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W Compensating the Atmospheric Turbulence
m— The Control System Concept
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System Overview

WE  Adaptive Optics on board the Telescope
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Actuating the DM & Sensing the Displacements

The LBT Voice-Coil Actuator
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__-Reference Plate
~_-Capsens board

_-Coil

-~ _-Silver deposition

__-Magnet glued on the back surface of thin shell
_~Aluminum deposition for ref. signal (back shell)

[ | |' Reference signal (140kHz)
——— - UL Common fo all sensors
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WE  Basic Requirements of High Order DM'’s
1ar A

The Specs are very Severe

Vrala

Del Vecchio,

Tomassl rms force (turbulence correction) 363N

de Santi max force (static) 36N

ackgrou max force (dynamic) 1.27N

T estn o stroke (usable) +100 um

stroke (mechanical) +150 pm

bandwidth 1kHz

typical inter-actuator spacing 25 mm

typical actuator length < 60 mm

typical mover mass <10 x 10 3kg

DC resistance 20250




W DM Stiffness vs. DM Thickness & Act Spacing

The Plate Stiffness is Strongly Non-Linear
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Kiiex o 12 x (1/d)*
1»" QOP " t = thickness d = dimension
The Approach . What if
. « the inter-actuator spacing is slightly reduced

» the thickness is slightly increased

HIGHER ORDER DM d =30 — 25mm (16%) s oK
ELT PANELS t=1.6 — 2mm (20%) flex
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The Electromagnetic Core
Variable Reluctance LM: F — / 7% (H-B)n+ (n-H)B' dS
S

[Del Vecchio et al., 2010]
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WE  The Full Coil Approximation

m; The Filling Factor ¢ Dramatically Reduces the DOF’s
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W The Numerical Optimization |
[ar A A Single Matlab Script to Fully Calculate the Magnetic Response

N geometry define the (very simple!) in
e the r-z plane
do Sants meshing get the (typically 10000) and embed

them in the azimuthal currents

The AO Principle
The Design Drivers

physics define
The Approach P the Of the Chosen

The Model

materials (via tables or plots provided by
the manufacturers), including the air

® the density (with the
proper correction factor)
solution solve the (of typically 20000
equations) for A,
post-proc. compute the magnetic ERQERYEVOE

stress tensor (multiplying by ¢)



WE  The Numerical Optimization I
o Materials & Geometry: emax ~ 7N x W'

"% mat 64% of 17 x 17 combinations ~» ¢ > 6N x W~
Pl ameeio: geom € = € (Pmov, Istatos W, H, R) — € = ¢ (W, H, R)

Agapito,
Tomassi,
de Santis

[ H feme== 083

142, (s 0625 : ¢ [N =

e AO Princi
The Design Drivers

Appro
The Model

Iron losses < 1.6% of the DC power, via frequency analysis




WE  The Numerical Optimization Il

[rar el Prototypes: the Magnetostatics results are experimentally confirmed
Vrala
e value Pure Fe | Ferrite
do Sants R; [mm] 15 15
Background R> [mm] 6 4.5
i A3 [mm] 11 9
Statics R4 [mm] 12.5 10.75
v h [mm] 12 5
Dynamics turns 400 85
Emors force [N] 1.95 0.71
voltage [V] 1 0.75
Smay current [A] 0.2 0.8
power [W] 0.2 0.6
e[Nx W1 9.75 1.18

it
1
S
ye)
Q



The Comsol Results Match the Analytical Ones

WE  The Analytical Optimization
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W Setting Up the Model

[rar A The Full Coil is Implemented Multi-Physically
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WE  The Electromagnetic Inertia

' nergy Balance
o Energy Ba
vrala P(t) = Vi(t) = Pre + Pcu +Pmagn + Pkinet
N——
Del Vecchio, Pheat
Agapito, :
Tomassi, . o
de Santis el
. kinet
eddy
2 AO Prir 3
The De wr,\‘ rs mnput
¥ sum

The Open-Loop
Response
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time [ms]




