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0 Introduction

According to traditional theories of vibration isola⁃
tion, the initial vibration isolation frequency of a lin⁃
ear vibration isolator is 2 times the natural frequen⁃
cy of the system. In order to realize low-frequency vi⁃
bration isolation, it is necessary to reduce the stiff⁃
ness of the linear vibration isolator, but the bearing
capacity of the system will be weakened as a result.
Thus, scholars all over the world have proposed to
use quasi-zero-stiffness vibration isolators with
higher static stiffness and lower dynamic stiffness[1],
which can overcome the contradiction between reduc⁃
ing the natural frequency of a linear vibration isola⁃

tor and increasing its bearing capacity, with good ef⁃
fect of low-frequency vibration isolation[2-3], showing
a broad application prospect in the field of vibration
and noise control of ship power equipment. Com⁃
pared with linear vibration isolators, quasi-zero-stiff⁃
ness ones perform better in low-frequency vibration
isolation and generate wider frequency bands of vi⁃
bration isolation, when they are used for double-lay⁃
er vibration isolation and floating-raft vibration isola⁃
tion[4-5]. For example, Wang et al.[4] established a
piecewise nonlinear dynamic model of a quasi-ze⁃
ro-stiffness double-layer vibration isolation system
with rollers, and evaluated the system performance
in vibration isolation; relevant results showed that
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the quasi-zero-stiffness double-layer vibration isola⁃
tion system not only performed well in low-frequen⁃
cy vibration isolation, but also had wider frequency
bands of vibration isolation. Zhou et al.[5] constructed
a quasi-zero-stiffness single-layer vibration isola⁃
tion floating raft by using quasi-zero-stiffness vibra⁃
tion isolators, and evaluated the system performance
in vibration isolation; relevant results showed that
the initial frequency of the quasi-zero-stiffness float⁃
ing-raft vibration isolation was much lower than that
of the linear floating-raft vibration isolation, and that
the system had much higher vibration isolation effi⁃
ciency than a linear system did.

Evaluation indexes of performance of vibration iso⁃
lation systems mainly include: vibration level differ⁃
ences, power transfer rates (insertion loss), force
transfer rates, and transmitted power flow. As for vi⁃
bration isolation systems installed on flexible founda⁃
tions, due to differences in amplitudes and phases of
transfer force at multiple supports, methods for evalu⁃
ating vibration isolation effects in terms of power
transfer rates or response ratios show certain defects,
but power transfer rates are more accurate and com⁃
prehensive than both transmitted power flow and vi⁃
bration level differences in evaluating the vibration
isolation performance of systems[6]. Therefore, more
and more attention has been paid to methods using
power transfer rates in recent years. Lou et al.[7] sim⁃
plified a foundation into an elastic beam with two
fixed ends, derived the transmitted power flow of a
single-layer flexible vibration isolation system
through the method of mechanical impedance, ana⁃
lyzed the influences of off-center excitation on the
characteristics of the power transfer by means of nu⁃
merical simulation, and compared the power flow
with the spectrum curves of vibration level differ⁃
ence. Xia et al.[8] simulated a flexible foundation by
using a rectangular damping sheet with four sim⁃
ply-supported edges, obtained formulas of the power
transfer in the vibration isolation system through the
method of mechanical impedance, and discussed the
influences of various system parameters on the vibra⁃
tion isolation effect. As the vibration isolation effect
of a quasi-zero-stiffness vibration isolation system
will be affected by system parameters, research on
the influences of the system parameters on vibration
isolation performance can provide guidance for the
application of quasi-zero-stiffness vibration isola⁃
tors to vibration isolation systems.

