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Abstract Nonlinear energy sink (NES) refers to a
lightweight nonlinear device that is attached to a pri-
mary linear or weakly nonlinear system for passive
energy localization into itself. In this paper, the dynam-
ics of 1-dof and 2-dof NES with geometrically nonlin-
ear damping is investigated. For 1-dof NES, an ana-
lytical treatment for the bifurcations is developed by
presenting a slow/fast decomposition leading to slow
flows, where a truncation damping and failure fre-
quency are reported. Existence of strongly modulated
response (SMR) is also determined. The procedures
are then partly paralleled to the investigation of 2-dof
NES for the bifurcation analysis, with particular atten-
tion paid to the effect of mass distribution between the
NES. To study the frequency response for 2-dof NES,
the periodic solutions and their stability are obtained
by incremental harmonic balance method and Floquet
theory, respectively. Poincare map and energy spectrum
are specially introduced for numerical analysis of the
systems in the neighborhood of resonance frequency,
which in turn are used to compare the efficiency of
the NESs to the application of vibration suppression.
It is demonstrated that a 2-dof NES can generate extra
SMR by adjusting its mass distribution and hence to a
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great extent reduces the undesired periodic responses
and provides with a more effective vibration absorber.

Keywords Nonlinear energy sink - Nonlinear
damping - Harmonic excitation - Incremental harmonic
balance method - Vibration suppression

1 Introduction

Effective suppression of unwanted vibrational energy
from disturbances into a main system is an important
concern in various engineering applications. One of the
popular solutions for this problem is a tuned vibration
absorber (TVA) from Frahm [1], which generally refers
to a lightweight attachment that is coupled to the main
system via viscous damping and a linear spring. The
classical TVA has been widely studied in the literature
[2-5], and itis proved to be simple and efficient, but also
has a major drawback: Namely, it can only be effective
in the neighborhood of a single frequency. There is
thus a consideration of employing a nonlinear system
for TVA, such as the nonlinear energy sink (NES) [6,7].
In fact, most of the studies show that, depending on the
application, NESs can be far more effective in vibration
suppression than linear absorbers [8—11].

As described in [6], an NES refers to a relatively
small and spatially localized nonlinear attachment,
which is attached to a primary linear or weakly non-
linear system for passive energy localization into itself.
Although looks very similar to the linear TVA, addition
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of an NES leads to essential changes in the dynamics
of the entire system. Mainly discussed from a vibra-
tion mitigation point of view, it was demonstrated that
systems with strongly nonlinear elements are able to
achieve dynamical regimes that are unavailable in com-
mon weakly nonlinear systems, and the attached NES
can react efficiently for broadband suppression unlike
the linear TVA. The conceptually new phenomenon
of targeted energy transfer (energy pumping) [12,13],
where a specific amount of energy was injected to the
main structure is transiently transferred to the NES in a
one-way irreversible fashion, was intensively demon-
strated and studied in Refs. [14—19], both analytically
and numerically. Experimental treatments of NES are
also numerous [20-22]. The effectiveness of NES can
be found in the applications to nonlinear beams [23,24],
buildings [25], space structures [26], and aeroelastic
system [27]. Moreover, given the phenomenon of tar-
geted energy transfer that NESs have shown, some
issues of using NESs for energy harvesting were also
discussed in recent investigations [28—-30].

Recent studies concerned with the effect of a NES
on nonlinear coupled systems subject to harmonic exci-
tations were performed by Gendelman et al. [31-33].
They revealed an unusual response regime exists in
the vicinity of exact 1:1 resonance as a strongly mod-
ulated regime (SMR), which can be interpreted as a
jump between the stable branches on the slow invari-
ant manifold. For the existence of SMR, the system
must be essentially nonlinear and the mass of the NES
must be much less than the mass of the primary sys-
tem. In their further study [34], an optimization of non-
linear vibration absorber was presented numerically,
through which they demonstrated that a strongly mod-
ulated regime (SMR) can provide more efficient energy
suppression than steady-state response. The SMR is
then broadly studied in various dynamical systems and
in recent literatures [35-38]. Based on its superiority
in vibration mitigation, SMR provides a new idea and
mechanism for optimal design of NESs [39,40].

Despite the fruitful achievements obtained in the
previous studies, most of them considered only the
nonlinear stiffness in the coupling between the pri-
mary structure and the NES, and the effect of damping
has not received enough attention. However, by taking
into consideration of nonlinear damping with piecewise
quadratic characteristics [41] in a system comprised
of a linear oscillator subject to harmonic excitation,
Starosvetsky and Gendelman found that the nonlinear-
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ity of damping provides a new and feasible solution to
eliminate the undesired periodic regimes near the main
resonance frequency of the system. On the other hand,
according to Andersen’s research, the presence of geo-
metrically nonlinear damping can lead to dynamical
instability [42]. Similar studies on nonlinear damping
could also be found in [43] and [44], where the energy
exchange and amplitudes decay are discussed. These
studies have confirmed without exception that the non-
linearity of damping, which is generally neglected in
most of the literature, plays a important role in these
coupled vibrating systems with an attached NES. Nev-
ertheless, their research leaves a lot of questions about
the insights for the effects of nonlinear damping on
the dynamics of coupled nonlinear systems, and more
importantly, they only considered the case of 1-dof
NES.

In light of the previous achievements and exist-
ing drawbacks, it is therefore only natural that this
paper will mainly be devoted to the dynamical behavior
of coupled systems with both nonlinear damping and
stiffness coupling elements, including the bifurcations
and strongly modulated regimes, in order to show the
effects of nonlinear damping. Particular interests will
be paid to the effect of a 2-dof NES on the response
regimes and performance of vibration suppression. The
structure of this paper is as follows: The dynamics of
a linear oscillator with a 1-dof NES is studied analyt-
ically in Sect. 2, with special focus on its bifurcations
and the existence SMR responses. Section 3 on the one
hand parallels for 2-dof NES the bifurcation analysis in
Sect. 2, while the response regimes near the resonance
frequency are investigated by the IHB method, mainly
considered the effect of mass distribution in the 2-dof
NES. Then, the applications of the proposed 1-dof and
2-dof NES to vibration suppression are presented in
Sect. 4. Section 5 is devoted to concluding remarks
and discussions.

2 Dynamics of a linear oscillator with a 1-dof NES
2.1 Problem formulation

Consider a harmonically forced linear oscillator with
an attached 1-dof NES depicted in Fig. 1. According to
Fig. 1, F = Fycos (wt) stands for the external force,
and m and m, are the mass of the linear oscillator and
the NES, respectively. The linear oscillator possesses
a linear stiffness k| and viscous damping ¢y, while the
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Fig. 1 System with a linear oscillator and an NES

NES is induced by a cubic nonlinear stiffness k> and a
geometrical nonlinear damping c;.

Setc; = 0,andlet x| and x, denote the displacement
of linear oscillator and NES, and then, the equation of
the system writes

miF| 4 kixi + c2(x) — x2)2 () — X2)
+ka(x; — x2)° = F cos (w1)
ma¥s + ca(x2 — x1)* (k2 — %1) + ka(x2 — x1)* = 0
ey

The geometrically nonlinear damping with the spe-
cific form cp(x] — xz)z()'cl — X2) in Eq. (1) was also
referred in Refs. [42-44]. Reference [42] provided a
detailed realization of this type of nonlinear damping
by two linear dampers, and for sake of convenience, its
main ideas are also presented in “Appendix A”. With-
out loss of generality, it is convenient to recast Eq. (1)
into a dimensionless form of order (1); letting ¢ = f
and defining the following variables

one has
X1+ x1 +erx) +ero(x) — xz)z()'cl — X2)
+ek(x] — x2)3 =cAcoswT
eiy + eha(x2 — x1)? (ko — £1) + ek(xa — x1)° = 0
2)
Two assumptions in Eq. (2) should be emphasized
here. Firstly, it is assumed in this system that 0 < ¢ <
1, which means the NES is lightweight compared to the
linear oscillator. Secondly, as matter of 1:1 resonance
condition, the frequency of the harmonic excitation is
assumed to be at the near neighborhood of the eigen-
frequency of the linear oscillator in the order of &',

w=1+es 3)

and make the following variable changes

U=X]+EX2,V=X] — X2 4)

