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Abstract cost with size suggests that cost will be a very

A team of researchers from the University of California significant factor in design decisiohs The current
and Caltech are investigating the feasibility of building conceptual design phase will therefore assess the
a 30 meter diameter segmented mirror telescopetechnical and cost feasibility. Initial efforts include the
following the design approach pioneered by the 36-active control of the primary mirror discussed herein.
segment Keck telescopes. The current design concept

for the California Extremely Large Telescope (CELT) At Keck, the in-plane motion of each segment of the
has 1080 segments forming the primary mirror, with theprimary mirror is passively constrained, while the three
piston, tip, and tilt of each segment controlled by threeout of plane degrees of freedom are actively controlled.
actuators. The control approach must correct forThis requires a total of 108 actuators, compensating for
gravity- and temperature-induced deformations of thegravity and thermal deformations by feeding back
mirror support structure, and potentially wind and information from 168 edge sensors at a 2 Hz update
seismic disturbances, with a cost effective design. Weate**. The initial design concept for CELT has 1080
discuss some of the active control issues, includinghexagonal segments, 3240 actuators, and 6204 edge
requirements (optical and cost), estimates of thesensors In addition to increasing the overall size of
disturbances, actuator options, and control analysisthe telescope relative to Keck, the size of each segment
Several candidate actuator technologies appear capabies decreased. This allows thinner segments to be
of meeting the technical and cost requirements, andised, which in turn reduces the weight of the primary
preliminary error propagation analyses indicate that themirror (which impacts numerous other subsystems),
optical error budget can likely be met. Additional material costs, and polishing costs. However, as a

issues being addressed are identified. result, CELT has 30 times the number of segments, and
therefore 30 times the number of actuators. Each
1. Introduction segment of the primary mirror will have three

The largest optical and infrared telescopes in the worlddisplacement actuators, as in Keck, and each inter-
today are the Keck telescopes on Mauna Kea in Hawaiisegment edge will have two capacitive sensors that
the first of which became operational in 1992. Eachmeasure the relative displacement between neighboring
telescope’s 10 meter diameter primary mirror is asegments, as illustrated schematically in Figure 2.
mosaic of 36 hexagonal segments, with three actuatorg/avefront information is also likely to be used to
on each segment and two capacitive sensors on eadstimate the lowest wave-number distortions of the
inter-segment edge. Conceptual design work is nowprimary mirror. Reference 1 describes the current
underway on a 30 meter diameter telesdomhown  design concept for the overall telescope. The segment
in Figure 1. This telescope would have 9 times thegeometry is illustrated in Figures 5 and 6. References 5
collecting area of each Keck telescope, and withand 6 describe the preliminary design concepts for the
adaptive optics to correct for atmospheric distortion,active control hardware, and preliminary control
could achieve diffraction-limited angular resolution of analysis, respectively.

0.007 arcseconds at a wavelength @il Using a

traditional scaling of B° for telescope construction

Copyright © 2001 by the authors. Published by the American Institute for Aeronautics and Astronautics with permission.
* Dept. of Control and Dynamical Systems, MS 104-44, Pasadena, CA, %Mh25ardg@cds.caltech.edu.

Senior Member AIAA.

" Dept. of Astronomy and Astrophysics, Santa Cruz, CA 95064, mast@ucolick.org

* Dept. of Physics and Astronomy, Irvine CA 92627, gchanan@galaxy.ps.uci.edu

$ Dept. of Astronomy and Astrophysics, Santa Cruz, CA 95064, jnelson@ucolick.org

1
American Institute of Aeronautics and Astronautics



Secendary
Mlrror

Segmented
Primary Mirror

Tertiary
Mirror

Instrument

Instrument
Platform

Yoke

Figure 1. Artist's conception of the California Extremely Large Telescope (CELT).
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Figure 2. Schematic of sensor and actuator
arrangement on mirror segments. The upper
right segment shows the distribution of forces
over the mirror throu gh the whiffle tree.

The surface of the primary mirror must maintain the
desired shape with an accuracy of a small fraction of a
wavelength. The overall control problem is represented
in Figure 3. The primary mirror is affected by gravity
(directly, and indirectly through deformations of the
main journals), thermal variations (both overall
temperature and thermal gradients), wind disturbances
(directly on the primary and secondary support
structures, and possibly on the dome), and vibrations
from various drives and motors or seismic activity. To
control the resulting wavefront distortion, the primary
mirror will have an active optics system including
displacement actuators, edge sensors, and potentially
wavefront information. The position of the secondary
mirror is also influenced by both gravity and wind, and
therefore active control will likely also be required for
low bandwidth positioning of the secondary. In
addition to these control loops, an adaptive optics (AO)
system will be available to compensate for turbulence-
induced distortion of the wavefront as it propagates
through the atmosphere. The AO system will also
correct for the low-frequency component of the above
perturbations in the primary mirror.
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Figure 3. Block diagram for CELT wavefront propagation, left to right. Disturbances are shown at the top

of the figure, and possible control loops at the bottom. The primary mirror is affected by gravity, thermal,
seismic, wind, and other disturbance sources. Control of the primary mirror uses feedback from both edge
sensors and possibly wavefront sensors. Additional control loops are needed for positioning of the secondary
mirror, and for the adaptive optics (AO).

