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ABSTRACT

MICROSCORPE is CNES fourth microsatellit e based on
the MYRIADE produd line, but the AOCSdiffersalot
from the previous microsatellites DEMETER,
PARASOL (in flight) or PICARD (expected to be
launched in 2008) Indeed, the misson is dedicated to
the test of the Equivalence Principle (EP) with an
improved acaracy of 10™, and therefore requires the
180-kg satellite accéerations to be finely controlled.
The projed is in advanced preliminary design phase,
and is expected to be launched on a 700km dusk dawn
orbit in 2009 for a one yea misson.

This papes desls with the adegptation of MYRIADE
AOCSfor the drag-freemisgon. First the misson neals
are presented, and the payload is described, as it is one
of the sensors usd in the accéeration control loop.
Then the AACS (Attitude and Accderation Control
System) general description follows, telling apat the
modes and equipments which belong to MYRIADE
standard avionics from those specific to the drag-free
misgon. The AACS modes are then ddail ed, with their
ohjedives, the equipments used, the control algarithms
principle and the expected peformances. Findly on-
gangand future adiviti es concludethe pape.

ACRONYMS

AACS Attitudeand Accderation Control

EPSA Eledric Propulsion System Assemblies (pod of 3
FEEPS)

EP Equivalence Prindple

ESCAPE Enhanced Simulink® Control and Andysis
PadkagE (Alcae Alenia Space

FDIR Fail ure Detedion Isolation and Re@very

FEEP Field Emisson Eledric Propusion thrusters

KWS Kingtic Wheel System

MAG Magnetometer

MAS Acquisition and safehdd mode

MCA Accderations Control Mode

MGT2 Coarse Trangtion Mode

MSP Stellar propulsive Mode

MTB Magnetotorquer bar

PID Propationd Integral Derivative

SAS Sun Acquisition Sensor

STR Star tracker

IS Inertial Sensor (payload 4 prodf masses)

1. INTRODUCTION
1.1. Scientific objectives

The MICROSCOPE misson (MICRO Satellite with
drag Control for the Observation of the Equivalence
Principle) has been propcsed by ONERA and CERGA
Ingtitutes. Its primary scientific objedive is the test of
the universality of freefall of masses, which is one of
the most famous consequences of the Equivalence
Principle, with an improvement in the acaracy up to
10" (Toubaul and d.,2001).

The payload designed by ONERA to test the
Equivalence Principle is composed of two differential
eledrostatic acceéerometers, ead one includng two
proof-masss. In the first acceerometer, the masses are
made of the same materia to assessthe acairacy of the
EP expaimentation and the level of systematic
disturbing errors. The mass of the second one are of
different materials. A violation of the Equivalence
Principle will appear as a differencein the eledrostatic
forces necessry to maintain the latter masses on the
same orbit. A doube compaison with the first
acceerometer will avoid systematic errors.

1.2. Drag-free requirements

To be able to measure these differential forces with the
required acairacy, the satellit e mus compensate the non
gravitational forces. The propulsion subsystem
continuaudy overcomes theses non gravitationd forces
and torques (air drag, solar presaure, etc.) in such a way
that the satellite follows the test masses in their pure
gravitational mation. As the EP violation signd should
be a sine at Fgp frequency (rotation frequency of the ‘g’
vedor in satellite frame), the AACS most stringent
requirements are adso at Fgp residud linea
accéerations in misson mode mug be less than 10™2
m/<?.

To limit angular to linea coupling, additiond painting
requirements at Fep are stated. Threeguidance strategies
arerequired :

® inertial mode: the attitude stays quasi inertia with
its +X axisnarmal to orbital plane and sun painting
for 120 orbits. The required accéeration stability
performance is 10** rad/?, which correspords to
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8.8 prad at the orbital frequency Forb (which is the
frequency of the gravitationral field in satellite
coordinate system Fgp).

® gpinning mode : the satdlite spins slowly oppaite
to orbital movement. Then Fgp is increased such
that Fep = Forb + Fspin. Several spin rates are
demanded. The observation duration is 20 orbits
and the anguar rate stability performance is 10°
rad/s, which is equivalent to 0.166 prad a Fep
frequency.

