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Summary

Adaptive deformable mirror based on electromagnetic actuors

Refractive index variations in the earth’s atmosphere eaws/efront aberrations and limit
thereby the resolution in ground-based telescopes. Withpfce Optics (AO) the tempo-
rally and spatially varying wavefront distortions can bereoted in real time. Most imple-
mentations in a ground based telescope include a WaveFensbg a Deformable Mirror
and a real time wavefront control system. The largest optitascopes built today have
a ~10m primary mirror. Telescopes with more collecting ared higher resolution are
desired. ELTs are currently designed with apertures up to. £2r these telescopes serious
challenges for all parts of the AO system exist. This theddr@sses the challenges for the
DM. An 8m class telescope on a representative astrononiieasshe starting point.

The atmosphere is characterized by the spatial and temgpeatra of Kolmogorov tur-
bulence and the frozen flow assumption. The wavefront fitimgr, caused by a limited
number of actuators and the temporal error, caused by alineibntrol bandwidth, are the
most important for the DM design. It is shown thab000 actuators and 200Hz closed
loop bandwidth form a balanced choice between the errorgamdct an 8m wavefront in
the visible to nearly diffraction limited. An actuator steof~5.6um and=0.36um inter
actuator stroke is thereby needed. Together with the nredugon, low power dissipation,
no hysteresis and drift, these form the main DM requirements

The design, realization and tests of a new DM that meets tleggerements and is extend-
able and scalable in mechanics, electronics and controlitéusther ELTS is presented.

In the DM a few layers are distinguished: a continuous mifagesheet, the actuator grid
and the base frame. Below the facesheet, in the actuatqrtedow voltage electromag-
netic push-pull actuators are located. Identical actuatodules, each with 61 actuators,
hexagonally arranged on a 6mm pitch can be placed adjacé&nmdarge grids. The base
frame provides a stable and stiff reference.

A thin facesheet is needed for low actuator forces and poissipdition, whereby its lower
limitis set by the facesheets inter actuator deflectionrd@teed by gravity or wind pressure.
For both scaling laws for force and dissipation are derivdohimum power dissipation is
achieved when beryllium is used for the mirror facesheetiePfacesheets with 1@dn
thickness are chosen as a good practical, alternative iprifitetype development. Struts
(20.1x8mm) connect the facesheet to the actuators and ensure dhssuoface over the
imposed heights and allow relative lateral movement of #oesheet and the actuator grid.
Measurements show 3nm RMS surface unflattness from the gttezhment.

The stiffness of the actuators form the out-of-plane casts for the mirror facesheet and
determine the mirrors first resonance frequency. The s&#ris chosen such that the res-
onance frequency is high enough to allow the high controtlbadth but not higher that
needed to avoid excessive power dissipation and fix poirttseirsurface in case of failure.



X Summary

The electromagnetic variable reluctance actuators dediagre efficient, have low moving
mass and have suitable stiffness. Other advantages araviteméts, low driving voltages
and negligible hysteresis and drift. The actuators comsist closed magnetic circuit in
which a PM provides static magnetic force on a ferromagreetie that is suspended in a
membrane. This attraction force is increased of decreagadchrrent through a coil. The
actuators are free from mechanical hysteresis, frictiah@lay and therefore have a high
positioning resolution with high reproducibility. The aaetor modules are build in layers to
reduces the number of parts and the complexity of assembllyosimprove the uniformity
in properties.

Dedicated communication and driver electronics are desigiFPGA implemented PWM
based voltage drivers are chosen because of their higheefficiand capability to be im-
plemented in large numbers with only a few electronic congms A multidrop LVDS
based serial communication is chosen for its low power conpion, high bandwidth and
consequently low latency, low communication overhead aensive possibilities for cus-
tomization. A flat-cable connects up to 32 electronics mesljueach suited to drive 61
actuators in an actuator module, to a custom communicatiodge, which translates the
Ethernet packages from the control PC into LVDS.

Two DMs prototypes were successfully assembled:5®mm DM with 61 actuators and
a @150mm DM with 427 actuators. In the second prototype modylér shown by the
assembly of seven identical grids on a common base. The dgrmarformance of each
actuator is measured, including its dedicated driver amangonication. All actuators were
found to be functional, indicating that the manufacturing assembly process is reliable.
A nonlinear mathematical model of the actuator was derivestdbing both its static and
dynamic behavior based on equations from the magnetic, amécland electric domains.
The actuator model was linearized, leading to expressimrihé actuator transfer function
and properties such as motor constant, coil inductanceatmtstiffness and resonance fre-
quency. From frequency response function measuremerss fireperties showed slight
deviations from the values derived from the model, but théisttcal spread for the prop-
erties was small, stressing the reliability of the manuféng and assembly process. The
mean actuator stiffness and resonance frequency wereNVdh7&nd 1.8kHz respectively,
which is close to their design values of 500N/m and 1.9kHz fitme domain response of
an actuator to a 4Hz sine voltage was used to determine bg&a&nd semi-static nonlinear
response of the actuator. This showed the first to be netdigibd the second to remain
below 5% for+10um stroke. Measurements showed that in the expected opgratige,
the total power dissipation is dominated by indirect lossdsPGAs.

The static DM performance is validated using interferometeasurements. The measured
influence matrix is used to shape the mirror facesheet imtitst 28 Zernike modes, which
includes the piston term that represents the best flat mifitoe total RMS error is225nm
for all modes. The dynamic behavior of the DM is validated bgasurements. A laser
vibrometer is used to measure the displacement of the nfacessheet, while the actuators
are driven by zero-mean, bandlimited, white noise voltagppuence. Using the MOESP
system identification algorithm, high-order black-box ratsdare identified with VAF val-
ues around 95%. The first resonance frequency identified 5$1Z2and lower than the
974Hz expected from the analytical model. This is attridutethe variations in actuator
properties, such as actuator stiffness. The power dissipet each actuator of the50mm
mirror to correct a typical Von Karmann turbulence spectisimal.5mW.



Nomenclature

Symbols

Symbol Description Unit

0 vector or matrix whose elements are all zero

1 vector or matrix whose elements are all unity

Ag, cross section of the axial airgap [m?]

Ag, cross section of the radial airgap [m?]

A cross section of the actuator membrane suspension [m?]

Ay cross section of the coil winding [m?]

B magnetic field density [T]

B, magnetic saturation [T]

B, influence matrix that links the PWM voltages to the faceshe@n/V]
deflection at the actuator locations

Bfw influence matrix that links the PWM voltages to the faceshe@in/V]
deflection on the measurement grid of the Wyko interferomete

Bf,w measured, zero piston, influence matrix that links the PW§n/V]
voltages to the facesheet deflection on the measurement| grid
of the Wyko interferometer

B¢ influence matrix that links the PWM voltages to the faceshe@in/V]
deflections at an arbitrary grid of points on the facesheet

C(s) continuous time controller

C(2) discrete time controller

C1 linear stiffness coefficient [-]

Co nonlinear stiffness coefficient [-]

C. diagonal matrix whosé'" diagonal element is the stiffness | [N/m)]
of actuatori

Cay stiffness matrix comprehending both the facesheet andtmrty [N/m]
stiffnesses

Crpca capacitance of the FPGA [F]

C capacitance used in the analog low pass filter [F]

Cc% Atmospheric turbulence strength [m%2]

D diameter [m]

Dy flexural rigidity [Nm]

D, index of refraction structure function [-]

Dy diameter of the connection struts [m]

Dy diameter of the telescopes primary mirror [m]

Dpum diameter of the DM [m]

Dy phase structure function [-]

E Young'’s modulus or elastic modulus [N/m?]

Xi
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Nomenclature

Symbol Description Unit

Ey Young’s modulus of the mirror facesheet [N/m?]

E, Young’s modulus of the glue [N/m?]

En Young'’s modulus of the actuator membrane suspension [N/m?]

E; Young'’s modulus of the connection strut [N/m?]

F, actuator force [N]

F, vector of actuator forces [N]

F, net force acting on the facesheet at the actuator location [N]

F, buckling force [N]

Fy, Lorentz force [N]

F, magnetic force [N]

Fres actuator force resolution [N]

F spring force [N]

F, vector of net forces acting on the facesheet at the actuatar | [N]
tions

5 magnetomotive force in the flux path with indéx [A]

H(s) transfer function from voltage to position [m/V]

Hi(s) transfer function from current to position [m/A]

Hy,(s) transfer function from force to position [m/N]

H; r.(2,0) | discretized transfer function from voltage to position [m/V]

H; rs(z,0) | discretized transfer function from voltage to speed [m/sV]

Iilp,Ts (z,0) | estimated transfer function from voltage to position [m/V]

Hyors (2,0) | estimated transfer function from voltage to speed [m/sV]

ﬁ;,n(z, 0) | estimated and discretized transfer function from voltagpd- | [m/V]
sition

+1s(2,0) | estimated and discretized transfer function from voltagel {m/sV]

speed

H., Transfer function for the communication latency [

Hzou(s) Transfer function of the zero order hold operation [

Hy. magnetic field intensity in the coil core [A/m]

H.,, coercivity of the PM [A/m]

Hg, magnetic field intensity in the axial airgap [A/m]

H,, magnetic field intensity in the radial airgap [A/m]

H,, magnetic field intensity in the PM [A/m]

H, magnetic field intensity in the core and baseplate [A/m]

1 current [A]

I identity matrix

I second moment of inertia of the connection strut [m*]

I, current through the actuator coil [A]

Ic, current through the capacitancg [A]

Iy current through the fictitious winding [A]

IR, current through the resistanég [A]

Ji(+) Bessel function of the first kind []

Ja current density in the actuator coil [A/m?]

Jo moment of inertia around the z-axis [kgm?]

K, motor constant [N/A]

K, diagonal matrix, whosé't diagonal element is the motor con-[N/A]
stantk, of actuator i

K., facesheet stiffness matrix [N/m]

L length [m]




Xiii

Symbol Description Unit
Lo atmospheric outer scale [m]
L1, Lo self inductance [H]
Lia, Loy mutual inductance [H]
L, actuator inductance [H]
L inductance of the low pass filter [H]
L, length of the connection strut [m]
Ly, length of coil wire [m]
M moment [Nm]
Y/ P diagonal matrix whosé't diagonal element is the sum of the[kg]
moving actuator mass and the lumped facesheet mass at its lo-
cation
magnetization [A/m]
M, moment around the x-axis [Nm]
N number of windings [-]
N, number of actuators []
Naw number of actuators [-]
Ny number of counter bits [-]
Ny demagnetization factor [-]
Ny number of fictitious windings [-]
Ny, number of actuator modules [-]
Ny number of WaveFront Sensor (WFS) lenselets [-]
Ny number of pixels used in the Wyko interferometer [-]
P plant to be controlled
P pressure [N/m?]
temporal power spectrum [J/HZ]
Power dissipation [wi]
P projection matrix to remove the ’piston’ term [
Py light intensity [Im/m?]
P, power dissipation in the actuator [W]
Payn(far) | dynamic power dissipation in an FPGA as function of the clocRV]
frequency
P. electrical power dissipation [W]
Pioad power dissipation due to the load W]
P short circuit power dissipation [W]
Pioy total power dissipation W]
Q. Hadamard matrix of sizexn [-]
R, electrical resistance of the actuator coil [€]
R. electrical resistance applied for the fine PWM signal [€]
R electrical resistance of the analog low pass filter [€]
Rbe magnetic reluctance of the part of the baseplate that fohmg t[1/H]
core of the actuator coil
Re magnetic reluctance of the actuator moving core [1/H]
Riie magnetic reluctance of leakage flux path of the coil [1/H]
Rrim magnetic reluctance of leakage flux path of the PM [1/H]
Rg. magnetic reluctance of the actuator axial airgap [1/H]
R, magnetic reluctance of the actuator radial airgap [1/H]
m magnetic reluctance of the PM [1/H]

Strehl ratio

transfer function from disturbance to residual error

-]



Xiv Nomenclature
Symbol Description Unit
T temperature [K]

Te control loop delay [s]
Ts sampling time [s]
TrwMm time periode for the PWM base frequency [s]
U, three-column matrix containing piston, tip and tilt modeale | [-]
uated on an arbitrary grid
U, three-column matrix containing piston, tip and tilt modeale | [-]
uated on the actuator grid
1% voltage V]
A% matrix of actuator command voltage vectors for identifmati | [V]
Va voltage over the actuator coil V]
Vee supply voltage V]
Ve, voltage over the capacit@r; [V]
Vi actuator command voltage vector with indefor identification | [V]
Vin volume of the PM [m3]
Vi coil volume [m3]
VR, voltage over the resistande, V]
w magnetic coenergy [J]
o mechanical damping in the actuator [Ns/m]
speed of light in vacuum [m/s]
cp compression factor B./Dpr) [-]
Ca actuator stiffness [N/m]
cr out-of-plane stiffness of the mirror facesheet [N/m]
Cs axial stiffness of the connection strut [N/m]
Cay,z stiffness in direction x, y and z [N/m]
d inter actuator spacing [m]
dt inter actuator spacing projected on the telescope aperture | [m]
f frequency of light [Hz]
fe control bandwidth [Hz]
feik FPGA clock frequency [Hz]
few . resonance frequency in x, y and z [Hz]
fe. resonance frequency of the actuator strut [HZ]
fe undamped mechanical actuator resonance frequency [Hz]
frpca FPGA clock frequency [Hz]
fa Greenwood frequency [Hz]
fPwm PWM base frequency [Hz]
IN Nyquist frequency [Hz]
fs sampling frequency [Hz]
g gravitation acceleration [m/s?]
h distance between the core in the undeflected membrane susgen
sion core and the PM
h height [m]
hn heat transfer coefficient [W/m?]
kg, 0.0 rotational stiffness around the x, y and z axis [Nm/rad]
ko Helmholtz coil constant [m]
lo atmospheric inner scale [m]

Uy

magnetic flux path length through the baseplate
magnetic flux path length through the moving core

[m]

[m]
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Symbol Description Unit

lg, magnetic flux path length through the axial air gap [m]

lg, magnetic flux path length through the radial air gap [m]

Im magnetic flux path length through the PM [m]

m mass [ka]

Mg, mass of the moving core in the actuator [ka]

Ma, mass of the mirror facesheet per actuator [ko]

my mass of the mirror facesheet [ka]

ms mass of the actuator strut [kal
my magnetic dipole moment [m3A]

n white noise vector

n index of refraction [-]

Nair index of refraction of air [-]

Puw wind pressure [N/m?]

r spatial coordinate [m]

70 Fried parameter [m]

T normalized spatial coordinate with indéin the complex plang [-]

r vector of normalized coordinates in the complex plane [-]

ry mirror facesheet radius [m]

Tm actuator membrane suspension radius [m]

s Laplacian variableq = jw) [rad/s]
the number of block-rows used in the Multivariable Output{-]
Error State-sPace (MOESP) algorithm

t time [s]

t thickness [m]

tm actuator membrane suspension thickness [m]

ty mirror facesheet thickness [m]

v(h) wind speed at altitud [m/s]

v speed of light [m/s]

Va wind speed [m/s]

Wy rigid body rotation around the x-axis (tip) [m]

wp rigid body displacement in z-direction (piston) [m]

Wy rigid body rotation around the y-axis (tilt) [m]

Za actuator displacement [m]

Za actuator velocity [m/s]

Za actuator acceleration [m/s?]

zy facesheet deflection [m]

Z$,0 unactuated facesheet deflection [m]

Zy measured facesheet deflection [m]

Zia inter actuator stroke [m]

20 initial axial air gap height [m]

Zs suspension membrane deflection [m]

@ linear coefficient of expansion [m/m/K]
switching activity in an FPGA []
integrator gain [

8 Catalan Beta function [-]

5 contact angle [rad]

Y command vector scaling constant [m]

r, diagonal scaling matrix on command voltages [-]
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Nomenclature

Symbol Description Unit

r. diagonal scaling matrix on measured displacements [

¢ Riemann Zeta function

¢ telescope angle w.r.t. Zenith [°]

n actuator coupling [-]

n actuator efficiency [-]

0 rotation around the z-axis [rad]

6 angular coordinate [-]

0. angular distance between object and reference star [rad]

(€] angle of the chief ray w.r.t. the optical axis [rad]

K spatial frequency [1/m]

K spatial frequency in x direction [1/m]

Ky spatial frequency in y direction [1/m]

Kz spatial frequency in z direction [1/m]

Ky fitting error coefficient [-]

A wavelength of light [m]
thermal conductivity [WImK]
flux linkage [Whb]

A diagonal scaling matrix on command voltages [-]

1o magnetic permeability of vacuum [N/A?]

L relative magnetic permeability [-]

Lo, relative magnetic permeability of the PM [-]

g, relative magnetic permeability of the baseplate [-]

v Poisson ratio [-]

Vm Poisson ratio of the actuator membrane suspension material [-]

vy Poisson ratio of the mirror facesheet material [

P material density [kg/m?3]

Pm density of the actuator membrane suspension material [kg/m?]

Pa density of air [kg/m?3]

Pf density of the mirror facesheet material [kg/m?3]

pi complex coordinate with index [m]+j[m]

Ds density of the connection strut material [kg/m?]

on principle stress [N/m?]

022 principle stress [N/m?]

0§ngze wavefront variance due to off axis observation angle [nm?]

Oal wavefront variance due to calibration errors [nm?]

o2 wavefront variance due to a control error [nm?]

Odelay wavefront variance due to a delay [nm?]

it wavefront variance due to limited number of actuators [nm?]

og gravitational sag [m]

02 s wavefront variance due to measurement errors [nm?]

o2 wavefront variance due to measurement noise [nm?]

Otomp wavefront variance due to limited bandwidth [nm?]

Ciotal total wavefront variance [nm?]

o, 1) expected Root Mean Square (RMS) actuator voltage based|ofVa
Von Karmann spatial power spectrum

ow deflection by wind [m]

oo wavefront variance [nm?]

T delay [s]

Te Sensor integration time [s]
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Symbol Description Unit
Te communication latency [s]
TUDP delay caused by the User Datagram Protocol (UDP) packsi
transfer
TLV DS delay caused by the LVDS packet transfer [s]
10) optical phase [rad]
rotation around the x-axis [rad]
i magnetic flux in a circuit with index [Whb]
o spatial PSD [rac?]
magnetic flux [Vs]
P rotation around the y-axis [rad]
Q) facesheet compliance matrix w.r.t. the actuator grid [m/N]
Q. facesheet compliance matrix mapping forces at the acti@tgr [m/N]

cationsp to displacements at an arbitrary geid

Operators and sets

Symbol Description
\v Laplacian operator (partial derivative)
Tr() Trace of the dotted matrix
) expected value of the dotted expression
N.(m,C) | set of ergodic white noise signasgt) € R™ with meanm and covariance
(matrix) C
Il s Frobenius norm of the dotted expression







Acronyms

ADC
AFRL
AO
ASIC

ASM
CAN
CCD
CFHT

CFRP

CPU
CME

CMOS

CNC
CS
CTE

DAC
DM
DOF
DC
EDM
E-ELT

ELT
ERAF

ERA

FEM
FET
FOV
FPD

Analog to Digital Convertor ~ FPGA
Air Force Research Laboratory

Adaptive Optics FRF
Application-Specific Integrated FWHM
Circuit GMT
Adaptive Secondary Mirror HST
Controller Area Network IC
Charge Coupled Device P
Canada France Hawaii IR
Telescope JWST
Carbon Fiber Reinforced LBT
Plastic LLNL
Central Processing Unit

Coefficient of Moisture CAD
Expansion LTI

Complementary Metal Oxide LVDS
Semiconductor
Computer Numerical Control LSB

Curvature Sensor MAC
Coefficient of Thermal MOESP
Expansion

Digital to Analog Convertor MEMS
Deformable Mirror
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Chapter one

Introduction

Atmospheric turbulence is introduced as the cause of wameaberrations.
This limits the resolution in ground-based telescope systel' he image qual-
ity can be improved with an Adaptive Optics system. In an AGteym the
wavefront aberration is measured with a wavefront sensoirarealtime cor-
rected by a wavefront corrector and control system. The fkarrecorrector
is usually a Deformable Mirror, where the reflective surftdees the opposite
shape of the disturbed wavefront. An overview is given ofrent available
wavefront correctors and the main challenges for the wamefrorrector and
control system for future AO systems are addressed. A pmolidemulation
and outline of this thesis is given at the end of this chapter.
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Flat, undistorted wavefront t0

Average refractive index

Lower than average refractive index
e.g. higher than average temperature

Distorted wavefront tO+t _//L

e

Figure 1.1: The atmosphere, represented by a set of air bubbles witlehigimd lower-than-average
refractive index. The refractive index variations change wavelength of the wavefront
and the speed by which the light travels through the atmasphech that the initially flat
wavefront distorts.

1.1 Imaging through atmospheric turbulence

After the invention of the telescope in 1608 astronomerkzeéthat for higher resolution
of the observed images larger telescope apertures araedquihis does not bring a full
solution. Christian Huygens proposed around 1656 thattthesphere was to blame.

Light emitted by a distant star is undistorted as it enteessthrth’s atmosphere. The atmo-
sphere can be seen as a set of air bubbles with slightly eiffgshysical properties, e.g.
temperature and pressure. The initially flat wavefrontodistwhen passing through these
air bubbles due to refractive index variations caused byethgerature, pressure, humidity
and CQ-concentration variations [57].

The index of refraction is defined as the ratio between thedpélight in vacuumd) and
the speed of lightin the medium){ » = £ [100]. With the variation of the refractive index,
the speed of light at which the wavefront travels througtetineosphere will vary. Since the
frequency of the lightf) does not change, the change of speed of light will lead taagé
of its wavelength:\ = % [100]. In Chapter 2, Equation (2.1), it will be shown thatigaof
the atmosphere that are hotter-than-average have a lbaeraverage refractive index and
vice versa. Parts of the wavefront that pass through air itker-than-average refractive
index are advanced and parts that pass through air with higfractive index are retarded.
As a result, the initially flat wavefront is distorted. Thisshown schematically in Figure
1.1. Optical distortions caused by the earth’s atmosphreralevays present. Even Newton
did not see a solution. In his 'Opticks’ in 1730 he stated ithagas impossible to overcome
the optical degradation caused by the earth’s atmosphagg: [1

"If the Theory of making Telescopes could at length be fuligumht into Prac-
tice, yet there would be certain Bounds beyond which Telessa@ould not
perform. For the Air Through which we look upon the Starsnipéerpetual
Tremor; as may be seen by the tremulous Motion of Shadowdrcasthigh

Towers, and by the twinkling of the fix'd Stars. But these Stdw not twinkle
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when viewed through Telescopes which have large apertkesthe Rays of
Light which pass through divers parts of the aperture, tlenelach of them
apart, and by means of their various and sometimes contramydrs, fall at
one and the same time upon different points in the bottomeoEtye, and their
trembling Motions are too quick and confused to be percedezerally. And
all these illuminated Points constitute one broad lucichBa@iomposed of those
many trembling Points confusedly and insensibly mixed witle another by
very short and swift Tremors, and thereby cause Star to afypeader than it
is, and without any trembling brighter and larger than slooets can do, but
they cannot be so formed as to take away that confusion of #ys Rhich
arises from the Tremors of the Atmosphere. The only Remedyrisst serene
and quiet Air, such as may perhaps be found on the tops of tieesi Moun-
tains above the grosser Clouds."

With an ideal telescope and without the presence of the gthews a point source is shaped
by diffraction and is described by the Airy function [100]:

thQ 22y (FD;IG‘)
4)2 (ﬂDt|§\)
A

Py(0) = (1.2)

whereP; is the light intensity as function of the angular coordinata the wavelengthD;

the telescope diameter adg the Bessel function. The first dark ring (Figure 1.3) is at an
angular distance of 1.%’% and is called the resolution of the ideal telescope. An astro
ical object can be seen as an number of point sources. Eashspoeads according to the
Airy function. The convolution of these functions forms thilgiect’'s image. This forms the
image with the least degradation possible and is calledadifion limited.

In practice the image quality is not diffraction limited, tburther degraded. Imperfect
optical components and misalignment and atmospheric lemba are a few causes. The
function Equation (1.1) is then referred to as the Point &pfeunction (PSF). From this,
multiple measures of the optical quality are defined:

Figure 1.2: The diffraction limited Airy function Figure 1.3: Top view of the Airy function.
of a point source.
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e Strehlratio (S) —’:j((g)). This is the theoretical central peakintensify(g)) compared

to the central peak intensity of the Point Spread Functi@FHRP(9)).

e The Full Width Half Maximum (FWHM) of the PSF.

e Encircled energy. This is a measure for the energy condeniria the optical image.
It gives the distribution of energy in the PSF. The PSF irdegver the disc of radius
r is called the encircled energy.

For long time no solution to the natural degradation of thécapquality was seen. This

changed in 1953 when Horace Babcock proposed to use a ddfieroptical element and a

wavefront sensor to compensate for the "Tremors of the Aphere’ [8]. This is regarded

as the start of the field of adaptive optics as defined today][1&8daptive optics is a tech-

nique for removing temporally and spatially varying optiseavefront aberrations in real

time. Its applications are broad and include optics, lasedsmedicine, but one of the most
challenging is correcting blurred images in large grouadeu astronomical telescopes.

In the next section the standard implementation of the adapptics system and its com-
ponents in ground based telescopes is described.

1.2 The adaptive optics system

An Adaptive Optics system for astronomy consists of a WavetF6ensor, a wavefront cor-
rector and a real time wavefront control system. A schenmdtibe AO system is shown in
Figure 1.4. After a few reflections in the telescope, the irave: reflects on the wavefront
corrector, usually a Deformable Mirror, after which a dimicrbeamsplitter splits the wave-
front: partially to the WaveFront Sensor and partially te fitience camera. The controller
calculates the new actuator signals for the DM based onrmdtion from the WFS. In the
next sections atmospheric turbulence and the main compooéthe AO system will be
discussed.

1.2.1 Atmospheric turbulence

The atmosphere is often represented as a set of differentgibubbles, each with their
own physical properties as temperature, pressure and ktyyaidd therefore with their own
refractive indexn. The wind carries these air bubbles over the telescopewapexithout
significant change in properties. The latter is called tlhedn flow assumption or Taylor
hypothesis. At most telescope sites a large part of the embe is at the lower altitude,
where a temperature gradient between air and ground eXB$. [

In 1941 Kolmogorov laid the foundation for the currently dsgmospheric turbulence mod-
els [117]. Kolmogorov concluded that in a turbulent flow tleetic energy decreases with
the%5 power of the spatial frequency. From this, Tatarski [182] &nied [65] developed
the standard model for astronomical seeing. In Chapter 2 r& ghetailed description of
atmospheric turbulence and its consequences on the ddflaméror design is given.
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1.2.2 Wavefront sensing

For the correction, measurement of the wavefront is neeDedct phase measurement is
difficult and often replaced by slope measurements with alSkrtmann sensor (SHS)
[169]. This sensor is shown schematically in Figure 1.5. Waeefront is focused through
a lensslet array on a Charge Coupled Device (CCD) cameral stapes result in a trans-
lation of the foci on the CCD, which is a measure of slope. Tlaeefront shape can be
reconstructed by the integration of these slopes. Bedisesidely used SHS other sensors
such as the Curvature Sensor (CS) [155] and the Pyramid 66PSp [150] exist. As in
the SHS, the CS uses an array of lenses to focus the wavebdrd, sensor measures the
intensity before and after the focal plane. If there’s a latavature in the wavefront, the
position of the focal spot is changed. By measuring the differelative spot intensities the
curvature can be deduced. In the PS the wavefront falls otothef many small pyramids.
The facets of each pyramid split the light into a number ofmbgawhich then are imaged
onto a detector. If the wavefront is flat the result is an equadunt of light in all beams. If
wavefront aberrations are present this distribution ckban8y additional movement of the
pyramids extra resolution is gained [150].

1.2.3 Wavefront correction

The wavefront corrector performs the physical correctibthe wavefront. A wide variety
of wavefront correctors exists. Not all types will be cowkne this section. The objective
here is to display the diversity and to point out the main prtips of the different correc-
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Probably the oldest wavefront corrector is the segmentetbmiThis mirror is made up
from a number of small closely packed mirror segments thateave in one or three De-
grees Of Freedom. In the first case the individual mirror elets can only move up and
down (piston) along the optical axis, in the second case eéichr segment can rotate over
two orthogonal axes of tilt as well. Piezoelectric actuatmd strain gauges are most com-
monly used to move the segments and to provide position tegdbOne example is the
segmented mirror from ThermoTrex Corporation used on tBamnkter William Herschel
Telescope (WHT) [138, 210]. This mirror has 76 mirror segtegpach of which have
tip/tilt and piston actuation giving a total of 228 DOFs. @&ttexamples can be found in
[45], [108], [97] and [75]. By having separated segmentsehs no cross coupling and
mirror parts can be relatively easily replaced, this at th&t of having small gaps that act
as a grating and cause diffraction.

Another type of wavefront corrector is the Deformable Mirfglost DMs have continuous
facesheets and have a stack of piezoelectric actuatorsdolawder the reflective surface.
They are placed perpendicular to the mirror surface and smpat-of-plane displacements
on the facesheet. This type of DM is under development sif@d aAnd was first built for
high energy laser systems [187]. At the end of the '70s thesm®rs were developed for
infrared systems [54, 55]. Current development on this tyfpmirror is driven by minia-
turization [171], increasing actuator linearity, strok&]] and position accuracy and de-
creasing operating voltages, drift [33, 161] and hystsrfsi2]. Piezo stacked deformable
mirrors are made by e.g. Xinetics, CILAS and OKO Technolsgkelarge AO-system with
a piezo stacked mirror is on the 10-meter Keck telescopee BI849-channel piezoelectric
mirror from Xinetics is implemented [203]. Besides pieamttic materials also Lead Man-
ganese Niobate (PMN) or magnetostrictive actuators aré. uRecently a 3368 channel,
PMN DM from Xinetics on a 6666 grid with 1.8mm pitch, with~1.2um actuator stroke,
is developed for the 5.1 meter Hale Telescope at Palomarr@tisey as a high-order up-
grade to the Palomar Adaptive Optics System [16]. The hidtage drivers dissipate about
4kW and need liquid cooling since cable constraints foreedifivers to be placed near the
Cassegrain focus. The system is planned to operate in 2011.

A separate class of continuous facesheet DMs are the bimompbrs. Unlike the DMs
with stacked piezo actuators, bimorph mirrors have actegitaced parallel to the reflec-
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tive surface. A bimorph mirror usually consists of a glasmetal facesheet that is bonded
to a sheet of piezoelectric ceramic. There is a conductiget@lde in the bond between
the piezoelectric material and the facesheet. On the lideldithe ceramic a series of
electrodes is attached. When a voltage is applied betweeindht and back electrode the
dimensions of the piezoelectric material change and a tadals of curvature is forced into
the mirror. Bimorph mirror were first used in astronomy in beginning of the '90s on the
Canada France Hawaii Telescope (CFHT) [156]. One of theetdrgimorph mirrors is a
188-element bimorph mirror, developed by CILAS, and cutyeursed in the AO-system for
the 8.2-meter SUBARU telescope. This mirrori430mm, but only the inne90mm is
illuminated [179]. The remaining 40 electrodes outside thameter are needed to enforce
the proper boundary conditions [143].

In bimorph mirrors the local curvature is proportional witle voltage and the coefficient of
the dielectric tensor and inversely proportional with thaare of the thickness. The maxi-
mum voltage is given by the breakdown voltage. This alsordétees the gap between the
electrodes and thereby sets a limit for the actuator derSitice the mechanical resonance
frequency is mainly determined by the diameter-thicknasis iit is clear that a trade-off
between mirror size, resonance frequency and stroke (zue)ds to be made. Critical in
the design are the bonds between the different layers. Bimonirrors suitable for high
power lasers with integrated cooling have also been deedl{fy 164, 197]. Bimorph mir-
rors are used in combination with a CS because the recotististep can then be avoided
([118, 187)).

Besides piezo stacked and bimorph mirrors a few implemienagxist with actuators that
impart bending moments at the edge of the mirror [69].

To reduce the background emissivity from surfaces addedh&®AD system the number
of reflective surfaces in astronomical telescopes shoul@ept to a minimum. This is
especially the case for Infra Red (IR) observations. Framtttought the idea for an Adap-
tive Secondary Mirror (ASM) was born in the '90s [162]. In ¢@st with the previously
discussed correctors, secondary mirrors in a telescopesaialy strongly curved, giving
additional challenges in making them adaptive. The first ASbuild for the 6.5m Multiple
Mirror Telescope (MMT) in Arizona in the mid '90s and has 336uators [123]. The static
secondary mirror is replaced by a thin deformable zerodeit ghith a radius of curvature
of 1795mm. The shell is 1.9mm thick and 640mm in diameter [129the center of the
shell a membrane suppresses the lateral DOFs. A number o$r8a8 radially magne-
tized permanent magnets are glued at the backside of thdureshell and form together
with the voice coils that are fixed in a reference plate thaators that push and pull at the
shell. Capacitive sensors are placed concentric with theatars in between the Ultra Low
Expansion (ULE) glass reference structure and the backdidlee thin shell. They pro-
vide distance measurements for the local feedback loopsOmn8thick aluminium plate
with cooling channels is used to remove the heat produced208105, 189, 190]. The
schematic of the ASM unit and photo can be seen in Figure ld&&ure 1.7. After the
conversion at the MMT two ASMs were made for the Large Binacdklescope (LBT).
Both the ASMs have a radius of curvature of 1974.2mm and me&llmm across. To
reduce the deformation forces and resulting power dissipaa 1.6mm thick zerodur shell
is chosen. Each of the shells have 672 electromagnetictacsy@0]. One of the Very
Large Telescopes (VLTs) will be equipped with an ASM as wEltst light is foreseen in
2015. This one has a radius of curvature of 45653mm and is 1&P8cnoss and equipped
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Figure 1.6: The ASM unit at the MMT shown in Figure 1.7: Photo of the adaptive secondary
schematic. Figure taken from [200] mirror unit at the MMT. Photo taken from [200].

with 1170 actuators [7].

The ASMs exhibit a few drawbacks. One of them is the high cexipl. Due to the lack
of mechanical stiffness in the thin shell, literary hundred eigenmodes need to be sup-
pressed by the control system. To be able to control the méaoh actuator is equipped
with a capacitive sensor and associated conditioningreleics and needs a significant
amount of computational power for closed-loop control [L#8search on controlling this
thin shell is still ongoing [159]. Since the power consuraptis high (MMT:2kW [123] ,
LBT:2.665kW [12], VLT:1.47kW [7]), active fluidic coolingsineeded. Leakage is known
to occur in such systems [70]. Furthermore it is difficult e®k the dust out of the H@n
thin gap between the shell and reference structure [70]. a8sembly has a high mass
(MMT:130kg, LBT:250kg, VLT:180kg) which results in low mkanical resonances: the
assembly hub starts to resonate in its metering structurthe®MMT, the wind causes the
hub to rotate both perpendicular as well as along its opgixl. The resonance frequencies
are 14 and 19 Hz respectively. Extra measures have beenttaketuce the optical degra-
dation mentioned [174].

The last type of continuous facesheet deformable mirrarudised here is the membrane
mirror. A very thin membrane (gim) usually not bigger than 15mm across is deformed
by electrostatic forces. The membrane is usually stretelmeidplaced in a silicon housing.
Electrodes exist at the backside of the membrane and théngosy applying a voltage to
the electrostatic electrode actuators it is possible tordethe membrane. In most cases a
bias voltage is applied to all the electrodes, to make the lonene initially spherical. In this
way the membrane can be moved in both directions. Probaélgntist wide spread exam-
ple is the 37 actuator electrostatic deformable mirror fIOKO Technologies [125, 188].
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Due to the thickness of the membrane the mirrors are veryléra@ritical in the design
is to avoid possible snap down and avoid dust in the very magaps. Another actuation
method on membrane mirrors can be found in [46, 47]. Here dl snagnet is suspended
to the membrane and coils are used to deform the membraree Smechanical stiffness
exists, scaling to large diameters is not possible whilaimgtg inter actuator stroke and
density as well as dynamic properties.

Other small DMss are the Micro-Electro-Mechanical SystémMEMS) devices. With the
potential to be fabricated in large quantities and withéamgmbers of actuators this seems
a promising technique. Most MEMS suffer from limited (intctuator stroke and poor sur-
face quality. MEMS DMs are manufactured by Boston Microniaeh [149] and Iris AO
[102].

Not all wavefront correctors are based on reflection, higteotransmission based correc-
tors are also available [124]. Most of them are based ondiguystals and are limited in
stroke and dynamic behavior.

Itis clear that, since the first wavefront corrector, marifedént types have been developed.
Constant development of the DM has led to large, meter scatensiwith ~ 1000 actuators
with several tens of Hz control bandwidth and smaller DMswsiéveral hundred actuators.
Mirrors with more actuators and a higher control bandwid#hrzeeded for existing large
and future European Extremely Large Telescopes (E-ELTs3depes. Section 1.3.1 will
address the main challenges for these wavefront corredssses as extendability, scala-
bility, low power dissipation, low failure probability, dra low price per channel still needs
to be solved.

1.2.4 Wavefront control

The goal of the control system is to compensate the atmoisphavefront distortion. The
quality of this compensation can be measured using the IStaéh. According to the
Maréchal approximation [187], this ratio is inversely tethto the variance of the wave-
front aberration. Therefore, the goal for the control systeflected in the mathematical
formulae is to minimize this variance.

Based on mathematical formulae, e.g. the control law, tiérobsystem processes Wave-
Front Sensor measurement data in realtime to determineisttjfor the actuators. In most
cases this involves post-processing of the WFS measursmasnthey come from CCD
detectors to the desired quantities and by the use of smatditemporal models of the
wavefront corrector and atmospheric turbulence.

For large AO systems the control laws are implemented orcdestl FPGA boards that can
perform many calculations in parallel. These processa@mkhe measurements via a fast,
usually digital communication link to the sensor and outiiet commands via Digital to
Analog Convertors (DACs) to the actuators.

AO systems can be configured in both open loop (Figure 1.9kl saw closed loop (Figure
1.8). Both configurations have their advantages and bothsaé in practice. In the open
loop configuration the measurements are not influenced bgthape of the corrector and
provide direct information on the wavefront distortion. wtver in case of strong turbulence
the wavefront distortion may exceed the range of the WFSlitggato poor performance.
Further, the effect of the control actions is not observedhaycontrol system, which has
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to rely on a model that accurately describes the behavidnefiavefront corrector. For
obvious reasons, this model cannot be calibrated in thifigumation. On the other hand,
an inaccurate model cannot lead to instabilities as lonp@spen loop controller itself is

stable. This in contrast to the closed loop case, which —tipnaperly tuned — can become
unstable. But this seems a reasonable price to pay for gpalirpreviously mentioned is-

sues of the open loop configuration. Therefore, throughusithesis a closed loop control
system will be considered.

1.3 Challenges

The largest optical telescopes built today have a 10m pyimarror. Examples are the
VLTs, the LBT, the Keck telescopes and the SUBARU telescdjpeexplore the universe
further and further, telescopes with more collecting amlggher resolution are desired.
Both can be achieved by enlarging the telescopes primanpndiameter. Telescopes are
currently being designed with these extremely large apediameters (Extremely Large
Telescopes (ELTS)). A consortium in the USA has conceivedTthirty Meter Telescope
(TMT) with an aperture diameter of 30m [178]. Another recAnterican initiative is the
Giant Magellan Telescope (GMT) [113]. The primary mirrortbfs 22-meter telescope
is made out of 7, 8-meter class, segments. The Europearcpoajed Overwhelmingly
Large Telescope (OWL) started as a 100m telescope [52] stnéicently downsized to a
42m telescope called the E-ELT [74]. Another initiative by tSwedish Lund University
called the EURO-50, is now superseded by the E-ELT.

It does not make sense to design and build such large telesedthout the use of adaptive
optics. One would only gain by the collecting area and ablebigerve fainter objects, but
without increased resolution. The design of AO systemsuohdarge telescopes involves
serious challenges for all parts of the AO system. For the@ead this thesis only the
challenges for the wavefront corrector and the controlessyswill be addressed.
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1.3.1 Challenges for the wavefront corrector

The number of controllable degrees of freedom of DMs for dadle telescopes must be in
the order of ten of thousands, because - as discussed inthehagter - the actuator density
remains constant for a given optical quality. The higheshber of actuators currently
available for DMs is=1000 and the costs are around€llper actuator. It is not trivial to
extend current designs to larger actuator numbers. A fesoreacan be identified.

e Extendability. Straightforward extension of many curr®M designs leads to an
increase in mass that cannot be matched by stiffness antetsto a severe reduc-
tion of the resonance frequencies. Low resonance freqgegneduce the achievable
control bandwidth and thus the achievable wavefront ctice@erformance. Ex-
tendability is not only needed in its mechanics but also li@r ¢ontrol system and
electronics involved.

e Scalability. DMs are needed with a wide range of actuatahpiT he first generation
AO systems for the E-ELT will have 30mm actuator pitch anduiacb8000 actuators
[107]. Later generations will have an actuator pitch dowhrton with over a 100.000
actuators. No current design is available that matcheg ttesgiirements. DMs are
needed with a wide range of actuator pitch.

e Power dissipation. Most DM designs involve substantial @odissipation. As a
consequence e.g. the temperature of the DM surface witlecespits environment
will rise with detrimental air flow in the path of light as a tds So active cooling
is required. Active cooling systems add complexity to thstassn and have the risk
of leakage. The fluid flow will introduce vibrations on the nevél that affect the
wavefront correction performance as well.

e Failure probability. As the number of actuators increasies,probability of defect
actuators also increases. When an actuator has high stfftiexes the displacement
in the facesheet at one point, a so-called hard point anavithiaffect a large fraction
of the mirror area and thus its performance. So besides aj@wngl actuators with
a high Mean Time Before Failure (MTBF), actuators shouldcsise a significant
decrease in the optical surface quality after failing.

e The price per channel. The budget for a whole ELT is 5@&Mith current cost per
channel a full size AO system for these telescopes will naffirdable.

In this thesis a design will be proposed that is driven by abmentioned reasons. Ex-
tendable and scalable mirror design is needed, in mecha@sgronics and control with
lightweight construction with high resonance frequencies power dissipation and soft
and cheap actuators. As a starting point for further requirets an 8m class telescope on a
representative astronomical site is chosen.
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1.3.2 Challenges for the control system

Already since the first AO system, the speed at which the obsyistem has to operate has
formed a serious challenge. At that time, a shearing imenfieter was used to measure
the wavefront. Similar to the SHS described above, this@ealkso does not provide
direct information on the wavefront phase, but via a spdt@hsformation. Inversion
of this transformation and subsequent calculation of blétactuator command signals
are computationally costly operations, which would hayeetamore than a day on a
contemporary computer [98]. Instead, an analog electrcinitit was designed in which
measurements were introduced as controlled currentsliggethe actuator commands as
measurable voltages. Although this controller structuas wery inflexible, it allowed for
update rates of around 1kHz, which is respectable even dlayts standards.

Currently, SHSs are the most widely used and digital corslystems have become suffi-
ciently fast to do the required computations. For the futarge telescopes, this will not
be trivial to maintain. Digital processors may continuertorease in computational power,
but this may not be sufficient. Without efficient algorithntise required computational
power increases approximately with the square of the numbactuators and thus to the
fourth power in the telescope aperture. This is plotted guFé 1.10 and based on a desired
Strehl ratio of 0.87. It shows that without efficient numatialgorithms an AO system for
the 42m E-ELT with over 100.000 actuators would require &im®.000 processors each
capable of 10 giga-flops. It requires a careful design foh atrd- and software to achieve
an efficient parallel computer system. In [59, 73, 195] colrdfgorithms are shown with a
computational complexity 0@(1\75’/2). But even these would require many processors to
compute the setpoints for the 100.000 actuators at a ratieHtif. 1

Besides computational problems, increasing the numbertafgors yields many practical
problems. Usually the actuation has at least two conneetioes. In case of 100.000
actuators, this leads to 200.000 wires and thus a large pilapaf defects, disturbances,
etc. To keep the lengths of these wires to a minimum and olstastraightforward
multi-processor hardware architecture, a modular, tisteid control system is proposed:
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each actuator or small group of actuators is driven by a s¢paardware module that has
direct communication links to only a few neighboring moduleEach module receives
a small fraction of the wavefront sensor measurements dndadules are identical in
hardware. This allows cost efficient production of the meduénables the straightforward
construction of a control system for a new, larger AO systewmh quick replacement of
defective modules.

By assigning computational power per actuator, the totahmatational power increases
only linearly with the number of actuators, which is lesstigarequired by current efficient
algorithms. In [183] is shown that these algorithms are nitable for the distributed
architecture and research into new algorithms, whose pigsen driver is the distributed
structure, is needed. The performance achieved by the ubes# algorithms is subjected
to the choice for specific properties of the structure, budusth approximate that of
traditional, centralized architectures. These propedie what neighbors the modules can
communicate with, what information they exchange and whielasurements they receive.
A suitable choice for these properties requires insightt irdw they affect the AO system’s
performance. More details on these issues can be found ifPhie thesis of Rogier
Ellenbroek [183]. The temporal part of the traditional gofier is an integrator structure
that despite its limited tuning freedom usually yields sudfnt performance. Firstly
because the frequency content of the wavefront disturbeercéde well approximated by a
first order low-pass characteristic. Secondly becauseigtedain of an integrator at low
frequencies provides the means to compensate mismatctvesdpethe real DM and the
model used.

1.4 Problem formulation and outline

Existing large and future even larger telescopes can onlitibzed to the full extend, when
they are equipped with AO systems that enhance the telescepelution to the diffraction
limit. The development of new DM technology that meets thespiirements is therefor
essential. This thesis will focus on the design, realizatind testing of a new DM that is
extendable and scalable in mechanics, electronics antbtoBince this thesis is a result of
a joint research project there is an accompanied thesisphieREllenbroek, on the devel-
opment of a distributed control framework. In Chapter 2 tguirements will be deduced
based on typical atmospheric turbulence conditions. Thairements are made quantita-
tive and the design concept is presented. Chapter 3 willsfacuthe deformable element,
the facesheet. The design, realization and testing of theatrs and dedicated driver elec-
tronics is presented in Chapter 4 and Chapter 5. In Chaptes8ts of a 61 actuators and
a 427 actuators prototype will be presented and validatedkorloped models. Finally in
Chapter 7 conclusions and recommendations will be given.






Chapter two

Design requirements and design
concept

The main requirements for the adaptive deformable mirral @ntrol sys-
tem are derived for typical atmospheric conditions. Thetiapband temporal
properties of the atmosphere are covered by the spatialesnplaral spectra
of the Kolmogorov turbulence model and the frozen flow asgionp The
main sources for the residual wavefront aberrations amgifikd. The fitting
error, caused by a limited number of actuators and the teahporor, caused
by a limited control bandwidth, are considered to be the nmogortant for the
mirror design. A balanced choice for the number of actuasaasthe control
bandwidth is made for a desired optical quality after cdioec Then the actu-
ator requirements are defined, such as the pitch, totalesao#l inter-actuator
stroke, resolution and power dissipation. Requiremetslarived for the con-
trol system and the electronics. Finally, the full DM systdesign concept is
presented, consisting of the thin mirror facesheet, theamactuator connec-
tion, the actuators, the control system, the electronidglae base frame.

Sections 2.1 and 2.2 and Section 2.4 are joint work with Rdgjienbroek

15
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2.1 Requirements

The goal is to make a DM that can correct a wavefront of an 8&ntetescope in visible
light, which is aberrated by atmospheric turbulence to fiffeadtion limit. The mirror's
main requirements will be derived from the spatial and terajgaroperties of typical atmo-
spheric conditions as they exist on astronomical sites aad@erro Paranal in Chile. These
conditions will be shown to determine the number of actugttire (inter) actuator stroke
and the control bandwidth. Further, the mirror should haverdoughness and high reflec-
tion for the wavelengths utilized and be functional in a tengpure range betweenl10 °C
and30°C [87].

The mirror surface may not heat up more than 1K relative tetihvronment to prevent the
deformable mirror itself to become a significant heat souraeally, the number of sensors
and actuators in the AO system will be of such order of mageitthat efficient control
algorithms are required to prevent problems in the redtinaif suitable computation hard-
ware. Known efficient control algorithms such as proposd8 73, 130, 196] exploit the
structure present in a system to obtain efficient impleniemts. For AO applications, such
algorithms exploit sparsity or spatial invariance of the ®Mfluence matrix and generally
comprehend its temporal dynamics only in terms of a numbeawnfples delay. The DM to
be designed should behave accordingly up to a sampling tale defined in Section 2.4.

2.1.1 Atmospheric turbulence

In Section 1.1 it is explained that refractive index vadas of the atmosphere cause wave-
front aberrations. Based on the work of Edlén [57] severatriloutions have been made
to describe the dependence of the refractive indgx on temperature, pressure, humidity
and CQ-concentration [13, 39, 114, 142, 148]. Many different fafations exist, which
are often aimed at specific wavelength of interest. Becatifeeaveak dependence on the
relative humidity (for vertical propagation through thenatsphere) and Cconcentration,
these are often neglected [98]. The dependence of the tiefiandex on pressure and
temperature is given by [44]:

P 7.52-1073
Nair — 1 + 776 - 10 T <]. + T) (21)
Where P is the pressure in millibars]’ the temperature ik and A the wavelength in
microns. As a result of the change in the refractive indexesgauts of the initially flat
wavefront are advanced and some parts of the wavefront el eel.

2.1.2 The Kolmogorov turbulence model

The work of Kolmogorov in 1941 [117] formed the basis for amly used atmospheric
turbulence models . Kolmogorov concluded that in a turbiuflen the kinetic energy is fed
into the system at the outer scdlg and decreases till it is dissipated in heat at the smallest,
inner scald,. The outer scale corresponds to the radius of the largebtibbsles and the
inner scale to that of the smallest. Outside the outer steddsbtropic behavior of the
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Figure 2.1: Schematic of Kolmogorov turbu- Figure 2.2: A typical profile measured with
lence. Energy is fed into the system at the outea SCIDAR instrument at Mt. Graham (profile
scale and cascades till dissipated in heat at thetaken from S.E.Egner [58]).

inner scale.

atmosphere is violated and inside the inner scale viscdastefare dominant and kinetic
energy is dissipated in heat. This is schematically shoviigare 2.1.

