ADAPTIVE COMMAND FILTERING FOR SERVOMECHANISM
CONTROL SYSTEMS Technical Field [0001] This invention relates to
servomechanism control systems and, in particular, to a high
performance servomechanism control system and method implemented
with feedforward compensation and feedback control to improve system
speed and accuracy. Background of the Invention [0002] Typical
servomechanism control systems are implemented with feedback and
feedforward elements, which cooperate to produce a response to a
command input. In general, the servomechanism system error (the
difference between the command input and the system output in
response to the command input) will be significant during and after a
typical command trajectory. If high accuracy of the output is desired,
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input. In general, the servomechanism system error (the difference between the

command input and the system output in response to the command input) will be
significant during and after a typical command trajectory. If high accuracy of the
output is desired, settling time is allocated to allow the output of the system to settle
to the command position within a specified operational error tolerance. Additional
techniques are desired to reduce or eliminate the settling time and thereby enhance
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

1



refinement procedure. This is accomplished by time-reversing the stored
error signal from a training run, before applying it to the plant to generate
an update to the corrective input signal du. [0005] The iterative
refinement procedure entails using a typical plant model in place of a
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that particular input stream. The training trajectories and resulting du
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detailed description of preferred embodiments, which proceeds with reference to the

accompanying drawings.
Brief Description of the Drawings

[0008] Fig. 1 shows the architecture of a servomechanism control system
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.



2 Detailed Description of Preferred Embodiments [0013] Fig. 1 shows the
architecture of a motion control system 10 designed to achieve
high-speed, precise operation of a physical plant (G) 12. In a preferred
embodiment, physical plant 12 is a high-speed scanner composed of

scannipgtdNEErFesenption ¥ isrIdr &R MRBHaManee laser
micromachining and power drive electronics. Control system 10 is
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preferred embodiment described, physical plant 12 is a Model 6220H .
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20. Feedforward controller 14 is designed to match the inverse of the dynamics of

plant 12 within a limited frequency range to improve plant tracking performance at
higher frequencies. Corrective input generator 16 profiles the move command input
stream, u, to produce a refined input stream, u", that compensates for the remaining
closed-loop imperfections to further improve the servomechanism performance. The
design, construction, and operation of corrective input generator 16 is described in
complete detail below.

[0015] Inthe 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.



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. 3
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mo e-ep 1H&e rﬁéﬂ@ﬁﬁsﬁﬂsasare delayed relative to output 32 of FIR filter
28. [0017] The objective is to congftrugi @ &IR filter 28 with a set of filter
coefficients that provide a generic solution of du values for all possible
whefigodes deramisianRite! aaiactian fepirsepplirdin posmvs prROVEREE input.
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move length sequences (e.g., short distance move, followed by another
short distance move, followedby=auongristante)move). The approach
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that giepridecatgenidric rediotiore ot phocedues for all possible move command inputs,
which can represent beam position moves of different lengths (e.g., short, medium,
and long distances) and different move length sequences (e.g., short distance move,
followed by another short distance move, followed by a long distance move). The
approach for constructing FIR filter 28 entails first determining the incremental
correction factors du for a finite set of command inputs « and then calculating the
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 stepwise 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, ¢, shown in Fig. 1. Thus, for du=0, u" =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



is as follows: [0018] Step 1 entails initially setting du = 0. [0019] Step 2

entails passing if =u+du through control system 10 and measuring the

error stream, e, shown in Fig. 1. Thus, for du =0, if = a, 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 pragedure. The operational

tolerance is defined by a J&@Ofﬁn&ﬁm WIu)E)yd (K)-y(K)]2, k=0 where
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such that setting du as du =-aVJ(u) with & >0, will, therefore, yield
Ju+du)=Jw)—a(VJu))’,
which will ensure a reduction in the cost function J. During iterative refinement, the

value of « is adjusted dynamically, beginning in the preferred embodiment, with

o, =0.3. If the cost improves during one 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 a 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 (LTl) 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+ca-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



reduced by a factor of 2 and the current iteration is repeated, with the
reduced refinement value of a. This reduction of a continues until an
improvement is achieved. [0023] An Alternative Step 4 entails passing
error stream e by mathematical simulation as a command through an
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The objective is to design a correction filter to map each u value to a corresponding
du value. The FIR algorithm, which is embedded in a function of sum of products,

can be expressed as

A(z)=ayz" +az" " +...+a,z"™"
where q,,a,,...,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 n 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 it value to a
corresponding du value. The FIR algorithm, which is embedded in a
function of sum of products, can be expressed as A (z) =a.2™ + a,2"-' +...
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The standard least-square solution can be obtained from

h=(UT*U)" *UT #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



u~UM-1.. um+lumamuM_ Ulam uZaluu M-1M-2 The standard
least-square solution can be obtained from h=(UT *U)-*UT *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 commang and.ifje gth _rArgpresenting a longer length
move command. [0028] An alternative way to ensure FIR filter 28 is a
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filtersheVvess albktlbedasngf an alternative corrective input generator 16'
implemented with a reconfigured FIR filter 28" as descriped above. [0029

