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Abstract. Entering the ELT era implies reconsidering adaptive optics concepts at all levels, including controller
design. Concentrating mainly on temporal aspects, one may wonder if integral controllers remain an adequate
solution. We recall for instance the impressive correction brought by Linear Quadratic Gaussian (LQG) controllers
for the rejection of windshake and vibration components. Based on this experience, we present here a careful
evaluation of the respective performance of integrator versus LQG control on turbulent modes both in a VLT and
ELT configuration. The main questions addressed are: 1/ How do integral and LQG controllers compare in terms
of performance for a given sampling frequency and noise level?; 2/ Could we relax sampling frequency and noise
level specifications with LQG control?; 3/ How are these considerations affected by the choice of open-loop rather
than closed-loop strategies? What about LQG in the context of large degrees of freedom?

1 Introduction

With ELTs we are now entering a new era in adaptive optics (AO) developments. Meeting unprece-
dented level of performance with incredibly complex systems implies reconsidering AO concepts at
all levels, including controller design. One may for instance wonder if integral controllers remain an
adequate solution. This question is all the more important that, with ever larger degrees of freedom,
one may be tempted to discard more sophisticated approaches because they are deemed too complex to
implement. The respective performance of integrator versus optimal control, that is Linear Quadratic
Gaussian (LQG) control, should therefore be carefully evaluated in the ELT context.

The application of LQG control to AO has been intensively studied in the past 12 years (see [12,11]
and references therein). The interest of LQG for Wide Field AO (WFAO) has been demonstrated both
through simulations and laboratory validations [20,6,5,19]. We also recall for instance the impressive
correction improvement brought by such a control solution for the rejection of windshake or vibration
components [21,17,26,4]. In this case LQG controller significantly outperforms the integrator because
its disturbance rejection transfer function matches more closely the energy concentration, respectively
at low temporal frequencies for windshake, and around localized resonant peaks for vibrations.

The expected gain should also be evaluated for turbulent modes, in particular for very low spatial
frequencies now explored on the huge ELT pupil. The present article performs such a study through
a simplified modal analysis based on analytical expressions. Performance is compared for LQG and
integral control, both for a VLT and a ELT configuration, in typical turbulence conditions. Transfer
functions and Bode’s integral theorem allow intuitive understanding of the results. The main objective
is to quantify the potential gain brought by LQG control, and evaluate the impact on system design
when taking LQG as a baseline, in particular for what concerns the specifications in WFS noise and
sampling frequency.

We also discuss the influence of open-loop versus closed-loop strategies, the application to non
turbulent perturbations, the specificities of WFAO and implementation aspects related to large degrees
of freedom issues.

Section 2 describes the methodology, with the underlying hypotheses, and presents tutorial exam-
ples of modal transfer functions. Section 3 gives an evaluation of the residual modal variance for LQG

a conan @ onera.fr



AO real-time control

and integral control, in a VLT and ELT configuration. Section 4 brings complementary elements on
open versus closed-loop, WFAO, large degrees of freedom...

2 LQG versus integrator : transfer functions

We present here the approach used to compare LQG and integrator control. Sect. 2.1 recalls the global
methodology and underlying hypotheses; Sect. 2.2 briefly describes the temporal models used as prior
for LQG; and Sect. 2.3 presents examples of LQG and integrator temporal transfer and initiates a
comparison of the two control solutions.

2.1 Methodology and hypotheses

The aim of the present study is to evaluate the potential gain brought by LQG control and more
precisely to clearly identify how the use of temporal priors modifies the error budget compared to
standard integrator control. To do so and obtain clear physical insights it is important to simplify as
much as possible the system description.

We therefore decided to concentrate on a Single Conjugate AO (SCAO) case, performance being
evaluated on the Zernike modal basis. Moreover the wave-front sensor is simply modelled by direct
measurement of the Zernike coefficients with a modal noise variance following the Rigaut-Gendron
propagation law [27], representative of Shack-Hartmann type wave-front sensing. Neglecting modal
correlations the control problem therefore comes down to decoupled scalar loops on each individual
mode. These rather common approximations allow a characterisation of the correction through scalar
transfer functions (rejection and noise transfer) and lead to a straightforward splitting of the error
budget in temporal and noise error terms. Note that Section 4 will discuss the extrapolation of the
results in other configurations: open-loop, WFAO...

