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ABSTRACT

A Drag-Free Control (DFC) system is a necessity for dl future space-borne gravitational wave missions such as LISA,
and similar technology is needed on other missons where high positiond accuracy is required. The DFC system is
needed to control the motion of the spacecraft that are required for the construction of a giant Miche son interferometer,
which can be usad to detect gravitationd waves. Prior to this a technology demonstator mission is needed to test the
feasihility of adrag-free spacecraft. This paper defines the requirements of the associated hardware (i.e. accelerometers,
FEEP thrusters etc.) to be used in such a misson and details the control agorithms needed for the control computer
such that a DFC system can beimplemented and enable the required DFC performance of & least »10™° ms?.Hz®® to

be acheived.

1 INTRODUCTION

The work described in this paper is part of on-going
research to develop a drag-free control (DFC) system
for future missions where high postiona accuracy is
required. Examples of such are gravitaiond wave
missionslike LISA and GAMMA and missionsto test
the Equivalence Principle such as STEP, MiniSTEP
and Gravity Probe B. Similar technology will dso be
needed for other missons where high postiond
accuracy is required such as Dawin etc.

Gravitationd waves are predicted by Eindein's
Generd Theory of Relativity. They can be visudised
as smdl-scale ripples in the curvature of space-time
i.e. oxillatory digtortions in the metric tensor g
(which describes the curvature of space-time).
Gravitationd waves are thought to result from the
accdergtion of mass as predicted for compact
adtrophysical bodies such as binary stars, supernovee
or massve black-holes in gdactic nude. They ae
suggested to tranamit the effects of the acceleration of
masses with the speed of light ¢, inasimilar manner to
electromagnetic waves, which tranamit the effects of
the accderation of charges dthough gravitationa
waves are quadrupole in nature and dectromagnetic
wavesaredipole.

To date no gravitaiond waves have been directly
detected but detectors are being assembled on the
ground and planned for spacein order to try and detect
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them. There are two main frequency bands that will be
observed in which possible gravitationd wave sources
may exig; these regimes are labdled high frequency
and low frequency bands (10 Hz to severa kHz and
10* Hz to 1 Hz respectively). The sensitivity of
terrestrid detectors is limited due to the presence of
random noises such as thermd, seismic, mechanica
and gravity gradient noise (which are present on the
ground), because the perturbations they would
produce on a test mass would not be digtinguishable
from those generated by gravitationa waves. The
amplitude of sdgmic and gravity gradient noise
becomes very large in the low frequency band and
consequently terrestrid  detectors are limited to the
high frequency band above 1 Hz. However detectorsin
space are free from many of these noises and thusthey
are sendtive below 1 Hz and can therefore be used to
observe in the low frequency band, where possibly
more dgnificant adrophysicad  sources can  be
observed.

The detection of gravitationd waves will give another
means of confirming generd relaivity and will provide
a great ded of information about the astrophysica
sources that generate them. Ther detection could aso
hold the key to discovering new phenomena that have
yet to be discovered, or even thought to exi. It has
the possihility of opening up a whole new branch of
agronomy, which is why severd space missons have
been proposed. The proposed space-borne missions
will aso compliment the work beng carried out
currently on the ground by terrestrid detectors, as
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they are sengtive to the low frequency region, which
isout of the domain of terrestrid detectors.

Passing gravitationa waves cause adigtortion in space-
time, they act in the plane perpendicular to which they
are travdling. If there were test masses present this
distortion would result in the distances between the
tes masses changing i.e. they would expand and
contract in anti-phase. An interferometer is an ided
instrument for accurately measuring these changes.

A drag-free control (DFC) system can be implemented
usng a freefloating proof mass encdosed within a
gpacecraft. This isolates the proof mass from the
surrounding environment and thus its motion is not
perturbed by any of the externd surface forces (eg.
solar radiation pressure or atmospheric drag), but is
only influenced by gravity. Consequently the proof
mass will follow a geodesic, this behaviour is regarded
as being drag-free. A DFC system aims to stabilise the
pacecraft by operating its thrusters in such a manner
that the thrust generated counteracts the externd
disurbances acting on the spacecraft. Thus the
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spacecraft will follow the geodesic of the free-floating
proof masses. The drag-free system condsts of
accderometers, thrusters and a drag-free  control
computer which integrates al the subsystems together.
The drag-free system does not make the spacecraft
completely drag-free but just stabilizesit to a specified
tolerance over a finite frequency range, thus engbling
the signals of interest to be measured.

