — 0,

Based on this result, it can readily be verified that the new set of slow-flow equations
satisfies the same symmetry properties as the set of equations (11)-(14). In addition, the last
relation indicates that solutions of the set (23)-(26) with constant phases y; and y, do not
actually correspond to constant solutions, since then the phase y is varying linearly in the
slow time t,. Moreover, combination of relations (2) and (22) shows that

Q,=0Q, +¢e(0, — 0oy +0);

namely, the difference between these two frequencies is of order & which implies the
possibility of strong bearing phenomena. However, in the special case of monofrequency
excitation (i.e., when Q, = Q; = Q), which is satisfied when f;; =f>; =0or fi, =f,, =0in
the original system (1), it is easily concluded from the last expressions that

6,—01+0=0= 9=y =7, +0;; —0,,,

which converts the set of slow-flow equations (23)-(26) into an autonomous form.
Therefore, in this case, constant solutions of this set of equations, with o} = o5, =] =7y, =0
and consequently " = 0, do exist and can be determined by solving the resulting set of
algebraic equations. Also, the stability properties of these solutions can be investigated by
applying the classical method of linearization [4]. Finally, the same set of equations may
also exhibit periodic solutions. Determination of such solutions as well as of their stability
properties, requires the application of special numerical techniques [14].
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5. EXAMPLE MECHANICAL MODEL

The methodology presented in the previous sections is applied to the example mechanical
oscillator shown in Figure 1. This oscillator represents a typical half-car model,consisting of
a rigid body with mass m and centroidal mass moment of inertia I [15]. The car body is
supported by two suspensions, modelled by spring-damper elements with linear viscous
damping and Duffing-type springs. Consequently, if z, () represents the spring deformation
at each suspension (n =1, 2), the corresponding force developed has the form
CoZn + knzy + A,z3. In the cases examined, the excitation arises from harmonic road
irregularities with horizontal distribution s(y) = socos (2ny/l). Therefore, if the horizontal
velocity component of the car body is constant and equal to v, these irregularities lead to
a harmonic base excitation of the vehicle with frequency @ = 2nvy/l. Then, introducing the
dimensionless time and displacement co-ordinates of the system with the definitions

t=wt and x,(7) =z,(t)/z,

where w, and z, represent a characteristic frequency and length of the system, respectively,
its equations of motion can be put into the normalized form

Mx + Kx + fi(x, %) = f(7) 27)
with

e B 1 p _ 1 K 20 A 1
X_<xz>’ M_[—l 1]’ K_[—l/u K/ﬁu} to = g<0>

([ f1 cos(Qt — ¢y) L s Xi + X, > < X3+ Ax3 >
Py =2 3 .
i <f2 cos (@t — <p2)>’ k%) =2 <<cxz — pen/pn) T\ — g/ pu

The parameters appearing in the latter expressions are functions of the following
independent dimensionless parameters

0] cq I a a . So
Q:_a =7, = V= =7 S=—,
, = 2./ kym K= nab l b b Z,

/1123 ks, , A (&) A Mg

& = y K=-—, L=, c=—, =
ky kq 1 Cq kiz.
|<—a —>|<—b —>|
. |—>V,,

Figure 1. Mechanical model.
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For instance, { = {;+/1 + f and w. = /(1 + p)ky/m. In addition, one of the forcing

parameters § and ¢ may be eliminated by a proper choice of the characteristic length z..
Next, a suitable methodology is applied, bringing the equations of motion (27) into the
canonical form (1). This is accomplished by solving the eigenvalue problems

K—wpM)p, =0, (K'—oyM") =0
and forming the modal matrices ® = [¢p; ¢,] and ¥ = [y P,] of the right and left

eigenvectors, respectively, so that they satisfy the following bi-orthogonality conditions

1 0 wi 0
YMP =1= d Y'"K®=A=| ' . 28

[0 1} an [o wg] (28)
Then employing the co-ordinate transformation

x = @u, (29)

substituting in equation (27), premultiplying both sides of the resulting equation with ¥,
setting

