ADAPTI VE COMVAND FI LTERI NG FOR SERVOVECHANI SM CONTRCL
SYSTEMS Technical Field [0001] This invention rel ates
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to a high performance servomechani sm control system
and nethod i nplenented with feedforward conpensation
and feedback control to inprove system speed and
accuracy. Background of the Invention [0002] Typical
servonmechani sm control systens are inplenmented with
feedback and feedforward el enents, which cooperate to
produce a response to a command input. In general, the
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servomechani sm control system outputs. In one
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high performance servomechanism control.

Summary of the Invention

[0003] Preferred embodiments of the invention implement techniques for
modifying the command trajectory, the architecture of a servomechanism control
system, or both, to reduce the servo error during and/or after the command
trajectory. |

[0004] An iterative refinement procedure generates for use by the
servomechanism control system a corrective input, du, which significantly reduces
the error between the desired and actual servomechanism control system outputs.
In one embodiment, a uniquely identified plant model is employed in the iterative
refinement procedure to compute an approximate gradient that improves the

performance and reliability of the refinement procedure. In another embodiment, the
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refinement procedure. This is acconplished by
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designed to achieve high-speed, precise operation of a physical plant.

[0009] Fig. 2 is a block diagram of a corrective input generator that refines the
input command stream applied to the control system of Fig. 1.

[0010] Fig. 3 is a block diagram of a particular implementation of the corrective
input generator suitable for use in the control system of Fig. 1.

[0011] Fig. 4A shows the dynamic transfer function from the measured physical
plant output to the load position of the control system of Fig. 1.

[0012] Fig. 4B shows the transfer function of a notch filter designed to counteract

an amplitude spike in the dynamic transfer function of Fig. 4A.



[0012] Fig. 4B shows the transfer function of a notch
filter designed to counteract an anplitude spike in
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design, construction, and operation of corrective input generator 16 is described in
complete detail below.

[0015] In the preferred embodiment described, physical plant 12 is a

Model 6220H Moving Magnet Closed Loop Galvanometer Based Optical Scanner
manufactured by Cambridge Technology, Inc., Cambridge, Massachusetts, and a
suitable power drive. Feedforward controller 14 and feedback controller 18 are
preferably combined in a digital galvanometer controller, which a skilled person could
readily design to provide a 5 kHz closed-loop system bandwidth in an

implementation using the Model 6220H galvanometer.



Model 6220H Movi ng Magnet C osed Loop Gal vanoneter
Based Optical Scanner manufactured by Canbri dge
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rocedure
CoefﬁCIentS of FIR filter 28. ThIS approach is carried out by a procedure that

modifies the command input in an iterative manner to improve the match between
the desired and actual system outputs. The stépwise iterative refinement procedure
is as follows:

[0018] Step 1 entails initially setting du=0. _

[0019] Step 2 entails passing «" =u +du through control system 10 and
measuring the error stream, e, shown in Fig. 1. Thus, for du=0, «" =u, and
e=u—y.

[0020] Step 3 entails comparing e to an operational tolerance, and if e is within
the operational tolerance, ending the iterative procedure. The operational tolerance

is defined by a cost function



nodi fies the command input in an iterative manner to
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procedure is as follows: [0018] Step 1 entails
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repeating Steps 2- or a nunber of iterations until e
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iteration, ais increased by 0.05 for the next
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a, rql(l)ré .ngftﬂgecols¥ Frrrlgrtolvgg ’du%nbsone iteration, « is increased by 0.05 for the

next iteration to a maximum of 0.6. If the cost degrades during one iteration, « is
reduced by a factor of 2 and the current iteration is repeated, with the reduced
refinement value of « . This reduction of &« continues until an improvement is
achieved.

[0023] An Alternative Step 4 entails passing error stream e by mathematical
simulation as a command through an adjoint closed-loop system, which is a
computer modeled adjoint of a linear time invariant (LT1) model of the physical
closed-loop system that comprises plant (G) 12, feedback controller (H) 18, and

feedforward controller (F) 14; calculating the output stream y ; and setting

du,,, =du+a-y,. The Alternative Step 4 uses a simulated adjoint system, which is

next

created by mathematical modeling. Step 4 entails using the actual physical system
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tea(zhjrlgapgmeseroaarhﬁ expreesecbgs appl yi ng st andard

| east - squar es al gorl t 0025] The Il owi ng
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Canm@(nr@mmasused in the teachl ng process can be

expressed as u , u - dq] du 2,._..,du N < .
(z) a,z" +az +a,z"",

where a,,q,,...,a, represent the filter coefficients and m represents the FIR

anticipation; i.e., m is the number of time steps the FIR filter signal path is ahead of
the direct signal path. Numbers m and » are chosen in accordance with a trial and

error process, and a,,q,,...,a, are calculated through a least-squares algorithm. The

quality of the resulting least-squares fit is assessed by observing the residual error.
If the residual error is small, then control system 10 is operated with FIR filter 28 in
place to determine how well it performs. If the control system performance is
unacceptable, n, m, or both, are modified and new coefficients are calculated to

start over the process.



