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Abstract Within the European Space Agency’s (ESA) General Support and Technology
Programme (GSTP), the Project for On-Board Autonomy (PROBA) missions provide a plat-
form for in-orbit technology demonstration. Besides the technology demonstration goal, the
satellites allow to provide services to, e.g., scientific communities. PROBA1 has been pro-
viding multi-spectral imaging data to the Earth observation community for a decade, and
PROBA? provides imaging and irradiance data from our Sun to the solar community. This
article gives an overview of the PROBA?2 mission history and provides an introduction to
the flight segment, the ground segment, and the payload operated onboard. Important as-
pects of the satellite’s design, including onboard software autonomy and the functionality of
the navigation and guidance, are discussed. PROBA?2 successfully proved again within the
GSTP concept that it is possible to provide a fast and cost-efficient satellite design and to
combine advanced technology objectives from industry with focussed objectives from the
science community.
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1. Introduction

The Project for On-Board Autonomy (PROBA) is the second microsatellite mission of the
European Space Agency’s programme for in-orbit technology demonstration. The main ob-
jective of the PROBA missions is the demonstration and validation in flight of innovative
space technologies and techniques, in order to promote their utilisation in future space mis-
sions. The PROBA platforms are hence designed to accommodate and provide sufficient
resources to a number of selected technology experiments, and to offer an opportunity for
technology characterisation in the real space environment. Other objectives are the proof of
concept and verification in the framework of a real space mission, the demonstration of inno-
vative approaches and techniques in the areas of onboard software design and development,
and of mission and spacecraft operations. A few of the key concepts are:

e A high level of autonomy in the spacecraft platform’s and payloads’ resources manage-
ment.

e A high level of autonomy in the reaction to anomalies by the onboard software.

e A high degree of automation in the ground-segment management and operations.

e The use of innovative attitude and position determination, guidance, and attitude control
algorithms, allowing the spacecraft full autonomous onboard navigation, time manage-
ment, and platform manoeuvring.

e New concepts for Earth observation and, e.g., formation flying techniques.

A few of these innovations are demonstrated onboard PROBA1 (Teston et al., 2004),
launched in 2001 and still supporting the Earth-observation community. The PROBA-V
spacecraft (Maisongrande et al., 2010) will be launched in 2013 and will provide the con-
tinuation of the SPOT/VEGETATION (Systeme Pour I’Observation de la Terre Vegetation)
operational services by fully automated operations using three multi-spectral cameras. The
PROBA-3 mission (Landgraf and Mestreau-Garreau, 2013) is a formation-flying demon-
stration and will consist of two spacecraft: a coronagraph and an occulter flying in a highly
elliptical orbit. The mission described in detail here, PROBA2, carries 17 hardware and
software technology demonstrators, some of which are main components of the platform,
allowing, e.g.,

e autonomous onboard handling of automatic feature-tracking requested by the payload,
e autonomous onboard handling of off-pointing requests issued on-ground,
e onboard processing, including compression and data-product prioritisation.

Beside the mission’s primary objective, the PROBA satellites offer flight opportunities for
scientific payloads, whose resource requirements are compatible with the platform, system
capabilities, satellite’s orbit, and mission profile. For this, ESA released an Announcement
of Opportunity in 2002, open to any scientific or engineering community. A main selection
criterion was the technological-innovation content that led to the selection of two scientific
instruments:

o Sun Watcher with Active Pixel System detector and Image Processing (SWAP: Berghmans
et al., 2006; Seaton et al., 2012), representing the first in-orbit application of an Active
Pixel Sensor (APS: de Groof et al., 2008) for solar observations.

e Large Yield Radiometer (LYRA: Dominique et al., 2012; Hochedez et al., 20006), testing
a diamond-based, wide-bandgap detector in space to observe the solar irradiance.
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PROBAZ2: Mission and Spacecraft Overview 7

The primary payload was then complemented by two compact space-weather instruments to
monitor the orbital plasma environment:

e Dual Segmented Langmuir Probe (DSLP: HercCik et al., 2008), the second demonstration
of directional plasma measurements in space.

o Thermal Plasma Measurement Unit (TPMU: Hruska et al., 2007), testing a new electronic
design to measure the ion temperature and the spacecraft floating potential.