C=¢l
and employing the bi-orthogonality relations (28), leads to
i+ Au+ en(u, a) =f(7) (30)

with
en(u, 1) = ¥ (®u, ®ia) and f(r) =¥ { (1) =2f, + f, (7).
In particular, the time-dependent part of the excitation vector can be set in the form

A Ji1 cos (Qt —04y)
b=z <f cos (@t — 021)>

which eventually brings equation (30) into the form of equation (1) with f, () = 0. This
corresponds to monofrequency excitation with Q, = Q; = Q. Therefore, based on
equations (16) and (29), it is concluded that a constant solution of equations (23)—(26)
corresponds to a periodic motion of the dynamical system expressed by equation (27). On
the other hand, a periodic solution of the same set of equations represents a quasiperiodic
motion of the mechanical system examined.

6. RESPONSE DIAGRAMS

This section presents numerical results obtained for the example mechanical system
introduced in the previous section. As it is clear from the form of the mass and stiffness
matrix of this system, its linear natural frequencies are functions of the parameters f3, k and
w only. Initially, it is assumed that the system is close to conditions of 1:1 internal
resonance. Figure 2 shows curves on the (u, k) plane, determined for = 1-31 and several
levels of detuning ¢a, so that frequency relation (22) is fulfilled. From these results, it is easily
observed that for given f, u and natural frequency detuning &g, this condition is satisifed for
two different values of the stiffness ratio parameter x, except for the case of the pure 1:1
internal resonance.

Next, a series of frequency-response diagrams is presented, after solving the averaged
equations (23)-(26) for constant and periodic solutions by employing AUTO [14]. First, the
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Figure 2. Curves on the (i, k) plane obtained for # = 1-31 and several frequency detuning levels.

diagrams of Figure 3 illustrate the effect of the damping parameter { on the system response.
These diagrams were obtained for different values of the damping parameter {, while the
other technical parameters were held constant. More specifically, the following set of
parameters was chosen: e = 001, A =1, u = 1-1, v = 0048, ¢ = 2 and § = 0-1. In addition,
the value of the stiffness ratio parameter x was chosen so that ¢ = 5, while the damping
ratio parameter was selected so that ¢ = ./fxu. In all cases, the broken lines represent
branches of unstable solutions, while the branches of periodic solutions are represented by
thicker lines.

The numerical results of Figure 3 demonstrate that for relatively large values of {, the
response amplitudes are quite small. As a consequence, the effect of the non-linearities
considered is not important. However, by decreasing the value of {, the gradual increase in
the solution amplitudes makes the presence of the model non-linearities progressively more
pronounced. This is marked by the classical bending of the response diagrams and the
appearance of coexisting constant and periodic solutions. In particular, Figure 3(d) shows
details in the forcing frequency range of Figure 3(c), where the branch of stable periodic
solutions terminates.

Qualitatively similar response diagrams were obtained by varying the other system
parameters. For instance, the diagrams of Figure 4 show the effect of the constant loading
parameter, expressed by g. These diagrams were determined after setting { = 0-004, for
£ = 0 (corresponding to the symmetric loading case) and ¢ = 8. Note that Figure 3(b) is also
part of the same sequence of diagrams, with ¢ = 2.

Finally, among all the parameters, the inertia parameter ¢ was found to have a dominant
effect in the natural frequency detuning of the system.This is illustrated by Figure 5, which
shows response diagrams obtained for ¢ = 1-1 and 3, leading to values of the detuning
parameter ¢ equal to 5 and 42-68 respectively. Here, the thicker lines represent constant
solutions determined by solving the set of slow-flow equations (11)-(14), which were
developed for the case of no internal resonance. Direct comparison of the results indicates
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Figure 3. Frequency-response diagram of amplitude o, for: (a) {; = 0-1, 0-03 and 0-01, (b) {; = 0-004, (c) and (d)
{; = 0-0015.

