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Abstract. This paper proposes a semi-active variable stiffness vibration isolation system based on
electromagnetic spring for the low-frequency vibration isolation of mass-varying objects. It is achieved by
four straight leaf springs in parallel to an electromagnetic spring system composed of a single electromagnet and
a permanent magnet. The equivalent magnetic circuit method is used to compute electromagnetic force of the
electromagnetic spring system, and mathematical model of the semi-active vibration isolation system is
established according toMaxwell’s equations. The nonlinearmathematical model is linearized at the equilibrium
point by using the Taylor series expansion theorem to establish linear state-space representation of the system,
and then using the traditional PID control method, a double closed-loop feedback control system of the inner
current loop and outer location loop is designed. By controlling the current in the coil, the equivalent stiffness
and electromagnetic force of the system are variable to achieve semi-active control. Furthermore, the control
block diagram of the semi-active vibration isolation system is built based on Simulink software, then make a
simulation analysis to the vibration isolation performance of the system and compare the effects of vibration
isolation with inner current loop control and without inner current loop control, respectively. Finally, the
experiments prove the correctness of the theory. It concludes that this semi-active vibration isolation system is a
vibration isolation system with broad application prospects, which has fast current response, high vibration
isolation efficiency, and an excellent vibration isolation effect for the low-frequency disturbance of mass-varying
objects.

Keywords: Low frequency vibration isolation / variable stiffness / semi-active control /
electromagnetic spring / equivalent magnetic circuit
1 Introduction

Vibration isolation technology is the most widely applied
in the field of vibration control, and it has a wide range
of applications in the field of civil engineering, aerospace,
automobile, ships and precision manufacturing and
processing, etc. Vibration isolation is generally catego-
rized as passive, active and semi-active vibration isolation
[1–4]. Passive vibration isolation is widely employed to
structural vibration isolation because of its simple
structure, low power consumption, high stability, etc.
However, once the structure of the passive vibration
isolation system is determined, the stiffness and trans-
missibility of the system are determined. Therefore, it can
only attenuate the fixed narrow band vibration. Hence, it
appears that the traditional vibration isolation system is
412666548@qq.com
difficult to obtain the ideal performance for the vibration
isolation object with variable mass and it is difficult to
efficiently isolate low and ultra-low frequency vibration.
However, active vibration isolation system [5,6] can
automatically track changes of external disturbance
frequency and effectively control the vibration of low
frequency and broadband, which can make up for the
shortcomings of passive vibration isolation technology.
However, for the complex systems, the control systems are
also relatively complex, which inevitably increases the
energy consumption, descends the control precision
and makes the vibration isolation system not work as
expected.

Recently, the semi-active vibration isolation, as a
compromise between passive and active vibration isola-
tion, has become a research hotspot for researchers both
at domestic and foreign [7,8]. In comparison to passive
vibration isolation system, semi-active vibration isolation
system has better vibration isolation performance espe-
cially in low frequency range. Compared with active
www.manaraa.com

mailto:e-mail: 412666548@qq.com
https://www.edpsciences.org
https://doi.org/10.1051/meca/2019048
https://www.mechanics-industry.org


2 J. Xu et al.: Mechanics & Industry 21, 101 (2020)
vibration isolation system, semi-active vibration isolation
system does not require a lot of energy and weight [9,10].
In addition, it has a relatively simple control system,
low cost and reliable operation. Karnopp [11] first
proposed a method of semi-active control, which actively
adjusted the traditional passive isolator parameters
(stiffness or damping). After that, Guglielmino and Edgo
[12] proposed a hydraulically driven friction damper,
which was an isolator that modified friction damping of
system. But it was rarely used in practice at present on
account of the wear and noise caused by friction. In
order to avoid friction problems, Suda et al. [13] created a
high-efficient electromagnetic damper, original and prom-
ising, which adjusted magnitude of damping force by
controlling the electromagnetic force generated by loop-
induced current. Regarding the variable stiffness, Liu
et al. [14] fabricated a vibration isolation system of
variable stiffness and damping by using two controllable
magnetorheological dampers, which simplified the control
system of variable stiffness. Meanwhile, replacing the
traditional spring with a new type of spring is also an
effective method to improve the vibration isolation
performance. In recent years, Wu et al. [15] put forward
a semi-active variable stiffness vibration system that
replaced the coil spring with the planar spring. It made the
device structure compact and effectively eliminated the
interference with large frequency variations. Then Wang
et al. [16] proposed a magnetorheological elastomer
variable stiffness vibration isolation system, using a
new type of smart material to change the stiffness of
the system to meet the vibration isolation requirements
under different working conditions. Subsequently, Wick-
ramasinghe et al. [17] referred to the concept of smart
springs and proposed a vibration isolation device based on
piezoelectric ceramic actuator to actively change stiffness,
damping, or mass, which achieved the semi-active control
of vibration.

