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ABSTRACT

The validation of the multidisciplinary model of a deformable, massively actuated adaptive mirror is presented.
The related experimental correlations are focused on an adaptive shell with 45 non contacting voice coils actuated points, dubbed P45, that was developed as an engineering verification prototype for the LBT adaptive
secondary mirrors. A description of the multi physics model is followed by the results obtained simulating actual
experimental tests and by their correlation with the related true measures. The significance of various modeling
details and their impact on the correlation is discussed. The results show a remarkable match between numerical
and experimental data.

1. INTRODUCTION
A fundamental step in adaptive optics evolution has been the introduction of secondary deformable mirrors with
non contact voice-coil actuators, co-located with capacitive position sensors.1 An implementation of such a design
has already proven its effectiveness on the existing Multiple Mirror Telescope2 (MMT) and a similar, close to
operation adaptive system can be found on the Large Binocular Telescope3 (LBT). The same technology will be
exploited by the Very Large Telescope4 (VLT) and the Giant Magellan Telescope5 (GMT); a possible application
of the same technology is under evaluation for the M4 unit of the European Extremely Large Telescope6 (E-ELT),
where the number of controlled points could exceed 60007 .8
The design and analysis of non contact, voice coil motor massively actuated, deformable adaptive mirrors
requires a multidisciplinary approach encompassing: deformable structures, fluid dynamics and control systems.
Such a task can be pursued by exploiting sufficiently detailed numerical models, usable in a comprehensive
and thoroughly manner for all of the design, installation and operational phases. Within such a framework
experimental validations are often required to achieve full confidence in the tools at hand.
This work presents the results obtained for the validation process of a detailed simulation tool, entailing an
adaptive specimen with 45 actuation points, dubbed P45, that was developed as an engineering prototype for
the LBT adaptive secondary mirrors3 (see Fig. 1). This is far from the many thousands to be used in actual
applications, e.g. in the E-ELT adaptive M4. Nonetheless, it is adequate to point out all of the critical design
and operational aspects. A description of the multi physics model is presented, followed by the results obtained
by simulating actual tests on the specimen and their correlation with true measurements. The significance of
various modeling details and their effect on the correlation is discussed. Among them a thorough consideration is
given to: imprecise co-location, different fluid dynamic models, sensor-actuation noises and quantization effect,
compensation filters and computational delays, saturations, feed forward control identification. The remarkable
match between numerical and experimental results allows a confident use of the available simulation tools within
medium-high fidelity design simulations of any actual adaptive mirror developed using the presented modeling
technology.
Further author information: (Send correspondence to Mauro Manetti)
Mauro Manetti: E-mail: manetti@aero.polimi.it, Telephone: +39 02 2399 8365

Figure 1: P45 prototype.

2. STRUCTURAL MODEL
The adaptive prototype here modeled involves (see Fig. 2) its deformable shell, a reference structure, the air in
which it is embedded and its control system.
For a flexible and versatile description of the structural response of the whole system a linear finite element
(FE) model, with ng degrees of freedom, has been set up through the following matrix equation:


(1)
Mg ẍ + Kg x = Bx f ca + f d

where Mg , and Kg are the (ng × ng ) mass and stiffness matrix, f ca and f d the control and disturbance force
vectors, reported at the na actuation points, Bx the force influence (ng × na ) matrix. Given the high modeling
accuracy and the huge number of simulations required the direct use of a FE model (1), possibly coupled with
a finely matched computational fluid dynamic description, can be exceedingly expensive. So a reduced model is
required for low up to high fidelity “fluidoservoelastic” simulations.
To obtain a meaningful performance evaluation any reduced structural model must guarantee a good description of the structural dynamics within the band of interest and an exact recovery of the static response at the
controlled points. In such a view the preferred condensation scheme will be based on the use of normal vibration
modes. So the physical nodal degrees of freedom are expressed as:
x = Xg q

(2)

where q is the chosen set of nm generalized modal coordinates and Xg is the (ng × nm ) modal shape matrix.
Assuming a unit modal mass normalization the uncoupled equation of motion of the ith mode is:
d
c
,
+ fm
q̈i + 2ξi ωi q̇i + ωi2 qi = fm
i
i

capacitive position
sensor electrods

shell
fluid film
reference
structure

co−located
sensor/actuator
system

airflow

Figure 2: Mirror shell and reference structure section.

