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Abstract

This paper presents the shunt damping of a unimorph piezoelectric mirror intended to be used as an active secondary cor-
rector in future space telescopes. We propose to take advantage of the actuation capability of the piezoelectric mirror, to
increase its natural damping during the critical launch phase of the spacecraft. The piezoelectric actuators, intended to be
used for active optics, are shunted on a passive resistive and inductive RL circuit during the launch operation. The proposed
concept is verified numerically and experimentally on a piezoelectric deformable mirror prototype, developed on behalf of
the European Space Agency. We show that the shunt damping significantly reduces the response of the most critical mode of
the mirror (—23 dB) as well as the stress in the mirror when subjected to a typical vibro-acoustic launch load. This reduces

the risk of damaging the mirror during the delicate launch phase, without increasing the complexity of the design.

Keywords Active optics - Adaptive optics - Deformable mirrors - Space telescopes - Piezoelectric shunt - Vibration

damping

1 Introduction

Launch vehicles have limited mass and size payload which
restricts the transport of large space telescopes. This limi-
tation progressively leads to the development of stowable
primary reflectors with very low aerial density, such as
segmented primary mirrors, lenticular pressure stiffened
membranes and doubly curved form stiffened elastic shells
as shown in Fig. 1 [1]. To guarantee an optimal operation
and preserve a precise pointing, large lightweight space tel-
escopes will involve active systems aiming at compensat-
ing for optical aberrations. Among these systems, we find
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active shaping and cophasing of segmented mirrors (e.g.
the James Webb Space Telescope) as well as deformable
mirrors (DM), already successfully used in most of the state-
of-the-art terrestrial telescopes to cope with atmospheric
turbulence [2]. More recently, the space community has
been interested in extending the use of deformable mirrors
in space telescopes to compensate for aberrations induced
by deployment imprecision, manufacturing errors, gravity
release and thermal distortion. Thanks to its simple architec-
ture, the piezoelectric unimorph technology can offer high
reliability; hence it is a good candidate for space applications
as shown in [3, 4].

In addition to highly stringent requirements in terms of
optical surface quality, weight and thermal stability, the
design of a deformable mirror relies on its ability to gen-
erate some specific shapes (corresponding to the expected
optical aberrations) with a relatively high stroke, typically of
5-10 pm. These specifications determine the number and the
shape of the piezoelectric actuators. As any part of the pay-
load, the DM must survive to the strong vibro-acoustic loads
occurring during the launch of the spacecraft. Obviously,
the lower the stiffness of the DM, the better the amplitude
deformation one can achieve, but the more vulnerable is the
DM to mechanical vibrations. As an example, a unimorph
piezoelectric deformable mirror has been presented in [5];
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Fig.1 a James Webb Space Telescope (with an aeral density of
20 kg/m?), folded in the launcher and after deployment. b, ¢ Future
generations of very large (D>10 m) and ultra-lightweight space
reflectors with an areal density of 3 kg/m

it passed all the space qualification campaign except one
of the vibration tests, where the supporting arms failed [6].

This paper shows how one can take advantage of the actu-
ation capabilities of a unimorph deformable mirror to further
increase its natural damping during the delicate launch phase
of the spacecraft. The proposed concept is demonstrated on
a deformable mirror we developed in the framework of a
GSTP program (“BIALOM”) on behalf of the European
Space Agency (ESA) [7]. The performance of the mirror
has already been extensively presented in [4]. It has been
shown that the mirror is already fully compliant with all the
goals sets by ESA (from mechanical and optical point of
view), corresponding to a Technology Readiness Level of
4 (TRL 4). In the present paper, we go further and propose
to shunt the actuators of the deformable mirror, intended
to be used for the shaping of the mirror once deployed, on
passive electrical shunts [8, 9], only during the launch of the
spacecraft. As shown in Sects. 4 and 5, this makes it possible
to reduce the dynamic stress experienced by the mirror due
to the severe vibro-acoustic loads and to significantly damp
the most critical mode of the mirror. Therefore, it allows
improving the safety margins of the DMs, which are gener-
ally fragile and soft, at a minimal cost and mass since the
damping is achieved by means of the piezoelectric actua-
tors which will be used for the shape control. This method
might be particularly useful for large and thin deformable
mirrors since the first resonance frequency of the mirror is
decreasing as the square of the mirror diameter and as the
third power of its thickness. Note also that the RL shunt
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damping would also allow using deformable mirror configu-
rations which otherwise may not survive to the launch loads
(e.g. flexible configurations which would fail a vibration
qualification test). A similar study was conducted numeri-
cally on a silicon carbide primary mirror (M1) for space
telescopes [10]; the authors compared various passive and
active vibration alleviation techniques against vibro-acoustic
loads and concluded that increasing the damping of the M1
during launch would allow to use better designs of deform-
able mirrors. Here, we extend these results by implementing
numerically and experimentally the piezoelectric resistive
and inductive RL shunt on a deformable mirror. Among the
existing shunt damping techniques, we select the passive
RL shunt for its simplicity and efficiency [11, 12]. Although
highly sensitive to the variation of the targeted mode reso-
nance frequency, the RL shunt remains efficient for piezo-
electric structures with a high electromechanical coupling
factor, which is representative of the considered mirror [13].
Other semi-active techniques, such as synchronized switch
damping on inductor [14], and negative capacitance [15],
could be also considered at the expense of a power source
and an accurate switching algorithm. The goal of this study
is not to validate all of them, but to demonstrate the fea-
sibility of using piezoelectric shunts during the launch to
improve the structural damping of the DM.