The closed-loop block diagram is recalled for a given scalar modal coefficient in Fig. 1.

Fig. 1. Closed-loop block diagram for a given scalar modal coefficient. The global delay in the loop is assumed to
be 2 frames. Closed-loop rejection and noise propagation transfers are indicated.

In this simple scalar case the measurement equation is given by:

yk = ϕres
k−1 + wk (1)

where ϕres
k−1 is the residual modal coefficient at time step k − 1 after correction, and wk is the measure-

ment noise.
The residual phase at time step k+1 is given by:

ϕres
k+1 = ϕtur

k+1 − ϕ
cor
k+1 = ϕtur

k+1 − uk (2)
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where ϕtur
k+1 is the turbulent modal coefficient at time step k + 1 and uk is the control value applied

during the same time.
The control signal is the output of the controller that takes the last available measurement as an

input, therefore uk = F(yk). In the case of integrator the control equation simply corresponds to:

uk = uk−1 + g.yk (3)

The optimal control is such that it minimises the quantity of interest that is the residual phase vari-
ance. The solution, so called LQG control, is the following [1]:

uk = ϕ̂tur
k+1|k = E(ϕtur

k+1|y0, y1, ..., yk) (4)

where E denotes the conditional expectation.
In practice control values are the output of a Kalman filter whose expression is derived from the

temporal Power Spectral Density (PSD) of the modal coefficient and from the noise level, assumed to
be temporally white.

2.2 Temporal model for LQG

In order to construct a Kalman filter adapted to a particular turbulence’s PSD, the turbulence needs to
be modelled as the output of a linear “shaping filter” with transfer function Htur. A well-known result in
stochastic filtering is that if a (discrete) Gaussian normalized white noise sequence is fed into a stable
filter with transfer function Htur, the filter’s output is a second-order stationary stochastic process ϕtur

with zero mean and PSD equal to the square modulus of the filter’s gain at the corresponding frequency,
namely

PS Dtur ( f ) =
∣∣∣Htur

(
exp (2iπ f / fs)

)∣∣∣2 (5)

The shaping filters used in our simulations were adjusted by first fitting the theoretical PSDs de-
rived from Von Kármán statistics plus Taylor hypothesis [28,2] (a single layer is considered with a
given wind-speed) with the square modulus of the frequency response of a continuous-time linear
filter of order 2 or 3. This continuous-time filter was then discretized, and the resulting linear discrete-
time filter Htur was transformed into a stochastic state-space turbulence model in the form

xtur
k+1 = Atur xtur

k + vk (6)

ϕtur
k = Ctur xtur

k (7)

yk = Cxtur
k + wk (8)

where v and w are independent white noises with covariance matrices Σv and Σw. In a final step, the
LQG control was thus obtained as the output of the associated Kalman filter, i.e. in the form uk = ϕ̂tur

k+1|k,
with

x̂tur
k+1|k = Atur x̂tur

k|k−1 + L∞
(
yk −Cx̂tur

k|k−1 − uk−2

)
(9)

ϕ̂tur
k+1|k = Ctur x̂tur

k+1|k (10)

and where the Kalman gain L∞ is computed from the solution of a discrete-time Algebraic Riccati
Equation (ARE).

