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Abstract Nonlinear energy sink (NES) refers to a
typical passive vibration device connected to linear or
weakly nonlinear structures for vibration absorption
and mitigation. This study investigates the dynamics
of 1-dof and 2-dof NES with nonlinear damping and
combined stiffness connected to a linear oscillator. For
the system of 1-dof NES, a truncation damping and
failure frequency are revealed through bifurcation anal-
ysis using the complex variable averaging method. The
frequency detuning interval for the existence of the
strongly modulated response (SMR) is also reported.
For the system of 2-dof NES, it is reported in a similar
bifurcation analysis that the mass distribution between
NES affects the maximum value of saddle-node bifur-
cation. To obtain the periodic solution of the 2-dof
NES system with the consideration of frequency detun-
ing, the incremental harmonic balance method (IHB)
and Floquet theory are employed.The corresponding
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response regime is obtained by Poincare mapping, it
shows that the responses of the linear oscillator and
2-dof NES are not always consistent, and 2-dof NES
can generate extra SMR than 1-dof NES. Finally, the
vibration suppression effect of the proposed NES with
nonlinear damping, and combined stiffness is analyzed
and verified by the energy spectrum, and it also shows
that the 2-dof NES system demonstrates better perfor-
mance.

Keywords Nonlinear energy sink - Strongly modu-
lated response - Vibration suppression - Incremental
harmonic balance method - Energy spectrum

Nomenclature

cl Viscous damping of the linear oscillator.

c2,C3 Nonlinear damping of 1-dof NES and 2-
dof NES.

F External harmonic force.

ki Linear stiffness of the linear oscillator.

ki, kuo Combined nonlinear stiffness of 1-dof

NES and 2-dof NES.
mi,mo>, m3 Mass of linear oscillator, 1-dof NES and
2-dof NES.

X1, X2, X3 Displacement of the linear oscillator, 1-
dof NES and 2-dof NES.
n Mass distribution in 2-dof NES.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11071-021-06615-9&domain=pdf

Y. Zhang et al.

1 Introduction

The suppression of unwanted vibration has attracted
significant attention in various engineering applications
for many years. Structural vibration suppression appli-
cations can be divided into active, semi-active, pas-
sive and hybrid control systems [1-4]. Passive vibra-
tion mitigation devices are popular vibration reduc-
tion approaches as they are convenient in practice. A
classical passive vibration device is a tuned vibration
absorber (TVA) proposed by Frahm [5]. TVA has been
widely proved to be simple and efficient to mitigate
unwanted vibrations [6,7]. However, it can only be
effective in a narrow frequency range. To effectively
dissipate the vibration energy within a wide range of
frequencies, Roberson introduced a nonlinear system
into TVA, which could be called a nonlinear vibration
absorber [8]. A typical nonlinear vibration absorber is
the nonlinear energy sink (NES), which is a relatively
small and spatially localized nonlinear attachment con-
nected to the primary linear or weakly nonlinear sys-
tem to play a passive energy absorption role [9,10].
It is generally considered that nonlinearity is harmful,
but most of the studies show that NES is more effec-
tive than linear absorbers in suppressing vibration [11—
13]. NES can passively absorb and dissipate vibrational
energy in a wide range of frequencies [14]. NES have
received enough attention and research, such as piece-
wise stiffness, bi-stable NES, and internal rotational
NES [15-17]. The effectiveness of NES in vibration
absorption has been verified by many real engineering
systems, such as beams, buildings, and aeroelastic sys-
tem [18-20]. Due to the complexity of real engineering
system equations, many scholars simplified the linear
main structure into a simple oscillator for theoretical
research of discrete model [21-23]. In this paper, the
discrete model will be applied to conduct related the-
oretical research on the system with NES. Therefore,
the present study will be carried out on corresponding
simplified oscillators.

Gendelman et al. [24-26] investigated the energy
transfer when the main structure of NES was sub-
jected to harmonic excitation, it was found that SMR
of the system appeared near the resonance frequency,
and SMR can be explained as the jumping of the slow
invariant manifold in different stable branches. A fur-
ther study on the conditions of SMR generation and the
vibration suppression effect of NES have been carried
out. It is revealed that the generation of SMR requires
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the system to contain nonlinearity and the ratio of NES
to linear main structure is small enough; SMR has a
better effect in suppressing vibration than steady-state
periodic response [26]. SMR has received extensive
attention and researched in Refs. [27-29]. It has spe-
cial advantages in vibration suppression, which also
provides a new idea and reference index for optimizing
the design of NES [30,31].

Literature [32] considers the influence of frequency
detuning on the vibration suppression of the coupled
NES system. It is indicated that the value of the fre-
quency detuning coefficient is related to the existence
of SMR; however, no specific expression is given.
Some scholars have found that the stiffness of nonlin-
ear vibration absorbers is not purely cubic; they believe
that the combined stiffness of some nonlinear vibra-
tion absorbers is more realistic [33—-35]. However, their
research is not thorough enough.

Despite the fruitful success that has been achieved
in previous studies on NES, most studies only con-
sider the stiffness nonlinearity of NES and the damping
nonlinearity is received less attention. Starosvetsky and
Gendelman studied the nonlinear damping NES system
with piecewise quadratic characteristics and drawn that
nonlinear damping can eliminate the unwanted peri-
odic response near the main resonance frequency of
the system [36]. Andersen revealed that a system cou-
pled with geometrically nonlinear damping NES could
lead to dynamical instability [37]. Some studies also
considered the effects of energy exchange and ampli-
tude decay caused by nonlinear damping [38,39]. In
general, most NES studies have ignored the effect of
nonlinear damping. However, nonlinear damping plays
an important role in suppressing the vibration of the
system through the research of these scholars. In the
research of nonlinear damping NES, most of them con-
sidered only the case of 1-dof NES to suppress system
vibration.

Therefore, in light of the research achievements and
existing drawbacks of previous scholars. In order to be
more in line with engineering reality and consider more
comprehensive, this study focuses on the analysis of the
dynamic behavior of the system with nonlinear damp-
ing and combined stiffness NES considering frequency
detuning under harmonic excitation. By analyzing the
bifurcation and SMR of the system with NESs, and
comparing the energy of different structural systems,
the effects of the system frequency detuning, nonlin-
ear damping and combined stiffness are shown. The
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Fig. 1 Model diagram of the linear oscillator with 1-dof NES

effect of 2-dof NES on the system response regimes
and vibration suppression is also paid special atten-
tion. The structure of the study is as follows: Section 2
introduces the dynamics of the linear oscillator cou-
pled with 1-dof NES, which mainly analyzes its bifur-
cation and SMR, while considering the influence of
frequency detuning. Section 3 investigates the bifur-
cation of the linear oscillator with 2-dof NES. First,
the same method as 1-dof NES is applied for response
analysis, and then, the response of the overall model
is further analyzed by IHB. In addition, the numerical
simulation is also utilized to study the relevant modula-
tion response. In Sect. 4, the applications of 1-dof and
2-dof NES systems in vibration suppression are intro-
duced. The main concluding remarks of this paper are
summarized in Sect. 5.

2 Dynamic analysis of a linear oscillator with a
1-dof NES under harmonic forcing

2.1 Research on system mathematical model

The system model is a linear oscillator with 1-dof NES
as depicted in Fig. 1. Where k,; is composed of lin-
ear stiffness kp| and nonlinear stiffness k>3, ¢ repre-
sents the nonlinear damping of the NES [40], letting
F = Fycos(wt). The simplified system equation is
expressed as

X1+ x1 + ekoar (x1 — x2) + ekan3 (x1 — x2)°
+ eA(X] — %2)° = eA cos(wt) n

X2 4 kao1 (x2 — x1) + kaos (x2 — x1)°
+ Al — 1)’ =0

Two assumptions in Eq. (1) 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 a matter of 1:1 resonance
condition, the frequency of the harmonic excitation is
assumed to be at the near neighborhood of the eigenfre-
quency of the linear oscillator in the order of €', setting
w = 1+ &6, where ¢ stands for the frequency detuning
parameter [41], u and v represent the displacement of
the center of the system mass and the relative displace-
ment between the linear oscillator and NES, as shown
in Eq. (2). By substituting Egs. (2) into (1), we can
derive Eq. (3).