Future space-borne gravitationd wave missons such
asLISA' am to detect gravitationa waves by using a
configuration of spacecraft (in which proof masses are
housed) to form giant Michelson interferometers. The
interferometer consists of an arrangement of spacecraft
(e.g. three spacecraft in the case of LISA) that form the
base of an equilatera triangle. One spacecraft is
postioned a each vetex, thus cresting an
interferometer with amlengths' of »5 10° Km. Figure
1 shows a schematic of this configuration.

%\} };

Figure 1: Schematic of the Layout for the LISA Interferometer

The dze of the ams created are defined by the
seperation distance between the front faces of the
proof masses that make up the sides of the triangular
configuration. Each pair of arms acts like a one-bounce
Michdson interferometer, i.e. the lasers are locked on
to the front faces of the various proof masses (the
proof mass faces act as the mirrors in a conventiond
interferometer) and laser beams are sent back and forth
the interferometer arms and their phases monitored
such that any changes in the distance between the
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proof masses can be measured. However there are
some differences in the arrangement compared with a
conventiona interferometer.” Each spacecraft has two
opticd benches which can at a the
laser/beamsplitter/detector portions of a conventiona
interferometer and the other spacecraft proof masses
in the arrangement act as the mirrors. Figure 2 shows a
schematic of an optica bench.
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Figure 2 : Schematic of Optical Bench

Ingteed of having a separate beam splitter, each of the
pacecrafts have two independent lasers that are phase
locked and emitted dong adjacent ams When dl
ingruments are functioning fully the configuration of
Spacecraft  effectivdly  form  two  independent
Michdson  inteferometers  which  provides
redundancy. This results because the optica benches
on eech of the spacecraft are identicd and therefore
enable the spacecraft to act as ether the central beam
splitter or as one of the end mirrors.

Due to the length of the interferometer arms the
emitted beams power drops off greetly during its
propagetion which affects the overadl sengtivity.
Conseguently to overcome this problem the origina
beam is not reflected back to the originating spacecraft
but the spacecraft at the receiving end phase locks its
locdl laser to the wesk incoming signd and this higher
power sgnd is then sent back to the originating
spececraft. The change in path length O that would
result from a passing gravitational wave is related to
the amplitude of the gravitational wave (strain) h, by

h=DL/L,, @

where L, is the unperturbed path length. The phase
difference measured by interferometric detectors can
be increased by increasing ther armlengths athough
this limits the maximum detectable freguency,
consequently since LISA ams to have intereferometer
amlengths of »5 10° Km it should be senstive
enough to be able to detect gravitetiond strains down
to thelevel of h £10%, which corresponds to a change
in pah length of » 5 10™ m, in a one year
obsarvation with a signal-to -noise ratio of 5. Using
pairs of instruments within the spacecraft alows for
redundancy of components, increases the probability
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of detection and will enable the polarization of the
gravitetiond wavesto be determined.

The implementation of a DFC system is essentia for
spacecraft used in missons like LISA, snce the
spacecraft will be continualy experiencing forces and
torques (due externd disturbances such as solar
radiation pressure and atmospheric drag) which result
in it congtantly being perturbed during its passage
through its orbit. These disturbances will induce errors
into the determination of the interferometric path
lengths and generate a noise which will drown out the
sgna due to the presence of possible gravitationa
waves. Thus a DFC system is needed to counteract
these disturbances such that the spacecraft can be
stabilised and the above effects diminated, therefore
enabling Sgnds from passing gravitational wavesto be
measured.

Prior to the launch of space-borne gravitationa wave
missions a technology demongirator mission such as
the proposed ODIE* mission is needed. The objective
of suchamissonisto demonstrate the gpplication of
adrag-free control system to one spacecraft in order to
achieve a new leve of drag-free paformance (i.e. the
square root of the power spectrum of acceleration).
This will be measured by a second accderometer. In
the ODIE proposal the aim is to control the position’
of the spacecraft reldive to its accelerometer proof
mass to X4 »10° m, this corresponds to a residual
acceleration of »10™"° mHz%®, which is a subgantia
improvement over the current drag-free performance
record; the U.S Nawy's TRIAD DISturbance
COmpensation System (DISCOS)® obtained a residual
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acoderation of 5 10™ ms?. In doing this, ODIE will
aso test the feasibility of its components such as the
FEEP thrusters and high accuracy accderometers and
it will aso provide knowledge regarding the known
disturbances that will act on the spacecraft (eg. solar
radiation pressure, gradients in the magnetic fidds and
amospheric drag).