2.3 Transfer functions

Whether control is optimal or not, one can characterize each scalar loop by its rejection and noise
transfer functions, so that the residual phase variance for a given mode can be written in the form:

var(ϕres) =

∫ fs/2

0

∣∣∣Tre j(exp(2iπ f / fs)
∣∣∣2 .PS Dtur( f ).d f +

∫ fs/2

0
|Tnoise(exp(2iπ f / fs)|2 .PS Dnoise( f ).d f

(11)
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where fs is the sampling frequency, Tre j and Tnoise the complex rejection and noise transfer functions,
PS Dtur and PS Dnoise the turbulence and noise temporal PSD. For a closed-loop system correspond
to the block-diagram in Figure 1, it is immediately checked that the disturbance rejection transfer
function is in the form

Tre j =
1

1 + L
=

1
1 + FG

(12)

where G is the controller’s transfer function and F is the transfer function of the DM+WFS block – in
our case, F (z) = z−2, in other words a simple 2-frame delay. Furthermore, the transfer function for the
integrator controller in equation (3) is

G (z) =
g

1 − z−1 (13)

On the other hand, for the LQG control described above, one gets

G (z) =
H (z)

1 + H (z)
(14)

with
H (z) = Ctur (zI − (A − L∞C))−1 L∞ (15)

From the previous expression its is obvious that one would ideally want to reject signal as much as
possible and at the same time strongly filter the WFS noise. There are however two constraints on the
transfers. The first constraint, induced by the delays in the loop, is a consequence of Bode’s integral
theorem for discrete-time systems [18]. Bode’s theorem states that when L includes a 2-frame delay
and does not exhibit frankly unstable poles, the following identity holds:∫ fs/2

0
log

∣∣∣Tre j(exp(2iπ f / fs)
∣∣∣ .d f = 0 (16)

The closed-loop equations lead to a second condition that links rejection and noise transfer func-
tions by: Tre j( f ) + Tnoise( f ) = 1.

A direct consequence of Bode’s integral theorem is the so-called ”water-bed effect”: the controller
can not reject the signal at all frequencies, because rejections (frequencies where

∣∣∣Tre j

∣∣∣ < 1 and thus
log

(∣∣∣Tre j

∣∣∣) < 0) and overshoots (where
∣∣∣Tre j

∣∣∣ > 1 and thus log
(∣∣∣Tre j

∣∣∣) > 0) must be balanced on
average. Another corollary of Bode’s theorem is that when the signal to noise ratio is high, the opti-
mal choice of the disturbance rejection function is to make the product

∣∣∣Tre j

∣∣∣2 PS Dtur ( f ) as “flat” as
possible over all frequencies where PS Dtur is non-zero, which in turns means that the shape of the
disturbance rejection function should look like a mirror image of the PS Dtur. In other words, for some
constant c, one should get ∣∣∣Tre j

(
exp (2iπ f / fs)

)∣∣∣2 ' c × PS Dtur ( f )−1 (17)

This simple rule of thumb enables to check whether or not any particular controller is “close to opti-
mality” by visual inspection of its disturbance rejection function.

For illustration we show in Fig. 2 the temporal PSD and rejection transfer function for a low order
mode (radial order 2) and a high order mode (radial order 16) in the following VLT configuration:
telescope diameter 8 m, seeing of 0.8 arcsec, 100 m outer-scale, 15 m/s wind speed, noise variance of
0.2 rad2 (in phase difference at edge of sub-aperture) at the wave-front sensing wavelength of 0.6 µm
and 250 Hz sampling frequency.

The first obvious observation is that indeed LQG transfer functions adapt to the temporal dynamics
of the mode while the rejection for integrator follows a pre-established shape that can only be tuned
through the choice of the integrator gain. However integrator gain can not be increased beyond a certain
value to ensure stability constraints. We take here a maximum gain of 0.5 to ensure the standard 45
degree phase margin. This of course gives little place for optimisation. Actually for the WFS noise
level considered here the best gain is always the maximum value of 0.5 for all results presented in the
paper (all modes, all configurations, VLT and ELT).
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Fig. 2. Temporal PSD [blue] and square modulus of the rejection transfer function of integrator [green] and of
LQG [red]: for a VLT mode of radial order 2 [left] and of radial order 16 [right]. See text for details on VLT
configuration.

The adaptability of the LQG transfer leads to much larger rejection than integrator around the PSD
cut-off frequency, that is where the signal energy is dominant. The rejection is, respectively for LQG
versus integrator: 10−5 versus 10−3 around the 1 Hz cut-off of low order mode, 10−2 versus a few
10−1 around the 10 Hz cut-off of high order mode. Of course Bode’s theorem implies that the strong
LQG rejection also goes with an overshoot. Indeed overshoot is stronger than integrator in about one
high frequency decade, but signal being very weak in this frequency domain it has no impact on
performance.

