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ABSTRACT

In this paper, a system identification is applied to an
electromagnetically levitated vibration isolation system
to obtain a precise model for controller design. To iden-
tify a model of the system, a multivariable ARX model is
chosen and the coefficients of the polynomials are iden-
tified by the prediction error method. Afler that a Ha.
controller is designed for stable levitation without con-
tact. Experimental results reveal that the designed con-
troller achieves better performance than that of the PID
controller.

INTRODUCTION

Recently, vibration isolation is an important topic es-
pecially for the semiconductor manufacturing and micro-
scale observalion using an electron microscope. Any dis-
turbances [rom an installed Aoor will have negative ef-
fects on manufacturing and observation accuracy. There
are (wo ways for vibration isolations: active and passive
methods. A vibration-proof rubber, a coil spring, or an air
bearing is used for a passive vibration {solation method.
These passive methods cannot isolate in low frequency
range, and vibration level become bigger under the nat-
ural frequency of the passive isolation system. On the
other hand, an active vibration isolation method using an
electromagnetic actuator, an air pressure actuator, and a
piezoelectric element enables transmissibility even at a
natural frequency less than unity.

The clectromagnetically levitated vibration isolation
system features no mechanical contact between the isola-
tion table and installation floor, therefore this sysiem may
have advantages such as, high-precise positioning accu-
racy and semipermanent life, and can be used in a special
enviromment such as high and clean vacuum, However a
magnelic levitation system is unstable by nature, there-
fore the system has (o be controlled. The controller needs
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Figure 1. Magnetically levitated isolator

to have capability of simultaneous levitation control and
vibration isolation.

A mixed H. and PI controller based on physi-
cal mode! was designed for the system by K. Watanabe
et al[l] in 1996, They succeeded in reducing the
transmissibility from the floor to the table more than
90%. To achieve lower transmissibility from the in-
stalled floor to the isclation table, a controller of the iso-
lation system has to be designed using more precise plant
model. K Matsuda|3] has recently verified a usef{ulness
of a 4STD(State Space Subspace System Identification)
method to the system. However, few papers have been
published on the related information, the main objective
of this study is to report application results of a predic-
tion error method to the electromagnetically levitated vi-
bration isolation system.
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Figure 2. Photograph of magnetic levitated isolator

VIBRATION ISOLATION SYSTEM

The main components of the system are a vibration
isolation table, three electromagnetic actuators and a con-
trol system with a DSP. Figure 1 shows the arrangement
of the vibration isolation table, electromagnetic actuators
and acceleration sensors. The isolation table has three ac-
celeration sensors for detecting absolute vibration of the
table. FFigure 2 shows a comprehensive vision of the sys-
tem. The table is set on a flame structure in the left side,
and the controller box is shown in the right side, The ac-
tuators are fixed on a base plate in the flame structure.
The base plate is shaken by an electromagnetic shaker
put on the floor. Figure 3 shows a sectional diagram of
the electromagnetic actuator. Each electromagnetic ac-
wator has built-in electromagnets and eddy-current-type
displacement sensors used for detecting the relative dis-
placement of the installation floor and the isolation ta-
ble. Fach electromagnetic acluator generates electric at-
tractive force in the vertical direction and passive restor-
ing force in the horizontal direction produced by the flux
leakage of the vertical control flux. As we study the vi-
bration isolation in verlical direction, the electromagnetic
actuator Tor horizontal control is set inactive. Therefore
this system is horizontally stable by nawre. Figure 4
shows the. block diagram of the control system. A dig-
ital coniroller with a DSP built in a PC is employed to
contro! the levitation and vibration of the table in vertical
direction. Both relative displacement and absolute accel-
eration signals are input into the DSP via anti-aliasing
low-pass filters(cutoff frequency is 700Hz) and the A/D
converter(16-bit resolution). Afler these signals are pro-
cessed, control signals are sent to the magnetizing coil in
the actuator, via the D/A converter(12-bit resolution) and
the PWM amplifier, to control the electromagnetic force
for levitating the isolation table.
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Figure 4. Flowchart of the control system

SYSTEM IDENTIFICATION

It would be necessary to obtain a precise model of the
controlled system in order to design a controller with an
excellent performance. A system identification allows to
built a precise model of a dynamic sysiem based on mea-
sured input and output data. A PID controller is firstly
designed to levitate the table using the relative displace-
ment of the table. A 15th order Maximum length null
sequence signal is chosen as a random binary signal to
excite the table, The table is supported by the three elec-
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tromagnetic actuators, therefore three different exciting
signals are generated in the DSP and added to each in-
put signal. Sampling frequency of the control system is
set at 3000Hz. The input-output data are stored on the
DSP memory and transferred from the DSP to the host
PC after the random exciting test. Figure 5and Figure 6
show the measured input and output data respectively to
identify the system dynamics. Notice that the system has
feedback loop, therefore the input data has a correlation
with the output data.

This vibration isolation system is assumed to have 3
freedoms of motion, thal is, vertical motion and 2 rota-
tional motion around 2 horizontal axes x, y, and is con-
trolled for non-contact levitation by 3 magnetic actua-
tors(3 inputs) and 3 gap sensors(3 outputs) in vertical
direction, and then is a MIMO(3input-3output) system.
The mode] 10 be identified is given by the multivariable
ARX structure which has n,, inputs and ). outputs:

A(q)y(k) = B(g)u(k) + w(k) N

where u(k), y(k) and w(k) represent the inputs, the out-
puts and the while noise. A(g) and B{q) are ny X iy,
ny X i, matrices, and each element is a polynomial of a
forward shift operator g. ‘The orders of the polynomials

are determined by a cross validation. Using the measured
output y(k) and the estimated output $(k,6), the predic-
tion error &(k, 0) is as follows:

e(k,8) = y(k) - §(+.8) e

where 0 is a parameter matrix consists of the coefficients
of the polynomials which are the element of A{g) and
B(g). The parameter matrix  is delermined so as to min-
imize the performance function Jy:

) |
=5 Y ek, ) ©
: k=1

where N is the data number.

