P-1520. 010-EP | CONTROLLI NG A PCSI TION OF A MASS, ESPECI ALLY IN A

LI THOGRAPHI C APPARATUS 5 The invention relates to a controller arranged for
controlling a position of a mass by providing the nass a nass accel eration
by a control force depending on a desired mass acceleration. The invention
I s especi al éylisgg&l i cable in controlling a position of a substrate table or

a mask tabl OtEPt hographi c apparatus.j Such a |ithographic apparatus
conprises: 10 - a radiation systemfor providing a projection beam of
radi ation; - a support structure for supporting patterning neans, the
patterni ng fEQNTROLLING A ROFTITON OF AM 88 BSPECIAbEANNAcording to a

desired pat tr for holding a substrate; and - a
proj ection Jﬁ%ﬂ%ﬁf@%@%ﬁﬁ patterned beamonto a target portion
of the 15 substrate. In such a |ithographic apparatus, a substrate table
supporting a substrate is noved in an XY operating region by actuators

control | &d by a Thennventiberelates tohasonetor atmged ot contraliing Iaqnosistinn obh hess er r or
behavi our directl. accel erati,ng .t o, a const t vel ocj.t depends on
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exanple, variations in the nmass of rate I's aff object of the
present i nvenbstmte table qrrapnaskeahlhal a:bﬂubgmphlerappm-atum &meslnhegrapﬂfo t hat end
the invention provides. in general terns, a controller as defined at the
25 out set MBP%F‘WSPWQPEWWI ler is arranged to receive a feedback signal
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position, the speadsARc{Ble bPRolames @batdOnn@f the mass. In a particular
enbodi nent the

- a projection system for projecting the patterned beam onto a target portion of the

15  substrate.

In such a lithographic apparatus, a substrate table supporting a substrate is moved
in an XY operating region by actuators controlled by a controller. It has been observed
that the controller error behaviour directly after accelerating to a constant velocity

20  depends on the position of the substrate table in the XY operating region. It also
depends on the exact mass that is to be moved, which varies due to, for example,
variations in the mass of the substrate. It is an object of the present invention to
improve the controller in this respect.

To that end the invention provides, in general terms, a controller as defined at the

25  outset wherein the controller is arranged to receive a feedback signal comprising status
information of said mass, to calculate an estimated relation between the mass
acceleration and said control force from said feedback signal and from said control
force, and to use said estimated relation and said desired mass acceleration to determine
said control force. Preferably, the status information comprises an indication of the

30  position, the speed and/or the acceleration of the mass. In a particular embodiment the
feedback signal is a feedback acceleration signal of the mass (the acceleration signal

being measured or calculated).



feedback signal is a feedback accel eration signal of the mass (the

accel eration signal being neasured or cal cul ated). P-1520.010-EP 2 In such
a controller, feedforward of the acceleration force adapts to position-
dependent behavi our and nmass variations, and the controller error becones
smal | er and g§ﬂ§8g§pendent on the position of the table in its operating

region. In ant ment, the estinated rél ation may be an estimated nass.
This 5 enbodinment is applicable where the nass is operating as a rigid
body. In an enbodi nent, the caontroller may be arranged to cal cul ate at
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control force. i nvention relates to a
| i t hogr aphi ithéjrégtinigQibettep@tinaite /st e Makd, ahdVgr todtkeat Rastamedf lrestiy@atedm f or
provi di nﬁ a projection beam of radiation; a support structure for
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beam ont 0 a chatrelédr. bor tion of the 25 substrate, - a controller as defined
above, the mass Ir?griug![ eraemnl?o\ﬁ?npllenet, t%gjcggtg'o]ile? ist alh'?anlgiaé poocgarlcglrl)z?tia (f::stimated filter
coefficients of a general filter structure, such that the resulting filter describes the
15 relation between the acceleration of the mass and the applied control force. The
controller is further arranged to use the estimated filter coefficients and the desired
mass acceleration to partly determine the control force.
In a further embodiment, the invention relates to a lithographic projection
apparatus comprising:
20 - a radiation system for providing a projection beam of radiation;
- a support structure for supporting patterning means, the patterning means serving
to pattern the projection beam according to a desired pattern;
- a substrate table for holding a substrate; and
- a projection system for projecting the patterned beam onto a target portion of the
25 substrate,
- a controller as defined above, the mass being a movable object in the lithographic
apparatus.
The invention also relates to a method of controlling a position of a mass by
providing the mass a mass acceleration by a control force depending on a desired mass
30  acceleration characterised by receiving a feedback position signal indicating a position
of the mass, calculating an estimated relation between the mass acceleration and the
control force from the feedback position signal and from the control force and using the

estimated relation and the desired mass acceleration to determine the control force.



apparatus. The invention also relates to a nethod of controlling a position
of a mass by providing the nass a nmass acceleration by a control force
depending on a desired nass 30 acceleration characterised by receiving a

f eedback position signal indicating a position of the nmass, cal culating an
estimated rel ation between the mass acceleration and the control force
fromthe feddhdkodgsition signal and fr@dnthe control force and using the
estimated relation and the desired nmass acceleration to determ ne the
control force. P-1520.010-EP 3 In a further enbodinent, the invention uses

such a met hod i 1na fadvdr@ambodiument,ahé iivemipn e octheofpthbd im@devicpr ovi di ng a
substrate that is at least partially covered by a | ayer of radiation-
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this cont eXtradig#&%e?llsft%grﬁa@eei-iasf,a' d pattern will correspond to a particul ar
functional l'ayer Th a device being created in the target portion, such as

an integpated cicotwblling@h potilien of the\thae, the RNyt ledss anPbLibe Qfubsittts
patterning means i nclude: 20 - A mask. The concept of a mask is well known
i n 1ithograp#Ble wathdhe subsirple|and dhe syaRt Sirdwre SidHthg patigrRMEMeaRst er nat i ng
phase-shift, and attenuated phase-shift, as well as various hybrid mask
types. Placenent of such a mask in the radiati on beam

It is to be understood that the term “patterning means” as employed should be

broadly interpreted as referring to means that can be used to endow an incoming

15 radiation beam with a patterned cross-section, corresponding to a pattern that is to be
created in a target portion of the substrate; the term “light valve™ can also be used in
this context. Generally, the said pattern will correspond to a particular functional layer
in a device being created in the target portion, such as an integrated circuit or other
device (see below). Examples of such patterning means include:

20 - A mask, The concept of a mask is well known in lithography, and it
includes mask types such as binary, alternating phase-shift, and attenuated phase-shift,
as well as various hybrid mask types. Placement of such a mask in the radiation beam
causes selective transmission (in the case of a transmissive mask) or reflection (in the
case of a reflective mask) of the radiation impinging on the mask, according to the

25  pattern on the mask. In the case of a mask, the support structure will generally be a
mask table, which ensures that the mask can be held at a desired position in the
incoming radiation beam, and that it can be moved relative to the beam if so desired;

- A programmable mirror array. One example of such a device is a matrix-
addressable surface having a viscoelastic control layer and a reflective surface. The

30  basic principle behind such an apparatus is that (for example) addressed areas of the
reflective surface reflect incident light as diffracted light, whereas unaddressed areas
reflect incident light as undiffracted light. Using an appropriate filter, the said
undiffracted light can be filtered out of the reflected beam, leaving only the diffracted



causes selective transmssion (in the case of a transm ssive mask) or
reflection (in the case of a reflective mask) of the radiation inpinging
on the mask, according to the 25 pattern on the mask. In the case of a
mask, the support structure will generally be a mask table, which ensures
that the mask can be held at a desired position in the incomng radiation
beam and t Bat2§41%E&n be noved relative to the beamif so desired; - A
programable mrror array. One exanple of such a device is a matri x-
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movable as required; and

- A programmable LCD array. An example of such a construction is given in
United States Patent US 5,229,872, which is incorporated herein by reference. As
above, the support structure in this case may be embodied as a frame or table, for

20  example, which may be fixed or movable as required.

For purposes of simplicity, the rest of this text may, at certain locations,
specifically direct itself to examples involving a mask and mask table; however, the
general principles discussed in such instances should be seen in the broader context of
the patterning means as hereabove set forth.

25 Lithographic projection apparatus can be used, for example, in the manufacture
of integrated circuits (ICs). In such a case, the patterning means may generate a circuit
pattern corresponding to an individual layer of the IC, and this pattern can be imaged
onto a target portion {e.g. comprising one or more dies) on a substrate (silicon wafer}
that has been coated with a layer of radiation-sensitive material (resist). In general, a

30  single wafer will contain a whole network of adjacent target portions that are
successively irradiated via the projection system, one at a time. In current apparatus,
employing patterning by a mask on a mask table, a distinction can be made between

two different types of machine. In one type of lithographic projection apparatus, each



United States Patent US 5,229,872, which is incorporated herein by
reference. As above, the support structure in this case nay be enbodi ed as
a frane or table, for 20 exanple, which nmay be fixed or novabl e as
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exposure, the substrate may be subjected to other procedures, such as a post-exposure
bake (PEB), development, a hard bake and measurement/inspection of the imaged
features. This array of procedures is used as a basis to pattern an individual layer of a
device, e.g. an IC. Such a patterned layer may then undergo various processes such as

20  etching, ion-implantation (doping), metallization, oxidation, chemo-mechanical
polishing, etc., all intended to finish off an individual layer. If several layers are
required, then the whole procedure, or a variant thereof, will have to be repeated for
each new layer. Eventually, an array of devices will be present on the substrate (wafer).
These devices are then separated from one another by a technique such as dicing or

25  sawing, whence the individual devices can be mounted on a carrier, connected to pins,
etc. Further information regarding such processes can be obtained, for example, from
the book "Microchip Fabrication: A Practical Guide to Semiconductor Processing”,
Third Edition, by Peter van Zant, McGraw Hill Publishing Co., 1997,
ISBN 0-07-067250-4, incorporated herein by reference.

30 For the sake of simplicity, the projection system may hereinafter be referred to as
the "lens"; however, this term should be broadly interpreted as encompassing various
types of projection system, including refractive optics, reflective optics, and

catadioptric systems, for example. The radiation system may also include components



(e.g. in amsk) is imged onto a substrate that is at |east partially
covered by a layer of radiation-sensitive material (resist). Prior to this
i magi ng step, the substrate may 15 undergo vari ous procedures, such as
primng, resist coating and a soft bake. After exposure, the substrate may
be subjected to other procedures, such as a post-exposure bake (PEB)
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small patterns, the demands for the projection system concerning the accuracy are
rather high. For instance, a mirror, that is positioned with a tilting error of 1 nm, can
result in a projection error of approximately 4 nm on the wafer.
A projection system for projecting an extreme ultraviolet projection beam
20  comprises, for instance, 6 mirrors. Usually, one of the mirrors has a fixed spatial
orientation, while the other five are mounted on a Lorentz actuated mount. These
mounts can preferably adjust the orientation of the mirrors in 6 degrees of freedom (6-
DoF-mounts) using 6 degrees Lorentz engines per mirror. The projection system
further comprises sensors for measuring the spatial orientation of the projection
25  devices.
The projection system is mounted to the fixed world, for instance, a metro frame,
using a 30 Hz mounting device. This is done to stabilize the projection beam and
1solate it from vibrations and disturbances coming from the environment, such as
adjacent systems. As a result of this mounting, unwanted disturbances above the 30 Hz
30  are almost completely filtered out. However, disturbances having a frequency of
approximately 30 Hz, are not stopped by the mounting device and are even amplified.
Although specific reference may be made in this text to the use of the apparatus

according to the invention in the manufacture of ICs, it should be explicitly understood



US 5, 969, 441 and WO 98140791, both incorporated herein by reference. The
projection system as descri bed above usually conprises one or nore, for 10
i nstance six, projection devices, such as |lenses and/or mrrors. The
projection devices transmt the projection beamthrough the projection
system and gylrsg%gl :J% to the target portion. In case the projection beamis
EUV-radi ati or P¥8rs shoul d be used instead of | enses, in order to
project the projection beam since |enses are not translucent to
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manuf acture of | it .should b Bk‘i C|tI under stOﬁgh P- 1520. 010- EP 7 t hat
such an appar at JSCHRENHRR VI ARY; ep?& Il‘?fdén YPICFER YVYALNC FEPTRI R e it may

be _emp! oy edirkink S HTBIMECA Y infeniabd [ hBG Aafff1ARhE 81 1ok BEcopiiblance and
etectl on

15  protection, and in which:

Figure 1 is a schematic general overview of a lithographic projection apparatus;
Figure 2 shows a control architecture according to the state of the art;
Figure 3 shows a basic scheme for on-line mass estimation in accordance with the
20 invention;
Figure 4 shows a circuit for generation of an estimation error;
Figure 5 shows several curves for mass estimation on a wafer stage. The curves
include a set point acceleration curve, a mass estimation curve, a mass estimation
curve using high-pass filters, and a mass estimation using an offset estimation;
25 Figure 6 shows an example of mass estimation and feedforward,;
Figure 7 shows curves for the control error without and with mass estimation
feedforward;
Figure 8 shows a circuit that can be used to estimate velocity, acceleration, jerk and
snap feedforward,
30 Figure 9 shows curves for mass estimation when various other parameters are
estimated,
Figure 10 shows curves for estimations of velocity, acceleration, jerk and snap

components;



patterns for magnetic domain nenories, |iquid-crystal display panels,

thin-film nagnetic heads, etc. The skilled artisan will appreciate that,
in the context of such 5 alternative applications, any use of the terns
"reticle", "wafer” or "die" in this text should be considered as being
repl aced by the nore general terns "mask", "substrate" and "target

portion", rdsiy@teli\E®ly. In the present dd&unent, the terns "radiation" and
"beam' are used to enconpass all types of electromagnetic radiation,
including ultraviolet (UV) radiation (e.g. with a 10 wavel ength of 365,
248, 193, 157 (igut2®1 thowys aftdd EortvaedEirdiif foAmabOdstimalibh/ind Eraghi faédforwdre;,. 9.
havi ng a wavel ength in the range 5- nm, as well as particle beans, such