(3)

where qi is the modal degree of freedom, ωi , ξi are its natural frequency and damping coefficient. The modal
c
d
control and disturbance force (nm × 1) vectors, fm
and fm
respectively, are given by
f cm = XT sat(f ca )

f dm = XT f d

(4)

where the element (i, j) of the (na × nm ) condensed mode shape matrix X = BTx Xg represents the displacement
of the ith actuator associated to the j th normal mode and sat() accounts for possible actuators saturation.
Even if a relatively small number of modes could be sufficient for an acceptable approximation of the mirror
dynamics, the need to correctly and precisely represent complex shapes imposes to use a number of modes at
least equal to the number of actuators, significantly higher eventually, e.g. to verify that simulations are not
affected by possible spillover effects.
Since a truncated set of normal modes cannot guarantee the exact determination of the controlled displacements at a steady state position, the exact static response can be recovered through a static residualization of
the higher frequency modes response, whose dynamics is not accounted for in (3). From a general point of view
such a recovery makes available a dynamically residualized model9 that adequately recovers both the poles and
the zeros of interest.10 A precise static recovery affords a better evaluation of the actuator forces, so allowing to
better check for possible saturations and design limitations.
In such a view a viable calculation of the displacement s at the actuators is given by:



f ca + f d
s = Xq + K−1 − X[r ω 2 r ]−1 XT

(5)

where K represents the (na × na ) stiffness matrix condensed at the actuation points.

3. ACTUATORS AND SENSORS
The sensor-actuation units are based on non contact voice coil motors and capacitive sensors11 .12 The actuator
forces and measured positions are not exactly co-located. An electromagnetic model of the force would show
both a couple and force vector acting on the permanent magnet attached to the mirror. The resulting couple
vector has likely a negligible value, while the almost in plane force components have a minor effect on the mirror
deformation because of the mounting restrains. The mirror shape is controlled in closed loop, so the actuator
non co-location can be seen has a correctable disturbance. For this reason it is assumed that control forces can
be approximated as point wise and normal to the mirror.
The actuators dynamics can be suitably approximated by an uncoupled, up to second order model, whose
state space form is:
ẋf = −[r Af r ]xf + [r Bf r ]f c
f ca = [r Cf r ]xf ,
(6)
where f c represents the (na × 1) required control forces vector and the matrices [r Af r ] (2 × 2 block) and [r Cf r ]
(1 × 2 block) are (2na × 2na ) block diagonal matrices, while [r Cf r ] (2 × 1 block) is a (2na × na ) block diagonal
matrix.
A point wise co-located measure can be assumed for the capacitive position sensors just like as for the actuator
forces. Such a model is quite usable but somewhat too crude for high fidelity simulations. The non co-location
of sensors can be taken in due account by evaluating a motion dependent variable capacitance. It is easy to
understand that the non co-location effect can become significant when sufficiently complex spatial shapes are
commanded. The simulation of this effect allows a further accurate check of the real system stability, a more
realistic prediction of the required control forces and a better estimate of the identified static feedforward matrix
(see Sec. 4 and 5).
The real capacitance of each sensor is a non linear function of the local mirror motion:
Cmes = Cmes (xnc )

(7)

where xnc is the function giving the transverse displacements of the capacitors plates. On the base of the non
co-located measured capacitance the sensor dynamics is obtained through an up to second order approximation
ẋp = −[r Apr ]xp + [r Bpr ]Vin

