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10- : MJLFI| - RATE POS-H ONER SYSTEM._ . - HAVI NG
AN | MPROVED PRCFI LI NG FILTER - Techinical Field o

This invention relates to an apparatus and a 15 met hod for positioning a
"tool ," suwidogaesan opti cal i nstrunent, a scanner, a M“B%gm or

ot her radiation beans, relative to target |ocations on a workpi ece
and, in particular, to a systemthat accurately coordinates the

positioning of such tools and target |ocations with a

5
10 . MULTI-RATE POSITIONER SYSTEM
HAVING AN IMPROVED PROFILING FILTER
This invention relates to an apparatus and a
15 method for positioning a "tool," such as an optical

instrument, a scanner, a laser beam or other radiation
beams, relative to target locations on a workpiece and, in
particular, to a system that accurately coordinates the
positioning of such tools and target locations with a

20 multi-stage positioner in which each stage is optimized
for a particular combination of positioning speed and
positioning distance.

Background of the Invention
A variety of technologies employ tools to sense,
25 -micro-machine, or deposit patterns or materials on target

locations on a workpiece. For example, micro-dimensioned
drills may be used to form a cradle for a micro-
dimensioned motor; a micro-dimensioned punch may be used
to punch holes in a thin metal plate; a laser may be used
30 to precisely machine or selectively erode metallic,
crystalline, or amorphous specimens; a machine vision
process may use a laser beam or an electron beam to scan
workpieces having micron-sized features; a microscope may
be positioned to inspect target locations on an integrated
35 circuit; and ion beams may be used to selectively implant
charged particles into an integrated circuit. all of the
above-mentioned processes share a common requirement for



20 mul ti-stage positioner in which each stage is optim zed for a
particul ar conbi nation of positioning speed and posi tioni ng distance.
Background of the Invention A variety of technol ogi es
enploy tools to sense, 25 m cro- machi ne, or deposit patterns or
material s on.% rget .. | ocati ons on a workpi ece. For exanple
ni cr o- di menst ﬁﬁ%‘g‘ drills may be used to forma cradl e"rg)r&?s”mro-
di mensi oned notor; a m cro-di nensi oned punch nay be used to punch
holes in a thin nmetal plate; a |aser nay be used 30 to precisely machine
or selectively erode netallic, crystal l iZhe, or anorphous specinens; a
machi ne vi si on process may use a | aser beamor an electron beamto
scan wor kpi eces havH&g nicron-aized features; a mcroscope ma

r

: Y,
be positioned to i ?PHKATELY f0d FAPAALBROZHigNing aypertinent tod it ¢ .
and i on beans muy tmrgetedcdoatienecbnvthe workmiece. charged particles

into an integrated circuit. "ﬁd eg;grbliwﬁg' bu%G%Eggn}gaﬁggeﬂéﬁ;%t

share a conmon rquirenent for . {
- PCT/ US96/ 03805 or coordiqatlng the relative motion)between tools and

5 workpieces. Namely, feature sizes are decreasing, causing
the need fér dimensional precision to increase, while at
the same time the overall size of workpieces is
inereasingé =co¢sequent1y; the accuracy, size, and épeed
requiremengs"imﬁdsed on tool positioners are taxing the

10 limits of éxisting positioning systems.

' Existing positioners are typically characterized
by-IOW'speéd and long movement or high speed and short
movement . fLow speed and long movement positioners, such
‘as X-Y translation tables, are chafacterized‘by high

18 positional}accuracy; whereas high-speed, short-movement
positioners; such as galvanometer-driven beam deflectors,
are charécterizedey-deflection.angle_nonlinearities.

- A solution for long movement, high-speed
positioning is described in U.S. Pat. No. 4,532,402 issued

20  July 30, 1985 for METHOD AND APPARATUS FOR POSITIONING A
FOCUSED BEAM ON AN INTEGRATED CIRCUIT in which a high-
speed, shott—movement positioner ("fast positioner"), such
as a galvanometer, is combined with a long-movement, low-
speed, butlhigh—accuracy positioner ("slow poeitioner")

25 such as?ahfx-Y-translation table. The two positioners are
capable of combining short and rapid movement with long
and accurate movement to accurately and rapidly position a
tool,-aﬁch.as a laser beam, to target locations on a

- workpiece, such as an integrated circuit. The combined

30 movement of the two positioners entails first moving the
slow poéitioner to a known location near a target location
“on the wotkpiece, stopping the slow positioner, moving the
fast positioner to the exact target location, stopping the
fast positioner, causing the tool to operate on the target



accurately and rapidly positioning a pertlnent tool to t ar get
l-eeat+ons—en—the—workpiece. . 1 ' e
requi rements exi st f coordinating the rehférve moti on bet ween t ool s
and 5 wor kpi eces. Nanely, feature sizes are ‘decreasing, causing

the need fwooghtogzansi onal precision to increase, while at pcrusedizgessane
time the overall size of workpieces is I ncreasi ng. Consequently, the
accuracy, size, and speed - requirenents inposed on tool positioners
are taxing the 10 limts of existing p03|téon|ng systens.

Exi sting positioners are typically characterTzed by | ow speed and

| ong novenent or high speed and short novenment. Low speed and | ong
novenent positi omééni&ucfhnd then?Sepedtingthal procd s 5y tHel next
characterized by_h 5@$é§ positional accuracy; whereas high-speed,

short - novement ~°a%¥ 153 ‘s, such as gal vanoneter-driven beam

deflectors, . are charmame@uw aepbeétimimgl\%‘-hﬂﬂﬂhaﬁem

A sol ution for | QREwBEIESENG1dardy,SB280the staPOSh Iam f)ﬂ:d Caugeg i N
U S. Pat. 32,402 i ssue Jul A APPARATUS
FOR PCs| TI ORI NG i fays 2‘%3%%62-‘1? SRERR FR?E%;%A 9 e £90%

hi gh- speetio WQSMWQ ondr séticss m’hatﬂndrs R’lssuch

as a gal vanonet egy ¢§e& QR cheNiddpit k2082 aemsehné%ol c n)%:?ie‘ﬂ.lebuu

hi gh- accuracy po Lon "S|OM/ S|t|on 5 such
translation tabl® % éﬁ? ‘gﬁ °°mma“‘3%t é:‘iﬂ &ﬂT‘B}CWen(&°
short and rapi d aveeries aftﬁrddnq;rmlned aadgetchoaatnumuvemanSd(the

accuratel y;gnd rgpi Q%¥3995|t|0n a tool, such as a |aser beam to
t ar get Iocatlons on i'ece, such _as,an integrated circuit. The
conbi ned This drawback can be illustrated by the laser

machining of a workpiece such as, for example, an
integrated circuit of a type having a regular pattern of
small features requiring trimming by a laser beam. The
15 positioner and laser beam will cooperate efficiently if

the slow positioner can accurately move: the laser beam

. from pattern to pattern and the fast positioner can

- rapidly-direct the laser beam to.all of the small features

_ requiring trimming within each pattexn..

20 If, however, the size of the largest pattern
exceeds the movement range of the fast positioner, the .
database positioning the tool across the workpiece must be
"panelized" into abutting segments that each fit within
the movement range of the fast positioner.  The above-

25 described trend toward increased dimensional precision and
larger workpieces virtuélly guarantees the need for
panelized databases. Panelization allocates the
conflicting tasks of short, high-speed positioning and
long, high-accuracy positioning into appropriate movement

30 assignments for the fast and slow positioners.

For example, Fig. 1 shows a portion of an
integrated circuit 10 having a substantially regular
pattern of transistors and associated electrical
interconnections that are amenable to processing with an



30 novenent of the two positioners entails first noving the sl ow
positioner to a known | ocation near a target |ocation -on the

wor kpi ece, stopping the slow positioner, noving the fast positioner
to the exact target |ocation, stopping the fast positioner, causing

the tool to_gperate.on the target WO 96/ 29634 L
PCT/ USo6/ 0338 s0r63 3 PCTYSBEOPHN, and
then repeating the process for the next target |ocation,

However, such a positioning nmethod has serious drawbacks. Cearly,
all the starting and stopping causes 5 del4ays that unduly increase the
time required for the tooI to process t he workpi ece. A serious

drawback is al so osed .upon the conputer-based machine tool control .
file or "dat %t%s%"‘? apkation ypeﬁgrgh‘mﬂd e & Faneldzad,datapase.
a series of predetganthisl éxumple, ehet theeshsldsvoltuyek) of welkptesde.

o o auback 2N Beahblyibig!6 WajubEehBF' contro1 1Y Tnfitaktsfly poron
ions into appropr;ate p-channel substrate regzone of

‘5 1ntegrated ‘circuit 10. The substrate areas to be doped

~ cover a larger area than the movement range of the fast
pos;tioner ' Therefore, the slow positioner drives the ion
lmplantation tool into relative alignment with integrated
circuit 10 at an orlgin 12 of a panel 14 (panels shown in

10 dashed lines) after which movement the fast positioner
executes the relatively short movements required between
the ion 1mp1antat10n tool and 1ntegrated circuit 10 to

' process the substrate areas wrthin panel 14 commanded by
the databage. After panel 14 is processed, the slow
15 positioner moves the ion implantation tool into relative

' alignment with integrated circuit ‘10 at-an origin 16 of a
panel 18 after which movement the fast positioner executes
the relatively short movements'required’between the ion
implantation'tool and integrated'eircuit 10 to process the

20 substrate ‘areas. within panel 18 as commanded by the

' database. -

The above described process is repeated by
'stepping through origins 20, 24, 28, 32, and 36 of
-respective'panels"zz, 26, 30, 34, and 38 until integrated

25 ¢ircuit 10 has been completely processed. Note that an
interconnect pad 40 is not completely eniclosed within a
single panel. Fortunately in this instance, interconnect
pad 40 requires no ion implantation: processing and can be
ignored fer panelization purpoeee;

30 | Database panelization is at best an inefficient,
approximate optimization that divides the tool path into
several predetermined compartmentalized small movement
command clusters that are inherently inefficient because
‘the movements are executed incrementally.



integrated circuit of a type having a regular pattern of smal |
f eat-ur es—-egtH++Rg—t+-1 Ng by ataser~ beam—Fhe-15—posi t-+ehRer—anrd-—laser

beamw | | cooperate eff|C|gnLIy i f t he slowg195|t|oner can accurately
nove the | aser beam frém pattern to patterniand the fast positioner
can wéBksesq direct the laser beamto all of the snabler

requiring trimmng within each pattern. 20 - | f, however, the
size of the l|argest pattern exceeds the novenent range of the fast
positioner, the dat abase positioning the tool across the workpiece
must be "panelized" into abutting segnents that each fit within

t he novenent range of the fast positioner. The above- descrlbed trend
toward increased di mensi ongl, i"z%t%.'o%naiﬁg de endslﬁ‘gﬂ'g ,}%Q‘L

virtual I'y guarantees {he nee anel | zed dat abases anellzatlon

al l ocates the caPac%ﬁﬁﬁ?lQﬁlﬁﬂ?1ﬂiﬂﬁ§°8ﬂ ThBPEitioRArs SURIQYRE @NGhitRe and
| ong, hi gh-accur egpye pofi toshibeing ippsipionedi at Eomwmpile,?,(the mml@nrrents
for the fast andoéki)%hggséé'ﬂ{@g?ated gircuit: %0 IBu%tE e ey 1

shews a portion ate Ing a sﬁ%éiantlally
regul ar 5 petheciatapase nak Qf’é‘ﬁ’s agr@Traing rat the eﬂ%‘%ﬂ% Fegularity

i nt er connect i onsof hixitégea e Eiid cuiito 101, 0bagsalgo Vaédording to the
movement range of the fast positioner and specific target
locations assigned to the ion implantation tool. 1If the
tool type is changed, a different positioner type may be

10 required that processes different features at different
target locations. Either change would probably require
that the database be repanelized to accommodate the new
positioner and tool.

Panelization further requires that each panel
.18 within a database must abut adjacent panels within the
workpiece without causing a tool operation to straddle or
overlap a panel boundary. -In the example of integrated
circuit 10, if instead~of~an'ioﬂaimp1antation toocl a laser
beam tool was employed to process metalization of

20 interconnect pad 40, the panelization shown .in Fig: 1 may
not be suitable because interconnect pad 40 straddles two
panels. The same problem can occur if the workpiece
includes irregular patterns, such as target locations for
holes 'in an etched circuit board. Some workpiece and tool

25 type combinations are éimply not conducive to
panelization. And, of course, pattern regularity may
repeat, albeit at a dimensional distance greater than the
movement range of a particular fast positioner. Adapting
a fast positioner having a sufficiently large movement

30  range may be counter-productive because of added mass and
nonlinearities. .

What is needed, therefore, is an improved
apparatus and method for accurately and rapidly
positioning a wide variety of tools relative to a wide
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4 ion inplantation tool positioned by a panelized database.

In this exanple, the threshold voltages of sel ected transi stors are
adj usted by controllably inplanting boron ions into appropriate
p-channel substrate regions of 5 integrated circuit 10.  _The substrate
areas to be VRPRI64 cover a larger area than the novendfTYSOMOSf ¢ he
f ast positioner. Therefore, the slow positioner drives the ion

i npl antation tool into relative alignment with integrated circuit 10
at an origin 12 of a panel 14 (panels shown ire 10 dashed lines) after
whi ch novenent the fast positioner executes the relatively short
novenent s required between the ion inplantation tool and integrated
circuit 10 to varieise &f WorkpiBces vithows Feguiringpanernduly: sianaiyed

by t he  dat abfset pdh‘:ltabnpa-noh: a4paﬁentadamd pabh dhtabdse.
positioner noves the ion i oLr*Iatlve : al i gnnment

with integrated circuit. 10 a8t = panel 18 after which
novenent the fast p03|t|oneﬁﬂeﬁ@ﬁGF§s°f thlst#ﬂ?ﬁﬂﬂlépl@ébytbﬁE#fOﬂmNéH%nts
required betwsen thfovide an improwednapparatis Gndmeéthoticgont Sukematidd1130

t t he 20 h
ot Bhages® 1 20 ana PG 31588aARD SOl 106121 SRINE USihdtad "°
st eppi ng t hrough cAmepcdmiEiple PQSthQneﬁﬁldUB@ &ool path pregeesing: panel s

22, 26, 30, 34, angygiemintil integrated 25 circuit 10 has been

conpletely processed. NOteAnP%hv%ﬂtagevof this invention is that it

10 provides an apparatus and a method for performing tool
path operations on an arbitrarily large workpiece without
- requiring a panelized database. -
Another advantage of this invention is that it
‘provides an apparatus and a method for improving the
15 throughput of tool path’ operations employing a positioning
system. -

- A further advantage of this invention is that it
provides aﬁ apparatus and a method for reducing the
‘movement rénge'and mass of a fast positioner employed in a

20 positioning system. . _

A multi-rate positioner system of this invention
receives unpanelized positioning commands from a database,
profiles the commands into half-sine positioning signals,
and furthet processes the half-sine positioning signals

25 ‘into 10w-ftequen¢y and high-frequency positioning signals
for actuating the respective slow and fast positioners to
target locations specified by the database. The slow and
fast positioners move without necessarily stopping in
response to a stream of positioning command data while

30 coordinating their individually moving positions to
produce tghporarily stationary tool positions over target
locations defined by the database. The multi-rate
positioning system reduces the fast positioner movement
range reqﬁirement while providing significantly increased



i.nt erconnect pad 40 is not conpletely enclosed within a single

panel .—FertuRatety—+a—thi s | nstaree;—int er eorreet————pae—40—fregti+es—ho

ion inplantation proceSS|ng and can be |gnoned for panelization
purposes 30 "Bt abase panel i zati on® r'ﬂat best an inefficient,
appr oxi matwo ogtosx zati on that divides the tool path into pcrruseenszseser al
predeterm ned conpartnentalized small novenent - command clusters that
are inherently inefficient because t he novenents are executed
increnental ly. WD 96/ 29634 -
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Panel i zati on al so depends on the novenent capacities of the

particul ar posit{ghersreceseMey ¥budhPut withbieréduifhg Wigkhelized
positioned. For ggﬁa t he panel s assigned to |ntegrated circuit 10
nust be delineat 83 % t he - dat abase not only according to the pattern
regul arity of i ntegrin el Lhirstuiembbdimeot, agsoimpertettn dow-paes

novement range o ﬂéérffééeﬁpéé tdtﬁ#ﬂQ{al%ﬂﬁxﬁaeﬁbﬁiﬁxéﬁ‘{ﬂftsxgnal drigfations
assi gned tosthe |8gstg3tfg&f$|éiv1 es it Entoefast and slow positioning
signals. An imperfect filter is employed to improve
filter response time. Slow positioner errors caused by
the nonresponse of the slow positioner to a high frequency
feedthrough signal. are corrected by directing these
10 feedthrough-relatea errors to the fast positioner as part
of the fast positioner command. Positioning errors caused
by inertia and friction associated with the positioners
are corrected by comparing the actual tool position with a
commanded tool position in feedback networks that modify
15 the slow and fast stage positioning signals. .

