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Large (>1 m) deformable mirrors are attractive for adap-
tive optics on ground-based telescopes; the mirrors typi-
cally have hundreds or thousands of actuators. The use of
force actuators instead of position actuators has the poten-
tial to significantly reduce total system cost. However,
the use of force actuators results in many lightly-damped
structural resonances within the desired bandwidth of the
control system. We present a robust control approach for
this problem and demonstrate its performance in simu-
lation. First, we demonstrate that high-bandwidth active
damping using velocity feedback from mirror sensors that
are not quite collocated with the actuators can be robustly
implemented, because at sufficiently high frequencies the
structural dynamics enter an “acoustic” limit, where the
half power bandwidth of a mode exceeds the modal spac-
ing. This is important, because the system can be made
less expensive using sensors placed in between actuators
rather than collocated with each actuator. Introduction
of active damping leads to a much easier problem for
subsequent position control. It is known that a position
control system in which each of the actuators is con-
trolled using feedback from a collocated sensor can be
made robustly stable. However, the resulting performance
at high spatial frequencies is poor because there is no
shared information between neighbouring actuators. In
contrast, global control gives excellent performance but
lacks robustness to model uncertainty. We introduce an
innovative local control approach, which significantly
improves the high spatial frequency performance with-
out the robustness challenges associated with a global
control approach. The overall approach is demonstrated
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to provide excellent command response suitable for an
adaptive optics outer loop.

Keywords: Adaptive optics, deformable mirror, dis-
tributed control, active damping, local control

1. Introduction

Most modern ground-based telescopes have adaptive
optics (AO) for compensation of atmospheric blurring or
telescope aberrations. Adaptive optics encompass one or
more deformable mirrors (DMs), each with many actu-
ators, to compensate for distortion of the wavefront of
the incoming light. So far, most DMs have been small,
typically with a diameter of tens of centimeters or less.
However, large DMs with a size of 1–4 m are highly attrac-
tive for the new generation of Extremely Large Telescopes,
because the DMs can then be integrated directly into the
optical telescope, avoiding use of post-focus relay optics.
The present paper outlines an approach for control of such
a large DM.

DMs up to about 1 m exist and larger DMs are planned.
Stiff “position” actuators of piezo-electric, electrostrictive
or magnetostrictive type have so far successfully been used
to deform a DM with a high temporal bandwidth. Because
the DM is effectively constrained at the actuator locations,
there are no significant problems related to dynamic per-
formance. On the other hand, the use of such actuators is
costly due to the tight fabrication tolerances involved. In
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contrast, a DM with soft force actuators is more difficult to
control because the dynamics of the mirror structure enter
directly into the control loops. However, DMs with force
actuators have the potential for being inexpensive because
the mechanical tolerances can be more relaxed. Since the
cost of DMs may be dramatic, we have studied approaches
for use of low-cost force actuators.

An Italian group has played an important role in the
development of large DMs with force actuators, and has set
up a control strategy [3, 13] for their systems. Electronic
damping is established by differentiating the position feed-
back from a collocated sensor at the location of the actua-
tor. In addition, a combination of feedforward and position
feedback is used to track commands from an external AO
control loop. The mirror has a thickness of 1–2 mm and
is made of polished Zerodur. A British group has stud-
ied an alternative design using composites [5] but has not
published a detailed control strategy for force actuators.

For development of a low-cost DM, we have studied
a system using force actuators attached to the back of
the mirror through suction cups and non-collocated posi-
tion sensors using electret microphones in rubber bellows
touching the back of the mirror [1] much like stethoscopes.
The DM itself can also be inexpensively constructed using
slumping techniques [1]. Due to the use of inexpensive
components and low tolerances, such a system has the
potential for being much less expensive than correspond-
ing systems built or proposed until now. However, the sys-
tem is more complex from a controls point of view because
the structural dynamics of the mirror are part of the control
loops. Also, to provide sufficient space, the force actuators
and position sensors are not collocated as will be shown
later. The focus of this paper is on demonstrating a control
approach for this problem that gives sufficient command-
response bandwidth for use within an AO system.

