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Abstract: Vibration isolation technology has been widely used to reduce the vibration transmission from the
machinery to the foundation in many different engineering systems. Magnetic suspension vibration isolation
technology is an excellent active isolation technology, which has some useful characteristics, such as
non-contact, high response frequency, high reliability and long life-span. Hence, the magnetic suspension
isolator is designed. The electromagnetic force of the magnetic suspension active isolator is measured in
advance by experiment. Multiple degrees of freedom (DOFs) vibration isolation system supported by magnetic
suspension isolators and springs is established. The dynamical and state equations of the system are formulated.
A control algorithm and the value function of active vibration isolation based on force transmissibility are
proposed. The control model based on the control algorithm is established. Output force responses of the active
vibration isolation system and passive one under same excitation are simulated. The simulation results indicate
the active system possessed much better effect on vibration isolation. Comparing with passive system, the force
transmissibility is reduced by 2dB-3dB in low-frequency stage, especially around resonance frequency, the
transmissibility is reduced by 10dB-18dB. In order to test the reliability of the active system and control
algorithm, an experimental platform is carried out. Experiment results show that the force transmissibility is
reduced by 10dB-15dB around resonance frequency. The research indicates that experimental results are found
to be in good agreement with simulated results.

Keywords: Magnetic Suspension Isolator, Minimization of the Output Force, Active Vibration Isolation,
Control Strategy

1 Introduction

In recent years, vibration isolation systems have been studied broadly and in great depth
[1].Vibration isolation technology has been widely used to reduce the vibration transmission
from the machinery to the foundation in many different engineering systems. It can be
classified into two types: passive and active. Although the passive one offers simple and
reliable means to protect mechanical systems from a vibration environment, it has inherent
performance limitations, that is, its controllable frequency range is limited and the shape of
its transmissibility does not change. On the other hand, active vibration isolation systems,
with parameters that change according to excitation and response characteristics of the
system can provide significantly enhanced vibration isolation performance [2].Many active
control strategies have been proposed to provide effective vibration control[3-6,15].
Magnetic suspension supporting technology is a new supporting technology developed
from later period of last century ,which has the characteristic of controllability and
adjustability, especially, the damping and stiffness adjusted by changing controls parameters
on-line[7-8].With the technology, magnetic suspension isolator is an excellent active isolator.
which has some useful characteristics, such as non-contact, high response frequency, high
reliability, long life-span and etc, so there were some studies about the organization and
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character of itself and its application[9-10], such as the “Smart Spring” [11-12].

However, most of the these are by means of the theoretical formula of electromagnetic
force to do some simulations. But there are large differences between the theoretical and
actual expression[13-14], As a result of many assumptions of theoretical formula which
ignores saturation and flux leakage and the coupling to magnetic field. Moreover, the
thickness of air-gap of the isolator is larger than normal magnetic suspension system such as
magnetic bearings. The difference between theory and practice should be greater. So, the
simulation result may not very agree with the fact.

To solve the problem, the magnetic suspension isolator is designed firstly, and the
characteristics and capacity of the isolator are studied experimentally and theoretically. The
electromagnetic force of the magnetic suspension active isolator is measured in advance by
experiment. Through the data experimental measurement and fitting a mathematical
expression by least square method, the actual relation expression of electromagnetic
force-current-gap is obtained. A control mechanism and the cost function of active vibration
isolation based on minimization of force transmissibility are proposed. Secondly, the
computer simulation and experiment are carried out. A comparison between the simulation
and experimental results is obtained. Finally, the result and conclusion has been given.

2 The model of magnetic suspension Multiple DOFs active isolation system

2.1 Mathematical model
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Figure 1 The active isolation system
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Figure2.  Distribution map of isolators in isolation tables and middle raft
(a) distribution map of M, and Mg; (b),(c) distribution map of My

Fig.1 shows the structure of Multiple Dofs vibration isolation system with magnetic
suspension isolators. It has two isolation tables (Ma, Mg), a middle raft (Mg), and a base (My).
The four magnetic suspension isolators are fixed between the middle and base. The middle
raft is supported by four magnetic suspension isolators and four ordinary springs Iz Each
isolation table is supported by four ordinary springs respectively.

