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This paper examines the active optics of future large segmented telescopes from the point of view of dynamic
simulation and control. The first part of the paper is devoted to the modeling of the mirror. The model has a
moderated size and separates the quasi-static behavior of the mirror (primary response) from the dynamic response
(secondary or residual response). The second part of the paper is devoted to control. The control strategy considers
explicitly the primary response of the telescope through a singular value controller. The control-structure interaction
is addressed with the general robustness theory of multivariable feedback systems, where the secondary response is
considered as uncertainty. This approach s very fast and allows extensive parametric studies. The study is illustrated
with an example involving 90 segments, 270 inputs, and 654 outputs.

Introduction

ONOLITHIC mirrors of diameter larger than 8 m are difficult

to manufacture [1]. As aresult, all future large telescopes will
be segmented. Currently, telescopes of 30 m and more are under
design [2,3], involving several hundreds of segments. Figure 1 shows
the primary mirror (M1) of a European extremely large telescope
(E-ELT); it has a diameter of 42 m and consists of 984 aspherical
segments; every segment is equipped with three two-stage position
actuators, controlling the piston and the two tilts, and six edge sen-
sors measuring the position of the segment with respect to its six
neighbors. The motion of the position actuators is transmitted to the
segment through a whiffle tree. Overall, there are 2952 position
actuators a and 5604 edge sensors y;.

Modeling for control and controlling large complex active struc-
tures such as telescopes poses several challenges:

1) Finite element techniques classically used in structural modeling
tend to use a very large number of degrees of freedom that reflect the
complex geometry of the structural components. The size of the
control model (used in the control design and to evaluate the control-
structure interaction) must be drastically reduced while preserving
the main features of the system, statically and dynamically. The
control model must give access to all actuator inputs, sensor outputs,
and optical performance metrics, and it is essential to preserve the
kinematic relationship between the position actuators and the quasi-
static position of the segmented mirror (primary response).

2) The control algorithm must be simple enough to be imple-
mented inreal time (in spite of the large number of inputs and outputs),
provide enough gain in low frequency to achieve performance, and
enough roll off outside the bandwidth to reduce spillover. A reliable
lower bound for the stability margin should be evaluated from the
control model, and, if possible, the critical mode(s) for stability should
be identified. The control model should allow extensive parametric
studies and sensitivity analysis. These challenges have only been
partially covered by the existing literature [4-9].

The objective of this study is threefold:

1) To develop a representative numerical model of the segmented
mirror and its supporting truss that can be used for control design
and robustness evaluation; this model should have a minimum
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complexity to allow extensive parametric studies and control-
structure interaction. In a later stage, we intend to also use it for wind
response calculation and optical performance evaluation.

2) To implement a control strategy based on the primary response
of the mirror and two sensor arrays, the edge sensors measuring
the relative displacements of adjacent mirrors and the normal to the
segments.

3) To examine the interaction between the controller and the
structural dynamics with various multivariable robustness tests in
the frequency domain, where the secondary response is considered
as uncertainty, and evaluate the requirements in terms of frequency
and damping for the supporting truss to guarantee the performance,
control bandwidth, and an appropriate stability margin for the control
system.

The system can be represented schematically as in Fig. 2. The
position actuator is represented by a force F, acting on a spring k,,
that is taken as the stiffness of the whiffle tree; the force is related to
the unconstrained displacement by F, = k,a. The position actuators
rest on a supporting truss carrying the whole mirror. The disturbances
d applied to the system come from thermal gradients, changing
gravity vector with the elevation of the telescope, and wind.

Figure 3 describes the temporal and spatial frequency distribution
of the various layers of the control system involved in the wave
front correction of a large telescope [10]; the spatial frequency is
expressed in terms of Zernike modes. In general, adaptive optics
operates on a smaller deformable mirror and the amplitudes are
small, typically a few microns. Our discussion is focused on M1; the
amplitudes to be corrected by the active optics are typically several
hundred microns [11].