The control approach in [3, 13] uses single-input-single-
output (SISO) feedback from mirror deflection sensors
that are collocated with the actuators (“collocated con-
trol”). While guaranteed to be robust, feedforward is
required to obtain adequate performance at high spa-
tial frequencies, requiring careful calibration. Miller and
Grocott [11] present a global control approach for a similar
flexible DM, combining several innovations, including the
use of a full state-space controller and a circulant approach
to reduce the resulting computations. While overcoming
the limitations of collocated control, the challenges with
this model-based approach are likely to come from robust-
ness; any control that relies on some particular model
information has the potential for insufficient robustness
to uncertainty in that information. A distributed control
approach has also been simulated for a large deformable
mirror [6, 4]. This approach leads to a low-computation
decentralized approximation to the global optimal control
solution, but since it approximates the system as infinite

in extent, it does not correctly deal with the boundaries,
which can limit the achievable performance.

The approach taken here is to use the minimum infor-
mation required about the structural dynamics to ensure
robustness to modeling uncertainty, while incorporating
sufficient information to provide performance, and with-
out relying on accurate calibration. The approach can be
divided into two steps. First, active damping using velocity
feedback effectively compensates for the lightly-damped
structural dynamics. Second, a position control system is
added. Due to the active damping, the position control sys-
tem can be based upon local controllers, in turn providing
excellent command response suitable for an outer adap-
tive optics feedback loop based on wavefront information.
Hence, in this paper we present two key innovations.
First we show that active damping can be implemented
using sensors that are not perfectly collocated, and we
compute an explicit bound on the maximum spatial sepa-
ration that can be tolerated between actuators and sensors,
using an acoustic argument. This allows the use of real-
istic and inexpensive hardware. And second, we present
a robust local position control strategy overcoming the
high-spatial frequency limitations of collocated position
control without introducing the robustness concerns of a
model-dependent global feedback strategy; this is similar
in spirit to the local estimation strategy in [10].

This control approach is also of potential interest for
future space applications. For weight reasons, large space-
craft mirrors must necessarily be thin, calling for a control
system to set the correct shape of the mirror during oper-
ation in the presence of significant structural dynamics
within the control bandwidth.

The next section outlines the control problem in general
and a simulation example used throughout to illustrate the
approach. The velocity and position feedback concepts are
discussed in Sections 3 and 4 respectively.

2. Control Problem

2.1. Problem Characteristics

The objective of the control strategy developed herein is
to enable a low-cost concept for a large deformable mirror
that uses force actuators attached to the back of the mir-
ror with suction cups. Use of low-cost force actuators in
combination with a thin mirror leads to a lightly damped
system with structural resonance frequencies within the
desired control bandwidth. Feedback from the wavefront
sensor in the external adaptive optics loop will not be suf-
ficient to confront the problem with structural resonances.
Hence, an additional feedback loop using sensors on the
back of the mirror is needed as shown in Fig. 1; the focus
of this paper is the design strategy of this feedback loop.
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Fig. 1. Schematic of overall control architecture, including inner control
loop of a flexible, deformable mirror, and outer adaptive optics control
loop using wavefront sensor feedback.

We plan to use electret microphones in bellows at the
back of the mirror to sense mirror deflection. For prac-
tical reasons, it is not attractive to have the actuators and
back sensors precisely collocated. One of the contributions
herein is to demonstrate that robust performance does not
require this. The impact of finite actuator/sensor band-
width and delays from discrete-time implementation can
be understood in terms of their impact on phase margin.
Other practical details regarding actuator/sensor design
are discussed in [1]. The prototype actuator in [1] has suf-
ficient force to give a low-spatial frequency amplitude of
about 1 mm for the mirror parameters used in the sim-
ulations here, and a maximum difference in excursion
between two adjacent actuators of about 1.5 µm; this is
more than enough for AO.

The requirements on the control algorithm for the DM
are determined by the characteristics of the AO system,
and are discussed in [1]. The principal requirement is the
temporal command bandwidth. In order to allow a typi-
cal closed-loop AO bandwidth of roughly 50 Hz, the DM
must respond to actuator commands with relatively flat
frequency response and at most have a 20–30◦ phase lag
at that frequency. (Note that the AO bandwidth is typically
limited by measurement (photon) noise, and not by phase
lag.) This requires that the system bandwidth for the DM
be higher than the desired AO bandwidth. Herein we eval-
uate command response accuracy by assuming all spatial
frequencies correctable by the DM are equally weighted.
The range of correctable spatial frequencies is determined
by the number of actuators.