Spatial model of atmospheric turbulence

Kolmogorov described the random movement of the wind wittistical quantities by
means of structure functions. Structure functions desdtie mean squared difference be-
tween two randomly fluctuating values. With the assumptiat the atmosphere is locally
homogeneous, isotropic and incompressible he concludeddrdimensional analysis that
the kinetic energy decreases with the spatial frequend}etqnbwerfg. Tatarski [182] re-
lated Kolmogorov's velocity structure function to the ixd® refraction structure function
D,,(h,r) given by:

Dy (h,7) = (|In(h,r") — n(h, " +1r)|%)
=C%(h)r3, for ly<r< Lo

where() denotes the variance of the enclosed expression at hemd distance. C%;(h)
is used to take into account the atmospheric turbulenceibatibns from all altitudes above
the telescope. Figure 2.2 gives a typi€&} (h) profile. From this refractive index structure
function profile it becomes clear that the ground layer ardHhigh wind speed at the jet
stream at about 10 km height strongly contribute to the wawfberrations.
To quantify the effect of variations in index of refractioimsterms of wavefront phase,
another structure function is used: the phase structuimD(r). For the values of the
phasep at any two points in the wavefront that are separated by artist- this structure
function is given by [98]:

Dy(r) = (|o(r",t) = o(r" + 1)),



18 2 Design requirements and design concept

3 2r\* 1 s (%,

— 991 (T) COS(OT/O C2.(h)dh,

— 6.88 <£> ’ (2.2)
To

where( is the angle with zenith and is the Fried parameter defined as:

ro = [0.423 (27”)2 @ /OOO C]%(h)dh]

The Fried parametert, is the characteristic spatial scale, which for550nm typically
ranges between 5 and 20cm [98]. The Fried parameter corrdspo the aperture diameter
D, of a telescope for which the varianeg s of the wavefront aberrations is roughly 1 fad
This variance can be expressed as [141]:

_3
5

5

D 3

o =1.03 (—t> (2.3)
To

Other important statistics are described by the spatialedPdpectral Density (PSD),

which is a measure for the relative contribution of abeorsi with spatial frequency

k = /K2 + K2 + k2 to the total wavefront distortion. For the Kolmogorov tuldnce
model this is given by [141]:

11

®(k,h) = 0.033C% (h)x™ 3,

b(k) = 0.0237“0_%,%_% (assuming isotropy). (2.4)

This spatial PSD is often truncated at the outer and innde sfahe turbulence in which
the Kolmogorov model is valid. This is mostly done using tloeen\Karmann model:

7% 2
D) = 20 exp— (i) (2.5)

(=2 + 2)

wherex, = 27/ Lq corresponds to the boundary set by the outer sEalendx; = 5.92/1
corresponding to the lower boundary set by the inner sialé he outer boundary is in
the order of tens of meters [42] and the inner scale is in tderoof tens of millimeters
[56, 122]. The outer scale constrains the lower order wawngfdistortions. Since these
are dominant, the outer scale also determines the totd&estemuirements for the actuators
in adaptive mirrors. Knowledge of the outer scale at a cetielescope location for ELTs
is therefore of great importance. For intensity variatigantillation) the inner scale is
more relevant. In Figure 2.3 the Kolmogorov PSD defined bydfiqu (2.4) and the Von
Karmann PSD defined by Equation (2.5) is shown.

Temporal model of atmospheric turbulence

In analogy with the refractive index structure function@peral structure functio® (t)
can be defined between two wavefront phase values sepanatewibydt:

Dy (6t) = (|6(r,t) = d(r,t + 5t) ),
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where(-) denotes the variance of the enclosed expression over spa&i(time (). Under

the assumption that the wavefront aberrations are fixed wbdience layers at altitude

are moving with a wind speed ) over the telescope aperture — the frozen flow assumption
— the temporal structure function can be expressed in th@asfrequencyx as [41]:

Dy (v, k) /OOO ﬁ <TZ)>_ C2,(h)dh.

This function integrates the effect of all turbulence layeWhen this integration is per-
formed for a single turbulent layer at altitudeof thicknessih traveling with a wind speed
vw, the temporal power spectrumof the phase valug observed at a certain point in space
can be expressed in terms of the temporal frequgrey.

P(f.h) x G () 2 (i)w.

w U’LU

This —8/3 power law is often used in the context of controller designA@® [98, 187],
where integrator structures approximate /3 power law by -2.

In the previous paragraph, the characteristic spatiaksgalvas introduced to quantify
the spatial variance of atmospheric turbulence. A similue exists that describes the
characteristic timescale for changes in wavefront abienma{160]: the coherence timg.
Various definitions exist [27, 187], but let it here be defirmsdthe time for wind to carry
frozen flow turbulence over an aperture of sige Based on the mentioned assumptions,
this would imply that the wind speed is indicative of the c@mee timery. This is in fact
the case, even though the validity of the frozen flow asswmp$ questionable: it is e.g.
shown in [48, 160] that the so-called boiling effect plays ajan role in the evolution of
phase errors on the timescales of practical interest. leettherence time, be expressed
through its inverse, the Greenwood frequerigy[78]:

I RPN I N L
fo= L — 2312 [cos({)/o C2(hyok (h)dh| .

70

For a single turbulence layer with constant wind spegdhe Greenwood frequency can be
approximated as:

For representative values of the wind velocity = 10m/s and the Fried parametey =
0.166m the Greenwood frequency is approximately 25Hz. Since tlee®@vood frequency
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is a measure for the rate of change of the wavefront distortids related to the required
control bandwidth of an AO system.

2.2 Error budget

The atmospheric conditions and the desired optical quafiigr correction are the main
design drivers for the AO system. They determine the numbactmators and the control
bandwidth. The optical quality is often expressed by a $tratio S. This ratio can be
related to the varianag? of the wavefront measured in radians using the extendeddalé
approximation [15, 98, 187]:

S~e

This approximation is valid up te = 2rad [98]. For the design of the DM the practical
limit to the diffraction limited level is set at a Strehl raif 0.85. This leads to a total error
budget ofo ~ %—grad, which forA=550nm corresponds &50/16 ~ 34nm. Assuming that
all error sources are independent, the total variance cappeximated as the sum of the
variances corresponding to the main contributing sources:

2 _ 2 2 2 2 2 2
o = Ufit + Utemp + Omeas + Udelay +0a71gle + Ocal* (26)

2
Octrl

The fitting erroro¢;; arises from the limited number DOF of the DM and thus the Ewhit
number of spatial frequencies that it can correct. The teRIEI0r ose, is due to the
limited control bandwidth of the AO-system.

If the light source used for wavefront sensing (i.e. theneziee star), is not the same as the
object for which the correction is used (the science objectp called anisoplanatic error
is made. The variance of this error is related to the afigley which the two objects are
separated asgngle x 03/%. Further,o2, .. covers all the measurement errors (e.g. mea-
surement noise in the wavefront sensor) afig,, the errors due to delays in the wavefront
sensor and the controller. As will be discussed in Sectidn&closed loop controller in-
fluences not only the temporal, but also the measurement elag celated errors, hence
in Equation (2.6) the combination of these sources is rélaiaghe controller and denoted
o?,.,- Finally, o2 ; consists of all calibration errors. Calibration is neededlie correction
of static aberrations that are not seen by the wavefronbsemsl are called Non Common
Path Aberrations (NCPAS) [166]. A good review of the mairoesrin an AO system can
be found in [98]. Since a large part of the total error budgetinsumed by?it andafemp
which both can be influenced by the DM and controller desiga dther error sources will
further be neglected. The fitting and temporal errors willceasidered in the next two
paragraphs to derive requirements for inter-actuatokstemd control bandwidth.
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2.2.1 The fitting error

The variance of the fitting error can be approximated by [98]:

5
d 3
2 t
L= = 2.7
Ofit Kf (7"0> ) ( )
whered, is the inter actuator distance projected onto the primaeytape and-, the Fried
parameter. The fitting error coefficienf depends on the type of mirror that is used:

1.26 for segmented mirrors with only piston correctjon
k= ¢ 0.18 for segmented mirrors with tip, tilt and piston correction
0.28 for membrane mirrors

In [125] it is shown that for piston, continuous faskeet and membrane mirrors for an
equal number of actuator the correction quality does natifsagintly depend on the actu-
ator geometry as long as the actuator distribution is fdidypnogenous. This means that
Equation (2.7) gives an estimate for the fitting error vac&to be expected for a specific
DM on a telescope with known diameter at a site with a certgirAlthoughx ; given above

is the smallest for segmented mirrors with tip, tilt and @mstorrection, this type of mirror
has three actuators per segment whereas the inter actisttoradd,; is assumed to be the
segment size. For a more fair comparison, let the fittingrdyeoexpressed in terms of the
total number of actuato§,, which can be achieved by writing the inter actuator spading
as a function ofV,. For piston and membrane type mirrors, the inter actuatiag can be
approximated a8; ~ D;/2./7/N,, whereas for sesgmented mirrors with piston, tip and tilt
correction the number of actuators must be scaled by thieleiyg d: ~ D,/2+/37/N,.
After substitution into Equation (2.7<):J%it can thus alternatively be expressed as:

TN, ) 5/3

2
Ot = KfN, Dt ( o

where

0.63 for segmented mirrors with only piston correctjon
kN, = 4 0.23 for segmented mirrors with tip, tilt and piston correction
0.14 for membrane mirrors

This implies that for the same number of actuators, the gjitérror is the smallest for a
membrane type mirror.

2.2.2 The temporal error

Although in practice the temporal error depends on all camepts of the AO system as
well as on actual atmospheric conditions, Greenwood [78)v&ld that the variance of the
temporal error can be related to the Greenwood frequgn®s:

oy =k () @.8)
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wheref. is the control bandwidth anida scaling constant. For the ideal —though unrealistic
— case that the controller fully suppresses the wavefrattidiance up to the bandwidth
and does not affect higher frequencies, the scaling constarequal to 0.191. For a more
realistic integrator type controller it is equal to 1, whicteans that Equation (2.8) gives
an estimate for the temporal error to be expected for a giyga of controller and a given
temporal behavior of the wavefront disturbance.
However, the derivation of this relation is based on manym@ggions. Starting point is a
wavefront disturbance with a Kolmogorov spectrum and admoftow behavior, which is
corrected by a DM system that is able to track a command sigmé&b the bandwidtty..
The temporal error is then defined as the servo tracking efrille DM with respect to the
assumed type of wavefront disturbance. This means thastimate of the temporal error
variance in Equation (2.8) does not take into account thigyabf a (closed loop) control
law to reduce the detrimental effects of measurement ngi@Vbdynamics. It does not
consider the dynamics of the wavefront sensor or delaysardisturbance signal to track.
In AO literature, the latter is considered as a separateteffie the eventual performance
and is quantified as the varianeg,;,, between wavefronts measuredeconds apart [66]:
031y = 28.44 (faT)? .

By considering control system delays as a separate sousrears, it is not taken into ac
count that the control system can exploit spatio-temparaktations of the wavefront dis-
tortion to make accurate short term predictions to compertsgays [104]. However, as the
latter strongly depends on the atmospheric turbulenceitons, Equation (2.8) will fur-
ther be used for the estimation of the expected error. Smewavefront sensor is regarded
as a given part of the AO system and delays in a controllectife already considered
bandwidth, the effect of delays will further be neglecteédagparate source of errors.

2.2.3 Error budget division

If the main atmospheric parameterg &nd f) are known for a specific telescope location
and only the fitting and temporal errors are considered, theator spacing; and control
bandwidthf,. can be related to a desired Strehl ratio (Figure 2.4). Whem thle diameter
D, of atelescope is known, the number of actuafggscan be calculated in approximation
asN, = Z(D,/d;)*. For an 8-meter telescop®( = 8m), Figure 2.5 shows the Strehl
ratios for the number of actuator$, and control bandwidtlyf, based onfs = 25Hz
andry = 0.166m (A=550nm). Observe from Figures 2.4 and 2.5 that the samelStreh
ratio can be achieved by different combinations of conteohdwidth f. and number of
actuatorsV,. According to Figure 2.5 the effect of increasing the numifeactuators is
limited when this it not matched by an increase in controldveidth and vice versa. A
combination of actuator count and control bandwidth shbealdhosen for which the fitting
and temporal errors are approximately equal. For a desimethiSatio of0.85 this leads
to a combination of 5000 actuators and 200Hz control bantiwighich is marked by a
white star in Figures 2.4 and 2.5. The corresponding RM3\ditind temporal errors are
orit = V0.28(Dy/\/AN,/7/r0)%/¢ = 0.34rad andosem, = +/fc/f. = 0.17rad, which

for A =550nm corresponds to 30nm and 15nm respectively.
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Figure 2.4: The Strehl ratio as function of the Figure 2.5: The Strehl ratio as function of the

relative actuator density: /7o and control band- number of actuatorsV, and control bandwidth

width fa/ fe. fe based onD; = 8m,ro = 0.166m andfg =
25Hz.

2.3 Actuator requirements

Before stating the requirements for the actuators, it shbel noted that the Optical Path
Difference (OPD) of the light is the double of the faceshéspldcement. This is explained
in Figure 2.6 and implies that the magnitude of the mirroret#fbn required to correct
a wavefront needs to be half the magnitude of the wavefrofiatmess. For the nearly
diffraction limited correction of an 8 meter telescope ia thisible part of the light spectrum
the main requirements for the actuators are as follows:

e Mirror diameter and actuator spacing

Given a number of actuator§,, the actuator spacing depends on the diameter of
the DM. The location of a DM is not restricted to a single positin the optical
path of a telescope system. Because of the dynamic requitsraad the ease of
manufacturing, usually a flat surface with a smaller diamistehosen. The lower
limit is set by the SmitlhLagrange invariant. This optical invariant is explained i
Figure 2.7 and states that at all cross-sections in thealgiath the producb® is
constant. Herein i© the illuminated diameter or the envelope of all rays énthe

Figure 2.6: The magnitude of the mirror deflec-
tion required to correct a wavefront needs only
Outgoin?/ corrected wavefront  pe half the magnitude of the wavefront unflatness

because the deflection distance of the mirror is
X

traveled twice. The summed lengths of all pairs
Mirror shape

Incoming distorted wavefront

of black and grey arrows are equal.
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oD, =0'D' — 0 =6eD,/D' =100

Figure2.7: The optical Smith-Lagrange invariant, which states thatkitcross-sections
in the optical path the producD® is constant. D is herein the illuminated
diameter, the envelope of all rays afdthe angle between the optical axis and
the chief (outer) ray. Whep increases© must decrease and vice versa.

angle between the optical axis and the chief (outer) ray @bam. At the primary
mirror of this telescope the invariant is equalp©, where© equals the Field Of
View (FOV) and at apertures further along the optical pathahgle®’ will become
©' = 0©D;/D'. To keep©®’ within realizable values for e.g. the 8m VLT with a half
degree FOV and the 42mELT with 10 degree FQV, a realistic lower bound for the
DM diameter lies in the order of 500mm. This will be chosen asaating point in
the design. With the 5000 actuators this definé8@- 10~3//4 - 5000/7 ~ 6mm
actuator spacing.

e Total actuator stroke
The total actuator stroke can be derived using Equatior) S8cribing the RMS
unflatness of the wavefront. With, = 8m andry = 0.166m (A=550nm) this gives
O2rore = Ty = 1.03(Dy/r)*3 = 65Trad®. The square root of this variance
relates to the RMS actuator position, whereas in fact th& Ped/alley (PTV) value
is sought that forms the total actuator stroke. For AO apfibns the RMS and
PTV values are often related via a scaling factor 5, yieldirigtal actuator stroke of
5-1/657 = 128rad. Considering the reflection doubling the OPD (Figurg 6\ =
550nm, this corresponds to a required actuator stroke/afr - 128/2 = £5.6pum. In
addition to this stroke a fewwm are added to be able to deal with misalignment of the
DM in the optical system.

e Inter actuator stroke
The inter actuator stroke can be calculated using the stri¢tinction in Equation
(2.2) describing the mean square difference between twefrn@vt phase values sep-
arated by a distance Substitution ofr = d; and usingro = 0.166m (A=550nm)
then yields the required mean square inter-actuator saskg, = 6.88(d;/ro)*/% =
2.8 - 10~2racf. Using the factor 5 between the RMS and PTV strokes, ther latte
comes5 - v/2.8 = 8.3rad. Due to the reflection doubling the OPD (Figure 2.6) for
A = 550nm this corresponds to a required inter-actuator stroke(36um.
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e Actuator resolution
The actuator resolution should be well below the error budgeaderived in Section
2.2 of%rad (for A = 550nm this is 34nm RMS). The design value for the actuator
displacement resolution is therefore set significantlylEenat 5Snm.

e Power dissipation
To avoid the need of active cooling, all energy dissipateukiat should be convected
from the mirror surface by natural convection. The tempegatlifference between
the mirror surface and the surrounding air of 1K is usuallgpve¢d. A typical value
for the heat transfer coefficieht, is 1 < h,, < 40W/m? [10]. Usingh,, = 12W/m?
and 5000 actuators on the500mm DM, this allows for~ 0.5mW per actuator.
Assuming that only half of the heat dissipated in the actsaitransferred to the
mirror surface, the maximum heat dissipation per actuateet to~ 1mW.

Dependence on telescope diametdp;

Observe that according to Equation (2.7) and Equation @8ncrease of the telescope
diameterD, only affects the fitting error varian@e}it and not the temporal error variance
07.mp- TO Maintain the desired Strehl ratio, the actuator spag¢ingust therefore remain
constant and the number of actuatdfs must increase wittb?. For the EELT this would
result in52 - 5000 = 625000 actuators.

However, Equation (2.7) and Equation (2.8) do not considgrteeneficial effects that a
scale increase may have on the achievable controller eggor. For instance, a larger
number of correlated sensor inputs may lead to better skt predictions and a lower
sensitivity to measurement noise. It is therefore likelgtttihe actual number of actuators
required at the E-ELT for the same Strehl ratio is smaller.

2.4 Control system and electronics requirements

The goal of the control system is to calculate suitable dottm@dmmands based on wave-
front sensor measurements. The AO system performanceatdtiyndepends on the accu-
racy with which the control system can match the mirror shiaplealf that of the actual
wavefront disturbance. In Section 2.2.3 a desired controbividth of 200Hz was speci-
fied. As arule of thumb this requires a sampling frequeficat least five times higher, i.e.
fs ~1kHz. This rule of thumb is based on classical control thedry Single-Input Single-
Output (SISO) system, where it is assumed that the loop gesratfirst order roll-off and
thus -90 phase lag around the bandwidth. The sampling (Zero Ordet (Z&H) plus de-
lay) at 1kHz adds another 72t the bandwidth of 200Hz, leaving an°lj8hase margin. Al-
though this reasoning does not directly apply to generatiMiopput Multi-Output (MIMO)
systems, it is used for AO systems under the assumptionttbdbop gain is diagonalized
—i.e. decoupled into SISO systems — by the inverse DM infla@natrix.

However, the sampling frequency cannot exceed the franeeafathe CCDs camera in
the wavefront sensor. For current state-of-the-art devideéHz is a realistic rate, but as
this leads to very short exposure times, measurement ne@@ies more significant. The
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Figure 2.8: Influence of sampling tim&, and exposure
timeT.. The black line represents (27 f)|* and the grey J

T, S
line the disturbance spectruifi(f) that has a horizontal 3 | %

asymptote on the measurement noise leyel
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variances? of the measurement noise of a SHS consists of several comfsothat are
related to the exposure timE in various ways. For instance, photon noise is attenuated
by increasindl., whereas dark current and read-out noise are attenuateddogasing it
[109, 110, 140]. When measurement noise becomes signifmafit < 7’ and its variance
is added to the temporal error variance in Equation (2.8,slhm may not strictly decrease
with the sampling frequency;. This can be illustrated using Figure 2.8, which sketches th
disturbance spectrum( f), white measurement noise with variangg and a disturbance
rejection characteristic of sensitivity functigpfi(2j f)|? of the control system. Assuming
the AO system to be Linear Time-Invariant (LTI), the distamioe suppression characteris-
tic S(2mjf) is the transfer function between disturbance and residuai.eThe external
disturbance acting on the control loop does not only incthéevavefront disturbance with
temporal spectrun®(f), but also the measurement noise with variamge In contrast to
the servo tracking point of view that forms the basis for theporal error variance dis-
cussed in Section 2.2.2, a realistic disturbance suppresbiaracteristi¢S (27 f)| is here
used that includes the effect of loop delays and obeys theBedsitivity integral. This
integral states that the disturbance rejection at low feegies must be matched by ampilifi-
cation at higher frequencies.

When the filterS (2 f) is applied to a disturbance signal with temporal spectr(yi) +

o2, the output (i.e. the residual error) spectrum can be egpteasS (275 f)|? (P(f)+a2).
Using Parseval's theorem, the control error variamge, introduced in Equation (2.6) on
page 20 can then be expressed as:

0% = / 1S ) (P(f) + 02) dF.
0

Now let this be applied to Figure 2.8. Accordingly, a decesafsthe sampling timé&; may
lead to an increased bandwidth but also to an increased disturbance amplification at high
frequencies and sinde< T, < T also to higher measurement noisg As a result, the
error variancer.;,; may not diminish by a decrease’tf. The same error may be achieved
using various choices fdf, andT..

In fact, theT, and T, form control loop delays, as do communication delays and-com
putation time. In contrast to the exposure time, a reduatiotne communication delays
or computation time will always be beneficial to performantwever, communication
speeds have limits and more computational power will restiitnited performance gain at
significant costs. A detailed specification’fif and7s is complicated by the fact that the
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measurement noise, and reaebut time are highly device specific, whereas the WFS is not
included in the AO system to be designed. Moreover, modeddasntroller designs are
able to predict (to some extent) future wavefront distudegrand so compensate for loop
delays. In an optimal controller design the effects of mezment noise are also minimized
with respect to some — usually a quadratic — cost functior. fidise residual then becomes
dependent also on the DM dynamics and the accuracies of tHelsased.

Due to these a priori unknowns, the temporal error variandéguation (2.8) will further
be used to express the worst case error. An indicative sagiptne of 7, = 1ms will

be assumed, equal to the exposure tifp@nd communication and computation delays are
assumed to be small comparedito This leads to a total loop delay of 1 sample or 1ms.
As discussed in [67, 68], the best performance is obtaineshvthe number of measure-
ment positions of the wavefront sensor is proportional ribmber of actuators. In the
supplied references the location of the actuators witheetsp the wavefront sensors is not
explicitly analyzed, whereas it is known from control thetitat performance may degrade
when actuators and sensors are not collocated. On the adher the gradient measure-
ment concept of a SHS versus the deflection based DM actualtiesdy clouds the notion
of collocation.

Nevertheless, for a SHS with two measurements per lenseleil] be assumed that the
number of measuremendé; is approximately equal to twice the number of actuat¥gs
The total processing power of the control system must thesulificient to evaluate the
command update equations frem10000 measurements to 5000 command signals within
a fraction of the sampling tim&; of 1ms. This also involves the processing of the CCD of
the SHS image to obtain the actual gradient measuremer@isI84]. A detailed discussion
can be found in [183].

The displacement of each actuator is changed by a currenighrthe actuator coil. This
current will be generated by dedicated electronics witfigaht accuracy to meet the spec-
ified 5nm actuator position accuracy. Further, the dynaimicsduced by these driver elec-
tronics should not affect the lowest eigenfrequency ortiae of the system that may lead
to a lower achievable control bandwidth.

2.5 The design concept

The design concept for the adaptive deformable mirror thestsithe requirements, as listed
in the previous sections, is schematically given in FiguBe Zhe design concept is based
on [83]. Inthe design a few layers are distinguished, whighbe discussed in more detail:

e the mirror facesheet,
e the actuator grid,
e the base frame.

The first layer consists of the thin reflective facesheetctvid the deformable element. The
facesheetis continuous and stretches out over the wholemin the underlying layer - the
actuator grid - low voltage electro-magnetic push-pulbattrs are located. The actuator
grid consists of a number of identical actuator modules. hEastuator is connected via
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Figure 2.9: Schematic of the adaptive deformable mirror design.

a strut to the mirror facesheet. The mirror facesheet, threomactuator connection and
the actuator modules form a thin structure with low out-tafre stiffness so a third layer
is added, the base frame, to provide a stable and stiff mferplane for the actuators.
This base frame is a mechanically stable and thermally d8edwstructure. Besides these
distinguished layers a control system and electronics ésept which is also described
briefly.

2.5.1 The mirror facesheet

A membrane-type mirror is chosen because of its low movingsnzend low out-of-plane
stiffness. This results in low actuator forces and the bestefvont correction for a given
number of actuators (Section 2.2.1). Because of the lowobptane stiffness of the thin

facesheet, the inter-actuator coupling and the width ofrifieence functions can be kept
small. This is desirable for currently available efficienntrol algorithms [59, 73, 196]

and facilitates the implementation of a distributed cordystem [183]. Finally, the limited

thickness leads to a short thermal time constant that allomguick adaptation to changing
environmental temperatures.

The mirror-actuator connection

The connection between the actuators and the mirror faceshmade by struts. Via these
struts, the actuators impose the out-of-plane displacesymmthe facesheet. The struts
constrain one DOF since their bending stiffness is sigmflgdower than the local bending
stiffness of the facesheet. Because the struts leave Hred © rotation free, the bending
stiffness of the facesheet can form a smooth surface thrthgimposed z-positions, as
is shown schematically in Figure 2.11. The piston-effelsgven schematically in Figure
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2.10 is thereby avoided. As a result no higher order abemnstare introduced into the
wavefront.

The struts neither constrain the and y-positions of the mirror facesheet. Differences
in the thermal expansion coefficient of the facesheet madtarid the actuators and/or a
temperature difference between them is therefore possiiti®ut unwanted deformation
of the mirror surface. The struts are glued with small drtsple both the mirror facesheet
as the actuators.

The mirror facesheet and mirror-actuator connection isudised in detail in [84—-87]
and in Chapter 3 of this thesis.

2.5.2 The actuator modules

Because a large number of actuators is needed it is atwattiproduce actuator arrays
with a layer based construction instead of single actuatdrere each of them is positioned
with respect to its neighbors. Therefore, a standard amtumbdule with 61 low voltage
electromagnetic actuators in hexagonal arrangement igrams More than 80 of such
actuator modules are needed for a DM with 5000 actuatorsur&ig.12 shows the mirror
facesheet with the mirror-actuator connections and theiwgrmprinciple of the actuators
in schematic. The actuators are of the variable reluctayye &nd consist of a closed
magnetic circuit in which a PM provides static magnetic éoon a ferromagnetic core that
is suspended in a membrane. This attraction force is infegty a current through a
coil, which is situated around the PM to provide movemenhefdore. Figure 2.12 shows
that with the direction of the current the attractive fordehee PM is either increased or
decreased, allowing movement in both directions.

The efficient actuators are free from mechanical hystergtion and play and therefore
have a high positioning resolution with high reproductiliThe stiffness of the actuator
is determined by the membrane suspension and the magnetidt.ciThere exists a large
design freedom for both. The stiffness of the actuators @seh such that, if one should
fail, no hard point will form in the mirror surface.

The coil wires are soldered to a flex foil. This flex foil is cawted to a Printed Circuit
Board (PCB) with dedicated electronics for 61 actuatorghiactuator module is connected

Actuator side Actuator side

Actuator- facesheet connections with high bending stiffness ~ Actuator- facesheet connections with low bending stiffness

Figure 2.10: A connection, between the actua- Figure 2.11: A connection, between the actua-
tors and the facesheet, with high bending stiff-tors and the facesheet, with low bending stiffness
ness constrains the local and-rotation inthe  results in a smooth surface and allows lateral ex-
mirror surface, causing local flattening. pansion between the facesheet and the actuators.
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to the base frame via three-fhames . The actuator grid is scalable, so the actuatoh pitc
can be chosen freely and extendable since many modules care@e grids of actuators.
The actuator module design is described in [90-93] and irpha of this theses.

2.5.3 The control system and electronics

To make the control system and the electronics of the AO systdendable without a full
redesign, a modular structure is foreseen for these conmp@nEach grid of 61 actuators
is given a dedicated electronics module to supply each wtwath its current. These
modules include 61 PWM drivers implemented using FPGAs drit*6 order analog low-
pass filters. For the DM prototypes, the FPGAs receive tletipant updates from a PC via
a custom designed, multi-drop LVDS communication link (Btea 5). A distributed control
system is to be implemented in the FPGAs of the electronictutes [183]. These modules
communicate with a limited number of neighboring modulegead of the complete set,
corresponding to a centralized controller.

This architecture has consequences for the controllegdesihich is discussed in detail in
[183].

2.5.4 The base frame

To support the 80 actuator modules, a light and stiff andntiadly stable base frame has
been designed. The diameter of this support structure isnB@Qats height 150mm and
its mass 5kg with a first mechanical resonance frequency diz 1K his base frame is a
welded hexagonal box with ribs made of 2mm thick aluminiuatgs. The cover of the box
is a 25mm thick aluminium honeycomb plate, which suppomsattuator modules. Alu-
minium is chosen because of its good thermal propertiexeSime box is well ventilated,
it will adapt quickly to changes in the ambient temperatur@ lereby expand and contract
homogeneously. Finally, the box can contain the electsofwicthe mirror modules.

reflective deformable facesheet
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Figure 2.12: Three actuators shown in schematic.

permanent magnet




Chapter three

The mirror facesheet

An overview of materials and fabrication techniques fontlarge scale, rigid,
active and adaptive mirrors is given. The thickness of theanfacesheet is
shown to be very relevant to minimize actuator forégsand actuator power
dissipationP,. The scaling laws fo¥,, and P, are derived, depending on the
size op the uncompressed wavefr@nt the compression factaf, = Dng,
the number of actuator®/,, the thickness of the mirrar; and Kolmogorov
turbulence. To reduce power dissipation, beryllium is showbe the favor
able material for mirror facesheets. For the prototype kigweents, Pyrex
facesheets with 1Q0n thickness are used as a best, practical, alternative.
Three folded leafsprings constrain the in-plane DOFs ofntiireor facesheet
and the actuators form the out-of-plane constraints. THeance of the ac-
tuator stiffness:, on the mirror’s first resonance frequengyis shown. A
smooth influence function is achieved by the use of connestiauts between
the actuators and the mirror facesheet. Tooling is develtpassemble grids
of struts to the facesheet and actuators, for mirrors up200mm.

31
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3.1 Overview of thin mirrors

In this section an overview is given of developments in thémge scale mirrors. This
overview is not intended to be complete, but meant to prezgntnt technologies, available
and applicable for a wide range of mirror types. Static vactind adaptive, thin plate and
membrane mirrors are included in this listing. Their apgtiicn and main characteristics
and potential usage is discussed. This section serves astiagipoint in the design by
creating insight in the difficulties and trivial aspects bimt large mirrors.

3.1.1 Thin and ultra thin glass mirrors

Since the invention of the telescopes in the beginning oflffh century, glass is used
for mirrors. First used as a material for transmissive anerlavith a coating applied,
for reflective optics. Some of the latest developments in,tfiat and curved, static and
adaptive, mirrors are summarized below.

Adaptive Secondary Mirrors

Adaptive Secondary Mirrors were briefly discussed in Secti®.3. ASMs are built since
the '90s and today present in several telescopes. The filgt W&s built for the Multiple
Mirror Telescope, which is located on Mount Hopkins, Ariacand is followed by two
ASMs for the Large Binocular Telescope. A fourth one is catlseunder development and
is aimed to replace one of the four solid secondaries at thye Merge Telescope. All the
ASMs have a convex glass mirror shell with a thickness of2irgn.

Production of the shell is done at the Steward Observatoryo¥iab. Each shell starts as
a thick zerodur block, that is ground to a thick meniscus. ddrecave side of this meniscus
is then attached to a more rigid convex blocking body with @8 thick layer of pitch,
for example Gugolz 73. Blocked on this body it is made thinmggrinding and finally
polishing. The bond with pitch provides a stiff support foetpolishing forces but allows
the glass to relax under internal stress that may change &siatds removed during the
thinning process. The pitch is a visco-elastic materiahwitYoung’s modulus o&5GPa
and very high viscosity at room temperaturelGPas). A 30cm stressed lap and small
passive tools are used to polish the aspheric surfaces. [&ke shell is released from its
rigid support by heating and melting of the pitch. This is dam a slowly heated bath of
oil.

The surface accuracy achieved is better than 19nm RMS [128].the large shells with
@>1m, the support and handling requires additional tooliftge smaller one, for the MMT,
could still be held at the edge by a single person.

The production of an ASM is expensive and time consumingtheuthickness reduction is
difficult with the increased risk on breakage. The productachnique allows for strongly
curved, aspheric shapes and is thereby usable to replace emasting rigid secondary
mirrors.
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NGST Mirror System Demonstrators

The desire for large collecting area and higher resoluspas in groundased telescopes,
also present for space telescopes. The successor of thdeHspace Telescope (HST),
with its 2.4m monolithic primary mirror, is the James Webla&p Telescope (JWST) with
a segmented primary mirror of 6.5m. The primary mirror adslgrof the HST weighed
1860kg, with an areal density of 410kgfrand its primary mirror weighed 830kg with an
areal density of 180kg/fn By comparison, the entire JWST optical telescope asseisbly
required to weigh less than 1300kg and the primary mirroembdy has an areal density
of < 30kg/n? [173]. This has driven the development of Next GeneraticacB¥elescopes
(NGST) Mirror System Demonstrators with low areal densityew of these designs make
use of a thin glass facesheet@mm), which is supported by a grid of support points, that
connect the thin glass sheet to a stiff and lightweighted;glass structure.

At the Steward Observatory Mirror Lab a 53cm demonstratdin wi2mm zerodur shell is
made. This NGST Mirror System Demonstrator (NMSD) is a ceacpherical mirror with
1.5m radius of curvature, which results in a sagittal dep2bonm. The mirror is supported
by 36 actuators and connected to a carbon fiber composit@sigipucture. The total areal
density is 20kg/r. The shell started as a 7cm thick zerodur block. This blogkdsind and
polished using conventional methods while it was blockeaht@cm thick zerodur blocking
body [21].

After the 53cm prototype, a demonstrator that consists ahd@xagonal segment is made
with an areal density of 12kg/nIn this demonstrator, the shell is 2mm thick and fabricated
out of a 50mm thick piece of Borosilicate. This block is sqgezkon a 0.75mm layer of pitch
on a blocking body. After the facesheet is released it is dtit diamond in a hexagonal.
Whiffle tree supports connect the face sheet to the compssgport structure. Further
refinement of the NMSD design would result in an areal derdigkg/n? [23].

A third mirror is developed based on the previous 53cm and 2momlt has an aluminum-
coated reflective glass facesheet of 1mm and is supported agt@ators. It was fabricated
out of a 6" thick zerodur block. First the optical surface \wa$shed and glued to a granite
block of the desired curvature using pitch. Then it was redua thickness and as a last
step loadspreaders were attached to the facesheet whies gl supported on the granite
block.

Even thinner, 0.4mm thick, glass membranes were produceigptive mirrors [22].

Since the production process of the described NMSD is coalpato that of the ASMs,
the same disadvantages are present. Because most NMSDetasteomgly curved the
facesheets can be made thinner than for the ASMs.

Slumped glass membranes

Thermal shaping of glass, also referred to as 'glass slughpbrings an alternative to
grinding a thin shell from a much thicker piece, which is tim@suming, costly and not
without risk.

With its application in the Flat Panel Display (FPD) indysthigh quality, thin glass
(<1mm) is available for example by Schott under the tradessam-263 and AF-45.
With the planned 10th generation FPDs the maximum size ofglesiglass sheet is
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2850mnmx 3050mm. The glass is smooth for length scales up to the siaesioigle display
and has sub nm surface roughness. Thickness variatioigudary present in the direction
of production, is in the order of 10% of the total thicknessirtRermore a 200m thick
glass sheet has a typical 20© warpage over an area of 100x100MnThis makes the
facesheets not directly applicable in high precision @pti2ue to the amorphous structure
of glass the lowspatial frequency figure and waviness can be improved girdkermal
shaping [135].

Glass slumping is used for the fabrication of precision calinirrors for hard X-ray optics
[82, 101] and in the preshaping of strongly curved, gas bondkss honeycomb mirrors
by the Hextek corporation.

In the slumping process the glass sheet is placed on top ohdnelaand heated in a oven.
Gravity causes the glass sheet to slump over the mandreth&aonandrel several materials
are used, for example fused silica, pure silicon [135] aretib zerodur [53]. For good
results, temperature uniformity and a prescribed thermwdllp is required.

There are a few difficulties with slumping. The flatness clmsthe edges is usually worse
than in the central part. With the use of a slightly largeretf@and cutting the edges off after
slumping, is dealt with this problem. The second problenné the glass sheets sticks to
the mandrel. If heated and in close contact with the mandaeal der Waals forces make
the glass stick to the mandrels surface. AdditionalsTEdating with increased surface
roughness reduces this problem [135]. The third issue ée@lto dust particles. If trapped
between the glass and the mandrel they will cause a bump igbtlyp5um high and 5mm
across. More thorough cleaning will usually not entirelyveathis problem and has the
negative side effect that sticking is increased. One smiui found in a silicon chuck
with a grid of pins of 2um x 25um each, on a orthogonal grid with 0.25mm pitch. The
underlying idea is that dust particles fall into the spadsvben the pins that is deep enough
for the dust particles. The chance that a dust particle jsped between a pin and the
facesheet is reduced with respect to a conventional mandrel

The unflatness of FPD glass can, with slumping, be reducedfbgtar 100 [135]. The
shape quality comes hereby in then regime. To obtain a better surface shape special
polishing techniques have been developed. Besides thpest@rection, techniques like
Epoxy Replicated Aluminum Foil (ERAF) can be used as well.

Slumping is considered as an alternative for the previodsicribed ASM manufacturing

[7].

3.1.2 Beryllium X-ray windows

Beryllium has a high specific stiffnes&(p) and good thermal properties, as a low Co-
efficient of Thermal Expansion (CTE) and high thermal conditg A. This makes it a
superior material compared to widely used mirror matetikésglass and aluminium.
However, beryllium processing is also known to be toxic. Bpwaticles that come into con-
tact with oxygen can cause berylliosis, a lung decease, witetled. Special precautions
need to be taken when beryllium is manufactured, which tegubnly a few companies in
the world that are properly equipped.

Examples of high precision optics made from beryllium aeeliphtweighted primary mir-
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ror segments for the JWST and the secondary mirrors for thiesVL

Besides good mechanical and thermal properties, beryhiasna low mass absorption-co
efficient, which means that it is highly transmissive to XgaTherefor beryllium is used
in X-ray equipment as a window. A thin beryllium sheet or figiused between the X-ray
source in vacuum or inert gas and atmospheric conditionsyllgen windows are mostly
used in medical and industrial equipment, such as compuoteddraphic (CT) scanning,
mammography and in X-ray tubes for baggage inspection.

Several grades of beryllium exist. Beryllium windows cannbade by extruding, slicing
and/or hot rolling ingots or hot-pressed blocks. Beryllimindows of 10@um thickness up
to 140mm diameter are available. Specials with a diametd&6om and 12@m are also
reported [99, 121]. Smaller beryllium foils with 25mm diat@ewith high optical quality
are available in 50m thickness. Beryllium coatings and structural elementsalao be
produced by means of plasma spraying [31]. With additionatiogs, beryllium, can be
used as a mirror material.

3.1.3 Existing membrane deformable mirrors

Membrane DMs were first reported in 1977. A titanium membra®®mm and 1.4m
thick was proposed by [81]. Underneath the membrane 53 loewedly arranged electro-
static electrodes are located. A next milestone was set9a b9 [32] who proposed a bias
voltage to create a static parabolic shape. Several membdaptive mirror have been de-
veloped afterwards. Although the list below is by no meamsglete, the list should bring
some insight in what current continuous facesheet defolemabmbrane mirrors exist.

OKO Technologies

OKO Technologies makes micro machined membrane DMs sirceith '90s with a clear
aperture of 10 to 50mm. The membranes arauh3hick and etched from bulk silicon
nitride and coated with Oi#gm aluminium. The membranes are mounted with a 20 tqt®0
gap between the membrane and the electrodes that actuatethierane [188].

ALPAO

As a spin-off company from the Université Joseph Fourier ier®®ble and supported by
the Laboratoire d’Astrophysique of Grenoble, ALPAO makiésa membrane deformable
mirrors with voice coil actuators. They have several DMgiag from @15-40mm and 52
to 241 actuators. The inter actuator strokeztlgum.

Polymer membrane mirror from the Laboratoire d’Electrotec hnique de Grenoble

The mirror has a polymer membrane with @b thickness. At the back small SmECBM
of @0.85x0.25mm are glued. An array of planar micro coils that intevéth the PMs are
positioned underneath.
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The polymer membranes are developed at the Institut d’Eleicfue et Micro Electronique
du Nord [163]. The membrane is produced by spinning of adigualymer (Ultradel 3112
Coating) onto a polished 50mm GaAs substrate. The liquidi§leolidified in an oven and
then released by wedtching of the central part of the GaAs substrate. The roaghof the
membrane is copied from the GaAs surface ariddnm. The membrane is finally coated
with a thin layer of aluminium.

@100mm aluminized nitrocellulose membrane mirror

The reflective membrane in the mirror assembly presente®%h is a 2.5um thick,
@100mm aluminized nitrocellulose membrane. This is simitabeamsplitter pellicles.
Such a pellicle is a very thin, optical-grade nitrocelld@sembrane stretched over a lapped
aluminum ring and bonded in place. These pellicles are alalsirin interferometric ap-
plications since they don't produce ghost images and dppath length change and no
chromatic aberrations when converging beams are usedcl®ghave a typical thickness
uniformity of 2\ per 25mm.

The nitrocellulose membrane used for the electrostatic D4 h tension applied of
~50N/m. It is shown by [180] than hereby good optical membsaare realized. From
the @100mm mirror only the inne42mm can be used for correction. Approximately
400um under the membrane@56mm concentric array of 31 electrodes is present. The
large, very thin membrane is sensitive for air-coupledafilon, therefor an additional en-
trance window is used [25].

A few limitations to these membrane deformable mirrors texiBirstly, the scaling to
large mirror diameters is limited. The deformable mirroasda first resonance frequency

x %, /%, whereQ is the membrane tensiop; the membrane material density, the
mirror radius and ; the mirror thickness. Without additional measures, a higgonance
frequency cannot be achieved easily for large mirror diensetA low mechanical reso-
nance frequency can be dealt with by the use of a complex aosystem, where local
sensors exist and local feedback is realized, as with the A3Rbre on this subject can be
found in Section 3.3.1. Secondly cleaning of the mirrorsaedly possible since they are

very fragile. The mirrors are sensitive for air-coupledratiiion as well.

3.1.4 Thin and ultra thin wafers

A wide variety of wafer materials and sizes exist that hawegbtential to be used -with
additional coating- as a continuous facesheet for a defolemairror. Silicon and Pyrex are
the most obvious ones. Standard silicon wafers are availgbto 12" and usuall600um
thick. @200mm Silicon wafers can be ground and polished down {o2(147, 165]. A
2300mm silicon wafer with pm thickness is reported by [1]. Wafer scale silicon adaptive
mirrors have been reported in [208]. Besides silicon, Pyvafers with large diameters are
also available. Thinning=600um thick 6" wafers down to 100m is well possible on a
commercial scale.
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3.1.5 Thin CFRP mirrors

With the same drivers that initiated the NMSD projects, tee of Carbon Fiber Reinforced
Plastic in large, thin (deformable) mirrors is initiatedb&r reinforced plastics are strong,
low density materials, vacuum compatible and stable atgega temperature. The carbon
fiber reinforcements allow the CTE to be controlled sinceGi& of the fiber islum/m/K.
Although other fiber materials as aramid (kevlar), alumimiand glass, exist, carbon is
often chosen for its superior stiffness. The individual fébare usually between 5 and
10um thick.

Mirrors made from CFRP are made by replication. A mandrekisded on which several
layers of carbon fibre material and cyanite ester resin aeket. When cured, the mirror
is released from its mandrel. With replication a high volush&w costs is achievable.
Several mirrors, with optical quality have been reportetiterature ([157], [106], [204]).
For example, a 0.9m flat mirror, with areal density of 6kg/fim made [157]. The figure
accuracy is\/20 RMS, at 632.8nm and roughness <10nm RMS is reported. tiddell
SiC and Al/Mgk coatings for high Ultra Violet (UV) reflectivity can be addednother
example is a 0.5m flat mirror with 0.5mm thickness with a rggion accuracy of a few
ums [106].

One of the main issues with CFRP is the fibre print throughsedwy a difference in
resin and fiber cure shrinkage, CTE and Coefficient of Mo&sExpansion (CME). Several
solutions to this have been found. A thicker, resin-richteolayer is used to damp this
mismatch in properties. Another solution involves additibcoating over the replicated
surface with a harder material which can be polished. Thddranaterial damps out the
resin/fiber mismatch errors more effectively than the ettirek resin-rich layer. Another
solution is to apply a layer of nano-fiber reinforced polyraemposite between the main
composite fibers. The smaller diameter fibers will cause @t{phirough effect of smaller
magnitude. These nano carbon fibres can be as thirb8am and have a Young’s modulus
of 600GPa.

Even the replication figure can be improvement by polishingdditional layer of Si@
[204].

Although CFRP is often cited as a material with exceptignhigh specific stiffness this
needs additional attention. The ratio of mass density, RO and stiffness, 190GPa, of
carbon fibre itself is high, but cannot be obtained in CFRPstrations. All stiffness in a
CFRP comes from the high Young’s modulus of the carbon fikreyith a typical fill factor
of 0.6, the effective stiffness is already reduced. Segosidke stiffness is needed in more
than one direction, not all fibers will contribute signifitign If, for example, in a 8 layer
stack, only the outer layers are 'well’ oriented, the in gatiffness, will further decrease
by a factor of 4. It is clear that the theoretical specifidiségs is therefor easily a factor 10
lower than initially expected and its advantage over othatemals, even aluminium, is not
presentin planar applications.

3.1.6 Nanolaminate deformable mirrors

Nanolaminates are foils, up to a few hundrea thick, produced by sputtering layers of
alternating materials, where each layer is only a few nnkthis with the CFRP, slumping
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and ERAF, shapes are replicated from mandrels. First thelmbis coated with a separa
tion layer, than the reflective coating and nanolaminatpustered. The foils can have high
ultimate tensile strength and toughness due to its verylgrahs, which size is limited by
the individual layer thickness.

The Lawrence Livermore National Laboratory (LLNL) has deped nanolaminate foil for
adaptive deformable mirror facesheets [103, 144—-146]. @tieeir nanolaminates is made
out of alternating layers of copper, with 60nm thicknessthimther layers of an amorphous
copper-zirconium alloy, with 8nm thickness. The latter hasapproximate composition
of CusZr [103]. From a 2fum thick foil of this nanolaminate mechanical properties are
measured. The Young's modulus is 100GPa and the CTE jisn&&-K. The LLNL has
developed a series of 0.25m and 0.5m spherical nanolamimaters that have less than
0.5kg/n? areal density. Actuators, comparable with the electrizskEMS actuators from
Boston Micromachines can be added to make a large adapfivemheble mirror. This is
already shown on small scale [146].

Other nanolaminate materials developed are Pt/Cr and a0#ests steel/Zr laminates.

3.1.7 Epoxy Replicated Aluminum Foil (ERAF)

Epoxy Replicated Aluminum Foil is a foil made by replicatiasith its main application
in X-ray optic fabrication. An aluminium foil& 400um) is rolled or stress-relieved on a
mandrel to obtain its figure. The foil is then pressed onto arcéated mandrel with a thin
(=~ 40pum) layer of epoxy to smooth out the surface ripple in the foliis is done in vacuum
to avoid air to be trapped. With this replication technigeepgood reflecting surfaces with
low X-ray scatter can be obtained at low cost.

3.1.8 Space membrane mirror technologies

Interest in membrane mirrors for space has grown in the tg@ars. Research on radio
and radar antennae, optical telescopes, and solar powerapdlsion applications is car-
ried out [80]. Initiatives have been taken by National Aexotics and Space Administration
(NASA) [11], the Air Force Research Laboratory (AFRL) [28,327, 128, 201], the Opti-
cal Sciences Center and Steward Observatory from the Uityef Arizona [24, 175] and
the Massachusetts Institute of Technology (MIT) Spacee®ystlaboratory [49, 50].

A good overview of membrane technology for space is give3th L11, 158, 198].

At the University of Arizona research on future space telpss designs with 50-500m
apertures is conducted. As in ground-based ELTs theserdesige a primary reflector
made from flat or near flat membrane segments. The secondkagtoe and subsequent
optics would fly in formation with the primary reflector [175]

Polyimide plastic and nickel are already being used for cédles in space. Solar reflectors
and multilayered insulation are made from polyimide. Higftirmed nickel has been used
for X-ray telescopes such as the XMM satellite. Both matean be formed using glass
as a mandrel. Surface roughness and waviness is herebylcopie

Up to two meter wide films from polyimide are available frompgaunt and SRS Technolo-
gies with thicknesses of 10-gfh and thickness variationslum. Any thickness variation
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Figure 3.1: The assembly of a Stretched Membrane with Electrostativa&@ure mirror is shown in
schematic. The central part of the membrane is made wrinkke by the pretension
caused by the weight of the ring

will cause an equivalent wavefront error and should thereéfurther reduced [24]. Be
sides this, the plastics exhibit creep [175].

Membranes have no stiffness, so tension is required to nhake flat. The simplest method
of controlling the surface of the membrane is to constragnghtire boundary, similar to a
pellicle. The perimeter defines the plane for the membrania. pgsitive tension in the
membrane buckling and wrinkling is avoided. Discrete ditaent points are sufficient to
tension the material. Results of useable flat area as a fumatithe number of attachment
points is given in [175]. Besides flat mirrors, mirrors witsmall curvature have been cre-
ated by the use of an electrostatic force between the memlarahan electrode behind it.
The electrostatic shaping of membranes was already desidoip[134] in 1980. An elec-
trostatic attractive force distributed over the area isbeéd with the membrane tension
to create a concave optical surface [5, 60]. These Stretotedbrane with Electrostatic
Curvature (SMEC) mirrors are reported in [5, 60]. The SMEQrariconsists of a thin
membrane film attached to a ring. The membrane isariéhick CP1-1 polyimide ma-
terial developed by SRS Technologies. The 6" ring is an alumiring with a 8 degree
bevel along the top surface. Two grooves were machined imitigeto prevent the glue
from entering the landing area and thereby affecting the bmanes shape. Piezo actuators
are able to deform the ring and electrostatic electrodepla.5mm behind the membrane
are able to force the membrane in a 32m radius of curvatureMiO0V applied.

It is essential to ensure uniform tension in the membraneachdeve this a much larger,
12" membrane, is stretched by means of 12 discrete attadipoiens. Once the membrane
is uniformly stretched, the 6" ring is placed on top of the rhbeame. Weight from the ring
provides adequate tension to pull out wrinkles in the cépixet of the membrane. This is
shown in schematic in Figure 3.1. A two component viscoug guthen flowed into the
gap between the bevel and the membrane. The measured syutditg over the central 4"
was better than /20 RMS.

