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Abstract—This paper presents the development of an active
3-degree-of-freedom (DoF) vibration isolation system using zero-
power magnetic suspension. The developed system is capable to
suppress direct disturbances and isolate ground vibrations of the
3-DoF motions, associated with vertical translational and rota-
tional modes. Two categories of control strategy for the actua-
tors are proposed, i.e., local control and mode control. The latter
method allows to overcome limitations of the poor performances for
rotational modes exhibited by the former. A mathematical model
of the system is derived and each DoF motion is treated separately
for the control system. It is demonstrated analytically that the infi-
nite stiffness to static direct disturbances can be generated and the
resonance peak due to floor vibration can effectively be suppressed
for the system. Moreover, the experiments have been carried out to
measure the static and dynamic responses of the isolation table to
direct disturbances, and transmissibility characteristic of the isola-
tor from the floor. The results indicate good vibration isolation and
attenuation performances, and show the efficacy of the developed
isolator for industrialization.

Index Terms—Active control, local control, mode control, vibra-
tion isolation, zero-power control.

I. INTRODUCTION

ICROVIBRATION isolation has become a growing re-
M search field due to the demand of high-performance sys-
tems, and the advent of micro- and nanotechnology in various
scientific and industrial fields such as semiconductor manu-
facturing, biomedical engineering, aerospace equipments, and
high-precision measurements. These hi-tech research arenas
need sophisticated systems that are isolated from microvibra-
tions. For vibration isolation systems, it is inevitable to isolate
ground vibrations in addition to the effect of direct disturbances.
Direct disturbances to the system due to the change of load,
use of electric motors and rotating devices on the table, and
ground vibrations caused by other prime movers, and earth-
quake and movement of vehicles can, however, be the source
of detrimental vibrations that may influence the effectiveness
and accuracy of operations, and objective performances. Gen-
erally, the vibration-control research can be divided into two
categories, i.e., active and passive control. For the former, exter-
nal energy is necessary. On the other hand, no external energy
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is needed for the latter technique, and the vibration suppression
is stable if the dynamic characteristic of the primary system are
unchanged [1]. Suspension with higher stiffness can be used
for suppressing the effect of direct disturbances while that of
lower stiffness is suitable for isolating ground vibrations in case
of conventional passive-type vibration isolation system [2]. So
a tradeoff between the suspensions is necessary, which is the
major drawback of this control technique.

Active control can overcome this setback and has been applied
to several vibration isolation devices recently [3]-[7]. However,
this technique requires external energy, in one hand, and high-
performance sensors, such as servo-type accelerometers, on the
other, and makes the system rather expensive.

To overcome these difficulties, the authors have proposed
an active vibration-control technique using zero-power mag-
netic suspension [8]. This technique usually requires only eddy-
current relative-displacement sensors that cost far less than
servo-type accelerometers. Moreover, there is no steady power
consumption in the system during stable operation [9], [10].
Since a zero-power system behaves as if it has a negative stift-
ness, infinite stiffness against disturbances on the isolation table
can be achieved by combining it with a normal spring in series. It
enables the system to have good characteristics both in reducing
vibration transmitted from the ground and in suppressing direct
disturbing force. It can be noted that negative stiffness can be
realized by either passive or active techniques. Platus [11], [12]
presented a passive-type vibration isolator by connecting a neg-
ative stiffness in parallel with a normal spring, and the isola-
tor stiffness was made to approach zero for ground vibration
isolation only. However, the effect of direct disturbance was
not addressed in the research. Trumper and Sato [7] developed
an isolator by connecting an active negative stiffness spring
in parallel with a positive spring that achieved good vibration
isolation performance and platform releveling by position and
velocity control of the platform. Whereas, in that case, excessive
heat was generated in the actuator caused by drive currents and
power was consumed by the system. Therefore, the motivation
of this paper is to develop a vibration isolator with low cost
and to downsize the power consumption abruptly. A single-axis
apparatus was manufactured for basic experimental study [13].
The experiments that were carried out with the apparatus have
demonstrated the effectiveness of the method for generating infi-
nite (high) stiffness against static direct disturbance. The control
systems of realizing infinite stiffness can also be generalized by
using a linear actuator, instead of a hybrid magnet [14].

This paper is concerned with the development of a three-
degree-of-freedom (3-DoF) vibration isolation apparatus aiming
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Fig. 1. Basic model of zero-power magnetic suspension system.

at industrialization, and design of controllers based on a theoret-
ical model. 3-DoF motions of the isolation table in the vertical
and rotational motions are successfully controlled by the pro-
posed system. This paper is organized as follows. First, the
concept of vibration isolation system using negative stiffness is
briefly described. Second, a basic model of the developed system
is analyzed and control strategies are discussed. Finally, exper-
imental procedures and results are presented to demonstrate the
efficacy of the proposed system.

