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Flexible Body Control of Large Telescope Structures

Celestial Target
Mechatronic Point of View!
Reflectors/Receivers
L s e ren O «,
Relying not only on “Metrology alone”
....................................................... E% but add|ng “Structural |nte|“gence”
State Sensors e .}E %‘E e
& L to the control architecture
Telescope Structure | 77 ; £
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Axes- Position-
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Foundation

H. J. Kéarcher, “Telescopes as Mechatronic Systems”,
IEEE Antennas and Propagation Magazine, vol.47, 2005
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MT MECHATRONICS

Position Control vs. Flexible Body Control

Standard cascaded main axes
control architecture
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Basic FBC control architecture
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FBC sensing alternatives:

Existing information of the classical

main axes control system

External metrology
State sensors on the structure

Imaging sensors in the focal plane

H. J. Kéarcher, “Telescopes as Mechatronic Systems”,

IEEE Antennas and Propagation Magazine, vol.47, 2005
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Flexible Body Control vs. Adaptive Optics

Flexible Body Control (FBC) Adaptive Optics (AO)
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H. J. Kércher, “Telescopes as Mechatronic Systems”
IEEE Antennas and Propagation Magazine, vol.47, 2005
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Astronomical Pointing Calibration
& Related OptiCS Best-fitting Algorithm — Ray Tracing

Astronomical Pointing Model
AQ  Displacement Apex

Af Displacement Focus
Position Desireg O Position | Main Axes A(D Tilt
Commands | Pos. Controller ” Drives
2
2
Subreflector 5 T
Image Positioner 8 <
- H [
Position ! Quality o [ Af
Corr. Controller I | c
A Surface o 215 o
7y Actuators = 2|2 =
S c| 9 )
2 . gle <
Deform. g B = D
Status s gl«x
Temperature | =

‘ Sensors

Astr. Pointing | Actual FBC . Alidade Inclin.
Model - Pos. Model - & others
T Main Axes

Encoders

Weather
Data

Nominal Position
Best-fit Paraboloid
Deformed Position

H. J. Kércher, “Telescopes as Mechatronic Systems”
IEEE Antennas and Propagation Magazine, vol.47, 2005
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Sensor Type

Kind of Information

Main Application

relative angular position of

adjacent structural components

motor velocities

motor torques

position control of
earth based telescopes

inclination of attachment flange

against local gravity

a |angular
. encoders
Deformation -
tachos
S . c |current sensors
ensi ng d |inclinometers
Overview e |laser trackers

relative spatial position of target

points

f |temperature
sensors

absolute temperature

g |pressure sensors

aerodynamic pressure at
attachment area

h |strain gauges

strain at attachment area

FBC for radio
telescopes

i [imagers

position of a reference target

gyros copes

angular velocities

k |accelerometers

lateral accelerations

position control and FBC
for airborne (and space)
telescopes

| |wave front
sensors

image and position of a
reference target in the focal
plane

adaptive optics

m |weather stations

wind speed, wind direction,
outside temperature etc.

general

01.10.2016 hans.kaercher-extern@mt-mechatronics.de



Metrology and Control of Large Telescopes
Green Bank 20 — 23 September 2016

©) mT mecHAaTRoONICS

Deformation Sensing Il

Angular Encoders

Separate housing,
no through hole

Direct attached,
small through hole

Direct attached,
large through hole

01.10.2016

Examples of Sensors

Inclinometers

Temperature
Sensors

H. J. Karcher, “Telescopes as Mechatronic Systems”,
IEEE Antennas and Propagation Magazine, vol.47, 2005
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Metrology Methods Overview

Photogrammetry

Total Station Laser Tracker

-
g
=
i
S
oo
Accuracy Accuracy Accuracy
* Angular 0.5” e Angular 1” e 5um + 5um/m (all directions)
* Length 200um + 2um/m e Length 10um + 5pm/m
Targets Targets Targets
¢ Coded permanent targets ¢ Mobile retro-reflector ¢ Coded permanent targets

01.10.2016 Karcher 8



Metrology and Control of Large Telescopes MT MeCHATRONICS
Green Bank 20 — 23 September 2016

Deformation Sensing llI

Example of Sensors

Fiber-optical Gyros

Acc fGyro Unit Main Axes
on Cabin Side 4 of Inertia

| | |
e N ¢ I B A N
_Science > . |JJ/ 15 y !
& Bolncer =T == ) e N 1N \I ]
Mass I
= Spherical ; Al

=Ty

—
_(_:2 Bearing Mass

Primary
Mirror Mass

Inertial Stabilization System )
SOFIA H. J. Kéarcher, “Telescopes as Mechatronic Systems”,