Figure 7 shows the bode plot of the transfer function
P from u to y. The index;; stands for the transfer func-
tion from j-th input to i-th output indicated in Figure 1. In
case of j = 1, because of the arrangement of three actu-
ators(see Fig.1), the gain of Py1,Pz;,P3; in low frequency
range are in descending order(9dB, -12dB, -20dB). The
first flexible vibration mode of the table appears around
250Hz. The plant contains three unstable poles on the
real axis of the complex plane, which corresponds to a
feature of linear dynamics of an electromagnet.

The order of the obtained model is 51st, then it be-
come necessary to reduce the order of the model because
of the limit of the calculation speed of the DSP. Estima-
tion of the loss function based on the singular-value is
used to determine the order of the reduced model. Now,
think about n-th model which should be reduced to k-th
model(n > k). The n-th model has n singular-values:

OG>0 >0 > >0y 4)

The singular-value from Gy t0 G, are deleted by the
model reduction. Therefore the performance function p
is as follows:

k
Lo
p=2— (5)
). 0i
i=1

Figure 8 shows the relationship between p and the model
order. - In this case, considering about the calculation
speed of the DSP and the loss of the model, k = 18 is
chosen(p = 0.851).

CONTROLLER DESIGN

The system has to be stable against any disturbances
from the installation floor and the sensor, therefore the
H.. controller design method is chosen for stable levi-
tation. The H., control scheme has a potential to make
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a feedback system robustly stable against changing pa-
rameters and uncertainties. The identilied and reduced
maodel, whose order is 18th, is used Lo design an H., con-
troller, The generalized plant is argued in the standard
manner of He. control theory:
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Figure 10. Frequency weighting function

where z;,z; are control values, @ is the external dis-
turbance on the system. Figure 9 shows the general-
ized plant. W1, W5 are the frequency weighting functions
shown in Fig.10. Wy has the larger gain in low frequency
range Lo lift off the table. W, has a peak at 250Hz:the
natural frequency of the isolation table. Wy, W, are as fol-
lows:

17000(—s+ 1)
W = )

i
mxio ]

161 X 107152 4 1.24 x 10%5 +3.89 x 10°
52 4+4.26 x 1025 +2.47 x 106

W, = (8)
The mixed sensitivity approach of the robust control sys-
tem design is a direct and effective way of achieving loop
shaping. The controller K(s) is designed ic minimize
Henorm of the transfer functions from ® to zp,z2, thus
S(s), R(s):

def
St = 1+L(s) @
L(s)= K(v (11)
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Figure 1. H. controller

where K(s) is a controtler. A mixed sensitivity problem
is as follows:

Wi(s)3(s)

wo(s)R(s)]|, <7 (12

Each frequency weighting function is selected to make
the magnetically levitated system stable and to reduce
the sensilivity from external disturbance ® to relative
displacement z; and control input z2. Figure 11 shows
the transfer functions of the designed He controller(y =
3.92). The designed H., controller has the larger gain in
low frequency range and the notch filter at 250Hz. The
order of the obtained controller is 27th.

EVALUATION RESULTS

The H.. and PID controller are experimentally com-
pared. Bvaluation tests are carried out by the digital con-
trolier with the DST built in the PC. All control programs
are writien with C-language, and transferred from the
host PC to the DSP. The sampling frequency is 3000Hz.

Figure 12 shows the initial response(relative dis-
placement of the table at 1ift oi'l‘). With the PID controller,
the table lift ofF vibrating at the natural frequency of the
closed loop(60Hz), and it takes about 2.0 sec, whereas
with the H.. controller, the table lift off smoothly in 0.8
sec. Figure 13 shows the Nyquist plot of open-loop trans-
fer function between input 1 and output 1 from 0.1Hz 1o
1000Hz. Distance of Nyquist plot from the critical paint
(-1,0) indicates a margin of system stability. The figure
shows. that the system with the H.. controller is more sta-

ble than that with the PID controller. Figure 14 shows the
sensitivity function S(s). A sensitivily function is equal
to inverse of a distance of a Nyquist plot from the crit-
ical point (-1,0) and represents shortages of system sta-
bility. The designed H.. controller achieves low sensitiv-
ity(maximum -10dB} than PID controller for almost all
frequencies. Notice that with the PID controller, the sen-
sitivity function has a peak at the natural frequency of the
closed loop(60Hz), wheveas with the He controller, the
sensitivity function has flat characteristics.
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CONCLUSIONS

A system identification was successfully applied to
the electromagnetically levitated vibration isolation sys-
tem. A PID controller was frstly designed to levitate the
table using the relative displacement of the table. Then a
M-sequence signal was add to excite the table. To iden-
tify the model of the isolation table, the multivariable
ARX model was chosen and the coefficients of the poly-
nomials were identified by the prediction error method.
The H,, controller was designed for stable levitation with-
out contact. Experimental results revealed that the de-
signed controller achieved better performance than that
af the PID conuoller,
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