This paper focusses on the determination of the
control gains needed to provide the desired response of
the spacecraft (i.e. control of the residua displacement
of the spacecraft and proof mass to within 10° mfor a
sdection of vaying hardware requirements;, namely
how different sensor and actuator noises (x, and feep,
respectively) affect the overdl drag-free performance
achievable and consequently what requirements are
needed to achieve the drag-free performance of 10™°
ms2.Hz%* for future gravitational wave missions.

2. DRAG-FREE CONTROL SYSTEM

The drag-free sysem consds of acceerometers,
thrusers and a drag-free control computer. An
acoderometer® consists of a freefloating proof mass
which is enclosed within a Ultra Low Expanson glass
(ULE) chamber. The accderometers are used to sense
the motion of the proof mass relative to the spacecraft
and to read out the drag-free performance this is
achieved by measuring the position of the proof mass
via capacitive senang. The thrusters are micro-eectric
FEEF’ (Fied Emission Electric Propulsion) thrusters
and are used to provide forces and torques to enable
the spacecraft to maintain its position relative to the
proof mass, so0 that the proof mass remains
unaccelerated, except by spacetime curvature and
folows a geodesic. A secondary effect of the
pacecraft following the path of the proof massisthat
it too will behave in a drag-free manner dthough to a
lesser degree of accuracy, however this is not a
requirement but is desrable The FEEP thrusters
operationa thrust range is expected to be between 4
and 30 mN. The DFC computer will be used to
integrate al of the subsystems together, interpret the
atitude and pogtiona data from the accelerometers
and determine the commands for optimum operation
of thethrusters.

21 EXTERNAL AND
DISTURBANCES

INTERNAL

Before the control law agorithms could be designed
and the corresponding DFC performance assessed, the
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missons orbit needed to be determined and the
corresponding  environment  (disturbance  sources)
modelled. The smuléion environment moddled was
for a Geodaionary Trandfer Orhit (GTO, low
incdination i = 7°, high eccentricity e = 0.716, with a
perigee dtitude of » 620 Km, an gpogee dtitude of »
35883 Km and an orbit period of 10.6 Hours). This
was chosen because it is one of the worst case
scenarios that the spacecraft may encounter and
because there are readily available launch opportunities
into orbits like this which is appropriate for a
technoogy demongtrator. Thusif a DFC system can be
implemented to give the desired drag-free performance
for this case, then it should be possble for the
magjority of cases tha may be encountered (i.e.
Geodtationary orbit etc). The principa externd
disturbances that the ODIE spacecraft will experience
throughout this orbit will be due to:

Solar Radigtion Pressure
Solar Wind
Atmospheric Drag
Earth's Magnetic Field
Gravity Gradients

gagbhwpnPE

All of these externd disturbances cause the spacecraft
to continualy experience forces and torques, which
result in it constantly being perturbed during its
passage around its orbit. The DFC system aims to
counteract these external disturbances and control the
spacecraft in dl six degrees of freedom (x, v, z f, g
y). If the spacecraft deviates from the null position
(i.e. the point of zero offset from the central position
of the spacecraft relative to the proof mass) it will
cause aforce to act on the proof mass which is dueto
couplings between the spacecraft and the proof mass
(i.e. due to the accderometer and gravity gradients
etc.). Consequently the more senstive the degree of
control of the spacecraft, the more these effects can be
minimized. However, there will gill be resdud
accderdtion noise acting on the proof mass due to
internal disturbances that act directly on the proof
mass, such as.

Patch Fidds and Contact Potentias

Electrogtatic Forces

Magnetic Forces

Therma Noise

Cosmicrays

6. Therma digortions

All of these internd disturbances act directly on the
proof mass and contribute in some way to inducing
noises in the sensor and actuator outputs and these in

gagbhwpnPE
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turn have adirect effect on the acceleration noise of the
proof mass.

