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Abstract: In order to decrease the transmission of vibration and achieve the attenuation of the
vibration magnitude of an isolated object, a new type of permanent and electromagnet composite
vibration isolation system is designed based on negative stiffness theory. Firstly, according to the
characteristic analysis, the design of a permanent and electromagnet hybrid actuator is accomplished;
secondly, the vibration isolation system model is established, and the active control strategy based on
the fuzzy PID algorithm is designed. Finally, a test platform is built to verify the vibration isolation
effect. The results indicate that the developed permanent and electromagnet composite vibration
isolation system renders the sharp attenuation of external vibration in multiple frequency bands.
When the external vibration frequency is within the frequency range of 20 Hz to 100 Hz, the vibration
attenuation is greater than 80%; when the external vibration frequency is within the frequency range
of 100 Hz to 500 Hz, the vibration attenuation rate is greater than 90%.

Keywords: vibration; negative stiffness; permanent and electromagnet composite vibration isolation;

vibration attenuation rate

1. Introduction

Vibration, which is a critical bottleneck restricting accuracy and performance, runs
through the entire life cycle of weapons and equipment. Additionally, it also seriously af-
fects the reliability of equipment and reduces normal service life [1-4]. In order to decrease
the transmission of vibration and realize the vibration level attenuation of the object to
be isolated, various vibration isolation systems and vibration control technologies have
emerged. In recent years, research of negative stiffness technology has become a focus in
the field of vibration isolation. Saitama University in Japan proposed a three-degrees-of-
freedom modular vibration isolation system based on springs and ferromagnetic materials
which can realize the dynamic adjustment of negative stiffness and has a noticeable vibra-
tion isolation effect on the disturbance of the load [5,6]. The Naval Engineering University
designed a positive and negative stiffness parallel active and passive vibration isolation
controller to be applied to ships. Permanent and electromagnet hybrid actuators are used
in the air spring for significant vibration isolation [7-9].

In order to reduce the damage of external vibration to a certain type of equipment, this
paper studies and designs a new type of permanent and electromagnet composite vibration
isolation system (PECVIS) based on the negative stiffness theory, taking permanent magnets
as negative stiffness components. This system can dynamically adjust the stiffness and
damping of the system to achieve sharp attenuation of external vibration in multiple
frequency bands.

2. Design of PECVIS Based on Negative Stiffness Theory

The stiffness of the traditional vibration isolation device is positive. Hence, there is a
contradiction between the system stiffness, the vibration isolation effect and the carrying
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capacity. What accounts for it is that the greater the force of the positive stiffness element,
the greater the deformation. On the contrary, the negative stiffness element is less than
zero, and the direction of the force increment is opposite to that of the deformation incre-
ment [10-14]. Adding negative stiffness components to the traditional vibration isolation
device can effectively decrease the overall stiffness of the system without damaging the
bearing capacity of the system and efficiently resolve the conflicts of the traditional passive
vibration isolation system, as well as achieve a relatively better low-frequency vibration
isolation effect [15-17]. Therefore, based on the negative stiffness theory, a new type of
PECVIS is designed in this paper. The overall structure of the PECVIS is illustrated in
Figure 1.
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Figure 1. The overall structure of the PECVIS.

The mechanical spring provides the support force for the vibration-isolated object
through pre-compression. Under the condition of no current, the vibration-isolated object is
always near the initial balance position by balancing the electromagnetic attraction between
the permanent and electromagnet hybrid actuator and the armature. In the permanent and
electromagnet hybrid actuator, the permanent magnet is mainly used to provide negative
stiffness, reduce or balance the positive stiffness of the system brought by the mechanical
spring and then make the total stiffness of the system reach the quasi-zero-stiffness state
near the balance point. The electromagnet in the permanent and electromagnet hybrid
actuator can change the magnetic field strength of the permanent and electromagnet hybrid
actuator by changing the size and direction of the voltage and current and finally achieve
the goal of dynamically adjusting the electromagnetic attraction. The directions of the
electromagnetic attraction force, support force and gravity have been marked in Figure 1.