(@)

o
[\
T

-10 25 60

Figure 4. Frequency-response diagram of amplitude «; for: (a) § = 0 and (b) § = 8.

that the larger the detuning parameter g, the more accurate the predictions of the latter set
of equations become, as expected.

At all points of the frequency-response diagrams presented in this section where vertical
tangency occurs, branches of constant solutions are generated or disappear through
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Figure 5. Frequency-response diagram of amplitude «, for: (a) ¢ = 5 and (b) o = 42-68.

saddle-node bifurcations. On the other hand, branches of periodic solutions originate from
points corresponding to parameter combinations leading to a Hopf bifurcation of
a constant solution [13]. If the parameters are such that secondary bifurcations can occur
after the original Hopf bifurcation, the system may exhibit complicated and exotic
dynamics. The following section presents results for such a case.

7. DIRECT INTEGRATION OF SLOW-FLOW EQUATIONS

This section presents results obtained by direct integration of the slow-flow equations
(23)-(26) and in particular for the parameters corresponding to the response diagram of
Figure 3(d). More specifically, Figure 6 shows the projection of the system trajectories on
the (o3, a,) plane for several values of the forcing frequency near the Hopf bifurcation at
about g, = 5-17. First, the stable constant solution captured at o, = 5-16 (represented by
a dot) gives way to periodic response after the Hopf bifurcation (represented by closed
curves), as shown in Figure 6(a). With a further increase in the value of o, this response
undergoes a sequence of period doublings (Figures 6(b) and 6(c)), leading eventually to
chaotic motion (Figure 6(d)). Moreover, at some point, a sudden explosion of the original
attractor occurs, leading to a new and considerably bigger chaotic attractor (Figure 6(e)).

Due to the symmetry properties of the set of equations examined, for every solution
appearing in the first quadrant of the (ay, o,) plane, there exist three more conjugate
solutions in the remaining three quadrants of the plane, resulting from proper reflections on
the a; and a, axes. In fact, the attractors of such solutions may sometimes collide with each
other, leading to trajectories visiting two quadrants of the (x4, o,) plane (Figure 6(f)). This
was followed by forcing frequency intervals where the trajectories return entirely to a single
quadrant again (Figure 6(g)). This interchange was seen to take place repeatedly in the
present system by varying a;. Actually, for some values of 74, the trajectories were found to
visit all four quadrants of the (a4, a,) plane, as illustrated in Figure 6(h).

Similar phenomena were observed in some other recent studies, where they were related
to satisfaction of Silnikov conditions by the dynamical systems examined [12, 16, 17].
Moreover, it was first shown in reference [12] that these phenomena were associated with
certain changes in the phases of vibration. Similar and even more complicated phases
response was also detected in the present investigation. For instance, Figure 7 shows the
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Figure 6. Trajectories on the (o, o) plane at: (a) g; = 5:16, 5:18, 5-4 and 593, (b) ¢, = 5935, (¢) g, = 601,
(d) oy = 6027, (e) o, = 6:036418, (f) 6, = 6:2196, (g) o, = 6:3 and (h) o, = 6-34.
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Figure 7. Time histories of phase y, at: (a) o; = 518, (b) 0, = 6:036418, (c) 6, = 6:219445 and (d) o, = 6-2196.

characteristic changes observed in the time history of phase y,, for the parameters and the
forcing frequency interval of Figure 6. First, Figure 7(a) shows the time history at o; = 5-16
and 5-18, indicating the change from phase locked (constant) to entrained (periodic)
response,. occurring after the Hopf bifurcation [18]. Likewise, Figure 7(b) presents the
changes observed in the history of 7, at the attractor explosion presented in Figure 6(e).
After this explosion, the phase y, may occasionally develop a 2z drift (Figure 7(c)). In
addition, at the time instances where the trajectory moves to a different quadrant, a phase
drift with magnitude 7 occurs (Figure 7(d)). In accordance with the results presented in
reference [12], this is due to the symmetry property

(001, %2, 715, V2) = (%4, — 02, V1, V2 +70)

exhibited by the system examined.

