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SUMMARY

The problems associated with modelling and control of large flexible
spacecraft are examined. The representation of the dynamic behaviour of
elastic structures in terms of normal modes is described, and forms the basis
for two of the modelling techniques subsequently examined, that is hybrid
co-ordinates, and finite elements. Also described is a technique based on a
set of rigid bodies interconnected by elastic links.

Due to the infinite dimensional nature of the dynamics of flexible struc-
tures, the order of mathematical models is generally high, thus compounding
the problems of control systems design. Consequently, various approaches
for the design of controllers of practicable order are considered, and the ef-
fects on flexible structures of controllers designed in such a manner are also
discussed.

The development of an experimental facility for demonstration of the
practicality of such control schemes is described, including the experimental
structure, actuators, sensors, and a dedicated multiprocessor digital com-
puting system, with its various interfaces. The software to support the mul-
tiprocessor computer is described, together with mainframe software used
to support the experimental facility.

The various techniques discussed for control systems design are applied
to the problem of position control of the experimental structure. Simula-
tion results are presented for the resulting closed loop systems to enable
comparisions to be drawn. The suitability of the design methods for more
complex cases is discussed, and subsequently such methods are applied to an
example of a proposed large spacecraft which exhibits significant structural
flexibility.

Two separate design exercises are considered for this case, the first having
relatively low performance requirements, and the second having much higher
performance requirements. Simulation results are again presented, which
result in several conclusions and guidelines for control systems design for
large flexible spacecraft.

Problem areas currently unresolved are identified, together with areas of
interest for futher study.
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Chapter 1

Introduction

1.1 Background

This thesis is concerned with the problems of modelling and control of large
flexible spacecraft which are subject to three-axis stabilisation.

In the past, the flexibility of spacecraft which incorporate an active atti-
tude stabilisation system has not been a particularly significant problem for
the control systems designer, most designs being carried out as though the
spacecraft was rigid. However, this is no longer generally possible, and as
more adventerous projects are proposed, the demands on the control system
performance are becoming ever more severe, and the control system design
problem is becoming increasingly more difficult. For example, as the trans-
mission requirements of communications satellites have increased, the size
of the solar arrays used for generating power have also necessarily increased,
resulting in lower natural vibration frequencies of the complete structure.
At the same time, the accuracy requirements of the attitude control sys-
tems are becoming more stringent, often requiring increased control system
bandwidth. As the bandwidth of controllers becomes closer to the resonant
frequencies of the structure (or even overlap), the control system/structure
interaction becomes problematical. It is shown that in these cases it is not
generally possible to treat the spacecraft purely as a rigid body, and greater
account has to be taken of the structural resonances.

Also, as spacecraft become larger, there is a greater requirement to keep
the overall weight as low as possible in order to minimise the cost of launch-
ing the vehicle into space. Often the weight can be reduced at the expense .
of structural rigidity, but this obviously produces a structure with lower nat-
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ural frequencies making system/structure interaction problems more likely.

This latter problem may be further compounded by different required
objectives of the control systems. In the past, it has only been necessary to
consider a single point of the structure because the substructure on which
the actuators and sensors were mounted could be considered as being rigid,
for instance spacecraft such as the NASA Skylab, and communications satel-
lites such as the BAe Olympus. Although many future projects may also be
treated in this manner, some of the spacecraft being proposed have struc-
tures with much more distributed flexibility, and may also have more com-
plex control requirements such as shape control of large antenna reflectors.
The problems of modelling and control of such spacecraft is the subject of
this thesis.

1.2 Aims

There have been many papers published (mostly in the U.S.A.) in connection
with this subject over the past few years, largely of a theoretical nature. An
excellent literature survey, although a little out of date now, has been carried
out by Burton and Rogers [1] which gives a good impression of the volume
and range of literature associated with this subject. One of the primary
aims of this work is to examine as much as possible of the published work in
terms of its applicability to realistic problems and to present the information
in a unified manner to enable a better understanding of the ideas presented
and their inter-relationships.

One way in which the practicality of various ideas for control of a flexible
structure can bhe investigated is to construct an experimental facility where
control laws can be designed for a flexible structure constructed in a labo-
ratory and subsequently implemented as a real-time control exercise. This
approach has been adopted by some research centres in the U.S.A. (see for
example (2], [3], [4]), and is also adopted here. However, due to the restric-
tions of an Earth-based enviroment, such laboratory structures are limited
in their representation of complex spacecraft, and thus further studies are
presented using a more representative example.