The paper is organized as follows: Sect. 2 describes the
deformable mirror, Sect. 3 reminds the main elements of pie-
zoelectric shunt damping theory, Sect. 4 shows numerically
the performance expected based on typical vibro-acoustic
spectra. Finally, Sect. 5 validates experimentally the benefit
of using the RL shunt.

2 Piezoelectric mirror
2.1 Design

The mirror consists of a single-crystal Si wafer (76.2 mm
diameter, 500 pm thickness) covered with a high-quality alu-
minium optical coating on the front side to reach a reflectiv-
ity higher than 97% for wavelengths around 633 nm. The
rear face of the wafer is covered with an aluminium ground
electrode on which is glued a thin PZT patch (50 mm diam-
eter, 200 pm thickness) operating in ds; mode [16-18]. The
commercial PZT patch (PIC-252 from PI Ceramic) is sup-
plied with a single thin metallic Cu/Ni electrode of ~ 1 pm
thickness. Before the gluing of the PZT patch on the Si mir-
ror, the desired electrode pattern is obtained by laser ablation
of the continuous Cu/Ni electrode (with a gap of 200 pm to
avoid arcing within the PZT). A network of 25 independent
electrodes is used to control the mirror shape. The electrodes
are arranged in a keystone pattern, modified to include tracks
and outer pads to bring all the electrical connections at the
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periphery of the PZT. This allows to reject potential defects
induced by the wires (local print-through and depolarizing
of the PZT material during the soldering process) outside
the optical pupil. Finite elements simulations showed that
the tracks do not jeopardize the ability to meet the speci-
fications (particularly with thin tracks 200 pm width). A
cross-section of the DM is sketched in Fig. 2. It describes the
various layers composing the deformable mirror as well as
their respective thicknesses. To account for the fact that PZT
cannot be actuated with plus and minus voltages, the PZT
wafer was glued (with space-qualified glue EPO-TEK-301)
under voltage according to the technique described in [19],
so that the initial shape of the mirror is concave and the nor-
mal operating range of the deformable mirror is symmetric
with respect to an initial bias necessary to remove the initial
concave curvature.

The deformable mirror is connected to a lightweight sup-
port plate through an active isostatic mount. The main chal-
lenges in the design of the isostatic support lie in meeting the
conflicting requirements: (1) the support must allow thermal
differential expansion between the mirror and its support-
ing structure; but (2) the mirror assembly must withstand
the strong accelerations associated with the space qualifica-
tion, which requires a strong connection between the mirror
and its support, and a natural frequency large enough. The
adopted solution consists of three active feet, each composed
of a flexible blade and a space-qualified position linear actu-
ator (Cedrat APA 50XS), allowing control of the rigid-body
motion of the mirror. In this way, the isostatic mount has a
negligible impact on the deformation of the mirror and pro-
vides the best authority with respect to other mounts (e.g. a
clamped design). The demonstrator is shown in Fig. 3.

2.2 Finite element model

The whole deformable mirror, including the active feet, has
been analysed with the Finite Elements software SAMCEF
as shown in Fig. 4. Standard triangular and quadrangular
plate/shell elements are used to mesh the deformable mirror
and the flexible blades. Volume elements are used to repre-
sent the interface parts between the mirror and the blades.

