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Active Stiffener Actuators for High-Precision Shape

Control of Circular Plate Structure

Michael K. Philen* and K. W. Wang"
Pennsylvania State University, University Park, Pennsylvania 16802

Spaced-based adaptive optic systems have gained considerable attention within the past couple of decades.
Achieving the increasingly stringent performance requirements for these systems is greatly hindered by strict
weight restrictions, size limitations, and subjected hostile environments. There has been considerable attention in
lightweight adaptive optics, where piezoelectric sheet actuators are directly attached on the back of optical mirrors
to achieve a high-precision surface shape with minimum additional weight. In recent studies, it was discovered
that the performance of the system could be further improved if the piezoelectric sheet actuator were decoupled in
direction, meaning that the actuation in one of the two directions is eliminated. To realize the decoupling effect, the
concept of utilizing the active stiffener for high-precision shape control is proposed and investigated in the study. The
active stiffener is a stiffener-piezoceramic actuator pair that consists of an passive insert (stiffener) placed between
the host structure and the active piezoelectric actuator. The basic premise is that the insert (stiffener) will reduce the
action transmitted in one direction while allowing adequate action to transmit in the orthogonal direction. In this
research, analytical and experimental efforts are carried out to examine the effect of the active stiffener actuators
for shape control of circular plate structures. Analysis is performed on two large flexible circular plate structures,
one having the direct attached actuators and the other utilizing the active stiffener actuators. It is shown that more
reductions in the surface error can be achieved with the active stiffeners, as compared to systems with the direct
attached actuators. It is illustrated that the direct attached actuators generate more localized deformation in the
structure, whereas the decoupling capability of the active stiffener reduces the undesired localized deformation
considerably. The experimental results verify the analytical predictions and clearly demonstrate the performance

improvement of the active stiffener concept over the direct attached actuator.

Nomenclature

A = surface area of host structure

Byt = nodal forcing influence matrix

Chost = symmetric material stiffness matrix
for the host structure

CcE. = symmetric material stiffness matrix for the
piezoelectric ceramic at constant electrical field

Ciisr = symmetric material stiffness matrix for the
stiffener (insert)

D = nodal degree of freedom vector

Eoc = local surface error on host structure

Erums = rms surface error of host structure

R = vector of errors in vertical direction

for surface nodes

E; = vector of applied electrical fields

E: = applied electrical field for ith
piezoelectric ceramic

epzr = piezoelectric electromechanical coupling vector

J¢ = optimal electrical fields objective function for
analytical model

J¢ = optimal voltages objective function for
experimental model

J! = trial function magnitude objective function

K = system stiffness matrix
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Ne| = number of finite elements
P = vector of nodal loads
T, = boolean weighting matrix for vertical
surface displacements
\% = element volume
Vezr = vector of applied voltages (experiment)
Vezr1, Vezra, = applied voltage for each piezoelectric actuator
Vo3 (experiment)
Y = desired surface shape
Y = surface shape after actuation of piezoceramics
Y = approximated surface shape determined
by trial functions
€ = strain field vector
n = trial function magnitude vector
Ihost = potential energy function for host structure
Mpzr = potential energy function for piezoelectric
ceramic
g = potential energy function for stiffener (insert)
$p 1 = experimentally determined nodal-voltage
influence matrix
P, = matrix of trial functions
©pzr1s Przras = experimentally determined nodal-voltage
©rz12 influence vectors

Introduction

ROVIDING high-precision surfaces for antenna reflectors and

space-based optical mirrors has been a challenging problem for
designers. Space-based optical systems are ever increasingly being
challenged with lighter, stiffer, and larger diameter optic require-
ments having greater dimensional stability, precision, and point-
ing accuracy. As a result, research into adaptive or smart optical
systems has been heavily pursued in the past couple of decades.
Adaptive optical systems have been successfully implemented in
ground-based telescopes, but these systems are extremely heavy
because of the required backbone structure and large number of
actuators, and therefore do not lend them applicable for space sys-
tems. Recently there has been considerable attention in developing
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lightweight adaptive optics for spaced-based platforms, such as the
polyvinylidene fluoride (PVDF) membrane mirror system devel-
oped and tested by Wagner et al.' and Agnes and Wagner.? Other
researchers have investigated directly attaching piezoelectric sheet
actuators to the back of optical mirrors to achieve a high-precision
surface shape with minimum additional weight. Kuo and Bruno,’
Liu et al.* and Kapania et al.’ are a few examples of researchers
who investigated the performance of directly attached piezoelectric
actuators on optical mirrors for shape control.

