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1. Title: Assessment of AOCS in-orbit performance during Rosetta flyby at asteroid Steins. 

Presenter: Mathias Lauer - ESOC/ESA (Germany)
Email: mathias.lauer@esa.int
Abstract: On its way to comet Churyumov-Gerasimenko, the ESA interplanetary S/C Rosetta flew by asteroid Steins at a distance of 360 Mio km from the Earth in early September 2008. For optimum observation conditions, the science community asked for a flyby at 800 km minimum distance from the target and with 0 deg minimum phase angle. 

Over a period of 33 days before closest approach, optical measurements derived from images of the on-board cameras were processed on-ground, in addition to conventional radiometric tracking data, to navigate the S/C towards the target flyby conditions.

During the flyby proper, the S/C attitude was controlled autonomously based on periodic optical tracking of the asteroid by the on-board navigation camera to ensure accurate pointing of the payload instruments.

The presentation provides background on the Rosetta mission, describes the asteroid flyby scenario, gives an overview of the approach navigation and the autonomous AOCS control at closest approach including operational aspects, and contains a summary of the finally achieved performance.

2. 
Title: Marco Polo ongoing ESA assessment study

Presenter: David Agnolon - ESA/ESTEC (The Netherlands)
Email: david.agnolon@esa.int
Abstract: Marco Polo is a Near-Earth Object (NEO) sample return mission currently studied by the European Space Agency. The intention is to perform this mission in collaboration with the Japanese Aerospace Exploration Agency. It has been selected as a medium-class mission candidate for a one-year competitive assessment study within the Cosmic Vision 2015-2025 programme of ESA. 

The primary goal of Marco Polo is to return to Earth samples of surface material from a primitive NEO (e.g. D or C-type). A launch in 2017 onboard a Soyuz-Fregat 2-1b from Kourou is currently envisaged. Typically, the spacecraft is inserted within the vicinity of the NEO upon encounter. A scientific payload suite characterizes the global physical and mineralogical properties of the NEO as well as identifies all surface hazards. Following this, up to five sampling sites are locally characterized at very high resolution and one of them is selected based on its scientific value and the risk it yields on the sampling operations. The spacecraft then autonomously descends towards the selected site, collects ~ 30 g of material, retrieves context information and verifies that a scientifically valuable sample has been acquired. The possibility of sampling at more than one site is envisaged. The collected material is then transferred to the Earth Re-entry Capsule which is carried back to Earth by the return vehicle and released shortly before arrival. The ERC undertakes a challenging high-speed re-entry through the Earth atmosphere. The sample is eventually transported to a dedicated curation facility.

The mission is led by JAXA who is responsible of the mother spacecraft. ESA would be in charge of the re-entry capsule. However, ESA has studied in the past the full mission scenario in order to better understand the challenges associated with such a mission. This is also relevant to the collaboration scenario and the GNC aspects in particular as ESA should also be involved in mission operations and therefore a thorough understanding of the proximity operations (orbiting, descent, touchdown, sampling, ascent, etc.) are necessary in order to support JAXA in this critical phase. This paper focuses on the GNC approach which was preliminary selected in the frame of these activities which have built as much as possible on synergies with the ongoing exploration programme development. 

The overall approach as well as the preliminarily selected GNC hardware, functionalities and performances are presented. 

3.  Title: GNC architecture options for missions to small bodies.

Presenter: Sébastien Clerc – TAS (France)

Email: sebastien.clerc@thalesaleniaspace.com

Abstract: This presentation concerns GNC issues and options for mission to Small Bodies, and more specifically sampling and landing missions such as the proposed Marco Polo mission. These missions are characterized by an environment which 

Is largely unknown at launch time, therefore requiring an intense characterization phase before proximity operations can take place

Involves complex and generally unstable dynamics, requiring a robust autonomous orbit control for proximity operations

Involves small forces, which enables a large flexibility in the design of the guidance laws.