The designed PECVIS in this paper can not only reduce the total stiffness of the system
through permanent magnets, but also dynamically adjust the equivalent stiffness and
equivalent damping of the system. Therefore, the designed PECVIS is able to achieve a good
low-frequency vibration isolation effect and broaden the vibration isolation frequency band.

The PECVIS is designed according to modularization, which is divided into two parts:
the passive vibration isolation device and the permanent and electromagnet hybrid actuator.

2.1. Design of Passive Vibration Isolation Device

The selected springs need high strength and good performance so as to meet the
design requirements. Therefore, the equal-pitch cylindrical coil spring is selected, which
can not only simplify the design of the vibration isolation system but can also achieve
excellent passive vibration isolation function. There are four mechanical springs in the
whole vibration isolation system, and their installation positions are shown in Figure 2.
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Figure 2. Installation position of spring and guide rod.

The spring material utilized in this paper is carbon spring steel wire with a grade of
65 Mn, and its specific parameters are shown in Table 1.

Table 1. Spring specific parameters.

Parameter Magnitude Unit

inner diameter of material 5 mm

inner diameter of spring 23 mm
stiffness 86,461 N'm™!
damping 2120 N-s:m~!

2.2. Design of Electromagnet for Permanent and Electromagnet Hybrid Actuator

The electromagnet is the active control module of the permanent and electromagnet
hybrid actuator, as well as the active vibration isolation device. This module changes the
input current of the electromagnet by controlling the voltage of the electromagnet, thus,
changing the magnetic field strength of the permanent and electromagnet hybrid actuator
and achieving the goal of dynamically adjusting the attraction force.

According to experience of electromagnet design and installation, the E-type electro-
magnet has a good spatial structure which is highly in line with the design requirements of
the PECVIS. Therefore, the spatial structure of the electromagnet is designed as an E-type
electromagnet, as shown in Figure 3. Given that the electromagnet faces different vibration
environments and heat problems, the silicon steel disc of model EI-180 is used as the core
and armature of the electromagnet. The enameled copper round wire with low resistance
is made into the coil of the electromagnet. The attraction of the E-type electromagnet is
proportional to the pole area of the iron core. The larger the pole area of the iron core, the
stronger the attraction of the E-type electromagnet. However, due to the requirements of
the installation space of the E-type electromagnet, the pole surface of the middle iron core
is square, that is, the length and width is 60 mm, respectively. The pole surfaces of the
left and right iron cores are the same rectangle, and the length and width are 60 mm and
30 mm, respectively.

The armature is bolted to the bottom of the load platform. The armature is made of
silicon steel discs. The length, width and height of the armature are 180 mm, 60 mm and
30 mm, respectively.
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Figure 3. Structure of permanent and electromagnet hybrid actuator.

2.3. Design of Permanent Magnet for Permanent and Electromagnet Hybrid Actuator

The design of a permanent magnet mainly includes the selection of material, the
geometric parameters and the analysis of the attraction force. Considering the extraordinary
energy density, great coercivity and magnetic energy product of NdFeB materials, the
permanent and electromagnet hybrid actuator designed in this paper selects N35 NdFeB
material. The specific parameters are shown in Table 2.

Table 2. Detailed parameters of permanent magnet.

Parameter Symbol Value
residual magnetic induction Br 12T
coercivity Hc 896 KA/m
relative permeability Hr 1.05
maximum magnetic energy product (BH) max 29MGOe

The permanent magnet is assembled on the upper end of the electromagnet core, the
thickness of which directly determines the magnitude of its attraction force. Considering
that lots of factors are often ignored in theoretical calculation, this paper uses the finite
element analysis method to numerically simulate the electromagnetic field of the permanent
and electromagnet hybrid actuator. As shown in Figure 4, a three-dimensional finite
element model is established by Maxwell software, and the attraction force generated by
the permanent magnet is numerically calculated and analyzed. According to the different
thicknesses of the permanent magnets in the permanent and electromagnet hybrid actuator,
the numerical analysis of the force is carried out, and the calculation results are shown in
Table 3. The magnetic flux density of the permanent and electromagnet hybrid actuator is
shown in Figure 5.

Table 3. Attraction force of permanent magnet near working point.