At the AFRL the feasibility of a membrane as a primary mirrarface is considered
[38, 127, 128, 201]. [29] shows precise surface measureafent28cm diameter, 135
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thick polyimide membrane mirror that is shaped by pressuferim a concave mirror with
4.47m radius of curvature. The circular membrane is therabynted to an optically
polished ring and then figured using gas pressure and axisymartension. The high shape
quality of the ring greatly reduces shape errors that prafetgwards the mirror center. The
error between the achieved shape and the desired paraksosbidwn to be in the hundreds
of wavelengths.

At MIT research is done to predict the static behavior of yximetric, doubly-curved mem-
branes accurately by [49, 50].

Membranes are also considered for transmission and reocepii/R) antennas. T/R
antennas made from Dupont’s copper-clad all-Polyimide ibflex circuit material,
Pyralu®APTM and 5Qum thick with Qum copper layers. These antennas are described
in [137]. Tension springs connected between the edges ddritenna’s catenary-shaped
boundary and a metal frame keep the antenna taut and flatr @&mbrane antenna arrays,
also with catenary systems, up to 8m with2nb membranes, are presented in [61].

Most polymeric membranes are formed by spin casting on d soliquid mandrel or they
are cast on a mandrel with high optical quality. Spin castinga liquid mandrel allows
scalability, but a limited number of materials can be usqun $asting on a solid concave
mandrel increases the cost significantly though the mamidesd not need to be of optical
quality to form a surface with high optical quality. The basile of the mirror will take
on the shape of the mandrel while the front of the membrandavih the parabolic figure
dictated by the spin rate. By casting or depositing the filmaamon spinning mandrel a
larger number of membrane materials is available sincentléthod does not rely on the
flowability of the material [28].

3.2 Design of the mirror facesheet

From the overview in the previous section it can be conclutieti for large thin mirrors
different fabrication techniques and materials are alsbglan this section the consequences
of the material choice are discussed. The effects of m&paiameters as Young’s modulus
E; and density; and actuator spacingon the mirrors inter actuator gravitational sag
and deflection caused by wird, is shown. Consequences of the facesheet thicknedss

the actuator stiffness,, force F,, power dissipatiorP, and mirror resonancg., will be
explained.

3.2.1 The facesheet thickness

The shape that the mirror must take is given by the wavefrstddions caused by atmo-
spheric turbulence and is often represented by the Kolnmggpatial spectrum (Equation
(2.4) and Equation (2.5)). This and the out-of-plane sti$f of the facesheet determine
the forces that the actuators have to generate for the ntieformation (see Section 3.2.2).
With the efficiency of the actuators these forces will resuinergy dissipated in heat.

The out-of-plane stiffness of a pIate@Eftf’;. This stiffness should be kept to a minimum,
but with the mirror only supported by an actuators grid wiltclp, the inter actuator deflec-
tion caused by gravity or wind pressure should be limited elé Whis maximum allowable
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inter actuator deflection will set the lower limit on the noirthickness.

The gravitational sag is maximal when the mirror is placedZomtally and can be ne
glected when placed vertically as in most breadboard seflips deflection, when placed
horizontally, should not be significant in comparison wiik tesidual wavefront error. The
limit for the RMS deflectiorr, is 1nm. Under the assumptions of a infinitely extended, thin
mirror, actuated by orthogonally arranged point forces, dhalytic formula for the RMS
gravitational sag, is given by [18]:

o2 (L) viewsm @)

Eft?c

whereEy, v andpy are respectively the Young's modulus, the Poisson-ratidlagdensity
of the facesheet materidl; Is the mirror thickness] the actuator pitchy the gravitational
acceleration( the Riemann Zeta function anglde Catalan Beta functior§(4)5(4) ~
1.07. From Equation (3.1) the minimum mirror thickness, for aegivorthogonal actuator
grid, mirror material and maximal RMS gravitational defientis:
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Wind pressurey,,, if present, will cause additional deflection. The wind gree on the
mirror surface can be modeled by [18]:

1+sin(0)

Dy = 2sin(6) 5 Pal

wheref the angle between the wind direction and the mirror surfagéhe air density and
v the average windspeed. If the average windspeisd> 1m/s the wind loading becomes
dominant over the gravitational sag and Equation (3.1) eaagdproximated with
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The minimal mirror facesheet thickness is then calculated b
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Since the mirror is not intended to have any optical poweés, rtost likely placed further in
the optical path, without any significant wind pressure. therdimensioning of the mirror
facesheet thickness only gravitational sag is taken intoaut. Since the mirror might be
placed as a folding mirror (e.g. the folding mirror needed iNasmyth telescope design)
calculations are made with a worst case gravitational déjflec
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3.2.2 Actuator forces for mirror deformation
The RMS actuator forcé,, _ needed to deform the mirror surface for the Kolmogorov
spatial spectrum is given by [18]:

F,

Arms

Est3 =
~ \/10.9#)A (r—°> 4% (3.4)
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Herein is) the wavelength to correct for arg the compression factor between the primary
mirror aperture and the DM diametdf,, . addresses only the forces needed to deform the
mirror surface. Other actuator forces, that are neededéattuator stiffness or dynamic
forces are not included. This actuator stiffness is alsateel to the facesheet thickness,
since that determines the mass per actuator and for a gisenaace frequency, the actuator
stiffness.

For Kolmogorov turbulence, 83% of the total actuator striskeeeded for the correction
of the tip/tilt component of the wavefront aberration [14Hor this correction no mirror
deformation is needed. Only the mirrors mass and the stiffloé the actuator is felt. With

a high actuator stiffness this can become dominant. Foraileédtanalysis of the actuator
stiffness one is referred to Section 3.3.1.

3.2.3 Power dissipation

This section will show the dependence of the total actuatarefF’ needed to deform the
mirror and power dissipatioR® on:

e the size of the uncompressed wavefront, determined by kbsctepes primary aper
ture diametetD,,

the compression facter,, which is the ratio betweeh; and the diameter of the DM
Dpu,

e the number of actuators or DOFs that need to be corre¥iged

the thickness of the mirrar,

the atmospheric conditionsg with its corresponding wavelength

Two cases will be considered. In the first case the mirrordlaeet thickness is determined
by the maximum inter actuator deflection caused by gravityuéEion (3.2)). In this case,
the mirror is placed in a environment with wind speeds <1m/s.

In the second case the mirror facesheet thickness is detedrbly the maximum inter actu-
ator deflection caused by wind pressure (Equation (3.3)hisncase, the mirror is placed
in a environment where the inter actuator deflection indumedind pressure is dominant
over the gravitational sag.

In both cases the RMS actuator forces needed to deform the fieMetated to the Kol-
mogorov wavefront statistics according to Equation (3.4).

For all cases the power dissipation is assumed to depete pwhich is valid for Lorentz
actuators (Section 4.2.1).
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Case 1: scaling laws forF” and P when gravity determines the facesheet thickness

The minimum mirror facesheet thickness is determined by simmam inter actuator de
flection caused by gravity as in Equation (3.2). From thisatign the facesheet thickness
as function of the actuator pitchand material propertigs; and E; can be written. The
actuator pitchi on the DM can also, more general, be expressed by the prirparjuae di-
ameterD,, the diameter ratio with the DM, and the number of actuators in the orthogonal
grid N,. The sum of all the actuator forcésand dissipatiorP is then expressed as:

d x D
CD\/E
th(dQ\/g:];a<%>2Nia E_J;
F.43 4
Foc N, - (gf <Z;> N%pf %’;
P ox F? x (%)8]\%2—% (3.9)

In the force and power dissipation three different contidns are noted.

In the first contribution, the telescope size and design tres$sed. If the DM diameter
Dpu (=Dy/cp), is smaller, the total force and total power dissipatioh reiduce dramati-
cally.

The second contribution relates to the number of DOF& prcorrected in the wavefront.
More DOFs result in a smaller actuator pitch, which will, tbe same gravity induced de-
flection, resultin a decreased mirror facesheet thickrniss.thickness reduction will result
in a lower out-of-plane stiffness and therefor lower actuédrces and power dissipation.
The last contribution is related to the material propertieand £ of the mirror facesheet
material. A low mass density and high elastic modulus arerfge material properties
for mirror materials. A comparison of material properties @s consequences is shown in
Table 3.1.

If, in Equation (3.5), the Kolmogorov wavefront statistisimilar to 3.4, are included the
scaling laws become:
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Note thatP is also proportional to the actuator efficiency. For thiscgdficy one is referred
to Chapter 4.
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Case 2: Scaling laws forF” and P when wind pressure determines the facesheet thick-
ness

Here the minimum mirror facesheet thickness is assumedri tletermined by the grav
itational sag but by a more relevant wind pressyyeand is calculated with Equation (3.3).
In analogue with Equation (3.5) the scaling férand P can be written as:

d*pw
ty o &
Ey
Eft?;
Fx N, - d2‘
D
P x F? x <0—Dt> P2 (3.6)

Unlike Equation (3.5), only the DM diameter and wind presguy are relevant. The total
actuator force does not depend of the number of actuators@rah the mirror material. A
certain out-of-plane stiffness is required to match thedagnessure. For the total actuator
force or power dissipation it does not matter whether thicisieved by a material with a
high elastic modulus and low facesheet thickness of viceavdfor the total actuator force
an actuator number increase, with a decreased facestifretsstj is matched by the actuator
number increase. So there is no dependance on the numberrsf BLas well.

If, in Equation (3.6), the Kolmogorov wavefront statistiage included, the scaling laws
become:

-5

I
F=N, Fa. o NEs3N(2) a7
"™\,

o, =5 =5
F o< D® ¢p"Na'? pyArg®

P o F2 x D} e Na® p2A%rg’
X X Ly” Cp a PyA Ty

Compared with Equation (3.6), a small dependanc&gfand a more significant depen-
dence onD; is found.
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3.2.4 Mirror facesheet material comparison

The materials used in the technologies as described indBegtl and other common ma
terials are listed in Table 3.1. For these potential facesheterials the density,, the
Young's modulug?y, the Poisson ratioy, the CTE and the thermal conductivityis listed.

In addition the specific stiffnesB; /p; and the ratial; /p} is listed. The latter is relevant
for Equation (3.5). Equation (3.2) and Table 3.1 are usedloutate the minimum mirror
facesheet thickness. The results are listed in Table 3.2@ndalculated for an orthogonal
grid with 6mm pitch and an allowed inter actuator deflectiansed by gravity of 1nm RMS.
Besides the minimum facesheet thickness, the relativatmtiorce and power dissipated
is calculated based on Equation (3.4). The values arevelatithe values of beryllium. In
Table 3.2 it is shown that large differences exist in thids)dorce and power dissipation.
The choice of facesheet material is clearly of importancemiich as a factor of 200 is to be
gained or lost. When low forces and power dissipation araired, the application of e.g.
Cu/Zr nano laminate, stainless 316 or nickel is not favarattien compared to beryllium,
CFRP, silicon or Pyrex. Beryllium is superior, but with theéckness of 3gm extremely
thin and will be an expensive piece to make with significaatléme. CFRP is, due to its
low density, close to beryllium. When the thickness of a Er@arbon fibre is considered,
an isotropic facesheet without print through with a thicksef 53um will however be hard
to make. Silicon and Pyrex serve as an good practical alieena

For DMs where wind pressure determines the facesheet #héskno difference exist in
force and power dissipation for different materials.

In the mirror facesheet selection many aspects should le@ fako account. Material prop-
ertiesE; andpy and the consequence for the mirror thickness, force and ipdragpation
are discussed in Section 3.2.4. Besides the drive for lowobptane stiffness, low actua-
tor forces and power dissipation other aspects, such asfawarability and availability as
described in Section 3.1 are also relevant. For the mirrisrfitrthermore relevant that the
mirror is flat on length scales corresponding to the intenactr pitch, since the actuator
can not correct for this unflattness. Unflattness correspgrid the lowest spatial frequen-
cies is allowed since very little force is needed since itsezponding stiffness is low. It
will be clear from Section 3.6 how is dealt with unflattnesattis present. The roughness
however should be in the order of nm and depending on the gt spectrum of interest
the mirror should have a coating with suitable reflectivity.

Beryllium with a coating is superior when low forces and giation is required, but in this
research several tests and prototypes with many facesheeteeded so this is not cho-
sen at this stage. Form Table 3.2 silicon and Pyrex both &enatives and form a good
compromise between low actuator forces and power diseipatid obtainability, combined
with short lead times and low costs.

Since for Pyrex a larger thickness is allowed, this matésiahosen. In this thesis calcula-
tions will be made for both the Pyrex and the beryllium fageth
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Table 3.1: Mechanical properties for different mirror facesheets emnils.

. E E
Material* Py Ey vi |« A Y p_?;

W] [N 0| ] | (o] | [T | e

B 2 mK mK —kﬁ kg.;

10° 1076 100 108

Beryllium® 1850 | 303 | 0.1 | 11.4 216 163 47.9
Aluminium 6061 | 2700 | 68 03 | 25 237 25 35
Titanium 4430 | 110 0.3 | 95 17 25 1.3
Nickel 8900 | 207 | 0.3 | 13 60 23 0.3
Stainless 316 8000 | 193 | 0.3 | 16 16 24 0.4
Pyrex 2230 | 64 0.2 |32 1 29 5.8
Silicon? 2300 | 130 0.2 | 26 150 56 10.7
CFRP 1600 | 103 0.34| 0.2 14 64 251
Nano laminaté | 8000 | 100 13 125 |02
CP1 Polyimidé | 1430 | 2.1 51 15 0.7

@ All properties are at 298 K.

b 0-30 grade from Brush Wellmann.

¢ Borosilicate from Corning, in composition equal to Schoturan’ glass or glass 8830.
4 Single crystal silicon in the <110> orientation, data takem [202].

¢ EX1515/M55J from Bryte Technologies Inc? 85° 90° 135> woven laminate.

f Culzr nanolaminate, values taken from LLNL [103].

9 Space grade polyimide by SRS Technology.

Table 3.2: Mirror facesheet thickness comparison

Material ty tio | Fare | Pre
[um] | [-] [-] [-]
Beryllium 35 1 1 1
Aluminium 6061 | 86 24 | 3.6 12.7
Titanium 86 25 | 59 34.8
Nickel 89 25 | 12.2 | 149.8
Stainless 316 87 25 |10.8 | 116.7
Pyrex 82 24 |28 8.0
Silicon 59 1.7 | 21 4.3
CFRP 53 15 |13 1.7
Nano laminate 122 | 3.5 | 15.0 | 225.2
CP1 Polyimide | 355 | 10.1| 7.8 61.3
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3.3 Constraining the mirror facesheet

This section will describe how the mirror facesheet is aaised. The oubf-plane DOFs
constraints by the actuators and the constraints for thpdaine DOFs will be discussed.

3.3.1 The facesheet’s out-of-plane DOFs

The mirror facesheet is supported by a grid of actuatorsh Batuator adds stiffnegg to
the mirror facesheet. This stiffness, as will be shown beleilt determine the resonance
frequencies of the mirror facesheet. Besides an increasssanance frequency, a higher
stiffness will give rise to higher actuator forces.
These forces contribute to the previously mentioned astfatces needed to deform the
facesheet, which were mentioned in Section 3.2.2. The deftion of the mirror facesheet
is small compared to the total actuator stroke, which-iOum as derived in Section 2.3
and largely needed for the tip/tilt correction of the abtdavavefront.
The influence of the actuator stiffness on the mirrors firsbonance frequency is calculated
with a Finite Element Model (FEM) and is shown in Figure 3.3ouFdifferent mirror
facesheets have been analyzed. Two mirror faceshees5mm and two are150mm.
For each diameter, one facesheet is made of beryllium apoh3bick and one is made from
Pyrex and 10am thick. Figure 3.2 shows the FEM model of ta&0mm mirror facesheet.
On a hexagonal grid with 6mm pitch, the actuator stiffnesss added to the mirror
facesheet. 61 Actuators are added underab®mm facesheet and 516 actuators for the
2150mm facesheet. The in-plane DOFs are fixed by constrainary y at the edge the
mirror facesheet. Figure 3.3 is discussed and explainekebdsis of the actuator stiffness.

e Zero actuator stiffness
Whene, = 0 the first resonance frequency is determined by the bendiifigests of
the facesheet. This frequency is low and its mode shapeversimseen in Figure 3.3
on the left. It is a global bending mode of the facesheet. Farcalar plate, simply
supported at the edge, this first resonance frequency caalddated with [14]:

4977ty Ey
c 27‘(7‘?( 12pf(1 — V]%)

(3.7)

Wherery is the mirror radiusf; the thickness and’y and p; the Young’s mod-
ulus and density of the mirror facesheet material. The FE8dlts: 212, 150, 26
and 20Hz for respectivelp50mm Pyrex,50mm berylliumg150mm Pyrex and
@150mm beryllium are close to the analytical results formdigun (3.7): 205, 167,

23 and 18 Hz. Withe, = 0 the actuators are pure force actuators. Since the first
mechanical resonance is low, additional control stiffneitide needed to control the
many internal modes of the mirror facesheet. The local seresad a control loop
increase the overall complexity significantly.
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Figure 3.2: The FEM model to calculate the resonance frequencies @68mm mirror facesheet.

The model is made of 2D plate elements that represent themféicesheet and 1D linear
elements that represent the actuator stiffness. The inepl2OFs are fixed by constrain-
ing x and y at the edge. Furthermore the edge is constrainedtommmake it a simply
supported circular plate. On the actuator positions, amgad in a hexagonal grid with
6mm pitch, the linear elements constrain z with the actustiffiness,, .

e Actuator stiffnessd < ¢, < 5e3 N/m

When any actuator stiffness is added to the facesheetestiffthis soon becomes
significant over the bending stiffness of the mirror membra@ince the mass of the
35um beryllium facesheet is less then the 180 Pyrex, the resonance frequency
increase is larger. For all facesheets the resonance fregue this regime can be
approximated withf. = % /nfzf, wherem,, is the total mass of the facesheet
divided by the number of actuators carrying the faceshediis approximation is
plotted in Figure 3.3 for the Pyrex and beryllium faceshe€&kere exist no difference
in the first resonance frequency betweengt®mm andz150mm facesheets. With
a diameter increase, the added facesheet mass is matctecharié support points
with actuator stiffness. For the Pyrex facesheets the fisstexshape remains a global
bending untile, ~ 10* N/m and for the beryllium facesheet untj] ~ 3 - 103 N/m.
The actuator can still be considered soft. Limited forcedsded to overcome the

actuator stiffness.

e Actuator stiffnessbe3 < ¢, < 1e5 N/m

When 5e3 <¢, < 1e5 N/m there is a transition between the global, previodsl
scribed modes and the more local modes as described belogvstifimess of the
actuators is of the same order of magnitude as the facesheeedn the actuators.
The modes shapes are not global as before, but local benflihg tacesheet is vis-
ible. An example of such a mode shape is visible in Figure Bt force needed to
move the actuators is significant.
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Figure 3.3: The first resonance frequengy as function of the actuator stiffness for a @50mm
and @ 150mm mirror facesheet made from Pyrex and beryllium. Thexfacesheets are
100um thick and the beryllium facesheets arq.85thick.

e Actuator stiffness > 1e5 N/m
When the actuator stiffness is significantly higher thanfoesheet between the-ac
tuators, the facesheet starts to resonate first. The faeestrebe considered fixed on
the actuator positions. Adding even more stiffness to theators will not increase
the first resonance. This resonance is higher for theuOByrex facesheet as for
35um beryllium. The bending of the facesheet is local as can ée seFigure 3.3.
The actuator is an stiff actuator and actuator forces withigla. There will be a hard
point in the mirror facesheet if one fails.

With 200Hz control bandwidth as a goal, the first mechaniesbnance frequency of the
assembled mirror is aimed at 1kHz. With the moving mass oétiteators still to be added

to the previously discussed calculations, an actuatdnesf of 500N/m will be needed.

This is sufficient for both a 3om beryllium and and 100m Pyrex facesheet. With this

there will be no additional local control loop needed andabtiiator stiffness is not higher
than needed thereby avoiding excessive power dissipdtigBhapter 4 the actuator and the
actuator stiffness design is shown.
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Figure 3.4: On the left, three tangentially placed struts constrain thand y translation and)-
rotation. On the right, the three tangential rods are re@ddy three folded leafsprings.

3.3.2 The mirror’s in-plane DOF

Each actuator will only constrain one DOF in the mirror fdwest. The actuators together
will constrain all the out-of-plane DOFs. The facesheet barconsidered stiff in-plane,
therefor only three additional constraints for the in-g&0OFs of the facesheet are needed:
X, y andd. Figure 3.4 will show two implementations. On the left thtaegentially placed
rods constrain the x and y translation ghdbtation. The thermal center coincides with the
optical axis, but thermal expansion will lead to a small tiotad of the mirror facesheet.
When folded leafsprings replace the tangential rods assloovthe right in Figure 3.4, this

is avoided. Each folded leafspring will constrain one DOFing its fold line. Because
lateral expansion is possible without rotation the foldeaf$prings are implemented. The
next section will describe the detailed design.

The folded leafspring
The required stiffness in the direction of the fold lineis determined. For the translations
x and y and thé-rotation of the mirror facesheet, the first mechanicalmescef., , and

fe, should be >1 kHz. The minimum stiffnesg needed to constrain @150mm Pyrex
mirror facesheet with 0.1mm thickness is:

3¢y, 3cy, N
3 _ T,y .,y >1kH >11 105
Jea 2my 27rrf \/ 27thpf % T e
1
feo = — ,]9 Jo = §mf7"f,k9 = 3Cf97"f

1 6 Nm
oy = D% o 1KHZ — kg > 4.5 10200 ep > 2.7 104 (3.8)
2rry \| wtypy rad’




3.3 Constraining the mirror facesheet 51

o 10 @

Figure 3.5: The dimensions of the folded leafsprings as used to constraiin-plane DOFs

wheremy is the mirror facesheet mass adg is the moment of inertia of the mirror
facesheet around.  Equation (3.8) shows that the minimum stiffnegsis determined
by the resonance frequency in x and y direction. The stiffret®uld therefor b&.1 - 10°
N/m. Figure 3.5 shows the folded leafspring with its dimensi The folded leafspring
is made out of two parts. An aluminium part forms the shorttizal part of the folded
leafspring. This leafspring is made with wire ElectricakEtharge Machining (EDM). The
second part is a 15 PH steel foil. The steel foil is glued to the thickened efthe alu-
minium leafspring. The steel foil is glued with two spotstie back of the mirror facesheet.

>

1517 Hz 2083 Hz

2218 Hz

Figure 3.6: The first four resonance frequencies Figure 3.7: Photo of five folded leafsprings
in the folded leafspring at 1517, 2093, 2218 andplaced on a carrier.
3504 Hz.
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The aluminium part is provided with end stops that avoid egie bending and provide
protection. FEM analysis shows a stiffnessidaf- 105 N/m in the direction of the fold line.
The steel foil should be less stiff in bending then the mifeaesheet. Since the bending
stiffness scales- Et3/L? a 20um thick steel foil with 9mm bending length will have two
orders of magnitude lower stiffness than the 0.1mm thicleRyacesheet on a 6mm actua
tor pitch.

Besides the stiffness properties, the first resonancedrexyof the folded leafspring should
be >1kHz as well. Figure 3.6 shows the results of a FEM arabfghe first four resonance
frequencies and corresponding mode shapes. For this muel@laminium leafspring is
fixed at the base and the holes for the glue are fully congtdaimhe FEM analysis shows
a sufficiently high resonance. Figure 3.7 shows five foldedsierings placed on an alu-
minium carrier.

Alternatives

Besides the mirror facesheet suspension, where the quitoé DOFs are constrained by
the actuators and x,y, aridby the folded leafsprings, a few alternatives will be disads
Instead of a free edge, the mirror facesheet could also h@yssupported of even clamped
at the edge. One possible way is to clamp the edge with a rimgjas to Figure 3.1, the
pellicle beamsplitter and a membrane in drums. The rigid dan be adjusted in z
andq and aligned with respect to the actuator grid. The facesteebe fixed to the ring
with glue or allowed lateral expansion over the edge whilet kaut by pretension. With
this pretension wrinkling is avoided and the facesheetsrasce frequency is increased.
In the next section different ways to pretension the facestvl be shown. Under what
conditions wrinkling will happen and how this can be avoitediscussed as well.

3.3.3 Wrinkling and pretension in the membrane

With pretension wrinkling of the facesheet can be avoidédot properly done however,
this pretension will induce wrinkling. The wrinkling phemenon is a subject of research
for many years. [112, 154] and [71] give an extensive ovevvia various aspects of wrin-
kling. To avoid wrinkling it is necessary to know under whainditions wrinkling will
exist. A common way to approach this question is by the usbeptincipal stress crite-
rion. When the principle stresses in the membrane are ceresidthe state of the membrane
can be predicted:

o117 >0, o9 > 0, taut
o011 > 0, o922 <0, wrinkled
o11 <0, 092 <0, slack

In other words, if a membrane is not taut, it is regularly Wwhad if one principal stress is
positive. A membrane is slack if it is neither taut nor reglylarinkled.

If a wrinkled region is found, the wrinkle frequency and aityale can be determined ana-
lytically by methods described in [205, 206].

For the design of a wrinkle free facesheet, isotropic pasiiress should be in the facesheet
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Figure 3.8: Soft springs at the circumference pretension the mirroeéheet (Left). This can be
combined by a ring whereby the central part of the mirror Wwélkept wrinkle free (Right).

under all conditions.  When a facesheet is-fmesioned by pulling at discrete points at
the circumference, small wrinkles will occur, but they digt over a short range [5]. The
left of Figure 3.8 shows how this pretension can be brougbttime facesheet, similar to a
trampoline. The soft springs can pull under a small anglenndmmbined with a ring at the
edge of the aperture as shown on the right in Figure 3.8. Thealgart within this ring
will be wrinkle free. To reduce the radial dimensions, thf springs at the circumference
can also be placed 90otated, parallel to the optical axis. Still local regionishwvrinkles,
outside the ring, will exist.

For isotropic stress over the full aperture an alternativéound in the use of a catenary
[79]. By pulling a catenary or tension cord, attached to ttigeeof the mirror facesheet,
the full aperture is pretensioned. Depending on the cordeskiéferent loads are applied
on the facesheet [79]. When the edges of the facesheet deethecircular shaped this
will result in a uniform load locally perpendicular to therdaand will result in a uniform
isotropic stress. This is shown in Figure 3.9. The numbersirelof the arcs may differ as
long as they are all perfectly circular. To work properly toed and mirror facesheet should
have equal stiffness. It is thereby avoided that any sheearisferred between the cord and
mirror facesheet. The required cross section stiffiés$).....q for a support arc radiug;

is: (FA)cora = % whereE; andv; are the mirror facesheet Young’s modulus and
Poisson ratio. If the material of the cord and the facesheetqual no additional thermal
problems will rise. Another possibility is to apply a sheanpliant transition between the

Figure 3.9: At the perimeter of the facesheet a
tension cord, or catenary, is attached that in per-
fect circular shapes brings uniform isotropic ten-
sion in the mirror facesheet.

F, = Riosty
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cord and the mirror facesheet. For polyamide membranes BytlsiRis done by perforating
slots to create a series of 'struts’ [181].

3.4 The influence function

In Section 3.3.1 the effect of different actuator stiffneg®n the first resonance frequency
of the mirror facesheet is shown. The actuator stiffnestsis eelevant for the mechanical
coupling between actuators and thereby for the shape opflmemce function. The influ
ence function for an actuator describes the shape the nféiwesheet takes when only this
actuator is actuated. The mirror shape is made by a line@rgagition of all the influence
functions.

When the actuator stiffness is low, there will be a large tiogetween adjacent actuators
and the influence function will be wide. With a high actuatiffreess the coupling will be
low and the influence function will be narrow.

Figure 3.10 shows a model of the mirror facesheet with tleeh#d actuators. In this model
zq,1 IS the position of the central actuator ang, are the positions oV adjacent actuators.
The positions are linked by the actuators stiffnessthe connection struts stiffness and
the mirror facesheet stiffness. Sincec, > ¢y, c4, the axial compliance of the connection
strut can be ignored and the model further simplified.

The actuator coupling can then be written as:

Za,2 - Cf

Za,1 cr+N-cq

cy is calculated with FEM and found to be 1200N/m for auBbberyllium facesheet and
6300N/m for a 10Qm Pyrex facesheet with a 6mm hexagonal actuator pitch.

For a hexagonal grid with 6mm pitch the coupling is calcuddte different actuator stiff-
ness for both the 3&m thick beryllium and 10@m thick Pyrex mirror facesheet. The results

Coupling n

Figure 3.10: Model of the mirror facesheet Figure 3.11: The actuator coupling in a hexag-

with attached actuators to determine the actua-onal actuator grid with 6mm pitch for the gBn

tor coupling. beryllium and 10@m Pyrex facesheet as func-
tion of the actuator stiffness.
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are shown in Figure 3.11. Witt,=500N/m as described in Section 3.3.1 this would give
1B.=0.28 andyp,,.,=0.65. This is an appropriate value for the beryllium fasethut
rather large for the Pyrex. In the prototypes Pyrex is usethéryllium is considered more
ideal and a realistic material for further developmentser&for the actuators will be de
signed for 500N/m.

Besides the width of the influence function, its shape is e¢evant. The shape should be
smooth to prevent higher order aberrations to be introdircéue wavefront. With the use
of struts between the actuators and the facesheet, thertgestiffness of the facesheet will
be able to form this smooth shape. More details on the infliémaction can be found in
Chapter 6.

3.5 The connection struts

As explained in Section 2.5 struts couple the actuatorsaartinror facesheet. This section
will govern the dimensioning of the struts. Four aspectshemreby considered. First the
struts should be less stiff in bending than the mirror faeeshsecondly the struts should be
stiff enough axially to impose the axial position of the attr on the mirror facesheet. The
third aspect will govern the struts own first resonance feeqy. As last, the struts should
not buckle under load. All these aspects will have their egnences for the length,
and diameteD, combinations of the struts. Goal is to make a suitable chaikieag these
aspects into account.

The bending stiffness of the strut

The bending stiffness,,_ . of the strut needs to be significantly lower than that of the
mirror facesheet to prevent the pistons as in Figure 2.10thdtactuator side, the strut
is considered to be fixed i@ andt. This is schematically shown in Figure 3.12. The

Figure3.12: The mirror facesheet imposes a mo-Figure 3.13: A cut through shows the deformed

mentM, and since its bending stiffness is low, mirror facesheet due to an applied momét,

the mirror willimposep and to the connection (made with FEM). From the deformation, the lo-

strut (onlyy is shown). cal rotation is found and the mirror rotational
stiffnessk,, 4, is calculated.
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bending stiffness:, . ,, of the mirror facesheet is determined by FEM analysis. In the
FEM analysis az50mm Pyrex facesheet of 10 is fixed inz on the hexagonal actuator
grid with 6mm pitch. On the central actuator position a motiep is applied. Figure 3.13
shows a cut through of the deformation that results. Fromahalysis the bending stiffness
ke, 4,=0.05 Nm/rad is found. The design goal is to make the conmedtirut 20 times
more flexible. With this the requirefl; and D, of the strut from Figure 3.12 is determined:

AE,I, nD* nE D4
k = [ e S e S
e = T ST Tea YT TU6LL
DY 16k, Ko ps
s _ s,WPs k' LERS

L. B, petbs S o

Where E; is the Young’s modulus of the strut material ahdis the second moment of
inertia of a strut with round cross section.

The axial stiffness of the strut

The frequencyf., where the mass of the mirror facesheet carried by an actuatpstarts
to resonate on the axial stiffness of connection sttuteeeds to be significantly higher than
the first resonance of the mirror facesheet and is set on Skigm this theé—:‘ requirements
can be determined:

o= i Cs . FE A _ wEng . 7Td2tfpf
T op Ma, s L, AL, ar 4

= Dy Es Dg - 47T2f32pftfd2
e 2w tfprS’ LS Es

Whered is the actuator pitcht,; the mirror facesheet thickness amgthe mirror facesheet
material.

The first resonance frequency of the strut itself
When the struts become more slender, the struts first resefigncan become undesirably

low. The strut is designed such that this bending mode natrsamnder 2kHz. For the strut
in Figure 3.12f,_ is calculated with [14]:

25w \/m B pSTng
fe, = TL? —_— ms = 4
D, 128f.. [ps

L2 257 \/E:
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Maximum thickness for k
o

_ Minimum thickness for f,

Minimum thickness for f,

— — — - Minimum thickness for F,

Figure 3.14: Combinations of length
L, and diameterD, for the connec-
tion struts to satisfy the design criteria
from Section 3.5. The design choice is
marked with an asterisk: *.

Diameter of the strut [um]

Buckling of the strut

Buckling of the struts needs to be prevented. The bucklingefé;, for the strut in Figure
3.12 and suitableﬁf requirements are calculated by:

_ 2m2E, I, _ 71'3EsD;1

= -
b L2 32L2
Dy S 325

L2 — 7m3E;

With the actuator forces in the order of mN'’s, the 50mN is & saflue for the buckling
force.

For all the previously mentioned aspects the diﬁergfltratios are plotted in Figure 3.14.
The figure is made for stainless steel struts #ne:3kHz, f.. =5kHz, F;,=50mN andk.,

is 20 times less stiff than the facesheet. From Figure 3.@4ltmensionsz0.1x8mm is
chosen. Straight wires @0.1x200mm made of AISI 302 are obtained and cut to length
(in bundles), by wire EDM.

3.6 Assembly of the connection struts

Glue is considered for the attachment of the strut to theaniacesheet and actuators. In the
glued connection tolerances, such as strut length and aotiahtor position, are taken care
of. The most basic idea to join the struts is seen in Figurb.3The strut is first glued with
a small droplet at the back of the mirror facesheet. Any lengtriation is handled at the
actuator side where the droplet is bigger. The axial gap éetvthe tip of the strut and the
actuator is filled with glue and can vary from strut to strukia shrinkage differences will
result in mirror facesheet unflattness. Figure 3.16 showsr@ tomplex version of Figure
3.15. Here the strut is made out of two parts. Both parts asgjéint to the facesheet and
actuators. A small tube will act as the stiffened central pbthe strut and has a joint where
length tolerances can be handled. Any radial shrinkagasgadhmt will not result in mirror
facesheet unflattness. Since this is a more complex vefgisirthe basic version is tested.
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The joint at the mirror facesheet side should not resultgnificant facesheet deformation.
Deformation is the result of shape of the droplet and the ghusnkage and Young’s med
ulus. Since a stiff connection in z-direction is needed dm@ddlue area is limited a glue
with relative high Young’s modulus is needed. With a strangjee, the surface area on
the facesheet and the cylindrical face of the struts can dhecexl. Therefor a strong, low
shrinkage and stiff glue is wanted.

From a practical point of view the glue should have a rel&ileng pot life (=1 hour) and
should be suitable for use with dispensing needles. A gldbk leiv viscosity is thereby
favorable. The assembly can not easily be baked in an overgftr room temperature
hardening is desired. Glue that cures with UV can not be wsede the joint will be diffi-
cult to illuminate.

Epoxies based on two components are considered. Many epaxig. In Table 3.3 three
common industrial epoxies with relevant properties arevshoAraldite 2011 is a tough
epoxy with a long pot life and a good resistance to dynamiditgg The glue is suitable for
bonding a wide variety of materials, e.g. metals, cerangilzss, rubber and rigid plastics.
Araldite 2020 has an extremely low viscosity, which makesaisy to use. It is colorless
and with a refractive index close to glass, especially desigor glass bonding. The glue
is suitable for bonding metals, ceramics, rubbers and gdgdtics. DP460 from 3M is
a high strength epoxy. All epoxies cure relatively slowlyrabm temperature. Araldite
2020 reaches half shear strength at 24 hours. All otheraudlyectired by that time. Dur-
ing curing, the epoxies will shrink. All manufactures clainshrinkage <1%. All epoxies
are amine-cured epoxies. If polymerized in conditions af &mbient temperature or high
humidity, amine-cured epoxy resins can develop a surfdggees or exudate, commonly

mirror facesheet

mirror facesheet
droplet of glue T

droplet of glue

toleranc

radial joint
tolerance || groplet of glue droplet of glue
actuator side actuator side
Basic connection strut Stiffened connection strut

Figure 3.15: The most simplified version of the Figure3.16: An alternative to Figure 3.15. Here
strut joint. The strut is first glued with a small the strut is made out of two parts. Both parts are
droplet at the back of the mirror facesheet. Anyfirst joint to the facesheet and actuators. A small
length variation is handled at the actuator side, tube will act as the stiffened central part of the
where the droplet can be bigger. The axial gapstrut and has a joint where length tolerances can
between at the tip of the strut can vary from strutbe handled. Any radial shrinkage is this joint will
to strut, resulting in shrinkage differences and not result in mirror facesheet unflattness.

mirror facesheet unflattness.
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Figure 3.17: The shape of a glue
droplet.

referred to as 'amin®lush’ or 'sweating’. The amine component reacts with o and
atmospheric carbon dioxide to form ammonium bicarbonatEarammonium carbamate
[26]. Araldite 2020 proved to be sensitive to the environtakoonditions. In several tests
the small droplets did not harden although properly mixekis Ts attributed to the amine
blushing, since the small droplets have a relatively lasgemeed surface area with respect
to its volume. Because of its high strength and the lack oharblushing, DP460 is finally
chosen.
When a droplet of glue is placed on the mirror facesheet, thplet can spread out com-
pletely or form an almost perfect sphere like a water dropter waxed surface. In the
first case the droplet fully wets the surface and in the secasd there is no wetting at all.
Figure 3.17 gives a generalized shape of a droplet on a fidtswiface. The contact angle
0 represents the wettability and is related to the interfaei@sions of the system. From
Figure 3.17 the contact angle in the thermodynamic equilibris given by the Young's
equation [209]:

YLV -cos =SV —~SL
WhereySL, vSV, andyLV are the solid-liquid, solid-vapor and liquid-vapor ingerf
cial tensions. These tensions are a measure of the freeyeperginit area. Since the

droplets are small, gravity forces can be ignored. # 0°, there is complete wetting, when
0 < 6 < 90° the surface is partially wet, wheh > 90° the surfaces is non-wetting and

Table 3.3: Epoxy glue properties.

Epoxy E, LSS Viscosity’ | Shrinkage| Mix ratio® | Pot life?
[%} {%} [Pa: g [min]
Araldite 2020 | 2.5 17 15010°° | <1% 100:30 40-50
Araldite 2011 1.9 19 30-45 <1% 100:80 90
DP460 from3M| 1 31 80 <1% 100:48 60

@ Lap Shear Strength at 23Typical value for a lap joint of 170 x 25 x 1.5mm aluminium
strips.

The joint area is thereby 12.5 x 25mMm

b Values at 25.

¢ In weight %.

4 For 100g at 25.
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whenf = 180° the surface is completely nametting. The droplet should partially wet the
surface. When fully wetted the droplet heighis small and there is a good chance that the
tip of the strut will not be in the glue. No meniscus will beriwed. The timescale on which
the droplet will take its equilibrium shape is determinediy viscosity of the glue. When
the viscosity is very high, the equilibrium shape may notdmched by the time hardening
of the epoxy has already started.

Figure 3.36 and Figure 3.37 show the results of struts plexcswmhall droplets of DP460. By
pulling at the struts in axial direction, the strength of te@nection is tested. The forces that
could be applied before breakage are >500mN. When the pimtdken, the glue droplet
remains at the back of the mirror surface and the strut ieduwut of the droplet.

The optical effect of the attachment is tested. The goal méasure the mirror facesheet’s
deformation caused by the glued connection. Figure 3.1&skam interferogram of the
print through. The interferogram shows the central hexazfan@50mm mirror. Under-
neath this hexagon 7 connection struts are glued on a 6min jitee central and 6 on the
outer edges of the hexagon. The surface unflatness is 25nnaR@3nm RMS. The de-
formation is considered small enough. The deformationlélproportional to the bending
stiffness of the mirror facesheet.

Assembly procedure

Assembly of the thin, flexible and fragile mirror faceshabg connection struts and the
soft actuators is a challenge. This section describes s#inakly steps and additional tool-
ing needed. To see whether the assembly procedure will dooagain experience, first a
@150mm Pyrex facesheet is connected with connection strasigid dummy instead of
a more expensive actuator array. In Chapter 6 assembly tcthator array will be shown.
From Chapter 4 it will be clear that the actuators are arrdmgé&exagonal actuator mod-
ules containing 61 actuators each. Undes H-50mm facesheet, 7 of these modules will
be placed. That arrangement with 427 actuators is usedsraisembly procedure. The
tooling developed is identical for the dummy and for the atduarrays. With small mod-
ifications, other actuator arrangements and pitches arglpes Furthermore the tooling
allows mirrors with diameters up to 200mm to be assembled.

Goal of the assembly is to end up with an initially flat mirrac&sheet. This means that the
mirror unflattness should be1lum and the actuator forces needed to flatten the mirror will
be~ 10% of the total available force. To make the assembly ptesgte mirror facesheet
is attached to a reference flat. This reference flat is pravimethe porous graphite air
bearing. A vacuum pump connected to the air bearing will enthe mirror facesheet to
copy the shape of the air bearing.

With the mirror facesheet attached to the air bearing, thessare first attached to the mir-
ror facesheet and in a second step the struts are attachedlattator side. Finally the air
bearing can be removed.

All individual steps are shown and discussed in detail below
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[nm] Figure 3.18: An interferogram of a central
Y o T hexagon ofz50mm, 10@m thick, Pyrex mirror.
' ‘E : ' 10 At the back of this hexagon, 7 struts are glued on
J S the 6mm pitch. A central one and 6 on the edges.
3" : 5 The total unflatness is 25nm PTV and 3nm RMS.
>3
LR o
Oag
.
%
- -5

1 Placement of the mirror facesheet on the porous graphite abearing.

With the use of a porous graphite air bearing and a vacuum pbregpossible to 'suck’

the mirror facesheet to the air bearing’s reference surfdoece the air bearings in normal
application are used with air gapsebum the air bearing’s flatness is expected to be good.
The flatness of the air bearing is measured with an interfeterrand shown in Figure
3.19. For thez200mm air bearing 12 interferograms were stitched togethigrure 3.19
shows the air bearing to be4dum concave. Superimposed on this global concave shape,
concentric grooves with 150nm PTV are present. This is fdybyarint through caused by
the glue, which joints the slice of graphite to the aluminibousing. The shape of the air
bearing when the focus term is removed is shown on the rigkigare 3.19. From the
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Figure3.19: The flattness of the central150mm of az200mm NewW4& air bearing. On the left

the stitched interferogram. On the right the measuremetit thie focus term removed.
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facesheet to the upper air bearing. The upper
air bearing is lowered to a few tenths of a mm
above the reference air bearing. When the vac-
uum is removed the mirror facesheet will ‘fall’

down. Vacuum pressure connected to the lowe !

Figure3.20: Vacuum pressure clamps the mirror ‘

Porous graphite air bearing

150mm

i i i i P hite air beari
air bearing will hold the mirror facesheet. orouz?)[f::n: eairbearing

interferograms it is clear that the air bearing will only gdpw spatial frequencies with
significant amplitude into the mirror facesheet. Theseuesgies correspond with a low
facesheet stiffness and will therefor, when correctedjlt@s low actuator forces. The air
bearing therefor serves as a suitable reference for thenficesheet.

The Pyrex facesheet is manufactured by LightMachinery tavd, Canada and provided
with a single sided protected aluminium coating. This50mm facesheet is only 0.1mm
thick and therefor vulnerable and should be handled witb.ddandling and placement on
the reference air bearing is done in a clean room. Goal isdmlalst to be trapped between
the air bearing reference surface and the mirror facesfiédét.is done with the following
steps.

e The Pyrex mirror is placed with the naated side facing upwards. This side of the
facesheet is cleaned with Whatman Grade 105 lens cleasswes and isopropanol.

e A second, in this caseg150mm porous graphite air bearing is cleaned with iso-
propanol. With the vacuum pump connected to this air beathgmirror facesheet
is sucked onto this air bearing.

e Supported by the air bearing the coated side of the mirrcesflaget can now be
cleaned. After cleaning, the mirror and air bearing are endpd with the mirror
facing down.

e The @200mm air bearing is cleaned. This air bearing is, with tHeremce surface
upwards, placed under the air bearing holding the mirroesheet. The latter is
lowered to a few tenths of a mm above tB@00mm reference air bearing. When
properly cleaned, no dust particles are present betweemitiner facesheet and the
reference air bearing.

e The vacuum pump is turned off and the mirror facesheet vall’bn the reference
air bearing. This is schematically shown in Figure 3.20. AaBmverpressure can be
used to release the facesheet from the top air bearing. énadass trapped under the
fallen facesheet, a few pieces of scotch tape at the ciraemée prevent the mirror
facesheet from sliding off. In Figure 3.21 a photo of th&50mm Pyrex facesheet
placed on thez200mm air bearing is shown.

An alternative for isopropanol and lens cleaning tissueE@ snow cleaning. In this
surface cleaning method a combination of high velocity sihgd ice particles and carbon
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Figure 3.21: Photo of the aluminium coated,
@150mm Pyrex mirror facesheet placed on the
@200mm air bearing. The filter of the air flow
cabin is visible in reflection.

dioxide gas streams are directed towards the mirror faetéshkne interactions between
the solid and gaseous G@nd the surface particles and hydrocarbon contaminatamhtie
surface cleaning [135]. Cleaning with G@Gnow leads to removal of micron and submicron
sized particles.

But even in a clean room environment it is difficult not to teagy dust particles. A typical
dust particle will cause a bump of a few micron high and a fewaenoss. Besides thorough
cleaning, a possible solution is to make grooves in the dgragurface where particles
can be embedded. The grooves should be small to avoid seymtifipiilting of the mirror
facesheet under the vacuum pressure.

The porous graphite can be machined well by fly cutting angitep The possibility to
make a flatter reference surface with additional groovesaeefor considered realistic.

2 Attachment of the connection struts to the mirror faceshee

A few possible ways to attach the connection struts to th& bathe mirror facesheet exist.
A first option is to dip the tips of the struts in glue. When theuts are pulled out of the
glue aresidue is left on the tip of the struts, similar to thegphor tip of a match. The strut
tips are then placed on the backside of the mirror faceshigs step could be done for
all struts simultaneously. The struts need therefor be ggerabled in a holder with all the
strut tips at equal height. An advantage is that the aligrithetween droplet and strut tip
is guaranteed and a short lead time is present, indepenfithiet sumber of struts. Practice
with Araldite® 2020 showed that the droplet will not stay at the tip, like pi@sphor tip
in a match, but move over the struts cylindrical face. Tharef meniscus is not formed
between the strut and the mirror facesheet.

Alternatively the droplet is placed on the mirror faceshiést and the strut is pushed
through the surface tension of the droplet. A good menissukéareby formed, but ad
ditional alignment between the droplet and strut should tmiged. When the strut is
not placed concentrically with the droplet, the surfacesiem of the droplet will force the
droplet towards a more rotationally symmetric meniscuseWiine droplets are placed se-
quentially, the lead time increases with every strut add&dh large numbers, significant
epoxy curing may be present. When the struts are placedlgiegter each droplet or when
a screen printing technique is used, no significant curirlbbei present. Still alignment
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Figure 3.22: Overview of the aluminium hous- Figure 3.23: Photo of the droplets placed by a
ing, which contains the air bearing and the dispensing needle, which is mounted in the ma-
alignment ring. chines z-axis.

between droplet and struts is needed.

In the prototype development, the number of actuators doesxteed 427, therefor se
quential placement of the glue droplets is still possibl&4h0 minutes without significant
curing.

2a The air bearing with the mirror facesheet is placed in a hosing and aligned.

The air bearing with the mirror facesheet is placed in an alium housing. Figure 3.22
shows this housing with the reference air bearing and mfawesheet. Figure 3.24 shows
the exploded view. The drawings show that the airbearing Wie mirror facesheet is
assembled from the back. A cover and a rubber ring will pressair bearing to ensure
proper clamping of the reference side to the aluminium hausiAn alignment ring is
connected to the aluminium housing by three folded leafigpsti These folded leafsprings
constrain, similar to Figure 3.4, x, y afld Three micro spindles are placed orthogonally to
the alignmentring and allow adjustment with respect to thesing in z» andy. The round
spindle tips make contact with tungsten carbide plateschvhie glued in the aluminium
alignment ring. Springs ensure contact. In the ring thregdbéves are also present, placed
under 120. The V-grooves are made from tungsten carbide plates, warelglued to the
alignment ring. On the machine, which places the glue dteptee mirror facesheet is
aligned with the machines x- and y-axis. By measuring thé&iposof the three V-grooves,
thed-rotation is adjusted. A groove at the circumference of theninium housing enables
clamping on the Computer Numerical Control (CNC) maching. be

When the housing is aligned and fixed, the droplets are plandde mirror facesheet.
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V-groove (3x)

ball (3x)

micro spindle (3x)

rubber ring
clamping plate

Figure 3.24: Exploded view of the assembly in Figure 3.22.
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Figure 3.25: Drawing of the strut holder. Figure 3.26: The strut holder connected to the
alignment ring.

2b Droplets of glue are placed on the mirror facesheet.

A CNC program moves the needle from actuator position to #3¢.nOn each position
the needle is lowered. With an EFD Pressure Dispenser avgopitessure is applied for
a short time period. The glue is forced through the gauge &@lee This needle has a
0.15mm inner diameter. The positive pressure is followed blort time period with under
pressure that prevents excessive glue from flowing out. Wherdroplet is placed, the
needle retracts and moves to the next actuator positioruré&ig.23 shows a photo of the
syringe in its holder, mounted to the machiraxs and the droplets placed on thé50mm
Pyrex mirror facesheet.

2c The holder with struts is placed.

To place all struts orthogonally to the mirror facesheey thee placed in a holder. This
holder consists of a plate that contains 427 tubes, made fiesdles. The needle tubes
are used because it is hard to drill a hole with.1mm with sufficient length to guide the
struts. Even with the0.3mm thick needle tubes a hole over several mm is costly:efbie
the plate is assembled from three layers. The 0.5mm thiakiaium outer layers hold
the pattern withzr0.3mm holes and are glued on a 3mm thick aluminium core withela
holes. This pattern is modified when a different actuatatt grineeded. The needle tubes
are threaded through the sandwich plate and glued. Fig@eeshows the drawing of the
holder filled with connection struts. Additional slots arade, which make it possible to
observe the glued connection.

At the corners of the holder, three balls are glued in cupslignment of the holder with
respect to the alignment ring. Each ball contains a hole foola A spring is added to
ensure contact between the ball of the holder and groovesialtpnment ring.

Figure 3.26 shows the holder connected to the alignmentbinthe three balls and V-
grooves. Each tube is filled with a connection strut befoeeghiing starts. A thin plate
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Figure 3.27: Photo of the strut holder in place. Figure 3.28; Photo of a few struts guided by the
needle tubes while placed in the glue droplets.

underneath prevents the struts from falling through. WHenega above the droplets this
plate is laterally retracted. A rubber layer and a weightié&eed on the struts to press the
tips into the glue droplets.