In this paper, dynamic models of a double-layer
vibration isolation system, composed of linear vibra⁃

tion isolation and quasi-zero-stiffness vibration iso⁃
lation, and a linear vibration isolation system with
two degrees of freedom were established respective⁃
ly; according to the definition of power transfer rates,
the method of averaging was adopted to derive power
transfer rates of the two systems under harmon⁃
ic-force excitation; influences of parameters such as
the amplitude of excitation force, damping ratio,
mass ratio, and stiffness ratio on the power transfer
rate and the resonance frequency of the double-layer
vibration isolation system were analyzed numerical⁃
ly, so as to propose methods for improving the vibra⁃
tion isolation performance of the double-layer vibra⁃
tion isolation system; in addition, power transfer
rates of the two systems were compared and analyzed.
1 Establishment of dynamic mod-

els and solutions for power
transfer rates

1.1 Model of a quasi-zero-stiffness
vibration isolator

As shown in Fig.1, the quasi-zero-stiffness vibra⁃
tion isolator is composed of a vertical spring with pos⁃
itive stiffness and two inclined springs with negative
stiffness[9]. In the figure, k0 and k1 respectively de⁃
note stiffness of the inclined and vertical springs in
the quasi-zero-stiffness vibration isolator; L0 de⁃
notes the length of either inclined spring; h indi⁃
cates the compression amount of the vertical spring
when the system is in balance; a indicates the dis⁃
tance from the installation position of either inclined
spring to the center of the system; and x indicates
displacement of the vibration isolator.

In the case of external force F acting on the sys⁃
tem, the vertical force of the two inclined springs
with negative stiffness is:

f0 = 2k0(h - x)
æ

è

ç
ç

ö

ø

÷
÷

L0

a2 + (h - x)2
- 1 （1）

Fig.1 Schematic diagram of quasi-zero stiffness isolator
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Under the action of the external force F , the
force of the quasi-zero-stiffness system in the verti⁃
cal direction is:

FV = k1x + f0 （2）
Substituting f0 into Formula (2) yields:

FV = k1x + 2k0( )x - h
æ
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ç
çç
ç
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÷
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÷1 -

L0

a2 + ( )x - h
2

（3）

Non-dimensionalizing Formula (3) yields:
FV

* = ŷ + 2βŷ
æ
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ç
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÷
÷1 - 1

a′2 + ŷ2
（4）

where y = x - h , ŷ = y/L0 , a′ = a/L0 , β = k0 /k1 ,
FV

* = F̂V - ĥ .
By taking a derivative with respect to ŷ , the di⁃

mensionless stiffness of the system can be obtained
as:

K̂ = 1 + 2β
é

ë

ê
êê
ê

ù

û

ú
úú
ú1 - a′2

( )ŷ2 + a′2 3 2
（5）

Setting ŷ = 0 and K̂ = 0 yields the condition for
obtaining the quasi-zero stiffness of the system:

β = a′

2( )1 - a′
（6）

From Formula (6), it can be seen that the condi⁃
tion for the system to achieve quasi-zero stiffness is
related to the ratio β of the stiffness of vertical
spring to the stiffness of inclined springs, the origi⁃
nal length L0 of inclined springs, and the distance
a from the installation position of either inclined
spring to the center of the system.

Processing Formula (4) through Taylor expansion
in the vicinity of the static equilibrium position
yields:
FV

* = FV
*(0) + FV

*(0) ŷ +
FV

*(0)
2 !

ŷ2 +
FV

*(0)
3 !

ŷ3 =
2β

a13
ŷ3

Substituting dimensionless parameters into the
above formula yields:

FV =
2K0 L0

a3
y3

and thus, the stiffness of the quasi-zero-stiffness
vibration isolator is

kqzs =
2K0 L0

a3

1.2 Double-layer vibration isolation sys-
tem

A double-layer vibration isolation system was es⁃
tablished based on the assumption that the founda⁃
tion was rigid, as shown in Fig.2, in which, the upper

layer was a quasi-zero-stiffness vibration isolator
and the lower layer was a linear vibration isolator. In
the figure: kqzs and k2 respectively indicate nonlin⁃
ear stiffness of the quasi-zero-stiffness vibration iso⁃
lator and stiffness of the linear vibration isolator; c1

and c2 respectively indicate damping of the qua⁃
si-zero-stiffness vibration isolator and that of the lin⁃
ear vibration isolator; Y1 and Y2 respectively indi⁃
cate displacement of the isolated equipment and that
of the intermediate mass block; m1 and m2 respec⁃
tively indicate mass of the isolated equipment and
that of the intermediate mass block; F cos ΩT indi⁃
cates the excitation imposed on the isolated equip⁃
ment.

