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Vibration Isolation System Using
Negative Stiffness

Taksehi Mizuno
Saitama University

Japan

1. Introduction

Vibration isolation plays an important role in the operation of many advanced production
and measurement systems such as semiconductor manufacturing and high-precision
measuring. Rapid technological developments in these fields have increased the need for
higher-performance vibration isolation systems.

There are two kinds of vibration that must be reduced by a vibration isolation system:

1. vibration transmitted from the ground through the suspension (ground vibration),

2. vibration caused by disturbances acting on an isolation table (direct disturbance).

A suspension with less stiffness is better for reducing the former because dynamic coupling
between the vibration source and the isolation table is weakened; thus, zero stiffness is ideal.
However, higher stiffness is better for suppressing the latter because it reduces
displacement of the isolation table from its desired position; thus, infinite stiffness is ideal.
In conventional passive-type vibration isolation systems, a trade-off between lower and
higher stiffness is inevitable, so that performance is limited.

In contrast, active-type vibration isolation systems do not suffer from such performance
limitations (Rivin, 2003). In particular, the performance limitations of passive-type vibration
isolation systems can be effectively overcome by two-degrees-of-freedom control (Yasuda et
al., 1996). There are also various control methods applied according to required performance
and acceptable cost. One of the fundamental control strategies is to provide feedback
regarding the absolute velocity of the isolation table, which is often referred to as skyhook
damping (Fuller et al., 1996). State feedback (Miyazaki et al., 1994), feedforward (Mohamed
et al., 2005) and active acceleration control (Zhu et al., 2006) have also been applied.
Meanwhile, most active vibration isolation systems use high-performance sensors, such as
servo-type accelerometers, to detect the vibration of an isolation table with high sensitivity
in a low-frequency domain. Since these sensors are costly, active systems are more
expensive than passive systems, sometimes by a factor of ten, which represents a critical
obstacle to expanding their fields of application.

This chapter presents a novel solution to the problem of vibration isolation (Mizuno et al.,
2006a). It uses suspension with negative stiffness. Infinite stiffness against direct
disturbances acting on the isolation table can be achieved by combining the suspension with
a normal spring. As a result, direct vibration is suppressed while system vibration
transmitted from the ground is reduced. Suspension with negative stiffness can be achieved

by using only relative-displacement sensors, which cost far less than servo-type
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80 Vibration Control

accelerometers. This chapter describes the principles of vibration isolation system using
negative stiffness and the control methods of realizing negative stiffness.

The application of negative stiffness to vibration isolation was previously reported by Platus
(1999) and Trimboli et al. (1994). In their work, a negative spring was used in parallel with a
positive spring to lower the stiffness of suspension. In our approach, by contrast, serial
connection of a negative spring and a positive spring is applied to vibration isolation
system.

2. Principles of vibration isolation system using negative stiffness

2.1 Basic configuration

The concept of the proposed vibration isolation is illustrated by using Fig.2.1. When two
springs with spring constants k; and k, are connected in series, the total stiffness k, is
given by (Mizuno et al., 2006a)

__kik

= . 2.1
ok +k 1)

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

kl = _k2 ’ (2.2)

the resultant stiffness becomes infinite:
| kc| -0 . (2.3)

This principle of generating high stiffness is applied to vibration isolation system to
counteract direct disturbances acting on the isolation table.

Figure 2.2 shows a conceptual model of the proposed vibration isolation system (Mizuno et
al., 2003a). A middle mass m; is supported by a spring k; with positive stiffness (positive
spring) and a damper c; ; they work like a passive suspension. A linear actuator fixed on the
middle mass supports a isolation table m,. The actuator is controlled to have negative
stiffness —k,, as shown in Fig.2.3. In the initial steady states (Fig.2.3a), the distance between
the table m and the base is kept to be L. When downward force AF is applied to the table,
the distance increases by AL as shown in Fig.2.3b. The displacement of the table is in the
direction opposite to the added force so that the static stiffness of the suspension is given by

