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Erich Lehrl, Carsten Miller, Wilfried Oesterlin, Ma tthias Wiegand

EADS Astrium GmbH, PO Box 80 11 69, D-81663 Munich, Germany
Email: Peter.Zentgraf@eads.astrium.net

ABSTRACT

In the frame d the Euopean Galileo program Galileo
Industies (Galn) has been seled as main contacor
for delivery of one of two test satellites (GSTB-\B).
This paper concertratesin detail an the GSTB-VB
Attitude and Orbit Control (AOC) function, which has
been subcondcied as parbf the Avionic subsytem to
EADS Astrium. Main topics descrited are relatedo the
overal requrenents, the AOC Hardware and
Operational Architecture and selected topicef AOC
analses and AOC HW open-bop and absed-bop
Tests.

1. OVERALL REQUIREMENTS

The spacecraft is operated at a Galileo ldieeular
MEO orbit of 23.230 kmaltitude (29.601 kmseni-
major axis) at an orbit inclination of 56°. The
operatianal S/C life-time is eypected to be ¥ears.The
main overal AOC requrenents are sunmmarized
subsequelty

e Rate dnping camblity after se@ratin from the
launch vehile up b 10°k

e Autonornous Sun- and Edrt acquisition capability

e Earth pointing in roll and pitch with 0.2fccuracy
in normel operaiton

e Cadculaton of a SC yaw sterng profie for
optimum power generaon, where e SC X-axis
is not illuminated from the Sun light due to payload
thermal constrains. Following of this profile is
required with 2.0° yaw accuracy

e Wheel angubr nomentum storage and uolading
camhility in the uncertainMEQO environmert (incl.
Solar storms) with minimum orbit disturbance
during nornal operaion

e High MEO altitude radation ervironmert

2. AOC HARDWARE ARCHITECTURE

The AOCdesgn is based on a ahdard bhsmomentum

integating gyros (GYR) fa rate armd attitude
deermination - requred ony for certin modes. The
primary acuaion system is based on an asséln of
four reaction wheels (RW for direct attitude control
togeher with a secondaryacuaion system based on
magnetc torquerods (MTQ) for wheelunloading. The
propukion subsgtem is mainly used for orbit
correcton, for safemode operabn and as back-up for
wheel unloading. For proper Ser Array orientaton
and due d payoad hermal reasonghe AOC provides
the necessarguidance laws focontrolfor the S/Cyaw
steerirg motion as well as focontrol of the Sdar Array
Drive Mechanisn{SADM).

Figure 1 basically summarizes the AOC hardware
architecture.

Two sets of Two
Two redundant
three redundant Earth Sensors redundant
Sun Sensors Gyros
[1 [T
Computer ICDU Computer
(main) (redundant)
T [T T
| | | |
f L L
Two Dual Valve SADM
Two Torquerods Four redundant redundant redundant
with Reaction 4 Thruster Sets Electronics
redundant Coils Wheels
Propulsion S/S Power S/S

Figure 1: GSTB-V2 AOC Hardware architecture

3. AOC OPERATIONAL ARCHITECTURE

The AOCS proviles he following operabnalmodes
and funcions:

e Idle Mode (IDM):
This mode is mainly used in the satellite Launch

systemusing Fine Sun Seoss (FSS) and Earth Sensors

; > state for check-out purposes where the AGEIS
(ES) asoptical reference, augented by three-axis rate
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an dle state. Sensor egpiment canbe switchedon
and nonitored byground.

Safe Mode (SFM):

SFM performs Sun acquition with thrusters. Itcan
be entered fronany initial conditiongany attitude
ard ary reasmale rate). SFM will le wised only in
extreme failure cases (ke doubé wheelfailure) as
ultimate suvival mode.

Sun Acquisition Mode (SAM):

SAM perforns Sun acquition with wheek, where
thrusters are used for umhding. It canbe enered
from any initial conditions (anyattitude and any
reasonableate). The duration until rade success
will be in general longer (in theangeof minutes)
than using SFM. SAM is the noninal Sun
acqusition nmode.

Earth acquisition Mode (EAM):

This mode is entered to search and acquire the
Earth and fnally to performEart pointing.

Normal Mode (NOM):

NOM is entered from EAM to meet tle two-axis
pointing requienments togeher with the specfied
yaw steerng notion in fully gyro-less operabn.
NOM is wsedin the satellite ssian statewherethe
payload s operabé with full performance.

Orbit Correction Mode (OCM):

This mode B used for &rge angt slew manoeuvres
for proper hrust vecor orientaton, for orbt
raising, in-plane and oubf-plane corredbn and
de-orbting.

