An active vibration isolation and danpi ng system The present invention
relates to an active vibration isolation and danping system conprising a
payl oad twetotva34se be i sol ated or danped, a vibration semsarofomsoxdet ecti ng
a vibration of the payl oad, an actuator for noving the payload relative to
a bearing body supporting the payload, and a controller for providing the
actuator with a signal that is reprefentative for the vibration. State of
the art Earth vibrations and ot her nechani cal disturbances are beconi ng
nore and nore a limting factor for applications that demand an environnent
that is free of such disturbing vibrations. Space equi pment under

devel opnent on earth, demands a test environnent that is simlar to the
wor ki ng environnent in space. The further decreasing di nensions as foreseen
for sem cQuOieGiOVibRIOHMEhGoD dAnk@laRpiAs eE&E S and nmenories, demand a better
stability of the |ithographic equipnent that is used for the fabrication of
t hese products than is available at present. In addition, vibrations are
prevent i nght PrkdR inve AYNQVIBRE RtanQbt feh@orh@abdtidRRn@bapiRELkRM and at oni ¢
force m croscopes. Sinple passive nmethods to isolate a platformor a

payl oad@ andMPHENg peayIqe s Bastin be sektef PpMEset hviDirBeatepsidorby usi ng
”EChan'Cakmé&h@&gﬁmaﬁhﬁ§M%§%?Em¢%hﬁaﬁﬁéﬁbpﬁéwﬁgﬂﬁ%ﬁﬂ%&i&hﬁ%ﬁbhﬂgs do not
meet the current demands. Ac | on the b f

[ | ive contro t )asi s of a neasurenent of
t he vi br attegmediolptwpartine theeeylpab pad 3 emtplagdoimending 8y agiupgpavitbns t han

passive !%%Fﬁéhﬂﬂds '%QQM&VQRQHQQEh A he conpliance as in (passive or
e

active) isolation techniques that only adjust the stiffness coupling
bet ween the source, e.g. the floor, of the vibration and the payl oad.
Activevi bration control systens conpensate for the actual nechanica
di sturbance. A sensor set-up capable of detecting the undesired vibration
can be pl atecofght er on the source of the vibration (often the ground or
floor) or on the payload that has to be isolated fromearth vibrations or
ot her nechani cal disturbances. The vibration of the

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

15  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

20  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.

25  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

30  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



payl oad with respect to the floor or a supporting structure or with respect
to aninertial reference mass, is detected nechanically, electrically,

opti cal | ywonosl@sesponmagnetically. For this purpose the PEMSNIROWAFOIBONPri Se
commonl y known neans for detecting acceleration, velocity or position or

di stance. The payload is supported by springs or other bearings and it can
be driven by an actuator |ike a servgnotor along the sensitive axis of the
sensor. The el ectronic output of the sensor is (filtered and) fed back to
the actuator that conpensates for the undesired vibration. Internationa
pat ent applicati on WO 2004/ 029475 di scl oses a system and nethod for active
vibration.isohation and ca celhatiﬁnh Miqiatio sensgrs geasure t he

vi brat i ond™BF FHECHEGIBEE O IO PANG Y FEEIEOh OPEEY PUECYS™ an i nerti al

r ef er ence nms&ichinFot HisGRfokd dBkdnyorahdyaohpesd @nithelprow@atkandfoe measur ed
vibration signal is fed into a controller that cal cul ates the force that
has to be J5/5pHI2ECS ST MareIofiy QE PYYIPR OF Hislagesm ?gay&@géﬁsup%ieegm y exhibit a

conpl i ancgpikys SRobi HehM@s Shd itRaPREdrflich 8¢ hi Qlud@Nikdeb&cdhaer by Vi brations
in that direction. Mre in particular, sensors may have one translational

degr eedof thewpdbr 2XBW JlsearropatherlccHpir PRt B esaer B alitsed 8 1 870 614 Al

diSC'0595f&y&ﬁk&ﬂh@%&hﬁ&nﬂhQ6@%&@&&%@9&@hh&%ﬁ&ﬂﬁ&ﬁﬂ&ﬁOnpriSing a sensor apd
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 SeUeLan.SERGPLRLHiASKE2300402ATDURANLRSystANaRENIRAf O Obt ai n

vibration isolation for 'nore than one degree of freedom To obtain a good
vi br at i on are! varptom igdlatlpngndbdnceliappi. t\ibationssehsoat ineasursdliesabretiense pr ef er abl y

pl ac .edLOO n o? [hefpiagl'(?&h HhQ CE: fin H@é/cltlgl?‘gelattlngto Jhalﬁf\:l{}%ﬁ T rehéeo 2k ﬁﬂt is'vbr e
I act IC

specifically, Ive vibration systens In an absolute vibration
sensor i s capplidndd agahpd ioshagpydnad.i Thremdaalred ebmtienggahads] inmld ow a good

vibration isolat q:(ﬁ)tncaﬂllaleg%eff(r)ref\:gy%pl?e{s%(ﬁbe E}Tpgﬁec[ Sl&l ?ﬂ»&%o?. 3 shRggonnected to
a sensor frane. e displacenment of the sS relative to the'sénsor frane
may be reasedlepicaly amit 4 @nglliatdeghigh stifégrs én afe direaddon detektimpthedy nam ¢

forces are.exerted, directl on .the reference mass in the. direction of
Vlbratlons n that dlrectlonYMore n partlclﬁar, SEeNnsors may Islave one translatlona?

