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Precision control of a fast-steering mirror is coupled with an open-loop acquisition system to perform tracking
control against a dynamic target. The integration of a high-bandwidth tracking control system with a much lower-
bandwidth acquisition system is accomplished by offloading signals from the former to the latter. This technique
precludes saturation of the inner loop when large-amplitude, unexpected changes occur in the target trajectory.
Particular attention is given to the sensitivities of inner-loop transient response and steady-state error responses
to design conditions and sample rate. Control design solutions are presented and demonstrated via experiments

and simulations.

I.

ARGET tracking and trajectory estimation has long been an

area of interest for civilian and military entities. Target track-
ing has been applied to everything from air traffic control to missile
defense. Research in this area has focused on estimation methods
and filter design techniques for determining the target trajectory
from radar-based and target imagery data. Radar-based filter de-
sign methods include Kalman filters,! alpha-beta-gamma filters,>
nonlinear Bayesian techniques,® and others.

A survey of ground target tracking methods is provided in Ref. 4.
Imagery-based tracking, on the other hand, has focused on closed-
loop tracking applications, such as stereo® and active tracking.®
Crossover research between radar and image-based tracking algo-
rithms has been very common as shown in Ref. 7.

New areas of interest, such as high-energy laser weapon testbeds,
use combinations of radar-based and image-based trajectory infor-
mation during different parts of the tracking control problem. Radar
and image-based trajectory estimates are used in concert to track
and, in some cases, to guide the munitions to the target. For example,
the U.S. Air Force Research Lab Airborne Laser (ABL) Advanced
Concept Testbed had aircraft telemetry available to queue and point
the telescope until an active tracking control system can acquire and
track the target.® For systems with a single active control element,
the target estimation problem can be reduced to a single filter prob-
lem. Both sets of noisy data are fed into a single trajectory estimator
and weighted using respective noise covariance properties of the
data.” However, when two trajectory estimates are used in closed
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loop to drive different control mechanisms, where both systems can
affect the track performance, problems can arise.

For the generic case examined, radar-like information is used to
drive a slow-response gimbal system with limited pointing accuracy.
Once within the field of view of the focal plane, the fine track target
information is derived using image-based algorithms to determine
the tilt error. Because of the required speed and accuracy of the
tracking system, it is assumed the radar-based information is not
used after initial acquisition. A fast steering mirror (FSM) is used
to close an optical control loop based on this information. If the
error in the target trajectory is less than the FSM range, this control
architecture is sufficient and the target “hit spot” is centered on the
focal plane. If, over the engagement time, the target trajectory error
is greater than the range of the FSM, because of either inaccurate
target information or undetected changes in the target trajectory, the
FSM will quickly reach its throw limits, and track will be lost.
The solution to this problem has been to feed the FSM position into
the gimbal pointing control loop as an error signal, which becomes
a control design problem in itself.

The key tenet of this paper is the design and implementation of
a controller that correctly offloads errors from the high-bandwidth,
limited-range, inner control loop, such as a FSM/tracker system, to
a much slower-bandwidth, outer control loop, such as a gimbal. A
limited sensor offload sample rate will also be used. Two specific
control design details are encountered and addressed given this ar-
chitecture: first, necessary conditions on the design of the offload
controller do not necessarily ensure proper control between the two
loops, and second, the limited offload sample rate can negatively
influence the inner-loop transient using type-based control design
schemes. The paper presents solutions to these problems and then
demonstrates these solutions via simulation of models anchored to
a physical system.

IL.