2.2. Simulation Example

The example used throughout this study is a 2 mm thick,
1 m diameter deformable mirror fixed in its center and
made of the material borosilicate. Material properties are
given in Table 1. The actuator and back sensor locations
are shown in Fig. 2. A finite element model of the mirror

Table 1. Parameter definitions and values.

Parameter Definition Value

E Young’s modulus 63 × 109 Pa

ρ Density 2.23 × 103 kg/m3

ν Poisson ratio 0.2
h DM thickness 2 mm

I Moment of inertia h3/12

D Bending stiffness EI/(1 − ν2)

A DM area π(0.5 m)2

ζ Damping ratio 1%

45 mm

50 mm

1000 mm

Force actuators, 372 in total.

Position sensors, 708 in total.

Fig. 2. Topology of distribution of force actuators and position sensors
over the back of the 1 m diameter deformable mirror used in the examples.

has been set up using the software package “Comsol Multi-
physics” approximating the mirror with a plane shell. The
mesh includes about 5000 nodes, of which 1080 are placed
at the actuator and back sensor locations. The remaining
nodes were automatically generated with the constraint
of a maximum node distance of 1.8 cm. Each node has
six degrees of freedom (DoF), i.e. translation along three
mutually perpendicular axes and rotation around the same
axes. The dynamic behavior of the structure is described
by the differential equation:

M
dδ2

dt2
+ D

dδ

dt
+ Kδ = f

where M, D, K are the mass, damping and stiffness matri-
ces, f the force vector, and δ is the vector of angular and
translation displacements. The lowest eigenfrequency of
the structure is 5.6 Hz with another 658 eigenfrequencies
almost evenly distributed up to 5000 Hz (consistent with

dmacmynowski
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Eq. (3)). In the general case, there will be four sensors
located at the same distance from a given actuator, see
Fig. 2. For the purpose of position feedback for the actu-
ator, we apply an average value of the reading of the four
sensors. In the following, we will refer to the average of the
four sensors, y, as the “sensor” signal for the actuator. Use
of this non-collocated sensor and actuator scheme leads to
a phase lag between the actual movement of an actuator
and the signal from a nearby sensor; this can be estimated
from the wave speed.

The full model of the mirror with nearly 30000 DoFs is
computationally impractical, so model reduction has been
performed as follows:

• First, Guyan reduction was utilized to reduce the
number of DoFs to three for each node, retaining out-
of-plane translation and the two rotations about the
in-plane axes. This reduction is applied to the structure
matrices K and M.

• Next, a further model reduction was performed using
modal truncation, removing modes with eigenfrequen-
cies above 5000 Hz. Mode acceleration was applied to
include the static contribution from the modes that were
omitted by the truncation. The final model is formulated
in a structural modal basis.

3. Velocity Control

The purpose of conceptually dividing the feedback into
rate (“electronic” or “active” damping) and position con-
trol loops is that the latter is more straightforward to design
once the former loops are closed. The goal of the rate feed-
back is to compensate for the lack of damping in the mirror
structure. Active damping with collocated and ideal actu-
ators and sensors is straightforward; we here demonstrate
that active damping is also possible without perfect collo-
cation, and we quantify the allowable separation. To do so,
it is first useful to explore several characteristics of the flex-
ible deformable mirror dynamics. Section 3.1 describes
the characteristics of the structural dynamics that enable
this velocity control approach and Section 3.2 outlines the
rate feedback.

3.1. Wave and Impedance Considerations

For systems with relatively few modes, a modal descrip-
tion is useful. However, with many modes within the
control bandwidth, useful intuition can also be obtained
with a wave-based description of the structural dynam-
ics. Resonances arise due to constructive interference of
waves reflecting off system boundaries. At high frequen-
cies, small variations in the material properties, interaction
with actuators, or boundary details will result in significant

uncertainty in the structural resonances, making any
approach that is reliant on exact knowledge of the reso-
nances non-robust. However, the relevant properties of the
mirror near an actuator depend only on the local structure
properties, and are much less sensitive to modeling errors.