The projection the isolation tables and middle raft are shown in Figure .2 (a, b), so the
isolators’ positions are determined. 1, 2, 3 and 4 shown in Figure 2-a are the positions of the
upper springs on Ma Mg, Al, A2, A3, A4 B1, B2, B3 and B4 are the positions of upper
springs on middle raft. I ,II,IIT and IV shown in Figure 2-b are the positions of magnetic
suspension isolators. R1, R2, R3 and R4 shown in Figure 2-b are the positions of lower
springs on middle raft. ZoAOaYa, ZgOgYg,ZrOrYR and Z,0,Y}, are rectangular Cartesian
coordinate systems of Ma , Mg and My shown in Figure 1. There are three DOFs: one
translational motion in the vertical direction (Z) and two rotational motions, roll (®) and
pitch (®y).Considering practical situation, it is assumed that the roll and pitch angles are so
small (<2.5°) that cos6,, =1sing,, =6, cos6, =1, andsind, =6, where, 6, , 6 are
the roll and pitch angles of the isolation object Ma, Mg Mg and My, (k=A ,B, R).

(1) Dynamical equation

The dynamic mathematic equation motion of the isolation Ma is

m,Z, =-4K\z, + 4K (z, - 280, ) -4Ci2, +4Ch (2, - 226, ) + f
3,0, =-4a°k10, +4a’ki0,, -4a’cil,, +4a’cil, +ms, 1)
30, =-4b°k0,, +4b%K30,, - 4b’Cl0,, +4b%Ch0,, +my,

The dynamic mathematic equation motion of the isolation Mg is
MgZy = -4KiZ, + 4K (2, + 286y, ) -4Ca 2, +4CH (2, + 226, ) +
Jg, 0, = -4a%ki0,, +4a’ki0,, -4a’cif,, +4a’ci0, +ms (2)
J 5,04, = -4b%K50y, +4b’ky0,, - 4b%Cy0,, +4b%Cy0,, +mg,
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The dynamic mathematic equation motion of the isolation Mg is
[\ .
Mg Zy = Z F +4k,z, - 4K, (2, - 2a0,, ) + 4Cp 2, - 4C, (25 - 200, ) + 4K Z,, - 4K; (25 +226,,)
i=I

+4C8 2, - ACh (Zg + 2005, ) - 4K 2o + K (2, +2,, + 255 +2,4) ~4C 2 +C (2, + 2y + 25 + 254)

I, =-I(F, —F, +F,, —F,)—8akiz, + 4a’k.6, +8ak\z, —20a°ks6, —8achz, +4a’cif,, +
8achz, —20a’ci0,, +8akiz, —4a’ki0, —8akiz, —20a’k:6s, +8acsz,

—4a’cil, —8acyz, —20a’cyfy,, —36a’k 0., —3ak® (z,, — 2, + 2,5 — Z,,) —362°C° O, 3)
=3aC" (2, = 2y, + 2y — 2y4)

JoyOp =M(F, +F, —F,, —F, ) +4b%k30,, — 4b’K,0;, +4b’c,0,, —4b%Cy0,, +4b7ky0,, —

Ab°Ky0q, +4b%Ca0;, — Ab*Cals, — APK Oy, +bK? (2, + 2y, — 25 — 2,4) —4D°C7 Oy,

+0e® (2, + 25, = 24— 2,,)

Where,

ma is the mass of the isolation table Mp;

mg is the mass of the isolation table Mg;

mg is the mass of the middle raft Mg;

Jax IS the inertial momentum of the isolation table M, about x-axis;
Jay IS the inertial momentum of the isolation table Ma about y-axis;
Jgx IS the inertial momentum of the isolation table Mg about x-axis;
Jey is the inertial momentum of the isolation table Mg about y-axis;
Jr x is the inertial momentum of the middle raft Mg about x-axis;
Jry is the inertial momentum of the middle raft Mg about y-axis;
44 is the z-direction direct disturbance of Ma;

m9ay is the direct disturbance about the x-axis of Ma;

my, is the direct disturbance about the y-axis of Ma;

Y5 is the z-direction direct disturbance of Mg;

m9g, is the direct disturbance about the x-axis of Mg;

m, is the direct disturbance about the y-axis of Mg;

za is the displacement of the center of the isolation table Ma,;

zg is the displacement of the center of the isolation table Mg;

zr is the displacement of the center of the isolation table Mg;

Fe is the z-direction electromagnetic force (k=I, I, I11);

k"4 is the stiffness of Ia;

k'g is the stiffness of Ig;

kq is the stiffness of Ig;

c"a is the damping of I;

c'g is the damping of Ig;