The upward direction is defined as the positive di⁃
rection, and the following formula can be obtained
according to Fig.2:
ì
í
î

m1Ÿ1 = kqzs(Y2 - Y1)
3 + c1(Ẏ2 - Ẏ1) + F cosΩT

m2Ÿ2 = -kqzs(Y2 - Y1)
3 - c1(Ẏ2 - Ẏ1) - k2Y2 - c2Ẏ2

（7）
Set

x1 = Y1/a
′ ，x2 = Y2 /a′ ，t = TΩ0 ，ω = Ω

Ω0

，

Ω0 =
k1

m1

，ξ1 =
c1Ω0

k1

，f = F
k1a

，kqzs =
2K0 L0

a3
，

β =
k0

k1

，ξ1 =
c2Ω0

k1

，γ =
2β + 1

6
，w =

m1

m2

（8）
where a refers to the distance from the left installa⁃
tion point of the negative-stiffness mechanism to the
center of the quasi-zero-stiffness vibration isolator,
as mentioned in Section 1.1. Thus, Formula (7) can
be transformed into a dimensionless nonlinear sys⁃
tem model:
ì
í
î

ẍ1 = γ(x2 - x1)
3 + ξ1(ẋ2 - ẋ1) + f cosωt

ẍ2 = -wγ(x2 - x1)
3 - wξ1(ẋ2 - ẋ1) - wλx2 - wξ2 ẋ2

（9）
Set z1 = x2 - x1 ，z2 = x2 Formula (9) can be trans⁃
formed into:

Fig.2 Schematic diagram of double layer vibration isolation
system
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ì
í
î

z̈1 - z̈2 + γz1
3 + ξ1 ż1 + f cosωt = 0

wz̈1 - (1 + w)z̈2 - wλz2 - wξ2 ż2 + wf cosωt = 0
（10）

In the form of matrices, Formula (10) can be trans⁃
formed into:

MZ̈ + CŻ = f ̂ （11）
where

Z = é
ë
ê
ù
û
ú

z1

z2

，M = é
ë
ê

ù
û
ú

1 -1
w -(1 + w) ，

f ̂ =
é

ë
ê

ù

û
ú

-f cosωt - γz1
3

-wf cosωt + wλz2

，C = é
ë
ê

ù
û
ú

ξ1 0
0 -wξ2

With the method of averaging [9], it is supposed
that solutions to steady-state responses of the system
are:

Z = u cosωt + v sinωt （12）
Ż = -ωu sinωt +ωv cosωt （13）

where u = [ ]u1u2

T and v = [ ]v1v2

T are slowly varying
functions with respect to time t . Taking derivatives
of Formula (12) with respect to time t yields:

Ż = u̇ cosωt -ωu sinωt + v̇ sinωt +ωv cosωt（14）
Z̈ = -ωu̇ sinωt -ω2u cosωt +ωv̇ cosωt -ω2v sinωt

（15）
Combining Formula (13) with Formula (14) yields:

u̇ cosωt + v̇ sinωt = 0 （16）
Substituting Formula (12), Formula (13) and For⁃

mula (15) into Formula (11) yields:
(Mωv̇ - Mω2u + Cωv)cosωt -

(Mωu̇ + Mω2v + Cωu)sinωt = f ̂ （17）
Combining Formula (16) with Formula (17) yields:

Mωu̇ = -(Mω2v + Cωu)sin2ωt -f ̂ sinωt +
(-Mω2u + Cωv)cosωt sinωt （18）

Mωv̇ = (Mω2u - Cωv)cos2ωt + f ̂ cosωt +
(Mω2v + Cωu)cosωt sinωt （19）

Terms on the right sides of Formula (18) and For⁃
mula (19) can be approximately replaced by using
the average of ωt in a cycle, and u and v are
deemed to be unchanged within the cycle of ωt .
Thus, averaging formulas are given as:
Mωu̇ = 1