II. CONCEPT OF VIBRATION ISOLATION SYSTEM

A. Basic Principle

Virtually infinite (high) stiffness of a spring can be generated
by connecting a normal softer spring in series with a spring that
has negative stiffness and equal magnitude [8], [14]. Negative
stiffness is realized by using zero-power magnetic suspension,
which is discussed in Section II-B. When two springs with
spring constants of k1 and ks are connected in series, the total
stiffness k. is given by

_ kk
Tk 4 ke

c ey
This equation shows that the total stiffness becomes lower than
that of each spring when normal springs are connected. How-
ever, if the absolute values of the springs are equal and one of
the springs has negative stiffness that satisfies

the resultant stiffness becomes infinite, i.e.,
|k.| = oo. 3)

This research applies this principle of generating high stiff-
ness against direct disturbance to vibration isolation systems.
Moreover, if the stiffness of each spring is low enough, the
system is capable to isolate ground vibrations as well.

B. Zero-Power Magnetic Suspension

1) Basic Model: A single-DoF-of-motion model for describ-
ing zero-power magnetic suspension is shown is Fig. 1. The
suspended object with mass of m is assumed to move only in
the vertical translational direction. The equation of motion is

given by
mi = kyx + kit + fq, 4)

where

x  is the displacement of the suspended object;

ks 1is the gap-force coefficient of the magnet;

k; 1is the current-force coefficient of the magnet;

7 1s the control current; and

fa is the disturbance acting on the suspended object.

The transfer function representation of the dynamics de-
scribed by (4) becomes

1

X(s) = o p——

[aasI(s) + doFy(s)], 5)

where each Laplace-transformed variable is denoted by its cap-
ital, and
ks k; 1
az = —, axy=—, dy=—.
m m m

2) Design of Control System: The zero-power control oper-
ates to accomplish

lim i(t) = 0, (6)

t—o00

for stepwise disturbances. The minimal order compensator
achieving zero-power control and assigning the closed-loop
poles arbitrarily can be represented as [15], [16]

h h
B z( 28+ hq) X
5%+ g15+ go

I(s) =

and the characteristic polynomial of the closed-loop system is
obtained as

te(s) = s* + g15° + (—ao + go + boha)s*
+ (—a091 + boiLl)S — apgo- (8)

(s), )

Assuming that the characteristic polynomial specifying the de-
sired location of the roots is

ta(s) = (5% 4+ 2C w15 + w?) (s + 2Cowas +w3).  (9)

the coefficients of g;’s and h;’s of the controller of (7) are
determined uniquely by comparing the coefficients in (8) and
9).

3) Negative Stiffness: When a constant force Fj is applied
to the suspended object, the suspended object is maintained at
a position satisfying

0 = ksx(00) + kii(o00) + Fo, (10)

in the steady states. In the zero-power control system, the coil
current converges to zero, i.e.,

i(00) = 0. (11)
Therefore,
2(00) = —%. (12)

The negative sign appearing in the right-hand side verifies that
the new equilibrium position is in the direction opposite to the
applied force. It indicates that the zero-power control system
behaves as if it has negative stiffness.
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Fig. 2. Vibration isolation system using zero-power magnetic suspension.

C. Configuration of Vibration Isolation System

A schematic drawing of the proposed vibration isolation sys-
tem is shown in Fig. 2 [13]. A middle table m; is connected to
the base through a spring k1 and a damper ¢; that work as a con-
ventional vibration isolator. An electromagnet for zero-power
magnetic suspension is fixed to the middle table. The part of an
isolation table ms facing the electromagnet is made of soft iron
material.

This system can reduce vibration transmitted from ground
by setting k; small and, at the same time, generate infinite
stiffness against direct disturbance by setting the amplitude of
the negative stiffness equal to k;.