In a second embodiment, the half-sine
positioning signal is divided:into its acceleration and
-positionrcomponents.~uToolfprocesaing throughput is |
further improved by passing the position component through

20 a fourth-order profiling filter that has a fixed delay and
produces low-frequency position and acceleration
components for driving the slow positioner. The
unfiltered position and acceleration components are
delayed by the same amount as the fixed delay to produce

25 high-frequency position and acceleration components for
driving the fast positioner. Slow positioner errors

- caused by nonresponsiveness of the slow positioner to fast
stage components fed through the profiling filter are
corrected by directing these feedthrough-related exrors to

30 the fast positioner as part of the fast positioner
command. Positioning errors caused by inertia and

. friction associated with the positioners are corrected by
comparing the actual tool position with a commanded tool
position in feedback networks that modify the slow and



tool type is changed, a different positioner type may be 10 requi red that

processes different features at different target | ocations. Either
change woul d probably require that the database be repanelized to
accommodat e t he new positioner and tool. Panel i zation -

further requires.that each panel 15 w thin a database nu;%?@§ ag%acent

panel s wthi

wor kpi ece wi t hout causing a tool

straddl e or overlap a panel boundary. In the exanple of integrated
circuit 10, if instead of an ion inplantation tool a |aser beam t ool
was enpl oyed to process netalization of 20 8nterconnect pad 40, the
panel i zati on shown in Fig. 1 nay not be suitable because interconnect

pad 40 straddles t

wor kpi ece

The sape ngblen1can occur if the

?Dﬁﬁe%t?gékﬂﬁﬁﬁﬁlﬁ&&PﬁéPﬁgn ®th as target |ocations for

holes in an etched circuit bRdditiddaleohiekpscand adivantaiged5of thipe
conbi nations are Siﬁ? et 1k JEI!“HE %ﬁp&?ent froﬂaiﬁﬂ'fBﬁTdQﬁngAagtaQied

course, pattern re

arlt el-t a nsj ona

di stance greater t ﬁﬁ"?m °“ ot rﬂi?éﬁ@ﬁggrﬁﬂﬂgéwe%tﬁ)mreeggr"’i%ﬁ‘
posi ti oner. As8aptipgoceed wrtﬁezﬁfqmuacE|boethbaam¢qmpnn¥ih§|drawihgslarge

movenent 30
nonlinearities.

range nay be-; hagdded mass and

s an_i nproved

phE_Dray
appar atus and met hod for acc‘fﬂf%{ é‘l }saﬁdpﬁ-‘&ﬁ?m?l plan Vﬂ@@ PEoARnintegr¥eed
variety of tools reisacave wdrkiﬁﬂdka ‘panelized for tool processing according

i0

15

20

30

to a pr1or ‘art positioner movement panelization scheme.

Fig ‘2 is'a pictorial block diagram of a first
embodiment of a multi- stage laser beam positioning system
of this 1nvent10n.-

' . Figs. 3A and 3B-areftihe versus velocity graphs

ShOWing'reépective two- and three-segment positioner
velocity' proflles processed from positlonlng commands
accord;ng to this invention.-
- Fig 4 is a fragmentary pictorial side view 1
showing a: prior art galvanometer-driven mirror positioner
of a type suitable for use with this invention. !
- ' Pig. 5 is a waveform graph representing fast and i
slow positioner stage velocities and positions responsive |
to positioning signals according to this invention.

"'Fig. 6 is a waveform-graph representing the time
‘and movement parameters reguired to position the fast and
slow stages for laser drilling 16 holes according to the
first embodiment of this invention.

' Fig. 7 is a pictorial block diagram of a second
embodiment of a multi-stage laser beam positioning system
of this 1nventzon.

" Figs. BA to 8E are waveform graphs representing
the acceleration and position versus time required to
position the fast and slow atages along a generally
- triangular stair-stepped movement proflle with the second
-embodlment of this invention.
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6-- -—yart+ety—ef—wetrkpi.eces—w-tHhout I equ-Rg—an—uRduy—rasstvre———
fast posi tioner or a panel g2gd tool path databas it Sunmary
of the Invention ' An object of thi's invention is, therefore,
to 5 prwoissessan i nproved apparatus and nethod for autonuﬂwna&hyms

and optimally allocating database positioning commands anong multiple
positioners in a tool path processing system An
advantage of this invention is that it 10 Rrovides an apparatus and a

met hod for performng tool - path operations on an arbitrarily |arge
wor kpi ece wi t hout requiring a panelized dat abase.

Anot her advantage of this Fiyendi g a wdvedorni graph rppPeseRcing ﬂwa&ﬁws

and a method 1 or L APREVLAGnL "o ddperetd HAAIG ¥ bBYePAL"R0E2L

enpl oyi ng a posi ti onin
of: this inventi oSl snasestfor 138%# slaridddngh %pb@ﬂ&?ugcaﬂndhngretthoth¢ or
reducing the sectRYCBRBbAiNENE & kRIS Srifentilbast positioner enployed in

a 20 positi oni ng systenh tailed T i !iAn&E&l-rﬁateEEE gﬂer sgstem
of this invention - : :

Fig. 2 shows a multi-stage tool positioner
system 50 having positioning command execution
capabilities in accordance with this invention.

_ Pogitioner system S0 is described only by way of example

10 with reference to a laser-based hole cutting system that
employs a digital signal processor ("DSP") 52 to control a
fast galvanometer positioner stage 54 (“fast stage 54"), a
slow X-axis translation stage 56 ("slow stage 56"), and a
slow Y-axis translation stage 58 ("slow stage 58") to

s direct a laser beam 60 to target locations on a workpiece
62, such as an etched circuit board. Although positioner
.system 50 is configured with fast stage 54 mounted on slow
' stage .56 and workpiece 62 mounted on slow stage 58, other
configurations of tool positioning systems, such as one in

20 which fast stage 54 is mounted in .a fixed position and
workpiece 62 is mounted on slow stages 56 and 58, may'
advantageously employ this invention.

A system control computer 63 processes a tool

_ path database stored in a database storage subsystem 64.

25 - The database contains the desired processing parameters
for cutting holes and/or profiles with laser beam 60 in
workpiece 62. The database is conventionally compiled
using a tool path generating program, such as SMARTCAM~
manufactured by Point Control Software located in Eugene,

30 Oregon. System control computér-63 conveys parsed
portions of the stored database to a laser controller 68
and position control portions of the database as a data
stream to a delta process 70. Delta process 70 resolves
the data stream into delta position ("dx® and "dy"), delta



recei ves unpanelized positioning conmands from a dat abase, profiles
the commands into hal f-sine positioning signals, and further
processes the hal f-sine positioning signals 25 into | owfrequency and

hi gh-frequency positioning signals for actuating the respective sl ow
and fast positioners to target | ocations specified b¥'the dat abase.
The sl ow andV09/2%634; 55t nositioners nove without necessari PFTESIERB®y in
response to a stream of positioning command data while 30 coordi nati ng
their individually noving positions to produce tenporarily stationary
tool positions over target | ocations deldned by the database. The
multi-rate positioning systemreduces the fast positioner novenent

range requirenment whijl e providing signif]jcant] i ncr eased WO
96/29634q velocity ("dv* )9 ang deita tlﬁ&:ﬁrgsgélgggegnents for each

7 t ool prohetsaideg idangehpnt thétpoth of QaseirnBeanpao catrssh
f?tabase ' ﬁﬁﬁﬁeceldi EbﬁﬁEHSQEEE#rnQch ﬁ@w&ﬂBﬁ£f8£t1$é3¥F¥£§h
ilter receives the S| ne p05|t|o ng
0 is defined in dx, dy, dv, and dt components that are
5 further processed by a pos;t;on profiler 72 into a half-
sine proflled positioning signal.
' Laser controller 68 is controlled by timing data
generated by delta process 70 and further coordinated by a
triggering process that synchronizes the firing of a laser
10 76 to the motion of fast stage 54 and slow stages 56 and
58 according to a synchronization technique, such as one
‘described in U.S. Pat. No. 5,453,594, issued September 26,
'~ 1995, for hADIATION'BEhM POSITION AND EMISSION
COORDINAIION SYSTEM, wh;ch is asslgned to the assignee of
18 this applicatlon.

B Delta process 70 generates the dx, dy, dv, and
dt components in accordance with a preferred BASIC
language signal processing procedure described‘below with
reference to Figs. 3A and 3B.

20 - .Before calling the preferred procedure, referred
to as 'gen;move," limiting values for Maximum Acceleraticn
(amax), Maximum Velocity (vmax), and Minimum Time (tmin)
are initialized. The limiting values are physical
hardware limits imposed by the particular positioner

25 hardware (fast or slow} that is required to move a’
majority of the distance in response to a particular
positioning command. FPor example, if the movement
distance is less than 25 percent of the maximum fast
positicner movement range, then the values are set for the

30 fast positioner. Otherwise the values are set for the

' slow positioner. Limiting values for fast stage 54 and
slow stages 56 and 58 are:

: o - Fast : Slow
vmax (Meters/Second) 1 0.25
35 amax (q) 50 1.0



5 substantially divides it into fast and sl ow positioning signal s.
An—nperfect—fitter—s—enpl oyed—to—+Hpf OVve— +++t er response—t+me—Stow
positioner errors caused by.. t he nonresponsg.@af the slow positioner to
a high frequency feedthrough signal are corrected by directing these
10 feedidrogisgds- rel ated errors to the fast positioner agcpasésossos  Of
the fast positioner command. Positioning errors caused by inertia and
friction associated with the positioners are corrected by conparing
the actual tool position with a conman ed tool position in feedback
networks that nodify 15 the slow and fast™“stage positioning signals.

In a second enbodi nent, the hal f-sine positioning signal is divided

into its acceleration and ¢min (MIQ3lilse@Bn@gyponests. Tool pregesi ng

t hroughput is furth oved by _passin 0Si.ti O
through 20 a fourth-or c%’ﬁ gﬁ&—f"g]"?e?a?ﬁ‘éfa%% ‘i}%d%gl §Y'and
produces | ow f r egmdndty \tmhma areguidreskc folreaapositioner anagmmmmweonn

driving the sl ovepepbii (Tor Hifree moveltaht! LS{;ﬁén@é)Sﬁa xgpgl ccqsherat'on
conponents are %Osane nDun as the f1xe

produce 255 hi ﬂ5¥? eghéf%ﬁ%ﬁﬁﬂ YeARFIL¥ EPRRY | Hinad BRIt

driving the fastfpnaltve&mnity&lom/p03|t|oner errors caused by

nonr esponsi veness of the n S ts
fed through the profilin S’*ﬂ[/vt er are r& %"eghQnEE inc%%%eb c'c";c'iér ec"?ﬁng %glse
f eedt hr ough- r el aPEd@ padfsine Eﬂ?fllephécF&§Frﬁ5§??lEﬁﬂﬂe%ﬁ bd¥¥mﬁ*1 he
fast positioner i*), a comswatt Vélvditynisegmentolssegmeme 1) i raid a2 and

friction 2380 ahesdelbide | iroRON | NGNS, ASEOLGRERE E‘Vsﬁ%"’r{‘t Fheansk

t he actual "tool positi 1 N
net wor ks t hat nDEhPynt%% Eigw Hhd when a positioning command is

sufficiently large tc cause the positioner wvelocity to
reach either +vmax or -vmax, segment 2 is included between
segments 1 and 3. Otherwise, as shown in Fig. 3B, a two

15 éegment movement command is executed that includes only
segments 1 and 3 (segment 2=0). Procedure gen move
generally conforms ‘to,: and skilled workers will readily
understand, the following BASIC language description.
PROCEDURE gen _move {(g&, h&):

20 , _ |
' -REMARK "g" and "h® are pointers into an indexed array
of positions and velocities extracted from the database.
xi=px(g&) !initial x position © lum
25 yi=py (g&) tinitial y position o
_ xvi=vx (g&) linitial x velocity tum/sec
yvi=vy (g&) linitial y velocity -
_ xf=px (h&) lfinal x position
30 yf=py (h&) !final y position

. xvi=avx(h&+1l) !£final x velocity
yvE+vy(h&+l) 1final y velocity

REMARK  Calculate the maximum (or minimum) absolute

35 velocity for X and Y movement based on the total change in
position, initial and final velocztiea, and the minimum
movement time (limited to vmax).
dx=xf-xi
dy=yt-yi

xvmax=dx/tmin- (xvi+xvef) /2
IF xvmax>vmax

40
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8 fast stage positioning signals. . . Addi ti onal

obj ects and advantages of this i nvention will be apparent fromthe
foll ow ng detailed description of preferred enbodi nents thereof,

which 5 with reference to the acconpanying draw
Bri ef Descn%@?@ﬁ t he Draw ngs Fig. 11 spca‘mq al

pl an view of an integrated circuit work field panelized for tool
processi ng accordi ng to a prior art positioner novenent panelization
schene. 10 Fig. 2 is a pictorial 1Bl ock diagramof a first
enbodi nent of a nmulti-stage | aser beam positioning system of this

i nvent i on. Figs. 3A and 3B are time versus velocity graphs.
show ng respectlv - iﬁﬁyq ee- segnent p03|t|oner 15 velocity profiles
processed from postg *g&g*kwggggpnds ‘according to this invention.

Fig. 4 is a fragment agymddLdviaxdl Side view
5 . ENDIF :

REMARK  Assumes that dtl = dt3. If dtl and dt3 = tmin,
maximum velocity is employed.

10 yvmaxsdy/tmin-(yvi+yvf)/2 s
IF yvmax>vmax .
yvmax=vmax
ENDIF
IF yvmax<-vmax
15 yvmax=-vmax
- ENDIF B

REMARK  Calculate dt for segments 1 and 3, assuming
- three segments are required to execute this particular
20 pos:tzon;ng command.

kpo2={PI/2) /amax-

dt1l=MAX (tmin, ABS ( (xvmax- xv1)*kpoZ) ABS((yvmax yv1)*kpoz))

dt3-MAX(tm:.n ABS ( (xvf-xvmax) *kpoz) ABS((yvf yvmax) *kpo2))

25

o REMARK Calculate dt2 for both the x and y axls {xdt2
and ydt2). If either result is positive, a constant
velocity segment 2 is required. ‘xdt2 and ydt2 also
determine a dominant axis, i.e., the axis that requires
30 the . most t1me to move at constant maximum velocity.

IF xvmax>0
xdtzstdx—((xvi+vmax)*dt1/2) { (xvE+vmax) *dt3/2) ) /vmax
ELSE
35 xdt2=(dx~((xv1 vmax)*dtllz) { (xvf-vmax) *dt3/2)) /-vmax
ENDIF
IF yvmax>0
ydtzztdy-((yv1+vmax)*dt1/2) ((yvf+vmax)*dt3/2))/vmax
ELSE
40 ydt2=(dy- { (yvi- vmax)*dtl/z) ((yvf-vmax)*dt3/2))/ -vmax
ENDIF

IF xdt2>0 OR ydt2>0 lthree segment movement
REMARK Calculate dp,dv for each movement segment
45 IF xdt2>ydt2 ' I1X axis Prlmary
dxl= (xvi+xvmax) *dtl/2 _
xdvl=xvmax-xvi
Ax2=( (-xvi-xvmax) *dt1/2) + ( (-xvmax- xvf)*dt3/2)+dx
xdv2=0
50 dx3= (xvmax+xvf) *dt3/2
xdv3=xvE-xvmax



showi ng a prior art gal vanoneter-driven mrror positioner of a type
sui t ablefor—use—with-this invention—-—20 ——u . Fig. 5 is—awaveform
graph representing fast and | slow1p05|t|oner stage vel ocities and

positions responsive - 16, posi tioning signal s i."ﬁcordlng to this

I nvent i oN.wo 9629634 Fig. 6 is a waveform graph repegaspéese t he
tinme and novenent paraneters required to position the fast and 25
sl ow stages for laser drilling 16 holes according to the first
enbodi nent of this invention. Fig. 7 is a pictorial block
di agram of a second enbodi nent of a nu}?l-stage | aser beam
positioning system of this invention. 30 Figs. 8A to 8E
are waveform graphs repgesepiesd t he accel eration and position
versus tine reqU|red t Rb=1/ (2*y@O3idt Dradd)e fast and sIOM/stages al ong a
general |y t ri angyllar (gthéyvs)epdiul »dvad yeai(dpreti redud f vt herldecond
enbodi nent of this invygdvief{-yvi-yvE) b 0D@*c24yvi* (ydt2+dtl)) *kb
PCT/ US96/ 03805 d£2= (2*dy-dtl*yvi-dt2+yve) *ydt2+kb
ydv2=0
dy3={(yvE-yvi) * ((dt3*dtl) /2+ (dy+ydt2*yvE) *dt3) *kb
ydv3=( (yvi+yvE) *dtl-2*dy+2+* (dt3+ydt2) *yvE) *kb
ELSE 'Y primary axis
10 dyl-(yvi+yvmax)*dt1/2
ydvi=yvmax-xvi
dgz ((-yvi yvmax)*dt1/2)+(( -yvmax-yvf) *dt3/2) +dy
yvdv2=0
dy3= (yvmax+yvf) *dt3/2
15 . yav3=yvf-yvmax
xdt2=ydt2
kb=1/ (2*xdt2+dt3+dtl)
dxls={ (xvi-xvE) * ( (dt1*dt3) /2+ (dx+xvi*xdt2) *dt1l) *kb
xdvi=( (-xvi-xvf) *dt3+2*dx-2*xvi* (xdt2+dtl)) *kb
20 dx2=(2*dx-dtl*xvi-dt3*xvef) *xdt2*kb
xdv2=0
Ax3={ (xvf-xvi) * ( (dt3*dtl) /2+ (dx+xdt2*xvE) *dt3) *kb
xdv3i= ((xv1+xvf)*dt1 2*dx+2*(dt3+xdt2)*xvf)*kb
ENDIF
25 ELSE 'two segment movement :
- REMARK - Calculate: dtx . and dty to determine 4t for
segments 1 and 3.
twomovetime (xvi,xvf,xi,xf,xdt)
twomovetime (yvi,yvi,yi,yf,ydt)

30

REMARK For two segment movement, dtl = dt3 = the larger
of dtx or dty.

dt1=MAX (xdt, ydt)
35 dt3=dtl

REMARK Calculate dp and dv for segments 1 and 3.
- twosegmentmove
xdt2=0
40 ydt2=0
dx2=0
dy2=0
xdv2=0
ydv2=0
45 ENDIF

RETURN _ |
REMARK- End of procedure gen move

50
PROCEDURE twosegmentmove



Fig. 9 is a waveform graph representing the tine and novenent

paranmeters required to position the fast and sl ow stages for |aser
drilling 16 holes according to the second enbodi nent of this
i nventi on. Det ai | ed Description of Preferred Enbodi nents
Fig. 2 shows nul ti--stage tool positioner system 50 havin
posi tioning Y%ﬁma‘ execution capabi | ities in accordaPfcHU ?his
i nventi on. Positioner system50 is described only by way of exanple
10 with reference to a | aser-based hole cutting systemt hat enpl oys
a digital signal processor ("DSP') 52 to contna a fast gal vanonet er

- positioner stage 54 ("fast stage 54"), a slow X-axis translation
stage 56 ("slow stage 56" w Y-axis translation stage 58

("sl ow stage 58") to égjgf%iﬁ §¥f*2 32/#60 to target locations on a’
wor kpi ece ' ¥ 3%‘ t board. Although positioner

system 50 is-conflguaggél ih - yﬁed on sl ow st age 56
and wor kpi eces62 nou ;gy gﬁ%ﬁ?ﬂ §§v : configurations of
tool positioning systens, such as one in whi ch fast stage 54 is
mounted in a fixed pdeii-de/ﬂﬁdri*dt:iMmEpdﬁsﬁa 62 is nounted on slow -
stages 56 and 58, mayxdv3=-defitdragd@s3kxvE/pl oy this invention.