Gyro Calibration Capability

Ground Control Operation

The rominal Mode trarsition logic is autline inFigure

2
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Figure 3 2-1: Allowable Mode Transitions (flow chart)

Figure 2: Mode Transition Diagram

andthe Equipment/ Mode decorpostion is presentd
in the fdlowing tale:

Table 1: Number of Active Equipment Units Used in
each Mode

ES| FSS | GYR | THR| RW | MTQ | SADM
IDM X X
SAM X X X X x
SFM X X X x!
EAM X X X X X X
NOM | x X ) X X X
ocMm | x®| x X X X X

Note:

(x) = optionalon: thrusiers as backumiNOM on ony
if torque rods fail

x! = SADM will be catrolled to a pedefined fixed
postion

x? = Earh Sensornot neededn OCM but left on for
reliahlity

It shoutl be nentioned n this conext, that dueto the

selected available PROTEUSatform, which has been
adaped for GSTBV2 needs, O® hasto be perfornmed

without Earth reference,because the propulsion
subsytem thrusersare notaligned perpendular to the
Earh sensorihe-of-sght Thus, be large angk slew
manoeuvres for hrust orientaon tgeher with the
thrust manoeuvres haveotbe performed basedon rate-
integraing gyro ange increnens in a stap-down
manner with possble o axes updas from the Sun
Sensor reasurerants

4. SELECTED AOC ANALYSES

4.1. GSTB-V2 Yaw Steering Motion
Subsequently the speciglaw Steering Guidance Law
as aplicable for GSTB-V2is dscussedin detail, where

e Spacecraft continuous Nadiointing is perforrad
with one selected axis (z-axis)

e Spacecraftrotation is perforrad around the nadir
pointed axs in order b orient the S/C solar array
axis perperdicular tothe Swn line

e SADM rotation is calcuatedto align the sdar array
acive plane normel towards he Sun, based on a

state-of-the-art onexés solar array drive
mechanism
e One selected spacecraft panel (+x panel)

perperdicular to the radr line ard to the sdar array
axis is oriented such, at Sun hcidence $ avoded



(with the exepion of sliding incidence) die to
payload bermal reasons

e The two spacecraft panely-panels), the panel
normal of which is parallel tothe sdar array aes,
are illuminated from the Suwn with an inciderce
angle less than a prefihed critical angle

Figure 3: Principle of the Yaw Steering Motion

FromFigure3 it can be concided, hat for fulfilmentof
the non-Sun#cidence requement on the S/C x-pane|
yaw steerhg has ¢ be perforned everytime without
interruption. Thus, e wel known priciple, © stay ata
consent yaw angk in the critical band-Bo < B < +3o,
where he yaw motion becormas shgular ("Yaw Fip") if
the Sun elevatiomngle p approaches zero, cannio¢
appied.

Because a bang-bang typew &teering control law in
the critical band is not prefabledue to high-frequency
stimulus, a smoth dynanicaly limited yaw steering
profile is appled in the crtical band ntroduchg a
smoothing facor f = f(n). In addtion o the pure yww
angk profie the knowkdge ofthe yaw steering angubr
rate and angular acceléom is convenient for

e Engineerng purposes(dimensbning of he SC
acuaion system)

e Usage as feed-forward comndsin the on-board
contol loops for dyamnic contol improvenent

To avod nurrerical differeniation - in paricular for
calcdation of in-orbit feed-forwardcommands - the
anaytic equaions can be dered smply by calculating
the analytical expressions of thederivatives.
Subsequely the yaw sterng gudance ogeher with
the SADM steering control laws are suarized:

e Kinematic Yaw Steering for large Sun elevation
angks

| B 1= Bo - Kinematic Yaw Steering 1)
f =0

e "Dynamic" Yaw Steering (Oesterlinard Ebert,
2003) in the critical bandBy < p < +B3o by
introducing the snoothing facor f = f(n) and a
"desgn" parameter d (to be opimized for he
individual orbit and bhe actaion sytem
camhlities). Fo GSTB-V2 the paraneters lave

been selected accordingfip= 2°,d = 258.

|ﬂ|<ﬂ0: DynamicYaw Steering

cody 2
fo_CO5n
1+d-sify

— Definition of he "Snoothed" Sunincidence

angk By, whered = = 1 has ¢ be propes

sekeced n order b acheve a smooth Sun
elevation zerotrarsiert within one ahit.

By=B+T-(By-6-p) ; 6==1 ©)

— Yaw ange profie

v = arctar(—ta,rw dy 4
sing
e SADM angke profie (independentfrom Sun
incidence)
—\J1-cog - cos’
o = arctan{ \/ p 77) (5)

—C0Sp - cowy
The folowing figures ndicake te rekbvant profiles asit
has been degned for GSTBV2 for different Sun
incidence angls (0°, 2°, 79.44°). The amimum yaw
rate is limited to about0.2 degg, he maximum anguér
acceleration is lirited to about 8.urad/s2.