Currently the control strategy envisaged by the European Southern
Observatory (ESO) for cophasing the segments [6,12] assumes that
the supporting truss is rigid and that the natural frequency of the
whiffle tree (connecting the actuators to the segments) is well above
the bandwidth of the control system (which is realistic). In this case,
the behavior of the segmented mirror is assumed quasi-static and the
kinematic relationship between the actuator displacements a and the
edge sensors output y, is simply

yi=Ja M
where J, is the Jacobian of the edge sensors of the segmented mirror.
Here we assume that the edge sensors are sensitive to the relative
displacements normal to the segments only. The pseudoinverse of the
Jacobian J is best obtained by singular value decomposition (SVD)

J,=UxV! )
where the columns of U are the orthonormalized edge sensor modes,
the columns of V are the orthonormalized actuator modes, and X
contains the singular values on its diagonal. The control system
works according to Fig. 4, called SVD controller [3]. d is the
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6 edge sensors

3 position actuators
(2 stages)

Fig. 1 Primary mirror (M1) of the future E-ELT telescope; it consists of 984 segments, each of them equipped with 6 edge sensors and 3 two-stage
position actuators. The segments are connected to the actuators by a whiffle tree (from [6], with permission).

disturbance applied to the mirror, and the set of filters H(s) provide
(itis hoped) adequate disturbance rejection and stability margins (we
will come back to this). H(s) may be a scalar function if the same
loop shaping is applied to all SVD modes; in this case all the loops
have essentially the same control gain. Figure 5 shows a typical
distribution of the singular values of J, ranked by increasing order;
one sees that the lowest singular values are zero (to the numerical
accuracy); they correspond to the lowest optical modes, piston, tilt,
and defocus, which are unobservable from the particular type of edge
sensors used in this study, and the modes with the lowest singular
values next to them are astigmatism, trifoil, and coma. In this study
we assume that, in addition to the edge sensors, the control system
also includes another set of sensors, y,, measuring the tilt angles of
the segments (normal sensor in Fig. 2). Once again, if the supporting
truss is rigid there is a linear relationship between the actuator
displacements and normal to the segments

y.=/J,a 3)

where J,, is the Jacobian of the normal to the segments; it is block
diagonal, because the two components of the normal to a segment
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Fig. 2 Active optics control flow for large segmented mirrors; k, is the
stiffness of the whiffle tree and F, = k,a. The axial DOF at both ends of
the actuators are kept in the reduction process.

depend only on the three displacement actuators under that segment.
A practical way to measure the normal to the segments is to use a
Shack—Hartman sensor (one microlens per segment); however, the
Shack—Hartman array measures the normal to the wave front, which,
in addition to the normal to the segment, includes the atmospheric
turbulence that appears as noise (Fig. 2).%

Structural Dynamics

The dynamics of the mirror consist of global modes involving the
supporting truss and the segments and local modes involving the
segments alone. The global modes are critical for the control-
structure interaction; the segments are designed in such a way that
their local modes have frequencies far above the critical frequency
range, but their quasi-static response (to the actuator as well as
to gravity and wind disturbances) must be dealt with accurately. To
handle large optical configurations, it is important to reduce the
model as much as possible without losing the features mentioned
before. The starting point is a standard finite element (FE) model

M, MIZ)(iI) (Kll Klz)(xl) (fl)
)+ = 4
(le M,, X2 K, Ky X3 0 @
where the degrees of freedom (DOF) have been partitioned in
boundary DOF x, including all the loaded ones, especially the axial
DOF at both ends of the actuators, at the connection with the truss
and the segments (they are highlighted in Fig. 2), and the internal

DOF x,, which are not loaded and may be eliminated by appropriate
reduction.

