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Abstract. Single Conjugated Adaptive Optics is a proven technique used in orderretthe éect of atmo-
spheric turbulence and telescope vibrations. The corrected field of(FHe\W) is however limited by the aniso-
planatism &ect. Many concepts of Wide Field AO (WFAQ) systems are under stuggcésly for the design of
Extremely Large Telescopes (ELTs) instruments. Multi-Object Adadigécs (MOAOQ) is one of these WFAO
concepts that is particularly suited for high redshifts galaxies obsergatiorery wide FoV. The E-ELT instru-
ment EAGLE will use this approach. CANARY, the on-sky pathfindeM@AQO, obtained the first compensated
images on Natural Guide Stars (NGSs) at the William Herschel Telescdpepiember 2010. The control and
performance optimization of such complex system are a key issue.ri@esdratic Gaussian (LQG) control is
an appealing strategy that provides optimal control for an explicit minimariance performance criterion. It
also provides a unified formalism that allows accounting for specific muli $nsing (WFS) channels, both
for Laser Guide Stars (LGSs) and NGSs, and for various disturbsmaees (turbulence, vibrations). Further-
more, preliminary simulation results suggest that performance caighi&cantly improved with tomographic
LQG control compared to MMSE static reconstruction. Our objective is taiola first on-sky demonstration of
tomographic LQG control during CANARY Phase B, featuring LGS andSN@FSs. We show how the specific
MOAO CANARY configuration can be embedded in a state-space framkeamal we present how this control law
can be implemented onto the Real-Time Computer (RTC). The state-sjpaet imcludes: stochastic autoregres-
sive models of order 2 for the turbulent phase in each layer and foatiobs &ecting the telescope; LGS and
NGS measurement equations; DM model and delays in the loop. Modtilfidation and @-line calculations
necessary for a robust on-sky operation are discussed.

1 Introduction

Adaptive Optics (AO) [15] is a technique that compensatesahtime the wavefront (WF) of the light
coming from a so-called guide star. The WF is distorted aftepagation through the atmosphere.
The success of AO is such that the next generation of teles¢@s the European Extremely Large
Telescope (E-ELT), cannot be conceived without it. Manyoamts of new AO systems working on a
wide field of view (WFAQ) are required in order to carry out theure astrophysical programs such
as ground layer AO (GLAO) [11] or multi-conjugate AO (MCAQOS][ The so-called multi-object
AO (MOAOQ) technique was introduced for the first time by [€r finalysing the morphology of high-
redshifts galaxies. The E-ELT instrument EAGLE [5] will ubés technique. CANARY [12] is the on-
sky pathfinder for MOAQO. It obtained the first compensatedgesaon Natural Guide Stars (NGSs) at
the 4.2 mWilliam Herschel Telescop€&€anary Islands, in September 2010 [6]. In this paper weepites
our strategy for the on-sky validation of optimal controlNHDAO. Firstly (Sect. 2), we present the
dynamical model used for describing the disturbance of theawéthe performance obtained with the
CANARY pathfinder using a Linear Quadratic Gaussian (LQGitad. Secondly (Sect. 3) we present
the implementation of this control law on the CANARY system.
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2 Model building and LQG performance
2.1 Model building

In order to solve the optimal control problem, it is necegsamodel the evolution of the perturbation
phase in time, both for turbulengg" and vibrations;b‘lfb. Throughout this paper, we will distinguish
the phase in the volume denoted gwnd the resulting phase in a direction of interest denotegd. by
For the turbulence we can therefore write:

¢It(ur 4 Mobj‘plt(ur (1)

whereM®? is the operator that extracts and sums the phase’s foatpnitite direction of the object of
interest. A widely used class of models to describe the ghdsstortion is the class of vector-valued
autoregressive (AR) processes. The phases are here dessnirgroa Zernike basis [17]. In the context
of CANARY, first studies (see Sect. 2.2) show that an AR modearder 2 (AR2) for the turbulent
phase on each layer leads to good performance. The turtpliase, evolving in layef can therefore

be written as:

turc” tUl’[ turt” turé’ tur[ Iurf
1 = AL + Pro1 T @

Wherev‘”” is a Gaussian white noise with covariance magi¥’. Turbulence layers are assumed to

be mdependent from each others, so that the turbulent phése volume is just the concatenation of
the phase in each layer, leading to

tur tur tur tur _tur tur
1 = AL @ A Oy ()

whereA" and AL are bloc diagonal matrices formed wit"™* andA}"™ respectively. The vibrations
affecting the system can also be modelled by an AR2 [10]. Forenghbrationi, we obtain:

¢\|:|4l.31| — A\l/ib|¢\li|b| A\Z/ib|¢x|bl| + \Igbl (4)
The global resulting phase can be written as:

