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Abstract— This paper presents design and experimental im-
plementation of an adaptive control system for a two-axis tilt
mirror for laser beam steering. Disturbances in the laser beam
are rejected by an optimal H.. feedback controller augmented
by an adaptive control loop that identifies control gains that
are optimal for the disturbance acting on the laser beam.
Identification and control algorithms are applied to a laboratory
beam-steering system at UCLA. In the adaptive control loop,
an adaptive lattice filter implicitly identifies the disturbance
statistics from real-time sensor data. The experimental results
demonstrate that the adaptive controller used to augment..
controller achieves substantially better disturbance rejection
than does theH.. controller alone.

I. INTRODUCTION

Laser beam steering or pointing, which refers to activd
control of the beam direction to stabilize the beam image a
a desired remote point, is a critical function in many applica

tions, including optical communications systems, astronom%! L UCLA adabiive b ) ) The laser beam | N
: : 1 adaptive beam steering experiment. e laser beam leaves the
and directed energy systems. Beam steering control loo %?Jrce on the right side in the picture, reflects off beam steering mirror 1 (the

usually called track loops, are critical components in adaptiv@ntrol actuator), then reflects off beam steering mirror 2 (the disturbance
optics systems, which compensate for wavefront distortio#rtuator, left side in the picture), and finally hits the quad cell in the top of
produced by the medium, such as a turbulent atmosphef& Picture-

through which a laser beam propagates. A two-axis mirror

in the beam path can be used to steer the beam to Compen?%%-bandwidth actuator and servo control mechanisms can

for the atmospheric disturbances. . S o
. . mploying mor h mation an
Substantial research has been conducted on modeling (% saved by employing more sophisticated estimation and

S . . S ntrol schemes.
mospherlq dlsturbance§ [1]_[.5]' Adaptive thlcs applications In this paper, we apply both af.. feedback control loop
often require the adaptive optics loops, which use deformab!i%d an adaptive control loop to reject disturbance added
mirrors and wavefront sensors to correct the higher-ord%

. . the direction of a laser beam. In our adaptive loop, an
turbulence effects on optical wavefronts, to have band\'\”dthasdaptive lattice filter implicitly identifies the disturbance

of several hun_dred Hz. _However, n bo_th adaptive OPUCE atistics from real-time quad cell data and computes optimal
systems and wireless optical communications, the track IooP

AR : N Bedforward control gains.
with tilt mirrors like those in this paper normally are used to 9

correct pointing errors below 30 Hz. _ Il. EXPERIMENTAL SYSTEM DESCRIPTION
To compensate dynamic disturbances effectively, the beam

steering control system must have either a much IargerAn experimental system was constructed at UCLA to test

bandwidth than the disturbance bandwidth, typically teffser beam steering control algorithms. The optical system
times more, or a bandwidth comparable to that of thehown in Figure 1 consists of a laser source, a tilt mirror
disturbance but with the ability to estimate adaptively th&'Sed as a beam steering control actuator, another tilt mirror
dynamic characteristics of disturbances. Integral feedbadieed as a disturbance actuator, and a quad cell photo detector,
control commonly has been used in the track loop of adaptiyihich senses the position of the incident light. Each filt

optics systems, and it represents the former approach. TRWTOr is mounted on a gimbaled mechanism driven by two

adaptive approach is more attractive because the expensd§izoelectric actuators.
As shown in Figure 1, the laser beam leaves the source

* This research was supported by AFOSR Grant F49620-02-01-0319. on the right side in the picture, reflects off beam steering
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mirror 1 (the control actuator), then reflects off beam steering o
mirror 2 (the disturbance actuator, left side in the picture),
and finally hits the quad cell in the top of the picture.

In our experimental set-up, the disturbance actuator is ,g e
driven by a separate open-loop control system using a Texas e
Instrument C32 digital signal processor to inject sinusoidal -
and/or random disturbances to the track loop. The counter- i e
acting control system for the beam steering control actuatog Lol
consists of a floating point digital signal processor (Texasg | .-~
Instrument C67), analog interfaces to the tilt mirrors and quad 7
cell interface electronic circuit, and a personal computer.
The real-time control algorithms are implemented by the

