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Abstract. We present an adaptive control scheme for laser-beam steer-
ing by a two-axis microelectromechanical systems �MEMS� fast steering
mirror. Disturbances in the laser beam are rejected by a �-synthesis
feedback controller augmented by the adaptive control loop, which de-
termines control gains that are optimal for the current disturbance acting
on the laser beam. The variable-order adaptive controller is based on an
adaptive lattice filter that implicitly identifies the disturbance statistics
from real-time sensor data. Experimental results demonstrate that the
adaptive controller significantly extends the disturbance-rejection band-
width achieved by the feedback controller alone. The experimental re-
sults also illustrate the value of the variable-order capability of the adap-
tive controller. © 2006 Society of Photo-Optical Instrumentation
Engineers. �DOI: 10.1117/1.2363189�
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1 Introduction

Precise steering of laser beams has a wide range of appli-
cations in fields such as adaptive optics, wireless commu-
nications, and manufacturing process. The control problem
is to position the centroid of a laser beam at a desired
location on a target plane some distance from the laser
source with minimal beam motion, or jitter, in the presence
of disturbances. In applications, the most common jitter
sources are turbulence in the atmosphere through which the
beam travels and vibration of the optical bench.
Turbulence-induced jitter may be rather broadband,1–4

while vibration-induced jitter typically is composed of one
or more narrow bandwidths produced by vibration modes
of the structure supporting the optical system. Also, some
beam-steering mirrors have lightly damped elastic modes
that produce beam jitter. This is the case with the micro-
electromechanical systems �MEMS� mirrors used in the ex-
periment presented here. These mirrors, which are used in
free-space optical communications systems, have a tor-
sional vibration mode about each steering axis.

Because the disturbance characteristics often change
with time, optimal performance of a beam-steering system
requires an adaptive control system. Recent research on
jitter control has produced adaptive control methods that
employ least-mean-square5 �LMS� adaptive filtering and re-
cursive least-squares �RLS� adaptive filtering.6,7 The trade-
off is between a simpler algorithm �hence computational
economy� with LMS versus faster convergence and exact
minimum-variance steady-state performance with RLS.

This paper employs an RLS lattice filter in the adaptive
controller, and introduces a variable-order adaptive control
d0091-3286/2006/$22.00 © 2006 SPIE
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cheme that exploits the order-recursive structure of the
attice filter. The capability to vary the order of the filter in
he adaptive controller is important because optimal gains
an be identified faster for lower-order filters, while higher-
rder filters are required for optimal steady state rejection
f broadband disturbance. Thus, low filter orders can be
sed initially for fast adaptation without undesirable tran-
ient responses, and the filter order can be increased incre-
entally to achieve optimal steady state jitter rejection.
Section 2 describes the experimental hardware and con-

guration. Section 3 describes the system identification of
he mirror dynamics and transfer functions required for
ontrol system design. Section 4 describes the design of the
ontrol system, which consists of a linear time-invariant
LTI� feedback control loop augmented by the adaptive
ontrol loop. Experimental results for two sets of experi-
ents, each with multiple jitter bandwidths, are presented

n Sec. 5.

Description of the Experiment
he experimental system is shown in Figs. 1–3. The main
ptical components in the experiment are the laser source,
wo Texas Instruments MEMS fast steering mirrors
FSMs�, and an On-Trak position sensing device. Figure 2
hows the path of the laser beam from the source to the
osition sensor. After leaving the laser source, the beam
eflects off the mirror FSM 1, which serves as the control
ctuator, then reflects off the mirror FSM 2, which adds
isturbance to the beam direction, and finally goes to the
ensor. As shown in Fig. 1, a lens between FSM 1 and FSM
and another lens between FSM 2 and the sensor focus the

eam to maintain small spots on FSM 2 and the sensor.
Each mirror rotates about vertical and horizontal axes,
enoted by axis 1 and axis 2, respectively. The outputs of
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the sensor are the horizontal and vertical displacements of
the centroid of the laser spot on the plane of the On-Track
optical sensor. The sensor axes are labeled axis 1 and axis
2, respectively, to correspond to beam deflections produced
by the mirror rotations. Thus, in the sensor plane, axis 1
and axis 2 are horizontal and vertical, respectively.

