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An active vibration isolation and damping system

The present invention relates to an active vibration isolation and damping system
comprising a payload that has to be isolated or damped, a vibration sensor for
detecting a vibration of the payioad, an actuator for moving the payload relative to a
bearing body supporting the payload, and a controller for providing the actuator with

a signal that is representative for the vibration.

State of the art

Earth vibrations and other mechanical disturbances are becoming more and more a
limiting factor for applications that demand an environment that is free of such
disturbing vibrations. Space equipment under development on earth, demands a test
environment that is similar to the working environment in space. The further
decreasing dimensions as foreseen for semiconductor products like processors and
memories, demand a better stability of the lithographic equipment that is used for the
fabrication of these products than is available at present. In addition, vibrations are
preventing further improvement of the resolution of electron and atomic force
microscopes. Simple passive methods to isolate a platform or a payload and the load
placed thereon from earth vibrations by using mechanical springs, elastomers, air

bearings or magnetic bearings do not meet the current demands.

Active control on the basis of a measurement of the vibration allows a better
isolation from undesired vibrations than passive isolation, without increasing the
compliance as in (passive or active) isolation techniques that only adjust the stiffness
coupling between the source, e.g. the floor, of the vibration and the payload. Active
vibration control systems compensate for the actual mechanical disturbance. A
sensor set-up capable of detecting the undesired vibration can be placed either on the
source of the vibration (often the ground or floor) or on the payload that has to be
isolated from earth vibrations or other mechanical disturbances. The vibration of the

payload with respect to the floor or a supporting structure or with respect to an
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inertial reference mass, is detected mechanically, electrically, optically or electro-
magnetically. For this purpose the sensor may comprise commonly known means for
detecting acceleration, velocity or position or distance. The payload is supported by
springs or other bearings and it can be driven by an actuator like a servomotor along
the sensitive axis of the sensor. The electronic output of the sensor is (filtered and)

fed back to the actuator that compensates for the undesired vibration.

International patent application WO 2004/029475 discloses a system and method for
active vibration isolation and cancellation. Vibration sensors measure the vibrations
of the payload in a certain direction relative to an inertial reference mass that is
compliantly attached to the payload. The measured vibration signal is fed into a
controller that calculates the force that has to be applied in that direction. The sensors
used, typically exhibit a compliance (high stiffness) in one direction for detecting the
vibrations in that direction. More in particular, sensors may have one translational
degree of freedom. European patent application publication EP 1 870 614 Al
discloses such an active vibration isolation system comprising a sensor and an
actuator wherein the effective axis of the sensor and the effective axis of actuator are
essentially parallel. It is known to those skilled in the art that several sensor and
actuator combinations can be made to obtain vibration isolation for more than one

degree of freedom.

To obtain a good vibration isolation with small amplitude, vibration sensors are
preferably placed on or fixed to the payload that has to be isolated. More specifically,
active vibration systems in which an absolute vibration sensor is applied comprising
an inertial reference mass, allow a good vibration isolation at low frequencies. The
reference mass is connected to a sensor frame. The displacement of the mass relative
to the sensor frame may be recorded in one translational degree of freedom. If no
dynamic forces are exerted directly on the reference mass in the direction of
measurement, other than through the stiffness coupling to the sensor frame, the
recorded signal is a measure of absolute vibration of the sensor frame in this
direction. Due to the high stiffness coupling in all degrees of freedom between the
sensor frame and the payload, the sensor however, translates and rotates in the same

way as the payload.
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When a vibration sensor measures vibrations with a horizontal degree of freedom,
the gravitational force (or gravitation vector) is perpendicular to the direction of
measurement. This means that the sensor, due to the absence of an additional degree
of freedom, is not sensitive to this vertical force. In the case that the sensor comprises
an inertial reference mass, this mass encounters no displacement due to the
gravitational force in the direction of measurement, viz. in horizontal direction. The
problem that arises from stiffness coupling between the sensor, more particular the
sensor housing, and the payload is called the “horizontal tilting problem” because
this problem mainly arises when the payload and consequently also the sensor

exhibit a rotating vibration along a horizontal axis.