Model Reduction

A Craig-Bampton reduction [13,14] is conducted in two steps.
First a Guyan reduction [15] assumes a static relationship between
the internal and the boundary DOF

Ky K12)(X1) (fl)
= 5
(K21 K, X2 0 ©)
leading to x, = —K35)'K;;x;. In a second step this solution is
enriched by a set of fixed boundary modes, a solution of
M %, + Kpx, =0 (6)
“Because the bandwidth of the active optics is much lower than the

frequency content of the atmospheric turbulence, n can be significantly
attenuated by low-pass-filtering.
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Fig. 3 Temporal and spatial frequency distribution of the various control layers of a large telescope; the spatial frequency is expressed in Zernike modes

(adapted from [10]).
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Fig. 4 Block diagram of the cophasing control system (SVD controller)
[5].

(obtained by setting x; = 0 in [4]); they constitute the column of the
matrix W, and are normalized according to WIM,, ¥, = 1. Note that
these modes are in a plane orthogonal to the actuators. The number of
fixed boundary modes included in the reduction will be discussed
shortly. Overall, the coordinate transformation reads

X;\ I 0 X\ X
(x2)_(—K2—2‘K21 WZ)(“)_T(O‘) @

where « is the vector of modal amplitude of the fixed boundary
modes. Using the transformation matrix T, the mass matrix M and

the stiffness matrix K of the reduced system are readily obtained
according to the classical formulas

M =T'MT K =T’KT (8)

leading to the final equation in reduced coordinates
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Fig. 5 Singular values of the Jacobian J, of the edge sensors, ranked by
increasing order. Piston, tilt, and defocus cannot be observed from the
edge sensors.
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In this equation the stiffness matrix is block diagonal, with K n=
K, — K;,K;)K,, being the Guyan stiffness matrix and 22 being
a diagonal matrix with entries equal to the square of the natural
frequencies of the fixed boundary modes. It has been assumed that
these are not loaded by the external disturbance d (wind, gravity, etc.)
nor by the control forces F, = k,a. S, is the matrix describing the
topology of the actuators. To be complete, a damping matrix should
be included; this will be done after transformation into modal
coordinates. For a segmented mirror with N segments, the size of x;
is typically ~6N, down from >24N, depending on the details of the
original model shown in Eq. (4). Because of the way they have been
selected, the reduced coordinates x; describe fully the rigid body
motion of the segments and the sensor output can be expressed by

yi=8,x (10)

Y2=Sy2X1 (11)

where the matrices S, and S,, describe the topology of the sensor
arrays.

Modal Analysis

To illustrate our analysis, consider the flat segmented mirror of
Fig. 6, consisting of 91 segments supported by a truss. The mass is
assumed to be distributed equally between the segments, which are
50 kg each, and the truss, which is 4550 kg. The actuator stiffness k,
has been selected in order that the first piston mode of the segments is
100 Hz. The truss stiffness has been chosen so that the first global
modeis f; = 20 Hz. The modal damping will be assumed uniformly
& = 0.01 unless otherwise specified. Figure 7 shows the eigen-
frequency distribution of the full FE model; the first 20 or so modes
are global modes; their mode shapes are a combination of optical
aberration modes of low order. Next follow the local modes of the
segments (tilt near 75 Hz and piston near 100 Hz). Figure 8 shows the
natural frequencies obtained after the Craig—Bampton reduction
described in the previous section, for various numbers of fixed
boundary modes. They are solution of [9] after setting the right hand
side to zero. One sees that a small number of fixed boundary modes
(three in this case) improves the agreement of the eigenfrequency
distribution. The mode shapes are displayed in Fig. 9; the frequencies
listed at the top of the figure are the natural frequencies of the model;
those on the left side are the frequencies of the fixed boundary modes;
their relationship with the frequencies of the missing modes in the
reduced model is interesting.
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Fig. 6 Segmented mirror consisting of 91 segments supported by a
truss. The figure shows the support conditions assumed in this studyand
the first modes.