® cdibration mode the problem is the
charaderisation of the senghility of the
accéerometers (scde fador, bias, misalignment and
couding fadors) ; the on-groundreated acaracy
being nat sufficient, a cdibration phase is diredly
acomplished in orbit. The considered solutions use
attitude manoeuvres in order to charaderise the
sensibility of ead accéerometer. The AACSalows
to excite the accéerometers very predsely. During
eat manceuvre (linea and anguar oscill ations) the
satellit e moves along one axis whil e the attitude is
controlled on the others with a very low residua
accéeration level. The anguar rotations may aso
be compoundd with linea oscill ations of the proof
masss to measure the Coriadlis force Calibration
mode is under study to refine the cdibration
strategies and find the adequate control solutions.
Further detail s abou cdibration neels are given in
(Guiuandad., 2005.

All threeMCA modes must also satisfy some painting
performances during observation phases of abou 1000
prad to minimize the combined effeds of orbit
eccentricity and gravity gradient. The AACS
contribution to thisis 100to 200 prad.

Finally, absolute painting better than 4 degrees (3 sigma
value) is reguired to avoid the star tradker ill umination
by the Earth. This requirement mostly applies to MSP
and MGT2 to MSP trangtion (in MCA the painting
requirement dwing observation phases is more

stringent).

2. AACS GENERAL DESCRIPTION

MICROSCOPE belongs to MYRIADE microsatellite
prodwct line, and the standard AOCS equipment and
modes are reused as far as posshle, to avoid extra
development and qualification costs.

Four modes are defined for attitude and accéerations
control :

® aqyuisition and safehdd mode MAS
® coarsetrangtion mode MGT2
® gelar propusive mode MSP

® accéerations control mode MCA

The Acquisition and Safehdd Mode (MAS) which
performs sun panting used ether for the first
aqyuisition or the safehdd mode is strictly similar to the
product line MAS mode (Le Du andal., 2002.

The Coarse Transition Mode (MGT2), which performsa
coarse panting by using the Earth magnetic field is
similar to MYRIADE one for the equipment use and the
control principle, but different because of the spedfic
guidance profil e aroundthe painting reference It all ows
the using of the star tradker in MSP.

The next mode is partly spedfic to MICROSCOPE,
becaise of the adtuation systemsiit invdves : the Stellar
Propusive Mode (MSP uses the stellar sensor and the
3-axis stabili zaion control laws of MYRIADE normal
mode, but the control torques are provided by twelve
Field Emisson Eledric Propusion thrusters (FEEPS),
developed by Alta SpA for ESA and CNES, instead of
readion wheds.

Figuel1: Artist view of MICROSCOPE in orbit

Last, the drag-free misson mode is spedfic to
MICROSCOPE : Accderations Control Mode (MCA)
mode, with three sub-modes for inertial (MCAI),
spinning (MCAs) and cdibration modes (MCAc). The
control loop invdves MYRIADE star tradker for
attitude measurement, one of the four 1S of the payl oad
for linea and anguar acceerations measurement, and
FEEPsfor control forces and torques.



The modes transitions areill ustrated on Fig.2.
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Figure 2 : MICROSCOPE AA CS modes and transitions
(TC*) : after spinning up the kinetic whed

The interesting thing to natice is that the MYRIADE
FDIR strategy consisting in gaing to MAS when any
anomaly ocaurs is modified for MICROSCOPE. Inded,
anew trangtion is added from MCA to MSPin case of
payload accéerometer failure, EPSA overloading or
partia failure. The reason for the new transitionisthat a
transition to MAS (which isthe default transtion in any
other anomaly case) will disturb the therma control in
such a way that the return to misson mode with the
former thermal condtions could take several days. In
MSP, the accéerometers are nat used (no linea control
applies), and MSPisrobust to one EPSA failure.