The ESA Science Programme Committee (SPC) accepted in 2006 the SWAP and LYRA
Science Management Plan and endorsed the PROBA?2 mission as a national-led ESA Pro-
gramme. The Science Management Plan guaranteed an open data policy, and supplementary
actions to support the scientific exploitation were initiated, i.e. the Guest Investigator Pro-
gramme for PROBA2.

The scientific payload of PROBA2 aims at identifying and studying all events on the
Sun that might have implications on the solar—terrestrial connection. This is achieved both
through imaging (SWAP) and through irradiance measurements (LYRA). The crucial nov-
elty of PROBA2 is that essential events such as coronal mass ejections (CMEs), EIT waves,
and EUV dimmings are observed with a temporal resolution that is at least an order of
magnitude better than the SOHO mission, and that one can follow flares through satellite
off-pointings.

PROBA2 was launched from the Plesetsk Cosmodrome in northern Russia, as a sec-
ondary passenger of an Eurockot launcher, with ESA’s Soil Moisture and Ocean Salinity
(SMOS: Barre, Duesmann, and Kerr, 2008) satellite, the primary payload of the rocket flight,
on 2 November 2009. Following successful insertion into a dawn—dusk, Sun-synchronous,
low-Earth orbit, and successful completion of the commissioning activities of the platform,
instruments, technology demonstrators, and ground segment, the mission has recently suc-
cessfully finished its third year of nominal science and technology operations. The mission
management of the PROBA?2 mission will be transferred on 1 July 2013 from the Agency’s
Directorate of Science and Robotic Exploration to the Directorate of Human Space Flight
to become part of the Space Situational Awareness Programme (SSA: Bobrinsky and Del
Monte, 2010).

Figure 1 shows the satellite during launch preparation. Figures 2 and 3 give an overview
of the satellite design and construction.

The Mission Operations Centre (MOC) is located at ESA’s Redu Ground Station, Bel-
gium. The operations team monitors and controls the satellite by regular communication
passes to and from the satellite. The PROBA?2 Science Centre (P2SC) is co-located with So-
lar Influences Data analysis Centre (SIDC: Berghmans e al., 2002) at the Royal Observatory
of Belgium. From there, the scientific instruments are monitored, their operations planned
and commanded, and engineering and scientific data are distributed to the solar community
(Zender et al., 2012).

2. The Orbit

The PROBA2 operational Sun-synchronous orbit is circular, with an altitude of 730 km, and
6:00 local time of ascending node (LTAN). The LTAN was chosen to provide a maximum
continuous observation time of the Sun. The orbit is free from solar eclipses for most of
the year, with a limited eclipse season between mid-November and the end of January. The
maximum eclipse duration as experienced by the satellite is 18 minutes per orbit, with the
spacecraft continuously in sunlight for the rest of the year. As SWAP and LYRA instruments
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8 S. Santandrea et al.

Figure 1 PROBA2

(65 cm x 70 cm x 85 cm)
mounted on top of the Rokot
upper stage (Breeze) during the
launch preparation campaign in
October 2009 in Plesetsk, Russia,
shortly before encapsulation and
fairing closure. Solar panels are
folded in launch configuration.
Protection covers of solar panels,
star tracker, and other
instruments are already removed.

Figure 2 Design diagram
showing the satellite from
left-top panel point-of-view.

BepiColombo Starsensor

DsLP

observe in the (extreme) ultraviolet ((E)UV), a dimming effect caused by light absorption
through the Earth’ atmosphere can be observed some weeks before and fading out some
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Figure 3 Design diagram @1 ™2
showing the satellite from the

back-right panel point-of-view, SUN
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weeks after the end of the visual-light eclipses; see Seaton et al. (2012) and Dominique
etal. (2012).

The accuracy of the injection into this final PROBA?2 orbit was very high. The orientation
of the satellite’s orbital plane is expected to drift naturally, due to the characteristics of the
selected orbit, to an LTAN of 6:22 in 2016 followed again by a decrease towards 6:00 making
the achieved orbit suitable for the mission purposes for ten years and beyond, with no need
for orbit maintenance and correction manoeuvres.