For the purpose of understanding the dynamics, it is
sufficient to model the deformable mirror by an ideal plate.
The bending wave (group) speed in the plate at angular
temporal frequency ω is

c = 2 4

√
D

ρh
ω2 (1)

where parameter definitions are given in Table 1. For
the properties used in the simulation example, c =
(3.6 ms−1/2)

√
ω.

The drive-point mobility, i.e. the transfer function from
force to velocity at the same location of an infinite plate
is [2]:

G = 1

8
√

Dρh
(2)

This is also the “average” or dereverberated transfer func-
tion of a finite plate [9] as evident in the representative
transfer function shown in Fig. 3. If the structural damping
is sufficiently high, then disturbances propagating towards
the boundary of the mirror dissipate. There is no significant
reflection, and therefore, except at very low frequencies,
the structure response is the same as that of an infinite plate.

A critical feature also evident in Fig. 3 is that with
any non-zero damping, then at sufficiently high frequency,
the deviation between the response of the lightly damped
system and that of the dereverberated or infinite sys-
tem decreases. The response is no longer dominated by
individual modes, but rather at any frequency, there are
sufficiently many different modes participating that the
transfer function is no longer characterized by sharp res-
onant and anti-resonant peaks in either the magnitude or
phase. The half-power bandwidth of each mode is 2ζ fm,
where ζ is the modal damping and fm the undamped eigen-
frequency for the mode. The “acoustic” behavior occurs
for frequencies where the half-power bandwidth of a mode
exceeds the average modal spacing by a factor of two or
three (i.e. 2–3 modes excited at any given frequency). For
a plate with area A, the average modal spacing [8] is:

�f = 2

A

√
D

ρh
(3)

which is roughly 8 Hz for the simulation parameters here.
Thus the transition to acoustic behavior begins around

fa � 2

√
D

ρh

1

Aζ
(4)
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Fig. 3. Representative transfer function from force to position at one actuator for a 1 m mirror, compared to the theoretical infinite plate response
(dashed line). See Section 2.2 and Table 1 for simulation parameters. The high frequency decrease in phase relative to the theoretical response is due
to sensor non-collocation.

which for the parameters here is ∼800 Hz; above this
frequency we should expect to see a smoother transfer
function arise (c.f. Fig. 3).

3.2. Active Damping

It is well known that damping can be added using
collocated rate feedback (e.g. [12]):

uv = −Kvẏa (5)

where ya is the deflection at a given location, Kv is a gain,
and uv is the command to a force actuator collocated with
the deflection measurement. The optimal gain is given
by the inverse of the dereverberated drive point mobility
(the transfer function from force to velocity if the sys-
tem were completely damped with all “reverberations”
removed); this follows from impedance-matching argu-
ments (e.g. [9]). The dereverberated mobility for a plate is
the same as the mobility of an infinite plate (Eq. (2)). This
feedback is thus positive real and hence stability is guar-
anteed. However, because both the dereverberated system
dynamics and feedback are constant with frequency, the
loop transfer function will be of order one at all frequen-
cies. Phase lag due to actuator-sensor non-collocation,
actuator/sensor dynamics, or delays from the electronic
implementation will result in any real system not being
positive real at some sufficiently high frequency. The sys-
tem will still be stable if there is sufficient damping, see
e.g. [12, Fig. 5.15]; for the DM here, the trade-off between

damping and actuator-sensor spacing can be explicitly
calculated.

Stability can still be guaranteed if the frequency at
which positivity breaks down exceeds the acoustic limit
described earlier, where the system transfer function is no
longer dominated by lightly damped resonances, and the
average phase of the force to velocity transfer function
is 0◦, rather than alternating between ±90◦. The reduced
phase variability allows roll-off to be introduced into the
rate feedback without stability problems so that the feed-
back is gain-stable at high frequencies; the reduced gain
variability also means that relatively little roll-off (and
accompanying phase lag) is required for high-frequency
gain-stability.

