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Vibration Isolation System Using
~ Negative Stiffness”

Takeshi MIZUNO**, Takefumi TOUMIYA**
and Masaya TAKASAKI**

A new vibration isolation system using negative stiffness realized by active control
technique is proposed in this paper. The serial connection of a normal spring and a
suspension system with negative stiffness enables the isolation system to have low
stiffness for vibration from the ground and high (theoretically infinite) stiffness against
direct disturbance acting on the isolation table. A control method of realizing negative
stiffness with a linear actuator is presented in an analytical form. The validity of this
method is confirmed experimentally with an apparatus equipped with a voice coil
motor. It is also confirmed experimentally that high stiffness against direct distur-
bance on the isolation table can be achieved in the proposed vibration isolation system.

Key Words: Vibration Isolation, Vibration Control, Actuator, Mech;itronics, Servo
Mechanism, Precision Instrument, Negative Stiffness, Compliance

Control

1. Introduction

Demands for high-performance vibration isola-
tion systems have been increasing in various scientific
and industrial fields such as high-precision measuring
and semiconductor manufacturing. There are two
categories of disturbance whose effects should be
attenuated by them. One is vibration transmitted
from ground through suspension (spring). The other
is disturbance caused by changes in weight and
motions of instrument on the isolation table (direct
disturbance). Lower stiffness of suspension is better
for reducing the former while higher stiffness is better
for suppressing the effects of the latter. A trade-off
between them is inevitable in conventional passive-
type vibration isolation systems so that their perfor-
mances are limited inherently.

They can be made compatible by applying active
control technology‘®. However, they must be
equipped with high-performance sensors such as
servo-type accelerometers so that active vibration
isolation systems tend to be costly, roughly speaking,
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nearly ten times as expensive as passive ones. This
restricts the application fields of active vibration iso-
lation systems. ,

To solve such a problem, we have proposed ‘a
vibration isolation system using a zero-power mag-
netic suspension system®~®_  Since a zero-power
magnetic suspension system behaves as if it has a
negative stiffness, infinite stiffness against disturbance
on the isolation table can be achieved by combing it
with a mechanical spring. The principles of the
proposed vibration isolation are explained as follow.
It is assumed that there is a serial spring consisting of
a normal spring and a spring whose stiffness is nega-
tive (negative spring). If the absolute value of the
stiffness of the normal spring is equal to that of the
negative spring, the total stiffness of the serial spring
becomes infinite. Therefore, even if direct disturbance
acts on the isolation table, the table has no steady-
state displacement. It means that the suspension
system has infinite stiffness, or zero compliance to
direct disturbance. Moreover, if the absolute value of
the stiffness of each spring is low enough, the isolation
table is isolated from ground vibration well. It
enables the system to have good characteristics in
both the performances of isolation from ground vibra-
tion and suppression of the effects of direct distur-
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bance. It is to be noted that zero-power magnetic
suspension systems can be realized with relative-dis-
placement sensors that are usually less expensive than
servo-type accelerometer.

In the zero-power magnetic suspension system,
however, the magnitude of negative stiffness is a
function of the gap between the electromagnet and the
suspended object. When the mass on the isolation
table changes, therefore, the negative stiffness varies
from the nominal value so that the stiffness against
disturbances acting on the isolation table becomes
lower®»®,

In this paper, we propose to use a linear actuator
instead of an electromagnet for generating a suspen-
sion system with negative stiffness. It enables the
vibration isolation system to keep high stiffness for a
wider range of operation than the original system.
This paper is organized as follows. First, the concept
of the proposed vibration isolation system is briefly
described. Second, a control method of realizing
negative stiffness with a linear actuator is clarified by
a transfer function approach. Third, the basic charac-
teristics of the proposed vibration isolation system are
studied. Fourth, experimental results are presented to
demonstrate the effectiveness of the proposed method
of generating infinite stiffness.