2.2 SENSOR NOISE

The sensor noise can be salit into two components;
force noise f,,, due to internd disturbances associated
with the accderometer and its surroundings and
displacement noise x,, which is associated with the
design and condruction of the capacitive sensing
system. The force noise consists of two components
f and ... Whenever amotion sensor isused, it dways
induces a gtiffness coupling within the system, in this
caze the use of the accderometer will result in a
gtiffness coupling between the proof mass and the

pacecraft of
f=-X' -kx, @

where b (» 451" 10° Kgs?) is the sensor viscous
damping, k (» 0925 10° Kgs? is the sensor
diffness and X' and x are the rdaive veocity and
displacement of the proof mass and spacecraft. The
second force noise component f.,, results from a
combingtion of various force noises that are generated
from many interna influences that act directly on the
proof mass such as patch fields and contact potentials,
therma noise, detector back-action noise and actuator
noise etc., dthough for this study this was assumed to
be negligible in comparison to the f,; component.

The sensor digplacement noise X,, is an error that is
adways present in the fina output signd of the
accderometer. It is defined by the design of the
accderometer  sensing system e its vdue is
determined by what eectronic components are used,
the configuration chosen and the geometry of the
eectrodes (eg. any asymetries incurred during the
electrodes manufacture €c.). x, can be gpproximated
to the thermodynamic noise that is associated with the
amplifiers used in the sensor design, since this has the
greatest contribution. Currently the displacement noise
of the sensor® is estimated to be x, »10™? m.Hz%.
The digolacement noise will be fedback into the
system and therefore an error will aise in the
commanded thrugt. This in turn will result in the
spacecraft being incorrectly accderated when trying to
null the acclerometer readout and cause the spacecraft
to be continudly offset from its null position.
Consequently dl of these noise contributions and
characterigtics need to be included in the feedback
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design modes to ensure smulations for the behaviour
of the DFC system are asredlistic as possible.
2.3 ACTUATOR NOISE

A consarvative noise levd of 1% of the thrusters
maximum output (i.e+0.3 mN) was assumed for the
FEEP thrusters intrinsic noise®.

24 CROSS-COUPLINGS

Cross-couplings between the 6 degrees of freedom can
occur if there are misdignments eg. between the
Snsor measurement axes and the actuator axes, or
between the bodies caculated and actud centre of
mass. Cross-couplings can dso aise if there ae
products of inertia, these can occur if the body is not
perfectly symmetrica or if the actuator torque axes are
not digned perfectly with the spacecrafts principa
moments of inertia of the spacecraft. The presence of
cross-couplings within the system will obviousy
affect the overdl design of the DFC system and
prevent the various axes from being modeled and
andysed individually. Consequently the such effects
need to be incorporated into the smulaion control-
loops. This will enable the effects to be characterized
such that contraints can be set regarding acceptable
levels for misdignments etc. that will till ensure that
the desred DFC peformance is acheived. However
this work is on-going and thus will not be presented
here.

3. DRAG-FREE REQUIREMENTS

In order for future space-borne gravitational missons
like LISA to be senstive enough to detect gravitationa
waves, the proof masses need to be kept drag-freei.e.
be free from accderations within the measurement
bandwidth (10 to 10" Hz) to within an acceleration
budget" of

S » 10" [1+ /(3 10%)]
[(+10°Y H¥ ms?HZ®,  (3)

where f is the frequency. To minimize the effects the
internd disturbances (spacecraft-proof mass coupling,
eectrogtatic etc.) have on the acceleration noise, the
relative motion of the spacecraft to the proof mass
must be controlled trandationally" to less than

Q<25 10° mHz%°, )
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a a frequency of 1 Hz dong the trandationd axes
(which corresponds to a relative accderation of » 10™
ms®Hz®®. The rdaive rotationd  control
requirements' are

Oyse <15 107 radHZ®® . (5)
Thiswill enable the drag-free performance requirement
for the misson to be met and ensure tha the

sengtivity to gravitationa waves is adequate to
achieve the scientific objectives.

4, CONTROL DESIGN

In order to test the performance of the DFC system
that is being developed for trandationa and atitude
control of the proposed ODIE spacecraft a smulation
tool needed to be designed. This smulator was
developed within MATLAB, a software package that
includes the simulink toolbox that is specificaly
designed for modeling, smulating and andyzing
dynamic sysems. The smulation control-loop
DISTURBANCE

(Oirect Solar Radiation)

Clock

Sensor damping foroe
Beta = 4 Alife-0 kg/s

ACTUATOR

M s

SSCO00-V11-2

congsts of

0] a plant (spacecraft and proof mass)
with transfer function P(s),

(i) a sensor (accelerometer) with transfer
function (s),

(iii) a disurbance with trandfer function
D(s),

(@iv) acontroller with transfer function C(s)

(V) and an actuator (FEEP thrugters) with

transfer function A(s).

