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Abstract— This paper presents an investigation of adaptive
control for a system with control quantization and magnitude
and rate saturations. The application is laser beam steering by a
liquid crystal device. The effects of using a linear time-invariant
feedback loop along with the adaptive controller are discussed,
as well as the effects of using nonlinear and linear plant models
in the adaptive controller. In contrast to conventional fast
steering mirrors, the liquid crystal device optically redirects the
laser beam and has no moving parts or structural resonance,
which often requires a stabilizing feedback controller prior to
the adaptive controller. Simulation and experimental results
demonstrate the effects on the adaptive control performance of
choices of linear or nonlinear, and open or closed-loop plant
models, and show which choices yield best performance.

Index Terms: Control of lasers, optical jitter, adaptive control,

liquid crystal beam steering device

I. INTRODUCTION

Quantization and saturation inevitably exist in digitally
controlled systems which otherwise present linear time in-
variant dynamics. Both amplitude and rate saturation of the
control input occur commonly in electromechanical systems.
In most cases, the effects of quantization and saturation
are negligible for control design and analysis; the systems
usually are designed to operate within saturation constraints,
the quantization levels often are small for digital and analog
interfaces, and the limited bandwidth of system dynamics
often smooths quantization jitter at the output.

Quantization and both magnitude and rate saturation are
not negligible in the recently developed liquid crystal devices
used for laser beam steering [1]-[3]. Because liquid crystal
devices have no moving parts and require low operating
power, they are a potentially attractive alternative to fast
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steering mirrors for control actuators in laser beam stabiliza-
tion. However, the physics and design of the liquid crystal
devices for beam steering impose substantial quantization
levels and limited range of angles and rates.

The combined effects of quantization and saturation for the
liquid crystal device in the adaptive control system were first
considered in [2], [3], which demonstrated the importance
of placing the nonlinearities explicitly in the plant model
to render stable response. This paper further investigates
the effect of quantization and saturation on adaptive beam
control with and liquid crystal device by comparing the
performance of the adaptive controller in two implemen-
tations: In one case, the adaptive control loop augments
a linear time-invariant (LTI) feedback control loop; in the
other case, there is no LTI loop. Previous papers on adaptive
beam control, including [1], [2], have used an inner LTI
feedback loop to reject low-frequency errors and stabilize
lightly damped fast-steering mirror modes when necessary.
Since the liquid crystal device is open-loop stable, the LTI
loop is not necessary, and the results here show that because
of the quantization and saturation the LTI loop degrades the
performance of the adaptive loop, though not severely.

Laser beam steering plays a central role in contemporary
technological applications such as free-space optical commu-
nications, high-energy laser (HEL) systems, scanning optical
lithography and laser welding and cutting. Such applications
demand precise pointing in the presence of disturbances
that often have multiple bandwidths. Recently developed
adaptive control methods can track and reject non-stationary,
high-bandwidth jitter in laser beams. The adaptive filtering
methods used in these controllers include least-mean-square
(LMS) adaptive filtering [4]-[8] and recursive least-squares
(RLS) adaptive filtering [9]-[15]. In [4]-[15], fast steering
mirrors were used to steer the laser beams.

The paper is organized as follows. Section II describes the
laser beam jitter control experiment using the liquid crystal
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device as beam steering actuator. Section III presents the
nonlinear system model, which includes quantization as well
as amplitude and rate saturation, with and without a linear
stabilizing feedback loop. Section IV describes the adaptive
control system. Section V presents the simulation results,
Section VI presents experimental results and analysis, and
Section VII contains the conclusions.

II. EXPERIMENTAL SYSTEM DESCRIPTION

The transmissive liquid crystal beam steering device was
developed by Teledyne Scientific Company (TSC) of Thou-
sand Oaks, CA. The device uses dual frequency liquid crystal
optical phased array (OPA) technology [16], [17] to produce
a compact, low-power, high-speed beam-steering device for
electro-optic systems. As opposed to other optical phased
arrays, the Teledyne device has no phase resets across the
aperture. The device, which has no movig parts, employs
dual frequency liquid crystals in the near infrared because
this class of materials surpasses all others in terms of
switching speed, phase stability and electronic controller
size, weight and power. The device has a 2 cm aperture, a
4300 prad field of regard in both directions, 2 prad steering
resolution, 3.125 kHz frame rate and 24 mrad/sec slew rate.

Fig. 1. Laser beam steering experiment with liquid crystal device.
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Fig. 2. Diagram of the experiment.

The physics and design of the liquid crystal device and
Teledyne’s device controller are discussed in [1], [2].