2. Concept of Vibration Isolation System

First, it will be shown that infinite stiffness can be
generated by connecting a normal spring with a nega-
tive spring. When two springs with spring constants
of ki and %z are connected in series as shown in Fig. 1,
the total stiffness kc is given by

_ e
k=gl (1)

This equation shows that the total stiffness becomes
lower than that of each spring when normal springs
are connected. However, if one of the springs has
negative stiffness that satisfies

k=~ kz, ( 2 )
the resultant stiffness becomes infinite, that is

Fig. 1 Series spring
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|| = -0, (3)
This research applies this principle to generating high
stiffness for direct disturbances acting on the isolation
table.

Figure 2 shows the configuration of one of the
proposed vibration isolation systems. A middle mass
m is connected to the base through a spring 4 and a
damper ¢ that work as a conventional vibration
isolator. A linear actuator is attached to the middle
mass. The actuator suspends and drives an isolation
table »z..

The linear actuator is controlled for the suspen-
sion system to have negative stiffness. In the initial
steady states shown in Fig.3(a), the distance
between the table m and the base is kept to be L.
When the mass of the table increases by 4dm, the
distance increases by 4L as shown in Fig. 3(b). The
displacement of the table is in the direction opposite
to the added force dmg so that the static stiffness of
the suspension-is given by

dmg

When the actuator is controlled in this way, the
vibration isolation system shown by Fig. 2 behaves as
follows. When the isolation table m. is subject to
downward force f, the table would move upwards by
Solkn if the middle mass were fixed. Meanwhile, the

Actuator 4

[11177777777777777

Fig. 2 Structure of vibration isolation system

L+AL
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(a) (b)

Fig. 3 Negative stiffness for direct disturbances
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middle mass moves downwards by fo/k1 because of the
increase of the suspension force. If ki=#kn, the
increase of the length of the actuator is cancelled by
the downward displacement of the middle mass. Thus
the isolation table is maintained at the same position
as before so that the system has infinite stiffness or
zero compliance to direct static disturbance.

3. Realization of Negative Stiffness

In this section, the design of control system for
realizing negative stiffness with a linear actuator is
described. A voice coil motor (VCM) is adopted as an
actuator.

3.1 Basic equation

Figure 4 shows a single-degree-of-freedom
model used in analysis. The equation of motion is

MaXat+ oot koaxs=fat fa, (5)
where

myz: mass of the table,

x> displacement from the equilibrium point,

k2 . stiffness of supporting spring,

¢»: damping coefficient of support,

fa: force generated by the actuator,

fa: direct disturbance acting on the table.

Since the force generated by the actuator is propor-
tional to the coil current ¢, fa is given by

fa:kii, ( 6 )
where

k: . current-force coefficient.

From Eqgs.(5) and (6), we get a transfer representa-
tion of the dynamics:
1

where
k0 k1
Qo= o 1= P bo= s’ 0" e

3.2 Design of control system
The displacement of the table is treated as an
output signal here. When linear control law is applied,
therefore, the control input is generally represented as

I(s)= *HSTX(S). (8)

/17177

Fig. 4 Basic model for control system design
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When the transfer function of the controller is proper,
the polynomials are represented as

g(S)ZS”{ég}zs",‘ (9)

h(s):kZZ]O has”. (10)
Substituting Eq.(8) into Eq.(7) leads to

X(s)= doFu(s). (11)

9(s)
(SZ+ a1s + ao)g(s) + boh(s)
The disturbance is assumed to be stepwise so that it
can be modeled as

Fd(s):fg (Fo: const). (12)

S
It is assumed that the controller is selected to stabilize
the closed loop system. The steady-state displace-
ment x(c0) is given by

x() .. g(s)
2 ~131£r01 (s2+ ars+ ao)g(s) + boh(s) d
__ dogo
T aogo+ boho (13)