1.3 Chapter Contents

The subject of modelling of flexible structures is introduced in Chapter 2,
starting with the description of elastic motion in terms of normal modes,
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where both constrained and unconstrained modes are discussed. The hy-
brid co-ordinate approach is described, as it is currently the most popular
technique for modelling the present generation of flexible spacecraft which
can generally be thought of as a rigid body (where all the actuators and
sensors are mounted) with large flexible appendages, which are primarily
large solar arrays.

However, future spacecraft are less likely to comply with this general
topology, but will exhibit a more flexible nature with the possibility of having
significant flexibility in the part of the structure on which the control devices
are mounted. In addition, there may be a requirement to actively control
more than one p‘oint of the structure.

The need to be able to describe the motion of more than one point of
the structure is catered for by the two modelling techniques subsequently
discussed, the multibody approach, and the finite element approach. In both
of these approaches, the infinite number of degrees of freedom of a flexible
structure are represented by a finite number of elements each having a finite
number of degrees of freedom. In the multibody case, each element is a
rigid body with three degrees of freedom (rotation about each axis), and the
structural flexibility is described in terms of elastic links between the rigid
bodies. In the usual finite element case, elements are connected directly to
each other and each element is described in terms of distributed mass and
distributed stiffness properties. A

A1l the modelling techniques produce mathematical models which have
very high orders due to the large number of degrees of freedom of the physical
representation. The inherently high order of mathematical models describ-
ing the dynamics of flexible structures compounds the problem of control
system design.

In Chapters 3, 4, and 5 the problems of designing control systems for
flexible structures are considered from an analytical viewpoint. Note that
these three chapters are mutually dependent, and several terms are freely
used which may be unfamiliar or appear ambiguous, so are now explained.

The term controller is used as a general reference to the entity, of what-
ever form, that is designed to make the plant (the spacecraft) behave as
required. Also, two particular forms of controller are frequently referred to,
these being a state feedback based controller, and an output feedback based
controller. The fundamental difference implied by these terms is that the
state feedback based controllers are designed assuming that the states of
the system are available for feedback, even though they have to be recon-
structed from the outputs of the system in practice, whereas the output
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feedback based controllers are designed by considering the available outputs
directly.

The term state estimator is used to refer to the entity which is used
to reconstruct state information from the system outputs. Note that the
term state observer is usually associated with deterministic systems, and
the term state estimator is usually associated with stochastic systems. As
will become apparent, the true “observation” of states, in the manner that
the term state observer implies, is not possible for flexible structures, so
the term state estimator has been adopted because it is felt that this term
better implies the nature of the state reconstruction process for this class of
problem. '

The term dynamic state estimator is used to refer to state estimators
which incorporate a dynamic system, and the term static state estimator is
used to refer to state estimators which do not incorporate a dynamic system.

Chapter 3 considers various means of obtaining controllers with orders
lower than the order of the mathematical models used to describe the system,
such that they are a practical proposition for implementation. Chapter 4
considers the effects of feedback on flexible structures using both state feed-
back based controllers and output feedback based controllers, identifying
terms associated with “spillover” as commonly used in the literature. This
is an essential aspect of the application of controllers to flexible structures
as any finite dimension mathematical model must inherently be an approx-
imation to the real structure. :

In Chapter 5 several methods of designing controllers are discussed, in-
cluding optimal control, independent modal space control, modern modal
control, and robust multivariable servomechanism control. Also discussed is
the design of state estimators. Frequency domain techniques are referred to
but not examined in detail for the reasons given, but another method which
is examined is that of positive operators, referred to as Positivity, due to its
application to spacecraft control problems as reported in the literature.

Chapters 6 and 7 are complementary and deal with the development of
an experimental rig for the demonstration of proposed controllers to real-
time application level. Various aspects of the hardware are discussed in
Chapter 6, including the experimental structure itself, actuators, sensors,
the multiprocessor digital computing system, and the various interfaces.