20
as ion beanms &iguse béa showvsgbesentrofigeenronmgith anshwithout spamifesd farardivereas n

connection wt e G ' 'fgs, ' intended to show
exanpl es and ngiﬁh{koul%iskgﬁ;gt%ﬁ)\éhg%oope %}AA np%%ng%fg?%ﬁr,n%% % n which: Fi gure
1 i s a schemat iFggge 1% sledwOiviess\saiatdn withiahd) agthapivnap edf@oatdyn appar at us;

Figure 2 shows a control architecture according to the state of the art;

Fi gure 35shows Figuseddzshopsdhe consiollspemronyeitihandwitheyt saan sadfopvardddicdance
with the 20 inyentihen, ..H Ol FCUi fene ' f an
estimation err g%llggl'lpg%r%lgg%g%sgf\llﬁe rigb\?\é\f?ea%u@&?lg}él’s&l?%%srfc‘uéc ie‘g% %hqn)g\'fsi%on on a
waf er stage. Thertionrofdigurd M dickeh énlagéd ok Béalgccel eration curve, a mass
estimation curve, a mass estimation curve using high-pass filters, and a
mass esti mati ofigyse he showompssestingtionuting h0 Hzdigh-pass diltgrss wathgut-agde¥ithhpl e of
mass estinmatio g'ng rward; Figure 7 shows curves for the control
error wthout glrll V\ne%tﬁﬁgnégs estimation feedforward; Figure 8 shows a
circuit 1phat c@pbe 16 sksvd Pagsdsiifi@tien with0cl daynplésdesl Riatindorcejpathk and  snap
feedforward; 30 Figure 9 shows curves for mass estinmati on when vari ous

ot her par anet eFiguse &7 shaws seaeralicurpesyior herypesed whuek AWrEng F gr2at¥e MeNes ons of

velocity, accelgsal h§0hov £l eANirSlPRr the exposed chuck during a positive move;

Figure 19 shows several curves for the measure chuck during a negative move;

Figure 20 shows several curves for the measure chuck during a positive move;
15 Figure 21 shows the effect of switching on the estimator only at maximum
acceleration;
Figure 22 shows an alternative least-square estimation for 1 parameter;
Figure 23 shows an alternative least-square estimation for 1 parameter with
forgetting factor;
20 Figure 24 shows a simplified offset estimation scheme;
Figure 25 shows an ARX filter structure for a simplified implementation to find the
optimal estimation mass;
Figure 26 shows a FIR filter architecture taking a forgetting factor into account;
Figure 27 shows the magnitude and phase of an estimated transfer function in an
25 alternative approach; the situation is shown for both a FIR filter and an ARX filter;
Figure 28 shows the feedforward for the FIR and ARX filters used in figure 27;
Figure 29 shows the estimated mass for the situation corresponding with figures 27
and 29;
Figures 30, 31 and 32 are showing curves which are similar as the curves in figures
30 27, 28 and 29, respectively, be it that the filters used are of a much lower order;

Figure 33 shows a circuit architecture with on-line feedforward estimation.



conponents; P-1520.010-EP 8 Figure 11 shows a feed forward circuit for nass
estimation and snap feedforward; Figure 12a shows the controller error
with and without snap feed forward, whereas figure 12b shows a portion of
figure 12a on an enlarged tine scale; Figure 13 shows nmass estimation with
and wi thout snap feedforward; 5 Figure 14a shows the controller error with
and wi t hout PsiapCPdEdf orward when using 910 Hz hi gh-pass filters for the
estimation, whereas figure 14b shows a portion of figure 14a on an
enlarged time scale; Figure 15 shows nmass estimation using 10 Hz hi gh-pass
filters, w thotligued sehankaticsingerfiete dflithograpdiic 1) cFiiguappatBus heowrding 0 a

estimation with 0.1 sanpl e ss del.ay in force path; Figure 17 shows
several cur PREIH e@@%?tﬁ'edw{?@?(’ uring a negative move; Figure 18
shows several qieuggarh@s cbitprig¥posed chuck during a positive nove, Figure

19 shows several curves for the nmeasure chuck during a negative nove;
Fi gure 20 shows agedietan systanv €3, fLo fortsupplymgsaprejecherckeatuPBrod radigosi (eigve

nove; 15_Fi 21 sho the effect wi t.ching on.the estimtqr .only at

o mum Sac iy Grafind i b HewSlsheBioglt- 3y AR gl gt

estimation fsgéteﬂa a%&%@r&éé a rddifiéhQodde $AOWSs an al ternative |east-square
r aneter wth

estimation f 1 par forgetting factor; 20 Figure 24 shows a
sinplified of fsatfiretsatijenh tdbda(msaskdatds) MTqueedabwith ewsaskholRx férilolding a

structure for Lnplified inplementatjon to find.the optinmal estipation
mass; Fi guréna‘f’g I@ﬁggﬁ %\“ii’lck?)’f dtCQPn??‘idntP?EEttH?F‘éwP’é‘Igirﬂ%fnﬁ%%?%é’??‘frﬁrﬁ&aact or
i Nt 0 accountyogiyGhBYhke RisiSRANSeshBA toReMIHIYde and phase of an estimated
transfer function 'n an 25 altéernative approach; the situation is shown

for botHOa FIR faisecand chpett tablor@Mbdtiata teble) W Typrowided veHomsnbistratethelldt frrwar d
for the FI

coti mt ed mielings syl e Breuberulbbferett A Forfredd ot
positioning means PW for accurately positioning the substrate with respect to item PL;
and
- a projection system (“lens’) PL for imaging an irradiated portion of the mask MA

15  onto a target portion C (e.g. comprising one or more dies) of the substrate W.

As here depicted, the apparatus is of a reflective type (i.e. has a reflective mask).
However, in general, it may also be of a transmissive type, for example (with a
transmissive mask). Alternatively, the apparatus may employ another kind of patterning
means, such as a programmable mirror array of a type as referred to above.

20 The source LA (e.g. a laser-produced plasma or a discharge plasma EUV
radiation source) produces a beam of radiation. This beam is fed into an illumination
system (illuminator) IL, either directly or after having traversed conditioning means,
such as a beam expander Ex, for example. The illuminator IL. may comprise adjusting
means AM for setting the outer and/or inner radial extent (commonly referred to as o-

25  outer and c-inner, respectively) of the intensity distribution in the beam. In addition, it
will generally comprise various other components, such as an integrator IN and a
condenser CO. In this way, the beam PB impinging on the mask MA has a desired
uniformity and intensity distribution in its cross-section.

It should be noted with regard to Figure 1 that the source LA may be within the

30  housing of the lithographic projection apparatus (as is often the case when the source
LA 1s amercury lamp, for example), but that it may also be remote from the

lithographic projection apparatus, the radiation beam which it produces being led into



and 29; Figures 30, 31 and 32 are show ng curves which are simlar as the
curves in figures 30 27, 28 and 29, respectively, be it that the filters
used are of a nmuch lower order; Figure 33 shows a circuit architecture
with on-line feedforward estimation. P-1520.010-EP 9 Figure 1 schematically
depicts a lithographic projection apparatus 1 according to a particular
enbodi ment dfl5gkE0iERventi on. The apparatd@ conprises: - a radiation system
Ex, IL, for supplying a projection beam PB of radiation (e.g. 5 EW
radiation with a wavelength of 11-14 nm. In this particular case, the

radi ati on ShsipmranseE.g onrths ed o snigbladirating mirross);Lthis lattar stemasib 100ftact

tabl e (mask table) MI provided wth a mask hql der for. hol ding.,a, .mask MA

(e 0 oot ithe &t Wit Bl 3 5 iR 5B, HHeGHIRG! IO s

accurately eﬂ?&h%&s?'%@l%f{t MBSyt th respect to itemPL; 10 - a second
e (su

obj ect tabl strate table) WI provided with a substrate hol der for
hol di ng a subst ridkedeith(RB gnbsequeatly sttercepts thet msaskidMAnwharhds heldandc rasknect ed

T e oc KM e Bt R L LRl BB TR SRR BE | T ng
an irradi at ¢hipPfdche 1R bdAEPERSo %r%eégo%h@ 8f tha saskraROWt Waith (he @R oF

conprising one or nore dies) of the s trate W As here depicted, the
appar at us i shofecand péditt@ting meangRW((andintdrfsometrie mesuiingmeasdy), th&dowever ,

i |, i be of a t i ssive t f ar. | i th
traner sai vt Bl T tan e vt BERERER s EacB haSlin B ki ki na o
patterni ng JIB&RR-C SU8L R% oA IR A PPB BN L Flafly [ the Erﬁbbﬁﬁoﬂhg ?rbctaMPPl\@cSan be

referred to above. 20 The source LA (e.g. a | aser-produce | asma or a
di schar dé pluasht dEchatal ppdsitiorothe smsk A withosspeebtodhd patimodtherbedive®R B.ozag. Thi s

beam = 1 o B S IO PR RN AP RhRL) d yosaeh, oLl
for exanpl e.geff181, MdvéfchBd Qhe bbjcfBYbIEPRHI, WPE vallbb $4aliR6d with RSaiar b dng-
setting the outer and/or inner radial extent (conmmonly referred to as a
stroke module {coarse positioning) and a short-stroke module (fine positioning), which
are not explicitly depicted in Figure 1. However, in the case of a wafer stepper (as
15  opposed to a step-and-scan apparatus) the mask table MT may just be connected to a
short stroke actuator, or may be fixed. Mask MA and substrate W may be aligned using
mask alignment marks M1, M2 and substrate alignment marks P1, P2.
The depicted apparatus can be used in two different modes:
1. Instep mode, the mask table MT is kept essentially stationary, and an entire mask
20  image is projected in one go (i.e. a single “flash’) onto a target portion C. The substrate
table WT is then shifted in the x and/or y directions so that a different target portion C
can be trradiated by the beam PB; and
2. Inscan mode, essentially the same scenario applies, except that a given target
portion C is not exposed in a single “flash”. Instead, the mask table MT is movable in a
25  given direction (the so-called “scan direction”, e.g. the y direction) with a speed v, so
that the projection beam PB is caused to scan over a mask image; concurrently, the
substrate table WT is simultancously moved in the same or opposite direction at a
speed V = My, in which M is the magnification of the lens PL (typically, M = 1/4 or
1/5). In this manner, a relatively large target portion C can be exposed, without having

30  to compromise on resolution.

Below, the invention will be explained in detail.



25 outer and 6-inner, respectively) of the intensity distribution in the
beam In addition, it w/ll generally conprise various other conponents,
such as an integrator IN and a condenser CO In this way, the beam PB

i mpi nging on the mask MA has a desired wuniformty and intensity

di stribution jn its,cross-section. It shggl d be noted with regard to Figure

1 that the $0ufee TA may be within the housi ng of the |ithographic

proj ection apparatus (as is often the case when the source LA is a nmercury
| anp, for exanple), but that it may al so be renote fromthe |ithographic
proj ecti on gppanNTRODUETION ati on beam which it produces being led into
P- 1520. 010-EP 10 the apparatus (e.g. with the aid of suitable directing
mrrors); this latter scenario is often the case when the source LA is an

exci mer |aser.jjhe QW AiRPmdsP¥@ithafon:apslycl ai ms  enconpass both of these
scenari os. The beam PB subsequently intéercepts the mask MA, which is held

on a mask 5 table MI._ Having traversed the mask MA, the beam PB passes
t hrough t he Thegscyspey ofpasitioningthe gask ard walshitpgesdpiaseely dSPYEENt AN e on C of

e e e el K ot R R
a](c:c ;.II’h at gﬁy, fgegjonsa&@d lasn% mer(?slihr?tpdh) I;ﬂhSchiEIIJ?.ﬂI ad dupipedd inpRiIgDmI\I/l‘ednk if)blbs:gteﬂe Sai h
o e beam PB. Simlarly, .| first positioni mea can. sed to
accuratel y ;s}&tiFﬂ%ﬁ2%Slﬁﬁ%&_ﬁéﬁmlw@hwrtb@ﬁé‘e‘fouaﬂﬁgs+réc PIOYH I FeOUsERTH PB,
Guri ng & SoAm AN ARL INERGOEUMN bbb e T RS SO I B BB A e
realized w MﬁfeﬂtablaiWTptk)getilbmgh as&talferl{\&f),ﬂmdillshoﬂdbamséerpmedtﬁaﬁ)ﬂieng) and a
short-stroke nmodul e (fiﬁe sitioni nt ), \/\@i ch are not explicitly depicted
in Figure 1.y§{ey&yequally ppplicableavifly ths mask 68%t epper (as 15 opposed to a

st ep- andoscwggeé%h@wa)coﬁm a?%ﬁﬂé?ﬁl?@i for M dTBYstd g W D1 £ 9PhRGHed to a

short stroke tuator, or may I xed. Mask MA and substrate Wmay be
al i gned usi rnonplemenkedattyi spfirmene inneuy K gpa\df, conPutem drrsugrenens (et ahowmrivtite mar ks