This paper provides an overview of some of the issuesarcseconds for control errors, including the error in
associated with the active control of the primary mirror desired sensor readings, sensor noise, actuator noise,
for CELT. The optical requirements that the control and residual vibration above the control bandwidth.
system must meet are defined next, followed by the
current estimate of the disturbances that the activerhe error budget with AO on is similarly intended to
control system needs to correct. Preliminary feasibilityensure that the telescope does not dominate the
analysis can be separated into two aspects. First, waavefront quality, measured in nanometers. The
present a preliminary assessment of hardware optionsurrent requirement is no more than 50 nm rms of un-
for actuation and sensing, to meet both technicakorrectable wavefront error due to the primary mirror.
(precision, stroke) and implementation (cost, reliability) Low wavenumber distortions of the primary mirror can
goals. Second, we present control analyses to assebg corrected by the adaptive optics system (provided
the ability to meet the required wavefront specificationthat this does not result in saturation of the AO
in the presence of the disturbances; these analyses focastuators), so this error budget applies primarily to high
on the resulting precision, but must also addressvavenumber errors such as edge discontinuities. The
bandwidth and computational requirements.  Theerror budget for active control errors is 22.3 nm,
problems are clearly challenging. At this stage, theleading to a requirement that the impact of sensor noise,
technical and cost issues for the active control systenactuator noise, and uncontrolled frequencies each need
appear to be feasible. Issues requiring further work willto be in the 10-15 nm range.
be discussed in the summary.

The active control system must also meet “reasonable”
2. Requirements cost and reliability requirements. The system cost and
CELT will operate in two modes, seeing limited reliability will be determined primarily by the unit cost
(adaptive optics off), and diffraction limited (adaptive and reliability of the actuators and sensors. Since a
optics on), with different error budgets. With adaptive single actuator failure would result in inability to meet
optics off, the goal is to degrade atmospheric seeing byerformance, failures should be kept to one or two per
less than 10%, yielding a requirement on the telescopgear at most. Sensor failures can be tolerated, since the
to provide6(80)< 0.26 arc seconds, whef§80) is the  control problem is substantially over-determined (6204
80% enclosed energy diameter measured in arcsecongensors for 3240 degrees of freedom). The cost target
on the sky. This overall error must allow for errors in per actuator is $2000, including all electronics, local
the primary, secondary, and tertiary mirrors, plussensing, and cabling; although aggressive, this target
guiding errors.  Several factors contribute to thewill still resultin over $6M for the actuators alone.
primary mirror surface, including polishing errors
(figuring), gravity and thermal deflections within a 3. Disturbances
segment, in-plane segment motion, and the activelylhe design and analysis of the control system requires
controlled out-of-plane motion. The current error estimates of the disturbances on the primary mirror.
budget for AO off therefore allocate§(80)=0.066 Disturbance sources include gravity deformations,
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may not be true for the larger CELT telescope. If the
wind disturbance amplitude is sufficient to require

some active control, its spectrum will drive the

requirements on the control system bandwidth and
actuator slew rate. Wind must also be accounted for in
the design of the secondary mirror support system.

Radial
velocity
profile

The primary resource used to estimate wind-induced
deflections of the CELT primary mirror is data
collected at Gemini South one of a pair of 8m
telescopes. Additional information is available from a
wind tunnel test performed during the design of Kéck
and computational modeling for GenfiniThe Gemini
data includes wind speed measurements external to the
dome, at the secondary mirror, and at three locations on
the primary mirror, as well as 24 pressure
measurements distributed across the primary. The
Gemini telescopes have large vents that can open to
flush the dome, and we have only used data taken with
Rhese closed in extrapolating to CELT.

Figure 4. Schematic of telescope dome exposed to
wind, and resulting internal wind pattern.

thermal variations, wind, and vibrations from drives
and motors.