Owing to its definition, u represents the mass center
motion and v represents the relative motion of between
the linear and nonlinear oscillators; hence, Eq. (2)

becomes
u—+ev

1+e

v—i—(l—i—e)kv v+ ——— utev
I+¢

+ (1 +e)kvi =¢cAcos(l +ed)t 5)

=¢cAcos(l+¢ed)t

Itis awkward to investigate directly Eq. (5); in order
to study the system analytically, we therefore need
to approximating the dynamics. A complex averaging
method is applied here, based on the work of Starosvet-
sky and Gendelman [32,35,41], by making the follow-
ing change of variables according to

1€l =i +iu, pre' =0 +iv
wl — gvle*isst’ 1/12 — (}02671'551‘ (6)

and omitting the fast terms from the resulting set of
equations, one can obtain the slow flow of the previous
system as

. ] A
¢y+hﬁW1+-—l£——(¢r—Wﬁ==%f

2(1+¢)
. . i
W2+155W2+m(1/f2—101)
1 46)a 3 (1+6)k A
$ EE Ry, OOy 2y, - 22
(7)

This equation is called the averaged flow of the sys-
tem, and the later analysis of this section will be focused
on Eq. (7).

2.2 Bifurcation analysis

Let the time derivatives of Eq. (7) to zero lead to

ie e
iedy) + ———— (Y1 — o) = -

2(1+¢)
. i
l€8w2+—2(1+8) (W2 — Y1)
1 A 37 (1 k A
+“”)Wﬂm—iLEiW|w—i

(8)
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where V¥ and 1 represent the fixed points of the sys- 4 "7 = 1.4419
tem and the solution of Eq. (8) can be expressed as 35¢ *z; - 0.28467-0.41537i
v = Yo—i(l+e)A 3 Z, = 0.28467+0.41537i
266 +26 + 1 25f Z,=1.1968
9k + A2 I Z, =0.66429
————[yal® — 3kM5yn|* < 2 2 *
16 Z,=0.15017
2¢2 2 242 15 3
+AM=5 Y|~ = M-A 9) | z, =1.0021-0.237i
with Z, =1.0021+0.237i
05r *23 =0.0070368
2e6 + 1 0 : : : :
- 0 0.5 1 15 2 2.5
266 +25+ 1 A

The second part of Eq. (9) can be simplified as

a1 Z +arZ + 37 = A? (10)
where
3ks 9k% 4 A2
Z =\ a1 =482 0= —"—, 03 = ———
[V2l”, e a2 YR T37E

and therefore, taking the derivative of Eq. (10) with
respect to Z results to

303Z° + 200 Z + a1 =0 (11)

which upon substituting into Eq. (10) and eliminating
Z give an equation of the form A = f (X, §).

According to the expression givenby A = f (A, §),
the boundary of the saddle-node bifurcation on the
[A, A] plane is plotted in Fig. 2, where the whole plane
is separated into regions of one periodic solution and
regions of three periodic solutions by the red line of
A = f (A, ). In Fig. 2, the parameters are assigned
ase = 0.1,k = 4/3,5 = 3. Figure 3 is generated by
varying the value of § , with § > O for plots in Fig. 3
and § < O for plots in Fig. 3b.

On the [A, A] plane, the saddle-node bifurcation
appears to be an ’triangle’ inside in which the sys-
tem has three fixed points. Look at the solutions that
are shown in Fig. 2 as a spot-check of the differ-
ent regions. For A = 1, A = 2, there are three real
fixed points. However, for any parameter outside of
this region,A = 1, A = 050or A =1, A = 3.5, only
one of the three periodic solutions is real.

From inspection of Fig. 3, it is obvious that the
saddle-node bifurcations for the system all have the
same shape as § varies; while the upper boundary of
the ’triangles’ is rather flat, the lower boundary could
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Fig. 2 Plot of saddle-node bifurcation on the [1, A] plane
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Fig. 3 Saddle-node bifurcation with § varies, a § > 0 and b
6 <0

be quite steep for some values of §. At § = 0, the
saddle-node bifurcation vanishes. For § > 0, with the
increase of § the area of the ’triangle’ also increases,
as a consequence, the regions of three fixed points for
a relatively wider range of excitation amplitude A for
a certain value of A. Similar conclusions are drawn in
Fig. 3b for § < 0. It should be noted from Fig. 3a,
b, that there is a threshold for the value of damping
r=A3k =23 1, beyond which the saddle-node bifur-
cation vanished, and only one real fixed point exists. We
called this value as truncation damping.

Now that the fixed points are calculated in Eq. (8),
and their stability can consequently be determined. To
do this, we need to study the perturbation motion near
the fixed points; letting

Y1 =10+ A1, Yo = Y0 + Az (12)

and inserting these variables into Eq. (7), one have

. ie
Al =—ie0A] — ——— (A1 — A
1 ied Ay 2(1+e)( 1 2)

. . ie
T = lS(SAT + m (AT — A;)
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. i
Ar = —ie8A — (A= A
2 ie 2+2(1+5)( 1 2)

3i(l+e)k
+ Yol Ar +

4
e Al +¢)
8

4
A3 = ies A% —

3i(1+e)k
— Y54

[Ya0l* Ap — VA
i
— (AT — A}
2(1 + 8) ( 1 2)
3i(l+e)k 31(1+8)k
- lezoleﬁ —
A + g)
——— ¥l 45 -
Apparently, the characteristic polynomlal of Eq.
(13) has the following form

Vi3 Ad

A(1 + 8) 1//22A2 (13)

e i sty =0 (14)

where w is the eigenvalues whose coefficients can be
calculated by MATLAB, and

Al +e)
n=—s—
3(9%2+22) (1+e)? _, 3k (1428s+28¢2)
v2= 64 Z°= 4
86262 + 4ed + 1
4

A
vy = % (48282 t4e8? 4 ded + 1) z
3¢2 (9% + A2) (268 + 28 + 1)? 2

V= 256
3e2ks (268 + 1) (288 + 28 + 1) 2
8
282
+ —(255 +1)° (15)
where Z = |1//20|2.

The occurence of Hopf bifurcation implies
n==xi2 (16)

Employing Egs. (14), (16) and separating the results
into real and imaginary parts lead to

2 -2+ =02(n2’-p)=0 a7

and then eliminating §2 in the above equation, we
deduce

Vi —yaniys 4+ yayi =0 (18)
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Fig. 4 Bifurcations for e = 0.1,k = 4/3,5 = 0.5, solid line:
Hopf bifurcation, dashed line: saddle-node bifurcation

In view of Eq. (15), MATLAB was then applied to
transform Eq. (18) into the following polynomial form
withrespectto Z in accordance with its power decrease,
and determine each coefficients v;, for

nZ?>+0Z+v3=0 (19)

and solving for z in this equation leads to

—vg:l:,/v% —4viv;

21)1

Zi1p = (20)

and plugging solutions Eq. (20) into Eq. (10), the
boundaries of stability are finally given by

a1 Zi +aZ? fazZi tas=0,i=1,2= A= f ()
21

Figure 4 depicts the bifurcation diagram for ¢ =
0.1,k = 4/3,8 = 0.5. The Hopf Bifurcation is char-
acterized as the solid curve that separates the stable
regions from unstable ones on the [A, A] plane. In cer-
tain regions, the coexistence of Hopf and saddle-node
bifurcation could also be observed.

The amplitude response of the system is shown in
Fig.5,withA = 2.25forthe plotsinFig. Saand A = 0.5
in Fig. 5b, respectively. The stability of solutions along
the curves is spot-checked for their chosen parameters
and the unstable ones are marked as stars. One can nat-
urally find that in Fig. 5a, there is only Hopf bifurca-
tion, while in Fig. 5b, both of the Hopf and saddle-node
bifurcations exist.
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Fig. 5 Amplitude response. a A = 2.25, b A = 0.5, Ny stands
for the value of ||
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Fig. 6 Frequency response, ¢ = 0.1,k =4/3,A=05,A=1

Figure 6 illustrates the frequency response for the
system in which the parameters are assigned as ¢ =
0.1,k =4/3,A» =0.5, A = 1. Near the resonance fre-
quency, the coexistence of Hopf and saddle-node bifur-
cations could be observed. More importantly, some of
the solutions with large amplitudes become unstable;
from this sense, the vibrational response of the system
is reduced by the instabilities of these solutions. How-
ever, on the left hand of the main resonance frequency,
for some values of §, the system has only one stable
periodic solution. Obviously, these periodic solutions
can lead to the failure of vibration suppression for the
system and should be avoided as much as possible. To
emphasize this phenomenon, we may called a solution
in this case as undesired solution and § the failure fre-
quency, and in Fig. 6, for example, the interval of the
failure frequency is § € [—0.75, —0.45].