15  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

20 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

25  aninertial 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

30  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.



measur enent, other than through the stiffness coupling to the sensor frane,
the recorded signal is a neasure of absolute vibration of the sensor frane
in this dvoeetwses9Due to the high stiffness coupling i RCRINL20B@sesss of
freedom bet ween the sensor frane and the payl oad, the sensor however,
translates and rotates in the sane way as the payl oad. When a vi bration
sensor neasures vibrations with a hogizontal degree of freedom the
gravitational force (or gravitation vector) is perpendicular to the
direction of neasurenent. This neans 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 conprises an inertial reference mass, this nass
encounters no displacenent due to the gravitational force in the direction
of neasur exEdita, vidthiZon defisol Bichsa@Rtviblratidng @0h b @Brizohheddpr@f ededoagt ari ses from
stiffness cou Iingﬂ@g{meen the sensor, nore particul ar the sensor housing,

and the pd3A Badf rPCgr SRR VI ht RPPERYEHHE 1BF IBFLRT °because thi s

probl em nahdabitedérc SRS MERR tHah@e Ba¥bOAsk B HOASEHURANLENoM a8 réhe sensor
exhibit a rotating vibration along a horizontal axis. \Wen the payl oad

tilts aro®hfesloRbFinebinailiveRitas vetHeal firee &t the fass thapths STNSEHROMPTIESS ts in t he

sane WQY-ah@u%ﬂ@n%&%&%9m8£hﬁ@&ﬁ%kﬁ&mn&ﬂﬁm&@%@k%ﬂ&ﬁdﬂ@&ﬁh@oes i ndeed .
encounter a displacenment in the direction of neasurenment due to the gravity

force. Thigsvireinmsl foratin e dirediien gbgeasarcatent viseld darizantahireHor-Hdepayl oad tilts
around a hoinZ0ihedrs@Xfrsin st AR sPEASH AR VdeR HRLERRr, nfbrd Paidffrlugont al
direction’is not valid as an absolute vibration anynore. The disturbances
on t he paytrsadhdusing ad thielpaylngd dicpléedttheohod zanga tiling grabéenyi seaus¢ on signal in a
di f f ergnt i tal. directi radl f the vibration
( BNt dQpLHRM 12 HES IR h Cé?;% A% RGRAY LRS BRGRP
i sol ation |n£fﬁ|s 'rection. an rﬂgtlonaP pg%eng apgﬁlca?lon WO
2005/ 0477 28hidit 8 cotagesitaatnoralongnthalizendl iaos. vi brati on i sol ati on systemt hat
can attain | ow horizontal natural frequencies. The bearing nenbers
(colums) of this systemare rigid nmenbers between the payload and the
franme, coMphdnsheypytdall tiltsreotmaind Ismigodalwixizgtha distdtibh nemeastuementi tllts ir ot at i on
about a . . . .

the same way. In the tilted orientation, the reference mass does indeed encounter a

15  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

20  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

25  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

30  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.



hori zontal axis and allow ng horizontal translation of the payload. The
application discloses a spring-nmass systemw th a single degree of freedom
whi ch syswermnumar3espt enuat e vi brati ons bet ween t he payl oadTandotolnsodeo ame
above a certain frequency This passive systens prevents passively the
tilting of the pay |load for instance because a mass is placed close to one
of the bearing nenbers of the payloag. It does not provide the |evel of
vibration isolation that can be obtained by active vibration
i sol ati on. There are sensors known for neasuring the tilt of a payload. Such
a conplicated sensor is disclosed for instance inJ . Wnterflood, Z B.
Zhou, L. and D.G_Blair, Tilt. suppression for ultra-|low residual notion
71 br at i on THSBI Bi g avA T BRAR Yy sladiobht CRgBReL et tor A 277
(2000) pp.senkdBis Ubbloselitbsingpre irdl. Win@&%ioges. BRRsDI L. Lay.GSBRird | aser beam
that is bounced forth and backzgé}meen mrrored surfaces into a quadrant
phot o- di odd! SUBHEASS 'Y OB LG OV Asiqye! eI v adiop isp{aaanin GEVUEHY'4t | on syst em but
it does NQlPHAYIBR, Myie BleY 812Y7 B100D) . $03-185. Ohis shdciall§ daderRB] ective of the
present invention to provide an active vibration isolation and danpi ng
syst emPwi tSHSERCIRBSeAdaser Bambibitdhbamegdarty agd begk betvesh Mirrdr bi ng vi brati on
i mposed by, frhes &RV4 (RBARMYhoRNdibNe SRAV] QAG: 8itheaPplidiRh QY &divdampi ng of
vi brations of the payl oad. The objective of the invention is obtained by a
syst em as VilERioRsHsteh Byt ¢sApel PsPies arclptiptla single sobWe®r having a | ow
stiffness connection to the payload for rotation along an axis
perpendi cular to the gravitational force, and having a high stiffness
connect i ont is an phiectiyapf dagdresant invhesiopithpravide An destve ytbadsion isplatihn fie vi br at i on
sensoryy T f - - t.]f Ld j he. . ad for
Fotati On onpigk Skl i Mk A U RSP RRARK AR SIS Tt &
tilting ofimpdsed prihecadrommicht anghe paydaaltand m iapraddidunpngbf fibragenson t he
vibration(ﬁﬁgsgﬁkgp the direction of the neasurenent. So actually the
sensor is decéhﬁped fromtilting vibrations. In an active vibration system
according to the state of the art, the additional force will be interpreted
as a vibr Ie%Qjective of the invention is obtained by a system as defined above comprising a
15  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.