Philen and Wang® investigated the shape control performance
of a large flexible circular plate structure having directly attached
thin strip piezoelectric sheet actuators placed in the plate’s radial
and circumferential directions. The actuators placed in radial lines
were termed radial actuators, and the actuators placed in circum-
ferential lines were called circumferential actuators. In their pa-
per, it was discovered that the performance of the system could
be further improved if the piezoelectric actuator were directionally
decoupled, meaning that the circumferential (radial) action of the
radial (circumferential) actuators is eliminated while the radial (cir-
cumferential) action is maintained. This is because due to their thin
width, the circumferential action of the radial actuators will not pro-
vide the necessary authority to control the lower-order deformations
in the circumferential direction (low-order circumferential wave
number in Zernike polynomial), but will “excite” the higher-order
(uncontrolled) deformations in the circumferential direction (like-
wise with the circumferential actuators and radial deformations).
Therefore, with direct attached actuators, the two-dimensional ac-
tion increases the difficulty for one to achieve an ultra-high-precision
performance.

Problem Statement, Research Objective
and Approach Overview

As shown by Philen and Wang,5 decoupling the actuator im-
proves the performance of the system, but it requires a mechanism
to reduce the transmitted actuation in one of the two directions. To
achieve this goal and advance the state of the art, an active stiff-
ener (AS) concept is proposed for decoupling the two-dimensional
action of the piezoelectric actuator. The active stiffener is a stiffener-
piezoceramic actuator pair that consists of a passive insert (stiffener)
placed between the host structure and the active piezoelectric actu-
ator as seen in Fig. 1. The basic premise is that the insert (stiffener)
will reduce the transmitted moment to the host structure in the y
direction (defined to be the decoupled direction) while allowing
an adequate moment to transmit in the x direction (the actuation
direction).

The objectives of this research are to 1) develop a well-integrated
actuator-stiffener-structure model and investigate the stiffeners’ de-
coupling effect, 2) examine the performance of the AS for shape
control of a circular plate structure and compare with an equivalent
structure having the direct attached (DA) actuators, and 3) exper-
imentally validate the analytical prediction through evaluating the
performance of both the direct attached actuators and the active
stiffener actuators bonded to a flexible plate.

Previous investigations’-® have examined an active stiffener con-
cept applying piezoelectric patches on the sides of structural stiffen-
ers. The focus of those studies and the configuration of the stiffeners
are different from what are being examined in this present research.
In other words, these previous investigations were not concerned
with the directional decoupling ability of the actuators and have
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Fig. 1 Illustration of active stiffener concept.
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disregarded the local deformations of the host structure between
the stiffeners. These local deflections are crucial factors for high-
precision shape control.

For the analytical study, results are obtained through analysis on
two three-dimensional solid finite element models of a large circular
plate optical mirror structure (designated as large-scale analytical
models), where the first plate has the active stiffener treatment and
the second plate is applied with direct attached actuators. In this
study, the mirror is limited to a surface mass less than 10 kg/m?. The
surface error is assumed to be in the form of the lower Zernike poly-
nomials, and its primary contribution is from manufacturing errors,
thermal loadings, and self-weight. Based on results from previous
studies and preliminary investigations, the configuration of active
stiffeners placed in both of the plate’s radial and circumferential
line directions are chosen to satisfy the strict weight restrictions
and the properties of the Zernike polynomials. For shape control, a
least-squares method is derived, which determines the optimal elec-
trical fields for each actuator. The performance of the active stiffener
for reduction of the surface error is then presented. Experimental
results from two circular plates, one utilizing the direct attached
actuators and the other using the active stiffener actuators, are pre-
sented afterwards. The analytical models of the two experimental
plates are derived using the same finite element formulation as the
large-scale analytical models and are referred to as the small-scale
analytical models. Lastly, the experimental results are compared
to the analytical results obtained from the small-scale analytical
models.

Mathematical Formulation

Finite Element Model of Plate with Active Stiffeners
(Large-Scale Analytical Models)

The potential energy for a linearly elastic body without an initial
strain field, initial stresses, body forces, and surface tractions is
defined as shown in Eq. (1):

= f <1efce) dv —D'p (1)
y\2

For the host structure and stiffeners with no nodal loads, the po-
tential energies are

1
HhostZ/ (_erchosl‘g) dv (2)
v \2
l 4
Mgser = =€ Cyie | dV (3)
v \2

For each piezoelectric actuator, the potential energy can be written
as

_ L roe 1 i
pzr = 25 Cryre — € epzrEs | dV 4
v

The finite element model uses the familiar 20 noded quadratic
“serendipity” solid isoparametric elements. A three-point Gauss
quadrature is used for integration. For details regarding the deriva-
tions of the element and integration procedure, the reader is referred
to Cook et al.

Shown in Fig. 2 is the finite element model of the mirror with
the active stiffeners. The figure reveals the top of the plate where a
detailed cross-sectional view reveals the active stiffeners. The finite
element model of the mirror with the direct attached actuators is
shown in Fig. 3. The system parameters can be found in Table A1l
in the Appendix. By taking advantage of the symmetry of the circu-
lar plate and the actuator configuration, it is possible to model the
complete structure using only i the plate. The boundary conditions
are such that the center is fixed, and the symmetry condition forces
the displacements along the sides to be equal to zero in the direction
orthogonal to the free face (Figs. 2 and 3). Although the boundary
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Fig. 2 Large-scale analytical model of active stiffener system with pre-
scribed boundary conditions.
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Fig. 3 Large-scale analytical model of direct attached system with pre-
scribed boundary conditions.

conditions prevent nonsymmetric responses, the }T—plate model is
sufficient in providing an analysis for the illustration of the excita-
tion of the higher-order deformations caused by the direct attached
actuators and for comparing the shape control performance of the
two actuation methods (direct attached and active stiffener).