2.3 Strongly modulated response

The combination of essential nonlinearity together with
the rich bifurcation phenomenon brings about a possi-
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bility of response regimes referred to Starosvetsky and
Gendelman as strongly modulated response (SMR),
which is qualitatively different from steady-state and
weakly modulated responses existing in the vicinities
of averaged flow equations in conditions of 1:1 res-
onance. The goal of this section is to determine the
frequency range for the existence of the SMR.

The two first-order equations in system (7) can be
rewritten to a second-order ODE with respect to the sin-
gle variable yr». Without confusion, we hereafter drop
the subscript of ¥, for simplicity

. d [i(+4e0) =3k A+e),
w+dt[ v+ . ww]
- g [5(1 e - (3k+zx)(18+2s+2es)|w|2] ’

_ie(1+2e8) A

- (22)

As mentioned by the assumption that 0 < ¢ < 1, it
is therefore convenient to expand Eq. (22) by means of
multiple scales approach with respect to £ according to
the substitution; hence, one have

e’ : Dy + Do 51//+ 3 Wy ) =0

1 L A—3ik,
e :2DoD1Y + Do | 2i8v% + [y

8
b (Ly 4 223k )
+ 1<21/f+ 3 (/A"
5 GA+30(1+28) o A
—§¢+ 16 Yy = 2 (23)

Considering first the order ¢° of Eq. (23), a trivial
integration gives

A —

3ik,
2 W1"y =C(t1,--) (24)

i
Doy + Elﬂ +
whose fixed points are written as

A —3ik

2 ly1*y =C (25)

i
P
or equivalently

k2 4 22 3k
—l“g 7= 27 4 7 =4 (26)
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Fig. 7 SIM projection, solid line: stable branch, dashed line:
unstable branch, arrow: jump between the stable branches

where Z = N2 = |1ﬁ|2 Taking the derivative of the
each side with respect to Z, then

2 2 2 _
16(9k +,\)z kZ+1=0 @7

with the following roots being

Zig = 1 8k 4. [k2 — 2
2= g2 | F 3
1 A2
Nip= |5 |skFa e -2
=M= g | F 3

(28)

Equation (26) was used to generate the slow invari-
ant manifold (SIM) projection on the [N, 4C?] plane
shownin Fig. 7. N1 and N> in Eq. (32) were used to plot
the fold lines of the SIM, and they define the fold lines
that correspond to the locations on the SIM at which
the trajectories of the SIM may jump between stable
branches. Note that in the triple-valued region, the left
and right are stable and the middle branch is unstable.
The SIM could be considered to be the space in which
the system response occurs on the slow time scale, and
the state of the system can move only on the SIM. When
a state moves up along the left stable branch to N, since
the instability of the middle branch, the state may jump
to the point N,, on the right branch with the same value
of C. Similarly, a state that approaches to N, may also
jump to Ng. The jump on the SIM between its stable
branches gives a fundamental mechanism of SMR.

Now, let’s study the ¢! order equation of Eq. (23);
assuming 79 — + oo, the ¢! equation can be simplified
to

pi (G + 2wy ) - 3
1{zv VIV ) -5
(ir+3) A +28) ,  iA
+ 16 Wit = (29)
letting

iA (24 3k) (1+26)

2
T I~y

r=gy+

the equation becomes

i A= 2\ 3 h=3ik H0v°
<2+ |w|) +e V=T
(30)

and taking the complex conjugate of Eq. (30) and sub-
stituting to Eq. (30), one can derive

aw B or ()n+23ik|1'[/.|2 —l) _
ot (9K +22) |yt —

A=3ik ;2
i

3kly? + 1

3D

Considering ¥ = Ne'?, the equation can then be
written as

N A 3k
=—SN>—=N?Acosh

9
2g (N) 1 2

A
+ZN2Asin9 + Acosf

90 27k% 4+ 322
28 (N) — = _EEEOM 428y N
3‘[1 16
3k 9kN A sin 6
+ S (48N
3ANAcosf o Asin@ (32)
4
where

g () == (9k2 + xz) N* —3kN? + 1

For sake of convenience, let f1 (N, 0) and f> (N, 0)
represent the right hands of the first and second equa-
tion for system (32). As the fold lines occur when
g (N) = 0, the equations are therefore can be rescaled
time by the function g (N) to the following flow with-
out singularities
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N' = fi (N,6)
6" = f2(N,0) (33)

The phase portraits for system with different param-
eters are shown Fig. 8 where the arrows denote the
direction of the trajectories with time increase. On the
lower fold line, the two folded singularities correspond-
ing to the value of 6 at which 6’ = 0 are denoted by ©
and ®; in each figure. The phase portraits only show
stable trajectories on the SIM.

In Fig. 8a, we can see that there is an interval of 8
bounded by the folded singularities for which all phase
trajectories can arrive to and jump from Njp. See also
Fig. 8b, ¢ where an attractor exists in the lower or the
upper branch, not every trajectory that starts from the
lower fold of the SIM could reach the initial interval
[®1, ©®2]; according to Ref. [41] this interval is called
the jump interval J. For those points mapped into J, the
phase trajectory jumps from a point of J to the upper
branch of the SIM, then it moves along the line of the
super-slow flow to the upper fold line, and then it jumps
back to the lower branch and moves to the lower fold
line, commencing on one of the points of the interval R
in order to enable the next jump. This fact suggests the
possible existence of SMR, and to simplify this pro-
cedure, a 1D map from J to itself can be conducted
to determine the parametric zones of existence of the
SMR.

Taking into account that C is constant, Eq. (30) can
be rewritten as

2 2
%l—zkziz - %ziz +Zin
_ 92 +,\223 3k _,

16 u,d 2 u,d + Z“vd (34)

N, = 8 k4| k? 22
YT 9k2 422 3
\
8 A2
Ny= | — | k— k2 - =— 35
d Ok2 + A2 3 (33)

In addition, according to Eq. (25), the phase angle
of the fixed point can be calculated

1 [4-3kZ7]
6 + tan ——— | =argC 36)
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Fig. 8 Phase portraits with § varying,ad = 0,b§ = -2, ¢
6 = 2.5.Rest parametersare e = 0.1,k =4/3, . =05,A =1

and then, manipulations between Egs. (35) and (36)
yield the phase angle at N, on the upper stable branch
from the jump at Ny, together with Ny on the lower
stable branch from the jump at N>, let
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Fig. 10 1D mapping by varying § from —5.85 to 2.68. a § =
—585,b8d=—2,¢8=25,d5=2.68

43k

P;
M;

and the relations then write

Ou.g =012+ tan~? |:

Pio— Py g
1+ Pi2Pua

d=1,2,u,d

] (37)

The 1D map is shown in Fig. 9. Furthermore, by
varying values of §, Fig. 10 is generated.

. 05
05
> : > 0f
0
0.5
-1
-1 0.5 0 05 1500 1600 1700 1800 1900 2000
Y, t

Fig. 11 Poincare section and time response of the linear oscil-
lator for § = 0, existence of SMR regime

X1
X2 X3

ey ks, ks

N
§ Lm m;
N [ VE

Fig. 12 System of a linear oscillator and an attached 2-dof NES

From varying 6 and observing when trajectories
from the ®; and ®; interval no longer returned, the
SMR could be found to exist in the intervals of § €
[—5.85,2.68]. Let § = 0, an example of the SMR
regime is plotted in Fig. 11, and for the effectiveness
of SMR considered from vibration suppression point
of view will be discussed in Sect. 4.