3. The Spacecraft

Within an overall mass of 130 kg and a volume of 65 x 70 x 85 cm® in the stowed con-
figuration, the PROBA2 platform has been designed as a fully redundant system, built on a
structure combining aluminium panels for the internal, main load carrying, core and carbon-
fibre reinforced polymer (CFRP) honeycomb panels for the outer body shell and the de-
ployable solar panels (see Table 1). Triple junction gallium arsenide solar cells, mounted
on one body panel and on the two deployable panels, are capable of supplying 120 watts
peak power to the spacecraft. The power distribution to all platform units and instruments is
done using a battery-regulated, centrally switched 28 V bus, and a new design lithium-ion
battery, having its maiden flight on PROBA?2 and providing 16.5 A h capacity, is used for
energy storage. The PROBA?2 telecommunication subsystem, used for uplink and downlink
communications in S-band, is designed around a set of redundant receivers and transmit-
ters guaranteeing communication with the ground antenna in any mission mode and attitude
condition. It also implements the first use of the medium-rate uplink standard for faster
commanding (64 kbits™! instead of 4 kbits~!). The management and control of the entire
PROBAZ? system, platform units, navigation and attitude control functions, scientific pay-
loads and technology experiments, the handling, storage, and the processing of acquired
data, and all power related functions are combined in the spacecraft’s Advanced Data and
Power Management System (ADPMS: Puimege, 2006) computer based on a cold redundant,
radiation-tolerant, LEON2-FT RISC processor, providing the entire platform’s computing
power.
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10 S. Santandrea et al.

Table 1 PROBA?2 Fact Sheet.

Launch 2 November 2009

Launcher Rokot

Launch site Plesetsk Cosmodrome, Russia
Orbit Sun-synchronous

Altitude 720 km

Inclination 98.298 degrees

Size 65 x 70 x 85 cm®

Mass 130 kg

Power consumption 53 -87 watts

RF-uplink S-band, 64 kbits~!
RE-downlink S-band, 1 Mbits ™!

Ground station Redu, Belgium

Data download Redu, Belgium and Svalbard, Norway

The PROBA satellite’s onboard software is designed and implemented to provide the
system with extremely high levels of onboard autonomy. PROBA?2 is capable of handling
its routine mission completely onboard, only interacting with the ground station for the
downlinking of the acquired scientific data and for the acquisition of new observation re-
quests. Besides the nominal mission’s management in complete autonomy, a large quantity
of possible onboard anomalies can be handled without ground intervention, due to inte-
grated Failure Detection, Isolation and Recovery (FDIR) capabilities, allowing the system’s
automatic reconfigurations. This allows the continuity of scientific-data acquisition, as long
as a minimum set of required units is available. In addition, the onboard software supports
dedicated payload services to ensure the maximisation of the scientific-data return and the
autonomous scientific mission management, by:

e onboard image compression based on the lossless Lempel-Ziv—Welch (LZW) and the
lossy JPEG standards (Pennebaker and Mitchell, 1993),

e autonomous handling of on-ground commanded off-pointing,

e image processing for feature detection, e.g. the detection of coronal mass ejections
(CME),

e autonomously adjusting the spacecraft’s attitude by commanding an off-pointing (up to
three degrees), following the point above,

e prioritisation of images based on image quality,

e prioritisation of images based on the accordance with different on-ground selected crite-
ria.

4. The Ground Segment

The PROBA2 Ground Segment for the operational configuration consists of three main
elements: the Antenna Ground Stations, the Mission Operation Centre (MOC), and the
PROBA?2 Science Operation Centre (P2SC).

Flight-dynamics and technology-demonstrator operations planning, as well as spacecraft
operations, are conducted from the MOC, located at the ESA Ground Station of Redu, Bel-
gium. This station also hosts one of the S-band antennas used for spacecraft communication.
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PROBAZ2: Mission and Spacecraft Overview 11

The second antenna is located in Svalbard, Norway, and both have been available for an av-
erage of nine downlink passes per day. The downlink rate is 1 Mbits~! resulting in about
45 MBytes of scientific and ancillary data per downlink pass. The operations of the onboard
technology demonstrators typically do not interfere with the nominal scientific observations,
and as a consequence no daily interaction is needed between the MOC and P2SC. The MOC
is designed for a full automatic performance of all nominal operations, including satellite-
pass prediction, scheduling of pass activities, processing and uploading of received scientific
observations requests, and spacecraft-data collection, storage, and distribution. Operator in-
tervention is needed only for the preparation and execution of off-nominal activities such as,
for example, specific, non-routine, test requests for any of the technology demonstrators, or
for system maintenance or upgrade activities. In line with the small-mission approach, the
facilities at the MOC, e.g. ground antenna, pass-planning system, and web server, are shared
between the PROBA missions.