GSTB-V2 Yaw Steering; h = 23230 km, i = 56°, crit. S/O Elev.= 2°, DYSG, Controlled S/A
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Figure 4: SC Yaw Steering Motion



GSTB-V2 SADM Steering; h = 23230 km, i = 56°, crit. S/O Elev.= 2°, DYSG, Controlled S/A
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Figure5: SC SADM Seering Motion

4.2. Short Description of Normal Mode

In Normal Mode the AOCS shll be alde to estallish
and naintain high accuracyointing of the spacecraft.
The mode entry conditions for NOM are the end
condtions of EAM

The NOM is working as &ias momentum systemwith

yaw steerng o ensuretiermal safey of the payload and
optimal power generabn. A 3-axé measurerantof the

attitude is performed using the Earthsersar for roll and

pitch measurerant yaw is derived fromSun sensor.

Challenges:

e When the Sun elevation angle w.r.t. orpianeis
zero, wo regbons of co-lnearty betveen SC,
Earthand Sunoccur:If the S/C is located between
Earh and Sun, gw cannotbe derned (due o
singularity in the conputaton). If the Sun $
locatedbehindthe Earth as seen frorthe S/C, i.e.
in ecipse, Sun sensoreasurerantis notavaiable.

In those calinearity regons yaw isdetermined on
the bass$ of an observer.

e If the SC is in co-linearty (when yaw cannotbe
measured)seeFigure 3, the largest yaw rates (0.2
deghk) are requid D follow the yaw steerng law.

The folowing subnodes are degned n Normal Mode:

Table 2: Submodes of Normal Mode

Submode Description

Nominal2- |Earh pointing is acheved wih 2-axis
Axis measurerant and yaw is derived froman
Reference | observer.Wheel unloading is performed
(N2A) with torquerods.

Nominal 3- |Earh pointing is acheved with 3-axis
Axis measurerant and ww is derived from
Reference |FSS.Wheel unloading is perfored with
(N3A) torquerods.

Backup 2- Earh pointing is acheved wih 2-axis
Axis measurerant andyaw is derived froman
Reference | observer.Wheel unloading is performed
(B2A) with thrusters (backup).

Backup 3- Earh pointing is acheved with 3-axis
Axis measurerant and ww is derived from
Reference |FSS.Wheel unloading is perfored with
(B3A) thrusters (backup).

Observer during Co-linearity Phases

In colinearity aml eclipsewhen 3-axis reasurerant is
nat possibde yaw attitule information is derived from a
nonlinear observer. The bagrinciple is as flows:

e Esimaton of the anguhr momentum w.r.t. the
body system, h,

e Esimaton of the anguhr momentum w.r.t. the
orbit (LVLH) system h,

e Attitude cdeternination using the Earth vecta
expressedn body as wel as reference sfem (e,
g) andthe estmated anguhr momentum vecbrs h,
h replacing in co-linearty phaseshe standardSun
vecbor expressedni body as wel as reference
system

The fundanental advanage §, that in bias nomentum
systers the Earh vecbr and the total angubr
momentum are always alwst perpendicular taeach
other, tius availing any co-linearty, see(Fischerand
Chemmitz, 2004).

Results
Below the resit of attitude deviation in NOM with 2-

axis- reference before co-lgarity; torquerods are used
to unload be whees. 4 wheed are on comol:
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Figure 6: Attitude Error (simulated) wrt. Reference
Frame

4.3. Short Description of Sun Acquisition Mode

The purposeof the sun acqusition node B to orient the
-z-spacecrafaxis (AOCS sysm) towards the sun with
a low rotation rate of 0.2leg/ s aroundthe satellite-z-
axis. This ogperaticnal mode will be triggered in the
following cases:

e Danping of nominal initial Satellite rates
(about2.5 degg) atseparabn

e as safe mde in case odll failuresapartfrom
doubk wheeffailure.

The AOCS shll be abde to acqiire the Sun with the
spacecraft -z-axis fronany arbitrary orientation and
with initial tumbling rates p to approximately 10
deg.5ec

During eclpses, a ra& contol phase basedn gyro
measuenerts shall be possibde to maintain SCratesin
the requred range.

Gyroscopes are used ¢stmate the bodyrates.

SAM shall use wteels as acatas in the attitue
contol loop.

The trustrs are used for angullmomentum contol.

Submodes
The submdes perfornthe following tasks:

Table 3: Submodes of Sun Acquisition Mode

Submode Description

Rate Perfams rate dmping until predefined
Danmping commanded (srall) rate

(RD)

Sun Search | Performs rotation about the satellite z-
(SS) axis until Sun presere is estalished

Perforns posiion contol and roétes the
Sun Gpture |satellite seh that the -z-axs points into
(SC) the Sun. A radtion of 0.2 deg about
the swuline is estalished

Results

After the first SAM after searation the swn vecta
finally approachethe —z- axs w.r.t. bodyframe (Figure
7)

Sun Vector (simulated) 5, Wit Body Frame
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Figure 7: Sun Vector (simulated) wrt. Body Frame

The wheelanguar nomentum storage capaty (+/- 12
Nms) is naintained during the scerario as shown in
Figure 8.