In addition, Zhu and Yuan et al. [18] presented a
typical electromagnetic spring model, which controlled
the movement of objects by controlling the current in the
electromagnetic coil and generating electromagnetic force
to ensure that objects are at a stable and predetermined
position. Zhang [19] also utilized the characteristics of the
electromagnetic spring to design an electromagnetic
active vibration absorber and the control system, and
then studied the feature of the absorber in detail. After
that, Fung et al. [20] invented an electromagnetic actuator
to control vibration. Two permanent magnets are used in
the actuator, and one of them is entwined with the coil.
Then control the current in the coil by PID control,
secondary feedback control and optimal feedback control
law. Although vibration is suppressed effectively, the
control system is relatively complicated. Zhou [21]
developed a variable stiffness vibration isolator with an
electromagnetic spring composed of the stator coil and the
rotor core, and the adjustability of the stiffness was
researched and tested. Pranoto et al. [22] designed a
vibration suppression system based on the magneto-
rheological damper and the electromagnetic spring
combined with an electromagnet and a permanent
magnet, which used a method of interference cancellation
to control the current in the coil to isolate the vibration.
Subsequently, Wu et al. [23] proposed a new hybrid
magnetic levitation active vibration isolation system, used
PID active closed-loop control and the influence of various
control parameters on the vibration isolation performance
and control performance of the system is analyzed. The
results showed that the hybrid magnetic levitation active
vibration isolation system has excellent vibration isolation
performance in different frequency bands. Nevertheless,
only closed-loop control of position feedback used in the
system led to slow current response and a large delay of
the system response.

As the above research shows, the semi-active control
vibration isolation is generally used to low frequency
vibration isolation of mass-varying objects. The semi-
active control vibration isolation system relatively
decreases the energy consumption and simplifies control
system. However, it increases the complexity of the
vibration isolation system structure. Hence, in order to
avoid the complexity of the structure, a new-style
electromagnetic spring is proposed, which has a good
characteristic of current control, simple and practical
structure. It is an effective method in a semi-active control
vibration isolation system. However, due to the non-linear
electromagnetic force, there are still two problems. One of
them is the difficulty to design the control system, and the
other is the large delay of vibration isolation system
response caused by the lag of current response, which affect
the vibration isolation effect together. In this paper, a semi-
active variable stiffness vibration isolation system is
designed by using straight leaf spring in parallel to an
electromagnetic spring with a hybrid structure composed
of a single electromagnet and a permanent magnet, which
has a simple structure and is easy tominiaturize. Moreover,
the inner current loop is added to the control system to
form a double closed-loop control method, which improves
the speed of current response and the stability of system
response. Simultaneously, the delay of system response is
also improved.

This paper focuses on the design and the simulation
analysis of the semi-active vibration isolation system
based on electromagnetic spring. The structure is as
follows: in Section 2, a three-dimensional model of semi-
active vibration isolation system and its components are
shown. In Section 3, the equivalent magnetic circuit
method is used to calculate the electromagnetic repulsion
force [24] of electromagnetic spring. Then the mathe-
matical model of semi-active vibration isolation system is
built and linearized at the equilibrium point. In Section 4,
the linear state-space representation is established
according to the linearized mathematical model men-
tioned above, the control system is designed, and the
control block diagram of semi-active vibration isolation
system is constructed by means of double closed-loop
control method of inner current loop and outer position
loop. In Section 5, the dynamic and stiffness of
electromagnetic spring is analyzed. In Section 6, based
on the Simulink software, the simulation analysis is made
regarding the vibration isolation performance of system,
which shows the effectiveness of the design. In Section 7,
an experimental investigation is performed on the
www.manaraa.com



Fig. 1. Three-dimensional figure of semi-active vibration isola-
tion system.

