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Abstract: A hybrid active-passive vibration isolator made up of electromagnetic actuator and
air spring in parallel can be used to effectively isolate the broadband and line spectrum
vibration of mechanical equipment simultaneously. However, due to its reliability and safety
problems caused by the impact, its application in ships is limited. In this paper, an impact-
resistant structure and an air gap self-sensing method of the passive-active hybrid vibration
isolator are proposed and developed on the base of modelling, simulation and analysis. A thin
magnetic rubber is filled into the air gap of electromagnetic actuator, which can avoid rigid
collision between the armature and the permanent magnet under the action of impact. A
suspension armature structure including pre-compression spring is suggested, which can
automatically compensate the deformation caused by impact and protect the coil and
permanent magnet from impact damage. An air gap self-sensing method is developed through
detecting the voltage between the input and output terminals of actuator, which is verified by
experiments.

1. Introduction

Vibration isolation is one of the most direct and effective way to control ship machinery noise. Passive
vibration isolation technology has been applied for decades, and the best vibration isolation effect of
arrives to 40-50dB in some engineering applications[1]. However, it cannot effectively isolate low
frequency line spectrum vibration[2]. Many studies[1-2] showed that the passive-active hybrid
vibration isolation mount composed of rubber isolator and piezoelectric, magnetostrictive or active
inertial actuator can effectively control broadband and low frequency vibration simultaneously.
However, they can hardly been widely applied in ship due to their shortcomings of limited bearing
capacity, low impact-resistant reliability and poor adaptability to the onboard environment[3]. In
recent years, Lin H.[4-6] proposed a new electromagnetic actuator-air spring hybrid vibration isolation
system, in which the air spring mainly carried the weight of the power device and efficiently isolated
its broadband vibration, and the electromagnetic actuator integrated into air spring in parallel was used
to actively eliminate residual low frequency line spectrum vibration. The attitude of isolation system
and the average air gap of actuator were monitored by the use of the eddy current displacement sensor.
The reference signal and control target function in the system were achieved by the acceleration sensor.
The results showed that the hybrid isolation system could effectively isolate the broadband and line
spectrum vibration of mechanical equipment simultaneously. However, its application is limited
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because of the lack of stability and safety for the hybrid vibration isolation system when ship swing or
under transient impact[7-9]. Once the eddy current displacement sensor and the acceleration sensor
fail, the system would not be able to recognize and control the attitude and vibration response of the
system. Moreover, the existing displacement sensing technology can only acquire the average air gap
of actuator, which is clearly not accurate for large-scale isolation systems.

To improve the reliability and security of passive-active hybrid vibration isolation system in marine
applications, and simplify the system architecture, this paper proposes a design concept of impact-
resistant displacement self-sensing intelligent passive-active hybrid vibration isolator and studies its
basic principles and properties. This attempt will be of great significance for solving the onboard
application challenges of passive-active hybrid vibration isolation technology.

2. Modeling and Simulation of Electromagnetic Actuator

2.1. Theoretical model and experimental verification

Figure 1 shows the permanent magnet biased electromagnetic actuator mainly including iron core,
armature, coil and permanent magnet, in which the thickness of the permanent magnet is Ay, the air
gap is z, the width of the left and right arms of the iron core all is a;, and half the width of the
intermediate iron core is a,. The permanent magnet provides a biased force. When the coil inputs
alternating current, the actuator will output the alternating activation force.

armature

permanent

R:] R:Z
magnet l @, ‘D:T
le RmZ
iron core
coil ~ Fol —— —_ Fm
\‘l-____—‘%————"
S — Ni

Figure 1. Schematic diagram of permanent Figure 2. The equivalent magnetic circuit of U-
magnet biased electromagnetic actuator. shaped actuator.