Permanent Magnet Air Gap/mm
Thickness/mm 95 10 10.5
7 465.1 N 4304 N 399.0N
8 5325 N 4939 N 459.3N
9 5954 N 553.1N 515.6 N
10 6522 N 608.9 N 567.8 N
11 7055 N 658.7 N 6153 N
12 7532 N 7042 N 659.3 N

13 7971 N 747.0N 6999 N
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Figure 4. The three-dimensional model of permanent and electromagnet hybrid actuator.
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Figure 5. Magnetic flux density of permanent and electromagnet hybrid actuator.

The stiffness of the passive vibration isolation device composed of the spring is
ks = 86.461N/mm. As a negative stiffness element, the permanent magnet needs to enable
the whole system to work normally under the circumstances of nearly zero stiffness; so, the
stiffness of the permanent magnet should be approximately —86.461N/mm. This means
that the permanent magnet is required to produce an attraction force of 600 N.

Since the air gap between the permanent magnet and the armature does not vary
significantly, it is considered that the attraction force of the permanent magnet changes
linearly near the working point. Therefore, the stiffness of the permanent magnet can
be calculated between the 9.5 mm and 10.5 mm air gaps. The stiffness of the permanent
magnet is:

Fui0s — F
km = W = —84.4N/mm 1)

Based on the above analysis, the optimal thickness of the permanent magnet is deter-
mined to be 10 mm. The overall stiffness of the PECVIS can be approximated as:

k = ks — kyy = 2.06IN/mm @)

By reasonably designing the size of the permanent magnet, the positive and negative
stiffness near the equilibrium point is roughly equal, and the total stiffness tends to be zero,
reaching a quasi-zero-stiffness state.



Actuators 2023, 12, 44

60of 17

3. Modeling and Nominal Controller Design of PECVIS

In order to dynamically adjust the stiffness and damping of the system, combined
with the dynamic characteristics of the permanent and electromagnet hybrid actuator, the
model of the PECVIS is established, and the nominal controller is designed.

3.1. Modeling of PECVIS

As to the complex electromechanical system of the PECVIS, many factors are ignored
in order to reduce the difficulty of solving problems [18,19]. The magnetic flux leakage and
edge effects are also ignored in this study, and it is considered that the intensity distribution
of the permanent magnetic—electromagnetic hybrid magnetic field is uniform. According to
the theory of the permanent magnet electromagnetic hybrid magnetic field, the equivalent
magnetic circuit of the permanent and electromagnet hybrid actuator is shown in Figure 5.

According to Ohm’s law, the entire circuit satisfies the following relationship:

®)

Ni+ Hczy — Ryn®P1 — Ryp®Py + Hezyy = 0

In the formula, N. is the number of turns of the electromagnetic coil, 7 is the current
passing through the coil of the electromagnet, H. is the coercive force of the NdFeB per-
manent magnet, z,, is the thickness of the permanent magnet, and @; is the magnetic flux
of the intermediate magnetic circuit of the E-type electromagnet. In addition, @, and &3
are the magnetic fluxes of the left and right magnetic circuits, respectively, R, is the total
magnetic resistance of the middle air gap and permanent magnet, R, is the total magnetic
resistance of the left air gap and permanent magnet and R,,3 is the total magnetic resistance
of the right air gap and permanent magnet.

The magnetic flux of the middle magnetic circuit of the E-type electromagnet is:

(Ni+2Hczm ) HorS1
2(zm + zpir)

@) = 20, = @)
In this formula, yp and y, are the vacuum permeability and the relative permeability

of NdFeB permanent magnet respectively, s; is the magnetic pole area of the middle

permanent magnet and z is the gap between the permanent magnet and the armature.
The magnetic force generated by the permanent and electromagnet hybrid actuator is:

®? P P2 j 2 hop?
F,— 1 . % 9% _ (Ni+2Hczm) V(z)ﬂrsl ®)
Hos1  HoS2 oS3 2(zpr + zm)

In the formula, F;, is the magnetic force generated by the permanent and electromagnet
hybrid actuator, s; is the magnetic pole area of the upper surface of the left permanent
magnet and s3 is the magnetic pole area of the upper surface of the right permanent magnet.