Figure 3.27 shows a photo of the holder with the struts ingl&égure 3.28 shows a photo
of a detail where a few struts can be seen, guided by the nadads and placed in the
droplets.

2d The glue is hardened and the strut holder is removed.

When the glue is hardened the strut holder is removed. Byiootaf the spindles, the
alignment ring with the strut holder is moved in z until theedke tubes are above the
struts. Then the holder can be removed manually. The grid stitits, glued to the mirror
facesheet, remains. Figure 3.29 shows all the 427 struteglan the back of the mirror
facesheet after removal of the strut holder. In Figure 3.86tail of the grid with struts is

Figure 3.29: With the strut holder removed the Figure 3.30: Detail of the struts placed in
grid of struts becomes visible. droplets of glue.
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Figure 3.31: The droplets of glue are placed on Figure 3.32: The droplets of glue after place-
the dummy with a syringe. ment on the dummy.

shown. The mirror facesheet with struts is now ready to Echéd to the actuator side.

3 Attachment of the struts to the actuator side.

To gain practice a first mirror facesheet with connectiouatstwill be attached to an actuator
dummy. In analogue to step 2, the dummy is placed on an alumibase that is aligned to
the CNC machine. Figure 3.32 shows the dummy placed on teis Fde aluminium base
holds three Wyrooves. These V-grooves are made from tungsten carbitlglaed to the
base. Alignment on the machine is carried out with respetttase V-grooves. The dummy,
which consists of &165x 25mm stainless steel disc is placed on a thick aluminiumespac

Figure 3.33: The assembly in the last step. The
upper part contains the air bearing, which holds
the mirror facesheet and connection struts. The
lower part contains the actuator dummy. Three
balls in the upper part fit in three radially placed
V-grooves in the lower part. The upper part is
lowered until the strut tips are in the droplets of
glue placed on the actuator dummy.
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Figure 3.34: The@150mm, 0.1mm Pyrex mirror Figure 3.35: The assembled prototype placed
facesheet successfully connected with 427 strutgertically in front of the Wyko 400 interferome-
to an actuator dummy. ter.

and clamped on the base. When the base with the dummy is dlitireebase is clamped to
the machine. The droplets can be placed. This is done in awahasto the droplets on the
mirror facesheet side. Figure 3.31 and Figure 3.32 showoshaitthe droplets being placed
and the finished grid. When the droplets have been placedstembly, which consists of
the aluminium housing with reference air bearing, mirraefsheet, connection struts and
alignment ring, is placed above the droplets. The threelirallhe alignment ring connect
hereby to the three “grooves in the base. When placed, contact is ensured bygspri
which pretension the contact. The three spindles attagh#tki housing, align the mirror
facesheet and struts ing,andvy with respect to the dummy’s front surface. The tips of the
struts are hereby placed in equal distance to the surfacikaeded into the droplets.
When the strut tips break through the surface tension ared gre droplets, it is difficult to
see how close they are to the front surface of the dummy. Liogyéine struts is therefor first
done without the droplets present. The tips of the strutohserved through a binocular
microscope that is placed at the circumference of the hgusiie spindle’s micro scale

Figure 3.36: Photo of the connection struts Figure3.37: Photo of a detail of the 427 connec-

placed in rows on a 6mm pitch. Each connectiontions struts between the mirror facesheet and the

strut is@0.1x 8mm. actuator dummy. The meniscus at the facesheet
and actuator side are visible.
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is read when the struts are 0.1mm above the front surface. a¥bembly is then taken
off, droplets are placed, and the spindles lower the stauthéd previously found spindle
settings. To prevent the upper assembly from tipping oveexdra strut is placed. The strut
will not support the alignment ring, but only serve as a gaftdp. Figure 3.33 shows the
final assembly with the safety strut in front.

4. Removal of the reference air bearing and its housing.

When the glue is hardened, the top assembly with the air figeaeiference is removed.
First the vacuum pump is disconnected. The upper assemisipvidy moved upwards
by the spindles. This is done very slowly because air shoaldiben time to flow in the
narrow gap between the mirror facesheet and the air beavifigen sufficiently separated
the upper assembly can be removed entirely. The mirror ddgdracomes visible. Figure
3.34 shows the mirror facesheet with 427 struts succegsdittthched to a stainless steel
actuator dummy. Figure 3.36 and Figure 3.37 show detailseo€bnnection struts glued to
the mirror facesheet and the actuator dummy.

3.7 Results

The assembled prototype is placed vertically in front of aké00 interferometer with
Intelliwave wavefront reconstruction software. The adsignplaced in the measurement
mount is shown in Figure 3.35. Since the maximum diametércdrabe measured with the
interferometer is 4", a full interferogram is realized thgh stitching. The stitched result of
the measurement is shown in Figure 3.38 on the left. Sincé2Rectuators do not support
the wholez150mm facesheet, the unsupported edges are removed frameHerogram.
In the interferogram the actuator locations are plottedaskidots.

The result is a facesheet with a PTV unflattness similar toréfierence air bearing, -al
though no direct relation is visible with Figure 3.19. Théuator dummy is rigid and as a
consequence all axial shrinkage will result in displacetoéthe mirror facesheet. With the
rigid dummy replaced by the actuator stiffness this effatitive reduced since the actuator
stiffness is significantly lower than the facesheet outptdne stiffness.

When the initial facesheet shape is theoretically corcbatieh the actuators influence func-
tions a best flat is made. This flattening procedure is desdrib detail in Section 6.3.2.
Here only the results are shown. After the flattening onlyhigh spatial frequencies that
can not be corrected by the actuators remain. The residuensimFigure 3.38 on the
right shows an unflatness of 20nm RMS. In Section 6.21 theatmtfiorces needed for this
flattening are shown to be 0.4mN RMS.
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3.8 Conclusions and recommendations

Materials and fabrication techniques for thin, large scelgid, active and adaptive mir
rors have been summarized. Thin and ultra thin glass miocamgentionally machined for
ASMs and NMSDs and slumped glass mirrors from FPD substeaitediscussed. Thinned
silicon and Pyrex wafers up ®@300mm are well suited for membrane deformable mirrors.
Also high specific stiffness materials as beryllium, used{eay windows and CFRP are
considered. Newly developed nanolaminates, ERAF repicaind space membrane tech-
nologies conclude the list.

The DM design is driven by minimizing the power dissipati®nA thin mirror facesheet is
needed for low actuator forcds, and power dissipation. The facesheet thickrigdewer
limit is set by the inter actuator deflectien This deflection is determined by gravity or
when wind speeds >1m/s are present, by wind pressure. Hosibaations the scaling laws
for F" and P are derived, depending on the size of the uncompressed noatvé?;, the
compression factarp, which is -2, the number of actuators, and the thickness of the

Dpm’

4
mirror. For gravity induced deflection the total actuataickis F' « NL (&) Pr %;

cp

With the telescope’s optical design and desired opticalityuaed, the power dissipation

is minimized by selecting a facesheet material with h%h When significant wind pres-
f

2
sure is present, the total actuator forcéisx (%) pw. F and P are independent of the

facesheet material properties and the number of actuators.

For this deformable mirror, only gravity induced deflectistaken into account. Minimum
power dissipation is achieved when beryllium is used fonthor facesheet. With 3&m
facesheet thickness and an actuator grid with 6mm pitch 1kt8 Riter actuator deflection

is present. Since thin beryllium facesheets are expensiyeseveral are needed for the pro-
totype developments, Pyrex facesheets withifi®hickness are chosen as a best practical,
alternative.

The actuators are the out-of-plane constraints for theamfacesheet and determine the
mirror’s first resonance frequengly. When the actuator stiffnesg is smaller than the
mirrors bending stiffness of the facesheet between twoasats, f. is well approximated
with = % “o—, wherem,, is the total mass of the facesheet divided by the number of

actuators carrying the facesheet. The first resonance épémtient of the mirror diameter
and the mode shape is a global bending of the mirror. When further increased, local

modes appear and more stiffness will not increase the resen@he actuator is now a stiff
actuator and there will be a hard point in the mirror faceshee

The design goal for the actuator stiffness:is= 500N/m. Hereby the first resonance is
>1kHz, which is needed for the 200Hz closed loop bandwidthniot higher than the nec-

essary to avoid excessive actuator forces and dissipation.

The in-plane DOFs of the mirror facesheet are constraindid tiviee tangentially placed

folded leafsprings. With the actuator stiffness, the actueoupling is 0.65 for the thicker

Pyrex mirror and 0.28 for the beryllium facesheet.

A smooth influence function is achieved with the connectioats between the actuators
and the mirror facesheet. The connection struts allow teomfacesheet to form a smooth
surface over the imposed heights. When the bending stiffmesal stiffness, resonance fre-
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-2 -1 0 i 2 -0.1 0 0.1
Figure 3.38: The stitched interferogram on the left shows the shape ofrtiner facesheet of the
assembly shown in Figure 3.34. The edge of the facesheet ssipported by the struts
is removed. The strut positions are plotted as black dots.tlerright the residue is
shown after a theoretical flattening with 427 actuators.

quency and buckling load of the strut are considered, theelier and length of the struts
are determined. A round stainless steel strut with1x 8mm is chosen.

The struts are glued, with DP460 epoxy, to the backside ofrtiieor facesheet and actu
ators. Interferometric measurements show a 3nm RMS sutfafiattness caused by the
glued attachment. Tooling is developed to assemble thesgtyuhe mirror facesheet and
the actuators for mirrors up t8200mm. A dummy prototype is made with@l50mm
Pyrex facesheet, connected with 427 struts to an actuatormyu The goal is an initially
flat mirror facesheet. Therefor the facesheet is supponedifiorous graphite air bearing
during the assembly. The 427 struts are placed in a holdeplacdd in small glue droplets
at the backside of the mirror facesheet. With the glue haadend the holder removed, the
facesheet with struts is placed in droplets of glue placéldeatctuator side. The flatness of
the assembly is measured to hed PTV, which is in the same order of the unflattness of
the air bearing reference. The assembly tooling and praegglalso suited to assemble the
struts to the actuator grids.

One of the most difficult steps is to place the mirror facesbaghe reference air bearing
without dust being trapped. By adding grooves in the air ingathe chance that a dust
particle causes a bump in the mirror surface, is reduced.



Chapter four

Modular actuator grid

This chapter describes the low voltage electromagnetiebir reluctance ac
tuators, which are used in the adaptive Deformable Mirrdre &ctuators are
arranged hexagonally in a module of 61 actuators on a 6mrh.pitice actua-
tors have a stroke af£10um, nm resolution and high efficiency. Each actuator
consists of a Permanent Magnet surrounded by a coil, a fagaetic moving
core in a membrane suspensionand a baseplate. The magmetidrbm the
PM attracts the ferromagnetic core, which causes the meralstiasspension to
deflect. A current through the coil will, depending on itsedition, decrease
or increase the electromagnetic force and thereby causmnsldtion of the
core. In the design there is force equilibrium between theharical spring
and the electromagnetic force. The positive stiffness @ittembrane suspen-
sion together with the negative stiffness of the magnetitudi determine the
actuator stiffness. Static and dynamic electromagnetideisoof the actuator
are derived. These models include leakage flux. For 7 actoaidules, each
individual actuator is measured in an automated set-up. rméasurements
of the motor constant, actuator stiffness and resonanqaédrecy show reason-
ably good agreement with the analytical models. The seitgitf parameters,
such as dimensions and material properties, for variafitimsomotor constant,
actuator stiffness and resonance frequency is analyzedified:nces between
the model and measurements are explained.

Section 4.3 and Section 4.4.3 is a joint work with Rogierritifeek
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4 Modular actuator grid

4.1 Actuator requirements

In Section 2.2, the actuator requirements that result fitoeretmospheric conditions, tele
scope aperture and desired optical quality are derivedafr8meter wavefront in the visi-
ble (380< A <750nm) the aim is to reduce the wavefront error in mediunmggednditions
(ro=0.166m at\=550nm) tol%. The main requirements for the actuators are enumerated.

The number of actuatoi¥,,.
To reduce the fitting erroe5000 actuators are needed.

Actuator pitchd and arrangement.

The diameter goal of the DM is 500mm. For 5000 actuators #sslts in a~6mm
pitch. A hexagonal arrangement is chosen, because thiksr@sthe most actuators
per unit area and the most rotationally symmetric influenicetion.

The actuator stroke.

For the atmospheric disturbance correctieh.6pum mechanical stroke is needed. A
few micron is added to prevent saturation when alignmertrerare present. The
total actuator stroke needed is therefdrOum.

The inter actuator stroke.
The inter actuator stroke is determined by the atmospheriditions and the actuator
pitch and is+0.4um.

The actuator resolution.
The resolution should be a fraction of the wavelength andti®s 5nm.

The first resonance frequency and actuator stiffness.

In Section 3.3.1 is shown that an actuator stiffness 500N/m is needed. With
this stiffness the first resonance frequency of the mirroesheet is1kHz and will
thereby enable 200Hz control bandwidth. The actuatonst#f$ is significantly lower
than the out-of-plane stiffness of the mirror facesheetvbet two actuators. The
actuator is therefor called a soft actuator.

Besides these requirements, the actuators should be fardtafnd hysteresis. If not, this
can lead to a significant complexity increase for the minamtml system. Local position
sensors would be needed.

When a large number of actuators is needed, the MTBF and tieeqoences of an actuator
failure become relevant. A simple and robust actuator, wiiqreferably replaceable, is
ideal. Since the actuators are soft, the optical degrad&icase of an actuator failure is
limited: the facesheet will take the mean position of theaaednt actuators.

The actuators design should be suited for large numbersefidrét is chosen not to make
individual actuators and positions each with respect tt exdicer, but to manufacture the
actuators in modules of several actuators. With these nesdtihe actuator grid can be
extended without much effort.
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Figure4.1: The actuator force is determined by the actuator stiffresghe facesheet stiffness,
the actuator stroke, and the inter actuator stroke;, .

4.1.1 The actuator force

The inertial and damping forces are at least one order of iamsmaller than the stiff
ness forces. The actuator force requirements are therefilyeletermined by stiffness and
stroke. Figure 4.1 shows that the actuator fafgecan be approximated by:

Fy = cozq + Cf2ia 4.1)

wherec, andcy are the actuator and mirror facesheet stiffnesszapandz, are the inter
actuator and actuator stroke. Typical values@re= 500N/m andcy = 6000N/m. The
actuator force is calculated with and= +5.6um andz;, = +400nm. This results in
F, =~ £5mN, the RMS force is thereby estimated to be 1mN.

4.2 Electromagnetic actuators

Electromagnetic actuators are considered an alternativetstiff, widely used, piezo elec-
tric actuators. Electromagnetic actuators can be prodaieety low cost. A widely known
example is found in a CD or DVD player.

Two types of electromagnetic actuators will be discusse®.hé-irst, the voice coil or
Lorentz actuator and second the (variable) reluctanceasmtu

4.2.1 The Lorentz actuator

The Lorentz forcef, is the force on an electrical current in a carrier in the pmeseof
a magnetic field. The force on a coil, with currefyt and resulting Ohmic los®, is
calculated with:

Fyp =B x I,Ly,  J,=—-% Vo, = AwLy

FL:BXJan, Ra:
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Fipe
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Po=IiRa = JiVupe = 551

whereB is the magnetic field density, the current through the actuator cdil, the length

of the coil wire in the magnetic field], the current density in the coil windingsl,,, the
cross section of the winding/,, the coil volume andR, the electrical resistance of the
actuator coil. In most designs the magnetic field is made bia Por the coil, the fill
factor has to be taken into account. The fill factor dependhemmethod of winding, the
coil wire's cross section and size and the isolation layethenwire. The fill factor will
reduce the effective coil density.

When the current density, is under 10 A/mm usually no thermal problems exist and a
long lifetime is guaranteed.

The efficiencyn of the voice coil actuator is expressed by:

VP, Pe

An efficient actuator is achieved with a high flux density, @éacoil volume and coil wires
made of material with a low electrical resistance, such a@pen aluminium or silver.

The coil or the PM can be the moving part in the voice coil actugSince the mass of the
coil is much smaller this is often preferred. A linear cutr@rforce relation can be obtained
when the product oB and I, is equal in all coil positions. This can be realized with an
uniform magnetic field throughout the total stroke, or winaaller magnetic field in which
a constant number of windings pass. Of course the lattesssdfficient.

With an elastic suspension for the moving part, the actusfoee from friction, mechanical
hysteresis and play and its resolution is mostly determinethe driver electronics and/or
measurements system.

The actuator has no stiffness, except for the stiffnessestispension. In for example the
ASMs [18-20] such actuators are used. The PM moves with thenfacesheet and the
actuators have no mechanical stiffness. In the ASMs adiditicontrol stiffness is added by
local position feedback and a complex control system [159].

With the low stiffness desired, a disadvantage of a movirigisdhe parasitic force that
the connection wires exert. A second disadvantage is thtelirheat transfer from the coil.
The heat developed has to cross the air gap before it is rediveonduction. This results
in a higher coil temperature.

An alternative to the voice coil actuator is the reluctanciiator. In this actuator the ad
vantages of a low moving mass and a fixed actuator coil are @dlvith a high actuator
efficiency.

4.2.2 Reluctance actuators

In the reluctance actuator, ferromagnetic material iset#rd by a magnetic force. Itis often
called a hybrid actuator, when - besides coils -, a PM is pitdse magnetic preloading. The
main advantage of a reluctance actuator is the lower powsipdition. Figure 4.2 shows the
initial reluctance actuator design. A similar actuatorigesan be found in [152]. In the ac-
tuator, a PM attracts a ferromagnetic membrane. This cahederromagnetic membrane
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Figure4.2: Schematic of the variable reluctance

| . mirrorfacesheet actuator. A PM attracts a ferromagnetic mem-

\ brane. The magnetic flux crosses the axial air

connection S"U\U |z gap, passes radially through the ferromagnetic

_ | magnetic permeable membrane membrane and returns to the PM via the base-

a'rgf'ix) A plate. The magnetic force provides a position

T PM bias to the ferromagnetic membrane. A current

S through the coil can, depending on its direction,
Clele® 7 ‘ ¢ BRI decrease or increase the electromagnetic force
baseplate I coil and can thereby provide movement in both direc-

tions. This movement is transferred by the con-
nection strut to the mirror facesheet.

to deflect. The magnetic flux crosses the axial air gap, passkally through the ferro
magnetic membrane and returns to the PM via the baseplaggfeftomagnetic membrane
acts as a flux carrier and by its mechanical stiffness it dates, together with the nega-
tive stiffness from the magnetic circuit, the total actuattffness. A current through the
coil can, depending on its direction, decrease or incrdaselectromagnetic force and can
thereby provide movement in both directions. The coil isdiaed any heat is directly con-
ducted through the baseplate. Movement of the central pirederromagnetic membrane
is transferred by the connection strut to the mirror faceshe

Force equilibrium and actuator stiffness

In the actuator there is a force equilibrium between thetedetagnetic attraction forcg,,
and the ferromagnetic membrane’s restoring fargeA good value for the initial air gap,
when the current through the coil is 0, is between 50 andiril0 Small enough for high
efficiency and large enough to allow for sufficient actuatarle. The airgap should also be
large enough to allow particles, like dust, to be presertténairgap without malfunction of
the actuator. In the equilibrium position there should besitjve stiffness:, in the order
of 500 N/m (See Section 3.3.1). This stiffness is the sum effbsitive stiffness of the
membrane suspension and a negative stiffness from theategnetic circuit:

F;+F, =0
OF,  OFn _
0z 8z

On the design as shown in Figure 4.2 two remarks need to be ocwamberning the mem-
brane thickness profile and the occurrence of magneticatainr

1. The thickness profile of the ferromagnetic membrane.
To achieve the low actuator stiffness of 500N/m, the ouplafae stiffness of the ferro-
magnetic membrane should be limited. The thickrigsshould be kept small, since
the bending stiffness scales with. For the design in Figure 4.2 all magnetic flux
passes through the membrane. If saturation occurs, tHifinsiloccur at the central
part of the membrane. To avoid saturation and to maintairolatof-plane stiffness,
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Figure4.3: Nonlinear FEM analysis shows the deflection o&&mm, clamped, 28m and 7%m

thick, centrally loaded, ferromagnetic membrane. A umifdahick, a two stepped mem-
brane and a membrane designed for uniform flux density arb/aed.

the thickness of the membrane in inward radial direction learincreased. This is
shown in the schematic design in Figure 4.2. The thickngés) of the membrane is
chosen such that the arddor the flux to cross is kept constamt: = 27r-¢,,,(r). The
influence on the oubf-plane stiffness is, for these non-uniformly thick memantes,
shown in Figure 4.3. The deflection of aig2f and 7%m non-uniformly thick mem-
brane is compared with the deflection of a uniform thick meambr Furthermore as
a crude but easy to manufacture approximation of the mersbsgth constant flux
density, a two stepped membrane, is added. The results froaminear analysis
with Algor®, are shown for a5mm membrane, clamped at the edge and loaded
with a central force. Figure 4.3 shows that the out-of-plstifeness can be reduced
by a factor of two without decreased flux carrying capabditynpared to the uniform
thick membrane.

Besides the higher stiffness, the stiffness of themiZhick membrane is more linear.
The linear bending stiffness is dominant over the nonliséifiness which is a result
of the in-plane stretching of the membrane. More on this inear stiffness can be
found in Section 4.3.1.

. Magnetic saturation.

Magnetic saturation should be avoided. The example bel@wslhat this satura-
tion occurs quickly without the use of materials with a higltusation limit such as
CoNiFe with B;=1.8T [151] or Vacoflux withB,=2.2T [3].

The magnetic flux density in the membrane can be estimated thieethickness and
required force and corresponding flux are known. An estiméthe thickness,,
follows from the actuator stiffness requirement. A firstraste is made, with only
the bending stiffness taken into account. The bendinges# of a constant thickness
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| ___mirror facesheet Figure 4.4: Schematic of the balanced reluc-

connection strat] 1 z tance actuator based on [153]. The actuator

consist of two magnetic circuits, each with its
@@@® {ra QR own PM. Both PMs are magnetized in the same

airgap 1 m PM direction. From each PM flux travels through

. - an axial air gap through the central membrane
T PM and back via the baseplate. Only the difference

airgap / w .

s of the magnetic fluxes travels through the cen-

@@”@‘@ \dz ®®®@ tral membrane. Planar coils surround the PMs
— te/’ ‘ \\ " and are driven such that the produced magnetic
asepal / co! fluxes are in opposite direction. This causes a de-

magnetic permeable membrane . .
creased flux across one air gap and an increased

flux across the other. In the upper PM a hole is
made for the strut which connects the movement
of the membrane to the mirror facesheet.

membrane, centrally loaded and clamped at the edge, is biwEIB5]:

47TEmt§n

m T 32 (112

Wherec,, is the outof-plane bending stiffness of the thin platé,, andv,, are the
Young’s modulus and Poisson ratio of the suspension magerifr,,, andt¢,,, are the
maximum radius and thickness of the membrane. As shown abieveut-of-plane
stiffness roughly doubles when a membrane with non-uniftrickness, designed
for constant flux density is used, due to the thickened ckpémrd. Since this will be
needed to avoid saturation the out-of-plane stiffness aiimein this calculation with
the constant thickness membrane is therefor 250N/m. Witr2e11N/m, v,,,=0.3
andr,,=2.5mm, a membrane thicknesg=12um is found at the edge. With the
dimensions of membrane known, an estimate of the maximummataglux density
is made when the maximum force is applied on the membranerelétons between
magnetic forcd,,, flux ® and flux densityB is given by:

(132
Fp=—s——
2104y,

[01] P

B= a4 = st

Wherey, the permeability of vacuum and,, the cross-sectional area of the axial
air gap for the flux to cross andl,, is the cross-sectional area for the flux to cross in
the actuator membrane suspensiéh, is the bias force by the PM and the electro-
magnetic force created by the coil. The bias force is takexttof 10 larger than the
electromagnetic force needed for the wavefront correqtattion 4.1.1). The force
F,, is therefor -55mN. With the membrane dimensions this woetfliire membrane
materials withB,=1.8T.

From these design considerations it becomes clear that(thl2um) membranes are
needed to achieve,=500N/m and membrane materials with high saturation lirret re-
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Figure4.5: Schematic of the variable reluctance : ___mirror facesheet
actuator used in the adaptive DM. In contrast to
Figure 4.2, the membrane suspension will only
serve as a mechanical spring on which the fer- axial airgap || ferromagnetic moving core
romagnetic core is suspended. The magnetic flux radial a"ga}\ | / Jnembrane suspension
from the PM passes through the axial air gap, |/~ Fl==——-

i n PM
the ferromagnetic moving core and a radial air ~ |y| PO shoe S

gap to the three pole shoes (one shown) located @@@@ e 1 QR
in the baseplate and finally back to the PM.

y
connection strut ‘

baseplate coil

quired. Magnetic materials with high saturation limit haseially a low stress level allowed,
typically 250N/mn# [3], and will therefor result in vulnerable actuators. A et of the
initial reluctance actuator, where saturation can be adjids shown in Figure 4.4. This
is the balanced variable reluctance actuator, similar ¢odisign proposed in [153]. The
actuator consist of two PMs, which are magnetized in the sdineetion. From each PM
flux travels through an axial air gap through the membran& bicthe baseplate. Only the
difference of the magnetic fluxes travels through the memdbitaelf. Planar coils surround
the PMs and are driven such that the produced magnetic flureis @pposite direction.
This causes a decreased flux across one air gap and an intflieexsacross the other. For
this actuator the electromagnetic fotEg becomes [153]:

o5 —

Fy=-—
2,LLOAm

®, and®, are the magnetic flux across air gap 1 an@gi@js the permeability of vacuum
andA,, is the crosssectional area of the air gap, results from the difference of the mag-
netic fluxes across the two air gaps and is 0 for equal fluxes.atiditional force generated
by the coils is constant for a constant coil current and iedelent of the position of the
membrane [153].

Disadvantages of the design are the number of parts andasetdecomplexity. For ex-
ample, a hole is needed in the upper PM for the strut that acisrlkee movement of the
membrane to the mirror facesheet. This makes assembly rifficald Furthermore, when
the membrane is very thin and some negative stiffness ieptesie to internal stresses, its
use around the central position is not advisable.

To avoid both the thin vulnerable membrane with high flux désfrom the initial design
and the complexity of the balanced reluctance actuatomanether alternative is proposed
in the next section.

4.3 The variable reluctance actuator

Figure 4.5 shows the schematic of the variable reluctarncator which is used in the adap-
tive DM. In this actuator design the membrane suspensioa isnger part of the magnetic
circuit. The membrane suspension will only serve as a mécakspring by which the fer-

romagnetic core is suspended. The position of the moving isocoupled by a connection
strut to the mirror facesheet. The magnetic flux from the Pispa through the axial air
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gap, the ferromagnetic moving core and a radial air gap toobtiee three pole shoes-lo
cated in the baseplate and finally back to the PM. In contoabietdesign in Figures 4.2 and
4.4 it is possible to select a high strength material for theeniorane suspension and high
magnetic permeable materials for the moving core. FigusesHows the CAD drawing of
the actuator and Figure 4.9 shows a photo of a single actustdnsert which contains the
PM, the coil and part of the iron circuit is shown on the leftloé photo. As in the actuators
from Figures 4.2 and 4.4, a match is made between a positifreess from a mechanical
spring and a negative stiffness from the magnetic circuitth& cost of an extra radial air
gap and increased complexity, design freedom is obtainederthe membrane suspension
design is separated from the magnetic flux circuit design.

In the remainder of this chapter, first the relevant actupéots are discussed and mathe-
matical equations for their behavior derived. This leadsdwlinear models describing both
the static and dynamic behavior of the actuator. A series edisurements is performed
on a single actuator prototype, whose results are used iat@lthe derived model. The
sensitivity of the actuator behavior is then analyzed wggometric, magnetic and elec-
tric properties, which is used to improve the actuator debigfore manufacturing them in
modules. Finally, measurement results will be shown forabiiator module prototypes

one of three

Figure 4.6: CAD drawing of the variable reluctance actuator. The membrauspension, with three
leafsprings and the ferromagnetic core is shown. The mégfiak from the PM passes
through the axial air gap, through the ferromagnetic movatge and through a radial
air gap the three pole shoes located in the baseplate, battiet®M.
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Figure4.7: Dimensions in mm of the tested membrane designs.

and conclusions and recommendations will be formulated.

4.3.1 The actuator membrane suspension

The stiffness of the membrane, in which the moving core ipsnded, largely determines
the actuator’s resonance frequencies and thereby theaiesefrequencies of the adaptive
deformable mirror Chapter 3. The magnetic force generayeithd PM and the coil acts

on the moving core and pttensions the membrane suspension. According to [185], the
nonlinear relation between spring forEgand membrane deflectian can be approximated
by:

Ept3, Epty,
Fs(zs):fCl 2 -Zg 02 2 Zf (42)
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Figure 4.8: Comparison of the nonlinear spring characteristic of themension designs as shown in
Figure 4.7, as calculated with FEM and as measured. The nteasants were performed
using the test setup described in Appendix B.
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Figure 4.9: Photo of a single actuator. On the
left, the insert is shown that contains the PM and
the coil.

wheret,, and r,, are the suspension membrane thickness and radiustands the
membrane material’s Young’s modulus. The coefficigritsand C» depend on the design
and boundary conditions and will be estimated from FEM tssahd measurements.
The membrane deflection, follows the sign definition as indicated in Figure 4.12 and is
always negative due to the PM pretension. Since the regudéfiection is larger than the
membrane thickness, a linear approximation of the stiffiegso longer valid: not only the
bending stiffnesg £,,t3, /r2,), but also the nonlinear stiffness due tepitane stretching
becomes relevant.

Figure 4.7 shows on the left a design with springs placedatigdiowards a central disc.
Results from both FEM analysis and measurements depictEdyure 4.8 show that the
radially placed springs cause the suspension to stiffenktui This nonlinear effect is
undesirable as this will complicate the design of a contystem for the DM and reduce
the achievable optical correction quality. One way to redthe nonlinearity is to use a
relatively thick membrane as was already noticed from FguB8. Another way to reduce
the nonlinearity is to allow rotation of the central part &zluce the tensional forces. This
leads to the design shown on the right in Figure 4.7. Heredhirgs are placed tangentially.
Due to the out-of-plane displacement, bending in the leahgp occurs and the central
part will rotate with typically 2 per Newton [4]. Since the glued connection strut has a
low rotational stiffness (Figure 2.12 on page 30), thistiotawill not lead to an actuator
malfunction after assembly of the DM.

Stiffness measurements

To verify the FEM analysis a test set-up was designed to medke nonlinear stiffness
for different membrane suspensions. This measuremerg getescribed in [126] and in
Appendix B. In the setup the displacement is measured digtiséth a Philtec D21 sensor
with subuum resolution. The force required to enforce the displacensemeasured with
a Kistler 9203 piezo sensor, with mN resolution. The meméiarspensions are placed in
containers@25x8mm) to be able to handle them and place them in the measuteetup.
In the containers the membranes are clamped at the outerledfe setup the suspensions
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are subjected to an owf-plane displacement af100-15Q:m. For the suspensions shown
in Figure 4.7 the results of the nonlinear FEM analyses amgpewed with the measurements
and shown in Figure 4.8. A few remarks on the measurementsivae below:

e FEM prediction of the stress in the membrane is needed prithre measurement to
avoid plastic deformation during measurement.

e Around the central position a negative stiffness is obskrviéhis can be explained,
partly from the stress present in the material due to theysriooh of the foil, which is
rolled, and partly from the clamping forces in the contaittowever, the membrane
suspension will not be used in this position as the PM preiteis the membrane
suspension. To deal with the negative stiffness, the memetisgplaced a little higher
above the magnet than originally designed. The spring foradel in Equation (4.2)
is well able to describe a negative stiffness aroune: 0 and only the coefficient’;
needs to be adapted. By using a single rolled sheet for albtmts, the variation in
membrane material stresses between the actuators is re@@mi

e The measurements are made using slow back and forward métemall difference
between the two directions is observed, which is attribpiedly to hysteresis in the
clamp and partly to charge leakage in the piezo based sensor.

The suspension membranes of the first actuators (e.g. Fg8)evere made with tita-
nium rolled sheets. The titanium sheets had limited yigkehgith (250N/mrf) and yielded
vulnerable actuators. In later designs, sheets of Havarnon-magnetic, cobalt based,
high-strength alloy, were used. Its yield strength is 18800 and its Young’s modulus
200GPa [2]. The available choice in sheet thickness isdichifThe design on the right in
Figure 4.8 was made with a g Havaf® rolled sheet. The constant andC, were
estimated using a least squares fit as:

¢, =-012  C,=0.02

The 'bowleg’ membrane suspension

A further improvement to the membrane design on the rightigufe 4.8 is the 'bowleg’-
design [4] shown in Figure 4.10. This suspension design hasra linear stiffness, has less
parasitic rotation of the central part and has a more unifstiness distribution in the leaf
springs. The curved legs allow bending and avoid high steeaad stiffening. Each leg can
be represented by two beams and three rotation points. iRotatthe central part of the
membrane can now be minimized since both beams will rotate.

Figure 4.10: The 'bowleg’ membrane suspension proposed by [4]. The
nonlinear stiffness and the parasitic rotation of the cahart is de-
creased and a more uniform stress distribution in the leaihgs is ob-
tained.
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Figure4.11: Left: a schematic representation of the variable reluceactuator from Figure 4.6.
Right: the electrical equivalent circuit including two leege flux paths.

4.3.2 The electromagnetic force

The axial magnetic force acting on the ferromagnetic cotebgimodeled as a function of
the actuator deflection, (Figure 4.12) and the actuator currdpt First the magnetic flux
density in the axial air gap is determined, followed by a éoderivation based on magnetic
coenergy.

The magnetic circuit of the actuator from Figure 4.6 is shealmematically in Figure 4.11.
The model includes leakage flux paths: one that short-¢g¢hé coil and one that short-
circuits the PM. As will be shown later, the first one mainljeats the actuator coil in-
ductance, whereas the latter affects many properties ssiohotor constant and actuator
stiffness. The indicated flux paths contain two sources -Pleand the coil — and eight
reluctances: the reluctanét,, of the PM itself,,, (z,) of the axial air gap. of the
ferromagnetic corel,, of the radial air gapy, of the baseplatelt,. of the part of the
baseplate that forms the core of the coil abg. andRy;,, of the leakage flux paths that
short-circuit the coil and PM respectively. Based on firéhqples, the reluctances of the
PM, the axial and radial air gaps and the coil core are exposs.

20 + 24 ly, le

lm

1 Ry (2q) = , (4.3)

" Koy, Am /LOAga B MOAgr T 1o fry A
wherey is the permeability of vacuum and.,, andy,, are the relative permeabilities of
the PM and the baseplate material respectively.

Since the thickness of the pole shoe is larger than the thaskof the ferromagnetic core
plus the displacement range, the reluctaiiige of the radial air gap is considered to be
independent of the displacement A,, andA,, are the cross sectional areas of the flux
paths through the PM and the radial air gap respectively(ane- z,), [, andl. are the
axial air gap height and the lengths of the flux paths throbghradial air gap and coil core
respectively. A schematic of the actuator with the defingiof z, andz, is depicted in
Figure 4.12. The effective lengths and areas of the flux gatiosigh the base plate and the
ferromagnetic core are estimated from the actuator gegnieading to the reluctancéy,
andR, as listed in Table 4.1. Their values lie two orders of magtéthelow the reluctances
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of the air gaps and the PM and will be combined into a singlectahceRr, = R. + R
with a characteristic path length

Figure 4.11 indicates five different magnetic fluxgs. .. ¢5 with positive directions.
Since the sum of the fluxes towards each node must be equabtdhzese fluxes are related
as:

$1— 2+ 3 =0,
P2 — P3 — pa+ @5 =0, (4.4)
¢s— 5 — 1 = 0.

The PM is represented as a source with an internal reluctamdéhe coil as a source of
magnetomotive force. According to Ampeére’s law, the magmedtive forcesy; . .. §3 can
be derived for the three different flux paths indicated inftgare as:

%1 = fHdl = NIa = Hrnlm + Hga (Za + ZO) + Hrlr + nglg'r' + Hbclbm
1

-’S"Q = fHdl = O = Hmlm + Hflmlflnu
2

33 = f Hdl = NIa - Hflclflc + Hbclea
3

whereH,,, H,,, H,,, H- andH,. are the magnetic field intensity in the PM, the axial air
gap, the radial air gap, the combined baseplate and movirgaral the coil core respec
tively.

Assuming that all flux conductors represent linear magmetiterials, their flux densitieB

are related to their magnetic field intensiyvia the material’s magnetic permeabiljtyas

B = pH. For the PM, this relation includes an offset:

B = ,uollrm(Hm - HCrn)? (4.5)

whereH,.  is the coercivity of the PM. According to Gauss's law, flis the integral of
the flux densityB over an area:

— -.dA = BA .
as/ABd BA, 4.6)

where the latter equality assumes that the flux density istaomh over the cross-sectional
areaA.

When substituted into Equation (4.5), this allows the mégrield intensity of the PM to
be expressed as:
Bm ¢4

B Ho M, o ,U/O/J'rmA’m

Hp,

+H

Cm *

(4.7)

Figure 4.12: Definition of the axial air gap
height through the initial gap:o and the dis-
placementz,. The heighth is the axial air
gap when the suspension membrane is not de-
flected, i.e.zs = 0. The membrane deflection
zs is related to the actuator displacement as
zs = za + 2o — h, and is negative for downward
membrane deflection.

[E@[e]®
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Substitution of Equation (4.7), Gauss's law from Equati#i6), the definitions of the reluc
tances from Equation (4.3) and the linear relations betvilegrdensity and magnetic field
intensity into the expressions f@t, . . . §3 then yields:

F1=NI, =Rpos+ Heplm + Ry, (2a) + R + Ry,) 01 + Rie2,

§2=0 = Rinda + He, lm + Rpimos,

S3=NIo =Rspichp3 + Rpcpa.
From these three relations and the three flux relations irattimu (4.4), five uncoupled
expressions can be solved for the fluxgs . . ¢5 as:

NIa%flc%Q - Hcmlm%flmmB

I, 2q) = = 4.8a

#1(1as 2a) ") (4.8)

¢2(Ia7Za) _ NI(L§R(ZH,) _NHcmlméRflc%flm (48b)
R(2a)

b5 (L, 2a) = NIy (RpimRm + N1 (~Za)§R2) + He, lmRocRfim (4.8¢)

R(za)

¢4(Ia7 Za) _ NIa%fl(‘éRflln - Hcmlmﬁ(za) (48d)
R(2a)

¢5(Ia, Za) _ N[a%flc%m - Hcmf}é,zz(,y;bcéﬁﬂc + %3%1(2’&)) (4.86)

where

Ri(20) = Ry, (za) + Ry + Ry,
Ry = RN + Ry,
N3 = RNy + R,
R(zq) = (Rpie + Ri(za)) R2 + Rptm R,
R(za) = Rptm + R1(2a)) N3 + RpeR e,
%(Za) = RpmPRm + N2 (240)) Rz + R R g1 Na.

Note that the fluxp4 (1., z,) through the PM will be zero when the winding currdptis
equal tol,,, = —(He,,lmR(za)/(NRs1mRypie) OF in absence of leakage flux iy, =
—H,., l,/N. For this current, the coil's magnetic field fully cancelstlof the PM. For
the values in Table 4.1 and in the absence of leakage fluxctiri®sponds to a current
1, =324mA. For the coil'sa50um copper wire this corresponds to an unrealistic current
density of 165A/mm.

From the derived expressions for the fluxes, the operatiing pbthe PM on its B-H curve
is obtained. This operating point indicates how efficiettig volume of the PM is used
to generate a desired flux density. Substitution of the flu¥,, z,) from Equation (4.8d)
into the expression for the magnetic field intensity of theiRMquation (4.7) provides the
magnetic field intensity?,,, of the PM as:

_ NLRpmRc + He, lmR(za)
HOMrmAm@(Za) .

(4.9)
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In the unactuated state (i.d, = 0, z, = 0), with the use of the values from Table 4.1,
this yields H,, =-313kA/m. Subsequent substitution into Equation (4.5ntheads to
B,, =0.33T. The product of flux densit§,, and magnetic field intensityi,,, indicates
the available PM energy per unit volume. Using Equation)(4tfe maximum of this prod-
uct is found as:

| B Hpn | o = |10t (Hm — He, ) H, = /LQ/L7»chzm/4 = 106kJm?3.

The value derived for the actuator [ifl,,, B,,| =104kJm?3, which is very close to the
optimum. In fact, this optimum corresponds to the situatitenH,,, = —H,, /2 and thus
—when considering Equation (4.9) f@y = 0 — to:

R(za) 1

&(Za) Q%m .

In absence of leakage flux (i.€8 ., Ry — 00) this reduces tdR,, = Ry + N1 =
Roe + Ry, + Rr + Ry, (24), which implies that the highest volume efficiency of the PM is
obtained when the internal reluctarigg, of the PM is exactly equal to the external reluc-
tance felt by the PM.

The magnetic force on the ferromagnetic core is calculatedlwx linkage and magnetic
coenergy [62]. In this procedure the PM is modeled as a fictiwvinding with the equiva-
lent magnetomotive force. This means th&f, I, is replaced by-N¢I;, whereNy is the
number of turns of the fictitious winding arfg the fictitious current through it. The flux
linkages\ of the coil and\; of the fictitious winding are given by [62]:

Mg, 2q) = Npa(Ia, 2a) = L11(24) 1o + L12(2a) I, (4.10)
)\f(Iaa Za) - Nf¢4(1aa Za) = LQI(ZzL)Ia + L22(Za)1f7

whereL11(z,) andLaz(z,) are the self inductances of the coil and the PM angl 2, ) and
L1 (z,) the corresponding mutual inductances:

N2R(z, NNRp1Rpim
Li1(zq) = ﬁ, Lia(za) = Jg}}(ﬂ ) fi
Za Za
NN:Ru R N2§R(Za) (4.11)
L1 (za) = W, Lo (zq) = ﬁ
Za Za

As expected, the two mutual inductandes(z,) and L2;(z,) are equal. The magnetic
coenergy can be expressed in terms of these (mutual) inthetas [62]:

1 1
W(I,,2,) = §L11(za)13 + Lio(2a) LI + Eng(za)I]%7 (4.12)
1 Li2(2a) L22(2a) 112 12
= —L a 12 — Ich lm H l ’
2 11(Z ) ot Nf m + QNJ% cm'm
1

= (N?I2R(20) — 2N I, He, LR pimRpie + HZ 12R(24)) -
2R(2,) "

Note that in the second step the magnetomotive fofgg; of the fictitious winding is again
replaced by the-H., 1, of the PM. After substitution of the inductances from Eqoati
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(4.11) in the final step, the expression 1011, z,) becomes independent 8f and ;.
The electromagnetic forcg,, (1,, z,) is equal to the partial derivative of the coenergy with
respect to the displacementand can be expressed as:

aw(Ia;Za) -1 (NIa%flch2 - Hcml'm%flm.éﬁii

Fm(Iaaza): - %(2 )

2
= ) @

4.3.3 A static actuator model

Together, the derived equations for the electromagnetie®,, (1., z,) in Equation (4.13)
and the mechanical spring force in Equation (4.2) providticstelations for the behavior of
the actuator. This provides insight in the nonlinear actustiffness, the required actuator
current and voltage, its motor constant and power dissipatHowever, the derived rela
tions do not provide insight into dynamic properties sucheasnance frequency, damping,
inductance, etc. that affect the achievable controllefgoerance and thus the correction
quality of the AO system. Therefore, in Section 4.3.4 thepgatons are extended to also
include dynamic behavior.

The static force equilibrium can be expressed as:

Fs(zs)+Fm(Iaaza) =0. (4.14)

Let the nominal operating point of the actuator be definechasunactuated equilibrium
point, where the air gap is such that the electromagnetic forég, (I, = 0,2z, = 0)
equals the membrane suspension spring féide;). The deflectior:; of the suspension
membrane can be expressed in terms of:the andh as defined in Figure 4.12 by:

Zs = Zq + 20 — h.

Using this definition withz, = 0, the initial gapz, can be solved from the force equilibrium
in Equation (4.14) through substitution of Equation (4.48) Equation (4.2):

1 HC lm?RJclm 3%3 2 E'mtg Entm 3
- 5 - (20— h) = Co—g™ (20 — h)* = 0, (4.1
2u0Ag, < R(za) i 72 (20 —h) — C2 =y (20 — h) 0, (4.15)

This leads to a fifth order equation iy with five solutions. The solution that corresponds
to practise is real-valued. Moreover, it forms a stable lgmium — i.e. the derivative of
the sum of forces with respect tg at the solution forzy is negative — and finally has a
value within the rang@ < zy < h. This solution is found numerically after substitution
of the parameters from Table 4.1. Note that the values foregmanameters in this table are
determined from measurements as described in Section A B&initial gapzy found is

zp =109um. The spring and electromagnetic forces of Equation (dadéplotted in Figure
4.13 as a function ofy.
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Table 4.1: Electromagnetic and mechanical parameters of the variaddiectance actuator.

Parameter | Value | Unit Parameter | Value Unit
H., 540" | kA/m Ch 012 -
lm 0.30 | mm Cs 0.0 -
Ag, 0.79 | mm? E,, 200 GPa
Ay 0.48 | mm? tm 25 um
A 0.79 | mm? Tm 2.5 mm
Ry, (0) 111 | 1/uH Mg, 3.6 mg
R 262 1/uH R, 39.0 Q
R, 512 | 1/uH h 230" um
Ry, 248 | 1/uH 20 109 um
Roe 1 1/uH b, 0.4 mNs/m
%flc 100 l/},LH Cq 58%F N/m
Rtim 600 | 1/uH

@ Estimated from PM measurements (Appendix A)

b Value estimated from measurements on actuator prototypes

¢ Fitted on nonlinear FEM model with typical value for negatatiffness included
4 Design parameter

¢ Derived value

/ Estimated from actuator measurements
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Figure 4.13: Forces exerted by the membraneFigure 4.14: The stiffness of the suspension
suspension and the PM respectively as a functiomembrane and PM as a function of the actuated
of the axial air gap. displacement, around the equilibriuno.

The relation between currefit and displacement, is found by solving the force equilib-
rium equation in Equation (4.14) for the actuator currgntyielding:

He, LR pimRs £ \/—QAgaMO@Q(Za) (ClEmt;‘ Zg 4+ Cgl;;gntm zf’)

™ B8
NR s Ro

Ia(za) = (4.16)

wherez, is used for brevity of the expression. Since Equation (4&aR) thus Equation
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(4.14) is quadratic in the current, there are two solutibyis, ) — as indicated by the: sign

— of which only the solution with a plus sign is valid. Sinceuarent yields a displacement
z, around thezy for which I, = 0, both positive and negative currents lead to realistic
displacements. The solution fdy,(z,) with a minus sign could never lead to a positive
current because the first terffl.,, ., R 1., R3) is always negativeH.,, is negative) and
for realistic displacements the square root term is alwagitipe. The viable relation for
1.(z.) is plotted in Figure 4.15 for the physical properties in Ea#l1l. Note that despite
the nonlinearity of the equations, the relation betweensturand deflection is highly linear
within the intended operating range-eflOum< z, < 10um.

The mechanical stiffnesg of the actuator can be derived by taking the partial dexreati
the sum of forces in Equation (4.14) with respect to the daeflec,. Although this remains

a function of bothl, andz,, these quantities are statically coupled through Equ#4di®6).
The dependence aofy can therefore be replaced by an implicit constant= 1,(z,) that
denotes the static current required to reach the displateme= z/. The mechanical
stiffnessc, (z,) can thus be derived as:

0
Ca(-[azaza) = *g(Fs (Za)+Fm (Ia = azvza))
0 Emt3 Entm NI, RpcRo — He, IR prm 2
=— —-C1 Qst_CQ 3 Z?—( Ehde Lok _om s1mR3)
0za T'm "m 211044, R(2a)
Ent3, Etm 9
=4 2 + 3Cy 2 (Za + 20 — h)

m

B §R2§R3 (NI(J,Z 8:eflca%Q - Hcmlm%flm%3)2
WEAZ T () |

By substituting the relation between currépt and displacement, from Equation (4.16),
an expression for the actuator stiffness in terms of aplis found:

CoFtm 3CoE tm C1Et3 CLEt3
Calzn) = =55 SRR g e (4.17)
T?n:uo Aga R(2a) "m T?nNOAga R(za) "m

where z; was resubstituted for brevity of the expression. Note thi éxpression is a
function of the initial air gapo, such that it does not fully reflect the effect of parameters
affectingzo. Moreover, the stiffness is a third order polynomial in teflectionz,, whereas
without the PM this was second order. Based on the numenbaian for z; and the other
properties shown in Table 4.1, the actuator stiffness has Ipdotted in Figure 4.14 for
displacements, within the intended operating range. The stiffness deeefs positive
zq and increases for negativg and varies approximately 16.5% over the full intended
operating range. At the equilibriumy = 0 andz; = 2y — h, the actuator stiffness is found
ascq(0) =583N/m.

Figure 4.15 also shows the dissipated powg(z,) calculated via Ohm’s law:

Py(2a) = I3 (%a)Ra,

whereR, is the resistance of the actuator coil that can be expresseidms of geometry
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Figure 4.15. The actuator current, and cor- Figure4.16: The force that can be exerted by the
responding power dissipation required for a dis- actuator on the DM facesheet as a function of the
placement,. current/, at three deflections,.

and material properties as:

2t N71e, pe
R, = ———,
“ AU}

wherer,, is the average coil radiug, the specific resistance of the coil’s material ahg
the crosssectional area of the coil’'s wire. For tlb0um copper wire used this leads to the
valueR, ~39.002 found in Table 4.1.

In Figure 4.16 the generated actuator fof¢as plotted. This is the external force required
to keep the actuator at a fixed operating paint= z/, as a function of a supplied current
offsetAl, = I, — 1,(Z}). Itis calculated by augmenting the static force equilibriwith

an additional tern¥, (A1, z.,) and solving for it:

F,(Al,2.) = Fp (I, (1) + AL, 2) + Fs (20 + 2, — h) . (4.18)

The common relation between force and current in linearesystis through the motor
constant defined in Newtons per Ampére, whereas Equatib8)@xpresses this relation for
the derived nonlinear system. Figure 4.16 shows that tla¢ioalbetween the current offset
AI, and forceF, (A1, z}) is highly linear within the intended operating range. Adiing
to this figure, the generated force due to a change in cursemtly marginally different
at the intended extreme operating points. In fact, whenineatities are neglected, it can
be observed from Figure 4.16 that the force per current uné.-the motor constant — is
approximately 0.2N/A.