Reflective coating
e Aluminum thin layer

(ground electrode)
Silicon wafer / Thickness: 0.25um

Thickness: 500pum
Glue EPO-TEK 301
Cu-Ni electrode *~ Thickness <lpm
Thickness <lpm WA PZT PIC255

Thickness: 200pum

Fig.2 Material layers composing the unimorph deformable mirror
and their corresponding thicknesses

|

200 um

Fig.3 Overview of the experimental setup of an active bimorph pie-
zoelectric mirror. The total mass of the demonstrator is 54.8 g

The mesh is chosen with an adequate density to model all
the local effects accurately. The mechanical behaviour of
the mirror is modelled using multilayered Mindlin formula-
tion. The thickness and material properties of each layer are
defined independently. The single-crystal silicon wafer is cut
in the [1,0,0] plane; although weakly orthotropic, numerical
models with isotropic average properties have been found
sufficient for numerical predictions. The PZT actuators are
modelled by a layer with the properties of a piezoelectric
material [21, 22].

Note that the mirror is bonded to the active feet by means of
a double sided adhesive tape (that meets the vacuum require-
ments for environmental tests). The adhesive tape allows a
lower in-plane and vertical stiffness, and acts as an isolator.
The Young’s modulus of the adhesive tape was identified
experimentally. The numerical model allows implementing
easily combinations of an arbitrary set of layers to repre-
sent any design option that may be worth to study. The finite

deformable mirror
(multilayer shell elements)

3M adh. tape
100 type 966
(volume elements)

bending blade + bottom of the &>
interface blade-wafer
steel + aluminium
(multilayer shell elements)

\

top of the interface blade-wafer
aluminium (shell elements)

clamped nodes —* bending blade - steel

(shell elements)

Fig.4 Exploded view of the Full FE model
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element model is then exported to MATLAB, where a state
space model is built, with as inputs the mechanical forces and
the electrical charges in the piezoelectric transducers, while the
outputs are the nodes displacements and the voltages generated
by the piezoelectric transducers. A Craig—Bampton reduction
is used, where the first 40 modes are kept. A modal damping
& = 1% is considered for all the modes; this value has been
identified experimentally on various prototypes.

2.3 Experimental modal analysis

Figure 5 shows the result of an experimental modal analy-
sis conducted on the mirror without RL shunt damping. The
measurement was performed for a bandwidth between 100 Hz
and 1600 Hz. The mirror is excited by the central electrode,
while a non-contact 2D Polytec scanner is used as a sensor.
The lowest eigenfrequency, f; =243 Hz, corresponds to a
piston mode, likely to be due to the tape at the connection
between the flexible blades and the mirror. The first internal
flexible mode occurs at f=771 Hz, while the second appears
at 1244 Hz, with an inherent modal damping of about 1%. The
shunt damping will be targeted on this mode.

3 Theory of RL shunt damping
Consider the single degree of freedom piezoelectric system of

Fig. 6, shunted in series on a resistor R and an inductor L. Its
dynamics is governed by [20]:

Mi+K d33Ka

X x=————0,

Coc(1-#) )

LO+RO+ —1 0= dika 2
ci-r)° c(i-r)" @

0 T T .
Velocity [dB] B
_ ) _
Piston 1244 Hz 1500 Hz -

-20r A A

F \.771 Hz
-40F

Frequency [Hz]

-60 : :

400 800 1200 1600

Fig.5 Average spectrum (magnitude of the velocity) of the frequency
response and the corresponding mode shapes of the deformable mir-
ror
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Fig.6 Single degree of freedom

where M is the mass, x is its displacement, Q is the electri-
cal charge, K, is the transducer stiffness with short-circuited
electrodes, C is its capacitance with free—free mechanical
boundary condition, ds; is the piezoelectric constant, and
k?* < lis the electromechanical coupling factor which quan-
tifies the ability of the transducer to convert mechanical
energy to electrical energy and vice versa.

The system of Fig. 6, described with Egs. (1, 2), con-
sists of two coupled oscillators, such that the electrical
circuits oscillator absorbs the vibration energy of the
mechanical oscillator. We define the resonance frequency
. and damping &, of the electrical circuit as:
1 and 280, = B

LC(1-k?) L )

The piezoelectric transducer, shunted on the inductor L
and the resistor R, behaves in a way very similar to the cele-
brated tuned mass absorber. The resistor is used to dissipate
the absorbed energy, it can be mounted, either in series or
in parallel. Depending upon the frequency content of the
disturbance, the tuning can be made in two ways [23, 24]:

(a) Equal peak design:

The RL circuit is tuned to minimize the H , norm
(i.e. the maximum) of the frequency response func-
tion (FRF) between the displacement of the mass and
an external disturbance force. This design is usually
referred to as the equal peak design because it results in
a double peak with equal amplitudes of the frequency
response, as shown in Fig. 7. To maximize the energy
absorption, the inductor is tuned such that the electrical
resonance frequency @ matches the mechanical reso-
nance frequency £2;. The optimal parameters are:

w0, 1 w:_l
- * o=t 4)

D 1k Ez

o %
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10 design

.