L e T Sepct e SHELaLUS. g bR el L e, O L ok ok 1
mask 20 i MBaendis cRhMECSerpluliONSE @ehputer§acthgSh 88loperatibAloweritt 0 a target
portion C. The substrate
alternatively, any suitable type of analog and/or digital circuits may be used as well, as
15  will be evident to persons skilled in the art. In that sense, Figure 2 (and the other
architecture Figures described here) only show functional modules that can be
implemented in many different ways. Apart from the wafer stage 12, all of the
components shown in Figure 2, can be thought of as being included in the second
positioning means PW.
20  The control architecture 3 comprises a comparator 16 receiving a position setpoint
signal for the wafer stage 12 and an actual position signal from the wafer stage 12. The
comparator 16 has its output connected to a PID control unit 2 that has its output
connected to a first notch filter 4. The first notch filter 4 outputs a signal to a first adder
unit 6 that has its output connected to a second notch filter 8. The first adder unit 6 also
25  receives a force setpoint signal and adds this to the output of the first notch filter 4. The
force setpoint signal is delivered as output signal from a multiplier unit 14 that
multiplies a received acceleration setpoint signal by a mass my, i.e., the feedforward
mass of the wafer stage 12.
The second notch filter 8 has its output connected to a second adder unit 10. The

30  second adder unit 10 can also receive additional feedforward signals. The second adder



table WI is then shifted in the x and/or y directions so that a different
target portion C can be irradiated by the beam PB; and 2. In scan node,
essentially the same scenario applies, except that a given target portion
Cis not exposed in a single "flash". Instead, the nask table MI is novabl e
ina 25 given direction (the so-called "scan direction", e.g. they
direction) WibEO.H0dBeed v, so that the pidjection beam PB is caused to scan
over a mask image; concurrently, the substrate table WI is simultaneously
noved in the sane or opposite direction at a speed V= M/, in which Mis

t he magni f i amiti [@rounfuts the addition BE it tyeinpat signaldvhsa pdsitiar controborcd 1o théi S
manner, a relgtively |arge, targst portlon C can bf exp ose? wi t hout havi ng
30 to conpr JYAESIaES 208 hinimias hemuitpiyof comaparalos A¢ (1BA coptrollas grmanpl ai ned i n

detail. P-1520.010-EP 11 1 INTRODUCTION 1.1 On-line nmass estimation: why?
The accur acylt isfobpased thehifercpersoas ﬁlaﬂlzd emtéie m;‘ tbe amphitgetyre of Higyrg @iy staghtndent

on the acc f the rren 0 t poi nt
accel erati otf #%gd‘f%ﬁ%ﬁgﬁllfs eﬁ‘ée({ ?los oéla? ‘é\{ é@a‘)staﬁ%rlﬁ&%agrgx (Jgnoneto&e i cted
in Figure 2nehipdsiiodbs£i v@fdrolrehabc&érgmrﬁn%nlmapsﬂaﬂﬁg te‘gl@ﬂomthstuaf@,sta\gtt hout
decoupling, etc. Mreover, it is observed that, below the invention wll

be il | ust r atl@dEsmeciallycvbiletheseipaint aecelgmtion ogualg dhqsecend derivativeaf e t abl e

W, toget her 81"§P$§}¥x@ﬁ fol %’%% o%grd rc?, gHérgtegggyxg[ggﬁﬁ%gﬁﬂilt4r}9§ul%h1§ﬁom a

i nvention i S° applti e mas gure

control archhdwaicnt &aﬁaﬁ@ﬂyaldeal&ematateam deWWBint basitiof. Tieey/PIDEContwpLeigRnt ed by
software in any type of conputer arrangerrent (not shown) in the second

posi t i ?)nl ng thesglese ey takeg gare of yemaiping V@?W@Ff%th&ﬁ@@m&m{%ted&%ri se
a sin co uters acting in co-operation
Howev gr 10 al gﬁlﬁaétd%&/aé?d 8} g%%‘é‘hﬁlﬁ‘{)f@?‘ppe of anal og and/ or gl gital

circuits mﬂtﬁ@hé&@db@ﬁvé&&hhbth@&mﬁﬁﬁw trorltRhevbalgeutpudoPengrstos kb)lis ed i n
the art. In that sense, gure 2 (and the other architecture Fi gures
descri bed héile@;nd@nutgp@ﬁwm 19 ef th@n'éaferrﬁswlésthewaqor@alﬁra@ém thegprsesidee i n

many differepy op&iting fbé%%l'f NotPfat Q&ec\fyﬁ]glﬁ{g @Eﬁgglaﬁ&ngﬂh!ﬂrﬁf thtapﬁlcorporatcs

all gain effects like the mass, amplifier gain, motor constant (of an actuator, not shown,

15  to translate the wafer stage 12), etc., is calibrated only in the centre of the operating
region. The feedforward mass my, as depicted in Figure 2, together with the
accompanying delay correction, is also calibrated in the centre of the operating region.
One possible explanation of the position-dependent behaviour lies in a changing 'gain’
of the physical wafer stage 12, caused by one of the above-mentioned effects: mass,

20  amplifier gain, motor force constant. Here, on-line mass estimation is proposed as a
method to compensate for this effect. Besides position-dependence, other time-varying
effects are countered as well, like ageing of components (amplifier, motor of actuator,
etc.), or changed behaviour due to heating of components (amplifiers, motors). Also,

variations in the mass of the substrates that are subsequently exposed are countered.

25 1.2 On-line mass estimation: basic principle

The basic idea of on-line mass estimation is to continuously estimate the mass of the
wafer stage 12 from the wafer stage input force and the resulting position change, i.e.,
from the output signals from the second adder unit 10 and the wafer stage 12. The
estimated mass is used to modify the feedforward coefficient m as used in the

30  multiplier 14. If the estimation is fast enough, position-dependent behaviour can be

captured.



conponents shown in Figure 2, can be thought of as being included in the
second positioning neans PW 20 The control architecture 3 conprises a
conparator 16 receiving a position setpoint signal for the wafer stage 12
and an actual position signal fromthe wafer stage 12. The conparator 16
has its output connected to a PID control _unit 2 that has its out put
connect ed t 8 224 90E notch filter 4. Theldirst notch filter 4 out puts a
signal to a first adder wunit 6 that has its output connected to a second
notch filter 8 The first adder unit 6 also 25 receives a faorce setpoint

si gnal and a%de thahnet andy theevafen phage rodssihestimatask bus el @ppects thatrinfuercaghe f or ce
setpoint signal.is.delivered as t.put . si.gnal fro nul.tinlie nit 14
Chat i 1 aAPEod B aler i Fbuf il i pe AR eyt o Naldda £
i.e., the faogdfsucuaednlyie Feclforwaed Waldfisted! auethd dontidiRr %@iﬁqgﬁﬂlﬁicﬁﬂlgfeﬂl ter
8 has its output connected to a second adder unit 10. The 30 second adder
unit 10 can thg wgtabiterisleisgaaimisehal f eedf orward signals. The second adder

P- 1520. 010- ER. i . ifion of | i jgnals as a
position ch on hrI %&Cmeéte&%(%ﬂt’%gﬂé ﬁv\}él%%%ng}qgg}é d%grf 8“"{;‘#’%."’%@8 aﬁ(lgiégsléﬁ%’ put of
conparator 16 (the controller error). It is observed that, for persons
skilled in the art, the architecture of Figure 2 is straight forward to
control both a desired position of the wafer stage 12 and a translation to
a 5 new position via a controlled acceleration in an XY operating region of
the wafer stage 12. Especially, while the setpoint acceleration equals the
second derivative of the setpoint position, the feedforward force
generated by nmultiplier unit 14 results in a novenent that already closely
mat ches the setpoint position. The PID control unit 2 therefore only takes
care of remaining deviations between the actual wafer stage path 10 and
that dictated by its setpoint position. It has been observed that the
controller error behaviour (output of conmparator 16) is dependent on the
position of the wafer stage 12: the error is larger in the corners of the
XY operating region. Note that a decoupling (gainbalancing) matrix, that
incorporates all gain effects |ike the nass, anplifier gain, notor
constant (of an actuator, not shown, 15 to translate the wafer stage 12),
etc., is calibrated only in the centre of the operating



region. The feedforward mass mf, as depicted in Figure 2, together with
the acconpanying delay correction, is also calibrated in the centre of the
operating region. One possible explanation of the position-dependent

behavi our lies in a changing gain" of the physical wafer stage 12, caused
by one of the above-nentioned effects: mass, 20 anplifier gain, notor force
const ant. H&rle20.8A-EPIi ne mass estinmation 14 proposed as a nethod to
conpensate for this effect. Besides position-dependence, other tine-varying
effects are countered as well, |ike ageing of conponents (anplifier, notor
of actuator,, etgo k. L.ogur due to heating of conponents
(anplifiers? no6§¥éﬂPﬂi?@§§9E@i??@?fﬁﬂg in the mass of the substrates that
are subsequentl|ly exposed are countered. 25 1.2 On-line nmass estimation:
basic principle_ The basjc idea of on-line nmass estinmation is to
continuously e¥li mABHEFtHESs of the wafer stage 12 fromthe wafer stage
I nput force and the resulting position change, i.e., fromthe output

si gnal s fromikcbasis athitectaddef the dntlink@swmatidracoalieg toshagsredtion ERown in
estimated mass is used to nodify the feedforward coefficient mf as used in
the 30 nul t ifagyred. IndFigure 3; Hhe sanieirpigransp nieRrlicas 1B Figwh2 refestiorthe pade pendent

ctage mds. comparsRERh i fon [y gl hasey M TuhcR s IR0 BRLACAPS ' T

wafer stage ouffutibighdls iffom thdiseesndatéer ungtl 10dmd thewhiee stage 1 2ras inpat sifledle al so
that, because only the feedforward is adjusted, and the controller gainis
| eft unchandem thaseanpus siganks) it 3lcylpisk amassesimation 1203l my; thayis oytpdhto the
descri bes t%ﬁﬂqﬁﬁ& gsti mat i on design, conplications and results.

P- 1520. 010- é ON- LI NE MASS ESTI MATION 2.1 Architecture The basic

ar chi t ect ur gt @fobtdireedhal, belewe fitvittetiel aesunesichatdhe hasOestiieation wentli8aeceives shown
in Figure 3. In Figure 3, the sane reference pnunerals as in Figure refer

to the d8ne 28 iemipEAekasdo Prsitiguaditrgly fremEhgipter Qt,ageal%éi%‘v%vﬁsi%%tﬁmasﬁe%&m t
18 is used thal egtﬁﬁﬁ!fgl%ntftemﬁf}gglggg irfHuGghats HoRf b REwRPEPAtiecA AR e 1 ¢ 10

and the waf ér stage as i np
comparator 16 or PID unit 2, to calculate the mass estimation meg.

Now, the calculations made by the 'mass estimation’ unit 18 will be explained.
The main idea is to estimate the mass from the relation:
15 F=m-a

The force F is generated by the controller, and is hence already available as output
signal from second adder unit 10. The actual acceleration a, however, must be
deducted from the actual position signal x received from the wafer stage 12, e.g., using

a digital double differentiator 22 (Figure 4):

20 a=122
Ty
This double differentiator 22, however, suffers from 1 sample delay, which causes the
force F to be one sample advanced with respect to acceleration a . For this reason, F
must be delayed 1 sample as well. In addition, the force that is actuated will stay on an
output of a Digital Analog Converter (not shown) for one sample, introducing another
25 0.5 sample delay. Further, the Input Output delay (calculation time of the motion
controller computer) influences the time shift between the force and the acceleration.