4.3.4 A dynamic actuator model

The derived equations that describe the electromagnetiofthie actuator will be extended
with the mechanical equations of motion to a (nonlinear)adyit model. This model is
linearized to obtain Bode plots of the actuator and lineactebmechanical properties such
as motor constant and coil inductance.



4.3 The variable reluctance actuator 93

The terminal voltagé/, (¢) over the actuator coil can be expressed as a function oftime
using the flux linkage term(1,, z,) corresponding to the actuator coil as [62]:

N4, 24)
ot
In the expression for the flux linkage in Equation (4.10), th@gnetomotive force of the

PM is expressed by that of a fictitious winding/sig/ ;. The latter can again be replaced by
—H,, I, of the PM, leading to:

Va(t) = L(t)R + (4.19)

Ao, 24) = %N ) (NILR — Hep LR p1eRfim) - (4.20)

(2a

Since this expression fof(1,,, z,) is a function of both currert, and positiorz,,, the partial
derivative in Equation (4.19) w.r.t. timeexpands via the chain rule into:

0L, 0) 0z
0l, ot = 0z, Ot
oA oA .

= IaR+ 871(,,](1 + aizaza (421)
where the dependence oinas been omitted for brevity. The first partial derivativpree
sents the self-inductance voltage term, whereas the seamods in product with the actua-
tor velocityz, and is called the speed voltage. The latter is common toedtreimechanical
energy-conversion systems and is responsible for eneaggfer between the mechanical
system and the electrical system.
Substitution of the flux linkagea(I,, z,) of Equation (4.20) into Equation (4.21) then leads
to:

Vo = 1,Re +

2_ .
Ve LR+ SR N (Hep LR pimRs — NLRj1R2) 20 (4.22)
R(za) Ag, 1oR2R?(za)

This equation describes the electromagnetic part of theesyshat generates the force
Fy.(z4,1,) in Equation (4.13) on the suspended mass. The equation abmot this
mass-spring-damper system can be expressed as:

macz;z + baéa = Fm(ZmIa) + Fs(za + 20 — h)7 (423)

whereb, is the mechanical viscous damping, the mass of the ferromagnetic moving
core,Fy, (1., z4) is defined in Equation (4.13) arfd (z,) in Equation (4.2). Together with
Equation (4.22) this equation forms a nonlinear dynamiaatcr model. When assuming a
state vectok = [I, z, 4], the time derivative of this state vector can be expressed as

; R(za)(Va=Rala) _ Ryt . .
I N2R(z,) Aga o NRoR(20)R(24) (HCm lm%ﬂm%d NLL%ﬂC?RQ) Za
Zo| = 24
Za mla (—Fm(za, Ia) — baZa — Fs(za + 20 — h))
(4.24)

wherel, was solved from Equation (4.22) adglfrom Equation (4.23) after substitution of
Equation (4.13) and Equation (4.2). All state derivativeseptz, are nonlinear equations



94 4 Modular actuator grid

in terms of the state variables. However, if the effect of tbalinearities on the actuator
behavior is small, the nonlinear equations will only coroaie the design of a controller.

Therefore, this effect will be investigated in the next sdi®on through linearization of the

nonlinear equations. This will also provide insight intméar) dynamic properties such as
inductance, resonance frequency and damping.

Linearization of the dynamic model

Linearization is a widely used technique that enables thicgiion of linear, frequency
domain tools on nonlinear systems. However, it can only ipluseful insight when the
nonlinearities play a negligible role around a certain afien point or state. To verify this

for the nonlinear system in Equation (4.24), linearizagiahseveral displacemenis = z/,
around the initial air gapy will be derived and their frequency response functionstptbt

The coil terminal voltagé’, serves as the system input and is assumed to be supplied by a
voltage source. The system output is the displacemgnthere no notational difference is
made between the original and linearized system desanipdhis is always clear from the
context. The linearized system with state= [I,, z, 2,]7 can thus be expressed as [72]:

ox ox

T oxT

X (t)

x=X,/ ,Vao=Ia_, Ra X=X_/
a 2! a

where the operating poist.. is chosenafl,_, z, 07 wherel, , = I,(z,)and the current
required for the actuator displacemept= ;; as plotted in Fiagure 4.15. In the operating
point used for linearization the velocity, is assumed to be zero. The output of this system
can then be chosen as displacemgntelocity z, and/or current,,. After taking the partial
derivatives, substituting = x., andV,, = I, R, and omitting dependence etfior brevity
this leads to:

—Ra/La(z,) 0 —Ka(25)/La(z,) 1/La(2,)
X = 0 0 1 X + 0 Vi, (4.25)
Kao(2)/ma,  —ca(2;)/Ma, —ba /M, 0
AL BL

wherec,(z!) was defined in Equation (4.17) and the elemdhptsz, and z, of the state
x; now form small signal variations around the operating paint Further,K,(z;) and
L.(z}) are the motor constant and inductance at the operating ppiat 2/, respectively
and can be expressed as:

_ N%flcg%Q (NIa%flc%Z - Hcmlm%flmé}%?))

Ka(zg) =7 )
poAg, 12(2})
2
La(z{ll) _ N (%1%2 + i;f(lj};2 + §Rflmé]:em) (426)

Figure 4.22 shows the values of the motor constant and théncdictance as function of
the operation point, = z/,. Both the motor constant and the inductance decrease as the a
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Figure 4.17: Bode plots of

N e the modeled transfer function
% between actuator voltag®’,
s and displacement, for vari-
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gapzo + z, increases, but for the latter the influence of the operataigts smaller. Bode
plots of the actuator response are plotted for several tpgfointsz, = z,, in Figure 4.17.
This shows a first resonance frequency of the system aro@ddtz, which increases as
the air gap + 2/, increases. It should be noted that the ratig/ L, between the electrical
resistance and inductance of the actuator corresponds édedqeated at approximately
2.1kHz, which is very close to the mechanical resonancei@egy. Although this pole will
affect the two poles corresponding to the system’s mechattits effect is small.

Although the dynamic system equations were mainly derigegaiin insight into the dy
namic behavior of the actuator, the Direct Current (DChg#ithe linearized system also
provides a direct relation between the supplied clamp gel#d, and the deflection,.
This DC-gainH (0) can be derived from the state-space model in Equation (4 %yst
rewriting it to transfer function form as:

H(s)=[0 1 0](sIs — A)) "By,

where the displacement, is chosen as the output a’g andB; are the system matrices
defined in Equation (4.25). Further,= jw is the complex Laplace variable adg the
identity matrix of size3 x 3. Subsequent substitution ef = jw = 0 then yields the
DC-gainH(0) as:
Kq(2))
H(0)= —2%—. 4.27

( ) Raca(z(/l) ( )
Observe that this gain depends on the coil resistance, ther monstant and the resulting
actuator stiffness, which will all vary per actuator due taterial and manufacturing toler-
ances. As a result, the DC-gain is expected to have a rdlatarge variation from actuator

to actuator.

A simplified case: no leakage flux

The expressions describing the actuator behavior derivéat sire complicated by the pres-
ence of the leakage flux around the coil and the PM. Althoughlétads to a more realistic
model that is better able to describe the measurementseguthakes the physical inter-
pretation of the expressions more difficult. Therefore,aage will be considered when the
leakage flux is completely absent. This will provide a cleareerstanding of the relations
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between quantities such as geometric dimensions, numleildfirns and inductance, mo
tor constant, etc.

The absence of leakage flux corresponds to the limit of aNaletectromagnetic equations
for R ¢im, Ryie — o0o. For the fluxespa(Iq, z4) andes(Iq, z,) through the coil and the PM
respectively, this leads to:

NI, —H. 1
5Ia, 2a) = lim 1., za :M7
%l ) R fim R pre—00 P2 ) poAg, R (2a)
NI, —H. 1
W(Ia,za) = lim Iy, 24 :M’
?al ) Rpim Rfre—00 9 ) poAg, R (24)

where®R| (z,) denotes the sum of all remaining reluctances:
R (2a) = Ry, (2a) + Ry + Rie + Ry, + R

Note that since there is only a single flux path left, flugesand¢, are equal.
Similarly, for Ry, Rpe — oo the expression for the magnetic coenel§y(/,, z,) in
Equation (4.12) reduces to:

. NI, —H. 1 )2
W/ IaaZa = llm W Iﬂ.7za - M
( ) Rf1m,Rp1c—00 ( ) Q,uOAga%/l(ZU«)

and that for the magnetic force in Equation (4.13) to:

_ — (NI, — He, l)?
F'rln(Iaa Za) = lim Fm([a? Za) = ( - . M)Q
Rs1m,Rprc—00 2,140Aga (%/1 (Za))
-1 2

= 7“01490, (¢é(1aaza)) :

The fluxes, the coenergy and the magnetic force are all ptiopat to the total magne-
tomotive force in the system and inversely proportionaltte total, position dependent
reluctanceR (z,). In fact, the fluxes are linearly proportional to the totalgnatomotive
force, whereas the coenergy and force are both quadrstiwaportional to this. The re-
sulting cross product between the magnetomotive fo¢ég of the coil and theH.. [, of
the PM amplifies the effect of the coil on the electromagrfetice, which is an advantage
of using a PM to pre-load the spring.

Comparison of the derived limit equations for flux, magnetienergy and electromagnetic
force with the original equations in Equation (4.8d), Edquat4.12) and Equation (4.13)
shows that leakage flux leads to additional weights on thenetagnotive forces of the coil
and the PM as well as on their cross products.

For the static actuator model, the absence of leakage flas eaa simplified relation be-
tween currenf, and displacement,:

. H. 1 1 E,.t3 Ent
e =yt o= Tt o (1B B,

Rpre—00
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actuator

N Figure 4.18: Experimental
oif (- setup to measure the behav-
amplifier I vibromete ior of a single actuator using

> velocity a SigladMsystem, a current
source and a laser vibrometer.

wherez; is again used for brevity of notation. The relation betwestnator stiffness, (z,)
and displacement, becomes:

i) = g, ol
203Emtm 5 3CoEmtm o  201Ept3
- Zs 2 s B} TZs T
Tm r :U“OAga%l

Cr1Ent,

2 ’
Tm

2o Ag, R (4.29)
where the dependence $f on the actuator deflection, has been omitted for brevity. Ob-
serve that the actuator stiffness remains a third ordempaifyal in the membrane deflection
zs, Where only the first and third order terms depend on the ntageiecuit and are scaled
by the total path reluctanc® (z.).

When the leakage flux is neglected for the equations dengrithie dynamic actuator be-
havior in Equation (4.24), the expression fgrbecomes:

; , ; —R(2a)
I'(z,) = lim I(z,) = —L°%
a(Z ) Rpim,Rpre—00 (Z ) N2

(RaIa v, 4 N Henln - NI“)za>

Ag, o) (2a)

The expression for the linearized system in Equation (di8paffected, but the actuator
stiffnessc, (z.) is given byc/, (z.,) in Equation (4.28) and the motor constdtit(z)) and
inductance., (z/,) becomeK/,(z.,) and L/ (z.) respectively, where:

_ —N (NI, — H., ) (1) = N2

(R (2))° ’ (=)

Both the motor constant and the inductance are thus inyepseportional to the total re-
luctancelR] (z,). Since the motor constant is inversely proportional to tixease of this
reluctance, a modest reduction in reluctance will lead tmaificant improvement of the
motor constant.

Ko(z)

a

4.3.5 Measurements and validation

Several prototypes of single variable reluctance actadtave been manufactured and mea-
surements have been performed to determine their (dyndmaldvior. The quasi-static
behavior of the actuator is governed by the force-displasgroharacteristic as derived in
Equation (4.16), whereas its dynamics will be analyzed imseof the parameters of the
linearized system in Equation (4.25) and its mechanicanasce frequency. The mea-
surements were performed using the test setup as depictédure 4.18, consisting of a
Siglab™[43] system and a Polytec laser vibrometer. The Siglab systas used to gener-
ate an excitation signal that was fed to a current amplifidradso measured back at one of
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Figure4.19: Measured frequency response func-Figure 4.20: Bode plots of the modeled transfer
tions of a single actuator for various current off- functions of a single actuator for various current
setsAI,. offsetsAT,.

the Siglab inputs. The laser vibrometer was used to mealsaregiocityz, of the moving
core and its output — an analog voltage — was also fed to atSigpat. The sensitivity of
the laser vibrometer was set to 25V with an output range of10. . .10V.

To measure Frequency Response Functions (FRFs), a widgwlaitel noise excitation sig-
nal was used with an RMS level ef1.5mA and DC offseta\], varying between -15 and
15mA. The FRFs are estimated using the Siglab software withraning window of 8192
samples and 50 averages without overlap. The results avenshorigure 4.19. Observe
that the resonance frequency of the actuator lies arourkdH2.and varies approximately
2Hz per mA current offset.

From the measured FRFs it is also possible to estimate theussdamping, actuator stiff-
ness and motor constant. This step requires the linearizetelhexpressed in Equation
(4.25) to be adapted from voltage to current input, as uséldeitest setup. When the cur-
rentl, is prescribed, the first staté, of the system vanishes and the system is determined
by the equations for the acceleratiepand the velocityz,.  This yields the following,
second order state-space system:

Za 0 1 2a 0
= U+ I,(t),

5 Rl Iy 3 Py
wherez, is chosen as the system output corresponding to the typsafvibrometer mea-
surement used. This system can be rewritten into transfietifun form as:

K,(zl)s

Ma, s +bs + cq(2))
and has an undamped mechanical resonance freqyerttyat depends on the operating
pointz/:

(4.29)

Hi(s,2) =

1 [ca(2h)
N a
felza) = 2\l ma,
To obtain estimates fak, (z),), b, andc,(z),), first a parametric identification on the FRF

will be performed using Matlab’énvireqs function. However, to be able to derive the
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Figure 4.22: The modeled actuator stiffness,
motor constantX, and resonance frequengy
as a function of the DC current offsgf.

function of the DC current offsé{, as identified
from measurement data.

desired properties from the estimated coefficients, twoifitations must be made to the
above transfer function. Firstly, note that the lowest territhe numerator polynomial
is zero. To prevent the need for a constraint in the paramiegntification procedure, the
numerator is divided by. This corresponds to time domain integration that must ipdiegb

to the measured velocity signal prior to parametric idesdtfon. The second change is due
to the fact that of the four coefficients only three can be uelg identified and a fourth
must be given. Since the value of,_ is well defined by manufacturing tolerances, this is
further assumed to be known as listed in Table 4.1. The teafisfiction whose coefficients
will be estimated can thus be expressed as:

Ka(zg)/ma,
82+ (ba/ma,)s + ca(2)/Ma,
The Matlab functiorinvfreqs is then used to estimate the three unknown coefficients from
which K, (z}), b, andc,(z,) are determined. The obtained values are plotted togethler wi
the damped resonance frequency corresponding to the pokeguation (4.30) in Figure
4.21.
The following observations can be made by comparing theagadbtained from the model
in Figure 4.22 and from the measurements in Figure 4.21:

Hi(s,z,) = (4.30)

¢ the measured resonance frequency is higher than modelesireedhe moving mass
is known, this implies that the actuator stiffness must lgéi,

¢ the stiffness and resonance frequency decrease with aaseul axial air gap,

e the measured motor constant is higher than modeled,

e the measured viscous damping depends on the position obthe ¢

To explain the differences found, a sensitivity analysithefvariable reluctance actuator is
performed.



100 4 Modular actuator grid

L, [mH]
—— f [kHZ]
—A— C, [kN/m]
—o— K IN/A]
— 7 | MM
i i - - kil i i i i i
180 200 220 240 260 280 300 -0.1 0 0.1 0.005 0.01 0.015 0.02 0.025
Height h [um] Stiffness coéficienl(:l [-] Nonlinear stiffness coéficierﬁ?2 -]

Figure4.23: Sensitivity of the resonance frequenfy resulting stiffness,, motor constant<’, and
inductanceL, of the actuator w.r.t. the heigltt and the stiffness constants andCs.
The thick, dashed vertical line represents the nominal ealuthe parameter, as listed
in Table 4.1.

4.3.6 Sensitivity analysis

Figure 4.23 shows the sensitivity of the resonance frequénactuator stiffness,, motor
constantk, and inductancd,, of the actuator w.r.t. the heiglhtand the stiffness coeffi
cientsC; andC5. This figure is obtained by evaluating the expressionsfoix,, ¢, and
L, derived in the previous subsections while varying a singtaator property and keeping
all others at their nominal values as listed in Table 4.1. sEhealues are marked by the
thick, dashed vertical lines. The results include the ¢fiéthe parameters on the initial air
gapzo on which all expressions implicitly depend. From Figuretf2e following remarks
are made:

The height .
An increase of the height causes an increase of the initial air gap and a working
point with less stiffness and lower motor constant.

The stiffness coefficienC;.
A change in the linear stiffness coefficigrit of the membrane suspension will result
in a change in initial air gapy. The magnetic force depends on the reluctance of
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the magnetic circuit and therefore on the position of the impeore. In the equi
librium position, the spring force is equal to this magnédice. The spring force is
proportional to the deflection and the linear and nonlingéiness of the membrane
suspension. If the linear stiffness coefficient decreabesnitial air gapzo will de-
crease and the contribution of the nonlinear stiffness enaittuator stiffness will
increase. This effect is attenuated by the stiffness dulegartagnetic circuit which
also increases for smaller air gaps. However, this effdotésr with the decrease air
gap whereas the effect on the mechanical spring stiffnepsadratic. The net effect
is an increase in actuator stiffness and resonance freguenc

For a smaller air gap the magnetic reluctance drops, catisngagnetic flux, hence
the forceF,,, and the motor constai, to increase.

The stiffness coefficienCs.
A decrease in the nonlinear stiffness coeffici€atof the membrane suspension will
also result in a smaller initial air gap. In analogy with threehr stiffness coefficient
(1 this leads to a larger deflection to maintain force equilibrj but this deflection
increase is accompanied by a lower spring stiffness andivatiefore — in contradic-
tion to the stiffness coefficierdt; — result in a lower overall stiffness.
Again with the smaller air gap the magnetic reluctance desysthe motor constant
increases.

Figure 4.24 shows the sensitivity of the resonance frequgnactuator stiffness,, motor
constanti{, and inductancé, w.r.t. the leakage flux reluctanc&s;. and¥,,, of the coil
and the PM respectively and the radial air gap reluctatye The figure was obtained the
same way as Figure 4.23 and the thick, dashed vertical lepggsent the parameter values
listed in Table 4.1. From Figure 4.24 the following is obssty

The coil leakage flux reluctanceR ;..
The leakage flux reluctance of the coil has no significanicéfba the initial air gap
20, actuator stiffness, or resonance frequengy. As the reluctanc& ;. of the coil
leakage flux decreases to the order of the reluctahgeof the coil core, the motor
constant becomes affected. The major part of the flux gezeiat the coil will then
flow into the leakage flux path.
The coil inductancé., decreases for increasifty,., since this inductance is propor-
tional to N2 /R(z,) andR(z,) is proportional tR ;...

The PM leakage flux reluctanceR s, .
If the reluctancet,;,,, of the PM leakage flux is decreased, the attraction force@n th
ferromagnetic core decreases and the initial air gap wilebger. As illustrated by
Figure 4.13, a lower equilibrium force will result in a lonsiffness of the membrane
suspension and resonance frequency. The motor constadecreases wheR .,
decreases since the equilibrium force decreases and thamincreases. As long as
R 1, does not significantly affect the total reluctance expexéenby the coil, there
is little change in coil inductance.

The radial air gap reluctance R, .
The reluctance of the radial air gap forms a significant pathe total reluctance
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Figure 4.24: Sensitivity of the resonance frequengy resulting stiffness,, motor constan#{, and
inductanceL, of the actuator w.r.t. the leakage flux reluctances of thé 89i. and
the PMR;,,, and the radial air gap reluctanc&,,. The thick, dashed vertical line
represents the parameter value listed in Table 4.1.

in the flux path through the axial air gap;(. This explains its significant effect of
motor constant and initial air gaj. When the total reluctance decreases, the flux, the
force and the motor constant increase. The decrease of idleairxgapzg explains

the increase in actuator stiffness and resonance frequency

Figure 4.25 shows the sensitivity of the resonance frequénactuator stiffness,, motor
constant(, and inductancé,, of the actuator w.r.t. the axial air gap atéa , the coercivity

of the PMH,.  and the PM thickness,. The figure was obtained the same way as Figure
4.23 and the thick, dashed vertical lines represent thenpetea values listed in Table 4.1.
From Figure 4.25 the following is observed:

The axial air gap areaA,, .
Observe that the ared,, is present in the expression for the magnetic fafgein
Equation (4.13) and thus directly influences the initialggipz,. However, A, also
affects the actuator properties indirectly via the reloc&R,, . This reluctance enters
quadratically in Equation (4.13) and becomes the domireant for small values of
Ag, . This leads to an increased magnetic force and a reductitieafominal air gap
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Figure 4.25: Sensitivity of the resonance frequenfy resulting stiffness,, motor constant<, and

inductanceL, of the actuator w.r.t. the axial air gap radius,, , and the coercivity of
the PMH,,, and thickness$,, of the PM. The thick, dashed vertical line represents the

Cm

parameter value listed in Table 4.1.

width that explains the minimum in the graph fgqy. The initial air gap also affects
the motor constant, leading to a maximum in the graphKgrthat corresponds to
the minimum for the air gapy. The actuator stiffness decreases@creases for
small values of4,, . For larger values ofi,_, the stiffness:, is dominated by the
nonlinear mechanical spring stiffness that decreaseseaaitlyapz, increases. The
decreased negative magnetic stiffness will not comperfisatee mechanical spring
stiffness reduction and an overall decrease in stiffnessse

The magnetic field intensity H,.,, of the PM.

If the coercive force of the PM is increased the magneticdancreases. This in
crease leads to a smaller air gap with a higher actuatonesif, resonance and motor
constant.

The thicknessl,,, of the PM.

A thickness increase of the PM has the same effect as a cedotoe increase.

Besides sensitivity of the actuator propertesc,, K, and L, on the parameters, C1,
Cay Ryp1er Rytm, Rg,» Ag,, He,, andl,,, it is relevant to know what causes the possible
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differences in these parameters and how to minimize therst &fiall, the predictability of
the actuator propertiesis increased by the measuremefasped to identify the coercivity
H., of the PMs and the stiffness coefficiertt§ and C, of the membrane suspension.
Besides this, the manufacturing tolerances and assenlbhates play an important role:

Manufacturing tolerances.
All dimensions of the actuator are subject to manufactutihgrances. Manufactur
ing tolerances are typically in the order of tensyah. These dimensions directly
determine all modeled magnetic reluctances, the mecHatitfaess coefficients’;
andC> and the moving mass:,.. Besides dimensions, the magnetic permeability
of the ARMCO can be influenced by stresses caused by the nwurifey process.
This is likely to play a role for the reluctances of the baa&glthe moving core and
the radial air gap. As a result, all actuator properties béllaffected and vary from
actuator to actuator.

Assembly tolerances.
In addition to tolerances on the manufactured parts themsghe design dimensions
are affected by the assembly process. For instance, thentss of the glue layers be-
tween (1) the PM and the coil insert and (2) between the batephd the membrane
suspension and (3) between the moving core and the suspensimbrane lead to
a variation of the height. Another example is the reluctance of the radial air gap,
which is affected by the in-plane alignment of the movingecenr.t. the pole shoes.
Tolerances on the assembly process used are expected toidalyyin the order of
tenum. In Section 4.4 it will be shown how — by design and assemithe-effect of
manufacturing and assembly tolerances on the actuatovioelgminimized.

In the next section, the results from the modeled actuatigu(e 4.22) and the measured
actuator (Figure 4.21) will be compared and analyzed basddsights of the sensitivity
analysis.

4.3.7 Lessons learned

Actuator stiffness ¢, and resonance frequencyf,
The actuator stiffness, is directly coupled to the mechanical resonance frequency
fe via the massn,_. The stiffness values derived from the measurements ahehig
than expected from the model. With the use of Figures 4.23a2wlit is shown that
the stiffness:, varies significantly for all considered parameters exceptHe coil
leakage flux reluctance. This is caused mainly by its depscelen the initial air
gapzo, which is affected by all parameters. Note from Figure 4t in general the
stiffness increases ag decreases. Variation of parameters that lead to an incirease
zo Will therefore lead to a decreasedp.
The same effect is observed in the variation w.r.t. the dpeyoint. In accordance
to the model, the stiffness is found to change with the defleet, (or 1,): itincreases
for negativez, and decreases for positive.
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Motor constant K,
The measured value=(0.28N/A) for the motor constank’, is higher than the origi
nal design value of£0.2N/A. As can be observed in Figures 4.23 and 4.24, the motor
constant shows considerable variation w.r.t. all analyz@@dmeters except the coil
leakage flux reluctanc®y;.. Most noticeable is the strong dependence of the radial
air gap reluctanc#&,, . A higher motor constant can therefore be partially attedu
to a lower reluctance of the radial air gap.
Finally, note from Figure 4.25 that there exists a value lier axial air gap ared,,
where the motor constant has a maximum. This may be explioitedure designs to
obtain a higher power efficiency.

Inductance L,
As can be observed in Equation (4.26), the inductdngcef the actuator is a function
of the number of turnsV in the coil and the reluctances in the magnetic circuit.
Consequently, only parameters that have a significantteffet¢he total reluctance
will cause a significant change ify,. The dominant reluctances afg, (z,) of the
axial air gap andr,, of the radial air gap anit,,, of the PM.

Damping b,

In the model, the damping is considered a constant, but tresunement results in
Figure 4.21 indicate that the damping varies with the defleatf the moving core.
A possible explanation for this effect is that a so-calledesgye film exists between
the PM and the moving core. When the core moves, air is eitkgelied from or
compressed between the two objects. Viscosity hampersaweofi air, which leads
to both spring and damper behavior that depends on the destasgtween the two
objects and the relevant time scale (i.e. frequency of mfibl9].

Although differences between the model and measuremeistisasd the analysis results
indicate that improvement of the motor constant in paréicid well possible, the results are
good enough to proceed with design and integration of aatsi&t grids.

The design and realization of these actuator modules wilhbveduced in the next sec-
tion. Measurement results, including the variation an@agrin actuator properties, on all
actuators of seven prototype grids will be presented ini@edt4.3.
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Figure4.26: The standard actuator module with Figure 4.27: The standard actuator module with
61 actuators seen from the front. 61 actuators seen from the back.

4.4 The actuator module

In the transformation of the single actuator design intoid gctuator module, the philoso
phy is to design in layers that extend over many actuatorsxahtb make many individual
actuators that need to be placed and aligned individuahys fieduces the number of parts
and the complexity of assembly and improves the uniformiityie actuator properties.

A hexagonal actuator layout is chosen since this gives tgkdsit actuator areal density.
The grids are also given a hexagonal shape to accommodagsskebly of large DMs
from many actuator grids. The grid layout consists of a @rtctuator surrounded by a
number of hexagonal 'rings’ of actuators. This approachltesn a total of 7, 19, 37, 61,
91 or 127 actuators for 1, 2, 3, 4, 5 or 6 rings respectively.tk® prototype grids realized,
four rings, corresponding to 61 actuators, are chosenigrctivice, several practical issues
were taken into account, such as the size of the baseplatiésec@responding resonance
frequency. A larger grid would require more thickness, aitinal support points to avoid
internal resonances. Further, the actuator coils are abed¢hrough flex foils. These will
become more difficult to manufacture as the number of actsigter grid increases. When
the line pattern is made on a single layer there is not enotgg far more connections.
Finally, the number 61 is close to a division factor6f= 64, which is likely to be used in
digital electronics for drivers and communication.

4.4.1 Actuator grid design

The actuator grid is shown in Figures 4.26 and 4.27. Figuz8 ghows the exploded view
of the actuator grid. The main parts shown in the exploded @ summarized and will
be discussed in detail:

The baseplate
The baseplate serves a the flux carrier for the magneticitsrfar 61 actuators and
is made from from ARMC@. The baseplates are cut from bar and their front and
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M1x6 (3x)

Membrane suspension

Moving cores (61x)

Baseplate

Coils (61x)

SmCo Magnets (61x)

Inserts (61x)

Flex foil

A-frames (3x)

Strain relief and clamps (3x)

Figure 4.28: An exploded view of the actuator grid shown in Figures 4.26 4r27.
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back surfaces are made plan parallel. The serrated circande is made such that
the actuator grids can be placed adjacent with a 0.3mm gaphdles in the backside
are made by milling, the circumference and pole shoe coatate made with wire

EDM.

The membrane suspension with moving cores
The membrane suspension is made by laser cutting. The s@eedholled Hava?
material is used for all actuator grids in the same orienieatid obtain uniformity for
the spring characteristic. The moving cores are laser cditnaade from a 0.3mm
thick ARMCO® sheet.

Inserts with the SmCao; PMs and coils

The inserts complete the magnetic circuit. The inserts evdyred on a CNC lathe.
After measurement and selection of the PMs described in Agiged, the PMs are
glued on the inserts with Araldite 2020. The coils, made qfraCcopper wire with
500 turns, are fabricated separately from the insert and pegleaded ends. The
electrical resistance of each coil is measured before plane The inner radius of
the coil is made slightly larger than the insert core to awdadhage to the electrical
isolation when placed. The bottom of the inserts containsi@ &nd a slot to provide
an axial feed through for the coil wires.

The flex foil

A flex foil is designed to connect the coil wires to the driveEB? This flex foil
design is shown in Figure 4.43. Each of the three branchdsedfiex foil connects
to a double row, 0.3mm pitch, connector. The central hexaljoart of the flex foil
holds@2.5mm holes through which the coil wires emerge. At the airfarence of
the holes, the two wires of that coil are soldered each on parqgad. After soldering,
a droplet of silicon glue is placed to encapsulate the feagilil wires. A strain relief
(Figure 4.27) is added to avoid damage to the soldered ctionec

The actuator grid supports
The actuator grid is connected with three A-frames to itspsupstructure. Each
A-frames is connected with one point to the baseplate anld wib points to the
support structure to avoid moments enforced on the baseplBlte A-frames are
connected with M1 bolts. When the actuator grid is placeeédagn on the table,
with the membrane suspensions facing down, the bolt hegumstthe actuator grid
and avoid damage to the suspension systems.

The next subsection will describe the assembly of an aatggib.
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Figure4.29: Top view of the laser cut membrane Figure 4.30: A mould placed on top of the mem-

suspension made from 28 thick Havaf®. brane suspension to position the ferromagnetic
moving cores. The struts to align the mould
and thereby the moving cores with respect to the
membrane suspension are visible.

4.4.2 Actuator grid assembly
The assembly of the actuator grids is done in four steps.

1. The ferromagnetic cores are glued to the membrane suepens
2. The membrane suspension with the ferromagnetic coresésrebled to the baseplate.

3. The PMs and coils are glued to the inserts and the insexte@lin the baseplate.

Figure 4.31: Struts are pressed to the cores to Figure 4.32: The cores glued on the membrane
ensure a thin layer of glue between the cores anduspension visible after removal of the mould.
the membrane suspension. An elastomer foarfihe Havaf foil is seen to be slightly curved due

and a weight is added on top of the struts (notto internal stress as a result of the foil rolling

shown). process.
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Figure 4.33: Front side of the baseplate. Figure 4.34: Back side of the baseplate.

4. The flex foil is placed and the coil wires are soldered tdffdsefoil. Three Aframes
and a strain relief are bolted to the actuator grid. The aotugid is fully assembled
and can be placed on the support structure.

Each assembly step is described in more detail and clarifiguhbto’s.

Step 1: Assembly of the cores and the membrane suspension

Figure 4.29 shows the laser cut membrane suspension madeaf@fum Havaf® rolled

foil. For assembly this foil is placed on a flat base and lditecmnstrained by three metal
struts. These struts can move up and down in the base. A 2.6iokmbould, that contains
61 holes to position the cores, is placed on top of the foile $truts align the mould and
holes to the membrane suspension. Figure 4.30 shows the/iithske mould placed on top
of the membrane suspension. 61 Droplets of glue (Araldiz0P@re manually placed in

A

Figure 4.35. The baseplate is placed on the Figure 4.36: The baseplate is supported by the
membrane suspension. struts and lowered on the membrane suspension.
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Figure 4.37: The baseplate placed on the mem-Figure4.38: A detailed view off one of the actua-

brane suspension. The cores are visible betweetor suspensions with moving core and pole shoes

the pole shoes. in the baseplate. The air gap between the core
and pole shoes is 0.1mm.

the holes of the mould followed by an iron core. Figure 4.3vweh61 struts that are pressed
to the cores to ensure a thin layer of glue between the cotemambrane suspension. An
elastomer foam and a weight is added on top of the struts toremgjual pressure. When
the glue is hardened the struts and mould are removed. Thk igeshown in Figure 4.32.

Step 2: Assembly of the membrane suspension and baseplate

Figure 4.33 and Figure 4.34 show the front and back side dfalseplate. Droplets of glue
are placed on the membrane suspension at the end of eacpriegfsf the suspension.

Figure 4.39: Top view of the baseplate with Figure4.40: The assembled inserts with PM and

membrane suspension and cores. coil placed in a container. Note the droplets of
glue on the wires to avoid damage to the insula-
tion.
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Figure 4.41: Assembling the inserts in the base-Figure 4.42: All inserts placed in the base-
plate. plate. The coil wires extend over 8mm and are
tin plated.

The baseplate is placed on the thinned ends of the strutsomratdd on the membrane
suspension. This is shown in Figures 4.35, 4.36 and 4.31r& .38 shows a detail of the
baseplate. The pole shoes, membrane suspension and cstearefor a single actuator.
The air gap between the core and the pole shoes is 0.1mm eFg@ shows the top view
of the baseplate with membrane suspension and cores asedrrom the assembly base.
All air gaps are checked before proceeding.

Step 3: Assembly of the inserts

Ontheironinserts, a PM and coil is placed. All magnets aaegd with their magnetization
in the same direction. In the bottom part of the insert, a haolke slot has been prepared for

Figure 4.43: The flex foil that provides two Figure 4.44: The coil wires pass through the
electrical connections per actuator between theholes in the flex foil.
driver electronics PCB and the actuators.
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Figure 4.45: The flex foil connected to the actu- Figure 4.46: Detail view of the actuator grid.
ator grid.

the coil wires. Figure 4.40 shows a photo of the inserts pezpawaiting assembly in a
container. Figure 4.41 and Figure 4.42 show the insertglygaced in the baseplate.

Step 4: Flex foil assembly

The flex foil is shown in Figure 4.43. Figure 4.44 shows the ftaklowered over the coil
wires. The two wires of each coil pass through a hole in theftiéxand are soldered onto

a copper pad at the circumference of the holes. Siliconeigladded to protect the wires
and soldered connection from damage. Th&ames are bolted on the baseplate and the
strain relief is added. The flex foil is folded and clampedloaframe. The result is shown
in Figures 4.26 and 4.27. The grid is then bolted on the thré@ames. Figure 4.46 shows

a detail of the actuator grid.

4.4.3 Measurement results

A batch of seven grids was realized using the above proce@hee=only difference in nom-
inal dimensions with respect to the single actuator is aritiadel 25.m for the heighth.
Although this is known to have a negative effect on the motmistant, actuator stiffness and
resonance frequency, more margin is hereby built in for rfearturing errors and the risk
on ferromagnetic cores to snap down on the PMs is avoided r&theced motor constant,
actuator stiffness and resonance frequency are estimatadsigure 4.23 a®& ,=0.17 N/A,
¢4=550N/m andf.=1980 Hz.

For each grid all actuators are measured with the same expetal setup as shown in Fig-
ure 4.18. Figure 4.47 shows a typical transfer function witparametric model fit of one
of the actuators in the grid. As a reference, the figure alswstthe nominal transfer func-
tion derived from the analytical model depicted previousliFigure 4.20. Besides the first
resonance frequency around 2kHz, a second resonancehife\asiapproximately 5kHz.
This is the tip/tilt mode of the ferromagnetic core in its nigame suspension that can only
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Figure 4.47. Bode plot of 10° .
the measured transfer function = Grid actuator measurement
H(z) from a single actuator < 10} g:,ﬁﬂ;ﬂ?ﬁia " 1
in a grid, together with the IS = = =Single actuator measurement X [}
fitted model and the analytic g *°
model. The measured transfer ‘E 1
function of the single actuator g
as shown in Figure 4.19 isalso = 107
plotted for comparison.
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be observed when the laser vibrometer is not perfectly etigo the center of the moving
core.

Estimates for the actuator stiffnessg, resonance frequencft, motor constant<, and
viscous damping,, are obtained from the measurement data using the same preczsl
described in Section 4.3.5. The average and standard eviatlues are listed in Table
4.2 and more detailed results are shown in Figures 4.48, 4.80 and 4.51. The values in
the figures are sorted to provide insight into the statisipeead and differences in median
values between grids. The mean actuator stiffness andarserfrequency are 471N/m
and 1.83kHz respectively, which is lower than expected.iguie 4.48 it is shown that the
spread in stiffness values within a grid is similar for aitg; but that the mean differs from
grid to grid. This can be caused by manufacturing and assewasiations that directly
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Figure 4.48: The identified actuator stiffness,  Figure 4.49: The identified actuator resonance
for m,, =3.6mg sorted for each measured ac- f., for m,, =3.6mg sorted for each measured
tuator grid separately. actuator grid separately.
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Figure 4.50; The fitted motor constani&’,, for  Figure 4.51: The fitted dampingb,, for
ma, =3.6mg sorted for each measured actuatorm,, =3.6mg sorted for each measured actua-
grid separately. tor grid separately.

Table 4.2: Average values and standard deviations of the actuatorenigs measured over all grid

actuators.
Property | Ko | ¢ | by, | f
Average | 0.12N/A | 471N/m| 0.36mNs/m| 1.83kHz
Std.dev. | 0.02N/A | 48N/m | 0.10mNs/m| 95Hz

affect all actuators in a module, such as baseplate or ssigpemembrane thickness varia
tions.

Figure 4.50 shows the values of the motor constants, whiehoarer than expected. The
analytic model predicted’,=0.17N/A, whereas 0.12N/Ais measured. A possible explana-
tion for the measurement results is that the leakage fluxtahees for the PM and coil are
smaller in the actuator module baseplate than for the siefleator. The few high values
for damping are explained by rests of glue in between the ngpeore and baseplate.

4.4.4 Power dissipation

To analyze the expected power dissipation of the actuatdy, its static response is con-
sidered and assumed to be linear. The validation measutsrave shown this to be an
accurate approximation at least up to approximately 16Q0@iiere effects such as viscous
damping and eddy currents play a negligible role.
The power dissipated by the currditthrough the actuator coil with resistan® can be
expressed as:
F 2

P, =1I?R, = (KT) R,
where for the second step the linearized case= K,I, was used. In Chapter 2 the
expected RMS actuator force was derived as 1mN, which wasdlmasan actuator stiffness
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¢, 0of 500N/m. Since the stiffness of the realized actuator wasd to be very close to this
value, the ImN RMS force remains a valid basis to evaluatespaoligsipation. For 1mN
RMS actuator force and a measured average motor constant 0.12N/A this yields an
RMS actuator curreni, of approximately 8mA. Via the coil resistandg, ~ 3912, this
corresponds to a power dissipation of approximately 3mWaptrator. This means that the
realized actuators meet the specification in Chapter 2 tiegpower dissipation must be in
the order of mW’s.

45 Conclusions

The application of electromagnetic actuators for adapliermable mirrors has several
advantages. Electromagnetic actuators can be designedwiited stiffness, such that
failure of an actuator will cause no hard point in the reflec8urface and thus a small-op
tical degradation compared to e.g. stiff piezo-electr@@nts. Other advantages over the
latter type of actuators at the relatively low cost, low @riyvoltages and negligible hys-
teresis and drift.

Variable reluctance type actuators were primarily choserabse of their high efficiency
and low moving mass. A nonlinear mathematical model of tihesdor was derived describ-
ing both its static and dynamic behavior based on equati@ms fthe magnetic, mechanic
and electric domains. The nonlinear spring force charatieof the membrane suspension
was modeled and verified via measurements in a dedicatedineeasnt setup (Appendix
B). This indicated that FEM analysis can predict the norirteehavior well, but could not
predict the effect of internal stresses resulting from ttealpction of the rolled Havé foil.
The model was linearized, leading to expressions for theedot transfer function and lin-
ear electromechanical properties such as motor constahipductance, actuator stiffness
and resonance frequency.

Single actuator prototypes were realized and transfertiume were estimated from mea-
surement data, based on white noise current excitatios.Was$ done for various operating
points by adding static current offsets to the excitatignal, which showed that the ef-
fect of the nonlinearities is indeed small. The resonaneguency and the DC-gain of the
transfer functions showed only marginal variation withpest to the operating point. This
means that a control system will be able to use an LTI cordmMithout sacrificing perfor-
mance. The measured nominal resonance frequency is higirentodeled: 2.1kHz instead
of 2kHz, corresponding to an actuator stiffness-@80N/m. The measured motor constant
is also higher than modeled 0.27N/A instead of 0.2N/A.

Due to the satisfactory measurement results, the desiginigle actuators was applied with
little modification to the design of standard hexagonal meslwith 61 actuators. Only the
nominal height: of the moving core above the PM was increased hyr@%o limit the risk

of the ferromagnetic cores snapping down onto the PM. Baseldeoresults of a sensitivity
analysis, this modification was expected to reduce the nootostant, actuator stiffness and
resonance frequency #6,=0.17N/A,c,=550N/m andf.=1980Hz respectively.

In this sensitivity analysis the effect was determined ofation in a number of model pa-
rameters on several actuator properties (i.e. stiffnessnance frequency, motor constant
and inductance) as derived from the mathematical model. attiqular, this indicated a
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strong influence of the radial air gap reluctance on the nminstant and actuator stiffness,
which can explain the deviation between the modeled andunedgroperties.

Seven actuator module prototypes were made of which albsmtsi were measured with
the same setup as the single actuator prototypes. All acsnaere found to be functional,
indicating that the manufacturing and assembly procesdishte. From transfer function
measurements, the motor constant, actuator stiffnessemathance frequency were iden
tified. These properties showed slight deviations from tlees derived from the model,
but the statistical spread for the properties was smad#lssing the reliability of the manu-
facturing and assembly process. The mean actuator ssfim@sresonance frequency were
471N/m and 1.83kHz respectively, which are very close tdr éihesign values of 500N/m
and 1885Hz. The value derived from the model for the motostam K, was 0.17N/A,
whereas on average only 0.12N/A was measured. This may besb# of leakage flux
reluctances in the baseplate being lower — and thus thededkax being larger — than for
the single actuator.

Despite the motor constants of the actuators realized bevwgr than expected, the RMS
power dissipation of the actuators is still low during opieraand expected to be 3mW.

4.6 Recommendations

In a redesign, the large influence of the radial air gap ralha# can be used to increase
the motor constant and reduce power dissipation. A facttwofreluctance reduction will
increase the motor constant to 0.37N/A and increase thatactstiffness to 750N/m. This
can be realized by a smaller gap width or by a larger gap area.

A reduction of the axial air gap area will lead to a furthergmse in motor constant. With
these changes, an improvement by a factor four is feasibieceSower dissipation is
inversely proportional to the squared motor constant, agpadissipation reduction by a
factor 16 is achieved. A convenient side effect is the ineeeaelectronic damping of the
mechanical resonance frequency. This is illustrated iuf€igt.52. The magnitude peak
of the two systems is almost equal, whereas the DC-gain oiintpeoved system is four
times higher. This implies that the resonance mode is muttertdamped and will be less
limiting for the controller performance.

Figure 4.52: Bode plot of the voltage to position

%10’ actuator model with the currently measured and
g four times higher motor constant. Note the in-
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Chapter five

Electronics

This chapter describes the design and realization of theaturt driver elee
tronics and communication system. PWM based voltage driaez selected
and implemented in three FPGAs for 61 actuators (one actoatdule). A
high base frequency of 61kHz and an additional an&®tjorder low-pass
filter is used to reduce the actuator position responsegigpé to harmonics
of the PWM signal to less than a quarter of the Least Signifi&atn(LSB)
of the setpoint. The driver electronics of each actuatorut®dre contained
on a single PCB, which is placed behind the actuator modujedserve the
modular concept. The FPGAs receive the voltage setpoiatarviVDS com-
munication link from the control system. As no commerciall¥ interface
board was available for a standard PC, an ethernet-to-LMi»@munications
bridge is developed that translates ethernet packagekWd& packages and
vice versa. A single flat-cable connects up to 32 driver P@BBis communi-
cations bridge.

The actuator model from Chapter 4 is extended with model®communi-
cation and driver electronics. The communication is matiale a pure delay
and the driver electronics as an ideal voltage source witheat, analo@™?
order low-pass filter. The dynamic model is validated usitnitevnoise iden-
tification measurements on the actuator system. The systeawvaiuated on
control aspects, showing the dependance of achievablemdthcbn the sam-
pling frequency. Finally, the power dissipation of the FR3# evaluated and
found to exceed the power dissipation in the actuator cQitmcepts are pro-
posed and analyzed to reduce power dissipation in the b@jietronics.

Joint work with Rogier Ellenbroek
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5.1 Introduction

In this chapter, the design and realization of the elect®reéquired to generate the currents
through the coils of the actuators is described. The aatsiatere described in Chapter 4
The electronics consist of two parts: a communication systad driver electronics. The
communication system transmits the current value caledlay the control system to the
driver electronics, which generate the actual currents.main difficulty of the driver elec
tronics is the required number of channels combined withi#séred high power efficiency.
After the realization of these electronics, the behavidgheffull actuator system is analyzed
by comparing it to a first principles model. This model is aoftal by extending the model
from Chapter 4 to include the components of the electronistems.

In the next two sections design concepts for the driver amangonication electronics will
be presented, followed by their implementation and retiinan Section 5.4. The first prin-
ciples model is derived in Section 5.5 and compared to measemt results in Section 5.6.
Since the driver electronics and the actuators are locédsd to the DMs reflective surface,
power dissipation is an important design driver. Therefor&ection 5.7 the power dissipa-
tion of the prototype actuator system is analyzed and coegarthe design requirements.
Finally, the main conclusions will be formulated.

5.2 Driver electronics

The driver electronics provide currents through the cdithe variable reluctance actuators.
In the actuator, the current converts into forces that deftire mirror facesheet. In this
section the requirements, design concepts and implenamtetthe driver electronics will
be discussed.

5.2.1 Requirements

In Section 2.3 the required actuator positioning resotutoderived as 5nm. From this
value, the worst-case required range and resolution witldrezed of the currents and volt-
ages that must be provided by the driver electronics. Simeedsolution requirementis in
terms of displacement, the mechanical stiffness, motostem and circuit resistance must
be considered. The mechanical stiffness depends on thkimgsteformation of the re-
flective surface. The minimal stiffness is used to deterrtiieerequired resolutions and the
maximal stiffness is used to determine the required rarigestia forces and other dynamic
effects are neglected. The stiffness is minimal when alla&otrs have the same displace-
ment and the reflective membrane does not deform. The wasstfoece resolution for the
actuator stiffness, =583N/m can thus be derived &5.; = 2.9uN. Via a motor constant
K, of 0.19N/A (Figure 4.16) and an actuator coil resistafigeof 39.(002 (Table 4.1), this
leads to required current and voltage resolutions @fAL&nd 0.60mYV respectively.

The required current and voltage range follows from the maxn actuator force, motor
constant and coil resistance. The actuator force is catmilaith Equation (4.1), wherer

is ~6kN/m (Section 3.4)z, = 10um andz;, = 0.36um as derived in Chapter 2. This
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results in a range of the required forcese8mN. Via the motor constant and actuator coil
resistance previously used, this leads to the require@&otiand voltage range af42mA
and+1.6V respectively.

This implies that the dynamic range (the total range dividgthe resolution) of the driver
electronics must be at least8 - 1073/(2.9-107%) ~ 5.5 - 103. For a digital driver system,
this would require at least 13 bits of accuracy. This is a minh and does not provide any
margin for a stiffer facesheet, initial flattening and aliggnt of the mirror and variation
in motor constant between actuators. To account for thissekdowledge that the digital
implementation in 16 bits is likely to be more efficient, tidghe starting point in the de
sign. The consequences for the driver electronics fromrégsirement will be elaborated
in Section 5.2.2.

The DM actuators are designed to have a high efficiency. Inbdaation with the low ac-
tuator force requirement, this minimizes power dissipatiés a result no active cooling is
needed and vibrations introduced by such systems are akaitieough natural convection,
heat is convected without adding significantly to the wawefidisturbances that are to be
corrected. By placing the driver electronics near the ed@cagnetic actuators the number
of wires to the DM can be limited and spacious connectorsdedhi With the short length
of the wires, sensitivity to environmental loads (e.g. Ibagakage, magnetic fields from
nearby power sources, etc.) is reduced. However, it alsmsnat the power dissipation
of the driver electronics must be in the order of mW’s, simitathe actuators.

Finally, the electronics should be compact in size, have dost/actuator and preferably
replaceable. Since the actuator grid is made extendabledaysnof the standard modules
that hold 61 actuators each, the same should hold for theetécs. All drivers for a single
actuator module should therefore be placed on a single PCB.

5.2.2 Concepts

For the driver electronics concept, two categories arendjigstshed: current and voltage
sources. A current driver converts the digital setpointrfitbe control computer into a con-
trolled current through the electromagnetic actuator. hage driver converts this setpoint
into a voltage over the actuator clamps, upon which the tiregistance determines the
current. The current may therefore vary due to dynamicswe trariance in the electronic
circuit. TheL, /R, time constant is approximately 2.93mBB.X2 ~ 75us (Section 4.3.5),
which is small compared to the intended sampling time of ITrherefore, an applied volt-
age will result in a current without significant delay.

The DC-gain of the actuator system including driver eleutre depends on the actuator’s
motor constanf,, stiffnessc, and — in the case of a voltage source — the resistéhot
the actuator circuit. All three properties vary from actuab actuator and vary with tem-
perature, causing slow gain variations. A current sourdecempensate for variations in
the resistanc&,, but variations of, andc, must still be compensated by the AO control
system. Therefore, the conceptual advantage of a curramrdiver a voltage driver is
small, but concrete designs of both driver types will be aised before a choice is made.
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Figure5.1: A design based on current sources that can be efFigure 5.2: Schematic of a single
ficiently implemented in an ASIC using current mirrors. Thecurrent mirror. The reference cur-

"I" denotes a logicahot. rent I,..; — here determined by a re-
sistor —is mirrored to the output cur-
rent oot

Current mirrors

In practice, a current source regulates its voltage outpset on measurement of the actual
current. This feedback can be done with a linear amplifiezudy but for this applica
tion this approach has several drawbacks. Firstly, theiitireeds two supply voltages to
generate positive and negative currents. Secondly, théreshnumber of components is
relatively high since no standard ASICs are available tbatgactly house a large number
of accurate, efficient and low power linear amplifiers. Hyydahe amplifier obtains its set-
point current from an analog voltage input that must be gaedrfrom the digital value of
the control system by an additional component such as a DAC.