Fig.7 RL shunt tuning of a single degree of freedom system: FRF
with and without RL shunt

and

& = \/3/8k, )

where £2; and w, are, respectively, the resonance fre-
quencies of the targeted mode with open-electrodes,
and with short-circuited electrodes. The equal peak
design is the most commonly used.
(b) Maximum damping (stability) design

The RL circuit is tuned to maximize the damping of
the targeted mode, and thus the stability of the system.
The optimal tuning of the RL circuit is achieved by
choosing the electrical resonance frequency w; as:
;0] ] 1

e _q e _ L
Q e T ©)

L L

and the electrical damping &7 as

&=k ©)
Observe that the above tuning equations depends
merely on four measurable parameters: the inherent pie-
zoelectric capacitance C, the resonance frequencies of the
targeted mode with open and short-circuited electrodes,
£, and w;, and the electromechanical coupling factor k.
Therefore, the aforementioned tuning rules apply directly
to any piezoelectric structure, provided these four tun-
ing parameters are available. Note also that, for a multi-
degree of freedom system, the generalized electrome-
chanical coupling factor K;, associated with a specific
mode i, should be used instead of k; it is defined as:

) ;
K =1- o 8
4 Numerical simulations

The piezoelectric shunt damping of the deformable mirror,
is first implemented numerically on the model described
in Sect. 2.2. The piezoelectric patches are connected in

Silicon wafer.

.

«——— Deformable mi

Isostatic activ
support

Support plate

Fig.8 CAD view of the deformable mirror. All the piezoelectric
patches are connected in parallel on a single passive RL shunt

parallel, so that they act as a single transducer [11]; they
are then shunted on a resistor R and an inductor L, mounted
in series as shown in Fig. 8. The shunt is targeted on the
second flexible mode (with defocus-like shape), with reso-
nance frequency w, = 1244 Hz. This mode is the most likely
to be exited under a launching environment, as it exhibits
a uniform curvature (almost axisymmetric shape) and has
the highest amplitude if the mirror is excited by a uniform
dynamic pressure (which is true for the small surface of the
wafer), or by a seismic excitation transmitted through the
three supporting legs. When the structure vibrates accord-
ing to this mode, the piezoelectric patches generate in-phase
electrical charges, proportional to the strain at their corre-
sponding positions. Therefore, one can either use the piezo-
electric patches independently by shunting each of them on
an independent RL branch, which results in 24 circuits, or
connect them in parallel as a single patch, which requires
a single RL branch. The second configuration is preferred
since it simplifies the integration, and requires a single cir-
cuit with a smaller inductor compared to the independent
configuration. The generalized electromechanical coupling
factor K;, associated with the targeted mode is K, = 24%, it
is calculated using Eq. (8).

Figure 9 compares the frequency response function
(FRF) between the voltage applied to the central patch and
the velocity computed at one point on the mirror surface:
(1) with open electrodes; and (2) when the 24 patches are
connected in parallel and shunted on a single RL circuit.
The optimal inductor and resistor are computed according
to Egs. (4, 5). The shunt reduces the peak response of the
mirror by a factor 10 (or 23 dB); this is possible thanks to the
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—— With RL shunt
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Fig. 9 Numerical results: FRF of the mirror computed between the
voltages applied to the central patch and the velocity of a point on the
mirror surface, with and without RL shunt

high value of the electromechanical coupling factor associ-
ated with the targeted mode.

4.1 Response to support vibrations

The disturbing vibration is defined in terms of acceleration
power spectral density and applied on the active feet of the
DM, in the vertical direction. A typical spectrum [10], nor-
malized to 20 g, is used as shown in Fig. 10.

The root mean square (RMS) of the upper skin Von
Mises stress in the deformable mirror is computed using
the SPECTRAL module SAMCEEF software [25]. The result
is shown in Fig. 11 with and without the RL-shunt damping.

10

H
o
iR

o

Acceleration - PSD [g? /Hz]
=
o

10 -

10 10
Freq [Hz]

Fig. 10 Prescribed power spectrum density of the vibration accelera-
tion from the supports
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As expected, damping the critical mode reduces the stress
experienced by the mirror. In particular, the stress at the
most critical locations is attenuated by almost a factor 4,
which reduces significantly the risk of failure.