For this reason, the force must be delayed by a total of 2.35 samples (determined from



From those input signals, it calculates a nmass estimation signal nest that
is output to the multiplier 14. It is observed that, below, it wll be
assurmed that the mass estimation unit 18 receives 10 an input signal as to
position x directly fromthe wafer stage 12. However, alternatively, nass
estimation unit 18 may receive input signals fromthe output of other
units, e.g. F-1¢YHpEPator 16 or PID unit 23 to calculate the mass estination
m,,. Now, the calculations made by the' nmass estimtion' unit 18 will be
explained. The main idea is to estimate the mass fromthe relation: 15
F=ma The fommmsieimsntyenenachdl fHpteneTe that exd, laale]ayamdt 30sis mgraiaced, seady

avail able a out ut signal fromsecond adder unit 10. The actual
acceleratio %‘ owever, nust be deduct ed fromthe actual position signal

X recelvedfromthe wafer stage 12 ng a digital double

di f f er ent i atlde least-gquagpsaethod is used @o%sama@ t,hens@s& dn E?ﬂeéald@ﬁﬁ?f’ét squares

differentia f | t he

force F to g@ét%@ndgesggﬁ Y&é%%%%%ggﬁvﬁ\}otdﬁpé?e‘é%ggﬁ tognﬁgjc%ée nea\‘"fl-ll %#%% r& this

reason, s ERCCRL BRI SrpAIBrEraAS (NELdimhd A F Ofhic Bfuafsahee that s

act uat ed Wi :'qil s% ayeon an “'S ot g{;tlgl Anal og Con\}(erftgla (not shown)

for one sarrmh@summhcmhmmmgnmmhb@bytlﬁb&sﬁm?atcdammlsendeI ay. Further, the

| nput Qut put delay (calculation time of the notion controller conputer)

i nfluences the ty IIEa_S{Iift bet ween the force and the acceleration. For this
S

reason, the force nu be del ayed by a total of 2.35 sarrpl es (determ ned
from P-1520. 010- EP 15 neasurenents on an actual system. To that, end, a

del ay unit Jdeiestimpied derae dd is subiracteq fgmethg actuplforcesio sengratean ebimasan s
used to estlg%};e the mass. In general, the | east-squares nethod estinates
paranmeters of a nodel of which the output is linear in its paraneters. 5 In
this case, the nodel .si rrply generat es the estimated force F, which equals
t he 10’ e=F-F=F-

This estimation error e is one of the variables used by the least-squares method to
create its mass estimation # (see following paragraph). The resulting block diagram is
shown in Figure 4 which shows the double differentiator 22 receiving the actual
position signal from the wafer stage 12 and outputting acceleration @ to a multplier 24

15  that multiplies acceleration a by the estimated mass m .

2.2 Least-squares estimation

In general, the least-squares method is a method to estimate parameters from

input/output data. Here, only the recursive least-squares method is described because at

each sample, a new estimation must be generated. This is in contrast with the situation
20  where all data 1s available beforehand, and an estimation has to be made only once.

A model output is generated that is the multiplication of a 'signal vector' @ and the

previously estimated parameter vector & :

k)= 67 (k - Yoolk).
The difference between the real output y{k) and the estimated output j(k) serves as
25  estimation error: e(k)= y(k)- (k). This estimation error e(k) is used to update the

estimated parameter vector:

6(k)=6(k - 1)+ T(k)o(k)elk)



nmeasured acceleration nultiplied by the estimated mass m: P = a The
estimated force P is subtracted fromthe actual force F to generate an
estimation error e: 10 e=F-F=F-ma This estimation error e is one of the
vari abl es used by the | east-squares nmethod to create its nmass estinmation m
(see foll owi ng paragraph). The resulting block diagramis shown in Figure
4 whi ch showsisedmogeubl e differentiator 28 receiving the actual position
signal fromthe wafer stage 12 and outputting acceleration a to a nmultplier
24 15 that multiplies acceleration a by the estimated mass m. 2.2

Least - squar gferg hé Bdpt&tbn GaidpAehAT istupaate@ abdrysamplees method is a nethod
to estimate paraneters from input/output data. Here, only the recursive

| east - squares nmethod ts desqrj bad e . each sanple, a new estimation
must be gener at qdk):‘thLlS(kL@-i ' the situation 20 where all data
i s avail abl e beforehdnd, and ahodéililhabe as to be made only once. A

nodel output is generated that is the multiplication of a 'signal vector'
co and the wHeeyi ously Bl Retopakamitasr begsbpr 8 @ y(k) = B T (k -1)a
(k) . The difference between the real output y(k) and the estinated output
y(k) serves as 25 estimation error: e(k) = y(k) - y(k). This estimation
error e(k) is used to update the estinmated paraneter vector: B(k) = 9(k

-1) + JF(k Kk - 1520. 010-EP _16.Here. fhe ' adaptat;j N trix" r

5 updiat 30 doiesld pfind R Rtlidiop b8 i e Bro IR naPlERRE b BRI ABRLOR

(k) r (k- 1) W( kefutems esdule o schidf g@ldiiong factor” (see further below) 5 In the

case of the nmass estimation as in the previous paragraph, all of the above

equati ons reducey@p:pmil ar equations: y(k) = F(k)
)=tk ~1yalk)
olk) = alk)
(k) = m{k)
elk) = ylk) - plk}= Flk)~ ik ~Dalk)
_1 Ik ~Do(k)o” () -1)
L = rvon
g oy k-1’ (k)
_I{r(k ) ;L+r(k—1)a2(k)]
. Tlk-1)
T A+ a2 (R)r(k-1)

ey

ik} = mlk - 1)+ D& Ja(k Y F (k) - ik - Da(k)]
Hence, in each sample, the following steps are taken:

1. Determine the current value of the signal vector w(k). In the case of mass

10 estimation, this equals the current value of the acceleration a(k).

2. Determine the model output, based on the previous estimation of the parameter
vector: 8(k —1) and the current signal vector w(k). In the case of the mass

estimation, this equals the product of the previous mass estimate and the current

value of the measured acceleration.

15 3.From the model output, and the actual output (in the case of the mass estimation:

the current value of the force), the estimation error e(k) can be calculated.



y(k) =rh(k -1)a(k) wk) = a(k) B(k) = nm(k) e(k) =y(k) - y(k) = F(k) -
rh(k -1)a(k) r(k) =1 r(k-1) r(k-1) (K)w(k)r(k-1) A A + €O (k)r(k 1)0(k)
=1 [r(k - i)- r2(k-1)a2(k) A+F(k_1)a2(k) _ r(k --1) A+a2(k)r(k-1) m(k)=

rh(k --1)+ r(k)a(kXF(k)- rh(k -1)a(k)] Hence, in each sanple, the

followi ng steps are taken: 1. Determne the current value of the signal
vect or w k) P-I5p0Q18&Pcase of nmass 10 estiPation, this equals the current
val ue of the acceleration a(k). 2. Determ ne the nodel output, based on the
previous estimation of the paranmeter vector: B(k -1) and the current
signal vector #he.adiptatidieggnamtdd T{d)es caladate@ ssihgeiec aboyve tdRusi®ogmqmbton. he
product of the previous nmass estimate and the current value of the

measur ed accel brthe icase.of e Bassrastimatiore whstednly one paramster is ¢stinmtady giis @t put
(in the case of }he mass estimation: the current value of the force), the
estimation err ¥ %EEYNOLn be cal cul ated. P-1520.010-EP 17 4. The adaptation

gain matrix F(k) is calcul ated usin&ﬁ;he above, recursi gn,equati on In the
(Jeth

case of the madJheparamaterastimaieds Bpdaed D wing Etanwlid anf ¢ wrodices i s i s

a scalar equation. 5. The paraneter estimate is updated by using r(k),
co(k) and e(k)MCHHASS fﬁ‘&ﬂi%es a 5 new mass estimate. The paraneter A
denotes the 'forgetting factor'. If 1, the_ recursive ]| east-squares

oy e
met hod pr od JdEPEEN d@ﬁ@e%ﬁ]ﬁéfoa%t&&flag@r'tﬁ#é 15 dnthe Sy S EagSANEH. Thi s
means that .n@ah&%%gg%egfexyaﬂ%g§aa% bltpRGsRELHMERIURATE VENI&h. At ShethstRIY

period of tine.
no parameter updates will be produced any more after a long period of time. To keep

the method adapting the estimates, a value slightly below 1 should be chosen. In
10 practice, a value of 0.995 appears to be fine. A larger value slows down the estimation,

a smaller value introduces noise in the estimation.

Note that in the case of estimating other parameters than the mass, only the definition

of the signal vector and the parameter vector need to be changed.

Note also that when more parameters are estimated, the numerical complexity increases

15  quadratically because matrix calculations are involved.

2.3 Offset removal

A complication that developed early is the presence of offset on the control force. This
is introduced by DACs, amplifiers, or even a tilted stone introducing a gravity
component. While the acceleration is zero, still some force value is 'actuated'. If no

20  other forces are present, the estimator interprets this effect as an infinite mass because

the control force results in zero acceleration.

One possibility to tackle this is to estimate the offset as a second parameter. For this,
the controller can be provided with an offset estimator which estimates the offset such
that the estimated offset can for example subsequently be subtracted from the total

25  mass estimation. However, this strategy does not work properly because due to the
excitation format (the acceleration profile has relatively long periods of constant
acceleration), the least-squares method cannot properly distinguish between offset and
mass. In other words, the offset estimation actually results in disturbance of the mass

estimation.



t he met hod adapting the estimates, a value slightly below 1 should be
chosen. In 10 practice, a value of 0.995 appears to be fine. A larger val ue
sl ows down the estimation, a smaller value introduces noise in the
estimation. Note that in the case of estimating other paraneters than the
mass, only the definition of the signal vector and the paraneter vector
need to be EHafB&EPNote al so that when hbre paraneters are estimated, the
nunerical conplexity increases 15 quadratically because nmatrix

cal cul ations are involved. 2.3 Ofset renoval A conplication that devel oped
early is th&opthiswasam, @ﬁll@plelsse)ﬂutm is plosewrhotiotheragiuged foxeegnd the i nt r oduced

component - Wit LEETh igh P Bl Fora B AP Pl ek

‘actuated' . Hi Fifared sdvittthe rBS 51 MEndds 8silitiontin theasiidingl siation] &idhet s
this effect as an infinite mass because the control force results in zero

accel er at i osffecneof pidws hpying ey additipad loffsetastimatien evhighppsefiléers.he of f set as a
second paraneter. For this, the controller can be provided with an offset
esti mat of Wi can bestemtibeif theeffeef fsamt taker mto advaunt, the estimatedtmassaf § set can

for exanple subse uent, | subtracted fro to 5 stimation.
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constant a e | east-squared nethod cannot properly
di sti ngui sh niwe wWestheotht o€fsctan dstimatsd alsé,or thatdgh-possdeters are ueéd. SEwevst,i mat i on

actuallyresultsmd st urbance of t .~ P-1520A10- EP 18
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the acqgl ert@grétgfbﬁ%per;métered by a high-pass filter. For a start, the tine
constant is set at Hz. Figure 5 shows the results of the mass estl mat i on
in the original S|tuat|on and the effects of either having an additi onal
of fset estimatpgn orpepg,glgnp@@;;ta{lbﬁters 51t can be seen that if the offset

s not taken into account, the estimated nmass at a position around y--+
150 mmis aproxwratel 22. 62 whi [ e the estlmated mass .at IS
about 22. 47 H gre ﬁrﬁh%wéweyn@sa@g@ﬁfﬁqtﬁé%m ardischpped 1R heRIEvIQySP %@aﬁh;‘m

can be seen that, for example during the acceleration phase from 2.1 to 2.2 sec, both the
mass and the offset are adjusted. This is caused by the fact that in the constant-

15  acceleration region, the least-squares estimator cannot distinguish between an offset
and a gain (both a higher offset and a higher mass could be the cause for a required
higher force). This is a typical example of a too low 'persistent excitation', which more
or less means that there is not enough frequency content in the signals to create a

correct parameter update,

20 A similar problem exists during the constant-velocity phase, wherein the nominal
controller force is zero, and so is the stage acceleration. In such a region, noise is the
main contributor to the signal contents. The least-squares method reacts to such a
condition by increasing its adaptation gain T'. To avoid T to get out of bound,
adaptation is switched off when the setpoint acceleration becomes zero. Another

25  alternative would be to limit the trace of I .

Note that the requirement on persistent excitation becomes more severe when the
number of parameters increases (which, again, is clearly illustrated with the offset

estimation example).



nore if either the offset is estimated al so, or the high-pass filters are
used. However, the high-pass filter solution gets less disturbed in the
jerk' phase of the setpoint, and is 10 therefore preferable. 2.4
Persistent excitation Figure 6 shows the mass and of fset estimation as

di scussed in the previous paragraph. It can be seen that, for exanple
during the XJEXYEPEPi on phase from2.1 td92.2 see, both the mass and the
of fset are adjusted. This is caused by the fact that in the constant 15
accel eration region, the | east-squares estimtor cannot distinguish between
an of fset and2.& gaResgboth a hi gher offset and a higher mass could be the
cause for a required hi gher force). This is a typical exanple of a too | ow
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nom nal controller force is zero, and so js . the stage acceleration. In
such a regi @6SCIbEs SaMe tesyiewhemihg meash Extinaiios s made F\‘él‘@llﬁﬁéﬁ fegdfareids. The

| east -squares nmethod reacts to such a condition by increasing its
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(which, again, is clearly illustrated wth the offset estination exanple).
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t he masgpestilBBinmwhite (R8¢ RhAsHE Mﬂhb@ldtl‘ls?arf)@ﬁﬂimw}ﬁﬁﬂ 5 Figure 7 shows an
exanpl e, obtained by repeatedly noving the wafer stage in Y direction from

-150 to +15Q"h@% Rshdacks Flgﬁk‘g ﬂh@% tlﬁats%f'\to MdrhwitheR Maskatdinpatioaccel eration

phases: one to ecel erate ms to zero velocity, one to accelerate
feedforward. It can be seen that at the left side of the plot the peak error is about 62 nm,

while at the right side the error is about 44 nm. Hence, the controller error is position-

dependent, and is smaller at Y=-150 mm.

15 It can be seen that at the end of the 2™ negative acceleration phase (around t=1.53 sec),
the servo error obtained with and without mass-estimation feedforward (middle
window and upper window of Figure 7, respectively) is the same. Strikingly, at this
point the mass estimation roughly equals the nominal value (bottom window of Figure
7). At the right side of the plot, the mass estimation increases during the two positive

20  acceleration phases. It can be seen that also the servo error increases to the original

value of 65 nm.