Vout = [r Cpr ]xp ,

(8)

where Vin = Vin (Cmes ) is the (na × 1) vector of the capacitance voltages, Vout is the (na × 1) vector of sensor
voltage output and the block diagonal matrices are analogous to those of (6). The (na × 1) vector of the true
measured position, p, is then related to Vout through an appropriate function, p = p (Vout ). It should be
remarked that the functions Cmes and p are generally non linear, so even if the sensors dynamics appear as
linear their overall functionality is not.
The computation and A/D/A conversions introduce errors and delays on the control forces that are appropriately modeled in the simulation program. In fact the control forces applied during acquisition, computation
and conversion time are the same as those of the previous discrete control step and not the new ones. Such a
delay in the application of forces can be set as a fraction of the sampling period. Moreover sensors, actuators and
A/D/A conversions introduce errors that are modeled as wide band noises and quantization errors. The program
can take into account even possible measure inaccuracies linked to cross-talk effects among the control units.
Such cross-talk phenomena derive from marginal electromagnetic interactions between actuators and capacitive
sensors mounted on the same installation unit. In fact experimental verifications have shown a measurement
error, perr
CT , induced by the electromagnetic field generated by the actuator action, which can be described as
perr
CT =

Cct ˙C
f ,
s a

(9)

where s is the real displacement of the actuation point and Cct a constant parameter.

4. CONTROL SYSTEM
The adaptive system operative condition requires a mirror shape generator defining a reference shell deformation
to compensate for optical aberrations. The adaptive mirror should correct the position of each actuation point
following a tracking signal, then keeping it constant up to the next command step.
The actual P45 control forces can be split in two parts, one related to a proportional-derivative (PD) feedback
control law, f cd , and another related to a feedforward open loop contribution, f cf :
f c = f cd + f cf

(10)

f cd = [r Gpr ] (sr − p) + [r Gdr ]ṗ

(11)

The PD control forces can be written as:

where [r Gpr ] and [r Gdr ] are respectively the proportional and derivative diagonal (na × na ) gain matrices.
The shell velocity at each actuation point required in equation 11 is obtained through a Tustin digital realization
of the following second order pseudo-derivator:
ṗ

=

sL ωv2
p
(sL + ωv )(sL + ωv )

(12)
(13)

where sL is the complex Laplace parameter and ωv must be chosen by compromising between bandwidth and
noise attenuation.
The PD term alone is not adequate to provide the required control precision with a sufficient bandwidth
because its gains are somewhat limited by stability considerations. The presence of any significant integral term
cannot improve control performances without endangering bandwidth and stability, so the requested precision
can be achieved by an appropriate feedforward only. The simplest feedforward scheme can be determined as
the force needed to obtain a commanded steady state balanced position for the mirror, i.e. its static response.
So the static feedforward contribution allows to reach the commanded mirror position and the PD feedback
action improves dynamic performances by adding the damping that is fundamental to satisfy the bandwidth
requirements, to quickly reach a steady state and to reject external disturbances. Assuming to know the true

structural stiffness matrix K∗ condensed at the control points, the feedforward forces related to a requested
mirror shape sr can be expressed as:
f cf = K∗ sr .

(14)

It is nonetheless more correct to dub the matrix K∗ as feedforward (FF) matrix. It differs from the true condensed
shell stiffness because of the presence of sensors non co-location. Moreover matrix K∗ is not known. It is thus
necessary to identify it, as described in Sec. 5.
To avoid sudden high changes of the control forces between subsequent command steps two (1 − cos) shaping
filters are applied to the position commands and feedforward forces.
It is important to note that the different control terms act at different frequencies. In fact the PD control
action works at the higher control frequency (70-100 kHz), while the feedforward follows the lower command
steps frequency (500-2000 Hz). This is a key factor for the control system, because it allows to apply a fully
uncoupled high frequency control trough the PD and to introduce a fully coupled feedforward contribution at a
lower frequency.