The nominal number of equipments used in the different
modes is summarized in Tab. 1.
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Table1: Equipmentslist
Compared to MYRIADE AOCS eguipments, only one
kinetic whed is used in MGT2 (ingead of two), and

FEEPs are used as aduators for MSPand MCA instead
of reation wheds.

3. AACS MODES DESCRIPTION

3.1. Acquisition and Safehold Mode (MAS)

MAS is reused from MYRIADE aquisition and
safehdd mode. It is divided into threephases :

® Angdar sped reduction using magnetometer and
sun sensor measurements and magnetotorquers
aduation.

® X-axis whed spin-up. The satellite is dowly
spinning around X axis to med thermal
reguirements.

® Coarse sun panting of X axis via magnetotorquers
aduation.

No spedfic adaptation has been made for
MICROSCOPE. The only additional studies could come
from the presence of INVAR within the payload, which
could disturb the magnetic measurements and increase
the magnetic disturbances level.

A detail ed description of the mode can be foundin (Le
Duandal., 2003.

3.2. Coarse Transition Mode (MGT2)

MGT2 isaso reused from MYRIADE coarse transition
mode, as far as the equipments and control principle are
concaned. Indeed, MGT2 wuses magnetometers
measurements, magnetotorquer bars aduation and
kinetic whed stiffness to align the satellite reference
frame to the locd geomagnetic field (seeLe Du and d,
2002 for details abou the control). But the guidance
profile is different : MYRIADE spins at the orbital
frequency providing a geocentric painting, whereas
MICROSCOPE spins at twice the orbital frequency
(that is what the “2" of MGT2 stands for), with a roll
bias.

MICROSCOPE guidance profile must satisfy the
following constraints :

® The geomagnetic control must be stable
Simulations showed a chaotic behaviour a the
MAS/MGT2 transition and a bad conwvergence of
the painting error in some cases of inertia panting.
Thusinertial pantingisnat chosen.

® The attitude reference must be as close as posshle
from the misson one (MCA inertial or spinning
painting). This congtraint is dedt with in MSP.

* |n steady state, the sar tradker measurements must
be continuowsly avail able. For that reason aso and
given the MYRIADE MGT panting performance
(10degresstypicdly, see(Fallet and d., 2005), the
inertial painting is nat possble (illumination by
Earth if roll error larger than 4 degrees).

®* No sadlite wal must be fadng the Earth

continuowly for thermal reasons. Thus, a spin at
orbital frequency isna all owed.



To med these requirements, a conic profile spinning at
twice the orbital frequency is proposed. The conic
profile, correspondng to a constant roll bias, al ows the
star tradker use. The spin at twice the orbital frequency
meds the thermal constraint. Moreover, it is equivalent
to inertial panting from a thermal pant of view,
becaise the saellite spins in bath cases at orbital
frequency wrt locd orbital reference frame. Findly, the
geomagnetic contral is stable and the performances are
met.

3.3. Stellar Propulsive Mode (MSP)

MICROSCOPE Stdllar Propusive Mode is close from
MYRIADE norma mode, but is nat the misson mode.
It must med the foll owingrequirements :

® Peform the trangtion from MGT2 to misson
ponting in MCA (inetid or spinning). The
panting error & MSP entry shoud be close to 15
degrees and the steady state MSP painting error
close to 1 degree (on eah axis). The painting
objedive (inertial or spinning) is liable to be
modified by the ground A Moon avoiding
manoeuvre can also be commanded, the star tradker
being nat Moon proof.

®*  Withou any linea control, the anguar and linea
accéerations levels must enable the payload
accéerometers switch on and their in-flight test in
Full Range Mode during MSP.

® MSPmust be designed to withstand with only nine
out of the twelve thrusters, as it is foreseen to fold
badk autonanousy from MCA to MSPin case of
failure of a pod of threethrusters (EPSA).

The control principle is similar to MYRIADE narmal
mode, the main modificaion being the use of twelve
Fied Emisson Eledric Propusion thrusters (FEEPS)
instead of readion wheds for 3 axes stabili sation.