WE  The Electromagnetic Inertia

(i Energy Balance
Vrala P(t) = Vi(t) = PFe + PCu +Pmagn + Pkinet
w—/
Del Vecchio, Pheat
Agapito, .
Tomassi, ==
de Santis =
mag
kinet
e eddy
'F" M“F,“ T s il]l\l_“

sum

Equation:
The Open-Loop
Response
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time [ms]
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The Electromagnetic Inertia

Energy Balance

P(t) = Vi(t) = Pre + Py +Pmagn+ Prinet
——

Py heat

The stored magnetic energy

B
Pmagn:/ (/ HdB> av
%4 (0]

defined via Comsol functions
after Matlab numerical integration

Preat < P = Pm{ Pmagn fort< .8

Pmagn aF Pk/'net fort> .8
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The Block Diagram

rate limiter

saturation

(k)



WE  The Real-Time-Updating LQR II

Design Principles

Vrala

R » the state x is defined as x(k) = [I(k) z(k) z(k) z(k) ]’
Agapilo, (sampling @ 50 kHz at each py)

do Sants » /= current signal

» z = position feedback (z = z = 2)
mosoPe » at each k step, the system matrices update determines
e A(p) and B(p) in x(k + 1) = A(p)x(k) + B(p)u(k)

A(p) — -
B(p) LQR(p,A) || — F(k) (control matrix)
al;

L 2 |ImITS ’l,‘ S lmax & ’dt S d/max
‘ . . Itif [; > 0
® - ]con current splltter‘ — { If’ it I < 0

( )




W The Real-Time-Updating LQR IlI

[roar e The 2 Transfer Functions
Vrala
D emie®  The plant is the combination of 2 TF’s

Tomassi,

de Sants ® F =f(z, 1), non linear, but linearized @ p = (z, /) by
f(z, 1) ~ K(p) + kz(p)oz + ki(p)ol

The AO Principle
The Design Drivers P k(p) — f(p)

_ af(z,l)’
- e K =
T 2P =",

. kip) = #50|

o /I,((SS)) = o afirst order low-pass filter

* wis the time constant
» [(s) is the Laplace transform of the coil current
» [i(s) is the Laplace transform of the input current




WE  The Closed-Loop Results

The Step Response
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The Closed-Loop
Response

[ts for 5 = 4 and 5 um exceed by 10% the goa/j
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The Closed-Loop Results

The Step Response

The maximum average power
computed over the entire time domain
ranges from 1.3 to 10.7 mW

S
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Lessons Learned & Future Work

The high-order, long-stroke, very large deformable mirrors
of the next generation telescopes require very large forces
and unprecedented actuator densities. The simple and very
effective magnetic circuit of VRALA is well-suited to
accomplishing this goal.



W& |essons Learned & Future Work

Vrala

Del Vecchio,

Agapito,

Tomassi,

de Santis

# The actuator can accomplish the demanding

specifications with

R . e=7Nx W —
The Approsch ets="71msford =1pum —

The Model ° q) 2 25 mm —

» The Comsol results are (statically) verified by

« two very simple, preliminary prototypes
Tho Closec-Loop * an analytical optimization

Response
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3_ Lessons Learned & Future Work
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, VRALA, the last chapter of the short but rich history of the
AO technology has established many achievements. The
encouraging results indicate the near future developments.

Summary
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Lessons Learned & Future Work

e possible construction issues
e closed loop response
e power dissipation

e Further computations

» possible alternative control system designs
» closed loop frequency response
» refined multiphysics (HT+NS+SM)
® cooling system design
® magneto-mechanics as a function of T
* 3D modeling

# whole system simulation (mutual effects)
» effects of tolerances/errors
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Appendix

For Further Reading |

B Del Vecchio, C., Marignetti, F., Agapito, G., Tomassi, G.,
and Riccardi, A. (2010).
Vrala: Designing and prototyping a novel,
high-efficiency actuator for large adaptive mirrors.
In Ellerbroek, B. L., Hart, M., Hubin, N., and Wizinowich,
P. L., editors, Adaptive Optics Systems, volume 7036 of
Proc. SPIE. SPIE.
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The adaptive secondary mirrors for the Large Binocular
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