We first analyse the landing precision requirement in view of the need to ensure a safe landing. We assume that the selection of a safe landing/sampling site is a ground-based decision. The main criteria is the roughness of the surface, since the gravitational slope in itself is not a relevant aspect in a low-gravity environment. The landing site shall be free of hazards in an area equivalent to the landing precision. For a given landing precision, we can determine the fraction of the small body surface which can be selected for safe landing. As an application, we estimate that a landing precision of 10 m enables to reach 20% of the surface of Itokawa. The characterization phase of the mission will aim at determining all the parameters necessary to perform safely all proximity operations. A crucial point concerns the determination of the gravity field. While the central potential term can be quite easily determined by radio-navigation during a fly-by, its knowledge is not sufficient for close operations. A determination of the other spherical harmonics coefficients by radio-navigation is possible but requires longer and more difficult operations. In any case, it may not be sufficient for landing operations since spherical harmonics diverge near the ground. An alternative approach consists in estimating the gravity field from a shape model, assuming a constant or affine density. Several methods have been proposed. For this purpose, we suggest to solve the Laplace equations by a volumic method on a finite difference grid. Preliminary results show that this method works but more validation is required. Finally, we present some navigation options for both relative (propagation from a known initial position) and absolute (positioning in a global body-fixed frame) navigation. Two main concepts can be envisaged: a solution based on a scanning lidar, and a vision-based solution. Vision-based navigation alone is limited by the range ambiguity and has to be complemented by other navigation sensors or models. A possible solution was proposed by Johnson and Matthies (1999), relying on laser range finder. The stereo pair formed by two consecutive images allows the determination of a partial elevation map up to a scaling constant. The value of the range in the direction of the lidar measurement is interpolated to determine the value of the scaling. The problem of absolute navigation is an active research field. Several options are currently investigated in the frame of a joint PhD thesis with TAS, NGC and ESA. The various options can be described as (local) feature-based, landmark-based (global feature), or shape based. For small body missions, the absolute navigation has to cope with large variations of the local hour due to asteroid rotation and a possible lack of craters.
4. Title: Asteroid proximity operations autonomous GNC concepts based on novel gravitational field modeling and estimation techniques.
Presenter: Mariano Sánchez – DEIMOS (Spain)

Email: mariano.sanchez@deimos-space.com
Abstract: The characteristics of missions to asteroids, which imply long periods without ground contact and the existence of some critical phases to be implemented under a long signal travel time, dictate a high level of autonomy to be implemented on-board the spacecraft at system, subsystem and instrument level. High levels of autonomy are required during long cruise and during the terminal rendezvous with asteroid, but autonomy is special relevant during the proximity operations (scientific observation, descent and landing) due to the close distance to the asteroid

In particular, during the proximity operations there lies a set of important challenges for the application of an autonomous GNC system. 

The uncertain knowledge of target characteristics: orbit size, mass and rotational state (which affects the navigation strategy during the in-orbit and descent and landing operations )  The low and irregular gravity field of the target (size ~100 m to ~300 m, increasing the effects of SRP disturbance and Orbiter/target interaction).The Orbiter low altitude which augments the collision risks and the imaging constraints during the in-orbit operations. In this context, the paper will be dedicated first to present the rationale for the implementation of GNC autonomy concepts for asteroid proximity operations, and the implications on autonomous GNC systems design. It will be followed by the presentation of novel gravitational field modelling and estimation techniques that allow the estimation of the target characteristics and generation of a precise light gravitational model of the asteroid suitable to be used on-board by the GNC. The use and advantage of these techniques will be demonstrated on the generation and implementation of a descent trajectory upon an irregular body. The paper will conclude with a set of recommendations for autonomous GNC implementation for asteroid proximity operations.

5.   Title: Vision-based navigation for approach and landing on small bodies.

Presenter: Cyril Cavel – ASTRIUM (France)
Email: cyril.cavel@astrium.eads.net
Abstract: The low-gravity conditions that prevail around small bodies allows using specific GNC techniques that are not usually applicable for planetary orbiting and landing, and impact the classical trades between autonomy and ground involvement. After the presentation of guidance solutions this paper focuses on the navigation function. Naturally adapted to the navigation relatively to a target, vision-based navigation techniques have been the subject of an extensive research effort over the past ten years. They find an interesting application field for missions towards small bodies as they offer an autonomous and efficient solution for interplanetary cruise (target acquisition and tracking) and safe landing. Vision-based navigation techniques encompass both passive solutions (camera, optical flow processing) and active sensors (lidar, radar). The performances of these techniques are first presented, and a trade-off is then proposed taking account of the specific environment around a small body.
6.
Title: Autonomous GNC Systems Applied to Interplanetary Missions: the NEO Descent and Landing case

Presenter: Jesus Gil – GMV (Spain)
Email: jesusgil@gmv.com
Abstract: During the last 5 years GMV has developed, both in collaboration with ESA and on national scale, a wide suite of autonomous GNC systems, based on optical measurements, covering nearly all phases of typical interplanetary missions. In particular for missions to small, irregular bodies, the autonomous GNC systems for terminal impact and rendezvous phases were developed, and also for the descent and landing (D&L) phase that will be the focus of the present paper.