(=K, (2.4)
This system can reduce vibration transmitted from ground by making k; small because the
dynamic coupling between the vibration source (ground) and the isolation table via the
middle mass is weakened. At the same time, infinite stiffness can be produced to counteract
direct disturbances by setting the amplitude of negative stiffness k, equal to ki. To explain
such action more concretely, it is assumed that the table is subject to a downward force. The
distance between the middle mass and the table becomes larger because of the negative
stiffness; that is, the table would move upwards if the middle mass were fixed. Meanwhile,
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Fig. 2.2. Basic structure of vibration isolation system
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Fig. 2.3. Negative stiffness achieved by the actuator

the middle mass moves downwards because of positive stiffness. The increase in the distance
is cancelled by the downward displacement of the middle mass due to the above-mentioned
setting. Thus, the isolation table is maintained at the same position as before.
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It is to be mentioned that suspension with negative stiffness can be achieved by using only
relative-displacement sensors, which cost far less than servo-type accelerometers.

m;

/11117717

Fig. 2.4. Introduction of a parallel spring
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Fig. 2.5. Vibration isolation system with a weight support mechanism

2.2 Introduction of weight support mechanism

In the system shown by Fig.2.2, the entire weight of the isolation table is supported by the
linear actuator. When the isolation table is large, therefore, high-power actuators are needed
to suspend its weight, which will raise the cost of system. Such problem can be overcome by
introducing an auxiliary suspension for supporting the weight of the isolation table, as
explained in Fig.2.4 (Mizuno et al., 2006a). A spring k; is added in parallel with the serial
connection of the positive and negative springs. The total stiffness IEC is given by

T k1k2

= +k,. 2.5
c k1+k2 d ( )

When Eq. (2.2) is satisfied, the resultant stiffness becomes infinite for any finite value of k.

k.

=, (2.6)
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Figure 2.5 shows the configuration of one of the proposed vibration isolation systems. A
spring k; is inserted between the isolation table and the base. The spring is set to reduce the
suspension force produced by the actuator in the equilibrium state. It should be noted that
isolation from ground vibration can be maintained by using a soft spring as k, .

LI
N N Electromagnet
] mm

Permanent magnet
Fig. 3.1. Basic model of zero-power magnetic suspension system

" A

3. Realization of negative stiffness

3.1 Zero-power control

Controller design. To maintain stability, suspension with negative stiffness is realized by
using active control. The original system has used zero-power magnetic suspension. Due to
its power-saving properties, zero-power control has been used in magnetic suspension
systems such as momentum wheels for spacecraft stabilization (Sabnis et al., 1975) and
carrier systems in clean rooms (Morishita et al., 1989). In this form of control, a hybrid
magnet consisting of an electromagnet and a permanent magnet is used. Control of the
electromagnet makes steady deviation of the coil current converge to zero. As a result, the
air-gap length is maintained so that the attractive force generated by the permanent magnet
balances the other, static forces acting on the suspended object.

Figure 3.1 shows a single-degree-of-freedom-of-motion model for analysis (Mizuno &
Takemori, 2002). A hybrid magnet consisting of a permanent magnet and a pair of
electromagnets is used for generating suspension force. The suspended object with a mass of
m is assumed to move only in the vertical direction translationally. The equation of motion
is given by

mi(t) = kx(t) + ki(t) + f,(t), (3.1)

where x is the displacement of the suspended object, k; and k; are, respectively, the gap-
force and current-force coefficients, i is the control current, and f; is the disturbance force
acting on the suspended object. The transfer function representation of the dynamics
described by Eq. (3.1) becomes

X(s) = %(bol(s) +dyFy(s) (32)

in which each Laplace-transformed variable is denoted by its capital, and

t(s)=s>—a,, (3.3)

s ki 1
ﬂ():_, bO:Z, dO:Z (34)
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The zero-power control operates to accomplish

limi(t)=0 for stepwise disturbances, (3.5)

t—

In discussing the zero-power control, therefore, disturbance should be considered to be
stepwise.