2π 0
2π é

ë
êê

ù

û
úú

-f ̂ sinωt - (Mω2v + Cωu)sin2ωt +
(-Mω2u + Cωv)cosωt sinωt

dωt

（20）
Mωv̇ = 1

2π 0
2π é

ë
êê

ù

û
úú

f ̂ cosωt + (Mω2u - Cωv)cos2ωt +
(Mω2v + Cωu)sinωt cosωt

dωt

（21）
Formula (20) and Formula (21) can be simplified

into:
Mωu̇ = - 1

2
(Mω2v + Cωu) + 1

2
é

ë
ê

ù

û
ú

Q1

Q2

（22）

Mωv̇ = 1
2

(Mω2u - Cωv) - 1
2
é

ë
ê

ù

û
ú

Q3

Q4

（23）

where
Q1 =

3
4
γv1

3 + 3
4
γu1

2v1 ，Q2 = -wλv2

Q3 =
3
4
γu1

3 + 3
4
γv1

2u1 + f ，Q4 = -wλu2 + wf

Terms on the left sides of Formula (22) and Formu⁃
la (23) are set to be 0, and then solutions to
steady-state responses of the system can be ex⁃
pressed by using following polynomials containing
v1 , v2 , u1 and u2 .

ω2v1 -ω
2v2 + ξ1ωu1 - Q1 = 0 （24）

ω2wv1 -ω
2(1 + w)v2 -ωwξ2u2 - Q2 = 0 （25）

-ξ1ωv1 +ω
2u1 -ω

2u2 - Q3 = 0 （26）
ωwξ2v2 +ω

2wu1 -ω
2(1 + w)u 2 - Q4 = 0 （27）

When the system is under harmonic-force excita⁃
tion of F cosΩT , the dimensionless force trans⁃
ferred to the intermediate mass block is:

f t = -wξ2 ż2 - wλz2 （28）
Substituting Formula (12) and Formula (13) into

Formula (28) yields:
f t = F t1 cosωt + F t2 sinωt （29）

where
F t1 = -wξ2ωv2 - wλu2 ，F t2 = wξ2ωu2 - wλv2

Then, the amplitude, F t of the dimensionless
force, f t transferred to the intermediate mass block
can be expressed as:

F t = F t1
2 + F t2

2 （30）
According to Formula (13), the amplitudes of re⁃

spective dimensionless speeds ż1 , ż2 of the isolated
equipment and the intermediate mass block are:

ż t1 = (-ωu1)
2 + (-ωv1)

2

ż t2 = (-ωu2)
2 + (-ωv2)

2

According to the definition of power transfer rates [10],
the power transfer rate of the double-layer vibration
isolation system is:
Tp =

F t ż2t

fż1t

=
(wξ2ωu2 - wλv2)

2 + (-wξ2ωv2 - wλu2)
2

f (u1
2 + v1

2) (u2
2 + v2

2)

（31）
1.3 Two-degree-of-freedom linear vi-

bration isolation system

A two-degree-of-freedom linear vibration isola⁃
tion system was established based on the assumption
that the foundation was rigid, as shown in Fig.3. k1

and k2 respectively denote the stiffness of the upper
and lower vibration isolators; c1 and c2 respectively
denote the damping of upper and lower vibration iso⁃
lators; Y1 and Y2 respectively denote displacements
of the isolated equipment and the intermediate mass

48



downloaded from www.ship-research.com

block; m1 and m2 respectively denote mass of the
isolated equipment and the intermediate mass block;
F cosΩT denotes excitation imposed on the isolated
equipment. It is supposed that the spring k1 has an
outer radius of r .