A system control conputer 63 processes a tool ' pat h dat abase stored
in a dat abas@Ost or aged¥pAYA: t3/ yvE*dtd/4at abase contains the
desired processing pa¥Y@fTe dt3+YV1 ?6P*¥Hff?ng hol es and/or profiles with
| aser beam 60 in RETURNworkplece 62. The database is conventionally

conpi |l ed using a tool path generating progran1 such as SMARTCAM err]
manuf act ur ed 1By POPﬁécﬁEﬁﬁﬁ(ﬂwéﬁHUéﬁ%h%(chéfeib fb ) 30 Oregon.
System control conputEpcks EOREWS par sed portlons of the stored
dat abase to a | aser cétetminer 68 :

k1=3*visve

kls=k1”2

20 k2=(32/PI)*amax*(fp-1p)
k3=PI/ (B*amax)

IF kls+k2>0 :
dtaMAX(dt k3*(—k1+SQR(kls-k2)))
ENDIF
25 IPF kls-k2>0 :
- dt=MAX (dt, k3*(k1+SQR(kls-k2)))
ENDIF
klasvi43*veE:
kls=k1%2
30 IF kls+k2>0
dt=MAX (dt,k3* (- k1+SQR(kls+k2)))
ENDIF -
IF kls-k2>0
dt=MAX (dt, k3* (k1+SOR (k1ls-k2)))
35 ENDIF
RETURN

Referring again to Fig. 2, the dx, dy, dv, and
dt components generated by delta process 70 are further
processed by position profiler 72 into the half-sine

40 positioning signal required to cause fast stage 54 and
slow stages 56 and 58 to move as coﬁmanded by the
database. Ideally, positioner acceleration is
proportional to motive force, and motive force is
proportional to electrical current supplled to a

45 positioner ‘driver such as a linear or rotary servo motor
or a galvanometer coil. Therefore, the positioning signal



and position control portions of the database as a data streamto a
delta—process—Ho—belt+-a—pr ocess—#o—+esol ves————t+he—data—st+reamtnto— -
delta position ("dx" and "dy"), delta WD 96/ 29634

PCT/ US96/ 03805 C 10 vel ocity
("dv"), ambseketm tinme ("dt") conponents for eachH™™ . | pErossshasisange in
the path of |aser beam 60 across wor kpi ece 62.- . Consequently, each
novenent of |aser beam 60 is defined in dx, dy; dv, and dt conponents
that are 5 further processed by a positign profiler 72 into a hal f-
sine profiled positioning signal. Laser controller 68 is
controlled by timng data. generated by delta process 70 and further

coordi nated by producedt bydpesitioR PESESIdhat2 Snahbariéssotheshizing of a
| aser 10 76 to the nqthgg of . f ast 5%& e 5%:agq sl ow stages. 56 and
58 according to“XSyAAr o £rpine By Eﬁhﬂga ffr25I8ReINAUCING o scr i bed i n
U:S. Pat. No. 5pesdtioningsstepsSthatgausegovements]sgsh asr thpse Aghamn
BEAM PCSI TI ON Al 5&b§$'§ﬂ and 3B. The full-spectrum bandwidth need only
5 be about 250 Hertz, a bandwidth sufficient to drive
galvanometer-driven mirror positioner 100 at its maximum
freguency.

o Instantaneous values of the full-spectrum
positioning signal are generated by DSP 52 at a rate of

10 about 10,000 points per second by employing the dx, dy,
dv, and dt components generated by delta process 70 as
variables for a sine value generation program running in
DSP 52. Alternatively, the dx, dy, dv, and dt components
may be employed to address and fetch associated sinusoidal

b 3 waveform values stored in a sine value lookup table that
is incorporated within DSP 52. _

In a first embodiment, the resulting full-
spectrum positioning signal is received by a low-pass
filter 78 that passes a low-frequency position ("LFP")

20 signal portion to an adder 80. Adder 80 functions as a
high-pass filter by subtracting the LFP signal portion
from the full-spectrum positioning signal to form a high-
frequency position ("HFP") signal portion. The HFP and
LFP signal portions together substantially equal the full-

25 spectrum positioning signal generated by position profiler
72. Consequently, the HFP and LFP signals are processed
and distributed, respectively, to fast stage 54 and slow
stages 56 and 58, each of which is optimized to respond in
substantially real time to the respectively applied

30 position signal frequencies.

In particular, the HFP signal is processed
through adders 82 and 84 and a feed forward process 86 to
a galvanometer driver 88. Likewise, the LFP signal is
processed through adders 90 and 92 and a feed forward



. COORDI NATI ON SYSTEM which is assigned to the assignee of 15 this .
appl i cation. Delta process 70 generates the dx, dy, dv, and
dt “conponents in accordance with a preferred BASIC Ianguage si gnal
processi ng procedure described below with reference to Figs. 3A and
3B. 20 __Before calling the preferred procedure, P& erred

to as "gen_ ﬁB?@“”ﬁ”rntlng val ues for NHX|nun1AcceIerat|on r&sm ﬂﬂﬁx)

Maxi mum Vel ocity (vmax), and Mninum Tinme (tmn) are initialized. The
limting values are physical .  hardware limts inposed by the
particul ar positioner 25 hardware (fast or 3$low) that is required to
nove a maj ority of the distance I n response to a particul ar

posi tioning conmand. For ex if the novenent di stance is | ess

t han 25 percent ofpfﬂﬁeﬂ%x? faas]tinear ser¥Q; ReteR AMKEF 26 range, then

t he val ues are setGabvahdmetSdr drivext sgoprovides . defldurivns eohbheol atursent e

t for.th |
ST ow ot agee 56 andCRpRipRET!of Wififror Wde1EBHiNG| dfvalindcdth 1hBage pllle -
Sl ow 54, %ﬂ%xsfyxgeﬂnggéggﬂayr 9¢ provides contrelzgugsent to

amax (Qg) 5 line&P servo motors tha@ control ﬁM&SﬁBﬁEﬂiﬁﬁxng of slow
PCT/ US96/ 03805 stages 56 and 58.

Fig. 4 shows a prior art galvanometer-driven
mirror positioner 100 of a :ype"auitable for use as fast
stage 54. Galvanometer driver 88 (Fig. 2) provides

10 rotational control current on conductors 102 to respective
X-axis and Y-axis high-speed response D.C. motors 104 and
106 that rotate shafts 107 in bearings 108 to selectively
pivot a bair'of mirrors 110 and 112 that deflect laser
~ beam 60 through an optzonal lens 114 to a predetermxned
i5 target locatlon ‘'on workpiece 62.

Alternatively, a nonbearing motion positioner,
such as a piezoelectric element, a voice coil actuator, or
other limited angle high-speed positioner device could be
used in placefof galvanometer-driven mirror positioner 100

20 in positioner system 50. '

- Likewise with reference to Fig. 2, alternative
accuratefrbtary or linear positioner mechanisms may be
substituted for the linear servo motors driving slow
stages 56 and 58. However, in positioner system 50,

25 ANORAD motors that preferentially respond to the LFP
slgnal are preferred.

In the first embodiment, low-pass filter 78 has
a 25 Hertz three-decibel rolloff frequency, has a 100
decibel per decade slope, and is'implemented-as a fifth-

30 order (five stage) digital filter that compromises
filtering effectiveness for fast response. Consequently,
some high-frequency signals generated by position profiler
72 feed through low-pass filter 78 into the LFP signal
portion causing the HFP signal portion conveyed from adder



tmn (MIIliseconds) 2 20.0 Procedure gen
nmeove—cal-cul-ates—the—dx—dy, dv,———and dt—values requiredfor &

positioner stage to nove ip. . either two or three novenent segments
fromany initial 5 positi'en and initial velocity to any final position
and wo'dghogss! OCi ty. ' Al'l novenent segsEiiehitas ude
sone conbi nati on of a half-sine profiled accel erati on segnent

(" segnent 1"), a constant velocity segnent ("segnment 2"), and a 10
hal f-sine profiled decel erati on segnent ("segpent 3"). As ~shown in
Fig. 3A, when a positioning command is 1 sufficiently large to cause
the positioner velocity to reach either +vnmax or -vnax, segnment 2 is

i ncl uded bet ween t : i yjn Fig. 3B, a
80 to addéf Bt #.Ms%:.ngj B8 t.ﬁf?l.xafr?&\ﬂﬁw g

two 15 segnent novenent conmand _i.S exeCute i ncl ides “onl y

segnents 1 and 3°PRRGREAES of))theyfnld sppecirum Bogitioning gignaj{ y
conforns to, andNekerthelesskaccurdte poadtivning requiries stisatl, thee

foll owi ng BASIC g:gls&? | Q. BERY e (g& h&):
20 RENARKLﬁegyg%%n xﬁﬁﬁe p%‘lar:llt ngclgnto an%ﬂ%xeﬁ ar ray

of position§ andTheretpreebasavas ithe LFFBigBadpaphien contains yj —px(gg)
linitial x positieBidual highnfrétuenciiesPtogd®hich faktnstage 54 [Elouldn

xvi:vx(g&). lLQEELthXbﬂflfgﬂﬁﬂich slow %%E&iﬁcss and 58 cannot respond,
the signal generated by adder 50 is also conveyed to adder
82 to cause fast stage 54 to respond to the residual high
- 10 frequencies present in the LFP signal portion. _
Moreover, two signals are added to each of the
HFP and LFP signal portions to reduce positional errors
between the commanded position and.the actual position of
laser beam 60 on workpiece 62. The HFP and LFP signal
15 portions represent the ideal signal values required to
cause the. commanded positioning of stages 54, 56, and 58.

. However,. practical  factors such as: gravity, friction,
mass,” and inaccuraciesin the full-spectrum positioning
signal generated by position profiler 72 are not

20 contemplated in the unmodified HFP and LFP signal .
portions. .
_The practical factors are accounted for by
sensing the actual positions of stages 54, 56, and 58 with
position sensors 120 and 122 to provide predictive
25 ‘position feedback data to DSP 52. Position sensors 120
and 122 may be well-known types employing rotating
capacitor plates, linear and rotary encoder scales, or
interferometer motion detectors together with appropriate
analog-to-digital and/or digital-to-amalog conversion
30 ° techniques. :
As laser beam 60 undergoes movement across
workpiece 62, the sensed beam position is continuously
compared to the commanded beam position, with the
positional difference representing a degree to which the



yvi =vy(9&) linitial y velocity xf =px( h&) I final x position

30 yf =py( h&) I'final y position xvf=vx(h&+1l) !final x _
vel ocity yvf+vy(h&+1l) !final y velocity REMARK Cal cul ate
t he maxi mum (or mninun) absolute 35 velocity for X and Y novenent based
on the total. _change in position, initial and final velocities, and
the mni rrumw°"’2%3?mvement tinme (limted to vmax). BGEYF9640380S
dy=yf-yi 40 xvmax=dx/tm n- (xvi +xvf)/ 2 | F xvmax>vnax
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practical factors have caused positiocning errors. 1In
particular, sensed position data of fast stage 54 are

' generated by position sensor 120 and:subtracted from the

- commanded position at adder 82 to generate positional

5 difference data that are combined in adder 84 with a next

-subsequent HFP ‘signal portion conveyed by feed forward
process 86. Likewise, sensed position data of slow stages
56 and 58 are generated by position sensor 122 and
gsubtracted from the commanded position at adder 90 to

10 generate"positional difference data that are combined in

" adder 92 with a next subsequent HFP signal portxon
conveyed by feed forward process 94.
"Fig. 5 graphically shows how fast stage 54 and
slow stages 56 and 58 coordinate their movements in

s response to a representative -full-spectrum positioning
signal 1268 (shown in bold lines), which is divided in DSP
52 (Fig.”ér into an HFP signal portion 130, and-an LFP
signal portion 132. HFP signal portion 130 represents the
ACvcoupled, 25-250 Hertz high-passband portion of full-

20 'speCtrum'poéiticning signal 128, and LFP signal portion
132 represents the direct-coupled, 0-25 Hertz low-passband
portion of full-spectrum positioning signal 130.

" Bach half-gine profiled positioning step in
full-spectrum positioning signal 128 (uniquely identified

25 - by a letter suffix, e.g., 128A, 128B, 128C, and 128D)

: causes a correspondingly identified step in HFP signal
portion 130 (e.g., 130A, 130B, 130C, and 130D). 1In this
example, éach positioning step is separated from adjacent
positioning steps by about 10 milliseconds, but the time

30 separation, if any, is a function of timing data in the
tool-path'database. '

: " Fig. 5 further shows a resultant fast stage
‘velocity waveform 134 and a resultant slow stage velocity
waveform 136 that show, respectively, how fast stage 54



XVmax=vmax ENDI F | F xvmax<- vimax XVImax- vimax 5 ENDI F

REVMARK—-Assures—that—dt. | —.dt 3—f—dt| apd—dt-3——tmn,- —AreHHRHA———
velocity is enployed. 10 . yvmax=dy/tm n-(yvi+yvf)/2 | F yvmax>vnax
YVImax=vmax ENDI F FESLE yvmax<-vimax 15 #7% yvmax=- vimax

ENDI F wo odiissdaRK Cal cul ate dt for segnents 1 and 3, peP®EsE03&S

three segnents are required to execute this particular 20 posi tioning
comand. kpo2=( Pl / 2)/ anax
dtI=N%X(tnin,ABS((xvnax-xvi)*kpoZ),ABS((yvngg-yvi)*kp02))

dt 3=MAX(t m n, ABS( ( xvf - xvmax) *kpo2) , ABS( (yvf =yvmax) *kpo2)) 25 REMARK
Calculate dt2 for both the x and y axis (xdt2 and ydt2). If either

resul'éI izs Iposi tiag %wmyageg 56 andVg?Qﬁéé_:}b;ﬁfgﬁB?lﬁg{gZhsiignhgq 'hgtegonxdf[Z
S0 VRS A B RO el g Sy S e e res
. _ In particular, HFP signal portions 130A, 130B,
130C, and 130D each include acceleration segments that
5 cause fast stage 54 to undergo sine-profiled velocity
changes as represented by corresponding fast velocity
waveform pulses 134A, 134B, 134C, and 134D. Fast velocity
waveform 134 has a baseline 138 that transitions in a
negative velocity direction and settles at a value of
10 about -100 millimeters per second. This baseline shift is
- caused by the combined signal processing effects of adders
80, 82, and 90 that couple a portion of LFP signal portion
132 into the HFP gignal portion processing circuits.
_ _ HFP signal portion 130 alsoc represents how fast
15 stage 54 respdnds.positionally;to each of fast velocity
pulses 134. The peak fast stage positioning displacement
'required .in this example is about 2.8 millimeters, which
~is well within the 10 millimeter linear range of a low-
mass, galvanometer-driven mirror positioner.
20 LFP signal portion 132 also represents how slow
stages 56 and 58 respond positionally to slow velocity
- waveform 136. Slow stage velocity waveform 136
transitions in a positive velocity direction and settles
at a value of about +100 millimeters per second. In this
25 example, the slow stage position changes linearly with
time such that at least one of slow stages 56 and 58 do
not stop moving. , S .
Full-spectrum positioning signal 128 also
represents the net positions resulting from the combined
30 fast and slow stage positions represented respectively by
waveforms 132 and 130. Plateaus 1403, 140B, 140C, and
140D indicate 10 millisecond time periods during which the
coordinated position is stationary even though stages 54,
56, and 58 may all be moving. This is clearly shown for




| F xvmax>0 xdt 2=(dx- ((xvi +vmax) *dt | / 2) - ((xvf +vmax) *dt 3/ 2) ) / vimax

ELSE 35 xdt 2=(dx- ((xvi -vmax) *dt 1/ 2) - ((xvf-vmax) *dt 3/ 2)) /- vimax

ENDT F | F yvmax>0 .

ydt 2=(dy- ((yvi +vimax) *dt | / 2) - ((yvf +vimax) *dt 3/ 2) ) / vimax ELSE 40

ydt 2=(dy- ((yvi-vmax)*dtl/2)-((yvf-vmax)*dt3/2))/-vmax ENDI F

xdt 2>0 OR ydW8329634 ¢ hr ce segnent novenent REMARK ESPHﬂFQF@SdpdV
for each novenent segnent 45 | F xdt 2>ydt 2 I X axis Primary
dx| =(xvi +xvmax) *dtl /2 xdvl =xvmax- xvi

dx2=((-xvi -xvmax) *dt 1/ 2) +( (- xvmax- xvf) *dt 3/ 2) 2dx xdv2=0 50
dx3=(xvmax+xvf)*dt 3/ 2 xdv3=xvf -xvnmax WO 96/ 29634

PCT/ US96/ 03805 L L _ L
plateau 140C, directly under which waveforms 130 and 132

intersect with substantially equal and opposite slopes.
Plateaus 140 correspond to time periods during which laser
‘76 may be triggered to cut holes in workpiece 62.