When the payload tilts around a horizontal axis, the direction of measurement tilts in
the same way. In the tilted orientation, the reference mass does indeed encounter a
displacement in the direction of measurement due to the gravity force. This means
that for the degree of freedom in which the payload tilts around a horizontal axis, the
measured vibration in the horizontal direction is not valid as an absolute vibration
anymore. The disturbances on the payload in the tilting direction cause a false
vibration signal in a different horizontal direction, degrading the performance of the

vibration isolation in this direction.

International patent application WO 2005/047728 discloses a horizontal-motion
vibration isolation system that can attain low horizontal natural frequencies. The
bearing members (columns) of this system are rigid members between the payload
and the frame, comprising tilt mechanisms having a stiffness for tilt rotation about a
horizontal axis and allowing horizontal translation of the payload. The application
discloses a spring-mass system with a single degree of freedom which system can
attenuate vibrations between the payload and the frame above a certain frequency
This passive systems prevents passively the tilting of the pay load for instance
because a mass is placed close to one of the bearing members of the payload. It does
not provide the level of vibration isolation that can be obtained by active vibration

isolation.
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There are sensors known for measuring the tilt of a payload. Such a complicated
sensor is disclosed for instance in J. Winterflood, Z.B. Zhou, L. Lu and D.G. Blair,
Tilt suppression for ultra-low residual motion vibration isolation in gravitational
wave detection, Physics Letter A 277 (2000) pp. 143-155. This specially designed
sensor comprises a laser beam that is bounced forth and back between mirrored
surfaces into a quadrant photo-diode. Such a sensor can be applied in an active

vibration system but it does not provide a relatively simple solution.

It is an objective of the present invention to provide an active vibration isolation and
damping system with an improved isolation of the payload from disturbing vibration
imposed by the environment on the payload and an improved damping of vibrations

of the payload.

The objective of the invention is obtained by a system as defined above comprising a
vibration sensor having a low stiffness connection to the payload for rotation along
an axis perpendicular to the gravitational force, and having a high stiffness

connection to the payload for the vibration detectable with the vibration sensor.

According to a first aspect of the present invention, there is provided an active
vibration isolation and damping system comprising a payload that has to be isolated
or damped, a vibration sensor for detecting a vibration of the payload, an actuator
for moving the payload relative to a bearing body supporting the payload, and a
controller for providing the actuator with a signal that is representative for the
vibration, characterized in that the vibration sensor has a low stiffness connection
to the payload for rotation along an axis perpendicular to the gravitational force, and
a high stiffness connection to the payload for the vibration detectable with the

vibration sensor.

According to a second aspect of the present invention, there is provided an active
vibration isolation and damping system in accordance with the first aspect,
characterized in that the system comprises at least one additional vibration sensor

for detecting vibrations.
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The effect of the low stiffness connection to the payload for rotation along an axis
perpendicular to the gravitational force is that a tilting of the payload will not result
in an additional force on the vibration sensor in the direction of the measurement. So
actually the sensor is decoupled from tilting vibrations. In an active vibration system
according to the state of the art, the additional force will be interpreted as a vibration
with a degree of freedom different from the rotation. In such an active vibration
isolation system comprising a vibration sensor that is designed to measure for
instance horizontal vibrations, the tilting vibration will, erroneously, be interpreted as
a horizontal vibration of the payload. As a consequence, the controller of the system
according to the state of the art will give a signal to a horizontal actuator to displace
the payload horizontally. The decoupling according to the invention prevents such an

erroneous displacement.

The present invention is based on the insight that a further improvement of already

known active vibration isolation systems is possible when the movement of the
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relevant vibration sensor is at Jeast partially decoupled from the movements of the

payload.