For both systems, there are 42 total actuators with six actuators
per radial line and nine per circumferential line, and the total mass
for each system is kept equal to 50 kg. For a complete circular
plate, the total number of actuators would be 144 using the same
configuration. Each piezoelectric actuator has a thickness of 0.5 mm
and a width of 76.2 mm, and the stiffeners are 13.8 mm in width
with a height of 3.0 mm (see Fig. 4 for dimension definitions).

Optimal Electrical Fields for Shape Control

To determine the optimal electrical fields for each piezoelectric
ceramic actuator to control the static shape of the mirror, a quadratic
function J“ is defined to be the sum of the nodal errors squared as
shown in Eq. (5):

JO=1ETE, = 1Y - V)" (Y - 1) 5)
The vector of nodal errors E is the error of each surface node

between the actual Y and desired Y surface shape. Y is defined
in Eq. (6). The boolean weighting matrix T, weights only those
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Fig. 4 Dimension definitions for active stiffener.

degrees of freedom corresponding to the vertical displacements on
the surface of the host structure:

Y = T,K'BerE; (6)

The principal idea is to find a vector of electrical fields that
minimizes J¢. Therefore the minimum of the quadratic function
J¢ is found where the gradient is equal to zero as shown in
Eq. (7), and the resulting vector of optimal electrical fields is derived
and shown in Eq. (8). Because the matrix (BgZLK*TTST T,K™'B,,)
is always nonnegative definite, the function /¢ has a minimum,
and if the matrix is nonsingular the minimum of the function is
unique!”:

dv
i = (BLK "T/TK 'B,)E;s —B,K'T/Y=0 (7)
3

Ey" = (BLK T/ TSK"BPH)_IBZZLK‘TTJTY 8)
RMS Surface Error Calculation
For shape control, rms surface error is a commonly used perfor-
mance index. To calculate the rms surface error for a continuous
system, the error squared is spatially integrated over the surface of
the plate as shown in Eq. (9):

1
Erms = _/(Eloc)z dA 9
AJ,

For the finite element model having many discrete elements, the
following form of Eq. (9) is utilized where i is the element in-
dex number [Eq. (10)]. A three-point Gauss quadrature is used for
integrating the error squared over the surface of each individual
element i:

nel Nel
Erus = Z/ (E)" da; [ >4 (10)
Aj

i=1 i=1

Static Shape Control Analysis and Discussion

For planar monolithic piezoceramic actuators, the electrome-
chanical coupling values are equal in both the x and y directions
(es11 = e3x). These coupling parameters ultimately determine the
amount of actuation that is transmitted in both the x and y direc-
tions to the host structure under an applied electrical field. For high-
precision shape control, it might not always be desirable that the
planar electromechanical coupling values of the piezoceramic are
equal, meaning that the performance of the system could be im-
proved with individual tailoring of the coupling parameters, or more
realistically, through the design of decoupling mechanisms between
the host structure and the actuator.

In the paper by Philen and Wang,'" a detailed local analysis of
a single active stiffener is presented for the understanding of the
decoupling mechanism. Shown in Fig. 5 is a simple illustration

11
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Fig. 5 Actuation illustration of active stiffener (
configuration and ———, actuated PZT).
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of the actuation mechanism of the active stiffener, where M, is
the average moment transmitted to the host structure in the actu-
ation direction and M, is the average moment transmitted to the
host structure in the decoupled direction. It is demonstrated in the
paper!! that through proper design of the stiffener (height, width,
material selection) the average moment in the decoupled direction
can be reduced to zero, which cannot be achieved with the direct
attached actuator for any size or shape. It is also shown that in-
creasing the width of the piezoelectric actuator has negligible ef-
fect on the average moment M, (authority in decoupled direction),
but can significantly increase the average moment M, (authority
in actuation direction).!! Therefore, with the active stiffener treat-
ment, zero average moment M, can be achieved while maintaining
significant high authority in the actuation direction. On the other
hand, if one merely reduces the width of the direct attached actu-
ator or make it the same size as that of the stiffener in the active
stiffener actuator, the authority in the actuation direction will be
significantly decreased and the authority in the decoupled direc-
tion will still not become zero (although it will be reduced). These
analysis results clearly illustrated the merit of adding the stiffener
insertion.