First, we briefly describe the support structure for the
primary mirror. The in-plane degrees of freedom of
each segment are passively supported, while piston, ti
and tilt are actively controlled. Each of the three
actuators connects to the segment through a whiffletre

that distributes the load over six points, for a total of 18determined, Mauna Kea is a candidate. Wind speeds at

support points (shoyvn in Figure 2). The resonance of Fhe summit exceed 14 m/s 5% of the titheTo ensure
segment on the whiffletree is currently estimated to betelescope operability in most conditions, this speed will

CSI(I) Tﬁagtcosnljgggergswtlﬁll 2?1;:; f(;)rriﬁz(i';/). mtrrlﬁrmil;m; be assumed 'for this a}nalygis. Wind speeds within .the

lightweight space frame. The mirror cell compliance dome vary with the orientation of the te!escppe relat|ve

only results in significant deflection for disturbances o the wmo!. Th? yvorgt-case or'lentatlon Is with 'ghe
dome opening pointing into the wind, and for elevation

such as gravity that are correlated across man . . .
; ngles mid-way between horizon and zenith, as shown
segments. For forces (e.g. wind) that are uncorrelate . : : . .
in Figure 4. At these orientations, the wind passing

over distances of a few segments, the net deflection due . R
. ) . over the dome opening tends to set the air within the
to the mirror cell compliance is small, and the total

deflection is dominated by the whiffletree compliance enclosure into rotatiéh The data collected at Gemini
y P " indicates a worst-case wind speed at the secondary of

Gravity is the largest amplitude disturbance source, an bout 35% of the external wind speed. The wind tunnel
Y 9 P ’ ests and Gemini modeling gave a slightly lower

therefore drives the actuator stroke requirement. As the

elevation anale of the telescone chanaes. the chan inestimate. For the worst-case orientations, the wind
o gie Pe ges, nang gpeed over the Gemini primary mirror is about 7% of
direction of gravity deforms the mirror cell, resulting in

a parabolic sagging of the cell. The current estimate isthe external wind speed. =_Since the ratio of dome

. . opening to diameter for CELT is likely to be about 30%
that a stroke of ~1.2 mm is required for each actuator t%i her than for Gemini (32.5m/90 m instead of
compensate for the difference in deflection betwee gm/36 m), we will assume fhat the internal wind
Inner and_outer_ segments. Since the changgs In graV'télpeeds: are similarly increased. Thus for the purposes of
due to orientation occur only slowly, this disturbance analysis, we will assume the rms wind at the primary
source does not require high control bandwidth. Durmgmirrorwi'll not exceed 10% of the external speed
observations, the 1.2 mm total deflection will occur as ’
the telescope tracks from horizon to zenith in 6 hours
with a maximum variation of roughly 70 nm/s.

%\Ithough the site for CELT has not yet been

The Gemini data also confirm the correspondence
Thermal variations also will be slow, and smaller in between the spatial rms of the measured pressure, and
’ the dynamic pressure computed from the wind speed.

magnitude (on the order.(_)f 4m). The_refore, anY  Thus an estimate of the wind loading on each segment
control system that can mitigate the gravity dlsturbancecan be obtained from the dynamic pressure and the
can also mitigate thermal effects, and hence thes

disturb $o ot | tth ol . ) Segment area & 0.65 nf (hexagon 0.5 m on a side).
Isturbances do notimpact the control requIrements. - = \1auna Kea, the air density fis= 0.8 kg/ni, thus