5. IDENTIFICATION
To grant a precise positioning the control strategy described in Sec. 4 relies on an experimental identification of the static feedforward matrix K∗ . This allows to intrinsically compensate imprecise co-locations and
sensors/actuators static gain differences.
The on field identification of K∗ is a kind of pre-operational training phase based on a series of well established
balanced conditions, often obtained through the application of a simple preliminary proportional feedback only.
In view of a least square solution a set of positions pi are commanded. Once a well balanced position is reached,
c
it is kept constant for a relatively long time computing the averages pi and f i . After taking into account also
d∗
a possible constant disturbance f , one can write the following overdetermined system of equations:
 cT 
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The “relatively long time” required to take averaged steady positions/forces, is usually in the range of a few
hundredths of a second. It is mainly determined by the square root of the measurements number needed to lower
the constant measures error to within an acceptable negligible value.
The importance of correctly simulating the sensor non co-location can be seen in Fig. 3, which compares
the eigenvalues of the feedforward matrix of the P45 prototype as retrieved by simulated and experimental
identifications. It is possible to appreciate how this comparison points out a better correlation of the non colocated results, especially for the highest eigenvalues. So the predicted feedforward forces will be more accurate,
in relations to the highest modal shapes mostly, i.e. the wavy ones, when the distributed nature of the capacitance
measure is more evident.
The just explained identification process can represent a challenge from the simulation point of view because it
requires the calculation of a large number of relatively long time command steps. In fact during the identification
phase the single simulated command time length has to be sufficiently long, ten folds the operational commands
approximately, to achieve adequate forces and positions averages. So in the case of real adaptive mirrors with
thousands of actuation points the simulation of this operation can become impracticable. In order to reduce the
computational time and to make the simulation feasible a simpler and more effective procedure based on the sole
static response can thus be used. Once the system reaches the steady state position it is possible to neglect the
time dependent terms. Moreover the feedforward contribution is null during the pre-operational phase. So the
acting force can be written as
d∗
f = [r Gpr ] (sr − p) + f ,
(16)
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cation process, static response approach.
while the modal static equation describing the steady behavior is
[r ω 2 r ]q = XT f

(17)

The physical position can be gathered in two different ways, depending on the need, or not, of using a high
frequency recovery
p = Xq




p = Xq + K∗−1 − X[r ω 2 r ]−1 XT f

no recovery

(18)

recovery

(19)

Now combining Eqs. 16, 17 and either 18 or 19 into a single system, it is possible to find the steady position p
that will be achieved for each command sr




d∗
no recovery
(20)
I + X[r ω 2 r ]−1 XT [r Gpr ] p = X[r ω 2 r ]−1 XT [r Gpr ]sr + f



d∗
recovery
(21)
I + K∗−1 [r Gpr ] p = K∗−1 [r Gpr ]sr + f

The system is solved by carrying out a single LU factorization at the beginning of the identification process.
The force f is recovered afterward by simply substituting the obtained position p in Eq. 16. To simulate a
realistic experimental identification it is necessary to introduce the time average of noises on the steady forces
and positions. In this way it is possible to recover the identified stiffness matrix without the need of any timeconsuming transient simulation. Such a procedure has been verified against full transient simulations of the type
used in actual operative conditions. Fig. 4 shows the diagonal element percentage error of two FF matrices of
the P45, identified respectively through the simulation and the static response approach. The error has been
computed with respect to the ideally correct FF matrix, which is possible to obtain in absence of noises and
measurement errors. Fig. 4 demonstrates that the static response approach can afford a stiffness matrix having
the same quality as that obtained through the simulation of the real identification process. The related advantage
in terms of computational time and cost is very important.