For the system to have negative stiffness with a
magnitude of %, the following equation must be
satisfied

dogo _ 1
aogot+boho ~ kn (14

For assigning the closed-loop poles arbitrarily,
second- or higher-order compensators are necessary.
When a second-order compensator is used, the charac-
teristic polynomial of the closed-loop system becomes

t(s)=s'"+(a1+g) s+ (ao+ go+ argi + bohz) s

+(aog1+ argo+ boh)s + (aogo+ boho). (15)
To obtain a system with a characteristic equation of
the form

ta(s)=s*+ ess®+ exs’+e1s + e, (16)
we can match coefficients to obtain
gozvﬁ——eo’;’g’, (17)
G—e3s— dy, (18)
h():?l"(eo— aogo), (19)
0 -
hlw:Ablo_(el — Qoh— Cllgo), (20)
hzzb%(ez*ao—go—mgl). - (21)

When the transfer function of the compensator is
restricted to be strictly proper, third- or higher-order
compensators are necessary to assign the poles arbi-
trary in addition to satisfying Eq.(14). When a third-
order compensator is used, the characteristic poly-
nomial of the closed-loop system becomes

t(s)=s+(a+g)s*+(a+ arg:+ g1)s®

+ (aogz +argi+ go+ bohz)s®

+(dogl+a1_(]0+ b0h1)5+(aogo+ boho). (22)
To obtain a system with a characteristic equation of
the form

ta(s) =5+ ess*+ ess®+ exs® + e1s + e, (23)
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we can match coefficients to obtain

90: dokn eOk y (24)
p=ei—a, (25)
Q=es—do— a1, (26)
€o k
=g 1) =), @n
h1:7(€1—6logl‘dlgo), (28)
0
hz:b%(ez—go*aogz—algl). ) (29)

4. Analysis of Basiec Characteristics

4.1 Basic equation
A basic model of the proposed vibration isolation
system with a VCM shown in Fig.5. The translation
motions in the vertical direction will be treated here.
The equations of motion are
VI’Z1.‘Z"1+C1(1"1* i‘o)ﬂLkl(l‘l—.I‘o)

+Cz(ji'1—.I"z)‘|‘kz(.l‘1*l‘z):—kilh, (30)
Ma X2+ Cz(l"z‘-i'l)+kz(xz‘x1):kil'+fd. (31)
where
Xo, X1, X2 . displacements of the floor, the middle mass

and the isolation table,
fa: direct disturbance acting on the isolation
table.
It assumed for simplicity that the initial values are
zero. From Egs.(30) and (31), we get
(mus®+ ars+ k) Xa(s)—(cis + k) Xo(s)

:(CzS+kz)(Xz(S)_X1(3>)—kil(S), (32)
mes? Xo(s)= ki (s)—(cas + kz)(Xz(S) — Xi(s))
+ Fu(s). (33)

The control current for realizing negative stiffness
can be represented as

1(5)= =2 (xa(5) - X)), ()

where ¢(s) and %(s) are selected to satisfy Eq.(14) and
A=

ko c2

IR

=

=1 ¢

[117777777777777777777777777

Fig. 5 Basic model of a zero-compliance system
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to stabilize the closed-loop system.
From Egs.(32) to (34), we get

Xi() =L TRNES) sy B ) (a5

t(s) te(s)
_A{as +_k1)/€2($) h(s)+ kz(s)
XQ(S)— tc(S) X0(5)+ tc(S) Fd(s)y
(36)
where
fl(S):WZ132+ ClS+k1, (37)
AR h(s)
kz(S)-kz‘lszS;f‘ ki g(s) , (38)
b(s)=mas®+ kz(S), (39)
tc(s):tl(s)tz(s)—!— mas? kos). (40)
It is to be noted that %(s) satisfies
11m fas)= kz+/e ho
:m<ao+ bog—o)
- _kn, (41)

4.2 Response to direct disturbance
To estimate the stiffness for direct disturbance,
the direct disturbance f« is assumed to be stepwise,
that is,

Fy

Fd:T (Fv: const). (42)

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

x2s(0) =lim h(s)+ kz(s)
0 §—-0 fc( )
—hkn 1 1
kl( kn) kl kn- (43)
Therefore, when
klzkn, (44)
we get
(o) _
I =(. (45)

Equation (45) shows that the suspension system
between the isolation table and the floor has infinite
stiffness statically because there is no steady-state
deflection even in the presence of stepwise distur-
bances acting on the table. _