F
Fi(s)=-2
S

Considering linear output feedback control, the control input can be represented as

(K : const), (3.6)

—ZX(s), (3.7)

where g(s) and h(s) are coprime polynomials in s. They are selected for the closed-loop
system to be stable.
Substituting Eq. (3.7) into Eq. (3.2) gives

X@=%§%a@, (3.8)
where
H(s) = (5% - ) g(5) + @xsh(s) . (3.9)

Substituting Egs. (3.6) and (3.8) into Eq. (3.7) gives
I(s)=———=dy—. (3.10)

To achieve the control object described by Eq. (3.5), h(s) must satisfy
h(s) = sh(s), (3.11)

where 7i(s) is an appropriate polynomial. Therefore, the control input achieving zero-power
control is represented by

I(s) = -@X(S) . (3.12)
3(s)

Figure 3.2(a) shows a general form of zero-power controller (Mizuno & Takemori, 2002).
Since velocity is the time derivative of displacement, it indicates that an approach for
achieving the zero-power control is

[Approach 1] Feeding back the velocity of the suspended object.
Substituting Eq.(3.12) into Eq.(3.7) and transforming it gives

1) = - sh(s) ()= 1 (s=1)h(s) X (3.13)

8(s) 1-%  8()
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Fig. 3.2. General forms of zero-power controller
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Fig. 3.3. Comparison of zero-power magnetic suspension with a normal spring

where 7 is a parameter introduced for the transformation. Figure 3.2(b) shows the
transformed block diagram. It indicates another approach for achieving virtually zero-
power control:

[Approach 2] Introducing a minor feedback of the integral of current.

In actual implementation, this configuration is more often used which is combined with PD
control as mentioned in Section 4.1.

Negative Stiffness. A unique characteristic of the zero-power control system is that it
behaves as if it has negative stiffness. When an external force is applied to the mass in a
common mass-spring system, the mass moves to the direction of the applied force, as shown
in Fig.3.3a. In the system controlled by zero-power, the suspended object moves to a new
equilibrium position located in the direction opposite to the applied force, as shown in
Fig.3.3b. This characteristic is shown analytically in the following.

At steady state, the suspended object is maintained at a position such that

0 = kx(0) + kji()+ F . (3.14)
In the zero-power control system, the coil current is controlled to converge to zero, that is
i(0)=0. (3.15)

Therefore,
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)

x(o0) = k

(3.16)

S

The negative sign on the right-hand side indicates that the new equilibrium position is in a
direction opposite to the applied force.

3.2 Stiffness control (linear actuators)

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 (Mizuno et al., 2006a).

Suspension with negative stiffness can be also realized with other linear actuators such as
voice coil motor and pneumatic cylinder. The actuator is controlled to behave as shown by
Fig.2.3. In this section, the design of control system for realizing negative stiffness is
described. A voice coil motor (VCM) is adopted as an actuator (Mizuno et al., 2003a).

Figure 3.4 shows a single-degree-of-freedom model used in analysis. The equation of motion
is

mx+cx+kx=f,+f;, (3.17)

where m: mass of the table, x : displacement from the equilibrium point, k,: stiffness of
supporting spring, c, : damping coefficient of support, f, : force generated by the actuator,
f; : direct disturbance acting on the table. Since the force generated by the actuator is
proportional to the coil current i, f, is given by

fa=kit, (3.18)

where k;: current-force coefficient. From Eqs.(3.17) and (3.18), we get a transfer
representation of the dynamics:

1
X(s) = 5—————(bol(s) + dyFy(s)) , (3.19)
%+ a5 +ag
where
ao=ta, g p-k o4 1 (3.20)
m m m m

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) = ——L X(s) . (3.21)

When the transfer function of the controller is proper, the polynomials are represented as

n-1
g(s)=s"+ kZ%)gksk , (3.22)
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Fig. 3.4. Basic model with voice coil motor

h(s)= 3 Iys* . (3.23)
k=0

Substituting Eq.(3.21) into Eq.(3.19) leads to

_ 8(s)
X(s)= (s> +ags +a)g(s) + boh(s) AoFa(s) - (3:24)

The disturbance is assumed to be stepwise so that it is represented as Eq.(3.6). It is assumed
that the controller is selected to stabilize the closed loop system. The steady-state
displacement x(«) is given by

@) 8(s) g - 8 (3.25)

Fy 50 (s® +ms+a)g(s) + boh(s) © Qo +boho

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

_ oo _ 1 (3.26)
ay8o + bohy k

For assigning the closed-loop poles arbitrarily, second- or higher-order compensators are
necessary. When a second-order compensator is used, the characteristic polynomial of the
closed-loop system becomes
to(s) =" +(ay + 1) +(ay + go + 18y +bghy)s?
(@981 + @80 + byl )s + (&0 + bolg) - (3.27)

To obtain a system with a characteristic equation of the form

ti(s)=5" +e;5° +e,5° +e5+e, (3.28)

we can match coefficients to obtain
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- =—eq—, 3.29
8o dok. € k, ( )
81 =6y, (3.30)
1
hy = b—(eo —ap80) (3.31)
0
1
hy = b_(el — 8081 — 1180) s (3.32)
0
1
h, :b—(ez —ay— 80— Mm&1) - (3.33)

0

It is to be montioned that the zero-power controller can be designed in a similar way
(Mizuno & Takemori 2002).