Py = ¢tur+¢wb tur+ Z¢V|b| (5)

Vibrations dfect in practice mainly the tjfilt components of the phase. The CANARY bench will use
during phase B Laser Guide Stars (LGSs) and Natural Guids G Ss) for tomographic recon-
struction, leading to measurement equations:

ngsl Dngsl(Mngsl tur +¢Vlb)+ wEQSi (6)
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The matrixM"9s' resp.M'98! extracts and sums the phase’s footprints in the directibmseasurement
corresponding to the NGS's resp. LGS’s angular positiogkn@rical resp. conical projectors), and
D"9s resp.D'9s is the WF sensor (WFS) matrices for natural resp. laser gurs.s¥leasurement
noises{w"9%} and{w'%%} are supposed to be white Gaussian noises independgfit pand{v'?}, with
covariance matrices,nes and)es respectively. As mean slopes are removed from LGS measuatsme
vibrations do not fiect'9s. Mean slopes removal is here incorporatediff. If we denote byD'9

the WFS matrix without mean slopes removal andy@? andg:(gJS the corresponding measurement
equation and noise at the time stepve have

gIkgs,,i — ngs,iMngsi Lur + w:?&l (8)
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Hence,y'kgs*i is linked tOy'f'S’i through:

I—il 0

Igsi i » plOSi Igsi
w = Yo = Pyl ©)
0O I--—1
Ns
wherel is a squared matrix full of 1. Consequently,g'k'f"’s’i denotes the measurement noise before
mean slopes removal, its variance is rela‘f&?' through:

51957 2 var@®) = PSiVar@9 )P (10)

Simple rearrangements show that all the models presente alan be written in standard state-
space form as:

Yk = C>q( + wy (11)

k= CyXx
The disturbance in the direction of interegtis obtained as an output of the state model. The state
vector in this case can be simply chosen as the concaterdtiorbulence and vibration phases:

{Xk+1 = A% + vk

vib,1
vib,2

tur tur ) X o vib,i
Xk = (X\élb) ’ ur 2 (:’jt(ll.(jrl) > Xxlb = : s Xllb,l = (ZZ\EIbiI) (12)
X:ib,nv

All the matrices present in this system can be deduced fronfZxdo (12).

The control objective is to minimize the averaged residirse variance|™ = ¢ — ¢.°" where
%" = N1, Uc1 is the control vector at tim& — 1 andN is the influence matrix. The influence
matrix N is the operator that connects voltageto Zernike modes as shown in [14] for an MCAO
configuration. This leads to the following performanceeri@n:

R )
I = Jim = ; lldker — NUgl (13)

which optimal solution is known to be given by the Linear Quadit Gaussian (LQG) control:

Ui = Pudke 1k (14)

where _
Prsrk = Eldkr1lys - - - ol (15)

is the conditional expectation @f,1 knowing all the measuremenyg, . .., yo andPy is the projector
defined as the Moore-Penrose pseudo-inversd {f3]. In other words, the optimal control corre-
sponds to project onto the DM space the optimal prediaﬁg@k, which is computed recursively as
the output of the Kalman filter based on Eg. (11). We remind @&NARY is an open loop control
bench, apart from a steering mirror for the LGS stabilizatimrking in closed loop.

Since we have expressed our control solution, based oncéxgjinamical models, we are now
able to estimate the performance on CANARY.

2.2 LQG MOAO performance

We present in this section the performance results using@ t@htrol law on the CANARY system.
Different hypothesis are tested for these simulations. Theedeas used for these simulations are the
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following. We have a £m telescope, 3 layers of turbulence with a corresponditagive C2 profile
given by [05,0.17,0.33]. The layers are located at ED0Q 4000] meters with respective wind speeds
of [7.5,125,15] mys. We have deliberately excluded the high altitude layeas ahe not seen by the
Rayleigh LGS. The turbulence is simulated according to the Karman law and the translation of
the phase screens are done using the frozen flow hypothesiss§dme also that we do not have
vibrations dfecting the system. The guide stars are a square constellz#ti@adius 30 arcsec. They
represent the LGS configuration but we do not account for Tipifidetermination and coneffect
specificities. We use a single DM conjugated to the pupil pinavides the on-axis correction.

Concerning the LQG dynamical models, they are construcdedraing a well calibrated system,
meaning that we know the values of the guide star angulatiposj the seeing and turbulence profile,
the DM influence matrix [16]. We recall that the temporal piba modal AR2 model that is based
on assumptions on the wind profile, in modulus. We test htretife robustness in performance with
respect to wind speed uncertainties.
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Fig. 1. On-axis Strehl ratio in H band @5um), obtained for dferent control laws, as a function of the wavefront
sensing noise level.