All mentioned GNC systems for missions to small, irregular bodies considered different configurations, both at algorithmic and system levels (propulsion system, platform), allowing to trade-off all possible solutions in order to help in the mission and system design.

In parallel to the GNC development, a performance validation tool including functional simulators was designed and implemented at the scope of validating the GNC systems in representative environment, in particular implementing high-fidelity models of the navigation sensors.

The last step is the benchmarking of the selected GNC solutions. This process is done in an optical navigation laboratory (ONLAB) located at GMV HQ premises in Madrid.  ONLAB has been setup and used for HW-in-the-loop tests that allows the validation of the SW simulation tool obtained performances.

The same approach and level of detail presented above has been considered for the design and validation of the GNC system for the D&L phase of proximity operations around small bodies. The main objective for the design of the GNC system is to achieve the precise, soft landing in a selected site, with multiple sampling and rehearsal capability.

The autonomous GNC system considers that the D&L strategy is pre-defined. Before the beginning of the D&L sequence, the ground control selects a certain landing site, referred to a set of surface features, and updates the parameters defining the D&L strategy, based on the knowledge obtained during the characterization of the small body. Then, the on-board guidance generates the reference trajectory and thrust profile. The autonomous navigation function estimates the SC state relative to the lading site based on the information from camera only or using camera and altimeter. The image processing must detect and track the beacon features that define the position of the landing site. The closed-loop control compensates the deviations from the reference trajectory in order to achieve the precise landing accuracy.

The validation of the performances of the GNC system will be carried out in a SW simulator with the above mentioned characteristics. The scenarios reproduce the system design of the Marco Polo mission and consider the worst cases, in terms of uncertainties and environment characteristics, for sizing the system and assess the robustness.
7.
Mathematical Aspects in Estimating Rotational Parameters of Small Celestial Bodies.

Presenter: Dr Karlheinz Spindler - Fachhochschule Wiesbaden (Germany)

Email: spindlergg@googlemail.com
Abstract: Spacecraft navigation in the vicinity of a small celestial body (say a comet) requires the estimation of the comet's position, velocity, attitude, angular velocity, inertia tensor and gravitational field and other parameters. There is a coupling between the moments of inertia and the gravitational field, as the second-order terms in the expansion of the gravitational potential into spherical harmonics are expressible in terms of the moments of inertia and the comet's gravitational constant. 

The available measurements typically include ground-based measurements (yielding information on the heliocentric spacecraft state) and camera´images (yielding information on the body state relative to the spacecraft). The image-based navigation depends on the identification of cometary landmarks (whose body coordinates also need to be estimated in the process).

The fact that the comet attitude at a given epoch is an element of the rotation group in dimension three and hence of a nonlinear manifold gives rise to differential geometric estimation techniques. A coordinate-free estimation scheme is presented which avoids all difficulties (singularities, ambiguities) inherent to the use of parameters such as Euler angles or quaternions. We present both a recursive scheme allowing an iterative improvement of estimates starting with a given initial estimate and a method to obtain a reasonably good initial estimate based on averaging rather crude guesses.