To simplify the analysis, the magnetic flux leakage and the magnetic resistance of the iron core and
armature in Figure 1 are ignored, and the iron core is split into two U-shaped core structures. The
equivalent magnetic circuit of the U-shaped actuator is shown in Figure 2, in which N represents the
coil turns; i is the control current; F,; and F,, represent the equivalent magnetic potential on both
sides of the permanent magnet, respectively; Rm; and Ry, represent the equivalent reluctance of
permanent magnet; R,; and R, represent the magnetic resistance on both sides of the air gap,
respectively; @, and &, represent the magnetic flux on both sides of the air gap, respectively. The
relations among these parameters can be expressed as:

le = Fm2 = Hchm (1)
_ Hchm R _ Hchm (2)

" Bab ’ "2 Bab
R, - o R, = - 3)

* M, a,b
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where, H. is the coercive force of permanent magnet; B, is the residual magnetism; o is the air
permeability; 7 = u —4%_
(a, +a,)

The output attractive force Fr of the electromagnetic actuator shown in Figure 1 can be expressed
as:

2 2 . 2
F - o @ (Vi 25,./1,,,) (5)
Hoah pya,b (Z+,Ug éhm)z
B,
If no the control current in coil, the equation (5) can be simplified as
4H?h?
F,=p——%" — (6)

H,
(z+ 1, Eh,,,)z

where F, is the biased attractive force of permanent magnet.

If the control current i is input into the coil, the output attractive force is increased or decreased
when the magnetic field generated by the current is in the same or opposite direction as the biased
magnetic field. Therefore, the activation force F, needed for active control may be obtained and
expressed as
4H h, Ni+ N%i

cm > (7)

(z+h,)
where H.h, is only related to the permanent magnet and can be large enough to satisfy
|4H h,Ni| >> N?i* through material selection and structural design. In this case, F, can be

c'm

approximated as

F =F,-F,=q

4H h Ni
B = oy ®)
Equation (8) shows that the output electromagnetic activation force is approximately linear with the
input control current of the actuator.
Figure 3 shows the theoretical and experimental results, in which the theoretical value of the output
attractive force according equation (5) is greater than the experimental value because of ignoring the
leakage flux and magnetic reluctance of the iron core in the theoretical model.

350 T T T T T T

FeM)

1A
Figure 3. Theoretical and experiment results of the output attractive force Fr.

2.2 Simulation and Experiment
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A three-dimensional actuator model is built in ANSYS, as shown in Figure 4. In the model, the
leakage flux of air gap and the non-linearity of different permeability magnetic materials are
considered. Given the boundary conditions, the magnetic density distribution and the vector of
magnetic field lines can be obtained accurately, as shown in Figure 5. The electromagnetic activation
forces of the actuator under different currents can thus be calculated accurately, as shown in Figure 6,
which is consistent with the experimental results.

Figure 4. Finite element model of the electromagnetic actuator.

(a) The directions of electromagnetic and (b) The directions of electromagnetic and
permanent magnetic field are identical permanent magnetic field are opposite
Figure 5. Vector plot of magnetic flux of the electromagnetic actuator with input control current.

150 ---- o T e - ol st i e st vl e e . fer
H —#— Finite element simulation result|: 5

: —&— Experiment result : : |
100 oo O

Electromagnetic force(N)

Current(A)
Figure 6. Simulation and experiment results of electromagnetic activation force.
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3. Stability and Impact-resistant Design of Passive-active Hybrid Vibration Isolator
According to equation (5), the stiffness %, of actuator can be expressed as

i =d£=—277 (Ni+2H h,) (9)
’ dz H(‘ 3
(z+ u, 2 h,)

r

which is always negative and is inversely proportional to the cube of air gap z. Figure 7 shows the
relation of the stiffness of air spring, electromagnetic actuator and their hybrid vibration isolator to the
air gap z. From the figure, when z decreases to a certain extent, the stiffness of the passive-active
hybrid vibration isolator will be lessen than zero, that is, the output attractive force of actuator is
greater than the support force of air spring. In this case, the hybrid vibration isolation system may lose
its balance.

600 T T T

i
LR A A S A e e s L L AL s e s A AR L el SRS R

e e =t

Stiffness k, (N/mm)

—#— Actuator Stiffness
—+— Air Spring lsol ator Stiffness
i~ Hybrid Isolation Stiffness

Dis placement (mm)

Figure 7. Stiffness variation curves of air spring, electromagnetic actuator and
their hybrid vibration isolator with the air gap z.