For a large segmented mirror, the model obtained after the Craig—
Bampton reduction may be still quite big (~6N, down from >24N,
where N is the number of segments) for coupling it directly with the
control; before going into state-space coordinates, it can be further
reduced by transforming into modal coordinates and truncating the
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Fig. 7 Eigenfrequency distribution of the full FE model.
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Fig. 8 Eigenfrequency distribution of reduced models (Guyan and
Craig-Bampton) easing number of fixed boundary modes.

high-frequency modes that are of no concern in the control-structure
interaction analysis. However, the modal truncation must be per-
formed in such a way that the primary response of the structure
(i.e., the kinematic relationship between the position actuators and
the rigid body motion of the segments) is preserved, as we now
examine.

Static Response
From Eq. (9), the static response of the system is

x, = Ki/[S,F, +d] (12)

v =8,Ki([S.F, +d =8, K;/S,ka+8,Kjjd (13)
Comparing this equation with Eq. (1), one gets
J. =5, Ki/'S,k, (14)
Similarly, using the second output equation, one gets
v, =8, Ki|[S.F, +d] =S, K;/S,k,a+8, Ki'd (15
and
J, =8, Ki/'S,k, (16)

Both J, and J,, can be obtained geometrically without resorting to the
FE model.

Dynamic Response

Assume that the eigenvalue problem has been solved for the
reduced system and that the eigenmodes have frequencies w; and
have been normalized to a unit modal mass. Let ¢, be the partition of
the eigenmodes corresponding to the boundary DOF x . Because the
control force and the disturbance is only applied to those DOF, the
equation governing the dynamic response of mode i is
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Fig. 9 Eigenmodes of the full model and various reduced models (Craig-Bampton) with an increasing number of fixed boundary modes.

2428wz + wiz; = ¢! S,F, + ¢l d (i=1

Lm) (17)

Sy] Fmsaka]a + Syl [I’\(fll - Fm]d

(20)

Yi :Sylxl :Sy]<1>mz + [Je -

However, only the m lowest frequency modes within or close to the

bandwidth of the disturbance respond dynamically; the higher ones
(i > m) respond in a quasi-static manner and may be regarded as a

where Eq. (14) has been used. Similarly, from Eq. (11), the normal
sensor output y, reads

singular perturbation. The static response of the previous section

includes allmodes, and if aflexible mode is accounted for dynamically
one must remove its contribution to the flexibility matrix. This is
obtained by subtracting from Kl_ll the contribution F,, of the m modes

that respond dynamically according to [16]:

_ 2”’: ¢!
m 2
im1 @i

Thus, the flexibility matrix of the high frequency modes is IA(I]I —F,
(depending on m) and the overall dynamic response at the DOF x;

reads

x,=®,z+ K| —F,JS,F, +d]

where the components of z are solutions of Eq. (17) (dynamic
¢,,) is the matrix of mode shapes at the
boundary DOF, and the second term is the quasi-static response
(singular perturbation) of all modes beyond m. From Eq. (10), theedge

response), @,

:(¢l,...,

sensor output y, is

Flexible modes
i=1,...m

o

2
52428, 0,5 +O;

[F |

(Residual response)

m

Jacobian

—8,,F,S.kJa +8,,[Ki/ —F,Jd
@

Y. = Syle = Syzq)mz + [Jn

after using Eq. (15). In these equations, S, ®,, and S,, ®,, are the
modal components for the first m modes of the edge sensor output and
the normal sensor output, respectively. Equations (20) and (21) are
reducedtoEqgs. (13)and (15)ifnone of themodesrespond dynamically
(m =0).

Figure 10 shows a decomposition of the input—output relationship
between the primary response G (s) = J and the residual response
G (s); the latter is not taken into account in the controller structure
and is regarded as an additive uncertainty.