3 Dynamics of a linear oscillator with a 2-dof NES

This section parallels for 2-dof NES the development
in Sect. 2 but is far more complicated in its dynamics.
Considering first the particular condition of w = 1 (the
frequency of excitation equals to the natural frequency
of linear oscillator), the bifurcations of the system are
studied similar to that we have done in the case of 1-dof
NES. Instead of analytical treatment, an IHB method
is used for its simplicity to understand the frequency
response of the system.

3.1 Model description
The system considered in this section is depicted in
Fig. 12.

According to Fig. 12, the relations among the mass
of these oscillators could be expressed as
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my +m3 =emi,my =aemi,m3 = (1 —a)em;

(38)

and here ¢ is the ratio between the total mass of the
NES and the mass of the linear oscillator and « stands
for the mass distribution of the 2-dof NES.

Taking similarly the procedure carried in Sect. 2, one
canimmediately write the dimensionless form equation
as follows

X1+ x1 + eki(x] — x2)°
+er1(x] —x2)? (%] — x2) = €A cos (wT)
aiy + ki (x2 — x1)° + ko (x2 — x3)°
+ (2 — x)? (6 — )
+ (2 —x3)* (i — %3) =0
(1 —a)¥3 + ka(x3 — x2)?
+ 2 (x3 — x2) (k3 — 2) = 0 (39)

3.2 Analytical treatment at w = 1

Setting @ = 1 and utilizing the variable change
X +ix; = @;e'",i = 1,2,3, one consequently has
the slow dynamical flow of the system

. EP1 eA
¢1+ ?|§0u|2¢u =5
+ ae

8a

. i 1
ou =35 @1 =)+ AR

cA

R, =2
8a U TV 2

P2
loy|?py =0

L m
Yv + =P 80[|g0u|¢u+801(1—0l)
(40)

2

where
pi =Ai = 3iki, i =1,2, 0y =01 — @2, 0y = @2 — @3

Considering first the fixed points of system (40) and
letting the time derivative of Eq. (40) to zero yield

eA  &p;

7 - ?|<ﬂu|2¢u =0

14+ ae 2 i D2 5 cA
™ Piloul ou 2 (o1 — @u) 8a|§0v| o=

i p1 2 D2 2

Sy — — — =0 41

5P~ g5 11l (/Ju+8a(l_(x)|§0v| P (41)
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which finally implies the following decoupled form

) 4A
|‘pu| Oy = —
P1
pleol®
i — A
(4(1—a) +l°‘> v
pr=¢u+ (1 —a)p, —iA (42)

It can be noted that for the first equation in (42),
regardless of the parameters change, there exists only
one solution for ¢,. In addition, according to the third
equation in (42), once the value of ¢, and ¢, is uniquely
given, the value of ¢, is then also uniquely determined.
Therefore, the numbers of fixed points depend on the
numbers of roots in the second equation of (42). Rewrit-
ing the second equation of (42) gives

A3+ 9k3
16(1 — «)?

3aky

4 2 2 2
- —A =0
20 —a) lou|™ +a” @yl

lgy|®
(43)

It is not difficult to observe from Eq. (43) that the
number of solutions is only related to the second part of
the nonlinear coupling A, and k3, the mass distribution
of the NES « and the amplitude of excitation A; in other
words, the saddle-node bifurcation will also related
only to these parameters. The equation has the form

mZ+mZ* + 32> + ns=0 (44)
with Z = |, |2, and to determine the numbers of roots,
the Cardano discriminant A of Eq. (44) can be written
as

0N ’ 2\’
A= MR Y () gs)
273 6ny  m 33 9n3

and owing to the values of the discriminant: When
A > 0, Eq. (44) has only one real root, when A = 0,
Eq. (44) has three real roots and at least two of them
are equal, and when A < 0, Eq.(44) has three unequal
real roots. In this way, saddle-node bifurcation could
be found by setting A = 0.

Figure 13 shows the values of the discriminant as
function of external excitation and mass distribution of
the NES, respectively. Either the change of the mass
distribution « or the amplitude A can lead to saddle-
node bifurcation. This is totally different from the case
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Fig. 13 Values of the Cardano discriminant, as function of a the
amplitude of excitation A and b mass distribution of the NES
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Fig. 14 Saddle-node bifurcation on the [A2, A] plane

of single dof NES where there is no saddle-node bifur-
cation at w = 1.

The saddle-node bifurcation on the [A,, A] and plane
is depicted in Fig. 14. The plots shows a quite sim-
ilar shape to the case of single dof NES as a ’trian-
gle’ bounded by which there are three fixed points, and
the critical value of damping A» = +/3k could also
be found for the vanish of saddle-node bifurcation. An
interesting phenomenon is that with the increase of «
, the ’triangle’ moves up on the plane and then turns
back down after reaching the peak at « = 0.7.

Studying more precisely the effect of o on the
saddle-node bifurcation of the system, Fig. 15 shows
the bifurcation diagram on the [A2, ] plane. For the
regions bounded by the curve, there are three fixed
points and the bifurcation diagram turns out to be more
complicated than the one on the [A;, A]. The symmetric
relation for the dependence of saddle-node bifurcation
on the mass distribution o can be immediately found.
On the other hand, the whole plane can be divided into
three main regions (see the area 1, area 2 and area 3
in Fig. 15) by the two vertical line of 1, = 1.41 and

A, =
09F
081 £=0.1
k,=1.33
s 07 A=01 |
1
06} !
1
1
05 1
Area 1 1 Area2 1 Area 3
0.4 . . 1 . -
0 0.5 1 15 2 25

Fig. 15 Saddle-node bifurcation on the [A;, o] plane

Az = 2.31, and by varying the values of «, the saddle-
node bifurcation appears two times in area 1, four times
in area 2 and vanishes in area 3.

Observing the perturbation motion near the fixed
points, letting

01 = @10 + AL, o = Quo + Ay, 9u = Qo + Ay (46)

and applying these relations to Eq. (40), one have

. ep1
Ar=-- (2 luol® Au + ¢30AZ>
. ep}
Af = — Tl (2 lpuol® A% + ‘P;OMM)
: P2 :
Ay = g (2 |‘pv0|2 Ay + §050A$> + E (A1 = Au)
I +ae
- (2 louol? A + wﬁoAii)
iy = 2 (21gul? 43 + gly24 - (a7 a)
“T 8y $r0 v T 0o 2t !
I +oae
RE T
. i D1
AU = _EAU — @ (2 |(pu0|2 Au + (/),%()AZ)
P2
~Satl (2o A0 8)
i Py 2 A% 4t
p*
Rl —gp (Wl A e2) @)

and the characteristic polynomial of the above linear
system has the form

1S+’ +yut + sl a4+ s+ v =0
(48)

@ Springer



744 X. Kong et al.
1.4 1 1
0=0.6
........ we 08 0.8
€=0.1
12+ ) =05 2 06 2 06
s Z o4 Z o4
=1,
o k,=1.33 02 02
.......... 0 0
08 W e 0 0.5 1 15 0 0.5 1 15
< A A
06} (a) (b)

Fig. 16 Bifurcation diagrams, dot line: Hopf bifurcation, solid
line: saddle-node bifurcation

where w is the eigenvalues whose coefficients can be
calculated by MATLAB.

The bifurcation diagram is depicted in Fig. 16,
where the Hopf bifurcation that separates stable areas
W?* from unstable areas W" is represented by the dot
line, and the saddle-node bifurcation for this particular
parameter is plotted by the solid line. Instead of the sim-
ple curve that has shown in the case of 1-dof NES , the
Hopf bifurcation (see from the dot line) becomes rather
intricate now. The two main branches, corresponding
to high amplitude and low amplitude, can now be found
in the diagram, and the coexistence of Hopf and saddle-
node bifurcation could be found at low-amplitude area.
When the excitation amplitude increases, the system
may have several bifurcations even if there is only one
fixed point. To specify this, Fig. 17 shows two example
of the amplitude response for « = 0.6, ¢ = 0.1, k; =
ko = 1.33, 11 = 0.5. In Fig. 17a, A, = 2.5, there
is only one fixed point through A variation, while in
Fig. 17b 1, = 0.5, there could be three fixed points for
some values of A. However, in both cases, the system
can occur several times of Hopf bifurcation.