5 : - 'With reference to Figs. 2 and 6, tool processing
throughput of the first embodiment of multi-stage tool
positioner system 50 was evaluated by computer modeling a
wide variety of moVeméﬁt-profiles and sequences. It was
learned that as the move lengths increased beyond about 3

10 millimeters and the laser hole drilling times decreased
below about 5 milliseconds, the 1 g acceleration limit of
slow stages 56 and 58 was exceeded. In particular, a
sequence of moves and drills in one direction immediately
followed'by a Sequencé'of moves ahd drills in the opposite
158 dlrectzon would exceed the 1 g acceleration limit 'when the
movement direction reversed. S
‘A proposed solution to this limitation entailed
reducing the cutoff frequency of low-pass filter 78 to
reduce the acceleration of slow stage 58 and adding a
20 - feedback loop from the output of adder 80 to position
profiler 72. Fig. 6 shows for the proposed solution the
resulting timing and positioning movements of fast stage
54 and slow stages 56 and 58 required for laser 76 to
drill 16 holes in workpiece 62. Motion of slow stages 56
25 -  and 58 is represented by a servo acceleration waveform 150
and a servo velocity waveform 152. Servo acceleration
waveform 150 shows a peak acceleration 154 of about 1 g,
which is within the required acceleration limit, and servo
velocity waveform 152 shows a peak velocity 156 of about
‘30 175 mzllimeters per second, which is well within the 250
millimeter per second limit. :
' . Fast stage 54 motion is represented by a galvo
‘position waveform 158 that includes repositioning
movements 160 and position coordinating movements 162. 50



13 ydt 2=xdt 2 kb=1/ ( 2*ydt 2+dt 3+dt )

by b=y e gt3)L 2+ dy Rywd2ydt 2) * dil) kb

ydvl =((-yvi-yvf)*dt 3+2*dy-2*yvi *(ydt 2+dt 1) ) *kb 5

dy2=(2*dy-dt| *yvi - dt 2*yvf)*ydt 2*kb yieh2=0

dy3= ((yvf“&mghyﬁﬁdtS*dtl)/2+(dy+ydt2*yvf) dt3)*kb PCT/US96/03805
ydv3=((yvi +yvf) *dt 1- 2*dy+2* (dt 3+ydt 2) *yvf) *kb ELSE 'y
primary axis 10 dyl=(yvi +yvmax) *dt 1/ 2 ydvl=yvmax- xvi
dy2=((-yvi-yvnax)*dt1/2)+((-yvnax-yvf)*dt3/3 +dy ydv2=0
dy3=(yvmax+yvf)*dt3/2 15 - ydv3=yvf =yvmax xdt 2=ydt 2

kb=l / (2* xdt 2+dt 3+dt | )

dxl - ((xvi-xvf)* Gﬁﬁ?Edﬂéghh2§ﬁd§éévbfxﬂ£33rCﬁé)aﬂQJrepresented by laser
xdv1l=((-xvi-xvf)*dt 3+2*dx- XV|*(xdt2+dtI)) kb 20

dx2=( 2* dx- dt | * x W&V &%?%E\Fr )’-%fédt 2*Kkb - xdv2=0 dx3=
(xvf-xvi)* ((dt3*dt|)/2+(dﬂpxdm§1XVhroungﬂ¢dnf tool path opegagitpavi +xvf)
*dtl - 2*dx+2* (dt %ééitc%)l XV ibfifre pulsing FAMdF 762%ur1n§~§ﬁe Pﬁ?lﬁ?gﬁent

novement Cal cul at e dt and dty to deter
segnents 1 3nd §°°rd‘-natm9 PRYRDERE |?'r§2('5<lﬁ xifmediately fpllows each
twonoveti me (yvirepdsitiorfingdmpvement 160. Unfortunately, the proposed

solution required delaying the start of each repositioning
movement 160 until fast stage 54 was far enough from its
10 millimeter travel limit to ensure that the next

10  repositioning movement 160 could be made without exceeding
the 10 millimeter travel limit. Therefore, while the
proposed solution did control the acceleration, it
significantly limited throughput for sequences of long
moves greater than about three millimeters. Fig. 6 shows

15 @ that the proposed solution required 550 milliseconds to
drill 16 holes with laser 76. . . . .

L Fig. 7-shows a second. embodiment of DSP 52 in
which tool processing throughput was improved by replacing
low-pass filter 78 (Fig. 2) with a profiling filter 170

20 having'a constant delay and adding a delay element 172
between position profiler 72 and adders 80 and 82 to
compensate for the constant delay of profiling filter 10.
Delay element 172 also delays, and thereby, synchronizes
the laser triggering pulses generated by position profiler

25 72 and directed to laser controller 68. Profiling filter
170 and delay element 172 cooperate to move slow stages 56
and 58 smoothly over thé average position profile while
limiting its acceleration to il g and cooperate to limit

. fast stage 54 positionipg movements to $10 millimeters.

30 : The half-sine positioning signal generated by
position profiler 72 includes a position component and an
acceleration component., The position component is
received by profiling_f;lter 170 to produce filtered
position command data for driving slow stages 56 and 58.




30 REMARK For two segnent novenent, dtl = dt3 = the |arger

of dtx or dty. dt 1=MAX ( xdt, ydt) 35 dt 3-dt| REMARK -
Calcul ate dp and dv for segnments 1 and 3 t wosegnent nove

xdt2=0 40 ydt 2=0 dx2=0 dy2-0 xdv2=0
ydv2=0 45 ENDI F RETURN REMARK End of _procedure
gen_move 50W09629634 pROCEDURE t wosegnent nove VO 967%@6??&"’3”5

PCT/ US96/ 03805

22

Profiling filter 170 is preferably a fourth-order low-pass
filter represented below by Eq. 1.

1 a2

G(s) = | 82 28 | (1)
: ' —_ 4 — +1
w @

10 In Eq. 1, @ is ‘the natural or cutoff, frequency of
profiling filter 170 and { is its damping ratio.
Preferably, w equals a8 radians per second and ¢ equals
0.707. The 0. 707 value of ¢ is referred to as the
critical damping ratio because it produces a phase lag

15 that is linear Wlth frequency up to a natural frequency wn
of profiling filter 170. The linear phase lag results in
a constant time delay for any half- sinéhpositioning'signal
having a frequency content up to the natural frequency.

' For the Eq. 1 filter, the time delay equals 4{/® seconds.

20 Because_profiling filter 170 produces filtered
position command data having a constant time delay with
respect to the half-sine positioning signal position
component, the constant time delay is compensated for by
'delay element 172. Delay element 172 is preferably

25 1mplemented by DSP 52 as a programmed delay in conveying
the half- sinelpositioning signal acceleration and position
components from position profiler 72 to adders 80 and 82.
Thereby,'half-sine positioning signala'directed to fast

' gtage 54 are time synchronized'with the filtered position
30 commands directed to slow stages 56 and S8.
The acceleration command £rom position profiler
72 is also filtered by profiling filter 170 to provide a
 8ervo acceleration feed forward signal to adder 80 and
feed forward process 94. In a manner similar to the first
35 embodiment, adder 80 functions as a high-pass filter by
| subtracting the servo acceleration feed forward signal



14 dxl =dx/ 2, xvi *dt 1/ 4- xvf *dt 1/ 4

xdvl=dx/dtl =-3*xyvi[2- xyf/?2 ———dy| =dy/[2+yvi*dt 1/ 4-yvirdt} /4 &5
ydv =dy/dt 1-3*yvi/2-yvf/2 - dx3- dx/ 2-xvi *dt 3/ 4+xvf*dt 3/ 4

xdv3=dx/ dt 3+xvi / 2+3*xvf/ 2 =10 dy3=dy/ 2- yV|*dt3/4+yvf dt3/4
ydv3=-dy/ Qe seRokis2 +3* yVf/2 RETURN 15 PROCEDURE pc1/us96/03805
twonoveti me(vi, vf,ip, fpVAR dt) LOCAL k1, k2, k3 dt=tmn

Kl =3*vi +vf kl s=k172 20 k2=(32/ Pl) *amax*(fp-ip)

k3=PI / ( 8* anax) | F kl s+k2>0

dt =MAX( dt , k3* (- k1+SQR( kI s-k2))) - ENBPF 25 | F kil s-k2>0

dt N%X(dt k3* (kl +SQR(kl s-k2)))
from the acceleration component of the full-spectrum
positioning signal to form a galvo acceleration feed
forward signal, which is conveyed to feed forward process
86. Likewise, the filtered position command from
5 profiling filter 170 and the delayed position component of

the half-sine positioning signal are conveyed respectively
to adders 90 and 82 for processing and distribution,
respectively, to slow stages 56 and 58 and fast stage 54.
A galvo filter 174 and a sexrvo filter 176 are conventional

10 loop compensation filters that function to keep fast stage
54 and slow stages 56 and 58 stable.

The +1 g acceleration capability of slow stages
56 and 58 and the $10 millimeter travel limit of fast
stage 54 constrain the parameters of the half-sine

15  positioning signal generated by position profiler 72 and
the cutoff frequency of profxlzng filter 170. These
constraints are descrlbed with reference to Figs. 8A to
8E, which show exemplary waveforms in response to a
triangular move profile 180 shown in Fig. 8A. Triangular

20 move profile 180 includes a series of upwardly moving
positioning steps 182 followed by a series of downwardly
moving positioning steps 184. Slow stages 56 and 58
respond as shown in Fig. 8B in which a slow stage
acceleration waveform 186 represents slow stages 56 and 58

25 undergoing acceleration impulses 188, 190, and 192 at the
beginning, middle, and end, respectively, of triangular
move profile 180. Multiple high-frequency acceleration
impulses occur at each of positioning steps 182 and 184
but are filtered out by profiling filter 170 leaving slow

30 stage acceleration waveform 186.

As the cutoff frequency of prof;l;ng filter 170
is decreased (heavier filtering), the maximum amplitude of
acceleration impulses 188, 190, and 192 decreases.
Therefore, for a particular slow stage acceleration limit



ENDI F k1l=vi +3* vf kl g=k172 30 | F kl s+k2>0

dt =MAX(dt , k3* (- kl +SQR( kI s+k2))) ENDI F | F kl s-k2>0

dt =MAX(dt , k3*(kl +SQR(kl s-k2))) 35 -ENDI F " TRETURN

Referring again to Fig. 2, the dx, dy, dv, and dt conponents
generated by delta process 70 are further processed b osi tion
profiler 72 W924%& half-sine 40 positioning signal requ%Fg’Hmuse
fast stage 54 and sl ow stages 56 and 58 to nove as commanded by the
dat abase. ldeally, positioner acceleration is proportional to notive
force, and notive force is proportional 240 el ectrical current
supplied to a 45 positioner driver such as a linear or rotary servo notor
or a gal vanoneter coil. Therefore, thefpositioning si gnal WO

96/ 29634 (e.g., 1'g), the cutoff frequeney)stas) d¥p@et using this

constraint.
. 'However, another constraint sets a lower bound

on the cutdff frequency. Because of profiling filter 170,
5 the actual position profile of slow stages 56 and 58 does

not exaétl?'follow the ﬁaveform'of'triangular‘move profile

180, but is more "rounded." As shown in Fig. 8C, this

‘causes therpositioning of fast stage 54 (i.e., the

difference between triangular move profile 180 and the

10 move profile of slow stages 56 énd 58) to move as
represehtgﬂ'by a fast stage positioning waveform 194.
Examiningr?igs. 8B and 8C reveals that the position of
fast stégef54 reaches maxima 196, 198, and 200 at times
corresponding to acceleration impulses 188, 190, and 192

1s of slowistgge acceleration waveform 186. Unfortunately,
decreasing the cutoff frequency of profiling filter 170
acts to increase the maximum movement of fast stage 54.
Therefore, a compromise must be reached between limiting
slow stagé acceleration and fast stage positioning.

20 : ' ‘Another variable that can be used to reach this
compromise is the shape of the desired move profile. By
varying'tﬁe maximum velocity, accéleration, and/or on time
of laser 76 for the individual steps in the desired move
profile, the magnitude of acceleration impulses 188, 190,

- 25 and 192 can be controlled. Lowering the acceleration
impulse magnitude allows the cutoff frequency of profiling
filter 170 to be increased, which in turn decreases the
maximum movement of fast stage 54. . :

. ‘Move profile acceleration and/or laser on-times

30 may also be set as a function of movement distance. A
further improvement in throughput is possible by
predictiné'the maximum slow stage acceleration as a
function of prior positioning steps and tailoring the
acCeleration or laser on-time of the next step to place a



15 produced by position profiler 72 is a series of "full-

spect+ut—half—stae—proft| ed aceeteratt on- i-Reuet-Rg—

p
t hat cause novenents such as those shown - in Pigs. 3A and 3B. The
frul | -spectrum bandw dt h ne@d*only 5 be about 28@ Hertz, a bandw dth

suf fi ci entwé o6zb634v € gal vanonet er-driven mirror p05|wcwnsmmmﬁ& at its
maxi mum frequency. | nst ant aneous val ues of the

full -spectrum positioning signal are generated by DSP 52 at a rate of
10 about 10, 000 points per second by enpbgying the dx, dy, . dv, and
dt conponents generated by delta process 70 as varlables for a sine
val ue generation programrunning in DSP 52. Alternatively, the dx,

dy, dv, and dt qssghes The predﬂaueaeaeeeiémixhdﬁ)address and fetch
aSSOCIated si nusoi dal 15 0

tabl e that S |ncor63¥§¥§58ng¥iLgﬁE$§@Ziéxaﬁﬂlé%éﬂeaﬁ"91ggﬁcgagﬂgst
enbodi nent, the twe An imere @econd-ordexpfiltexs faving anigisadndamping
recei ved by a onwwe As thlel hh&be¥8o£héisé@&§&5fﬂdé1\& finkaeéapes pPosition

("LFP") 20 na t|o to an Adder 80 functions,as. a

hi b pse 1 t eroaRPRd e s =, FUBPEE eFtmueaticd  fipredae byl 3pdidene

full - spectrum posdquammirepts |0§n&het oufnbem af hfflters (e.d.r.eqwonfiilpessti on

g uggtpa)m ?;?P?' eﬂ%ié %ecﬁﬁ 'ﬂ'ﬁ%caaée 16314 LEf’m%g; ?{1?% ncaﬁf&fm%f anmr %?ed

by position pro?#]ﬂe"re’g Pr?;ere&}ge& %Fytefﬁeaﬁlfarﬂf%‘fﬂgg?tﬁ Q% dgy e

processed good Brxiatitdmge svhiles geepingl yhe tovdxeltl Sidger54 and sl ow
stages 56 gpd 58;mShGkefatdyrC Bimp1@Rti M zed to respond in

- The profiling filter response represented by

Eg. 1 can be expressed as a discrete equivalent through a

bilinear transformation. The resulting digital transfer

function is represented below by Eq. 2.

L k(z2+2241)% .
- Gz(2) = — . (2)
R Coe (zz+blz.+bz)z . T
20 B The time-domain equations for filter outputs (y.)
' and (w,), given prior inputs and outputs, are represented
below by Egs. 3 and 4. -
Y = We+2Wy 1 4+Wy o-b, Y 2 -DoYi.o ' (3)
25 ' '

Wi = k(Vi+2Vy 14V, ) ~byWiey ~boWic.a (4)

The coefficients in Egs. 3 and 4 are determined
as represented below in Eqg. 5.



substantially real time to the respectively applied 30 posi tion signal

frequencies. . In particular, the HFP signal is processed
t hrough adders 82 and 84 and a feed forward process 86 to a
gal vanonet er driver 88. Likew se, the LFP signal is processed t hrough
adders 90 and 92 and a feed forward WO 96/29634
PCT/ US96/ 038W¥8 %6/29634 16 PCT/USHSI030S s 94
to a linear servo notor driver 96. Gal vanonet er driver 88 provides
defl ection control current to a pair of mrror deflecting
gal vanoneters in fast stage 54, and ser@6 notor driver 96 provides
control current to 5 l'inear servo notors that control the positioning
of sl ow stages 56 and 58. Fig. 4 shows a prior art
gal vanonet er-driven mirror pdsition 6{ 100 dea type suitable for use
as fast - stage 54. (Gl vanonetter_dri 3? 88 (Fijg. 2) provides 10
rotational control current on ondlctgggriggrgp resjpective
5 k. - _ .
1 -8+2T%?
bl| = — _ ' - (5)
- 444 I Tw+T?w?
b2
10 ' - -4 {Tw+4+Tw?
4+4 {Tw+T?w?

15 In Eq. 5, T is the sample period of the filter, w is its
cutoff frequency, and { is its damping ratio.
' For profiling filter 170, the preferred 38
radian per second’ cutoff frequency (about 6 Hertz) is a
very low frequency compared to the 10 kiloHertz rate at .
20 which DSP 52 updates positioning data for slow stages 56
and 58. If profiling filter 170 runs at the 10:kiloHertz
slow'stage update frequency, the discrete filter
coefficients become sensitive to roundoff errors because
- the poles of the discrete filter move close to the unit
25 circle. Therefore, it is preferred that profiling filter
170 run as two second-order filters as represented in Egs.
3 and 4 to reduce the order of the filter egquation and to
keep the filter coefficients reasonably controlled.
Profiling filter 170 also receives the acceleration
30 command from position profiler 72 and generates the
filtered acceleration command that is conveyed to servo
feed forward process 94 and to adder 80.
The desired move profile commands are preferably
calculated at the 10 kiloHertz updating rate, and the slow
35 stage acceleration and actual (not commanded) position is
subtracted therefrom at adders 80 and 82 to produce,
respectively, the fast stage acceleration and position
command signals.