A high stiffness connection of a vibration sensor for a certain degree of freedom
means that the sensor follows or measures mainly the vibration of the payload,
frame, bearing body or ground in that particular degree of freedom. A high stiffness
in horizontal direction, for instance, means that the sensor follows or measures the
horizontal displacement of the bearing on which it is fixed rather precisely within a
certain range of frequencies. Typically, a high stiffness connection will resultin a

resonance frequency that is higher than 25 Hz.

A low stiffness connection of a vibration sensor for a certain degree of freedom
means that the sensor is mainly independent of the vibration of the payload, frame,
bearing body or ground in that particular degree of freedom. A low stiffness
connection for rotation around an axis, for instance, means that the sensor does not or
only in an insignificant measure follow or measure that rotation within a certain
range of frequencies. Typically, a low stiffness connection is more than a factor ten

lower than the high stiffness connection.

Brief description of the figures

Figure 1 shows schematically an active vibration isolation and damping system
according to the state of the art.

Figure 2 shows schematically an embodiment of an active vibration isolation and
damping system according to the invention with one vibration sensor
fixed to a frame supporting the payload for most degrees of freedom.

Figure 3 shows schematically an embodiment of an active vibration isolation and
damping system according to the invention with one vibration sensor
fixed to the payload for most degrees of freedom.

Figure 4  illustrates the particular relevance of the invention for horizontal

vibrations.
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Figure 5 shows schematically an embodiment of an active vibration isolation and
damping system according to the invention with additional sensors.

Figure 6 shows model calculations for the open loop transfer functions of actuator
to sensor, illustrating the performance of the embodiment shown in figure
5.

Figure 7 shows model calculations for the closed loop transfer functions of
disturbance forces to motion of the centre of gravity of the payload,
illustrating the performance of the embodiment shown in figure 5.

Figure 8 is a schematic illustration for an embodiment for realizing the high
rotational stiffness.

Figure 9 is a schematic illustration for an embodiment with different rotational
stiffnesses at low and high frequencies

Figure 10 illustrates one possible orientation of sensors and actuators in the active

vibration isolation and damping system.

Detailed description of the figures.

Figure 1 shows schematically an active vibration isolation and damping system
according to the state of the art. Such a system comprises a payload (2) that has to be
isolated or damped, a bearing body (3, 3') supporting the payload, at least one
vibration sensor (4 or 4') for detecting a vibration of the payload, at least one actuator
(5 or 5") for moving the payload, and a controller (6 or 6') for providing the actuator
with a signal that is representative for the vibration with the related degree of
freedom (translational or rotational direction). The vibration sensor (4') might be
placed on or fixed to the payload (2) or the sensor (4) might be placed on or fixed to
the bearing body (3) for measuring the relative displacement of the payload with
respect to the bearing body. The payload may be supported by conventional
suspensions (7) like mechanical springs or elastomers. The bearing body might be
any supporting structure for the payload, including a frame, a floor, a wall or a
ceiling. The actuator is placed on or fixed to the bearing body. This actuator might be
a piezo-¢lectric actuator e.g. of a piezoceramic type, a magnetostrictive motor, a

Lorentz motor (voice coil) or any type of position actuator or motor.
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Figure 2 shows schematically an embodiment of an active vibration isolation and
damping system according to the invention in which the horizontal vibration is
isolated or damped. The vibration sensor (14} is fixed to a frame (13") for all degrees
of freedom except a translation in the horizontal direction. This frame might be the
frame (13) supporting the payload. The vibration sensor is stiffly connected to the
payload for measuring the horizontal translation of the payload. A signal that is
representative for the horizontal vibration is sent to a controller (16). It may satisfy
when the vibration sensor measures the vibration in one degree of freedom only, as
long as the disturbing tilting vibration axis (17, 17) has a component perpendicular
10 the measuring direction (19) of the sensor (14). Although this tilting vibration axis
might be perpendicular to the measuring direction and laying in the plane of the
payload as illustrated by axis (17), it is understood that any rotation along an axis
having a component perpendicular to the direction of the gravitational force (18},
like for instance axis (17') will result in a rotation along axis (17). Only one vibration
sensor is shown in the figure. However, two or three vibration sensors are preferred
when the tilting can be in any direction. The horizontal vibrations are damped by at

least one actuator (15) receiving an input signal from a controller (16).