The effect of the low stiffness connection to the payload for rotation along an axis

20  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

25  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

30  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



with a degree of freedomdifferent fromthe rotation. In such an active

vi bration isolation systemconprising a vibration sensor that is designed

t o measurwoforo/i4psbance hori zontal vibrations, the tiltiPog/Ni2brasion wl |,
erroneously, be interpreted as a horizontal vibration of the payload. As a
consequence, the controller of the systemaccording to the state of the art
wll give a signal to a horizontal agtuator to displace the payl oad

hori zontal ly. The decoupling according to the invention prevents such an
erroneous di splacenment. The present invention is based on the insight that
a further inprovenent of already known active vibration isolation systens

i s possible when the nnvenen& of therel ev q% vi bration sensqgr is at |east
partial |y TEEBLAPRHOT FOrr s sroverelt PR R Baa RS AT B8 st 1 ness
connect i opa@bacd Vi bration sensor for a certain degree of freedom neans that
the sensor follows or neasures mainly the vibration of the payload, frane,
beari ng body or ground in that particular degree of freedom A high

stiffness A Righeftodophectlbh 64 Vibiiof Rhsdr AsitaRkAn dBBANS ffbddm t he sensor
foll ows or nmeasures the horizontal displacenent of the bearing on which it

is fixed raeReihapheienssgllosonmeasyres sy heviryensf thepayorhcei es. Typical ly,

a high stig.fhfaessrifOPRETr bRANMn that peRiehhr deBred of BSQBANAGIfH SAYSRCY that is
hi gher than 25 Hz.” A Tow stiffness connection of a vibration sensor for a

certai n dégheiophl dircste farnastanse. nivars thyéhesepwbiolioys pamedsyres Hependent  of
the vi braty,gn,0f dfs@ff%‘cf re{ Qatk bafifdTEh whRER{ i Gk RA N er ecj%ﬁ%?ﬁﬂﬂ p that

particul ar degree edom A [ow stiffness connectio or rotation
around an casdis rangoef fraguensres €l ypraing highatiffngss cemestiom wideesuliota or only in an

i”Sigqbfi?@QLmﬁ?ﬁ%ﬂkﬁsaﬂhHQM%ﬁﬁﬂﬂﬁ%ﬁ?ﬁ? that rotation within a certain
S. , a

range of frequenci ypi cafly ow stiffness connection is nore than a
factor ten | ower than the high stiffness connection. Brief description of

the figur e/é{o'\fvl Fh&s Lo mONE: F GNETRh GAlsbY roR R B Gt lPhRLQN 1 sol ation and
danpi ng system
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
15  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.

20

Brief description of the figures

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

25 TFigure 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

30 fixed to the payload for most degrees of freedom.

Figure 4  illustrates the particular relevance of the invention for horizontal

vibrations.



according to the state of the art. Figure 2 shows schematically an

enbodi nent of an active vibration isolation and danpi ng system according to
t he i nverwDanioi484s9one vi brati on sensor fixed to a frameCTMNIpoNlSmgot he
payl oad for nost degrees of freedom Figure 3 shows schematically an

enbodi nrent of an active vibration isolation and danping system according to
the invention with one vibration sengor fixed to the payl oad for nost
degrees of freedom Figure 4 illustrates the particular rel evance of the
invention for horizontal vibrations.Figure 5 shows schematically an

enbodi mrent of an active vibration isolation and danping system according to

the i nventjon %ﬁtﬂ addbtion sensors. Figure.6 shoms.quel c&lculations
for the OBJé%'ilref op "W R ES BRI S st e S VIR NGO Y| st rat i ng
the performance ahmbihg s@idoaicoRMig 18 i@ikventod Wikl k®lionaFedsi€ 7 shows nodel
cal cul atigns for the Cl&%Ed | oop transfer functions of disturbance forces
to notion T&'T¢ e sEekY Padchralelatipng &PYE}F PREIOBR RS L] onchpis Ay t he

performance of thes@hodiuiRinhg 80 PWlormiAntd GukicenibodMh@tiRwa ih Bg@de SChemati c
illustration for an enbodiment for realizing the high rotational stiffness.