III. DEVELOPED 3-DOF VIBRATION ISOLATOR
A. Model

A 3-DoF vibration isolator has been developed so as to sup-
press direct disturbances, as well as ground vibrations. The
schematic diagram of the manufactured vibration isolator for
experimental study is shown in Fig. 3. It has a circular isolation
table, a middle table, and a base. The negative stiffness is gener-
ated by three hybrid magnets, which are fixed to the middle table
and suspend the isolation table. The middle table is suspended
by three pairs of springs and dampers from the base. They are
located at the vertices of an equilateral triangle. Each hybrid
magnet is aligned with a pair of spring and damper vertically.
Hence, the isolation table is suspended by three pairs of normal
and negative springs so that the three modes (3-DoF motions)
of the table can be controlled by the proposed mechanism. They
are: one translational motion in the vertical direction (Z) and
two rotational motions, roll (0, ) and pitch ©,,. The coordinate
system is shown in Fig. 3(b).

It is assumed that the roll and pitch angles are so small
that cost), = 1,sinf, = 0,,cosf, = 1, and sinf, = 0,, where
0,,0, are the roll and pitch angles of the isolation table. The
equations of motion of the isolation table can be written as

Z I fe
M] [ 6, | = |mS| + |md|, (13)
0, mz mg
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and that of the middle table can be written as

[z £t fr
[M] |0 | =~ |mg | + | m} |, (14)
0y m, my,
where
[M] = diag(m, J,, Jy), (15)
[M] = diag(m, J,, 7y), (16)
m s the mass of the isolation table;
J, is the inertial momentum of the isolation table about
T-axis;
Jy  is the inertial momentum of the isolation table about
y-axis;

z is the displacement of the center of the isolation table;
is the z-direction total force by the hybrid magnets;
m¢  is the total moment about x- axis by the hybrid magnets;
m¢  is the total moment about y- axis by the hybrid magnets;

y
f is the z-direction direct disturbance;

m‘zi is the direct disturbance about the z-axis;

mg is the direct disturbance about the y-axis;

P isthe z-direction total force by the springs and dampers;

mP is the total moment about z-axis by the springs and
dampers; and
mfis the total moment about y-axis by the springs and

dampers.
The corresponding representation of the middle table is de-
noted by the overbar notations.
When the hybrid magnets are located as shown by Fig. 3(c),
the total force and torques are related with the forces generated
by the three hybrid magnets as

[ fi
mg | =Ra | f3 |, a7
m, s
and
1 \/1 1
R,=| 0 8o _ B | (18)
—r T re
e 2 2
where
ff is the attractive force of the hybrid magnet k(k =

1, 2, 3) and
r. 1is the distance of the hybrid magnets from the center.
The force of each magnet is approximately given by

fi = —ksgr + ki, (k=1,2,3), 19)

where
g 1s the deviation of the gap between the electromagnet
and the target on the isolation table and
i, 1s the control current.
The gaps are related with the displacements as

an z z
92 | = Rb 0_:1: - 0;( 5 (20)
93 0y by
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Fig. 3. Schematic diagram of the developed vibration isolator.
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It is to be noted that the electromagnets on the middle table are
above the targets on the isolation table at the gaps.

The total force and torques by the springs and dampers are
given by

fr f
m[; = Ra fg y
mh e
d “1 z
=R, (kp + cpdt) Z | — Ry @r , (22)
23 Y
where

2 1s the displacement of the base at the position k;

k, 1is the stiffness of the spring; and

¢, is the damping constant of the damper.

It is found from (13) to (22) that the dynamics of the three
modes can be treated separately and, in addition, each is repre-

sented in a similar form such as
méé = kS(€ — &) + kSif + wf, (23)

and
mtE = —kE(§ — €) — kf i€ — (k +c§%>(€— £ @4

The variables and coefficients for each mode are defined as
shown in Table I.

B. Control Strategy

The developed vibration isolation system is a three-channel
multiple-input multiple output system. Since the number of ac-
tuators for the zero-power control and the number of modes are
equal, two control strategies are possible. They are local con-

>y
TABLE I
VARIABLES AND COEFFICIENTS OF EACH MODE
Symbols translation roll pitch
& z 0, 0,
g z 0, o,
: Z+Z+23 ﬂ =22, +2) + 23
3 \/gre 3r,
mé: m Jx Jy
me z J, J,
32 32
k? 3kx Ere ks Ere kx
£ V3 1,
k,- kl Tl}k,‘ P ’eki
¢ iy iy + iy iy — i3 =20y +iy +ij
4 3 2 3 5,
k]? 3kp EIekp Ere k[?
3 3
Ci 3C17 E”czcl) Erczch
d d
Wé: fzd }71X m)’

trol [15] and mode control [16]. In the former, the coil current
of each magnet is controlled on the basis of local information
at the corresponding position as shown in Fig. 4(a). In the lat-
ter, a controller is designed for each of the modes (Z, ©,., and
©,) as shown in Fig. 4(b). Sensors 1, 2, and 3 are the displace-
ment signals of the table measured from the corresponding hy-
brid magnets, respectively. In the case of mode-based control,
the displacement signal of three modes (X, Xy,, and Xy,)
are calculated from the sensor signals. Again the control cur-
rents (i1,1%2,t3) for three hybrid magnets are calculated from
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Fig. 4.