Fig. 2. Diagram of semi-active vibration isolation system
structure.

Fig. 3. Schematic diagram of the simplified model of electro-
magnetic spring system.
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vibration isolation system. In Section 8, the conclusion
and outlook for the vibration isolation system is
indicated.

2 Vibration isolator 3D modeling

As shown in Figure 1, the semi-active vibration isolation
system comprises: ○1 base, ○2 support pillar, ○3 iron core,
○4 coil, ○5 stage, ○6 permanent magnet, ○7 straight leaf
springs, ○8 case, and ○9 fixture. The coil is wound around
the iron core to form an electromagnet that is fixed at the
central position of the case by the fixture. The permanent
magnet is placed coaxially with the electromagnet in the
stage, and there is a certain gap. The four straight leaf
springs are placed at equal intervals around the stage, and
the two ends bolted to the case and stage, respectively.

The cylindrical permanent magnet and electromagnet
are arranged in repulsive configuration, and their magnetic
fields are evenly distributed along the central axis. The
electromagnet is fixed at the bottom of the case, the
permanent magnet is limited to five degrees of freedom by
the straight leaf spring and can only bemoved up and down
vertically. The structure of vibration isolation system is
show in Figure 2. When the straight leaf spring with no
deformation, it is regarded as the quasi-equilibrium
position of the system. Under the external disturbance
vibration, the current in the coil is controlled to change the
magnitude of electromagnetic force between the electro-
magnetic springs so that the system could be kept near the
quasi-equilibrium position to achieve the purpose of
suppressing vibration.
3 Modeling of electromagnetic spring system

3.1 Non-linear mathematical model

The cylindrical permanent magnet and electromagnet are
arranged in repulsive configuration and is employed to
produce repulsive force, which is used to raise objects. The
repulsive force changes with the variation of the gap and
current, and the stiffness of the vibration isolation system
can be also changed to achieve the purpose of semi-active
control. The physical simplified model of the electromag-
netic spring system is shown in Figure 3.

The electromagnetic permanent magnetic hybrid
structure in this paper adopts the DC power supply, so
there is no eddy current loss, and the core loss is small. As
shown in Figure 3, the number of turns of the electromag-
net coil is N, effective length is Le, effective cross-sectional
area is Se and the current in the coil is I. The effective length
of the permanent magnet is Lm, the effective cross-sectional
area is Sm, coercive force isHc, magnetic induction strength
is Br, the size of air gap is d and the air magnetic
permeability is m0.

For the calculation of the repulsive force of electromag-
netic permanent magnet hybrid structure, this paper uses
the equivalent magnetic circuit method. Assumptions: (1)
ignore magnetic flux leakage from coils and permanent
magnets, (2) magnetic potential is evenly distributed over
the air gap and the permanent magnet, i.e. ignore the
magnetic resistance of the core, (3) the heat dissipation of
the coil is good.

The equivalent magnetic circuit of the system is shown
in Figure 4.

As illustrated in the equivalent magnetic circuit model,
Um and Rm are the magneto motive force and the internal
magnetoresistance of the permanent magnet, Ue is the
magneto motive force generated by the electromagnetic
coil, Rd is the air gap magnetoresistance. According to the
basic laws of magnetic circuits:

Ue ¼ IN; ð1Þ

Rd ¼ d

m0Se
: ð2Þ
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Fig. 4. Equivalent magnetic circuit model of the electromagnetic
spring system.
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The permanent magnet uses NdFeB material, which
has a linear demagnetization curve. Hence, the magneto
motive force and internal magnetoresistance can be taken
as a constant:

Um ¼ HcLm; ð3Þ

Rm ¼ HcLm

BrSm
: ð4Þ

Then, based on the ampere loop law in Maxwell’s
equations:

F ¼ U

R
: ð5Þ

The magnetic flux F is equivalent to the current in the
circuit, the magneto motive force U is equivalent to the
electromotive force, and the magnetoresistance R is
equivalent to the resistance in the circuit. Obviously,
equation (5) is similar to the Ohm’s law in form, so this
equation is defined as the Ohm’s law of the magnetic
circuit.