(18)

(19) Control Strategy

Given the size and complexity of the system, its variability with
temperature and the elevation angle of the telescope, and the large
amountofreal-time calculations, itseemsreasonable to base the control
on the quasi-static behavior of the system and address the dynamic
amplification as a perturbation to the nominal system. The baseline
cophasingstrategy currently envisaged by ESOis the SVD controllerof
Fig. 4. The edge sensor output y, is projected into the sensor modes,
Uy, then scaled according to the inverse of the singular values ¢!
shaped in the frequency domain according to the diagonal controller
H, (5) (possibly variable with the order of the mode), and then applied
to the actuator modes through the matrix V

d
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Fig. 10 Input-output relationship of the segmented mirror.
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residual (secondary) response Gy(s) is regarded as an additive
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Fig. 11 Block diagram of the dual-loop control strategy for the active
optics of M1.
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Fig. 12 Comparison of the singular values of the Jacobian J, of the edge
sensors with the extended Jacobian J (edge sensor measurements and
displacement actuators are in meters, tilt angles are in radians).

al=VH,(s)Z"'UTy, 22)

This approach reflects the fact that for each mode, the loop gain
must be adjusted according to the singular value. If the same scalar
controller is used for all loops, they will have the same gain. However,
the sensor noise will be amplified on those modes with the lowest
singular values (which are the lowest optical modes, Fig. 5). Although
[5] concludes that the wave front information is not useful for realistic
edge sensor noise, this study assumes a second set of sensors
measuring the normal to the segments (tilt), y,; two controller
structures blending this information with the edge sensor output are
examined in the next section.

Dual-Loop Controller

The idea consists of using the SVD controller based on the edge
sensors for all the modes of the Jacobian J, with significant singular
values, and to add a second loop based on the normal sensors y, to
control a selected set of low-order Zernike modes. This is done as
follows:letA = (a,,...,a;,...) be the matrix, the columns of which

Residual
— G |
+
Primary O

a)

Fig. 13 Block diagram of the control system: a) mirror represented by
its primary and residual dynamics, b) multiplicative uncertainty, and
¢) additive uncertainty.

o[+ (KGy)']

0.1

Structural
uncertainty

1 1 1
0.01 0.1 1 £, 10
[Hz]
Fig. 14 Robustness test Eq. (30). The minimum singular value o[/ +
(KG,)~!] refers to the nominal system used in the controller design. The
maximum singular value 6[G;!Gg] is an upper bound to the relative
magnitude of the residual dynamics. The critical point A corresponds to
the closest distance between these curves. The vertical distance between
A and the upper curve has the meaning of a gain margin.

are the actuator displacements for the Zernike modes of increasing
order. They are assumed to be normalized according to

ATWA =1 (23)

(the matrix W depends on the geometry of the actuator network). Let
N=(n,,...,n;,...) be the output of normal sensors for the same
low-order Zernike modes (with the same normalization). The control
input is constructed as follows: the sensor output y, is first projected
in the space of the selected Zernike modes, N”y,; next, the proper
frequency shaping with the diagonal controller H,(s) is applied
(possibly variable with the order of the mode), and the correction
amplitude of the various Zernike modes is then applied to the
segment actuators

a2 = AH,(s)Ny, (24)

This part of the control includes all the important optical modes of the
system. The problem with this dual-loop approach is that the two sets
of modes (singular value decomposition of the Jacobian of the edge
sensors on the one hand, and Zernike modes on the other) are not
orthogonal and that the control input a' based on the edge sensors
may excite the low-order Zernike modes and vice versa. In fact, the
control input a' can be made orthogonal to the Zernike modes by
passing it through a spatial filter?

I - AATW (25)
Finally,
a! =[I - AATW]VH,(s)Z"'U"y, (26)

and the control input is a = a' + a%. Generated in this way, the
control input of the cophasing controller will not excite the optical
modes controlled by the dual controller. The cophasing loop, how-
ever, may be excited by control input a>, although weakly, if only
those optical modes corresponding to the lowest singular values in J,
are controlled. Figure 11 shows the block diagram of the dual-loop
control strategy previously described.