The device controller allows high-level control of the
beam-steering device by a system level controller (xPC Tar-
get in this paper). The device controller accepts 8-bit digital
control signals that command the controller to increase or
decrease the beam deflection along X and Y directions by
angles up to 8 prad, in increments of 2 urad. The device
controller returns a digital timing output to synchronize the
system controller with the device controller.

Figs. 1 and 2 show the beam steering experiment, which
includes a 980nm laser, a wire grid linear polarizer, the liquid
crystal beam steering device, a fast steering mirror (FSM)
mounted on a shaker, a rigid folding mirror, a convergent
lens, followed by a second rigid folding mirror and an optical
position sensor (OPS).

MATLAB’s xPC Target real-time software processes the
control algorithms on a 3.6 GHz Pentium operating at the
sample-and-hold rate of 3125 Hz, which is determined by
the liquid crystal device’s driver electronics. The inputs to
the controller are the position of the laser spot on the plane
of the sensor, denoted by the two-dimensional vector y, and
the scalar measurement a,; from an accelerometer mounted
on top of the case for the fast steering mirror. The output
of the controller is the two-dimensional command vector v
sent to the liquid crystal device.

There are three independent sources of jitter, denoted by
dp, dc, dg in Fig. 2. The shaker on which the fast steering
mirror is mounted responds to building vibration denoted by
dp. The fast steering mirror and the shaker are driven by the
commands d¢ and dg, respectively, which are generated in
xPC Target but not given to the control loops.

III. SYSTEM MODELS

The liquid crystal device is representative of systems with
input quantization and amplitude and rate saturation. In
Fig. 3, the part of the block diagram in solid lines repre-
sents the device hardware, including the Teledyne device
controller. The part of Fig. 3 in dashed lines, which does
not represent device hardware, will be explained later.

The input to the device controller is the two-dimensional
rate command from the xPC Target, and the output of the
liquid crystal device is the pair of beam angles. The three
delays represented by the z~3 block are due to the electronics
in the driver and the response time of the liquid crystal
device. The loop with the 2! block represents integration
of the rate to yield displacement.

The device controller receives commands at the rate of
3125 Hz. These slew-rate commands are limited to integer
values between -4 and +4; hence the rate limit and quantiza-
tion blocks in Figure 3. The liquid crystal device can steer
the beam to 301 discrete states in the range of £300 urad,
yielding 2 prad in each incremental step. While the device’s
state transition occurs rapidly within each sample-and-hold
interval (1/3125 sec), the quantization and saturation limits
on angle and slew rate affect control system performance.
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Fig. 4. Block diagram of the liquid crystal device with LTI feedback control loop.

The saturation blocks in Fig. 3 are characterized by the
following for each axis (z = 1,2):

L. Vi, |Vl‘ S 4’
e P
p -4, v < —4,
Angli)itatlliatlon 150, ¢; > 150, (2)
p —-150, ¢; < —150.

The quantization block in Fig. 3, rounds the input to the
nearest integer value.

For the purpose of beam control, it is desirable to convert
the device rate input to angle input because the measured
output is displacement. Two methods for conversion are
shown in Fig. 3 and Fig. 4, respectively. In Fig. 3, the dashed
lines are added to the device hardware model to convert the
plant input from rate to position command. The plant model
in Fig. 3 is referred to as open-loop plant model, since the
added dashed lines are not feedback actions. Fig. 4 shows
a typical beam position feedback loop, which forms a new
closed-loop plant with beam position as the command input.

The gain matrix C' in Fig. 3 and Fig. 4 converts the beam
angles 6 to the position measurements ¥ given by the optical
position sensor (OPS). To determine C, the liquid crystal
beam steering device was driven with an open-loop white-
noise sequence v (without the control loops closed). The
resulting output sequences showed that, as expected, C is
diagonal. A least-squares fit between the input and output
data yielded C' = diag[ 0.0130 0.0185 }

The output disturbance w represents the combined effect
of the jitter sources d- and dg and the building vibration
dp. As shown in Fig. 5, dg and dp drive the shaker,
and d¢ drives the disturbance fast steering mirror (FSM in
Fig. 5). Any sensor noise associated with the optical position
sensor would be added to the the signal y; however, careful

measurements of the output of the OPS have shown that
sensor noise is negligible in the experiments reported here.

The gain matrix in the LTI feedback loop is K =
diag[ 2 2 |. This gain approximately maximizes the error-
rejection bandwidth with minimal amplification of high-
frequency disturbance. Attempting to increase the bandwidth
by increasing K would produce greater amplification of
high-frequency disturbance and sensor noise.