X-axis and Y-axis high-speed response D.C. notors 104 and 106 t hat

rotate _shafts 107 in hearings 108 _ta sel ectively pi vot—a pair of

mrrors 110 and 112 that deflect |aser : bean160 t hrough an opti onal
~lens 114 to a predetern1ne6 15 target |ocatiofféon workpi ece 62.

Al ternati ¥engdagIonbearing notion positioner, suchﬁe§

pi ezoel ectric elenent, a voice coil actuator, or ' I|n1ted angl e

hi gh- speed positioner device could be used in place of

gal vanoneter-driven mrror positioner 100 20 in positioner system 50.

Li kew se with reference to Fig. 2, al t er nat i?/e accurate rotary or

| i near positioner nechanlsns may be substltuted for the |inear servo

notors driving slow 56.a 58 , em

50, 25 - ANORAD notors that re?mrQn QQ ac pf%ﬁ?@%@Lbh&&%&eﬁ!i&

entiar respon
are preferred. Profiling Eilter A0 hEh F|¥§?teﬂﬁﬁﬁﬁrﬁﬂﬁ tHQQNq&§§§rP|Iter 78
has a 25 Hséur tor @eftdacithransieht sf dedap) ufme V1 orta moveQ0 If the

decibel per decafins) e p A iing BIEUETFH 29, fod dilinec’Dy alidy (f1ve

stage) digital rveness for
fast responBe. CRIRRRfekT3y, the fastsghagai pRsitien Fegadms apover andd
by position profbébsw zero m?&e‘agaﬁsbhteuebwaﬁmsaaﬁ@ﬁfng Risitdoning t he LFP

signal POLLLS LUl dovpvae1s' $064nd Pdd AL AN RS Qg adder
respectively.

Fig. 8D shows the resulting slow stage position,

10 and Fig. 8E shows the combined position resulting from
fast and slow stage movements represented in Figs. 8C and
8D. Note that the combined position shown in Fig. B8E lags
triangular move profile 180 of Fig. 8A by about 74
milliseconds, which is about the constant delay of

15 profiling filter 170 and delay element 172. . .

Fig. 9 shows for the second embodiment the
resulting timing and positioning movements of fast stage
-54- and- slow stages 56 and 58 required for laser 76 to
drill 16 holes in workpiece 62.  Motion of slow stages 56

20 and 58 is represented by a servo acceleration waveform 210
and a servo velocity waveform 212. - Servo acceleratibn
waveform 210 shows a peak acceleration 214 of about 1 g,
which is within the required acceleration limit, and sexvo
velocity waveform 212 shows a peak velocity 216 of about

25 375 millimeters per second. . :

- Fast etage 54 motion is represented by a galvo
position waveform 218 that includes repositioning
movements 220 and position coordinating movements 222.
Fifty millisecond pulses of laser 76 are represented by

30 laser waveforms 224. -

As described with reference to Fzg 6, optimal

- throughput of tool path operations typically require
pulsing laser 76 during the position coordinating movement
222 that immediately follows each repositioning movement
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17 80 to adder 82 to be m ssing sone high-frequency

corrponénts of the full-Spéctrum positioning signal. Nevert hel ess,
accurate positioning requires that the entire positioning signal
spectrunlbeeerocessed. 5 Therefore, because the LFP.signal portion

cont ai ns 096/863ual hi gh frequencies to which fast stag@-"?;&’ﬁ’%ﬂﬁd
respond but to which slow stages 56 and 58 cannot respond, t he signal
generated by adder 90 is al so conveyed to adder 82 to cause fast
stage 54 to respond to the residual high 10 28frequencies present in the
LFP signal portion. Moreover, two signals are added to each
of the HFP and LFP signal . portions to reduce positional errors

bet ween the conmmardRR pdda-i dnshAWst khat khmsesend: pwhodiment requixes beam’
60 on wor kpi ece 6ZniihadPmidddskEbnds oraldriil 16PBblesNwitRPIEs&N17d.he

stages 54, 56, andiaily the Somparisct Siftucth PIEELTE SnE LS s A wpre
friction, ey iking i(R25cuidliseconds wersys 55pcwillisenmmidsloni ng
signal generaged Beduisdd idntppoEal cappPicHtdondt tRE upCLROSMETASERA df1 the
unnodi fied HFP and LFt S/ 'aIEl seconad d WS ¢ ot _ . Jhe
practical factors SHE&,¢ oa‘ﬁ'_ d4eeGP %€ the £irs) nﬁo%ﬁe"ﬁﬁ‘fﬁ%ﬂ"’i}%mc&ns
of stages 54, 56, ko seguence of several dnndyedoholeg( ahal d 2Zurthex ovi de
predictive advantage of the second embodiment, fast stage 54 operates

' more centered in its range of travel, which improves its

10 positioning accuracy.’ c '

'~ The foregoing embodiments carry out signal
processing for an unspecified single axis of motion for
each of the fast and slow positioner stages. Skilled
workers will readily understand how to replicate the

1s signal processing to coordinate the motion of both: axes
and both stages. § ¥
‘The above-described coordinated positioning is
particularly beneficial for applications such as laser
‘beam hole-éutting that requires rapid movement between
20  target lccations along a tool path combined with pauses at
each target location to fire the laser to cut a hole but,
- of course, is not limited to that application.
- This invention prbvides'an-improved combination
of positioning accuracy, positioning speed, minimized or
25 eliminated stopping time, nonpanelized tool path
databases, and minimized fast stage movement range
requirements. ' : "
Skilled workers will recognize that portions of
this invention may be implemented differently from the
30 laser beam micro-machining implementation described above.
For example, a wide variety of tools may be moved by the
- fast positioner stage, such as micro-dimensioned drills,
punches, lasers, laser beams, radiation beams, particle
beams, beam producing devices, microscopes, lenses,



25 position feedback data to DSP 52. Position sensors 120 and 122

may.-be—well-knowa-types enpl oyi ng—+otat i Ng———capaci tor plates—-hrear—

and rotary encoder scales, or interferometer notion detectors
t-ogether with appropriate &y analog t o- dlgltalfand/or di gital -to-anal og

conver5|oqwggamwagechnnqu__ s As laser beaipcefisvgiidgssIoes

novenment ‘acr 0oss mnrkplece 62 the $ensed beamposition is

conti nuously conpared to the comranded beam position, with the
positional difference representlng a degree to which the WO

96/ 29634 25 PCT/ US96/ 03805

18 practical factors have caused positioning errors. In
particular, sensg 2991 Uit Aidenhtdf, hadl cahesfs D4 R, many RETe2bat DY
position sensor 120, and subt acted fro eg' osition at

adder 82 to.gendPOREiRRINg sieyices maHn¥Fe?§H%%Y%%I%PtCE£} tconbi ned in
adder 84 with a ecembinationss drssmEromHaRongogal vamoneters;,ovodywed coyilibgeed

forward PrR£&ase Alttrid tiniRuca®Bs e BSOS, 2 difa el 3L26S
5 positioners. The DSPs need not be completely digital and
may, for example, include any suitable combination of
analog and digital subcircuits. Of course, the
positioning signal profiles, spectral bandwidth and
amplitudes, and filter characteristics described herein
10 may all be modified to suit the requirements of other
positioning applications. :
- It will be obvious to skilled workers that many
changes may be made to the details of the above-described
- embodiments of this invention without departing from the
1s underlying principles thereof. The scope of the present
inventicn should, therefore, be determined only by the
. .following- claims.: - ... . .

20



56 and 58 are generated by position sensor 122 and subtracted from
t he commanded position at adder 90 to 10 generate positional difference

data that are conbined™in ~  adder 92 with a next subsequent HFP signa
portion conveyed by feed formard process 94 Fig. 5
graphi cal ly shows how fast stage: 254 % g es 56 and 58

coordi nate tWeI9s2%Benents in 15 . Eespendecd ot sent BER/U#6/03805

ful | - spect rum positioning 'srgn'r“128nﬁﬁﬁﬁmﬁ in bpld lines), which is
di vided in DSP 52 (Fig. 2) into an HFP signal portion 130, and an LFP
signal portion 132. HFP signal portion 130 repoesents the AC- coupl ed,
25- 250 Hertz hi gh-passband portion of full- 20 spectrum posi tioning
signal 128, and LFP signal portion 132 represents the. direct-coupled, .
0-25 Hertz | ow passband ' portion of fuﬁlﬂipéctrun1p03|t|on|ng si gnal
130. - Each hal.f - annappapathe g Jddieioningt aptoddl relative

full-spectrumpositio 8 y, e 5, tter
suffix, e.g., 128AE61£$C ?ﬁ%%'g;g iéﬁ%f&?& d%al%og%bgggér%%sp%r% I ngly tt%
i dentified step i nd HEE N MmEpanelized pes qy’@q@ogmnﬂ?sonecam fpyca
and 130D). 'I'nst hi sgatabasesX Tdmipisgagh positioning step is-separated from

ceparation, i any. Qe a ufcCiERCoPOBLRiTA T Atrde, SEpaceeng'h (i idiTea®
dat abase. first ramgeyofsrelative m@nnmsn& &@suﬁﬁanth¢a§90btanﬁathe
vel ocity wavef or m Jodcpieke? ateaulfi#Bt §J>9£\t§6:?ﬁ1§ Wicelekdtion; waveform
136 that show, respectlvelya.gggdf Séogitgbner stage effectxng a controlled
10 second range of relative movement between the tool and the
workpiece at a second positioning acceleration, the second
range of relative movement being greater than the first
range of relative movement, and the second positioning
acceleration being less than the first pos;tioning
15 acceleration; - : -
a-signal processor deriving from the set of
unpanelized positioning commands a. movement-controlllng
signal;

a filter having an amount of delay and splitting

20 the movement-contrclling signal into first and second
frequency portions, the second frequency portion lagging
the first frequency portion by the amount of delay;

a delay element delaying the first frequency
portion by substantially the amount of delay to provide a

25 delayed first frequency portion that is substantially
synchronized with the second frequency portion;

a first positioner driver controlling the first
range of relative movement of the first positioner stage
in response to the delayed first frequency portion; and

30 a second positioner driver controlling the
second range of relative movement of the second positioner
stage in response to the second frequency portion.

2. The apparatus of claim 1 in which the tool
is at least one of a drill, a punch, a laser, a laser
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19— and-stew-stages 56 and—sg—pespond—ke—HFP—signal-pe#%%eﬂ———————

130 and LFP si gnal portloni132 @ partlcular HFP si gna
portions 130A, 130B, ki Osr—and—&aeebeaeh—r n&iude accel eration
segnents tedemssss cause fast ;ﬁHﬁbﬁBﬂﬂiUAﬁﬁﬁﬁﬂgo si ne- pr etr/vesk/sedsoCi t y
changes as represented by corr spon&ﬁﬁﬁ’& CERt vellocity wavef orm pul ses
134A, 134B, 134C, and 134D. Fa&t= Vel OCLUY: wavef orm 134 has a baseline
138 that transitions in a negative velqplty direction and settles at
a value of 10 about -100 mllineters per second This baseline shift is
caused by the conbi ned signal processing effects of adders 80, 82,

and 90 that coupbéam, R ticH) bdfan,FB FhalatiR béam, a micrbeedpd,0 a“i%nHFP
signal portion pro HFP signal portion 130

al so represents %Sﬁﬁéﬁ%ﬁl%‘{aﬁﬁgeagg PeSPBRER- positional Iy to each of

fast velocity pul ses3 13XheTappprakusaef clafe hog mhidmeach of

di spl acenent  ¢ne!#{iHt Ghd rsédana poatRkents a@&g@ 26 wBvdd By @S whi ch
is well within the 10 mllimeter near range w{

gal vanonet eP-dri %?Prm?rf%r tge ﬁqlefﬁ@f"mefﬁr' Voide &5 }ore Q%elﬁ&bﬁiﬁn

132 al so represectransducert o\a steppest mgtor’6aanotabBy rs=sma dngeaai,t iaonal |y to
slow velocity jjnear servo motor, and a lead screw.
~ 4. The apparatus of claim 1 in whlch at least
one of the first and second positioner stages is capable
10 of positioning the tool along two orthogonal axes.
5. The apparatus of claim 1 in which the second
positioner stage includes an X-axis translation stage and
a Y-axis translation stage and the first positioner stage
is mounted on the X-axis translation stage. .
15 6. The apparatus of claim 5 in which the
workpieee is mounted on the Y-axis translation stage.
P . - -The apparatus of claim-1 in which the first
and second positxoner stages coordinate the first and
second positioning velocities such that the tool is
20 rendered temporarily stationary relative to the workpiece
while the first and second positioner stages are moving.
8. The apparatus cf claim 1 in which the delay
element is implemented as a programmed delay that is
executed by the signal processor.
.25 9. The apparatus of claim 1 in which the filter
- employs a fourth-order low-pass filtering function to
generate a position component of the second frequency
portion.
10. The apparatus of claim ! further including
30 a fourth-order low-pass filter function to generate from
an acceleration component of the first frequency portion
an acceleration component of the second frequency portion.
11. The apparatus of claim 1 in which the
second frequency portion is subtracted from the delayed

PEREEERESE
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wavef orm 136. Sl ow stage vel ocity waveform 136 transitions in a

positive velocity direction. and settles at a val ue of .about +100
mllinmeters per second. In this 25 exanpl e, the sl qw stage position
changes linearly with tlne suchutuatm ee=bne of sl ow stages 56
and 58 do not. st op novi pgiid J§R ;t@@?“ PERN | spect rum paosi.tioni ng
signal 128 )0 86129634 represents th's:_ ',"ultl W@HW%

conbi ned 30 fast and sl ow stage - oSt iti ESent ed respectively by

wavefornms 132 and 130. Pl ateaus 140‘, 140B, 140C, and 140D i ndi cate
10 millisecond tine periods during which the 32 coordi nated position is
stationary even though stages 54, 56, and 58 may all be noving. This
is clearly shown for WD 96/ 29634

PCT/ US96/ 03805 first frequency portion to generate s)high- freqﬁe%ggau
140C, directly undposﬂtdoﬂﬁngneﬁgmeﬁspﬁ%ﬁzandthéﬁ!drlves ithecfsest Wi th

substantially equ °€§Fké¥%¥na£f%é¥ opes: - - Plateaus 140 correspond to
time periods durin aser
12. A method for positioning a tool relative to
5 a set of target 1ocat10ns on-a workplece,'comprlelng.

provxdzgg ;rgm a database unpanelized
positioning commands that define the set of target
locations to whlch:e tool is to be directed;
f;ltering the po-itioning commands to generate a
10 ° delayed slow position;ng ‘signal; '
delay;ng the pos;t;onlng commands to generate
deléyed-pos;tionlng commands, :
processing the delayed slow positioning signal
and the delayed slow positzoning commands to generate a
is fast pos;tionzng signal ‘and
applyzng the delayed slow and fast positioning
signals to reepectlve ‘'slow and fast positioners, the slow
and fast positioners reeponding ‘to the positioning signals
by at least partlyﬁuﬂiﬁterrupted'eoncUrrent motion in a
20 coord;nated fashion to- produce temporarily stationary tool
- positions over ‘the target locations.
. 13. - The method of claim 12 in which the
applying step further entails moving the tool along a pair
of orthogonal axes. .

25 '14. The method of claim 12 in which the slow
positioner ineludes an x-axze translation stage and a
Y-axis translation stage and in which the fast positioner
is mounted on the X-axis translation stage.

‘15. The method of claim 14 further including

30 the step of mounting the workp;ece on the Y-axis
translatlon stage.