The software used to support this hardware is discussed in Chapter 7,
including the software for the experimental rig computing system, and the
software for the mainframe computer which provides additional support for
the experimental facility.
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Chapter 8 considers the application of the various methods of control
system design introduced in earlier chapters to a relatively simple flexible
structure, the experimental beam. The derivation of various mathematical
models is detailed, together with the subsequent controller designs. Simula-
tion results are presented to enable easy comparison between the resulting
closed loop systems. As explained in Chapter 6, the experimental rig has not
yet been developed sufficiently to enable closed loop control to be carried
out and consequently it has not been possible to present results of real-time
control exercises for comparison.

The results of Chapter 8 prompted refinement of the choice of control
system design methods, and because the experimental beam structure was
known to be only partially representative of a large flexible spacecraft, a
second example was considered which is described in the following chapter.

Chapter 9 considers an early version of the ESA Space Platform as a
realistic example of a large flexible spacecraft. The derivation of a mathe-
matical model is described, followed by two controller design exercises, the
second of which includes an examination of controllers based on a combi-
nation of state feedback and output feedback which are referred to as dual
basis controllers. The results of these exercises are discussed and various
observations are explained. _

Chapter 10 presents some conclusions and guidelines resulting from these
studies, and Chapter 11 suggests areas of interest for futher work.



Chapter 2

Mathematical Models of
Flexible Structures

2.1 Introduction

It should be noted that the discussion in this chapter refers only to the prob-
lems of modelling structural flexibility of non-spinning three-axis stabilized
craft. No account has been made of other problems such as mass movement
due to fuel slosh, or personnel movement on a manned craft, although all
of the techniques discussed may be extended to include such cases. Also,
no account has been made of gravitational or orbital effects. For an initial
study of the problems not examined here, see [5], (6], [7], [8], [9], or [10].

The next section of this chapter discusses the modal description of elas-
tic motion, and subsequent sections examine various methods of using this
modal description as part of the description of the overall motion of a flexi-
ble space structure. The overall motion of a flexible space structure can be
described in a number of ways, depending on what assumptions are made
about the structure, what details need to be described by the equations,
and its topological layout. The first approach discussed is the “Hybrid
Co-ordinate” approach which is the most popular technique for modelling
current generation flexible space structures. However, due to its limitations,
two other approaches are introduced, the “Multibody” approach, and the
“Finite Element” approach. The final section in this chapter reviews the
techniques discussed and suggests which particular approach is most suit-
able for a given problem.
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2.2 Modal Description of Elastic Motion

A convenient way to describe the elastic (vibrational) motion of a structure
is in terms of its modes [11],[12]. In the same way that a Fourier analysis of a
random signal produces an infinite set of component sinusoidal signals [13],
a modal analysis describes the elastic motion of a structure in terms of an in-
finite set of component signals called modes. One of the most convenient set
of modes for vibration analysis is the set of “normal modes”. Each normal
mode is sinusoidal in nature, hence has a natural frequency, and a damping
factor. The latter is usually very small and difficult to define, and thus is
often neglected, or if included, is defined in a rather heuristic manner. As-
sociated with each mode is a “modeshape” which describes the deformation
of the structure for that particular mode. A time-dependent variable called
a “modal co-ordinate” defines the magnitude of each mode with respect to
time. Thus the product of a mode’s co-ordinate and modeshape describe
the displacement of the structure due to that mode. Therefore, the infinite
sum of the products of modal co-ordinates and modeshapes describes the
complete elastic motion of the structure. In practice, the analysis is usually
discretized (for example, by using a finite element approximation), hence
the number of degrees of freedom becomes finite, leading to a finite number
of modes. This description stated mathematically in matrix notation is;-

d(t) = ®q(t)
where

d(t) is the vector of structural co-ordinates (degrees of freedom)
q(t) is the vector of modal co-ordinates

and ® is the set of modeshape vectors i.e. [ ¢1d2...0, |

' (where n is the number of modes)

The description of the elastic motion in terms of normal modes can
provide some insight into the nature of the elastic motion in that it may
be possible to identify certain modes which make negligible contribution to
the overall motion. If such modes can be identified, it may be possible to
remove these modes from the structural model. This is discussed in more
detail in Chapter 3.
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2.3 Hybrid Co-ordinate Approach

This approach was promoted by Likens and Bouvier [14] and Hughes [15],{16],
and is based on a topological structure that consists of a rigid body to which
flexible appendages are connected. (See figure 2.1.) This particular topol-
ogy is convenient for most current generation spacecraft, where the main
structure which carries all the sensors and actuators can be considered as
completely rigid and the flexibibity is in the components connected to that
structure, such as large solar arrays. Examples of space structures that
have been considered to be of this form are the NASA Skylab craft [17], and
communications satellites such as the B.Ae. Olympus [18].