1003B1, YR RN Y GENG) ANABP TS GE 2 S9Ete Agart Repidanard a

desidesiteytargeiaiieatidde tlgative thetagtuail roir gy sasitjon, s dBetitgodsoportional

o R e S S P R 8 o

con&‘@rﬁ%‘éﬁfb?h%@hﬁ?@ti@@céﬁﬁ@ﬂ?béﬁ%ﬁ%%bﬁgﬁiﬁgﬁ‘tﬁmﬂﬁ HIHAEO o

at the free end of the scanner shaft does not match the measured
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is the finite stiffness of the mechanical coupling between the scanner shaft
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and the mirror. Thus, in reality, z =Sy, where S represents a dynamic filter

characterizing the coupling between the measured scanner position and the actual
mirror position on a Cambridge Technology, Inc. Model 6220H galvanometer.

[0030] Fig. 4A shows the dynamic filter transfer function S, which exhibits a peak

amplitude value or spike at about 10 kHz. To compensate for the dynamic filtering
effect, a system inverting notch filter having a transfer function as shown in Fig. 4B to
counteract the 10 kHz spike is implemented in Step 2 of the iterative refinement
procedure, in which originally e=u—y. With a notch filter implementation

contributing to the determination of FIR filter 28, e¢= Nu—y, where Nu is the notch

filtered version of u. The notch filter compensation is made part of the calculation 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.

[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



mirror position on a Cambridge Technology, Inc. Model 6220H
galvanometer. [0030] Fig. 4A shows the dynamic filter transfer function S,
which exhibits a peak amplitude value or spike at about 10 kHz. To
compensate for the dynamic filtering effect, a system inverting notch filter
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by the RMmRREalgines.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. [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
underlying principles of the invention. For example, alternative
implementations of a corrective input generator may include, inter alia, an
infinite impulse response (IIR) filter, combination IIR and FIR filters, or
nonlinear filtering approaches such as neural networks. The scope of the
present invention should, therefore, be determined only by the following
claims. 9 Claims 1. A high-speed precision servomechanism control
system, comprising: a closed-loop control servomechanism implemented
with feedback control and feedforward compensation to control output
states of a physical plant in



response to a command input stream applied to the control system; and a
corrective input generator responsive to the command input stream to
provide a refined input stream to which the physical plant responds to
achieve within an operational tolerance a desired output state
corresponding to the command inp@|fkRam, the corrective input

generator implemented with correction input mapping that provides for an
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ommand input stream, the corrective input generator comprising a FIR
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implemented with an input delay to the arbitrary command input stream
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th oeg;[ﬁut state %tirres onding to the arbitrary command input stream. 3. The
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and feedforward compensation to control output states of a physical plant in

response to a command input stream applied to the control system, the output states
representing motion and the physical plant representing a beam steering device and
power drive electronics operating as part of a laser beam positioning system; and

a corrective input generator responsive to the command input stream to
provide a refined input stream to which the physical plant responds to achieve within
an operational tolerance a desired output state corresponding to the command input
stream, the corrective input generator implemented with correction input mapping
that provides for an arbitrary command input stream a match solution causing the
physical plant to achieve the desired output state corresponding to the arbitrary
command input stream.

3. The control system of claim 2, in which the command input stream
represents desired laser beam position displacements.
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steering device, 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. 5. The
control system of claim 4, in which the corrective input generator
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alvanometer. 8. A method of establishing a high-speed precision
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performing an iterative command input refinement procedure to implement
correction input mapping that provides for an arbitrary command input stream a
match solution causing the physical plant to achieve within an operational tolerance
a desired output state corresponding to the arbitrary command input stream, the
performing an iterative command input refinement procedure including:

(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 measured output stream;