The relationship between the electromagnetic attraction force generated by the perma-
nent and electromagnet hybrid actuator and the current and air gap can also be listed in
the following form:

_ a(Bi+1)?

(z+A)?
The specific values of &, f and A are fitted by the numerical results of the electromag-
netic attraction force. The electromagnetic attraction force generated by the permanent and

electromagnet hybrid actuator under different currents and different air gaps is shown in
Table 4.

(6)
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Table 4. Force of permanent and electromagnet hybrid actuator under different currents and air gaps.

Current/A
Air Gap/mm
0 2 4 6
8 813.9N 899.2 N 988.0 N 1079.5 N
9 701.8 N 7759 N 8535 N 9344 N
10 608.9 N 6729 N 7411 N 813.1N
11 530.2N 587.7 N 648.4 N 711.1N
12 464.2 N 5152 N 569.2 N 625.1 N

According to the above Table 4, the relationship between electromagnetic attraction
force and the gap is as shown in Figure 6.

Force/N

8 9 10 11 12 13
Gap/mm

Figure 6. The relationship between electromagnetic attraction force and gap.

According to the above table, the following is obtained:

a = 131500, B = 0.02574, A = 4.696

The electromagnet is an inductive element, so the relationship between its voltage and
current is: ) ‘ ' )

U= Rl+ N HokrS1 ﬂ _ N(Nl +2chm)VZOVrsl @ (7)
2(zpty + z) dt 2(zpy + zpm) dt

The schematic diagram of the model of the PECVIS is shown in Figure 7. ks and
c represent the stiffness and damping of the spring, respectively, and k;, represents the
stiffness of the permanent magnet—electromagnetic hybrid actuator, which includes the

negative stiffness caused by the permanent magnet and the variable stiffness caused by
the electromagnet.

= I z(t)
L
km> ! >ks

I ]

Figure 7. Diagrammatic sketch of PECVIS.

I y(@®)
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Taking the vertical upward as the positive direction, the external excitation y(t) forces
the vibration-isolated object of the system to vibrate in the vertical direction. x(t) is
the vibration.

The dynamic model of the system can be expressed as:

d*x dy dx
mdtz—ks(y—x+Al)+c(dt—dt)—mg—Fm 8)

where Al is the compression amount of the spring at the equilibrium point.
The system parameter values are referred to in Table 5.

Table 5. The system parameters.

Symbolic Numerical Unit

ks 8646.1 N/m
c 2120 Ns/m
m 10 kg

Zm 0.01 m

to 4m10~7 N/A?
N 378

R 0.62 Q.

3.2. Design of Nominal Controller

Given that the working point of the PECVIS is stable, and the operating range is
concentrated around the working point, the linear analysis method can be used to analyze
the systems. It is assumed that, when the system is static, the initial distance z satisfies:

zZ=2zp—Yy+x 9)

Taking the state variables X = [Xj X, X3] = [x x i], the linearized model is:

X1 =X
. 2 . 1 2
o= (42w -x)
_i_C(y*Xz)  2aB(Bio+1) (10)
' m m(zg+A)>
X3 = Lﬁgzgm) (u— RX3)

Taking the input variable U = [y u], the output variable of the system is ¥ = x.
Then, the system model can be represented by the following state-space equation:

0 1 0
. ke 20(Big+D)* ¢ 2aB(Big+1)
X= 17wt ey mz+A)? | X
0 0 _ 2(zoptrt+zm)
Nz}‘OF‘rsl
11)
0 0 0 (
ks 2u( u0+1)2 c 0
+|m m(zo+/\)3 m ( ) u
2(zopr+zm
0 0 Ng?‘*ﬁ}‘rsl

The characteristic polynomial of the PECVIS does not satisfy the Hurwitz stability
criterion. According to the Hartman-Grobman theorem, the system is unstable. Further
analysis of the controllability of the system shows that the controllability matrix rank of the
system is 3, so the PECVIS is completely controllable.