In subsequent discussion, the true plant is denoted by G,
which is stable. The plant model G NI 1s a stable nonlinear
operator representing the nonlinear model of the true plant
G. The linear plant model G neglects the quantization and
saturation in G. These transfer functions can refer to either
the open-loop plant in Fig. 3 or the closed-loop plant in
Fig. 4. Of course, G, GNL and GL for Fig. 3 are different
from those for Fig. 4. The linear plant models are

G =CKz3 for Fig. 3, (3)

GL=CK[*—2>+CK|™' forFig. 4. (4

IV. ADAPTIVE CONTROL LOOP

Figure 6 shows the block diagram of the adaptive con-
troller. This block diagram is the same whether the plant
is the open-loop plant in Fig. 3 or the closed-loop plant in
Fig. 4, but the the choices for Ga and Gc are different.

The signal @ in Fig. 6 is an estimate of output disturbance,
either open-loop or closed-loop, depending on whether the
plant is that in Fig. 3 or that in Fig. 4. When the plant is
that in Fig. 3, w estimates C'w where w is the disturbance in
Figs. 3 and 4. When the plant is that in Fig. 4, w estimates
the signal y that would be generated by the closed-loop plant
in Fig. 4 with u = 0.

The plant model G‘C in Fig. 6 can be either G L or G NL-
As shown in Fig. 6,

W =1y — Geu. (5)
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Fig. 5. Block diagram of the complete system. dg = disturbance command
to shaker; dp = building vibration; d¢ = disturbance command to FSM;
dps = response of FSM; € = beam angle from liquid crystal beam steering
device; y = beam position on sensor; u and v = control commands. The
dashed line indicates the LTI feedback control loop.
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Fig. 6. Block diagram of the adaptive controller. G, and G, are estimates
of G; F' = adaptive FIR filter; w = estimate of the output disturbance; e =
sequence to be minimized.
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Taking Ge. = Gni yields a more accurate w and better
adaptive control performance.

For stability analysis, the adaptive control system can be
considered as a feedback loop consisting of two blocks, the
model error G — G, and the adaptive FIR filter F'. Since
the nonlinear model is closer to the true plant than the
linear model is, using G’C =G ~ in the adaptive controller
produces greater stability robustness.

The adaptive filter F' implicitly tracks the statistics of the
disturbance and identifies gains to minimize the RMS value
of the prediction error e. The precise least-squares criterion
minimized by the adaptive filter is the RMS value of the
sequence e, as indicated by the slanted arrow in Fig. 6. Since
the two channels of the plant are modeled as uncoupled for
control design, the LTI and adaptive control loops for the
two plant channels are uncoupled. In each channel then, the
operator G, can be selected as the linear plant model Gy, or
nonlinear model G n7,.

Figure 6 yields the following equations:

= (14 G.F), (6)
= (1+ FG, )i, (7
y=e+ (G.F — FG,)i. (8)

In the ideal case where the true plant G is linear and known,
G’c = éa = @. Then, under stationary disturbance w, F
converges to a linear time-invariant FIR filter that minimizes
the variance of e in steady state. This F' commutes with
G = é = éa so that, according to (8), F' also minimizes
the variance of the steady-state output y [18].

Even for nonlinear G, G =G 1, is preferable to G
G ~ for two reasons: If Ga is nonlinear it will not commute
with F. Also, if Ga = GNL, the signal G w, which is
used in adaptively identifying F' as shown in Fig. 6, will
have more spectral content than w has, due to the nonlinear
filler Gyr. Thus the adaptive filter prediction error e and
the output y, in view of (8), will be larger than those for the
case G, = Gp.

The main component of the adaptive controller is the
recursive-least-squares (RLS) adaptive filter I in Fig. 6, but
the adaptive filter is not the focus of this paper. The adaptive
filter has finite impulse response (FIR) and order N. The
adaptive filter has the lattice realization in [19]. The order-
recursive structure of the lattice filter allows the adaptive
controller to have variable order, generating adaptive control
commands of all orders n < N. During adaptation, lattice-
filter orders n < N are used, with the order increasing to
the maximum order IV in steady-state. For the results in this
paper, N = 60. The improved transient response provided
by lattice-filter based variable-order adaptive control is dis-
cussed in detail in [13], [15].