According to equation (5), it can be roughly assumed
that the magnetic substance that generates magnetic field
are connected along the specified direction, and the sum of
the magneto motive forces is the algebraic sums of the
magneto motive force of each magnetic substance.
Therefore, the air gap magnetic flux of electromagnetic
spring could be computed as:

Fd ¼ Ue þ Um

Rm þRd
: ð6Þ

Substituting equations (1)–(4) into (6):

Fd ¼ IN þHcLm

d

m0Se
þHcLm

BrSm

: ð7Þ

In order to facilitate the configuration and control of the
vibration isolation system, let Se=Sm=S, and the air gap
magnetic flux of the electromagnetic spring is determined
as:

Fd ¼ m0BrSðIN þHcLmÞ
Brdþ m0HcLm

: ð8Þ
On the basis of equation (8), the magnetic density of
system is:

B ¼ Fd

S
¼ m0BrðIN þHcLmÞ

Brdþ m0HcLm
: ð9Þ

Based on the design and calculation of the magnetic
circuit, the equation of solving the magnitude of magnetic
force is simplified as:

F ¼ B2S

2m0

: ð10Þ

In equation (10), magnetic induction intensity isB, also
called the magnetic density, the effective area of magnetic
pole is S, and the air magnetic permeability is m0.

According to Coulomb’s law, the repulsive force and
attractive force are equal in absolute value. Therefore, as
long as the magnetic density of the permanent magnet
remains unchanged, the calculation of the attractive force
can be converted into the repulsive force. And this feature
is basically consistent withmagnetic materials with a linear
demagnetization curve.

By substituting equation (9) into equation (10), the
electromagnetic force between the electromagnetic springs
could be calculated as:

F ¼ m0B
2
rS

2

IN þHcLm

Brdþ m0HcLm

� �2

: ð11Þ

According to equation (11), it is shown that the
electromagnetic force is proportional to the square of the
current and inversely proportional to the square of the air
gap, which is also the nature of nonlinear of the electromag-
netic spring system; and this nonlinear relationship increases
the difficulty to design the control system.

Then assuming that the resistance of the electromagnet
coil is R, the voltage loop equation at any time can be
expressed as:

uðtÞ ¼ RIðtÞ þN
dFd

dt
: ð12Þ

Also, when the system is in the quasi-equilibrium
position, the straight leaf spring with no deformation, so
the dynamic equation of the electromagnetic spring system
in the vertical direction could be derived by the Newton’s
second law (taking the vertical upward for the positive
direction of the system):

m
d2dðtÞ
dt2

¼ Fðd; IÞ �mg: ð13Þ

At the quasi-equilibrium position (d0, I0):

Fðd0; I0Þ ¼ mg: ð14Þ
Finally, assuming that the electromagnetic spring

system does not have vertical offset or dynamic deforma-
tion, the nonlinearmathematical model of the system in the
vertical direction can be expressed by the following three
www.manaraa.com
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equations:

m
d2dðtÞ
dt2

¼ Fðd; IÞ �mg

uðtÞ ¼ RIðtÞ þN
dFd

dt

F ¼ m0B
2
rS

2

IN þHcLm

Brdþ m0HcLm

� �2

:

8>>>>>>>><
>>>>>>>>:

ð15Þ

3.2 Mathematical model based on linearization
of equilibrium

Since equation (15) is nonlinear, in order to utilize the
developed linear control theory to analyze and design the
electromagnetic springs control system, equation (15) is
usually linearized by using the Taylor series expansion
theorem near the equilibrium point (d0, I0), and thus the
approximate linear model of the system could be devel-
oped. Both theory and practice have proved that this local
linearization has practical significance.

Equation (11) is linearized near the equilibrium point
(d0, I0) based on Taylor series expansion theorem, and
ignored higher order infinitesimal terms above the second
order as:

Fðd; IÞ ¼ Fðd0; I0Þ þ kIDIðtÞ þ kdDdðtÞ: ð16Þ
In equation (16):

kI ¼ ∂Fðd; IÞ
∂I

����
ðd0;I0Þ

¼ m0NB2
rSðNI0 þHcLmÞ

ðBrd0 þ m0HcLmÞ2
; ð17Þ

kd ¼ ∂Fðd; IÞ
∂d

����
ðd0;I0Þ

¼ �m0B
3
rSðNI0 þHcLmÞ2

ðBrd0 þ m0HcLmÞ3
; ð18Þ

DIðtÞ ¼ IðtÞ � I0; ð19Þ

DdðtÞ ¼ dðtÞ � d0: ð20Þ
DI(t) and Dd(t) are the current and the air gap of the

relative equilibrium position, respectively.
When the system is at an equilibrium position,