Computer 1 has a Texas Instruments TMS320C6701
digital signal processor �DSP�. This DSP runs both feed-
back and adaptive controllers and sends actuator commands
to FSM 1. Computer 2, a PC running the xPC Target real-
time operating system, sends disturbance commands to

Fig. 1 Photograph of the laser-beam-steering experiment.
Fig. 2 Diagram of th

Optical Engineering 104206-2

ed From: http://opticalengineering.spiedigitallibrary.org/ on 03/06/2014 Term
SM 2. For the experiments reported here, the sample-and-
old rate is 2000 Hz, which is approximately 15 times the
arger of the two natural frequencies of the MEMS mirrors.

The output error in the control problem is the pair of
ensor measurements, which are the coordinates of the laser
eam spot on the sensor. These measurements, in the form
f voltages, go to computer 1, as indicated in Fig. 2. Note
hat the only measurements used by the adaptive and feed-
ack controllers are the two signals from the On-Trak sen-
or. The MEMS steering mirrors used here have internal

ig. 3 Texas Instruments TALP1000A MEMS fast steering mirror
3.2-�3.6-mm elliptical mirror�; axis 1, vertical; axis 2, horizontal.
e experiment.

October 2006/Vol. 45�10�

s of Use: http://spiedl.org/terms



f
i
i
t
e

s
r
t

t
a
a
i
fi
m
t
r
t
m
r
F
1
i

m

c
S

119.4

Pérez Arancibia et al.: Variable-order adaptive control…

Download
optical sensors that supply local measurements of the mir-
ror position, but these measurements were not used in the
experiments discussed in this paper.

The commanded rotations of the beam-steering mirrors
are produced by electromagnetic fields with opposing di-
rections. These fields are created by coils with currents gen-
erated by the voltage commands from the control and dis-
turbance computers. The mirrors have a rotation range of
±5 deg. The reflecting area of the mirrors is 9 mm2.

The optoelectronic position sensor at the end of the
beam path generates two analog output voltages propor-
tional to the 2-D position of the laser beam centroid. In the
sensor, quad photodetectors capture the light intensity dis-
tribution and generate currents, which are converted to
voltage and amplified by an operational amplifier. Further
electronic processing of these voltage signals yields two
final signals, which are the estimates of the centroid coor-
dinates independent of light intensity.

3 System Identification
The design of the feedback control system requires an
open-loop model of the dynamics of the steering mirror
FSM 1, and the adaptive control loop requires an estimate
of the transfer function from the adaptive-control com-
mands to the sensor outputs with the feedback loop closed.
The open-loop and closed-loop transfer functions are iden-
tified by a subspace method8,9 using input-output data from
two brief experiments in which FSM 1 was driven by white
noise. After the first of these experiments, which was open-

Fig. 4 Bode plots for identified model P̂�z� of o
tor�. Natural frequencies: 126.5 Hz �axis 1� and
loop, the feedback controller was designed, and then the l
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eedback loop was closed for the second system-
dentification experiment. The discrete-time models were
dentified for the 2000-Hz sample-and-hold rate. For iden-
ification, input-output sequences with 12,000 data points
ach �i.e., 6 s of data� were generated.

The disturbance actuator FSM 2 has dynamics very
imilar to those of FSM 1, but the control loops do not
equire a model of the disturbance actuator. Hence, the sys-
em identification uses data generated with FSM 2 fixed.

Experimental results showed negligible coupling be-
ween the two channels of each beam steering mirror; i.e.,
xis 1 commands produced negligible rotation about axis 2
nd vice versa. Therefore, an uncoupled pair of single-
nput, single-output �SISO� transfer functions was identi-
ed for the open-loop model of FSM 1. The subspace
ethod identified several higher order mirror modes, but

heir contribution to the input-output properties of the mir-
or were deemed insignificant for the purposes of the con-
rol. Therefore, a balanced truncation to two states for each
irror axis was chosen for control purposes. The frequency

esponses of these identified transfer functions are shown in
ig. 4. The true open-loop transfer function from the FSM
commands to the sensor outputs �i.e., the open-loop plant�

s denoted by P�z�, and the identified open-loop plant

odel is denoted by P̂�z�.
As discussed in Sec. 4, the feedback controller did not

ouple the mirror modes, so a second uncoupled pair of
ISO transfer functions was identified with the feedback

p beam-steering mirror FSM 1 �control actua-
Hz �axis 2�.
pen-loo
oop closed and used by the adaptive control loop. The true
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closed-loop transfer function and identified closed-loop
transfer function are denoted, respectively, by G�z� and

Ĝ�z�. The frequency response of Ĝ�z� is shown in Fig. 5.