When entering in this mode, the X-axis whed is spun
down and switched off, while the closed-loop control
alows the conwergence to target attitude. This target
attitude remains the same as in the previous mode
(MGT2 or MCA) for some orhits, and becomes inertial
later (spin down and roll reduction) ; the painting
manoeuvres are posshle withou any change in
MYRIADE generic methods for attitude guidance
computation.

Attitude is given by the star sensor. The satdlite linea
accéerations are nat controlled. The control laws are
adapted from MYRIADE narmal mode ones (see Pittet
and Fallet, 2002.

The satellit e inertia matrix being aimost diagord, the
control laws are decoupged. The SISO control loop
includes :

® an attitude and anguar velocity estimation filter.
The attitude measurement is provided by the star
tradker. It is derived to get the anguar velocity.
Both sgnals are then filtered by a low passfilter to
eliminate high frequency nase and avoid FEEP
high frequency excitation.

® aFEEP control law. Asfor MYRIADE, the contral
law includes a large ange norlinea agarithm
(sped bias law) and a small angle linea algarithm.
The speda bias alows the painting error deaease
by applying a spedl referencein the right diredion,
with a zeo control torque in steady state. The
control torque T is given by the Eq.1 :

T=-Ky X (dw+sign () x w,) (1)

where Ky, is a scdar, dwis the anguar speel
error, 90 is the pointing error, and a, is the
bias spedl.

When reading an error threshdd 44, the control
switches to a linea PID law. The integral term
initid condtion is zero at the trangtion. Then, the
condtions given by Eq.2 alow the theoreticd
control torque continuity (T=0):

Ky =Kp
Kp Xy =K, x06,

2

where Kp isthe PID derivative gain, and Kp is the
PID propattiona gain.

In pradice the control torque at painting threshad
is continuows when switching from large to small
panting eror. It is not from smal to large
panting error due to the integrator state. At this
trangtion, the switch always generates a small
discontinuty of the control torque, which is
compatible with therequired performance

® aFEEPssdedionlogic. Thisagorithm is common
with Accderation Control Mode and some elements
will be given in sedion 5.

® asensor measurement loss management. In case of
short loss of measurements, the states and outputs
of the estimation filters and FEEP controllers are
frozen. After a 2-semnd loss the control torques
are set to zero, and the FDIR strategy apply.

With this control loop the panting acaracg is 0.04
degreeon ead axis.



Preliminary simulations prove the robustness of the
control to one EPSA failure.

3.4. Accelerations Control Mode (MCA)

Accderations Control Mode is completely new in terms
of obedives and equipments. Its main particularity is
the nedl to provide linea accéeration control, with a
very high acarracy (10" m/s? residual accéeration at
Fep), in addtion to MYRIADE traditional 3 axes
attitude control.

MCA control loop uses four EPSA of three FEEPs eat
to overcome force and torque disturbances. The FEEPs
have a very low thrust nase abowve the control
bandwidth : 0.1 uN/(Hz)2% An autonamous DTU star
tracker (from MYRIADE eguipments list) and payl oad
very acarrate accéerometers provide respedively the
attitude measurements and the linea and anguar
acceéeration measurements.

MCA software
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Figure 3: MCA control loop

Limiting the perturbations on the payload is a design
driver. The satellite structure and the orbit parameters
have been carefully studied and chosen to achieve that
gaa :

® No edipses during the 9-month-full-performance
misson (no sudden solar presaure variation).
® No structural flexible mode under 4.5 Hz

®  No mohile el ement during misson mode

With these condtraints, the remaining acceeration
disturbance is due to the air drag, with 25.10° / 180 =
14107 m/&? at Fep (the control objediveis 102 m/s? at

Fep).

The MCA control loop is described on Fig. 3. It is
identicd for inertia, spinning and cdibration modes.

Only the performance requirements and the software
tunings are different.