Finally, we plot the response of the system as a func-
tion of « in Fig. 18. Adjusting the mass distribution « of
the NES brings about rich response regimes, together
with ahuge influence on their amplitude. With the effect
of saddle-node and Hopf bifurcation, the number and
stability of solutions change; consequently, that is, the
interval for three fixed points is & € [0.509 0.651] U
[0.834 0.916], while the instability of these solutions
occurs for o € [0.389 0.741] U [0.834 0.916]. Note
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Fig. 17 Amplitude response for « = 0.6, ¢ = 0.1, k] = kr =
1.33, 11 =0.5,a 1, =2.5,b Xy = 0.5, Ny stands for the value
of |¢yol
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Fig. 18 Response of the system as a function of «

also that the response curve bends from both sides to
the middle and creates a dent in the middle area. This
dent, if considered from a vibration suppression point
of view, provides a effective reduction for the system
response.

3.3 Response analysis
using incremental harmonic balance method

The previous analytical treatment is carried out based
on the particular condition @ = 1; when the fre-
quency of excitation changes, the dynamics of the sys-
tem becomes rather more complicated, which in turn
brings difficulties for the analytical study of system
(39). Take this into consideration, an incremental har-
monic balance (IHB) method [45—47] is applied mainly
in this section for its simplicity in the analysis of multi-
dof oscillating system.

Making a change of variables according to t=wf,
the system becomes

0’ MX +a)C_'nX + (IE + IE',,) X = Fcost 49)
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where

o |—
—_

K = 0

A
JF=10
l—« 0 0

Let Xy, Fp, wg be a set of solution for Eq. (49), then
the first step of IHB is the incremental process, con-
sider an increment in the vicinity of Xg, Fy, wp of the
following form

X=Xo+AX, 0 =wy+ Aw, F = Fo+ AF  (50)
inserting Eq. (50) into (49) and omitting the high-order
terms yield
a)(z)l\_/[AX + a)()(_:n()AX
+ (K + 2Crowo + 3Ky0) AX
=R — (20oMX( + C,0Xo) Aw + AFcos T (51)

with

. ) M Cy — A1 C 0

Cro =Cr Xg) = | =21C1 L1C1 4+ 2202 —22Cr
0 — 02 A G

Ci = (x1 —x2) (1 — X2), C2 = (x2 — x3) (X2 — X3)

and here R is called error vector, if Xo, F_o, wq is the
precise solution of Eq. (49), and one has R = 0. Par-
ticularly, the expression of R is expressed as

R = F() COST — a)(z)MXo — a)ocnoXo - (K + I_(n()) Xo
(52)

The next step of IHB is the harmonic balance pro-
cess, and assume the solutions of system (49) can be
expressed in the form of trigonometric series

n
X = Zaki cosi— 1)t
i=1

n
+ ) biisin (2i — 1) T = DNy

i=1

n
Axp = Z Aapicos(2i — 1)t

i=1

n
+ ) Abysin (2i — 1) T = DAN, (53)
i=1

where
Ni = lakt, ar2 -+ -, kn, br1, b2, -+ - bin
ANy = [Aaky, - . ., Aakn, Abg, ... Abin]
D = (cost,cos3t,...,sint,sin3t,...)

rewriting Eq. (53) in matrix form to have
Xo = SN, AX = SAN (54)
with
N =[N N[N
AN = [ ANT ANT ANT 1"
S =dia[D,D,...D]

Substituting Eq. (54) into Eq. (51) and employing
the following relation

2
/ S(AX)T [@3MAX + woCpoAX
0
+ (K + 2Crowo + 3K,,0) AX]dT
2
= / S(AX)T[R = QwoMXo
0
+ C0X0)Aw + AF cos t]dt (55)
one finally obtains the algebraic equation
KmncAN = R + RycAw + R AF (56)
where
Kine = ©3M + 09Cpro 4+ K + 200Cro + 3Kpo
2
R, = / ST cos tdt
0
R=F-— (w3M+w0Cno+K+K,,O)N
Ry = — QoM + CnO) N,
2w .
M= / STMSdr
0
2
K= / STKSd+
0

2

K, = STK,,0Sdt

2 _ .
Cno = f STC0Sdr
0

21 B
Cro = / STCkosd‘[
0
2

F = STFy cos rdr
0
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Fig.19 Frequency response of the system, N; : amplitude of the
linear structure, N>;: amplitude for the relative motion of first-
order NES to the linear structure, N3,: amplitude for the relative
motion of second-order NES to the first-order NES

In order to study the frequency response of system
(39), one may fix the amplitude of the external excita-
tion. Thus, let AF = 0 in Eq. (56), and then, Eq. (56)
can be simplified as

Kimnc AN = R + Rypc Aw (57)

Figure 19 shows an example for the frequency
response of the system. One may first notice the com-
plex saddle-node bifurcation here, under whose influ-
ence there can simultaneously exist up to five periodic
solutions. The curves bend to the right as the amplitude
increases and hence show a harden-type nonlinearity.
Note also that the bending phenomenon acts extremely
noticeable for the curve of the linear structure; as a
result, the amplitude of the linear structure near the
main resonance frequency is also significantly reduced.
To this extent, the effectiveness of the 2-dof NES for
vibration reduction could be found in the vicinity of the
main resonance frequency.

Once the periodic solutions are obtained, their sta-
bility can consequently be studied by applying Floquet
theory to the perturbation motion that is defined by

X = X + AX (58)

which upon employing Eq. (49) leads to

a)zMA)"(—I—a)C”oAi—i— (I_( + 2Ck0w + 3I_<,10) AX =0
(59)
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According to Floquet theory, the above system can
be rewritten as

Y=Q(1®)Y (60)

where

0 I
Q) = [—ﬁM_l (K + 20Cro + 31_(”0) —%M_lcno]

3]

In light of the periodicity of the solution X, with the
period T = 2, the related matrix Q (tr) must also be
periodic, with period the same as X(. Suppose a certain
solution of Eq. (60) to be

Vi1 - -+ YVin
y=[Y,Y2... Y, ]=| © - (61)

Ynl = Ynn

SinceQ(t +T) =Q(7),y (r + T)solvesEq. (61)
as well. Furthermore, the two solutions have the rela-
tionship,
y(@+T)=Py(0) (62)
where P is called the transition matrix between the
solutions

For Eq. (62), Floquet theory claims that if the spec-
tral radius of P less than 1, then the periodic solutions of
the system are asymptotic stable, and vise versa. Hence,
the problem now is to calculate the spectral radius of
P for given solutions.

The transition matrix P can be calculated by means
of the following approximate method. First of all, let
the period of the system be discretized equally into n
intervals, for the kth interval [k, tx+1], and the value
of Q () is approximated by the constant matrix. Let
Qi = Q (tr), the local transition matrix Py from 7 to
T + 1 writes

Pk—e

Z (th)J (63)

=1

and multiplying the local transition matrix together
from k = 1 to n leads to the value of P

P= TP (64)
=1
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Fig. 20 Floquet analysis for the frequency response, solid line:
stable solutions, star: unstable solutions
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Fig. 21 Floquet analysis for the frequency response with unde-
sired periodic response eliminated, solid line: stable solutions,
star: unstable solutions

Now the transition matrix P is calculated by Eq.
(64), and its eigenvalues can be checked. In this way,
the stability of the periodic solutions can finally be
investigated. Taking into consideration the frequency
response of the linear oscillator depicted in Fig. 19,
the main results of its stability analysis are shown in
Fig. 20. There are two regions of unstable solutions near
natural frequency of the linear oscillator, stable peri-
odic solutions which exist in the small frequency range
between the two regions, or over the intervals which
deviate from the natural frequency. Although the sta-
ble periodic solutions on the left hand of the main res-
onance frequency still exist, their amplitudes are much
more desirable than those in the case of system with
1-dof NES. Figure 21 illustrates that, by appropriately
designing the parameters of the 2-dof NES, the peri-
odic solutions become unstable; hence, the undesired
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Fig. 22 Poincare section for the system with red area represents
the steady state, x1, v;: the displacement and velocity of the linear
oscillator, x, v: the displacement and velocity of the center of
mass of the NES

response on the left hand of the main resonance fre-
quency could be eliminated.