Figure®9 is a scRematic illustration for an enbodi ment with different

rOtatiOnahﬁéﬁéff%ﬁéﬁ@ﬁo&ich&M@ﬁﬁQﬁPHﬁQk%&?BHﬁH%kﬁ§ﬁﬁkg&ﬁ%ﬁ10.i||U$trat?5
one possible orientation of sensors and actuators in the active vibration

i solation and darfsiiansy &reanto Detien ¢idler crase el geviywl g parleadii gures . Figure
1 shows schemat i Rk fu@n@drlo¥Rantl B Bk RBodifehdhd PinANMJRANPI NG Syst em

according to the state of the art. Such a system conprises a payload (2)
that has thguse8 i 9ot srheraterillgmiperdior an ¢ralodiment budsaligidg g highsupporting t he

payl 061(6, at |eas Lo@8hal 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.

15

Detailed description of the figures.

20 TFigure 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

25  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

30  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-electric actuator e.g. of a piezoceramic type, a magnetostrictive motor, a

Lorentz motor (voice coil) or any type of position actuator or motor.



vi bration sensor (4 or 4') for detecting a vibration of the payl oad, at

| east one actuator (5 or 5') for noving the payload, and a controller (6 or
6') for pwvowuotimgosbhe actuator with a signal that is repcesanomosessofor the
vibration with the rel ated degree of freedom (translational or rotational
direction). The vibration sensor (4') mght be placed on or fixed to the
payl oad (2) or the sensor (4) m ght be placed on or fixed to the bearing
body (3) for measuring the relative displacenent of the payload with
respect to the bearing body. The payl oad may be supported by conventi onal
suspensions (7) |ike nechanical springs or elastonmers. The bearing body

m ght be any supporting structure for the payload, including a frane, a
floor, a wall or a ceiling. The actuator is placed on or fixed to the

beari ng bawytre T kicsvsacteuati@llyih ghbodifes o@b@mwelvmlrohcso&ﬁbmaicpz e.g. of ?)
pi ezocerami c type, a magnetostrictive notor, a Lorentz notor (voice coi

or any tyﬁ%mBWg68¥F?Wﬁﬁ%§§ﬂ8g?ﬁ?“%?“hﬁﬁ@?@ﬁh@Uﬁgoﬁﬂgﬁgﬁ%o%%henaticalIy an
enbodi mentisiiteddt dampéd! Fhy iBfadbh Qsdrs 0had fiRa @B eraflaTHer SYRERE according to
the invention in which the horizontal vibration is isolated or danped. The
vi br at Pon 6 SRl qxeept ajtianyljtiog in the hgrizonghgirqetian. ylhisdrame migktdyrtes of freedom
except a tfafsh Blsuoridy thdSayRRL] BRATRAIIIEROE i Qferly EBhReclell @78 M ght be the
frame (13) supporting the payload. The vibration Sensor is stiffly

connect ed peyor fﬁ@%P@&ﬁm@g?ﬂ%ﬁﬁéﬁmﬁﬁgomﬁ@hﬁﬁmﬂ%@nﬁé@n@ﬁ%ﬁ§lation of the
payl 0ad. Auslafdivd BAhe horidofRT GBANDAKINE i PhorBR.AAH! £l Bhig bration is
sent to a controller (16). It may satisty when the vibration sensor

measur es twhen dichitraticamrsensar magsurte readbrafionfin eecidpgregof freedas dngings as t he

di sturin | Tl .hration..axi 17 - r pendi cul ar
ot na roagty s b BB BB 0 3 b RBp RoRATRARGNILBEL PETT: H ng
Vi br at i on tashesneasuging diyectioe K I3e ntihe séraor (fl4). Aheougb dssitilting vidbratiegc txion and | ayi ng

in the plang of L& RAYL 088 3R aldded ALALE T PYyRX LSl hifde oflihe | S _under st ood
t hat any rotati én aTong an aX|slﬁa%|ng a conp%n nt p%rpen Icular to the
di r ect i on pafloids iljusarated &y pandl7).fids emde(si@), thdt hkgerofation hlosg anodés axi s (17')

will result in a rotation %io a is.%lz%. S?I one v'grat' n sensor is
Shoun i n_ (RS fGuPRC By B8 s dirpiomer ittt BREE ar e preferred
15  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).

20 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

25  other five degrees of freedom of this vibration sensor can be connected rigidly to the
ground through a linear guidance. 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.