Uu=x1+6ex2,v=2x —x2 ()
u-+ev
=¢cAcos(l + &d)t
1+e
U+ (14 e)koa1v + (1 + &)kaozv’ + A(1 + £)0°
“TEY o Acos(l+ £d)t 3)
1+e¢

This study uses the complex variable averaging
method to approximate the system dynamics, by mak-
ing the following complex variable changes
(plei(1+86)z — L‘l+iu,(ﬂ2€i(1+86)t — U+lv (4)
we could obtain the slow flow equation of the research
system as

. . ie cA
@1 +iedo) + m(‘ﬂl —@) = 5
G2 + 6802 + ———— (92 — 91) + 2 Blgalh (5)
2(1 +¢) 8
. . 2. gA
— ik — 3ikosleaol ) (1 + &) = —

2

2.2 Bifurcation analysis

By substituting fixed point @19 and ¢>q into Eq. (5), we
can derive

o5 n ie ( ) eA
ie - _ — 4
®10 20 +2) $10 — ¥20 5
. i ©20 2
1) _— — —@3 A 6
iedgoo + ) (920 — @10) + 3 Gle2ol (6)

. . 2 cA
— 4ikon1 — 3ikoslgol ) (1 + &) = 5
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Eq. (6) could be rewritten as

92 +kys) 6 3 4
_— = —k ko1 —26M
6 lp20]” + 5 223 (k221 @20l 7

+ (28M — k»1)? |90l = A*M?

with M = (2e6 + 1)/(2¢6 + 26 + 1), Eq. (7) can be
expressed as

g+ Z +anZ> +a3Z° =0 )
where ay = ((26M — kx1)/M)?, a2 = (Bkanz (ko1 —
26M))/2M?), a5 = (O(A? + k3,3))/(16M?), ap =
—A2, Z = |20 |2. Taking the derivative of Eq. (8) with
respect to Z leads to

a1 + 2007 +303Z> =0 9)

eliminating Z from Egs. (8) and (9), one has

o 1/oc% — 3003 o
w = (et Ty oy [
3a3 3a3 3a
2
1/0[% — 30(10(3
+y - -
3a3
3
o5 — 3aja3
IR
3a3 3a3

(10)

Equation (10) gives an equation of the form A =
f (X, §), which can represent the saddle-node bifurca-
tion boundary curve on the [A, A] plane; the param-
eters are selected as ¢ = 0.1,k; = 1/3,k3 = 4/3
[14,25,35], as shown in Fig. 2.

In Fig. 2, the shape of the saddle-node bifurcation
boundary curve is approximately triangular and the
[A, A] plane is divided into two parts to determine the
number of the real periodic solutions. Spot checks are
performed on different areas in Fig. 2. According to
Fig. 2, for A = 0.3, A = 1.3 falls within the region
of the three real periodic solutions. However, for the
parameters outside this arearegion, for example, choos-
ingA =03,A=180rA=0.3,4=0.5, only one
real solution is defined.

Then, we study the influence of the frequency detun-
ing coefficient on the saddle-node bifurcation; the dia-
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051 * Z,=0.87843+0.16767i
Z =0.013187
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Fig. 3 Saddle-node bifurcation diagram with § change

gram for different § is described in Fig. 3. It is obvi-
ous from Fig. 3, for § > 0, with the increase of §
the maximum value of A gradually increases, when
—3.35 < § < 0, with the decreases of § the maxi-
mum value of A progressively decreases. For § = 0 or
§ < —3.35, the saddle-node bifurcation does not exist.
All saddle-node bifurcation shapes in the above
study are triangular-like. The right vertices of each
saddle-node bifurcation curve are on the same line
damping line, which is about A = 0.77. After this
damping is exceeded, the saddle-node bifurcation
boundary line vanished and the number of the real peri-
odic solution is unique. We call this value truncation
damping and record it as A;; its value is as follows:

V3
A= Tk223 (11

From Eq. (11), it can be noted that A; is propor-
tional to k23, we can adjust the size of A, by selecting
different k2>3 and adjust the range of the saddle-node
bifurcation curve area. In this study, we use the Hopf
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bifurcation to determine the stability of the periodic
solution. Considering the perturbation motion of the
dynamic system near the fixed point, letting

Y1 = @10 + 01, Y2 = @20 + 02 (12)

substituting into the slow flow Eq. (5), we have

61 = —igdos — 2(%5)(01 — o)

- . * ie * ®

0] =igdo] + m(ol —05)

. ) i 1+¢ 5
0y = —igdoy — m(@ —o1)— T(3(202|<ﬂ20|

+ 03930)h — dikan102 — 3ik223(202|9201* + 0593)))

. . 1+e¢
0% = iedol + (0% —o}) — T(3(20§|<p20|2

i
2(1+¢)
+ 020302 + 4ikaa1 0% + 3ikan3 (2051 9201% + 029%7))
(13)

The characteristic polynomial of Eq. (13) can be
expressed as

e i sty =0 (14)

where  is the eigenvalues, and the coefficient y; (i =
1,...,4) are given as

31+ ¢)
vw=——F7—""2

2
2 2 27,2
Y2 =88 — k% + —SIZZI + k% i k221 +2¢282
9(1 4 &)%(k2,; + 22 9,272
A+ &) o + )Zz—kzzlats—
16 64
" ka3 (ko1 + 26kan) — 268 + £2kan1 — 2628 — 1) 7
4
5 k2362 9er2Z% k3,27
— &"8kan1 — - -
32 32 64
9e%k3, 2% 9e222Z2 L1
64 64 4
3en(4628% + 4e6% + 468 + 1)
V3 = VA

8
Vi = 2(kany — 28 + ko1 — 482 + 2ka0186)°/16
+ 277262 (k3,5 + 22) (25 + 286 + 1)%/256
+ 3k223Z6% (26 + 26¢ + 1) (kao1 — 28 + 2k2218
— 48%¢ + 2k218¢)/16
(15)

where
2
Z = lpal*, Z* = p3ei (16)

When the Hopf bifurcation occurs, the fixed point
passes through the positive and negative imaginary axes
of the complex plane; this implies

n==Lif2 7
By substituting Eqgs. (17) into (14), we can yield
Q=2+ =0, 20127 —y3) =0 (18)

Then, eliminating §2 in the above equation, we have

V]Z2+sz+])3 =0 (19)
the coefficient v; (i = 1, 2, 3) are shown as

_2438,\2(8 + 1) (k3,5 +A2)

1024
2Tkn3er(1 + &) (kao1 + kaz1e — 4ed — 1)
V) = —
64
98)\2(](221 + ko168 — 4ed — 1)2
BET 64

(20)

Furthermore, solving Eq. (19) to get

—v £ ,/v% —4vyv3
21

21)1

VAR

From Eq. (8), the boundary of the stable region of
the Hopf bifurcation is given by

a+a1Zi +aZt +azZiP =0 (22)

The saddle-node bifurcation and Hopf bifurcation
of the system are presented in Fig. 4. The solid line
represents the Hopf bifurcation and the dashed line
represents the saddle-node bifurcation; it can also be
observed that they coexist in certain regions.

The amplitude response and frequency response of
the system are shown in Figs. 5 and 6; meanwhile, the
stability of the solution of random check parameters is
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Fig. 4 Saddle-node bifurcation and Hopf bifurcation for § =
3,6 =0.1, ka1 = 1/3, kapz = 4/3

15

N20

0.5

Fig. 5 Amplitude response for § = 3, = 0.1,kp; =
1/3, ka3 = 4/3, 1 = 0.3, Nag = |¢20/, solid line: stable branch,
asterisk: unstable branch

also analyzed. According to Fig. 5, with the increase
of A, the fixed point is first in a stable state, then turn
to an unstable state, and finally back to a stable state.
According to Fig. 6, the difference between Figs. 6 and
5 is that it contains a peak of the stable state in the unsta-
ble state. The peak value makes NES lose its effect on
the vibration suppression of the system; therefore, it
should be avoided as much as possible in the practi-
cal application of NES. The frequency that causes the
failure of NES vibration reduction is called the failure
frequency, and the interval to which it belongs is called
the failure interval where it is § € [—0.75, —0.49] in
Fig. 6.
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Fig. 6 Frequency response for A = 1l,e = 0.1,k =
1/3, kpoz = 4/3, 2 = 0.3, Nag = |20/, solid line: stable branch,
asterisk: unstable branch

2.3 SMR analysis for the system with 1-dof NES

Based on the research results of Starosvetsky and
Gendelman, the combination of essential nonlinear-
ity and strong mass asymmetry brings about a possi-
ble response mechanism called SMR [24-26]. SMR is
different from the steady-state and weakly modulated
response under the condition of 1:1 resonance, and has
a better performance in suppressing vibration. The goal
of this section is to determine the range of frequency
detuning coefficients where SMR exists. Equation (5)
can be reduced to a function of ¢, as follows:

d i(4es+1)

| + 2 3l — sk
2 dt ) (%] 3 02192 221921

ie(28 4268 + 1)
1—6(3|902|2)»

e5Qes+ 1) icA
T -t
2 4

— 3ka32l@aI*D)] + ¢al

— 4kanyi — 3kaozlga|*i) —
12e8) =0
(23)