Studying the response regimes near the main reso-
nance frequency, the Poincare sections are generated
in Fig. 22 for system with different parameters of
6= —0.5,-0.3,0,0.3, 0.5 (with corresponding exci-
tation frequencies determined by w = 1+¢6). Figure 22
shows that when § = — 0.5, §= 0 and § = 0.5, the
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system possesses periodic response. When § = — 0.3,
the response of the linear oscillator is periodic, whereas
the response of the NES now becomes chaotic. When
8 = 0.3, both the response of the linear oscillator and
the NES are chaotic. One major conclusion that can be
drawn from the plots as shown in Fig. 22 is that the
response regimes between the linear oscillator and the
NES are not always consistent, which is significantly
different from the case in a system with a 1-dof NES.

3.4 SMR in the system with a 2-dof NES

Obviously, the rich dynamics in the coupled system
with a 2-dof NES brings a possibility for the existence
of SMR. This subsection aims at studying the SMR in
the case of 2-dof NES. In general, such a challenging
problem is hardly possible to be treated analytically
similar to the procedures we have outlined in the 1-dof
case, since the slow invariant manifold is not solvable.
However, we can still perform direct numeric simula-
tion to find some useful conclusions. For the sake of
numeric simulation, the value ¢ = 0.1 and zero initial
conditions have been chosen for all the examples, and
the other parameters will be reported case by case.

At first, one may naturally come up with the fol-
lowing question: Since a 2-dof NES can produce much
richer dynamics than the 1-dof one, can it also gener-
ate extra SMR in the system? This question can be
answered by comparing the responses of the linear
oscillator in 1-dof and 2-dof NES systems with sim-
ilar parameters. To establish reasonable comparisons,
we make arrangements for the parameters of the sys-
tems according to the following principle: Given the
parameters of the 2-dof NES system, the parameters of
the compared 1-dof NES system will be obtained by
setting the mass distribution o« = 1 in the 2-dof NES
system. Based on this setting, we adjust the value of
A2, ko, and « for a 2-dof NES to see if there exists
extra SMR when the response regime is not SMR in
the compared 1-dof NES system.

Figure 23a, b presents two examples of the compar-
ison. As shown in Fig. 23a, the response regimes of
the 1-dof and 2-dof NES system are simple periodic
(no modulation) and strongly modulated, respectively.
Similar results are found from Fig. 23b; for the response
regime of the 1-dof NES system is weakly modulated
and in 2-dof NES system is strongly modulated. Hence,
a 2-dof NES can generate extra SMR in the system by
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Case1: 1-dof NES Case2: 2-dof NES, 0. = 0.6
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Fig. 23 Time response for system of 1-dof and 2-dof NES, x;:
the displacement of the linear oscillator. The parameters of the
2-dof NES system:a A = 1,8 = —1, A1 = 0.5, k; = 1.33,
A =02,k =050 =06,bA=03,5=051r =1,
ki=1,x2=01,k=1a=06

Table 1 Response regimes for different external excitation in
system with 1-dof and 2-dof NES, and the response regimes are
divided into the following three classes, S strongly modulated,
W weakly modulated, P simple periodic (no modulation)

A ) a=0.6 a=0.7 a=0.8 a=1
0.1 -1 S S S S

0 P P P P

0.5 w w w w
0.3 —1 w w W w

0 w w \% w

0.5 S S S w
1 -1 P P P P

0 S S P P

0.5 S S S S

adjusting its parameters A3, k>, and «. Given the gener-
ated extra SMR in the system, one can also see that the
average amplitude and vibrational energy of the linear
oscillator can be reduced significantly. The creation of
the extra SMR in 2-dof NES can be explained as fol-
lows: On the one hand, the existence of SMR is closely
related to the dynamical instability of the system. On
the other hand, as it was indicated in our previous anal-
ysis, a 2-dof NES can to a large extent enhance this
instability near the main resonance frequency of the
system, which as a result provides more possibilities
for the emergence of SMR.
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Fig. 24 Time response for system with a 2-dof NES as mass distribution « varies, system parameter: A = 0.1, = 0, ,; = 0.5,

k1 = 1.33, Ay = 1.5, ko = 1.33, xy, x2, x3: the displacement of the linear oscillator, the first and second mass of the NES

Further information of the comparisons is summa-
rized in Table 1, where the response regimes of 1-dof
and 2-dof NES systems are reported under different
external excitation conditions. The other parameters in
table are chosenas A1 = 1, k1 = 1, Ao = 0.1, k» = 1.
Clearly enough, the introduction of a 2-dof NES brings
extra SMR to the system. In most cases, the response
regimes in these systems are consistent, which to a
certain extent also implies the similarity on the basic
mechanisms that govern each response regime in these
systems. Hence, one should always keep in mind that
in order to gain the extra SMR, the parameters of the
2-dof NES should also be appropriately chosen.

Another set of numeric simulation was performed
to reveal the dependence of the response regime on the
value of the mass distribution « of the 2-dof NES. The
results are illustrated in Fig. 24. As one can see, the
variation of « in the NES can bring about significant

change in the response of the linear oscillator and the
NES. In addition, the linear oscillator and the NES can
share quite different responses, as verified by the either
of the cases that have shown for @« = 0.6 or ¢ = 0.7,
and the response regime is weakly modulated in the
linear oscillator, but strongly modulated in each mass
of the NES.

The following points should be emphasized: First of
all, an appropriately designed 2-dof NES can generate
extra SMR for the coupled system. Second, the mass
distribution « of the 2-dof NES plays an important role
in the dynamics of the system. Third, the consistence
breaking could occur in the response regimes between
the linear oscillator and the 2-dof NES. These conclu-
sions are generally useful and helpful in the problem
of vibration suppression that we are going to solve in
the next section.
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4 Application to vibration suppression

Motivated by the previous study, this section concerned
with the above development about 1-dof and 2-dof NES
to the application of vibration suppression. The goal
of this section is to develop an one-parametric tuning
procedure of strongly nonlinear vibration absorber of
the previous described dynamical system for 1-dof and
2-dof NES, with numerical verification of the effective-
ness of 2-dof NESs on the 1-dof ones.

Due to the rich response regimes (periodic, quasiperi-
odic or chaotic) that exist in the vicinity of the main res-
onance frequency, the amplitude of the system response
could also be time dependent. Thus, we will use the
energy spectrum instead of the amplitude to assess the
efficiency of the nonlinear absorbers. The energy spec-
trum is obtained by calculating the average energies of
the linear oscillator over period of time exceeding the
period of modulation by at least an order of magnitude.
That is,

1o, 1,
E = <§)C1 + le >t (65)
and from this sense, the main purpose of the optimiza-
tion of an absorber is reducing the energy of the linear
oscillator expressed in Eq. (65). On the other hand, the
trick here is to set the parameters to obtain nonperiodic
solutions.

Before we embark on tuning process performance,
it is necessary and convenient to let some of the system
parameters be fixed when the rest varies. For simula-
tions hereafter in this section, we set the fixed param-
eters as ¢ = 0.1, A = 0.3, the response of the systems
is obtained by direct numerical integration, and then,
the value of E defined in Eq. (65) for each system is
calculated by taking their average values over the time
interval ¢ € [2000, 3000].

Let us first consider the case of 1-dof NES, and to
evaluate the importance of damping, let k = 1, the
energy spectrum for system with A = 1.8 and A = 0.2
is generated in Fig. 25, respectively. As the trunca-
tion damping can be calculated as A = 1.73, hence
for . = 1.8, there is no bifurcation in the system and
the system possesses steady-state response in the vicin-
ity of the resonance frequency, whereas for A = 0.2
the system can provide strongly modulated response
(Fig. 26). The main conclusion from these two figures
is that the vibrational energy is largely reduced when

@ Springer

= w

——A=1.8||
---1=02

o
.
N
xm >
nunou

0.7 0.8 0.9 1 1.1 1.2 1.3

Fig. 25 Energy spectrum for the main structure through X vari-
ation in the vicinity of the main resonance frequency
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Fig. 26 Poincare section and time response for the system,
y1, v1: the displacement and velocity of the linear oscillator

the system has strongly modulated response, as veri-
fied by the drastic reduction on the overall level of the
energy spectrum for A = 0.2.