For g, > 6:2196, phase y, appears to develop a continuous drift. However, within some
relatively short forcing frequency intervals, this was found to occasionally be interrupted by
intervals where the drift stops. For example, Figure 8 shows the response obtained at
g, = 6:34161. At some point, the original chaotic attractor (Figure 8(a)) is replaced quite
rapidly by a similar attractor with simpler from (Figure 8(b)). The time history of amplitude
o, within the time interval needed for the development of these trajectories is shown in
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Figure 8. Boundary crisis of o, = 6:34161: (a) trajectories of the original attractor on the (x;, o;) plane,
(b) trajectories of the new attractor on the («y, «,) plane, (c) time history of amplitude «, and (d) time history of
phase y,.

Figure 8(c), while the corresponding time history of phase y, is shown in Figure 8(d),
demonstrating the drift interruption. With a slight increase in the forcing frequency, the
attractor shape quickly regains its original complexity and phase y, exhibits a gradual
transition towards full drift again.

Finally, it should be noted that phase y; exhibits a different and simpler route to full drift;
namely, near the Hopf bifurcation at ¢; = 5-17, this phase follows exactly the same
transition pattern from locking to entrainment as phase y,. However, beginning with the
explosion of the attractor shown in Figure 6(e), the time history of phase y; was found to
develop a permanent drift (Figure 9(a)), which persisted for all the subsequent time and
values of the forcing frequency. For completeness in the presentation, the time history of
amplitude o, corresponding to the same time interval, is also shown in Figure 9(b).

8. SYNOPSIS AND CONCLUSIONS

An analysis method has been developed for investigating the effect of a load-induced
asymmetry in the response of a general class of two-degree-of-freedom dynamical systems,
with symmetric non-linearities in the restoring forces. The non-linearities are weak and this
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Figure 9. Time history of: (a) phase y; and (b) amplitude «,, at ¢; = 6:036418.

permits determination of approximate analytical solutions by applying appropriate
singular perturbation procedures. It was first shown that the presence of a constant load
component affects the classical 1:1 and 1:3 internal resonances but, more importantly, it
makes possible the appearance of 1:2 internal resonances to first order. Sets of slow-flow
equations were then derived, governing the amplitudes and phases of approximate motions
occurring in cases without internal resonance and for systems near conditions of 1:1
internal resonance.

The analysis was subsequently applied to an example mechanical system, for which
representative numerical results were obtained. These results were first presented in the
form of frequency-response diagrams and demonstrated the effect of selected system
parameters on its dynamics. In particular, a decrease in the damping level was found to lead
to a more pronounced effect of the non-linearities. This was manifested by the classical
bending of the response curves, resulting in a coexistence of stable and unstable branches of
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constant and periodic solutions. Finally, these results were complemented with results
obtained by direct integration of the slow-flow equations, revealing the existence

of

a period-doubling sequence of periodic motions, leading eventually to quasiperiodic

and chaotic solutions. Apart from the classically observed phenomena, these results
illustrate a new transition scenario from phase-locked to phase-entrained and finally drift
response.
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APPENDIX A: DUFFING OSCILLATOR UNDER PERIODIC FORCING

Application of the multiple time scales method to a weakly non-linear Duffing oscillator
with equation of motion

it + wgu + eui + pu®) = 2 fo + 2¢f; cos Qt

for |¢|« 1 and under conditions of primary external resonance, expressed by the frequency
relation

Q=wy+ e
shows that it accepts approximate analytical solution of the form
u(t) = 2h + acos(Qty — y) + O(e).

The amplitude and phase of the harmonic response component satisfy the slow-flow
equations

o = — po + fsiny, a0y = 6o — éa® + fcos?y,
where
6ph* 3 .
&:O-_ '[)) 5 é:—ﬁa f:f_l, h:f_oz
(o 8wy Wy wg§

These results are almost identical with those obtained for the case of harmonic external
excitation alone. The only effect of the constant forcing component is felt through the
modification of the detuning parameter 4.
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