In this paper, the term mode is used to represent a type of static sur-
face aberration, such as the power mode described by the Zernike
polynomial. Because the Zernike polynomial function is a prod-
uct of both a purely radial function and a purely angular function,
the circumferential modes are defined where the radial function is
monotonically increasing or decreasing and the angular (circum-
ferential) wave number is greater than one. As seen in Fig. 3, for
the system with direct attached actuators the width of the radial ac-
tuator is small in comparison to the plate circumference, and as a
result the circumferential action of the radial actuator yields neg-
ligible control authority in the lower-order circumferential modes,
but can cause unwanted localized deformation in the circumferen-
tial direction. Therefore, the circumferential expansion/contraction
cannot provide the authority to control the lower-order circum-
ferential modes, but reducing this action can significantly re-
duce the possibility of exciting the higher-order uncontrolled
modes.

As mentioned, the surface error is to be represented by the Zernike
polynomials, which is valid for a complete circular plate pinned
at the center. To prevent numerical problems caused by large ele-
ment aspect ratios using the brick elements, the finite element model
(large-scale analytical model) in this analysis has an inner radius of
15.2 cm and an outer radius of 127.0 cm (Figs. 2 and 3), which
results in only a 1.4% reduction in the surface area compared to a

Zernike Power
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Maximum Local Error
0 waves
RMS Error
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Maximum Local Error
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RMS Error RMS Error
0.17 waves 0.053 waves

Fig. 7 Surface error for DA and AS when correcting for primary
spherical mode.

complete circular plate. As a result of the prescribed boundary con-
ditions at the inner radius, the eigenvectors of a model of only the
host structure (no actuators or stiffeners) are used to represent the
surface deformations. The eigenvectors for the host structure model
correlate very well with the lower Zernike polynomials (Fig. 6),
where the only significant difference in surface error representation
arises as a result of the boundary conditions at the inner radius.
Therefore the nomenclature for the Zernike polynomials (power,
primary astigmatism, etc.) is applied to the host structure eigenvec-
tors for establishing a physical understanding of the deformation
type (power mode, primary astigmatism mode, etc).

By using a configuration of stiffeners sandwiched between the
host structure and the actuator, it is possible to reduce the unwanted
actuation and localized deformation. To demonstrate this, Figs. 7 and
8 reveal the surface error for the systems with the active stiffener and
direct attached actuators when correcting for the primary spherical
and secondary tetrafoil modes. Shown in the figures is the surface
error of the two systems after applying the optimal electrical fields
when correcting for the two deformations having an initial maximum
error of 10 waves. (The wavelength used in the paper is defined to be
the vacuum wavelength of a HeNe laser; 1 wavelength = 633 nm.)
The optimal electrical fields are determined as calculated in Eq. (8).
Basically, the structures are initially in the shape of the deformation
mode only, and the objective is to activate the piezoelectric actuators
such that the surface of the plate is as flat as possible. From the
figures, it is apparent that the direct attached actuators generate
more localized deformation in the structure between the stiffeners
than that with the active stiffeners. These unwanted deformations are
the higher-order modes that are being excited by the direct attached
actuators, and this type of behavior is also seen when controlling
the remaining modes of interest.

As demonstrated by Philen and Wang!! for a single active stiffener
attached to a flexible host structure, the height and width of the insert
can dramatically affect the transmitted moment to the host structure
in both the decoupled and actuation directions. Therefore, the height
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Fig. 8 Surface error for DA and AS when correcting for secondary
tetrafoil mode.
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Fig. 9 Stiffener height and width effect on the rms surface error per-
cent reduction for power mode.
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Fig. 10 Stiffener height and width effect on the rms surface error per-
cent reduction for secondary tetrafoil mode.

and width of the stiffeners can greatly affect the performance of the
plate having multiple actuators. Shown in Figs. 9 and 10 is the effect
of the height and width of the stiffeners on the rms surface error per-
cent reduction when correcting for the power and secondary tetrafoil
modes. As seen in the plots, there is an optimal stiffener height for
each stiffener width. With the power mode (Fig. 9), increasing the
width of the stiffener slightly increases the performance with the op-
timal stiffener height, but it is the only deformation mode of interest

that displays this behavior. All of the other deformation modes of
interest demonstrate that the performance increases with decreasing
stiffener width, similar to the plot for the secondary tetrafoil mode
(Fig. 10). For the study, the stiffener parameters are limited within
the range of values shown to prevent any numerical problems caused
by large aspect ratios. For the remaining modes not shown, the 13.8-
mm stiffener width (the smallest width studied) outperformed the
larger stiffener widths investigated, and the optimal stiffener height
occurs between 2 and 4 mm, which illustrates that a thin stiffener
with a finite stiffener height can control the shape of the structure
better than the direct attached actuators because none of the results
suggest a zero stiffener height as optimal. Recall that the width of
the piezoceramic sheets is 76.2 mm.

The designed actuator configuration has the greatest controllabil-
ity over the power deformation mode (the lowest-order non-rigid-
body deformation mode), and the effect of changing stiffener param-
eters is not as dramatic as with the higher-order modes. As the mode
number increases, the effect becomes more dramatic. For example,
the minimum and maximum percent reduction is 89 and 95%, re-
spectively, for the tertiary astigmatism mode within the range of
stiffener heights and widths.