Figure 1 shows a diagram of the problem. The truth target trajec-
tory information r(¢), given in gimbal-centered azimuth-elevation
coordinates, is initially differenced with the position of the gim-
bal y,(7) to form a gimbal pointing error e, (z). Noise inputs, such
as atmospherically induced tilt dyy, (f) (Ref. 10), are added to the
gimbal pointing error to simulate path-length errors such as optical
scintillation-induced tilt. Next, the information is optically reflected

General Dynamics Models
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Fig. 1 Pointing and tracking control block diagram in gimbal-centered coordinates.

off of the FSM position via the subtraction of the mirror position
Ym(t) to form the target fine track error eg,(t). The FSM position is
controlled via output from the image-based target estimation algo-
rithm derived from focal plane information yr,(¢). The target track
errors from the focal plane are input to an integrator-gain controller
as acommand to the FSM system y, (). There is also an analog inner
FSM control loop that feeds the position of the FSM into a double
lead lag and integrator controller to boost the control bandwidth.
The mirror position is also sampled, shown in Fig. 1 as, y,(¢) and
used as an input to the interface controller H,(s). Finally, radar-
derived measurements of the target trajectory 7 (¢) are summed with
the output of the interface controller y.(¢) to form a command sig-
nal to the gimbal system e, (f). The main performance output of this
system is the estimate of the target position via the focal plane. Er-
rors in the estimate of the focal-plane-derived target position such
as pixel quantization, focal plane noise, and inconsistencies in the
track algorithm are assumed to be negligible and not included in
this analysis.

Working from the innermost loop out, the FSM has its own control
loop to compensate for the low-frequency response of the open-loop
system. For simplicity, the FSM is modeled as

Y, (8) = Gu($)Yep(s) = [@5, /(5> + 2600ns + @5, ) [Yep(s) - (1)

m
where w,, is the frequency of the first mode of the mirror-flexture
system, ¢, is the damping factor of the first mode of the mirror-
flexture system, Y,,(s) is the mirror position from an eddy current
probe, and Y, (s) is the voltage input into the voice coil actuator. To
compensate for the low first mode, a double-lead, integrator, gain
controller of the following form is used:

ch(s) =H,()E,(s) = (ch/S)[(S + ch)/(s + pmc)]zEm(s)
3]

where zy, and pp, are design parameters. Outside of this loop is
the focal plane and computer tracking system. Relevant dynamics
include a discrete-time integrator, a focal-plane integration delay,
focal-plane read-out delay and representative scale factors as shown
in Eq. (3):

Y7(2) = Hir(2)Yep(2) = Ku[ T /@ — D] 1/ Yer(z) (3)
Using these models, the combined FSM/tracking system is eighth
|:Tfp(z)

order given by
Yfp (Z)
Y (2) T (z)

Outside of the tracking system loop are the offload controller, the
mirror measurement delay, and the gimbal system. Modeling of gim-
bal control systems can be quite complex given the sheer number of
different gimbal configurations and issues such as the 90-deg ele-
vation singularity commonly found in elevation-over-azimuth gim-
bals. However, simple dynamics models can be built that capture the

@

] Rr(2)

small angle motion dynamics. A good approximation for gimbals is
Yo(s) = Gg(s)Ec(s)

Ki EL‘(S)
l_l:[l ( 52 4 2Lpg. Wpe, S + a)gg1 )

where n is usually 1, 2, or 3 depending on the response shape.
In general, most gimbals act like simple second-order systems
with characteristic overshoot and ring-out step responses. How-
ever, extra pole-zero pairs might be needed to capture longer
rise time system dynamics. If the ring-out contains only one fre-
quency, the second-order poles can be very closely spaced, whereby
Wpg, N Wpg, X - -+ A wpg N wp,. The same can also be true of the ze-
ros and damping factors.

The delay between the FSM position and the control system can be
modeled using simple 1/z discrete transfer functions or a continuous
time Pade approximation of the delay given by

1—145/2

— 7y,
14 148/2 (s)

K, $2 4 20,5 Wy 5 + @,

s+ p

(&)

Ya(s) = Ga(8)ym(s) = (6)

Given this complex plant, design of the offload controller H,(s) can
be performed.

III. Controller Design

A quick examination of the problem reveals some constraints.
First, the error signal E,(s) between the reference signal R(s) and
the gimbal position Y, (s) cannot be measured. In many disturbance
rejection problems, the error signal is usually available to monitor
the performance of the controller. Second, the initial reference R(s)
is not available either. In control design situations where the refer-
ence signal is unavailable, the problem can be restated into a class
of disturbance rejection problems. Simple type tests can reveal what
type of disturbances can be rejected. Finally, for this control design
scheme the gimbal position Y, (s) was not used.