When further inspecting the plots of Figure 7, it becomes obvious that the servo error is
smaller when the estimated mass is smaller, and hence a smaller acceleration
feedforward is present. At the right side of the plot, it is advantageous to use the

25 nominal value, because the mass estimation produces a 20 g higher mass feedforward.
In areas where the mass estimation is smaller than nominal, the servo error 1s smaller
when using this estimated mass. The main conclusion here is that the usage of the
nominal mass in the feedforward is not optimal: a slightly smaller value improves the

SCrvo error.



to -0.9 nls. The end of the plot shows the deceleration to zero again,

foll owed by acceleration to positive velocity. This inplies that the
‘left' side of the plot lies around 10 +150 nm while the right side of the
plot is around -150 nm The top wi ndow of Figure 7 shows the servo error

w t hout mass-estimation feedforward. It can be seen that at the left side
of the pl ot ptisz.ge&kR error is about 62 npp while at the right side the
error is about 44 nm Hence, the controller error is position- dependent,
and is smaller at Y=150 mm 15 It can be seen that at the end of the 2d

negative accel gpati QmpPO@sg mis stiMation bP 3sthRating nidi€ pagimetes r or obt ai ned
with and without nmass-estination feedforward (m ddle vm ndow and upper

wi ndow of Figure 7. pecti vel IS t ame._ Stri at t poi nt
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during the two posSitive accel eration phases. It can be seen that also

t he servo enrgfor axamhes&m abeerich®f @cllogntmﬁdedfovwhrden tiic @mtmohlooph@thef ur t her

i nspecting the plots of Figure 7 ecorres obvi t hat {he servo error
o Poml or ol e aukiGalhes v ascrrigy ufshim (i iaitobiothyal | er o
accel erat i Ofe keGP qf]&a]gsgln%ce ?A&lsfsfrsr &lgﬂmanﬁ dsdR vRfocktPSe A, 11 1S
advant ageous To Use t nom because the nass estimation
produces a 2fayy thd e}hﬁmtoré;sshéséddiﬂmsmaﬁfms intonthameas estinpatont he mass
estimation is smaller than nomnal, the servo error is smaller when using

this esti matmechedis &hethBethigs ﬁctﬁﬁmﬁihu%hswccﬁﬁblﬁam(ﬁlstdfabtlﬁlﬁl&ms&@@ete@fedt he
nomi nal mass in the feedforward is not optimal: a slightly smaller value

i nproves t haisingdhe @peYeuput tracesolshe prvigns paragraghy npr ovi ng mass estimation
by estimating nore paraneters The drift-|i ke behaviour in mass estimation
during tlle acctlMasaestonatpirady coul d be caused by the fact that other

di sturbances influence the nass estinmation. Candidates are, for exanple,

t he absence of 2. Btimatibly of mask mdwaladity fieddf@wanht rol [ oop. OQther 5 candi dates
are jerk (derivative of acceleration) and snap (derivative of jerk)

feedforward. Beggusatis®ofMERESHSBEIPdGEikSesdtbarardi St ur bances in velocity,
jerk and

4, Estimation of mass, velocity, jerk and snap feedforward
To be able to estimate more parameters, the signal vector and parameter vector need to
15  be extended. For this purpose, jerk, snap and velocity must be created by gradual
differentiation of the position of the wafer stage 12. Because each digital differentiation
introduces 0.5 samples delay, the various signals must be delayed such that at the end
they all have the same delay. The delay in the force signal must match this total delay.
Figure 8 shows the creation of the signal vector and the place of the respective

20  parameters d, m, e and g, where:

d = a velocity coefficient;
m = mass;

e = a jerk coefficient;

£ = a snap coefficient.

25  Figure 8 shows a first differentiator 28, a second differentiator 30, a third differentiator
32, and a fourth differentiator 34 connected in series. An actual position signal is
received from the wafer stage 12 and input to the first differentiator 28. Thus, an actual
velocity signal, an actual acceleration signal, an actual jerk signal and an actual snap

signal, respectively, are present at the outputs of the first differentiator 28, the second



snap, the estimator 'pushes' all these effects into the nass estimation. To
check whether this is actually the case, conbinations of estinations were
tested wusing the input/output traces of the previous paragraph: 10 1. Mass
estimation only 2. Estimation of nmass and velocity feedforward 3.
Estimati on of mass, velocity and jerk feedforward 4. Estimation of nass,

vel ocity, j&rR2AMNGEnap feedforward To bélable to estimte nore parameters,
t he signal vector and paraneter vector need to 15 be extended. For this
purpose, jerk, snap and vel ocity must be created by gradual differentiation
of the positdi ﬁemiat@m,mtéhdﬁifégentmrﬁemt@e ferdndidfiergintiator @45 f er ent i ati on
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coefficient. 25 Figure 8 shows a first differentiator 28, a second

di f f er enfi athyronggimeparipdrty axalaermindg. Jiheactuabierkasignad is wultiplied by eetiaated at or
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an actual snap signal, Tespectively,” are present at the outputs of the

first differgetdugiueg ofdle délag usecon)A6PSAaDofGhO minRiplikr d hfecshennitaboad®d, t he
third differentiator 32, and the fourth differentiator 34,  respectively.
The actual \WadderynitsiSgndd. Sodo gender w1 ssbianatgd forae signabty POIgeanu¥r £ i ci ent
dinmltiplier 36 and then del ayed by 1,5 time period by a delay unit 44.
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The fact that jerk and snap feedforwards could be required stems from the fact that the
process is not only represented by a mass but also has higher-order dynamics. A first
possibility is that the process is described by a mass plus one resonance frequency,

15  yielding the following equation for 2 movement x of the wafer stage 12 as a reaction to

a force F:

x 1 1 _ 1
F  ms® (V)sz+(y)s+l gs* +es® + ms?
m m

Adding a friction term yields:

x 1
Foogstves® +ms? +ds

20  The correct feedforward for such a process would look like:
F={gs* +es® + ms* +ds)xSPG
Where: xsp;; = the setpoint position as generated by the setpoint position generator,

In addition to the acceleration feedforward (ms?), the velocity (ds), jerk (es’) and snap

(gs*) feedforwards are clearly recognised.

25  Figure 9 shows the mass estimation result under the conditions mentioned above. When
only the mass m is estimated, the typical rise in mass during the acceleration phase is

observed. If the velocity coefficient d is adjusted as well, the mass estimation becomes



jerk coefficient a in nultiplier 40 and delayed by 0,5 tinme period by a
delay unit 50. The actual snap signal is nultiplied by estimted snap
coefficient g in multiplier 42. The outputs of the delay units 44, 46, 50
and of the nultiplier 42 are shown to be added by adder units 52, 54, 56
to render an estimated force signal to subtraction unit 26. 10 Note that

t he esti mat &d5gHaHEt ers need not all be2%sed in the feedforward, but coul d
have the only goal of naking the nass estinmation nore stable. The fact that
jerk and snap feedforwards could be required stenms fromthe fact that the
process is rsomewhhtymompstmke The dhasy estinmi®a nowt dreftsstowaeards dirarg-the der

dynam cs. A first I bi that . the process i.s des r.i be a nmass
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/' s2 +(7 3 +ns2 Adding a tiron termyield

gs4+es3+ns 2-edsmatipnlteeomes theahodt emtifeor war d f or such a process mnuld | ook
like: F=(gs4 +es3 +ns2 +ds)xsPG Where: xsPG = the setpoint position as
gener at ed b)Fl%Lh@ 16 b4 thie eRRBhGOSY Jlefaer pirdbietetsnItadal bk isedh that dspetially the

acceleration feedforward (nsl), the velocity (ds), jerk (es3) and snap
(gs4) feedf @nmach@stwt@blwt@aﬂleﬁ Nééragbﬂtéwthg@ammﬁ@ are 'drdihed Hunnpgths
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estimation becones P-1520.010-EP 22 sonewhat nore stable. The mass
estimation wewlfigiant mearolipkdsanstagiforesgs raguired duang: they ¢tk phasgs gihich is also

addi ti o | co t
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Now, a test was performed, as follows. In three different X positions (-150 mm, 0,
+150 mm), repeated Y-movements of +/— 150 mm were performed. During each
acceleration/deceleration part, the estimated mass (when using the combined

15 velocity/mass/jerk/snap estimation as described above) is recorded by using the average
of the last 100 points (20 msec) at the end of each acceleration/deceleration part (hence,
before the jerk phase starts!). This yields an ‘estimated mass' at six points within the
wafer stage field. The estimated mass is summarised in the following tables. Note that

the nominal mass, as calibrated in the feedforward calibration, equals 22.667 kg.

20  Table 1: Estimated mass when velocity, acceleration, jerk & snap feedforwards are

also estimated

Y X | -150 mm 0 +150 mm

-150 mm 22.662 22.654 22.657

+150 mm | 22.682 22.675 22.675




5 Figure 10 shows the estinmation of all four parameters. It can be seen
that especially the snap adjusts stably to 2.7e-7 Ns3/m but the other
paranmeters are 'disturbed during the jerk phase. Also, the jerk
coefficient was expected to be zero because no tine | ag between the
measured accel eration and force should be present any nore (a jerk

coef fici ent Paedh®l0tBfat a constant force B3 required during the jerk phase,
which is also 10 the case when the acceleration feedforward timng is not
correct; hence the presence of jerk feedforward indicates a timng

probl em) . NdWple? tBsainatabmpardienonl, thamakolslesimatelin three different X
positions (-150 nm O, +150 mm, repeated Y-novenents of +/- 150 mm were
per f or med. rmng &afhysemug! er af pon/ decel erpi{gymaart, the estimted nass
(when using the corrb ned 15 vel ogcity/ mass/| erk/snap estipation as descri bed
above) is r by g the # g Of T00| points (20 nsec)
at the end ;]gg a,%gﬁyfatlon/ jg%é eration par§ (hence, before the jerk
phase st artst)- Th:s"'ﬂ' s—an—pstated—+a St ints within the
waf er stage 1,50 rm T122§2€| mat ed Zr%téggl s surm%?' ?g%d in the fol | ow ng

tabl es. Notle_ that the nom nal as calibrated._in the feedforward

cali bration, equals 22.667 kg. 20 Tabl e 1. Estimated mass when vel ocity,
acceleration, jerk & snap feedforwards are also estimated Y X-150 nmD+150
mm - 150 mmR4n @l 22gowthetR2theTéntrdI%d eno? Lartds D2Bveen 3D2n0 B9 nth ¥h20n010- EP 23

Tabl e 2: Estjnated mass when, only t mass i s estimted Y. X-150 mMmD+150 nm
-150 mP2. 6 7agowrd JB%‘W%@G’%‘%W%@@QE“B@S EgH ?1ﬁp%‘3|1‘|1°’92 itions, the

controll er %éd?&rvoﬁ@&h% R 148 ifihed BA. mlmwﬁ 2P be bamdharafed
adj ustnment is perforrre The error is 60 nmin all positions when 5
f eedf orwar d mnewhemahe SaTvVe errenis thehmachepthe estimatad hms@ matchenthemongeadn t hat

at the

mass. In the locations where the servo error is smaller when no feedforward adjustment
takes place, the estimated mass is higher, and hence the original feedforward is actually
smaller than required. Evidently, a slightly (20 g) too small acceleration feedforward by

10  itself reduces the servo error.

2.7 Combination with snap feedforward

Estimating many parameters simultaneously may not be the perfect solution for all

situations for various reasons:
1. Matrix calculations (T !) become complicated and use a lot of calculation time.

15 2. The excitation must be persistent enough, which differs with the signal type: the
mass (=acceleration feedforward) should be estimated only when the acceleration is
sufficiently large, therefore the estimation is switched off when the acceleration
setpoint is smaller than some value. However, the jerk feedforward estimation
requires a sufficient jerk, the snap estimation requires a sufficient snap, and the

20 velocity feedforward estimation requires a sufficient velocity. Hence, the estimation
of the different parameters should be switched on during different phases of the

trajectory, which is impossible when using the least-squares method.

3.Not all parameters may be time-varying, focus should be placed on those

parameters that change.