4. Vibration isolation systems using zero-power magnetic suspension

There are a variety of configurations of system for vibration isolation using negative stiffness.
This section treats vibration isolation systems using zero-power magnetic suspension for
achieving negative stiffness.

4.1 Single-axis system

Basic Structure. Figure 4.1 shows a basic configuration of vibration isolation system using
zero-power magnetic suspension. A middle mass is connected to the base through a spring
ki and a damper c;, which together work as a conventional vibration isolator. An
electromagnet for zero-power magnetic suspension is fixed to the middle mass. The part of
an isolation table facing the electromagnet is made of a soft iron material for confining the
magnetic fields produced by the permanent magnets for zero-power control. This is referred
to as the reaction part (Mizuno et al., 2006a).

et
X1T_ |

Isolation table

Middle mass

Permanent magnets

ol
/

Fig. 4.1. Basic structure of vibration isolation system using zero-power magnetic suspension
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Fig. 4.2. Schematic drawing of experimental apparatus

Fig. 4.3. Photo of experimental apparatus

Apparatus. Figures 4.2 and 4.3 are a schematic diagram and a photograph of a single-axis
apparatus that was built for experimental study. The height, diameter, and mass of the
apparatus are 200 mm, 226 mm and 18 kg, respectively. The isolation table and the middle
mass weigh 3.5 kg and 5 kg, respectively, and are guided to move translationally in the
vertical direction by linear air bearings. A ring-shape electromagnet with a 448-turn coil is
fixed to the middle mass; its inner and outer diameters are 68 and 138 mm, respectively. Ten
10x 10 x 5-mm permanent magnets made of NdFeB provide bias flux. These magnets, rather
than the electromagnet, are built in the reaction part of the isolation table. The nominal gap
between the electromagnet and the permanent magnets is about 3mm. The middle mass is
suspended by four mechanical springs. An electromagnet for adjusting the positive stiffness
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ki and the damping c; is installed on the base, and its reaction part is built in the middle
mass. The electromagnet is referred to as an auxiliary electromagnet and is used to equalize
the positive stiffness and the amplitude of the negative stiffness in the following experiment.
The relative displacement of the middle mass to the base and that of the isolation table to the
middle mass are detected by eddy-current gap sensors.

In the experiments, we use a zero-power controller in the form of

. d .
i=—(pg+Po E)(xz —xp)+ Pi,[ldt : (4.1)
This is a combination of PD (proportional-derivative) control and a local integral feedback of
current (Mizuno &Takemori, 2002). Equation (4.1) states that

1) ==L (3,6) -, (9) = 2 (509 - X4(5) “2)
1

The designed control algorithm is implemented with a digital controller. The control period
is 100ps. The feedback gains p,, p,,and p; are tuned by trial and error.
Experiments. To estimate the negative stiffness of the zero-power magnetic suspension, its
force-displacement characteristics are measured when the middle mass is fixed; downward
force is produced by placing weights on the isolation table. Figure 4.4 presents the
measurement results. The upward displacement of the isolation table is plotted against the
downward force produced by the weights. As shown in the figure, the direction of the
displacement is opposite to that of the applied force so that the stiffness is negative. Figure
4.5 shows the magnitude of negative stiffness versus the applied force, which is calculated
based on the measurement results shown in Fig.4.4. As the downward force increases, the
gap between the electromagnet and the reaction part decreases so that the gap-displacement
coefficient k; becomes larger. As a result, the amplitude of negative stiffness also becomes
larger. However, it will be assumed to be constant in the following experiments, in which
the zero-power magnetic suspension system is combined with a suspension mechanism
with positive stiffness. The average value of ks is 14.3 kN/m in the range of force 0 to 9 N,

which is treated as a nominal value (Mizuno et al., 2006a).