Based on the thought of cascade control, the control algorithm is usually divided
into two parts, including the inner loop (also called the current loop) and the outer loop
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(also called the position loop) [20-22]. When the electromagnet works in the equilibrium
position, due to the small variation range of inductance, its inductance can be considered as
a constant. Therefore, close to the operating point, the transfer function of the relationship
between the voltage and the current of the levitating electromagnet is:

i(s) %
Gi(s) = = (12)
O s

The transfer functions of the electromagnet voltage and current show that the electro-
magnet is a typical inertial link, and the response speed of the output current seriously lags
behind the changing speed of the input voltage. Therefore, current negative feedback is
introduced in the design of the control algorithm. k.; is the preamplification factor, and k.
is the negative feedback coefficient, as shown in Figure 8.

'll +f\ k U 'tm 2('20 )UJ'r' + Zm) 7’
7 L/ cl 2
- - N Mo Hr S1

Rk

ka

Figure 8. Current negative feedback dynamic structure.

The input voltage before the introduction of current feedback is i, then the voltage
directly acting on the electromagnet is:

u = ke (it — ki) (13)

When the input voltage is a unit step signal, the response curve after introducing the
current loop is as shown in Figure 9.

1.2 T T T 1.2
- ==~ Voltage
Current - s —c—cammm————
I
08} I 10.8
& I 5
) l 5
I
04 I 10.4
|
I
I
[
0 . \ . . 0
0 2 4 6 8 10

Time/ms

Figure 9. Step response curve of suspended solenoid.

After introducing the current negative feedback, the output current can track the
change of the input voltage in time, and the order of the system is decreased from 3 to 2.



Actuators 2023, 12, 44

10 of 17

After the design of the current loop is completed, the design of the position loop adopts the
PID control algorithm:

de(t)
dt

t
u(t) = Kpe(t) + K; /0 e(t)dt + Kp (14)
where K is the proportional coefficient, K; is the integral coefficient and Kp is the dif-
ferential coefficient. In the PECVIS, the e(t) deviation is the displacement x(t) of the
vibration-isolated object in the vertical direction. Initially, the vibration-isolated object is at
the equilibrium point, and its initial value is xy = 0. Therefore, the PID control law of the
system is:

t
u(t) = — <pr(t) + KI/O x(t)dt + Kp d};(f)) (15)
In summary, after the control law design is completed, it is brought into the PECVIS,

which satisfies:

2 2 .
mix = <ks - 72“(2?;? )(y —x) +c(y—x)

20B(Bug+1) t dx
+7m(20+/\)2 (pr —+ KIfO xdt + KD dt)

(16)

At this time, the equivalent stiffness and equivalent damping of the PECVIS are:

= 2a(Bug+1)*  2apKp(Bug+1)

k = kg
(Z() + )\)3 m(Zo + )\)2 17)
T=c— 2aﬁKD(ﬁu0+1) (18)
m(zo +A)?

The PECVIS designed in this paper can realize the dynamic adjustment of the stiffness
and damping of the system by adjusting the three parameters K, K; and Kp.

4. Active Control Strategy Based on Fuzzy PID Algorithm

In order to realize the vibration attenuation of the isolated object in multi-frequency
bands, it is necessary to complete the dynamic adjustment and control parameter optimiza-
tion of the existing nominal controller. Therefore, this paper adopts the fuzzy PID algorithm,
takes the error e and the error variation ec as the input signals of the input fuzzification
module and uses the fuzzy rules and the defuzzification process to automatically update
the correction values AKp, AK; and AKp in real time. The block diagram of fuzzy PID
controller is shown in in Figure 10.

de(t) | ec(t)
dt

Fuzzy inference

Ak, | Ak, | 4K,

) el |Permanem and Electromagnet| (%)
+ PID Controller |Hybrid Actuator
k

Figure 10. The block diagram of fuzzy PID controller.

4.1. Determining Input and Output Variables

The vibration system analysis determines e and ec controller output AKp, AK; and AKp
and then the one-to-one mapping relationship with fuzzy domain is established according
to this value range [23-26]. Table 6 is the parameter table of the established fuzzy controller.
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Table 6. Parameter table of the established fuzzy controller.