___________

10°F

DSP in single precision floating point computation, while — O}Jen—loopPIanti
. , . . . . 1w (s)

the adaptive controller's parameter identification algorithm x-axis WS

is performed in double precision on the PC. The commu- . ‘ ‘ - - S(s) ]

nication between the DSP and PC is done through a 32-bit " 10° 10' 10’ 10°

. .. . . Frequency (Hz)
RAM area (single precision). A graphical user interface has  Fig. 2. Inner loop design parameters foexis H.. control.

been developed to facilitate real-time data acquisition and
visualization through a bi-directional communication channel
between the DSP and PC. A. H.. Track Loop
While the real-time control algorithm runs on the C67 DSP To compensate for nonlinearities in the quad-cell detec-
at a 2 KHz sampling rate, a set of 4000 data points frortor, gimbal mechanism, and hysteresis in the piezoelectric
each sensor axis (i.e., two seconds of data) is collected aadtuators, and to reduce sensitivity to temperature variations,
transferred to the PC by the user interface program. Thetm inner feedback control loop was introduced. This inner
the lattice-filter based parameter identification program olvop employed arH.. robust controller at 2 kHz sampling
the PC identifies an optimal feedforward FIR filter, whichfrequency. Anti-aliasing analog low-pass filters were intro-
is the main component of the adaptive control loop. Wheduced and modeled as part of the actuator dynamics.
the parameter identification program finishes computation, A mixed sensitivity problem was solved to design ldg
the user interface program writes the new adaptive filter toontroller in continuous-time and the resulting continuous-
the C67 DSP control loop without interrupting the real-timeime controller was converted to a discrete-time model.
operation of the control loop. The user interface prograrMhe mixed sensitivity specification fdi.. control design in
not only displays the laser beam trajectories on the computeontinuous-time was
screen in real time, but also commands the cyclic procedure _ Wp(9)S(s)
of transferring data between the DSP and PC and updating|N|l- = maxa(N(jo)) <1, N= {wu(sp)K(s)S(s)} , (@)
FIR gains.
Sir?ce the parameter identification part is constructed d¢here S(s) is the sensitivity functionK(s) is the desired
a SIMULINK® block on the PC, different adaptation algo-H= controller, ¥|wp(s)| and ¥|wu(s)| put upper bounds
rithms can be tested without modifying the C67 DSP contrdn the magnitude of(s) (for performance) and(s)(s)
loop in our set-up. Furthermore, the parameter identificatiofi® Penalize large inputs), respectively. Tihe. optimal
program can be used without modification in SIMULINK controller was obtained by solving the problem
simulations of the experiment. It is also possible to imple- min|IN(K) . )
ment both the real-time control algorithm and the adaptive K(s)
identification algorithm both on a DSP. The saturation limit on the piezoelectric actuator control
signal was+4 \olts, so we penalized the magnitude of
I1l. CONTROL LOOPS the control signal usingw,(s) = 4. Figure 2 shows other
In typical beam steering applications, including adaptivelesign parameters used in the x-axis inner loop control
optics, the plant dynamics of the control actuators are knowatesign and the final sensitivity function from the computed
but the disturbance dynamics, which are dependent on thk, controller. The functiorw;(s) in Figure 2 is the input
atmospheric conditions of the light path, are unknown. Famultiplicative uncertainty of the open-loop plant model,
the experiment described in this paper, the plant dynamigghich was used in robustness tests. The robust performance
are identified from input/output data before the control loognd stabilityu-values were 0.954 and 0.125, respectively, in
is designed. Therefore, the adaptive control algorithm pre~axis. This means that the inner feedback control loop is
sented in this paper assumes known LTI plant dynamics bqtite robust against the uncertainty of the open-loop plant.
unknown disturbance dynamics. AnotherH.. controller was designed similarly and converted

3418



D‘S‘“fbaf‘cel‘” minimized at the plant output. Also, if the modelG(z) is

et = | ST O;tp“t sufficiently close to the plar®(z), then the optimat 1A, (2)
. 6 >0 l+ 5 > isf an approximate inverse of the plagz) in the bandwidth
i ] ) ol w.
: Plant Model| ’ E Rga"T'”l‘e As shown in Figure 3, the main component in the adaptive
; 6(2) Wy So:tt;?n outer control loop is a two-input/two-output adaptive FIR
b e 1 y filter Ax(2), which are identified by a recursive least squares

this paper, the FIR filter used four taps. Using more taps did
not improve the performance for the disturbance bandwidths

Copy (RLS) lattice filter. For the experimental results presented in

. 5 :
{ - N Plant Model ] used. . . .