substituting equation (8) into equation (12):

uðtÞ ¼ RIðtÞ þN
∂Fd

∂IðtÞ
dIðtÞ
dt

����
ðd0;I0Þ

þN
∂Fd

∂dðtÞ
ddðtÞ
dt

����
ðd0;I0Þ

¼ RIðtÞ þ m0N
2BrS

Brd0 þ m0HcLm

dIðtÞ
dt

�m0NB2
rSðI0N þHcLmÞ

ðBrd0 þ m0HcLmÞ2
ddðtÞ
dt

: ð21Þ
On the basis of electrotechnics theory, the inductance of
the electromagnet coil can be determined as:

L ¼ N
∂Fd

∂IðtÞ ¼
m0N

2BrS

Brdþ m0HcLm
: ð22Þ

Thus, the inductance of the coil at the equilibrium
position is defined as:

L0 ¼ m0N
2BrS

Brd0 þ m0HcLm
: ð23Þ

By comparing equations (17), (21) and (23):

uðtÞ ¼ RIðtÞ þ L0
dIðtÞ
dt

� kI
ddðtÞ
dt

: ð24Þ

Substituting equations (19) and (20) into equations
(13) and (24) as:

m
d2DdðtÞ
dt2

¼ Fðd; IÞ �mg

uðtÞ ¼ R DIðtÞ þ I0½ � þ L0
dDIðtÞ
dt

� kI
dDdðtÞ
dt

:

8>><
>>: ð25Þ

Considering that the boundary conditions at the
equilibrium point are:

Fðd0; I0Þ ¼ mg

u0 ¼ RI0
:

(
ð26Þ

Substituting the boundary conditions into (16) and (25)
results in:

m
d2DdðtÞ
dt2

¼ kIDIðtÞ þ kdDdðtÞ

DuðtÞ ¼ RDIðtÞ þ L0
dDIðtÞ
dt

� kI
dDdðtÞ
dt

;

8>><
>>: ð27Þ

where Du= u(t)� u0 is the voltage of the relatively
equilibrium position. Thus, equation (27) is the lineariza-
tion equation based on equilibrium point of equation
(15), i.e. the linearized mathematical model of the
system.
4 The design of electromagnetic spring
control system

If the current is the control input variable, letting
ðDd;D _dÞ as the state variable, and Dd0 = 0, D _d0 ¼ 0 at
the equilibrium position, based on equation (27), the
state-space representation of the system could be written
as:

D _d

D€d

" #
¼

0 1

kd
m

0

2
4

3
5⋅ Dd

D _d

" #
þ

0

kI
m

2
4

3
5⋅DI: ð28Þ
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Fig. 5. Structure diagram of current loop. Fig. 6. Structure diagram of position loop.

Fig. 7. Structure diagram of control system with double closed-loop.
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By operating equation (28) on the basis of the Laplace
transform, the open-loop transfer function of the system
is:

GIðsÞ ¼ kI
ms2 � kd

: ð29Þ

According to the characteristic equation of the system
and the Routh criterion, it is a second-order unstable
system. It is necessary to add a feedback loop to achieve the
stable control for the electromagnetic spring. However, the
control method of using current as a control input variable
reduces the system from third order to second-order, which
is relatively convenient and easy to implement when
designing a controller.

In conclusion, the control method of using current
control input variable is applied in this paper. However, in
practical situation, the electromagnetic is still driven by
the chopper. The chopper with high current response speed
is the precondition of reducing the complexity of system
control by the control method of using current control
input variable. Therefore, to improve the current response
speed, the current loop should be added into the chopper.
And the current response speed improves by configuring
current loop appropriately. According to this requirement,
the double closed-loop feedback control system with
position feedback outer loop and current feedback inner
loop is employed to control the electromagnetic spring
steadily in this paper.

The transfer function of the traditional PID controller
is expressed as:

GjðsÞ ¼ KP þKI

s
þKDs: ð30Þ

In this equation, KP is called as the proportional gain,
KI is named as the integral gain, and KD is entitled as the
differential gain. In PID controller, the three parameters
are alternative, and thus different combinations of
controllers can be obtained under different values.
In terms of the design of the inner current loop, using PI
controller, its structure diagram is shown in Figure 5.