Fuzzy Variable Basic Domain Fuzzy Domain Mapping Coefficient
e [—0.0025,0.0025] [—1,1] 400
ec [—0.05,0.05] [—1,1] 20
AKp [—5000,5000] [-1,1] 0.0002
AKj [—10,10] [—1,1] 0.1
AKp [—50,50] [-1,1] 0.02

4.2. Select Membership Function

In fuzzy control, the size of input and output variables is usually described by human
experience [27,28]. The three levels of description are usually ‘big’, ‘middle” and “small’,
and the positive and negative direction and zero state are added so there are seven levels to
describe the size of input and output variables in total. Therefore, the fuzzy subset of input
and output variables is taken as ‘positive big (PB)’, ‘positive middle (PM)’, ‘positive small
(PS)’, ‘zero state (ZE)’, ‘negative small (NS)’, ‘negative middle (NM)’ or ‘negative large (NL)".
Secondly, the input and output variables are fuzzified to determine the membership degree.
In this paper, the Gaussian membership function is used to calculate the membership of
input and output variables, as shown in Figure 11.

1 NB NM NS ZE PS PM PB
0.8
=2
=
L 06
7}
Q
§ 04
=
0.21
0
-1 -05 0 0.5 1

e

Figure 11. Gaussian membership function.

4.3. Fuzzy Reasoning

The fuzzy reasoning process is built on fuzzy rules, and the establishment of fuzzy
rules is based on vibration characteristics. The principle of AKp, AK; and AKp setting is
shown in Tables 7-9.

Table 7. Setting rules of AKp.

ec
¢ NB NM NS ZE PS PM PB

NB NB NB NM NM NM ZE ZE
NM NB NM NM NM NS ZE PS

NS NM NM NS NS ZE PS PS

ZE NM NS NS ZE PS PS PM

PS NS NS ZE PS PS PM PM
PM NS ZE PS PM PM PM PB

PB ZE ZE PM PM PM PB PB
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Table 8. Setting rules of AKj.
ec
e

NB NM NS ZE PS PM PB

NB ZE ZE ZE ZE ZE ZE ZE
NM ZE ZE ZE ZE ZE ZE ZE
NS PS PS PS PS PS PS PS
ZE PS PS PS PS PS PS PS
PS PS PS PS PS PS PS PS
PM ZE ZE ZE ZE ZE ZE ZE
PB ZE ZE ZE ZE ZE ZE ZE

Table 9. Setting rules of AKp.
ec
e

NB NM NS ZE PS PM PB

NB NB NB PM PM PS ZE ZE
NM NB NB PM PS PS ZE ZE
NS NB NM PS PS ZE NS NS
ZE NM NS PS ZE NS NS NM
PS NS NS ZE NS NS NM NB
PM ZE ZE NS NS NM NB NB
PB ZE ZE NS NM NM NB NB

4.4. Defuzzification

The maximum membership method and the weighted average method are the most
commonly used defuzzification methods. The weighted average method calculates multiple
membership degrees through a parameter and regards the membership degree as the
weight coefficient multiplied by the value of the degree. The fuzzy domain value of the
output variables is able to become the actual outputs AKp, AK] and AKp. Based on the
above fuzzy PID rules, the active control strategy based on fuzzy PID control is designed.

5. Simulation Verification

The model of the system is built by Simulink, and the designed active control strategy
based on the fuzzy PID algorithm is substituted into the model shown in Figure 12 for
simulation verification.

yYvy

forco_spring

spring_1

spring

>>

[ 1
anliu_kc >

>z

froce_hunci

danliu_kc2

/

ke2|

Figure 12. The Simulink model.

hunci

v

nuna

spring

hybrid isolator

EE=

When the external vibration frequency is 20 Hz, 50 Hz, 100 Hz, 200 Hz, 300 Hz and

500 Hz, the results are as presented in Figure 13.
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Figure 13. Vibration isolation effect.