(c) comparing the error stream to an operational tolerance, and whenever the
error stream exceeds the operational tolerance, reversing the error stream in time to
form a time-reversed error stream, applying the time-reversed error stream as a
command to the servomechanism control system and measuring its output stream,
time-reversing the measured output stream to form a time-reversed version of the

measured output stream, and determining a next refined input command
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time-reversing the measured output stream to form a time-reversed
version of the measured output stream, and determining a next refined
input command 11 representing a sum of the incremental correction factor
and the product of a dynamically adjusted correction gain and the

repréBEnTRILESEANYRIBIRB RIdRATTBRREWEHe SRR aaRdARE (ShHIRREINY

the preceding steps (a), (b), and (c) until the error stream is within the
dy”%’ﬁ@ﬁﬁ)ﬁﬁﬂ%@l@%ﬁ@éﬁ@“ﬂ%ﬁbﬂ% ﬁﬁéﬁﬂ@hﬁﬁ&eésrﬁgﬁ’-%b%% %&%mﬁasured

outprrypERAhanigm control system that includes a closed-loop control
servomechanism jmplemented with feedback control and feedforward

cortfPeFRREBHNG ESHRAGARG SieRSs(Bh dDnPadACHIY iheeBBhst ¢8R is

withfP FRBapE i SttersFaseenprising: providing a corrective input generator
responsive to the command input stream to produce a refined input

str S BRIRA alesRRishiN 2 hiRRiheRS BFeF SR GRS F harisLcontrol
syst@ﬁwmandgnmadgfic?@@;&mwpqgﬁuralt@dm@m%ﬁ;tﬁrﬁgﬁﬁqﬁtiﬂ@md with
appin that provides for an arbitrary command Input stream a matc .
foodR L A RS S A AT Bl i AR of a physical
plariolenierppndslesisechanimaisinisueerespenehrgpiosthg:arbitrary command
input stream, the performing an iterative command inpyt refinement .
o B SO BG4S AR S e A A AR T A G9mPand input
streéﬁ]:(\t@rpﬂﬂhl_ FEBSAN r@ﬂﬁ%@ﬁﬁ?&é%ﬁe@ﬁdt@&ﬁﬁdﬁl im@dtpmég@at ptéﬁgﬁhstb@nds; and
refined Input command Including a nomina omman |nput and an
s S T e o e S il e
corradiifferience ipelpses thet rmwrr?ms dormanadthitnganyt MM'Inptatgﬁeaml a
output tream; C)C mp ring the measuredq error stream to an operatjon
et SR R NN B e PG I S Bl s A oo el Joferance
a ddsieyancepappintecbyrasponeimgticairrincbitiary tbenmneasdriegp @rgream, the
tream asHeLcommand to the modeled. ddfeisP# of the glosed-loaﬁ) control

per@é’R)Bﬁ]@E IR & 59" 2maNg AR UL maﬁ &AReegHEPRRY A RShg a
nextjetipptyingut csfmethimb ceoresending @ shieseioensutranisntabntrol system

and TS ANy AR Bt R R S L A A A SR SR E S hominal
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;

(c) comparing the measured error stream to an operational tolerance, and
whenever the error stream exceeds the operational tolerance, applying by
mathematical simulation the measured error stream as a command to the modeled
adjoint of the closed-loop control servomechanism and calculating an output stream,
and determining a next refined input command representing a sum of the
incremental correction factor and the product of a dynamically adjusted correction
gain and the calculated output stream; and

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

10. A method of establishing a high-speed precision servomechanism control
system that includes a closed-loop control servomechanism implemented with
feedback control and feedforward compensation to control output states of a physical

plant in response to a command input stream, comprising:
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gain and the calculated output stream; and (d) repeating the preceding
steps (a), (b), and (c) until the measured error stream is within the
operational tolerance. 10. A method of establishing a high-speed precision
servomechanism control system that includes a closed-loop control
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performing an iterative command input refinement procedure to implement
correction input mapping that provides for an arbitrary command input stream a
match solution causing the physical plant to achieve within an operational tolerance
a desired output state corresponding to the arbitrary command input stream.

12. The method of claim 11, in which the command input stream represents
desired laser beam position displacements.

13. The method of claim 11, in which a dynamic filter transfer function
exhibiting a spike at a particular frequency characterizes the operation of the beam
steering device, 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.

14. The method of claim 13, 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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a desired output state corresponding to the arbitrary command input

stream. 12. The method of claim 11, in which the command input stream

represents desired laser beam position displacements. 13. The method of

claim 11, in which a dynamic filter transfer function exhibiting a spike at a
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device, and in which the correction input mapping implemented in the
9alVEERREIRL input generator includes a notch filter having a transfer function
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claim 13, in which the corrective input generator comprises a FIR filter
galvanomGitted with filter coefficients computed to provide the match

solution including the notch filter. 13 15. The method of claim 13, in which

the beam steering device includes a galvanometer. 16. The method of

claim 11, in which the beam steering device includes a galvanometer. 14
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