For the circumferential modes (primary astigmatism, primary
tetrafoil, etc.) investigated, the radial and circumferential strain
throughout the structure is in directions opposite to one another.
Therefore the ideal actuator for controlling these deformation modes
would be one that expands in one direction while contracting in the
orthogonal direction. Although the planar monolithic piezoceramic
sheet actuator does not possess these properties, the active stiffeneris
able to increase the performance caused by the decoupling effect of
the insert (stiffener). On the other hand, the radial and circumferen-
tial strain throughout the structure for the power mode is in the same
direction but not equal in magnitude. As a result, the ideal actuator
is one where the radial and circumferential actuation is in the same
direction to one another, but not necessarily equal in magnitude.
Philen and Wang'! demonstrated that decreasing the height and in-
creasing the width of the stiffener increases the average transmitted
moment in the decoupled direction when analyzing a single active
stiffener attached to a flexible host structure. Therefore, as shown
in Fig. 9, with a short stiffener (height = 0.25 mm) decreasing the
width of the stiffener increases the performance by reducing the au-
thority in the decoupled direction. As one increases the height of the
stiffener for a given width, the performance of the system reaches
a maximum value. For a wider stiffener, then the optimal stiffener
height increases. This increase in the optimal stiffener height with
increasing width ensures that an optimal level of actuation authority
is maintained. The remaining deformation modes of interest (sec-
ondary astigmatism, secondary tetrafoil, etc.; see Table 1 for list of
deformation modes) have regions where the direction and magni-
tude of the circumferential and radial strains change throughout the
structure, and as a result the active stiffener is able to give better
overall performance than the direct attached actuator. For the re-
maining discussion, a stiffener width of 13.8 mm and height of 3
mm is used for the analysis.

For further insight into the decoupling ability of the active stiff-
ener, Figs. 11 and 12 reveal the contribution of the uncontrolled
modes in the surface error of the systems when correcting for the
primary spherical and secondary astigmatism modes. The vertical
axis is the magnitude of the modal contribution, or how much of
the mode exists in the surface error. This surface error is the error
in the surface after the optimal electrical fields have been applied.
The horizontal axis is the mode numbers. The gray bars are for
the direct attached actuators, and the black bars are for the active
stiffener actuators. For the analysis, the eigenvectors for the thin
circular plate model without the stiffeners and actuators are used
as trial functions to reconstruct the surface error of the mirrors in
order to compare the two systems having direct attached and active
stiffener actuators. These trial functions are thus designated as the
mode shapes (horizontal axis), and the vector containing the mag-
nitudes for each trial function is defined as the modal magnitude
vector (vertical axis). Mathematically, the nodal displacement vec-
tor describing the reconstructed surface Y is defined to be equal to
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Table 1 RMS and maximum error percent reduction for DA and AS

Radial wave number

. . 2 4 6 8 10
Circumferential
wave Percent Percent Percent Percent Percent
number Mode shape reduction Mode shape reduction Mode shape reduction Mode shape reduction Mode shape reduction
0 DA RMS Power 99.7 Pri spher 97.4 Sec spher 87.3 Ter spher 70.7 N/A E—
Max e 99.3 94.2 e 80.3 e 66.0 —_— e
AS RMS —_— 99.9 —_— 99.2 —_— 97.0 —_— 91.7 e —_—
Max 99.7 98.0 95.6 87.9 — —_—
2 DA RMS Pri astig 98.8 Sec astig 92.8 Ter astig 81.5 Quat astig 64.1 N/A o
Max 97.4 89.4 70.5 54.1 e —_—
AS RMS —_— 99.8 e 99.1 —_— 94.3 — 88.6 — —_—
Max —_— 99.7 98.1 o 92.1 e 80.1 —_— —_—
4 DA RMS 0 —_— Pri tetra 96.6 Sec tetra 84.2 Ter tetra 56.1 Quad tetra 47.1
Max — — 90.0 — 69.9 — 414 35.1
AS RMS —_— —_— —_— 99.0 —_— 96.6 —_— 79.6 e 72.3
Max —_— —_— — 98.6 94.4 78.5 67.2
6 DA RMS 0 e 0 e Pri hexa 94.4 Sec hexa 86.0 Ter hexa 74.4
Max —_— —_— —_— —_— 88.9 83.3 74.1
AS RMS —_— —_— — — — 97.5 — 96.8 — 90.8
Max — e o o e 95.3 95.8 o 88.6
8 DA RMS 0 e 0 e 0 —_— Pri octa 89.1 Sec octa 64.2
Max —_— — — — — — 80.0 — 61.1
AS RMS —_— —_— —_— —_— —_— —_— —_— 95.4 —_— 74.2
Max e —_— —_— —_— —_— —_— —_— 94.4 67.0
10 DA RMS 0 — 0 — 0 — 0 — Pri deca 85.3
Max o E— e e —_— —_— —_— —_— 77.2
AS RMS e —_— —_— —_— —_— —_— —_— —_— e 92.9
Max — —_— —_— —_— —_— —_— —_— — — 90.2
x 102 x 107
2.5 5.0
2.0 DA 4.0 DA
mAS ° mAS|—
L =3
= = 3.0
= =
EI) ng 0
S 1.0 :
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Mode Number

