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Asteroid Deflection Missions

An asteroid kinetic impactor demonstration mission is gaining interest 
among the planetary defense community to better understand the chal-
lenges and the dynamics of an impact scenario. Of particular interest is 
the beta-factor that expresses the momentum gain caused by ejecta cloud 
dynamics after impact. Prediction of the beta-factor has been addressed 
extensively in the literature over the last decade, estimation techniques 
have not been investigated so far. 

First, this work presents two unambiguous beta-factor definitions for the 
linear and angular momentum conservation equation. Second, a robust 
observation strategy is developed for the Reconnaissance spacecraft at 
the close proximity of the asteroid to support the momentum enhance-
ment factor estimation. Third, an asteroid heliocentric orbit determination 
estimator for small asteroids is setup with the support of a reconnaissance 
spacecraft where radioscience tracking data is fused with optical naviga-
tion information. Last, the orbit determination results are used to estimate 
the beta-factor and to establish an error budget. 



Fakultät Elektrotechnik und Informationstechnik Institut für Automatisierungstechnik

Schätzverfahren des Linearen
Beta-Impulsverstärkungsfaktors für

Asteroiden-Ablenkungsmissionen

Linear Momentum Enhancement Beta-Factor Estimation
Technique for Asteroid Deflection Missions

Simon Delchambre

von der Fakultät Elektrotechnik und Informationstechnik
der Technischen Universität Dresden

zur Erlangung des akademischen Grades eines

Doktoringenieurs
(Dr.-Ing.)

genehmigte Dissertation

—— � ——

Vorsitzender: Prof. Dr.-Ing. Dirk Plettemeier

Gutachter: Prof. Dr. techn. Klaus Janschek
Prof. Dr. A. Fitzsimmons

Tag der Einreichung: 28.02.2018

Tag der Verteidigung: 04.12.2018





Shaker  Verlag
Aachen  2019

Berichte aus der Elektronik

Simon Delchambre

Linear Momentum Enhancement Beta-Factor
Estimation Technique for Asteroid Deflection Missions



Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.

Zugl.: Dresden, Techn. Univ., Diss., 2018

Copyright  Shaker  Verlag  2019
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of the publishers.

Printed in Germany.

ISBN 978-3-8440-6590-9
ISSN 1436-3801

Shaker  Verlag  GmbH  •  P.O. BOX 101818  •  D-52018  Aachen
Phone:  0049/2407/9596-0   •   Telefax:  0049/2407/9596-9
Internet: www.shaker.de   •   e-mail: info@shaker.de



Acknowledgements

Foremost, I would like to express my sincere gratitude to my advisor Univ.-
Prof. Dr. techn. Klaus Janschek for his support, motivation and guidance
since the very first day of this research. It was an honor to receive feedback
and insightful advice from his side. Further, I have to thank genuinely Dipl.-
Ing. Tobias Ziegler for his daily, if not hourly support in the last three years
and the enthusiasm he brings along in tackling new problems. Not only his
academic support, also the countless bike rides and the many wonderful
opportunities in- and outside the company I got are memorable.

I am also grateful to all of the colleagues and friends with whom I have
had the pleasure to work during this and other related projects at Airbus in
Friedrichshafen. Each of them has provided me extensive personal and pro-
fessional guidance and taught me a great deal about both scientific research
and industrial projects. I would especially like to thank Albert, Alex, Nico,
Stefan, Tom, Uwe for the advice, care and interest they have shown in the
last three years.

Nobody has been more important to me in the pursuit of this degree
than the members of my family. I would like to thank my parents, brother,
grandparents, uncles, aunts and cousins. They are unique in many ways
and motivated me till the very last day. Most importantly, I wish to thank
my loving and supportive future wife, Carina, who provided endless advice,
patience and inspiration.

This work is a milestone in my academic career which ends a long journey
through Belgium, Sweden, France and Germany. I was lucky to have met
so many interesting personalities with whom I shared joy and excitement.

This work would not have been possible without the financial support of
the Airbus Research and Development program. I am especially indebted
to Dr. Georg Willich, Head of Research and Development, who has given
me the opportunity and support with advice and the protected academic
time to pursue those goals.

iii





Kurzfassung

[Problembeschreibung] Missionen, die die Ablenkung eines Near-Earth
Object (NEO) durch einen kinetischen Impaktor demonstrieren, stoßen in
der Planetary Defense Community auf steigendes Interesse, um die Her-
ausforderungen und die Dynamik von Einschlagszenarien besser verstehen
zu können. Von besonderem Interesse ist hierbei der β-Faktor, der die
Impulsverstärkung beschreibt, die durch die Energie der ausgeworfenen
Materiewolke nach Einschlag entsteht. Die Prädiktion dieses β-Faktors
wurde in der Lite-ratur im letzten Jahrzehnt ausführlich behandelt, die
Schätzverfahren dazu wurden bisher jedoch nicht untersucht. [Methodik]
Zunächst liefert diese Arbeit zwei Definitionen des eindeutigen β-Faktors,
die beide die Gleichung des Erhaltungssatzes für den linearen Impuls sowie
den Drehimpuls lösen. Um den Impulsverstärkungsfaktors genauer schätzen
zu können, wird im zweiten Teil der Arbeit eine robuste Beobachtungsstrate-
gie entwickelt. Im dritten Schritt wird mithilfe des Aufklärungssatelliten
S/C ein Schätzverfahren zur Bestimmung der heliozentrischen Bahn kleiner
NEOs entwickelt, bei dem Radio Science Ortungsdaten mit der Information
aus der optischen Navigation fusioniert werden. Abschließend werden die
Ergebnisse aus der Bahnbestimmung zur Schätzung des β-Faktors und des
Fehlerbudgets herangezogen.