The objective is to design a correction filter to map
each u value to a correspondi ng du value. The FIR
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Model 6220H gal vanoneter cgpstdtiutes a 320-tap filter
wth a 160 kHz update rate and an antici pati on of 80
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coefficient to the negative sumof the first 319 FIR
coefficients. The first 319%F|R coefficients are the

| east -squares solution to the probl em Uh = du, where =
[Ii11 h2...h3lg are t 1e'"*|'ndependent FIR coefficients
and du = [dul du2...duM isithe correction sequence
derived froma single,trainjng profi|e or assenbled
frommultiple refi neTe’Ht run$! [0027]. The U matri x,

whi ch has 319 col umgs¥and Minaunber of rows, contains
the initial (ideal) pput sgquence in circular
pernmutations, i.e., |. )

u U

m=1 m=2

The standard least-square solution can be obtained from
h=(UT*U)" *U" *du.

The number of experimental command move lengths from which the FIR filter
coefficients can be derived is N =2, one experiment representing a shorter length
move command and the other representing a longer length move command.

[0028] An alternative way to ensure FIR filter 28 is a zero DC gain filter is to

recognize that to satisfy the condition A(1)=0, z=1 has to be a root of the equation.

The expression of A(z) is



The standard | east-square sol ution can be obtai ned
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waeornvang4srove | engths fromwhich the FIR filt ePCT/US2005/016719
coefficients can be derived ijs N =2 , one experinent
representing a shorter A@ﬁgi(ﬁ—rxﬁ'\)eAbomrand and the
ot her representing a |longer |ength nove command.
in wrocdlz 8|l oftheateasficiantsvef Mapre detaimimned. FFig. Bidhoars 2®lack diagram of

an %Iﬁ%r%@gc%%&rgﬁtﬁvé lltnje){JLg%nér%toreﬁbo %ggl%t%aérgga é{\tn %?é%qsnfé%ed FIR
ﬁlte_eQBaé{k @Bscridt®] g¥dfeessi on _Of_ (z) isD (z) = -z-). D,

in which all of the coefficients of D' are
[0048} er Ahaaganping. migrased e vaneniirr 42 @@e%rmaolfasahbeam toward a

oSSR 95410 PR FRBSY LSS, LRI BY Bbrione

to th® WY suFbe seamiut dpmltmnr rorook =091, v ges & a kdodhasredsured
| aser beamtoward a desired target |ocation. ldeally,

constantaatuel Bmauserthpcmlannenpoaltlon u$m¢|a|sens_td ’ghrough the joint
oncBERp R0 -8k TRARER sREARE ol hor

dodBasdunstchiBe pec¥IPEd POsitibh &7 ths sERARAH PRALDRON & Hdefgoes
oi nt encoder, the actual position of the mrror set

deﬂl@t:tl@rh@lurlngéngih@cqmenam@nmﬁmswtﬁnmg dorditipns. Mmecieason for this

bR RY G SR8 430 M RERALBRuPIRLEc A bbscapner shan
andstiet ftkarg TheRdint realiy, B8y I eheed § asprebents B sdrarchter
is the finite stiffness of the nechanical coupling

chapattezingttihe cogplimiebetsteait thandeasierediscaoner bsiton and the actual

iR JoS BTy LN GR Lt o8 e MOHRCO 22t gabgnometer.

nn It
RS Py A T 8 A o

am;blﬂ@é@}/aﬁegar pikes Goaisoute kinamMoccdnpdridaté fetbElynamic filtering
function S, which exhibits a peak anplitude val ue or
effegb,q@ysé@md%@itmg@oﬁcpt&ﬂltqr&@mg)@r{gagts@erffgpctﬂ%agﬁhgwﬂdn Fig. 4B to

couh‘cér%@tr thd% Oeltlflfgérkeefs ?M FRRBBY &5 St Vépfb‘?yf@ ltgrbégv?rrefmement

ng a trans func I'on as sho
procanh:rtaemmhlch feeigiliiy Hz=%pt ke Wish ermitemﬁl’uéledlpleamShtalloﬁ
of the iterative refinement procedure, in which

contriaugingdpItiye determjnatigine of RIRNiter28,i ¢ + & + yrprmtJ‘él usoﬂne notch

contri buting % the determnation of FIR filter
filtefgel yersiRneh . h g rRoteR diltgp empensation is made part of the calculatlon of

FIR filter 28 to prevent the iterative refinement process from attempting to
compensate for tracking errors about the notch frequency, inasmuch as the scanner
measured position and actual mirror position are shown to diverge significantly in this
frequency range.