Since this study assumes that ¢(0 < ¢ < 1) is
sufficiently small, the multi-scale method can be used
to solve Eq. (23). Defining
@2 =@2(to, 1, )ty = "t,m=0,1,- -

3
D=Dy+eDj+ - =—+e—+-=—
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By substituting Eqgs. (24) into (23) and separating
the 80, ¢! order scale, we can get

3p2lga|*h — dkn1@ai — 3kooz@alnl?i

£ Digs + D :

IV
+50)

e': Do(28pri + 2

3pal@al*h — dkan1gai — 3k223|</)2|2i)

3p2l@a |k — dkna1gai — 3koozgal@al?i

I
D —_
+ 1(2§02 + g
2(28 + 1)i . .
+ (pTGlﬁﬂzlz?» — 4kao1i — 3kaozlpal*i)
) A + 2DgD =0
792— 7 oD1¢2 =

(25)

Furthermore, by integrating the equation of £* order
respect to fo, we could obtain

3p2l@al* A — dk192i — 3ka3palenl?i

Dogp> + 3 6)

11053
—=Ct,---
+ 5 (tr,--4)

Since the derivative at the fixed point is zero, Eq.
(25) only considers two independent variables #g, t;.
Then, Eq. (26) is reformulated as

iﬂ+3<ﬂ2|¢2lzl — dkn192i — ka3 palpal?i

=C(t
> 2 (t1)
(27)
Hence, ¢; is only a function of 7, setting
@2 = N(1)e'!™ (28)
substituting Egs. (28) into (27), one has
iN  3N3% —4kpNi — 3kopsN3i\
(l_+ 21Ni 223 l)e’9=C
2 8
(29)

)

Taking the magnitude of Eq. (29), letting Z = N2,
Eq. (29) could be rewritten as

9 2,2 3 3 2
— A\ +k Z° — =k 1—k Z
16( 3) 5 223( 221) (30)

+ (1 —k1)?Z = 4|C?

Then, taking the derivative of Z on both sides of Eq.
(30), one can derive

27 5 2 0
— A+ k Z° — 3k 1—k V4
16( 223) 223( 21) a1

+(1—kn)*=0

The roots of Eq. (31) are as follows:

4(2k203 F \[Kk3p3 — 332 (1 — kaar)

Zip=
902 + k353)
. 4(2k23 F (k353 — 32D (1 — k1)
= N1,2 =

92 +k3y3)
(32)

At the jumping point, Eq. (30) can be described as
2(x2+k2 )Z 33 (1 — ka21) Z1.2>
16 223)41.27 = 5K223 221)41,2

9
+ (= k21)’Z12 = 1 0+ ) Zua”  (33)

3
- §k223(1 —k221) Zua® + (1 — k1) Zu.a

The solutions of Eq. (33) are given by

8(kaos £ y/k3y3 — 322)(1 — ka21)

Z
502 T 1
v 8(kao3 % \[k3p3 — 3A2)(1 — k221)
= u,d —

92 + k3,3)
(34)

Equation (30) defines the slow invariant manifold
(SIM) of the system on the (N, 4|C |2) plane shown
in Fig. 7. The dashed line with an arrow indicates the
trajectory for the jumps from one stable branch of the
SIM to another. N,, and N, are the jumping target points
on the SIM with the same value of C as N; and N>.
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Fig. 7 SIM projection for A = 0.3, ko1 = 1/3, kapz = 4/3,
solid line: stable branch, dashed line: unstable branch

One of the trajectories of the system is to run from the
left stable branch to N1, then jump to N, and continue
to move on the right stable branch. Similarly, the other
starts at point N> on the right stable branch, then jumps
to Ny and continues at the left stable branch. The jump
between different stable branches provides conditions
for the existence of SMR and is also the most important
mechanism to produce SMR.

Equation (25) continued to be analyzed at the ¢!
order, taking o — +o00, we have

i 1
D <§<p2 + §(3¢2|¢2|2/\ — 3kanspalga|®i

. 1) (28 + 1)i
— Atk @) — 2 + TR 3120 (35)
2 16
1A
— 4kap1i — 3kaozlga|*i) — il 0

Letting

1A (286 + 1)i .
M = T ¢1—6(3|<ﬂ2|2)» — 4kooii
(36)

2., 8
— 3koo3|@2|7i) + 792

Equation (35) can be simplified as

0y (1 —koor,  3(A—kazi),
o ( > i+ 2 121

300 — kon3i) 509,
+ g P2 ot

(37)
=M
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Taking the complex conjugate and making substitu-
tion to Eq. (37), it can be written as

0y . .
B_(fl = {M(=2(1 — ka21)i + 3(h + kn23i)|@2]?)

3
- 50— k223i) 03 M*}J{I(1 — kap1)?

2 27 .5 o 4
= 3l217(1 — koo1)koo3] + 1—6()» + k353)@2]"}
(38)

By substituting Egs. (28) into (37) and Eq. (38), we
can derive

AN . 90 o ,
D LiINSD = (Me (=21 — k)i + 3
aty aty

+ k223i)N?)

3 )
- 50— kao3i)NZe'” M*}/{[(1 — koy)?

27
—3N%(1 — ko1 )kon3] + Eaz + k3 NY

328+ 1) 5 iA
— A k N —e!
16 (M + ko3) N7 + 7¢

k21 (26 + 1) — 28] N

4
3254+ 1) s QA g,
M — kpp3)N? — ——¢f

16 (M — k223) 7°¢

k1 (26 +1) — 28
[k ( :) ]N

M67i9 —

M*eié —

(39)

Furthermore, Eq. (39) can be simplified as

—3AN3
4
3ANZ()sin @ — kyo3 cos )
+
4
90 27(28 + 1)(A2 + k2,,)N*
el — (26 + D" + k3p3)
ot 16
9AN (A cosO + kpo3 sin6)
+
4
A(l — kpp1) sinf
N
N [(28 + 1)(3kao3 — 12k221k223) + 18k22381N?
4
+ [k221(28 + 1) — 28](1 — ka21)

dN
G(N)W = + A(1 — kpp1) cosf
1

(40)



Dynamic analysis of 1-dof and 2-dof nonlinear energy sink

where

G(N) =2[(1 — k221)* = 3N*(1 — kaa1)kan3

27 (41)
+ E(xz + k3,)NY]

When G (N) = 0, the fold lines occur. Thus, in order
to avoid singularities, Eq. (40) can be rescaled as

_ =3N?

v 3AN2(xsin6 — kap3 cos 6)

4 + 4
+ A(1 — kpp1 cos )

27(28 + (A2 + k2, ,)N*
o = 2@ DO k)N 25+ 1)

16
9AN (A cos b + krpz sin0)
—28](1 = ka21) + 2

n [(28 + 1)(3kan3 — 12ka21k223) + 18k2238]1N?
4

A(l — kzz]) sin @
N
(42)

The phase portraits of the system, as seen in Fig. 8,
can be described by numerical integration of Eq. (42).
The phase portraits show stable trajectories on the SIM.
Arrows denote the direction of the trajectories with time
increase. The two horizontal lines at N1 and N5 in the
phase trajectory represent the twofold lines in the SIM.
01 and 6, denote the initial phase angle; the value can
be given by solving 8’ = 0.

Each case has its own characteristics in Fig. 8.
According to Fig. 8b, the lower phase trajectory starts
from the phase angle interval [01, 6>] on the N hori-
zontal line, then moves downwards on the left and right
sides, and finally can return to the Ny horizontal line
and jump to the upper branch to continue the move-
ment. There are some phase trajectories near 6; that
cannot return to the horizontal line in Fig. 8a; this phe-
nomenon also occurs near 6, in Fig. 8c. The reason
is that attractors appear in the stable branch of the sys-
tem, and the partial phase trajectories converging to the
attractor instead of the horizontal line. From inspection
of Fig. 8d, the phase trajectory starting from the phase
angle interval [0, 6>] on the horizontal line of N only
moves downward to the left; it finally can return to the
horizontal line of N| and jump to the upper branch. This
phenomenon means that the movement of the phase tra-
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Fig. 8 Phase portraits of the SIM with § varying for A =
0.3,A =1,k =1/3,kanz =4/3
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jectory can move unilaterally and not only move both
sides simultaneously

All phase trajectories in the lower part of Fig. 8 start
moving downward from the initial interval [0}, 6,], and
mostly arrive at N1. Then, the phase trajectories jump to
the upper branch of the phase portraits, along with the
upper trajectory move to the N,. Finally, the phase tra-
jectories jump to the initial interval [61, 62] of the N1. In
this process, the amplitude of the system is constantly
changing, which provides the possibility for the emer-
gence of SMR. The phase angle interval [0, 6>] is also
called the jump interval. On the one hand, the jump pro-
cess between different stable branches is unstable and
complicated. On the other hand, a complete jump pro-
cess starts and ends within the jump interval. Therefore,
to simplify the jumping process, a 1-D mapping from
the defined jump interval to itself can be used. In this
process, the frequency detuning interval for generating
SMR is determined.

