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Abstract: - The segmented 10m diameter primary mirror of the Gran Telescopio Canarias (GTC) is alarge-scale
multivariable system. In arder to ensure the required quality in the images the telescope provides, it is necessary
to carry out the mirror active cortrol. Due to the strong interconrections existing among the different segments
composing the GTC's primary mirror, a fully decentralized control does nat provide the desired performance.
However, it is possble to use a control strategy, we call ‘local-global’, combining a centralized and a
decentralized cortrol actions. When this grategy is used, the closed-loop system results in a multifrequency ore,
whaose stability can nd be analitically determined in a easy way. The purpose of this paper is to show how the
appropriate inclusion d the lifting gerators in the closed-loop system blocks diagram allows to carry out the
stabili ty study by computing the closed-loap system metrix egenvalues.
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1 Introduction

Asit iswdl known, the Canary Islands’ skies provide
excelent condtions for astronamic observations.
This is the reason why ore of these idands (La
Palma) and, concretely, EI Roque de los Muchachos
Observatory, has been chosen as the best location for
the Gran Tdescopio Canarias [1]. The 10 meters of
diameter of its primary mirror converts the GTC into
the largest telescope in the world together with the
Keck Teescope in Mauna Kea (Hawaii). Due to the
difficulties the construction d such a large
mondithic mirror presents, the segmentation o the
mirror is advisable. The segmentation into thirty six
hexagorel pieces, called segments, was chosen as the
best option after carrying ait a series of studies. In
order the mirror provides images with the required
quality, the alignment among the different segments
is esential. However, there are some factors that tend
to take the segments out of the position in which all
of them are aligned. Some of these factors are the
effect of the wind inside the dome [2] or the
mechanical vibrations in the mirror structure[3]. Asa
consequence of this, it will be esential to carry out
the active control of the GTC’'s primary mirror [4]
and [5] with the purpose of ensuring the appropriate
telescope operation in presence of such dsturbances.

2 Problem Formulation

From a dynamic point of view, three dements
compose the GTC's primary mirror. They are:

1.- The cdl or structure [6] supports the other two
dements and, after carrying ait a finite-dements
analysis [7] it is dynamically described through its
30 dominant modes, being the mode in 17hz the
most important one.

2.- The actuators are the mechanical devices used for

moving the segments and are characterized by a 5ms
dday and a second ader term with a 60hz mode.

3.- The segments of the mirror, whose dynamics is
described through the three support points with the
actuators. A natural frequency of 28hz corresponds
to each ore of these support points.

These dements are schematically represented in Fig.

1.

Segments’ Dynamics (28 Hz)

Actuators’
Dynamics
(60 H2)

Structure’s Dynamics (17Hz)

Fig.1. Elements composingthe GTC’s primary
mirror.



The primary mirror openlogp response is
characterized by a damped oscill atory response in 17
and 28nz and a settling time over two seconds. Both
characteristics can be appreciated in Fig. 2 and 3, in
which the segments response is diown for two
different initial condtions.
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Fig.2. Segments open-logp response when they are

initially ali gned.
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Fig.3. Segments’ open-loap response when they
arenat initially aligned.

In Fig. 2, the segments’ starting point corresponds to
a position in which all of them are perfectly aligned
and behave as a mondithic mirror towards the
equilibrium state defined by anather plane. As a
consequence of this, the segments mode (28hz) is
nat excited and it is the one correspondng to the cell
(17hz) the predominant mode in the system
response. In Fig. 3, al the segments are initialy in
the eguili brium position except three of them, so in
this case the initial condtion corresponds to a state
in which the segments are nonaligned. This is the
reason why the 28nz mode is excited in this scond

case and predominates over the 17hz mode.

From the point of view of the mirror interaction with
the control system, it must be naticed that the GTC
is a large scale system with a huge number of
sensors and actuators. On the one hand, in arder to
move the segments each ore of them has three
actuators. Since there are 36 segments, the mirror
has 108 of such devices. On the other hand, the
measurement of the degree of alignment among the
segments is carried aut by a set of 168 sensors [§].
They are in the common edge of adjacent segments
and measure the relative distance between them. A
schematic representation d the mirror actuators and
sensorsis shown in Fig. 4.
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Fig.4. Actuation and sensorial systems of the GTC's
primary mirror.