Figure 2.1: Schematic of Hybrid Co-ordinate representation

The name “hybrid co-ordinate” stems from the description of the rigid
body attitude in terms of Euler angles and modal co-ordinates. It should
be noted that there are two ways in which the equations of motion of such
a structure can be derived, depending on the conditions imposed on the
structure when obtaining the modal data. The first method is to analyse
the flexible appendages in isolation, by considering the point at which each
appendage is connected to the rigid body to be constrained so that no motion
at all is possible. The subsequent modal analysis produces “constrained”
modal data. These modes are sometimes referred to in the literature as
“fixed-free”, “appendage”, or “cantilever” modes. When each appendage
has been analysised, it is then necessary to evaluate the degree of coupling
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between each constrained mode and the rigid body, these terms being known
as the “coupling co-efficients”. (Also referred to as “influence co-efficients”.)
A full derivation of the resulting equations of motion can be found in [15]
or [16]. However, the equations are merely stated here in the form;-

I6(t) = Y RTé&:di(t) = T(t) (a)
i=1 (2.1)
fii(t) + 2¢:mi(t) + Q3ni(t) §TRO(t) i=1,...n (b)

where

It

I is the total spacecraft inertia,
T(t) is the external torque on the rigid body,
6(t) is the vector of rigid body attitude angles,
ni(t) is the ith constrained modal co-ordinate,
Q; is the frequency of the ith mode,
¢; is the damping factor of the ith mode,
é; is the coupling coefficient of the ith mode to the rigid body,
R is the transformation matrix between the appendage axis
system and the rigid body axis system,
and n is the number of modes in the model.

The second method applies no constraints to the structure at all. The
modal analysis is applied to the complete structure to obtain “unconstrained”
modal data, sometimes referred to in the literature as “free-free”, “global”,
“system”, or “vehicle” modes. The modal analysis in this case produces the
coupling coefficients automatically, as they are a function of the value of a
mode’s shape at the rigid body co-ordinate. Again, a full derivation of the
resulting equations of motion can be found in [15] or [16]. They are merely
stated here in the form;-

I8.(t) = T(t) (a)
B1i(t) + 20 piwsibpi(t) + wh0si(t) = T(E)Kp/I (®)
o(t) = 6.(t)+ iaﬁ(t) i=1.n (¢

(2.2)
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where

I is the total spacecraft inertia,
T(t) is the external torque on the rigid hody,
6(t) is the vector of rigid body attitude angles,
0.(t) is the vector of contributions due to the rigid modes,
6¢i(t) is the contribution due to the ith elastic mode,
(6-(t) & 6y;(t) form the unconstrained modal co-ordinates)
wy; is the frequency of the ith elastic mode,
(i is the damping factor of the ith elastic mode,
K¢; is the coupling co-efficient of the ith elastic mode to the
rigid body,
and n is the number of modes in the model.

Note that as the appendages and the rigid body are analysised simulta-
neously, it is necessary to use just one axis set for the complete structure,
thus avoiding the need for axis transformation matrices as used in the con-
strained method as described earlier.

Although the constrained method appears to produce a simpler set of
equations, care should be exercised over its use, as the equations are in
terms of modal frequencies of the appendages alone, whose frequencies are
not generally the same as the modes of the complete structure as obtained by
the “unconstrained” method. This is of particular importance if model order
reduction is anticipated, as the choice of analysis method can significantly
affect the accuracy of the resultant reduced order model. The reason for
this is now discussed.

Although an infinite number of modes are required for complete descrip-
tion of the elastic motion of a structure, in practice usually only a subset of
these are used to describe the motions for reasons that will become apparent
later. The actual choice of this subset is discussed in detail in Chapter 3.
However, if the selection procedure is applied to the “constrained” set of
equations, when the control system design model is evaluated (which will
contain information on system frequencies, not appendage frequencies), the
system modal information is derived from a set of constrained modal data
which may be significantly depleted. It is often assumed that the first sys-
tem mode only depends on the first appendage mode, but Hablani [19] and
Likens et al. [20] have shown that this is not in general a valid assumption,
and that it can lead to very large inaccuracies in derived system frequencies
(see also [21]).
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This problem does not occur when reducing the order of the uncon-
strained equations as the unconstrained approach produces the system fre-
quencies directly. Hence, if it is desired to reduce the order of hybrid co-
ordinate equations by mode deletion, it is advisable to apply this procedure
to system modes only, either by direct application to the unconstrained equa-
tions, or by converting the constrained equations to unconstrained equations
using a full set of constrained modes to avoid the introduction of unnecessary
inaccuracies in the system model.