the outputs (i, i, , and ig, ) of the zero-power controllers. The
zero-power controller of each channel is designed to have such
dynamics as (7)

s(has + h1)

o
mf(s)— sc3(s)€(s). 25

Ie(s) = —
C. Response to Direct Disturbance

It is assumed for simplicity that the initial values are zero.
Equations(23)—(25) yield

)
ti(s) + ki ch(s)s — kS
+ W 26
= (. o
= (c5s + kif)tg(s)ﬁ
_‘(S) tC(S) “( )
kfcg(s)s - k:§ ¢
TW (s), (27)
t1(s) = ms® + cf,s + kf,, (28)
ta(s) = m*s® + kf ch(s)s — kS, (29)
t(5) = 1 ()tals) + mE 2K ()5 — k). (30)

To estimate the stiffness for direct disturbance, the direct distur-
bance W¥¢ is assumed to be stepwise, i.e.,

Wf:&

s (FO .

const). 3D

When the vibration of the floor is neglected, the steady-state
displacement of the table is obtained as

§(00) _ i més? + (¢ + ki ch(s))s + kS — kS 32)
FO s—0 tc(s)
11 P
=0 (whenk, =k;). (33)

KK

+
&
A
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Fig. 5. Analytical displacement transfer function (transmissibility) of the iso-

lator from floor.

Since kg = k§ is satisfied in three modes, therefore, the suspen-
sion system between the isolation table and the floor has infinite
stiffness.

D. Response to Floor Vibrations

When the direct disturbances are assumed to be neglected,
the transmissibility of the isolator from the floor during floor
excitation along vertical translation mode (Z), can be written
from (26) as

=(s) _ (3cps + 3k, ) (kics(s)s
=(s) te(s)

The parameters of (34) are chosen as, k; = 57.2 N/A, |3k, | =
|3ks| = 59.5 N/mm and, the closed-loop poles for ¢ are se-
lected by putting w(= w; = wy) = 2w x 4 [1/s] and {(= (; =
¢2) = 1.01in (9). Fig. 5 shows the analytical displacement trans-
fer function (transmissibility) of the isolator. It is found that a
suitable damping (¢, ) between base to middle table could sup-
press the amplitude of resonance effectively and the vibration
isolation performance is not worsened during floor vibrations.

—3k,)

(34)

IV. EXPERIMENT
A. Experimental Setup

The photograph of the developed vibration isolation sys-
tem is shown in Fig. 6. Each hybrid magnet for zero-power



HOQUE et al.: DEVELOPMENT OF A THREE-AXIS ACTIVE VIBRATION ISOLATOR USING ZERO-POWER CONTROL 467

[solation Table -

(ki

&1
i B | 1
Isolation Table |
BT

i
1
4

Fig. 6. Photograph of the developed isolator.

magnetic suspension consisted of a disk-shaped permanent mag-
net (30 mm x 10 mm) and a 2500-turn electromagnet. The per-
manent magnet was made of NdFeB materials. The stiffness of
each normal spring was 20 N/mm. As a damper parallel with the
normal spring, an actively controlled electromagnet was used. It
enabled the stiffness and damping characteristics of the normal
springs to be adjusted flexibly.

The height, diameter, and mass of the apparatus were 400 mm,
440 mm, and 150 kg, respectively. The isolation and middle ta-
bles weighed 22 kg and 23 kg, respectively. The radial motions
of the isolation table were confined by the other three electro-
magnets while those of the middle table were constrained by the
three springs for positive stiffness.

The relative displacements of the middle table to the base and
those of the isolation table to the middle table were detected by
six eddy-current gap sensors provided by Baumer electric. The
radial displacements of the isolation table were measured by an-
other three gap sensors, and the radial motions of the table were
actively controlled. Designed control algorithms were imple-
mented with a digital controller DS1103 supplied by dSPACE.
The sampling rate was 10 kHz.

B. Experimental Results

The experiment was carried out with the controllers based on
local control and mode control. Furthermore, the system per-
formances were evaluated by measuring the static and dynamic
response of the isolation table to direct disturbances and the
transmissibility characteristics of the isolation table from the
base during floor excitations.