The downward direction is defined as the positive
direction, and the following formula can be obtained
according to Fig. 3:

ì
í
î

m1Ÿ1 = -c1(Ẏ1 - Ẏ2) - k1(Y1 - Y2) + F cosΩT

m1Ÿ1 = -m2Ÿ2 - c2Ẏ2 - k2Y2 + F cosΩT
（32）

Set ẑ1 = Y1 - y2 , ẑ2 = Y2 and introduce following
dimensionless parameters:

Ω0 =
k1

m1

，t =Ω0T ，ω = Ω
Ω0

，z1 =
ẑ1

r

z2 =
ẑ2

r
，η1 =

c1

2 m1k1

，η2 =
c2

2m2Ω0

，

λ =
k2

k1

，w′ =
m2

m1

，p = F
k1r

（33）
Then, dimensionless differential equations of mo⁃

tion of the system are obtained as:
ì
í
î

z̈1 + z̈2 + 2η1 ż1 + z1 = p cosωt

z̈1 + (1 + w′)z̈2 + 2w′η2 ż2 + λz2 = p cosωt
（34）

In the form of matrices, Formula (34) can be ex⁃
pressed as:

MZ̈ + CŻ = f ̂l （35）
where

Z = é
ë
ê
ù
û
ú

z1

z2

，M = é
ë
ê

ù
û
ú

1 1
1 1 + w′ ，

C =
é

ë
ê

ù

û
ú

2η1 0

0 2w′η2

，f ̂l =
é
ë
ê

ù
û
ú

p cosωt - z1

p cosωt + λz2

By following the same steps as mentioned in Sec⁃
tion 1.2, solutions to steady-state responses of the
system can be expressed with the following polynomi⁃
als containing v1 , v2 , u1 and u2 .

ω2v1 +ω
2v2 + 2¶1ωu1 - Q1 = 0 （36）

ω2v1 +ω
2(1 + w′)v2 + 2w′ωη2u2 - Q2 = 0 （37）

-2η1ωv1 +ω
2u1 +ω

2u2 - Q3 + p = 0 （38）
-2w′ωη2v2 +ω

2u1 +ω
2(1 + w′)u2 - Q4 + p = 0（39）

where
Q1 =

3
4

v1 ，Q2 = λv2 ，Q3 = u1 ，Q4 = λu2

In the case of the system under harmonic-force ex⁃
citation F cosΩT , the dimensionless force trans⁃
ferred to the intermediate mass block is:

f t = 2w′η2 ż2 + λz2 （40）
The solution is:

f t = F t1 cosωt + F t2 sinωt （41）
where

F t1 = 2w′ωη2v2 + λu2 ，F t2 = -2w′ωη2u2 + λv2

Then, the amplitude, F t of the dimensionless
force, f t transferred to the intermediate mass block
is:

F t = F t1
2 + F t2

2 （42）
Similarly, the amplitudes of respective dimension⁃

less speeds ż1 , ż2 of the isolated equipment and the
intermediate mass block are:

żt1 = (-ωu1)
2 + (-ωv1)

2

żt2 = (-ωu2)
2 + (-ωv2)

2

According to the definition of power transfer rates,
the power transfer rate of the two-degree-of-free⁃
dom linear vibration isolation system is:

Tp =
F t ż t2

pż t1

=

( )2w′ωη2v2 + λu2

2
+ (-2w′ωη2u2 + λv2)

2

p (u1
2 + v1

2) (u2
2 + v2

2)
（43）

2 Research on characteristics of
power transfer rates

2.1 Influences of excitation amplitude on
power transfer rates of system

Fig.4 shows power transfer rates of the double-lay⁃
er vibration isolation system under different excita⁃
tion-force amplitudes f in the case of fixed mass
ratio, damping ratio, and stiffness ratio. According to
Fig.4, the system has two orders of resonance peaks;
the vibration corresponding to the first order reso⁃
nance peak is dominated by the motion of the isolat⁃
ed equipment m1 , while the vibration corresponding
to the second order peak is dominated by the motion
of the intermediate mass block m2 ; the same below.
As the excitation-force amplitude increases, the sec⁃
ond order resonance frequency remains unchanged,
while the first order one increases, with the corre⁃

