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ABSTRACT

In the design of a large adaptive deformable men®rairror, variable reluctance actuators are u$hdse consist of a
closed magnetic circuit in which a strong permanmeagnet provides a static magnetic force on a fieagnetic core
which is suspended in a membrane. By applying eentithrough the coil which is situated aroundniegnet, this force
is influenced, providing movement of the ferromagneore. This movement is transferred via a rogasing the out-of-
plane displacements in the reflective deformablenbrane. In the actuator design a match is madedeetsthe negative
stiffness of the magnet and the positive stiffnelsthe membrane suspension. If the locality of itifeuence functions,
mirror modes as well as force and power dissipasi@taken into account, a resonance frequencyp@d Hz and an
overall stiffness of 1000 N/m for the actuatoraéeded. The actuators are fabricated and the dgnasponse tested in a
dedicated setup. The Bode diagram shows a firgnéigquency of 950 Hz. This is due to a lower mégrferce than
expected. A Helmholtz coil setup was designed tasuee the differences in a large set of permanagnets. With the
same setup thé'®quadrant of the B-H curve is reconstructed bylstacof the magnets and using the demagnetization
factor. It is shown that the values fog &d B of the magnets are indeed lower than the valued fog the initial design.
New actuators, with increased magnet thicknessjesigned and currently fabricated.
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1. INTRODUCTION

For challenging adaptive optics applications orstaxg telescopes as well as future extremely l&tpscopes (ELT's) the
further development of deformable mirror technoldgyessential. The requirements for deformable arsrifor these
systems become more demanding, in particular tled fiar significantly more actuators than currerstisailable on the
market, poses a significant technical challengdoieable mirrors are required to have thousandsctfators, to position
the mirror surface with nm accuracy and to opesedtextremely high bandwidths. This in combinatioithwow total
power dissipation and reasonable cost. A designpizntially fulfils these future requirements wassented in [1] and
[2]. In [1] the working principle and design, andepents the first prototypes of the electromagrestioators used as well
as a 61 actuator grid to be used as a standamidmiblock for large arrays of actuators.
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A companion paper at this conference [6272-123)], discuss a fully distributed controller framewdtkat addresses the
problems involved with controlling large amountsasfuators with high bandwidth.

This paper focuses on the dynamic measurementseofdtuators. These measurements are comparedheitihesign
specifications. De differences found will be exp&d and validated by measurement of the permanagimetic properties
of the magnets used. For these measurements atdetidelmholtz coil test setup is designed anddated.

2. THE ACTUATOR DESIGN

2.1 Thevariablereuctance actuator

The actuator design is extensively described inAlprief overview of the actuator design will bizgn here. Figure 2.1
shows the schematic of upper layers in the defolemalirror. Three actuators are shown, situatedéoramon base plate.
Each actuator is connected via a rod with the dedte membrane which acts as the reflective, ctingelement.
Figure 2.2 shows the cross-section of one actuator.
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Figure 2.1: Schematic of the base plate with thieteators and the connection via rods with thecéiffe membrane surface.

Each actuator consists of a permanent magnet 5
(1), a surrounding coil (2), an airgap (3), _ \
ferromagnetic moving core (4), a membrar 3 Jﬂ vl
suspension (5), a second airgap (6), and ab |~ ~ 1 4
plate (7). The magnetic flux crosses the fir |~ 7 4
airgap, through the ferromagnetic core, cross | ~

the second airgap to the pole shoes (8) ¢ /é /I r/
returns via the base plate back to the other p
of the permanent magnet. v
The attraction force of the permanent magr
on the ferromagnetic core gives a stalic
deflection of the membrane suspension. The

stable equilibrium position is determined by Figure 2.2: The variable reluctance actuator.

the (negative) magnetic force and the

(positive) restoring force of the membrane susmensthe magnetic force, and thereby the defleatibthe membrane,
can be decreased as well as increased by a ctinrengh the surrounding planar coil. This resuit@imovement of the
ferromagnetic core and provides each actuator thithnecessary stroke to impose the mirror's defoomaFigure 2.3
show pictures of the first actuators. The layerebadesign makes the actuators easily producibsiarray. Figure 2.4
the base plate for a 61-actuator grid. The grideseas a standard building block for large arrdysctuators.




Figure 2.3: The different parts of the first actwaind the assembled actuator on the right.

This base plate will be covered by the 30um thitdntum foil, forming the suspension for the fermgnetic cores. From
the backside, subassemblies with the coils and @eent magnets can be plugged in. It is possibéeramge the actuators
in every desirable grid; hexagonal, orthogonal @lap The actuator arrays will be connected tosigport structure as
shown in [2].