30
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



when the tilting can be in any direction. The horizontal vibrations are
danped by at | east one actuator (15) receiving an input signal froma

cont rol | ewO(08)14398he vi brations in the remaini ng degr ee2CoNIROWOd@T can be
nmeasured by vibration sensors known to those skilled in the art. These
sensors are preferably placed on the payl oad but the sensors can al so be

pl aced on the floor supporting the payload. The horizontal vibration sensor
can therefore be connected to the payload only in its neasurenent

direction, for instance through a double hinge or a flexible beam The

ot her five degrees of freedomof this vibration sensor can be connected
rigidly to the ground through a |inear gui.dance. Thi.s |inegr guidance can
be desi gndlerstie TRk 110 Bt iepet oD e Bt TP R A FeleSeMlior frame in t he
di recti on Rt vil@amlse¥Biik dedduplep Fremend $ltiiDb1 thdipFloati e sighdtiak ison sensor frane
in other directions includingg%iLtiqﬁEof he vi bration sensor when the

payl oad t ifPRreene R fPeths harspel dbrinmelthapiipad i sare s campdial Heht of an

active Vi lEatomdls BOdisdhQ@meAnd dbaihlLeal 2y 6461 8F T8¢ Siskéh fuRhdrhe i nvention
conprising a first vibration sensor (24) that is connected with a high

sti f f n@ss CPHPETse 2 SeePndbrafion serer (Rorkat {flspighsdegaeispdae Whrafipnsdtiom and t hat

is desi Qn%gotﬁélfde,lf;ﬁ%@épﬁéeﬁgmhﬁf i8@Reabr MRS {201 vibRtidnd ThiStkecwhPr ation
sensor is decoupled fromthe tilting of the payload. A signal that is

r epr esent &etsgencedpoiithee iespppleshiran the Wiing vibmtior ahnechpdyrighdeid sent to a
control | ersigﬂi@ﬂat*is}{‘%%reé‘eﬂ&%@%o% HeRErdhiSR 2GR te RlI0AIR BRYd zont al actuat or

(15). The system ther conprises a second vibration sensor (25) that is
desi gned fcontrallenar ihaigronirgls Hicidsspkicémenaniot Yraticatieatwagw (BF). It seedom  f or

i nstange f i ' tions . .This S need not to
oo e S SRS GRS, Y LR T Sy RRO0M BNRS nece, o
that is repnesddrtdiplagceméropl thhdiffeent aatadtory.i Adthatghothe wibratihe sqpayth oad i s sent to

a_controll gty 2Ok ik SORIRLS: b ol P ACRTRR . Rlnt MEL Ll Gl aCt Uat or
(27). 1t i'SEUnder §Pood” t hat °t RE“Yio 'cant rol Ter's rrigeﬁlf € conbined into one
el ect r oni eraferrellin bystemsdonisslatingtané dalhsipg aibenienvitbh 16w éeglichéyef@nt act uat ors.
Al t hough the vi gration sens 1 ght be of any type, vibration sensors
conpri si ng™§%h ?‘He%\‘ilesrbéﬁ)é?’r @%2‘6%&‘? T Yht th%é‘%erel%g Flass'is Conected

15  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.

20  When a vibration sensor for measuring the horizontal vibrations tilts with an
amplitude having an angle o 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 (). For small tilting amplitudes this
results in a force that is linear proportional to the gravitational force. For vertical

25  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.

30
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



preferred in systens for isolating and danping vibration with a | ow
frequency, for instance frequencies below 0.2 Hz. In such sensors the

r ef er encewoasny/i4g9seonnected with a | ow stiffness to itsPhoMN20y/065@60t he
degree of freedom detectable with the vibration sensor. Due to the | ow
stiffness connection to the housing of the sensor, the reference mass is an
inertial mass for the vibrations to pe detected. Figure 4 illustrates the
particul ar rel evance of the invention for horizontal vibrations. Wen a

vi bration sensor for neasuring the horizontal vibrations tilts with an
anpl i tude having an angle athan this tilting results in an additional force

I th [ f th . th [ | di ti |t
The or avi tAPBRAI BT T rmis ot e RRengpe (REHERT uRepahefieny "L B3 i 0

(a) . For csilaipﬁéestairr]ﬂgtcﬂ pagloadv@l1 thudlas fntd%alcsrﬁsluhicsndl ﬂir@:ltif)ﬁ),rdgevérhadl is linear
proportional to the gravitational force. For vertical vibration sensors,
t he additFHﬁ%FmFB?Eﬁgﬁ§“HWBﬁHPP@Bﬁ&meﬁpﬁﬁgﬂgﬁg?WﬁthhPﬂﬁmFﬂPWjangle. So

al t hough tiheves@Birfkhe6ils. PGk Bad fsk8nictRaEd the AgldhprRIGiageHy i brati on
isolation is much | ess. Such a force, that is typically a few orders of

nmagni t dde SPPSEIAHER ol dageech ol fredamayizyp pif dinsbHona and bEtiped| ect ed for the

smal | anglg@scioR@tThah&ive Witirfifth s§@m EoEpiesthrE UPRMndERbRHPRAEAS Figure 5
shows schematically an enbodi nent of an active vibration isolation and

danpi ng syt ehihgeetied agvin Tivevibajentenor @it eddictcorrgicabensors. Wt h
this embodidyant ald\e 3AUBNEIAER UeieBARRL S iR fioANA R kB é’e'npdggt hon

i sol ati on anddanpi ng systens according to the invention wll

i |1 ustrat ddve a¢rarcenobdial heset actwp 3t 8%.38) aligeriddn gwyshwa dirgcged), thdhat can nove in
one hagpi z ' tian, ' i.r ' can rotate around
t he agl ios %glﬁ gﬂé) #g% f:og%adr) ﬁ{%&) a@%f&h\ftﬁ%%&ﬁorﬂs gllg r(ft(8 Igtfdngg 8?? ﬁee&\?@r tical

transl at i enstolBha3payl ddd i s connected to the rigid world by a 5 Hz
suspension (32) for all degrees of freedom viz. in all translational and
rotational directions. The active vibration system conprises three