Fig.3 Schematic diagram of two degree of freedom linear
vibration isolation system
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sponding power transfer rate increasing as well. In
addition, the maximum power transfer rate corre⁃
sponding to the second order resonance frequency is
less than 1, indicating that the quasi-zero-stiffness
vibration isolation system can still isolate vibration
around its second order resonance frequency.
2.2 Influences of damping ratios on

power transfer rates of system

Fig.5 shows power transfer rates of the double-lay⁃
er vibration isolation system under different damping
ratios ξ1 (damping ratios of the springs in the qua⁃
si-zero-stiffness vibration isolator), in the case of
fixed mass ratio, stiffness ratio and excitation-force
amplitude. According to Fig.5, as the damping ratio
ξ1 increases, the second resonance frequency, as
well as the power transfer rate corresponding to the
first order resonance frequency, keeps unchanged,
while the power transfer rate corresponding to the
second order resonance frequency increases, indicat⁃
ing that vibration isolation performance of the vibra⁃
tion isolation system can be improved by reducing
the damping ratio.

Fig.6 shows power transfer rates of the double-lay⁃
er vibration isolation system under different damping

ratios ξ2 (damping ratios of the springs in the linear
vibration isolator), in the case of fixed mass ratio,
stiffness ratio and excitation-force amplitude. Ac⁃
cording to Fig.6, as the damping ratio increases, both
the second order resonance frequency and its corre⁃
sponding power transfer rate decrease. Therefore, vi⁃
bration isolation performance of the vibration isola⁃
tion system can be improved by reducing the damp⁃
ing ratio.

2.3 Influences of mass ratios on power
transfer rates of system

Fig.7 shows power transfer rates of the two-de⁃
gree-of-freedom quasi-zero-stiffness vibration iso⁃
lation system under different mass ratios w , in the
case of fixed damping ratio, stiffness ratio and excita⁃
tion-force amplitude. According to Fig.7, as the
mass ratio increases, the maximum power transfer
rate of the system and the first order resonance fre⁃
quency basically remain unchanged, but the second
order resonance frequency increases. Therefore, the
mass ratio can be properly reduced to decrease the
initial vibration isolation frequency of the system
and increase its vibration isolation frequency range,
so as to improve the low-frequency vibration isola⁃
tion performance.

Fig.4 The reference values of power transfer rate of double
layer vibration isolation system under different excitation
force f
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Fig.5 The reference values of power transfer rate of double
layer vibration isolation system under different damping
ratio ξ1
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Fig.6 The reference values of power transfer rate of double
layer vibration isolation system under different damping
ratio ξ2
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Fig.7 The reference values of power transfer rate of double layer
vibration isolation system under different mass ratio w
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2.4 Influences of stiffness ratios on
power transfer rates of system

Fig.8 shows power transfer rates of the double-lay⁃
er vibration isolation system under different stiffness
ratios, in the case of fixed damping ratio, mass ratio
and excitation-force amplitude. According to Fig.8,
as the stiffness ratio β increases, both the first order
resonance frequency and its corresponding power
transfer rate of the system increase, while the second
order resonance frequency and its corresponding
power transfer rate remain unchanged. Therefore, vi⁃
bration isolation performance of the quasi-zero-stiff⁃
ness vibration isolation system can be improved by
reducing the stiffness ratio properly.

3 Comparison between power
transfer rates of the double-lay-
er vibration isolation system and
the two-degree-of-freedom lin-
ear vibration isolation system

In order to compare the performances of the dou⁃
ble-layer vibration isolation system and the two-de⁃
gree-of-freedom linear vibration isolation system, it
is defined that the vertical spring with positive stiff⁃
ness in the quasi-zero-stiffness vibration isolator
has the same stiffness of k1 as the linear vibration
isolator does, to ensure the same bearing capacity of
both isolators. In addition, it is defined that both sys⁃
tems have the same mass parameters m1 and m2 ,
the same damping c1 and c2 , the same stiffness k2 ,
and the same excitation F cosΩT . According to di⁃
mensionless-parameter Formula (8) and Formula
(25), damping ratios ξ1 and ξ2 and mass ratio w of
the double-layer vibration isolation system are relat⁃
ed to damping ratios η1 and η2 and mass ratio w′

of the two-degree-of-freedom linear vibration isola⁃

tion system in the following manner:
η1 =

1
2
ξ1 ，η2 =

1
2

wξ2 ，w′ = 1
w

We take ξ1 = 0.05 , ξ2 = 0.05 , and w = 0.6 ; ac⁃
cordingly, there are: η1 = 0.025 , η2 = 0.001 5 , and
w′ = 5/3 . The excitation force of the equivalent linear
vibration isolation system has no effect on the power
transfer rate of the system, and the excitation force,
p , is set to be 0.1.