For validation and simulation purpose, a phase B
Matlab®/Simulink® simulator of MCA control loop has
been developed with ESCAPE software application.
The MICROSCOPE spedfic models are related to the
linea accéerations of the satellite. They apply to the
following blocks:

® Satdlite dynamics : the linea accéeration of the
satellite centre of mass is simply derived from
Newton's law. The gravity gradient between the
satellite centre of mass and the accéerometer
centre, the tangential and norma accéerations are
then taken into acount to compute the accéeration
of the acceerometer centre.



® Accderometer  model the accéerometer
measurement is submitted to bias, scde fadors and
misaignments. Also, the meaurement high
frequency naise, time deday, saturation and
sampling is taken into acourt. The accéerometer
anti-aiasing filter is na included in the smulator
yet, but the phase lag induced is taken into acount
in the controller phase margin objedive.

® Drag-freecontroller : threelinea SISO controllers
compute the suitable control forces to be applied by
the FEEPs to compensate for the drag. An example
of the controllers robust synthesis will be presented
in sedion 4.

® Thrusters sdedion logic : it is the same algarithm
asin MSP, with the linea control forces in addition
to the control torques for attitude control. The
algorithm performancewill be detailed in sedtion 4.

® Thrusters dynamics : the FEEPs dynamics includes
afirst order low-passfilter. The FEEPs thrust noise
anddiredionnaiseisalso included.

® Externa perturbations : the forces (drag, includng
the effed of the satdllit e speed and the atmospheric
wind, solar presaure and Earth albedo) are applied
to the satellite modd. Stochagtic air density
variations extrapdated from CHAMP in orbit data
are taken into acourt.

Anaher block is spedfic to MICROSCOPE for
performance reasons : the attitude estimation filter. It
will be detailed in sedion 4.

4. SOME TECHNICAL POINTS

The main studies have concerned the MCA mode, with
a spedal cae to the propusion control and aduation
matrix optimisation, and the attitude and acceeration
estimation.

4.1. FEEPs architecture and selection logic

The use of FEEP thruders is a particularity of
MICROSCOPE in MYRIADE produwct line. A lot of
work has been dore to make a better use of them and
mee the misson stringent requirements.

The first problem is the chaice of the nomina number
of thrusters and their best orientations on the satellite
from a AACS paint of view.

® Thefirg configurations stressed the torque capadty
on X axis, because it alows the spinning down of
the kinetic whed in MSP, and the MCA or MSP
spinning up. Two configurations with four pods of
two or three thrusters were studied. It was shown
that with eight thrusters the lossof only one reduced
the minimal control capadty to zero. Thus, the

configurations with four pods of three thrugers
were preferred for safety reasons.

® Then the FEEPs tilt angles have been optimised to
deaease the power consumption and dlow the use
of two FEEPs over three on the four pods
simultaneously. A trade-off has been considered
between the torque cgpadty on X and Z axis (less
efficient becaise the EPSA are on Z walls).
Medanicd congtraints finally modified a littl e the
optimum found

®  Finally the minimum control cgpadty with thrusters
failure has been studied. It represents the minimum
of thenarm of forces and torques vedors applied by
the thrusters in any diredion, with one thrugter at
leest at is maximal cgpadty. It is determined by
Monte Carlo iterations. The results show that with 4
EPSA available, the minimum control cgpadty is
128N and only 64 uN with 3 EPSA. This cgpadty
isin theory just sufficient to cover the needs of the
misson (estimated at 64 pN). If the simulations
show a good behaviour of MSP with only three
EPSA, the four EPSA configuration is preferable
for safety reasons.

Then the sewmnd probem is, given the nominal
configuration, to apply the suitable force on eadh
thrusters to generate the desired forces and torques on
the satellite : this software is the thrusters seledion
logic.

The tested logic uses an iterative algorithm. It will nat
be discused here in details because a patent may be
delivered abou it. The time computation has been
asssed to 30 msfor 20iterations carried out on a T805
processor. It requires the presence on board of 5 tables
of less than 250 parameters ead (2 koctets for eadh
table). Finaly, it is quite predse, the addtiona error
induced by the logic has been estimated lessthan a few
micro Newton or micro Newton meters for forces and
torques of several tens or hundeds micro Newton or
micro Newton meters.