These inaccuracies stem from the conditions under which the constrained
modal data is obtained, that is the rigid body is constrained to be motion-
less. If the spacecraft under analysis has a rigid body with an inertia which
is very much greater than the inertia of its appendages, then this condition
will almost be satisfied, and thus the system frequencies will be not be very
much different from the appendage frequencies. In this case deletion of con-
strained modes may not introduce significant inaccuracies in the derivation
of a system model.

It can be shown mathematically (see Appendix A..2), that the addition of
constraints effectively increases the stiffness of the system, which results in
higher modal frequencies. Hence constrained modal frequencies will always
be higher than system modal frequencies. '

2.4 Multibody Approach

This approach was promoted primarily by Hooker and Margulies [22] and
later further developed by Hooker [23]. It is based on a structure described
by a set of n rigid bodies interconnected by dissipative elastic joints and
subject to arbitrary torques. The only requirement on the configuration is
that it should be equivalent to a topological tree, that is it should have no
closed loops. (See figure 2.2). The applicability of this topology is, perhaps,
not quite so obvious as that of the hybrid co-ordinate approach described
above. However, it has been used for modelling of boom antennae and
fold-out solar arrays during deployment [24], [25].

The full derivation of the equations of motion for a structure described
in such a manner can be found in [24], they are merely stated here in the
form;-

Ab(t) - PC(t) = T(t) (2.3)

where
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Figure 2.2: Schematic of multibody representation

A is the matrix of inertia properties of the bodies,
6(t) is the vector of attitude angles of the bodies,
T(t) is the matrix of external torques on the bodies,
P is the matrix of vectors describing the “locked modes” of
the structure ( see [22]),
and . C(t) is the vector of constraint torques between bodies.

The “locked modes” referred to above are modes where certain degrees
of freedom are constrained..It should be noted that only rotational motion
is permitted at the elastic joints so it is not convenient to describe any
translational motion within the structure. However, an advantage of this
method is that it can cope equally well with large deformations as it can
with small deformations, hence its use for modelling the deployment of fold-
out solar arrays in [24] and [25).

2.5 Finite Element Approach

This approach, although having classic origins [11],{12], albeit in a slightly
different form, has only been applied to flexible space structures in recent
years. It is based on the description of a structure in terms of a finite number
of co-ordinates (degrees of freedom) connected by elements with distributed
mass and stiffness properties. This technique has been used for many years
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in the aircraft industry for the analysis of static and dynamic loading of
airframes {26},{27],[28], and other problems such as structural “flutter” [29].
A particularly convenient facet of the finite element method is that there
are few (only computational) limitations as to how many elements need to
be used, or what configurations are permissible, so a crude representation
with a small number of elements may be utilised for initial studies, with
refinement of the representation as more accurate data becomes available as
the spacecraft design progresses.

The classical solution of this type of problem is via methods such as
the Rayleigh-Ritz method, or the Galerkin method. A modern alternative
is the finite element method, which can be considered as a combination of
these two classic methods as it uses assumed shape functions to represent
displacements within element boundaries [30],[31].

The classic derivation of the equations of motion for a structure modelled
in this manner can be found in most texts on structural vibration analysis
(for example, see [11],[12],[30],[31]), but the derivation of these equations
using assumed shape functions is perhaps less well known and thus full
details are given in Appendix A.l, together with details of decoupling the
equations into modal form. However, they are stated here in the form;-

Md(t) + Dd(t) + Kd(t) = F(t) (2.4)
where

d(t) is the vector of structural co-ordinates (degrees of freedom),

F(t) is the vector of external forces and torques at the structural
co-ordinates,

M 1is the matrix of mass and inertia properties of the elements,

D is the matrix of damping properties of the elements,

K is the matrix of stiffness properties of the elements.

Note that the damping terms are generally very small and ill-defined, so
are neglected for many cases.