Stable rate feedback can thus be implemented provided
there is minimal phase lag below this frequency. This
requires a minimum rate feedback bandwidth of the order
of the acoustic limit defined in Eq. (4). Note that this limit
frequency decreases as the deformable mirror increases
in size, hence making larger mirrors easier to control.
Non-collocation will introduce phase lag of 45◦ at an
actuator-sensor spacing of d at frequency f = c/(8d),
and thus the maximum actuator-sensor distance is of order
d ≤ c/(8fa) where c and fa are from Eqs (1) and (4) respec-
tively. With the parameters used here, this means that if the
spacing between the actuators and sensors is no more than
about 22 mm (this is the value chosen here; see Fig. 2), then
the phase lost to non-collocation is tolerable at frequency
fa. Any additional phase lag due to actuator/sensor band-
width and implementation delays need to be accounted
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Fig. 4. Performance of rate feedback loop at a representative actuator location (transfer function magnitude from actuator force to sensor position)
for (a) open loop, (b) only the collocated loop closed and (c) all loops closed.

for and will reduce the maximum tolerable spacing. Com-
bined with the knowledge that the plant dynamics are
relatively smooth above this frequency, which allows roll-
off to be introduced, then this demonstrates that robust
rate feedback can be used even with non-collocated (and
hence inexpensive) sensing. This is a critical enabler for
robust control of a distributed force actuated DM.

The performance of the rate feedback loop is shown in
Fig. 4 for the simulation example described in Section 2.2.
A rate feedback gain in Eq. (5) of 75 is used, slightly lower
than the optimal value of G−1 � 100 (for added robust-
ness). For our simulation, a low-pass filter is included at
1.5 kHz. For a real implementation this might not be nec-
essary because actuator or sensor dynamics will introduce
filtering; this frequency would be the minimum actua-
tor bandwidth for the simulation parameters used herein.
The three diagrams in Fig. 4 plot the response from force
at one actuator location to the corresponding sensor sig-
nal y derived from the average of four neighbor sensors.
Figure 4(a) shows the open-loop transfer function (same
as Fig. 3), which is highly resonant at low frequencies.
Figure 4(b) is the transfer function when the rate feed-
back loop is closed only for the actuator observed. Modes

with non-zero residuals at that location are damped, but
of course there is no effect on the anti-resonances, where
there is no displacement at that location. Figure 4(c) is
a plot of the response when all rate feedback loops are
closed. The resonant behavior has been suppressed by
adding the active damping and the mirror behaves as if it
were infinite: disturbances are dissipated before they prop-
agate across the mirror and reflect back to constructively
interfere. This provides a more straightforward system for
the design of the position control loop.

4. Position Control

4.1. Collocated Feedback

The purpose of the position control loop is to provide a
good command response for the outer adaptive optics loop.
In particular, minimal phase lag and a relatively flat fre-
quency response up to at least 50 Hz are essential. A block
diagram describing the overall feedback control architec-
ture is shown in Fig. 5. The open-loop plant dynamics are
given by G; the other blocks will be described below.
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The rate feedback, KV, described in Section 3 provides
electronic damping using SISO feedback for each actua-
tor. Similarly, the simplest position control is collocated
SISO feedback. This can be interpreted as implementing
electronic springs, and positivity can again be used to guar-
antee robust stability. This is the approach taken in [13],
and corresponds to choosing Q = I in Fig. 5. The perfor-
mance with this approach is shown in Fig. 6, with KP from
Fig. 5 representing P-controllers with the highest possible
gain while maintaining a stable system (a PI control could
also be used). The command response at the representa-
tive actuator is −8 dB, with the response at the adjacent
actuator only slightly smaller. There is substantial cou-
pling in the plate, and while one actuator pushes up to
achieve the desired response, the adjacent actuators are all
counteracting this to achieve the different response desired
at those locations. The net result is that at the maximum

Fig. 5. Block diagram for overall control architecture. See text for
definitions.

stable gain, the feedback control has very little effect on
this high spatial frequency command response.