2.0
‘g Laeeer*"
E 15 il
= /
£
v 1.0 P
E V'
& Vd
2 05 /
0.0

(@]
—_
o

20 30 40 50
Force [N]

Fig. 4.4. Force-displacement characteristics of the zero-power magnetic suspension
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Fig. 4.5. Amplitude of the negative stiffness of the zero-power magnetic suspension system
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Fig. 4.6. Displacements of the isolation table and the middle mass

In the second experiment, the middle mass is released so that it is supported by the springs,
and weights are again added onto the isolation table as a direct disturbance. Since the
positive stiffness by the springs is 12.5kN/m, it is adjusted to equal the nominal value
14.3kN/m by the auxiliary electromagnet. It should be noted that this type of adjustment
can be achieved by changing the springs.

Figure 4.6 shows the displacement of the isolation table to the base, that of the isolation table
to the middle mass, and that of the middle mass to the base. The figure shows that the
position of the table is maintained at the same position while the position of the middle
mass changes proportionally to the force applied to the isolation table. The estimated
stiffness between the isolation table and the base is 892 kN/m in this region, which is about
63 times k; and k, (14.3kN/m ). This result demonstrates well that combining a zero-
power magnetic suspension with a normal spring can generate high stiffness against a static
direct disturbance acting on the isolation table.

Since the magnitude of negative stiffness is a function of the gap between the electromagnet
and the reaction part, the stiffness against the direct disturbance will decrease when the
amplitude of the disturbance exceeds a certain level. Three approaches are proposed for
resolving this problem. One is to apply a nonlinear compensation to the zero-power
controller (Hoque et al., 2006b). Another is to use a linear actuator instead of the hybrid
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Fig. 4.7. Frequency response of the vibration isolation system to direct disturbance

magnet to produce negative stiffness as treated in Section 5 (Mizuno et al., 2003a). The other
is to use a nonlinear spring to produce positive stiffness (Mizuno et al., 2003b).

Figure 4.7 shows a frequency response of the system to direct disturbance. A sinusoidal
disturbance was produced by an electromagnet, which was installed over the isolation table
for measurement. The command signal inputted to the amplifier was treated as an input
signal while the displacement of the isolation table to the base and that of the middle mass
to the base were treated as output signals. As can be seen in the figure, the displacement of
the isolation table is reduced at a frequency range lower than 1 Hz. This result also supports
the conclusion that the proposed system can generate high stiffness against a static direct
disturbance acting on the isolation table.

The dynamic performances of the system, i.e., its responses to sinusoidal and stepwise direct
disturbances, depend on the control performance. In this work, the controller was tuned by
trial and error, as mentioned above. To improve more effectively the dynamic performance
of the system, further intensive study on the applications of advanced-control design
methods will be necessary. Since the performances of the system also depends on physical
parameters such as k;, c; and m,, the integrated design of mechanism and control using
optimization techniques offers a promising approach to optimizing performance.
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Fig. 4.8. Vibration isolation system with a weight support mechanism

4.2 Single-axis system with a weight support mechanism

Basic Structure. The systems using zero-power magnetic suspension have several problems.
One of them is that the whole weight of the isolation table is supported by zero-power
magnetic suspension; when the isolation table is large, it is necessary to use a lot of
permanent magnets. Another problem is that a ferromagnetic part of the isolation table must
be under the middle table, because zero-power magnetic suspension can produce only
attractive force. It makes the structure of vibration isolation system rather complex. These
problems can e overcome by introducing a weight support mechanism as mentioned in
Section 2.2 (Mizuno et al., 2006a).

A Dbasic structure of a modified vibration isolation system is shown in Fig.4.8. This
configuration is possible when an upward force produced by the parallel spring k; can be
made larger than gravitational force. This structure is simpler than the original one so that it
will be better in manufacturing.

Apparatus. Figure 4.9 shows a schematic diagram of a single-axis apparatus fabricated for
experimental study (Mizuno et al., 2006b). The isolation table is supported by four coil
springs and a pair of plate springs, which operate as k; in Fig.4.8. The middle table is also
supported by four coil springs and a pair of plate springs, which operate as k; in Fig.4.8. The
plate springs restrict the motion of the isolation table and the middle table to one
translational motion in the vertical direction. An electromagnet is on the middle table, and
permanent magnets are on the isolation table. The zero-power control is realized by this
hybrid magnet to produce negative stiffness. An auxiliary electromagnet for adjusting the
positive stiffness and adding damping is set on the base. Figure 4.10 shows a photograph of
the experimental apparatus.