V. SIMULATION RESULTS

Simulations were performed for both the open-loop and
closed-loop plant models (i.e., Fig. 3 and Fig. 4) and with
the four possible combinations of the corresponding linear
or nonlinear models for G, and G,. Also, two types of
disturbance were used. In one group of simulations, the
disturbance was a sine wave with a constant bias, and in
another group of simulations, an output disturbance recorded
from an the experiment was used. Axis 2 had greater and
more complex disturbance in the experiments, so simulation
results are discussed for Axis 2 only.

In the first simulation, the disturbance w was a constant
bias of 5.5 (11 wrad) and a sine wave of amplitude 5 at
200 Hz. This disturbance only triggers the quantization but
not saturation nonlinearity. The simulations for 10th order
adaptive FIR filter show that the adaptive controller with
G. = Gy, G, = G and without the LTI feedback
loop gives the best performance; i.e. smallest steady state
RMS value of the output y. In this case, the steady state
output signal before the optical gain C' is always within
one quantization step (£0.5 prad). The performance without
LTI feedback control is better because the prediction error
e converges to zero and the filter F' converges for this
case but not with LTI feedback control. Even with only a
single frequency in the disturbance w, the feedback loop
generates higher harmonics and almost periodic signals due
to the nonlinear effects of quantization and saturation in the
plant. Figure 7 shows the time series of the output with
and without the LTI feedback loop. The output produced
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Fig. 7. Output time series from simulation with sinusoidal disturbance.

Adaptive control begins at 18 sec.

by adaptive control with LTI feedback is substantially larger
than that without LTI feedback, which is bounded within one
quantization step.

In another simulation, the bias and/or amplitude of the
sine wave was increased to also trigger the magnitude and/or
rate saturation limit. As expected, G. = GyL always gave
the worst performance or instability due to the inability to
estimate the disturbance accurately, and the feedback loop
modeling error discussed in the previous section.

For the final simulations, the disturbance was the open-
loop disturbance from the experiments described in Sec-
tion VL. This disturbance is the output measured by the
position sensor when the liquid crystal device is not under
any control action but the disturbances in the experiments
are present. The results are shown in Fig. 8. The similarity
between the power spectra in Fig. 8 and those in Fig. 9 from
the experiments validate the plant models in Section III.

VI. EXPERIMENTAL RESULTS

In the experiment, the adaptive controller using G. =
G ~nz and G'a = G 1 was used for the open-loop and
closed-loop plant models (i.e., Fig. 3 and Fig. 4). The jitter
commands dc and dg shown in Fig. 5 were produced by
passing white noise sequences through band-pass filters in
xPC Target. (As stated earlier, these command sequences
were not given to the control loops.) Axis 1 and Axis 2
refer to the directions in which the laser spot was measured
on the optical position sensor. Axis 1 is horizontal, and Axis
2 is vertical.

Fig. 9 shows the output errors for the experiment. For
the results presented in this paper, the two channels of the
output error y measured by the optical position sensor are
converted to urad. The jitter on Axis 1 has smaller amplitude
and bandwidth than than on Axis 2 because the disturbances
act mainly on Axis 2.

The time series of the output errors and the RMS values
in Table I show that the adaptive control loop greatly reduces
the output errors compared to both open loop and LTI
feedback control. Most importantly, the effect of the LTI
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Fig. 8. Simulation results for experimental output disturbance (in gray).

feedback loop on the performance of the adaptive loop is
similar to the effect in the simulations: The output error
produced by the adaptive controller has significantly higher
power in low frequencies when the LTI feedback loop is used
than when it is not used.

TABLE I
STEADY-STATE RMS OUTPUT POSITION ERRORS (prad)
Axis 1 Axis 2 Axis 2
Control Loops Experiment  Experiment  Simulation
LTI Feedback Only 16.7 19.6 19.7
Adaptive + LTI Feedback 2.5 9.2 6.9
Adaptive only 2.4 8.6 6.1

VII. CONCLUSIONS

This paper investigates the performance of an adaptive
controller for a plant with non-linearities due to quantization
and amplitude and rate saturations. The liquid crystal beam
steering device used in the experiments for the paper has
no moving parts and therefore is open-loop stable. Conse-
quently, a stabilizing LTI feedback loop is not needed if
adaptive control is used. The main conclusion of the paper
is that an LTI feedback loop used in conjunction with the
adaptive controller exacerbates the plant nonlinearities and
degrades the performance of the adaptive loop. This is shown
by both experimental and simulation results.
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A second conclusion of the paper pertains to two plant
models used by the adaptive controller. For best performance,
the adaptive controller should use a nonlinear plant model in
estimating the output disturbance and a linear plant model
in adaptively identifying an optimal feedforward filter.
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