25  On the other hand, as observed in the previous paragraphs, the mass estimation appears

to be disturbed by the fact that the process not only consists of a mass but also includes



positions where the servo error is the sane, the estinmted nmass matches the
nomnal mass. In the |ocations where the servo error is smaller when no
feedf orward adjustnent takes place, the estinmated mass is higher, and
hence the original feedforward is actually smaller than required.
Evidently, a slightly (20 g) too snmall acceleration feedforward by 10
itself redudeks2@¥@Eervo error. 2.7 ConbRAation with snap feedforward
Estimati ng nmany paraneters sinultaneously nmay not be the perfect solution
for all situations for various reasons: 1. Matrix calculations (T !)
beconme conplhigirt-@adeardgnamies thdnot thefestimbiion affthe othict Bparairietéls). Asunsixg itiieat i on

t b i st ent h, which djf th th | t oot
(Saccel ef at o fReuioPoRHIRkes 2405 GnaBBeTea i PGS T Aemea R cacbemarat | on
is suffici %@arh]xtto!r Afa nw%%%pﬁ.se%tédhs SRt fo?& Ihﬁ'ﬁo\ﬁ’mt &Qﬁ@?ﬁgn&{fe% the

accel eration oI nt than sone va

f eedf or war d shewh imFigare 11 efereniesadiles UO foceivend firehek ln;ﬁihagﬁﬂ&’fbr@amum{bhe@ n
requires a sufficient snap, and the 20 velocity feedforward estinmation
requi resda 9% Themafpligep ermltyph%rt@féwqdweamm%&ﬁlw by fegddoryyard enapnt

paranet er s ng Cﬂen:?gmfmetrﬁﬂ@gftﬂﬂat rBlQ@k & ﬁ{»ﬁé&?ﬁe? ?&%é Sl%;‘laltf?r(&? the

trajectory, 0SSI en usin eas hod. 3. Not

al | paranet empuﬁabe&htz' lﬁtack/&me achuding tie sah;otﬂedfobeandl cmqﬂmemt fidinse
par anmeters that, change. On the other hand, as observed in the previous
par agr aphs, MHEPLEGSS. B§‘§quﬁﬁfheéﬁalh&ﬁémafdt@ff}?@n%@tth‘?B’é& W“@H\écsfoié]ile t hat

the process Jy s? ) the Hl%héﬁﬁ i@eedst Ec;tc%}au%biﬁ%'tﬂécﬁéﬁ%g lotehe2 b bédfy- EP 24

hlgher-order ehce The es on o ers).
Assum ngot heescﬁma‘mesif orward takes away the hi gher-order dynamcs from
t he nechanics, the mass estimator should now be connected to the control

force mnus IEH&%FIWB %ﬂ’é’f?@lﬂtﬁi‘brahﬂﬁnmﬁé’s\(ﬂls Mgk 9 sBowd theehfolidteraedder 10
receives a further |nput signal froma nmultiplier 5 58. The nultiplier 58

mul tiplies amﬂméambwthrsa@ teedfoovard, whidmthe nings estineatipinds ewitchedragp This
coefficient e. nmass, est i bI ock 18 now receives a force signal

J& stT atign. 18 gh rgl?:itlo
fromthe 35§ estynatigsy i3 ghoviy .e. excluding the snap feedforward

conmponent from . .
It can be seen that the mass estimation is not influenced by the presence of snap

15 feedforward. The snap feedforward in this particular test by itself reduces the servo

error about a factor of 2 (from 60 to 30 nm peak).

2.8 Again: offset removal

Inspecting the controller output, it was observed that the required output in standstill
differed as much as 0.4 N in the extreme Y-positions. Note that the high-pass filters

20 that should remove the offset were at a frequency of 1 Hz, while a complete move only
takes about 0.32 sec. Hence, the high-pass filters may be set at a too low frequency. To
test this, an experiment was performed by using a 10 Hz comer frequency for the high-
pass filters, resulting in the controller errors of Figure 14 and mass estimation of Figure
15 (without and with snap feedforward). Note that also a velocity feedforward of 0.22

25  Ns/m was used. The plots show that at the same location, the estimator estimates a 20 g
different mass, dependent on the movement direction (even when the sign of the
acceleration is the same). This phenomenon is caused by nonlinear behaviour of the

amplifiers.



mul tiplier 58. Because the snap feedforward conpensates the higher dynam cs
of the wafer stage, the relation between stage accel erati on and the out put
of Notch 2 better 10 resenbles a nass. The follow ng plots show
prelimnary results. Figure 12 shows the controller error wthout and with
snap feedforward while the mass estimation is switched on. This nass
estimation iPs!S3HYAEPi n Figure 13. It canZbe seen that the mass estinmation
is not influenced by the presence of snap 15 feedforward. The snap
feedforward in this particular test by itself reduces the servo error
about a factor28f 2 Agaimntie shift Bween peceleration gudderce sigualsset r enoval

I nspecting the controller output, it was observed that the required output
in standstil ' Not e
that the hi GhsSER M EASASYER, B ufhighis ot bl Ter IRaTbL sRRng
frequency ofduim Eithe jetki lblrmaqmwmlaegeedwmﬁﬁncmﬂemmﬁsaksblea’mal tappeaB2totec. Hence,
the high-pass filters nmay be at a toq |l ow frequency, To, test thIS an
exper i nent wagseﬂ@wfadﬁmlmdlé@r%ealtmmazbeé‘es?%léhe gensiaied aspelesationandy gh-
pass fil ter | mass

ot mt i on opreE Rl B bl SRRE LAY SR 235 1E1 20 bRy e RS, Tha

al so a vel oestiyafi@ebdcomsn ntbre btable 223 1ﬁ&cmledmmgarewssed The pI ots show t hat
at the same |location, the estimator estimates a 20 g different nass,
dependent on the novenent direction (even when the sign of the

accel erati on i 2.10he Reant3 withhmasspistimatienandisaap&¥sed by nonl i near behavi our
of the anplifiers. P-1520.010-EP 25 2.9 Again: tine shift between

accel eratio f cone
consi der abl ;\V ﬁ gglleelg{om?@g%ﬂ[)e léeﬁeenﬂ%ﬁ&tlst&?%#aﬁné %ﬁée‘h?%?ﬁgg g@%nﬂc%gyﬁt gﬁa

| ar ge di st urhafitewity®dnditionssi bl e. This appears to be caused by a
remai ning difference in timng between the generated accel eration and 5

force si gndlea, REdRREARAAMT (Ne 1 of CP3 delaVs hOfh jGetion dfer AoRR2P AP S, the
mass estin tlon becones” nore stable,|as indicat ecf In Figure 16. 2.10

Resul'ts Wi Ui IR RerRidulRty & HafiBihg =P 760 Hz, d=0.7

snap delay correction 400e-6 sec

Mass estimation high-pass filters 10 Hz

Mass estimation delay in force path | 2.25 samples, force extracted before snap

injection
Mass estimation forgetting factor 0.995
Velocity feedforward 0.22 Ns/m expose stage (WT), 0 Ns/m

measure stage (MT)

Nominal mass feedforward as expose: 22.652 kg, measure: 22.601 kg

calibrated earlier

10

Combinations with and without snap feedforward and mass estimation were performed,
both on the expose stage WT and the measure stage MT. It appears that in this case at
the measure stage MT the nominal feedforward does not match very well. Each test
was done 6 times: on 3 X-positions (~150 mm, 0, +150 mm), moves having both a

15  positive and a negative direction were performed. For the centre position (X=0), the
following four plots in figures 17, 18, 19, and 20, respectively, show the results,

including the estimated mass. In each plot, also the peak servo error after the



a new test was
performed using the followi ng conditions: snap feedforward gain3.4e-7 Ns
/ms (injection after notch2) snap filter frequency & danpi ng700 Hz, d=0.7
snap del ay correction400e-6 sec Mass estimation high-pass filtersl0 Hz Mass
estimation delay in force path2.25 sanples, force extracted before snap

i nj ection MVEsS2@%iERati on forgetting facf6r0.995 Vel ocity feedforward0. 22
Ns/ m expose stage (WI), O Ns/m neasure stage (MI) Nom nal mass feedforward
as expose: 22.652 kg, neasure: 22.601 kg calibrated earlier 10 Conbi nations
with and w tahm]eraﬁmaphefseéﬂifnd'rcmddlnaﬂacﬂl nbths F@némhl i18n19/;mné2f3;athfammleﬂ bot h

case at O el e Trmidile RBauetshaits ARIGe! AbBAtal ch very

se
case at | haeHHans hesrizgeal paeg. T
wel | . Each t emnﬁﬁs@oﬁ 1ttthér€s"ilm£&1 agt; PRS tdp g(o‘t]sﬁ&vﬂﬂe rQSun%‘ép mﬂ)
nmoves havi ng a 15 positive and a negatlve ditfection were perforned
For the centsnap fa@dfdrwand dnihe middle right plohshgysf theiresplt otith massfastpmation anzl 18,
19, and 50, resFeg |veI QPE%V ?@i gul ,_including the estinated nass.
In each pl otSneRfesgiony dpl!;fé S Y 38t he P-1520. 010- EP 26
acceleratlon phase is indicated. In each of the Figures 17, 18, 19, and 20,
the top leftT emealfc r emers &eh the fuposs saga iy bare stRwnarsed ikthedpovgnst shows
the effect i top
ight plot SN ThessiRb bRk Qiteptiralo ot Miidn h i Bl Rk b HATuetRR DL
pl ot shows tvh;e doas,uint betduze bathsY-es150mmtlion- 180 drdpresemp irf eneH fiest Wide, dyo Wi t h

below it the esti mted mass. The peak controller errors for the expose
stage WI ar aBiSHAaTe®ati n the fol | owi ng

Wth the know edge gained in the previous paragraphs,

10 Table 3: Peak controller error [nm], original condition

Y X {-150 mm 0 +150 mm
+150 mm 43.4 40.5 35.1
+150 mm 42.6 43.3 40.7
-150 mm 35.8 25.8 30.8
—-150 mm 29.8 31.8 36.0

Table 4: Peak controller error [nm], mass estimation

Y X |-150 mm 0 +150 mm
+150 mm 20.4 18.0 19.9
+150 mm 224 22.0 25.1
-150 mm 27.1 21.1 20.8
~150 mm 23.0 21.2 224
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ile,
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val ues are present.

These are ordered according to the position in the field where the
and because both Y=+150 and Y=150 are present
10 Table 3: Peak controller
condition Y X-150 mmD+150 mm +150 nm43. 440.535.1 +150

in
error

m#2. 643. 340. 7 -150 nmB5. 825. 830.8 -150 nm9. 831. 836.0 Tabl e 4: Peak
control l er &r¥&t0PERy, nmss estimation Y2X- 150 mD+150 nm +150
mP20. 418. 019. 9 +150 Mmm2. 422. 025.1 -150 m?R7. 121. 120.8 -150 nm3. 021. 222. 4

P- 1520. 010-EP 27 Table 5: Peak controller

error

, [nn,

snap feedforward Y

X- - 150 mm0+sdlavim Petrh Comr@lBr@t@r a8 ],.Gnan Bedfom@@rd223. 412. 7 - 150

m8. 713. 712. 0 -150 mmll. 110. 012. 2 Table 6: Peak controll er

error

estinmation

and snaX f ¢edf®ommrd Y

¥ 150 mMD+15(

HI80 10 4

ml0. 513. 616. 2 - 150 6.314.211. 4 -150 nmil.111.212.8
+150 mm 23.0 19.3 13.0
+150 mm 20.2 234 12.7
-150 mm 8.7 13.7 12.0
-150 mm 11.1 10.0 12.2

[nm, nass
.115. 814.8 +150

Table 6: Peak controller error {nm], mass estimation and snap feedforward

Y X | -150 mm 0 +150 mm
+150 mm 14.1 15.8 14.8
+150 mm 10.5 13.6 16.2
-150 mm 163 14.2 114
-150 mm 11.1 11.2 12.8

10

15

Regarding these new experiments, the following conclusions can be drawn:

1.For the measure stage MT, about 60 g mismatch exists between the feedforward

mass and the estimated mass. The effect of the mass estimator is that the peak servo

error decreases from more than 100 nm to about 35 nm.

2. At the expose stage WT, the mass estimation by itself also improves the

controller error considerably (peak error decreases from 43 to 27 nm). The original

error of 43 nm is relatively high due to non-exact mass calibration.

3. When snap feedforward is used, the mass estimator yields a slightly less varying

mass than without snap feedforward.

4. When snap feedforward is used, the peak controller error in the wafer stage field

becomes more constant. The peak error decreases from 23 nm to 16 nm. Note that

the snap feedforward gain and timing was not tuned, and the estimated snap



5 Regardi ng these new experinents, the foll ow ng conclusions can be drawn:
1. For the nmeasure stage MI, about 60 g m smatch exists between the
feedforward mass and the estinmated nass. The effect of the mass estimator
is that the peak servo error decreases fromnore than 100 nmto about 35
nm 2. At the expose stage WI, the nass estimation by itself also inproves
the 10 cont FolPE®Y.0&Pr or considerably (pedk error decreases from43 to 27
nm. The original error of 43 nmis relatively high due to non-exact nass
calibration. 3. Wen snap feedforward is used, the nmass estimator yields a
slightly |ess indioptesg smaliesvaleithaniusddontthesmaghine Sofmermpamdor impropiemeninap
feedf orward i s used, %he eagk controller error in the wafer stage field 15
becones nore cHFSFRAP P PHEWeak error decreases from 23 nmto 16 rim Note
that the snap_feedforward gain and timng was ngt tuned, and the estimated
snap P-1520. 0 15 Topingghe gak pHASEathg M PRI/ EAPAIK AT THTFARE machi ne.