Experiments. First, zero-power control was realized when the middle table was fixed. Then
the middle table was released. In order to satisfy k1 = k;, the springs for weight support
mechanism and the auxiliary electromagnet were adjusted. The experimental results for
static characteristics of the isolation table are shown in Fig.4.11. When the load is between 0
to 10 [N], the displacement of the isolation table is quite small so that high stiffness is
achieved. When the load is over 10 [N], the isolation table moves upward because the
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Fig. 4.9. Schematic drawing of experimental apparatus with a weight support mechanism

Fig. 4.10. Photo of experimental apparatus
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Fig. 4.11. Response to static direct disturbance
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Fig. 4.12. Response to a stepwise direct disturbance
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negative stiffness produced by zero-power control becomes lower. This is caused by non
linear characteristics of magnets.

Figure 4.12 shows a response to a stepwise direct disturbance that was produced by the
electromagnet over the isolation table. An upward force applied to the isolation table
initially was quickly removed by making the coil current zero. The middle mass begins to
move downward and stay at a position that is lower than the initial position. The relative
displacement of the isolation table to the middle mass is negative just after the applied force
is removed and then positive at steady state. The former displacement is cancelled by the
latter one so that the position of the isolation table returns to its initial position at steady
state.

4.3 Six-axis system with weight support mechanism

Apparatus. For studying multi-axis vibration control, three-axis and six-axis vibration
isolation systems have been developed (Hoque et al., 2006a and 2007). The latter is treated
here. Figures 4.13 and 4.14 show a photo and a schematic drawing. It consisted of a
rectangular isolation table, middle table and base. The height, length, width and mass of the
apparatus were 300 mm, 740 mm, 590 mm and 400 kg respectively. The isolation and middle
tables weighed 88 kg and 158 kg respectively. The middle table was supported by four pair
of coil springs and dampers, and the isolation table was supported by another four coil
springs, as weight support springs, in addition to the zero-power control system by four sets
of hybrid magnets. The sensor and hybrid magnet positions for controlling vertical and
horizontal modes are shown in Fig. 4.15. The actuators (1 to 4) were used for table levitation
as well as for controlling the three-degree-of-freedom motions (z, roll and pitch) of the table
in the vertical direction. Each set of hybrid magnet for zero-power suspension consisted of
five square-shaped permanent magnets and five 585-turn electromagnets. The permanent
magnet is made of NdFeB materials. The stiffness of each normal spring was 12.1 N/mm
and that of weight support spring was 25.5 N/mm. There was flexibility to change the
position of the weight support springs to make it compatible for designing stable zero-
power controlled magnetic suspension system.

The relative displacements of the isolation table to the middle table and those of the middle
table to the base were detected by eight eddy-current gap sensors. The displacements of the
isolation table from base were measured by another four gap sensors.
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Fig. 4.13. Photo of 6-axis vibration isolation system with weight support mechanism
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Fig. 4.14. Schematic drawing of the 6-axis vibration isolation system
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Fig. 4.15. Layout of actuators for 6-DOF motion control
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Fig. 4.16. Response to a sinusoidal direct disturbance

The isolation table was also supported by several normal springs and hybrid magnets for
controlling other three-degree-of-freedom motions (xr, ¥ and yaw) in the horizontal
directions. The layout of actuators (a to f) for controlling the horizontal modes is also shown in
Fig.4.15. Two pairs of hybrid magnets were used in the y-direction and one pairs in the x-
direction between isolation table to middle table. Similarly six pairs of normal springs and
actively controlled electromagnets (two pairs in the x-direction and four pairs in the y-
direction) were used between base to middle table to adjust the positive stiffness. The isolation
table was also supported by four pairs of normal springs from base, as weight support spring
for the horizontal directions. Hence the isolation table was also capable to control the other
three modes in the horizontal directions. One pair of displacement sensors were used in the x-
direction and two pairs in the y-direction to measure the relative displacement between
isolation table to middle table for horizontal displacements. Similarly six pairs of sensors were
used to measure the relative displacement between middle table to base.