Using simple type-tests control design techniques, specific forms
of the controller become apparent. Given that, one, the target trajec-

tory can be written as
r0) =o+pt+yrt =y’ )

and two, the atmospheric disturbance Dy (s) is white or near white
with zero mean, then to maintain track, that is, for yg, () to be zero
mean, H.(s) must be designed so that the following is true:

lim yp, (1) = lim sYp,(s)
t— 00 s—>0

li S[l - Tm(s)]
= lim

s=>0 14+ Go()H ()G y(5)T(s)
The goal of driving yj, (¢) to a zero mean value is based on the desired
to keep the track system aligned with the adaptive optics system in

(®)

R(s) =0
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order to minimize tilt anisoplanatism at the target.!! For simple anal-
ysis purposes, if 74, .. K27 /(w,) then Hir (s) = K1rs/s, T,,(s) is
sixth order, that is,

Tm(s) =
wfn Km (S + ch)zKTRs
(52 + 2800w + @2) (825 + Pre)> + [@2 K (s + Zme)?|(K1rs + 5)
C)

Note that by using Eq. (9) in Eq. (8), 7,,(0) =1 and the limit is
initially indeterminate. Using I’"Hospital’s rule implies a controller
of the form

H.(s) = Hu(s) = K(1/s> + 1/s) (10)

is sufficient. Finally, given the block diagram in Fig. 1, the controller
is input via

E.(s) = Ho(s)Ya(s) + R(s) (11)

to produce a stable tracking system. Note that if the control design
and analysis is performed as a tracking problem, that is,

lim e,(t) = 1imOsEg(s)
1 — 00 R

N

= lim R(s)=0 (12)
s=0 14+ Gy(s)H(5)Ga ()T, (s)
then
H.(s) = Ho(s) = K(1/s7 + 1/s* + 1/s) 13)
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Fig. 2 Basic blocks of a pointing and tracking control diagram in
gimbal-centered coordinates.
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Also, note that

lim y,,(f) = lim sY,,(s)
t— 00 s—0

. 5T (s)
= lim
s=014+Go(s)H:i(s)Ga(s)T, (s)

R(s)=K (14)

Notice that control design via the focal plane output only guarantees
a constant nonzero, steady-state mirror position. If the theoretical
mirror steady-state position is greater than the actual range of the
mirror, track will be lost. The tracking error rejection methodology
guarantees a zero focal plane and zero-mirror-position steady-state
output. It also contains an extra controller pole at the origin to meet
these criteria.

A constant velocity target, that is, y is zero and B is a constant,
demonstrates the control design issue. Because S is a constant, con-
trollers of the form

H.(s) = K/s (15)

will yield tracking results with a constant mirror position error and
zero offset. A discrete time version of Eq. (15) can be written as

Yo(z) = [z/(z— DIKpYp(2) (16)

which will command the gimbal to compensate for errors in the
estimate of the velocity. For this situation, the controller sample rate
is matched to the delay. However, the net focal plane output result
depends on the magnitude of the control commands Y. and how those
inputs are filtered through the gimbal and FSM dynamics. Large
step commands to the gimbal, when filtered through the gimbal
and FSM/tracking system, can cause jumps in the error that are
noticeable in the track system. Because the error rejection of the
FSM is finite, some offload command errors are seen at the focal
plane at a frequency equal to the inverse of the delay time.

One method to mitigate this problem is to ramp the commands
into the controller given by

, T, (z+1 2 (-1
=[5 () (G ) o
Yo(z) = <L>Kufm(z> (17b)
z—1

where Ty, is the delay sample period between the controller and
the mirror position output and T,. is the sample period of the con-
troller. This controller works by first estimating the velocity of the
mirror position and then integrating that value at the fast controller
speed to create a fast estimate of the mirror position. The result of
that estimate is then fed to the standard integral controller found in
Eq. (17b), which follows the standard final-value theorem results.
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Fig. 3 FSM/tracking system model and system frequency-response plots.
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A computer software interpretation of this controller is

Yoz + 1) = (1/2)Ye(z1) + Kpo{ Yu(za = 1)

+(1/AL,) (Y (z2) = Yu(za — DI(t — 1,) } (18)

where 1., <t <1, and the sample rate for z, is faster than for
7. Both sets of controllers in Eqs. (16) and (17) were created from
this analysis, whereas the controller in Eq. (18) was input into a real
hardware system. This design idea works for systems of any order.