And the closed-loop characteristic equation of the
controller can be written as:

L0

KI
s2 þKP þR

KI
sþ 1 ¼ 0: ð31Þ

Obviously, the equation (31) expresses a typical second-
order system, which could realize the good dynamic and
static performance of the current loop by appropriately
choosing the parameter KP and KI.

In terms of the design of the outer position loop, based
on equation (29), using PID controller, its structure
diagram is shown in Figure 6.

And the closed-loop characteristic equation of the
controller is expressed as

s3 þ kIKD

m
s2 þ kIKP � kd

m
sþ kIKI

m
¼ 0: ð32Þ

Notably, equation (32) expresses a typical third-order
system, which could realize the good control performance
of the position by appropriately choosing the parameter
KP, KI and KD.

The target of the vibration isolation controller is to
isolate the objects from the external vibration disturbance,
i.e. makes effort to keep the objects at the equilibrium
position. After adding external disturbance, the structure
diagram of control system is shown in Figure 7.

5 The dynamic and stiffness analysis
of electromagnetic spring system

After adding disturbance yb, the dynamic equation of
electromagnetic spring system is:

m
d2DdðtÞ
dt2

¼ kIDIðtÞ þ kd DdðtÞ þ ybðtÞ½ �: ð33Þ
www.manaraa.com



Fig. 8. Cloud diagram of equivalent stiffness under different
currents and air gaps.
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Let F(t)= kdyb(t), by operating equation (33) on the
basis of the Laplace transform:

DdðsÞ
FðsÞ ¼ 1

ms2 � kd � kIGjðsÞ : ð34Þ

Substituting equation (30) into equation (34):

DdðsÞ
FðsÞ ¼ 1

ms2 � kd � kIKP � kIKI
s � kIKDs

: ð35Þ

Let s= iv. The frequency transfer function of system is:

T dðivÞ ¼ 1

ð�kd � kIKP �mv2Þ þ ivðkIKI
v2

� kIKDÞ
: ð36Þ

For spring-mass-damper system, the general frequency
transfer function is:

T ðivÞ ¼ 1

k�mv2 þ ivc
: ð37Þ

By comparing equations (36) and (37), the equivalent
stiffness and equivalent damping coefficient of electromag-
netic spring system can be expressed as:

ke ¼ �kd � kIKP

ce ¼ kIKI

v2
� kIKD

:

8<
: ð38Þ

The damping ration of electromagnetic spring system
is:

z ¼ ce

2
ffiffiffiffiffiffiffiffiffi
mke

p ¼
kIKI

v2
� kIKD

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mð�kd � kIKP Þ

p : ð39Þ

As shown in equation (38), the equivalent stiffness and
equivalent damping are not only relevant to the structural
parameter kI and kd, but also closely related to parameter
KP,KI andKD of the controller. In addition, the equivalent
damping is a function of the system frequency, and the
equivalent damping increases as frequency decreases.
Therefore, by adjusting the parameter of control system
to change the stiffness and damping of vibration isolation
system, which can achieve more effective vibration
isolation.

This paper achieves effective vibration isolation by
changing the equivalent stiffness of system. Substituting
equations (17) and (18) into the first equation of equation
(38), the equivalent stiffness could be expressed as:

ke ¼ m0B
3
rSðNI þHcLmÞ2

ðBrdþ m0HcLmÞ3
� m0NB2

rSðNI þHcLmÞ
ðBrdþ m0HcLmÞ2

KP :

ð40Þ
As shown in equation (40), the equivalent stiffness is

only in connection with control parameter KP, current I
and air gap d when the specifications, materials of the
permanent magnet and the size of the electromagnet, the
number of coil turns are selected. The control parameter
KP has been determined when debugging control system,
and thus the equivalent stiffness varies with the variation
of current I and air gap d when the system operating. The
cloud diagram of equivalent stiffness at different currents
and air gaps is shown in Figure 8.

As illustrated in Figure 8, the equivalent stiffness of the
system increases as the air gap decreases and the current
increases, and decreases as the air gap increases and the
current decreases.

