DCSC

M. Verhaegen (thanks to K. Hinnen, R. Fraanje, N. Doelman (TNO),
F. Stoffelen (TNO), R. Wilson (Durham UK)

3
Delft Center for Systems and Control TUDelft

Delft University of Technology



DCSC

x
Delft Center for Systems and Control TUDelft



DCSC
1. DELFT CELEBRATES SYSTEI\/IS and CONTROL

x
Delft Center for Systems and Control TUDelft



DCSC

1. DELFT CELEBRATES SYSTEMS and CONTROL
2. Do CRAZY STUDY and CONTROL

x
Delft Center for Systems and Control TUDelft



DCSC

1. DELFT CELEBRATES SYSTEMS and CONTROL
2. Do CRAZY STUDY and CONTROL

3. DEALING WITH COMPLEXITY BY EXPLOITING STRUCTURE IN

and CONTROLLER DESIGN

x
Delft Center for Systems and Control TUDelft



Contents

1. What challenges does Complexity offers to Control?

x
Delft Center for Systems and Control TUDelft



Contents

1. What challenges does Complexity offers to Control?
2. Case study: Probing the universe

x
Delft Center for Systems and Control TUDelft



Contents

1. What challenges does Complexity offers to Control?
2. Case study: Probing the universe
3. Adaptive Optics (AO)

e State of the Art

* A Control Engineering Approach to AO

x
Delft Center for Systems and Control TUDelft



Contents

1. What challenges does Complexity offers to Control?
2. Case study: Probing the universe
3. Adaptive Optics (AO)

e State of the Art

* A Control Engineering Approach to AO

4. Challenges for future research (at DCSC)

x
Delft Center for Systems and Control TUDelft



Complexity (L. complexus)

Websters: refers to that which is made up of many
elaborately interrelated or interconnected parts, so that
much study or knowledge is needed to understand or to
operate it.
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Founding Principle of Control Engineering

The field of control is built on the tradition of linking
applications, theory and computation to develop
techniques with rigorous mathematics.

Panel on Future Directions in CDS, 2002
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Probing the Universe

Astronomical telescopes are essential tools to access the widest

and most comprehensive laboratory of all, the universe we live in.

Telescopes enabled new discov-
eries, like

Quansars, masers, black
holes, gravitational arcs, extra-
solar planets, gamma-ray bursts,
dark matter, dark energy

e

T

The Willilam-Herschel Tele-
scope
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A Quantum Leap in Telescope Development
10° ¢

* Evolution of tele-
scope diameter over
time

Each new genera-
tion of telescopes
IS designed to an-
swer the questions
raised by the previ-
ous ones.
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Potential of OWL

Pixel 0.045 arc secs (Test Camera)
Exposure ~620 seconds (Enlarged 10x)

OWL diffraction=limited
Pixel 0.0005 arc secs '

Exposure ~1 second

. -

Simulated images of the increase of resolution and efficiency
with telescope size
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Potential of OWL

.rL1 - l;-r"'_—lll.:{ D
Pixel 0.045 arc

aime
Exposure <620 seconds (Enlarged 10x)

nited '
Pixal 0.0005 arc secs

a -
Exposure ~1 second

Simulated images of the increase of resolution and efficiency
with telescope size

OWL will make us witness the development of galaxies
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Complexity Issues in Future Telescope Designs

Future Telescope Dimensions will be possible by the
collaboration of distributed sensores and actuators

Example: A 32 meter telescope may consist of 9000 Deformable
Mirror (DM) actuators and 16000 Wavefront Sensors (WFS)

subapertures.
[B.L. Ellerbroek, et. al, Applied Optics, 2003]
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Principle of AO
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Principle of AO
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State of the Art in AO

The standard formulation to minimize the mean-square residual
phase error, i.e. ||¢||5, is based on the simplifying assumptions:

1. Only spatial dependency (G, etc. are large structured
matrices).

2. The WFS measurement vector s is a linear function of the
phase distortion ¢, whereas ¢ follows the non-rational
Kolmogorov power spectum:

() = 0.023 (x spatial frequency,
ro/3p11/3’ ro Fried coherence length)

3. The WFS measurement vector s is an open-loop
measurement that is obtained prior to correcting the phase

errors
[B.L. Ellerbroek, et. al, Optical Society of Am., 2003]
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State of the Art in AO

By the standard assumptions, the feedback control problem is
“linearized” into a feedforward reconstruction problem.