The P2SC is located at the facilities of the Royal Observatory of Belgium (ROB) in
Brussels. Instrument planning requests for the two main payloads, SWAP and LYRA, are
transferred via an agreed protocol and taken automatically into account in the MOC uplink
planning activities. S-band telecommunication frames are converted into instrument packets
— and in case of SWAP, further processed into data files containing packets of individual
images. All data are then made available to the P2SC, which is responsible for the data pro-
cessing into engineering and scientific data products. The cycle is automated and ensures
a response time of only several hours from the detection of a solar event to a consequent
change of the onboard instrument mode, the uplink of this change, its execution, the down-
link of the newly acquired data, and to the final, on-ground data processing; see Zender et al.
(2012). The medium and long-term planning of the scientific observations, the technology
demonstrations, and the spacecraft maintenance are coordinated within the framework of
bi-monthly Science and Technology Operations Working Group (STOWG) meetings.

5. The Payload

A large number of new technologies have been flight qualified onboard PROBA2, both
as part of the scientific payload and the technology demonstrator payload.The technology
demonstrator payload comprises:

e Digital Sun Sensor (TNO, The Netherlands).
e BepiColombo Star Tracker (Selex Galileo, Italy).

The Digital Sun Sensor (DSS) and the BepiColombo star tracker are both digital at-
titude sensor based on active pixel sensors (APS) technology using recent technology
advances in active pixel arrays, as well as micro-mechanical devices and folded optics.
Both payloads are prototypes for use on the upcoming ESA BepiColombo mission and
will allow the analysis of ageing effects due to long-term exposure in space.

e Propulsion module, consisting of:
— Cold Gas Propulsion System (SSTL, United Kingdom).
— Cool Gas Generator experiment (Bradford Engineering, United Kingdom and TNO,

The Netherlands).

A solid-state nitrogen gas generator, which generates nitrogen to re-pressurise the
propulsion-module tank.
— Propulsion controller, integrated into the platform’s AOCS I/F module.

@ Springer



12 S. Santandrea et al.

The Resistojet Thrusters of the propulsion system have been used to validate and
quantify the performance of a resistojet system based on xenon. After almost total de-
pletion of the contained xenon in the course of an extensive propulsion-system experi-
mentation campaign, the propulsion system’s tank has been refilled and re-pressurised,
using the embarked Cool Gas Generator (COGEX). The COGEX technology demon-
stration experiment contains four solid-state cartridges that generate nitrogen when
ignited. After the successful ignition of the first cartridge, successive ignitions are
planned in the course of the ongoing mission, to verify the behaviour of the system
under the effects of ageing.

e Fibre Sensor Demonstrator (FSD) (MPB, Canada).

The FSD uses fibre sensors for temperature and pressure measurements. The sensors
are mounted in different spacecraft locations, including the propulsion system and the
xenon tank.

e Science Grade Vector Magnetometer (SGVM) (DTU, Denmark).

The SGVM is a flux-gate magnetometer delivering in real time the components of the
magnetic field with a very high precision. The instrument is mainly intended for scientific
use, but can be used as well by spacecraft attitude-control systems. The demonstration
model of this unit flying onboard PROBA?2 is paving the way for its operational successor
to be flown on ESA’s 5th Earth Explorer Programme mission (Swarm: Friis-Christensen
et al., 2008).

e Experimental Solar Panel with a solar-flux concentrator (ESP) (CSL, Belgium).

The ESP is a solar-panel concentrator experiment, aiming at studying the temperature
behaviour and the ageing effects resulting from radiation and from the concentrated solar
flux on the photo-voltaic cells. It uses triple-junction GaAs solar cells. In-flight results
showed an increase of 55 % in cell efficiency. In the course of the PROBA2 mission
lifetime, activations of this technology demonstrator and measurements of the generated
power are performed at regular intervals, in order to monitor the performance of the sys-
tem and evaluate the solar cells’ degradation.

e A dual-frequency Global Positioning System (GPS) receiver (Thales Alenia Space,
France).