Vi br at i on Bgnse sewsInacletaiiiladonsabnthe bpdnHeopcemtfeefuaétiogs atactuatortwo vi br ati on
one sensor (33) can

sensors (34 3§hFc%n q%%ec vertiﬁﬁl v%b.ations an?
detect a KEFPZ SRS IS RETOBRICHP) e fpRlipes Shavs'g gt
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 situation 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.



have a corresponding force actuator (36, 37,38) aligned in the sane
direction, that can apply a force to the payload. The actuators are
control | esolzg100138950r nore controllers (39, 39, 39"). FPgUMNL261098G68 nDde
cal cul ations for the open |loop transfer functions of actuator to sensor,
illustrating the performance of the enbodi nent shown in figure 5. For these
nodel cal cul ations the three sensors,are nodel ed as linearly guided nass
spring systens. In this nodel, the performance of the inertial feedback
system can be predicted by closing the control |oop between the
correspondi ng sensors and actuators. Two cases are simulated. One case

representing t state of the art for active vibration systens,
st at g Aag e (st R rbe He S BE B RRsPY Sace r epr esenti ng
the sit uatdisabdné foces YSBIB AR @hf@oft @aily@f tH\Wabid Mlusfraimgtid s | at er

sinmulation the gravitational force is omtted. The open | oop transfer
functions P@ﬁ“é‘?%?? Al paphoringest dhowi 18 Bpuep- Hices SAGMAICHHIONS B d 1 ne

repr esent $aida@nshcrhme qisuﬁlpﬁor@rag thdbd hdlvh Mfidre WHA Gilh, Hea¥lid Mneef fects are
i ncluded, and the dashed |ine represents the invention in which no gravity

ef fect s arf@Preyel thyease ip whidheraviyefiedytie fclpdedgiorptop! thadt HskeMsbnt al sensor,

there is angliR@hstdl lihel-pREQUNRE VREM Wlieh & @ilyYerRRd aRGn@ERYI Ly case; in the
gravity case, the I ow frequency gain in conbination with the phase around

t he crossdéWeemp perdnly thaynyadape this|singlatiopghe prang (@epityimiedhat can be

obt ai ned.  LnJdiRl 8 .6xpQp! €, the maxi num obt ai nabl e | oop gain when the
gravity effects are i1ncluded is around 35 dB. The maxi num obt ai nabl e | oop
gain in the case where the gravity effects are not included is unlimted in

this dely. i ' R |, L.t [se and / or
higheﬁBreggﬁg%§@%$ﬁ%g§$gh UsSg&ggﬁ%ﬁgﬁkégﬂgﬁﬁg%fgﬁgﬁﬁgég%hgﬂk osed | oop
transfer folirditgoonlgernfs bdivetuthoanoenf Moerond the irotizanfl efistiveforedt re of gravity

of the payl oa i, lustrating t.he performnce of the odi.ment shown in
Ctoure 5t flfle b A} bOMob 0 S i R RAGGCh b SRR N, 2 oo e
t hose showmnianicfincgraseofGomp@ica js vidide.Skhid ednk hat whpr@plyirigs thdeencase i n whi ch

gravity ef((f)reaC orsce %{ e?n eimrlllcolf ﬂ%e(:%ntg (g}emassg)ai}l ﬁnso Ifrecfugr?cy%g}ld, %l}ésrgsepggs)e’of the
15  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
20 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
25  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
30  vector (56) and the direction of measurement of the horizontal vibration sensor

detecting the horizontal displacement of the payload (55).



and the dashed line represents the case in which no gravity effects are

i ncl uded (systens according to the invention). In this sinmulation, the sane
(gravity wormtoedy9seontrol l er is applied. The di agonal tPramsiien10foaessdi ons
are conpar abl e between the cases. However, in the off-diagonal terns

bet ween the nmonment M around the horizontal axis, the force Fz in vertical
direction and the notion xpayi oad of .t he payload in horizontal direction, a
dramatic i ncrease of conpliance is visible. This neans that when applying a
nmonment (or a force at an armof the center of mass) in this frequency band,
the response of the table in terms of horizontal nDtion of the center of

it fi ly | t f b
Por 1 zont al T B HRA-HE o BREarMETT o Topt GPavF Y Pt QLD | ncl uded, the

per f or maneenmttidohe ﬂherbeﬁgot ai thé aedbadkn aswéakefmoupmigefeme@fhe&ﬁmlaua e notion of
t he payload is 5|gn|f|canH{% reduce an increased co i ance in one of