Fig. 11 Higher modal excitation for DA and AS when correcting for
primary spherical mode.

the matrix of trial functions ®, multiplied by the modal magnitude
vector 7 as shown in Eq. (11). The vector of nodal displacements
describing the deformed surface is designated as Y in Eq. (6). To
determine the vector of magnitudes for the trial functions that best
reconstruct the surface error, a least-squares problem is formulated
where J' in Eq. (12) is minimized with respect to 1 after Eq. (11) is
substituted into Eq. (12). The modal magnitude vector can be solved
for as shown in Eq. (13), and this is the value used in the figure for
both systems:

Y =®n )
J=i¥-V({¥-Y) (12)

-1 A~
N = (®7®) B5Y (13)

Fig. 12 Higher modal excitation for DA and AS when correcting for
secondary astigmatism mode.

For the analysis, the initial maximum deformation of the plate
has been normalized to a value of one, and the maximum value for
each of the 100 trial functions has been normalized to a value of
one. For example, when using Fig. 11, if the plate for the system
with direct attached actuators has an initial deformation in the form
of the primary spherical mode with a maximum value of 10 waves,
then mode number 41 exists in the surface error with a maximum
value of 0.018 x 10 waves.

As seen in the two figures, the direct attached actuators consis-
tently excite these higher modes (initially all at zero initial condition)
more so than the active stiffener actuators when correcting for the
two deformations. Although the normalized modal magnitudes of
the higher order modes are smaller than one, reducing the magni-
tude as much as possible is crucial when trying to achieve a high-
precision surface shape. This behavior is also seen when controlling
the remaining modes.
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Table 2 Maximum electrical fields for DA
and AS (maximum initial error 10 waves)

Mode DA, V/mm AS, V/mm
Pri astig 6.2 1.6
Power 2.8 2.6
Pri tetra 13.0 6.9
Pri spher 15.8 14.0
Pri hexa 18.4 11.0
Sec astig 17.0 18.6
Pri octa 31.1 35.1
Sec tetra 36.4 41.7
Ter astig 61.7 443
Pri deca 34.5 56.9
Sec spher 40.3 46.2
Sec octa 45.6 109.6
Sec hexa 29.5 46.6
Ter tetra 65.5 95.7
Quad astig 90.4 111.8
Ter spher 68.5 89.0
Quad tetra 109.8 195.0
Ter hexa 56.8 126.0

Table 1 illustrates the performance of both the direct attached and
the active stiffener actuators when correcting for the lower-order
modes. Shown in the table for each mode shape are the radial and
circumferential wave number corresponding to the Zernike polyno-
mial representations and the rms surface error and maximum error
percent reduction for both the direct attached and active stiffener ac-
tuators. As seen in the table, it is evident that significant reductions
in the surface error can be achieved, and more importantly the active
stiffener actuators are able to correct for more error than the direct
attached actuators for all of the mode shapes shown. Also as seen in
the table, the performance improvement of the active stiffener over
the direct attached actuator increases as the mode order increases.

Shown in Table 2 are the maximum electrical field values for
the two systems when correcting for each mode having an initial
maximum error of 10 waves. As seen, the active stiffener actuators
require less control voltage than the direct attached actuators for
six of the 18 modes and require more voltage for the remaining
modes. Recall that the study compares the maximum performance
of each system, and no limits are placed upon the voltages because
we are interested in achieving the maximum possible performance
for high-precision shape control. Also the maximum electrical fields
are below 200 V/mm and therefore are far from the operating limit
of 500 V/mm.

Experimental Investigation

To experimentally evaluate the active stiffener actuator for shape
control, two adaptive flexible plates are manufactured. The first
plate has piezoelectric ceramic actuators directly attached to the
back of the plate, and the second plate utilizes the active stiffen-
ers. The host structure for both systems is half of a circular 12-in.
(305-mm)-diam plate having a thickness of 1/16 in. (1.59 mm)
and is machined from aluminum 5052 having a reflective finish
on the front. The plates are cantilevered along the edge as illus-
trated in Fig. 13 using a 2.5 x 2 in. (63.5 x 50.8 mm) aluminum
6061 bar.

Both of the adaptive plates have six piezoelectric actuators (Amer-
ican Piezo Ceramics, Inc., APC-850), where each actuator has a
length of 2.5 in. (63.5 mm), width of 0.5 in. (12.7 mm), and a
thickness of 0.04 in. (1 mm). For the first plate, the piezoceramic
patches are directly bonded to the back of the plate using high-
strength epoxy. As seen in Fig. 13, the six actuators are placed in
three radial lines with two actuators per radial line. The stiffeners (in-
serts) used for the active stiffeners for the second plate are machined
from aluminum 6061 having a length of 5 in. (127 mm), width of
0.2 in. (5.1 mm), and a height of 1/8 in. (3.18 mm) (Fig. 13). There
are three radial stiffeners, each having two piezoceramic patches
bonded to the surface using high-strength epoxy. The active stiff-

Active Stiffener

Fig. 13 Experimental plate specimens and corresponding analytical
models with direct attached and active stiffener actuators.

