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Abstrad: In this paper, a series of results related to the decouping d the 10m diameter
Grantecar’'s primary mirror dynamics and its influence on the design d a controller for
the mirror are presented. Firstly, an algebraic gproach o the decouping method,
together with its general lines are shown. Some modifications of this procedure with
resped to the way it was originally proposed with the am of its smplificaion and
improvement are dso presented. Finaly, a discusson abou the design d a robust H.,
controller for any of the SISO subsystems obtained after the decouging and the
correspondng resultsis carried ou. Copyright © 20021FAC
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1. INTRODUCTION

Before the Kedk Telescope (Mauna Keg Hawaii)
and the Gran Telescopio Canarias (GTC) (La
Palma, Spain), the largest telescopes in the world
had an 8m mondithic primary mirror, acording to
the line of many similar projeds garted at the end
of the aghties. The am of the GTC projed was to
provide a significant advance over existing 4m
classtelescopes. Experts in the field concluded that
the entrance pupl of the GTC nealed to have a
diameter of at least 10m to be 1 mag more sensitive
than a 4m class telescope. However, the GTC
projed does not ssimply increment the list of ‘8-
10m class telescopes. It combines a large
colleding surfacewith excdlent image quality and
a suitably optimized olserving range in bah the
visible and the infrared. The big size of the GTC's
primary mirror has compell ed to segment it into 36
hexagoral pieces. Thisis the reason why the adive
control of the mirror is necessary. The goal of the
controller will be to ensure that the segments
behave dl the time & if they composed a
mondithic mirror.

To make it possble to move the segments in the
three xia degrees of freedom, ead ore of them is
provided with three positioners. At the same time,
the relative aia position d the primary mirror
segments is measured using two pdasition sensors

situated in eacy common edge between segments.
Thus, the mirror is, from the point of view of the
controller, a108inpus-168 ouputs g/stem.

To design a centralized controller with such a high
number of inpus and ouputs is a mmplex task;
while a decentralized pdicy does not provide a
good mrformance since the important effed of
couping ketween the different segments can na be
negleded. As a cnsequence of this, a procedure
for the mirror dynamics deauping consisting in a
change of the system eigenvedors basis has been
caried ou. This transforms the origind MIMO
(multi-inpu/multi-output) system into a set of
subsystems, many of which are SISO (single-inpu
single-output). A robust controller has been
designed for any of them with the am of ensuring
the orred alignment of the segments in presence
of noise (it has been considered that it is produced
by the dfea of the wind ower the mirror) and
uncertainties in the system model (Hayakawa,
1999 Huang, 1998 Skogestad, 1998.

2. MIRROR'SDYNAMICS MODELING

Three a@e the main elements that compose the

GTC'sprimary mirror. They are:

= The structure or cdl, which suppats eah of
the segments together with their adive and
passve suppat systems. Its dynamics is



charaderized by the 30 daminant modes, being
the most important onein 17Hz.

= The segments, modeled as a seond ader
system with a 28Hz natural frequency.

= The paositioners or aduators, charaderized by a
5ms of delay and a 60Hz natural frequency.

The whole system dynamics is described by the
foll owing equations:

X (708x 1) = A(708x 708)* X + B(708x 108 * U(108x1) + P
168x 1) = C(168x 708 OX

where;

= X isthe states vedor whose comporents are:
a: dominant oscill ation modes of the cdl (30).
a: time derivatives of these modes (30).
Xg: distances from the segments to the cdl
(108).
MgXg: Segments momentum (108).
ril, r2: two states asociated with the time delay
for ead pasitioner (2x108).
g, (: two dstates asciated with the
paositioners’ dynamics (2x108).

= A and B determine the system dynamics and
include terms such as:

The cdl modal displacements.
The anguar modal frequencies of the cdl.
The damping fadors correspondng to the cdl
modes.
The segments base stiffness and damping
fadors.
The massassociated with ore of the suppats of
the segment with the cdl.
The positioners' natural frequency.
The positioners’ damping fador and time delay.
= U are the signals snt to the positioners to
move the segments.
=  Sarethe measurements made by the sensors.
= P isthe vedor of disturbances caused by the
wind.
= C contains the geometric relationship between
the sensors signals and the positioners
relative positions.

3. DECOUPLING OF THE MIRROR'S
DYNAMICS

From the point of view of the decouding process
only the set cdl+segments has to be mnsidered.
The paositioners dynamics is already decouded and
to include it only contributes to increase the plant
dimension. In figure 1, the open-loop system
blocks diagram is shown:

COM:IlﬁiNDS 108 108
SIGNALS
Structure | V™S
—>{ Actuators’ + —
: dynamics |——= Segments | :
—> dynamics ———>

Fig. 1. Blocks diagram correspondng to the open-
loopsystem .