by
the of f - diligBRAYon Epses 2t g 8%?“@?a§¥?fnéﬁ?%€?%‘SQWM%§*Y Penenting the

proposed s@kiUhiy@ihss §i@ied BEHQENBE Ssdrint AR W, Ak efbshGYnRAREhGaN be as good
as the passive suspension of the payload. Figure 8 is a schematic

i |1 ust Pat iSBHem Grshawn Enfeid Hréhthis @pbodingnt %ﬂ?ﬁglg? k) Hinghattagkesk P §kal st f f ness

for the CQﬁﬁ%th@Qn%ﬁmLB? @@?WPQhQQQMhm§%hm§ anRlr&Rr E6rfBReq and a | ow
stiffness for the connection éyoad hrough three flexure

mechani sneVithggetatiemhpiingss(§8 o thegrameyddly whereds thhrogatinn pgeo(Ba) fixed to the
frame, and,fwg f fgeﬁ%ﬁemv?th%qeﬁué@zgms é%he)sen%?@sﬁomezfggﬁ&k pefisors (53) have a

hi gh rotati onal fness connection to the franme he ot her degrees of
f reedom t héhidhehseuplisg @Yl betwgerbn nadtcad! the avkibiayaydspang. theTtptatiares  of
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di rection oﬁlneasurenent rizonta on-sensor detecting the
hor|zontaHOIkgpmdd@nEMUO@mnmhmﬂ@ayﬁnEumcﬁﬁ)mbnnnﬁmﬂbaﬁpmebémbed to conbi ne

a reduced |l o frggy&@&xgtlltln i ff necth%n of the

sensor to a%llhl ar?y 1y 1r(')n relative, to I[’he%%llrjﬂelvrl l%e %talf:asE an orfl%r o ]n%‘a i and t he

V|brat|onlagnﬂmn&mnfm@mﬂﬁn@mme@hh@smmﬁuﬂhuamae&henhmgamsbe obtained with
an
15  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
20  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

25  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

30  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



auxiliary mass situated between the sensor and the franme. An enbodi nent of
such a systemis shown in figure 9. In this enbodi nent the hinge (54) is
not attacweaotom4sdse frame but to an auxiliary mass (57) PCTINLI20BI0E0I60 ar y
mass (57) is further connected with a rotational stiffness (58) to the
frame (13), whereas the rotation axis of the mass is in parallel with the
rotation axis of the sensor (53). qu frequency fro at which the coupling
(IM) between the rotation of the auxiliary nass 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 auxLIiah¥.nass.f0t rptation relaﬁivF to.the frame will be
at |east 4R°&7 RPCEURRYRIAUGS R TR ARCE AT PO NOHBIPUTY £ f ness of the
sensor r eluad isv@ack@®oh e payxad. i ary mass. Figure 10 illustrates one possible
orientation of sensors (61, 61', 61") and actuators (62, 62', 62") in the
active vibration isolation and danpi ng system The actuators are placed on

the groundmehcifvexadatdod i@ldioa MR dnPLImBRAY dt M sitdAe st 0adkid-8R) thel N @ system

conprising _nore than one sensor/actuator conbi nation, the sensor and

act uat 6r NEEHIMSP! o PHAK hthBassa e isqlloe dgrperdy Bisdshior Mdoh®ans that the
nmeasur i ng gdfcl@Ghrh@hs @f alPspa@NARECHIRE Bn Atk R rﬁigﬁtr RPN ug di spl acement
direction of any of the actuators. A sensor (61") nmay even be tilted with a
fixed anglsensp thayBaygroali a piteshumbepefcegreayd figpdod Aer INHAAEAPIOI i s in
particul an,suited for platforns that are used to support instruments under
test, e.g. instrunents for space applications. However, the present
invention can also be used for vibration isolation in a |arge variety of
equi prgnt 9893&' ﬁ{a{‘ﬁly%##s W0 ih T A& HmbR sh 1&&&%@%@&&&& %%9 [ S, ©
machi neri es and cars. e systemis suited to isolate the payload from
ext er nal \hdxcapd @nis, presengnyeatipmdn paticularsthewosls f‘camprish@)’gndéund. 1 n additi on,
j[ hi s SySf[ e‘rCTJ)I}l Sris?‘rlgs Qe l(')t ;[n%e(lj tEooexg:ﬁlm:)ar\l/ i ¢ én?‘etnitson% s %Eiiﬁg(i:llp asutgcp anr fm t he payl oad
itself, i.e. %qU|pnen coﬁ}alnlng vi ng part§?or persons héndllng t he
equi pnent .clevichtsat t@mgnaite may be tuppiitueil withwnenwé slemeits pd @opnsmtssoror
rotations,.%jhher Pe{iodically or not. So, the invention not only

with their cquiva ents.

15

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.