The response of the mirror to position commands could
also have been plotted for commands at different spatial
frequencies, rather than for a command at an individ-
ual actuator. The mirror compliance C is much higher
at low spatial frequencies than at high; for our simulation
example, the condition number of the static plant response
(G(0) = C) is of the order of 105. This means that there is
much higher loop gain for low spatial frequencies, and
quite good command response, but low loop gain and
hence poor command response at high spatial frequencies.

A possible solution to this is to implement feedforward
control (as used in [13]). Based on open-loop calibra-
tion of the deformable mirror, the best estimate of the
force distribution required to achieve the desired com-
mand response is fed to the actuators, and feedback is
only required to compensate for errors in the feedforward
matrix. The matrix Kff in Fig. 5 is ideally the stiffness
matrix evaluated at the actuator locations. While using
a priori information about the system is always benefi-
cial, the low feedback gain at high spatial frequencies
means that the deformable mirror is effectively operat-
ing in open loop to high spatial frequency commands;
this then requires accurate calibration to ensure adequate
performance. Note that it is the inverse of the plant that
is required for the feedforward control; higher accuracy
is required for the plant model than will be obtained on
the estimate of the inverse unless an approach is used to

Fig. 6. Command response at representative actuator using collocated position control (solid line), and cross-talk to a neighbour actuator (dashed line)
and a distant actuator (doted line).
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measure the inverse directly. Section 4.3 compares the per-
formance robustness of this algorithm with the approach
developed below.

4.2. Local Feedback

Clearly if the matrix Q in Fig. 5 were selected equal to the
inverse of the plant at least at zero frequency, the system
would be much better conditioned. However, this not only
requires the same information as the feedforward solu-
tion, but would now be within the control loop, leading
to potential instability for small errors in the plant model.
However, recall that the problem occurs due to each actua-
tor counteracting the control at the adjacent actuators. The
coupling can therefore be significantly reduced using only
local information. This enhances robustness relative to
using global model information in the feedback. If the con-
trol does not require knowledge of the global interaction
effects, then it will automatically be robust to uncertainty
in these effects; this is verified in Section 4.3.

The goal in choosing the matrix Q can be stated in one
of two (equivalent) ways:

• Given a particular error pattern e, say ek = 1 at the
kth actuator and ej = 0, j �= k, then rather than only
applying a force to the k’th actuator (which will pro-
duce non-zero response across the entire mirror, see
Fig. 7(a)), we wish to apply a force distribution that
yields a response pattern to counteract the error, see
Fig. 7(c). However, we use only actuators close to actu-
ator k, and will tolerate some error in replicating the
error pattern.

• We would like to obtain a matrix Q that is an approx-
imate inverse to the compliance C using only local
information.

Mathematically, the above problem can be described as
choosing the applied force pattern fk to minimize the cost
function

J = ‖Cfk − e‖2 (6)

subject to the constraint that elements of the vector fk not
in some set �k must be zero. The set �k can be constructed
by including all actuators within some specified distance of
k. The constrained least-squares problem is equivalent to
solving an unconstrained problem with a truncated matrix
C:,�k , indicating that only the columns associated with
actuators in �k are retained. Then the optimal Q�k ,k (giv-
ing the appropriate local force distribution to compensate
for an error at location k) is the kth row of the pseudo-
inverse of the truncated compliance. This is motivated by
the local approach used in [10] to develop computationally
efficient sparse reconstructor matrices for adaptive optics
estimation. A hierarchic or multigrid approach could also

Fig. 7. Overview of the local feedback performance, (a) mirror shape
due to a single actuator command, (b) local family group of 21 actuators,
(c) mirror shape resulting from unit command to a local actuator family.

be used as in [10, 7] to improve the approximate inverse
at larger spatial scales, however, for this application, the
larger spatial scales are already adequately controlled.

Recall that the challenge that motivated the need for
Q was that if a single actuator is used to respond to an
error, then there is a large global response. Solving a least
squares problem where the minimization is over the entire
mirror ensures that the response to an error at location k
is mostly local. The purpose of the additional actuators
within region �k can be interpreted as minimizing the
energy propagation away from the local region, as any
such energy will dominate the least-squares performance
metric.