As shown in Figure 14, the green curve is the external random vibration, the blue
curve is the isolated object vibration only caused by the passive vibration isolation system
and the red curve is the isolated object of the PECVIS. In order to evaluate the vibration
isolation ability of the PECVIS, the vibration attenuation rate of the system is calculated
with the different external vibration frequencies, as shown in Table 10. The attenuation rate
of the designed PECVIS for a 20-50 Hz external random vibration is greater than 86.5% and,
for a 100-500 Hz external random vibration, is greater than 95%. The simulation results
show that the designed PECVIS achieves a good low-frequency vibration isolation effect
and broadens the vibration isolation frequency band.
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Figure 14. Photograph of PECVIS test platform.

Table 10. Vibration isolation effect of mechanical spring and PECVIS.

External Vibration Vibration Attenuation Rate Vibration Attenuation Rate
Frequency (Hz) of Mechanical Spring of PECVIS
20 18.02% 86.53%
50 44.83% 91.96%
100 59.45% 95.57%
200 74.55% 97.29%
300 79.59% 97.97%
500 85.84% 98.48%

6. Realization and Testing of PECVIS

A PECVIS test platform is built, which is used to test the vibration isolation effect of
the PECVIS.

6.1. The Construction of the Test Platform of PECVIS

This paper uses the Baseline series real-time target machine from Speedgoat to develop
the controller of the PECVIS.

Considering that the vibration-isolated object is in the process of vibration, the dis-
placement sensor adopts the non-contact TR81 series sensor, and the acceleration sensor
adopts the YA23-type ICP high-sensitivity acceleration sensor. The Sushi DC-600-6 vibra-
tion table is selected as the external vibration source device to carry out the test of the
PECVIS in this paper. The test site is presented in Figure 14.

6.2. Vibration Isolation Tests

In the actual experiment process, the vibration table can only provide a pseudo-
sinusoidal random vibration excitation source at present. For the vibration isolation re-
quirements of multiple frequency bands, the same external vibration frequency setting as
the simulation is used to verify the vibration isolation effect. The vibration table set the
vibration frequency to 20 Hz, 50 Hz, 100 Hz, 200 Hz, 300 Hz and 500 Hz and the maximum
amplitude to 2.5 mm. The vibration isolation effect is illustrated in Figure 15, where the
red and green curves correspond to the vibration acceleration of the isolated object and the
external vibration, respectively.
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Figure 15. Vibration isolation effect of PECVIS.

The vibration attenuation rate and vibration transmissibility of the system are calcu-
lated with the vibration level difference method to evaluate the vibration isolation ability
of the PECVIS. The vibration attenuation rate and vibration transmissibility of the PECVIS
at frequencies of 20 Hz, 50 Hz, 100 Hz, 200 Hz, 300 Hz and 500 Hz are shown in Table 11.
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Table 11. Vibration attenuation rate and vibration transmission rate.

External Vibration . . . Vibration
Frequency/Hz Vibration Attenuation Rate Transmissibility/dB
20 Hz 83.64% —15.72
50 Hz 90.55% —19.83
100 Hz 91.91% —21.84
200 Hz 92.60% —22.61
300 Hz 93.52% —-23.77
500 Hz 95.35% —26.66

7. Conclusions

In this paper, a permanent and electromagnet composite vibration isolation system
is designed based on negative stiffness theory. The mathematical model of the PECVIS is
established, and an active control strategy based on the fuzzy PID algorithm is designed to
dynamically adjust the stiffness and damping of the PECVIS successfully. A test platform
is built to verify the vibration isolation effect. The results indicate that the PECVIS is
able to decrease the transmission of vibration and achieve the attenuation of the vibration
magnitude of the isolated object. The designed vibration isolation system has a vibration
attenuation rate of 83.64% when the external vibration frequency is 20 Hz; the vibration
attenuation rate is 91.91% at 50 Hz; the vibration attenuation rate is 90.55% at 100 Hz; the
vibration attenuation rate is 92.60% at 200 Hz; the vibration attenuation rate is 93.52% at
300 Hz; and the vibration attenuation rate is 95.35% at 500 Hz.

The study demonstrates that the designed PECVIS can not only reduce the total stiff-
ness of the system through permanent magnets, but also dynamically adjust the equivalent
stiffness and equivalent damping of the system. Meanwhile, the designed PECVIS is able to
achieve a good low-frequency vibration isolation effect and broaden the vibration isolation
frequency band.
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