[0031] The use of corrective input generator 16 implemented as described above
and installed in a laser beam positioning system enables operating a galvanometer
at higher accelerations and wider bandwidths than those previously used to position
a laser beam. The consequence is an increase of about 25 percent in target
specimen servo performance. V

[0032] It will be obvious to those having skill in the art that many changes may be

made to the details of the above-described embodiments without departing from the

8



filtered version of u. The notch filter conpensation
is made part of the calculation of FIRfilter 28 to
w@e@sant34g he iterative refinement process fronPCT/US2005/016719

attenpting to conpensate for trackjing errors about the

undegying RrinsiRien e thg IRXRIRN ST exaMBieaAiemativg dmplamentations of a
(0] .

corkRALS % ERMoRRLE A OEE8, PESIAIE0 R B NI sppppeo (1)
filteflmmisinaiidn HRrareCEIR @lténspot ngelireraatiitteridg apprdaoimestsedh as neural

as descri bed aboye and install|ed in | aser bea _
netlBEsS | 41 FRPRS/QL D AIRSENE VRS A dhgeaToren Blatprmaiped only
bythbggﬁﬁmﬂﬁQﬁﬁﬁkations and wi der bandw dths than those

previousfy used to position a | aser beam The

consequence i s an increase of about 25 percent in

target specinen servo performance. [0032] It will be

obvi ous to those having skill in the art that many

changes may be nmade to the details of the

above-descri bed enbodi nents w t hout departing from

t heunder | ying principles of the invention. For

exanpl e, alternative inplenmentations of a corrective

i nput generator may include, inter alia, an infinite

i mpul se response (MR) filter, conbination HR and FIR

filters, or nonlinear filtering approaches such as

neural networks. The scope of the present invention

shoul d, therefore, be determ ned only by the follow ng

claims.Clains 1. A high-speed precision servonechani sm

control system conprising: a closed-loop contro

servonmechani sminpl emrented with feedback control and

feedf orward conpensation to control output states of a

physical plant in response to a command i nput stream

applied to the control system and a corrective input

generator responsive to the command i nput streamto

provide a refined input streamto which the physica

pl ant responds to achieve within an operationa

tol erance a desired output state corresponding to the

command i nput stream the corrective input generator

i npl enmented with correction input mapping that

provides for an arbitrary command i nput streama match

sol ution causing the physical plant to achi eve the

desired output state corresponding to the arbitrary

conmand i nput stream 2. The control system of claim

1, in which the corrective input generator



conprises a FIRfilter inplemented with filter

coefficients conputed to provide the nmatch sol ution.
w@200Fhet3eont rol systemof claim 2, in which t heCHFUR005/016719

filter has an output, and in which the corrective

i nput generator inplenents&@@Msput delay to the

arhit C j: [ [ ' h o
outtpuft s FREEP e TR sp oS Bl bstelrh Bomprising:
st peddsedtioopléshtad BEn@mestaintsm dhpBraémied, withfestibalbk control
the output states represent notion, and the phé%i| B%lntin

andjeagforwaist exBRe8SFHIIRIC IR PEIPUL SR TBS RE R RITYS
t ' at i . )
resiTREbILEANIHE Al 0 gréambiilied o fre BSMTONERMM: and
: na\/dfdrgdfctit/bénp:mgmm_ aijanp¢|e1$pc31sn@m thgmoasraT ahd irmtaﬂ:srtr@am to
.aser )eam posi tion | S cenent s. . t . .
ProwgS Gamioed dl A 1> WRIBHRG PRysisal Elant faspondeanactleve within
an 45l tSPARId 4 BBsRed Bl t%%até ce%%FsHangtBrtﬁ&esﬁgﬂand input

aracterizes the operation of the gal vanoiteter, a
stream, \thé cbrretiiveciopue geheratomipyenmepisidnyith eprreotion aybuit mapping
the corrective .jnput generator, i.ncludes notch filter
thatRoyAgS 101 ¢ ALY LAY COTIRGH 0Pkt BEAT PRSP rikEna the
phy8ical henPRf ddifisl@thd A8HRNGYput stald1BofeShaing Y6 tHRIaPitrary
claim®6, in which the corrective input generator