(2)Equation of state

According to the equation (1) and (2) ,The state equation is established,
(1) The state variables are,
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X:[Vl V53 V3,V 3V, Vg V7 Vg Vg Vg s Vi1 Vo Vig s Vg Vs Vig Va7 1 Vig ]T =

[ZA ! QAX '0Ay 'ZA ! QAX ’HAy ’ZB ! QBX ’HBy ’ZB ’HBX ' QBy ’ZR ’QRX ' QRy 'ZR 'QRX ! HRy]-r

(2)The control variables are,

U= [u11 U, u3’u4]T = [Fle’ Fiies Funies FIVe]T

(3)The input are the disturbing force and moment F,

F=[f,f, f, f,, f, I =[fS,m&,ms, fd,me, meT

(4)The output are the forces which transfer to the base ,including two part: spring force and
magnetic force ,Y =[F*, F,, FS, F Fo, Fuor Fyer Frel' » Where, FC(i=1, 2, 3, 4)is the lower

spring force.
(5)Assuming that the base is rigid and fixed on the ground, namely,

8y = (201, Zus+ Zus1 Zps | = O ,then the state equation is,

(4)
Y =CX +DU
The value of the five matrices A,B,C,D and E (See Appendix A.).
2.2 Structure and parameters
The structure of the magnetic suspension isolator is shown in Fig.3, contains: 1. magnetic
suspension bracket, 2.E-shape magnet, 3. coil, 4. displacement sensor and 5. armature and so
on.

{XzAX+BU+EF

5 ﬂ-ﬂl
grﬁﬁn

Figure 3 Structure of magnetic suspension isolator

The actual expression of electromagnetic force has been achieved in the help of the
method of least square by the experimental Data[16].
Fo 870-i° B 680-i,’

2

X" (8.6-x)

()

i1 and i, are currents of upper and lower coils
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3 The control model of the system

The minimization of the sum of weighted squared output forces is as the cost function.
The output forces are composed of two parts: lower spring force F® , magnetic force

F®, n, is the number of the lower springs and n,_ is the number of the MSls.

Fur = LR O+ 2 FF O ©)

The cost function of the system is,

2

3= 10 (FEY 40 (FE) v (RO vy, (FE ) 0 () o (FE ) o4
0

(7)
e 2 e 2
Qs (FF) 4+ Ongno (Fit, ) 10
0,0y GOy, Uy« O, 4, Q7€ Weighting coefficient.
Given the capacity of the magnetic isolators, the cost function is corrected to ,
o 4)\2 42 4)\2 4 \2 )2 6 \2
J :I[ql(Fl ) +q2(F2) +"'+qi(|:i ) +"'+qND(FND) +qND+1(F1) +qND+2(F2) +"'+(8)
0

e)2 e )2 2 2 2 2
Oy () +~-~+qND+NMD(FNMD) U2 U U 2 e U Pt

OG-0 Oy, Oy s On, v, aF€ Weighting coefficient;u,,U,..u,,, are the control forces.

r..r

jly,,, are weighting coefficient for control force. the larger weighting coefficient , the

higher control force, and vice versa.

Subjectto Q, =diag{q,,d,...G;--Ay, A, + j--Un, +nyo o Fo = diag{r..rj.ry 3o

According to equation(3),

(R () e (B o, () 0 (R +

o (FE) o4 (F) b, (RS, ) =YTQY ©)
U2 +nU o 4rU 2+ Uyp® =UTRU

And,

YTQY =X"C"QCX +2X"C'QDU +U" (R + D'QD)U

YTQY = X"QX +2X"NU +U"RU
Where,
Q=C'QC; N=C'QD; R=R +D'QD
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Where, the two matrices C,D can be obtain for equation(3),
Then cost function has the form :

J'= [(XTQX +2X"NU +UTRU) dt (10)
0

Where,

Q=C'QC; N=C'QD; R=R +D'QD

According to extremum principle, control force is confirmed,
U=-R*N"+B"P)X =-GX

Where,
G is the optimal control gain matrix, P is the solution of Riccati Equations

PA+ATP-PBR'B'P+Q=0

By calculating, we can see that the closed-loop system is stable.

4 Simulation analysis and results

According to the dynamic mathematic Equations and control model established, the
active control model is simulated though MATLAB/SINULINK®.5 platform. The parameter
values used for the simulation are given as Ma=105.2kg, Ja=7.00kg*m?, JAy:8.02kg*m2;
Mg=105.2kg, Jp=7.00kg*m®, Js, =8.02kg*m®; Mg=675.7kg, Jrx=129.73kg*m?,
Jrz=69.15kg*m?; K4 =120N/mm, ¢} =50.24N*s/m, K =60N/mm,c: =35.53N*s/m,
K® =450N /mm,c® =243.3N*s/m , 1=0.6;m=0.4;a=0.3;b=0.3; From these parameters, we
can get the main resonant vibration frequencies of the no control system are about: 6.4Hz,

8.3Hz and 12.0Hz.