To illustrate the effectiveness of this approach, we use
the set � illustrated in Fig. 7(b). The first “ring” of actu-
ators around the center will push in the opposite direction
of the center actuator, to counteract the response that
would otherwise occur. The second ring of actuators is
useful to minimize energy propagation away from the
local region. The closed-loop response pattern obtained
using this local Q and the architecture in Fig. 5 is shown
in Fig. 9, both for an actuator away from any bound-
ary, and for an actuator location on the boundary. Note
that because the additional actuators are required only
to minimize energy propagation out of the local region,
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Fig. 8. Open-loop response for position-control loop (from an input to Q to position) at a representative actuator using local control approach. The Q
matrix derived at DC-performance works reasonably well up to about 1000 Hz.

boundary regions where there are fewer actuators in �

actually perform better.
There is clearly significant potential for exploring dif-

ferent possible sizes for the set �; better performance will
occur with larger sets, at the expense of robustness due to
the requirement for additional structural dynamics infor-
mation. The appropriate trade-off for a given mirror and
actuator/sensor layout can be obtained by looking at the
residual least-squares performance metric from (6) as a
function of the size and pattern �, and choosing the set
beyond which there is diminishing benefit from using addi-
tional actuators. Simulations in the next section illustrate
that the set chosen here is sufficient.

Referring back to Fig. 5, the alternate interpretation of
the purpose of Q is to improve the conditioning of the
position-control plant at zero frequency, CQ. Using the
local set of actuators in Fig. 7(b), the condition number of
CQ is reduced from ∼105 with Q = I to ∼2, a remarkable
improvement using at most 6% of the actuators to construct
each column of the approximate inverse.

Using the local solution Q, the response from the input
of the position-control plant GQ to the output is now much
closer to the identity matrix; the output response distribu-
tion is similar to the input distribution. A representative
open-loop transfer function for high spatial frequency for
the plant is shown in Fig. 8; it is straightforward to design a
stable SISO integral control loop for each degree of free-
dom. The final result, shown in Fig. 9, indicates a flat
response up to 200 Hz for actuators at the edges and up to
100 Hz for the remaining actuators. The step response of
the mirror at every actuator location to a unit command at

a representative actuator is shown in Fig. 10. It is evident
that there exists little cross-talk between a commanded
actuator and the actuators outside the local family.

Increasing the integral gain leads to instability due
to cross-talk between local families and local dynamics
within each local region �. The command response and
cross-talk are both excellent for use with an outer AO loop,
with roughly 25◦ phase lag at the expected AO bandwidth
of 50 Hz.

4.3. Robustness

The robustness of the control system depends on the accu-
racy of Q, or equivalently, on the uncertainty in the plant.
The matrix Q can be determined either by modeling or
experimentally through poking of actuators. Both options
will lead to somewhat incorrect elements of Q.

For a lightly damped structure, small uncertainties
in the resonant frequencies will lead to large uncer-
tainty in the transfer function; this type of structured
uncertainty in the system is poorly represented by unstruc-
tured uncertainty models. We instead evaluate stability-
and performance-robustness for this system by explicitly
evaluating the effect of multiplicative uncertainty in the
resonant frequencies, while keeping the damping ratio
constant.

The metric we use to compare the command-response
performance of different algorithms in the presence of
model uncertainty is to compute the mean-square error
over all spatial degrees of freedom and within the 0–50 Hz
expected bandwidth of the AO system. Fig. 11 compares
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Fig. 9. Command response using local control approach at two different actuator locations away from (a) and at outer boundary (b), illustrating
collocated response (solid line), and cross-talk to a neighbouring (dashed line) and a distant actuator (dotted line). The half-power bandwidth exceeds
100 Hz, and the phase lag at 50 Hz is less than 25◦.

this error index in the presence of bounded uncertainty
in the structural resonances for three different control
approaches:

1. A guaranteed-stable collocated position control (the
matrix Q is the identity matrix). Acceptable perfor-
mance requires feedforward, and the fully-populated

best model-based estimate of the required force dis-
tribution pattern is used, constructed from the nom-
inal model without uncertainty; this is similar to the
approach used in [3, 13].