Experiments. Figure 4.16 shows the response in the vertical direction to a sinusoidal direct
disturbance with a frequency of 0.015Hz. When PD control is applied to control by the hybrid
magnets, the isolation behaves as if it is suspended by conventional spring and damper. Thus,
it moves due to the direct disturbance. In contrast, the table does not move when the zero-
power control is applied because high stiffness is achieved according to Eq.(2.2).

5. Vibration isolation system using pneumatic actuator

In the zero-power magnetic suspension system, 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 (Mizuno et
al., 2006a). In this paper, we propose to use a linear actuator instead of an electromagnet for
generating a suspension system with negative stiffness. It enables the vibration isolation
system to keep high stiffness for a wider range of operation than the original system.

5.1 Single-axis system

A pneumatic cylinder of diaphragm type is fabricated for the realization of suspension with
negative stiffness (Mizuno et al., 2005). Figure 5.1 and 5.2 show its schematic drawing and
photograph. This type of cylinder is characterized by short stroke and small friction.
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Fig. 5.1. Schematic drawing of pneumatic cylinder

Side view

Top view

Fig. 5.2. Photo of pneumatic cylinder

The treatment of the dynamics of this cylinder is similar to that of VCM described in Section
3.2. The stiffness of the suspension system using this cylinder can be set arbitrary
theoretically (Mizuno et al., 2005).

Figure 5.3 shows a schematic drawing of the developed experimental apparatus with four
cylinders. Each cylinder has a diaphragm made of rubber with a thickness of 2 mm. Its
effective sectional area is 50cm? so that the generated force is approximately 500N when the
gauge pressure of supply air is 0.1MPa. To reduce the mass of the apparatus, therefore, two
cylinders are operated in a differential mode, which are referred to as a dual-cylinder.

One dual-cylinder suspends the middle mass and operates as a suspension with positive
stiffness. Another dual-cylinder fixed on the middle mass suspends the isolation table and
operates as a suspension with negative stiffness. These cylinders are controlled with flow
control valves.

The middle mass and the isolation table are guided to be in translation by plate springs. The
relative displacement of the middle mass to the base and that of the isolation table to the
middle mass are detected by eddy-current gap sensors with a resolution of Imm. Designed
control algorithms are implemented with a DSP-based digital controller.

First, suspension with prescribed negative stiffness is realized by the pneumatic actuator
was estimated. The middle mass is clamped in this experiment. The amplitude of negative
stiffness is set to be

(a) k, =300 [kN/m], (b) k, =400[kN/m], (c) k, =500[kN/m].
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Fig. 5.3. Experimental apparatus
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Figure 5.4 shows the measurement results. The estimated amplitude of stiffness is
(@) k, =328[kN/m], (b) k,=398[kN/m], (c) k,=493[kN/m].

The differences between the prescribed and experimental values are within 5%. The
difference is small when the amplitude of stiffness is large.

In the second experiment, the clamp of the middle mass is released. The two dual-cylinders
are designed to have static stiffness of £1000 [kN/m]. Figure 5.5 shows the displacement of
the isolation table to the base, that of the isolation table to the middle mass and that of the
middle mass to the base. It is observed that the position of the isolation table is maintained
at the same position while the position of the middle mass changes proportion to direct
disturbance. The estimated stiffness between the isolation table and the base is
8.8x10° [kN/m], which is about 90 times the stiffness of each suspension. This result
demonstrates that the compliance between the isolation table and the base is made very
small by the proposed mechanism (Mizuno et al., 2005).
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5.2 Three-axis system using pneumatic actuators

Apparatus. Figure 5.6 shows a photograph of a manufactured experimental apparatus with
six cylinders (Mizuno et al.,, 2005). Its schematic diagram is presented by Fig.5.7. The
diameter and height is 200mm and 600mm, respectively. It has a circular isolation table and
a circular middle table corresponding to the middle mass. The isolation and middle tables
weigh 65kg and 75kg, respectively.

The middle table is suspended by three cylinders for positive stiffness and damping. They
are located at the vertices of an equilateral triangle on the base. The isolation table is
suspended by three cylinders for negative stiffness, which are fixed to the middle table.
Each cylinder for negative stiffness is aligned with a cylinder for positive stiffness vertically.
Hence, the three-degree-of-freedom motions of the isolation table can be controlled. They
are one translational motion in the vertical direction (z) and two rotational motions, pitch
(&) and roll (7).