Wind disturbances on the Keck telescopes are of F=1/szp2AS

insufficient amplitude to require control, however, this .
P q yields an rms force of 0.5 N per segment.
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To estimate the segment deflection due to this estimate@®ur current estimate of disturbances, then, includes two
wind force requires a structural model, the force primary sources that influence the control design. Low
distribution, and the spatial coherence of the forces. Afrequency, large amplitude gravity deflections define
this point in the preliminary design of CELT, such a the total stroke required. The possibility that wind-
structural model is unavailable. The spatial coherencénduced vibration will require control raises the
of the pressure can be estimated, again from Geminpossibility that a control bandwidth higher than that
data, as decreasing roughly linearly to zero at 3-5 mused on the Keck telescopes may be required. The
Thus the deflections will be dominated by the feasibility of meeting the optical and cost requirements
contribution from the whiffletree compliance, leading in the presence of these disturbances can be considered
to roughly 50 nm rms deflection due to the 0.5 N rmsin two parts: the control hardware (actuation and
force per segment. Using the worst-case coherencsensing), and the analysis of precision and bandwidth.
estimate, the approximate moment can also be
estimated, and hence the segment tip and tilt. Thel. Actuators and control hardware
resulting rms segment rotation is ~3 milli-arcseconds,The Keck telescopes use a custom actuator design that
yielding a contribution to8(80) of ~3.6 mas. The includes a roller screw and a 24:1 hydraulic motion
resulting edge discontinuities from differential piston reducel’. These actuators cost roughly $7000 each,
between segments is 40 nm rms. For an AO systenand have an overall failure rate (for 108 actuators) of
with ~2.5 actuators across a segment, this leads to aroughly one per year. Since CELT will have 30 times
uncorrectable wavefront error of ~15 nm rms. the number of actuators, this would result in a $25M
cost if the same design approach were followed, and an
Since the static load due to the wind can be controlledunacceptable overall reliability. Experience with Keck
by the active control system, we also need the spectrurindicates that the roller screws themselves are quite
of the dynamic response to assess the energy above thieliable, while there are occasional problems with the
control system bandwidth. There are two dynamichydraulic motion reducer.
sources; the inherent variation in the original external
wind speed, and turbulence caused by the interaction ofor CELT, we are seeking more than a three-fold
a steady wind on the structure. Gemini wind spectrareduction in the unit cost of the actuators, while
show a #? roll-off rate consistent with Kolmogorov increasing the precision requirement, increasing the
turbulence, with a corner frequency of ~0.03 Hz. Thestroke, and increasing the reliability requirement. For
overall form of the pressure spectrum is less clear buteliability, the goal is that at the end of 10 years of
appears to have a similar roll-off rate and a higheroperation, the probability of any given actuator failing
corner frequency. Roughlys of the energy is above will be less than 1 in 2000 per year. Table 1 compares
0.1 Hz, and only about 10% is above 1Hz. Thea few of the key actuator requirements for Keck and for
response due to the wind of the 60 Hz resonance of th€ELT. The cost goal listed in the table includes all
segment / whiffletree dynamics can be estimated fronelectronics (including local sensor and servo loops) and
the spectrum, the amplification of the resonancecabling. There are also axial and transverse stiffness
(assume @ 50) and the equivalent bandwidth and load requirements. In addition, the actuator must
(172)(2rf)Q* of the resonator. The result is highly operate in the temperature environment, have low
dependent on the assumed high frequency pressuRower dissipation, be dust protected, and have easy
spectrum, but could add significant energy. installation and removal.

The wind-induced primary mirror response for Keck Various actuator technologies have been investigated,
was predicted to be 44 nm rits While the Keck considering both the technical specifications and the
worst-case wind vibration did not exceed the errordevelopment requiréd Key challenges are cost,
budget allocated to it, the worst-case wind vibration offeliability, and simultaneously achieving excellent
the primary mirror for CELT may require attention. resolution with a (relatively) large stroke. The options
The estimates presented here are highly dependent dipnsidered fall into four categories:

the assumptions made for the reduction in wind speedi) roller or ball screw with some means for motion
within the telescope enclosure, the spatial correlation of reduction,

the resulting pressure, and the spectrum. Furthefi) two-stage devices,

analysis will be conducted in the preliminary design (iii) inchworm devices, or

phase. If the wind remains an issue when more(iv) direct actuation with smart materials.

accurate analyses are conducted, then either thé is likely that the requirements can be met or nearly
bandwidth of the active control system must bemet with either of the first two candidate approaches,

increased, or passive means used such as wind fencéerefore the other approaches are not currently being
outside the dome opening. considered. Each approach is discussed below.
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Keck CELT therefore be avoided unless shown to have a dramatic

Range > 0.6 mm >1.2mm impact on the cost of the active control system.

Rms position error | <20 nm <7nm . _ _

Slew rate > 10um/s > 10pm/s Inchworm devices can effectively increase the stroke of
Axial load capacity | > 150 kg > 30 kg a precision actuator. Several devices are commercially

available (e.g. from Burleigh). However, since the
holding power of the grip is through friction, the load
capacity is too limited for our application. One design
that overcomes this limitation uses MEMS fabrication
to create mating ridges on each of the gripping

4,15 ; ; ;
Ball or roller screws are attractive candidates sinceSurfaceé . Substantially higher axial loads can

they are readily available commercially, reliable, andtherﬁforde pe t;)rlle:ahted. # a_lppteatrs kpo?smle to ds.f.'tgn
have no limitations (for this application) on achievable such a device that has sufticient Sroke, force capabiiity,

stroke. In either case, motion reduction is required toand precision for CE.LT' HOWG"?“ fl_thher validation
ork would be required, and reliability and cost are

obtain the desired precision. Because of the cost issud tai
on CELT, ball screws may be preferable due to thejruncertain.

inherently lower cost. Typically, stiction and life issues , , . . . . .
are worse for ball screws, however, because of théNhlIe solid state materials (such as piezoelectric,

smaller segment size, the actuators do not need to pusﬂect.rqstrictive, or ma_gngtostrictive) have sgfficient
against as large a load as with Keck (ife typically precision for this application, the stroke requirement

varies as the load cubed). Rather than use a hydrauli@“mmates them from consideration. The total stroke

reduction stage, an innovative mechanical reduction is‘:’md force for CELT determine the energy the actuator

being considered that will be easier to manufacture,mUSt be able to produce. Any motion amplification will

cheaper, and more reliable. Design of a sensor for é)nly increase the energy requirement due to IdSse%

servo loop is straightforward, since an interpolatedc.Omp"’mson.V\.’Ith material energy de.nS|ty immediately
encoder can be used. as was done for Feck gives the minimum amount of material, and hence the
' cost, which for this application becomes prohibitive.