Supplements the platform GPS receiver that is based on commercial technologies and
incorporates an advanced navigation filter software module, PROBA2 flies for the first
time a radiation-hard dual-frequency GPS space receiver. The unit has demonstrated nom-
inal performances, also in dual mode, when allowed by GPS visibility.

e An Exploration Micro-Camera (XCAM) (SpaceX, Switzerland).

The X-CAM is a powerful miniaturised micro-camera equipped with large field-of-
view optics, regularly used on PROBA?2 to acquire images of the Earth.

e A Laser RetroReflector (LRR) (Federal Unitary State Enterprise, Russia).

The LRR is a passive optical device, reflecting laser pulses emitted from a network of
stations on the ground back to the sending station for precise satellite-orbit determination.
A tracking campaign with the support of the International Laser Ranging Service (ILRS)
was performed to correlate the GPS measurements obtained by the platform GPS receiver
with real orbit measurements, confirming the GPS positioning performance. In addition,
the same ground-correlation technique has been used for the accurate assessment of the
impact on the spacecraft orbit following propulsion system firings.

e A set of magnetometers (ZMM) (ZARM, Germany).
e A Credit Card Magnetometer (CCM) (Lusospace, Poland).

The Credit Card Magnetometer and Zarm Magnetometer are new developments of
high-precision, high-rate, three-axis magnetometers, such as analogue Hi-Rel flux-gate
and digital Anisotropic-Magneto-Resistor (AMR) magnetometers.

@ Springer



PROBAZ2: Mission and Spacecraft Overview 13

e A set of additional innovative Guidance, Navigation, and Control (GNC) algorithms

(NGC, Canada).

The GNC algorithms included in the PROBA2 ACNS software improve the perfor-
mance of autonomous onboard navigation systems, including:

— A simple, however robust, navigation algorithm to autonomously evaluate and compen-
sate for the attitude torque perturbations due to the interaction of the spacecraft resid-
ual magnetic dipole with the orbital magnetic environment. This module, originally
carried as a technology demonstration, has been, after an extensive successful evalua-
tion campaign, integrated in the onboard autonomous navigation loop of PROBAZ2, to
even further improve the spacecraft absolute pointing accuracy performances, for the
optimisation of the quality of the scientific data.

— A GPS-based orbit-estimation module using a square-root Unscented Kalman Filter
(UKF).

— A star-tracker-based attitude-estimation module using a square-root UKF.

— UKF-based orbit and attitude determination algorithms based on measurements com-
ing from simple sensors, such as magnetic field, temperature sensors, eclipse/sunlight
detection, and current generation by the solar panels.

— Simple algorithms for orbit determination using eclipse entry and exit detection and
spacecraft panels’ temperature sensors measurements only. These algorithms are in-
tended for use on low-cost missions or missions with limited onboard resources, or to
allow onboard autonomous navigation when more accurate sensors become unavail-
able.

— An improved safe mode control algorithm guarantees the three axes stabilisation of the
platform. The algorithm is based on data from magnetic sensor actuators, and has been
successfully validated exposing the platform to a multitude of conditions.

e The Technology Demonstration Module (TDM) (QinetiQ Space, Belgium).
The TDM is made of an additional ADPMS board, measuring the total ionisation dose,
single-event upsets and single-event latch-ups.

There are four scientific payloads onboard, all of them comprising new technologies:

o Sun Watcher with Active Pixel System detector and Image Processing (SWAP: Berghmans
et al., 2006; Seaton et al., 2012) (CSL and ROB, Belgium).