Figure 27 further reveals the effect of stiffness varia-
tion on the system energy spectrum, with the response
for different values of k being point-checked by the
Poincare section in Fig. 28. The obtained results illus-
trate that, by varying k in an interval of modulated
response, total system energy and kinetic energy of the
primary mass can be monotonically reduced (in aver-
age). However, when the value of k continues to enlarge
as k = 4.3, an undesired periodic response occurred in
the left side of the resonance frequency. We call this
the failure of efficiency, and it should be avoided when
designing the vibration absorbers.
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Fig. 27 Energy spectrum for the main structure through k vari-
ation in the vicinity of the main resonance frequency

A parametric optimization can be carried out by sim-
ply varying the value of damping A and stiffness k£ and
checking the energy spectrum of the system, and the
optimal value for this special case is finally obtained
as A = 1.7,k = 4.5. To show the effectiveness of the
nonlinear absorber with nonlinear damping, the energy
spectrum is also compared with the optimal perfor-
mance of the NES with linear damping in Ref. [34],
the results are shown in Fig. 29, and it could be found
that the NES with nonlinear damping can have a better
performance on the suppression of vibrational energy
induced to the linear oscillator.

In terms of 2-dof NES, the influence of mass dis-
tribution « on the performance of the 2-dof NES as
vibration absorber is studied of special consideration.
As indicated in Fig. 30, by varying the value of «
with the other parameter fixed, the undesired periodic
response occurred in the 1-dof NES can be effectively
eliminated. Moreover, the elimination of the undesired
response to a great extent liberated the parameter lim-
itation of NES as effective vibration absorber in the
1-dof case and hence can be of great significance to the
optimization of 2-dof NES for vibration suppression.

The optimization of the 2-dof NES is rather sub-
tle and sometimes meaningless. However, based on
the energy spectrum for the best tuned 1-dof NES,
the parameters of the 2-dof can also be appropriately
designed. For example, one satisfactory parameters for
the 2-dof NES could be assigned as A1 = 1.7, 1 =
0.2, k1 =7.5,ky = 0.2, « = 0.9; the energy spectrum
of system with 2-dof is plotted and compared with the
best tuned 1-dof NES in Fig. 31. One can conclude
that the 2-dof NES has a much better performance than
the 1-dof NES, and the vibration energy at the both
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Fig. 28 Poincare section for the system with red area represents
the steady state, y;, v;: the displacement and velocity of the linear
oscillator, y», vy: the displacement and velocity of the NES

sides of the main resonance frequency is significantly
reduced. Therefore, the 2-dof NES can provide with a
better vibration absorber.

5 Conclusion

The obtained results on the dynamics of energy sink
with geometrically nonlinear damping demonstrate
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Fig. 29 Comparison of energy spectrum of the best tuned NES
with linear and nonlinear damping
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Fig. 30 Energy spectrum for the main structure through param-
eter variation for the elimination of undesired periodic response
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Fig. 31 Energy spectrum of 1-dof NES with best tuned param-
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that the nonlinear damping can bring about rich bifur-
cations and response regimes. A truncation damping of
value A = +/3k can be observed for the vanishing of
saddle-node and Hopf bifurcations; for the frequency
response, the interval of the failure frequency should be
noted. The truncation damping and failure frequency
range combined with the SMR provide a important
description of the formation and dynamic behavior in
the system under consideration.

For 2-dof NES, the mass distribution of the NES
plays an important role in the dynamics of the sys-
tem, which is far from being purely parametric and
introduces new dynamics when compared to the corre-
sponding systems 1-dof NES. In addition, the dynamics
of the system depends more on the second dof of the
2-dof NES.

We have also found that for a NES induced by non-
linear damping can provide (for some specific sys-
tem parameters values) better total energy suppres-
sion of the main structure than does a linear one. It
should be emphasized that a 2-dof NES can generate
extra strongly modulated response (SMR) by adjust-
ing its mass distribution, which in turn eliminates the
undesired periodic response occurred in the case of 1-
dof NES. Moreover, the elimination of the undesired
response also to a great extent liberated the parameter
limitation of NES as effective vibration absorber in the
1-dof case. Therefore, the 2-dof NES can provide with
a better vibration absorber.

Appendix A: Realization of geometrically nonlinear
damping

This appendix is devoted to the realization of geometri-
cally nonlinear damping, and one may also refer to Ref.
[42—-44] for its main ideas. The trick here is to use two
linear dampers described in Fig. 32, and the dampers
are aligned horizontally with one end pinned and the
other free to translate vertically a distance x.

Let the displacement along each damper be §, and
then, the force in each damper can be computed as

Fi=cs, i=12 (A.1)
one thus have the total vertical force

F =2c8sin6 (A.2)
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Fig. 32 Realization of geometrically nonlinear damping by
means of two linear dampers

from geometry, one has the following relationship

b
— 2 2 _ i = -
§=VI*+x*—1, sinf= g (A.3)

and hence, the time derivative of § is

. XX
§=—"" __ —ising (A.4)
VIZ +x?

Substituting Eqs. (A.3) and (A.4) into Eq. (A.2)
leads to

F = 2cxsin’0 (A.5)
assuming small angles

. X
sinf ~ 6 ~ tanf = 7 (A.6)

one finally have the equation for total force

2c
F = —x%% o x>
12

X (A.7)

Thus, we have the nonlinear damping. The valid-
ity of the small angle approximation can be preserved
by selecting a suitably long distance / in the physical
setting.

References

1. Frahm, H.: Device for Damping Vibrations of Bodies, p.
989958. US Pat (1909)

2. De Hartog, J.P.: Mechanical Vibrations, 4th edn. McGraw-
Hill Book Company, New York (1956)

3. Zuo, L., Nayfeh, S.A.: Minimax optimization of multi-
degree-of-freedom tuned-mass dampers. J. Sound Vib.
272(3), 893-908 (2004)

4. Lei, Z., Nayfeh, S.A.: The two-degree-of-freedom tuned-
mass damper for suppression of single-mode vibration
under random and harmonic excitation. J. Vib. Acoust.
128(1), 345-364 (2003)

5. Krenk, S.: Frequency analysis of the tuned mass damper. J.
Appl. Mech. 72(6), 936-942 (2005)

6. Lee, Y.S., Vakakis, A.F., Bergman, L.A., et al.: Passive
non-linear targeted energy transfer and its applications
to vibration absorption: a review. In: Proceedings of the
Institution of Mechanical Engineers Part K Journal of
Multi-body Dynamics, 222(2), pp. 322-329 (2008)

7. Zang, J., Chen, L.Q.: Complex dynamics of a harmonically
excited structure coupled with a nonlinear energy sink.
Acta Mech. Sin. 33(4), 801-822 (2017). https://doi.org/10.
1007/510409-017-0671-x

8. Pak, C., Song, S., Shin, H., Hong, S.: A study on the
behavior of nonlinear dynamic absorber (in Korean).
Korean Soc. Noise Vib. Eng. 3, 137-143 (1993)

9. Golnaraghi, M.: Vibration suppression of flexible struc-
tures using internal resonance. Mech. Res. Commun. 18,
135-143 (1991)

10. Jiang, X., McFarland, D.M., Bergman, L., Vakakis, A.:
Steady-state passive nonlinear energy pumping in coupled
oscillators: theoretical and experimental results. Nonlinear
Dyn. 33, 87-102 (2003)

11. Parseh, M., Dardel, M., Ghasemi, M.H.: Performance
comparison of nonlinear energy sink and linear tuned
mass damper in steady-state dynamics of a linear beam.
Nonlinear Dyn. 81(4), 1-22 (2015)

12. Aubry, S., Kopidakis, G., Morgante, A.M., et al.: Analytic
conditions for targeted energy transfer between nonlinear
oscillators or discrete breathers. Physica B Condens. Matter
296(1-3), 222-236 (2001)

13. Kopidakis, G., Tsironis, G.P., Aubry, S.: Targeted energy
transfer through discrete breathers in nonlinear systems.
Phys. Rev. Lett. 87(16), 175-196 (2001)

14. Gendelman, O.V.: Transition of energy to nonlinear
localized mode in highly asymmetric system of nonlinear
oscillators. Nonlinear Dyn. 25, 237-253 (2001)