Assumptions

feedback — feedforward
B :
+ - € RN ¢ AN
Qb —> G > > R BN G x R
Uu U
¢DM I < Ai?f quM H
€
minp ||¢||2 ming [[ell3
? R=(HH")'HTCy,GT(GC,GT + C,)~}
]
Delft Center for Systems and Control TU Delft



Contents

1. What challenges does Complexity offers to Control?
2. Case study: Probing the universe

3. Adaptive Optics (AO)
e State of the Art
* A Control Engineering Approach to AO

4. Challenges for future research (at DCSC)

x
Delft Center for Systems and Control TUDelft



Control Engineering Approach to AO

(Spatial Dependency only)
Feedback control problem can readily be solved using IMC,

Youla, ...
Wavefront Sensor R
iR T
L S, qbi’@-i
tmosphere
dDM H T

PP Deformable Mirror

min [lef]3 — 3

Q R = (I-QGH)'Q
e
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Comparison Standard AO solution with IMC

Without control Open-loop Reconstructor (OR)

Conventional OR/PID IMC Reconstructor
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Control Engineering Approach to AO
(Time Dependency)

Wavefront Sensor R(s)
L.
S0 oS T<>
At/mosphere o
goml L) B

--------------------- - Deformable Mirror

SENSITIVITY MIN.

SPECTRAL FACT..

f&ig)l lell3 = r&ig)l | (I—H(S)Q(S)G(S))qu(S)IIz — {
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Data Driven Spectral Factorization Problem

w(k)

A | B
¢ | p

Given N + 1 equidistantly distributed samples of a physical
meaningful matrix valued power-spectrum:

O) = o, (72NN =0,...,N, &, ecC*

estimate the state-space quadruple [A, B, C, D] of the speciral
factor S, (z) as accurately as possible . . .
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Performance criterion

More specifically, determine the spectral factor
o { Tpi1 = Az, + Bwyg
o = Cuxp + Dwy
such that:
* S,(z)is stable,i.e. |[N\;(A)] <1, Vie{l,...n}
* S,(z)is minimum phase, i.e. |]\;(A— BD~'C)| < 1

* and the following cost-function is minimized:

N
J(A,B,C,D) = || (®r — S(zk) S5 (1/2k)) o Wil|7
k=0

with W, a weighting function and z, := e7(27k/2N).
..
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Conic linear program

mvin, S.t. HVGC{((I)k — LAc(Zk)QBDLAC(l/Zk)) o Wk}kHQ <, Opp =0

0
min{b’ z|c — E' 2 = 0}, K :=K; x K,

with
. v T._ [ } T, _
Z 1= , b= 11|01« (nap2| = b z=7
vec(9Opp) } ‘ b (n+l)
and ¢ and £ such that: I y -

c— E1, =

- vec(9pp) |
The conic linear program is efficiently solved by the Matlab
toolbox SeDuMi, developed by J. Sturm.
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Kolmogorov power spectrum approximation

10~ 7 Theoretical Kolmogorov
. 7 —8/3
. spectrum o f
10° Yl
G
S 107
c
(@)
© -3
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10°°
10_9—3‘ ““““—2‘ | “““‘—1‘ HHMO H HHH‘1 | HHM2 T 3
10 10 10 10 10 10 10

Spatial frequency f [HZ]
e
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Performance SSAR(X) algorithm

Using real-life data from William Herschel Telescope (La Palma,
Canary Islands), 1997 with an 8 x 8 Shack-Hartmann WFS.

({ =64,s =50,n = 41)

Reduction prediction error w.r.t. random walk approach

10
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Efficiency SSAR(X) algorithm

Main Algorithmic Steps in Calculating (4, C) € (R", RY)
* QR factorization of Block-Hankel matrices € R25¢*V
e SVD of lower triangular matrix
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Efficiency SSAR(X) algorithm

Slicot
— Hankel structure
— lower triangular form

"Standard" Matlab 1529 sec
3392 sec )
% SVD o SVD
QR 80 QR 60
16 24
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Concluding Remarks

1. Spatial-Time Dependency need to be considered in AO for
ELT
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Concluding Remarks

1. Spatial-Time Dependency need to be considered in AO for
ELT

2. Research according the founding control tradition
Application — Theory — Computation

» DCSC

Drive CareruL, Stay In ConTacT
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