Fiber Optic
Sensor

Mirror

8 Ac quistion
System
q

Linear Stage
“ Controller System

Fig. 14 Configuration of experiment.

eners are bonded to the back of the plate using high-strength epoxy
in the same configuration as the first plate. To verify the analyt-
ical modeling technique and procedure presented in the preced-
ing sections, finite element models of these test plates (defined to
be the small-scale analytical models) are developed and analyzed
using the same approach described in preceding sections on the
large-scale model (shown in Fig. 13 to the right of the experimental
plates).

For performing the experiment, the adaptive plates are attached
to a Newport RS3000 tuned isolation table (Fig. 14). The surface
displacements of the plates are measured using a Philtec D20 fiber-
optic sensor mounted to two Newport IMS-500 high-performance
linear stages giving both horizontal and vertical motion. The mo-
torized stages are controlled using a two-channel motion controller
(Newport ESP-6000) through LabView instrumentation software.
A dSpace acquisition system is used to record the surface dis-
placements from the fiber-optic sensor and to actuate the piezo-
electric actuators in conjunction with PCB Piezotronic amplifiers.
Communication between the dSpace system and linear stage con-
troller system is accomplished through digital I/O lines, thereby
automating the testing process.
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Fig. 15b Initial rms surface error: 3.79; initial maximum error: 10.00.

Fig. 15¢ Initial rms surface error: 3.42; initial maximum error: 10.00.

For the experiment, the plates are assumed to be flat, and the goal
is to deform the plates in the shape of predetermined shapes. In the
experiment, only the displacements on the surface of the plates are
measured, which is accomplished by subtracting the baseline (con-
troller off) measured plate shape from the actuated (controller on)
measured plate shape. The surface error is determined by subtract-
ing the actual profile from the desired surface profile. The desired
profiles are determined to emulate the lower Zernike polynomials.
(Mathematically are the eigenvectors obtained from the small-scale
analytical models of the 12-in.-diam cantilevered mirror without
any stiffeners and actuators.) Although the plates are cantilevered,
the eigenvectors resemble those of the Zernike polynomials as seen
in Fig. 15, where the shown desired shape is similar to the primary
tetrafoil.

For determining the optimal voltages used in the experiment, a se-
ries of preliminary tests are performed to determine each actuator’s
influence on the surface shape. Although there are six piezoelectric
actuators on each plate, the actuators arranged along the radial lines
are actuated with equivalent voltages, thereby essentially treating
the two actuators along radial lines as one actuator. For the experi-
ment, there are a total of 1013 measurement locations on the surface,
which correspond to the surface nodal locations in the small-scale
analytical models. For every measurement point, the voltage from
the fiber-optic sensor is recorded as each actuator is turned on and
off individually using a voltage of 140 V. After recording the sensor
signals for all of the measurement locations, the relative surface dis-
placements (Y}, Y14V ¥140V) can be determined for each of the
three actuators. Subsequently three nodal-voltage influence vectors
(Ppz115 PrzT2, PPzT3) CaN be calculated, which determines how the
surface of the plate displaces by a voltage applied to each actuator
as seen in Eq. (14):

ylmov} I}yov}
{epzri} = W’ {ppzro} = W
{173|40V}
{ppzr3} = 120V (14)

Using the three nodal-voltage influence vectors, a nodal-voltage
influence matrix ®pzr can be assembled, which relates the displace-
ment of the surface nodes Y to the voltage applied across the piezo-
electric actuators Vpzr as shown in Eq. (15):

Vezri
Y} =Uepzn} {epzrt {epzrstl | Vezrz ¢ = PerzVezr
VPZT3 (15)

Table 3 Experimental and analytical rms and max error results for
AS and DA (units: micrometers)

Analytical results Experimental results

Final rms Maximum Final rms Maximum
Actuator error error error error
DA 1.27 3.97 1.39 3.19
AS 1.28 4.18 1.31 4.25
DA 1.99 4.63 1.96 3.16
AS 0.99 2.62 1.01 2.80
DA 2.94 6.35 2.89 3.52
AS 0.88 1.79 0.94 2.58
Desired Shape

Max Disp =10 pm
RMS Disp =3.42 um

Direct Attached Active Stiffener
Actuated Shape Actuated Shape
Surface Error Surface Error

e T T e e —
Max Error = 3.52 um Max Error = 2.58 um
RMS Error =2.89 um RMS Error = 0.94 pm

Fig. 16 Experimental results for third mode.