According to Fig.9, compared with the two-de⁃
gree-of-freedom equivalent linear vibration isola⁃
tion system, the double-layer vibration isolation sys⁃
tem has a lower initial vibration isolation frequency
and a wider frequency range of vibration isolation, re⁃
sulting in better performance in low-frequency vibra⁃
tion isolation. In addition, the maximum power trans⁃
fer rate corresponding to the second order resonance
frequency of the double-layer vibration isolation sys⁃
tem is less than 1, indicating that the system is still
workable to isolate vibration around the second order
resonance frequency, so as to overcome shortcomings
of the equivalent linear vibration isolation system.

4 Conclusion

In this paper, respective dynamic models of a dou⁃
ble-layer vibration isolation system, composed of a
linear vibration isolator and a quasi-zero-stiffness
vibration isolator, and a linear vibration isolation sys⁃
tem with two degrees of freedom have been estab⁃
lished, and relevant power transfer rates have also
been derived with the method of averaging. Follow⁃
ing conclusions are obtained through comparative
analysis of power transfer rates of the two systems:

1) vibration isolation performance of the dou⁃
ble-layer vibration isolation system can be improved
by properly reducing damping, mass, and stiffness ra⁃
tios.

Fig.8 The reference values of power transfer rate of double layer
vibration isolation system under different stiffness ratio β

0.2 0.4 0.6 0.8 1.0
Frequency

50

0

-50

-100

Pow
ert

ran
sfer

rate
/dB

β =0.1
β =0.2
β =0.3

0.5 1.0 1.5 2.0 2.5 3.0
Frequency

100

50

0

-50

-100

-150

Pow
ert

ran
sfer

rate
/dB

Two-degree-of-freedomlinear vibration isolation
Double-layer vibrationisolation

Fig.9 The reference values of power transfer rate of double
layer vibration isolation system and equivalent linear
vibration isolation system
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2) Compared with the two-degree-of-freedom
equivalent linear vibration isolation system, the dou⁃
ble-layer vibration isolation system has a lower ini⁃
tial vibration isolation frequency and a wider fre⁃
quency range of vibration isolation, resulting in bet⁃
ter performance in low-frequency vibration isolation.

3) The maximum power transfer rate correspond⁃
ing to the second order resonance frequency of the
double-layer vibration isolation system is less than
1, indicating that the system is still workable to iso⁃
late vibration around the second order resonance fre⁃
quency, so as to overcome shortcomings of the
two-degree-of-freedom linear vibration isolation
system.
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双层隔振系统隔振性能分析
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摘 要：［目的目的］研究准零刚度隔振器各系统参数对隔振性能的影响，可为其应用于隔振系统提供攻关方

向。［方方法法］以线性隔振、准零刚度隔振组成的双层隔振系统和两自由度等效线性隔振系统为对象，分别建立动

力学模型；采用平均法推导谐波力激励条件下 2个系统的功率流传递率，证明前者比后者有更好的隔振性能，并

提出增强双层隔振系统隔振效果的方法。［结果结果］研究表明，双层隔振系统第 2阶共振频率对应的功率流传递率

最大值小于 1，意味着其在第 2 阶共振频率附近范围内仍具有隔振效果，从而克服了两自由度线性隔振系统的

缺点。［结论结论］双层隔振系统可通过适当减小阻尼比、质量比和刚度比来提高其隔振性能，且比等效线性隔振系

统的低频隔振性能更好。

关键词：准零刚度；双层隔振；功率流传递率
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