6. FLUID FILM MODELS
It is here assumed that the sound emission and the mild air turbulence within which the mirror operates have a
negligible effect on the positioning performances of the closed loop controlled system, the latter being attenuated
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Figure 5: P45 linearized system eigenvalues, consider- Figure 6: Comparison of a harmonic pressure history
ing and neglecting fluid dynamic contributions.
using RE-NS models and Fluent.
by feedback terms and by the external optical loop. Instead, the forces exerted by the fluid air film interposed
between the shell and the reference plane can significantly affect the system response and performances. So a
supposedly adequate fluid dynamic model is mandatory to correctly describe the adaptive system behavior. The
need of a reliable fuild film model is confirmed by the much better correlations with test data obtained after its
introduction.
The fluid film thickness between the shell and the reference backplate spans a range of 30µm − 120µm.
Its forces against the shell motions, albeit being relatively small, can significantly affect the shell stability and
response. So, while it is generally conservative to design a controller discarding its influence, it is important
to take it into account during advanced design phases when one wants to push performances closer to those
really achievable. Just to give an example Fig. 5 shows the changes of the eigenvalues of the P45 linearized
model, considering and neglecting the fluid dynamic contribution for both an open and closed loop system. It
is possible to appreciate that using the actual experimental gains the simulated closed loop system without any
fluid contribution would be unstable, while the real system is known to be well stable. On the other side some
fluid dynamic over-damping can badly affect larger adaptive mirrors, compromising the possibility to correctly
track high frequency command rate.
Such a thin fluid layer is often called a squeeze film. It is characterized by its (harmonic) squeeze number,
σ = (12µω0 l0 )/(pf0 h20 ), where pf0 and h0 are the reference pressure and film height, µ the dynamic viscosity, l0 a
reference extension, ω0 the shell oscillation frequency. At higher squeeze numbers the fluid forces result in being
mainly elastic, while at lower ones they mostly tend to produce damping.13 The modified squeeze film Reynolds
number, Re = (ρ0 ω0 h20 )/(µ), ρ0 being the reference fluid density, is usually very small. Flows related to very
low Reynolds numbers, Re << 1, are often approximated through a creeping flow, using the Reynolds equation
(RE). Such a model can become inadequate for squeezes at high frequency, i.e. up to many thousands of Hz, such
as those to be accounted for in massively controlled mirror shells. In order to deal with such high frequencies
there is the need to take into account flow inertial effects through a specialized two dimensional (2D) formulation
based on non linear Navier-Stokes equations (NS). Such a general framing is summarized in the following set of
equations:14
- either a 2D creeping flow (RE)

 3
∂
ρh
f
=
∇p
(ρh)
∇
12µ
∂t

(22)

- or a 2D Navier-Stokes (NS)
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(23)

where x and y are the mirror (mainly) in plane axes and z the normal one, u and v are the velocity components
along the x and y directions and h is the flow thickness. The perfect gas state equation and the assumption of
a generic polytropic relation complete the equations set
pf = ρRT

pf ρ−n = const,

(24)

together with the boundary-initial conditions
pf( t, ∂Ω) = pf∂Ω

u(t0 , Ω) = ut0

pf (t0 , Ω) = pft0
T (t0 , Ω) = Tt0

v(t0 , Ω) = vt0

(25)