The first 2N eigenvalues of the structure and
segments gates matrix correspondto the N modes
used for the cdl dynamic charaderizaion, while
the following correspond to the positioners
considered. The value of the latter would be dl
equal, cdled ‘nomina eigenvalue’, if it were not
for the couping elements between the cél and the
segments.

In the most general case, working with N modes for
the cdl and P positioners, being P>2N, our purpose
isto demonstrate two things:

» There ae P-N eigenvalues correspondng to the
positioners whose value is the ‘nominal’ one.

» The vedorial subspace o©omposed o the
eigenvedors correspondng to the cdl and the
paositioners couded with it is orthogoral to the
subspace omposed o the noncouded
pasitioners.

The demonstration d these two items will be

caried ou in the mmplex domain, which is the

case we aeinterested in.

3.1 Demonstrationin the complexdomain.

Consider the sguare matrix of complex numbers
shown a the top d the next page, where
m;,i =12,---8N isarow matrix of P red elements

that islinea combination d the following red row
matrices:

ty = (tonsas tionsezs  tioneop)

t,= (t2,2N+17t2,2N+2 " 't2,2N+2P)

ty :(tN,2N+1’tN,2N+2""tN,2N+2P)
and mjt denotes the traspose of the m; row
matrix. In addition to this, A;,---Ay,A, are
complex numbers, A, denotes the mplex
conjugated of A, and A,',l=1.---P represents
ead oreof theP A, eigenvalues.

Consider now the E,“ O C**?* (the 2N+2P

dimensional complex numbers <t) vedoria
subspace being AOC, composed o the
V = (Vy, - V,n.0p) VeEdors complying with:

Jv 8 BH

(A-A0,.p)0 @ OFOO

FoneH HOH

The E,” subspace is composed o the
V = (Vy, - V,n.0p) Vedors satisfying that:
(Vl V2N+2P)(A_A|]2N+2P) :(O 0)
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When there eists a subspace W, of a complex

vedorial subspace it can be @nsidered the W
subspace omposed o the mplex conjugated

vedors to the ones of W . In general, W does not
coincide with W .

Consider now the W, — subspace omposed of the
V = (Vy, - Vyp.op) VeEdors verifying that:
vy = 0;”‘V2 = 0;V2N+P+1 = 0;"'V2N+2P =0;

o P

't 2r;1+2 B—O,mt EEIZN+2D 0

EI:

Notice that WAA =W,, . As a mnsequence of this,
we have that:
C
w, OE,,

Moreover:
P-N=2N+2P-(3N +P) sdimc(VVAA)s

<2N +2P - (2N + P) = P and, consequently:
dim.(E,,“nE, " nE,“nE,")2P-N

Lemma 1- A, isan eigenvalue of A and
dimc(E,,“nE, " nE, “nE, " )2P-N.

Proposition 1.- If A isan eigenvalue of A, being
A#A,, then

i) The vedors of E,°
orthogorsdl to the vedors of E,\AC N EAAF

are hermitian
i) The vedors of E,” are hermitian
orthogoral to the vedorsof E, " n E, ©

i) Bev= (Vl V2N+2P)D E,° and

_ c = F
w = (w, W2N+2P)DE/\A nE,,

Then, the hermitian scdar product of the v and w
vedors can be written as:

<v,w>=v[W'

ml m2N+l
rnN m3N
mN+l m3N+1

=z
OoOoooooooooooooggr,

.
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0 0 0 0 0
0 0 A" 0 0 0
0 0 0 Al 0 0
0 0 0 0 K 0
0 0 0 0 0 A
and:

H"™ f
Vonsop) D 1 [OF

BITIZN +2P H

AXvV,w>=A v,

:/\A[qv_vl V_V2N+2P)D§ E
al

Conseguently:
A-2A)EXKv,w>=0E v,w>=0,sinceAzA,.

i) 1f v=(y

w = (w,

V2N+2P)DE}\F and
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AX v,w>= A Qv,

For A, the W;  subspacedefined by:

B/2N+P+l H B/2N+P+:L H
“ Vonap =0t [gzmpﬂ B: . [gIZN+P+2 B:
ﬁ\/ZN+2P ﬁ ﬁVZN+2P ﬁ

is considered.

In additionto this, we have that:
W. OE; “nE;"nE . “nE.".
A A A A A



being P-N sdimc(\NXA)s P.

Lemma 2- A, isan eigenvalue of A and

dimc(E; “ nE; " nE;“nE;")2P-N.