Note that the piston mode of the mirror is not observable, neither
by the edge sensors nor by the normal sensors. In practice, however,
the central mirror is removed and its position can be considered as
fixed (the edge sensors in the center are attached to the supporting
truss).

STt is easy to see that this filter will remove any component of the
control that belongs to the column space of A because (I — AATW)A =
0 whereas any vector orthogonal to A will be unaltered, because if
ATWB =0 (I - AATW)B = B.
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frequency and a cutoff frequency of f, = 0.25 Hz.

Extended Jacobian Singular Value Decomposition Controller

An alternative way to solve the problem of the poorly observable
modes associated with the Jacobian J, of the edge sensor consists of
building an extended Jacobian coupling the two sets of sensors

_ (¥ _ Je —
()

The singular values of the Jacobian of the edge sensor J, and the
extended Jacobian J are compared in Fig. 12. One sees that except for
the global piston mode, which is not observable, the singular values
of the extended Jacobian are quite well-conditioned and ready for the
implementation of Fig. 4. After conducting an SVD of the extended
Jacobian J = UX V7, the controller reads

a = VH(s)X'UTy = K(s)y (28)

with as many modes as necessary. This control strategy is followed in
the sequel of this paper.

Control-Structure Interaction

One can see from Fig. 4 that if the mirror would respond in a quasi-
static manner, the controller transfer matrix would essentially invert
that of the mirror. However, because the response of the mirror
includes a dynamic contribution at the frequency of the lowest struc-
tural modes and above, the system behaves according to Fig. 10 and
the robustness with respect to control-structure interaction must be
examined with care [16,17]. The structure of the control system is
that of Fig. 13a, where the primary response G (s) corresponds to the
quasi-static response described earlier and the residual response
G (s) is the deviation resulting from the dynamic amplification of
the flexible modes; K(s) is the controller.

The control-structure interaction may be addressed with the
general robustness theory of multivariable feedback systems [18—
201, with the residual response being considered as uncertainty. For a
multiplicative uncertainty, the standard structure of Fig. 13b applies
with G(s) = K(s)Gy(s) and L = G;'Gg.I A sufficient condition
for stability is that

o[L(jw)] < ofl + G '(jw)], >0 (29)

IThe inverse of rectangular matrices should be understood in the sense of
pseudoinverse.

(0 and o stand, respectively, for the maximum and the minimum
singular value), which is transformed here into

0[G;'Gr(jo)] <oll + (KGo) '(jw). >0 (30)

This test is quite meaningful and is illustrated in Fig. 14. The left-
hand side is independent of the controller; it starts from zero at low
frequency where the residual dynamics is negligible and increases
gradually when the frequency approaches the flexible modes of the
mirror structure, which are not included in the nominal model G; the
amplitude is maximum at the resonance frequencies where it is
only limited by the structural damping. The right-hand side starts
from unity at low frequency where |[KGg| > 1 (KG, controls the
performance of the control system) and grows larger than one outside
the bandwidth of the control system where the system rolls off
(IKGg| < 1). The robustness test looks like Fig. 14; the critical point
A corresponds to the closest distance between these curves. The
vertical distance between A and the upper curve has the meaning
of a gain margin GM. When the natural frequency of the structure
changes from f; to f7, point A moves horizontally according to the
ratio f/f, (increasing the frequency will move A to the right).
Similarly, changing the damping ratio from &, to &} will change the
amplitude according to &, /& (increasing the damping will decrease
the amplitude of A).