compoand inped StreBMR filter inplemented with filter

C08! 5L 5 SR Y e B8 RG0S hE ot
confisiisabld BIR flesrantpi@entreieditiv fiksi cieticisrtsveumpiiadits Provide the

control systemthat includes a closed-|oop control
matebsebiA®bhani sm i npl ement ed wi t hf eedback control and

fe dfﬂ#{@&&r&%%ﬁ o irgpo{?mt? it Wﬁﬁcgkg{heoﬁl?ﬁlh%ﬂ{a%ts %r? (e)ggﬁufl’, and in

physi cal “plan n response’to a nman
whi€iotHY teragivernput géngatordmplepediity ani input dgenes dtearbitrary

responsi ve to the conmand | nput strﬁ mé 1produce 51
compragnghEput sEeaMseerahinedovifthineoytREt @ @‘@i 5 igrdpproduce the
refiﬁeecfﬂﬁ[l%fr?%q performng an iterative command i nput

refi

enment procedure to inplenment correction input
me@pi Tiee thwtrolmysterdes cfaim Hrin auhlich ther qutpohstates feppesent motion

andgbhirBVEAl BRNISHeBpP R SaHaNOTBI PR W bl Sotrofios
opeli;‘érx]{fong)t‘éss ?%@ﬁ]aqggéreﬁé’é}ﬂ‘ﬁdéﬂiohﬁwgt Spst@ibi trary conmmand

5. The control system of claim 4, in which the command input stream
represents desired laser beam position displacements.

6. The control system of claim 4, in which a dynamic filter transfer function
exhibiting a spike at a particular frequency characterizes the operation of the
galvanometer, and in which the correction input mapping implemented in the
corrective input generator includes a notch filter having a transfer function that
counteracts the spike at the particular frequency.

7. The control system of claim 6, in which the corrective input generator
comprises a FIR filter implemented with filter coefficients computed to provide the
match solution including the notch filter.

8. A method of establishing a high-speed precision servomechanism control

system that includes a closed-loop control servomechanism implemented with

10



9. The method of claim@8, in which the performng an
iterative conmand i nput refinenent procedure includes:

w@ a0osapphyi ng a refined i nput command to the PCT/US2005/016719
servomechani sm control system and neasuring its output

feedbacapantil @nddepatoawarthedmpensalian foreanic! @gtwtmﬁgf a physical
plal‘(‘l‘é APt 5 BESnMhd H@P?Qﬁé‘érﬁ' o5 ?'ng%tg' on factor;

asuring an error ream represent Phg a

di fgrevidingea betreetve inpait generatdr reepoRside ittt camendrittinput
nmeasur ed outqput stream (c) conparing the error stream

streg KhPiskicatd tsiiaediipesirraen tawhiGhibRerfuisiqah plast regponds; and
S” err@ﬂf?@ﬁﬁs?te%fﬁ/eo&ﬁﬁﬁtaher? ttr%hﬁélﬁréﬁ?Pr&%\f@Fé'tcpﬁ’nplement

freamin tine orm a eversed err'or
cormt:tleampmppdagp)mg thateproviaes fevan addtrary cometaneldinpaissteeam a

maiB ST A o TRV oA SRR o PRBISvEaTY g Qpdctional tolerance
a dé@%&ﬁup%ﬁ‘hoﬁéémlﬁgté ﬂfe”él%lﬂférg%orrﬁl‘ﬁgﬁ& l)’t%rtr%'a%‘

of the neasured out put ream and termning a next
r ef9. nklde meihod ob slamd, ire phéshetivei pryfamingraofitarative command input
|on factor and the product of a

t al
ref'%%ﬁé%'gﬁcggu%{n{?& &d" correction gain and the
} RVRiISGE refnsd ﬂbe@fcohﬁﬁarﬁE?ﬁﬁWee%r%ﬁ%haﬁishﬁ%ﬂtml system

an (d) repeating the preceding steps (a), &i
and(ropasining its putpett sgieany, therefinedinpui wmﬁ@r@pafz dimhommal

in which the
CO’ﬁp@%"ﬁ‘gﬁﬁﬁg&‘ nén B Fgf%'ﬂgﬁ%?g%ﬁ%g%&aﬁ%ﬁt refi nement
pr by dheasuring alemor sRgampppsentiagrediffershdostiveen the nominal
command to the servonechani smcontrol system and