The vibrations in the remaining degrees of freedom can be measured by vibration
sensors known to those skilled in the art. These sensors are preferably placed on the
payload but the sensors can also be placed on the floor supporting the payload. The
horizontal vibration sensor can therefore be connected to the payload only in its
measurement direction, for instance through a double hinge or a flexible beam. The
other five degrees of freedom of this vibration sensor can be connected rigidly to the
ground through a linear gnidance. This linear guidance can be designed such that it
allows motion of the vibration sensor frame in the direction of measurement, but
prevents motion of the vibration sensor frame in other directions, including tilting of

the vibration sensor when the payload tilts.

Figure 3 shows schematically an other embodiment of an active vibration isolation
and damping system according to the invention comprising a first vibration sensor

(24) that is connected with a high stiffness to the payload for not more than five

PCT/NL2010/050360
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degrees of freedom and that is designed for measuring horizontal vibrations. This
first vibration sensor is decoupled from the tilting of the payload. A signal that is
representative for the horizontal vibration of the payload is sent to a controller (16)
that controls the displacement of the horizontal actuator (15). The system further
comprises a second vibration sensor (25) that is designed for measuring vibrations in
another degree of freedom, for instance for detecting vertical vibrations. This second
sensor need not to be decoupled from the tilting vibration, although it might be. A
signal that is representative for the vertical vibration of the payload is sent to a
controller (26) that controls the displacement of a vertical actuator (27). It is
understood that the two controllers might be combined into one electronic circuit to
control the displacement of the different actuators. Although the vibration sensors
might be of any type, vibration sensors comprising a inertial reference mass might be
preferred in systems for isolating and damping vibration with a low frequency, for
instance frequencies below 0.2 Hz. In such sensors the reference mass is connected
with a low stiffness to its housing for the degree of freedom detectable with the
vibration sensor. Due to the low stiffness connection to the housing of the sensor, the

reference mass is an inertial mass for the vibrations to be detected.

Figure 4 illustrates the particular relevance of the invention for horizontal vibrations.
When a vibration sensor for measuring the horizontal vibrations tilts with an
amplitude having an angle a than this tilting results in an additional force along the
axis of the sensor (the assumed horizontal direction) equal to the gravitational force
times the sine of the tilt angle: F; = F, * sin (o). For small tilting amplitudes this
results in a force that is linear proportional to the gravitational force. For vertical
vibration sensors, the additional force is proportional to the cosine of the tilt angle.
So although the same effect occurs, the impact on the active vibration isolation is
much less. Such a force, that is typically a few orders of magnitude less than for the
horizontal vibration, can be neglected for the small angles that are typical for the

most common disturbances.

Figure 5 shows schematically an embodiment of an active vibration isolation and
damping system according to the invention with additional sensors. With this

embodiment, the advantageous properties of an active vibration isolation and
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damping systems according to the invention will be illustrated. The embodiment
comprises a rigid payload (31) that can move in one horizontal direction, one vertical
direction and that can rotate around the axis perpendicular to both the horizontal and
the vertical translations. The payload is connected to the rigid world by a 5 Hz

5  suspension (32) for all degrees of freedom, viz. in all translational and rotational
directions. The active vibration system comprises three vibration sensors placed at an
arm of the centre of gravity. Two vibration sensors (34, 35) can detect vertical
vibrations and one sensor (33) can detect a horizontal vibration. All three the sensors
have a corresponding force actuator (36, 37,38) aligned in the same direction, that

10 can apply a force to the payload. The actuators are controlled by one or more

controllers (39, 39", 39").