The transfer functions assumed for these components
represent their dynamic behaviour. The results
included in this paper were obtained from smulating
one of the trandationd axes, namely the x-axis. Figure
3 shows a schematic of the generic control-loop that
was gpplied for the trandaiona motion. This was
used to smulate the response of the proposed ODIE
pacecraft and its associated proof mass to expected
disturbances.

Response of S/oraft
due ta disturbance
fore, fd acting on it

ACTUAL
Relative displacement
of pm w.rit. /G position

esponse of pm due ta intemal
jsturbances acting directly on it
ing betuee;

SENSOR

x= % rel 4 xn

CONTROLLER

Input = Commanded refative
translational displacement, x = 0

Figure 3: Schematic of Translational Control-Loop for One Axis

The type of controller chosen was a PID
(Proportiond, Integrd, Derivetive) since ther
performance is robugt for a wide range of operating
conditions. A PID controller consgts of the sum of
proportiond plus integra plus derivative control. The
Laplace transform of aPID controllers output U(s), is

U(s) =K, +Ki ls+ Kg[(1+1(s)),  (6)
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where K, K; and K are the proportiond, integral and
derivative control gains respectively. This type of
controller was chosen because it provides an
accepteble degree of displacement error  reduction
simultaneoudy with acceptable stability and damping.
For smplicity no couplings between the 6 degrees of
freedom was assumed (the ided cass), so each control
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loop could be investigated and modelled seperately.
The transfer functions determined for the dynamic
behaviour of the spacecraft (F(S)gc) and proof mass
(F(S)pm) respectively in the trandational x-axiswere

F(8)se =1/(995) , @
and

F(Som =S, ®
The spacecraft was proposed to have amass budget of
100 Kg where the spacecraft’'s mass is 99 Kg and the
proof mass is 1 Kg. The spacecraft is axidly
symmetrica, athough the work reported here just
congders independent axes.

4.1 OPTIMIZATION OF DRAG-FREE
CONTROL GAINS

Simulations can only generate the response for a given
system, they cannot indicate how the system can be
modified i.e. what the form of the controller should be
or what gains should be implemented to produce the
desired response. The procedure of sdlecting the gains
to give the optimum solution can be done either
manualy or automaticaly. Manua optimization can
be achieved via intuition and many iterdive
refinements. Sets of empiricd rules have been
established regarding the tuning of PID controllers.
Ziegler and Nichols have defined techniques that use
results from either a closed-loop test (continuos
cycling method) or an open-loop test (reaction curve
method).® ° Both methods objectiveis to produce a set
of gainsthat result in atransient response with a decay
ratio of 1/4. Alternatively automatic optimization of
gain sdection can be achieved via the application of
optimization agorithms. Recently the gpplication of
Genetic Algorithms (GA9)™ in control design and
many other applications for optimization processes
has been analysed and discussed by various authors ™
15

The use of a GA to optimize control gains has many
advantages, the method performs aglobal search of the
parameter space to find an optimum solution, its
implementation is relatively straight forward and its
operationa speed is fast in comparison with manua
goproaches. A genetic agorithm is an optimization
tool that is based on the concept of natural selection.
The tool works by creating a random set of possble
solutions that are used to produce new sats of
solutions via “mutation” (i.e. the solutions parameters
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are dtered) or via “sexud reproduction” (i.e. the
paameters are either averaged or swapped between
parent solutions). As this process progresses the
weekest solutions (those that do not generate the
desired control of the systems response) are supressed
whilgt the fitter solutions survive and are used for the
cregtion of new and better solutions, in the same
manner as natura selection.

Consequently the application of a GA to optimize the
gains for the ODIE spacecraft drag-free controller was
chosen. The requirements of the GA was to find the
optimum gains such that the relaive displacement of
the spacecraft and proof mass is kept to a minimum,
on average, throughout the orhit. In order to save some
processing time the Ziegler-Nichols method®*® was
initialy used to define initid values and upper and
lower boundaries for the PID contraller gains. These
could then be used as a gtarting point for the GA to
work from.