4.2 Response to acoustic pressure

The acoustic load is applied over the whole surface of the
mirror. The simulation considers a dynamic pressure on
the mirror surface as shown in Fig. 12. The normaliza-
tion is done to ensure an overall sound pressure level of
150 dB.

Due to the small size of the mirror, the pressure is
assumed to be uniformly distributed. Figure 13 shows the
computed stress (RMS) in the mirror. Once again, it shows
the benefit of the shunt damping, allowing a reduction of
the stress experienced at the most critical points by a factor
larger than two.

Without shunted circuit

With shunted circuit

0 - 8 12 16

20 [MPa]

Fig. 11 Upper skin Von Mises stress (RMS) caused by support accel-
eration, with and without shunt damping
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-
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-

Pressure - PSD [Pa2 /Hz]
=
o

10

Freq [Hz]

Fig. 12 Power spectrum density of the dynamic pressure from the
acoustic background

Without shunted circuit

With shunted circuit

0 3 6 9 12

15 [MPa]

Fig. 13 Upper skin Von Mises stress (RMS) on DM surface caused
by acoustic excitation, with and without shunt damping

5 Experimental validation

The RL shunt damping is implemented experimentally on
the deformable mirror of Fig. 3. To facilitate the tuning of
the shunt components, a synthetic inductor was used instead
of a passive inductor. It consists of an active circuit employ-
ing operational amplifiers OPA445; its equivalent circuit is
shown in Fig. 14. The mode at 1244 Hz is considered for
the damping.

The generalized electromechanical coupling fac-
tor K; associated to the targeted mode is obtained using
Eq. (8), where 2, = 1244 Hz and w, = 1196 Hz, result-
ing in maximum damping of the targeted mode of about
& =K;/2 = 14%. Given the value of the total electrical
capacitance of the piezoelectric patches C = 140 nF (meas-
ured using an impedance meter), one can easily find the opti-
mal tuning of the shunt by simply using Eqs. (4) and (5),
according to the Equal Peak Design.

The required inductor is about L = 120 mH while the
required resistor is R = 300 Q. These values of the elec-
trical components can be considered very small and easily
realizable; however, although the inductor has a small value,
it must be sized to handle all the electric charges generated
by the piezoelectric transducer and avoid any saturation. Its
physical size will be mainly defined by the vibration level
and not merely by its value. Figure 15 shows the frequency
response function of the mirror measured between the volt-
age applied to the central patch and the velocity measured
at one point of the mirror by means of a laser vibrometer:
(1) when the electrodes are open; (2) when they are short
circuited; and (3) when all the patches are connected in par-
allel and shunted on a single RL circuit. The figure shows
a reduction of about 23 dB (a factor of 14) of the peak
response of the targeted mode, resulting in a reduction in
the RMS value of the response by 34%.

Remark: If another mode would have been targeted for
the damping, the piezoelectric patches could be rearranged
to match the targeted mode shape, in a similar manner to a

OPA445

Il
N
=

Fig. 14 Antoniou circuit simulating a perfect inductance (synthetic

inductor); R; is the internal resistance of the circuit, it is zero when
perfect operational amplifiers are used [26]
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Fig. 15 Frequency response function of the mirror measured between
the voltages applied to the central patch and the velocity measured at
one point of the mirror: when the electrodes are open when they are
short circuited, and when all the patches are connected in parallel and
shunted on a single RL circuit

modal filter [27, 28]; this would not affect the needed size
of inductor while it preserves the shunt performance. It is
also possible to organize the piezoelectric patches with a
more elaborated multi-degree of freedom circuit, in such a
way that the “electrical” resonance frequencies and mode
shapes match several targeted structural modes, see e.g.
[29] and [30]; in this case, several inductors are required.

6 Conclusion

In this paper, we present a method to increase the natural
damping of a deformable piezoelectric mirror during the
delicate launch phase of the spacecraft, without increasing
the complexity of the mirror. To do so, we propose to take
advantage of the piezoelectric actuators, intended to be
used for adaptive optics once the telescope is deployed. By
connecting them to a passive RL circuit during the launch
operation, we show numerically that (1) the stress level is
significantly reduced for both a random seismic excitation
as well as an acoustic pressure and (2) that the amplitude
of the most critical mode is reduced by 23 dB (i.e. a factor
10). This is then confirmed experimentally on a deform-
able mirror previously manufactured in the framework of
an ESA project. The demonstrated concept is intended to
be used in future missions of the European Space Agency.
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