Figure 6 shows model calculations for the open loop transfer functions of actuator to
sensor, illustrating the performance of the embodiment shown in figure 5.

15  For these model calculations the three sensors are modeled as linearly guided mass
spring systems. In this model, the performance of the inertial feedback system can be
predicted by closing the control loop between the corresponding sensors and
actuators. Two cases are simulated. One case representing the state of the art for
active vibration systems, illustrating the gravity effect on the sensors. the other case

20 representing the situation for a system according to the invention. For this later

simulation the gravitational force is omitted.

The open loop transfer functions of each actuator to each sensor are shown. The solid
line represents the state of the art siation in which gravity effects are included, and
25  the dashed line represents the invention in which no gravity effects are included. In
the low frequency region of the horizontal sensor, there is a clear difference between
the gravity and no gravity case; in the gravity case, the low frequency gain in
combination with the phase around the crossover frequency introduces a limit to the
loop gain that can be obtained. In this example, the maximum obtainable loop gain
30  when the gravity effects are included is around 35 dB. The maximum obtainable loop
gain in the case where the gravity effects are not included is unlimited in this model;

in practice it will be limited only by sensor noise and / or higher resonances.
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Figure 7 shows mode] calculations for the closed loop transfer functions of
disturbance forces to motion of the centre of gravity of the payload, illustrating the
performance of the embodiment shown in figure 5. These model calculations are
based on the same assumptions as those shown in figure 6. Again, the solid line
represents the case in which gravity effects are included (the state of the art systems),
and the dashed line represents the case in which no gravity effects are included
(systems according to the invention). In this simulation, the same (gravity limited)

controller is applied.

The diagonal transfer functions are comparable between the cases. However, in the
off-diagonal terms between the moment Mg around the horizontal axis, the force F,
in vertical direction and the motion Xpayioas Of the payload in horizontal direction, a
dramatic increase of compliance is visible. This means that when applying a moment
(or a force at an arm of the center of mass) in this frequency band, the response of the
table in terms of horizontal motion of the center of gravity is significantly larger than
the actual transfer between a horizontal force and horizontal motion. With gravity
effects included, the performance of the inertial feedback system in terms of absolute
motion of the payload is significantly reduced by an increased compliance in one of
the off-diagonal terms. Without gravity effects, or by implementing the proposed
solution, the performance in the low frequency band can be as good as the passive

suspension of the payload.

Figure 8 is a schematic illustration for an embodiment for realizing the high
rotational stiffness for the connection to the bearing body, for example a frame, and a
low stiffness for the connection to the payload. Through three flexure mechanisms,
each comprising a rigid body (51) on a hinge (54) fixed to the frame, and two
flexible beams (52, 52"), the horizontal sensors (53) have a high rotational stiffness
connection to the frame. For the other degrees of freedom the sensor is stiffly
connected to the payload. The axes of rotation are perpendicular to both the gravity
vector (56) and the direction of measurement of the horizontal vibration sensor

detecting the horizontal displacement of the payload (55).

PCT/NL2010/056360
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It may be preferred to combine a reduced low frequency tilting effect, viz. a stiff
connection of the sensor to the frame, with a weaker coupling between the frame and
the vibration sensor at high frequencies. Such an effect can be obtained with an
auxiliary mass situated between the sensor and the frame. An embodiment of such a
system is shown in figure 9. In this embodiment the hinge (54) is not attached to the
frame but to an auxiliary mass (57). This auxiliary mass (57) is further connected
with a rotational stiffness (38) to the frame (13), whereas the rotation axis of the
mass is in parallel with the rotation axis of the sensor (53). The frequency f, at
which the coupling (IM1) between the rotation of the auxiliary mass and the rotation
of the sensor rolls off can be adjusted by the auxiliary mass (typically between 1 and
100 kg) and the two rotational stiffnesses. Typically, the rotational stiffness of the
auxiliary mass for rotation relative to the frame will be at least an order of magnitude

larger than the rotational stiffness of the sensor relative to the auxiliary mass.