Two-stage devices, where a coarse stage provides tHéor example, with magnetostnctwe ma}enal, egch
ctuator would require ~5kg of material, costing

stroke and a precision stage the resolution, are attractiv@ ughly $5000, without including any of the housing or

if each stage can, as a result, be made substantiall ) ; i )
9 ' ' lectronics for the actuator. Other innovative actuation

cheaper. The large stroke actuator could be a hnoloies h Iso b idered. but d i
inexpensive DC motor, for example.  Sufficient echnologies have also been considered, but do no

precision can be obtained with either voice coil or soIidCWrently appear to be as attractive as candidates from
state actuation such as piezoelectric or electrostrictiv@Ither of the first two approaches.

materials. A voice coll is likely to be cheaper and more
reliable, although it adds the complication of a soft

Reliability @ 10 yrs| <1in 30 < 1in 2000
Cost >$7000 ea| < $2000 ed
Table 1. Comparison of Keck and CELT
actuator specification.

Two types of sensors will be used. Capacitive edge

actuator where the stiffness must be obtained througﬁensors' similar in concept to those used at Keck,

closing a servo loop. There is a resulting slight increasé‘neasuret.;5 re_II_ahuveK dliplacementh between nellghb?rmg
in the high frequency wind loading on the primary segmen € MEecK SENsors have a noise Jevel as

mirror. However, with a stiff precision stage, care mustmeasured in operation at the telescope of roughly 6 nm.

be taken in the design and validation of the ControIThese sensors have precision components mounted in

algorithms to ensure that no short duration spike in the! m_terl(_)cklng paddle_z below the two se_gmelﬁts_
esulting in a costly design, and complicated installation

overall displacement of the device occurs each time thé ; .
P nd maintenance. Because CELT requires more than

coarse stage device takes its minimum resolution :stepg‘OOO such sensors, a design change is required to

A precision sensor is required for servo loop design; an duce cost while maintainina comparable precision
inductive sensor appears to be available and reasonab{&§Y whi intaining P precision.
in cost. Such a sensor did not exist during the Keck_l_

design phase, and thus these two-stage devices coul e current de§|gn concept for CELT uses ca%?cnor
not easily be designed. If a two-stage design isPlates coated directly on the edges of the segments

One segment has a single capacitor plate on its edge,

selected, it may, of course, be possible to physically hile th : the int : has t
separate the two stages; that is, to have the high strokg '€ tN€ Segment across the inter-segment gap has two

actuator acting on a group of segments, and precisio apacitor plates vertically spaced so as to overlap with

control on each individual segment, as suggested s first plate,_creatm_g two capacitors. The sensor
Ref. 5. However, this adds significant complication to measures the differential capacitance between these two

the overall structural design of the mirror cell, and will capacitors. This sensor is sensitive fo the rellatlve out-
of-plane displacement of the two segments, since as the
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segments move, one capacitor will increase in area&hoices such as the distance between actuators and the
while the other decreases. The response is a function afenter of a segment).
the gap size, hence the sensor is also sensitive to a
change in the dihedral angle between the segments. Ahese relationships allow one to assess the impact of
separate reading proportional to the sum of the twdfinite precision actuators. The total contribution to the
capacitors will be used to correct for the gain variationerror budget due to the 7 nmerror allowed by the
with changes in the gap. These edge sensors measuaetuator requirement is 0.017 arcseconds (seeing
all of the internal modes of the segment array. We maylimited) or 15 nm wavefront error (diffraction limited).
also use a wavefront sensor to improve the precision oT his latter figure does not account for the fraction that
estimating low spatial frequency deformations of theis correctable with AO.
array, as described in the next section.

An initial analysis of the error propagation resulting
No effort has been expended to date to investigatdrom sensor noise is described in Ref. 6. With only the
hardware for control computation; this is not expectedcapacitive edge sensors, the low wave-number
to be a problem that will drive either technical (spatially smooth) modes have poor observability, and

feasibility or cost of the telescope. thus the computed actuator moves amplify the sensor
noise. Including wavefront information improves the
5. Control Analysis observability of these low wave-number modes.