After determining the matrix ®pzr, the experimentally deter-
mined optimal voltages for shape control can be determined us-
ing a least-squares approach similar to the method illustrated in
the mathematical formulation section by minimizing the objec-
tive function shown in Eq. (16). The vector of optimal voltages
is shown in Eq. (17), where Vit is the vector of optimal volt-
ages and Y is the vector of desired displacements on the surface of

the plate:

J¢ = 3E'E; = 5(Y — ®pzrVizr) (Y — ®pzrVezr)  (16)

-1
VP%I}T = (‘I’gZTq)PZT) (I>IZZTY a7

After determining optimal voltages, the experiment is repeated
where the actuators are simultaneously actuated using the optimal
voltages, and the surface displacements are measured for each loca-
tion before and after actuation. The method in Egs. (14—17) assumes
that the physical system is linear, and the method of superposition
can be applied, thus suggesting that simultaneously actuating mul-
tiple actuators is equivalent to individually actuating each actuator
with the calculated voltage and summing the displacements. This
process of determining the optimal voltages is considered valid be-
cause there is less than a 2% difference in the rms surface area
displacement when using Eq. (15) with the calculated optimal volt-
ages and when repeating the experiment using the calculated optimal
voltages (simultaneous actuation).

Shown in Table 3 are the rms surface error and maximum error
values for the first three low-order modes (shown in Figs. 15a—
15c). The column labeled Analytical Results shows the results
acquired from evaluation of the small-scale analytical models
using the optimal voltages determined from Eq. (8), and the column
labeled Experimental Results shows the results obtained by per-
forming the experiment using the optimal voltages determined by
Eq. (17).

As seen in the table, there is good agreement between the analyt-
ical and the experimental results (rms surface error and maximum
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error) for the active stiffener and direct attached actuators for all
three mode shapes. The only more noticeable discrepancy is on the
maximum surface error value in the third mode shape for the direct
attached actuator. This is most likely caused by yielding of the bond-
ing layer between the actuator and the host structure. Because the
bonding layer is not considered in the analytical model, the direct at-
tached actuator performs better in the experiment than analytically
predicted because of the reduction of coupling between the host
structure and actuator in the circumferential direction caused by
the bonding layer. This phenomenon is more significant for higher-
order modes because as the circumferential mode number increases
the circumferential strain in the host structure increases for the same
specified maximum displacement; and thus the system performance
is more sensitive to the actuator-structure coupling in the circum-
ferential direction. Nevertheless, the analytical results possess the
same overall trend as observed in the experiment, where the per-
formances of the two actuation systems are close for the first mode
and the performance of the active stiffener actuator over the di-
rect attached actuator increases as the mode number increases. This
agreement between the analysis and the experiment further enhances
the validity of the findings obtained from the large-scale analyt-
ical models because the model formulation and control method-
ology for the small-scale and large-scale analytical models are
identical.

Closer examination of the third shape (Fig. 16) further illustrates
the advantage of the active stiffener over the direct attached actua-
tor. For the shape shown at the top of the figure, the experimental
results for the test system demonstrate that the active stiffeners can
control the shape of the mirror better than the direct attached ac-
tuators. The surface error plot for the system with the active stift-
eners reveals a reduced wrinkling effect than the system with the
direct attached actuators as a result of the decoupling ability of the
stiffener. Such observations verify the trend predicted by the analy-
sis results obtained from the large-scale and small-scale analytical
models.

Conclusions

The focus of this research is on surface control of optical mirrors.
The configuration of active stiffeners placed in the radial and cir-
cumferential line directions of a circular plate (host structure of the
mirror) is chosen as actuators to control the mirror. The purpose of
this study is to investigate the feasibility of the active stiffener for
attaining a high-precision surface through utilizing the stiffeners’
directional decoupling mechanism. The analytical results demon-
strate that the active stiffener can achieve significant reductions in
surface error for all of the deformation modes of interest and out-
performs the direct attached actuator. The experimental results also
illustrate the performance improvement of the active stiffener con-
cept over the direct attached actuator and verify the trend observed
in the analytical results.

Appendix: Analytical System Parameters

Table A1 Analytical system parameters

Description Value
Circular plate

Material ULE Glass
Modulus, N/m? 6.70E+10
Poisson 0.17
Density, kg/m> 2.20E+03
Radius, m 1.27
Thickness: DA system, mm 4.1
Thickness: AS system, mm 3.68

(Continued)

Table A1 Analytical system parameters (continued)

Description Value
Stiffener
Modulus, N/m? 7.10E+10
Poisson 0.33
Density, kg/m? 2.76 E+03
Width, mm 13.8
Thickness, mm 3
Actuator
Type PZT-4
Number/radial line 6
Number/circumferential line 9
Thickness, mm 0.5
Density, kg/m? 7.50E+03
Stiffness parameters, N/m? Orthotropic
Dl1111 1.05SE+11
D1122 5.53E+10
D1133 5.73E+10
D2222 1.05SE+11
D2233 5. 73E+10
D3333 9.65E+10
D1212 191E+10
D1313 1.91E410
D2323 2.50E+10
Electromechanical coupling,
N-m-V
e3ll —3.19155
e322 —3.19155
e333 23.367
e312, e323,e313 0
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