. 16. The method of claim 12 in which the
procegsing step eompr;see subtracting the delayed slow
positionihg signel from the delayed slow positioning

This Sheet Has Been Reilaced .
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76 may be triggered to cut.- hol es in workpl ece: 62 5 ' Wth
reference-t-o—El—g-s——Z—a-neLG t ook f

embodi ment of multi-stage tool IpOSI.It..I 0=h~er system 50 was eval uat ed by
conput er nodeling a 'wide variety of novenent profiles and sequences.
It was  wooshe@aned that as tH J15e reased beymwsdeodvosit 3 10

mllimeters and the laser hal e drI'YILHg gegr eased bel ow about 5

mlliseconds, the 1 g accé esratlnn LI o k ow stages 56 and 58 was
exceeded. In particular, a: sequence o:; rrov-,é and drills in one

di rection |nned|ately follomed by a sequence of .noves and drills in

t he opposite 15 direction would exceed the 1 g accel eratl on limt when
Eheth | ”D;/e{’ﬂiﬁmﬁh?chtbOQeﬁeﬁﬂé%he fast osit:.on:L @@psedstl ution
o] is limtation entai u of | ow pass
filter 78 to reducegghe E}é%e'f'% 45’% Sﬁag’fh ?Eggﬁ%'gﬁa addi ng a 20

f eedback | oop ffddterdnguapdt delaying rstsips empdoyt suhstantiaplyfa |same2,
Fig. 6 shows forgrduatPegrasedysol ution the resulting timng and

P roa T Taeme™e o 55 h2Mhecnea o 4N $50K0TURRER, e Y, 08 o
require aser o] r Rpi ion o
sl ow stages 56 Zpplyingdstepi furtheesinelalds: a servo accel eration vvaveform

150 -and a servo vel thszn&ﬂaﬁfﬁmalﬁ%os&%m aecskeiaaaenone
wavef orm 150 shows a _peak accel eration, 154 "of about whi ¢ |s
within the requith&l S3oMePBAaEABH P?ﬁ?’“‘ﬁﬁf'ser VO veI ocity waveform

152 shows a peak vel oci tycﬂﬁum&tﬁhgm pésitichal mlflf'eneheesbemeaem
which is | wi i aqt nd
\, Mddtdhil Bosdelon ang dglby duﬁ?ﬁcf‘éd 1121687 a.%:l Mt et or m 158

Fast stage on 1 s represen
that includes repositioni ﬁgrrectmmm compnged BS§FF|‘18’P: B¥oRRi nat i ng

novenents 162. Zmount corresponding to the positional difference.

iy I
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21 ntt+rsecond pul ses—of—t=aser 76—are Tepresented by Taser
wavef orms 164. #¥e  Optimal throughputi-ef tool path operations

typically require pulsing ser 76 during the podk#fon 5 coordi nati ng
novenent wodgned¥at i medi ately foll ows each reposi t POTOBAS/OAMSc ment
160. Unfortunately, the proposed solution required delaying the start
of each repositioning novenent 160 until fast stage 54 was far enough
fromits 10 millineter travel |if& to ensure that the next 10
repositioni ng novenent 160 coul d be nmade w t hout exceedi ng the 10
mllinmeterdQrave] limt .1¢I'herefore| whifge the | p2gposed sol utign did
control the Xcejeration| it signfficantly, | imtled throughput for
sequences of +oREe == == fpyes: groaks e i anbers- kg 6
S hOV\B 15 t hat :,;:; e »_;»(f. g"./"’;- R olnle "x&;'ﬂ‘;//(;":"f//ﬂ;?’: %
drl | | 16 h0| es \;‘Qﬂ ,'.” . [ ., ;;::». et ’o.c‘a\ PN ‘:,:,\ 3 R & AN \“C\\\g\ s\\
enbodi ment of IR SUSESLATILCNR NI AR \ |$
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whi ch tool processing throughput was inproved by replacing | ow pass

filter 78 (Fig—2)y-with a profiling-filter-12020 having a-ceAstant—

del ay and addi ng a del ay el enent 172 bet ween position profiler 72 and
adders 80 and 82 to . conmpensate for the constant delay of profiling
filter 10woegneesse!l ay el ement 172 al so del ays, and ther glgusosibdsbs oOni zes
the | aser triggering pul ses generated by position. profiler 25 72 and
directed to | aser controller 68. Profiling filter 170 and del ay

el ement 172 cooperate to nove slow sta 56 and 58 snoothly over
the average position profile while limting its acceleration to +1 g
and cooperate to limt fast stage 54 pogg<4.¢oni ng novenents to 10

m_llinmeters. 30 _ The hal f-sine posiY€§;ing si gnal generated by

position prokiy ek gl udes a position conpg
accel eratio ‘(’ Y The position conmponep
profiling fITTY NOWpr oduce filtered ’
driving sl ow st¥ N

PCT/ US96/ 03805

7 =X recei ved by
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Profiling filter 170 is preferably a fourth order | ow pass filter

represented bel ow by Eq. 1. 5 [err]

10 I'm Eq. I, Terr] 1s the nanraI —or cufoTT, frequency of

profiling filter 170 and [err] is its danpi ng rati o. Preferably,

[err] equals 38 radians per second and [err] equals 0.707. The 0.707
val ue of F@?*$”¢§ referred to as the critical danpiP&d/UsdeN380SHecause
it produces a phase |ag 15 that is linear with frequency up to a natural
frequency [err] of profiling filter 170. The |inear phase |ag
results in a constant tine delay deﬂBny hal f - si ne positioning signal

having a frequency coF@la@Afet he néBEGMENT?E’GWNT SEGM%NT the Eq. |

filter, the tine del a rr] sgeonds ecause
proflllng filter 170 produces flunqmgyg_,_,___ onnang_ggtg_bgylng a
constant time delay with ©~ - respect {to- al f-sine 1pd |t|on|ng si gha
position conponent, the congtant qpen‘ated-for by

del ay el enment 172.. Delay el enment 72 i [

DSP 52 as a programmed delay in c@dveyi

.03|t|on|ng

signal acceleration and position 53 0 learper S G .l er 72
to adders 80 and 82. “Thereb ;.half sin pb3|t|on|ng S|gnal TFiMECt ed
to fast stage 54 are tine sﬁ%chrcnlzed w th the fnltered pb5|t|on 30
commands directed to sIom1stages‘56_and,58,_ E _ ; :

-VMAX; ;,- _____ doeoeee

FIG. 3B SEGMENT SEGMENT
+VMAX- ':-.'_é.-..,'-..----"'
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FIG. 4
(PRIOR ART)
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The accel erati on conmand fron1p05| 72 is also filtered
by -profiling-filter 170 -to pr glgant - iiserve—accel er ati on—feed—forward
signal to adder 80 and feed forward process 94. In a nmanner simlar
tto the first 35 enbodi ment, adder 80 functions as a high-pass filter by
subtract i Rgo bgdeRer VO accel eration feed forward si gnal PCT/US96HBBIBG6/ 29634

PCT/ US96/ 03805 23 fromthe
accel eration conponent of fhe full-spectrum .Jpositioning signal to
forma gal vo accel eration feed foraﬁéd signal, which is conveyed to
feed forward process 86. Likew se, e filtered position command from
5 profiling filter 170 and the del ayed position conponent of t he
hal f-si ne positioning signal are conveyed respectively to adders 90
and 82 for processing and distributi @ respectively, to slow stages
56 and 58 and fast stage 54. S; alvo fibter 174 and a servo filter
176 are conventional 10 | oop cornp ation'tilters that function to keep
fast stage 54 ang sl ow st ages fG/ﬂd K8) st abl e.
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The 1 g acceleration capability of slow stages 56 and 58 and the 10
mllimeter travel limt of fast . stage 54 constrain the paraneters of
the half-sine I5 positioning signal generated by position profiler 72 and
the cutoff frequency of profiling filter 170. These constraints are °
described wi.th reference to Figs. 8A to 8E, which _show ex l.ary
wavef or V@ /2S84 ponse to a triangul ar nove profil Mﬁ’@ﬁg\%} in Fig.
8A. Triangular 20 nove profile 180 includes a series of upwardly noving
positioning steps 182 followed by a series of downwardly novi ng
positioning steps 184. Sl ow stages 56¢ 58 respond as shown in Fig.
8B in which a sl ow stage accel eration waveform 186 represents sl ow
stages 56 and 58 25 under goi ng accel eration inpul ses 188, 190, and 192 at.
t he begi nni nOASAHALIWITAHN) ALOQIBAOGNEIS: tri angul R

nove profile 180. Multiple hi gh-fgege 'cf(gel eration i NI &es occur’
at each of positioning steps 182 &n __::1% v &N but are filteredpaugr by

profiling filter 170 | eavin RO gg?' yemi ation waveftdrid 186.
As the cutoff frequency of %%P?&Qg‘%#?ﬂer&l 0 38 I s decregge

(heavier filtering), the maxi mum #npti @da accel erati =hpul ses

188, 190, and I9Z decreases. B mjreTpre, TOr a partrcu r&?Vﬁstage

acceleration limt
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constraint.

oh the cutoff frequency.
position

PCT/ US96/ 03805

: set using this——
constraint sets a | ower bound
170, 5 t he act ual

not bajodsey | ow the

wavef orm of triangul ar nove profile 180, but is nore "rounded. As
shown in Fig. 8C, this .causes the p03|t|on|ng :of fast stage 54 (i.

t he di fference between triangul ar é?ée proffiTe 180 and the 10 rmve
profile of slow stages 56 and 58) to nov represented by a fast
stage positioning waveform 194. Exam ni ng Figs. 8B and 8C reveal s
that the position of fast stage 54 reaches maxi ma 196, 198, and 200

at tines correspondi ng to accel erationg npul ses 188,=190, and 192 15
of “sl ow stage accel erati on wavef orm 186. U% unately, Qe decreasing

(e g 149),

the c
However

anot her
Because of profiling filter
§53pf sl ow stages 56 and 58 does

the cutoff freq'l[Jen](c:yf oftprtefi | 22 filter _1E£0':<\Jj acts tq‘.‘lﬂcrease Ehg
maxi mum nmovenent of fast stage : e re, se mnus e
reached between limting ' sl ow sta cac erati o dQ@st st age
positioning. 20 Anot her var at C to reach
this conpromi se is the shape of thg v By
varying the maxi mumvelocity, accel erat |% cp of | aser
76 for the individual steps in the desir H@fﬁ e, the
magni t ude of accel eration inpul ses 188, ) '
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25 and 192 can be controll ed.

Lowering the accel eration
magni tude all ows the cutoff frequency of profiling filter 170 to be

i Nncreased, which in turn decreases the

54. Move profile accel eration and/or |aser on-tines 30
may al so be set as a function of novenent distance. A _further
i npr oven®Y@ 9438634 oughput i s possi bl e by

predi ct i MEFYHEOAEY num sl ow

I mpul se

maxl num novenent of fast stage

stage acceleration as a function of prior positioning steps and
tailoring the accel eration or Iaser on-tinme of the next step to place
a WD 96/ 29634 ; PCT/ US96/ 03805

25 bound on the predicted acceleratlon. Profiling

filter 170 is inplenented by cascadlngzyg two or nore second-order
0S.

filters having crltgfal danpi ng

about the S
have cutoffd tlha

re

filters incfease
ﬂu
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filter). Preferably two. filters are_cascaded to prOV|de . good snoot hi ng

whi | e keepi-rg—the—everal il te L28F pl ereptat-en—si npl e.

The profiling filter response represented by Eq. 1 can be expressed as
a discrete equivalent thr ough a  bilinear transformation. The resulting
di gital twasshkesss function is represented bel ow by Ecpcriusedbssos

[err] (2) 20 The tinme-domain equations for
filter outputs ([err]) .. ..and ([err]), given Enuor i nputs and out puts

are represented bel: dw by Egs. 3 andgés [er#] The
coefficients in Eqs. 3 and 4 are deterni as .represented below in
Eq. 5.

FIG.9
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26 [err] 15 | n Eq 5 T'i's the'sanple perlod of the
filter, [err] is its Qjﬂ”frequency, and [err] oy s

ratio. . {. a;nrf“ﬁﬁr‘ ng filter 0, 'the'prqg
radl'éﬁ'-p‘e,r ségc{opd‘-cutﬂ‘f fr quency (about 6 Hertz) is

frequanéyﬁﬁonpared to the 10 kiloHertz ra 20 mhrc
positioning data for sIOM/stages 56 é%%%&%81 | f proflllng fllter 170

runs at the 10 kiloHertz 1- Al aRRezAtafe (Rdatfeor pegdédepingha §redrete

filter Coebd) CrETUSiPEe e SRS ide tirded AWrd@fion®r bar & Reshpsece

the poles of th screte filter ane close to it
P ?69* fn response to set oéapos1glon1ng commands (72) :

5 comprising:

' a first positioner stage (54) effecting at a
first positioning acceleration a controlled first range of
relative movement (130, 158, 194) between the tool and the
workpiece; _ |

10 a second positioner stage (56, 58) effecting at
a second positioning acceleration a controlled second
range of relative movement (132) between the tool and the
workpiece, the second range of relative movement being
greater than the first range of relative movement, and the

15 second positioning acceleration being less than the first
positioning acceleration; '

a signal processor (52) deriving from the set of
positioning commands a movement-controlling signal (134,
138); , |

20 a filter (78, 170) splitting the movement-
controlling signal into first (130) and second (132)
frequency portlons, '

a first positioner drlver (88) controlling the
first range of relative movement of the first positioner

25 stage in response to the first frequency portion; and

a second positioner driver (96) controlling the
second range df relative movement of the second positioner
stage in responée to the second frequency portion.

2. The apparatus of claim 1 in which the

30 positioning commands are unpanelized positioning commands.

- 3. The apparatus of claim 1 in which the filter
(170) has an amount of delay that causes the second
frequency portion to lag-thé first frequency portion by
the amount of delay, and the apparatus further 1ncludes a
35 delay element (172) that delays the first frequency

PDXA48902.1 268600033 o : I : ‘
' . ' This Sheet Has Been Reﬂ amngn F.:F:QCEMENT SHEET.
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25 circle. Therefore, it is preferred that profiling filter -
run as two second-order filters as represehted in Egs.
reduce the order of the filter equation and to - k Bﬁﬁﬁﬁﬁgﬁ BEEN
coefficients reasonably controll ed. " fili'ng fi

recei ves the acceleration 30 conmand fron1p05|t|on profiler 72 and

generates the port13ﬂ|5¥msﬂ%s%ﬁﬁﬁﬁﬁﬁ§ Qﬁecgﬁgﬁﬂq Bgaﬁei$KC9§V§¥ a&o ggrvo'

feed forward r SS d to ad
profile connaﬁ 95} ‘% éﬁé@#ﬁquency E&F&&P&téba§tlﬁhéuhétﬂntbhb1Yz

updating rate, synihﬁunrﬁedwt&SthessagenaC§QEQ?ahb9npaBd1aﬁtUag (n3t82 t
commanded) position is btracted therefrom a an o]
pr oduce, respect|vely,1§% gkggfagPﬁggfaS 8F8ritﬁﬂnwgﬁ8§p5§?tF%ﬂl
command signal st8 at leastwonespfoe3drill, a punch, a laser (76), a laser

PCT/ US96/ 03805
shown in Fig. Hgaﬁ<§§9§ p?gbésfybeﬁglea radéatloq b85§f|?|m1c¥°??%Pel76
the fast stage 't B8 CBtiRats Scannerapand 8 camese-transi ents decay) for

| ong nmoves. |f the S. The apparatus of claim 1 in which each of
the first and second positioner stages is moved by at

As .

10 least one of a galvanometer (100), a voice coil, a
piezoelectric transducer, a stepper motor, a rotary servo
motor, a linear servo motor, and a lead screw.

6. The apparatus of claim 1 in which at least
one of the first and second positioner stages is capable

15 of positioning the tool along two orthogonal axes.

7. The apparatus of claim 1 in which the second
positioner stage includes an X-axis translation stage (56)
and a Y-axis translation stage (58) and the first
positioner stage (54) is mounted on the X-axis translatlon

20 stage. '

8. The apparatus of claim 7 in which the
workpiece (62) is mounted on the Y-axis translatlon stage
(58). : ' _

9. The apparatus of claim 1 in which the first

25 and second positioner stages coordinate (130, 162, 222)

 the first and second positioning movements such that the
‘tool is rendered temporarily stationary (140) relative to
the workpiece while the first and second positioner stages
are moving. _ | _ _

30 ) '10. The apparatus of claim 3 in which the delay
element (172) is implemented as a programmed delay that is
executed by the SLgnal processor (52).

11. The apparatus of claim 1 in which the

filter (170) employs a fourth-order low-pass filtering
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delay of profiling filter 170 is not matched by delay 5 el enent 172, the

fast stage position will remain above and. - ‘bel ow zFEOgR~kesponse to
upwar dly novi ng positioning steps 182. and downward !Sﬁgﬁﬂﬁg
positioning steps 184, respectively. F ;

: o 32. =
the resulting slow stage position, 10 and %g. 8E shows t

position resul t fFRRcELOM to gend@fie b OV S AUFIENGITE NS 2 e e okt g(é in

Figs. 8C and %?. Not e that the conbi ned position shown in Fig.
| ags tri afGGPAT FESRUGROF iR Uk of Fig. 8A by about 74

mlliseconds, which is abb2it tTiee consdratugledBycdind fyrtdfdd iing Muidiner
170 and delay ele iy _ . ' Nows,-f he secon
enbodi ment the 41 gg@%%%s%fqelxﬁgl?‘f R ansgs afnloltp{fs %‘frgcnﬁsl%gl 'ngolv?(ebrr%en s ggfuerrgg:[e

st age 5 54 Gnem stnvactakrisa Gieom s nestuidfe d oot izate freguency _
drill 16 hol es p8rMDsk PR CE St erdDidiPNeMp OV YA Mocthd £raerlyl S
represented by a servo accel erati on waveform 210 and a serva vel ocity
wavef orm 212. RP¥FH*Rcel eration wavef orm 210 shows a peak

accel eration 214 of aboutii. g,The appadutals icf wildiinh I hith egisl ethe

acceleration lim n [V vel ocit vef.or ows: K

vel ocity 216 ofs%%)%%? g’é&?uelg% -‘?ﬁ’f‘?’r%t’eﬁ sgtkp\grascetceofd% Sé}om ched Frst
Fast stageo54 nbréquensy rppriibemttel dgnerafe e high- frespianayn pewidcfionmngl 8
that includes rgposii L;Iﬁ’c?z'tk@ﬂonrl;ﬁhat r@’ﬁf@é‘t&x@%ﬁ{g RS i L L it i ng

novenents 222. |secondzgulses Ser /6 are represented

by 30 | aser wavef orms 224, A method for posifgiquEdig jHd@®adi t§%ef er ence
to Fig. 6, optir@lative tdhi st wWirdero!lqaiti e on ipneprdkpaieed 1(62),
require pul si ng | aser, 76 during.the position coordinating novenent
222 that imedi STEPYFHIY RS T fosi ti oni ng novenent |

15 providing positioning commands (134, 138) that

define the set of target locations to which a tool is to
be directed; '

filtering (78, 170) the positioning commands to
generate a slow positioning signal (132) ;

20 _ subtracting (80) the slow positioning signal
from the positioning commands to generate a fast
positioning signal (130); and

applying the slow and fast positioning signals
to respective slow (56, 58) and fast (54) positioners, the

25 slow and fast positioners responding to the positioning
signals by at least partly uninterrupted concurrent mdtion
in a coordinated fashion (136, 132) to produce temporarily
stationary tool positions (140) over the target locations.

~ 15. The method of claim 14 in which the

30 positioning commands are unpanelized positioning commands.