Alternatively, for an additive uncertainty the standard structure of
Fig. 13c applies with G =Gy)K and L =G;K; a sufficient
condition for stability is

o[L(jw)] < o[l + G(jw)], >0 31
which is translated into
0[GrK(jw)] < o[l + G K(jw)], w>0 (32)

Again, the smallest distance between these two curves has the
meaning of a gain margin. The stability conditions Egs. (30) and (32)
come from the small gain theorem; being sufficient conditions, they
are both conservative and one may be more conservative than the
other. In the example considered in the following section, Eq. (30)
turns out to be less conservative than Eq. (32) and will be presented
alone. Before this, let us consider the frequency shaping of the SVD
controller for the nominal (primary) system.
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Loop Shaping of the Singular Value
Decomposition Controller

The SVD controller is based on the extended Jacobian, with the
same compensator applied to all loops, H(s) = Ih(s) in Eq. (28).
Because of the SVD controller structure,

KG = Ih(s) (33)
and all the singular values of KG, are identical,
o[KGo] = |h(jw)| (34)
Similarly, the sensitivity matrix has also identical singular values,

1

o[(I+KGy) '] = 1+ h(jw)|

(35)

and the controller design can be done as a single input/single out-
put controller according to classical techniques [21] or frequency
shaping using the Bode integrals [22]. The active optics controller is
mostly targeted by low-frequency disturbances associated with the
change of the gravity vector with the earth rotation and transient
thermal effects, so the controller aims essentially at providing
integral control, large gain at the earth rotation frequency, and
enough roll-off at high frequency to accommodate for the flexible
modes. The behavior near crossover is dictated by stability margins.
Figure 15 shows the Bode plots and the Nichols chart of the
controller used in this study; the compensator i(s) consists of an
integrator, a lag filter, followed by a lead and a second-order
Butterworth filter. The crossover is f. = 0.25 Hz and the attenu-
ation at the Earth rotation frequency is 125 dB. The stability
margins are clearly visible on the Nichols chart [the exclusion zone
around the critical point (—180deg, 0 dB) corresponds to (PM=
+45°, GM = +10 dB)].

GM=45dB

Limit of stability

[dB]

AN
101 100 101 102
[Hz]
Fig. 16 Robustness test Eq. (30): a) stiff supporting truss (f; = 20 Hz);
the gain margin is GM = 45 dB, and b) soft supporting truss at the
stability limit.
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Fig. 17 Evolution of the gain margin with the frequency ratio f, /f, for
various values of the damping ratio &;.

Discussion

To illustrate the foregoing discussion, consider again the
segmented mirror of Fig. 6. Although this example does not
correspond to a particular existing telescope, it is representative of
the current generation of large telescopes (Keck); the parameters
have been chosen so that f; = 20 Hz and &; = 0.01 uniformly. The
SVD controller has just been discussed. Figure 16a shows the
robustness test Eq. (30); with aratio f,/f. ~ 80 the system exhibits
a substantial gain margin of 45 dB with respect to control-structure
interaction. To examine more critical configurations that are more
representative of extremely large telescopes, the supporting truss is
gradually softened by reducing the Young’s modulus of the bars
forming the truss. Figure 16b shows the stability limit when A
touches the upper curve, f| = 2.2 Hz in this case. Figure 17 shows
the evolution of the gain margin with the frequency ratio f,/f, for
various values of the damping ratio £. According to this plot, if the
first structural mode of the supporting structure has a damping ratio
of 1%, a gain margin GM = 10 requires a frequency separation
f1/f. significantly larger than 1 decade. This condition may be more
and more difficult to fulfill as the size of the telescope grows [23].

Conclusions

This paper has been focused on the control-structure interaction in
active optics of large segmented mirrors. In the first part, the numerical
modeling of the mirror and its supporting truss structure has been
discussed. The primary response (quasi-static) and the residual
response (dynamic amplification) have been separated. The control
strategy considers explicitly the primary response of the telescope
through a singular value controller; the frequency shaping of the loop
gain provides the same gain for all loops, large gains at low frequency
for performance, roll off at high frequency to limit spillover, and good
stability margins near crossover. The control-structure interaction has
been addressed with the general robustness theory of multivariable
feedback systems where the residual response is considered as
uncertainty. Thisapproachis very fastand allows extensive parametric
studies. The study has been illustrated with an example involving 90
segments, 270 inputs, and 654 outputs.
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