Figure 2.4: The backside of the base plate for -adtator
array (left). The cad drawing shows a detail of fhied
actuator grid and mirror on top (right).

2.2 Actuator analysis

A very important parameter of the actuator is tiffress. It determines the influence function, tbeal and global
resonance frequencies of the mirror and the foemsled for a displacement, and thereby the powsipditon. Effects are
described in [2,3]. An increase in actuator stifmevill result in a more local influence functiondahigher resonance
frequencies, but also lead to increased actuatoegoand power dissipation.

The stiffness of the actuator is determined by(ffwsitive) stiffness of the membrane suspensiortferferromagnetic
core and the (negative) stiffness of the permamagnet.

The electromagnetic force fJ-acting on the ferromagnetic core is calculateth\an electrical equivalent circuit analysis
and given by [1]:

S (Hcdm+NI]2 2.1)
2/'10An Req




In which g is the permeability of vacuum @0’ Tm/A], An is the permanent magnet are&]jrii. is the coercive force
of the permanent magnet [A/ntd,, is the thickness of the magnet [M]js number of windings in the coil,is the current
through the coil [A] andRy is the equivalent reluctance of the magnetic difedi].

The non-linear restoring force of the membrane sasion for the ferromagnetic core can be approxachby [4,5]:

3
FS=AE—§Z+BE:z3 (2.2)
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In which E is the Young’s modulus [N/f t is the thickness [m] andis the radius [m] of the actuator membranis. the
membrane deflection [m]. The coefficients A and é&beind on the boundary conditions of the plate.nddr and a non-
linear term can be distinguished, representingbtreding stiffness and the stiffness from the imelatretching of the
membrane as it occurs with larger displacements.

The actuators are designed to have a force eduilibat an initial airgap of 75um and to have drsti$s ‘match’ between
the membrane suspension and magnet that resll@0BIN/m overall stiffness. With the moving masgha actuator, it
gives a first resonance frequency of 1.5 kHz. H thass of the reflective membrane is placed onttop,reduces to
approximately 1 kHz. This result is independenthaf mirror size; if the mirror ‘grows’ not only mass added but also
stiffness [3].

3DYNAMIC MEASUREMENTSOF THE ACTUATOR

The dynamic properties of the actuators shownguaré 2.3 were measured with a test setup [6] asshio figure 3.1.
The actuator is placed in a container and placdtint of an optical displacement sensor [7]. Theuator is electrically
connected to a  signal
generator. White noise current -
with frequencies up to 1800 Hz micro spindle  —
was applied to the actuator.
For calibration purposes the
optical displacement sensor
can be moved in axial direction
on a parallel guiding
mechanism. This is done with
a micro spindle connected to a ®
lever and the elastic guiding | =
mechanism. The lever and ° ;
parallel guiding mechanism are| [l
monolithic, thereby avoiding
friction, play and hysteresis.

A set of input-output data was
obtained by measuring the
displacement of the ferro-
magnetic core in the actuator
due to the white noise current
signal applied to the actuator.
The Bode-diagram is shown in
figure 3.2. With this data, a
continuous time mass spring
da_mper model was estlmat.ea Figure 3.1: The actuator placed in the measuresetop to measure the dynamic properties of
using  frequency  domain the actuator

identification. The moving

massm, the stiffnesg and dampingdp of the actuator are identified from the model pzeters:

m=99010°[g],  b=1400°[Ns/m|, c=330[N/m]

Two parallel leaf springs to
form the elastic guiding
mechanism




Figure 3.2 shows a clear resonance peak around 95020
Hz. This was designed to be 1500 Hz. Since the
moving mass is well known, the difference is 10
explained to be caused by lower actuator stiffnesg.
The measured stiffness is 330 N/m instead of the
designed 1000 N/m. This mechanical stiffness is, & 1
explained in section 2.1 and 2.2, a sum of thetipesi ?
stiffness of the membrane suspension of the moving -*°
ferromagnetic core and the negative stiffness ef th
permanent magnet. The non-linear stiffness of the o
membrane suspension is measured and described in,
[1]. These measurements were in good agreement with
the non-linear stiffness from the non-linear FEM
calculations [1]. E -135
A possible explanation for the differences i
resonance can be found in the permanent magnets. it
the permanent magnets are weaker than expected, thes
magnetic attraction to the ferromagnetic core, Wiisc

o]

. . . Frequency (rad/sec)
static load on the membrane suspension, will betow Figure 3.2: Bode diagram of the actuator

Since the non-linear stiffness of the membrane

depends on this load it will operate in a loweffiséiss
regime.