SWAP is designed as an off-axis Ritchey—Chrétien telescope equipped with an EUV-
enhanced active-pixel sensor (APS) detector, the first in-orbit use of this technology for
solar science. SWAP provides solar coronal images at a two-minute cadence in a bandpass
centred on 17.4 nm. Observations with this specific wavelength allow detecting phenom-
ena, such as prominences, solar flares, or EUV waves, associated with the early phase
of coronal mass ejections. As part of the onboard software autonomy, image-processing
software was developed to automatically detect off-limb CMEs. This software feature
has, however, not yet been tested onboard.

e Large Yield Radiometer (LYRA: Dominique et al., 2012). Designed and manufactured
by a Belgian—Swiss—German consortium (Royal Observatory of Belgium (ROB), Brus-
sels, Centre Spatial de Liege (CSL), Institute for Material Research in MicroElectronics
(IMOMEQ), Hasselt, Belgium, Max-Planck-Institute fiir Sonnensystemforschung (MPS),
Lindau, Germany, and the Belgian Institute for Space Aeronomy (BISA), Belgium.

The LYRA radiometer is made of three units, each consisting of four channels:

— the 115-125 nm Lyman « channel,
— the 200-220 nm Herzberg continuum range,
— the aluminium-filter channel (17 -70 nm) including He 11 at 30.4 nm and
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14 S. Santandrea et al.

— the zirconium-filter channel (1 —20 nm).
The solar irradiance is monitored in two EUV passbands (zirconium and aluminium fil-
ters) and two UV passbands (Lyman o and Herzberg continuum). The (E)UV channels
provide measurements of the solar activity every 50 milliseconds, more or less contin-
uously since first light. During the occultation season between November and March
every year, LYRA contributes to the long-term trend analysis of the chemical compo-
nents in the Earth atmosphere, providing extinction curves in each of its four channels.
To support these studies, a high time resolution is important as it translates into spatial
resolution of the height profile while PROBA2 transitions the Earth occultation zone. The
instrument stability is continuously monitored by onboard calibration sources (LEDs),
and since launch a strong degradation of the main unit was observed (Dominique et al.,
2012). Due to the availability of two other, redundant units, long-term measurements are
ensured. LYRA uses wide bandgap detectors based on diamond. Diamond detectors make
the instruments radiation-hard and solar-blind: their high bandgap energy makes them in-
sensitive to visible light and, therefore, makes it possible to dispense with visible-light
blocking filters, which seriously attenuate the desired ultraviolet signal. The elimination
of the filters augments the effective area and hence the signal-to-noise, therefore increas-
ing the precision and the cadence.

e Dual Segmented Langmuir Probe (DSLP: Hercik er al., 2008) (Academy of Sciences,
Czech Republic).

The main objectives of the experiment are to study characteristic macroscopic prop-
erties of ionospheric plasmas and their relations to external space-weather drivers. The
DSLP experiment represents a new type of measuring device in the broad family of elec-
trostatic Langmuir probes. The new technique used on this instrument consists of data
acquisition from several independent sectors of a spherical-shaped electrode providing di-
rectional measurements of the plasma properties. This new concept, called the segmented
Langmuir probe (SLP), was originally flown on the French microsatellite Demeter (Le-
breton et al., 2006). The DSLP design for the PROBA?2 mission comprises two identical
sensors based on the SLP concept. Both are spherical shaped probes, 4 cm in diameter, di-
vided into seven plus one independent segments, i.e. seven smaller disc-shaped segments
on the sphere plus the rest of the conducting surface of the electrode serving as the guard
segment. The two sensors of the DSLP experiment are mounted on the rear side of the
deployable solar panel at the end of short rigid booms. In the burst mode, the plasma diag-
nostics are provided at 1 Hz from all segments of both sensors. In addition to the classical
plasma diagnostic technique of electrostatic probes, the two identical SLP sensors of the
DSLP instrument can provide E-field sampled at 2 MHz.

e Thermal Plasma Measurement Unit (TPMU) (Academy of Sciences, Czech Republic).

The TPMU uses a new electronic design to measure several ion characteristics (tem-
perature, density, composition), electron temperature and density as well as the spacecraft
floating potential. Due to an onboard software problem within the instrument, the payload
could not demonstrate its full functionality in space.

6. PROBA2 Autonomous Navigation, Guidance and Control Functions
An Attitude, Control, and Navigation Subsystem (ACNS) is essential for the autonomous
mission and platform management and onboard activities scheduling, allowing a completely

autonomous satellite attitude, position, and orbital events determination, satellite guidance,
attitude control, and manoeuvring, and onboard time management.
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Figure 4 Orientations of
PROBAZ2 during nominal
observation mode (not to scale).
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The PROBA2 ACNS hardware set is composed of four reaction wheels (one in cold
redundancy), two cold-redundant magnetometers, a redundant miniaturised pu-ASC star
tracker with two hot-redundant camera heads to improve measurement accuracy, a cold-
redundant GPS receiver, and three internally cold-redundant magnetotorquers.