The input force signal is taken to be chirp signal, and the range of the frequency is from
0.1Hz to 40Hz, the value of amplitude is 400N. The input torques signal is constant
value ,M,=100Nm,M,=100Nm.

According to the performance of isolation and the capacity of magnetic suspension

isolator , Q, =diag(10,10,10,10,10,10,10,10) and R, =diag(40,40,40,40) .

The initial upper coils’ and lower coils’ currents of magnetic isolator are 2A. The time
of simulation is 4s.
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CHz)

Under the same input signals, Fig.4, Fig.5, Fig.6 and Fig.7 shows the output
Z-displacement and Z-velocity of the isolation table Ma , the dashed line denotes the passive
system, while the real line denotes the active isolation system. It is evident that the M, and
Mg ‘s Z-displacement displacement and Z-velocity of active system is far smaller than the
passive system all the time, especially around resonance frequencies, the maximum value of
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active one is just is less than half of the past system..

The force transmissibility is the important method to evaluate system's isolation
effectiveness. The output forces of the two systems are shown in Fig.8 ; the dashed line
denotes the passive system, while the real line denotes the active isolation system. we can
see that the output force of the active system is much smaller than the passive one, most of
time the value of active is less than one third of passive system.

According to the two force transmissibility curves both active and passive system show
in Fig.9. We can see the active curve is 2-3dB lower the passive one in most low frequency.
The isolation performance remarkably enhance 10-18dB around resonance frequency. The
active also possess a good isolation performance comparing with the passive at high
frequency domain. Based on the results of simulate, the active vibration isolation system has
much better isolating performance in a very broad frequency range, especially, at resonant
frequencies.

5 Experiment research

Simulation results show that magnetic suspension active system based on strategy of
minimum force transmissibility has much better performance of vibration isolation than
passive one. In order to prove the results of the Simulation, a platform is built, which is
showed in Fig.11 . By the action of guide and limiting devices,. there are three Dofs of the
platform , as is stated above.

The platform comprises 1 Upper layer; 2 Springs; 3 Middle Raft; 4MSlIs; 5 Base 6
Force Sensors; 7 Exciter motor. The actual parameters of the platform are: Ma=161.2kg,
Ja=T.00kg*m?,  Ja=8.02kg*m*; Mp=161.2kg, Jg,=7.00kg*m?,  Jg,=8.02kg*m’;
Mg=675.7kg, Jr=129.73kg*m*, Jrz=69.15kg*m®, &!=0.01, K&=120N/mm,
£3=001, K®=450N/mm, ¢°=0.01, 1=0.6, m=0.4, a=0.3, b=0.3. The input force

of the exciter is sinusoidal, the range of the frequency from 3Hz to 40Hz.

L *» .-

Figure 11 Physical picture of experimental platform
1 Upper layer; 2 Springs; 3 Middle Raft; 4MSiIs; 5 Base; 6 Force Sensors; 7 Exciter motor
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From the Force transmissibility curves in Figl2, we can see that the effect on vibration
improves 2dB -3dB in low frequency, and it may be over up to 10dB -15dB, around
resonance frequency. The test showed that the simulation result agrees well with test data.
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Figure 12. Force transmissibility of the two systems under experiment

6 Conclusion

Magnetic suspension supporting technology is applied to vibration isolation system. A
multiple DOFs vibration isolation system that is supported by magnetic suspension isolators
and ordinary springs is proposed. In order to avoid the shortcomings theoretical formula and
increase the control precision, the actual magnetic force is measured and fitted by using least
square methods.

A control model is established based on the minimum force transmissibility control
strategy. The results of simulations show isolation performance of active vibration isolation
system improves 2dB -3dB in lower frequency, is up to 18dB around the resonance
frequencies. In order to prove the availability of the simulation model, the relative
experiments is performed. The output forces and acceleration are measured by sensors, then
The data are analyzed. The experimental results are found to be in good agreement with
simulated results.

The research show that the active vibration isolation system has much better isolating
performance against conventional passive isolation system in a very broad frequency range.
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Appendix A.
The value of the five matrices A,B,C,D and E
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