Some room for | pGoNFANEaLitc &?fh%.e%&n?@ﬁﬁlg@%ﬂ{%-thesmagﬂmﬂQcée{l;@atjicﬁ{ i phase,

the mass estimator Is Tapi varyi ng. can be 1 nproved by sw tching
on the esti mat macked (yp vheow!ihes artixe wheneverthk acadération 5 nonzeral e thaf cgset o

now, it is active whenever the acceleration is nonzero). |In that case, the
estimtor is vECESEHALE feryeonsiat eS‘F‘i M&F@P&PP ?Fepﬂ‘é{él?,s tcbiﬁt?%as to

settle nore dyr.i t - t40n: ¥ Eli%ﬁ wn in
Figure 21. TheHogé]%r{éqpﬁgl?ﬁgf%c%P%gﬁﬁgﬁk” E%S?é'g‘ﬂ?h tggaflgl Wle Eg %%?agr aph.
2. 11 Agai n: r esfiidct $n thietnhachizess ested imthednllawnhg pasggrdph. 10 The sane test was
performed as in paragraph 1.10, with the only change that the mass
estimation is only active when the setpoint acceleration has reached its
maxi mum  Henc2]11no Agghincstesdlts with kesss phtimatiompndwsnap H¥ri ng t he j erk phase,
for the reasons nentioned in paragraph 1.10. The results summarized for

t he expqgge | I3 o i cf it% rasul ts
for t heqﬁ oufﬁh%%%%%? f’”%?]géﬂé‘?’&%ﬂé‘grﬁlég}?%}éﬁf?gﬁ%w ﬁgt&]ego nég S&ggﬁi nalﬁslgn. It
can be seen dgfimbtidrhis onhbndutivamwhen tiof segrovit acédadfiar hasrdachied ivmssimsti mat i on
has performed slight]y better than in the flrsi1 t{ est

Hence, no adjustment takes place any more during the jerk phase, for the reasons

mentioned in paragraph 1.10. The results summarized for the expose stage WT are

listed in the tables. Table 11 summarizes results for the four combinations of snap

15 feedforward and mass estimation. It can be seen that the combination of snap

feedforward and mass estimation has performed slightly better than in the first test.

Apparently, a constant feedforward mass during the end of the acceleration phase

improves the maximum error. In the plots, note that when using mass estimation only,

the servo error is always smaller when the estimated mass is smaller than the nominal

20  value, as observed earlier. This is no longer true if also snap feedforward is used.

Table 7. Peak controller errvor fnm], no mass estimation or snap feedforward

Y X |-150 mm 0 +150 mm
+150 mm 28.0 239 17.8
+150 mm 30.6 18.1 19.7
-150 mm 13.8 19.3 17.7
—150 mm 16.1 203 133




Apparently,

phase
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is small er than the nom nal
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error [nny,

a constant feedforward nmass during the end of the accel eration

only, the
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| nproves the maxi mum error

Servo error

20 val ue,

In the plots,

note that when using nass

is always snaller when the estinmted nass

as observed earlier.
QpSnap feedforward is used. Table 7:
EPestimation or snap f é8df orward Y X-150 nmmD+150 mm +150

Peak

This is no

controller

mR8. 023.917. 8 +150 m®B0. 618. 119. 7 - 150 nm3. 819. 317. 7 - 150 nmil6. 120. 313. 3
P-1520. 010-EP 29 Table 8: Peak controller error
X- 150 m0+15@bfend- s cantpaller oroninmh mass@sHR@EON25. 424. 0 - 150

[nn], mass estimation Y

error

[nni,

mml3. 619. 913. 7
troller error

m +150

mR7.925. 623. 0 -150 mP5, 724,324, 7 Table 9: Peak controller
snap feedfgr¥vard Y X- 15050m0n150 méh +150 nl0. 9#350b8m0 +150
-150 mm1. 028. 025.8 -150 nl8. 826/621.7 5 Table 10: Peak con
[nmJ, mass |egE0mhi on|aad snap feedbarward Y X423 m0+150 n
mml. 414.111.8 +150 mpD. 913.99. 7 {150 nmml3. 110./410. 8

+150 mm 259 25.4 24.0

~150 mm 279 25.6 23.0

—150 mm 25.7 243 24.7

Table 9: Peak controller error {nm], snap feedforward

Y X |-150 mm 0 +150 mm

+150 mm 10.9 15.0 19.0

+150 mm 13.6 19.9 13.7

-150 mm 21.0 28.0 25.8

-150 mm 18.8 26.6 21.7

5  Table 10: Peak controller error [nm], mass estimation and snap feedforward

Y X |[-150 mm 0 +150 mm
+150 mm 11.4 14.1 11.8
+150 mm 9.9 13.9 9.7

-150 mm 13.1 10.4 10.8
—150 mm 10.9 10.9 11.1




-150 mmi0. 910. 911. 1 P-1520. 010-EP 30 Table 11: Peak position errors fnml,
summari zed XWat? Y*-150 nm0+150 mm +1500 i g| nal 28. 023. 917. 8 Mass
estimation24. 120. 4. Ce e

23.4 - = = ceeoee el o -
....................................... s--- s-------------  _-.-.- Snap
FF10. 915. 01$-132Q010:EP . ... . ... 30 Mass est + snap FF11.414.111.8
-1500ri gl nal 13. 819. 317.7 l\/ass estimation27.925.623.0
T T Table 11: Peak position errors-fnm] - summarized- - - - - - -« <. ;
........... = ——— G — T onapr 250280 25.8
............ X Whatr— YD SSGa T L0 T nah TR | 410 8
P- 1520. 010-|EHsg1 @nﬁl;\AD@ENENTATI QL SHMPLTH AAGTON & fRI TTONS An al ternative
I mpl enent at|i on was ue\vfﬂI oped-forjthe-caset-when-onky--l-paranpter is

Mass estimation 24.1 20.4 234

Snap FF 10.9 15.0 19.0

Mass est + snap FF 11.4 14.1 11.8

-150 | Onginal 13.8 19.3 17.7

Mass estimation 27.9 25.6 23.0

Snap FF 21.0 28.0 25.8

Mass est + snap FF 13.1 10.4 10.8




estimated, as is true in the case of mass estimation. 3.1 |nplenmentation
sinplification 1 5 In the case of nass estination, the non-recursive

| east -squares nmethod attenpts to find the optimal estinated mass rn in the
equation: al a2 anj fi f2 M= Lfin |l AA=F Here, a; (i =1, 2, ..., n) is
an accel eration sanple (a" is the nost recent sanple), while fi (i =1, 2,
..., Nn)is & OMPSE force sanple (f, be?hg the nost recent one). This can
be 10 witten into: ATAmM= ATF n n Al (ai )2 (a, " f. ) J(ai .fi) m=1| r
y (a+)2 i=1 Hence, the |l east-squares estimate can be found by the filter

i npl ement ation JMPPEMENTATION SIMPLIFFCAPIONIRQDDPIIONSPOrt using a
forgetting factor 2 yet. Inplenenting this factor 15 can be done as

Fol Tows: ri JAnValEérna(tl%;e il)n%leine%tatiog was ]de\'felgpeld t%)r &e}c}asc when only 1 parameter is

estimated, as is true in the case of mass estimation,

3.1 Implementation simplification 1

5 In the case of mass estimation, the non-recursive least-squares method attempts to find

the optimal estimated mass # in the equation:

4 h
ay |, | J2
o il
a.l’l ff!
Am=F
Here, a; (i=1, 2, ..., n) is an acceleration sample (a, is the most recent sample), while

fi (i=1,2, ..., n)is a control force sample (f, being the most recent one). This can be

10  written into:
A"Am=A"F

i () =2 (a )

Z(aafa)

i=1

g(ai )2

m =

Hence, the least-squares estimate can be found by the filter implementation shown in

Figure 22.

This form does not support using a forgetting factor A yet. Implementing this factor

15 can be done as follows:
’;’Z A (ar')z = Z A (ai : f.)

i=l i=l
> e f)

i =4

>y
i=l



~2n i(a; .fi) rn -1=1;_1 P-1520.010-EP 32 The matching filter
|nplenentat|on then looks like that in Figure 23. This alternative

i npl enentation has a sinpler formthan the original |east-squares

i npl enentation, which involved two recursion equations. 3.2 |Inplenmentation
simplification 2 5 In the case of offset estimation, the used nodel would

| ook |ike: PR=se@EHG-BAhere: d = estimated @f2fset. Wien the offset is
estimated by itself (not sinultaneous with the nass), effectively a 10
signal vector is used which is a constant of 1. Using the structure of
Figure 23, dheirpattldpg fittedinlerhentdtien thepidoks tiks tHaslriFigﬁrefzadTmstaJneﬁia&vaont rol
force, while the bottomfilter is fed by an input of 1. It can be easily
cal cul at ed tlmiemqﬁéatv@ath%ﬁﬁmlerefpn@ém tb% ofigingl lmtﬁeu%ﬁs implementation, Thj g
fixed val ue f the output of the bottomfilter,

yi el di ng ¢ patdeh il ?ﬁr‘*g?"c‘?ﬁ@rg&é}g&@%"‘% 1520. 010- EP 33 4 ALTERNATI VE
APPROACH: ON- LI NE FEEDFCRMARD ESTIN%TICN 4.1 Basic idea In the first
enbodi ment di sgysse y estimated paraneter that was
5 used in the gedngﬁgﬁﬁﬁnahHﬁs nass ?hls mass actually serves as the
sinmplest formof'inverse process dynamcs': it is the inverse of the

t ransf er 5f rdmthftﬂﬂééof@ff%é@l@t@ﬂb e uscdmmede] uld Inekilikshap f eedf or war d
actually serves as a better 'inverse process dynam cs' by including one
(zero-danpi ng) resegpance. An alternative feedforward woul d be a

hi gher-order nodel of the inverse process. One 10 way to do this is to
estimate a nodel of the process, inverse this nodel, and use this inverse
nodel as a filter in the acceleration feedforward path. This nethod,
however ,

Where: d = estimated offset.
When the offset is estimated by itself (not simultaneous with the mass), effectively a
10  signal vector is used which is a constant of 1. Using the structure of Figure 23, 4, is

replaced by 1. The top filter is then fed with the control force, while the bottom filter is

fed by an input of 1. It can be easily calculated that the bottom filter settles to a value of

}{1 _a) This fixed value can then be used instead of the output of the bottom filter,

yielding the structure of Figure 24.



has some severe drawbacks. First, the process usually has a high order of
gain roll-off for higher frequencies, which translates into a strongly
rising frequency characteristic of the process inverse. Furthernore,

non- m ni mum phase zero's in the process transfer 15 function translate into
unstabl e poles in the inverse. This especially poses a problemin the

di screte dofePPO#EEr e non- mi ni mum phase3%ero’s are conmon. A sol ution
proposed here is to extend the nass estinmator to an 'inverse process

dynam cs' estimator. The estimator then estimates the transfer function

from nmeasur gd ' | n estimating
the transf e%g‘ﬁ%%if‘tm r%l%n% hg%@éggﬁ%@%ﬂg%gﬁﬁyﬁgﬁéwer ation, and

inverting this estimated transfer function. This way, a transfer function
estimate of the inverse dynamcs will result that is optimal in a

| east - squar es 4&nseBabie idlwosi ng, for exanple, a FIRfilter architecture,
stability of the estimate is guaranteed. Figure 33 shows the basic

ar chi t ect ur th%rﬁrgpé%ogfaélgﬁtgﬁégg%%dl%lggé;e?ﬁ?erbnemﬁ oty Qi Uefarher it WAJT | a7

to the one shown in e’reference ers rerer e Ssane

conponengs. ukliNpavRe fecll RwaRIS $/a8 giel idds] This tiaks aclfaliofseRiegds theJithplestiformg
general i sed l_nto a feedforward (FF) filter estimation unit 60. Nbreover,
the mul ti pl jofrinvessegrroegsg dyramigs' ks e Eryerss & fiedranstes figm foserstoaccslermtion. on

unit 62, arr o : St f | O [ = v L L

accel erati or@ g%@‘gﬁlhgalglﬂgé gere gﬁ%&e’ e"t"ﬁféélﬁ s%iﬁ% 'J?asr C ﬂe{aé \l%l‘r éeé;ﬁg?‘%lgiﬁgftlj%% and
33 is that th&ildifg ofe (RS darBpingldthaidd)- EP 34 estinmated but the relation
bet ween accel eration and force. As may be evident to a person skilled in

the art, if ADQiARliRE fSddRES al@woRld RIWhighRRIrddransdel Of e ifRiéd bé&e)One
perforns as a "rigid body", then the architecture of Figure 30 reduces to

t he onelBf waygade tliis & tecstimatrs mpdel of thegiregess, imversechistnedel,sandhvse Busre as
mul tiplying.by mass, mf. .The. 5 difference. bet ween the~two chitectures is
mpor ant | VRSB & & SSEiang eoeersite oo BRrd phe ThiS TR EL MhBEHST v o
filter estirmagidie sivete HAWHRLS! FikdQfe ﬁfbc@ﬁ_tdsﬁﬁl)ﬂihstaﬂﬂlzgﬁ bfder bEgHA talRofflest
fromthe nmeasured acceleration to the applied force F. In the transfer

function unifer l§ghertfraquensies, whichdranslates e afstrangly sisingdsequency gharrctaristiet her
with the s eto?a{enﬁroge%g ?nlv%{s%:[ #Srtr}le%%ore, non-minimum phase zero's in the process transfer
15  function translate into unstable poles in the inverse. This especially poses a problem in

the discrete domain, where non-minimum phase zero's are common.

A solution proposed here is to extend the mass estimator to an 'inverse process
dynamics' estimator. The estimator then estimates the transfer function from measured
acceleration to the applied force, rather than estimating the transfer function from the
20  applied force to the acceleration, and inverting this estimated transfer function. This
way, a transfer function estimate of the inverse dynamics will result that is optimal in a
least-squares sense. By choosing, for example, a FIR filter architecture, stability of the

estimate is guaranteed.