From Eq. (29), the phase angle of the fixed point can
be expressed as

(43)

4 — dkyyy — 3koo3Z
argC=9+tan_l< 221 223 )

3\Z

According to the SIM, the C values at N1 and N,
N> and N, are, respectively, equal, and the following
relationship can be obtained

_1 (84— 4kt — 3ko3Zy 2
O, =0 tan ! :
u.d 1,2+ < 30710

_1 (4 — 4kt — 3k2n3Zua
— tan
RYVA

(44)

The 1-D mapping for various values of § is illus-
trated in Fig. 9. It should be noted from Fig. 9 that
the 1-D mapping trajectory of a jumping process in
the jumping interval is represented by a straight line
with an arrow and the interval in which SMR exists
is § € [—10.04, 6.90] by varying 8 value until the 1-D
mapping disappears. We change the value of A to obtain
the § interval where SMR exists, as demonstrated in
Table 1.

According to Table 1, the start coordinates of the §
interval where SMR exists decrease with the increase of
A, and the approximate linear trendis y = —9.8754x —
0.8308. The end coordinates increase with the increase
of Aj; the approximate linear trend is y = 4.972x +
1.9112. The length of the interval increases with the
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(a) 6 = —10.04 (b)s=-3
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0

(c)s=4 d) §=6.9

g

Fig. 9 1-D mapping with § varying from —10.04 to 6.90 for
A=03,A =1,k =1/3, ka3 =4/3

Table 1 The § interval where SMR exists with varying A

A § interval where SMR exists

8 € [—6.23,4.58]

6 € [—20.37,11.96]
6 € [—30.86, 16.33]
6 € [-50.43,26.86]
8 € [—69.75,36.82]

2-dof NES

Linear Oscillator

Fig. 10 System model of coupled with 2-dof NES

increase of A, and the approximate linear trend is
y = 14.847x 4 2.742. It is worth mentioning that the
existence interval of SMR obtained by 1-D mapping is
only a necessary condition. Whether the specific SMR
exists needs to be determined in combination with the
dynamic response.
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3 Dynamic analysis of a linear oscillator with a
2-dof NES under harmonic forcing

3.1 Description of considered system mathematical
model

The system model considered in this section is a linear
oscillator with 2-dof NES as shown in Fig. 10. The
relationship among the mass of oscillators could be
denoted as

e s R (45)
mi

Carrying out a similar transformation as in the second
section, the dimensionless form equation of the model
considered in this section can be expressed as

1+ x1 + ko (x1 — x2) + ekaos(x) — x2)°
+ er (X1 — %2)° = A cos(wr)
niy + koot (x2 — x1) + kaoa(x2 — x1)° + A1 G2 — 1)°
+ k331 (x2 — x3) + kaz3(x2 — x3)°
+ Aol —13)° =0
(1 — n)¥3 + k331 (x3 — x2) + k333 (x3 — x2)°
+ a3 — i) =0
(46)

3.2 Analysis without considering frequency detuning

Letw = 1and X; +ix; = y;e', Eq. (46) can be written
as

b — ek | 3elyulPYu (i — kasi) _ €A
! 2 8 T2
c 3P (1 en) (= kasi)
Yu +
81
_ Vi, At emkony, . k331 ¥
2 2n 2n
3P (e — kassi) _eA
8n 2
: 31Vul? Y (0 — kazi)  k
%_Fﬂi_ [ |“Yru (A1 — k223i) n 2211//ul.
2 8n 2n
vy 3 UG — ki)
2n(1 —n) 8n(l—n)

(47)

where ¥, = Y1 — V2, ¥y = Y2 — ¥3. By substituting
the fixed point, Eq. (47) could be rewritten as

319 PP (1 — kaosi)

— ko1t + 1 =A
k 319 2P (Ao — k333

i — Bi¥o,  3WlTu@a — ki) o (48)
1—n 41 —m)

Vil =Yl = (L =i = A

The first equation of Eq. (48) is the same as the
1-dof NES bifurcation equation when § = 0, which
the saddle-node bifurcation does not exist according
to the previous analysis. Analyzing the third equation
of Eq. (48), we should note that the value of | cor-
responds to the value of v, and ,. Therefore, the
number of fixed points in the system is determined by
the second equation of Eq. (48). Further simplifying
the second equation of Eq. (48), one has

(k33 + 22> 3kazz(n® — n + k3z1) Z>

_ 2 _ 2
o n)2 2fa3 — 2 k2(l+k2) “49)
¢ TR T, 2
-

where Z = |y, |2, the Cardano discriminant is used to
determine the number of roots of Eq.(49), which can
be described as

A=y + &y
g 128k Ky + 9D — 0+ kaa)”
729(k2; + A3)°
. 16A2( — 1) (50)
92y +13)°
1603y =303 — 0+ k)’
27(k2, + 12’

p:

The number of roots of Eq. (49) can be obtained
from the discriminant: when A < 0, the equation has
three unequal real roots. When A > 0, the equation
has three roots, one of which is a real root and two are
conjugate imaginary roots. According to the analysis of
the discriminant, the saddle-node bifurcation boundary
curve appears when A = 0. The saddle-node bifurca-
tion with different values of 1 is depicted in Fig. 11.
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Fig. 11 The saddle-node bifurcation with different values of n
in the [A, A] plane

The system with 2-dof NES selects parameters in Refs.
[14,25,35].

From inspection of Fig. 11, the saddle-node bifur-
cation exists in the system with 2-dof NES, which is
different from the 1-dof NES system. The 1-dof and 2-
dof NES saddle-node bifurcations are similar in shape,
and both of them have truncation damping. The 2-dof
NES truncation damping ;> can be expressed as

V3
Ay = Tkm (51)

In Fig. 11, for n < 0.6, the maximum value of A
increases with the increase of 1, and A reaches the
maximum value when n = 0.6. For n > 0.6, the max-
imum value of A decreases as 1 increases. Analyzing
the stability of the fixed point and performing perturba-
tion motion of the dynamic system near the fixed point,
letting

V1= Y10+ A1, Yu = Yuo + Au, Yy = Yo + Ay
(52)

and substituting Egs. (52) into (47), we have

. ekon1A, . 3¢ ;
A= == = T QAN + M) O — Kaxsd)

o —ckaoi Ay 3e ;
A = A3 0 Al Ay + )
. (A=A, (A +adkm Ay, kA,
A, = i— 1 - !

2 2a 2a
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Fig. 12 The saddle-node and Hopf bifurcation of 2-dof NES,
solid line: saddle-node bifurcation, dot line: Hopf bifurcation

3(1 4 ae) .
- T(zAumoF + ALY (o — kasi)

3(A2 — kaszi)
+ Tmummz + A%

_ (AT - A;)i n (14 ae)ky A P4 k331A$i

ko
Au_

2 2a 2a
3(1 4 ae) A
— S QAP + A + ki)
3(A2 + k333i)
+ = QAT + A
: Ay, k1A, k3zidy . 3 2
Ay =—"Li— 2 2a
v ) l 2 l+2a(1—a)l+8a( ulVuol
302 — k3a3i)
2 2
+ Az‘/fuo)()\l — ko23i) — m@AvhﬁvM
+ AR
- Ay ko Ay k3zAy .03 5
Af = v o 3 v Z(QA*
v T T T i — ) T g BAulYul
. 32 +kaazi)
2 2
+ Auwzo V(A1 + koo3i) — m(ZAthM
+ A (53)

The characteristic polynomial of Eq. (53) can be
written as

o +y1 + a3l F a4 ysp+ye = 0 (54)

where u is the eigenvalues, and y; (i = 1,2, ..., 6) are
the calculation coefficients.

In Fig. 12, W* and W* are applied to denote the sta-
ble region and the unstable region. There are three parts
of the unstable region in Fig. 12, which are located in



Dynamic analysis of 1-dof and 2-dof nonlinear energy sink
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Fig. 13 Amplitude response for n = 0.6,¢ = 0.1,A; =
0.3, k221 = 0.133, kop3 = 1.333, k331 = 0.133, k333 = 1.333,
Ny = [Ywol

the upper part of the figure, the saddle-node bifurca-
tion, and the upper part of the saddle-node bifurcation.
Therefore, the three different real roots of the saddle-
node bifurcation are almost unstable. By comparing
with the Hopf bifurcation of 1-dof NES, the Hopf bifur-
cation of 2-dof NES has no boundary.