IV. Model Anchoring and Reduced-Order Models

To anchor the models developed, test data from the Air Force
Research Lab Advanced Concept Testbed (ACT) were used. All
output variables are in arbitrary pixel units, with some data given
in microradians. However, atmospheric turbulence values, ranges
to targets, and the maximum latency time of the tracking systems
have not been included. Parameters such as frame rate were varied in
both the model and ACT testbed to test model sensitivity. In general,
frequency-response-function data were taken for the FSM system,
whereas step-response data were used for the gimbal. Figure 2 shows
the basic blocks developed. Details on ACT hardware can be found
in Ref. 8 but are not needed to perform the simulations. Table 1
shows values used in the simulation of ACT. These values are put
in terms of the rest of the variables used in the paper.

Figure 3 shows the comparison of the simulation results to the ac-
tual test results for the 5.5-in., flexture-mounted FSM and Mercury
computer-based fine tracking system used on ACT. Notice that the
simulation agrees quite well with the actual data, with the exception
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Fig. 4 Gimbal positive azimuth step response.
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of the phase wrap in the test data that is simply an artifact of the test
apparatus and is not real. The model was also found to be accurate
at all focal plane integration rates. Transfer functions of each block
were taken and checked at every step to arrive at the system model.
Issues such as conversion factors and software gains were meticu-
lously investigated. The model-based system was order eight and
was based on using the discrete model extraction tool in MATLAB®.

For the gimbal system, a small step-motion model was developed.
Figure 4 shows the raw 400 microradian azimuth step-response data
used to derive the gimbal model. Raw step-response data from the
ABL-ACT gimbal were input into MATLAB and a model derived
from that data. Figure 4 also shows the step response of a fifth-order
model. The model was built using subspace system identification
methods.'? The step response of the model matches well with the
captured data. Data were also taken for a negative step with similar
dynamics found compared to the positive step response. Elevation
step-response data were taken but not included in the model.

After modeling the system, reduced-order models (ROMs) were
created to facilitate controller design. The ROMs were not meant
to be completely accurate models of the system, but more helpful
at providing insight into what was needed to design the controllers.

Table 1 Values used in simulations

Parameter Values Parameter explanation
(o 62.8319 Open-loop first FSM mode
Cm 0.007 Open-loop first FSM mode damping
Pme 18,850 FSM control compensator pole
Zme 502.6548 FSM control compensator zero
Kie 166,293,339 FSM control compensator gain
K 372.5919 Tracker gain
TdTracker 4.8591e—004 Tracker sample period
P 21 Gimbal first-order pole
Wpg 37.8021 Gimbal second-order pole
Cpg 0.6084 Gimbal second-order pole damping
K, 1 Gimbal gain
Wzg (No zero/not used) Gimbal second-order zero
Cag (No zero/not used)  Gimbal second-order zero damping
Ts, 0.1 Mirror position sample period
Tse 0.01 Interface controller sample period
o 0 Truth target position
B 1000 Truth target velocity
y 0 Truth target acceleration
a 0 Estimated target position
ﬁ 700 Estimated target velocity
y 0 Estimated target acceleration
Ky 1 Reduced-order model (ROM) FSM gain
T 641 ROM FSM pole
Cpero 0.8 ROM gimbal damping
Dpgro 18.8 ROM gimbal frequency
D 0.5 Interface controller gain
10 FSM Closed Loop TF
g 0
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Fig. 5 Full-system model vs reduced-order model.
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Any ROM-based control designs were subsequently implemented
on the full model to test stability and performance. Because the
ROMs were built around the idea of capturing the relevant dynamics
of the system, the first modes of the larger system models were used.
For the FSM/tracking system, simple transfer functions from the
reference input Ry (s) to the focal plane output Yy, (s) and the mirror
position Y, (s) can be written as