Contributions to the error budget from the active

control system include actuator noise, sensor noise]he vector of edge sensor readingshat result from
uncontrolled frequencies (i.e. residual motion above thesegment displacements satisfies

bandwidth of the control), and errors in the desired
sensor readings. The first issue to address is whether a
controller can be designed to meet the required opticalvhere the matrix Ais determined from the geometry,
precision given the current actuator and sensomnd n is the sensor noise. The singular value
specification. The second issue is bandwidth. This isdecomposition of A motivates a useful set of basis
more difficult to resolve in the absence of a structuralfunctions for representing spatial deflection shapes of
model, but we consider whether it would be feasible tothe mirror. With A =UZV', T a diagonal matrix of
increase the control bandwidth beyond that used oRsingular valuess;, and U, V unitary, therE = V'x or
Keck in order to compensate for wind-induced y= V¢ is a useful change of basis; the columns of V
vibration. Finally, the computational requirements areyj|| pe referred to as “modes” for convenience, and

Ye= AeX + N,

briefly addressed at the end of this section. represent a complete orthonormal set which span the
o space of all possible configurations of the primary
Precision mirror. Large singular values of Acorrespond to

The error in the desired sensor readings results from thﬁigmy observable deflection shapes, which are those
fact that zero on the sensor does not mean the segmenjgth large deflections between neighboring segments
are aligned unless the sensors are placed with toleranggy ynit overall rms deflection. Figure 6 gives a
of a few nm. The desired readings are determined witR;isyalization of a typical high wave-number mode.
an alignment camera and are expected to contributgma| singular values correspond to low spatial
8(80) of 25 mas, or 8 nm wavefront error. wavenumber deflection shapes, where there is relatively
less deflection between segments for unit rms overall
Each segment of the primary mirror has three out ofdeflection; one of the first modes is shown in Figure 5.
plane degrees of freedom, and it is convenient to usghe matrix A has three singular values equal to zero,
the displacement at each of the actuator locations t@orresponding to overall rigid body deflection of the
describe the position of each segment. Thus the overajrimary mirror. The focus mode (where every segment
deformation of the primary mirror can be determinedhas the same dihedral angle between its neighbors) has
from the vectox of segment deflections at the actuator zero relative edge displacement between segments, but
locations. The rms surface error of the primary mirroris observable with the current sensor geometry.
is Sms= 1.060, (based purely on geometry), whevg
is the rms of the vectax, and the rms wavefront error is  The simplest control law is to estimate the deflections
double the rms surface error. The contribution toat the actuator locations as
enclosed energy on the sk§(80), is obtained by ray- o _
tracing analysis; for a Gaussian point spread function x =AY,
and uncorrelated displacement errarg the result is and compute the desired change in the actuator
given by 6(80) = 11.50, (this is specific to geometry commandsi via
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Modal error multiplier

10° 10'

Mode number

Figure 7. Scaled error multipliers for edge sensors
(6 nm noise) and wavefront sensors (30 mas noise,
dashed). Modes are numbered from lowest spatial

Figure 5. Mode 5, corresponding roughly to wavenumber to highest. The error multiplier for
Zernike mode Z,. the combined ystem will fall below both curves.

errors in estimating the deflection at the actuator
locations is given by

Oxs = (202(A)/n,) "2

The resulting error in actuator positions depends on the
control gain, and foP«1 is given by p/2)”c,.%x. The
contribution to image blur is obtained by considering
the rms segment rotation for each mode.

As noted earlier, the capacitive edge sensors described
in Ref. 5 measure the differential capacitance between
an upper and lower capacitor, and are sensitive to both
vertical translation of neighboring segments, and to
relative rotation about the axis defined by the segment
edge. The first of these is much more significant, and
at the time of writing Ref. 6, only the first was included.
However, including the sensor response due to relative
rotation between segments is significant because the
“focus” mode becomes observable, and the low order
modes also become slightly more observable. With the
updated A matrix, the overall sensor noise amplification
with only the edge sensors is estimated to be between
AU = BX 16 and 30, depending on the geometry assumed for the
u=pBXx, . .
capacitive sensors. Regardless of sensor design, these
where A is the left pseudo-inverse (A)*AT (readily  estimates are significantly larger than the value of 4.4
computable from the singular value decompositiof, A for the 36-segment geometry of Keck. The redesigned
has singular valuess®) and B<1 determines the sensors for CELT will be assumed to have the same
bandwidth. With this integral control law, deflections 6 nm rms noise that is currently encountered at Keck.
of any spatial shape are controlled with the sameThis yields an error of 95 nm rms in estimating the
bandwidth. However, modes with small singular value primary mirror deflection if only these sensors are used.
in A have large singular values in“Aand hence the
control law will amplify whatever sensor noise exists in The displacement estimates for the low wave-number
these directions. Assuming white noise, then themodes can be improved using optical wavefront
overall noise propagation from rms sensor noise to rmgnformation. A Shack-Hartmann wavefront sensor