In addition, the passive-active hybrid vibration isolator used in ships may fail by the rigid collision
between the permanent magnet and the armature due to the large deformation under impact, swing,
tilting and other stimulating effects.

In this paper, two solutions are proposed to solve the above problems of the instability and impact
protection for the passive-active hybrid vibration isolator. First, the air gap between the armature and
the permanent magnet is filled with a magnetic rubber to increase the magnetic permeability and the
output power of the actuator, and avoid the rigid collision between the armature and the permanent
magnet due to the large deformation at the same time. Second, a suspension armature structure
composed of pre-compression spring is suggested, which can automatically compensate the
deformation caused by impact and protect the permanent magnet from rigid contact with the armature.
The structure of the impact-resistant passive-active hybrid vibration isolator is shown in Figure 8.
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Figure 8. The structure of passive-active hybrid vibration isolator.

The simplified kinetic models of the vibration isolator before and after the contact of the armature
with the magnetic rubber are shown in Figure 9. In the figure, k&, is the air spring stiffness, k. is the
magnetic rubber stiffness, and k; is the pre-compression spring stiffness. They satisfy -k,<<k,<<k,.
The stiffness of the hybrid vibration isolator before and after contact can be expressed as follows:

Before contact,

k=k, +k, (10)

After contact,

k +k)k
+( P r) s ~k

k=k, ~k, +k, (11)
k,+k, +k,
ks
ka kp I__j Ca ka I__j Ca
kP kr
(a) Before contact (b) After contact

Figure 9. Dynamic models of the hybrid vibration isolator
before and after contact of the armature with the magnetic rubber.

According to equation (10), the stiffness & of the passive-active hybrid vibration isolator may be
less than zero when the air gap z decreases to a certain extent as shown in Figure 8. In this case, the
attractive force of electromagnetic actuator is greater than the support force of air spring and pulls the
armature to the permanent magnet. This means that the hybrid vibration isolation system will lose its
balance. In order to realize the stability of passive-active hybrid vibration isolation system, the hybrid
isolator stiffness should always satisfy &> 0. From equation (9), (10) and (11), assuming the air gap z
unchanged, the proper design of magnetic rubber filled in the air gap can make the hybrid isolator
stiffness always greater than zero and assure the system stable operation before and after contact of the
armature with the magnetic rubber. In addition, the filled magnetic rubber can increase the magnetic
permeability and the output power of the actuator, and avoid the rigid collision between the armature
and the permanent magnet due to the large deformation.

Suppose

z=xoth, (12)
where, 4, is the magnetic rubber thickness; xq is the actual air gap between the armature and magnetic
rubber.

With equation (9), (10) and (12), the thickness of filled magnetic rubber must meet
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3
[i—n(Ni+2Hchm)2J — Ly I;" h, <h <z-x, (13)

In this case, the vertical stability of the passive-active hybrid vibration isolation system will be
ensured.

A hybrid vibration isolator had been designed and produced. Its main parameters can be
demonstrated as: the air gap z = 5mm, the thickness of magnetic rubber #,=3mm. A vertical static load
test is conducted to the hybrid vibration isolator and the experimental result is shown in Figure 10.
From the figure, the static stiffness of the hybrid vibration isolator is small and always positive when
the vertical displacement is less than 2mm, and the hybrid vibration isolator is always stable. When the
displacement increases to more than 2mm, the armature will be in contact with the magnetic rubber.
Then, the magnetic rubber will be deformed under load while the suspension armature structure does
not work. The stiffness of hybrid vibration isolator will increase sharply. As the deformation continues,
the pre-compression spring in the suspension armature structure will be compressed and the stiffness
of hybrid vibration isolator quickly decreases, which will protect the actuator against the damage.
When the load is relaxed, the system can be recovered automatically.