' 16. The method of claim 14 further in which the
filtering step (170) introduces a delay such that the slow
positioning signal is a delayed slow positioning signal
and the method further includes delaying (172) the

35  positioning commands to generate deiayed positioning
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28 220. Fig. 9 shows that the second enbodi-nefT="IER fica — only
300 milliseconds te drill 16 holes with |aser 76. - m@cﬁﬂ-_ﬁﬁﬁ 8A$r8g§EN-_
Conparison between Figs. 6 and 9 is even myre ~  spriki'WEPCACED " | .
m |l iseconds versus 550 mlliseconds) 5 because in typical applircations
the up-front d ABs that POUL; ' .ﬁgﬁﬂﬂgf - I, ccurs
only once Sb@g‘?,asseqﬁence o#‘lrggvée%lgﬁ undr ed t%f’(élge_ﬂs]efa éssla?equu(rgtlf;%ev}r)

advant age of tRESiELGRINENBLIRAENt, fast stage 54 operates nmor e

centered in its range ofiy[avehe métkdd i dPreVLemiie I whidPHrd oni ng
B a0y, or SHREEAGH P ShGp  PRERELES SIRSKLIEIL o 68 O APl
fast and sl ow positionéngssagesl Skohlte delayedrsiesne padilticeddid y
et and oL gadRak' €3! GollEal 8 SALOREASREY BASALOUH T (e
applying step entails applying the delayed slow and fast
fpositioning sighals to respective slow (56, 58) and fast
(54) positioners, the slow and fast positioners responding
10 to the positioning signals by at least partly '
uninterrupted concurrent motion in a coordinated fashion
(130, 132) to produce temporarily stationary tool
positions (140) over the target locations.
18. The method of claim 14 in which the
15 applying step further entails moving the tool along a pair
of orthogonal axes. ' _ '
19. The method of claim 14 in which the slow
positioner includes an X-axis translation stage (56) and a
Y-axis translation stage (58) and in which the fast
20 positioner (54) is mounted on the X-axis translation
stage. _
20. The method of claim 19 further including
the step of mounting the workpiece (62) on the Y-axis '
_ translation stage (58). | '
25 21. The method of claim 14 in which the
applying step further includes:
sensing (120, 122) an actual position of at
least one of the slow and fast positioners;
Calculating a positional difference (82, 90)
30 between the actual position and a commanded position; and
, ' correcting a next commanded position (84, 86,
92, 94) by an amount corresponding to the positional |
-difference. '
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The above-descri bed coordinated positioning is par fHE.

beneficial for applications such as l.aser.". beanmhquTHu;gHegr-ﬁ tnr N.
requires rapid nmovenent between 20 target |ocations af -ONg  RAMHQ Ba%g
conbi ned wi t h- pauses at each target lpcation to fil ¢

a hol e but, - of course, is not limted tTo that application.

This i nvention provi des ayp '”ﬂwP%%@aﬁ%%g'nngqnfoFlﬁsnglgﬁ . .anag%ine

accuracy, positjonin speed, .m ni m zed nat e i ng e,
nonpanel i zed t obi0plPng a figgtagxdss (Xdnaedpsivezé ﬁa§?tsP§g aggeEment

range r eLbdiRIHeS on a workpn.ece (sz$l$| bbﬁ@mrlhgrs will recognize

t hat portions of thIS in entlon ed differen from
t he 38 | aser beam ni crfo- 3%k %?ehétoﬁﬁégnﬁﬂ?ﬁﬁpbg%gisEFPHéélﬁgo%Eg

For exanple, a detidass ipstsitdonting commande rfavdd B@sjhehat inclade the
posi ti oner sta Iatlon%ﬁ?é@(yaﬁéyl @ﬁ%%n%ﬂlgg ll%oo%els tBURENES é@ggrs

| aser beans, ans, parti pro UC|ng evi tes,
ni cr oscopes, Ienses, a SlgﬂBIQGFEGG§§°r (52) deriving from the

PCT/ US96/ 03805 positioning commands slow (132) and fad® (130) first axial
direction positioning signals; and
10 , slow and fast positioner drivers (96, 88)
applying the slow and fast first axial directioh
positioning signals to respective slow and fast
positioners (56, 54)), the slow and fast positioners
responding to the respective slow and fast first axial
15 direction positioning signals by at least partly
uninterrupted concurrent movement (130, 132) in a
coordinated fashion to produce temporarily stationary tool
positions (140) over the target locations.
23. The apparatus of claim 22 in which the slow
20 (56, 58) and fast (54) positioners further move the tool
along a second axis (Y) that is orthogonal to the first
axis (X). _ '
_ 24. The apparatus of claim 22 in which the slow
positioner (56, 58) includes an X-axis translation stage
25 (56) and a Y-axis translation stage (58) and in which the
fast positioner (54) is mounted on the X-axis translation
stage (56).
25. The apparatus of claim 24 in which the
workpiece (62) is mounted on the Y-axis translation stage
30 (58). ' -
' 26. The apparatus of claim 22 in which the
signal processor (52) further includes a profiler (72)
that profiles the positioning commands into a
substantially wide-frequency bandwidth series of half-sine
35 p?sitioning segments (134, 138).
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aptical instrunents, and caneras. Al so, many different .- positioning_

devi ces may be enployed in. different .".conbi nati ons ng:
gal vanoneters, voice coils, pi ezoel ectric transduc 'r'gilsﬁﬂﬁm'm;\s BEEN '
nmot or s, . and lead screw 5 posi ti oners. DSPs need- njot beRERuAUEgteF
digital and may, for exanple, include any suitabl e comimatior—ef

anal’ og and digital subC| EU|t§h8C£p5995§85 5? 8la1m zgo?htwggéﬂgtﬁégnal

profiles, spectral bandw
charact eri st i cSigasdr PEOGEREPE K520 fuﬁﬁ?eﬁlFnﬁéuﬁéalﬁléﬁlt%rsb7@ th%o)

requi rements ofenalth@eparatesP@hkt 5eRilg 8pPhaTALLDAS. p081t10n1n
will be obvious to Sklll%gé }5 s.that _.m %e
$C

the details of SEFERESyd dlnto logﬁ%oé}ﬁ%htgngnﬁ}gpgr fRt
wi t hout departﬁngstraxnshéréﬁuenaydpotymngsprthelplew fheseodxialhe scope
of the prese”tdlrecclggyﬁBEEQQoﬁEBB'nghgfr?£95? bQ?nQGESEE%Q&dfPQ$YtH¥ the

foll ow ng cl ai
lower first axis frequency portion (138).

28. The apparatus of claim 27 in which the

de to

signal processor (52) generates the first axial direction

10 fast positioning signal (130) by subtracting (80) the
lower first axis frequency portion (138) from the series
of half-sine positioning segments (134, 138).

29. The apparatus of claim 28 in which the

filter (78, 170) passes a first axial direction
15 feedthrough signal portion into the slow first axial
direction positioning signal (132), and the signal
processor (52) corrects the fast first axial direction
positioning signal by adding (82, 90) the first axial
direction feedthrough signal portion to the fast flrst
20 axial direction positioning 31gnal (130).

30. The apparatus of claim 22 in which the
database storage system (64) provides successive first and
second positioning commandé, in which at least one of the

. slow (56, 58) and fast (54) positioners further includes a

25 position sensot'(lzo, 122) that provides an actual
position datum, and in which the signal- processor (52)
receives the actual position datum, calculates (82, 90) a
' positional difference between the actual position datum
and a position corresponding to the first positioning

30 command ‘and corrects the second positioning command (84,
86, 92 94) by an amount corresponding to the positional
difference. ' _

31. The apparatus of claim 22 in which the
lp051tlon1ng commands are unpanelized p051t10n1ng commands
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¢ ai s 1. An apparatus (50)- for positioning_a tool

(60) relative to a set of target |ocations on a workpi ege——e——{(B82)_in_
response to a set of positioning commands (72): -5 co |§S$ME£T HAS. BEEN
a first. positioner stage (54) effecting at . first] posi REBLACED
acceleration a controlled first range of rel ati ve nmovement +S6—548,

194) between the tool. and4 he a WK ARG € g ok D i tioni a on(
posi ti oner stage (56, 52%3 effe(?[]'oiarﬁ;=1 % As?9 for pSs .ngﬁlgl?orafi ﬁ%%‘i N8o)

accel eration a xttorg le’ tanggtgdosptiensg: ilhe SNEFEREAOT PB2R
between the toclofitsidde (62) MDRERBe the aSeeeNdf pogatabniakati ve
novenment bei ng 4§e%¥£3 ttﬁghfhe first .range of relative noverment, and
the 15 seconPERTIHni it aded er STBF U9 | ess than the first

‘posi tioning accel eration;a first positionex sitgua (Briceffectihy) adeni vi ng
fromthe set ofgs I%gji 1 Oni . v - 6Qnty @l Ling._signal
(134, 138) 5 El&ﬁ@f%&%%ﬁéfgl%%ﬁﬁﬁ?ﬁ %&E%Eer%%%%né’ﬁt ;
control | ing si gifdlatiite gqvement) 333 0and 5$ec i@ ) ( Perween ther §§gdndeo)
portions; and the workgidcd @@29i;tioner driver (88) controlling the
first range of relative novenent, of the first positianer %5 stage I n
response to the first fréy Ihtongy stage (56, 58) effectipg at
posi ti onero dri wersddfid qaodinaldring tdeeeleratienond s0anga 0f ar ebatiredled
novenent of the,gecon sﬂﬁﬁi t . Lmr n h e
frequency portisoe?\. % éﬁ%laflvﬁzn%g%g‘aepgt u(§'§%$ %I%é:}"%e&‘ :Elr?%w%lggg t he
30  positioni Rpddiraerkrieqap@id i zed positioning conmands.

3. The apparatus of claim kighathigdbdds@dd |(52) operatively associated

with the first and second positioner stages and deriving

15 from positioning commands in the set (134, 138) a
positioner stage movement control signal including
multiple signal frequency components, the signal processor
performing a filtering function (78, 170) to produce from
the signal frequency components of the movement control

20 signal first (130) and second (132) drive signals having
respective different first and secénd.frequency ranges,
the first frequency range having a cutoff frequency and a
bandwidth to which the first positioner stage (54)
responds to operate at the first positioning acceleration

25 and the second frequency range having a cutoff frequency
and a bandwidth to which the second positioner stage
responds at the second positioning acceleration, the first
and second drive'signals causing at least partly
uninterrupted concurrent movement (140) of the first and

30 second positioner stages such that the first positioning
acceleration is greater than the second positioning
acceleration and the first controlled range of relative
movement is less than the second controlled range of
relative movement, thereby reducing inertia-caused tool

35 p?sitioning speed reduction resulting from'interrupted
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(-270) has an anount of delay that causes the second frequency portion
to lag the first frequency portion by - the anount and. lhe
apparatus further includes a 35 delay el enent (172) t :
frequency 37 31 .
substantially the anount of delay to provide a del ay

frequency portigysiltianelrs stagat aatrea\éhy: durlngStSBQBEQBhiﬁ‘ b9 the s&8sDN
frequency porti tus of claim1 in which

the tool 5 réﬂéﬁlﬁéa§P 3H§°895év8rFPFgeE Eg 1088t aser (76), a | aser
beam (60), an ion beam a3radEhE|appbeanusaoﬁ1cia$mobe in which thasto@h
optical scanner n a appa I

i n which each ééd% qsaa% E%%%t £ 8n seconéllbs tPgﬁgP ?ai%%g?s?%%ge by
at 10 | &ast dAEeT b&ag‘al(\ﬁéh@néﬂeFOPlb@?m:aaveﬁéeaéepn beam, a

pi ezoel ectric hﬁﬁﬂﬁﬂ%ﬁ%@u a4 3kaBPehn"BheR cald Eehﬁﬁérseaﬁa a camef@tor a
| i near servo notor, par us of

| ea
claim1 in which at Ieass4 %heoﬁBPBFaFHé Pﬁrggaéﬁd3§eﬁﬁnﬂhb%£|?? Pt
stages i s capalhe rﬁrstoﬂspwsahdoeengnahessoosaalpcgltmonertbbggeellexes
7. e appar at yagly glail doRBeBRENCENS $8508Honerey ROSH] | ORCkoPhE0e

I ncl udes an X-aX|s nsla I-on age ransration
st age (58)0 andcdid, farpuezoelectrlc transducer, a stepper motor, a

rotary servo motor, a linear servo motor, and a lead

screw.
35. The apparatus of claim 32 in which the
first and second ranges of relative movement are along an
15 X-axis and at least one of the first and second positioner
stages is further capable of positioning the tool along a
Y-axis that is orthogonal to the X-axis.
36. The apparatus of claim 32 in which the
second positioner stage includes an X-axis translation
20 stage (56) and a Y-axis direct translation stage (58) and
the first positioner stage (54) is mounted on the X-axis
translation stage.
37. The apparatus of claim 36 in which the
workpiece (62) is mounted on the Y-axis translation stage
25 - (58). |
38. The apparatus of claim 32 in which the
signal processor (52) further includes a position profiler
(72) that generates the movement control signal, and the
movement control signal includes a series of half-sine
30 positioning pulses (134, 138) having a frequency range
substantially spanning the first and second frequency
ranges. | ' : .
39. The apparatus of claim 38 in which the
filtering function performed by the signal processor (52)

35 is carried out by a low-pass filter (78, 170) that
REP, T
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positioner stage (54) is nounted on the’Xfaxis tran
8. The apparatus of claim7 in which the workplﬂ'bé%g Sgﬁgﬁﬁt ed on
the Y-axis translation stage (58). : Yappardt us
of claim1 in which the first 25 and second positioner stages coordinate
(130, %62, 222) t he flrst and second ptSi tioni ng novenents such that

t he’ tooI .S render Qrari| tionar 140) rel ati e to

wor kpi ece mh||§eFﬁ%”Fsr§g SAR§EE8E0RE BS@?tF6H8r¥8%35é§“1“9 by ﬁeﬁn&}%ﬁ 30
10. The appar a3 eincclpaissed ithewsechndhérdghepcy rangeepentien7ihersof
(implemented as @ )04 Predule! B! %@tha drive®¥ggHhed by the signal

processor (52). aratus of claim1l1 in whjch the
filter (170) enpl oys a fé@rthiﬁﬁdéppﬁéﬁﬁﬁésgffFFFéW|ﬁa in which the

32 | t d s1grlta]J.1Prddés%oE0q|SZp?igg:'tﬁ@rngeﬁfﬁkﬁ@ 659i1btbabth.ﬁgwh -
|rrp enented as ar (0] e r,ogessi n e LN |1 C e
ﬁp &&9 gﬁﬁ 5ﬁ°gd 8réV8ch8ﬁFé géé?&e 1Backage, the

wor kpi ece is a
t ool positioni r@lﬂ:}tstcmmacf (80|)nilradu nheaskriet pdshtilérsingéSpdsihaonidhgect s

at a first pA%Ed 1 @34191365eke 3rballcd €Rat EOkkedablLat sE8A9E Phaa) .
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r'el afi ve novenent between a tool (60) and the worlkpi REFLACEMER S et andly -
posi fi ener (56, 58) that effects at a second @Qeﬁqmoﬂgpa’é%ﬁgﬁg Héa_;.t_,
a control [ ed second range of 10 relative novenehd6daimé®n tPaE¥HGT 3 ed ..
t he wor kpi ece, the second control | ed range of [ drawingés) A& nlt?) W "
greater than the first controlled rangggof r{l@AtAbstractovcritdge arrd® Pas '
t he second positioning accel eration being |less than the first 19 SEP 1897
posi tioning acceleration, a nethod of coo€daimsing $ord OF RBOBIPTON..0f-.4-he

SHEETS SG }

first and second positioners.t@n appamitosnis dos (YeatehemtimgrapEoaied by t he
f!{f]_t positigﬂer (60) [ﬁlaaiv@ t‘{ooat%@\:t oifniwgte%dléaﬁtltibgsSﬁpango.gf%kéoner
within ere i v S nd: second “control.
rel ative novenent zggfhiél %?%%%nfgn osaecs(‘)a%dc’g ST %%Or?effl 5%&Q%c%n l]"‘r)r‘ently
nove and sel ecti veF}e FRPRERER tRsleding a firstopggitienep staget () t ar get

" locations and descefbectdingoat a firspgidsivioning acrdlpiratinn eonpntirsilhed
provi di ng positioniggst @aRgadst ragit Aef mBeenent (13,0858 Palold) absueehi ch a
tool is to be diregfed ah ans ereORbHQlsRd Qﬁﬁ‘i' Séc?o'ix'dog&id:io stage
generati ng fromthe(\ ositionLn _comnénc?s higher ~_ " ", ban Wodth BRdcl ower
bandwi dt h posi ti oni ﬁg' sﬁeénﬁf'ge%l’r&? at a speqrd PRSITHORARG (AqFel STAPRs Bt
bet ween t hem 10 controlled serondyviangs o§rreliasivé gioremertn dARdl Hbetwdeh over
30 bandwi dt h poskbeotdolgand Gihel worlasieee! itk betdid fafgs @FOpelative

posi tioning signal gol&dnedbOfhd grRERSN kA Whelh A AAdd of rerdidveONpensate
for the inherent dgboy, ohfSelqRSESh A Sosscionthdi8bePAAYod Duigyd | Over
bandwi dt h posi ti onllng 3 gna?%, e P g

ess than the first positioning acceleration,
15 characterized by:
a signal processor (52) deriving from the set of
positioning commands a movement-controlling signal (134,
138);
e e a filter (78, 170) splitting the movement-
20 controlling signal into first (130) and second (132)
- frequency portions;
a first positioner driver (88) controlling the

first range of relative movement of the first positioner
stage in response to the first frequency portion; and

25 a second positioner driver (96) controlling the
second range of relative movement of the second positioner
stage in reasponse to the second frequency portion.

2. The apparatus of claim 1 in which the

positioning commands are unpanelized positioning commands.