8.
Title: Navigation  and Motion Control of the Phobos-Soil S/C during Approach and Landing.

Presenter:  Alexander Zhakarov, IKI (Russia)
Email: zakharov@iki.rssi.ru
Abstract: The Phobos-Soil project is under development now in Russia. The main goal of the mission is delivery of samples of the Phobos surface material to the Earth for laboratory studies of its chemical, isotopic, mineral composition, age etc. Other goals are in situ studies of Phobos (regolith, internal structure, peculiarities in orbital and proper rotation), studies of Martian environment (dust, plasma, fields). The payload includes a number of science instruments: gamma and neutron spectrometers, gas-chromatograph, mass spectrometers, IR spectrometer, seismometer, panoramic camera, dust sensor, plasma package. 
To implement the tasks of this mission a cruise-transfer spacecraft after the launch and the Earth-Mars interplanetary flight will be inserted into the first elliptical orbit around Mars, then after several corrections the spacecraft orbit will be formed very close to the Phobos orbit and keeping synchronous orbiting with Phobos. Then the spacecraft will encounter with Phobos and will land at the surface. After the landing the sampling device of the spacecraft will collect several samples of the Phobos regolith and will load these samples into the return capsule mounted at the returned spacecraft. This returned spacecraft will be launched from the mother spacecraft and after the Mars-Earth interplanetary flight with reach the terrestrial atmosphere. Before enter into the atmosphere the returned capsule will be separated from the returned spacecraft and land at the Earth surface. 

The mother spacecraft at the Phobos surface carrying onboard scientific instruments will implement in situ the experiments during an year after kickoff the returned spacecraft. The drive for Phobos investigation is strongly supported by the need to understand the basic scientific issues related to the Martian moons both as the representatives of the family of the small bodies in the Solar system and as principal components of the Martian environment: primordial matter of the Solar system (what many believe they are). We want to study the characteristics of the Martian satellites, peculiarity of the proper and orbital motion, and understand their origin what may give a clue to the formation of satellite systems of the other planets.

Scientific goals of in situ Phobos exploration as well as its mission scenario and the current status of the project will be described.

9.
Title: Planet Surface Simulation for Testing Vision-Based, Autonomous Planetary Landers.
Presenter:  Martin Dunstan, U. of Dundee (UK)
Email: mdunstan@computing.dundee.ac.uk
Abstract: PANGU (Planet and Asteroid Natural Scene Generation Utility) is a 

software tool for simulating and visualising the surface of various 

planetary bodies. It has been designed to support the development of 

planetary landers which use computer vision to navigate towards the 

surface and to avoid any obstacles near the landing site.  PANGU can be 

used to generate an artificial surface representative of the Moon, 

Mercury, Mars or asteroids and to provide images of the simulated 

planetary body.

PANGU builds a planet surface model starting with a predefined surface 

(e.g. an existing digital elevation model if available) or a fractal 

surface generated by PANGU. Craters are placed on the terrain according 

to a user defined crater size-density distribution. The crater models 

combine idealised mathematical impact crater models with fractal 

techniques to produce a realistic appearance to the craters.  Boulders, 

sand dunes and other small scale features may then be added according to 

the characteristics of the target planet surface. For planetary bodies 

the surface model corresponds to a section of the full planet with 

matching surface curvature. However, for asteroid models the entire 

solid surface is modelled.

Given the position and orientation of a camera above the surface, PANGU 

generates the corresponding image. The position of the Sun and other 

illumination conditions can be modelled. PANGU has been designed to give 

a high degree of realism while operating at near real-time speeds to 

enable closed loop simulation of complete vision-based navigation 

systems.

As well as cameras scanning LIDAR and radar altimeters may also be 

simulated. These simulations allow comprehensive evaluation of various 

navigation sensor combinations for planetary landers.
10.
  Title: Proximity Operations at Small Bodies - Findings of the ASTEX Study

Presenter: Sven Schaeff, ASTOS (Germany)
Email: sven.schaeff@astos.de
Abstract: The results of the mission analysis of the close proximity operations of the ASTEX study are presented. ASTEX is a feasibility study funded by DLR. The mission objective is a double rendezvous of two NEAs (one "primitive" and one fragment of a differentiated asteroid) including remote sensing of the orbiter and in-situ experiments by a lander spacecraft on each target. For each target 6 months of operations are foreseen.

For close proximity operations at small bodies different options are possible. Operations like hovering, inertial and body-fixed, and landing are outlined and the results of the analysis are presented. Additionally, orbiting aspects in general and especially the photo-gravitational orbit are shown. One special issue is the presence of a binary asteroid disturbing the spacecraft.
Another focus is the lander release scenario, where two different strategies are considered. One is the classical de-orbiting descent approach, while in the second case the lander is released from a body-fixed hovering position.
11.
  Title: NEO Mission Analysis and Design at Delft University of Technology 

Presenter:  Jeroen Melman – TU Delft (The Netherlands)

Email: J.C.P.Melman@tudelft.nl

Abstract: At Delft University of Technology we are currently engaged in a research activity in the area of autonomous orbit determination and propagation for future

spacecraft missions, particularly for missions to asteroids. Various space

agencies are making plans to send spacecraft to these irregular bodies: to orbit

around it, to impact it or to land on it. For example, within ESA’s Cosmic Vision

programme the Marco Polo mission has been selected. Furthermore, a clear

tendency towards on-board autonomy can be recognised: not only to reduce

mission costs, but also because autonomy is indispensable for real-time close proximity operations at such distances. In this light, the research described

below is being performed.