These drawbacks can be circumvented using a design basegrentanirrors, which is
schematically represented in Figure 5.1. This design hbidsurrent mirrors and can be
efficiently implemented in CMOS technology. A single cuttranirror (Figure 5.2) consists
of two parts: in the first part a reference current is gendrtitat is mirrored with a certain
ratio to the second part that includes the load. The referearents of the current mirrors
will be permanently flowing, whereas the mirrored load catsean be switched according
to the setpoint bits. The physical dimensions of the cumeintor’s two transistors deter-
mine the ratios between the reference and load currentsseTiagios can be designed to
minimize the permanently flowing reference currents andg thptimize power efficiency.
The total current can be constructed with 15 fixed currentarsrand a sign-switch cor-
responding to the Most Significant Bit (MSB) of the setpoifihe sign-switch is obtained
using the full bridge configuration as depicted in Figure, Svhere the four switches are
driven by the MSB of the setpoint and its inverse. This desigrelatively simple, has a
linear setpoint to current characteristic and many of thesmiits can be implemented in
a single Integrated Circuit (IC). However, it requires anl@Swhich is expensive to de-
sign and manufacture. Its power efficiency is comparabl&ad of linear amplifiers and
dependent on the ratio between the RMS and PTV currents:rést factor. The current
sources regulate their output voltage, leading to interalkhge drops and thus dissipation.
When neglecting internal current paths of the current sesyrihe total power consumption
P;,: can be expressed in terms of the supply voltégeand the desired actuator currdnt
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as P, = V..I. The powerP,,,q dissipated in the load with resistanég, ., is equal to
Pyoea = I? Ri,eq and can be expressed relativellg, as:

-Pload Rload I

Ptot B Vca - I’mum .
This means that for low currents, almost all power is didsigdy the current source and
for the maximum currenk,, ... = Vi../Rioqa all power is consumed by the load.
Forthe RMS current of 8mA (Section 4.4.4), a load resistai88.Q0 and a supply voltage
of 1.6V, this yields a power efficiency of approximately 20¥his low efficiency could be
improved by adapting the supply voltabe. in accordance with the desired actuator current
by dividing the output range over a number of supply voltagéswever, as this leads to
an even more complex design that can only be realized in a@ ASPWM voltage driver
with a higher power efficiency is considered as an altereatithe next section.

Pulse Width Modulation

The absence of a feedback path to regulate a current sinspifeedesign in comparison
with linear amplifiers although this advantage is limitedanttompared to the current mir
ror design. A regulated voltage source that generates dogwaltage for the actuator from
the digital setpoint value is essentially a DAC. There exiahy types of DACs, but the high
accuracy and low power consumption required for this apfiba limit the options. For in-
stance, the low accuracy of the resistors of the commontoesigider network DAC limits
the useful accuracy of this type of converter to 8 bits or.less

For high accuracy applications the PWM principle is ofteadjsn which a digital output
is modulated between high and low states to yield a desirexhge DC value of the output
voltage. The desired output voltage is translated into & dytle rpwy, Which is the time
fraction that the digital output is high during a certain¢iperiodZpwm. This time period
forms the base frequengjwm = 1/Tpwm of the PWM.

The advantage of a PWM based voltage source over the propused concept is twofold.
Firstly the PWM generators can be implemented in FPGAs, wreduces the number of
components and does not require the expensive and compagndend realization of an
ASIC. Moreover, its power efficiency is superior to the catreirror driver because it
has no internal voltage drop that leads to dissipation. ipag®n is limited to switching
losses and indirect losses of the PWM signal generator aad dot significantly depend
on the desired output voltage. Finally, PWM design and imgetation is well under-
stood, which limits development risks. A drawback of PWM hattit outputs a signal
with high-frequency components, which causes a correspgmigbple on the system out-
put. Using the Fourier series expansion shown in Appendifo€a constant duty cycle
rpwm € [0...1] the PWM output voltagé7pWM that modulates between 0 (low) afg.
(high) can be expressed as the following infinite sum of @ssin

nm

Vowm(t) = Vee {TPWM +> sin(narewm) oo (27rnprMt)} : (5.1)

n=1

whereV,, is the switched supply voltage. The spectrum of this PWM a&lighus only
contains power at frequenci@sn fpwm for n = 1,2,...00. These harmonic frequencies
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Table 5.1: Properties of industrial communication standards as dedifrom data sheets of available

driver ICs.

Standard Bandwidth | Multi-drop | Predefined protocol
usB2 480Mb/s no yes, high overhead
FireWire 800 800Mb/s no yes, high overhead
CAN 1Mb/s yes yes

Gigabit Ethernet 1Gb/s no yes, high overhead
RS485 (Profibus)|  40Mb/s yes no

LVvDS 655Mb/¢' yes no

@ According to LVDS standard as definedANSI/TIA/EIA-644-A

must be sufficiently attenuated by the dynamics of the dbysitem, such that the remaining
ripple on the system’s output is within the accuracy mardia gquarter of the LSB. To
achieve this, not only the base frequerfgy; can be suitably chosen, but also the system’s
response to the PWM signal harmonics can be tailored usidig@ail filters.

As this drawback can thus well be handled, the driver eleatsofor the DM actuators will
be based on PWM.

5.3 Communication electronics

The communication electronics send the actuator setpibortsthe control computer to the
driver electronics. The communication link should have latency to allow a high control
bandwidth (e.g. low phase lag) and a high reliability anddveidth to allow a large num-
ber of actuators to be quickly updated. In addition, the padvssipation, flexibility and
costs are relevant. If for example, the number of actuatibeshbandwidth or the number of
setpoint bits changes, the communication link and protsholld allow adaptation. Fur-
thermore a protocol that can be chosen freely and with lowlee is preferred. To limit
development costs, the choice is limited to industrial déads, such as RS-485 (Profibus),
USB2, ethernet, LVDS, CAN and FireWire. A few relevant prdjes of these standards
are listed in Table 5.1. When an update rate of 1kHz and 1@tpbint values are assumed,
the minimum bandwidth for 5000 actuators K00 - 5000 - 16 = 80Mb/s. With a pro-
tocol overhead of 10% and latency limited to one quarter efsampling time (250s), a
minimum bandwidth of5000 - 1000 - 16 - 1.1/0.250) ~350Mb/s is obtained. For the pro-
totypes developed with actuator numbers up to 427 actyappsoximately 30Mb/s would
already suffice, but with future, larger, systems the CAN &nd RS-485 are no option.
Since the driver electronics will be placed on modules amatied close to the DM the
power consumption of the transceivers must be as small ashy@sind for practical rea-
sons the number of wires leading to the modules should bd.sBath arguments suggest
the use of a multi-drop topology in which one transmitter cwmicates to many receivers
on the same bus. The modules are given a unigue identificatida to allow messages
to be passed to specific modules. For such topologies thelesda not require a power
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Figure 5.3: The analog elec-

tronic circuit, consisting of a

coarse and a fine PWM gener-
ator, an analog low-pass filter
and the actuator.

Low-pass filter coil

D ani

V;;u'm

)

V
pwmB

Actuator

dissipating termination resistor and the number of comation wires is independent of
the number of receiving modules. However, the power effiyiesnd speed of the com-
munication link are not only determined by its hardware alotf the method requires a
specific protocol with a high overhead, both speed and poffieremcy are reduced and
flexibility for future upgrades limited. Both arguments dathe development of a custom
protocol. Development costs of such a protocol will be leditas a master-slave structure
with a small command set will suffice and throughput is morpantant than guaranteed
transmission.

The LVDS standard was chosen for the serial communicationcohtrast to USB, this
allows for a high bandwidth multi-drop topology for whichaAlepower transceiver ICs are
commercially available. Each transceiver dissipates @BipW and requires no termina-
tion resistor. A custom communication protocol can be desighat has a small overhead
compared to e.g. the USB, FireWire or ethernet protocolso TMDS wire pairs can be
used to keep the protocol as simple as possible: one comrmenald one return line.

5.4 Implementation and realization

In this section the implementation of the chosen designegtsdor the driver and commu-
nication electronics will be discussed.

5.4.1 PWM implementation

For several reasons the PWM voltage drivers will be impleiegin an FPGA. Firstly,
because this leads to a compact design with few componecasibe the FPGA can house
many PWM generators. Moreover, no expensive ASIC has to sigmed and realized and
it allows modifications to the implementation through a wafte update.

As derived in Section 5.2.1, the driver electronics reqaidynamic range of 16 bits. The
PWM driver electronics will be designed such that the rippignitude due to the harmonic
component in the PWM signal at the frequenfyww is less than a quarter of the system’s
response to the least significant bit for any duty cyglg@u. Let H(s) denote the transfer
function between the PWM voltagéww and the positior, of a single actuator. Observe
from Equation (5.1) that the worst case magnitude of thelistmonic ¢ = 1) occurs for
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Figure 5.4: H-bridge con-

struction to allow the PWM a C

voltage Vpwwm Of the coarse - -
PWM to be both positive and Vewm

negative. b q

rpwm = 0.5 and is equal td/.. /7. The design condition can thus be formulated as:
Vee ) 1Vee
< |H(2 - Z|H
2 H(2mj fown)] < 757l H(O)]

and thus: -
|H (27j fewwm)| < 2T8|H(0)" (5.2)

In Section 4.3.4, the frequency response funcfitifw) has been derived for the case that
the PWM output is directly connected to the actuator coil. @B plot of H (jw) is plotted
in Figure 5.9, which shows that th&ww for which Equation (5.2) is satisfied lies above
100kHz.
When implemented in an FPGA, the PWM generator will condist b6 bit counter and a
comparator. The counter value is increased by one at evaBARHock cycle and resets
to zero at the beginning of each PWM time period. The compampares the counter
value to a value corresponding to the setpoint. The PWM dugphigh if the counter is
higher than this value and low otherwise. The counting and tock frequency of the
FPGA can be expressed as:

frraa = fown2™" (5.3)

where N, is the number of bits of the counter. The clock frequency ofently available
FPGAs is limited to approximately 200MHz, which impliestlar N, = 16 the base fre
quencyfpwwm is limited to approximately 3kHz. The dynamic power dissipa of digital
electronics is for most designs linearly correlated with ¢tock frequency, which is an im-
portant drive to keep the base frequency as low as possible.

To keepfrpaa below 200MHz while implementing 16bit PWM generators, twodifi-
cations are made. Firstly, an anatitf order low-pass filter is added to reduce the system
response magnitude at high frequencies and secondly the Rt into a fine part con-
sisting of 5 bits and a course part of 11 bits. For 11 bits, tWévPbase frequency can be
increased to approximately 95kHz.

The analog low-pass filter consists of the inductor with ictdacel,; and a capacitor with
capacitance’; (Figure 5.3). It is given a bandwidth of 5kHz that is high egbuo have
a negligible influence on the behavior of the system up to teehanical resonance, but
low enough to reduce the required PWM base frequédigy; to less than 95kHz. Assume
that above the resonance at 2kHz the magnitude response atthator between driving
voltage and position decays a factor 1000 per decade. Futiieeresponse of the analog
low-pass filter decays a factor 100 per decade above 5kHzmimienum PWM frequency
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Figure5.5: Comparison of the traditional and BD modulation schemes [&lkter is represented by
the black, solid lines and the first by the gray, dashed lihes are shifted slightly to the
top-right for clarity.

fpwwm that satisfies Equation (5.2) is then solved from:

<fPWM>3 _ (fPWM)2 _ 18

2000 5000 )

yielding fpwm = 35kHz. Without the lowpass filter this would be 128kHz, such that this
filter reduces the required PWM base frequency almost arfdcto

However, this reduced base frequency is only achievabledorently available FPGAs
when the number of bits is less or equal to 12. Therefore, tNdPFhas been split into
two parts: the 11-bit course PWM providéswwm whereas the 5-bit fine PWM provides
Vew - The latter can re-use the lowest 5 bits of the course PWMateoand is con-
nected through an appropriately chosen resistotdRone of the actuator clamps (Figure
5.3). Evaluating Equation (5.3) fa¥, = 11 bits, the required FPGA clock frequency be-
comes approximately 125MHz. The number of bits of the PWNMplg 81to unequal parts
on purpose, as the resistance @fiRin practise inaccurate and causes an output bias that
increases with the magnitude of the fine PWMs highest bit.

To send positive and negative currents through the acteaigrthe PWM must provide
positive and negative voltages. This is achieved with anrige construction as shown
in Figure 5.4. This construction has only been applied fer¢barse PWM. Due to the
limited range of the fine PWM, the added value of a sign chamgs diot make up for the
extra FPGA pins and PCB connections. The PWM signals cottiteadwitches, b, ¢, and

d such that current flows either viaandd or viab andc. Care must be taken that both
a andb as well asc andd are never closed at the same time as this forms a short4circui
By defining the PWM output 'low’ as the closing efandd and the PWM output "high’
as the closing ob andc, the effective voltage over the actuator coil can be varetvben
—V.. andV,.. However, in practise the mean actuator voltage will be exiprately zero,
which for this approach corresponds to a duty cycle of 50%uf& 5.5). This means that
the voltages over the coils of the actuator and the low-p#ss ¥ill continuously vary,
resulting in small, but significant dissipative currenthe$e can be prevented by the use of




128 5 Electronics

a BD modulation scheme.

For the BD modulation scheme, the- d andb — ¢ switches are driven by two different,
but related PWM signals A and B, whereas otherwise thesediameicomplementary (i.e.
A=not B). For a zero effective voltage, both signals have a dutyecgt50% and are fully
in-phase (Figure 5.5). In this situation neither the d path nor the — ¢ path will ever
conduct and cause dissipation. If a positive voltage isdds$hen the period of PWM signal
Alis increased whereas that of B is decreased and for a negatiage vice versa. For both
modulation methods, the signals A and B drive the switchesraling toa = A, b = not A,

¢ =B andd = not B. Therefore, switchesandd have always the opposite statecofindc
respectively to prevent short-circuits.

A second advantage of the BD modulation method is that theudbwbltage swing is only
V.., whereas for the traditional modulation thigig.. (Figure 5.5). Consequently, the mag-
nitudes of the harmonics in the frequency spectrum of thittoamally modulated signal are
twice as high as suggested in Equation (5.1).

5.4.2 FPGA implementation

In Section 5.2.1 it is explained that for modularity of the Biyistem, the driver electron-
ics should be made in PCB modules containing 61 driver dscmd connect to a single
actuator module. To implement the 61 PWM generators and ¥i2SL.communication
protocol, three Altera Cyclone Il (EP2C8) FPGAs are presentach electronics module.
One master FPGA handles the LVDS protocol and two identlagés implement 32 PWM
generators each. The functionality is not realized in alsifr@?GA to limit the risk of the
number of available logic cells or electrical connectioaiy insufficient to implement the
required functionality. Due to the two-level PWM solutioisclissed in Section 5.2.2, each
actuator requires FPGA connections for each of the fouridgerswitches and one for the
fine PWM signal. This results in 5 connections in total pevatdr and thus 305 connec-
tions for 61 actuators.

The master FPGA decodes the LVDS signal using 5-times ampbng (200MHz) and
interprets the commands. If required, information is semrtrequested from the slaves
via a 16-bit parallel data bus. The slaves each have one @otlnatt is increased with the
frequency of an externally supplied 125MHz clock. Therehebit counter signal is fed
to 32 comparator circuits that generate the PWM signals.s&lo@rcuits are divided into
four blocks of eight circuits to prevent a large fan-out ohnection wires that bring the
counter to the comparators. Such fan-out limits the switglspeed and leads to undesired
dissipation.

Nevertheless, as will be discussed at the end of this chaptedissipation of the three
FPGAs is dominant over the RMS dissipation in the actuatis.cim Section 5.7.1 several
design concepts will be proposed to reduce this.

Figure 5.7 shows the double-sided PCB with 61 drivers and®BB with the master
FPGA, the DC/DC convertors and the LVDS drivers. The cororeapard that connects
to the three flex foil flaps on one side and the analog eleatsdACB on the other side is
shown in the lower right photo in Figure 6.2.
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Figure5.7: PCB (top and bottom) containing the analog filter electrarfior 61 actuators. (left) PCB
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Figure 5.8: Top-view of the encased LVDS communi
tions bridge.

5.4.3 The ethernet to LVDS bridge

At the time of design, no general purpose PC expansion castawailable to provide an
off-the-shelf PC with two LVDS connections and a fully custoadizommunication proto-
col. Therefore, a communications bridge was conceivedidhdges the 100Mb/s ethernet
connection of a PC with the custom LVDS connection. The LVDi8de must relay mes-
sages received over the ethernet connection to the LVDSenttter side and vice versa.
The bridge should be reliable and add little latency — i.e. dbalay between reception and
transmission of the first bit of a data package — to the deldyofwo-step communication
chain. To limit development time, the LVDS bridge is basedaorAltera NIOS-Il FPGA
development board (Figure 5.8). This board is extended avitethernet PHY that imple-
ments the MAC layer of the ethernet protocol in hardwarertliatency. A second plug-in
PCB contains the LVDS driver ICs. The NIOS FPGA implementsaessor that executes
an open source Internet Protocol (IP) stack that has beéniapt for latency. As with any
communication type, transmission errors may occur for tvldietection methods are usu-
ally implemented. However, for real-time application ini®re important to limit latency
than to detect or recover rarely occurring errors. Theesfitie UDP protocol has been cho-
sen (Appendix E) for the ethernet communication, whose ksheus to detect faulty data
have been disabled or are ignored.

5.5 Modeling

The actuator and its electronic circuit are modeled to deitex a suitable base frequency
for the PWM signals and to check whether both the actuatoittameélectronics behave as
designed. Furthermore it allows validation of the full DMstsm including its reflective
facesheet (Chapter 6) and serves as input for a control¢hagis procedure.

Recall the analog electronic circuit depicted in Figure 3.8t the circuit be driven by the
PWM voltageVpwy. The effect of the fine PWM signal that connects to the system a
different location — leading to different dynamics — willrfaer be neglected. The actuator
has been modeled in Section 4.3.4, leading to the lineagysttm in Equation (4.25) on
page 94. The™? order analog low-pass filter consists of chjlwith internal resistance;

in series with capacitof’; that is connected in parallel with the actuator. From Kiif€so
laws it follows that:

Vewm =V, + Vg, + Vg, and Ig, = Ic, + 14,
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Table 5.2: Properties of the components of t# order analog low-pass filter.

Parameter | Value | Unit Parameter | Value | Unit
L 220 | pH ) 47 | uF
R 2.7 Q R, 16.2 kQ
R, 24 | Q R 3 | @

whereVy, andV;, denote the potentials ov&; andL; andI¢, andIr, the currents through
C; andR; respectively. They are defined through the following cdanstinal equations:

Vg, = RilR,, Vi, = Lilg,, Ic, = V.

The mechatronic system will be modeled in the stgteate form,
x = Ax + BVpww, (54)

with state vectok(t) = [I,(t) za(t) Za(t) Va(t) I, (t)]T. The time derivatives of the state
elements can be derived from the constitutional equatiogsther with the two Kirchhoff
equations, leading to:

In, = (Vown — Rilg, — Vo) /Ly,

Vo = (I, — I.) /Ci.

These two equations can be combined with the previouslye@actuator system equation
in Equation (4.25) and expressed in the state update forngoétion (5.4) as:

I, —Ra/Lq 0 —Ka(24)/La  1/Lq 0 I 0
Za 0 0 1 0 0 Za 0
Za | = | Ka(2h)/Ma. —Ca/Ma,  —ba/Ma, 0 0 Zg |[+] O
Ve -1/Cy 0 0 0 1/C; Va 0
Ig, 0 0 0 -1/L; —R;/L| |Ig, 1/L;

(5.5)

The output signals that will be used for analysis and testirgthe actuator displacement
za(t) = [0 1 00 0]x(¢) and the voltagd/,(t) = [0 0 0 1 0]x(¢) that can be measured
over actuator coil. Let the transfer function between theMPWltage Vewm(t) and the
actuator positiorz,, (t) be denotedd (s). For properties of the actuator and the electronics
as in Table 5.2, Figure 5.9 shows the Bode plots of the reguitansfer functions. Figure
5.9 also shows the transfer function when only the currentrolled mechanical system
is considered. The static relatidn = V,,/R, is used to scale the corresponding transfer
function in Equation (4.29) on page 98 and allow comparisith the full mechatronic
system. When omitting the nominal operating paifitthis yields the transfer function:

K,

H,, =H R, = . 5.6
(5) 1(s)/ Ma, Ras? + baRas + ca Ry (5.6)

Observe in the Bode plot that the electronics provide a samatiunt of additional damping
of the mechanical resonance, but have negligible influemcthe low-frequent actuator
behavior.

Vewm.
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The PWM base frequency

In Section 5.2.2 it was discussed that antiBattenuation of the PWM ripple is desirable.
To achieve this with an FPGA based implementation, an augit2™? order low-pass filter
was added to the design.

The effect of this filter is illustrated in Figure 5.9, whicbrtains Bode plots of the actuator
system with and without the filter as described by Equatiéiis) @nd (4.25) respectively.
The 18-bit ripple attenuation is shown in the magnitude ploFigure 5.9 as the dash-
dotted line. Observe that the application of the low-pasarfieduces the PWM frequency
requirement from approximately 128kHz to approximatelkt32.

Although higher than necessary for DMs with Pyrex faceshdbt base frequengiswm

is set at 61kHz. This is done because in future developmeateplacement of the Pyrex
mirror facesheet by beryllium is foreseen, demanding adriphse frequency. The specific
stiffness of beryllium is more than five times higher (Cha@g which allows for thinner
facesheets and thus less mass per actuator. With the sanatoactiffness this increases
the system’s eigenfrequency and decreases the attenoattoen PWM ripple.

For the foreseen update rate of 1kHz the base frequency ¢iHpkovides 61 times over-
sampling of the setpoint signal. This means that cross-biigs in the PWM output voltage
Vpwwm resulting from non-constant setpoint signals can be neglec

Serial communication

The serial communication via both ethernet (UDP) and LVDBintroduce a certain delay
7. Of the control output. This delay should be as small as ptessitd its variation (jitter)
should be restricted to a negligibly small fraction of théagdtself. The communication
latency is in the Laplace domain modeledfds, (s) = e~ "=*. Due to the definition of the
communication protocol (Appendix E) and its serial nattine,latencyr. will be different
for each 61-actuator module.

Figure5.9: Bode diagram of three transfer func-

tions: H.,(s) from Equation(5.6) (only the me- = 10"
chanics), H..»(s) from Equation(4.27) (me- £
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Figure5.10: Seven PCBs con-
nected to the LVDS bridge via
the multi-drop flat-cable. The
bridge is connected to the lap-
top via ethernet.

5.6 Testing and validation

The electronics and the actuator grids were tested. Thendignasponse of the actuators
was first measured using a controlled current source. Tlesséts were shown in Section
4.4.3. In this section, first the test results of the commation between a PC and the LVDS
bridge and between the PC and the driver modules are shoguaré%.10) followed by a
full system test. Here the dynamic response of the actuatongasured. At the end of the
section the power dissipation of the electronics will bedssed.

5.6.1 Communications tests

To measure the latency of the communications bridge, twdsofiébug lines were cen

nected to a logic analyzer. The first line is high while a UDRKe# is being received and
the second while an LVDS packet is being transmitted. A sea@mmputer was used to
send burst packets (Appendix E). These are the most relevprdactise and contain 16-bit
setpoint updates for all 61 actuators corresponding to bit84n total. To minimize ether-

net protocol overhead, each UDP burst packet can contaia ejght LVDS burst packets
(Appendixs D and E).

Measurements taken by the logic analyzer show that thertiga®n time of a UDP burst
packet can be expressed as:

Tudp ~ 4.7-107%4+10.24- 107°N,,,

whereN,,, is the number of actuator modules within the packet. Theteothpart is due

to ethernet protocol overhead and the approximatepsifer module corresponds to 1024
bits at a rate of 100Mb/s.

Further, the measurements show a time delay of approximdiels with a variation (jit-

ter) of less than 10s after reception of the UDP packet, before transmissiomdf\DS
packet. During this time the bridge processes the packkts #pnto LVDS packets and
copies it to the transmit buffer. Since calculation of theRJEhecksum takes a significant
time — approximately10.V,,)us — this checksum is sacrificed for speed and ignored in the
current implementation. Transmission of the 1024 funealidnits over the 40Mb/s LVDS
connection with 16-bit data words separated by 18 pausedritsstart-bit and one stop-bit
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should taker,4s ~ 28.8 - 1075 N,,,, which is confirmed by the measurements.
The total communication lateney can thus be expressed as:

Te = Tudp + 85 - 1070 + Tjq5 = 89.7-107° + 39 - 107°N,,,

Since the communication chain consists of two sequentidfeted links, the maximum
update rate is determined by the slowest link, in this casd¥DS line. This rate equals
1/28.8 - 10~%/N,,, which for N,, = 1 andN,, = 7 is approximately 35 and 5kHz e
spectively. However, since the LVDS bridge may drop incagrpackets during its 8%
processing time, in practise this latency adds directhhtodthernet latency. For the case
that V,, = 1, this makes the ethernet latency dominant and reduces tkienma update
rate to approximatelyOkHz.

5.6.2 Parasitic resistance measurements

Before the full actuator systems will be tested, first sdvpraperties of the electronics
are measured. Deviations of the expected values measutied irext section can then be
properly attributed to either the electronics or the measan

In practise — due to wiring — the resistand@sand R,, are assumed to increase By and
R/ respectively. Resistance measurements of the actuateisboiw on average the design
value of 39.02, but the average resistance measured over the capégitsrfound to be
420}, indicating thatR, ~ 3. The resistanc&; will be estimated from a few additional
measurements. Firstly, the PWM setpoints are set such hbameasured voltage over
the capacitoC; is Vi, =1.001V. After reconnecting the actuators this yielded aarage
voltage drop over the capacitor B=0.903V. Using the fact that the current through R},
R, andR/ is equal and the sum of the voltage drops is equal to the PWigebf 1.001V,
the resistance?; is estimated ag; = 2.4Q. A 1Q part of the latter can be attributed to
a safety resistor present in the design for short-circwitgmtion, whereas the rest must be
attributed to wiring and connector resistance.

Although the supply voltage variations will not have an effor power dissipation — this
will be compensated by a controller — the power dissipatimrdases linearly with the
resistance of the current path. The total parasitic resistaf R, + R} = 3 + 24 =
5.4Q will therefore lead to an undesired increase in power dégip on the driver PCB of
(R, + R))/(R, + Ry) - 100% = 5.4/(39.0+2.7) - 100% ~ 13%.

5.6.3 Actuator system validation

Whereas dynamic measurements were performed on the stctgkg@r prototypes using a
Siglab system, the setup depicted in Figure 5.11 will be {madsting and model validation

of the grid actuators. A Matldl xPC-target computer is used to generate a white noise
sequence and send it in UDP burst packets (Appendix E) ovethemnet connection. The
sequence is logged internally to be used for analysis Iatbe ethernet connection goes
via a switch to allow both the XxPC target and the dedicatectrelgics to be controlled and
configured by a host computer. Although this doubles there#fidatency, this is not critical

for the open loop validation measurements.



5.6 Testing and validation 135
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Figure5.11: Setup used to perform the actuator response measuremangsthis custom built elec-
tronics.

The LVDS bridge then converts the packets into LVDS paclketstsent to the electronics
module corresponding to the targeted actuator. Both thgigosnd velocity response of
the actuator are measured using a polytec laser vibrométer.outputs the measurements
as analog voltages that are fed back to the xPC target usiragiandl Instruments Analog
to Digital Convertor (ADC) card (NI-6025E) that does not tain any anti-aliasing filters.
The measurements are performed for update rates of 1, 3, Bkitk to be able to evaluate
the effects of sampling and aliasing.

Let the discrete time frequency response function betwieeP¥WM voltage output
and the actuator position, that includes the effects of sampling and digital commuioca
be denoted?; . (#a, 0, 7.), where the subscrigl; indicates the corresponding sampling
time and the vecto# contains the physical parametens, , b, co, Lo, Ra, Ko, Li, R; and
C;. Similarly, Hp T (24,0, 7.) denotes the transfer function to the actuator velagjtyThe
effect of the sampling performed by the NI ADC card can be nextiby assuming a zero
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Figure 5.12: Bode plot of empirical frequency
response function estimaté%;,Ts (f) together
with the parametric fitd}: ;. (24,0) and the
nominal modelH; r (za, 00) at 1, 3 and 10kHz

sampling frequencies.

Frequency [Hz]

Figure 5.13: Bode plot of empirical frequency
response function estimatés$, o (f) together
with the parametric fitH} r. (2,0) and the
nominal modelH; 1 (za,00) at 1, 3 and 10kHz

sampling frequencies.
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Figure 5.14: Identified actuator stiffness,  Figure5.15: Resonance frequencigs when as-
when assumingn,, =3.6mg sorted on value sumingm,, =3.6mg sorted on value for each
for each measured actuator grid separately. Themeasured actuator grid separately.

value predicted by the original model is 583N/m.

order hold on the excitation signal and applying theansform, yielding:

* 1- eTSs —TeS — —TeS
Hp’Ts(z,O,Tc) = Zr, <TH(5,9)6 c > =(1-zYHZ2p (H(S)e e /s)7

v

1 — eTss
H*7Ts(z79,7'c) = Zr, (TeSH(S,G)eTCS> _ (1 . Zﬁl)ZTS (H(s)ei"—”s) 7

where H(s,6) denotes the transfer functioR (s) based on the physical parameters
in the vectord. Let the empirical transfer function estimates &f, ;. (z4,0,7.) and

H; 1. (%q,0,7.) be denotedd ; (f) and H; ;. (f) respectively, wheref is the fre-
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Figure 5.16: The motor constant&’, when as- Figure 5.17: The viscous dampinb, when as-
sumingm,, =3.6mg sorted on value for each sumingm,, =3.6mg sorted on value for each
measured actuator grid separately. The valuemeasured actuator grid separately.

predicted by the original model is 0.19N/A.
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Figure 5.18: Identified actuator coil inductance Figure 5.19: The communication latency.

L, when assumingh,, =3.6mg sorted on value sorted on value for each measured actuator grid
for each measured actuator grid separately. Theseparately.

value used for the original model is 2.93mH.

Table 5.3: Average values and standard deviations of the actuatoesygtroperties measured over
all grid actuators using the setup depicted in Figure 5.11.

Property | K, Ca b, fe | La
Average | 0.11N/A | 473N/m | 0.30mNs/m| 1.83kHz | 3.0mH
Std.dev. | 0.02N/A | 46N/m | 0.11mNs/m| 91Hz | 0.2mH

quency. These estimates together with the correspondihgrence function€’, 1, (f)
andC, r, (f) were obtained from 10s of inpwutput data logged by the xPC target using
Welch’s averaged periodogram method with a block size o8Z@nples with 70% overlap
and a Hanning window. A typical set of estimates is shown guFés 5.12 and 5.13 for
actuator 10 of grid 1.

The model parameters /m,,, Ko/ma,, ba/ma,, L, and the latency. will be identified
from the empirical transfer function estimates. The othedei parameter®;, L; andC;
are assumed to be accurately known. A single set of parasrietifragainst eight measure-
ments series: four different sampling frequencies timesrvweasurement outputs (position
and velocity). The optimization is performed w.r.t. thetdosiction.J,, + .J,,, in which:

2

=Y > (& e )
ToeT. fegm(y) \ |Hp.1.(f)
2
év,Ta(f) * 27 f 2
Jy = - Hv,s(e J )_Hv,s(f)
) fegm o7, () i ()

The setZ; consists of the sampling times corresponding to 1, 3, 5 aktiZ@pdate rates
and the set§,,,(7s) contain the frequencies at which the transfer functionevestimated
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for the sampling tim&’;. The values of the coherence functidiisr, (f) andC, 1, (f) are
used as weights to include the reliability of the transferction estimates in the parametric
optimization problem. To remove the bias introduced by tystesn magnitude response,
the inverse of this response is applied as a second weigtite loptimization the properties
of the electric components that form the analog-loass filter are taken from Table 5.2 and
include the parasitic resistancBsandR),. The z-transform is implemented using Matlab’s
C2D function, which also accounts for the latengy Since this cost function is non-linear
w.r.t. the parameters to be estimated, the optimizatioetifopmed using Matlab’s nonlin-
ear least squares solMetnonlin.

Examples of the estimation result for an arbitrary actuaterdepicted as the gray dashed
lines in Figures 5.12 and 5.13, showing only very slight déons between the model and
the measurements. Moreover, it should be noted that bothefgare based on the same
set of parameter estimates. The average values and stateléations of the estimates for
K, ca, b, and L, when assumingn,, =3.6mg are listed in Table 5.3. These values agree
well with the results obtained using the current source éngtevious chapter as listed in
Table 4.2 on page 115, which indicates the robustness of dasunement and identification
process. Further, all estimates are plotted in Figures, ®118l, 5.17 and 5.18. For these
plots the values are sorted per actuator module for betsegtihinto their statistical spread
and correspond well to the values estimated using the disoemce setup in Section 4.4.3
depicted in Figures 4.50, 4.48 and 4.51 on page 115. Eachlmbds a few actuators with
significantly different properties, but only a single a¢tuas malfunctioning. Moreover,
the variation between actuators is not linked to the locatitthe actuator in the grid. This
is illustrated for the resonance frequency and motor cohétethe figures in Appendix F.
These show the corresponding values for all actuator gnidslation to the location of the
actuator in the module.

Although the resistance in the current path of an actuafectthis system’s DC-gain, it
cannot be separately estimated. The parasitic resistafiicesid R; are only practically
measurable for a few actuators per module. Measuremenépfoximately 20 actuators
provided the average value used for the estimation of theatmt parameters. The several
percent resistance variation affects the parameter gstanahich together with estimation
errors explains the differences with the values obtainechfcurrent source measurements
shown in Section 4.4.3.

In addition to the results shown in Section 4.4.3, the vataxritation allows to estimate the
actuator inductancé,. Observe from Figure 5.18 that also the average of the iatcet
differs significantly per actuator module, which is mostdfigant for module 5. This mod-
ule also has a relatively low average motor constant (Figuk6). Based on the sensitivity
analysis performed on the actuator design in Section 4s8d) variation can for instance
be attributed to an increased radial air gap reluctdtyze This reluctance depends strongly
on the radial air gap width, which is e.g. equally affecteddt actuators of a module by
the radius of the mill used in the baseplate milling process.

Finally, the estimated latency varies between approxilp&at60 and170us, of which
89.7+ 39 = 128.7us can be attributed to the serial communication (Sectiorip.Bnother
8us can be attributed to communication between the masterdavel BPGAs and also.®

to the implemented PWM update method that yields an aveedgedy of half a period of
the PWM base frequency. The remaini@gus are likely caused by overhead in the XPC
target computer, in which ethernet communication is penfat by a background process
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and not strictly reatime.

5.6.4 Nonlinear behavior

So far only the linear system dynamics were considered, eeseit was shown in Sec-
tion 4.3.3 that both the mechanical and magnetic stiffrees$¢he actuator are nonlinear
functions of current and deflection. This is particularlyetifor large deflections, when the
difference with the operating point used for linearizattmeromes significant. However,
measurement results show that no significant (i.e. meals)daysteresis is present (Figure
5.20).

Measurements were performed to quantify both effects fersingle actuator system.
The previously described setup depicted in Figure 5.11 wed to excite the system with
a low frequent sine signal and measure its deflection regpon#ferential measurement
capabilities of the laser vibrometer were used to limittdiife to e.g. air motion and reduce
external disturbances such as floor vibrations. The exmitdtequency is chosen at 4Hz
such that only the system’s static behavior (stiffnessypkarole and not its resonances.
An amplitude of 3.3V corresponding to the maximum availabjt voltage is used. The
sampling frequency of the measurements is chosen as 10khintmize effects of aliasing
and the results depicted in Figure 5.20 have been compefeatthe discussed latencies
that yield a spurious hysteresis loop. The figure shows thstehesis is negligible and of
similar order of magnitude as the drift of the laser vibroenef\ linear function is fit to the
response and shown as the dashed line. The difference witactinal response is plot as
the dash-dotted line against the right y-axis. Althoughléoge deflections the nonlinear
actuator stiffness becomes visible, for the intenétd@um deflection, the actuator linearity
error is less than 5%.
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5.7 Power dissipation

As stressed in Chapter 2, power dissipation forms a desigerdior the DM system. In
this section, the power dissipation measured will be diseds

For the analysis only the static response of the system isidgered, which is assumed to
be linear w.r.t. the PWM voltage setpoint. The validatioresu@ements have shown this to
be an accurate approximation at least up to approximatél9Hi8. Nonstatic dissipative
effects such as viscous damping and eddy currents play &iteglrole in this frequency
range. The remaining power dissipation of the single aotuststem consists of several
parts. Firstly, there is the power dissipated as a direcsegnence to the actuator current.
This flows through the actuator coil with a resistai;et+ R/, and the coil of the analog low-
pass filter with resistanc®; + R;. For the static case, the corresponding power dissipation
can be expressed as:

2

P,=1}R,+R,+ R +R)) = (%) (Ra+ R, + R+ R)),
where for the second step the system was assumed to be lintathatr, = K,1,.
For the expected RMS actuator force of 1mN, a measured avenagor constani(, ~
0.12N/AandR, + R, + R+ R} = 39+3+2.74+2.2 = 46.9Q, this corresponds t&.2mwW
per actuator. For the design values in Tables 4.1 and 5.2 tvi®r dissipation would be
1.4mW, which means that the actual dissipation will be agipnately2.3 times higher than
expected.
Besides direct dissipation of the electronics, there ig mldirect dissipation. This consists
of the power dissipated by the FPGAs to generate the PWM Isigmal handle the com-
munication and dissipation of the Field Effect TransisteET) switches of the H-bridges,
LVDS drivers and voltage converters. These contributiomgehbeen quantified by mea-
suring the supply current to a single electronics modulesésious configurations using a
Fluke digital multi-meter.
The static power dissipation of the three FPGAs is providethb manufacturer as approx-
imately 40mW. The summed power dissipated by the master FR@@A/oltage converter
and the LVDS driver has been obtained by measuring the sepplgnt with only the master
print connected. The power dissipated by the slave FPGAgtrerate the PWM signals
has been obtained by measuring the supply current with thdtieg PWM outputs dis-
abled. Losses in the analog part of the electronics and dilre tewitching of the H-bridge
were obtained by measuring the supply current for variotisador setpoints, but without
the actuators being connected. This prevents DC curremtsffowing and allows the mea-
suring of parasitic effects only. Further, the differenoesupply current to the case that
the actuators are connected can be attributed to actuatentsiand resulting dissipation.
Finally, for all measurements the DC-DC convertor was agslito have an efficiency of
85%, leading to the results plotted in Figure 5.21.
For an output voltage of OV the dissipation consists onlyhef inentioned indirect losses,
whereas for non-zero voltages the dissipation is propaatito the square of the voltage
setpoint divided by the total resistance. The results infignere confirm this resistance
to be around 4Q. The RMS voltage setpoint expected in practise is derivechfthe ex-
pected RMS actuator force of 1mN derived in Chapter 2 by winiby the motor constant
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K, =~ 0.12N/A and multiplication by the total resistané®, + R, + R;+ R ~ 46.9Q, yield-
ing 0.39V. Observe in Figure 5.21 that for this voltage setpealue the power dissipated
in the FPGAs dominates the power dissipated in the actuatgemerate force. A reduc-
tion of the total power consumption will thus be most effeely achieved by a reduction
of the power consumption of the FPGAs. The FPGA implemenrtaias been analyzed in
detail by William de Bruijn, who also proposed design modifions to improve the power
efficiency. His work has been documented in detail in [51},dnly the main findings and
design proposals will be summarized.

5.7.1 Optimizing the FPGA power efficiency

The driver electronics developed for the DM system use te8As to implement 61

PWM signal generators and the LVDS communication with armdebmputer. The power
dissipated by an FPGA can be divided into static and dynarnsgightion. The first is

dissipated regardless of the program loaded or configurakiot depends highly on the
specific IC. For each of the Altera ICs this dissipation isragpnately 40mW. The dynamic
dissipation depends on the program loaded and can be apmted as:

den = Psc(fclk) + Oéc‘/c%fcllm (57)

where Py is the short-circuit power dissipation that is linearly pootional to the clock
frequencyf.x. Further,a denotes the switching activity (the average number of 0 to 1
transitions per clock cycle)/.. the supply voltage an@’ the total capacitance. The latter
is a measure for the amount of hardware (transistors, im@@ction wires, etc.) in use.

The static power dissipation and the supply volt&geare determined by the choice for
a particular FPGAs. Both are likely to decrease for futuredei® due to technological
progress. A reduction of the dynamic power dissipation camathieved by reducing the
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Figure5.22: The power usage of the master and slave FPGAs subdividedsé@weral functional
categories.

capacitanc&’ and the total number of state switches per second expregshe iproduct
afqr. Such a reduction requires more insight into the distrdyutif the dissipation over
specific parts of the current FPGA program.

To determine the contribution of code parts, the existinGAprograms were first ported to
a Xylinx University Program (XUP) development board. Thévelopment board contains
a single Xylinx chip instead of the three Altera’s, but measuents confirmed that the €y
namic FPGA power dissipation is of the same order of magaitagproximately 550mwW
instead of 673mW. The latter is derived from Figure 5.21 bysing the contributions of
the master, the slaves and the initialization theredtaty = 0. These measurements were
used as a benchmark to compare with the output of the XPoweraiion tool [207] by
Xylinx that uses the post-place and routing net-lists ofMalelSim PE simulator [133].
Since the simulation results corresponded well to the nreasents [51], the more detailed
results of the XPower tool were trusted to provide an acewabdivision of the total dissi-
pation. This is shown graphically in Figure 5.22 for the reasind slave FPGAs. Observe
that the dissipation of the master FPGA can be mainly ateidbto a RAM module and that
the dissipation of both FPGA types is for over 50% attribigab clock signals. This means
that power dissipation is reduced by:

1. Removing the Random Access Memory (RAM) module.
2. Reducing the clock frequengy;;.
3. Reducing the amount of clocked hardware.

The RAM module is currently used to buffer the incoming LVD®ssages, which is not
necessary. According to Equation (5.7) the dynamic digsipas linearly proportional to
the clock frequencyf.x. A reduction is not possible for all functionality of the FRG
since this is linked to the PWM base frequency (Section 5.2@t for some parts it is.
The dissipation due to clock signals can be significanthuced using an asynchronous
design in which logic cells are synchronized using localdsuakes instead gfiobal clock
signals. Such an asynchronous design can be efficientltewiih a parallel language such
as Tangram or HASTE [95], but the achievable reduction irsigé&ion depends highly
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on the software tools used for mapping this code onto a spdeffiGA. For maximum
effect the design should be mapped to an ASIC instead of arAFRN&vertheless, three
new designs were proposed that have been conceptuallyzadaiynd evaluated using both
simulations and implementations on the XUP developmentcodhis has lead to the
following observations:

e The master functionality can be efficiently expressed in @mehronous language.
After implementation without RAM module, a reduction in thewer dissipation of
the master FPGA of 40% was measured.

e Although asynchronous designs have a high potential fogpogduction, this cannot
be fully exploited by implementation on FPGAs, becausedltevices are inherently
synchronous and must in fact simulate asynchronous pragram

e The slave functionality was most efficiently implementedhgsa recursive PWM
driver designs. This design has no central counter, butaiseanter for each channel.
A power reduction is achieved via a recursive counter desigmhich the bits are
clocked at their rate of change (lower bits have a higherctaxquency).

e A combination of a recursive counter implementation forreB®M driver and the
asynchronous master lead to a reduction in overall powsipdison of approximately
29%. This reduction is significantly larger when the desggmapped to an ASIC.

5.7.2 Cooling

The improvements proposed in Section 5.7.1 are not yet imgriéed. The power dissipa
tion in the FPGAs will therefor still exceed the power disgipn of the coils by far. To
avoid this heat to be transferred to the ambient air withihetntal air flow in the path of
light as a result, a possibility for active cooling is add&tis cooling system consists of an
aluminium fin which is placed between the master and two dR@As. The aluminium
fan is connected with a the aluminium block, which holds theling channels. The cooling
liquid cools the block and thereby the aluminium fan. In cafséor example, an electronic

Figure 5.23: The cooling system seen from theFigure 5.24: The cooling system seen from the
back. front.
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failure, the PCB together with the aluminium fin can be disemted from the cooling
system without disconnection of the fluid system. The floneigulated by a commercial
Central Processing Unit (CPU) cooling system. The alunmmilock is suspended in a thin
plate to allow dimensional change of the PCB as well as totsa on the PCB size. In
Figures 5.24 and 5.23 the active cooling system for the FR&alsown.

5.8 Conclusions

The electronics for the prototype DMs consist of two parttg ¢communication electronics
that supply the setpoints as computed by the control systehthee driver electronics that
generate the corresponding actuator voltages. The reneirts for both part are derived.
Both current and voltage drivers are considered. Curremmbnsiwere notimplemented be
cause of their complexity to produce them and the lower efficy, especially with the large
dynamic range required. Since thg/ R, time of the actuator is short: 7S, the advantage
of current control over voltage control is limited. The motonstanti,, stiffnessc, and —

in the case of a voltage source — the resistaRic# the actuator circuit, will vary from ac-
tuator to actuator and vary with temperature, causing skaw gariations. A current source
will compensate for variations in the resistan@ebut variations ofi{, andc, must still
be compensated by the AO control system. PWM based voltaggrsiare chosen because
of their high efficiency and capability to be implementeddrge numbers with only a few
electronic components.

A LVDS based serial communication bus was chosen for its l@wgyr consumption
(15mWitransceiver), high bandwidth (up to 655Mb/s) andsemuently low latency, low
communication overhead and extensive possibilities fatamization. The driver elec-
tronics for 61 actuators are located on a single, multil@@B and consist of FPGAs to
generate the PWM signals, FETSs for the H-bridge switchesaacail/capacitor pairs that
form 27 order low-pass filters. The FPGAs that generate the PWM Kigaiso control
two LVDS communication connections — one up- and one doknrtio receive setpoint
updates and to report status information. A 16-wire flateabnnects up to 32 electronics
modules to a custom designed communications bridge, whigislates ethernet packages
into LVDS packages and vice versa. The ethernet side of theramications bridge is
connected to the control computer at a speed of 100Mbit/suaed the UDP protocol to
minimize overhead and latency.

The actuator model from Chapter 4 was extended with modekhécommunication and
driver electronics. The communication is modeled as a petaydand the driver elec-
tronics as a voltage source with an anaf§ order low-pass filter. The model is used
to select a suitable PWM base frequency for which the positgsponse from the volt-
age ripple due to higher harmonics of the PWM signal is leas th quarter of the LSB
of the setpoint. This frequency should be higher than 40kbtzttie DMs with Pyrex
facesheets, but is set at 61kHz to be suited for the replateafethese facesheets by
beryllium. The actuator model including its communicati@amd electronics was vali-
dated by measurements. The measurements include comriomitests, static and dy-
namic response measurements and power dissipation meesuee It is shown that the
communication latency is well represented hy= 89.7 - 1076 + 39 - 10=%N,,,, where
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N,, is the number of the actuator grid. With the actuator respansasurements, -ac
tuator properties as stiffness,(=473+-46N/m), motor constant/{, =0.11+0.02N/A),
damping §, =0.30£0.11mNs/m), inductancé( =3.0+0.2mH) and resonance frequency
(fe =1.83£91Hz) are verified. These properties showed some variagbmden actuators,
but this could not be attributed to the location of the aaiuat the grid (Appendix F).

The time domain response of an actuator to a 4Hz sine voltagaursed to determine hys-
teresis and semi-static nonlinear response of the actult showed the first to be negli-
gible and the second to remain below 5% for the intendéoium stroke.

Finally, power dissipation was measured. Unintendedtaesies in the paths between the
voltage source and the actuator, combined with the loweonamnstant showed to lead
to 2.3 times higher power consumptions of the actuatorsn®/2nstead of 1.4mW. Mea-
surements also showed that in the expected operating rtreggtal power dissipation is
dominated by indirect losses in the FPGAs. An alternativé Afmplementation is inves-
tigated. A reduction of 40% in the master FPGA and 29% in theesFPGAs is thereby
achieved.






Chapter six

System modeling and
characterization

The developed actuator modules and electronics will begiated with the
reflective facesheet to form a complete DM system. The statitdynamic
system behavior is modeled and compared to measuremetisre3ae re
flective deformable facesheet, which couples all actuatenmodeled with a
biharmonic plate equation and an analytic solution for tirfese shape under
a regular actuator grid is found. The model is used to dehigeattuator influ-
ence functions. The static model is extended with lumpedes® include the
dynamic behavior. From the model, the transfer functiomguilse response
functions and mode shapes are derived. The verificationeo$titic behavior
of the DM system is done using an interferometer setup. Thaujc system
identification is performed using white noise excitationtbe actuators and
displacement and velocity measurement of the mirror faaetstith a laser
vibrometer. With these measurements the model modal asasysompared
with the measurements.

Sections 6.3 and 6.4 are joint work with Rogier Ellenbroek
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6.1 Introduction

In this chapter the developed actuator modules (Chaptardiekectronics (Chapter 5) will
be combined with a reflective facesheet (Chapter 3) into gobete prototype DM system.
First, the integration of these parts is described, aftéclvthe behavior of the DM system
will be analyzed. An analytical model for the reflective faloeet is derived that — combined
with the DGgain of the single actuator system provides a static matehie DM system.
This model describes the actuator influence functions tlilabescompared with measure-
ments on the DM system. Further, measurement results asergeal that show the initial
flatness of the DM and its ability to form Zernike mode shagésally, the DC model is
used to determine the expected average power dissipatitie @M when correcting Kol-
mogorov type wavefront disturbances.

An analytical dynamic model for the system is then deriveselaon the available model
for a single actuator system from Chapter 5. From this mduekkpected resonance fre-
guencies and modal shapes are derived that will be companedasurement results on
the DM system. Finally, the dynamic behavior of the DM systaithbe evaluated w.r.t.
discrete time control aspects.

Figure6.1: The DM prototype with 61 actuators shown during final assgmbhe upper
left figure shows 61 struts attaching the mirror faceshegh&oactuator mod-
ule. The module is connected to the (black) base with thrémmes. The
flex foil is fed through a central hole in the base. On the righe folded
leafsprings that constrain the facesheet’s in-plane DOFes shown prior to
assembly. In the lower left, one of the folded leafsprindedated a little be-
low the mirror facesheet, before it is translated to makedhed connection
with the facesheet.
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6.2 DM integration

A single actuator grid with 61 actuators is integrated withO®um thick @50mm Pyrex
facesheet and a single PCB to form the first prototype. In argkdarger prototype, 7
actuator modules are placed on a reference base and cahtatsingle @150mm Pyrex
facesheet.