5 A2 6 [T i The output of the FIR filter is the adaptive control com-
i Y- Emo ;  Parameter mand. The input to the FIR filter is the signal Which

Identification  js an estimate of the disturbance. Since the control-loop
designs are based on linear plant models, the disturbance is

L g modeled as output disturbance, without loss of generality.

, ] ] . The disturbance estimate i5 computed by filtering the

Fig. 3. Block diagrams for adaptive control and parameter-ldentlflcatlonOutput of the FIR filter through the identified pIant model

G(z) and subtracting the resulting signal from the sensor

to a discrete-time controller for the y-axis. In ourexperimentsignal’ as shown in Figure 3. The dark shaded block in

the H.. optimal control alone lends significant improvememr:igure 3 illustrates that the FIR filter gains, which implicitly
over the conventional track loop (i.e., an integral feedbadiePresent the disturbance statistics, are identified by an adap-

loop) implemented in most adaptive optics systems. tive filter. This adaptive filter is driven by the disturbance
estimatew” filtered through the plant modeb(z). Similar

B. Adaptive Control Loop adaptive disturbance rejection control and filtering loops have
Figure 3 shows the basic structure of the adaptive systelpeen used in applications to acoustic noise cancelation and

for canceling plant disturbance. The closed-loop system cowibration suppression [6].

sisting of the open-loop mirror/quad cell system and the The most significant difference between the algorithms

feedback loop is considered to be the pl@z) for purposes used in this research and those used in classical noise

of adaptive control. The adaptive control algorithm uses theancelation is the use of and RLS lattice filter developed

estimateé(z), determined as described in Section 1V, insteadt UCLA [7] for identification of the optimal FIR gains.

of the trueG(2). The FIR filterA,(2) is the key component of This unwindowed RLS lattice filter provides much faster

the adaptive loop. The optimal FIR gains are identified fronconvergence than do the LMS algorithms typically used in

the real-time input/output data by the lattice filter running ormdaptive noise cancelation. An adaptive control algorithm

the PC. based on a related stohchastic-gradient lattice filter has been
With the adaptive loop closed, the transfer function fromapplied to control of acoustic noise [8], but the experiment
the reference commandto the quad cell outpuy is described here appears to be the first application of adaptive
G(2) disturbance rejection in laser beam steering.
Hry(2) ©)

T 1472 A (G(2) - G(2)

and the transfer function from the disturbanedo y is V. SYSTEM IDENTIFICATION

1—2*1,&;((2)6(2) The open-loop plant model for the transfer function from
Huwy(2) = Huwe(2) = 1 7 h (G & (4) the actuator commands to the quad celand y outputs
+7A(2)(G(2) - G(2)) was obtained from experimental frequency response data.

If the plant modelG(z) is identical to the true planG(z), The frequency responses were measured with a dynamic

thenA(z) does not affect the stability dfry(2) andHwy(2).  signal analyzer using a swept sine method that generates

Sufficiently large modeling erroG(z) — G(z) can cause the fixed-amplitude sine waves of varying frequencies. From

system to be unstable with the adaptive loop closed. Howevéne frequency responses for different input amplitudes, an

the model verification results in Section 1V indicate that theéveraged frequency response was computed and a nominal

modeling error is quite small in the bandwidth of interest ircontinuous-time open-loop plant model was fitted.

the experiment presented in this paper. The open-loop plant model was used to design a
The transfer function frorw to y is the same as the transfer continuous-timeH.. controller K(s) for each mirror axis.

function fromw to e. It follows that if A(z) is designed ThenK(s) was converted to a discrete-time controliéfz)

to minimize the effect ofw on e, the effect ofw will be for the 2 KHz sample and hold rate.
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Fig. 4. Bode plots for identified beam steering system Withclosed. Fig. 5. \Verification of identified plant modéﬁ(z).