4.2 PERFORMANCE OF CLOSED-LOOP

Due to time congtraints the only disturbance tha has
been implemented in the closed loop smulaionsisthe
force due to direct solar radiation. The input
disturbance was representative of the amplitude and
time variance of the force generated by direct solar
radiation around the Earth eclipse (as a worst case).
The moddls were smulated for 1000 seconds as this
provided sufficient time to represent redligtic periods
of variahility in the disturbance force. Figure 4 showsa
plot of the amplitude and time variation of the
disturbance force used in the Smulations. This ensured
that the PID controller gains determined were
optimum for keeping the relative displacement of the
spacecraft and proof massto aminimum overdl, for dl
circumgtances i.e. periods of maximum and minimum
disturbance force. It was decided thet this congtraint
would give meaningful results regarding what the DFC
performance which could be achieved, since direct
solar radiaion is the principa disturbance that will be
acting on the spacecraft for mgjority its orbit (athough
atmospheric drag is the greatest disturbance that the
spacecraft will encounter, there is no requirement to
sugtain drag-free control around perigee because the
resultant force is gregter that can be generated by the
FEEP thrusters and because it is only for a relaively
short period of time). Consequently around perigee the
Soacecraft's  atitude would be controlled by
magnetorquers.
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Figure 4 : Plot of the Disturbance Force as a Function of Time

The x-axis trandationd control-loop was smulaed for This can be used to cdculate the power spectrum of
asdection of different sensor and actuator noise levels the relaive dislacement as a function of frequency,
to see how ther magnitude affected the overdl whichisshownin Figure 6.

performance of the drag-free control system. Figure 5
shows a typica plot of the relaive displacement of
the spacecraft and proof mass as a function of time.

it el proal mass (m)

nt of tha af
=10

-Zu10°?

Rlatie clapl

1030

_mj.
o
5
5
g
E

Tirna (a2

Figure5: Plot of the Relative Displacement of the Spacecraft and Proof Mass as Function of Time
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Figure 6 : Power Spectrum of the Relative Displacement as a Function of Frequency

For each combination of sensor and actuator noises
cases smulated, the GA was used to determine the
optimium PID gains. After implementing these gains
the totd power spectra of the residua spacecraft

displacements could be smulated and compared, the
results are shown in Figures 7 and 8.
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Figure 7 : Total Power Spectra of the Relative Displacement as a Function of Sensor Displacement Noise
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Figure 8 : Total Power Spectra of the relative Displacement as a Function of Actuator Noise

It can be seen from Fgures 7 and 8 tha there are
limiting sensor (x,,), and actuator (feep,,), noise levels
below which there is no significant gain regarding the
reduction of the relative displacement (x,¢). The best
DF performance was attained when the actuator noise

IH=-0.5)
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was st to feep, » 17 107 N.Hz®® and the sensor
noise set to x, » 1" 10™° m.Hz%*, the corresponding
acceleration noise achieved is shown in Figure 9. It can
be seen that the DFC performance achieved a a
frequency of 0.5 Hzis» 2.3 10 ms2Hz®.

Figure 9: Plot of the Acceleration Noise as a Function of Frequency

5. CONCLUSIONS

The modds developed above were based on reasoneble
assumptions regarding disturbance levels that may be
encountered and noise levels that may be associated
with the sensors and actuators. From analysis of their
outputs it can be seen that the implementation of a
DFC system enables the spacecrfts relative postion
to be controlled to » 10° m. We intend to carry out
further investigations to characterize what the limiting
sensor and actuator noises are for a given performance.
The drag-free control requirements for future
gravitational wave missons (X’ ¢ » 10" ms®Hz%%)
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can be met if the sensor and actuator noise levels are
lessthan x, » 10"° mHz%° and feep, » 10 N.Hz®*®
respectively. The results also indicate that the
gppication of a GA to determine the optimum gains
required for the controller is an efficient and easy
method to implement. However further analysis is
required to determine if the drag-free control can be
achieved for more complicated systems and Stuations
eg. systems that have cross-couplings between their
axes and near perigee where atmospheric drag is the
dominant disturbance. Investigations regarding the use
of different control agorithms for different sections of
the orbit would also be useful to determine if better
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DFC performances can be atained throughout the

orhit.
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