Figure 33 shows the basic architecture for this alternative approach. The architecture is

25  similar to the one shown in Figure 3, and like reference numbers refer to the same
components. However, the mass estimation unit 18 of Figure 3 has being generalised
into a feedforward (FF) filter estimation unit 60. Moreover, the multiplier 14 of Figure
3 has been changed into a transfer function unit 62, arranged to apply a transfer

function Hy to the setpoint acceleration.

30  The difference between the architectures of Figure 3 and 33 is that no longer a mass is



10 provide an estimated input force. This estimated input force is deducted
fromthe real input force and the difference is used by the | east square's
mechani smto produce a new estimated transfer function. 4.2 Estimating
reverse transfer function: ARX structure 15 The nost general structure of
such an inverse process dynam cs estimator that can be wused is the ARX
structure, &53H8OEPIin Figure 25. In gendtal terns, the transfer function
of this structure is: y(k) =-a,y(k-1)-azy(k-2)-...-a"y(k- n) + + bou(k) +
b,u(k -1) + + bmu(k - m 20 Hence, the signal vector w (k) and paraneter
vect or 8(k) caﬂimatddzbhmhel rd:iytiomlnr(tiv%rpac[cely:(akionin)ﬂ force/ (As maphe evident teay(k - n),

E(ﬂj u.(k pswp Eb“?ﬁgﬁ&@ea}‘hbﬁ f“h{xafier agg ﬁﬂ’ﬁ@&"ﬁ&f’}f‘ﬁés i ﬁrk?l >0 (K
accel er at'oigg‘rlgﬁs E‘l’%l%lﬁo&ybe ch AR GSfifdcfure b gﬁ&tfwfﬁ%aﬁéés't@métonfe%ﬁ‘ce

which is co erea I nput force to eate the estimation
error. 25 4.figufes? bimed then thectvans e funcsins fhyris fhersamieas muli ysgrhyonassanAdde her
architecture hat an be used is.a FIRfi.lter gﬂggﬁvant e of th?hFIR
filter 1§ pdiiier rthe BV prghiloctures, mPORR SYhen JREE 4t Qnaryigs in
architectur d%rs?{%% in Figure 26. The FIRfilter recursion equation is:
y(k) = bou(%g 1) +--+bmu(k - rn) Consequently, the definition of the

fri) }gngl( k;/ect ()Iglg%n%f N, adTF Ltj:r CSY]%I%EI%I}HLLEIKE? dﬁf‘é@nkl)nfa&?xi]gs(tﬁ%ecr&&ts%r]fﬁncnfo rﬁég( Ey

t he measur edro¢ BRI BéRhic@RAceNetatibietol the higiliedUoRUTE. W thl transfor Ametidsuiine2
estimated input force, used to create the estimation error by subtracting
it from t héhigestimated pfggqfelf fypetion He is used, together with the setpoint acCeleration to

10 provide an estimated input force. This estimated input force is deducted from the real

input force and the difference is used by the least square's mechanism to produce a new

estimated transfer function.

4.2 Estimating reverse transfer function: ARX structure

15

The most general structure of such an inverse process dynamics estimator that can be

used is the ARX structure, as shown in Figure 25.
In general terms, the transfer function of this structure is:

yiy=-ay(k-D-aylk-2)—--a,ylk—n)+
+ bou(k) + byu(k — 1)+ -+ b u(k —m)

20 Hence, the signal vector w(k) and parameter vector é(k) are defined by:

)= [l =1) = Yl =2 . = e~ ) (), ull 1) ., ulle =)
800)= 6, (6) iy ) .. 6,6, By (61 5 6. .... 5, 0]

Here, the input « is formed by the measured acceleration. The output y then represents

the estimated input force, which is compared with the real input force to create the

estimation error.

25 4.3 Estimating reverse transfer function: FIR structure

Another architecture that can be used is a FIR filter. The advantage of the FIR filter is



4.4 Test results 10 Figure 27 shows the estimated transfer function for a
| ar ge nunber of estimated paraneters for both the FIR and the ARX filter.
The FIRfilter has 20 FIR taps (21 paraneters), whereas the ARX filter is
of the 10th order (21 paraneters). The resenblance between the FIR and ARX
transfer functions is striking. Figure 28 shows the resulting feedforward
force for bdth24.¢10E8rs. The "overshoot"” 8khows a striking 15 resenbl ance
with snap feedforward. Figure 29 shows the estimated mass, which equals
the DC gain of each of the resulting filters. Figure 30 and Figure 31 show
t he resul ts thait caanotbzhomewastathli | Tier architbeture Bishowe 13Bigahod& est i nat ed
transfer functions for a FIRfilter wth 4 taps (5 paraneters) and a 2nd
order ARX fiTHeeFIR (fHitch ddcargdeédubtion Rspectively. Figure 31 shows the
feedforward force in both situations. The resulting feedforward is 20 not

very different fropthe,ong,@sspclabediw,hh Figures 27-29 but the resulting
estimated nass, shown 'in’ Fi'gure 32, fiow has become nuch | ess stable in the

ARX case. P;1520.010-FEP 3f6.CI a(ia{}?l 1 AISCO troller arranged for controlling
a position &fonseqHsE y’(tg%ie HUUeR SVIPAFIEYSSr T aRGRUANCIEL YECIALUE] eration by a
control force depe@di Q& on a, desired,mass acceleration 5 characterised in
t hat saig cont r ol #&}= k&) afkdhgedliol ecei ve a feedback signal comprising
f

status informati 0&{k?£[€1@j,5§(k’1&.$,$m(k£2), to calculate an estimated rel ation
between the mass acceleration and said control force from said feedback

signal and fyomsaid contraql force, and to.uUs ] ' d | at,j,on and
sai'd deat r od i IR meuf ERLE o R ne PRrnrALYEE B AR R R G
Control | er agsescitsle bQirkdtad Apht forhte Geidio chatestha bstimatihsrroa biyQubeaing iits es
an indication of the position, the speed and/or the acceleration of the

mass. 3. Codtamtheactugbuwrtiongs.to claim 1 or 2, wherein the feedback signal
is a feedback 15 position signal indicating a position of said nass. 4.
Control |l er according to one of the preceding clains, wherein said
controller is 4.4 est results

10 Figure 27 shows the estimated transfer function for a large number of estimated
parameters for both the FIR and the ARX filter. The FIR filter has 20 FIR taps (21
parameters), whereas the ARX filter is of the 10th order (21 parameters). The
resemblance between the FIR and ARX transfer functions is striking. Figure 28 shows
the resulting feedforward force for both filters. The "overshoot" shows a striking

15 resemblance with snap feedforward. Figure 29 shows the estimated mass, which equals
the DC gain of each of the resulting filters. Figure 30 and Figure 31 show the results for
a much lower filter order. Figure 30 shows estimated transfer functions for a FIR filter
with 4 taps (5 parameters) and a 2nd order ARX filter (5 parameters), respectively.
Figure 31 shows the feedforward force in both situations. The resulting feedforward is

20  not very different from the one associated with Figures 27-29 but the resulting
estimated mass, shown in Figure 32, now has become much less stable in the ARX

case.



arranged to determne said estimated rel ation by nmeans of a | east-squares
met hod. 20 5. Controller according to any of the preceding clains, wherein
said controller 1is arranged to renove offset on said control force. 6.
Controll er according to claim5, wherein said controller conprises a

hi gh-pass filter for renoving the offset on said control force. 25 7.
Control |l er @eicor@iEg to one of the precegpng clains, wherein said estinated
relation is an estimated mass (m). 8. Controller according to claim7,
wherein said controller is arranged to calculate 30 said estinmated nmass
by: P-1520. @Q48nkEP 37 Y 1n-i (a, ' f m ;a i=l where: m= estinmted nmass a;
(i =1, 2, 3, 4, ..., n) is an acceleration sanple. 5f (i =1, 2, 3, 4,
..., n) is a control force sanple. A is a forgetting factor. 9. Controller
according tq any, of .t he cl ai 7 and 8 wherein said ¢ ol ler .i :
arranged t o loal urente Srdigll o nipfing S35 FollcR8 insf EEDBY ribliohR et (o
), an esti MR a niadE kcceR@itidndyenéont®] Jorcdéheading ShiarRbieel magiuceslefatibei ent
(g) fromsaid feedback position signal and possibly to use said at | east

one of sé&i dchemiterisasdnykdt saidiopnicolédriis arranged (airepeive 8 dpadback signal sampesipg
coefficient . .and.said esti sn coefficient to. determne
sai d contr plsgaf'bsileg).m Hor g Sa)i? P’r”?ﬁ?@gﬂ 5%%%@%?6]‘@8?%%‘1 5%8%%‘?%6% rising:
- a radi at i ghass Y&deRFA I anidlsQid cHinfi9l Ryrdd PR Ghid Fredbaadihal andifidhi id - a
support structure for supporting patterning nmeans, the patterning neans
serving control force, and to use said estimated relation and said desired mass acceleration to

determine said control force.

10
2. Controller according to claim 1, wherein the status information comprises an

indication of the position, the speed and/or the acceleration of the mass.

3. Controller according to claim 1 or 2, wherein the feedback signal is a feedback

15  position signal indicating a position of said mass.

4.  Controller according to one of the preceding claims, wherein said controller is

arranged to determine said estimated relation by means of a least-squares method.

20 5. Controller according to any of the preceding claims, wherein said controller

is arranged to remove offset on said control force.

6. Controller according to claim 5, wherein said controller comprises a high-pass filter
for removing the offset on said control force.

25
7. Controller according to one of the preceding claims, wherein said estimated

relation is an estimated mass (m ).

8. Controller according to claim 7, wherein said controller is arranged to calculate

30  said estimated mass by:



to pattern the projection beamaccording to a desired pattern; 20 - a
substrate table for holding a substrate; and - a projection system for
projecting the patterned beamonto a target portion of the substrate, - a
controller according to any of the preceding clains, said nass being a
novable object in said |ithographic projection apparatus. 25 11.

Li t hogr aphi &-B4)@d¥Fi on apparatus accordBhg to claim 10, wherein said
novabl e object is at | east one of said support structure with patterning
means and said substrate table with a substrate. P-1520.010-EP 3 8 12.

Met hod of controHiji s poaition of a mass (12) by providing said mass a
mass accel erati on « % a%%ddtrol force dependi ng on a desired mass

accel erati on chakadtertsed— by receiving a feedback position signal
indicating a positi8nofigyaid mass (12), 5 calculating an estimated

rel ati on between th&'mass accel eration and said control force fromsaid

f eedback position signal and fromsaid control force and using said
estimated e on and sai d desired nass accel eration to determne said
control force. 13. Method according to claim 12, wherein said estinmated
relation is an est+ esitngded h@ssrass (m ). 14. Method according to claim 12 or

13 in a device manufacturing nmethod conprising: - providing a substrate
that is supportegd(ibyl @ Substr a) @ ahableratich sdnkjdé. is at |east 15 partially
covered by a layer of radiation-sensitive material; - providing a

proj ectign beammf =radi at4 on sk RGoftrd TetcakaBMeSyst em - using patterning
means supported Iby a support structure to endow the projection beamwth a
pattern in its c ian...and - projecting the patterned beam of

radi ati on onto éfgéﬁgéﬁﬁ%ﬁﬁ%FSﬁ of the layer of 20 radiation-sensitive
material, - controlling said position of said nmass, said nmass being at

| east one of said

9.  Controller according to any of the claims 7 and 8, wherein said controller is

10  arranged to calculate at least one of an estimated velocity coefficient ( d ), an estimated

jerk coefficient (), and an estimated snap coefficient ( & ) from said feedback position

signal and possibly to use said at least one of said estimated velocity coefficient (c? ),

said estimated jerk coefficient ( € ), and said estimated snap coefficient (£ ) to

determine said control force.

15
10. A lithographic projection apparatus comprising:
- a radiation system for providing a projection beam of radiation;
- a support structure for supporting patterning means, the patterning means serving
to pattern the projection beam according to a desired pattern;

20 - a substrate table for holding a substrate; and
- a projection system for projecting the patterned beam onto a target portion of the
substrate,
- a controller according to any of the preceding claims, said mass being a movable
object in said lithographic projection apparatus.

25
11.  Lithographic projection apparatus according to claim 10, wherein said movable
object is at least one of said support structure with patterning means and said substrate

table with a substrate.



substrate table with said substrate and said support structure with said
patterning neans.

10

15

20

P-1520.010-EP 38

12. Method of controlling a position of a mass (12) by providing said mass a mass
acceleration by a control force depending on a desired mass acceleration characterised
by receiving a feedback position signal indicating a position of said mass (12),
calculating an estimated relation between the mass acceleration and said control force
from said feedback position signal and from said contro! force and using said estimated

relation and said desired mass acceleration to determine said control force,

13. Method according to claim 12, wherein said estimated relation is an estimated

mass { 7 ).

14. Method according to claim 12 or 13 in a device manufacturing method
comprising:

- providing a substrate that is supported by a substrate table and, that is at least
partially covered by a layer of radiation-sensitive material;

- providing a projection beam of radiation using a radiation system;

- using patterning means supported by a support structure to endow the projection
beam with a pattern in its cross-section; and

- projecting the patterned beam of radiation onto a target portion of the layer of
radiation-sensitive material,

- controlling said position of said mass, said mass being at least one of said
substrate table with said substrate and said support structure with said patterning

means.