In this section, we choose two values of A,, one
of which is less than A;; and the other is greater than
Ar2. The amplitude response of the system is shown in
Fig. 13. According to Fig. 13, the number of fixed points
is different with different A. When A is greater than a
certain value and continues to increase, the system will
be in an unstable state.

3.3 Application of incremental harmonic balance
method for response analysis

In the previous section, the analytical method was car-
ried out to analyze the dynamic characteristics of the
system at w = 1. This section will study the dynamic
characteristics of the system when the frequency of
excitation changes. Since IHB is simple and effective
in solving such problems, IHB is applied to analyze the
dynamic characteristics of the system when the excita-
tion frequency changes in this section.
Letting T = wt, Eq. (46) can be rewritten as

w*MX + w3CnX + (K + Ky)X = Fcost (55)

where
[ x; . % . A
X=|xn| M= n ,F=10 1,
| X3 1—n 0
o [i4kn —kom 0
K= | —kon1 ko1 +k3zt  — k33
| 0 — k33t k33
Ly =x1 —x2, Ly =x2 — x3,
_)\.]L% —k]l:% 0
Cn=|-nmL? MLYI+aLE — L3
L0 — L3 A L3
) [ kao3Ly? — ka3 Ly? 0
Ky = | —ka3Li? kopsLi*+k333L2®  — kazzLo?
L 0 — kaz3Lo? k333L?
(56)

The first step of IHB is the incremental process,
let Xo, wo and Fg be a set of solutions of Eq. (55),
then the incremental form of neighboring states can be
expressed as follows:

X =Xo+ AX,w=wy+ Aw, F =Fg+ AF (57)

Substituting Eqgs. (57) into (55) and omitting the
high-order small terms, we have

wiM AX + 3wiCnoAX + (K +3Kno)AX
= R — QwoMXy + 3w(%CN0X0)Aw + AFcost
(58)
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with

R = Fycost — wiMXy — wiCnoXo — (K + Kno)Xo

Cno = Cn(Xo), Kno = Kn(Xo)
(59

It can be concluded from the expression of R that
when X, wo and F are precise solutions, one has R =
0. The second step of IHB is the process of harmonic

balance; the periodic solution of Eq. (55) is assumed to
be

n n
xj =Y ajcos2k — )t + Y by sin(2k — )t = BD;
k=1 k=1

n
Axj =Y Aajcos(2k — )t
k=1

n
+ ) Abjisin(2k — 1)z
k=1
= BADJ'

(60)
where

B = [cost,cos3T, ..., sin T, sin 37, ...]
T
Dj =laj1,aj2,...,ajn,bj1,bj2, ..., bj] (61)

ADj = [Aaji, ..., Aajy, Abj], ey Abjn]T

Equation (60) can be described in matrix form as

Xo=SD, AX =SAD (62)
with
D =[D;.D;, ..,D,),S =[B; B; ...; B]

(63)

AD = [AD;,AD;, ..., AD,]

Inserting Egs. (62) into Eq. (58) and employing the
following integral

2
/ S(AX)T[wiMAX + 3wiChoAX + (K
0

2w
+3Kno)AX]dT =/ S(AX)TIR
0

— QwoMXp + 3wiCnoXo) Aw + AF cos t]dt
(64)
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Fig. 14 Frequency response of the system for n = 0.6,& =
0.1,A1 = 03,2 = 0.3,k = 0.133, ks = 1.333,
k3zp = 0.133, k333 = 1.333, A =0.3

one can be simplified as
KneAD = R+ Ry Aw + R AF (65)
where

Kme = wiM + 3wiCno + K + 3K o,
Rue = (—2woM + 3wiCno) D,
R=F — (WM + wiCno + K +Kno)D,

2 2 _ .
R =/ ST cos tdr, CN0=/ STCnoSd-r,
0 0

2 _ 27 _ .
F = / STFgcostdt, M = / STCnoSdr,
0 0

2 _ 2
K = / STKSdt, Kyo = /
0 0

STKnoSdt
(66)

This study considers the frequency response of the
system under a fixed external excitation amplitude.
Hence, Eq. (65) becomes

KpeAD = R + Rye Aw (67)

The frequency response of the system is drawn in
Fig. 14, where D is the amplitude of the linear struc-
ture, Dy is the amplitude of the first-order NES relative
to the linear structure, and D3, is the amplitude of the
second-order NES relative to the first-order NES.
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In Fig. 14, the saddle-node bifurcation exists in the
system near w = 1. The three frequency response
curves are bent after they intersect, which shows hard
characteristic nonlinearity. The curve bending phe-
nomenon is extremely prominent in the linear oscilla-
tor, and the upward trend of amplitude is significantly
reduced. To this extent, it can be demonstrated that the
2-dof NES system has a vibration suppression effect
near the resonance frequency.

Then, the stability of the periodic solution of the
system is studied by applying the multivariable Floquet
theory. X is set as the solution, and the perturbations
near it can be derived

X =Xo+ AX (68)

By implementing the same simplification process as
Eqgs. (58, 55) can be reformulated as

w?M AX + 3w’CnoAX + (K + 3Knog) AX =0 (69)
According to Floquet theory, Eq. (69) yields
X=00X (70)

with

AX 0 1
x= [AX} 00) = [sz sz}

1 __5 _ B
Qs = —M (K +3Kn), 1

_ -
Q22 = —-3wM CN()

where 0, I represent the zero matrix and the identity
matrix, Xg is a solution with period 7 = 27, therefore,
Q(7) is also a function with period T. For Eq. (70),
assuming that there is a fundamental matrix solution
Y(t),since Q(tr + T) = Q(t), Y(r + T) is also
a solution of Eq. (70), and consequently, the relation
between the two solutions can be described as

Y(t+T)=PY(r) (72)

with P refers to the transition matrix. Hence, solving
the transfer matrix P becomes the key to analyze the
stability of the system.

In this study, an effective method is implemented to
numerically calculate P. The system period is equally

divided into N intervals, for the kthinterval [t Tx—1],
the value of coefficient matrix Q(7) is approximated by
a constant matrix Qy , and the local transition matrix
Py, can be approximately presented in the following
form:

N .
hO)
Pk=€th=I+Z( Q{c)

. (73)
J!

j=1

Therefore, the transition matrix P can be expressed
as

N
P=11P; (74)
k=1

The stability of the periodic solution is obtained by
studying the spectral radius of the matrix P; the sta-
bility analysis of the linear oscillator is illustrated in
Fig. 15. In order to study the response regimes near
the main resonance frequency, take Pi, P>, P3, and
P4 in Fig. 15a, from w = 1 + &4, they correspond to
8§ =-05,86 =0,8 =0.5,8 = 1, respectively, and
Poincare mapping is shown in Fig. 16. From Fig. 15(b),
it can be concluded that proper selection of parameters
can change the stability region and reduce the linear
oscillator amplitude. Figure 15c¢ illustrates that com-
pared with the 1-dof NES, 2-dof NES can eliminate
undesired response near the main resonance frequency.
Figure 16 indicates that when § = 0.5 and 6 = 0, the
responses of the linear oscillator and NES are both peri-
odic. For § = 0.5, the whole system possesses a chaotic
response. When § = 1, the response of the linear oscil-
lator is chaotic, while the response of NES becomes
periodic. In conclusion, the response of linear oscil-
lator and NES can be inconsistent in the 2-dof NES
system, which is significantly different from the 1-dof
NES system.

3.4 SMR analysis for the system with 2-dof NES

This section studies SMR of the system with 2-dof NES
and compares their differences with 1-dof NES. Since
the slow invariant manifold equation of the system with
2-dof NES is not solved, the analysis method of 1-
dof NES cannot be applied. This section analyzes its
numerical simulation results to conduct related SMR
research.
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Fig.15 Stability analysis for the frequency response of the linear
structure, solid line: stable periodic solutions, asterisk: unstable
periodic solutions
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() o=1

Fig. 16 Poincare map for the system with red part refers to
the system reaches steady state, x, vy : the displacement and
velocity of the linear structure, xy., vy.: the displacement and
velocity of the center of mass of the NES with two degrees of
freedom

As the system with 2-dof NES has rich dynamic phe-
nomena, which provides the possibility for the emer-
gence of SMR. This section investigates whether SMR
can exist in a 2-dof NES system when there is no SMR
in a I-dof NES system. To achieve reasonable compar-
isons, a system composed of 2-dof NES is adopted, the
mass distribution n = 1.0 is applied to represent 1-dof
NES, and the initial conditions are zero.