1) Response to Direct Disturbances: First, the static re-
sponse of the isolation table to direct disturbance using local
control and mode control were measured for three modes. Di-
rect static loads were added to the center of the table for vertical
translational mode and on the y- and z-axes (150-mm apart from
center) for roll and pitch modes, respectively. Fig. 7 shows the
results using local control. It is found that displacement of the
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Fig. 7. Static response of the local control isolator to direct disturbance.

(a) Translation (Z). (b) Roll. (c) Pitch.

isolator along vertical translational mode and the rotational an-
gle of the isolator along roll and pitch axis were small compared
to that of the middle table. Fig. 8 shows the static characteristic
of the isolator using mode control. It is observed from different
modes that the table was maintained almost at the same position,
while the position of the middle table changed proportional to
the load. It is also found that the stiffness of the isolator using
mode control was 1.4 times in the vertical translation mode, 11.8
times in the roll mode, and 11 times in the pitch mode, more
than that of using local control. It is obvious that suppressing
direct disturbances along rotational modes was weaker in the
case of using local control. It can be noted that positive stiff-
ness along rolling axis could be adjusted to make the rolling
stiffness of the isolator stronger. But, in that case, the other
two stiffnesses would be weaker. The same was true for pitch
axis.

Next, the dynamic responses of the isolation table were mea-
sured. In this case, the table was excited by two voice coil
motors along the z-axis. Fig. 9 shows the frequency response
of the isolator in the vertical translational (Z) mode when local
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Fig. 8. Static response of the mode control isolator to direct disturbance.

(a) Translation (Z). (b) Roll. (c) Pitch.

control was used. It is seen from the figure that the displace-
ment of the isolation table at low frequency (0.015 Hz) was
much lower (—28 dB) than that of the middle table. Fig. 10
shows the results of using mode control. In this experiment,
the closed-loop poles of the controller were assigned by vary-
ing the design frequency (w1 = we = w) from 27 x 3 [1/s]
to 27 x 6 [1/s], while the damping ratio (¢; = (2 = () was
fixed to 1.0. It was found from Fig. 10(a) that the displace-
ment of the isolation table (—48 dB) is much lower than the
middle table (—37 dB) at 0.15 Hz. Fig. 10(b) and (c) shows
that the displacement of the isolation table is further reduced
(—69 dB at w = 27 X 6 [1/s]) by selecting higher closed-loop
poles.

2) Response to Floor Vibrations: In the second experiment,
the absolute transmissibility of the isolator (z/Z) from the floor
was measured at the center of the table by exciting the base of
the apparatus vertically by a pneumatic actuator. Fig. 11 shows
the transmissibility characteristics of the isolator using local
control. The experiments were carried out by changing the
damping coefficients (c,) of the damper electromagnet located
between the base and the middle table. The result shows
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Fig. 12.  Absolute transmissibility of the mode control isolator from the floor

during floor excitation.

that increasing the damping coefficient could improve the
vibration isolation performances. The isolation performance
was further improved when mode control was used, as shown
in Fig. 12. The closed-loop poles of the zero-power controller
for Z-mode were selected as w(= w; = wy) = 27 x 3 [1/s]
and (= ¢; = {2) = 1.4. It is obvious that the resonance peak
was damped down in case of higher damping. It agreed with
the theoretical transmissibility calculated from the model
(Fig. 5), except that the resonance frequency of the middle
table and that of the pneumatic vibration table affected the
experimental results. It is revealed that ground vibration isola-
tion performance, nonetheless, was not worsened in the case of
generating high stiffness to suppress the effect of direct disturb-
ances.

V. CONCLUSION

An active 3-DoF vibration isolation system using zero-power
controller was developed and two control strategies were pro-
posed. The experimental results revealed that the mode-based
controller was better for multi-DoF system, while local control
could better be applicable for single-DoF and unit-based sys-
tem. The developed vibration isolator using eddy-current gap
sensor realized high stiffness to static and low-frequency di-
rect disturbances and showed good capability to suppress direct
disturbance. It is obvious from the transmissibility character-
istic that the system could isolate ground vibration in vertical
direction effectively. The system performances, both for sup-
pressing the effect of direct disturbances and isolating ground
vibrations, could further be improved by assigning the proper
closed-loop pole of the zero-power controllers and selecting
suitable damping between the base to the middle table. It is
hoped that the controller has a possibility to be used in the
wide application range. The developed isolator performed very
well in the analytical and experimental phase and, with further
development, it could materialize the basis of an industrially
and commercially feasible, adaptable, and compliant isolator
for hi-tech systems.
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