_Kys

Yip(s) _ Tip (5) NS 75+ 1

I:Ym(s)i| - |:T,,,(s):| Rr@y =1 " | R0 (9
st

assuming that the focal plane operates at an integration rate signifi-
cantly higher than the first mode of the mirror-compensator closed-
loop system. Even though the total system order is eight, most of
the dynamics are beyond the focal plane integration rate. The one
regret is the ROMs did not capture the underdamped behavior of the
FSM/Tracking system model. The underdamped nature of 7,, (s) ap-
pears to be second order, but the roll off is first order in nature. For
simplicity, these transfer functions capture most of the dynamics
of the system. Figure 5 shows the comparison of the full model to
the ROM for the atmospheric tilt error input to the mirror position
transfer function.
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Fig. 6 Full-system model vs reduced-order model for the gimbal
system.

For the gimbal, the reduced-order model problem is more com-
plex. Reducing the order adversely affects the settling time and
overshoot. However, a simple second-order model of the form

Yg(s) = GgRO(S)YC(S)

= [wligRo / (SZ + ZCPgRO WpgroS + wﬁgm)] Y. (s) (20)

using only one set of modes instead of double or triple complex
pole and zero pairs can be used. Figure 6 shows the step response
of the actual system, the system identification comparison and the
reduced-order model of order two.

V. Simulation and Experiment Results

Once the reduced-order models were built, controllers based on
those models were designed. Figure 7 shows the SIMULINK ver-
sion of the full-system model with the variable names used in the
paper. Using the reduced-order models, a control gain K, of 0.5 was
chosen and then tested on the full-system model. Figure 8 shows the
simulation results using controller (16) and (17) for the focal plane
output. For the simple controller in Eq. (16), notice the steady-state
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Mirror Position for Different Interface Controllers
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Fig. 11 PSD using integral control against a point source.

ringing at the focal plane output. The velocity estimation controller
response does not contain any steady-state ringing; however, there
is a significant transient response to this controller. If the response
is beyond the mirror position capability, the gain will have to be
lowered to compensate for this problem. Figure 9 shows the mirror
position data using the two controllers. Notice how the velocity esti-
mation controller also creates a smaller steady-state mirror position
output.

Next, the controllers were implemented on the ACT system and
tested. Figures 10 and 11 shows the power spectral density of the fo-
cal plane position using both the more complex controller in Eq. (17)
and the simple controller from Eq. (16) respectively from differ-
ent dates. The general shape of the power spectral density (PSD) is
caused by atmospheric-induced scintillation, whereas the difference
in the dc noise level of the tilt spectrum between the two figures, that
is, the mean value of the PSD at low frequency, is caused by changes
in the atmospheric-induced tilt caused by increased integrated at-
mospherically induced turbulence along the path to the target. How-
ever, notice the spike at 10 Hz caused by the delay in reading the
mirror position in the simple controller system. Using the velocity
estimation controller, the spike disappears, and the control system
works normally. In general, the velocity estimation is necessary for
interfacing the FSM system to the gimbal control system.

VI. Conclusions

A solution to offloading nested inner-control loop errors onto
an outer-loop controller has been presented. Specifically, the major
problem of a reduced sample rate offload error was overcome via
design of an estimator that creates a smoothed higher-order esti-
mate of the offload trajectory. A constant velocity target was used,
but the control design conditions needed for a family of target tra-
jectories were also discussed. The control design explored allows
the large offload to be implemented onto the outer loop slowly and
thus reduces the transients found on the inner-control-loop output.
One degenerate control design case was also discovered, whereby
type-based control design using only input and output tests do not
guarantee steady-state positioning of the inner loop offload position.
This result has implications when the inner-loop system might have
range limitations. The implication is control design via output-only-
based metrics is incomplete with error-based design necessary for
correctly designing an acquisition and tracking linking controller.
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