4 Control Design
In the control scheme for laser-beam steering presented
here, an LTI feedback control loop is augmented by an
adaptive control loop. The LTI feedback loop is a
�-synthesis controller designed to achieve two objectives: a
disturbance-rejection bandwidth near the maximum achiev-
able with LTI feedback control, and robust stabilization of
the beam-steering system. In the adaptive loop, a multi-
channel RLS lattice filter implicitly identifies the distur-
bance statistics in real time. The lattice filter was chosen
because of its computational efficiency, numerical stability,
and order-recursive structure.

4.1 LTI Feedback Loop
The LTI feedback system is shown in Fig. 6, where P�z� is
the open-loop plant and C�z� is a �-synthesis controller
with four states for axis 1 and six states for axis 2. The
input u in Fig. 6 is the pair of adaptive control commands,
and the output y is the pair of beam displacements mea-
sured by the sensor. Four- and six-state �-synthesis control-
lers were evaluated for each axis. For axis 1, the six-state
controller performed no better than the four-state controller,
but for axis 2, the six-state controller provided significantly

Fig. 5 Bode plots for identified transfer function
loop closed.
better jitter rejection.

Optical Engineering 104206-4
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The discrete-time �-synthesis method was used to de-
ign the feedback controller C�z� to reject the noise w0 in
ig. 6. This design was based on Fig. 7, where � represents

he plant uncertainty, and WU�z� and WP�z� are the uncer-
ainty and performance weighting filters employed in the
esign. The �-synthesis design method uses �-analysis of
obust stability and performance to refine iteratively an H�

ontroller. The D-K iteration in the Matlab �-Analysis and
ynthesis toolbox10 was used. Also, the guidelines and in-
ights for �-synthesis design presented in Ref. 11 were fol-
owed to maximize the bandwidth of the closed-loop sensi-
ivity function while maintaining robust stability. The
ncertainty and performance weighting filters were

U =
0.8280z − 0.6787

z − 0.0045
, �1�

beam-steering mirror FSM 1 with LTI feedback

ig. 6 Block diagram of LTI feedback control system:
�z�=open-loop plant, C�z�=�-synthesis LTI feedback controller,
nd G�z�=y /u.
Ĝ�z� of
October 2006/Vol. 45�10�
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WP =
0.0083z2 + 0.0165z + 0.0083

z2 − 1.8373z + 0.8439
. �2�

Figure 8 shows the two-channel sensitivity function for
the modeled beam-steering system with the LTI feedback
loop closed. The input for this transfer function is a pair of
output disturbances represented by the signal w0 in Fig. 6,
and the output is the pair of measured beam displacements
represented by the signal y in Fig. 6. This is the pertinent
sensitivity transfer function, since in the experiment the
disturbance is added to the beam after it leaves the control
actuator. The sensitivity transfer function was computed us-
ing the identified open-loop plant model and the
�-synthesis feedback controller, without the adaptive con-
troller.

The feedback controller here was designed to maximize
the steady state disturbance-rejection bandwidth, so that

Fig. 7 Block diagram for �-synth

Fig. 8 Bode plots for the sensi
Optical Engineering 104206-5
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here is some associated amplification of higher frequency
isturbance. This trade-off is common in high-performance
ontrollers. The high-frequency amplification can be
voided by accepting less disturbance-rejection below
00 Hz, but a primary purpose of this paper is to demon-
trate how the adaptive controller effectively extends the
andwidth of even a high-bandwidth LTI feedback control-
er.