The noise transfer functions (not shown here) are low pass filters, they are very similar for LQG
and integrator with a filtering slightly more efficient for LQG.

3 LQG versus integrator : performance evaluation

In this section we compare LQG and integrator control in terms of performance, first in an 8 m VLT
configuration (see Sect. 3.1) and then in a 40 m ELT configuration (see Sect. 3.2). As in the previous
section the conditions are the following: seeing of 0.8 arcsec, 100 m outer-scale, 15 m/s wind speed,
by default a nominal noise variance of 0.2 rad2 (in phase difference at edge of sub-aperture) at the
wave-front sensing wavelength of 0.6 µm and a nominal 250 Hz sampling frequency unless specified
otherwise. Note that for a standard 0.5 m sub-aperture size, the noise level corresponds to a 11.5
magnitude natural guide star (photon noise limited case with 1010 zeropoint). It is also the typical
noise regime expected when operating on laser guide stars.

Note that we restrict the performance evaluation on the radial orders that are assumed to be cor-
rected by the AO system, up to a maximum radial order of 16 and 80, respectively in the VLT and ELT
case. The variance above these orders (about 0.2 rad2 in our case), alias fitting error, is therefore not
included in the Strehl loss given in the rest of the text.

3.1 VLT configuration

We first compare in Fig. 3 the residual modal variance obtained with LQG and with integrator control.
The Strehl loss (at 2.2 µm) induced by these corrected modes is respectively 98% (0.02 rad2 residual
variance) and 90% (0.1 rad2 residual variance). The gain brought by LQG is significant at all radial
orders with more than a factor 5 in variance reduction.

The previous variances include both the temporal error and the noise propagation but we can dis-
tinguish these two contributors in the error budget. For LQG we find 0.012 rad2 for the temporal error
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Fig. 3. VLT modal variance (in rad2 at 2.2 µm) as a function of radial order for LQG versus integrator : uncorrected
turbulent case [crosses], correction by integrator (Strehl loss is 90%) [stars] and correction by LQG (Strehl loss is
98%) [squares].

and 0.008 rad2 for the noise error, while for integrator we have 0.09 rad2 for the temporal error and
0.01 rad2 for the noise error. As expected from the analysis of Sect. 2.3, LQG performs a much more
efficient rejection of the turbulent signal, and therefore also leads to a much better balance between
temporal and noise error. Integrator happens to be clearly inefficient in our good, but realistic, SNR
case, budget being then strongly dominated by the temporal error.

The conclusion is that for a given operating point, that is related to system design choices such as
noise level and sampling frequency, LQG performs better than integrator. One could then also wonder
what LQG can bring in terms of system design. We have therefore estimated LQG performance with
relaxed noise and sampling frequency. The results, shown in Fig. 4, demonstrate that with a noise
variance multiplied by 10 (Strehl loss becomes 93%), or a sampling frequency relaxed by a factor of 2
(Strehl loss becomes 93%) LQG still performs better than integrator with nominal noise and sampling
frequency (we recall that Strehl loss was 90%).

Fig. 4. VLT modal variance (in rad2 at 2.2 µm) as a function of radial order for LQG with relaxed system specifica-
tions: correction by integrator with nominal noise and sampling frequency (Strehl loss is 90%) [stars], correction
by LQG with nominal noise variance and sampling frequency (Strehl loss is 98%) [black squares], LQG with
nominal sampling frequency but noise variance ×10 (Strehl loss is 93%) [left graph, red squares] , LQG with
nominal noise variance but sampling frequency ÷2 (Strehl loss is 93%) [right graph, red squares] and ÷3 (Strehl
loss is 86%) [right graph, green squares].