The displacements of the isolation table are detected by three eddy-current sensors, which
located at the vertices of an equilateral triangle on the base. The displacement of the middle
table is detected similarly. The detected places are at the middle between the actuation
positions (not collocated). The displacement at the position of each cylinder, and the
displacement of each motion are calculated from these detected signals.

z
Displacement sensor :’y
X —
. Isolation table
Cylinders/ | _ . B

4

Base

-/
PrEessuiie Sensor

Fig. 5.6. Photo of 3-axis vibration isolation system with pneumatic actuators
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Fig. 5.7. Schematic drawing of the apparatus
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Fig. 5.8. Force-displacement characteristics of the isolation system in the vertical direction

For multi-channel control systems, there are two approaches to constructing the controller:

- local control (decentralized control)

- mode control (centralized control).

In the first controller, each actuator is controlled based on the local information, which is the
displacement at the position in this case. In the second controller, a compensator is built for
each mode. This work adopts the first approach.

Each controller is designed based on the pole-assignment approach as described 3.2. The
order of the desired characteristic polynomial corresponding to Eq.(3.28) is six in this case
(Mizuno et al., 2005). It is represented by

3
ty(s)= H (s> +2¢,m,5 + ®,°) (5.1)

Figure 5.8 shows the vertical displacement of the isolation table to the base. Each cylinder is
controlled to have static stiffness of £250 [kN/m)]. It is observed that the position of the
isolation table is maintained at the same position while the position of the middle mass
changes proportion to direct disturbance. Such performance was also achieved in the other
two modes. The ratio of the total stiffness to the individual stiffness is

(a) 68 (translation), (b) 12 (pitch), (c)12 (yaw)
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Fig. 5.10. Frequency responses to floor vibration.

This result demonstrates that the equalization of the amplitude of negative and positive
stiffness enables the system to have virtually zero compliance to direct disturbance.

Figure 5.9 shows the response when a weight with a mass of 12kg moves on the isolation
table, which is a typical source of direct disturbance. The velocity of the movement is
approximately 45mm/s. It demonstrates that the position and attitudes of the isolation table

are kept constant even with a presence of such a dynamic direct disturbance.

To study on the vibration isolation performance, frequency response to floor vibration was
measured as shown by Fig.5.10 (Mizuno et al., 2005). The parameters in designing the

controllers are selected as
- amplitude of stiffness: 500 kN/m
- desired characteristic polynomial
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suspension with positive stiffness (a) @, = w, = w3 =2nx12[rad/s], {1 =4, =43=0.7.

(b)w, =@, =y =2nx5 [rad/s], {1=¢,=43=12.
suspension with negative stiffness (a) @, = w, = vy =2nx12 [rad/s], {3 =4, =¢3=0.7.

(b) w, =w, =y =2nx12 [rad/s], {1=¢,=¢3=1.0.
It demonstrates that the vibration isolation performance can be adjusted by the selection of
the target characteristic polynomial in designing each suspension.
To improve the vibration isolation performance more, the amplitude of each stiffness should
be decreased. In the fabricated system, however, the behavior of suspension became rather
unstable mainly because displacement caused by direct disturbance increased when
stiffness is set to be smaller. Such a problem can be solved by modifying the design of
pneumatic cylinder and controller.

6. Conclusion

Active vibration isolation systems using negative stiffness were presented. Connecting a
negative-stiffness suspension with a normal spring in series can generate infinite stiffness
against disturbances acting on the isolation table. This property is maintained even if a
suspension to support the weight of the isolation table is introduced in parallel with the
serial combination. The principles and fundamental characteristics of the systems were
described in a analytical form together with experimental apparatuses developed for
experimental study and experimental results. It was experimentally confirmed that
combining a negative-stiffness suspension with a normal spring in series generates high
stiffness against static direct disturbance acting on an isolation table.

Vibration isolation using negative stiffness is a quite unique approach. Very high
(theoretically infinite) stiffness to direct vibration is achieved with low-cost sensors while
system vibration transmitted from the ground is reduced. Since negative stiffness can be
achieved by any linear actuator including electromagnetic actuator (zero-power magnetic
suspension), various types of system are possible. Active research and development has
been and will be continued to industrial applications (Mizuno et al., 2007 & 2008).
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