Although maximizing the bandwidth of the closed-loop
ensitivity function was the main objective in designing the
TI feedback controller, a good design should stabilize the
ightly damped elastic mode associated with each mirror
xis. Figure 5 shows that the feedback controller dampens
he natural mode for axis 1 very effectively, reducing the
eak by about 30 dB from that in Fig. 4. However, the
eedback controller dampens the natural mode for axis 2
ess, reducing the peak by about 6 dB from that in Fig. 4.

esign of LTI feedback controller.

ansfer function �I− P̂�z�C�z��−1.
esis d
tivity tr
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s of Use: http://spiedl.org/terms



t
m
T
p
d

e
F
t
m
d

s
e
s
M
s
u
c
o
p
t

Pérez Arancibia et al.: Variable-order adaptive control…

Download
The possible reasons for the poorer performance of LTI
feedback loop for axis 2 include poor identification of the
axis 2 transfer function, nonlinear actuator dynamics, and
poor convergence of the D-K iteration in the �-synthesis
design process. In this experiment, it is possible to provide
more damping to the axis 2 mode with different control
designs, even a relatively simple PID �proportional integral
derivative� feedback, but only at the expense of a lower
disturbance-rejection bandwidth. However, the current
feedback controller enables us to illustrate the performance
of the adaptive loop when one axis is stabilized very well
by the LTI feedback loop but one axis is not stabilized well.
The experimental results show that the variable-order adap-
tive controller handles axis 2 well.

4.2 Adaptive Control Loop
In typical beam-steering applications, including adaptive
optics and optical wireless communications, the dynamic
models of the beam-steering mirrors either are known or
can be determined by a one-time identification, as in Sec. 3.
The disturbance characteristics, however, depend on the at-
mospheric conditions in the optical path and on the excited

Fig. 9 Block diagram
vibration modes of the structure on which the optical sys-

Optical Engineering 104206-6
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em is mounted, so that the disturbance characteristics com-
only vary during operation of the beam-steering system.
herefore, the adaptive control algorithm presented in this
aper assumes known LTI plant dynamics but unknown
isturbance dynamics. The adaptive controller requires an

stimate Ĝ�z� of the closed-loop transfer function G�z� in
ig. 6. The RLS lattice filter in the adaptive control loop

racks the statistics of the disturbance and identifies gains to
inimize the root mean square �rms� value of the beam

isplacement.
The adaptive control scheme used here is similar in

tructure to the adaptive control schemes used in Ref. 6 for
xperimental adaptive control of a different type of beam
teering mirror with much lower bandwidth than the

EMS mirror here, and in Refs. 12–14 for adaptive optics
imulations where many sensor and control channels were
sed but with lower filter orders than used here. The main
ontrol-scheme innovation in this paper is the variable-
rder nature of the adaptive controller, which provides im-
ortant improvements in transient response during adapta-
ion, as experimental results here illustrate.

ptive control system.
of ada
Figure 9 shows the structure of the adaptive control
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loop. The adaptive finite-impulse-response �FIR� filter F�z�
is the main component of the adaptive controller. As shown
in the figure, the adaptive controller uses two copies of the
FIR filter. The optimal filter gains are estimated in the bot-
tom part of the block diagram in Fig. 9, and these gains are
used by the FIR filter in the top part of Fig. 9 to generate
the adaptive control signal u.

For the results presented in this paper, the two channels
of the adaptive controller were uncoupled, although the
adaptive lattice filter permits the use of multiple sensor
channels, such as multiaxis beam positions and accelerom-
eter measurements, for generating the command for each
control channel. A comparison of a variety of experimental
results for the jitter-control system here showed that cou-
pling the two channels in the adaptive controller produced
no improvement in steady-state performance but the FIR
gains converged faster to optimal values for the uncoupled
case because this case involves fewer FIR gains.

The disturbance signal w in Fig. 9 is related to the dis-
turbance signal w0 in Fig. 6 by

w = �I − P�z�C�z��−1w0. �3�

The true sensitivity transfer function �I− P�z�C�z��−1 is ap-
proximated closely by the transfer function in Fig. 8.

The lattice structure of the FIR filter that generates the
adaptive control commands is illustrated in Fig. 10. The
lattice realization of an FIR filter of order N consists of N
identical stages cascaded, as in Fig. 10. The details of the
algorithms represented by the blocks in Fig. 10 and the
RLS lattice algorithm that updates the gains are beyond the
scope of this paper. These algorithms are reparameterized
versions of algorithms in Ref. 15. The current parameter-
ization of the lattice algorithms is optimized for indefinite
real-time operation. The current lattice filter maintains the
channel orthogonalization in Ref. 15, which is essential to
numerical stability in multichannel applications, and the
unwindowed characteristic of the lattice filter in Ref. 15,
which is essential to rapid convergence.