IEEE Antennas and Propagation Magazine, vol.47, 2005
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Structural Mechanics as Theoretical Basis for FBC

The three basic engineering disciplines when designing a telescope:

1. Optics
2. Structural Mechanics
3. Control

Underlying mathematics:

1. Optics => Maxwell's EM theory — ZEMAX/GRASP
2. Structural Mechanics => elasto-mechanics — FEM
3. Control => control theory, transfer functions — MATLAB

Concept for FBC:

Combining “optics”, “structural mechanics” and “control” by a “modal observer”!
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Basic mechanical system equations
Mq+ Dq+ Kq = f(t)
Eigenvalue Problem
Kqj = o Mq;

“Orthogonality” of the eigenmodes

q;Kq;, = k, q; Mq;, = mj,

©) mT mecHAaTRoONICS

Time dependency

Distinguishing “Dynamic Regimes”

I.  The Rigid Body Regime
. The Quasi-static (= steady state) Regime

lll. The Flexible Body Regime (“Jitter”)

“System identification” — Modal Survey Test

Sensor placement
ns > nM x3; k=12,..,n°

Sensor readings

Sk(t) — z Skjeiwt—cpj — z qjskjeiwt—<pj
] ]

“Observability”

q(t) = Z}_ q Zk S Sk (8)

“Modal Observer” Concept

Also for the quasi-static regime
W4 + D + Klq — q" ()] = ) + f' (&)
Quasi-static regime

=>K[q_q£s] =fgs+fglg
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Requirements

FBC * HWEFE better 75um rms
e Pointing at operational conditions 1.0 arcsec rms

Exa m ple LMT/GTM ¢ Maximal operational wind speed 10m/s

During Design During Commissioning
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LMT "Exposed” Design Study 1997 Active Surface Trade-off
MAN June 1997

1 —)ra— U
@ s/
©

Global Star Tracker Principle

Error Analysis
Target Tracker

Target Tracker Principle
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LMT “Exposed” Design Study 1997

Gravity Deformations
~ 400 um rms

Strains in Backup Structure

01.10.2016 Karcher

MT MECHATRONICS

Active Surface Trade-off
MAN June 1997

Use of strain gauges
for the identification
of deformation states?

Later abandoned and
replaced by lookup
tables.

14
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Main Reflector Backup Structure
Structural Optimization MAN 1998

Gravity Deformations

FBC of the gravity deformations
via Lookup Tables

HWEF Error Budget \

\
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Main Reflector Backup Structure

Wind Deformations Structural Optimization MAN 1998

. . . |
Deformation patterns Passive in the limits, no FBC!

10m/s operational wind speed
HWEF Error Budget
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Improvement of the Blind Pointing by FBC with Inclinometers

10m/s operational wind speed
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Placement of the
Inclinometers

Inclinometer 1

3

Inclinometer 2

Inclinometerd

Beahing 1

Elevation Axis =]

Wind
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“Jitter” Gustiness of the Wind

16

End-to-end Simulation

Wind on Pointing, Time Domain
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Example LMT/GTM
Thermal Subsystem

Forced
Air Circulation

Reflector
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Example LMT/GTM

Error Budgets Design Phase

Surface Accuracy

(um rms)
Source and Type of Error | uncorr. | corr. Corr. Tech.
Environmental Influences (steady-state)
a) Gravity Deformations
BUS| 168 17 LUT
Panels 15 15
b) Wind Deformations (10 m/sec)
BUS| 44 44
Panels 6 6
Subreflector lateral offset 14 14
Subreflector defocus 6 6
c) Thermal Deformations
BUS| 61 20 ThM
Panels 10 10
Reflector Manufacturing
Panels | 15 15
Subreflector 15 15
Mechanical Alignment
Panels | 15 15
Subreflector 15 15
Margin_| | I [ 2
Overall Surface Error Budget [ [ 69

01.10.2016
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Pointing Accuracy

(arcsec rms)

Source and Type of Error | uncorr. | corr. Corr. Techn.