Figure 6. Most observable mode of A matrix,
characterized by high inter-segment motion.
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measures the average wavefront tip and tilt on eacldeformations, but not for wind loading. It is possible
element of an array of lenslets. The correspondinghat higher control bandwidths may need to be
sensor influence matrix fAis computed by averaging considered for CELT. The pressure spectra measured
the tip/tilt errors of the segments that are mapped ont@t Gemini have corner frequencies of ~0.1 - 0.3 Hz, and
each lenslet. Since this information must be availabletypically less than 10% of the wind energy is above
anywhere in the sky, sufficient information must be 1 Hz. Thus a bandwidth of 1 Hz would cut the wind-
obtainable from an 18.5 magnitude star. For a 9Ginduced rms vibration by 2/3.
lenslet array with realistic read noise, the sensor noise is
roughly 30 mas. The edge and wavefront sensoiThe achievable bandwidth is likely to be limited by
information can then be combined to estimate theinteraction with structural modes. The resonance of a
resulting error propagation. Figure 7 compares thesegment on its support for Keck is roughly 30 Hz, and
modal error multipliers for the two different sensors, this of course varies slightly between segments, and
scaled by their respective noise levels, with modesvaries with orientation of the telescope. The overall
ordered from lowest wave-number (least observable) tstructural model for Keck, including both segment
highest. The wavefront sensor provides betterdynamics and the mirror cell, has resonances as low as
information for the first 50 modes. While the two 10 Hz, and the interaction with these mirror cell modes
sensors would ultimately be combined using a Kalmarimited the achievable bandwidth at Keck to about
filter, for simplicity in our initial analysis we used the 0.5Hz or less to avoid instability Because of the
projection from the singular value decomposition of thedifficulty of adding passive damping at the low
edge sensor A matrix, and applied only wavefrontvibration levels encountered, many of the modes on
information for the first 50 modes, and only edge sensoiKeck have an estimated quality factor<Q@00. Notch
information for the remaining modes. This gives a 6-filtering at the resonance frequency cannot be used
fold reduction in the overall sensor noise error relativebecause of the number of resonances, the exact
to using edge sensor information only, yielding 14 nmfrequencies of which are unknown. A slight increase in
rms surface, or 28 nm wavefront estimation error. bandwidth might be obtained by increasing the order of
the controller.  However, achieving a bandwidth
With the same bandwidth as KecR € 0.1, bandwidth  sufficient to control a useful fraction of wind-induced
~0.03 Hz), the final wavefront error is roughly 6 nm. A vibration will probably require some passive damping
bandwidth of 0.1 or 1 Hz would result in sensor noise of the mirror cell and the segment support resonances.
contribution of 11 or 35nm rms wavefront error The lowest CELT mirror cell modes are estimated to be
respectively. Even with the wavefront sensing, thehalf the frequency of the equivalent Keck modes, hence
control errors resulting from this sensor noise areachieving a 1 Hz bandwidth would require passive
primarily in low wave-number modes. Since these damping to reduce Q to roughly 25.
modes can easily be controlled by the adaptive optics
system, the sensor noise contribution to the error budgeAs discussed in the previous subsection, increasing the
is not an issue with AO oh For seeing-limited control bandwidth will increase the noise amplification,
observations, the combined wavefront / edge sensocand without better sensors, a 1Hz bandwidth is
noise propagation results 8(80) for 0.03, 0.1, or 1 Hz unacceptable. However, higher bandwidth can be used
bandwidths of 2, 3, and 9 mas respectively. on the higher wave-number modes that are influenced
by wind vibration, while the bandwidth on lower wave-
Combining the precision estimates from the four number modes is kept small to avoid sensor noise.
sources (15nm wind, 8 nm error in desired sensor
reading, 15 nm actuator precision and 6 nm sensofomputation
noise) yields roughly 23 nm contribution to the primary An additional control characteristic that needs to be
mirror wavefront error with AO on, which is within the estimated is the computational cost of the control law,
desired error budget. Similarly for seeing-limited as this could impact achievable bandwidth, or require
observations the desired specification can be met. ladditional design effort. The sample rate is likely to be
should be emphasized that the estimates presented an@ more than 10 Hz, which would be marginally
dependent on many assumptions, however thisidequate to achieve a worst-case bandwidth of 1 Hz.