As indicated in Fig. 10, each stage of the lattice filter

Fig. 10 FIR lattice filter generates adaptiv
generates an adaptive control command. For n�1, the out- s

Optical Engineering 104206-7
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ut un from the n’th stage is the optimal control command
f an FIR filter of order n is used in the adaptive control
oop. For hardware implementation, a maximum filter order

is selected. In each real-time sampling interval, the lattice
lter generates the adaptive control commands for all filter
rders from 1 to N, and the control algorithm can select
hich command to use.
Note that, because of the order-recursive structure of the

attice filter, computing the control commands for all orders
rom 1 to N requires no more computation than computing
he control command for the order N alone. Lattice filters
re the only RLS algorithms with this property. Therefore,
attice filters are uniquely suited to variable-order adaptive
ontrol.

The lattice realization of the FIR filter is quite different
rom the most common FIR realization, which is

n = �
k=1

n

Bn,kz
1−kŵ . �4�

hile this realization is simpler than the lattice realization,
t is less desirable for estimation of optimal gains in adap-
ive filtering and control. In particular, the optimal gains

n,k for an n’th-order FIR filter of the form in Eq. �4� are
ot the first n gains among the optimal gains BN,k for an
’th-order FIR filter �N�n�. However, the optimal gains

or reflection coefficients� for the first n stages of the lattice
lter are the same for all filter orders N�n.

The capability to vary the order of the filter in the adap-
ive controller is important because optimal gains can be
dentified faster for lower-order filters while higher-order
lters are required for optimal steady state rejection of
roadband disturbance. When the adaptive control loop is
rst closed or when it is adapting to changing disturbance
tatistics, lower order control commands should be used
nitially. The order of the control commands can be in-
reased incrementally as the gains for the higher-order filter

ol commands un for all filter orders n�N.
tages converge. This procedure, as demonstrated by the
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experimental results in Sec. 5, eliminates large transient
responses produced by initially incorrect gains in high-
order filters.

5 Experimental Results
In the experiments described here, the sample-and-hold rate
for control and filtering was 2000 Hz. Two different but
partially correlated disturbance commands d1 and d2 were
sent to the two axes of the disturbance actuator FSM 2.
These two tilt command sequences had the form

�d1

d2
� = �4 1

1 2
��v1

v2
� , �5�

where the sequences v1 and v2 were obtained by passing
independent white noise sequences through bandpass But-
terworth filters. The 2-D jitter signal w0 in Figs. 6 and 7 is
the response of the disturbance actuator to the command
sequences d1 and d2.

Figures 11–14 compare the error of the beam position on
the sensor for experiments with and without the adaptive
loop closed, and for experiments with variable-order and
fixed-order adaptive control. These comparisons were fa-
cilitated by the capability not only to send the same jitter
sequences to the disturbance actuator repeatedly but to se-
lect the exact point in the disturbance sequence at which to
start the adaptive controller. This capability was achieved
by sending a pulse from computer 2 to computer 1 at the
beginning of each experiment to synchronize the two
clocks, although this procedure did produce a nonrepeat-
able and undetermined offset of less than one sampling
interval between the clocks of computer 1 and computer 2.

In the experiments where the adaptive controller was
used, the RLS lattice filter began running after 1 s, but no
adaptive control commands were sent to the control actua-
tor FSM 1 until 50 time steps later. Thus, the adaptive filter
had 50 initial training steps to obtain initial estimates of the
FIR gains before the adaptive control loop was closed at
1.025 s. The forgetting factor for RLS estimation was
0.99999. Note that, when the lattice filter began running at
1 s, it had no initial information about the statistics of the
jitter or estimates of the FIR gains.

For variable-order adaptive control, Fig. 14 shows how
the FIR order used for the control commands changed with
time. The initial FIR order was n=4, and the order was
incremented by 4 at the end of 50-step intervals until it
reached the maximum FIR order N=16 at 1 s plus 200
steps, or 1.1 s. Thus, the FIR order used for control reached
its maximum at 0.1 s after the lattice filter began running
with no initial information about the disturbance statistics.
For these and other similar experiments, the performance of
the adaptive loop was evaluated with several maximum
lattice-filter orders. The order 16 yielded better steady-state
performance than lower orders, but orders higher than 16
yielded no significant further improvement.