These results confirm the good behaviour of LQG with respect to noise level [29], this can be
quite interesting when the actual noise level is uncertain especially for laser guide star wavefront sens-
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ing where noise level is a function of many effects: laser power, Rayleigh scattering and atmosphere
transparency, Sodium density, seeing... LQG can also give good performance with reduced sampling
frequencies which could be a strong asset for ELT Extreme AO systems since current specifications
based on integrator control lead to a very high frequency of about 3 kHz [10].

Note that LQG control is also less sensitive to sampling frequency reduction than the integrator,
which in turns means that performance for a given sampling frequency will be less affected by wind
velocity changes. Globally LQG is expected to perform better and to exhibit a better performance
robustness.

3.2 ELT configuration

As mentioned previously we consider a 40 m ELT still conserving the previous VLT parameters for:
noise level, sub-aperture size (0.5 m), sampling frequency and turbulence conditions.

The maximum radial order therefore becomes 80, instead of 16, to conserve a similar highest spa-
tial frequency. Now when looking at the Rigaut-Gendron propagation law, and at the turbulent noise
variance in the Zernike modal basis, one may figure a bit naively that things, and in particular the
modal SNR, are quite different between the VLT and ELT case. However equations are misleading
and, following standard sampling theory, one has to realize that when considering the ELT case one
both explores smaller spatial frequencies, since the diameter is multiplied by 5, and in the meantime
one increases the spatial frequency resolution, also by a factor 5. Then if one wants to make a parallel
between VLT and ELT modal SNR one has to compare a given VLT radial order to the ELT values
integrated over 5 consecutive radial orders: for instance the last 16th radial order on the VLT (corre-
sponding to sub-aperture scale fluctuations) has to be compared with the sum of the 5 last ELT radial
orders (from 76 to 80). When doing so it can be shown that modal SNR is actually similar between
VLT and ELT, as well as modal temporal signature. The only radial orders having no VLT equivalent
are the 5 first ELT radial orders that correspond to spatial periods larger than 8 m. We will pay a par-
ticular attention to these low orders since their energy is large (all the more that outer-scale is), and
some of them will have to be estimated separately on very faint natural guide stars due to high order
laser guide star wavefront sensing intrinsic limitations.

We first compare in Fig. 5 the residual modal variance obtained with LQG and with integrator
control. The Strehl loss (at 2.2 µm) induced by these corrected modes is respectively 98% (0.02 rad2

residual variance) and 88% (0.12 rad2 residual variance). The gain brought by LQG is again significant
at all radial orders with more than a factor 6 in variance reduction.

Fig. 5. ELT modal variance (in rad2 at 2.2 µm) as a function of radial order for LQG versus integrator : uncorrected
turbulent case [crosses], correction by integrator (Strehl loss is 88%) [stars] and correction by LQG (Strehl loss is
98%) [squares].
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Based on our previous analysis on the equivalence of modal SNR, one is not surprised to find a
gain in LQG similar to the VLT case presented in Sect. 3.1. Our global analysis concerning a better
temporal rejection and better balance between temporal and noise terms remains valid for the ELT.

The fact that the global gain is slightly increased is related to the fact that LQG brings an even
stronger advantage on the ELT specific modes (5 first radial orders). These modes have indeed a
strong energy but they also have a very slow evolution, with a temporal PSD cut-off around a few
0.1 Hz, a property that LQG fully exploits leading to impressive rejection factors (see Fig. 6 for an
illustration on radial order 2). In our case LQG gives about a factor 10 in variance reduction on these
low orders. Note that this property had already been exploited for windshake correction during E-ELT
design studies [17] (see also discussion in Sect. 4.2).

Fig. 6. Temporal PSD [blue] and square modulus of the rejection transfer function of integrator [green] and of
LQG [red]: for an ELT mode of radial order 2. The closed-loop integrator rejection transfer function (with 0.5
gain) is also compared to open-loop rejection transfer (simple difference with 2 frame delay) [light blue] (this
latter graph is discussed in Sect. 4.1)

As in the VLT case we have analysed the impact of considering LQG control when deriving system
design specifications. We have again estimated LQG performance with relaxed noise and sampling
frequency. The results, shown in Fig. 7, demonstrate again that, with a noise variance multiplied by
10 (Strehl loss becomes 93%), or a sampling frequency relaxed by a factor of 2 (Strehl loss becomes
93%), LQG still performs better than integrator with nominal noise and sampling frequency. An even
more drastic reduction of the sampling frequency (more than a factor 4) is possible on the very first
low orders, especially tip-tilt and focus. This is quite interesting since these modes will be sensed by
specific natural guide star sensors (see for instance [24]), and a reduction of sampling frequency means
the ability to sense on fainter stars, and in turns to increase the sky coverage.