This algorithm is also used in the MSPmode for torque
generation.

4.2. MCA FEEPs control laws

Robuwst control laws (for bath linea and anguar
movement) have been designed to provide the necessary
attenuation of disturbances at Fgp, and to guaranteelarge
stability margins.

The performance requirements for linea acceerations
at accéerometer centre (paint A) aregivenin Tab. 2.



Residud linea acceeration X Y Z
at drag-freepant A
Offset (without 3.010° | 3.010° | 3.010°®

accéerometer bias) m.s?

Randam stability around 3010|3010 | 3.010™

Fep m.S2HZY2

Sinusoidd stability at Fep | 1.010%% | 1.010% | 1.010%

m.s?

Max over the AACS 1.2510° | 1.2510°% | 1.25107
bandwidth ] 0-0.1 Hz]

(/<)

Table 2 : Linea accéerations control requirements

The attitude control requirements for inertia and
spinning modes are respedively given in Tab.3 and
Tab.4.

Inertial Mode X Y Z

Mean Pointingerror (rad) | 2010° | 1.010* | 1.010"

Sinusoida ang. stab. at Fep

8.8 8.8 8.8
(rad)
Sinusoidd ang. stab. at 3 > 2 2
Fep (prad)
Randam ang. stab. around 3 3 3
Feo (radHz ) 2610 10 10

Max. residud ang. velocity | 1.2510° | 1.2510° | 1.2510°
(rad.s?)

Table 3 : attitude control requirementsin MCAI

Spinning Mode X Y Z

Mean Pointingerror (rad) | 2.010° | 1.010" | 1.010"

Sinwsoidd ang stab. @l Fer| 5165 | 0166 | 0.166
(urad)

Sinusoida ang. stab. at 3

2 2 2
Fep (urad)

Randam ang. stab. around

4 4 4
Feo (rad.HZ'UZ) 15910" | 1.5910" | 1.5910

Max. residud ang. 1.2510° | 1.2510° | 1.2510°

velocity (rad.s?)

Table 4 : attitude control requirementsin MCAs

The controllers are designed to ensure sufficient
rejedion of sinusoidal perturbation (force and torque) at
Fep. Maximum perturbation al owed at controll er output
is cdculated from the general spedfications:

* Linea accéeration : 110" m/s’ between Fgp -
Fo/2 and Fep +Fy/2, with Fy, the orbita
frequency.

* Angda accéeration : 5010 rad/s’ (MCAI) or

310" rad/s (MCAS) between Fep -For/2 and Fep
+FOTL'J2

On the other hand, maximum perturbation at the input
has been estimated to 25 pN and 25 pN.m

(agodynamic force and torque). Thus, the following
gains arerequired on the band (Fep -For/2, Fep +For/2) :

® yout/ypert: -103dB
* My, /@y = -88dB (MCAI) or -93dB (MCAS)

In addtion to this, a 40 degrees phase margin is
demanded for the whde control loop. This requirement
is espedally severe for the linea accéeration controll er,
introduces as much as 57deg/(rad/s) of phase lag. With a
ressonable bandwidth fixed a 0.3 rad/s, the phase
margin required for the controller is 40+57x0.3=65
degrees, which corresponds to a delay margin of 3.8
sends.

In order to comply with such severe requirements, an
H. design approac was chosen. Fig. 4 shows the linea
control looprewritten in standard 4 blocks H., form :

Uw bw

wi(9 e Wis)

lb:rm:Fw[/m

»R—p KO »& >

- U=T com=Feom/M

Figure 4 : AACSlinea synthesis control loop

The satdlit e is modell ed by its massm, which is used to
scd e the control and disturbances forces.

The target transfer I / Mo tUrns out to be equivalent to
€ / b, one of the four transfers of the standard H,
problem. Consequently, it can be constrained by the
functions 1/w;(s) and L/ws(s), which are then used to
impose the aforementioned requirements for the linea
controller of MCA..