Environmental Influences (steady-state)

a) Gravity Deformations
Foundation << <<
Alidade << <<
BUS| <10 (0,2)* LuT Look Up Table

b) Wind Deformations (10 m/sec)

Foundation << <<
Elevation 06 0 MoO Modal
Cross Elevation 2,2 0,1 MoO Observer

c) Thermal Deformations
Foundation| << << h |
Alidade <10 0.2 Thi Therma
BUS] <10 (0,2)* ThM Model

d) FBC Uncertainty 0,3

|*) :included in "FBC Uncertainty"
Environmental Influences (Dynamic)
Wind 10 m/sec :
Gusts on Servo 0,3 0,3
Gusts on Structure 0,2 0,2
Mechanical Alignment Astronomical
[overall | 5,0 05 ACM Pointing
Model

Servo |

a) Sensors
Encoder precision 0,07 0,07
Encoder Couplings 0,07 0,07

[

b) Actuators . .
Backlash of drive units 5,00 0,03 DPT Drlve Pretension
Friction variation 1,00 0,30 DFF Disturbance feed
Motor cogging 0,03 0,03 Forward
Drive unbalance 0,03 0,03
Servo amplifier offset and noise 0,03 0,03

c) Servo Controller 0,03 0,03
[

d) Servo Commands . A
Velocity lag 5,00 0,02 DTG Dynamic Trajectory
Acceleration lag 3,00 0,05 DTG Generator
Program track interpolation 0,02 0,02
Time synchronisation 0,02 0,02

Margin| | 0,30

Overall Pointing Error 0,82

hans.kaercher-extern@mt-mechatronics.de
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Example LMT/GTM Verification after Commissioning

SPIE 9906, 2016
Calibration and Operation of the Active Surface of the Large

Millimeter Telescope

F. P. Schloerb?, D. Sanchez”, G. Narayanan®, N. Erickson®, K. Souccar®, G. Wilson®, D. Gale,
D. I. Hughes?, and D. Smith®

From MAN Analysis Report, 2000
80 um RMS - 8:45-10:45 pm 52 um RMS — 1:20-3:20 am

=120

-160

—200

AT = 5° between Alidade

and Elevation Structure
Figure 2. Holography maps of the LMT surface at elevation 43 degrees obtained at two different times during the night. 28 um rms
The map on the left was obtained between 8:45 and 10:45 pm local time. The map on the right was obtained later between
1:20 and 3:20 am. There is an apparent systematic change in the shape of the surface that occurs as the surface cools
during the night. The colorbar at the right hand side of the fipure indicates the local deviation from the best parabola.
The prominant “X"”in the image occurs where the secondary support structures block the satellite signal leading to a
serious degradation of the surface measurement.

01.10.2016 hans.kaercher-extern@mt-mechatronics.de 21
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Example SOFIA

Pointing Requirement
0.4 arcsec rms

Design Concept 1987
After Commissioning

///’/' =N

[Cs

. ’LL ® 119
. . i —— =11 P | SPU—
|y p—o—o{ & #? ®

© = o

4 Y4Gls =

A\ @ Jo | §gMe ©
@
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FBC Pointing Requirement

Example SOFIA 0.4 arcsec rms

During Design During Commissioning

T
‘1 T

Science
Instrument === —

1113,6

_
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SO F IA Pointing Requirement

0.4 arcsec rms

Aero-acoustic
Excitations 1
: s ﬁ Overview on the Pointing Subsystem

N
P A\; //‘;/ .
| R 5 Flexible Body Compensation
manlb s |24 m
Flexible Body — Secondary > Secondary i BN Science
Compensator Controller Chopper Instrument

Aircraft A
Vibrations 3

Inertial Sfabilization Gyro/AcceI

- O
erometers o
S
Position Fine Drive > )
Mission Master Controller Torquer O
Control |« Control L FJ
System Processor
Tracker < Focal Plane <« I_
Imager

. Tracker Stabilization
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Inertial Stabilization
System of SOFIA

Acc iGyro Unit Main Axes
on Cabin Side 4 of Inettia
;o ]
] I
*L SR B
* @ i 3 \; L 7 { . j image motion
- =] / : Jr raytrace
Science . =
nstrume nt sl I -
& Balancer —|— 3:_ = 4 ,T } o
e i 4’.7

~  Spherical ore

| ¢ Bearing Mass
Primary

] Fai) Mirror Mass
§ H

o
sl T L attitude
controller
Vibration Isolation
y (VIA) (TA)
Structure

torque drive accelerometers
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SOFIA End-to-end Simulations Pointing
CDR Status

1.2 ! T T T 1 T - T T T T
: ' ' ' : : : Low Structural :

: Sen%vo Domainf Aefro—acousticé Domain Dampmg (0,5 %4

LI SEEEREEE e S i B R R s S RN S B B R
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stability | P qualty 7 - - T

L
e .