The research focuses on precise and fast determination and propagation of

orbits around small bodies. The objective is to develop propagation algorithms

that will be compliant with future on-board requirements, in order to further

enhance mission autonomy. It is not the intention to develop on-board software

itself, but to develop algorithms that are suitable for this purpose, given their

efficiency and accuracy requirements. Having advanced propagation algorithms

available on-board will become a facilitator for cost-efficient and new mission

scenarios.

A clear focus is on orbits around irregular bodies, since these pose particular

challenges. To this end, we are modelling the environment of asteroids. The

irregular gravity is modelled by both conventional spherical harmonics and

geometric shape models, polyhedra to be precise. We have taken asteroid

Steins, the ‘Diamond in the Sky’, as a test case. The research addresses

geometric and dynamics aspects of the environment model developed here, as

well as the behaviour and propagation characteristics of orbits around this body.

12.
  Title: Guidance and Navigation Scheme for HAYABUSA Asteroid Exploration and Sample Return Mission

Presenter:  Dr. Takashi Kubota, JSPEC/JAXA, (Japan)

Email: kubota@isas.jaxa.jp
Abstract: In-situ observations of small bodies like asteroids are scientifically very important because their sizes are too small to have high internal pressures and temperatures, which means they should hold the early chemistry of the solar system. In recent years, some rendezvous or sample-return missions to small body have received a lot of attention in the world. The Institute of Space and Astronautical Science (ISAS) of Japan launched the MUSES-C spacecraft toward Asteroid 1998SF36 in May 2003.

After the launch, the spacecraft was renamed "Hayabusa". In deep space, ground based

operation is very limited due to the communication delay and low bit-rate communication. Therefore, autonomy is required for deep space exploration. On the other hand, because little information on the target asteroid is known, a new robotics technology was used for the spacecraft to approach, rendezvous with, and land on the asteroid safely. Hayabusa spacecraft introduced a dynamic touch down the surface of the target asteroid and then a method to collect samples automatically by using the novel sampler system. Hayabusa spacecraft arrived at the target asteroid on 12th September in

2005 and observed the asteroid for about two months. And then two touchdowns were performed in November 2005. This paper presents the autonomous guidance and navigation scheme used in MUSES-C sample return mission. This paper also describes the flight results on the guidance and navigation for the descent and touchdown.
13.
  Title: Orbital dynamics modeling for binary asteroid systems (TBC)

Presenter:  Julie Bellerose, JAXA/JSPEC (Japan)
Email: julie.bellerose@googlemail.com
Abstract: Over the last few years, there has been an increasing interest in binary asteroid systems, and in sending spacecraft to them. There are several benefits of studying binaries. In particular, since their bulk densities are related to their mutual period and shape, more insights into their interior composition can be obtained, and studying two small bodies at once may tell more about the effect of space weathering and solar radiation. In addition, since their translational and rotational dynamics are coupled, binaries may tell more on other planetary systems, and may help validate current theories on formation and evolution of binaries among the small body populations. 

There are challenges in sending a spacecraft to these systems. We can think of them as “mini”- Restricted Three Body Problems, where the time scale of motion is of the order of 10s of hours, and the motion is strongly perturbed by the asteroid shapes and solar effects. To date, there have been a number of studies on binaries. Here, we give an overview of energy constraints on the motion of the spacecraft, and we describe in-plane and out-of-plane dynamics, including transit and non-transit trajectories between the two components and periodic orbits. Approach option and proximity operations are discussed. Finally, we show results from a few cases studies.

14. Title: Between the Moon and Mars: the NEO Option 
(Additional Presentation)
Presenter:  Rob Landis, NASA-Ames (USA)
Email:  Rob.R.Landis@nasa.gov 