The problem is solved using a Riccai solver (y=1.37)
and the controller oktained complies with the
spedficdions (Fig. 5).

The attitude controllers design follows the same
principle, except that the control loop is more complex
(the satellite modd is a doule integrator scded by
inertia matrix diagoral coefficients, and the estimation
filter mugt be included).

Finally, the cougding effeds between axes, mainly due
to the distance between the satellit e centre of massand



the accéerometer measurement centre, must be
evaluated (pumping has been observed on simulations).
The neal for MIMO controll ers has to be analysed.

uuuuuuuuuuuu

Figure5: linea controll er Bode diagram

4.3. MCA Attitude and
estimation

acceleration

The attitude and anguar accéeration estimation is an
important issue in the performance achievement, first
becaise of the very high stability required at Fep
frequency and because of the observation duration
(120000semnds (20 orbits) for spinning mode, 720000
seoonds (120orbits) for inertiad mode).

The payload measurements provides the linea and
anguar accéerations whereas the star tradker provides
the anguar paositions. The linea acceerations are
diredly used by the linea controllers. The star tradker
angdar measurements ae mixed with the
accéerometers anguar acceerations in a Kaman filter
toreat theanguar acaracy at Fep.

The main problem is linked to the star trader
measurement error a Fep. The main part of this error
comes from internal thermoelastic error and
thermodlastic disturbance between the star trader and
the accéerometers. Some minor parts are linked to
opticd pdlution by Earth and residue of relativistic
errors. The expeded values are 2.2 prad at Fep = 0.006
rad/sin spinning mode, and 10 prad at Fgp = 0.001rad/s
in inertiad mode. To be compliant to the spedficaion
with a contribution of 50% due to estimation errors, the
estimation gain of the transfer function between the star
tradker measurement and the estimated anguar position
must be:

® -30dB for spinningmode to read 0.1662 prad
® -8dB for inertial mode toread 8.8/2 urad

This means that at Fep frequency, the accéerometer
must provide the measurement for the estimation :

® The first solution is to force a very low
hybridisation frequency for the Kalman filter. This
solution was successul in inertidl mode, but was
inefficient in spinning mode because of the
coudingtransfers.

® The secndsolutionisto estimate the thermoelastic
sine by adding a oscill ator in the Kalman filter
dynamics, as shown in Eq.3. This solution has been
applied to bath inertial and spinning modes.

Ogr =0 TV +X

©)]

% = —(27F )% X
with Bsa7 the red satellite anguar position, Bsrr
the star tradker measurement, v the star tradker
measurement noise and x the thermoeastic
oscill ator.

The synthesis result for spinning mode is shown in Fig.
6. At Fgp, the accéerometer provides the measurement,
whil e the star tradker is attenuated under -30 dB.

Bode Diagram
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Figue 6 : Estimator transfers B.4/6s7r (blue) and
Bes/Bacc (green)

Actually, on Fig. 6, two oscill ators are used to cope with
an additional requirement : the attenuation must apply to
a“large” frequency interval aroundFep to be compatible
with the post-treament shaping function (+1.3.10°
Hz).The Bode diagram shows that the -30dB attenuation
isvalidin the [Fgp-1.3.10°; Fept1.3.10°] Hz band.

The estimation studies are still gaing on, to addressthe
problem of a larger thermoelastic error (20prad instead
of 2urad), and the conwergence transent duration
problem, which may require a successon of filters with
increased performance



5. CONCLUSION

In this paper, an innowative AOCS has been described
for drag-free control on a CNES MYRIADE satellite.
The very high level of performances required by the
scientific payload led to several adaptations of
MYRIADE avionics, in particular the use of FEEPSto
prodwce control forces and torques, and the use of the
payload measurements to control linea and anguar
acceerations. The AACS architedure has been tested.
Studies are gaing on to validate it , in particular on the
two following paints : the attitude estimation with larger
star tracdker digurbance at Fgp and the need for
controllers couding. The AACS concept will then be
vali dated through exhaustive ssmulation campaigns, and
the on-board algorithms will be completed with FDIR
logic.
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