2.1 The locd-global control strategy

Due to the high rumber of inputs and aitputs of this
large-scale system, the GTC'’s primary mirror active
cortrol [9], [10], [11] will i mply the flow of a huge
amount of information which can neel to be
processed at a high frequency. Notice that the
segments  control corsists of reading the signals
coming from the 168 intersegment sensors,
procesdng them and, in function d this information
(the mirror degree of alignment), calculating the
correspondng 108 commands that will be finally
sent to the mirror actuators. This, together with the
restrictions imposed by the buses techndogy used
for the telescope design, motivated the study o a
control strategy called ‘local-global’. It consists of
applying to each ore of the thirty six primary mirror
segments two commands at different levels, as
shownin Fig. 5.



—ET S S
(— (— ...... ML?_CR’;-N(_
GLOBAL ACTION

Fig.5. Thelocal-global strategy.

The local cortrol action applied to each segment is
calculated using the information provided by three
of the segment position sensors. For the calculus of
the global control action, the information d all the
system sensors is used. Thus, the global cortrol is
the one that requires the process of a higher amount
of information. The goal of implementing the local-
global strategy is to be able to apply the global
command at a frequency which is lower than the one
that would be necessary in case of disregarding the
local cortrol action.

2.2 A pole-placement controller
According to the local-global control strategy, a
multivariable pole-placement cortroller has been
designed [12]. Notice that the ony design
specifications considered when implementing this
multivariable controller comsists of canceing the
oscill ations in the system response, which must be
also quicker than in the open-loop case (seeFig. 2).
In addtion to this, the commands sent to the
actuation devices of the primary mirror can nd go
beyonda certain limit value.
The pole-placement cortroller command is obtained
according to the foll owing expresson:

U =-K, 0S-F 0S-K, Ox-F, Ox 1)
being:
S(168x1) : signals of the 168intersegment sensors,

S(168x1): derivative of the 168 intersegment

sensors signals,

X(708x1) : system state vector,

X(708x1) : derivative of the system state vector,
Ki(108x168), F(108x168): parameters of the local
controller,

K4(108x708), F4(108x708): parameters of the global
controller,

U(108x1): commands applied to the 108 actuators of
the primary mirror.

Thanks to the symmetries the mirror presents, the
pole-placement controller parameters are obtained
using orly two scalar quantities, called vk and V.

Depending on the values these quantities take, the
closed-logp system will present one response or
ancther.

2.2.1 Thelocal control action
The local comporent of the pole-placement
cortroller is the ore given by the following
expresson:

Uom =—K, OS-F OS )
Its purpose is to change the segments dynamics
using the vk and ve parameters in such away that the
closed-logp system response does nat  present
oscill ations and is quicker than in the open-loop
case. The thirty six segments dynamics changes in
the appropriate way with the local control action.
However, due to the interactions among them, when
the local command is applied to the mirror actuators
the system becomes unstable. This is the reason why
it is necessary to complement the local action with a
global ore, whase only objective will be to cance
the interactions amongthe diff erent segments.

2.2.2 Theglobal control action

The epresson correspondng to the global

comporent of the pole-placement cortroller is the

following:
Ugiobal = ~K g Ox = F, O 3

The process by means of which the parameters of

the global cortrol action are obtained takes place in

two dfferent stages:

e in the first one the dements responsible for the
closed-logp system instability due to the coupling
among the different segments and which appears
when applying the local cortrol action are found,

« in the second stage, the parameters Ky and Fq are
obtained in such a way that those coupling
elements are cancdll ed.

Thus, the thirty six segments of the GTC's primary

mirror behaves as determined by vx and v at the

same time as the global action ensures the closed-
loop system stability cancding the interactions
among segments.

From the diagram shown in Fig. 5, it is clear that the

closed-loagp system with the local-global controller is

a multifrequency plant, whase stability can nd be

andlitically determined in an easy way. In the

following section it can be seen hav the appropriate
use of two qgperators allows to express the closed-
loop system in function d an orly freguency.

Consequently, the system stability will be

determined by the simple inspection d the plant

matrix eigenvalues.



3 Using the ‘lifting’ operators for
studying the  stability of a
multifrequency plant
Chen and Francis define in [13] two gperators they
cal ‘lifing and ‘inverse lifting (L and L,
respectively). Now consider a discrete-time linear
multivariable system provided with m inputs and p
outputs. G is the system transfer matrix, that is to
say:
y=Gu @

If the same multivariable system is expressed in
function d the state variables, the resulting
equations are:

x(k +2) = Ax(k) + Bu(k) 5

y(k) = Cx(k) + Du(k)
Then, a new matrix called [G] can be introduced,
being
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where each ore of the inputs and autputs vectors
eements in the k instant are vectors with m and p
elements, respectively.