Wheel Angular Momentum (simulated) wit, Wheel Frame [Nms]
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Figure 8:Wheel AngularMomentum (simulated) wrt.
Wheel Frame

5. AOC TEST AND VERIFICATION

Due b the extenely dense GSTB/2 overal schedud
the AOC equpment has beeragreed to be delivered
early for system integraion before avionics subsytem
acceptance. In order to achéethis goal the AOC test
canpaign has been atted on AOCequpment end-b-
end esting. The folowing test approachwasappied in
orderto test the AOC equpment funcional chan with
the on-board comuter and for vddation of he AOC
simulation nodek used mside te AOC Functonal
Devebpment Environment (FDVE) and be Reaktime
testbed (RTB):

e Actuators were asted n open-bop
e Sensorwveretested in open-bop andm closed bop
for selected critical wdes

Due to the fact, that thavailable AOC off-the-shelf
sensor eqpiment did not provide separat test stimuli
inpuss, the sensor asts have beerperforned on the
Dynamic Berch Test (DBT) Facility, wiere tre aotical
sensors have beerimtlated trough teir opical pah
and be gyros byan appropste "ineria" motion. The
test bench notion (bench @dan angts) have been
controlled accordingly from the RTB spacecraft
dynarics smulation. The folowing figurespresentthe
relevant AOC sensorgeipment accormodation on the
two benches, wkh coull be contolled separay or
simultaneousy, i.e. when dl sensor eqpiment wasin
use:

Figure 9: DBT U-Table with 3 redundant Fine Sun
Sensor heads & 2 Gyros accommodated

Figure 10: DBT C-table with 2 Earth Sensors

With this DBT canfiguration the following testshave
beenperformed anong ohers agaistthe test references
from the AOC engineering team

Large angt rottion (-180° 6 + 180°) of he U-
Table for verficaion of properon-board Sun
vecbr recongtuction including the transtionsfrom
one sensor Eld of View (FoV) b the next one
with zero and lgh Sun etvaton
e Fastrotation of the U-table with 10 degs in order
to test theout-of-rangechamcteristic of the gys,
together with very snooth rotations
Specal rotation sequences for prop&arh vecor
recanstruction with Earth image in the Fov, at its
limits or outside the Fov.
Closed loop tests for the critical AG@Godes,such
as Safe Mde, Sun Acquisition Mode and Eaht
Acquisition Mode under ostrealistic conditions.

As an examle for a typicaltest evabiaion the run-
down notion of he wheet from maximum angubr
momentum has been angded in rather detil in order b
evaliaie the uncerdin friction torque conponent for



eachwheel. The following figues have been obtained
(under gravitation conditions):

Table 2: Wheel parameters obtained from run-down test

RwW 1 RW 2 RW 3 Rw4

Run-up tme
[min]
0->12
Nms

3.57 3.27 3.18 3.23

Run-down

time [min]

12 Nms—
0

17.85 22.90 22.70 18.90

Constnt
friction
torque [Nnj

0.0055 | 0.0039 0.0051

Friction
torque
gradent
[Nm/Nms]

0.0014 | 0.0012) 0.00084 | 0.0014

Maximum
friction
torque at12
Nms [Nm]

0.0221| 0.0188 0.0152

The following figure presents in one graph each the

obtained est resuts togeher with the resuls obtained
from the wheel sinulation after maraneter a@ptation to
the above vales:

Angular Momentum of Wheels during Run-down
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Figure 7: Wheel-run down with real and simulated
equipment

Thus, as me d the overall tests redts, together with
somre fine-uning, he valdity of the AOC equpment
modek could be deronstated for the subsequent
overal Avionicsvalidation canpaign on he RTB, to be
conpleted atOctober 2005.

0.0047

0.0220

6. CONCLUSIONS

The GSTB-V2B AOC funcion has been presedt It
shoull be noéd hat main purpose of GSTB/2 is to
sene as pecusa for the Galileoprogram This mears
the chalenges here are ore © build an AOC function
within an extemely tight schedut under le
collaboration of several Erbpean space cgranies.
From the techncal point of view a bt of topics are
addressedwhich will directly be used to the Galileo
IOV AOC desgn which is currenty running up.
Dedcatedliteratue amrt from state 6 the art (Wertz,
1978) B purely project speciic and is not open to
pubic, however in the interret a la of gereral
information can be found under keyprd “GSTBV2".
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