20



relates to isolating the payload fromvibrations originating fromits

envi ronnent butal so to counteracting vibrations originating from other
sour ces |whkeotda3esgui prent that is placed on the payl oagCT/Ni2oBOSIIse

vi bration isolation systemconprises at |east one sensor for detecting the
vi brations of the payload that has to be isolated or danped. The sensor
need not to detect vibrations in all spatial directions. In practice it

m ght be preferred to use sensors that have only a |imted nunber of
degrees of freedom for instance one or two. It is noted that any terns
used in Qﬁis docunent shoul d not be construed so as to limt the scope of
t he pres# nvention. In particular, the words "conprise(s)" and
"conprising” are not neant to exclude any el enents not specifically stated.
Single el ements or co ge substituted with nmultiple el enments or
conponent s orA&%WW%Wéﬁhmﬂﬂﬂ?63lﬁﬁ @nm?%“ﬁFpﬂjﬁ@”nggP%tood by those

skilled mqmpmgjgayﬂﬁh@&uﬂ&ﬁypﬁaﬁ@nhm@ayent|on is not limted to the
enbodi ments il lustrated above and _that many nopdifications and additions may

be nade ~Vi tHBYAN SHRWALH Y detegineerdbraticned thsfrayRadi nvention as defined in the
appendi ng cl ai ns. Qb%kﬁﬁm%ﬂsﬁﬂm%ﬁkhlQm%@@kﬁ&h@ﬂwbﬁﬂi&kh&@uﬁ@Q1ﬂanplng systen1
(11) conprising - ayl oad (12) that has to be isolated or danped, -
V|brat|oﬁu@%ﬁ%%am%ﬁ oaflgiddet ecting a vibration of the payload, an actuator
(15) for noving t he?co%ﬁ%l'lé?%f%ff@r';ﬁ&dl(ﬁﬁ o 1 2B REAKIDYsi PO Yhal 1 3prSURRRNL | NG the
payl oad, and a controll for providing the actuator mnth a signa

that is rfepthesidratiani ve for the vi bration, characterized in that the

vi brati onpseRa ?ﬁaﬁﬁﬁ%abﬁ§vﬁe%§§%éﬁéﬁd § connection to the payload (12)

for rotation along an axis perpendicular to the gravitational force
18 and - a low stiffness connection to the payloa or rotation along an axis
, 1 iff he payload (12) f long (17)

perpendicular to the gravitational force (18), and
- a high stiffness connection to the payload (12) for the vibration detectable

with the vibration sensor.
2. A system according to claim 1, wherein the vibration sensor (14) has a high stiffness
connection to the bearing body (13) for rotation along an axis (17) perpendicular to the
gravitational force (18).
3. A system according to claim 1 or 2, wherein at least one of the degrees of freedom of
the vibration sensor (14) is connected with a high stiffness to the payload (12).
4. A system according to claim 1 or 2, wherein at least one of the degrees of freedom of
the vibration sensor (14) is connected with a high stiffness to the bearing body (13).
5. A system according to claim 2 wherein the high stiffness connection comprises an
auxiliary mass (57) being connected with a first rotational stiffness to the sensor (53) and with
a second rotational stiffness to the bearing body (13).
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
(25) for detecting vibrations.
7. A system according to claim 6, wherein the vibration sensor (24) is suitable for
measuring vibrations perpendicular to the gravitational force and the additional sensor (25) 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 (14,
24, 25) comprises an inertial reference mass.
0. A system according to any of the preceding claims wherein the actuator (15) is a

Lorentz actuator.



a high stiffness connection to the payload (12) for the vibration
detectable with the vibration sensor. 2. A systemaccording to claim1,
wher ei n twe 20itbadsoon sensor (14) has a high stiffness ecmME20iomioio t he
bearing body (13) for rotation along an axis (17) perpendicular to the
gravitational force (18). 3. A systemaccording to claim1 or 2, wherein at
| east one of the degrees of freedon1of15he vi bration sensor (14) is
connected with a high stiffness to the payload (12). 4. A system according
toclaiml1 or 2, wherein at | east one of the degrees of freedom of the

vibratig% sen ortgl4é “i connec %? W th alhhag stlffqﬁss to t@f beari ng
body (13): 5. AYEPUARA UL S Y RGPE BreET UG I RAST RIS HES APHEL £  ness
connect ivatfratdnphidosesd dteanbxiidal dbtidsas®7) bei ng connected with a first
rotational stiffness to the sensor (53) and with a second rotational
stiffness to the bearing body (13). 6. An active vibration isolation and
danpi ng system according to any of the preceding clains, characterized in
that the system conprises at |east one additional vibration sensor (25) for
detecting vibrations. 7. A systemaccording to claim®6, wherein the

vi bration sensor (24) is suitable for measuring vibrations perpendicular to
the gravitational force and the additional sensor (25) is suitable for
measuring vibration in the direction of the gravitational force. 8. A
system according to claim6 or 7, wherein at | east one of the vibration
sensors (14, 24, 25) conprises an inertial reference mass. 9. A system
according to any of the preceding clains wherein the actuator (15) is a
Lorentz actuator.10. A system according to any of the preceding clains
conprising three horizontal vibration sensors and three vertical vibration
sensors.