Notice that G and [G] must nat be gat mixed up.
Then, Chen and Francis define in [7] the L and L™
operators they cal ‘lifting and ‘inverse lifting,
respectively, in such a way that given a set of
samples of agiven signal v at a frequency f:

v ={v(0),v(1),v(2),...} )
when the lifting gerator is applied to v, it results in
a new signal w, whose samples are spaced aut with a
frequency f/n, being n a positive integer number:
(v OO v(in) O O

VD) OEMn+D g
N i T
(n-DO¥@n-10
As it can be seen, each sample of w is a vector of n
componrents, which are the samples of the original
signal, v, grouped together.
In an analogaus way, given anather signal r at a
frequency f/n:

G)

w=L*v=

I
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the inverse lifting qperator is defined in such a way
that when it is applied to r the resulting signal, s, is

9

I

thefollowing:

s=L"*r ={r,(0),...r,(0),r,(D),...r,(D),--} (10
whose samples are spaced aut with a frequency f.
In the light of the epressons above, the matrices
correspondng to the lifting and the inverse lifting
operators are, particularizing for n=2, the following
ONes:
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Chen and Francis prove that when applying the L
and L™ operators to the [G] system in the way shown
beow:

Y -1 u y ¢
f/n - f [G] f - f/n

the [G.] matrix of theresulting systemis:

¢=L[GILw =[G (11)
If the g packed ndation is used:
A|B

CcC|D

it can be written that, for an arbitrary n, the g, matrix
isthefollowing

A A™'B A"2B ... B

A | BL D o -
aL= =| CA CB D -+ 0
CL| Do : : : :
CA'CA"™?B CA™B .- D

3.1 Applying the lifting operators to the
GTC’sprimary mirr or



The formalism of the lifting and the inverse lifting
operators has been applied to the GTC's primary
mirror in arder to carry out an analitic study o the
closed-loop system stability with the local-global
controller [13], [14], [15]. Theidea, as it was said at
the end d the previous sction, is to express this
multifrequency system in function d ony ore
sampling period. The only restriction that will be
imposed is that the local frequency is a multiple of
the global one.
Corcretdy, this methoddogy hes been applied with
the local-global pole-placement controller described
in section 2, taking vk=-1500 and vg=-0.044. The
most general Situation is that one in which the
system sampling frequency is f, while the local
control is applied at a frequency f/n, and the global
ore is applied at a frequency f/n,, being both n; and
n, integer numbers. However, two assumptions have
been madein arder to simplify the development:
1. On the ore hand, the system is sampled at a
frequency f, which is the same frequency at which
the local component of the pole-placement cortroller
is applied. The global component of the cortroller is
applied at a frequency equal to f/n, being n an
integer. Consequently, this is a multisampling
system including two dff erent frequencies: f and f/n.
2. The &presson d the command is smplified in
such a way that the derivative terms are removed
from the control law:

U =-K, 0S-K, Ox
Notice that the same stability study can be carried
out including the derivative terms.
Using the lifting and the inverse lifting goerators, the
closed-loop system can be epressd in function o
the lowest frequency (f/n). The correspondng blocks
diagramis the one shown in Fig. 6.
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Fig.6. Closed-logp system blocks diagram including
thelifting qoerators.

The global command is applied at a frequency equal
to f/n. This fact is taken into account in the blocks
diagram of Fig. 6 taking the value of the system

output in the k stage for obtaining the global
comporent of the command in the kk+1,..k+n-1
stages. Notice also that for the calculus of the local
command in the k stage, the information provided by
the mirror sensors in the same instant is used. In
other words, its valueis updated every 1/f seconds.
From the blocks diagram in Fig. 6, it is easy to
obtain an analytic expresson for the closed-loop
system state matrix, A. Thisis thefollowing

A. =A +BMC, 12
where M is the matrix that relates the commands
(U,,u,,..u,) and the outputs of the G system:

(Y11 Yo ¥n) -

3.2 Results

Calculating the closed-loop system poles, that is to
say, the A, matrix eigenvalues, for different values
of n, the following results are found when f=200hz

1. for n=1,2,...10, that is to say, global frequencies
equal to 200Q 100Q...200z, the closed-logp system
isstable,

2. for n>10, which means global frequencies lower
than 200z, the system is unstable.

If this procedure is repeated for other values of the
system sampling frequency, which goes on
coinciding with the local command ore, a graphic
representation d the results found with respect to
the closed-loop system stability applying the local-
global pole-placement cortroller can be carried aut.
Such a representationis shown in Fig. 7.
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Fig. 7. Results obtained in the study o the closed-
loop system stabili ty.

Corcretely, the values considered for the system
sampling frequency are, in addition to 200thz, 150Q
1000and 500hz. Notice that in the horizontal axis in
Fig. 7 the frequency at which the local command is



applied is represented, while the vertical axis
corresponds to the different values for n, being
fgioba=fioca/N. The spots represent the highest value of
n, that is to say, the lowest value of the global
frequency, for which the closed-loop system is
stable for each value of the local one.