Proposition 2.- If A isan eigenvalue of A, being
A#ZA,, then:

i) Thevedors of E,\C are hermitian orthogoral to
thevedorsof E; “ nE; ".
A A
i) Thevedorsof E," arehermitian orthogoral to
thevedorsof E; © n E; ©.
A A

The prodf of this propasiton is analogue to the one
in the previous case.

3.2 Thedewmupging process

The decouping consists of a dhange of the system
basis or, more exadly, of the W, subspace

eigenvectors. Due to the multiplicity of the A,

eigenvalue, it is posshle to recmbine the P-N
eigenvedors of this subspaceobtaining a set of P-N
linealy independent new vedors, in function o
which the mirror inpus and ouputs are non
interconneded among them. These dgenvedors
correspondto the A, eigenvalue, which ensuresthe
system dynamics has not been modified. As a
consequence of the change of basis, the system:
x=Alx+BOU
Yreal =CLKx
bemmes, as aresult of asimil arity transformation:
z=dlOz+bnU
Y e =CNLZ

or, in function o the set of nonrinterconreded
inpus and ouputs we have cdled U and

Yvirtual ’ r&spedively:
z=dlOz+bvOU
Y

real

real

virtual

virtual

=cvllz

virtual

It has been used the relation between (U o, Yiea )

and ( Uvirtual ’ Yvirtual )' eXpreSSBd as.
Uvirtual = Tu Y real
Yreal = Ty DYvirtuaI

As it can be seen in figure 2, the ‘transformation
matrices’, T, and Ty, define the sytem decouging.

Read the signals
sent by the GTC’s
primary mirr or

SENsor's:
Y real
Transform these Computethe Transform these

signalsinto the virtual commands commandsinto
virtual outputs: [ using SISO Ly thereal inputs:
Yirtwar= Ty O rea controllers: Urea=Ty" Wyirua
Uvir(uaJ

v

Send these
comamndsto the
GTC'sprimary
mirr or actuators

Fig. 2. The oontrol process with the decouded
system.

Smplifying the decoupding method In the way it
was originaly proposed (Acosta, 2000, the
procedure designed for obtaining the new
eigenvedors of the GTC's primary mirror for the
system dynamics decouding presents some aspeds
that can be improved. Those ae:
1. The ondtions imposed to the new
eigenvedors for ensuring the segments
deoouding.

2. The dgorithm followed to generate eab new
eigenvedor starting from the W, subspace

Both can be simplified in such a way that, withou

losing efficiency:

1. The ondtions the new eigenvedors must
comply with consist of imposing that the rank
of bath b and ¢ matrices of the system oncethe
demuping is adhieved is equal to the number
of positioners considered.

2. When imposing the condtions in 1, a linea
system of P-N equations with 2(P-N) unknown
guantities is obtained. Thus, P-N linealy
independent eigenvedors complying with the
dewmuging condtions can be obtained by
simply giving values to the P-N parameters of
the system of equations.

These two items produce an improvement in the
demuping results. These ae even better if the new
basis eigenvedors are orthogoralized among them
and then namadized in order to minimize the
numericd problems that appea when cdculating
the inverse of the dgenvedors matrix. The
deomupging can na be gplied when urcertainties
in the plant dynamics are mnsidered, since this
bre&ksthe A, eigenvalue multiplicity. In this case,

the T, and T, matrices caculated for the nominal
plant are used and the decougding results quickly
get worse & uncertainties increease. In spite of this,
the dosed-loop system with propationa or
integral decentraliced SISO cortrollers is very
robust when including these disturbances.

The meaning d the deocouding. Thanks to the
deouping it is passhble to transform the original
plant into a set of smaller and noninterconreded



subsystems. In fad, one of these has as many
inpus and ouputs as modes (in general, N) are
used for the dynamic charaderization d the cdl
that suppats the mirror. The rest are SISO
subsystems. From the point of view of the
segments control, the dewmuping days a
fundamental role since reduces the problem of
designng a ontroller for a large-scde
multivariable system to the design d a cntroller
whose size will vary in function d N and a set of
P-N SISO ones. Because of this, the decouging
makes the study and applicaion o a grea number
of control techniques keegping al the information
related to the system interconredion pcssble.

4. A ROBUST CONTROLLER FOR THE
DECOUPLED SYSTEM

With the am of ensuring ndse rgedion and
stability in presence of disturbances, the design o
a robust H,, controller for the decouped system
has been caried ou.

4.1 The mntrol spedfications.

The spedfications of the cntrol system for the
primary mirror of the GTC can be summed up as
avoiding that the noise axd the multiplicaive
uncertainties in the model that affed the mirror as
shown in figure 3 strains its paraboloidal surface
and dminishes the qudity of the images it
provides. Both performance spedficaions can be
mathematicadly formulated using the sensitivity
Ss) and the mplementary sensitivity T(s)
functions.