For the complete implementation of the PROBA?2 mission, six operational guidance laws
have been implemented in the ACNS software. Transition between any of the modes is
possible either by manual commanding from the MOC or, in an autonomous fashion, by
commanding from the onboard software’s mission manager. The onboard Global Positioning
System (GPS) device provides orbital parameters to the ACNS software. Alternatively, the
Two-Line Elements can be uploaded from the MCC. In this case, the orbit is propagated
onboard and orbital parameters derived directly by the onboard software.

e The Sun mode is the standard ACNS guidance law responsible for supporting the
scientific-payload operations. In this high pointing-performance mode, the payload is con-
stantly pointed towards the Sun. To avoid blinding of the star trackers’s optical heads by
the Earth-reflected illumination, the spacecraft performs, four times per orbit (A, B, C,
D in Figure 4), a large-angle rotation (LAR) of 90 degrees around the payload’s line of
sight. The precise time for the rotations is computed by the onboard software in real time.
One of the axis of the SWAP imager sensor reference frame is always maintained paral-
lel to the Ecliptic North—South direction within an accuracy of one degree. The duration
of the rotations depends on the selected accommodation of the reaction wheels, but they
are typically executed — including the spacecraft stabilisation — within two minutes. The
SWAP images obtained during the rotation are smeared. As a consequence, a rotation
of 90 degrees around the centre of the images has to be taken into account during the
on-ground processing of the SWAP images (Seaton et al., 2012). The LYRA instrument
is very sensitive to off-pointing operations and thus shows artefacts during each rotation
(Dominique et al., 2012). The Sun pointing and the LARs are maintained throughout the
whole mission, including the eclipse season. Within the Sun mode, the P2SC can com-
mand offsets and platform rotations up to three degrees to support calibration and scien-
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16 S. Santandrea et al.

tific observation campaigns. An appropriate repointing of the sensors after the rotation is
autonomously taken into account by the guidance functions.

e The stand-by mode is based on the Bdot algorithm (de Lafontaine, 2006) and will de-
tumble the satellite and keep it in a safe and controlled state, with minimal power con-
sumption and sufficient solar-power input. This mode uses a magnetometer and magneto-
torquers and the Earth’ magnetic field to stay in a controlled tumbling rate at twice the
orbital rate. Two reaction wheels are used for momentum bias around the spacecraft’s
— X -axis. The stand-by mode was also used as the main spacecraft angular rate-reduction
mode to remove the excess angular rate imparted to the spacecraft at separation from the
launch vehicle.

e The inertial mode, in which the spacecraft’s attitude is controlled with respect to an iner-
tially fixed reference frame.

e The orbital mode in which the spacecraft’s attitude is controlled with respect to the so-
called orbital reference frame. In this mode, applications can be supported that require
Nadir pointing of a particular side or direction of the satellite.

e The flight mode in which the spacecraft’s attitude is controlled with respect to the orbital
velocity. This mode is used for the activation of the technology demonstration propulsion
system.

e The Earth-target mode in which the spacecraft’s attitude is controlled to point towards a
fixed target on Earth. This mode is inherited from the PROBA1 mission (Teston et al.,
2004).

In addition, the ACNS software allows full onboard autonomous orbital and attitude nav-
igation and onboard time management and correlations, for autonomous predictions of all
manoeuvres’ execution times, and of all relevant Sun- or Earth-related events (eclipse entry
and exit times, node crossing, and target flyby times). It also allows estimation of environ-
mental perturbation torques and residual spacecraft magnetism for improved pointing. The
control module is based on a state-feedback controller for fine control and on a sliding mode
controller for large manoeuvres. The control function also manages the reaction-wheels’
momentum offloading and the Bdot algorithm, both using magneto-torquers as actuators.