Earth orbit
NEO orbit

Reconnaissance S/C

NEO

Sun

Impactor S/C

Ejecta 
Cloud

[Ergebnisse] Die Güte der Schätzung hängt stark von den relativen
Navi-gationsgenauigkeiten und der Verfügbarkeit der Bodenstationen ab.
Die numerische Auswertung des Referenzszenarios bestätigt, dass der β-
Faktor nach einer 14-tägigen Beobachtungszeit bei 67% Verfügbarkeit der
ESA Verfolgungsstationen und mit einem Manöver zur Bahnerhaltung des
Auf-klärungssatelliten pro Tag mit einer Genauigkeit von 2% (1σ), was
geschätzt werden kann. [Fazit] Diese Güte der Schätzung trägt in einem
sehr kurzen Zeitrahmen zu einer wesentlichen Reduzierung der Unsicherheit
des β-Faktors bei und ist robust gegenüber großen Unsicherheiten, die aus
der unbekannte Impulsverstärkung der Auswurfwolke resultieren.
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Abstract

[Background and Problem] A near-Earth Object (NEO) kinetic im-
pactor demonstration mission is gaining interest among the planetary de-
fense community to better understand the challenges and the dynamics of
an impact scenario. Of particular interest is the β-factor that expresses
the momentum gain caused by ejecta cloud dynamics after impact. Predic-
tion of the β-factor has been addressed extensively in the literature over
the last decade, estimation techniques have not been investigated so far.
[Methods] First, this work presents two unambiguous β-factor definitions
for the linear and angular momentum conservation equation. Second, a ro-
bust observation strategy is developed for the Reconnaissance S/C at the
close proximity of the NEO to support the momentum enhancement factor
estimation. Third, a NEO heliocentric orbit determination estimator for
small NEOs is setup with the support of a Reconnaissance S/C where ra-
dioscience tracking data is fused with optical navigation information. Last,
the orbit determination results are used to estimate the β-factor and to
establish an error budget.
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[Results] The estimation performance largely depends on the relative
navi-gation accuracies and the ground station availabilities. Numerical eval-
uation confirms for the reference scenario a β-factor estimation accuracy of
2% (1σ) after 14 days of monitoring with 67% availability of the ESA track-
ing stations and one Reconnaissance S/C station-keeping manoeuver per
day. Extending the monitoring window to 28 days only improves the esti-
mation accuracy fractionally. [Conclusions] This estimation performance
considerably reduces the β-factor uncertainty in a very short time frame
and is robust to large uncertainties in the ejecta cloud momentum gain and
direction.
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[to] Position vector from [from] to [to], ex-
pressed in reference reference frame [ref]

m 3×1

R Measurement noise matrix dep m×m
Rβ,lin Linear momentum enhancement DCM - 3×3
Rβ,ang Angular momentum enhancement DCM - 3×3
Jsi Sun direction expressed in frame {J} - 3×1
JU Impactor S/C relative velocity expressed

in frame {J}
m/s 3×1

Q Process noise matrix dep. n×n
πu Feature u-coordinate in image plane {π} pixel 1
πv Fature y-coordinate in image plane {π} pixel 1
v Process noise dep. n×1
w Measurement noise dep. m×1
x True State dep. n×1
x̂− Priori state estimate dep. n×1
x̂+ Posteriori state estimate dep. n×1
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Nomenclature

x̃− Priori state estimate error dep. n×1
x̃+ Posteriori state estimate error dep. n×1
x̄(t) Nominal state dep. n×1
Xneo NEO Landmark x-coordinate m 3×1
y Theoretical measurements - m×1
ỹ True (noisy) measurements dep. m×1
ŷ Estimated/Predicted measurement dep. m×1

Greek Symbols

Symbol Description Units Dim.

β Linear enhancement factor dep. 1
βhh Linear enhancement factor, defined by

Housen and Holsapple
- 1

βsc Linear enhancement factor, defined by
Scheeres

- 1

βlin Linear enhancement factor - 3 × 3
βang Angular enhancement factor - 3 × 3
βlin Linear enhancement gain - 1
βang Angular enhancement gain - 1
Δ Difference, e.g. Δv change in velocity dep. dep.
εk Normalized Estimation Error Squared - 1
Γ The input-to-state transition matrix dep. dep.
Υ The noise-to-state transition matrix dep. dep.
Φ The state transition matrix dep. dep.
π Camera plane n.a. n.a.
Ψ Plane defined by Impactor momentum di-

rection and the lever arm w.r.t NEO CoM
n.a. n.a.

ρ Correlation coefficient - 1
ρsc Reconnaisance S/C Range Measurement m 1
|ρsc| Reconnaisance S/C Doppler Measure-

ment
m/s 1

J λsc Reconnaisance S/C Azimuth Measure-
ment

rad 1

J εneo Reconnaisance S/C Elevation Measure-
ment

rad 1

ρneo Pseudo NEO Range measurement m 1
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|ρneo| Pseudo NEO Doppler measurement m/s 1
J εsc Pseudo NEO Azimuth measurement rad 1
J εneo Pseudo NEO Elevation measurement rad 1
σ Standard deviation of Gaussian distr. dep. 1
σ2 Variation of Gaussian distribution dep. 1
μX Mean of Gaussian distribution X dep. 1
μ Gravitational parameter m3/s2 1

Math Operators

Symbol Description
. Dot product
E{} Expected value operator
T Transpose operator
Tr Trace operator
∇ Gradient
× Cross-product
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