Considering the mass-varying objects to maintain the
straight leaf spring with no deformation at the equilibrium
position, i.e. the air gap between electromagnetic springs
remains constant at the equilibrium, which requires
controlling the electromagnetic force by changing the
current, and also the changes of current would lead to the
changes of system stiffness. At the equilibrium position,
putting equation (14) into equation (40), regarding the
current I0 as the function of massm, the equivalent stiffness
of system for mass-varying objects can be expressed as:

ke ¼ 2mgBr �NBrKP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mgm0S

p
Brd0 þ m0HcLm

: ð41Þ

In Figure 9, when the mass of objects changes, the
equivalent stiffness of system also alters, and they are in
linear relationship approximately, i.e. the natural frequen-
cy of system nearly remains unchanged. Therefore, it can
be concluded that for mass-varying objects, the vibration
isolation system can still exert good vibration isolation
performance in the low frequency band.
6 Simulation and analysis of the performance
of vibration isolation system

6.1 Time responses of sinusoidal wave excitation

The vibration isolation control system is built on the basis
of the system control structure diagram shown in Figure 7
by using Simulink software. The performance of current
www.manaraa.com



Fig. 9. Equivalent stiffness curves of different mass.

Fig. 10. Current curve under sinusoidal excitation.

Table 1. Basic parameters of semi-active vibration isola-
tion system.

Name Symbol Value Unit

Air permeability m0 4p � 10�7 Nm/A2

Magnetic induction
strength

Br 1.21 T

Coercive force Hc 960 kA/m
Effective cross-sectional
area

S 0.002 m2

Effective length of the
permanent magnet

Lm 0.02 m

Gravity acceleration g 10 m/s2
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control directly affects the vibration isolation effect of
semi-active vibration isolator because the change of
electromagnetic force is achieved by controlling the current
in the electromagnetic coil. Firstly, a sinusoidal excitation
with amplitude of 3mm and a frequency of 1Hz is,
respectively, applied to the control system with inner
current loop and the control system without inner current
loop, then the response curve of current in the coil could be
derived as shown in Figure 10. Comparing the current
response in the figure, it is concluded that the current
response without current loop control is slightly delayed
compared to the current response controlled by current
loop (Tab. 1).

Then the amplitude response curve of the semi-active
vibration isolation system with current loop control and
without current loop control can be obtained, as shown in
Figure 11a. The blue curve is the input sine excitation, the
green curve is the system response curve without current
loop control, and the red curve is the system response curve
with current loop control. By comparison, the system
response without current loop control has a hysteresis
about half a period, while the amplitude of the system with
current loop control is greatly reduced, and the response
delay is very small. Hence, the introduction of current loop
improves the vibration isolation performance of the semi-
active vibration isolation system, and reduces the response
delay and the displacement transmissibility.

Subsequently, the multi-frequency sine excitation is
exerted on the system, the response curve of the system
with current loop control and without current loop control
is shown in Figure 11b. It is displayed that the system
response with current loop control is more stable under the
effect of multi-frequency sine excitation, which manifests
that the introduction of current loop to the semi-active
vibration isolation system increases the stability of the
system response.

6.2 Time responses of unit pulse excitation

Similarly, a unit pulse excitation is applied to a control
system with current loop and a control system without
current loop, two amplitude response curves of system are
shown in Figure 12. Noticeably, the amplitude response
peak of semi-active vibration isolation system without
current loop is approximately 0.14mm, the adjustment
time is about 1 s. However, the amplitude response peak
with current loop is approximately 0.04mm and the
adjustment time is about 0.5 s. Consequently, the semi-
active vibration isolation system has good control perfor-
mance, and the introduction of current loop could
effectively shorten the adjustment time and further reduce
the amplitude response.
6.3 Amplitude-frequency responses of sinusoidal wave
excitation

According to the frequency transfer function of system
shown in equation (36), the amplitude-frequency charac-
teristic of the system can be expressed as:

AðvÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�kd � kIKP �mv2Þ2 þ v

�
kIKI
v2

� kIKD

�� �2s :

ð42Þ
www.manaraa.com



Fig. 11. Response curves of semi-active vibration isolation systems. (a) Single-frequency sinusoidal excitation input; (b) multi-
frequency sinusoidal excitation input.

Fig. 12. Unit pulse excitation response curve of semi-active
vibration isolation system.

Fig. 13. Amplitude–frequency characteristic curve of semi-
active vibration isolation system.
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On the basis of equation (42), the amplitude–frequency
characteristics of the semi-active vibration isolation system
with variable-parameter and the general vibration isolation
system with fixed-parameter for mass-varying objects are
drawn respectively, as shown in Figure 13.