Figures 11 and 12 show two typical sets of experimental
results. The time series plotted compare the laser beam po-
sition error at the sensor produced by the LTI feedback loop
alone with the error produced by the combined LTI feed-
back loop and variable-order adaptive controller. The PSD
plots show the frequency content of the steady-state output

errors. The open-loop errors represented by the black -

Optical Engineering 104206-8
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urves in the bottom plots in Fig. 11 were measured with
either control loop closed; hence the open-loop errors are
he jitter added to the beam by the disturbance actuator.
able 1 gives the rms values of the steady state error sig-
als in the experiments in Fig. 11. In these experiments, the
teady state amplitudes of the mirror displacements were
pproximately 0.2 deg.

The jitter bandwidths noted in the caption for Fig. 11
efer to the jitter command sequences d1 and d2 sent by
omputer 2 to the disturbance actuator FSM 2. The open-
oop PSD plots represent the output w0 of FSM 2. The
ransfer function of FSM 2 is very similar to that of the
ontrol actuator FSM 1, which is shown in Fig. 4. While
SM 1 is controlled by the LTI and adaptive controllers, no
ontrol loop is closed on FSM 2, which is driven only by
he jitter command sequences. Hence, even though the jitter
ommands sent to FSM 2 in the experiments represented by
he plots on the right in Fig. 11 had very little power in the
icinity of 110 to 130 Hz, the lightly damped elastic modes
f the gimbal for FSM 2 produced the peaks in this range
hown in the PSDs on the right in Fig. 11.

The time series in Fig. 11 show rapid convergence to
ptimal steady-state performance, which this adaptive con-
rol algorithm has produced consistently in experiments. In
he plots on the right in Fig. 11, the transient response
etween 1 and 1.25 s is significantly better for axis 1 than
or axis 2 due to the lightly damped axis 2 natural mode;
owever, even for axis 2, the adaptive controller achieves
ear optimal jitter rejection after less than 0.3 s, or 600
amples. In all cases, the variable-order adaptive controller
roduces large reductions in position error within 0.1 s.

The PSDs show that, as predicted by Fig. 8, the LTI
eedback loop significantly reduces the jitter below about
0 Hz but amplifies jitter above about 150 Hz. The PSDs
lso show that the adaptive loop yields significant jitter
eduction above 70 Hz, thereby extending the bandwidth of
he feedback loop. This extended bandwidth accounts for
he significant reduction in the amplitudes of the output
rrors achieved by the adaptive controller, as shown in the
lots of the time series.

Another noteworthy point in the PSDs in Fig. 11 is that,
hile both the feedback loop and the adaptive loop amplify

itter above 150 Hz, the high-frequency amplification often
s greater for the adaptive loop—but only where there is
ery little jitter to begin with, so that the high-frequency
itter is still small with the adaptive loop. This point can be
een also from the zoomed time series in Fig. 12.

The explicit objective of the RLS lattice filter is to mini-
ize the rms values of the output error, and this is accom-

lished. As is well known, filters and controllers that mini-
ize the rms values of error signals tend to whiten residual

rrors, so that optimum filters and controllers typically ac-
ept some amplification in frequency bands where the dis-
urbance is very low to be able to achieve large reductions
n the dominant disturbance power. This is true for mini-
um variance LTI feedback controllers as well as for high-

erformance adaptive controllers like the one used here. As
he time series show, the jitter in bandwidths with low
ower is not amplified enough to make it significant.

The adaptation of the lattice filter to the jitter statistics is
llustrated particularly well by the PSDs in the 350

to 360-Hz frequency range. In the plots on the left in Fig.

October 2006/Vol. 45�10�
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Fig. 11 Left: jitter bandwidths 10:70, 120:130, and 250:260 Hz; right: jitter bandwidths 10:20,
190:200, and 350:360 Hz. Top plots: time series compare output errors produced by LTI feedback only
and by variable-order adaptive control combined with LTI feedback. Lattice filter starts running at 1 s;
adaptive control loop is closed at 1.025 s. Middle plots: power spectral densities �PSDs� compare
output errors produced by LTI feedback only to those produced by variable-order adaptive control
combined with LTI feedback; bottom plots: PSDs compare open-loop output errors to those produced

by LTI feedback only. �PSDs computed for last 2.5 s=5000 samples�.
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11, the adaptive control loop amplifies the negligible jitter
in this range, but only to a level consistent with minimizing
the net rms value of the output error over all frequencies.
On the other hand, in the plots on the right in Fig. 11, a
large fraction of the jitter power lies in the 350- to
360-Hz range, so the adaptive loop produces the large re-
ductions of output-error power shown for both axes in this
frequency range.