6.2.1 Integration of the 61 actuator mirror

In Figure 6.1 the integration the first DM prototype is showlifferent stages. Similar to
the procedure described in Section 3.6, the actuator stratrst connected to the back of
the mirror facesheet and then connected to the actuatar\gfiiti the struts attached, only
the outof-plane DOFs of the facesheet are constrained. The imefdXDFs are still free and
will be constrained by the three folded leafsprings desctiilm Section 3.3.2 and shown in
Figure 3.7. The folded leafsprings are placed in their atiamh mount and glued to the

5% IS s LT A
Figure6.2: The 61 actuator DM. The protective cover is not shown, to keerner parts.

connector board, described in Section 5.4.2 is shown inahet right photo.
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Figure 6.3: The 61 actuator DM in-
cluding its electronics.

backside of the facesheet. Figure 6.2 shows the DM with tlieéeafsprings in place and
Figure 6.3 shows the 61 prototype DM including its electesrand protective cover.

6.2.2 Integration of the 427 actuator mirror

The second DM prototype with 427 actuators is assembledasinai the single actuator
grid DM. First the 7 actuator grids are placed on a refererase lfFigures 6.4 and 6.5).
The corrugated edges of the actuator grids are separate@ioyr0 The base is made from
a 40mm thick aluminium block, perforated with 7 large hole8Qmm) and a pattern of
small holes to accommodate the N#Blts to attach the A-frames that connect to the actu-
ator grids. These bolts are mounted from the back. The bsaléig placed vertically and
supported by three larger A-frames.

The PCBs with the driver electronics are placed in one bogufe 6.6). The PCBs are
mounted similar to Figures 5.24 and 5.23. Via the slits inftbat plate, the flex foils con-
nect to the connector boards and PCBs. Figure 6.7 showseahtaic box connected to

Figure 6.4: Seven actuator modules placed onFigure 6.5: The backside of the reference base
the reference base. The actuator grids are sepawith the 7 actuator modules mounted. The flex
rated by 0.3mm. foils are visible through the larger holes.
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Figure 6.6: The 7 PCBs with driver electronics assembled in the eleisdmox. The cooling, similar
to Figure 5.24 is visible. Via the slits in the front plateetfiex foils connect to the
connector boards and PCBs.

the actuator grids.

The electronic box is decoupled before the mirror facesisesinnected to the actuator
grids by means of the actuator struts and small dropletsu#.grhe procedure, described
in Section 3.6 to mount the facesheet is again followedt Biesconnection struts are glued
to the backside of the mirror facesheet, during which theanfiacesheet is supported by a

-

Figure6.7: The DM ready for testing. Each actuator is tested indivithu#Section 5.6.3). After
testing the facesheet is assembled.
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Figure 6.8: CNC placement of the glue droplets Figure 6.9: The mirror facesheet with connec-
on the actuator grids. tion struts is lowered on the actuator grids, while
clamped on the air bearing.

porous air bearing. Figures 6.8 to 6.15 show pictures talaeimgl this procedure. Figure
6.8 shows the CNC controlled placement of the droplets atttieator side. The refer
ence base with actuator grids is aligned on the machine bedtprthe droplet placement.
When all droplets are placed, the mirror facesheet and theestion struts are lowered on
the actuator grids. The tooling needed to align the conoediruts with the droplets of
glue is described in Section 3.6. Three V-grooves and bedlsised to dock both parts of
the assembly, whereas three micro spindles are used to tbeestruts carefully into the
droplets and to adjust for small angular alignment mismeddhy and. After curing of
the glue, the vacuum is removed from the air bearing. Theesribg and its housing can
now be removed. Figure 6.11 shows the mirror facesheet radwnt 427 struts on the ac-
tuator grids.Finally, the folded leafsprings needed tosti@in the in-plane DOFs are placed

|
Figure 6.10: Placement of the mirror facesheet Figure 6.11: After removal of the air bearing
with struts suspended by the reference air bearand its aluminium housing, the mirror facesheet

ing (upper part) on the reference base with thebecomes visible, placed on the actuator grid.
actuator grids.
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Figure 6.12: Detail of one of the three folded Figure 6.13: The assembled DM with 427 actu-
leafsprings that constrain the in-plane DOFs.  ators.

(Figure 6.12) and the flex foils are connected to the eleatsoffrigure 6.13). The mirror
is now fully assembled, except for the protective cover ribgfortunately, while placing

the cover ring the mirror got damaged before any measuresgentd be obtained from the
completed DM system. The results presented in the sequkisathtesis originate from the
single actuator module prototype shown in Figure 6.3.

6.3 Static system validation

In this section, the static behavior of the DM is modeled vjatimg a description for the
actuator influence functions. This involves modeling of thieror facesheet and combin
ing this with the static model of the actuator system from@ba5. The actual influence

Figure 6.14: The author of this thesis and Dave Figure 6.15: The broken DM.
Bax, the instrument maker who manufactured
and assembled most of the DMs.
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functions of the DM system are measured using a Wyko intenfieter to which the mod
eled influence functions are compared. This was done forlallduators in the&s50mm
DM. Further, the influence matrix derived from the measunetsis used to form the mirror
facesheet into the first 28 Zernike mode-shapes includiegitton term that represents the
best flattened mirror [88, 89]. The measured shapes are cethpathe perfect Zernike
modes and to the least square fit based on the DC model derived.

No measurement results could be obtained fromati®&0mm DM since it was broken.
Only a best theoretical flatness for tad 50mm Pyrex dummy mirror, used in the glue ex-
periment in Section 3.7, is computed using the static moitgb results in actuator forces,
stroke and power dissipation needed to obtain the best ftabmi

6.3.1 Modeling

First a model for the reflective facesheet is derived, legttinan expression for the influ-
ence function matrix. Finally, this matrix is used in an algjon to calculate the actuator
commands that provide a facesheet that best approximagetaincZernike shape in a least
squares or absolute-error sense.

Facesheet modeling

The mirror facesheet is modeled as a circular plate withddeges, subjected to point forces.
Although the facesheet has a large diameter to thickneiss tla¢ facesheet is still a plate
with significant bending stiffness, particularly on the qlescale of the actuator pitch. In
contrast to a true membrane, there is no pre-tension frorahwihderives its stiffness and
resonance frequency. Since the connection struts are @y thick — which is small
in comparison to the pitch — the forces exerted on the refiedticesheet are considered
to be point-forces. The in-plane stiffness is provided atdlicumference by three folded
leaf springs at 120intervals. The out-of-plane stiffness that these sprirgs#ribute is
negligible in comparison to the facesheet and can therdferneeglected (Section 3.3.2).
The edge of the facesheet is thus considered to be free.

Letrg andpgy fori = 1... N, andj = 1... N, be complex values corresponding to
coordinates in the complex plane. The deflectig(r(;)) at coordinate-(;) of a circular,
thin plate of Hookean material, with radiug and free edge conditions due to a point force
F(;y located aip(;y can be derived from the biharmonic plate equation [185]imgeof the
Laplacian operato? and the plate’s flexural rigidity) ; as:

Foyr
Vs () = =t
2 2 E;t3
0 L % and D=0
SRE (r)  dlm3(r) 12(1—v?)

Further,Re(r) andim (r) denote the real and imaginary partsrofespectively,E; is the
plate material’s Young’'s modulusy its Poisson ratio and its thickness. The deflection

where  V?(r)
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Table 6.1: Dimensions and material properties of the reflective faeeshof the 61 and 427 actuator
DM prototypes.

Parameter Value | Unit
r¢ for the 61 actuator DM| 25.4 | mm
ry forthe 427 actuator DM 76.2 | mm

Ef 64 GPa
P 2230 | kg/m?
ty 100 | um
I/f 0.2 -

Z(r(;y) can be expressed analytically in termsff) as [125]:

Fijyry
167er

Z(ru) = W(r@y, piy) + wp + weRe(ryy) + wyIm(ry)),
wherew,, w, andw, denote the rigid body motions in the out-of-plane direciad around
thez- andy axes respectively. The functioi (r(;), p(;)) is defined as:

* * 1-v * *
W(ray, piy) = 0(i,5)0(i,j) { hl(zQ(i,j))"’IH(Q(Z-,]-))+—3+V; [1n(1—7"(i)ﬂ(j))"'ln(l—""(i)P(j))] }
(1-vy)? 8(1+vy)

o KO ezt G )
+k(r (i) p(;)) (1= piy) In(1=r(y p() ) TR (r () p)) },

where the superscriptdenotes the complex conjugate and

x

In(1—¢ .
03i,5) = TG — Py) and k:(x) = / (f)dC = —dI|Og(1 — :13)
0

This analytic expression allows the spatial grids to berdisred without loss of accuracy.
The values of the geometric and material parameters fortten@ 427 actuator DM proto-
types can be found in Table 6.1.

Influence function modeling

The shape of the influence functions depend on the stiffniedeedacesheet and actuators
and the lay-out of the actuator grid. Linearity is assumedllimw linear superposition of
multiple point forces. For convenience, matrix-vectoratian is used, where matrices are
set in a bold typeface.

Letzs ;) = Z(r@i)) Za,i) = Z(p)) andF, ;) = F{;) be elements of the vectozs, z,
andF, respectively. Similarly, the coordinateg) andp;) form theit andj*" elements
of the vectorsr andp andQ?,, ; ;) = w(rq), p(;)) the elements of the matri&,.,. The
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facesheet deflectiany can then be expressed as:
zy = Q. Fp +Upwpgy, (6.1)

whereU, = [1V"*! Re(r) Im(r)] andw,,, = [w, w, w,]T. The reflective facesheet is
supported by actuators with effective mechanical stifleeghat exert forces denoted by the
vectorF,. Since these stiffnesses can be considered linear (Sécéohon page 139), the
following force equilibrium must be satisfied at the actuddcations in the vectop:

F, - Cuz, —F, =0, (6.2)

whereC, is a diagonal matrix whosé”" diagonal element is the stiffness of actuator

7 and it is assumed that the facesheet deflection at the actoatdions is equal to the
actuator deflection,.

Since the rigid body modes are not constrained by the free edgdition of the plate, the
moments due to the net plate ford&saround the x and y axes and the net force in the out
of-plane direction should be zero. This leads to the extraliton UL F, = 0, whereU,,

is defined similar tdJ,. asU, = [1"V"*! Re(p) Im(p)]. When Equation (6.1) is evaluated
only on the actuator grid — i.ec = p — it can be expressed ag = Q,,F, + U,wpay,
where2,, = Qrp|r:p. Together with the rigid body constraint this can be written

matrix form as:

zZo| _ |pp Up F,

0l U;l; 0 Wpay |
which can be inverted to:

-1
F, | (2, U, zo| Ky
[Wm‘y] B [Ug 0 0]  |K: o (©:3)
in which the matrice¥,,, andK, are implicitly defined. Substitution of this result fbv,
into the force equilibrium in Equation (6.2) then yields:

F,—-C.,z, — K,,z, =0

and thus the facesheet deflectignat the actuator positions is related to the actuator forces
F, as
Z, = (K'm + Cll.)71 Faa (64)

The static forceF,, of a certain actuator due to a supplied PWM voltdggem can be
expressed as the quotient of the motor constanand the total electric resistance, =
K,/(Rq + R, + R; + R})Vpwn. This can be written in vector notation for all actuators as:

F, =K, R, + R, +R; +R)) " 'Vpwwm, (6.5)

where theit* diagonal elements of the diagonal matriéés, R, R, R; andR; are the
values of the corresponding (regularly typefaced) symbmisll actuatorsi = 1... N,.
Further, the vectoV pywy stacks the PWM voltagegwwm of all actuators. Substitution of
Equation (6.5) into Equation (6.4) then leads to:

2o = (K + Ca) ' Ka(Ra + R, + Ry + R)) ™! Vpww, (6.6)

B,
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Figure 6.16: The measurement setup which is used to measure the influgrat®hs of the DM.
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whereB, is the influence matrix that links PWM voltages to faceshesdledtion at the

actuator locations. The plate deflections due to point atgosition® can also be eval

uated over the arbitrary grid with complex coordinate veetoThe results from Equation
(6.3) can be substituted into the plate equation in Equgoh) together with Equation
(6.4), yielding:

Zf = (Q'erm, + Uer)Fa,
= (QTme -+ UTKZ)Bp Vewwm, (67)

By

whereBy is the influence matrix that links PWM voltages to deflectiahan arbitrary grid
of points on the facesheet.

6.3.2 Measurements and results

This section describes the setup and procedure used to raghsumirrors influence func-
tions and low order Zernike modes.

Interferometric measurement setup

The verification of the static behavior of the DM system is elasing an interferometer
setup. A Wyko 400 interferometer available at TNO Science kmdustry measures the
surface shape of the DM. Intelliwal® software is used to perform the reconstruction of
the actual wavefront from the measured fringe patternsurgi.16 shows the schematic
of the measurement setup, where a PC sends desired setpoimandsVpwy via the
ethernet/LVDS communication link to the DM. All shapes angasurements in the coming
sections are considered w.r.t. an arbitrary grid as detexchby the interferometer’s CCD
camera. Since the interferometer cannot observe the pistate corresponding to a non-
zero average deflection, it is assumed that all measuremaneiston-free. When consid-
ering the zero-mean, white measurement naisthis allows the measuremerits € RV«
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to be expressed as:
zy = Pzy + Pn, (6.8)

where the rank deficient matrR = I — pp” projects out the piston term denoted by the
vectorp whose elements are all equalitoy/N,, s.t. p’p = 1.

Assuming the static response of the DM to be linear, let tlagpeh, of the DM facesheet
be expressed as:

zy = By Vewm+ Zf 0,

wherez; (o) is the initial unactuated shape of the DM facesheet and thex#3; ., is the
influence matrixB; w.r.t. the measurement grid of the Wyko interferometer. sfitition
of this expression foz into Equation (6.8) then yields the measurement correspgrid
a certain actuator commanGwwm as:

if = PBfﬂUVPWM + PZf70 + Pn (6.9)

This measurement equation will be used in the following twbsgctions to estimate the
influence function matrilB ¢ ., and fit the DM facesheet to a desired set of shapes.

Influence function measurements

As described in Section 6.3.1, the influence functions agesthtic responses of the DM to
actuator commands. Analytically they are expressed owenttuator grid by the matrix
B, in Equation (6.6) and over an arbitrary gridBs in Equation (6.7). In this section the
method is described that is used to measure the influencédosof the DM prototypes.
The most obvious method to determine the influence funct®twindividually poke each
actuator, measure the response and then compute the irdlfigration. Multiple measure
ments must be used per actuator to reduce the measuremsatanai at least two different
command values are required to determine the influenceifumas a linear relation be-
tween command and deflection. More command values and nesasnts can be used to
distinguish any nonlinear behavior. Each Wyko measurenakes approximately 8 sec-
onds including data processing. When several commandssacefar each actuator and
the number of actuators is large (e.g. 427) the measurementisl take several hours to
complete. And even then, each influence function has to beasid from only a few mea-
surements, still leading to a high sensitivity to measum@meise. Better and more efficient
methods can be used. For instance, in [94, 115] columns tddédamard matrices [17]
are used as the actuator command vectors. This setpoirtectdi minimize the mean
standard deviation of the estimation error of the influened¢rimdue to measurement noise
and thus requires fewer measurements.

All elements of a Hadamard matr@,, € R™*™ are either 1 or -1 and the matrix is orthog-
onal s.t.Q,, Q" = nl. Although it is yet unknown whether Hadamard matrices ewisall

n € N, algorithms are available for specific dimensions. Whengorihm is unavailable
forn = N, itis argued in [115] that virtual actuators can be added dioanot influence
the DM shape, but allow the use of a larger Hadamard matrixzefs,, > N, thatdoes
exist at the cost of additional measurements.

Accordingly, for the 61 actuator DM prototype6d x 64 Hadamard matrix is used that
is generated by Matlabsadamard function. For the 427 actuator DM, thi28 x 428
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-

Figure 6.17: The 61 influence functions of the DM prototype shown in Figu8 Each influence
function is downsized and placed on the location of the spweding actuator in the
grid.

Hadamard matrix derived in [116] can be used. In the proedascribed below, thein
fluence matrixB,. is estimated that includes influence functions of both tlaéaad virtual
actuators. After estimation, the columns correspondirtbeovirtual actuators are ignored.
By individual scaling of the rows of the Hadamard commandrixdtis possible to com-
pensate for the lower stiffness at the edges of the DM thatdvead to a larger deflection
than at the center. This is done for optimal use of the measemerange of the interferom-
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eter and avoid large deflections that would exceed the memsunt range.
Let measurements be expressed as in Equation (6.9) usinatacsetpointd/ pywy taken
as the columns of the matriX that consist of the vectong;; s.t.

V= [V(O) V) - V(Nav)] € RNavXNavt1
Herev o) = 0is a zero voltage command vector that is included to alloediestimation of
the unactuated shape),. Furtheryv;y = Aq(; fori =1... N,, are the command vectors
based on the Hadamard mat@v,,, whereQy,, = [q(1) - - - q(n,,)]- The diagonal matrix
A scales the rows of the Hadamard mai@y4;,, and provides the mentioned individual
setpoint gains for all actuators. This matrix will be dedvieom the DM system model.
For the influence functions identification, Equation (6.8¢bmes:

2y i) = Pz 0) + Brwvi) + Png),

whereB;,, = PB;,,. Before stating the estimation problem, let all measuremba
expressed in matrix form as:

. < _ & 0 AQw,] <
Zy =BsuV +Pzp 1" + N =By, Pz ) {1 ?%V ] +N,
—_—

Y

X

where  Z; = [2;,0) 21 - .. 2N,,],

N = P[n(g) Il(l) N II(NM)]7

and all elements of the column vectdrand0 are equal to 1 and O respectively.
The matrixX of unknowns is estimated as:

X = argmin Tr ((zf - X‘I‘) (Z? - TTXT)) ,
= 7,Y" (’I“I‘T)il,

—1
_g, | e UQr, AT
' v Qi A 0]’

where the second step follows from a completion of squagasnaent and the last follows
from the orthogonality of the Hadamard mat€y,_, . The sought estimate of the influence
matrix forms the firstV, columns ofX and that of the unactuated shape; () the last
column.

Although the Hadamard matrix approach has minimal seiityitis measurement noise, it
assumes linearity of the DM system and does not lead to anletegmined set of equations
from which to estimate the influence matrix. As a result,lmithe quality of the estimate
nor the linearity of the DM can be verified using criteria sashthe Variance Accounted
For (VAF). Such information can be obtained by extendinggbeof measurements, e.g.
by repeating the measurements using scaled versions oftilitar setpoints.

Finally, it should be noted that the same procedure can e tosgetermine the influence
functions from measurements of a Shdt¢&rtmann sensor.
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Influence function results

The above described procedure is used on the 61 actuator Didtype, where the com
mand vector scaling matriX was obtained as:

A= ywdiagB,)"t 0
0 1|’
Here, the bottom-right identity matrix corresponds to theeé virtual actuators and is of
size3 x 3. The scalary,, determines the range of the facesheet deflections and thus th
measurement range of the interferometer. A valiye= 2um has been used. The matrix
B, was computed for this DM from Equation (6.6) by substitutidthe relevant parameter
values in Tables 4.1, 5.2 and 6.1. Further, dipdenotes the diagonal operator that sets all
elements of the matrix between brackets to zero except éodidigonal entries.
The estimated influence functions are shown in Figures @18 and 6.19. Figure 6.17
shows the 61 influence functions downsized and placed otatibn of the corresponding
actuator. The facesheet deflection due to a unit voltageases for actuators near the edge
of the facesheet, which is the result of the decreasedesiffdue to the facesheet boundary
and the smaller number of surrounding actuators. As can peoctad from a hexagonal
actuator layout, a 60symmetry is observed.
Figures 6.18 and 6.19 show the cross sections over two itediGges of the measured
and modeled influence functions. From the right figure the@ator couplingsy can be
well observed as the ratio between the the deflection val@eratius of 6mm (a single
actuator spacing) from the maximum and the maximum defleatidue. For the central
actuator this leads t9 ~ 0.52, whereas for the edge actuators this reduces400.3 due
to the reduced facesheet stiffness at the edge. The in SeHoestimated value for the
actuator coupling was 0.65, which is slightly higher tharswaeasured. This is attributed
to the fact that only the six surrounding actuators were ickemed in the former analysis,
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g 2 SRR REN g 2 - .
% 15 T 15
2 5 N
g 1 g1 ‘/\ /\ A ’l 1
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Figure 6.18: The cross-section of the five influ- Figure 6.19: The cross-section of nine influ-

ence functions of Figure 6.17 along the x-axis.ence functions in Figure 6.17 along the axis ro-

The thick lines represent the functions as derivedated 30-degree counter-clockwise. The thick

with the model. lines represent the functions as derived with the
model.
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which is an underestimation of the stiffness present ansl lfrds to an ovegstimation of
the couplingy. Although the influence function measured for the centanator matches
almost perfectly to the one derived from the model, the srvary per actuator. This is
attributed to the measured variation between actuatorsijpepties that determine its DC-
gain, i.e. motor constatdt,, stiffness:, and the total electrical resistanBg+ R/, + R;+ R;.

Zernike mode measurements and results

With superposition of the influence functions, the DM faasstitan be fit to a desired shape.
This shape may be entirely flat, in which case the actuatost ommpensate for the initial
unflatness of the DM. Here it is only possible to correct foatsd frequencies up to the
Nyquist frequency, which is determined by the actuator spprddigher order deformations,
e.g. caused by the shrinkage of the glue that connects thatactstruts to the reflective
facesheet, or initial waviness in the polished facesheetot be corrected.

The flat surface shape corresponds to the first Zernike modenp With the influence
function superposition also higher order Zernike modesfiareThe shape errors can be
minimized for both the PTV and RMS norms, corresponding &Xtrand?, norms respec-
tively.

Let a shape measurement be denoted by the vegtas defined in Equation (6.9) and
subject to white measurement noise. Let the command va&tdor which the difference
between the measured facesheet sligpand the desired shapg is minimized w.r.t. an
arbitrary nornv:

V,=arg min |z — zdll,
VpwMm
= arg min ||PBprWM + PZﬂ(o) + Pn — Zd”z .
VpwMm

In practise the PWM voltage is limited fg,,,. = 3.3V, leading to the constrained opti-
mization problem:

Vg = arg\}xgwM ||PBprWM + PZf’(O) + Pn — Zd”é
subjectto — Viae < Vewm < Vinae-

The effects of the measurement noisecan be reduced by taking ) as the average
of several measurements. Since the actual influence nBiriis not known, the product
PB; shall be replaced by the piston removed estinigje
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Figure 6.20: The first 28 Zernike modes made with the DM from Figure 6.3.ii$et shows
the RMS fitting errors w.r.t. the desired shape for the model the measure-
ments.
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For the/; norm (i.e. minimization of the PTV value), the optimizatiproblem becomes a
linear programming problem:

V,, =arg min ~  subjectto
Vpwm:Y

—y < (BfVewm + Pz () + Pn —z4) < yand — Viae < Vewm < Vinae-

For the/s norm, the optimization problem becomes a quadratic progriag problem:

‘7@2 = argvrg\i/\rllM HBfVPWM + PZf’(O) +Pn —z4

123
subjectto  — Viaz < Vewm < Vinaz-

However, due to e.g measurement naisnd nonlinear behavior of the DM prototypes, the
DM model in Equation (6.9) wittPB ; replaced b)Bf will not be correct. The estimated
command vectorﬁ’g1 andV, will thus neither minimize| PB s Vpww+ Pz, (o) — zal|¢ for
the¢; norm, nor for the/s norm. Therefore, an iterative process with iteration ingdeis
used to derive the vect(ir*gm):

)

ng"'l) = ng) +arg min HBfAVpWM + i}m) — zd‘
AVpwm

L

where the minimization is subject tV;,.. — V5™ < AVewm < Viar — V™,
Each new setpoint yields the measurement:

2" = PB; V™ + Paj o) + Pn™.

Here again the effect of measurement noise can be reducexking ﬁgcm) as the average
of several measurements.

The above procedure has been applied for the 61 actuator Didtppe, using aw44mm
circular aperture area that corresponds the inscribeteafcthe hexagonal actuator grid.
The results for the first 28 Zernike modes with an RMS ampétati400nm are shown in
Figure 6.20. Since the DM has only a limited number of redulspaced actuators, there
will be afitting error. The inset in Figure 6.20 shows the RM®&s w.r.t. a perfect Zernike
mode together with the numerically evaluated fitting erifthe derived static model.

Since the latter is not subject to measurement noise, reaniiies or initial unflatness, this
forms the error contribution only due the limited number ofuators. From the piston,
tip and tilt mode it becomes clear that the higher order umdlsd is~25nm RMS. This
unflattness can not be compensated by the (limited) numbactoftors. For the higher
order Zernike modes this unflattness can result in better worse fitting.

Flattening of the @150mm dummy mirror

Since the 427 actuator DM prototype was broken during thtealssembly step, it was not
possible to measure its initial unflatness, static or dycdmeihavior. Also the effect of
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combining multiple actuator modules into a DM system withiragke continuous facesheet
could not be analyzed. However, a dummy mirror (Figure 31883 assembled from an
identical facesheet and 427 struts glued using the sameguoe as used for the broken
DM prototype. The shape of this mirror, measured with the 8RO interferometer is
depicted in Figure 3.38 on the left and shows a PTV unflatneapmroximately 4.5m.
Since the results of the above influence function measurerienthe 61 actuator DM
indicate that the influence functions are well predictedi®/model, it is inferred that the
same is true for the 427 actuator DM. With the influence maBixevaluated with the
parameters from Tables 4.1, 5.2 and 6.1, the dummy mirroritefied fictitiously. The
flattening procedure, described in the previous sectiohere not applicable, since the
facesheetis here supported by 427 struts and a rigid refe@ate instead of soft actuators.
The shape of interest is the initial unflatness of the facetskden it would have been glued
to soft actuators instead of to a stiff base. The soft actaatdl deflect due to stresses in the
facesheet, whereas the stiff base does not. Thereforeattenfhg must thus be performed
after replacing’ the stiff base with soft actuators.

This is analyzed as follows. Let the vector, contain the deflections measured at the strut
positions and: ¢, the deflections after placing the facesheet on the soft trtudl he force
F, that the actuators must exert on the facesheet to keep the zha is obtained using
Equation (6.3) a¥', = K,,z¢ .. This force is generated by deflection of the actuators from
their measured  ;, positions via the effective actuator stiffnessls= Cq (2, — Zf.4)-
Combination of both equations yields:

Zfa = (Km+Ca)! Cazyp. (6.10)
—
T

Observe thafl" is the influence matrix that links force to deflection adg is a diagonal
matrix with the actuator stiffnesses. Since applicatiotheffirst part to a vector has a lew
pass filter effect and the latter part is only a linear scalthg transformation froné; ; to
Zt,, IS @ sSmoothing operation. The strength of this smoothingoetiepends on the widths
of the influence functions and thus on the facesheet andtacttdfnesses.

At this point the fictitious DM with initial unflatness; , is flattened w.r.t. an RMS criterion
by applying a set of suitable fictitious actuator for&'s The forcesF/ that minimize the
unflatness w.r.t. the weighting functidia s, — TF,||3. are found using a completion of

15 : : : : : : : : Figure 6.21: Forces required to obtain the flat-
tened shape of the 427 struts glue experiment in
Figure 3.38. Actuators are sorted on value for
insight into the spread.

Flattening force [mN]

i i i i i i i i
50 100 150 200 250 300 350 400
Actuator number [-]
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squares argument as:

F/ = (TTT) " 'T7%; . = Cuzyyp,
where the second step uses the definitioMoh Equation (6.10). The resulting forc&y
are plotted in Figure 6.21. Note that these forces are inttbgr of the influence functions
and just overcome the actuator spring forces corresporiditige deflectiorz;,. Figure
3.38 shows the hypothetical unflatness that remains whetiolis, soft actuators exert the
force F/. For this dummy mirror the residual RMS unflatness is appnaxely 20nm, re
quiring an RMS actuator force of 0.4mN. With the average @slof the actuator properties
K., R,, R; as measured in the previous chapter, the latter corresporetsRMS actuator
voltage of 0.17V which is approximately 5% of the availablaximum voltage. In Section
3.6 this fraction was budgetted smaller then 10%.

6.3.3 Power dissipation

Based on the measured influence functions and flattening emsnthe expected average
power dissipation to correct atmospheric wavefront di&ins, is estimated. For realistic
results, a trade-off is made between power dissipation anfhppmance in terms of fitting
error. The RMS poweP,, dissipated by the actuators, can be expressed in terme of th
actuator voltage setpoint and the total resistdRger R, + R; + R, estimated in Sections
5.6.2and 5.6.3 as:

P,= (R, + R, + R+ R) ™ (V3uu(1), (6.11)

where (-)? denotes the element-wise square arttie time. The actuator voltages con-
sists of the static voltage¥ ; required for the initial flattening of the DM and the dy-
namic voltagesV 4(t) required to correct atmospheric wavefront disturbancéee vialue
(VEwm(t)) in Equation (6.11) can be expressed accordingly @8,(t) + Vy)?). This
reduces ta(Vfl(t)> + V? when the atmospheric wavefront distortion and tNysis a zero-
mean signal that is therefore not correlated with the constignal V. Application of
these simplifications to Equation (6.11) yields:

P, = (R, +R, + R, +R) " ((V3(1)) +V3). (6.12)

An estimate for the vectoY ; with flattening voltages is obtained from the measurements
described above. To quantifv3(t)), consider the atmospheric wavefront disturbance
to have a Von Karmann spatial spectrum (Section 2.1.2) witradance matrixC, =

<¢(t)¢T(t)>. Here the vectotp(t) denotes the wavefront distortion over a fine grid over

the telescope aperture in radians. The mafixis numerically approximated using the
approach described in [96] with the modification that therKogorov structure function

has been replaced by the Von Karmann structure functiond®@8gsponding to the power
spectrum given in Equation (2.5) on page 18:

. N »\1/3 A\ 2 NG
D*(r) =688 —) [1—1.485(— . =) —6.381(— .
ok (r) = 6.88 <r0> 85 <L0) +5.383 <Lo) 6.38 <L0>

The resulting covariance matrix is an approximation, stheecontinuous spatial integrals
are replaced by numerical sums over a discrete grid of puwiititsn the telescope aperture.
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The incoming wavefront is corrected by reflection on the DMet the DM shapex ¢ (¢)
be expressed by Equation (6.6), based on the estimatedrinéumatrixB ¢. Although
inertial forces are neglected, the static model accuraledgribes the DM facesheet deflec
tions, since its first resonance frequency lies far abovedinérol bandwidth. A fine grid is
used to model the wavefront distortions and the DM influemretfions. Hereby a realis-
tic estimate of the fitting error and power dissipation is mad/hen considering the open
loop controlled case, let the actuator voltages be chosémeasinimizing argument of a
quadratic cost function that weights both fitting error andteol effort. Let the fitting error,
in meters, be expressed as:

efilt) = (1) — B Vewn(?)

where ) is the wavelength of the incoming light. The optimal actnatommand vector
V.(t) is chosen as:

Va(t) = arg i {lesi)" eru(®)]}) + (IVE @)
— 2B, (6.13)

whereB} = (BT B ++2I)BY is a regularized pseudo inversel®f and- is a weighting
factor for the control effort. For this command vector therfg errore ¢;;(t) becomes:

eris = (I-BsB}) ¢(t) (6.14)
_A,_/
2

f

and the command signal covariance ma@i¢, can be expressed as:
9 A o \T
Cv, =(Va()Vi (1)) = (35) BfCy (Bﬂ ’

where the second step follows after substitution of Equgitol3). The diagonal elements
of the covariance matri€y,, now form the vecto(Vﬁ). Similarly, using Equation (6.14)
the fitting error covariance matri¥ ¢;; can be expressed as:

2 A . T
Crir = (efur(t)ef;y (1) = (3%) B; C, (Bf) ;
from which the RMS fitting erros ¢;; 4 can be derived as:

o g = | Crit),
ny
wheren; is the number of grid points used. To provide insight in thev@odissipation,
based on measurements on a 61 actuator prototype, seveaahgiars must be scaled.
Firstly, in Chapter 2 the number of actuators for an 8 metkrst®pe is 5000, which
implies that for the same actuator density, the 61 actuaMrpfototype should be used
on a 0.9m telescope. Secondly, a continuous facesheet tiypedd only prescribe the
slope of the facesheet at the aperture edge if there is dtdeasing of actuators outside
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Figure 6.22: Relation between the fitting error Figure 6.23: Relation between the fitting error
oyit, @and the average power dissipation per ac-oy;: 4 and the average power dissipation per ac-
tuator based on the measured influence matrix ofuator based on the modeled influence matrix of
the 61 actuator DM prototype. Power dissipation a 427 actuator DM. Power dissipation is differ-
is differentiated between actuators in- and out-entiated between actuators in- and outside the
side thez32mm illuminated areaX=550nm). @102mm illuminated area\e550nm).

Table 6.2: The expected average power dissipation in mW per actuas®dan the influence function
measurements for a 0.9m telescope using3mm illuminated area on the DM and a
Von Karmann spectrum with a Fried parametgr=0.16m (\=550nm) and an outer scale

Lo=100m.
Atmospheric | Flattening || Total
‘ turbulence ‘
Edge 15 23 8 25 3
llluminated area 1.4
Full area average 1.4 14 5 15 9

the illuminated aperture. Therefore, an illuminated ditenef 32mm will be considered
over which the Von Karmann spectrum is to be corrected. Aotgaoutside this area
are only used for flattening and for prescribing the boundaryditions. By varying the
control effort weighting factory and assuming a wavelength = 550nm, evaluation
of Equation (6.12) yields the relation between fitting ermod power dissipation shown
in Figure 6.22. When a fitting error of 35nm is taken, which i598 above the best
achievable value, the corresponding average power dtisipaf the actuators is listed in
Table 6.2. A distinction is made between actuators in thenihated area and those at the
edges. Also the two causes for the dissipation — i.e. theection of wavefront errors
due to atmospheric turbulence and the correction of th&liiM unflatness — are stated
separately. The dissipation for actuators in the illurédadrea required for atmospheric
wavefront correction is approximately 1.4mW. Althoughsths less than the 3.2mW
estimated in Section 5.7, it depends on the chosen regatianizfactory. Further, the
dissipation required for flattening is larger than the fioml dissipation, due to significant



6.4 Dynamic system validation 169

Table 6.3: The expected average power dissipation in mW per actuas®dan the influence function
measurements for a 2.3m telescope usingl®2mm illuminated area on the DM and a
Von Karmann spectrum with a Fried parametgr=0.16m (=550nm) and an outer scale

Lo=100m.
Atmospheric | Flattening || Total
‘ turbulence ‘
Edge 0.2 0.4 0.6
llluminated area 0.6 0.2 0.8
Full area average 0.4 0.2 0.6

initial unflatness of the DM, especially at the edge of the DM.

For the150mm dummy DM a similar table is derived based on an illuneidarea of
@102mm. This corresponds to the largest diameter, whichllis filled with actuators, as
can be observed in Figure 6.26. With the same actuator geassithe 5000 actuator DM
proposed for an 8m class telescope, this DM is suitable foBi 2vavefront. The forces as
derived in Section 6.3.2 are assumed to be indicative ofdhee required to compensate
the initial unflatness of thes150mm facesheet. Figure 6.23 shows the traffidetween
performance and effort for this DM and Table 6.3 shows thieneded power dissipation for
the same fitting erros ¢;; 4 0f 35nm as used for the 61 actuator DM. The table shows that
both the power dissipated to correct the initial unflatnessell as the power dissipated to
correct the atmospheric wavefront distortions with a Vomrfan spectrum is smaller than
for the 61 actuator DM. However, this only holds true for tegularization factor chosen.

6.4 Dynamic system validation

In Section 6.3 the static behavior of the DM system was vtdidia In this section the
dynamic behavior will be added to the DM facesheet model antbined with the actuator
models. The resonance frequencies, mode shapes, modaindeamal transfer functions
from this model will then be compared to a black-box modedniified from measurement
data, using the PO-MOESP subspace identification algorithm

6.4.1 Dynamic modeling

There is no known analytic solution available for the bihamic plate equation for a cir-
cular plate including inertia and viscous damping termgexttbd to multiple point forces.
The dynamic behavior can be modeled using a FEM approacHédbatit will be done by
combining the derived models for the actuators and the fesgsand extending this with
lumped masses and dampers.

Let the force equilibrium in Equation (6.2) be extended adowly to:

Fo,—F, — Cozy — Bazy — Mgz, = 0, (6.15)
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where eacH(, ) element of the diagonal matric&, andM,; are the viscous actuator
dampingb,, and the sum of the lumped facesheet mass and the moving@atuess at co
ordinatep; respectively. Note that for simplicity it is assumed that #ctuator and lumped
mass/damper locations coincide, but this can be geneddbigeising an arbitrary grid and
appropriately attributing mass, stiffness and dampingesl The mass distribution chosen
leads to adequate approximations of the mode shapes witlldpaguencies significantly
below the Nyquist frequency of the actuator grid, which esponds to the lower eigenfre-
guencies. These are the most relevant for the achievaliection quality, since they pose
the tightest limit on the achievable control bandwidth. Burer, the stiffness matrix used
corresponds to the solution of the biharmonic plate eqoatiaer the assumption of pure
bending. For high spatial frequencies, shear forces bedaménant and this assumption
loses its validity.

When the resultin Equation (6.3) f#r, is substituted into Equation (6.15) and transformed
to the Laplace domain this yields the dynamic system:

(Cas +Bas+ Mays®) 2o = Fa, (6.16)

whereC,; = K,, + C,. The undamped mechanical eigenfrequengigs) and mode
shapesx;, fori =1... N, can be obtained by solving the generalized eigenvalue @nubl

(Cas = A»yMay) X = 0,

wheref. ;) = /A /2/7.

This procedure has been performed for two different casestlyFor a DM with regularly
placed actuators with 6mm pitch in a hexagonal pattern. Hqoged masses were added
at all actuator grid points and all actuator and faceshemteties were used as given in
Tables 4.1, 5.2 and 6.1. The first 100 resonance frequermig¢ki§ model are plotted as
circles in Figure 6.24 and the first twelve resonance modestaown in Figure 6.25. From
Figure 6.24 it is clear that the first resonance modes occarsmall frequency band and
from Figure 6.25 it is clear that the modal shapes correspendwell to the Zernike poly-
nomials [141]. Traditionally, these polynomials are usedéscribe both the aberrations in
the optical domain as well as the dynamic modes of the wameéarrector in the mechan-
ical domain.

However, the resonance frequencies and correspondingl stoaizes are influenced by the
edge conditions of the reflective facesheet. When consigehie 427 actuator DM proto-
type that consists of seven hexagonal actuator modulespabthat the gaps between the
hexagons at the outside have no actuators that support ther faicesheet. In the dynamic
model in Equation (6.16) leads to 'zero’ elements on the aliads of the matrice€, and
B, and to lower values of the corresponding diagonal elemeritdj; due to the absence
of moving actuator masses. The lack of support stiffneshénetdge areas leads to lower
resonance frequencies with local mode shapes. To proptityuge lumped mass fractions
of the facesheet to grid points in edge areas, its mass ishditgd based on the Voronoi
diagram of the grid points (Figure 6.26). The Voronoi diagria the dual of the Delaunay
grid triangulation [131, 168] that is frequently used towlra surface defined at arbitrary
grid of points. The Voronoi diagram creates a polygon areara each grid point in which
all points are closest to that particular grid point. For trgréd points this yields a closed
polygon, but for edge points this is open towards the edge.pbiygon area determines the
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Figure6.24: The lowest 100 undamped mechan-Figure 6.25: The lowest 12 undamped mechan-
ical resonance frequencies. ical resonance modes corresponding to the fre-
guencies plotted as circles in Figure 6.24.

lumped fraction of the facesheet mass and can for closedjpos/be computed using Mat
lab’s polyarea function [131]. The open edge polygons are first extendel twib points
on the circular facesheet edge by which the polygon is cloBked total area is then the sum
of the area of the artificially closed polygon and the areavbet these two points and the
circle, which follows from the distance between the two &ddal edge points. Since all
areas can be calculated analytically, no approximatiomsrexde and the summed area for
all grid points exactly equalsrfc. For the 427 actuator DM prototype the result is plotted
in Figure 6.26.

The lowest 100 eigenfrequencies for this case are plott&iginre 6.24 as the solid dots.
The first resonance frequencies are lower than in the honoaginsupported case and
the corresponding modal shapes are local bending mode® afrtbupported edge areas.
Clearly, the actuator layout of future DMs should be choseshghat the facesheet edges
are uniformly supported.

Figure 6.26: Voronoi diagram for the hexago-
nally arranged grid points marked with a small
dot. The actuator grid of the 427 actuator DM
prototype is marked with "0”.
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Figure 6.27: Bode plots from the PWM voltage Figure 6.28: Step response from the PWM volt-
of the central actuator to the position of itself and age of the central actuator to the position of itself
three neighbors. and three neighbors.

Although the mechanics largely determine the behavior ef@M in terms of resonance
frequencies, the electronics influence the damping, resptime, gain, etc. Therefore, the
statespace description for the single actuator behavior in Eqog5.4) on page 131 is
extended to describe the behavior of multiple actuatorscantbined with the mechanical
equations of motion in Equation (6.15). The scalar stétesi,, V¢,, z, andz, become
the vectordg,, I, V¢, z, andz, whosei‘" elements contain the corresponding states
of the i*" actuator. Similarly, the scalar parametéfs, R,, R;, L., L; andC; for each
actuatori become théi, i) diagonal elements of the square diagonal matd€gsR.,, R,
L., L; andC, respectively. Further, instead of the mechanical equatfanotion for the
single, uncoupled actuator in Equation (4.25), the dynamgication in Equation (6.16) will
be used, leading to:

I, -L;'R, © -L;'K, L;' o0 I, 0
zf 0 0 I 0 0 zf 0
iy |=| M, K. —M_;Cof—M,;B, 0 0 zi |+ | O | Vewwm
v, -Ct 0 0 0 C' ||V 0
Ig, 0 0 0 -L/'-L'R,] [Ig, L'
Afm Bfm,
(6.17)

The transfer matri(s) between the PWM voltag¥ pwy and the facesheet deflectiap
can be expressed accordingly as:

H(s)=[0 I 0 0 0](sI-Ay,) 'BY.

The DC-gain of this transfer matrix is equal to Equation J&u6d can be derived by evalu-
atingH(s) for s = 0:

H(O0)=—[0 I 0 0 0]A; B}, =C,/K/(R.+R)" =B, (6.18)
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whereA ¢, andBy,, are defined in Equation (6.17) and the final expression falftram
the definition ofB,, in Equation (6.6).

The model in Equation (6.17) has been generated numeritmallg @150mm reflective
facesheet that is regularly supported by 6mm spaced acsuater its entire area. The-ac
tuator, electronics and facesheet properties used are givéables 4.1, 5.2 and 6.1. In
Figure 6.27 Bode plots are shown of the entries of the tramsédrix corresponding to the
PWM voltage of the central actuator and the position of fitaatl three neighbors at 6, 12
and 18mm distance. It shows that the static DC response ¢ghlp@iing actuator positions
indeed decays rapidly with the spatial distance, but thatglebal shapes of the lightly
damped, lowest dynamic modes (Figure 6.25) lead to a stronpgling between the actua-
tors at high frequencies. To illustrate this low dampingufe 6.28 shows the step response
of the same actuators due to a step input at the PWM voltagleeoféntral actuator. In
practise the damping will be higher due to the presence aflaive the facesheet, intrinsic
damping of the facesheet and strut materials, deformafithreqlue between the struts and
the facesheet, etc. To quantify this effect, the relativepiag of the resonant modes of this
model will be compared to the damping derived from a modalyaisin Section 6.4.3. .

6.4.2 System identification

Modal (or structural) analysis is frequently performedngsithe Eigensystem Real-
ization Algorithms (ERAS) [9, 63] and its variants [120]. §HERAs are a subspace
based identification methods that estimate a state spacekmygtthe Singular Value
Decomposition (SVD) of a Hankel matrix of the system’s ingauresponse function.
This impulse response function is either measured dirdotisn impulse excitation or
estimated from more generic input-output data. For opep tneasurement data of MIMO
systems the MOESP algorithm [191] and its variants [194]vamy suitable. For closed
loop identifications the Predictor Based Subspace IDeatifin (PBSID) identification
algorithm [35, 37] can be used, which has been applied foidthtification of a DM with
60 actuators and 104 sensors of the MAD (Multi-conjugatepista-optics Demonstrator)
system in [36]. However, the DM can here be identified in omep| making the added
complexity of the PBSID algorithm superfluous. Besides pabs based identification
algorithms that use state-space parameterizations, alfp@tithms can be used for MIMO
system identifications with other parameterizations. Fatance, in [177] a MIMO
Transfer Function (TF) parametrization is shown to be véiigient in both the number of
parameters and the required computational effort, wherpeoed to subspace algorithms.
The identification algorithm used for modal analysis of thd prototype is chosen based
on several requirements. It must be able to deal with 61 simabus inputs and at least
as many outputs. Since the sampling frequency of the setgbigdimited to 10kHz, the
dynamics of the electronics that become dominant above SkHmnot be well observable
from the measurement data. Although the DM facesheet dyssaare of infinite order,
the low frequent resonance modes can be adequately desasb®y a limited number of
lumped masses. This means that the system order requiriefudification is at least twice
the number of lumped masses, which in this case is in the ofdaindreds. It also means
that the model parametrization used must allow the largebeurf poles and zeros to be
independent to properly describe the numerous resonandeswd the DM facesheet. The
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poles will be used after the identification step to compugerésonance frequencies, their
relative damping and the modal shapes.

Since for identification of a statgpace model a high state dimension and large numbers of
in- and outputs are required, the identification algoritreedimust be efficient w.r.t. both
memory and computation steps. Moreover, the method mustitebke for the available
measurement setup, which is the same as used previouskrttfjdthe behavior of single
actuators and depicted in Figure 5.11. In this setup, thedeth of the DM facesheet can
be measured only at a single point at a time with a Polyteacydmemeter. The obtained
measurement data is thus expected to be significantly dedupoth by measurement
and process noise, since the measurements are performeatigyaenvironment without
vibration isolation facilities. The identification algthrim must be robust for these types of
noise. On the other hand, since all quantization is perfdrime¢he control PC in an open
loop setting there is no quantization noise.

Identification using the MOESP algorithm

The MOESP algorithm is a subspace identification algorithat ises a QR decomposition
[76] of the input-output data matrix to compress the datathadgimprove the computational
efficiency. The algorithm and its variants are found in tere [192-194] and Matlab im-
plementations are readily available. Since the identificas subject to both measurement
and process noise, the PO-MOESP algorithm will be used,iwises past inputs and out-
puts as instrumental variables to provide unbiased estgvat.t. measurement and process
noise. Since in literature this variant of the algorithm éngrally intended when referring
to MOESP, the prefix PO- will here also be neglected.

Details on the theory and implementation of the MOESP idieation method used on this
DM are found in [183].

The quality of the obtained system is evaluated by applhjiegstimated system realization
to a validation data sequence and computing the VAF, defiged a

T N
(@70 = 2;0)" (@7(1) = 20 (1)),
VAF= [1— o | .100%,

(3 (s (1))

to

wherez; (t) is obtained by simulating the identified model for the knownitation signal
Vpwar(t) andzy (t) is the vector of facesheet deflections measured by the ldsenveter.
The VAF represents the fraction of the signal variance thaicicounted for by the model
and should be close to 100%.
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6.4.3 Modal analysis

The modal analysis of the identified system begins with a mdeeomposition of itsA -
matrix. This decomposition is such thAfA = MA, where the diagonal matrix contains
the (complex) eigenvalues & and the columns d¥I contain the (complex) eigenvectors.
The matrixM forms a state transform matrix that diagonalizes the systachyields a
state-space description with stat&) whose state transition matrix is equalfo

{i(t +1) = Ax(t) + M~'Bu(t),
zp(t) = CMXx(t),

where the influence of process and measurement noise isctesyld=or the discrete time
system, each eigenvalug;, on the diagonal ofA is related to the resonance frequency
wy, (7 @and relative damping;) of modei as [64]:

Mgy = e (T oEn OV I=D) _ s,
whereTy is the sampling frequency and

i ) —(2
|)\‘ — e_Ts‘C(i)W'n,(i)’ /N = eiTsJ‘”nw(w\/l <G )

Inversely, the resonance frequenciges;) and damping ratio’s ;) can be computed as:

INZX —In|A|
T

In|A|

and ) = = inZ

Wn, (i) =
Further, the vectors of the matri®M form the facesheet shapes corresponding to the
system’s eigenfrequencies. Since complex poles occurnjugate pairga,b) with the
same modal frequenay,, , = wy ;, the matrix’s complex part and columns corresponding
to complex conjugate eigenvalues will for the modal anals ignored.

Results

For the 61 actuator DM prototype, the facesheet response@suned on the 79 points
shown in Figure 6.29. These are the 61 actuator locationd@mubints on the facesheet
along its edge. The signal acquisition and DM setpoint update is chosen as high as
possible to minimize the effects of sampling and aliasinge TOkHz sampling frequency
used, is close to the upper limit of the serial communicattwain but still significantly lower
than the PWM actuator voltage base frequency. The laseowibter is pointed at each
grid location for 10 seconds, producing 100.000 measuré&nérzero-mean, bandlimited,
white noise sequenc¥ py s (t) € N(0,02T) is generated withr, = 0.13V andt =
0...10s and applied on each location. Except for small variationnitial conditions and
timing (i.e. jitter), the obtained data is equal to the dht tvould have been obtained when
the response of all points is measured simultaneously.

The obtained measurement data set is split into an ideniificaet of 85.000 samples and
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Figure 6.29: The grid of points at which the
response of the 61 actuator DM prototype w:
measured. Points.1.61 correspond to the actu-
ator locations.

a validation set of 15.000. The MOESP system identificatiathmd is applied to the
first part of this inputoutput data and the VAF value is computed after simulatiorhe
second part. The VAF found is 95%. Figures 6.30 and 6.31 shewfitst 12
resonance frequencies and the corresponding modal sheypessccfrom the analytic model
in Equation (6.17) and the black-box model identified wite MIOESP algorithm. For
the modal analysis of the analytic model, the average medsastuator properties listed
in Table 5.3 are used. When all actuators have equal prepettie modal shapes show
a high degree of symmetry (Figure 6.30). In practice theaotuproperties vary, leading
to the asymmetric mode shapes in Figure 6.31. The lowesbhaese mode of the system
lies at~725Hz and corresponds to a motion of the lower-left edge af¢he facesheet.
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Figure 6.30: The first 12 modal shapes derived Figure 6.31: The first 12 modal shapes derived
from the analytic model in Equatiai6.17)using  with the MOESP system identification method .
the average actuator properties listed in Table

5.3 and the facesheet properties listed in Table

6.1.
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Figure 6.32: Relative damping corresponding Figure 6.33: Bode plot of the model identified

to the eigenfrequencies of the models identifiedvith the MOESP algorithm between the com-

with the MOESP algorithm and of the analytical mand voltage at actuator 2 and its first, second

model from Equatior(6.17) and third neighboring actuators 41, 42 and 47
respectively.