With the two-channeH.. feedback loop closed, the mirror
was driven with broadband reference command sequencesattd reduced the variance of the motions slightly. After the
generate time-domain input/output data. This data was usadaptive loop was closed for approximately one second (after
in a subspace identification method [9] to determine a modeking two seconds of data to identify the optimal FIR gains),
é(z) of the two-input/two-output transfer function from the variance of the motion of the laser spot on the quad cell
augmenting mirror commands to the quad-cell outputs. Theas reduced substantially.
identified transfer functio(2) is an estimate of the transfer Figure 6 shows RMS values of the plant output and
function G(2) that represents the be?‘m'Stee““Q system W'%rresponding screen shots in the top when the disturbances
the H.. feedback loop closed. (See Figure 3.) Figure 4 showge 10 1, sinusoidal sequences. Each point on the RMS
the Bode plots 0f5(z). The two mirror commands produce plot is the RMS value over the preceding 50 samples of
tilts about thex andy mirror axes. The Bode plots show thaty,e gisplacement of the centroid of the beam image from
the plant with theH.. loop closed has a bandwidth of aboutie center of the quad cell (i.e., the output error). We can
20 Hz. The identified5(2) has ten states in each channel. goq that theH.. loop alone eliminates drifting of the laser

Figure 5 shows excellent agreement between the measuted. 1 the qual cell and reduces the disturbance quite
output sequences and output sequences produced by filterjjjgy Remarkably, when the adaptive-loop works with the
the experimental inputs th“?“,‘ﬁ(z)- Hence this identif.ied H.. inner loop controller, the disturbances are hardly seen
plant model should be sufficiently accurate for use in thg; e plant output. If the disturbance consists of a single
adaptive control loop and parameter identification. sine wave with known frequency, a simple notch filter can

We also used the swept sine method to identify a closedy e the disturbance as does the adaptive control in our
loop plant modelG(z), but in the model verification, the oy eriment. However, in our experiment the optimal FIR

model G(z) obtained by the swept sine met_hod produce@jier was constructed adaptively withaaipriori information
output sequences delayed by two steps relative to the outRif ;i the disturbance

of the real plant output. Thé(z) from the subspace algo-
rithm displayed no such delay. Hence, we usedGl® from
subspace identification in the adaptive control algorithm.

In the second experiment, the disturbances for the two
axes were independent random sequences, each with a band-
width of 20 Hz. Screen shots in the top of Figure 7 show
V. EXPERIMENTAL CONTROL RESULTS representative sample trajectories of the centroid of the laser
image on the quad cell in the experiment. As seen in the

In the experiments, the disturbance actuator (beam steeriny . . .
mirror 2) added disturbance sequences in the form of tiltséIglnple sinusoidal disturbance case, the feedback control

about both thex andy axes to the laser beam after it left theaugmented by the adaptive loop substantially reduces the

control actuator (beam steering mirror 1). With no contro. ariance of the motion of the laser spot on the quad cell
loops closed, the disturbance caused the centroid of th(?e top right picture shows the trajectory for a period shortly

. ter the adaptive loop is closed. These results demonstrate
image of the beam on the quad cell to wander random . ; -

. e e enhanced beam control possible with the adaptive control
with a nonzero mean positoin. Closed tHg feedback loop

eliminated the nonzero mean of the spot on the quad Césﬁ:heme.

3420



VI. CONCLUSIONS

We have applied an adaptive control algorithm to reject
broadband and narrow-band disturbances in a laser beam
steering experiment. In our adaptive loop, an RLS lattice filter
implicitly identifies the disturbance statistics from real time
quad cell data and computes optimal feedforward gains for an, ,,
FIR filter. This adaptive loop augments a linear time-invariant
H.. feedback control loop. The feedback loop eliminates drift
and some beam jitter present in open-loop beam motion, but,,
the adaptive loop achieves substantial performance enhance-
ment over the feedback loop alone because the lattice filtér
optimizes the adaptive loop for the particular disturbancé 015
spectrum. T

This research is continuing at UCLA, but already it ha%
demonstrated the enhanced disturbance rejection achievaBle.
in laser beam steering by modern optimal feedback corg
trollers augmented by adaptive control loops that determine
control gains that are optimal for the current disturbance oes
acting on the laser beam.
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Top: Screen shots of the laser-beam trajectories on the quad cell.

Bottom: RMS values of the plant output when sinusoidal (10 Hz only)
disturbances are injected. Top left: open loop. Top midéle: feedback
control loop closed. Top right: adaptive control loop closed.
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Top: Screen shots of the laser-beam trajectories on the quad cell.
Bottom: RMS values of the plant output when band-limited (20 Hz) random
disturbances are injected. Top left: open loop. Top midile: feedback
control loop closed. Top right: adaptive control loop closed.
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