2. The local control approach presented herein (the
matrix Q is sparse and local). While not required for
acceptable performance, the same feedforward is used
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Fig. 10. Step response for the local approach suggested here, with
feedforward. The response for a commanded actuator (thick line),
the corresponding response of the local family (dashed lines) and the
cross-talk to actuators outside the local family (thin lines).

Fig. 11. Performance robustness comparison for three different con-
trollers: the local approach suggested here (“◦”), collocated control
(“�”, dashed), and with global feedback of all sensors to all actuators
(“�”). All are plotted assuming feedforward information is used. Uncer-
tainty is bounded random errors in the mirror resonant frequencies, and
the error index is the mean-square command-response error averaged
over all controlled spatial degrees of freedom and temporal frequency
from 0 to 50 Hz. The error index is infinite (indicated by the dashed line)
if the closed-loop system is not stable, which occurs for both the local
and global feedback.

Q1

as above in order to make a direct comparison between
the approaches.

3. A global control approach, where Q is the best model-
based estimate of the required force distribution, again
for the nominal model. Again, feedforward informa-
tion is also assumed.

The three approaches above are listed in order of how
much information is needed in the feedback path about the
system dynamics. Other model-based control algorithms
are certainly possible that would be more robust than the
global approach we compare to here. The vertical dashed

lines in Fig. 11 indicate the uncertainty at which the local
and global approaches are not guaranteed to be stable. The
local position control approach proposed here gives nom-
inal performance close to that of the global approach, and
maintains stability for 40% uncertainty in resonant fre-
quencies, more than 10 times what can be tolerated with
this global approach. Because there is sufficient temporal
feedback bandwidth on almost all of the spatial degrees
of freedom controlled by the DM, the performance does
not degrade as quickly with increasing model error as
for the collocated approach, where performance on many
high spatial-frequency degrees of freedom is essentially
obtained in open-loop with only feedforward correction.

Note that increasing the size of the actuator set (number
of actuators used in each local family) would improve per-
formance at the expense of robustness (as it requires more
model information). Since the performance with this local
set is nearly the same as with full global information, there
appears to be no advantage to increasing the set size.

5. Conclusions

Traditional actuators for large deformable mirrors call for
tight construction tolerances, which imply high costs. We
have here demonstrated a stable and robust control strategy
that enables a low-cost scheme using force actuators and
electret microphone sensors. There is a potential for dra-
matic cost savings, especially for large DMs beyond 1 m in
diameter with thousands of actuators. Further, the suction
cup attachment concept gives easy access for replacement
of the actuators and microphones, which is important for
maintenance.

The predicted DM performance using the SISO rate
feedback and local position feedback approach described
herein is promising and meets the requirement of an AO-
system. The half power bandwidth of the transfer function
between commanded actuator force and displacement of
the faceplate for the simulation parameters used here
is ∼110 Hz, with less than 25◦ phase lag at a plausi-
ble AO bandwidth of 50 Hz. The performance-robustness
of the proposed local control approach to uncertainty in
the mirror structural dynamics is good, and better than
either a purely collocated approach or a simple global
model-based approach.

We have above assumed force actuators and position
sensors to be ideal. Actual force actuators perform as
low-pass filters whereas the position sensors based upon
electret microphones can be seen as band-pass filters. The
effect of high-frequency actuator and sensor dynamics will
be small provided that the cut-off frequencies are beyond
∼1.5 kHz where roll-off is intentionally introduced into
the rate feedback in our model. The effect of actuator and
sensor dynamics, together with implementation delays,
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influences the phase margin for the rate feedback loop
and thus will reduce the maximum tolerable separation
between actuators and sensors in a quantifiable way. The
influence of low-frequency microphone roll-off is also
expected to be neglible, because the wavefront sensor for
the outer AO loop provides sufficient information at low
frequencies, where the microphones have low response.

Future work involves optimization of actuator and sen-
sor design, new prototyping, including the modelled and
measured dynamics of the force actuators and micro-
phones in the model, and constructing a prototype mirror
in the 1 m class.

The control architecture presented in this paper can also
be used in other fields. For example, use of a very thin
primary mirror in space telescopes is appealing for the
weight budget; the controller developed here could be used
to maintain the shape of the mirror.
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