Two examples of time response of the 1-dof and
2-dof NES system are presented as shown in Fig. 17.
In Fig. 17a, the response regimes of 1-dof and 2-dof
NES systems are the steady-state periodic (no modula-
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1-dof NES, 5 =1 2dof NES, 7 =06

1-dof NES, =1 2dof NES, 7= 06

(b)

Fig. 17 Time response of the 1-dof and 2-dof NES system, x1:
displacement of the linear structure. The parameters of the sys-
tem: a§ = 0.1,1 = 0.5, = 0.1, ko1 = 0.133, k23 =
1.333, 2 = 0.3, k331 = 0.133, k333 = 1.333,; A = 1.0 ;(b)
§=0.7,11 =05, =0.1, kpp; = 0.133, kpo3 = 1.333, 1, =
0.1, k331 = 0.133, k333 = 1.333, A= 0.3

tion) and strongly modulated, respectively. In Fig. 17b,
when the response regime of 1-dof NES system is
weakly modulated, while the 2-dof NES system also
exhibits strongly modulated. The reason for the above
phenomenon could be explained as follows: on the one
hand, the occurrence of SMR is strongly related to the
dynamical instability of the system. On the other hand,
according to the previous analysis in this study, the 2-
dof NES can increase the instability near the resonance
frequency of the system. Therefore, the system with
2-dof NES could generate additional SMR.

In order to further verify that the system with 2-
dof NES can generate additional SMR and analyze
the effect of parameters on the generation of SMR,
the response regimes of thel-dof and 2-dof NES sys-
tem with different parameters are spot-checked in
Table 2. The other relevant parameters are selected as
e = 0.1, kpo; = 0.133, kop3 = 1.333, k331 = 0.133,
k333 = 1.333, 41 = 0.3, 12 = 0.3.Itis evidently
portrayed in Table 2 that the 2-dof NES can bring extra
SMR. Most of these system response regimes are con-
sistent; it implies that the mechanisms governing these
system responses are highly similar.

In order to better reveal the impact of the mass dis-
tribution n on the response regime, a set of simulation

results are illustrated in Fig. 18. We can observe from
Fig. 18 that the time responses of the linear oscilla-
tor and NES significantly change with the variation
of mass distribution 5. For the case of n = 0.8, the
response regime of linear oscillator is weakly modu-
lated, but each NES is strongly modulated. It is further
confirmed that the response mechanism of the linear
oscillator and NES is no longer consistent, which is
significantly different from 1-dof NES.

In summary, the following conclusions are empha-
sized: for one thing, the appropriate selection of the
2-dof NES parameter can generate extra SMR. For
another, the mass distribution 7 of 2-dof NES has a sig-
nificant impact on the response regime of the system.
Above all, the response mechanism of linear oscilla-
tor and NES are no longer consistent in the 2-dof NES
system. These conclusions are helpful for solving the
vibration suppression problem in the next section.

4 Vibration suppression applications for the NES
system

This section concerns the application of the 1-dof and
2-dof NES in vibration suppression. The goal of this
section is to discover the optimal vibration suppression
parameters through the parameter tuning process of the
strongly nonlinear vibration absorber, and to verify the
system with 2-dof NES has better vibration suppression
effects than 1-dof NES.

Since the NES system has rich response regimes
in the vicinity of the main resonance frequency, the
system amplitude is also related to time. Therefore, this
study uses the energy spectrum to assess the vibration
suppression efficiency of NES. The energy spectrum
is generated by calculating the average energy of the
linear structure in a period of time which is greater than
one modulation period. According to Eq. (1) or (46),
the energy of linear structure can be expressed as

E <1'2+1 2> @5)
=\5% T 50

2 27/,
where < - >; means to calculate the average value

in the time interval ¢. In this sense, the optimization of
NES in vibration suppression can be equivalent to min-
imizing the value of the above formula E. To simplify
the calculation, the fixed parameters are selected as ¢ =
0.1, A = 0.3, k221 = 0.1, kop3 = 1, ¢ € [2000, 3000].
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Table 2 Response regimes of the 1-dof and 2-dof NES system with different parameters, S: strongly modulated, W: weakly modulated,
P: the steady-state periodic (no modulation)

A 8 n=0.6 n=0.7 n=0.8 n=1.0
0.3 —-0.5 W \\ P P
0 W W W W
0.7 S \\ A\ A\
1 —-0.5 S P P P
0 S S S S
0.7 S S S S
2 —-0.5 P P P P
0 P P P P
0.7 S S S S
06 ZAOtNES, 7200 i 2-dof NES, 7=0.7 08 2-dof NES, 7 =08
03 03 03
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placement of the linear oscillator, the first and second NES, sys-
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Fig. 19 The energy spectrum of the linear oscillator with damp-
ing change

This section analyzes the vibration suppression of
the 1-dof NES system under different damping and
stiffness. First, the vibration suppression of 1-dof NES
with different damping is studied to evaluate the impor-
tance of damping. The energy spectrum of the linear
oscillator with different damping is shown in Fig. 19.

Poincare mapping and time response are applied to ana-
lyze systems with A1 = 0.7 and A; = 0.2 to obtain
Fig. 20.

From the above analysis, it can be noted that the sys-
tem truncation damping of 1-dof NES is 0.577. When
A1 = 0.7, there is no bifurcation in the 1-dof NES sys-
tem; Fig. 20a demonstrates that the system possesses a
steady-state periodic response near the resonance fre-
quency. For A1 = 0.2, SMR of the system in the vicin-
ity of the resonance frequency can be obtained from
Fig. 20b. Therefore, increasing the damping of the NES
does not necessarily reduce the average energy of the
system. SMR can greatly reduce the average energy of
the system and make the system vibration suppression
effect better.

In this section, we further describe the effect of stiff-
ness on the energy spectrum of the system, let ¢ = 0.1,
A = 0.3, A1 = 0.5, ko21/kzp3 = 0.1, whose results
are presented in Fig. 21. Poincare mapping and time
response are applied in the study of the system with
different stiffness; they are demonstrated in Fig. 22.

Figures 21 and 22 illustrate that the average energy
of the system monotonically reduces and the vibration

RS-
sTo4f  ® . 5% 01
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Fig. 20 Poincare map and time response of different damping systems, x1, vy: the displacement and velocity of the linear oscillator,
xn, vy: the displacement and velocity of the NES
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Fig. 21 Energy spectrum of the linear oscillator with different
stiffness

suppression bandwidth keeps growing when the stift-
ness increases in the SMR interval. However, when the
value of k73 continues to improve to 2.94, an unde-
sired steady-state periodic response appears near the
resonance frequency, and an abnormal peak appears in
the energy spectrum. It is called a failure of efficiency
and should be avoided when designing NES. In sum-
mary, increasing the stiffness of NES within a certain
range can continuously improve the vibration suppres-
sion effect, but the vibration suppression fails when the
stiffness is too large.

By varying the value of damping A and stiffness &,
the energy spectrum is applied to discover the param-
eters of the optimal vibration suppression effect of
NES. The criterion to evaluate the vibration suppres-
sion effect is mainly that the area of E in the energy
spectrum is the smallest. The minimum peak value
at each position is also a reference indicator. When
ko1 = 0, according to the optimization standard,
the optimal value of 1-dof NES can be obtained as
ka3 = 5,11 = 1.2. When kp3;1 # 0, the best param-
eters of 1-dof NES can be got similarly as k23 =
3.9, A1 = 0.7, k221 = 0.09. To verify the effectiveness
of NES vibration suppression, the energy spectrum is
compared with the optimal vibration suppression of the
linear damping NES in Ref. [14,26]. The comparison
result of the energy spectrum is shown in Fig. 23.

It is found that the energy amplitude of the single-
stiffness nonlinear damping NES is higher than lin-
ear damping NES in individual positions; however, the
overall area of E is smaller than linear damping NES.

@ Springer

Therefore, the single-stiffness nonlinear damping NES
overall vibration suppression effect is better than lin-
ear damping NES. The NES with combined stiffness
and nonlinear damping has the smallest area in the
energy spectrum, and it has the smallest peak every-
where. Therefore, it can provide the best vibration sup-
pression effect.

Then, this study analyzes the influence of mass dis-
tribution 1 on vibration suppression. As indicated in
Fig. 24, by appropriately selecting the mass distribution
n, 2-dof NES can effectively eliminate the undesired
periodic response which occurred in 1-dof NES, and it
can release some parameter limitations of the selected
value of 1-dof NES. Therefore, this is of great signifi-
cance for optimizing 2-dof NES to suppress vibration.

In this section, based on the best-tuned energy spec-
trum of 1-dof NES, the parameters of better vibration
suppression of 2-dof NES can also be appropriately
designed. For example, a set of satisfactory 2-dof NES
parameters is kop1 = 0.14, ko3 = 4.8, 41 =0.7,n =
0.9, k331 = 0.01,k333 = 1.6,A = 0.5. The sys-
tem energy spectrum of 2-dof NES under satisfactory
parameters is compared with the optimal tuning of 1-
dof NES in Fig. 25.