We see in Fig. 1 that the LQG performance is higher than witlassical control based on static
minimum mean square error (MMSE) reconstruction. We seethlt LQG control is more robust to
high WFS noise level. At the nominal CANARY LGS measuremeris@oariance, that is.28 rad,
Strehl ratio is 5% higher in H-band. The gain is even more ingrd when the measurement noise
level increases.

Since it is very dfficult to have a good knowledge on the wind speed profile, we btadied the
impact of wind profile uncertainties. In this robustnesslgiuve always keep the same true profile to
generate turbulence while exploring various wind prioredug the LQG control. The performance
obtained with wind speeds in all layers set to the averagel speed value, that is 2Lnys, is dis-
played in Fig. 1. Performance is hardiyected. We have also performed simulations with more drastic
uncertainties on the wind speed values: factor 10 weakstranger, than mean wind speed, and also
values 40% larger, or smaller, than the true wind profile. FHseilts are summarized in the table 1.

We clearly see that an overestimation of the wind speed i€ mpenalizing that an underestima-
tion. Besides, 40% errors lead to only a few percent of losgeriormance. Of course eventually
performance collapses with a severe, and non realisticestimation of the speed, set here to 112
mys.
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Table 1. Performance obtained using a LQG controller witfffetient wind speed profile priors (indicated in
the table in rys) for the control model. The true wind profile used to generate the turbelles in all cases
[7.5,125, 15] nys.

Control with: Wind speed value onlayer1 onlayer2 onlayer3 Strehl ratibliand
True profile 7.5 125 15 0.68
Mean speed 11.2 11.2 11.2 0.68
Mean speed 10 1.12 1.12 1.12 0.66
Mean speec 10 112 112 112 0.09
True profile— 40% 4.5 7 9 0.70
True profile+ 40% 10.5 17 21 0.66

In conclusion LQG control, thanks to spatial and temporargr improves MOAO performance,
compared to a static MMSE control. Gains are even highem'i-S signal to noise ratio conditions.
Besides, LQG exhibits a good robustness to wind speed profitertainties. Wind speed could for
instance be set in all layers to an approximate mean val@érsat by standard data reduction applied
on WFS time series. These results are quite promising fokgrogeration.

3 LQG control implementation in CANARY

Real-time implementation of the Kalman filter reduces togbecalled update and prediction equa-
tions:

The Kalman gain is computedfdine as:
He 2 Z.CT(CZ.CT +2,)* 17)
whereX, is the solution of the discrete Algebraic Riccati equation:
Yo = AL AT + T3, - AX,,CT(C2Z.CT +3,) ICI AT (18)
Equation (16) can be replaced by the single recursive emuati
Xicr1k = (A = LooC)Xigk-1 + Lotk (19)

wherelL,, = AH.
The CANARY Real-Time Computer (RTC) developed by the Ursitgrof Durham (see [1]) and,
a generic observer structure, is implemented [14] undefotme:

(20)

Z1 = Mz + Mayk + MaM3sUy_2
Uk = MyZc,1

wherez is the controller state. The Kalman filter (19) is obtainethwi

M, =L

M; =A-M,C

Me = {DN if closed loop (21)
3~ )0if open loop

My = P,Cy
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So thatz 1 = X1k

For CANARY, the typical size ok, y andu are respectively 2(410 20) = 860, 8x 72 = 576
and 52+ 4 = 56, from which one can deduce the matrix sizes. The advamtfate general formu-
lation given above, with full size matrix vector multiplg the flexibility. Of course when moving to
more complex systems for VLTS, or even ELTSs, boffilime and on-line calculations may become an
issue. However various approaches have been recently ggdfo overcome this problem by taking
advantage of the particular structure of the operationgdli shift invariance, sparsity...) [4], [9].

4 Conclusion and perspectives

We have shown how the specific MOAO CANARY configuration careb#edded in a state-space

framework and have presented how this control law can besimehted onto the RTC. The state-space
model includes: stochastic autoregressive models of &der the turbulent phase in each layer and
for vibrations @fecting the telescope; LGS and NGS measurement equationsnbdé¢l and delays

in the loop.

We have demonstrated through numerical simulations the iggberformance brought by LQG
control compared to more a standard static MMSE approagh.avements are higher in low WFS
signal to noise ratio conditions. As demonstrated in [3sthadvantages are brought by the use of
explicit models conjugating spatial and temporal priorefdRence [3] also shows that LQG should
bring even larger gains for ELTs. LQG is also shown to exhébgood robustness to wind speed
profile uncertainties, which is important for on-sky opimat

LQG control is now available and tested on the DARC RTC platf¢2], laboratory tests have
begun at Meudon observatory and on-sky tests are plannedrimer 2012 at th&Villiam Herschel
Telescope
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