Since there is reason to suspect that the magmpetiperties of the magnets differ from the assumesperties
measurements were taken. To measure the magneferpes a Helmholtz coil in combination with a cuoercial
fluxmeter was used.
Advantages of such a test setup are:

- the measurement is performed fast and reasonatlyate,

- no possibly destructive external field is appliedite magnets,

- the measurement system and measurements are low cos

The test setup is used to measure differencesmtisiet of magnets and to reconstruct flej@adrant of the B-H curve
of the permanent magnets using measurements.

4. MAGNETIC MEASUREMENTSWITH AHELMHOLTZ COIL
4.1 M easurement principle of a Helmholtz coil r

In figure 4.1, the Helmholtz coil measurement setishown I
schematically. The Helmholtz coil consists of ar mdiidentical @ I [ a
l

»
L

circular coils on a common axis. If the coils amnected in
series and current flows through the coils in i@ direction, a ;
uniform magnetic field is produced at the centeiththe Biot- 061 I ;
Savart law, the magnetic field produced by a curi@op can be ) |
calculated. The magnetic field from the two coil§ the Yodod
Helmholtz coil arrangement can be obtained by sopsing <>
the two constituent fields. The primary componerit tibe L@ @ O'é.‘?’ r D v

T

|

uniform magnetic field is parallel to the axes bé ttwo coils. <

This uniform field is the result of the addition tife two field W

components parallel to the axes of the two coilsl dhe

difference between the components perpendiculdrat@xes. Figure 4.1: Schematic of a Helmholtz coil



For a given coil radius, the optimal coil sepamatzan be calculated needed for the largest unifoentral field. This
separation is equal to the radius of the coilsth&rmore, in order to get a homogeneous field fatscwith finite
dimensions, the coil’s cross-section should be raiog to [8]:

w_ [36 (4.2)

L 31
The area with a uniform field (<1% deviation) is@lgiven in figure 4.1.

A Helmholtz coil can not only be used to produagmdorm magnetic field, but also, if coupled toiategrating voltmeter
or fluxmeter, to measure the magnetic dipole monoéat permanent magnet placed in that region [9ih\& Helmholtz
coil the magnetic dipole moment at the actual dpegapoint of the permanent magnet is measured. mkasured
magnetic dipole moment depends on the magnet volsimgpe and its relative permeability. The magnetament
represents the product of the pole strength anchetamlength of the sample. The pole strengthriseasure of total flux
at the pole and the magnetic length is not the sasnghysical length of the magnet. The actual magihength varies
from 0.7 times the physical length in long andfow Icoercivity magnets to nearly the physical lerigtshort and/or high
coercivity magnets and varies with the level of n&tigation.

By reciprocity, the coil flux caused by the dipell not depend on the position in the area of amif field as described
above. If the magnet is placed closer to one twdit coil is cut by more flux and the other coil legs, but the total flux
seen by the two coils remains constant. By Faradayv it follows that the voltage generated is pmtipnal with the rate
of the change of the flux in the loop. Magneticxfia hereby defined as the product of the magnitfdbe magnetic field
and the area of the loop. By inserting or extractrpermanent magnet, the voltage induced cantbgrated as a measure
for the dipole moment. If the inserted magnet imted over 180 degrees on an axis perpendicultretaoil axis, the
magnetic dipole moment as measured is doubled.

A turn at the centre of the cross section of eddhetwo coils will enclose a specific flux whemeagnetic dipole, with
m, as a dipole moment is inserted in the centre®ttil. This flux is given by [9]:

p=HomN 2 4 (4.2)
r 5V5
For a coil with N turns and a finite cross sectibe coupled flux is [9]:
Hom,N 2 [4 1(w)
- Bl i P 4.3
= 55{ m&j} (4.3)
=k,m,

This constanky is therefore linked to the Helmholtz coil geometry.

4.2. Reconstructing the 2" quadrant of the B-H curve
Because the magnets used in the actuator can bieedtan top of each

other, it is possible to reconstruct a significpatt of this B-H curve with B, hM
the Helmholtz coil test setup [9]. =
The 29 quadrant of the B-H loop as in figure 4.2 can bsadibed by: HoM

B = piH + M (H) (4.4)

= Iumur H+ Br

WhereB is the magnetic induction [T, is the magnetic remanence [[i},
is the permeability in vacuum @0’ Tm/A)], W is the relative
permeability,M is the magnetization [A/m] anHl is the magnetic field
strength [A/m]. H 0.0

The average magnetizatidi(H) per unit volume of the measured (stack)Figure 4.2: B-H curve of a permanent magnet
permanent magnets can be calculated by:




M(H):# (4.5)

This measured value is lower than the valuMgbecaus@(H) is dependent on the internal field in the magnet:
lur /‘Iol'lr
The average value & inside the magnet in air depends only on the magjtepe. The internal B-value increases with the
relative length in the magnetization direction.
To obtain the value oB in (4.4) the value foH and M(H) is needed. It is possible to obtain the valueBdiy the
introduction of the demagnetization factof.N
H=-N_M (4.7)
The value of Iy, is between 0 and 1 and depends only on the sHahe magnet [10].