According to Fig. 25, the vibration energy of 2-dof
NES with geometrically nonlinear damping and com-
bined stiffness at the near and small of the main reso-
nance frequency is obviously reduced. Hence, the 2-dof
NES researched in this study has a better vibration sup-
pression effect than 1-dof NES.

5 Conclusion

This study has investigated a NES system with geo-
metrically nonlinear damping and combined nonlinear
stiffness under the harmonic excitation, and the rich
dynamic characteristics are also demonstrated. First,
for 1-dof NES, it has been found that there is a trunca-
tion damping in the saddle-node bifurcation. Through
analyzing the amplitude—frequency response, the inter-
val of the failure frequency should be avoided in the
actual application of NES. SMR research is carried out
by using phase trajectory diagram and 1-D map; the
frequency detuning interval for the existence of SMR
is also reported.

Next, the 2-dof NES system is analyzed. When w =
1, compared with 1-dof NES, the 2-dof NES system
has the saddle-knot bifurcation, and Hopf bifurcation
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Fig. 22 Poincare mapping and time response of systems with different stiffness

loses its range limitation. When w = 1 4 ¢4, the value
of NES mass distribution has a certain influence on
the response regime of the system. It has found that
2-dof NES can generate extra SMR than 1-dof NES,
which stressed that the response mechanism of linear
oscillator and NES is no longer consistent.

Finally, the energy spectrum, Poincare mapping, and
time response are applied to compare the vibration
reduction of different NESs. Adjusting the mass distri-

bution 1 of 2-dof NES can eliminate some constraints
on the selected value of 1-dof NES. It also demon-
strates that nonlinear damping NES can provide better
vibration suppression effect than linear damping NES,
NES with combined stiffness is more preferable for the
vibration mitigation than pure cubic stiffness NES, and
2-dof NES system has a much better vibration suppres-
sion effect than 1-dof NES system.
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6 Appendix: Derivation of simplified system
equations

The system equation is expressed as

miXy + kixy + c1x1 + ka1 (x1 — x2)
+ ko3 (x1 — x2)* + 2081 — %2)° = Fy cos(wi)
My + ka1 (x2 — x1) + ko3 (x2 — x1)?
+ e —11)° =0
(A.1)

To transform Eq. (A.1) into a dimensionless form,
the following coordinate transformations are intro-
duced

= |—t Xi=xj,, w=w_ |— (A.2)

Letting ¢; = 0, by defining the following variables

k k k

2ok, B = ekyy, — L=

k1 k1 mi ni (A.3)
F(

}”2 =g, _0 — 8A

mi k1

and substituting Eqgs. (A.2) and (A.3) into Eq. (A.1),
we have

X1 4 x1 + ekaoy (x1 — x2) + eka3 (x1 — x2)°
+ en(x] — %2)° = eA cos(wi)
%2 + koot (x2 — x1) + ko3 (x2 — x1)° + A0k — )P =0
(A4)



Dynamic analysis of 1-dof and 2-dof nonlinear energy sink

References

10.

11.

12.

13.

14.

15.

16.

. Xu, L., Cui, Y., Wang, Z.: Active tuned mass damper

based vibration control for seismic excited adjacent build-
ings under actuator saturation. Soil Dyn. Earthq. Eng.
135, 106181 (2020). https://doi.org/10.1016/j.s0ildyn.2020.
106181

Sun, T., Nielsen, S.R.K.: Semi-Active Feedforward Con-
trol of a Floating OWC Point Absorber for Optimal Power
Take-Off. IEEE Trans. Sustain. Energy. 11, 2923279 (2020).
https://doi.org/10.1109/TSTE.2019.2923279

Tehrani, G.G., Dardel, M., Pashaei, M.H.: Passive vibration
absorbers for vibration reduction in the multi-bladed rotor
with rotor and stator contact. Acta Mech. 231, 597 (2020).
https://doi.org/10.1007/s00707-019-02557-x

Fisco, N.R., Adeli, H.: Smart structures: Part II—Hybrid
control systems and control strategies (2011)

Hermann, F.: Device for damping vibrations of bodies
(1909)

Fang, H., Liu, L., Zhang, D., Wen, M.: Tuned mass damper
on a damped structure. Struct. Control Heal. Monit. 26
(2019). https://doi.org/10.1002/stc.2324

Elias, S., Rupakhety, R., Olafsson, S.: Tuned Mass Dampers
for Response Reduction of a Reinforced Concrete Chim-
ney Under Near-Fault Pulse-Like Ground Motions. Front.
Built Environ. 6 (2020). https://doi.org/10.3389/fbuil.2020.
00092

Roberson, R.E.: Synthesis of a nonlinear dynamic vibration
absorber. J. Franklin Inst. 254, 205 (1952). https://doi.org/
10.1016/0016-0032(52)90457-2

Vakakis, A.F., Gendelman, O.V., Bergman, L.A., McFar-
land, D.M., Kerschen, G., Lee, Y.S.: Nonlinear targeted
energy transfer in mechanical and structural systems I. Solid
Mech. Appl. 156 (2008)

Zhang, Z., Zhang, Y.W., Ding, H.: Vibration control com-
bining nonlinear isolation and nonlinear absorption. Non-
linear Dyn. 100, 3061 (2020). https://doi.org/10.1007/
s11071-020-05606-6

Farid Golnaraghi, M.: Vibration suppression of flex-
ible structures using internal resonance. Mech. Res.
Commun. 18, 135 (1991). https://doi.org/10.1016/
0093-6413(91)90042-U

Jiang, X., Michael Mcfarland, D., Bergman, L.A., Vakakis,
AF.: Steady state passive nonlinear energy pumping in
coupled oscillators: theoretical and experimental results.
Nonlinear Dyn. 33, 87 (2003). https://doi.org/10.1023/A:
1025599211712

Ding, H., Chen, L.Q.: Designs, analysis, and applications of
nonlinear energy sinks (2020)

Kong, X., Li, H., Wu, C.: Dynamics of 1-dof and 2-dof
energy sink with geometrically nonlinear damping: appli-
cation to vibration suppression. Nonlinear Dyn. 91, 733
(2018). https://doi.org/10.1007/s11071-017-3906-2
AL-Shudeifat, M.A.: Nonlinear Energy Sinks With
Piecewise-Linear Nonlinearities. J. Comput. Nonlinear Dyn.
14 (2019). https://doi.org/10.1115/1.4045052

Li, H., Li, A., Kong, X.: Design criteria of bistable nonlinear
energy sink in steady-state dynamics of beams and plates.
Nonlinear Dyn. 103, 1475 (2021). https://doi.org/10.1007/
s11071-020-06178-1

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Blanchard, A., Bergman, L.A., Vakakis, A.F.: Vortex-
induced vibration of a linearly sprung cylinder with an
internal rotational nonlinear energy sink in turbulent flow.
Nonlinear Dyn. 99, 593 (2020). https://doi.org/10.1007/
s11071-019-04775-3

Moslemi, A., Khadem, S.E., Khazaee, M., Davarpanah, A.:
Nonlinear vibration and dynamic stability analysis of an axi-
ally moving beam with a nonlinear energy sink. Nonlinear
Dyn. (2021). https://doi.org/10.1007/s11071-021-06389-0
Wierschem, N.E., Spencer, B.F.J.: Targeted energy trans-
fer using nonlinear energy sinks for the attenuation of tran-
sient loads on building structures, Dissertations and Theses-
Gradworks (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, 2161 (2016). https://doi.org/10.1007/
s11071-016-2922-y

Wang, C., Moore, K.J.: On nonlinear energy flows in
nonlinearly coupled oscillators with equal mass. Non-
linear Dyn. 103, 443 (2021). https://doi.org/10.1007/
s11071-020-06120-5

Wang, G.X., Ding, H., Chen, L.Q.: Nonlinear normal modes
and optimization of a square root nonlinear energy sink.
Nonlinear Dyn. 100, 3061 (2021). https://doi.org/10.1007/
s11071-021-06334-1

Geng, X.F,, Ding, H., Mao, X.Y., Chen, L.Q.: Nonlin-
ear energy sink with limited vibration amplitude. Mech.
Syst. Signal Process. 156, 107625 (2021). https://doi.org/
10.1016/j.ymssp.2021.107625

Gendelman, O.V., Gourdon, E., Lamarque, C.H.: Quasiperi-
odic energy pumping in coupled oscillators under periodic
forcing. J. Sound Vib. 294, 651 (2006). https://doi.org/10.
1016/j.jsv.2005.11.031

Gendelman, O.V.,, Starosvetsky, Y.: Quasi-periodic response
regimes of linear oscillator coupled to nonlinear energy sink
under periodic forcing. J. Appl. Mech. Trans. ASME. 74
(2007). https://doi.org/10.1115/1.2198546