For high order wavefront sensing the conclusions underlined for VLT still apply for ELT. Of course
a good robustness to noise level is even more critical in the ELT context. For instance ELT brings a
new difficulty related to laser spot elongation. This may induce the need for large detectors, for which
detector noise becomes an issue. Relaxing specifications with that respect will therefore always be
appreciated.

4 Complementary analysis of LQG assets

We extend here the previous results by a qualitative analysis of other LQG assets and of its use in other
configurations. We also discuss the related challenges for the years to come.
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Fig. 7. ELT modal variance (in rad2 at 2.2 µm) as a function of radial order for LQG with relaxed system specifica-
tions: correction by integrator with nominal noise and sampling frequency (Strehl loss is 88%) [stars], correction
by LQG with nominal noise variance and sampling frequency (Strehl loss is 98%) [black squares], LQG with
nominal sampling frequency but noise variance ×10 (Strehl loss is 93%) [left graph, red squares] , LQG with
nominal noise variance but sampling frequency ÷2 (Strehl loss is 94%) [right graph, red squares], ÷3 (Strehl loss
is 86%) [right graph, green squares], and even ÷4 [right graph, blue squares].

4.1 Closed versus open-loop AO

The so-called ”open-loop AO” configurations correspond to having the wavefront sensor(s) ahead
of the deformable mirror(s). Such configurations are of interest for Multi-Object Adaptive Optics
(MOAO) since it allows to decouple wavefront sensing from the correction function that in turns can
be performed, in parallel, in different directions of interest with dedicated deformable mirrors.

Compared to closed-loop operation, the measurement equation is therefore modified and wavefront
sensors have to face larger phase amplitudes. However two things remain identical: control is deduced
from past wavefront sensor measurements with a delay, and the performance of interest remains the
variance of the residual phase after correction by the deformable mirror. As a consequence Bode’s
theorem still prevails. One can also show that in the absence of model errors on the system (deformable
mirror, wavefront sensor and delays) the transfer functions and the performance of LQG remains
identical to the closed-loop case.

Note that closed-loop integrator has no strict equivalent in the open-loop scheme, but, one may
think of a very simple control that consists in reconstructing the wavefront from a given measure-
ment and applying it onto the deformable mirror as soon as possible. With our 2 frame delay system,
and with our wavefront sensor assumed to directly deliver Zernike coefficients, it simply consists,
for a given mode, of the subtraction of the turbulent coefficient by a noisy 2 frame delayed version
of the same quantity. The corresponding rejection transfer function in energy can be shown to be
4.sin2(2π f / fs) which is very similar to the closed-loop integrator rejection transfer function with a 0.5
gain as shown in Fig. 6.

One therefore can conclude that, in open-loop, LQG preserves its advantage compared to simple
control approaches. The results of Sect. 3 can then be transposed to open-loop. Note that closed-loop
and open-loop configurations behave differently in the presence of model errors, but this is beyond the
scope of the present paper.

4.2 Handling non turbulent perturbations

As already discussed earlier LQG is a very promising control solution for low orders that are generally
not only affected by turbulence but also by many other sorts of perturbations: telescope tracking errors,
telescope motions induced by wind (alias ”windshake”), vibration effects often induced by the local
environment (cryogenic instruments...).
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Vibrations generally induce narrow resonant peaks at frequencies that can be close to the Nyquist
frequency where overshoot generally occurs. Careful identification of vibration peaks [17] and strong
rejection is therefore required. Strong damping of vibrations with LQG has been demonstrated in the
laboratory [21] and vibration rejection with LQG is now part of the SPHERE control baseline [22]
since coronagraphic Extreme AO is particularly demanding on tip-tilt residuals.