Fig. 3. The dosed-loop system weighted model
scheme.

As a mnsequence of the Safonovs theorem
(Chiang, 1992, the following inequality is
obtained:
T (T (jw)) < W, (jw)

where & (T(jw)) isthe maximum singuar value of
the mplementary sensitivity function, and
W;(jw) reports on the model uncertainties. This
result means that the inverse of the higher
multi pli cative disturbance is an upper limit to the
maximum singuar value of the dose-loop transfer
function T(s). Moreover, the maximum singuar
value of the sensitivity function is limited by the
inverse of W, (jw), that gives an acourt of the

noise inpu:

A9 [ Q9 [ W0 L3O —»

T (S(iw)) < W (jw)
On the one hand, in reference to the noise, the
spedrum of its power density is:

b
()= e F

fO
g&:
+708
el

being f,=10Hz and F=6N.

With the am of obtaining a transfer function for
the noise, the aaumption that it is the output of a
linea system whaose inpu is unitary power white
noise has been made. Applying that the spedral
power density of a randam process coincides with
its autocorrelation function Fourier transform and
approximating the 5/6 exporent in the denominator
of §f) by the unity for achieving a linea moddl, a
first order transfer function is obtained. It can be
proved that the spedrum correspondng to this
function and the one of the noise spedficdions is
pradicdly the same.

On the other hand, resped to the uncertainties in
the model of the primary mirror, it must be naticed
that they are mainly produwced by two fadors.
Those ae: 1) a £5% variability of the segments’
base stiffness around its nominal value, which is
6x10°N/m, and 2 a random settling time for
ead pasitioner after applyinga command, which is
given by an uriform distribution between 10 and
50ms.

Taking into acount the disturbances that affed the

primary mirror of the GTC telescope described
above, the foll owing curves are obtained:

150

100
| Both contribugions
50 RN v:;:.m

3 2 w)

Gain (dB)
2
g

-50

Frequency (rad/seg

Fig. 4. Disturbances gedficaions for the robust
controll er design.

The transfer functions obtained for W,™(s) and

W, (s) are:

Wl_l(s) =

1.8e- 7% +3.344 - 63 + 0.0065 + 0.0448

1.7002

) 1
W, (s) =
5 ) 0.0020%




It must be noticed that W,"(s) has been

approximated by an integra fador. This
approximation respeds the bandwidth imposed by
the uncertainties, which is its most important
charaderistic from the controller point of view.

5.RESULTS

A robust fifth-order controller for noise rejedion
has been designed (Zhou, 1998 acmrding to the
spedficaions in figure 4, that report on the
disturbances that affed the plant. This is the lowest
order controller that produces a good performance
from the paint of view of noise rejedion.

The dosed-loop system resporse with the robust
controller designed is hownin figure 5:

« 107 rms value=4.202e-009
10

4 A /
a A
LI n
/ \

. |
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Fig. 5. Closed-loop system resporse in presence of
noise with the SISO robust controll er.

The open and closed-loop simulations have been
caried ou in presence of noise. In addition to this,
the positioners time delay varies in a range of O-
5ms, and a +5% uncertainty in the nominal value of

the segments base stiffness (6x10°N/m) has
been considered. A noise rgedion d,
approximately, one order of magnitude is achieved
with the @ntroller designed. This result obtained in
simulationis tested in the scde model of the GTC's
primary mirror consisting in two sguare iron
segments, as srown in figure 6:

Fig. 6. General view of the GTC's primary mirror
scde model.

6. CONCLUSIONS

A series of results related to the design d an adive
control system for the primary mirror of the Gran
Telescopio Canarias have been presented in this
paper. Firstly, some properties the system presents
and which are used in the mirror dynamics
demuping pocess are demonstrated. The
dewuping hes been caried ou due to the
complexity of designing a centralized controll er for
a large-scde system whose multiple inpus and
outputs are strondy interconrected among them.
Then, the general li nes of the method d decougding
developed have been exposed. The importance of
this procedure, consisting d a change of basis, lies
in the fad that it alows to facethe cntrol of a
multivariable plant withou having to negled any
infformation abou the system couding. Some
modificaions of the original decugding procedure
whaose goal isto simplify and improve it, have been
also shown.

A fifth-order robust controller has been designed
for noise rejedion for any of the subsystems
resulting from the deoouding o the GTC's
primary mirror dynamics. Considering bdh nase
and urcertainties in the model, a noise rejedion o
one order of magnitude is achieved.
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