The representation above shows that, whatever the
local frequency value, the global command must be
applied at least at 200hz in arder the closed-loop
system is dable. Notice that these results coincide
with the ones found in simulation with the local-
global pole-placement controller.

4 Conclusion

The primary mirror of the Gran Telescopio Canarias
is a large scale multivariable system whaose active
control, motivated by the mirror segmentation,
implies the management of a huge amount of
information. In arder to cope with the desired design
specifications, the corntrol frequency can result
prohibitive. The local-global control — strategy
presented in this paper corsists of applying to the
mirror segments two commands at different
frequencies: a ‘fast’” local command, which is
obtained using the information d three sensors, and
a ‘dower’ global ore for whose calculus the 168
sensors are used. A local-global multivariable pole-
placement cortroller has been designed and
implemented according to this drategy. The
implementation d a local-global controller implies
to work with a multifrequency system, since the
local command is updated at a frequency f and the
global ore is updated at f/n, being n an integer
number. However, the study o the closed-loop pant
stability in function d the local and dobal
frequencies is much simpler if the system is
expresed in function d only ore sampling period
This goal is achieved by using the ‘lifting and the
‘inverse lifting operators. It is found that the
minimum global frequency for which the closed-
loop system is dable is 200hz. The closed-loop
system simulation corroborate the results of the
stability study using the lifting and the inverse lifting
operators.

References:

[1] Alvarez e a, Gran Telescopio Canaias,
Conceptua Design, 1997.

[2] F.F. Forbes and G. Gabor, Wind Loadng o
Large Astronamical Telescopes. Ten Meter
Telescope Science Office, Berkdey, CA. Tech.
Rep. U.C. TMT Report n° 82, 1982

[3] S.J. Medwadowski, Conceptual Design d the
Structure of the U.C. Ten Meter Telescope. Ten
Meter Telescope Science Office, Berkdey, CA.
Tech. Rep. U.C. TMT Report n°59, 1981

[4] J.N. Aubrun, K.R. Lordl, T.W. Havas, and W.C.
Henninger, An Anaysis of the Segment
Alignment Control System for the W.M. Keck
Observatory Ten Meter Telescope — Final
Report, 1985

[5] T.S. Mast and J.E. Neson, Figure Control for a
Fully Segmented Telescope Mirror. Ten Meter
Telescope Science Office, Berkdey, CA. Tech.
Rep. U.C. TMT Report n° 64, 1981

[6] S.J. Medwadowski, An Investigation d the U.C.
TMT Mirror Cel Sructure. Ten Meter Telescope
Science Office, Berkdey, CA. Tech. Rep. U.C.
TMT Report n° 70, 1982

[7] O.C. Zienkiewicz and R.L. Taylor, El Méodo c
los Elementos Finitos — Formulacion Basica y
Problemas Lineales, McGraw-Hill Interamericana
de Esparia, 1994

[8] T.S. Mast, G. Gabor and JE. Neson, Edge
Sensors for a Segmented Mirror. Ten Meter
Telescope Science Office, Berkdey, CA. Tech.
Rep. U.C. TMT Report n° 107, 1983

[9] K. J Astrom and B. Wittenmark, Computer
Controlled Systems, Prentice Hall, 1987,

[10] J. Lunze, Feealback Control of Large-Scale
Systems, Prentice-Hall, Engewood Cliffs, 1992
[11] S. Skogestad and I. Postlethwaite, Multivariable
Fealback Control. Analysis and Design, John

Wiley & Sons, Chichester, 1998

[12] L. Acosta, M. Sigut, A. Hamilton, J. A. Méndez,
G. N. Maricha and L. Moreno, Design d a
Multivariable Pole-Placement Controller for the
Primary Mirror of the 10m Grantecan Teescope,
Procealings of the 7" Mediterranean Conference
on Control and Automation, Isradl, 1999

[13] T. Chen and B. Francis, Optimal Sampled-Data
Control Systems, Springer-Verlag, London 1995

[14] T. Chen and B. Francis, Input-Output Stabili ty
of Sampled-Data Systems, I|EEE Trars.
Automatic Control, Vaol. 36, No. 1, 1991, pp. 50-
58.

[15] S. Hara, Y. Yamamoto and H. Fujioka, Modern
and Clasdcal AndlisigSintesis Methods in
Sampled-Data Control — A brief Overview with
Numerical Examples, Procealings of the 35"
IEEE Conferenceon Dedsion and Gntrol, Japan,
1996