Windshake, especially on large structures such as ELTs, can lead to broad low frequency PSDs
rather similar to turbulent PSDs but that may be stronger in energy. LQG of course can provide a
very good rejection of these slow windshake effects [17] and allows to reduce the natural guide star
wavefront sensing sampling rate so as to increase sky coverage. C. Correia [4] has also proposed an
LQG strategy to preserve vibration rejection even at such low sampling rates.

4.3 WFAO, large degrees of freedom and other considerations

LQG has been originally proposed as an elegant control solution for MCAO to account for closed-loop
measurements, and to perform a regularized tomographic reconstruction [14,20,13]. These features
are also shared by Pseudo Open-Loop Control strategies [7] but LQG unique advantage resides in a
joint use of temporal and spatial priors so as to optimize the performance.

The importance of modal temporal priors is demonstrated in the simplified SCAO analysis of
Sect. 2 and 3 but they are of course also important in WFAO configurations [20,29]. WFAO LQG
has been demonstrated in the laboratory [6,5,19]. On-sky validation is planned in summer 2012 on
Canary MOAO demonstrator [29] and will also demonstrate our ability to perform the on-line model
identification necessary to derive the LQG control matrices.

Concerning ELTs, various control strategies have been proposed to deal with large degrees of
freedom (see [8,30] and references therein). The present paper demonstrates the interest of LQG in the
ELT context. This triggered the study of computing efficient LQG control both to limit off-line and on-
line computation costs [3,16,15,9], and of simplified control laws derived from LQG formulation [23].
The first results are quite promising but compromises between model accuracy and computation cost
remain to be analysed in detail. Note that the use of LQG on Fourier modes [25] is also an appealing
solution to reduce computation loads.

5 Conclusion

As a matter of conclusion we now answer the 3 original questions listed in the abstract:
1. ”How do integral and LQG controllers compare in terms of performance for a given sampling fre-

quency and noise level?”:
We have demonstrated the large potential gain of LQG over standard integrator control. The quan-
titative analysis presented here concentrates on the gain brought by the physical priors on the
turbulence modal temporal signature (and noise level), in a simplified SCAO configuration. On the
examples given here, the global reduction in residual variance of the corrected modes is between
a factor 5 to 6. This gain is brought by an optimal shaping of the loop transfers that leads to a very
efficient rejection of the turbulence, as well as a good balance between temporal and noise errors.
Gain is even larger on the energetic but very slow ELT low orders. Improvements could also in-
crease in more complex configurations such as WFAO where the joint use of spatial and temporal
priors is an obvious advantage. Besides, LQG is clearly a very efficient solution to deal with non
turbulent perturbations such as windshake and vibrations.

2. ”Could we relax sampling frequency and noise level specifications with LQG control?”:
For a given performance requirement, we have shown that LQG control leads to relaxed system
design specifications: in terms of sampling frequency (particularly interesting for low order natural
guide star wavefront sensing, and for Extreme AO), and of wavefront sensing noise (particularly
interesting for ELT large detectors, and for laser power needs). Furthermore, LQG exhibits a better
flexibility and performance robustness that will help facing: unexpectedly high noise levels, nasty
outer-scales, strong winds, possibly loop delays above specification, and non turbulent perturba-
tions that are often difficult to model in advance.
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3. ”How are these considerations affected by the choice of open-loop rather than closed-loop strate-
gies? What about LQG in the context of large degrees of freedom?”:
LQG assets are kept in open-loop. On-sky demonstration in open-loop MOAO will be performed
in summer 2012 on Canary. On-sky tests will trigger the development of robust on-line identifi-
cation procedures so as to optimize LQG models. Good progress has also been done recently to
deal with large degrees of freedom in the LQG framework. Of course compromises between model
accuracy and computation cost remain to be analysed in detail.

To ”close the loop” we now let you answer the question in the paper title: ”Are integral controllers
adapted to the new era of ELT adaptive optics?”. Do not hesitate to send your argued answers to the
corresponding author.
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