The development approach of such a complex ACNS system within the scope of a small
mission such as PROBA2 has itself been an innovative aspect. Its feasibility and reliable
verification was made possible by the utilisation, throughout the entire development flow,
of high-level modelling tools and advanced autocoding techniques, allowing very efficient
generation and testing of the ACNS software and integration and validation with the onboard
software.

7. In-orbit Performance

During the PROBA2 commissioning phase, the performance specifications of the platform
and the system were confirmed. Most relevant for the operations of the scientific instruments
were the following.

e The end-to-end pointing accuracy was derived from the centre position of the solar disk
computed from SWAP images. The SWAP pixel size is 3.16 arcsec, and the following
performance values were obtained:

— An Absolute Pointing Error (APE) of 87 arcsec (20 ). The requirement was 100 arcsec
(20).

— A Measured Relative Pointing Error (RPE) of 2 arcsec within 5 seconds (20') and 5 arc-
sec within 60 seconds (20).
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Figure 5 Thermal evolution of
the SWAP detector temperature
since launch. A denotes the start
of the yearly eclipse season, and
B the end of the eclipse season. C
indicates the applied delay of the
LARs in August 2011 and the
corresponding reduction of the
thermal environment by several
degrees.
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e The spacecraft position accuracy was confirmed by two independent solutions:

— The kinematic-navigation solution used for autonomous onboard navigation by the
ACNS software determined the positional accuracy to two meters and the velocity ac-
curacy to be 5 cms™!.

— The real-time navigation filter that is carried as a technology demonstration item deter-
mined a positional accuracy of one meter and a velocity accuracy of 4 mms™'.

e The available power budget is 90 watts during the eclipse period and 120 watts during
non-eclipse periods. The operations of the spacecraft and its subsystems, including the
transmitters and the scientific payload, consumes less than 72 watts. As a consequence,
the technology demonstrators can be operated without any potential power-resource con-
straint at any time.

e The ADPMS (Puimege, 2006) usage is around 40 % for all nominal platform activities
during sun mode. The SWAP image compression is also processed by the ADPMS and
consumes all available CPU IDLE time. As the compression software has lowest execu-
tion priority and SWAP images are first stored in a raw buffer and are then compressed
one-by-one, no processing conflict arises.

e Using nine S-band downlink passes per day proved to be sufficient to support a SWAP
imaging cadence between 110 — 130 seconds throughout the year (Seaton et al., 2012) and
a continuous 20 Hz sampling rate for LYRA (Dominique et al., 2012).

e The thermal environment was higher on average than expected by design for most sub-
systems, including the scientific instruments. This was partly explained by deviations of
the thermal model itself, but also by unexpected thermo-optical properties (degradation)
of some coatings used on the spacecraft. In Summer 2011, a reduction of the SWAP and
LYRA instrument temperatures as well as an overall stabilisation was reached by delaying
the Large Angle Rotations (LAR) by seven minutes. Figure 5 shows the thermal evolution
measured near the SWAP detector since launch.

8. Conclusions

The PROBA2 mission has successfully completed the commissioning phase, the nominal
mission phase, and the first mission extension phase. All technology demonstrators and the
scientific payload work nominally with the exception of degradation seen on the LYRA
instrument (Dominique et al., 2012) and the Thermal Plasma Measurement Unit. The in-
orbit demonstration has once more confirmed that

e A microsatellite with advanced platform and payload technologies is capable of providing
performance required by missions with challenging objectives or requirements.
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e A small mission can combine in-orbit demonstration of multiple technologies with the ac-
commodation of new and advanced small payloads, capable of providing valuable science
data to a scientific community.

e A mission and system design using embedded onboard autonomy and automated ground
segment allows reactive missions with high flexibility and fast response time between the
scientific community and the payloads, while, at the same time, guaranteeing an efficient
and lean operations management.

e Advanced development methods are cost-efficient and robust.

e An attitude control system based only on an autonomous star tracker as fine-pointing
sensor can be sufficient for the fulfilment of pointing and stability needs of science and
Earth observation missions.

Besides the technology achievements, PROBA?2 is playing an essential role for the Solar
Orbiter mission by training a European post-SOHO generation of solar physicists in mis-
sion and instrument development and its operations. In the future, PROBA2 will also play
an important role in the European space weather activities as it provides independent data
acquisition for space-weather predictions.
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