It can be noticed from the figure about the general
vibration isolation system with fixed-parameter, when the
mass of objects increases, the resonance frequency shifts to
the left, and the peak value increases, which shows that the
general vibration isolation system with fixed-parameters
has certain limitations of the vibration isolation for mass-
varying objects, i.e. with the increase of the mass, the
vibration isolation performance for low frequency interfer-
ence is reduced. On the contrary, the semi-active vibration
isolation system with variable-parameter could solve the
problem effectively. When the mass of object changes,
the resonance frequency remains almost unchanged, and
the peak value decreases with the increase of the mass, and
it has a good vibration isolation effect in the low frequency
band from 0 to 10Hz. It proves that the semi-active
vibration isolation system can maintain the good vibration
isolation effect on the low-frequency band or the specific-
frequency band for mass-varying objects, and meets our
requirements.
As shown in Figure 14, the effect of the control
parameters on the amplitude–frequency characteristics is
shown. In Figure 14a, the peak value decreases as the KD
increases; in Figure 14b, as the KP increases, the peak
corresponding to the frequency is reduced, i.e. the resonant
frequency is reduced, which provides an effective adjust-
ment method for optimizing the vibration isolation
frequency band and performance of the semi-active
vibration isolation system.
7 Experimental investigation

According to the above theoretical research, the experi-
mental verification of the proposed semi-active vibration
isolation system is now carried out. The excitation control
device of the vibration isolation experiment is shown in
Figure 15, and Figure 16 shows the schematic diagram of
the vibration isolation experiment process.

The displacement transmissibility was selected as the
parameter for studying the vibration isolation performance
for vibration isolation experiments. Firstly, the vibration-
isolating object is selected to be 1 kg, and the excitation
www.manaraa.com
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Fig. 14. Effect of control parameters on amplitude–frequency characteristics.

Fig. 15. Excitation control device of the vibration isolation experiment.

Fig. 16. Schematic diagram of the vibration isolation experiment process.

10 J. Xu et al.: Mechanics & Industry 21, 101 (2020)



Fig. 17. Displacement transmissibility curve. (a) Transmissibility curve for different excitation amplitudes; (b) transmissibility curve
for different vibration-isolated objects.
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amplitudes are 2mm, 3mm and 4mm, respectively. Then,
the selected excitation amplitude is 2mm, and the
vibration-isolating objects are 1 kg, 2 kg, and 3 kg,
respectively. The corresponding displacement transmissi-
bility curve is shown in Figure 17.

As shown in Figure 17a, when the excitation frequency
increases gradually, the displacement transmissibility
curve of the semi-active vibration isolation system first
increases and then decreases, finally stabilizes, which is
consistent with the theoretical analysis; at the same time,
as the magnitude of the excitation increases, the peak of the
displacement transmissibility also increases. The displace-
ment transmissibility of the isolated objects with different
masses is shown in Figure 17b. It shows when the mass of
object changes, the resonance frequency remains almost
unchanged, and the peak value decreases with the increase
of the mass. It also proves the correctness of the theoretical
analysis shown in Figure 13, and it has a good vibration
isolation effect in the low frequency band from 0 to 10Hz.

8 Conclusion

According to the results of simulation analysis, under the
effect of single-frequency and multi-frequency sinusoidal
excitation, the speed and stability of current response has
been improved, the response delay of vibration isolation
system has been decreased, and the stability of system
response has been distinctly improved. Likewise, under
the unit pulse excitation, the system of using current loop
could reduce the adjustment time by approximately half
compared to the system without current loop. It can
clearly be seen that the current loop control could further
improve the performance of vibration isolation system.
Finally, the amplitude–frequency performance of the
semi-active vibration isolation system is analyzed and the
experiments prove the correctness of the theory. It is
shown that for the general vibration isolation system with
fixed-parameter, the natural frequency descends with
mass increase, which weakens the vibration isolation at
low frequency band. By contrast, the natural frequency of
the semi-active vibration isolation system with variable-
parameter is not affected by the mass change and it
effectively suppresses low-frequency vibration from 0 to
10Hz for mass-varying objects, so it reflects the superiori-
ty of semi-active vibration isolation system.
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