\. .+ High Structérall
. Damping (2 %)

08 e ddidn e e e i ddd

e o S SN Modes @ o
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s E : : ] in : : : :
S DA : : A . o o T
;10 HZ . . i : i .
Sincrease
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SOFIA Pointing Budgets CDR Status

Environmental Influences

Subsystem Contributions

Table 1 Error Table 2 Freq. Freq. Freq. (Freq.
Subsystems Environment
Telescope Subsystems 0,14 0,14 0,14 0,14
1. Tracking Loop 5. Flexible Body Compensator
— " 5.1 FBC Sensors (accelerometers) 0,04 0,04 0,04 0,04
1.1 Trgcker stability (imagers etc.) 0,05 => EBC Actuators
1.2 Aliasing 0,03 5.2.1 Fine Drive 0,07 0,07 0,07 0,07
1.3 Gyro random walk 0,05 5.2.2 SMA 0 0,05 0,05 0,05
1.4 Gyro drift estimation 0,03 5.3 FBC Controller (estimation error) 0,04 0,04 0,04 0,04
Error per Row 1 (RSS) 008 Total FBC Subsystems 0,09 0,10 0,10 0,10
2. Inertial Stabilization Loop
2.1 Telescope disturbances 6. Thermal Effects
2.1.1 Cradle Couplings (coarse drive, 0,04 2'; Eg;i;';?;;?ager 0%2 0%2 0%2 0%2
2.1.2 Balancer Drives (stick/slip etc.) 0,02 Total Thermal Effects 0,02 0,02 0,02 0,02
2.1.3 Owerall Imbalance (mismatch 0,02
2.2 Gyro resolution 0,01 7. Aircraft Vibrations
2.3 Fine Drive (Torguer ripple etc.) 0,07 ;; 2;)120"'; 0.16 8’22 8;2 8'22
2.4 Fine Drive Controller Noise 0,03 73 3070 Hz 0.0 0.09
Error per Row 2. (RSS) 0,09 7.4 70-110 Hz 0,04
Total Aircraft Vibrations 0,16 0,30 0,31 0,31
3. Secondary Mirror Assembly -
” — 8. Aerodynamic Loads
3.1 SMA position stability 0,05 8.1 0-10 Hz 0.30 0.30 0.30 0.30
Error per Row 3. (RSS) 0,05 8.2 10-30 Hz 0,40 0,40 0,40
8.3 30-70 Hz 0,49 0,49
4 Alignment 8.4 70-110 Hz 0,85
- " " " Total Aerodynamic Loads 0,30 0,50 0,70 1,10
4.1 Dynamic Misalignment Sl - FPI 0
4.2 Coordinate transformation error FPI - 0,02 Commands
4.3 Coordinate transformation error Gyro 0,02 9. Tracking Commands
Error per Row 4. (RSS) 0.03 9.1 Non-inertial tracking 0 0 0 0
* Total Command Influences 0,00 0,00 0,00 0,00
Error per Row 1. - 4. (RSS) 0,14 Total Pointing Error (RSS) 0,38 0,61 0,79 1,16
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Manufacture, preassembly, pre-shipment tests 1999-2001 in Augsburg
Integration into aircraft 2002-2003 in Waco
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SPIT Activities 1999 to 2002

e “SOFIA Pointing Improvement Team”, co-chaired by Hans Karcher and Nans Kunz
* SPIT Workshop 2000 on mechanical improvements in Mainz
* SPIT Workshop 2001 on “Image Motion Compensation” in Berkeley

Pointing improvement predictions SPIT October 2001

2.6
_’—1/—
24 g >
2.2 /’
2 % Model
—— Gyro based attitude control only Uncertainties
1.8 ~—— TAacceleration feed-forward to attitude control Dominate above
— Feed-forward of estimated residual pointing error to M2 this frequency
A — Incoporation of known torque motor outputs in the
0 1.6 h A » Mg
%] / estimation of residual pointing error
(=5 / —— Incorporation of 9 small reaction-mass actuators for
8L 14 active damping of pumping and rocking modes
5 / — Incorporation of fastimager feedback for closed-loop
D 1.2 /. Image Motion Compensation (IMC) via M2 (this is a =
§ / best case scenario, see nextfigure for more detailed P o
< 1 / information regarding closed-loop IMC =
/ |
0.8 |-y -
Low frequency Inertial loads dominate quasi-static oo s
0.6 | bending of TA, which cannot be corrected based on S 7
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FBC
Example SOFIA In-flight improvement after commissioning

See separate presentation by Friederike Graf SPIE 9906, 2016
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FBC Wind induced Pointing Error < 0.1 arcsec rms
Example DKIST “Jitter” < 0.075 arcsec

Factory Acceptance Tests

Jitter tests on IMT Gantry machine
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