30 3. The apparatus of claim 1 in which the filter
(170) has an amount of delay that causes the second
frequency portion to lag the first frequency portion by:
the amount of delay, and the apparatus further includes a
delay element (172) that delays the first frequency

35 portion by substantially the amount of delay to provide a
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33 “commands that are time synchronized to the del ayed sl ow-
pesifti.oni ng si gnal . 17. The nethod of claim 16 in which the

RV

subtiracting step entails subtracting (80) the delayed slow 5 positioning :
fromthe delayed sl ow positioning commands to generate a fast ﬂ

positioning signal, and the applying siep entail's applying the del ayed

sl ow and fast

si gnal

(54) positioners, 9¢}pyed siFsm

osi tioni n%'si gnals to respective slow (56, 58) and fast
TRGIINTYOBP¥ e FhRaty d8pBYRALAZCID LY 0 t he

posi tioni ng si gnabyndhroatzékast tharsdepnd frequency @ortpired concurrent notion
in a coordinated fashion 4. Thé3%bpakddhsidsr RLOOMAC ihEekHIGhAEHS ol ati onary

t ool posi ti og 14 ver: the target | | ons 18. The |
met hod of claim 125%&\%%%3% Eﬁ?e%% &rlggbli %ﬁg&g't e%pl??ff h('e7r6) ent allafgr moving
the tool alony a P& (50). 3 igpiPrRAFHnE| Fafdigtion beam, a microscopg, Fhe

met hod of cl ai m 14ensh whi epticad s¢awmer, and@sicamender includes an X-axis
transl ati on stage (56) andsa The apparét@s tdMmrIbhid I10AnSHKIGH €hS)seabfdi n

o he st ZOpangph il g Y S Bcdgenshet | o

st age.

step of mounting B %ér'?ﬁ%ctgaﬁg%tjﬁﬁ FF\%‘%H’(T&%??‘H

(58).

e

25

10

15

20

25

30

PDX4-81348.1 26860-0033

I nc g t he

etﬁiﬁﬁgl ation stage
positipner Bragee (Pl i6f mewntiat 22 the ¥l translation

stage.

6. The apparatus of claim 5§ in which the
workpiece (62) is mounted on the Y-axis translation stage
(58).

7. The apparatus of claim 1 in which the first
and second positioner stages coordinate (130, 162, 222)
the first and second positioning movements such that the
tool is rendered temporarily stationary (140) relative to
the workpiece while the first and second positioner stages
are moving.

’ 8. The apparatus of claim 3 in which the delay
element (172) is implemented as a programmed delay that is
executed by the signal processor (52).

9. The apparatus of claim 1 in which the filter
{(170) employs a low-pass filtering function to generate
the second frequency portion.

10. The apparatus of claim 1 in which the
second frequency portion is subtracted (80) from the first
Erequency portion to generate a high-frequency positioning
signal portion from which a drive signal is derived to
drive the first positioner driver.
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0 122 an actual

apprfing step further includes: sensi ng
-posi[ion of at | east one of the slow and fast posi}
calculating a positional difference (82, 90) 30 bet we
posi tion and a commanded position; and

commanded position (84, 86, 92, 94) byszan anount correspondl ng to the
posi ti onal di fference. PDX4-48902. 1 2686004033 .
34 22. " An dpar Bt @ tpSh)possEioniant PtheRy (30) SRt 18 (6()

along a first axisinpXpmemtiest Byepdxr afsetworkplemegd62) procesmigmt spseemn a
wor kpl ece (62), cofwhstRNGhe workpiece is an a1 6tAlrah oS eVl 686 age any St em (64)

providing froma eieccg f@%%%@é’?iafc Vﬁﬁ ”Qh& ”gésiél%ﬁmgl%%)etmat includ
t he set of tar catlons ; di r.ected
a si gnal procéssorhag' 359 HAYPRYL MOGHPR he a“ﬁloéf“f “c?ﬁrf‘ﬂga nds sl ow
(132) and fast (1mj;s:¢p.pgqr a()'él‘lhl that effects at a first positioning
acceleration a controlled first range of relative movement
between a tool (60) and the workpiece and a second
positioner (56, 58) that effects at a second positioning
10 acceleration a controlled second range of relative
movement between the tool and the workpiece, the second
controlled range of relative movement being greater than
the first controlled range of relative movement and the
second positioning acceleration being less than the first
15 positioning acceleration, a method of coordinating the
operation of the first and second positioners to minimize
displacement imparted by the first positioner relative to
that imparted by the second positioner within the
£ e e respective first and second controlled ranges of relative
20 movement as the first and second positioners concurrently
move and selectively position the tool relative to a set
of target locations and describe a tool path on the
workpiece, comprising:
providing positioning commands that define a
25 tool path along which a tool is to be directed at
controlled accelerations;

D

generating from the positioning commands higher
bandwidth and lower bandwidth positioning signals that
have an inherent delay offset between them;

30 deriving from the higher bandwidth and lower
bandwidth positioning signals respective first and second
positioning signals including a compensation delay (172)
to compensate for the inherent delay offset between the

higher bandwidth and lower bandwidth positioning signals;
35 and
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di gection positioning si gnal s; and 10 sl ow and fast positioner
drijvers (96, 88) applying the slow and fast first axial direction
pogitioning signals to respective slow and fast positioners (56, 54)),:
thé slow and fast positioners responding to the respective slow and
fast first axial 15 direction positioni signals by at |east partly

uni nterrupted concurrent novenent (130, 132) in a coordi nated fashion
to produce tenporarily stderieiay frbmothe first)@att senmnd(fdfitiontmgt he t ar get

| ocati ons. signals firs%3anaT§%c%H@aﬁfﬂﬁﬂssfghaiéa&ﬂﬁ 3Ep1§hﬁghtﬁg the sl ow
20 (56, 58) an%hzfsﬁsgné SSZQC BQSA J{v%ng{f#lgrégl%ﬁme@é/s%e;: fvé st and along a

second axis (Y) ort o ona

24. The appar at u%ect?Pch%ﬁ’rﬁl?Eeﬁ‘l S/h FR3E thheY sYesRond by BB%ﬁ“i‘ﬁ‘ﬁer (56, 58)
i ncl udes an sX- ax¥iFhinariseizt contxiligd fanges(66)redative Yowsmentt wakls| ati on
stage (58) and i#t Weast pditly unidtegtufed toRRietbotion gt ed on the

X-axis transl at '&Q)rdinatéi #JEh érp)to od e accurate ; 2RBRA tus of
claim?24 in which the o\fopa |eceK 30 Lcinte ont e Y-ax

transl ation sta : at t nt2 FLEpPET s of cIa|m22
in which the si gnal ¥r-ocEae glethed)of glatferlli #@:I"{!Péé theprofiler (72)
that profilms thsogietohimnicogmandsrandsin Rhouspanelizaillisimad al | y
wi de-frequency bandwi dth 5€ri @ge Hethalloficifima1 1RAURHiEHOMNY Segnent s
(134, 138). generating the higher bandwidth and lower bandwidth .
positioning signals includes filtering the positioning
commands to generate the lower bandwidth positioning
15 gignal and the inherent delay offset.
14. The method of claim 13 in which the
filtering to generate the lower bandwidth positioning
signal is carried out by a 1ow-pass filtering function
(170).
20 15. The method of claim 11 in which the
deriving the first and second drive signals includes
imparting the compensation delay to the positioning
commands to form the higher bandwidth positioning signal
and processing the higher bandwidth and lower bandwidth
25 positioning signals to produce the first and second
positioning signals from which the first and second drive
signals are derived.
16. The method of claim 15 in which the
processing the higher bandwidth and lower bandwidth
30 positioning signals includes subtracting (80) the lower
bandwidth positioning signal from the higher bandwidth
positioning signal to produce the first positioning
signal.
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.35, i 27. The apparatus of claim26 in which the si gnal
"-prbc ssor (52) further includes a filter (78, 170) t hat separates the
“seriks of half-sine positioning segnents (134, 138) into |ower (132)
and higher (130) 5 first axis frequency portions, the slow first axial
di re'pt i on positioning signal (132) being dggived fromthe | ower first
axi s: frequency portion (138). 28. The apparatus of claim 27
in which the si gnal prBcesmer m¢BRd gfneledmesl timewhighstthaxi al direction
10 fast positiorichgesddtiah 4di39) ahd tHDLARGINDWd18]) of fiet are | Ower first

axi s frequency pozﬁ%ggaétligﬂyféhoe Qa% serl es of hal f-sine positioning

segnents (134, 13 g@ara,t us pf claim28 in which
t he filter (78, 170) plssé®eampihod °5x‘i’:‘§11 1 et MBI &R f eedt hrough
signal portiof i nteepihingltbe firstt angisgeond drigeradgnada rsiude®ni ng si gnal
(132), and the signal SBAOLRS 020  G2P) CaM faeetsl igositbad ofi 61d oFxi al

di T ot on feed ﬁ‘r’%{?gL%ﬁsﬁh%%"ﬁypm?%%ﬁt (LesL 20 axial direction
posi tioni ng signal (130). SELESERRES gg) rp’r?&?&t L ESFeRtfRim 22 in
whi ch the datbaSysen $her ag@aéygpé%woa@mbraovmd@emmi% first and

second positiwni ngreeiftall by & ncodrespomtingearst ofnchefpobheioning sl ow (56,
58) and fast (54) mﬁa&ng&a further includes a 25 position sensor (120,

122) that provides an act uas:.ng tnep88é{t'1%ﬂa£’6}§1‘£¥£r§{& |I:o meﬁ. t:.bnee si gnal

processor (52)
of the first and second drive signals to correct an error
in the actual position of the one of the first and second
1s positioners to which the actual position pertains.
19. The method of claim 11 in which the
applying the first and second positioning signals
) includes:
il sensing (120, 122) first and second actual
20 p051tlons of the first and second positioners;
calculating (82, 90) first and second positional
differences between a commanded position specified by a
corresponding one of the positioning commands and the
first and second actual positions; and
2s using the first and second positional
differences to develop the first and second drive signals
to correct errors in the first and second actual
positions.
20. The method of claim 11 in which the
30 applying the first and second positioning signals includes
operating the first and second positioners in the
coordinated fashion such that the tool is rendered
temporarily stationary relative to the workpiece while the
first and second positioners are moving.
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et . o N i . iRl il

-tégei ves the actual position datum calculates (82, 90) a posi ti onal
~di:ff er ence between the actual position datum and a position
corfesponding to the first positioning 30 command, and corrects the
second positioni ng conmand (84, 86, 92, 94) by an anount correspondi ng
to the positional di fference. 35 31. The apparatus of

. claim22 in which the posi tioni ng coimrands are unpanel i zed positioning
comrands. 21. The method of claim 11 in3@hich the 32.

Apparat us (50) fQppPpsid kBB Pl Ol ticEdg Zﬁi alndihads:to multiple tar get%

I f
o ey o R Rk g sl <7

posi ti oner stagePeSayicns @ t‘F’Fﬂg firsy and se‘F‘?q"s?°%’cf§1°PFB?n ng acceleration a
controll ed fBrst range of calculatdhat {820 BONenddrst F®SitiBAL 218) bet ween :

the tool (60) dlfﬁéﬁEﬁAEEDEEWéﬁﬂ 8C€orndAjed position specified BGONd
positioner st age g COREhaRES | a0
accel eration (15 59335 iﬁ%nt r ol F ﬁﬁé p%gltledgg?ll ange&)%fatnrde%%ll ve novenent -
(132) between t h&iE8h nd’ secang afﬁaam F ‘Ei a si gnal

processor (52) operativel psingddieafixpt POSlquhlt#éfﬁif?me &rddexaiord
posttioner sbagexhandirfkdy dvivg signal to correct at least in part errors :

in the first and second actual positioms. ;
22. The method of claim 11 in which the.second "
positioner includes an X-axis translation stage (56) and a
Y-axis translation stage (58) and in which the first
15 positioner is mounted on the X-axis translation stage and
the workpiece is mounted on the Y-axis translation stage.
23. The method of claim 11 in which the toel is
at least one of a drill, a punch, a laser (76), a laser
beam (60), an ion beam, a radiation beam, a microscope, a
20 lens, an optical scanner, and a camera.

e

e
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from positioning commands in the set (134, 138) a posi ti oner

%¥&de -novenent control signal including mul ti ple signal frequency
onents, the signal processor performng a filtering function (78,
170); to produce from t he signal frequency conponents of the novenent
contrrol 20 signal first (130) and second3g132) drive signals having
respective different first and second fre ue&g randes the first
freguency range having a cut %} e j dth to which the:
first positioner stage (54) %‘f';ﬁgr‘esp nds To ongéNeGa e first !
positioning accel eration 2apstpdt Lieciseoaseldsueguency range having a
cutoff frequenrcy and g hapaw,dip ﬁcf%i\ﬁ’ﬂb&é} bbscaeqens RR3utioner stage

responds at the second sitlon acceleratio the first and second
drive signals caus‘f’??@nﬁggﬁeé’ta&’s’p% g comma ‘#ﬁ %‘Fg‘Pr% éagisoengﬁ?f%ﬁﬁ

novenent (140) of FuRsypremi(64hd BXPLilenibrdoprapts ofd® iREyeshalkh that the !
first positioning sine pasixdloniag isdgnes, gmdaferchiehaprddesses ahedsppsdlt | oni ng -

accel eration and thgd b Sdw-GRBEAHIYCHos ANBR1IY 16hRL | (L8P) ana HONESRNt S
| ess than the secopde contraoll e

. . (1) r n os icgn%.rxll es f 1. HFE(efa;[:'lavc Vnemant ! he.r eby
reduci ng | nerty a- caUSRa TH %3 %SI ?q%m r(ng gpegd rzzgﬁn%flgon resul ting
from interrupted respective slow (56, 58) and fast (54) positioners to
posi ti oner stage nougetnlocationg gosi woxkpiege 0f620 he Theoblow and fast
positioners move without necessarily stopping in response
to a stream of positioning command data while coordinating
15 their individually moving positions to produce temporarily
stationary tool positions (140) over target locations
defined by the database. The multi-rate positioning
system reduces the fast positioner movement range
requirement while providing significantly increased tool
20 processing throughput.
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relative to successive target |ocations. 33.

of ' claim32 in which the tool - (60) is at |east one of drill, a
punch, a laser (76), a 5 |aser beam (60), an ion beam 4 rlad2# DEE B8Am
a m croscope, a lens, an optical scanner, and a canerd. |

34. The apparatus of claim 32 in which eac of the first (54) and

cond (56, 58 ositioner stages.is .mpved by at Ieast—jrmy+#—4p_____.__

Gal vanoreter (100 & voice $8°5 EORE, PReAFasBeraLEYPEer 1ROUICEAE 18
st epper not or implementedt asypaetvofnat warkfpibf:eea62§ epr@\:\:hﬁébg.hghaly@téni ead

. . . ratus. o Lm My ich_the
??igr/and sec%%deéﬁBegﬁgfwggﬁgiggg ﬁévéﬁeﬁaggggogignseXﬁCTSor RMaxi s and
at | east one elechrohicsdeundespackdgpostheotepl posigﬁagéngisybuenhﬁ{

bl e gf positiQa: he s I - axi ' t Qo to

Tho X axfs, " ThELBBLAG ANEiLREl pBpiedcher (saf PHEF EEEhcLS db dRI3R
second posit i BAB+t3PBYBI| AEFEYEFRRAOR- axFentrardpa: fdxssorangeagf (56) and
aSI;axis direﬁﬁlataﬂﬁlﬂgy@meﬁtagetﬁgah arﬂopl (sPheahar&hepq%&kp&&%% g;age

is mounted.on the X-.axis,,. r ati.on ge. .. :
%he appar at us2Bf 2| §FfP38 Pﬁsﬁﬁﬁ8ﬂefh222' Es&oFEB?eégfﬁgﬁf 2E Ro&RCeFon
the Y-axis trposiaioningt agee2Bratibh8a controlled seco&a.raﬁbelagparatus
f claipy32 i ' t ' r ssqr rt ncl udes.a
or clal iy, 'P?Tgfgbe H§¥§ ePﬁZPQS@EeB Phe E%ol(gah Eﬁe u%&#bgﬁcgrg%ge1 and

position profiler enerates _the novenment contr
t he novefeaendoaenbrodlgdarangel aferedatéveenoyementts beiing greater

posi tioning pghsRSthd3#irs88kohayblded FhAgHEBEY redlE8ve moverskadtial |y
spanni ng the fhrst and second  frequency ranges.,
\_ the second positioning acceleration being less than the
first positioning acceleration, a method of coordinating
15 the operation of the first and second positioners to
minimize displacement imparted by the first positioner
relative to that imparted by the second positioner within
the respective first and second controlled ranges of
relative movement as the first and second positioners
20 concurrently move andgselebtiveiy position the tool
relative to a set of ﬁéfgeﬁ locationszand describe a tool
path on the workpiece, comprising:.: ‘
providing poéitibhiﬁéméshmands that define a
tool path along which.a tool is to be directed at
25 controlled accelerations;
generating from the positioning commands higher
bandwidth and lower bandwidth positioning signals that
have an inherent delay offset between them;
deriving from the higher bandwidth and lower
30 bandwidth positioning signals respective first and second
positioning signals including a compensation delay (172)
to compensate for the inherent delay offset between the
higher bandwidth and lower bandwidth positioning signals;
and
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3,9 The appar‘atﬁ? of claim38 in which the filtering function ,5p

by—the—stgmat—pr ocessor—52— 35 —s—cart+i ed’ out -

f|~I ter (78, 170) that -5 TH' S
SHEET HAS BEEN 3ok 38 r eggimes t he
series of half-sine positioning pulses (134, 138) and paojsast he second

frequency rangP@q tion t hmufm'mu%%‘ﬁ PRGEXIZATON he secOeg@ri ve
appar 87'""

si gnal . 40. The | aim 39 in which the 5
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(57) Abstract

A multi-rate positioner system (50) receives unpanelized positioning commands from a database storage subsystem (64), profiles the
commands (72) into & half-sine positioning signal, and further processes the signal into a low-frequency positioning signal (LFP) and a high-
frequency positioning signal (FFP) for actuating respective slow. (56, 58) and fast (54) positioners to target locations on a workpiece (62). |
mmm&npmiumnmewiﬂmmlymmmwamofposxﬁaungcommmddauwhnleeoerdimﬁng
" their individually moving positions to produce temporarily stationary tool positions (140) over target Jocations defined by the database, The
multi-rate positioning system reduces the fast positioner movement range requirement while providing significanty increased tool processing
throughput.