The process to get from the measurements with glelhbltz coil to a reconstructed B-H curve is:
a) Measuring the magnetic dipole momemtof stacks of the permanent magnets (e.g. 1,2,B5.magnets).
b) Calculate the average valueM{H) per unit volume.
c) Determining the demagnetization factor for eacthefstacks, depending on the diameter and height.
d) Calculate the value of the magnetic field strertgth
e) Calculate the average value of the flux denBity

The found values can be plotted in the second guaaif the B-H curve.

4.3 Design of the Helmholtz coil setup

A dedicated Helmholtz setup is fabricated to meaghe small magnets used in the actuators (J1x0)3Mne mean
diameter of the coils is 15 mm. Each coil has 580dimgs with 50 micrometer copper wire. The coihstant for the
conversion between measured flux [Vs] and magraizdAm?] is 6.87e-2.

¢:'UOmZNZ\/Z{1_1(Wj2}
r 5\V5 60\ r

= 687010°m,
The Helmholtz coil setup has a rotation table imtoch the magnets can be inserted and two stopstdte the table over
180 degrees. (Figure 4.3)




Figure 4.3: The Helmholtz coil test set up. The teds (d15mm) and the rtation table with the stops to rotate the
table with magnet over 180 degrees are visible.

4.4 M easur ement of the differencesin magnetic properties

A set of 200 SmCamagnets with dimensions @1.0x0.3mm were measuitee histogram of the flux measurements with
the designed Helmholtz coil and commercial fluxmédegiven in figure 4.4. The figure shows that @fiehe magnets is
probably not well magnetized. All other magnetsvglsmall differences: the mean value for the integtavoltage is
9.6Vs and the variance is 0.05s/

4.5 Reconstruction of the B-H curve

A set of magnets with the mean measured valueentéor the reconstruction of th&“2juadrant of the B-H curve. The
steps as described in section 4.2 to get fromlthenieasurements with the Helmholtz coil to a restarcted B-H curve
are taken. The result is shown in figure 4.5. Fthmsupplier of the permanent magnets the valueslf676+40 kA/m
and B=1.05+0.05T are plotted.
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Figure 4.4: The histogram of 200 Sm@uagnets (@1.0x0.3mm).  Figure 4.5: Th¥ Quadrant of the B-H curve for the SmCo
magnets. The supplier's upper en lower boundarwels as the
measurement data and fit are shown.



4.6 Conclusions on the magnetic measur ements

From figure 4.5 it is clear that the magnetic prtips of the measured permanent magnets are diffén@am the expected
values. Both lHand B are smaller, resulting in a lower magnetic forogtwe ferromagnetic core. The assumption that the
permanent magnets would be the reason for the logenance frequency in figure 3.2 is shown todrseect. In order to
get the same magnetic force in the actuatorshibkrtess of the permanent magnet used in the actisanhcreased.

New actuators with the increased magnet thicknesdesigned en currently fabricated.

5. CONCLUSION

In the design of a large adaptive deformable mensbrairror, variable reluctance actuators are u¥hdse consist of a
closed magnetic circuit in which a strong permaneagnet provides a static magnetic force on a fieagnetic core
which is suspended in a membrane. By applying eentithrough the coil which is situated aroundniegnet, this force
is influenced, providing movement of the ferromagneore in its suspension. This movement is tramefl via a rod
imposing the out-of-plane displacements in theemifle deformable membrane. In the actuator desigmatch is made
between the negative stiffness of the magnet amd psitive stiffness of the membrane suspensionrevilee
ferromagnetic core is connected to. If the locatifythe influence functions, local and global modsswell as force and
resulting power dissipation are taken into accoamgsonance frequency of 1500 Hz and an oveifiiliedts of 1000 N/m
for the actuators is needed. The actuators arécéabd and the dynamic response tested in a dedisatup using a non
contact optical displacement sensor. A Bode diagadinthe actuator is measured. The Bode diagram sheirst
resonance frequency of 950 Hz instead of the dedid®00Hz. This is due to a lower magnetic for@ntexpected. A
Helmholtz coil setup was designed to measure tifierdhces in a large set of permanent magnets. iMitlsame setup the
2" quadrant of the B-H curve is reconstructed bylstarof the magnets and using the demagnetizatatof. It is
shown that the values for.tand B of the magnets are indeed lower than the valued € the initial design. New
actuators, with increased magnet thickness, aiigrokrs and currently fabricated.
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