COMfBARE MY anfisth@wv%%ﬁurgﬂ O8RHt ste@tef i ned i nput command
I ngby @bﬂ'g)a"i‘lpgotﬁb%? o(r%)‘f’r’érgﬁpﬁ 4 Bglagaﬁf&giaf"{blér%ﬁﬁgg%ﬁ& @henever the

corfectl measur i
error sfreeseaxcawgisathei difeatiore tdletaneenrdvegsingthe arroe straandin time to

put and th calc | ated o ut stream (c) conparing
fom@ ﬁé”ﬂ%é%‘(ﬁréeg &5 r§?%é\ﬁ’P YHP Heotya ?’J@Vé%ld Qrbq’re?’f%ﬁ?é@ asa
Vv
con R b HRcRER ﬁ%ﬁtﬁﬂ%ﬁé@iﬁﬂémﬁ SRR pHHRk stream,
tlmemsleg tlee neasiredantps steaonioeodntatiteereverbeldekrsion of the
he cl ose Ioorgl contro esfervorrechanl sm gnd

me%%{r%qj quéttrgﬁnb tgfrp g a nextr ined input comman

representing a sum of the incremental correction factor and the product of a
dynamically adjusted correction gain and the time-reversed version of the measured
output stream; and

(d) repeating the preceding steps (a), (b), and (c) until the error stream is
within the operational tolerance.

10. The method of claim 8, in which the performing an iterative command
input refinement procedure includes:

(a) applying a refined input command to the servomechanism control system
and measuring its output stream, the refined input command including a nominal
command input and an incremental correction factor;

(b) measuring an error stream representing a difference between the nominal

command input and the calculated output stream;
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and determ ning a next refined i nput conmand
representing a sumof the increnental correction

wo awsor43ad t he product of a dynam cal |y adj usP€mnus2005/016719
correction ﬁ%iqqﬁand t he cal cul ated out put stream and

( d)(_C} EREHT" ENPARYBHiHRET HeFEn {agn Opsye}ti:&\a&jtql@)ence, and
whefitor 1S 8F S A REEERA; 176 hEgmtchaldSialich cfrlyng oy m

matBematicahsiotulatien ther measined errrudtregen eisad comeERY tosthe rodeled
 Fl Rff'lt?r i pl emented with filter coefficients
adiqiphef hecPiesETI00p CAROh sSRRMAsheHIRIM ABA Calculatingsan output stream,
. _ ) ! . I 1
arcE BB TR gt RIS B T o e
incrgemeataitanrractiph éaeint andithé ppductief aydynantitailyeadjustedraprrection

.commuand inB tr am{:onbi_ne with the output of the
ga'r':?ﬁngj}?}?? eaie E’%e%PH SUEAR: ABfi ned i nput stream 13.
h o lead . !
Theqy eapEngihet HBtading st 58 %‘ﬁ’ewghé@? S@I Jﬁgf?g%ﬁ%‘é‘éured error

states represent notion and
strepapisexighin $he ogaraiionehioleranaad power drive el ectronics

LSRR B AP PR SRR R vt

confpiseB AR IRAItSr iffpl@ABNICBINNIES ARG ScElEREIERES dARSiteBq8 Brovide the
osition displacenents. 15. The control system of

P !
mateh gPlties; in which a dynamic filter transfer function

exhisbi#i [ r,t,i f

b S o gy B B PR s ot anc
in whithvhedlorteutive dipug gleineratb nipbibleMRmRs BE ihpi @ tethel drbitrary

the corrective input 8enerat or includes a notch filter
Comﬁ%%fi‘fﬁ@pé‘t siraARr @ambinge tWilhtherputrebehiherRl R fter fie psgsiuce the

: ; l.cul ar frequency. 16. The control system of

ref'rgefddmﬁﬁg?éé'ﬂ whi ch the corrective input generator

corpr idescantfdl Rysiein ef claimiSe irewhéxh thietdutpiit $tetes represent motion

%oefhi cients conmputed to provide the match solution |
andithe p 7iRg! RIRBL RHTeIENS Prdeflvanometer and power drive electronics
operating as part of a laser beam positioning system.

14. The control system of claim 13, in which the command input stream
represents desired laser beam position displacements.

15. The control system of claim 13, in which a dynamic filter transfer function
exhibiting a spike at a particular frequency characterizes the operation of the
galvanometer, and in which the correction input mapping implemented in the
corrective input generator-includes a notch filter having a transfer function that
counteracts the spike at the particular frequency.

16. The control system of claim 15, in which the corrective input generator
comprises a FIR filter implemented with filter coefficients computed to provide the

match solution including the notch filter.
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