Figure 10 illustrates one possible orientation of sensors (61, 61, 61") and actuators
(62, 62', 62" in the active vibration isolation and damping system. The actuators are
placed on the ground or fixed to a frame (64) bearing the payload (63). In a system
comprising more than one sensor/actuator combination, the sensor and actuator need
not to have the same degree of freedom. This means that the measuring direction of a
sensor need not to correspond to a displacement direction of any of the actuators. A

sensor (61") may even be tilted with a fixed angle to the gravitational force.

The present invention is in particular suited for platforms that are used to support
instruments under test, e.g. instruments for space applications. However, the present
invention can also be used for vibration isolation in a large variety of equipment,
including but not limited to telescopes, lithographic machineries and cars. The
system is suited to isolate the payload from external vibrations, originating for
instance from the ground. In addition, this system is also suited to damp vibrations
originating from the payload itself, i.e. equipment containing moving parts or
persons handling the equipment. Vibrations are all type of movements,
displacements or rotations, either periodically or not. So, the invention not only

relates to isolating the payload from vibrations originating from its environment but
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also to counteracting vibrations originating from other sources like the equipment

that is placed on the payload.

The active vibration isolation system comprises at least one sensor for detecting the
vibrations of the payload that has to be isolated or damped. The sensor need not to
detect vibrations in all spatial directions. In practice it might be preferred to use
sensors that have only a limited number of degrees of freedom, for instance one or

two.

it is noted that any terms used in this document should not be construed so as to limit
the scope of the present invention. In particular, the words “comprise(s)” and
“comprising” are not meant to exclude any elements not specifically stated. Single
elements or components may be substituted with multiple elements or components or

with their equivalents.

It will be understood by those skilled in the art that the present invention is not
limited to the embodiments illustrated above and that many modifications and
additions may be made without departing from the scope of the invention as defined

in the appending claims.
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Claims

1. An active vibration isolation and damping system comprising
- apayload that has to be isolated or damped,
- avibration sensor for detecting a vibration of the payload,

- an actuator for moving the payload relative to a bearing body supporting the
payload, and

- a controller for providing the actuator with a signal that is representative for
the vibration,
characterized in that the vibration sensor has

- a low stiffness connection to the payload for rotation along an axis
perpendicular to the gravitational force, and

- a high stiffness connection to the payload for the vibration detectable with the
vibration sensor.
2. A system according to claim 1, wherein the vibration sensor has a high stiffness
connection to the bearing body for rotation along an axis perpendicular to thé gravitational
force.
3. A system according to claim 1 or 2, wherein at least one of the degrees of freedom of
the vibration sensor is connected with a high stiffness to the payload.
4. A system according to claim 1 or 2, wherein at least one of the degrees of freedom of
the vibration sensor is connected with a high stiffness to the bearing body.
5. A system according to claim 2 wherein the high stiffness connection comprises an
auxiliary mass being connected with a first rotational stiffness to the sensor and with a
second rotational stiffness to the bearing body.
6.  An active vibration isolation and damping system according to any of the preceding
claims, characterized in that the system comprises at least one additional vibration sensor
for detecting vibrations.
7. A system according to claim 6, wherein the vibration sensor is suitable for measuring
vibrations perpendicular to the gravitational force and the additional sensor is suitable for
measuring vibration in the direction of the gravitational force.
8. A system according to claim 6 or 7, wherein at least one of the vibration sensors
comprises an inertial reference mass.
9. A system according to any of the preceding claims wherein the actuator is a Lorentz

actuator.



WO 2016/143959 PCT/NL2016/650360

14

10. A system according to any of the preceding claims comprising three horizontal

vibration sepsors and three vertical vibration sensors.