15. Gendelman, O.V., Vakakis, A.F., Manevitch, L.I,
McCloskey, R.: Energy pumping in nonlinear mechanical
oscillators I: dynamics of the underlying Hamiltonian
system. J. Appl. Mech. 68(1), 34—41 (2001)

16. Vakakis, A.F, Gendelman, O.V.. Energy pumping in
nonlinear mechanical oscillators II: resonance capture. J.
Appl. Mech. 68(1), 42-48 (2001)

17. Vakakis, A.F.: Inducing passive nonlinear energy sinks in
linear vibrating systems. J. Vib. Acoust. 123(3), 324-332
(2001)

18. Li, T., Seguy, S., Berlioz, A.: On the dynamics around
targeted energy transfer for vibro-impact nonlinear energy
sink. Nonlinear Dyn. 87(3), 1453-1466 (2017)

19. Lin, D.C., Oguamanam, D.C.D.: Targeted energy transfer
efficiency in a low-dimensional mechanical system with an
essentially nonlinear attachment. Nonlinear Dyn. 82(1-2),
971-986 (2015)

20. Lu, X., Liu, Z., Lu, Z.: Optimization design and experimen-
tal verification of track nonlinear energy sink for vibration
control under seismic excitation. Struct Control Health
Monit. p. €2033. https://doi.org/10.1002/stc.2033 (2017)

@ Springer


https://doi.org/10.1007/s10409-017-0671-x
https://doi.org/10.1007/s10409-017-0671-x
https://doi.org/10.1002/stc.2033

754

X. Kong et al.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Al-Shudeifat, M.A., Wierschem, N.E., Bergman, L.A_, etal.:
Numerical and experimental investigations of a rotating
nonlinear energy sink. Meccanica 52(4-5), 763-779 (2016)
Hsu, Y.S., Ferguson, N.S., Brennan, M.J.: The experimental
performance of a nonlinear dynamic vibration absorber.
Top. Nonlinear Dyn. 1, 247-257 (2013)

Kani, M., Khadem, S.E., Pashaei, M.H., et al.: Vibration
control of a nonlinear beam with a nonlinear energy sink.
Nonlinear Dyn. 83(1-2), 1-22 (2015)

Zhang, Y.W., Yuan, B., Fang, B., et al.: Reducing thermal
shock-induced vibration of an axially moving beam via a
nonlinear energy sink. Nonlinear Dyn. 87(2), 1159-1167
(2017)

Wierschem, N.: Targeted energy transfer using nonlinear
energy sinks for the attenuation of transient loads on building
structures. Dissertations and Theses—Gradworks (2014)
Yang, K., Zhang, Y., Chen, L., et al.: Space structure
vibration control based on passive nonlinear energy sink. J.
Dyn. Control 3, 259-263 (2014)

Bichiou, Y., Hajj, M.R., Nayfeh, A.H.: Effectiveness of
a nonlinear energy sink in the control of an aeroelastic
system. Nonlinear Dyn. 86(4), 1-17 (2016)

Liu, C., Jing, X.: Vibration energy harvesting with a non-
linear structure. Nonlinear Dyn. 84(4), 2079-2098 (2016)
Darabi, A., Leamy, M.J.: Clearance-type nonlinear energy
sinks for enhancing performance in electroacoustic wave
energy harvesting. Nonlinear Dyn. 87(4), 1-20 (2016)
Mehrabi, A., Kim, K.: General framework for network
throughput maximization in sink-based energy harvesting
wireless sensor networks. IEEE Trans. Mob. Comput. 16,
1881-1896 (2017)

Gendelman, O.V., Gourdon, E., Lamarque, C.H.: Quasiperi-
odic energy pumping in coupled oscillators under periodic
forcing. J. Sound Vib. 294(4), 651-662 (2006)

Gendelman, O.V., Starosvetsky, Y.: Quasiperiodic response
regimes of linear oscillator coupled to nonlinear energy
sink under periodic forcing. J. Appl. Mech. 74(2), 325-331
(2007)

Gendeman, O.V., Starosvetsky, Y., Feldman, M.: Attractors
of harmonically forced linear oscillator with attached
nonlinear energy sink I: description of response regimes.
Nonlinear Dyn. 51(1-2), 31-46 (2008)

Gendeman, O.V., Starosvetsky, Y., Feldman, M.: Attractors
of harmonically forced linear oscillator with attached non-
linear energy sink I: optimization of a nonlinear vibration
absorber. Nonlinear Dyn. 51(1-2), 47-57 (2008)

@ Springer

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Starosvetsky, Y., Gendelman, O.V.: Response regimes in
forced system with non-linear energy sink: quasi-periodic
and random forcing. Nonlinear Dyn. 64(1), 177-195 (2011)
Gendelman, O.V., Alloni, A.: Dynamics of forced system
with vibro-impact energy sink. J. Sound Vib. 358, 301-314
(2015)

Savadkoohi, A.T., Lamarque, C.H.: Vibratory energy
localization by non-smooth energy sink with time-varying
mass. Appl. Nonlinear Dyn. Syst. 93, 429-442 (2014)
Farid, M., Gendelman, O.V.: Response regimes in equiva-
lent mechanical model of strongly nonlinear liquid sloshing.
Int. J. Nonlinear Mech. 94, 146-159 (2017). https://doi.
org/10.1016/j.ijnonlinmec.2017.04.006

Tripathi, A., Grover, P, Kalm-Nagy, T.. On optimal
performance of nonlinear energy sinks in multiple-degree-
of-freedom systems. J. Sound Vib. 388, 272-297 (2017)
Li, T., Seguy, S., Berlioz, A.: Optimization mechanism
of targeted energy transfer with vibro-impact energy sink
under periodic and transient excitation. Nonlinear Dyn.
87(4), 1-19 (2016)

Starosvetsky, Y., Gendelman, O.V.: Vibration absorption in
systems with a nonlinear energy sink: nonlinear damping.
J. Sound Vib. 324(3), 916-939 (2009)

Andersen, D., Starosvetsky, Y., Vakakis, A., et al.: Dynamic
instabilities in coupled oscillators induced by geometrically
nonlinear damping. Nonlinear Dyn. 67(1), 807-827 (2012)
Quinn, D.D., Hubbard, S., Wierschem, N., et al.: Equiv-
alent modal damping, stiffening and energy exchanges in
multi-degree-of-freedom systems with strongly nonlinear
attachments. In: Proceedings of the Institution of Mechan-
ical Engineers Part K Journal of Multi-body Dynamics.
226(K2), 122-146 (2012)

Al-Shudeifat, M.A.: Amplitudes decay in different kinds of
nonlinear oscillators. J. Vib. Acoust. 137(3), 031012 (2015)
Wong, C.W., Zhang, W.S., Lau, S.L.: Periodic forced
vibration of unsymmetrical piecewise-linear systems by
incremental harmonic balance method. J. Sound Vib.
149(1), 91-105 (1991)

Xiong, H., Kong, X., Li, H., et al.: Vibration analysis of
nonlinear systems with the bilinear hysteretic oscillator
by using incremental harmonic balance method. Commun.
Nonlinear Sci. Numer. Simul. 42, 437-450 (2017)

Liao, H.: Piecewise constrained optimization harmonic
balance method for predicting the limit cycle oscillations of
an airfoil with various nonlinear structures. J. Fluids Struct.
55(12), 324-346 (2015)


https://doi.org/10.1016/j.ijnonlinmec.2017.04.006
https://doi.org/10.1016/j.ijnonlinmec.2017.04.006

	Dynamics of 1-dof and 2-dof energy sink with geometrically nonlinear damping: application to vibration suppression
	Abstract
	1 Introduction
	2 Dynamics of a linear oscillator with a 1-dof NES
	2.1 Problem formulation
	2.2 Bifurcation analysis
	2.3 Strongly modulated response

	3 Dynamics of a linear oscillator with a 2-dof NES
	3.1 Model description
	3.2 Analytical treatment at ω= 1
	3.3 Response analysis using incremental harmonic balance method
	3.4 SMR in the system with a 2-dof NES

	4 Application to vibration suppression
	5 Conclusion
	Appendix A: Realization of geometrically nonlinear damping
	References