-8.5

90k M
J

(- /
Z 95t ,-‘Ii.*
: J
S -100} /;;ﬁf
10,5}
[ 1 1 1 1
45 30 <25 20 -5 -0

Displacement (mm)
Figure 10. Vertical static load-deformation curve of the hybrid vibration isolator.

4. Self-sensing Air Gap in Actuator

4.1 Principle of self-sensing air gap
Based on the sensorless electromagnetic bearing principle[10-13], the coil inductance of the
electromagnetic actuator can be expressed as
L =21 (14)
z+h,
Figure 11 shows the relation of the inductance L to the air gap z according to the equation (14).
From the figure, the coil inductance decreases as the air gap increases.
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Figure 11. Variation curve of the inductance Lz with the air gap z.

Supposing the control current input into the actuator coil is i=I,coswot, the voltage on both ends of
the coil would be

w (1) =@a,L, +Ry,)i (15)
Where, Rz is the resistance of the actuator coil.

Ignoring the voltage drop caused by the coil resistance, substituting equation (15) into Equation
(14), it can be obtained as

. 2nN
u, (1) = (Ja)oﬁ+RE)IO COS wyt (16)

Since R, is a small amount, the voltage in the coil resistance can be ignored, then demodulating,
multiplied by the cosine of the unit:

uy (1) = jao, szrﬂhv cos® wyt

N " (17)
=jw,l,——(1+cos2w.t
Jw, S ( b )

m

Through the low-pass filter, removing the component of 2 times the center frequency, the armature
voltage signal can be obtained that:

: 1
u, (1) = joynNI, i (18)

m

Let z = zy + z,, where z is the initial gap and z, is the vertical deformation. Expanding equation (18)
as the Taylor series at the initial gap zo and neglecting the higher-order terms, equation (19) can be

simplified as
u(t)= Jawn NI, 1 (19)
zy+h, zo+h,

From the equation (19), the voltage on both ends of the coil is proportional to the vertical
deformation z,. Based on this, the dynamic air gap can be calculated by measuring the voltage.

4.2 Experiment on self-sensing air gap
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An experiment on self-sensing the air gap is conducted on an electromagnetic actuator with the output
activation force of 300N as shown in Figure 12. In the figure, the armature and iron core of
electromagnetic actuator are fixed under an upper steel plate and on a base steel plate respectively. The
air gap between the armature and the iron core can be changed by replacing the gasket under the base
steel plate. A differential voltmeter is used to measure the voltage on both ends of the coil. The main
parameters of the actuator are: a;=a,=2x10”°m; b=7.8x10?m; h,=4x10°m; N = 200; B,=1.27;
H,=9.88x10° I,=1A;w,=160 ©= Hz . The amplitude of fundamental frequency of theoretical and testing
voltage is obtained by Fourier transform. The variational values with the air gap are plotted in Figure
13. It can be found that the actual voltage is almost linear with the air gap, and the theoretical and
experimental results are consistent.
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Figure 13. Voltage variations with the air gap in theory and experiment.

5. Conclusions

In this paper, an impact-resistant intelligent passive-active hybrid vibration isolator is proposed and
developed to solve the on-board application challenges of the passive-active hybrid vibration isolation
technology. The following conclusions can be drawn.

(1) The theoretical attractive force of electromagnetic actuator on the base of the equivalent
magnetic circuit model is larger than the experimental value due to ignoring the leakage magnetic flux
and the magnetic reluctance of the iron core. The simulated electromagnetic activation forces of the
actuator based on the magnetic field analysis by finite element is consistent with the experimental
results.

(2) The proper design of magnetic rubber filled into the air gap can avoid the rigid collision
between the armature and the permanent magnet due to the large deformation and ensure the stability
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of the passive-active hybrid vibration isolation simultaneously. The suspension armature structure
including pre-compression spring can automatically compensate the deformation caused by impact
and protect the coil and permanent magnet from being destroyed. Theoretical and experimental results
show that the developed impact-resistant hybrid vibration isolator is feasible.

(3) The voltage between the input and output terminals of actuator is approximately linear with the
air gap. Based on this, an air gap self-sensing method is proposed and developed. The theoretical and
experimental results are consistent.
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