The value of the variable-order capability of the adap-
tive controller is illustrated by Fig. 13, where the curves for
LTI feedback control only �first 1 s� and variable-order
adaptive control are the same as in Fig. 11. The plots in Fig.
13 show also the output errors produced by the adaptive

Fig. 12 Zoomed views of error sequences in
250:260 Hz; right: jitter bandwidths 10:20, 190:

Fig. 13 Comparison of variable-order and fixed
120:130, and 250:260 Hz; right: jitter bandwidth
filter order=16. The lattice filter starts running at

curves for LTI feedback only and variable-order adapti
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ontroller with fixed order 16, which is the final order of
he variable-order adaptive controller. The fixed-order
daptive controller produced large output errors immedi-
tely after the adaptive control loop was closed because the
attice filter did not yet have enough data to identify near-
ptimal gains for the 16th-order control law. The effect is
evere in both channels, but more severe for axis 2 because
he feedback loop provided so little damping for this axis.

Conclusions
e presented a new method for adaptive control of jitter in

aser beams. The method has been demonstrated by results

1. Left: jitter bandwidths 10:70, 120:130, and
d 350:360 Hz.

adaptive control. Left: jitter bandwidths 10:70,
0, 190:200, and 350:360 Hz. Maximum lattice-

adaptive control loop is closed at 1.025 s. The
Fig. 1
-order
s 10:2
1 s; the
ve control are the same as in Fig. 11.
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from an experiment employing two-axis MEMS tilt mir-
rors. Laser beam jitter is rejected by a �-synthesis feedback
controller augmented by the lattice-filter-based adaptive
control loop. The rms level of the output error is minimized
by the adaptive control loop, which implicitly identifies the
disturbance statistics from real-time sensor data and deter-
mines control gains that are optimal for the current distur-
bance acting on the laser beam. Experimental results dem-
onstrate that the adaptive controller significantly extends
the disturbance rejection bandwidth achieved by the feed-
back controller alone. The adaptive lattice filter can per-
form high-order, multichannel RLS computation in real
time at high sampling rates, and the RLS algorithm yields

Fig. 14 Top: zoomed view of the time series in the top right plot in
Fig. 13; bottom: order of the FIR lattice filter that generated the
variable-order adaptive control signal. At the beginning of the initial
training period, the lattice filter had no initial information about the
statistics of the jitter or estimates of the FIR gains. The adaptive
control loop was closed with FIR order n=4 after the 50-step
�=0.025 s� initial training period.

Table 1 The rms values �in millimeters� of output errors for the last
5000 samples.

Jitter bandwidths 10:70, 120:130, and 250:260 Hz

Axis 1 rms Axis 2 rms

Open loop 0.5147 0.4190

Feedback only 0.5338 0.5274

Adaptive control 0.0591 0.0595

Jitter bandwidths 10:20, 190:200, and 350:360 Hz

Axis 1 rms Axis 2 rms

Open loop 0.2010 0.2098

Feeback only 0.3487 0.3160

Adaptive control 0.0254 0.0374
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aster convergence to optimal gains than does the LMS
ethod, which is used more commonly in adaptive

isturbance-rejection applications.
An important feature of the adaptive control scheme is

he variable-order nature, which exploits the order-
ecursive structure of the lattice filter. The variable-order
daptive controller exhibits faster RLS adaptation with ini-
ial low filter orders without sacrificing the optimal steady-
tate performance of high-order adaptive filters. This im-
roved adaptation is particularly important in practical
pplications where large transients cannot be tolerated. In
ome experiments with the fixed-order adaptive controller,
he transients were so large that the laser beam went out of
he sensor range. As illustrated by the experimental results
eported here, the variable-order adaptive controller elimi-
ates large transient bursts produced by the fixed-order
daptive controller during the initial adaptation.
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