where t0 is the initial time, while Ω is the spatial domain and ∂Ω the domain boundary. The polytropic relation,
i.e. pf ρ−n = const, is introduced as a replacement of the energy equation, and allows to consider conditions that
ranges from isothermal, n = 1, to adiabatic, n = 1.4.
The validity of such an approximation for the problem at hand has been numerically verified against high
fidelity fluid analyses (not “fluidoelastic”), performed by solving the complete 3D Navier-Stokes laminar equations
through Fluent. Fig. 6 shows a comparison of pressure values retrieved under the P45 shell commanding a spatial
wavy mirror deformation, harmonic in time with a frequency of 5 kHz. Fig. 6 is just a sample of a large set of
high fidelity verifications and clearly shows the importance of taking into account inertial effects in momentum
conservation for high frequency oscillations. Also the polytropic exponent becomes important to well characterize
the fluid dynamic description.
The discretization of the above partial differential equations into a set of ordinary differential equations in
time is carried out through a 2D node based Finite Volume discretization, with the film volume height h varying
in time as imposed by the shell and backplate motions. Details about the implementation are out of the scope
of this paper. The surface discretization is based on triangular meshes with up to three unknowns for each node:
pf (or ρ), ρu and ρv. The fluid film discretized equations are coupled to the structural motions through the
terms h and ḣ obtained through a modal interface between the fluid dynamic nodes and the structural modal
coordinates. To maintain an appropriate energy conjugation the transpose of the very same scheme is used to
compute the related generalized forces of the fluid onto the shell.
Depending on the level of fidelity desired for the design/verification simulations, the discrete “fluidoservoelastic” model obtained within the framework of this work can lead to many hundreds of thousands equations,
that are solved within an explicit Runge-Kutta scheme. The use of an explicit integration might not be the
best choice from a numerical point of view. Nonetheless, it is thought to be the best compromise for a hybrid
digital-analogue simulation. In fact with an appropriate time step it is possible to assure a negligible numerical
dissipation, an easy description of the nonlinearities related to sensors/actuators saturations and to the fluid dynamic description and an exact match of any discrete delay related to the digital implementation of the system.
Note that the use of an integration scheme that introduce small, if not negligible numerical dissipation is very
important, in view of the relatively small physical damping of the structural system, for the assessment of the
closed-loop stability of the controlled structure.
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Figure 7: 6th SVD right vector shape on the P45 pro- Figure 8: Response of P45 prototype to a step comtotype.
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7. SIMULATION RESULTS
This section presents an excerpt of the extensive results available for the correlation between numerical and
experimental data. The fluid dynamic description is fundamental to reproduce the real system behavior. Both the
schemes shown in Sec. 6 are able to correctly represent the low frequency fluid effects, which mainly characterize
the system response, but only the improved model (NS) allows to use the real experimental gains without
endangering system stability. In fact P45 stability is often linked to the system high frequency description,
which, as remarked before, is affected by the inertial fluid dynamic contribution. Different feedback gains
obviously lead to different transient behavior, and dynamic performances, of the system.
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Fig. 8 shows the P45 step response to the 6th right vector shape of the Singular Value Decomposition (SVD)
obtained from the experimentally identified FF matrix(see Fig. 7). It should be noted that the system mass
matrix can be suitably approximated as being diagonal and the non co-location effects maintain the FF matrix
structure relatively close to the shell stiffness. In such a view, the SVD right vector shapes end in being very
similar to appropriately scaled normal modes of vibration. It is possible to appreciate the very good agreement
between the numerical simulation and the experimental response. The simulation performed using the (NS)
description is closer to reality because it is possible to use the real experimental controller gains, that would
lead to an unstable behavior with the (RE) fluid model. The effect of the different fluid models is emphasized
in Fig. 9, where it is evident that the control force during the transient phase heavily depends on the feedback
gains. Of course the steady state is completely characterized by the static force required to reach a commanded
position, which is fully determined by the FF matrix.
The same considerations can be done looking at Fig. 11, which shows a comparison of the P45 experimental
and simulated responses to a command shaping the 21th SVD right vector shape, represented in Fig 10. In this
situation the system response is less damped and it is possible to appreciate the simulator capability to correctly
capture the real dynamics, even in presence of an overshooting response.
The sensors non co-location effects are more remarkable in presence of a complex spatial shell deformation,
e.g in Fig. 12, which emphasizes the differences between an ideal point-wise approximation and an averaged non
co-located measure. Fig. 13 and Fig. 14 show the response and the control force correlation commanding the
41th SVD right vector shape. It is evident how the imprecise co-location hypothesis does not affect the system
response, while the non co-location description is fundamental to correctly retrieve the experimental static force
values required to deform the shell. This is the reason why the identified FF matrix obtained simulating the
sensors non co-location is closer to the experimental one, as pointed out in Sec. 5.

8. FINAL REMARKS
This work emphasizes the need of a comprehensive multidisciplinary approach to correctly model an adaptive
mirror system, based on the non contact voice coil technology.
The simulation results show that the code allows to obtain good correlations with experimental data. Two
fluid dynamic models have been implemented. The simpler scheme (RE) is capable to adequately represent

a substantial part of the system response, but shows only a gross approximation of high frequency fluid dynamic effects, strongly influencing the system stability margins. This defect has hindered the adoption of the
experimental feedback gains within the simulations, so affecting the resulting system correlation performances.
The problem can be fixed by taking into account the fluid dynamic inertial contribution through an improved
model (NS), so that both the responses and the control forces can be predicted by numerical analysis with high
accuracy.
The sensors non co-location description seems to not affect the system dynamics and its stability substantially,
but it is of primary importance in obtaining realistic predictions of the FF matrix, i.e. of the static control forces
required in presence of sufficiently complex spatial deformations.
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The fidelity of the results obtained allows to consider the simulation code a valuable tool to check and develop
adaptive mirror designs.
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