This frequency is lower than expected. Since the edges amosied by a few actuators,
the low resonance may be caused by a lower stiffngssf only a few actuators. The
relative damping; identified with the MOESP algorithm and in the analytical rabiilom
Equation (6.17), based on the average actuator propeidted lin Table 5.3, are shown
in Figure 6.32. The relative damping in the analytical madedignificantly lower than
in the blackbox model, which means that the damping observed in the Ddtegyis not
entirely due to the actuators. This suggests the preseratb@f dissipative processes such
as material damping, damping in the glue used or damping altleet movement of air
above the facesheet. The latter is a likely explanatioresihe facesheet vibrations due to
the noise excitations used were clearly audible.

A Bode plot of the identified model is shown in Figure 6.33 foe transfer functions

Model Wyko MOESP [um]

°1°]°,

Figure 6.34: The influence function of actuator 2 (Figure 6.29) as derifreth the analytical model
(left), from the Wyko measurements of Section 6.3.2 (nm)iddt:from the model identi-
fied using MOESP (right).




178

6 System modeling and characterization

0.8

|
I

0.6

o

Displacementim]
o

0.2

|

b

|

— Central actuator|
—— First neighbor
—v— Second neighbg
—— Third neighbor

0.2
0

M W
"“ A A
10 20 30

Time [ms]

40 50

Displacementim]

‘ A u W |

— Central actuator|
—— First neighbor
—v— Second neighbd
|.—*— Third neighbor

i 4«'*,0:; s ﬂmwww,mw, ,

10 20 30

Time [ms]

40 50

Figure 6.35: Step response of the central actua- Figure 6.36: Step response of the central actu-

tor in the model identified with the MOESP algo- ator of the analytical model in Equatiof6.17)

rithm . The response is shown of four locations:using the average actuator parameters listed in

the central actuator and three actuators at 1, 2 Table 5.3. The response is shown of four loca-

and 3 actuator spacings distance. tions: the central actuator and three actuators at
1, 2 and 3 actuator spacings distance.

from the actuator voltage at actuator 2 to the displacemeits dirst, second and third
neighboring actuators 41, 42 and 47. This shows the highgieake magnitude response
as a result of the low relative damping. However, where thgnitade of the peaks does
not decrease with frequency in the Bode plot of the analiticadel in Figure 6.27, they do
in the model as identified, which suggests the presence dfiaukl dissipative processes
at high frequencies.

Further, the influence functions have been derived from thdehidentified by computing
the DC gain matrix of the system according to Equation (6ak3)(I — A)~'B whose
columns contain the influence functions. The influence fioncof actuator 2 is shown
in Figure 6.34 together with the influence functions of theeactuator derived from the
analytic model and the Wyko measurements of Section 6.3l shape and magnitude
match qualitatively, but some quantitative error can besoled.

This is partly due to the poor alignment accuracy of the lag@mometer spot.

Finally, the step response functions derived from the mfvdet the central actuator voltage
setpoint to the displacement of four points on the reflectivéace are shown in Figure 6.35.
The four points are the location of the actuator itself arat tf three neighbors with 1, 2
and 3 actuator spacings distance. In Figure 6.36, the gomelng step response derived
from the analytical model is shown for the same actuatorsogarison with Figure 6.35
confirms that in the analytical model of the 61 actuator DM dang is underestimated.
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6.5 Conclusions

The assembly of two DMs prototypes is shownz&0mm DM with 61 actuators and a
@150mm DM with 427 actuators. In the first prototype a singleuator grid is used,
whereas for the second prototype modularity is shown by #serably of seven identi
cal grids on a common base. The seven actuator grids, witngzanying dedicated driver
boards, are attached to a single, continuous, facesheet.

The actuator model derived in the Chapter 5 is extended withear model of the con-
tinuous facesheet, based on an analytic solution of theibric plate equation and point
forces. Lumped masses are added to obtain the dynamic loehBweth static and dynamic
performance is validated on tle50mm DM using measurements. Scaled Hadamard matri-
ces for the actuator voltage command vectors are used tanegag 61 influence functions
in front of a Wyko interferometer. This approach minimizie tvariance estimation errors
of the influence matrix due to measurement noise.

The measured actuator coupling of the central actuatord%s &nd close to the 65% from
the estimate in Section 3.4 and the predicted value fromttte snodel in Section 6.3.2.
In the estimate, only the six surrounding actuators werkided, thereby neglecting the
stiffness contribution of other actuators and leading t@agr-estimation of the coupling.
In the static model from Section 6.3.2 these were includetitha prediction close to the
measurements.

The measured shape and amplitude of the influence functigres avith the prediction with
the static model (Figures 6.18 and 6.19). This includesnbeeised static gain (m/V) of
the actuators at the edge of the DM due to the reduced fadestifreess from the mirror’s
free-edge boundary condition. The variation in the stadin gs observed and attributed to
variation in motor constant, actuator stiffness and eleaitresistance and driver circuits.
The influence matrix derived from the measurements is usetiape the mirror facesheet
into the first 28 Zernike modes, which includes the pistomttrat represents the best flat
mirror. The interferometrically measured shapes are coetda the perfect Zernike modes
and to the Zernike modes as made with the limited number efiagly spaced actuators in
the actuator grid. The total RMS errora®25nm for all modes, whereas the inevitable fit-
ting error varies between 0 and 23nm depending on the mode.

The power dissipation in each actuator of thBOmm mirror to correct the Von Karman
turbulence spectruni{/ro = 5.4, Lo = 100m) is estimated. Actuators outside the illumi-
nated area are distinguished from those inside this arethdfmore, the estimated power
dissipation is split into turbulence correction and mirilattening. For the turbulence cor-
rection, 1.5mW for the outer and 1.4mW for the inner actuat dissipated. For static
flattening these values are 23.8mW and 5.5mW respectively.

The 427 actuator DM prototype was broken during placemeits girotective cover, there-
for it was not possible to measure its unflatness, static aanhc behavior. A dummy
mirror (Figure 3.35) with similar facesheet specificatiowhich was used to test the as-
sembly procedure of the 427 connection struts, was intarfetrically measured instead.
This mirror showed=4.5um PTV unflatness. This mirror was fictitiously flattened, with
the use of the modeled influence matrix and requires 0.17V Rbt&ator voltage, which
corresponds to 5% of the available output voltage range grahar dissipation of 0.2mW
per actuator.
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The predicted dynamic behavior of the DM is validated by mea®ents. A laser vibrom
eter is used to measure the displacement of the mirror faegstvhile the actuators are
driven by zero-mean, bandlimited, white noise voltage seqa. Using the MOESP sys-
tem identification algorithm, high-order black-box modaie identified with VAF values
around 95%. This identified model is compared with the deriaealytical model. The
latter uses the average actuator properties as measurbdjmiet 5. The first resonance fre-
quency identified is 725Hz, and lower than the 974Hz expeftted the analytical model.
This is attributed to the variations in actuator propertiegh as actuator stiffness.

The relative modal damping of the model identified is an oodenagnitude higher than the
damping in the analytical model, where only actuator damsronsidered. The difference
is attributed to the presence air damping and damping in lthe \gsed for the connection
struts.



Chapter seven

Conclusions

In the previous chapters the design, realization and tethefadaptive de
formable mirror based on electromagnetic actuators is shawhis chapter
will summarize the main conclusions from these chaptersoatiche the sub-

jects of future work.
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7.1 Conclusions

Refractive index variations in the earth’s atmospheretlitné resolution in ground based
telescopes. Existing large and future even larger telescoan only be utilized fully, when
they are equipped with AO systems that enhance opticalutsnl The development of
DM technology that meets the requirements for these fut@esystems is essential.

The requirements for the adaptive deformable mirror androbaystem are derived from
typical atmospheric conditiongf=0.166 A=550nm) andf;=25Hz). The spatial and tem
poral properties of the atmosphere are hereby covered bypthigal and temporal spectra
of Kolmogorov turbulence and the frozen flow assumption. fittieg error, caused by a
limited number of actuators and the temporal error, caugelimited control bandwidth,
are the most important for the DM desigr:5000 actuators and 200Hz bandwidth form
a balanced choice for the number of actuators and the cdrdralwidth and can correct
an 8m wavefront in the visible to nearly diffraction limiteAn actuator stroke of5.6um
and~0.36um inter actuator stroke is needed. Together with the nm&luésn, low power
dissipation, no hysteresis and drift, form these the mainador requirements.

The design, realization and tests of a new DM that meets tieggeérements and is extend-
able and scalable in mechanics, electronics and controbisepted.

The DM design

In the DM design a few layers are distinguished: the mirraegheet, the actuator grid
and the base frame. The first layer is the thin reflective fa@ets which is the deformable
element. The facesheet is continuous and stretches oviithaperture. In the underlying
layer - the actuator grid - low voltage electro-magnetidppsll actuators are located. The
actuator grid consists of a number of identical actuator mes] each with 61 actuators.
Each actuator is connected via a strut to the mirror faceéshBge mirror facesheet, the
mirror-actuator connection and the actuator modules formirastructure with low out-
of-plane stiffness, so a third layer is added, the base framprovide a stable and stiff
reference plane for the actuators.

The mirror facesheet

A thin facesheet is needed for low actuator forces and poigsipétion, whereby its lower
limit is set by the inter actuator deflection. This deflectismetermined by gravity or, if
present, by wind pressure. For both situations the scediwg for the total actuator fordé

and power dissipatiof are derived, depending on the size of the uncompressed watef
Dy, the compression factarp, which is the ratio between the uncompressed wavefront
and the DM that performs the correction, the number of aotsatnd the thickness of the
facesheet. If no significant wind pressure is present (vsinahd the telescope’s optical
design and desired optical quality is fixed, the power dasym is minimized by selecting

a facesheet material with higfg;—'. When significant wind pressugg, is present, the total
actuator force ig" o« (&)pr. F and P are then independent of the facesheet material

¢D
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properties and the number of actuators.

Here only gravity induced deflection is taken into accouniniMum power dissipation is
achieved when beryllium is used for the mirror facesheeth\®8bum facesheet thickness
and an actuator grid with 6mm pitch, 1nm RMS inter actuatdledgon is present. Since
thin beryllium facesheets are expensive and several adedder the prototype develep
ments, Pyrex facesheets with 1010 thickness are chosen as a best practical, alternative.
Struts connect the facesheet to the actuators. The coonestiuts allow the mirror
facesheet to form a smooth surface over the imposed heifimsdiameter and length of the
struts are determined by taken into account its bendinimes§, axial stiffness, resonance
frequency and buckling load. A round stainless steel stith w0.1x8mm is selected.
During assembly, the facesheet is supported by a poroubitgagir bearing. First the struts
are glued to the facesheet, hereby supported by a tool. Isetbend step, the facesheet
with struts is placed in droplets of glue at the actuator.sidibe flathess of &150mm
facesheet with 427 struts attached, is measured andPTV, which is in the same order
of the unflattness of the air bearing reference surfacerfartametric measurements show
alocal 3nm RMS surface unflattness around the glued attathme

The stiffnesses of the actuators form the out-of-plane tcaimss for the mirror facesheet
and determine the mirrors first resonance frequeficyWhen the actuator stiffness is
smaller than the bending stiffness of the facesheet betiweeractuators.f. is well ap-
proximated with= % “o—, wherem,, is the total mass of the facesheet divided by the

Mq

number of actuators carrying the facesheet. The first resenia then independent of the
mirror diameter and the mode shape is a global bending of ihrermWhenc, is further
increased, local modes appear and higher stiffness wilheotase the resonance frequency.

Actuators

The application of electromagnetic actuators for adapdiefrmable mirrors has several
advantages. Electromagnetic actuators can be designedwirited stiffness, such that
failure of an actuator will not cause a hard point in the rdiflecsurface and thus a small
optical degradation compared to e.g. stiff piezo-eledhlnents exists. Other advantages
are the low costs, low driving voltages and negligible hgestis and drift. Reluctance type
actuators are chosen because of their high efficiency andnlowng mass. The actuators
consist of a closed magnetic circuit in which a PM providesistmagnetic force on a fer-
romagnetic core, which is suspended in a membrane. Thecttn force is influenced
by a current through a coil, which is situated around the PMrtavide movement of the
core. With the direction of the current the attractive foofehe PM is either increased or
decreased, allowing movement in both directions. The émtsi@re free from mechanical
hysteresis, friction and play and therefore have a hightipoéng resolution with high re-
producibility. The stiffness of the actuator is determifgcthe membrane suspension and
the magnetic circuit. There exists a large design freedarbdth. Actuators are realized
in modules of 61 actuators, hexagonally arranged with 6ntalnpilhe hexagonal actuator
layout is chosen since this gives the highest actuator degadity. The grids are design in
layers. This reduces the number of parts and the complekagsembly and improves the
uniformity of the actuator properties. The grids are givéreragonal contour to accommo-
date the assembly of large DMs from many actuator modules.
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Electronics

The electronics consist of two parts: the communicatioctedaics that supply the setpoints
as computed by the control system and the driver electrdmatgenerate the corresponding
actuator voltages. Since the, /R, time of the actuator is short: 75, the advantage of
current control over voltage control is limited. The motonstant,, stiffnessc, and —in
the case of a voltage source —the resistahoéthe actuator circuit, will vary from actuator
to actuator and vary with temperature, causing slow gairatians. A current source will
compensate for variations in the resistaritebut variations ofK, andc, must still be
compensated by the AO control system. PWM based voltagerdrare chosen because
of their high efficiency and capability to be implementeddrge numbers with only a few
electronic components. A LVDS based serial communicasochiosen for its low power
consumption (15mWi/transceiver), high bandwidth (up toNbE) and consequently low
latency, low communication overhead and extensive pdambifor customization. The
driver electronics for 61 actuators are located on a singlelti-layer PCB and consist
of FPGAs to generate the PWM signals, FETSs for the H-bridgeches and coil/capacitor
pairs that forn2"? order low-pass filters. A flat-cable connects up to 32 el@tsomodules
to a custom designed communications bridge, which traeskthernet packages into LVDS
packages and vice versa. The ethernet side of the commianistidge is connected to the
control computer at a speed of 100Mbit/s and uses the UDB@obtio minimize overhead
and latency.

Results

Two DMs prototypes were successfully assembledz5®mm DM with 61 actuators and
a o150mm DM with 427 actuators. In the first prototype a singlaiator grid is used,
whereas for the second prototype modularity is shown by #iserably of seven identical
modules on a common base. All actuators are attached to le shogtinuous, facesheet.

Actuator and electronics performance

The dynamic performance of each actuator is measureddimgjuts dedicated driver and
communication electronics. All actuators were found to tnecfional, indicating that the
manufacturing and assembly process is reliable. A nonlinezdel of the actuator was
derived describing both its static and dynamic behavioebdam equations from the mag-
netic, mechanic and electric domains. The nonlinear sgarge characteristic of the mem-
brane suspension was modeled and verified via measurementiedicated measurement
setup. The communication is modeled as a pure delay and itreg dtectronics as a volt-
age source with an anald@j¢ order low-pass filter. The actuator model was linearized,
leading to expressions for the actuator transfer functiahlgear electromechanical prop-
erties such as motor constant, coil inductance, actudffivests and resonance frequency.
The actuator model including its communication and dridectonics was validated by
measurements. The measurements include communicatitsn $¢estic and dynamic re-
sponse measurements and power dissipation measuremeistshéwn that the commu-
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nication latency is well represented by = 89.7 - 1076 4 39 - 107N,,, whereN,,

is the number of the actuator module. With the frequencyamsp measurements,-ac
tuator properties as stiffness,(=473+46N/m), motor constant/, =0.11+0.02N/A),
damping §, =0.30+0.11mNs/m), inductancé( =3.0+0.2mH) and resonance frequency
(fe =1.83£91Hz) are verified. These properties showed some variatbmden actuators,
but this could not be attributed to the location of the aatuat the grid.

The time domain response of an actuator to a 4Hz sine voltageused to determine hys-
teresis and semi-static nonlinear response of the actulte showed the first to be negli-
gible and the second to remain below 5% for the intendéoium stroke.

Measurements also showed that in the expected operatigg,rtée total power dissipation
is dominated by indirect losses in the FPGAs. An alterndfR&A implementation is in-
vestigated. A reduction of 40% in the master FPGA and 29%seérstave FPGAs is thereby
achieved.

Static DM performance

The actuator model is extended with a linear model of theinonus facesheet, based on an
analytic solution of the biharmonic plate equation and pfiirces. The static performance
is validated on thez50mm DM using interferometric measurements. Scaled Hadhma
matrices for the actuator voltage command vectors are usetetisure the 61 influence
functions. This approach minimizes the variance estimatigors of the influence matrix
due to measurement noise. The measured shape and amplfitingeilfluence functions
agree with the prediction from the static model. This inelsidhe increased static gain
(m/V) of the actuators at the edge of the DM due to the reduaeelsheet stiffness from the
mirror’s free-edge boundary condition. Other small véoiain the static gain is observed
and attributed to variation in motor constant, actuatdfngtss, electrical resistance and
driver circuits. The measured actuator coupling of theredatctuators is 52% and close to
the predicted value from the static model.

The influence matrix, derived from the measurements, is tessldape the mirror facesheet
into the first 28 Zernike modes, which includes the pistomtdrat represents the best flat
mirror. The interferometrically measured shapes are coetta the perfect Zernike modes
and to the Zernike modes as made with the limited number efiagly spaced actuators in
the actuator module. The total RMS errori25nm for all modes, whereas the inevitable
fitting error varies between 0 and 23nm depending on the mode.

Dynamic DM performance

Lumped masses are added to the model to obtain the dynamagibehThe predicted dy-
namic behavior of the DM is validated by measurements. Arlaggometer is used to
measure the displacement of the mirror facesheet, whilachetors are driven by a zero-
mean, bandlimited, white noise voltage sequence. UsinyfDESP system identification
algorithm, high-order black-box models are identified withF values around 95%. This
identified model is compared with the derived analytical elod’he latter uses the aver-
age actuator properties as measured. The first resonancefrey identified is 725Hz, and
lower than the 974Hz expected from the analytical model.s Thiattributed to the varia-
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tions in actuator properties, such as actuator stiffnes ré€lative modal damping of the
model identified is an order of magnitude higher than the dagin the analytical model,
where only actuator damping is considered. The differesetiibuted to the presence of
air damping and damping in the glue used to attach the coiomesttuts.

The power dissipation in each actuator of th8Omm mirror to correct the Von Karmann
turbulence spectruni{/ro = 5.4, Lo = 100m) is estimated. Actuators outside the illumi
nated area are distinguished from those inside this are#hdfmore, the estimated power
dissipation is split into turbulence correction and mirflattening. For the turbulence cor-
rection,~1.5mW for the outer angt1.4mW for the inner actuators, is dissipated. For static
flattening these values axg23.8mW and=5.5mW respectively.

7.2 Recommendations

Recoatability

One of the drawbacks in the DM design as presented, is thielirpossibility to recoat the
facesheet. This is due to the fact that the facesheet withemion struts and actuators form
one glued assembly. The (cheap) facesheet can not be réplébeut replacement of the
whole actuator grid. A possible solution would be to makedutitéonal separation layer. In
the current design, the connection struts are glued to timebrene suspension and moving
core. This suspension is currently glued to the actuatoegate. In future designs, this
baseplate could be separated in two layers, where the uppefopms an assembly with
the suspension and the moving core and the lower part forsmagkembly with the PMs
and coils. For recoating the upper part could be separadedthe lower part and replaced
together with the facesheet.

Actuator performance

To further improve the actuator properties it is recommertddower the reluctance of the
radial airgap. In a sensitivity analysis of the actuator eipthis showed to be of strong in-
fluence on the motor constant and actuator stiffness. Arfactwo in reluctance reduction
will increase the motor constant to 0.37N/A and increasetiteator stiffness to 750N/m.
This can be realized by a smaller gap width or by a larger gep. 8esides the higher mo-
tor constant, increased electronic damping of the mechhrésonance frequency is then
observed and will become less limiting for the controllerffpenance without adding com-
plexity to the actuator or electronics design.

Assembly

Dust, trapped between the facesheet and the porous airgearoved difficult to avoid and
made the placement of the facesheet onto the air bearingfdhe most difficult steps in
the assembly. This could be simplified by the addition of $maoves in the air bearing.
The chance that a dust particle causes a bump in the mirfarcsyis thereby reduced.









Appendix A

Measurement of the magnetic
properties of PMs

A Helmholtz test setup is realized to measure the magnetipgsties of the PMs. The
purpose of the setup is to verify the magnetic propertigeaally the 2nd quadrant of the
B-H curve, as provided by the PM manufacturer and to selecbaedwof PMs for which
the magnetic properties show only small variations to ebtaiiformity in the resulting
electromagnetic actuators characteristics.

The Helmholtz coil set

A Helmholtz coil test setup is chosen because it is madeivelpteasy at low costs, mea-
surements can be made in a short time and the PMs are not eijmosgternal magnetic
fields that could affect its magnetization. Figure A.1 shewselmholtz coil in schematic.
The Helmholtz coil consists of a pair of identical circulails on a common axis. If the
coils are connected in series and current flows through the icothe same direction, a
uniform magnetic field is produced at the center. With thetfavart law, the magnetic
field produced by a current loop can be calculated. The maygfieitd from the two coils
of the Helmholtz coil arrangement can be obtained by supmrgimg the two constituent
fields. The primary component of the uniform magnetic fieldasallel to the axes of the
two coils. The uniform field is the result of the addition oéttwo field components parallel
to the axes of the two coils and the difference between thepoments perpendicular to the
axes. For a given coil radius, the optimal coil separatianloa calculated needed for the
largest uniform central field. This separation is equal rtdius of the coils. Furthermore,

L r Figure A.1: Schematic of a Helmholtz coil. The region
‘®‘ within the dashed lines holds an uniform magnetic field
when a current is applied through both coils.
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to get a homogeneous field for coils with finite dimensions,abil’s crosssection should

be according to [132]:
w_ 3
L V36

The resulting area with a uniform field (<1% variation) iscalhown in Figure A.1 and
expressed as fraction of the coil mean radius. A Helmholtzaam not only be used to
produce a uniform magnetic field, but also, if coupled to @agnating volt meter or flux
meter, to measure the magnetic dipole moment of a PM placidimegion [40].

With a Helmholtz coil, the magnetic dipole moment at the attperating point of the
PM is measured. The measured magnetic dipole moment departtie magnet volume,
shape and its relative permeability. The magnetic momgmésznts the product of the pole
strength and magnetic length of the sample. The pole stieéagt measure of total flux
at the pole. The magnetic length is not the same as physitgiHef the PM and varies
from 0.7 times the physical length in long and/or low coeitgiPMs to nearly the physical
length in short and/or high coercivity PMs and varies with lével of magnetization [176].
By reciprocity, the coil flux caused by the dipole will not @yl on the position in the area
of uniform field as described above. If the PM is placed cldésarne coil, that coil is cut
by more flux and the other coil by less, but the total flux seenhgytwo coils remains
constant. By Faraday’s law it follows that the voltage getex is proportional with the rate
of the change of the flux in the loop. Magnetic flux is herebyrgafias the product of the
magnitude of the magnetic field and the area of the loop. Bertirgy or extracting a PM,
the voltage induced can be integrated as a measure for thiedippment. If the inserted
PM is rotated over 180 degrees over an axis perpendiculdmetedil axis, the magnetic
dipole moment as measured is doubled. A turn at the centdreofross section of each
of the two coils will enclose a specific flux when a magneticotip with m, as a dipole
moment is inserted in the center of the coil. This flux is gibgri40]:

_ pom N2 |4

¢ r 5V 5

For a coil with NV turns and a finite cross section the coupled flux is [40]:
pom N 2 [4 1 (w)2
2 21— = (= =kym,
¢ r 5V5D ( 60 \ r HIm

The constanty is linked to the Helmholtz coil geometry.

Reconstructing the 2nd quadrant of the B-H curve

Because the PMs used in the actuators can be stacked, isiblea® reconstruct a signifi-
cant part of the B-H curve with the Helmholtz coil test setd][
The 2nd quadrant of the B-H curve can for linear permanentmigmaterials be described

by:
B = poH + poM(H)
= poprH + B, (A1)
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Where B is the magnetic induction in TB, is the magnetic remanence in [y is the
permeability in vacuum, equivalent tard.0~7 Tm/A, u,. is the relative permeability and
H is the magnetic field intensity in A/m and (H) is the average magnetization in A/m.
The average magnetizatiaWf (H) per unit volume of the measured (stack) PMs can be
calculated by:
m(H)

Vin
whereV,, is the volume of the PMs. The measured value is lower than aheevof M/,
becausé/(H) is dependent on the internal field in the PM:

M(H) =

My 1
Ho Hofr

M= B

The average value @B inside the PM in air depends only on the PM shape. The internal
B-value increases with the relative length in the magnetinatirection. To obtain the value

of B in Equation (A.1) the value foH and M (H) is needed. It is possible to obtain the
value of B by the introduction of the demagnetization facidy.

H=—-N,M (A.2)

The value ofN, is between 0 and 1 and depends only on the shape of the PM [34].
The process to get from the measurements with the Helmhailtzoca reconstructed B-H
curve is:

1. Measuring the magnetic dipole moment of stacks of the PMs (e.g. 1,2,3,..., 16
PMs).

2. Calculate the average valuedf( H) per unit volume.

3. Determining the demagnetization factor for each of thekst, depending on the di-
ameter and height.

4. Calculate the value of the magnetic field intengityvith Equation (A.2).

5. Calculate the average value of the flux densitfrom Equation (A.1).

The found values foB and H are plotted to form the linear part of the 2nd quadrant of the
B-H curve.

Measurements with the Helmholtz coil test setup

A dedicated Helmholtz coil test setup is fabricated to memasioe small PMs used in the
actuators ¢1.0x0.3mm). The mean diameter of the coils is 15mm. Each coil 385 5
windings with 5um copper wire. The coil constant for the conversion betweeasured
flux and magnetization is 6.87e-2. The Helmholtz coil setap & rotation table into which
the PMs can be inserted and two stops to rotate the table @@=dégrees, see Figure
A.2. The setup can be connected to a commercially availalptenfleter. The realized test
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Figure A.2: Photo of the realized Helmholtz test Figure A.3: The rotation table within the
setup @15mm coils with its end stops is visible.

setup is shown in Figure A.2 and Figure A.3. A set of 200 S;Ebls with dimensions
@1.0x0.3mm were measured. The histogram of the flux measuremdéhtshe designed
Helmholtz coil and commercial flux meter is given in FiguretAThe figure shows that
one of the PMs is probably not well magnetized. All other Plkiavg small differences: the
mean value for the integrated voltage is 9.6Vs and the vegi&@0.05 \¥s?.

A set of PMs with the mean measured value is taken for the station of the 2¢
quadrant of the BH curve. The steps as described in Section A to get from thenflea-
surements with the Helmholtz coil to a reconstructed B-Hvelare taken. The result is
shown in Figure A.5 together with the data from the PM suppli¢., =676+40 kA/m and
B,=1.05+0.05T are plotted. Differences might be caused by the sizkeoPMs. In the
small PMs the surface area is rather large in comparisos tmltime. Damage of the sur-
face caused by grinding has a relatively big influence. Angase of the magnet thickness
will compensate for lower measured dipole moment. The tahae in the actuator will
hereby also increase.

11 | = = MaxB-H curve (supplier data) ]
— — — Min B-H curve (supplier data) 7
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FigureA.4: Histogram of the flux measurements Figure A.5: Reconstruction of the"? quadrant
of the B-H curve of the PM material.



Appendix B

Setup to measure the nonlinear
stiffness of the membrane
SUSpensions

A measurement setup is designed and built to measure botiothi@ear stiffness of mem
brane suspensions as used in the different actuator dg$gnton 4.3) and the dynamic
behavior of single actuators [126].

Measurements of the nonlinear stiffness of the membrane spension

Figure B.1 shows the schematic lay-out of the measuremeitaldn the set up the out-of-

plane displacement of the membrane suspension is couptbd force exerted. In the set
up, the force is measured piezo-electrically and the digpieent optically, by a Philtec D21
sensor. Each of the sensors is placed in a separate, manblitick on an elastic parallel

guiding mechanism, driven via a lever by a micro spindle.

The spindle, which is connected to the force sensor’s giguliding mechanism is used to

. A TECE EIIRD OOy 1

:::jj_'_ Displacement senso
&\\\
membrane suspension

FigureB.1: Schematic of the measurement setup to measure the nonétifaess of a membrane
suspension.

N AN
Force sensor

193



194 7 Conclusions
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FigureB.2: The CAD drawing of the cross section of the setup to test thénsar stiffness of the
membrane suspension in the variable reluctance actuator.

enforce a displacement in the membrane suspension. Thedensor is connected to the
membrane suspension by means of a strut to decouples all,[2@éept the axial displaee
ment.

The optical sensor is placed co-axial with the force sensdigought into range by means
of its micro spindle, lever and guiding mechanism. The snsjo® is placed in a container
(225x8mm) to be more handy and placed between the two blocksean thus be mea-
sured as function of the displacement.

Figure Figure B.2 shows a cross section of the setup in détallding its main dimen-
sions. The test setup as realized is shown in Figure B.3. ®h&amers with the different
membranes are shown in Figure B.4 and Figure B.5.

Figure B.3: Photo of the manufactured test setup.
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Figure B.4: Photo of the container with Figure B.5: The strut that connects the
membrane suspension. membrane suspension to the force sensor is
clearly visible.

Dynamic measurements of single actuators

With the same optical sensor and the use of a SIHIp8] system, the dynamic characteris

tic of single actuators can be measured. The block with theefsensor is thereby replaced
by a block that holds the container with a fully assembledatctr. This is shown in Figure
B.6 and Figure B.7. The Sigl&¥system can be used to generate an excitation signal which
can be fed to a current amplifier and to the coil wires. By meament of the Siglab’s
generated signal and the displacement of the optical séi&es are constructed.

Figure B.6: The actuator placed in the Figure B.7: The block with the fully assembled actua-
container tor connected to the block that holds the optical displace-
ments sensor.






Appendix C

Fourier series of a PWM signal

A PWM signal is a periodic signal with peridBeyy 5, that switches between a high value
and a low value depending on a duty cyeley s € {0, 1}. For the BD modulation prinei
ple used in Section 5.2.2, the high value is equal to the clesitpgeV,.. and the low value
equal to zero. Let the PWM signalt) be defined as a function of tinteas:

y(t) = {Vcc, for —Trwmrpwan /2 +kTpwn <t <Tpwmrpwan/2 + kTpwir,
0, otherwise,
(C.1)
wherek € Z.
According to Fourier theory, any periodic signal can beteritas a sum of sines and cosines.
Since this signal is symmetric in= 0, it can be expressed in cosines only as:

y(t) = ao+ Y an cos(2mnfrwart), €2)

n=1

where fpwn = 1/Tpwa. The Fourier coefficients,, for n > 1 can be determined by
integrating the product af(¢) with a single cosine over one full period. Let this integhal
be defined as:

Tpwar/2
I, = / y(t) cos(2m fpw arnt)dt,
—Tpwa/2

Trwam/2 oo

ag + Z am, cos(2rm fpwart)| cos(2m fpw ant)dt,

m=1

—Tpuw /2

where the second step follows from substitution of Equai©or2). This can be further
simplified toI,, = a,Tpwn/2 forn > 1 and toly = aoTpwn for n = 0 using the
following goniometric identities:

Tpw/2 0 forn # m,
cos(2m fmt) cos(2mw fnt) = < Tpwar forn=m =0,
—Tpwn/2 TPWA[/Q forn=m > 1.
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Conversely, the coefficients, for n > 1 can be calculated as:

21,
Trw M

ay, =

Tpwar/2
2

= y(t) cos(2m fpw pnt)dt,
Trwm
—Tpw /2

/2

2
= / VYCC COS(Z?Tfpwzwnt)dt7 (CS)
Trwm
—7/2
. T/2
o QVCC Sln(QTI’pr]uﬂt) ]

2r fpwmunTpw M

—7/2 7
sin(rm fpwapnt)

= ‘/CC—’
™

sin(mnrpw )

™

wherer = Tpw p7pw . In Equation (C.3), the signal(t) from Equation (C.1) is substi
tuted and the remaining steps W8ey 1 fpw s = 1 and other common algebra identities
to simplify the result.

The derived resultis not valid for = 0, buta can be obtained directly as = Iy /Tpw s,
which reduces to:

Tpw /2

1 ‘/vcct :|T/2

ag y(t)dt =

- = VeeTPWM -
Tpw M

Tpw M

—7/2
~Tpwn /2

Summarizing, the PWM signal(¢) as defined in Equation (C.1) can be expressed as an
infinite series of cosines by substituting thisanda,, from Equation (C.4) into Equation
(C.2), yielding:

™

y(t) = Vee (TPWJ\/I + Z M COS(Qﬂ'npr]ut)) .

n=1



Appendix D

The LVDS protocol

The electronics modules communicate with the communicdti@ge over an LVDS con
nection. This communication method uses a current sourttartemit information instead
of a voltage source, which makes it much less sensitive tade length or resistance.
The sign of the current defines the binaigh andlow values.

The LVDS connection does not use a clock signal to syncheahiz communication. Each
message is preceded by g8use biton which a message pointer can be synchronized and
onestart and onestopbit on which the 16-bit data words can be synchronized. A biar
is high and the pause and stop bits are low.gdaty bitsare used.

Each message consists of four parts: 18 pause bits, a héedgta and a checksum. The
header consists of one 16-bit word of which the lower eigts &ie formed by the module
identifier and the upper eight by the message identifier:

byte index | number of bits description

0 8 module identifier
1 8 message identifier
2 depends on message typeommand data

? 16 checksum

The sum of all data words — including the checksum itself —a¢sjaero, which makes
the checksum the 2's complement of the sum of the precedimgsworhe data structure
depends on the message identifier, which can be one of tloevfol.

Burst write (1)

A burst-write message contains setpoints for all 61 actsain the specified module. The
message identifier for this message is 1 and the command elatésfdefined as:

byte index | number of bits | description

0 16 setpoint for actuator 1
2 16 setpoint for actuator 2
120 16 setpoint for actuator 61

199
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Register write (2)

A register writemessage can be used to modify a specific register on one ofdtales.
The message identifier for this message is 2 and the commaaéield is defined as:

byte index | number of bits | description
0 16 register number
2 16 new register value

Register read (3)

A register readmessage can be used to read back a specific register on orerobdttules.
The message identifier for this message is 3 and the commaadield consists only of a
16-bit register number.

The module will respond with a message with the format iftaster writeand the module
and message identifiers set to the values used in the resgiestister readmessage.

Registers

Each module contains the following registers:

index description
0x00...0x1le| PWM setpoints for actuators 1...31
Ox1f not used

0x20...0x21| Enable PWM A bits for actuators 1...31

0x22...0x23| Enable PWM B bits for actuators 1...31

0x24...0x25| Enable PWM C bits for actuators 1...31

0x26...0x27| Coil integrity control bits for actuators 1...31 (read-nl
0x28 Global settings register for actuators 1...31
0x29...0x3f | not used

0x40...0x5d| PWM setpoints for actuators 32...61

0x5e...0x5f | not used

0x60...0x61| Enable PWM A bits for actuators 32...61
0x62...0x63| Enable PWM B bits for actuators 32...61
0x64...0x65| Enable PWM C bits for actuators 32...61
0x66...0x67| Coil integrity control bits for actuators 32...61 (readygn
0x68 Global settings register for actuators 32...61
0x69...0x7f | not used

0x80...0xff | reserved

Global settings registers

Each slave FPGA has a global, 16-bit settings register whtichvits global behavior can be
controlled. Its bits have the following meaning:
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Bitindex | Description

0...3 Deadtime in 8ns steps (default =’0111’)

4...6 Not used

7 Set global PWM B to high (used faoil integrity check
8 Global PWM C enable

9 Global PWM B enable

10 Global PWM A enable

11 Testmode (used faroil integrity check

12:15 Revision number (='0001’)

Coil integrity check

The FPGA slaves can be put into test-mode to perform the #edazoil integrity check
This can be used to determine whether the actuator coil ateelectricity or not.

First, the fine PWM C signal that is directly provided by thedis set to high (figure 5.4)
and the course PWM signals are disabled. If the actuatodoes not conduct (e.g. because
of a broken wire), this will charge capacit6y (figure 5.3) and build up a capacitor voltage.
Otherwise, the actuator coil will prevent this build-up a&hd voltage will quickly drop to
zero when PWM C is disabled. This behavior can be checkedsysimg the directionality
of the FPGA pin corresponding to the PWM C signal and using fheasure the capacitor
voltage. If the voltage is zero, the actuator coil is fine dritisi high, it does not conduct
electricity.

These operations are controlled via specific bits of the ajlsbttings registers. The caoill
integrity check procedure should be as follows:

1. Enable bits 7 and 11 of the global settings registers. @hébles the test mode for
which the course PWM signals are disabled and the fine PWNabkigpermanently
high.

2. Wait at least four times the time constdiC; of the system to allow charging of the
capacitor.

3. Setbits 7 of the global settings registers to zero, cgubmFPGA pins corresponding
to PWM'’s C to go into tri-state and allowing them to measueedapacitor voltages.

4. Disable the test-mode by setting bits 11 of the globairegstregisters to zero. The
results of the voltage measurements can now be found icoihimtegrity controlreg-
isters. These should be zero for conducting actuator codsoae for malfunctioning
ones.






Appendix E

The UDP protocol

UDP is a very lean communication protocol, since no feedizagiken whether the message
is properly received. Each message is a st@otde message and not part of a stream such
as a Transmission Control Protocol (TCP)/IP message. Besitk required IP header, the
message contains a small UDP header that containsaieeand destinationports, the
messagéengthand achecksum

byte index | number of bits | description

0 16 source port

2 16 destination port
4 16 message length
6 16 checksum

8 ?? UDP data

The checksum value is ignored by the LVDS communicationdderito improve latency.
The data of the UDP message comes after the checksum fieldaanal $ubstructure that
consists of the following parts: a module identifier (8 hitsjnessage identifier (8 bits) and
the command data:

byte index | number of bits | description

0 8 module identifier
1 8 message identifier
2 ?? command data

The module identifier byte specifies the module for which tlessage is intended and the
message identifier specifies the type of message that follbisascommand data specifica-
tion depends on the type of message used. The message tyipe cae of the following.

Burst write

A burst-write message contains setpoints for all 61 actsain the specified module. The
message identifier for this message is 1 and the command elatésfdefined as:
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byte index | number of bits | description

0 16 setpoint for actuator 1

2 16 setpoint for actuator 2

120 16 setpoint for actuator 61

122 16 Reserved

124 16 Sequence number (for diagnostics)

Together with the module and message identifier bytes, &wite message is thus exactly
128 bytes in length. It is possible to include up to eight afrsburst messages in one single
UDP message. Since the UB&LVDS communication bridge has a processing time of
85us per message, this significantly reduces the latency inafasany modules.

The communications bridge will recognize a combined UDPgags by its size and splits

it into multiple LVDS messages before transmitting themusedially over the LVDS con-
nection. The limit of eight burst messages per UDP messagigei$o the protocol limit of
the UDP message size.

Register write

A register writemessage can be used to modify a specific register on one ofdtales.
The message identifier for this message is 2 and the commé#aéield is defined as:

byte index | number of bits | description
0 16 register number
2 16 new register value

Register read

A register readmessage can be used to read back a specific register on orerobttules.
The message identifier for this message is 3 and the commaadield consists only of a
16-bit register number.

The module will respond over the LVDS connection in the fopedfied in appendix D.
This is wrapped into the standard UDP form by the commurocdiridge. The module and
message identifiers will be identical to those bytes of tijgest message and the command
data field is identical to that of a register write message.

Diagnostic messages

Finally, the communications bridge counts the number ocftimessages that it has properly
received since start-up. This 16-bit number can be read bgadkading register 255 of
module 255. This counter can also be set by writing to thisesgagister.



Appendix F

Spatial variation of actuator

properties

The two figures below illustrate that there is no obvious&ation between the values of
the resonance frequency and motor constant of the actuatasured and their location in

the grid.

Figure F.1: The value of the resonance frequen-Figure F.2: The value for the motor constants,

cies, represented proportionally by the size of theepresented proportionally by the size of the dots

dots for the modules. 1.7 from left to right and

then top to bottom.

for the modules 1 .7 from left to right and then

top to bottom.
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Appendix G

(Quantization

In Chapter 5 a choice was made to use a 16 bit PWM voltage sigemedrator to drive the
actuators, leading to sufficiently small quantization esrdAt that point, the consideration
was based on general design parameters of the system, vghigra performed in more
detall to validate the choice.

The RMS wavefront erros,,.q,,+ due to quantization errors has been specified in Chapter 2
as at most 5nm. Due to quantization, the actual commandn&gtgy will be the sum of

the intended actuator voltadépwy and quantization noise. Since wavefront correction

is only possible for frequencies below the control bandigthich is generally below the
first system resonance, the static DM system model from Eauéd.7) on page 157 with
influence matrixB ¢ will here be used:

%y = B Vpwm = B;(Vpwn + 1),

wherez; denotes the actual facesheet deflection in contrast to testi@et deflection for
the intended comman¥pwy. According to the design requirements, the variamg;gmt
of the quantization noise should be such thaty,..: = (||Bsn||r) < 5nm, where

ol Ly (By (nn")B}). (G.1)

quant Na,

To derive the covariance matr(mnT>, let the elements; of n be uncorrelated stochastic
values with a square probability density functiBp(n; ):

Py = J07 Tor Il <a/2
0 otherwise

whereq is the command quantization step size in Volt. Each diageteshent of(nn”")
can thus be expressed as [136]:

x° q/2 ) ,
<TL12> = / nfpn(nl)dnl = / %dni _ %
- —q/2

hence(nnT> = 1. Using Equation (G.1) the for which yx: is Smaller than 5nm can
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now be derived as:

L ﬁB BY) < (5-1079)2
N, \12 777) = ’

2
q T —9\2
—Tr(B/B:) < (5-1 N,
12Tr( f f) = (5 0 ) a

12(5- 10-9)2N,
q = —_—
Tr(B,BT)

Using the influence matrix identified in Section 6.3.2 for @feactuator DM system this
yieldsg ~ 190uV, which is only slightly more than the 10/ accuracy provided by the
realized 16 bit PWM voltage source with a supply voltage 8VM3The quantization value
of the driver electronics was thus properly chosen.

Finally, note that incorporation of noise shaping techeg{ir7, 167, 170] into the cen
troller design may enlarge the required quantization sg&mh techniques could push the
guantization effects to (high) temporal frequencies forohtthe wavefront disturbance has
a low magnitude, so reducing the effect on the optical peréorce.
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Samenvatting

Brekingsindex variaties in de atmosfeer veroorzaken gwiff/erstoringen en limiteren
daarmee de resolutie in aardse telescopen. Met adaptitiek &pnnen de golffrontver
storingen in realtime worden gecorrigeerd. Meestal béstaa adaptief systeem uit een
golffrontsensor, een deformeerbare spiegel en een regelin

De huidige grootste telescopen hebben een 10m primairgedpigoor de toekomst zijn
telescopen met een grotere apertuur en een betere regawimst. Op dit moment worden
ELTs ontworpen met diameters tot 42m. AO systemen voor ddesdopen zijn een grote
uitdaging. Dit proefschrift richt zich op de uitdagingerovale deformeerbare spiegel.

Een 8 meter telescoop, op een representatieve locatiet liierbij als startpunt. De
atmosfeer wordt daarbij voorgesteld met Kolmogorov tuehtie en frozen flow wordt
aangenomen. De golffrontfitfout, veroorzaakt door een bepmantal actuatoren en de
temporele fout, veroorzaakt door een beperkte regelbaedbe, vormen de belangrijk-
ste opwerpparameters voor de deformeerbare spiegel. @wo8 éneter telescoop vormt
de combinatie van 5000 actuatoren en 200Hz bandbreedteoeele ¢palans tussen beide
foutenbronnen en levert bijna diffractiebegrensde kwilitoor zichtbaar licht. Een actua-
torslag varr5.6um en~0.36um interactuatorslag zijn nodig. Vrij van hysterese en drift
met nm resolutie en de lage warmteontwikkeling vormen dpdetbelangrijkste eisen.

In dit proefschrift worden het ontwerp, de realisatie enedgresultaten van een deformeer-
bare spiegel die hieraan voldoet gepresenteerd. Het optweiitbreidbaar in mechanica,
elektronica en regeltechniek en daarmee ook geschikt vedoekomstige grotere tele-
scopen. Het spiegelontwerp is opgebouwd uit lagen: de i@etsde actuatorgrid en de
steunstructuur. Onder de facesheet bevinden zich de eheagnetische actuatoren die
zowel kunnen duwen als trekken aan de facesheet. Ident@katarmodules met in elk
61 actuatoren, in een hexagonale lay-out op een 6mm steekekworden samengevoegd
tot grote grids. De steunstructuur dient hierbij als stgwestabiele referentie.

Om de actuatorkrachten en warmteontwikkeling laag te housleeen dunne facesheet
vereist. De ondergrens wordt daarbij bepaald door de dagirflguvan de facesheet tussen
de actuatoren onder invloed van zwaartekracht of winddidor beide situaties zijn de
schaalwetten voor actuatorkracht en warmteontwikkelfgglaid. Deze warmteontwikke-
ling is minimaal door gebruik te maken van beryllium als floeet materiaal. Vanuit
praktisch oogpunt worden echter voor de prototypes goddijgisare 10@um dikke Pyrex
facesheets gebruikt. Door de toepassing van sprietérilk 8mm) als verbinding tussen de
facesheet en de actuatoren wordt een glooiend spiegeidabgerkregen en is laterale be-
weging tussen de facesheet en de actuatoren mogelijk. §bgtitonen aan dat de lokale on-
vlakheid veroorzaakt door de gebruikte lijmverbinding 3RMS is. De actuatoren leggen
de vrijheidsgraden uit het vlak van de facesheet vast enldrep@aarmee de eerste eigen-
frequentie van de spiegel. De actuatorstijfheid is zo onpen dat de eigenfrequentie hoog
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genoeg is voor de beoogde regelbandbreedte, maar nietdeyapodzakelijk om daarmee
overbodige warmte ontwikkeling in de actuatoren te voorknmTevens wordt hiermee
voorkomen dat een kapotte actuator een punt in het spiggetalak fixeert. De elektro
magnetische variabele reluctantie actuatoren zijn efficé® hebben een lage bewegende
massa. Andere voordelen zijn de prijs, de lage aanstuungpgen de verwaarloosbare
hysterese en drift. De actuatoren bestaan uit een magreegtcivaarin een permanente
magneet een ferromagnetische kern voorspant in zijn membpanging. Deze kracht
wordt met een spoel vergroot of verkleind. De actuatorendgen daarbij wrijvingsloos,
zonder mechanische hysterese en vrij van speling. De actmatlules zijn opgebouwd uit
lagen om het aantal onderdelen te verminderen, de asseartblagreenvoudigen en tevens
uniforme actuator eigenschappen te verkrijgen.

Communicatie- en besturingselektronica is ontwikkeld. FIRGAs geimplementeerde,
PWMs spanningversterkers zijn toegepast vanwege de hfigjémrtie en mogelijkheid deze
in grote aantallen te realiseren met een beperkt aantal@oempen. Een multidrop LVDS
seriééle communicatie is gekozen vanwege de hoge bandbreedage latency en lage
overhead. Aan de flat cable kunnen maximaal 32 elektronicdutes wordt verbonden,
ieder goed voor de aansturing van 1 actuatorgrid met 61 @mcara De flatcable is verbon-
den met een communicatie box die Ethernet pakketten vanrdeot®C vertaald in LVDS.
Twee deformeerbare spiegels zijn succesvol geassembleéerma50mm deformeerbare
spiegel met 61 actuatoren en eed50mm spiegel met 427 actuatoren. Met het laatste
prototype is de modulariteit aangetoond door het gebruik ¥adentieke grids die zijn
geplaatst op een gemeenschappelijk basis. De dynamiggesehappen van iedere actua-
tor, inclusief de communicatie en aansturingelektrordga,gemeten. Alle actuatoren zijn
functioneel, hetgeen betrouwbaarheid van het productiassemblage proces aantoont.
Een niet lineair model van de actuator is afgeleid, dat zaleestatische als dynamische
eigenschappen in het magnetische, mechanische en efbktdemein beschrijft. Met lin-
earisatie is de overdrachtsfunctie van de spanning nasatacpositie en zijn eigenschappen
zoals motorcontante, spoelinductie, actuatorstijfheigigenfrequentie afgeleid. Frequen-
tie responsie metingen tonen kleine afwijkingen in dezemsghappen ten opzichte van
het model en tevens dat de spreiding over alle actuatorénggist De gemiddelde actu-
atorstijfheid en eigenfrequentie is respectievelijk @M/Mm en 1.8kHz en ligt dicht bij de
ontwerpwaarde van 0.5kN/m en 1.9kHz. Met een 4Hz sinus\gerapanning is de hys-
terese en de semi-statische non-lineaire responsie vaotdat@ gemeten. De hysterese
blijkt verwaarloosbaar en de niet lineariteit minder dan ®%r de+10um slag. Metingen
tonen dat de warmteontwikkeling wordt gedomineerd dodiezen in de FPGAs.

De statische performance is gevalideerd voor een intarfeter. De gemeten influence
matix is gebruikt om 28 Zernike modes in de spiegel te makehsief de piston term, die
de best mogelijke vlakke spiegel voorstelt. De fout ten o van de perfecte Zernike
mode is~25nm voor alle modes. Het dynamische gedrag is gevalideswd metingen
met een laser vibrometer. Hiermee is de verplaatsing vasgiegelopperviak gekoppeld
aan een witte ruis input spanningssignaal. Identificatiedeaspiegel is uitgevoerd met het
MOESP systeem identificatie algoritme. The VAF waardenltzigmbij ~95%. De gemeten
eerste eigenfrequentie is 725Hz en lager dan de verwachtd? Dit te wijten aan vari-
aties in de actuator eigenschappen, zoals actuatordijfbe energie dissipatie in warmte
in een actuator in d&@50mm spiegel tijdens de correctie van een typisch Von Karman
turbulentie spectrum isc1.5mW.
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