These coupled equations of motion can be decoupled by a suitable co-
ordinate transformation. The most convenient transformation is to the sec-
ond order modal form, which is described in detail in Appendix A.1. The
resulting modal matrix, appropriately normalised, can be used to map the
structural co-ordinates into modal co-ordinates thus enabling equation 2.4
to be written as a set of uncoupled equations of the form;-
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Gi(t) + 2Cwidi(t) + wiq:i(t) = fi(t) i=1,...n (2.5)

where

g(t) is the ith modal cc-ordinate,
w; is the frequency of the ith mode,
(; is the damping factor of the ith mode,
fi(t) is the generalized force at the ith modal co-ordinate,
and n is the number of modes. (equal to the number of degrees
of freedom of the model)

An advantage of this approach is that there is no requirement for any
point of the structure to be rigid. The use of a finite element structural
analysis package for a digital computer such as NASTRAN (32}, [33] en-
ables very complex structures to be modelled, including non-linear elements
such as sliding joints. Most finite element structural analysis programs in-
clude a dynamic analysis capability which provides the modal frequencies
and the correctly normalized modeshape matrix (see Appendix A.1) such
that the uncoupled modal equations can be derived directly without further
computation. ) '

Note that translational and rotational motion can be described for the
elastic modes as well as the rigid modes (where the complete structure moves
with no deformation from its nominal shape) hence the complete motion of
the structure can be described in terms of modes.

In addition, one particular advantage of this type of model is the facility
to model displacements at more than one point with ease, thus allowing
the examination of effects of structural flexibility between control devices
(actuators and sensors) rather than having to assume that there is no rel-
ative displacement between control devices. This enables the examination
of “shape” control problems where it is required to minimise the relative
displacements between a set of points on a structure. Examples of this type
of problem might be a large antenna, where flexing needs to he minimised in
order to minimise the deformation of the radiation pattern of the antenna,
or a large optical telescope where deformations of the line-of-sight have to
be minimised in order to maximise the resolution of the telescope.

The only apparent limitation to the finite element approach is that it
is based on an assumption of small displacements. Thus if the motions are
small, the rigid modes can be handled together with the vibration modes.
When larger rigid mode motions are to be considered, and motion rates



$ ' 22; 3 ' $ 22 002/ 2 0% $ %
$ ", % ! $ # "%2 ; 2 / 02 / ' $
' $08% # $ ' # $/ $ $ 2 ! $
#$ # ! $ % 1 | 3 ! = ' 23 # %
% ! #$ $ /I < $ oos$ / ! s
| 3 ' B1B1J 2 / # $ ' 2.
$ ' 22 % ; / # 3% 2 $% 2 / # 3% ' $ <2 %
## / 2 ! 22 1
) &/ * * 2
/ / # 22 '% /' 3 # % 0O0%$ / 2 %$0% 2 2 = 2
"#2 ') % '$ 2 0 2 % # $/ $; /I"$2%$3 $>
v / ; %" # : # $/ $
$ $3 % 22 1
$ $/ 3% . 22 $ $ %
#2 . 2 00 ' % ; . % 22 % ' / $ :
$ % ;.3 '2 [/ "$ 2 3$3 % ' Q0 ' "R I
0 N $ 2 # $ % ; ' $ /| < % 00s%$ /
2 = 2 2 1 02 # / $ /7 $
% 2 $% % $ |/ / 22 1
[ $ 9% 2% / $ /<% 0>
0% / $ / 2 2 /I $%
/ 02 $/ % $ #/ 21/ $ ' ;0% $ ! 22
"2 % 00 ' % "% # 2 / $ [ '>
$ 0 # $ '/ /% 1
$ / . % $/ $ 2 #2 2 $ $ $ #
/%2 $3 $ 002 $ 0 # $/ $
$ 00% / / $1 # '2 % 2 0%
2 00s$ / 2 1 -.1$ /
0% 2 # % # 9 2 / O % 0% ! ## | 2
' [ # ! 2 00s%$ / 0$s #3% 21
# ' 2 00% / : /! $ "%
$ % '%$ 2 @ ' $ /| < $ 2 00$ / 1
# |/ # 2 oos$s / [/
$ 0% $ 2 2 $ 21 $ 3 $
0 $/7 3 / $ #2 . 2 1 $
2 # 0 $ # $/ $ $ % 2 %











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