Gendelman, O.V., Starosvetsky, Y., Feldman, M.: Attrac-
tors of harmonically forced linear oscillator with attached
nonlinear energy sink I: Description of response regimes.
Nonlinear Dyn. 51, 31 (2008). https://doi.org/10.1007/
s11071-006-9167-0

Xiong, H., Kong, X., Yang, Z., Liu, Y.: Response regimes
of narrow-band stochastic excited linear oscillator coupled
to nonlinear energy sink (2015)

Farid, M., Gendelman, O.V.: Response regimes in equivalent
mechanical model of strongly nonlinear liquid sloshing. Int.
J. Non. Linear. Mech. 94, 146 (2017). https://doi.org/10.
1016/j.ijnonlinmec.2017.04.006

Abdollahi, A., Khadem, S.E., Khazaee, M., Moslemi, A.:
On the analysis of a passive vibration absorber for sub-
merged beams under hydrodynamic forces: An optimal
design. Eng. Struct. 220, 110986 (2020). https://doi.org/10.
1016/j.engstruct.2020.110986

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, 2415
(2017). https://doi.org/10.1007/s11071-016-3200-8

Wang, J., Wang, B., Zhang, C., Liu, Z.: Effectiveness and
robustness of an asymmetric nonlinear energy sink-inerter

@ Springer


https://doi.org/10.1016/j.soildyn.2020.106181
https://doi.org/10.1016/j.soildyn.2020.106181
https://doi.org/10.1109/TSTE.2019.2923279
https://doi.org/10.1007/s00707-019-02557-x
https://doi.org/10.1002/stc.2324
https://doi.org/10.3389/fbuil.2020.00092
https://doi.org/10.3389/fbuil.2020.00092
https://doi.org/10.1016/0016-0032(52)90457-2
https://doi.org/10.1016/0016-0032(52)90457-2
https://doi.org/10.1007/s11071-020-05606-6
https://doi.org/10.1007/s11071-020-05606-6
https://doi.org/10.1016/0093-6413(91)90042-U
https://doi.org/10.1016/0093-6413(91)90042-U
https://doi.org/10.1023/A:1025599211712
https://doi.org/10.1023/A:1025599211712
https://doi.org/10.1007/s11071-017-3906-2
https://doi.org/10.1115/1.4045052
https://doi.org/10.1007/s11071-020-06178-1
https://doi.org/10.1007/s11071-020-06178-1
https://doi.org/10.1007/s11071-019-04775-3
https://doi.org/10.1007/s11071-019-04775-3
https://doi.org/10.1007/s11071-021-06389-0
https://doi.org/10.1007/s11071-016-2922-y
https://doi.org/10.1007/s11071-016-2922-y
https://doi.org/10.1007/s11071-020-06120-5
https://doi.org/10.1007/s11071-020-06120-5
https://doi.org/10.1007/s11071-021-06334-1
https://doi.org/10.1007/s11071-021-06334-1
https://doi.org/10.1016/j.ymssp.2021.107625
https://doi.org/10.1016/j.ymssp.2021.107625
https://doi.org/10.1016/j.jsv.2005.11.031
https://doi.org/10.1016/j.jsv.2005.11.031
https://doi.org/10.1115/1.2198546
https://doi.org/10.1007/s11071-006-9167-0
https://doi.org/10.1007/s11071-006-9167-0
https://doi.org/10.1016/j.ijnonlinmec.2017.04.006
https://doi.org/10.1016/j.ijnonlinmec.2017.04.006
https://doi.org/10.1016/j.engstruct.2020.110986
https://doi.org/10.1016/j.engstruct.2020.110986
https://doi.org/10.1007/s11071-016-3200-8

Y. Zhang et al.

32.

33.

34.

35.

36.

37.

for dynamic response mitigation. Earthq. Eng. Struct. Dyn.
(2021). https://doi.org/10.1002/eqe.3416

Starosvetsky, Y., Gendelman, O.V.: Response regimes of
linear oscillator coupled to nonlinear energy sink with har-
monic forcing and frequency detuning. J. Sound Vib. 3185,
746 (2008). https://doi.org/10.1016/].jsv.2007.12.023
Xiong, H., Kong, X., Li, H., Yang, Z.: Vibration analysis
of nonlinear systems with the bilinear hysteretic oscillator
by using incremental harmonic balance method. Commun.
Nonlinear Sci. Numer. Simul. 42, 1-708 (2017). https://doi.
org/10.1016/j.cnsns.2016.06.005

Kovacic, 1., Gatti, G.: Some benefits of using exact solutions
of forced nonlinear oscillators: Theoretical and experimental
investigations. J. Sound Vib. 436, 310 (2018). https://doi.
org/10.1016/j.jsv.2018.06.059

Dou, C., Fan, J., Li, C., Cao, J., Gao, M.: On discontinuous
dynamics of a class of friction-influenced oscillators with
nonlinear damping under bilateral rigid constraints. Mech.
Mach. Theory. 147, 103750 (2020). https://doi.org/10.1016/
j-mechmachtheory.2019.103750

Starosvetsky, Y., Gendelman, O.V.: Vibration absorption in
systems with a nonlinear energy sink: Nonlinear damping.
J. Sound Vib. 324, 916 (2009). https://doi.org/10.1016/j.jsv.
2009.02.052

Andersen, D., Starosvetsky, Y., Vakakis, A., Bergman, L.:
Dynamic instabilities in coupled oscillators induced by
geometrically nonlinear damping. Nonlinear Dyn. 67, 807
(2012). https://doi.org/10.1007/s11071-011-0028-0

@ Springer

39.

40.

41.

. Quinn, D.D., Hubbard, S., Wierschem, N., Al-Shudeifat,

M.A., Ott, RJ., Luo, J., Spencer, B.F., McFarland, D.M.,
Vakakis, A.F., Bergman, L.A.: Equivalent modal damping,
stiffening and energy exchanges in multi-degree-of-freedom
systems with strongly nonlinear attachments. Proc. Inst.
Mech. Eng. Part K J. Multi-body Dyn. 226 (2012). https:/
doi.org/10.1177/1464419311432671

Al-Shudeifat, M.A.: Amplitudes decay in different kinds of
nonlinear oscillators. J. Vib. Acoust. Trans. ASME. 137,
031012 (2015). https://doi.org/10.1115/1.4029288

Elliott, S.J., Tehrani, M.G., Langley, R.S.: Nonlinear damp-
ing and quasi-linear modelling. Philos. Trans. R. Soc. A
Math. Phys. Eng. Sci. 373 (2015). https://doi.org/10.1098/
rsta.2014.04024

Liu, Y., Chen, G., Tan, X.: Dynamic analysis of the nonlin-
ear energy sink with local and global potentials: geometri-
cally nonlinear damping. Nonlinear Dyn. 101, 2157 (2020).
https://doi.org/10.1007/s11071-020-05876-0

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional affil-
iations.


https://doi.org/10.1002/eqe.3416
https://doi.org/10.1016/j.jsv.2007.12.023
https://doi.org/10.1016/j.cnsns.2016.06.005
https://doi.org/10.1016/j.cnsns.2016.06.005
https://doi.org/10.1016/j.jsv.2018.06.059
https://doi.org/10.1016/j.jsv.2018.06.059
https://doi.org/10.1016/j.mechmachtheory.2019.103750
https://doi.org/10.1016/j.mechmachtheory.2019.103750
https://doi.org/10.1016/j.jsv.2009.02.052
https://doi.org/10.1016/j.jsv.2009.02.052
https://doi.org/10.1007/s11071-011-0028-0
https://doi.org/10.1177/1464419311432671
https://doi.org/10.1177/1464419311432671
https://doi.org/10.1115/1.4029288
https://doi.org/10.1098/rsta.2014.04024
https://doi.org/10.1098/rsta.2014.04024
https://doi.org/10.1007/s11071-020-05876-0

	Dynamic analysis of 1-dof and 2-dof nonlinear energy sink with geometrically nonlinear damping and combined stiffness
	Abstract
	1 Introduction
	2 Dynamic analysis of a linear oscillator with a 1-dof NES under harmonic forcing
	2.1 Research on system mathematical model
	2.2 Bifurcation analysis
	2.3 SMR analysis for the system with 1-dof NES

	3 Dynamic analysis of a linear oscillator with a 2-dof NES under harmonic forcing
	3.1 Description of considered system mathematical model
	3.2 Analysis without considering frequency detuning
	3.3 Application of incremental harmonic balance method for response analysis
	3.4 SMR analysis for the system with 2-dof NES

	4 Vibration suppression applications for the NES system
	5 Conclusion
	Acknowledgements
	6 Appendix: Derivation of simplified system equations
	References