preliminary conclusion is promising. Thus, in the worst case, executing the control requires
the multiplication of a fully populated 3240 by 6386
Bandwidth matrix with the vector of sensor readings (including

The desired bandwidth of the primary mirror control both 6204 edge sensors and a 91 element wavefront
depends on the wind disturbance model. At Keck, thesensor giving two components of information per
primary mirror control has an extremely low bandwidth element) at a 10 Hz rate or roughly 2%flops. This
sufficient to compensate for gravity and thermal does not include error checking on sensor information,
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nor the time required to move information within the corrected by the AO. Subject to bandwidth and stroke
computer. However, these computations are notimitations, four scenarios can be considered:
unreasonable for currently available hardware. (i) independent design of active and adaptive optics,
(i) primary mirror control offloading low-bandwidth,
If the computations are problematic, a simple solutionhigh stroke requirements from the AO system, (iii) AO
is to not use every single edge sensor in computing theystem correcting spatially smooth, moderate
response of each actuator. That is, replace the exattandwidth (e.g. wind-induced) vibration that is above
(global) control law with an approximate (local) one in the primary mirror control bandwidth, or (iv) complete
which one considers only the effect of sensors in acoupling between AO and primary mirror control.
neighborhood of a given actuator to determine the
appropriate actuator command. The fully-populated7. Summary and Conclusions
matrix inverse A uses all of the sensor information The California Extremely Large Telescope presents
primarily for the low wave-number modes. If many of some challenging control problems. The current design
these degrees of freedom are estimated with wavefrortoncept uses over 3000 actuators and over 6000
information, then convergence is still adequate whilesensors. Cost is therefore a significant issue driving
restricting information connectivity to only the segment feasibility. The initial concept design phase includes
of interest and some neighboring segments.  Agoals to be completed by the end of 2001 to (i) estimate
hierarchic approach could also be used to estimate thdisturbances, (ii) select, prototype, and test a nominal
first set of modes globally. In either case, rather thanactuator and sensor design, and (iii) complete the error
using all 6386 pieces of information to determine eachbudgets. Based on these we will make cost estimates
actuator command, several hundred would likelyfor actuators and sensors and identify remaining issues.
suffice, dropping computation by more than an order of
magnitude. Similar approaches have been analyzed iRreliminary analysis, however, leads us to conclude that
Ref. 18. While none of these approaches has been fullthe control problem is likely to be feasible, relative to
analyzed for CELT, computation is not considered to beboth technical and cost goals. Several actuator
a problem at this time. approaches have been identified that will enable
significant unit cost reductions relative to the Keck
6. Additional Control Issues telescope, while achieving the stroke, resolution, and
The primary mirror is not the only part of CELT that lifetime goals of CELT. Wind disturbances may impact
will require control. The secondary mirror will deflect the primary mirror, but it may be possible to increase
roughly 1 to 1.5 cm under gravity, and thus will require the control bandwidth sufficiently to compensate.
low bandwidth actuation to compensate for this motion.
Wind deflections may necessitate five degree oflssues that are currently being addressed or will be
freedom control on the secondary, with a bandwidth ofaddressed include:

~1 Hz. The control of the secondary mirror has not yet «
been considered in detail, since with only a few degrees
of freedom, the system will not be a significant element
of the overall telescope cost, nor does it appear likely to.
be a barrier to feasibility.

Adaptive optics will also be an essential part of the ,
CELT design; to enable diffraction limited images at
wavelengths as short aguh requires controlling as
many as 7000 modes of the atmosphere, at several
different layers. The resulting AO system may have
multiple deformable mirrors and wavefront sensors ,
totaling tens of thousands of degrees of freetfom
While the primary mirror control is intended to keep the
primary mirror in the correct shape, and the adaptive
optics intended to compensate for atmospheric
distortion, the two systems act as an integrated system
to provide the correct wavefront to the instrumentation,
regardless of the source of the distortion. While |
segment edge discontinuities produce wavefront errors,
impossible to correct using the deformable mirrors, low
wavenumber primary mirror deformation can be
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Refining several actuator concepts in order to
validate the ability to meet technical
specifications, cost, and reliability.

Improving the estimate of the sensor noise level
achievable with the capacitive edge sensors.
Completing the wavefront sensor design.
Determining the best combination of wavefront
and edge sensors, and finalizing the resulting
contribution to the error budget.
Investigating algorithms to
computation.

Improving estimates of wind-induced vibration on
the primary, including the reduction in wind
speed, and the spatial correlation over the mirror.
Completing initial structural design and analysis to
determine resonant frequencies and mode shapes
of the mirror cell structure, and thus assess the
achievable control bandwidth.

Assessing the potential for damping the structure.
Developing actuators for position control of the
secondary mirror.

reduce control
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