* The steady-state displacement of the middle
mass and the Variation of gap are obtained as

xl(oo)
o (46)
Zo(00) — xi(c0) 1
B “n)

Equations (46) and (47) indicates that the middle
mass moves downward and the length of the actuator
increases when a downward force acts on the isolation
table (F5<0). It supports well the predictions on the
behavior of the proposed vibration isolation system
described in Section 2.
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5. Experiment

5.1 Experiment setup

Figure 6 is a schematic diagram of the developed
apparatus for experimental study. The stator of the
VCM, which is corresponding to the middle mass #,
is suspended by a pair of plate springs to be in transla-
tion in the vertical direction. The isolation table is
attached to the moving shaft of the VCM. The
displacements of the middle mass and the isolation
table to the base are detected by eddy-current gap
sensors with a resolution of 1pm. Subtracting the
former from latter gives the relative displacement of
the isolation table to the middle mass. Designed
control algorithms are implemented with a DSP-
based digital controller. A second-order compensator
is used for realizing zero-power control in the follow-
ing experiments. The control period is 100 ps.

5.2 Experimental results

Two kinds of experiments are carried out. The
first is for estimating negative stiffness generated by
the VCM, and the other is for measuring the displace-
ment of the isolation table for direct disturbance. In
the following graphs, load and displacement in the
downward direction are represented to be positive, and
vice versa.

Figure 7 shows the results of the first experiment.
In this experiment, the stator of the VCM is clamped.
The amplitude of negative stiffness is set to be

(a) #=15[kN/m], (b) £k,=20[kN/m),

(¢) kn=25[kN/m],
in designing the controller (see Eq.(14)). The results
show that the displacement of the table is in the

Sensor

Plate spring
Table

Sensor

OO
ANNNNNN N NNN NN NNNNNNY

Fig. 6 Experimental apparatus
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direction opposite to the load and their relation is
quite linear. The amplitude of negative stiffness is
also estimated from the results as
(a) k.=149[kN/m], (b)
(¢) Fk.=251[kN/m].
The amplitudes of negative stiffness set in designing
the controller is almost equal to the actual values.
In the second experiment, the clamp of the stator
of the VCM is released and then load is added to the
isolation table. Since the total stiffness of the plate
springs that is corresponding to 41 is 16.4 [kN/m] ,
the amplitudes of negative stiffness is set to equal this
value. Figure 8 shows the displacement of the stator
of the VCM to the base and that of the isolation table
to the base. It is observed that the position of the
table is maintained almost in the same, while the
position of the stator changes proportion to the load.
This result demonstrates well that the developed

kn=19.7 [kKN/m],

Load [N]

-0.2 -0.15 -0.1 -0.05 0

Displacement [mm]

Fig. 7 Relation between the displacement of the table
and load acting on the table

0.35 r T
03 r"““‘"‘i _____ VCM's‘statorA _____
: . A
T 025 f----n-m-- S Enbr EEEEEEEE,
E gp | A
s LA |
§ 015 f--------- R REEEEE e
E R ‘
& 01 f------- A P
/A A :
0.05 |-~ Ao R
: ! Table
OT_._._._.“‘_‘"‘"‘"‘_C ____
-0.05 ' .
0 2 4 6
Load [N]

Fig. 8 Displacements of the VCM’s stator and the table
when load force acts on the table
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mechanism with a VCM can realize high stiffness
against static direct disturbance acting on the isola-
tion table.

6. Conclusions

A new vibration isolation system using negative
stiffness realized by active control technique was
proposed in this paper. The serial connection of a
normal spring and a suspension system with negative
stiffness enables the isolation system to have low
stiffness for vibration from the ground and high
(theoretically infinite) stiffness against direct distur-
bance acting on the isolation table. A control method
of realizing negative stiffness with a linear actuator
was presented in an analytical form. The validity of
this method and the effectiveness of the proposed
method of realizing high stiffness against static direct
disturbance were confirmed experimentally.
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