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Preface

For many decades, asteroids have captured the attention of scientists. Their uniquely preserved environ-
ment since the formation of the Solar System, potential for rare materials mining, and potentially hazardous
nature when on a collision course with Earth, have prompted space agencies to send spacecraft to these
faraway icy and metallic rock formations in space.

Every spacecraft that is sent to an asteroid needs a navigation system. Over the course of many asteroid
missions, the technology in asteroid navigation has brought forth many ingenious technical solutions. A
prime example is the Japanese asteroid mission Hayabusa-1, which threw bright objects onto the asteroid
surface. These bright objects were subsequently used to navigate the spacecraft to land on the asteroid
surface.

Increasing the autonomy of the navigation system used in the vicinity of asteroids is identified as a
major contribution to improving the safety and scientific capabilities of the spacecraft. This research work
contributes to the existing body of scientific research by proposing an autonomous navigation solution that
is designed to operate in a binary asteroid environment.

This thesis project marks the end of my studies at the TU-Delft. It has been an unforgettable experience
which shaped my life in many different ways. As a kid | was fascinated with everything that could fly, and
aerospace engineering was the only study program | ever seriously considered. | am glad that this passion
for flying things was always on my mind, allowing me to push through the challenging times.

Thank you Erik-Jan van Kampen and Erwin Mooij for your support during this thesis project. Often
times, | felt that | was getting much more than just the support needed to achieve the goals set out in the
thesis. Thank you for being so involved with the project work and helping me become a better engineer.

This project would not have been possible without the support from Airbus Defence & Space in
Friedrichshafen. Thank you Edoardo Caroselli for being there for me every day and night of the project
duration, you helped me solve many issues that would have otherwise delayed the project. | want to thank
all other people in the TESOA-1 department, especially Maurice Martin, for their valuable feedback and for
sharing their expertise.

I am thankful for my family who have always supported and encouraged me in the journey, from the
very first weeks as a freshman until my graduation. Thank you to my friends in Germany who made the
final year of my studies at the Bodensee an unforgettable experience. Finally, | want to thank all friends in
Delft for their support during my thesis project.
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Introduction

1.1. Asteroid research

Asteroids are minor bodies of the Solar System, with diameters varying from several meters to hundreds
of kilometers. Asteroids can have irregular shapes and their surfaces are often scattered with irregularities
such as boulders and slopes. Asteroids are part of the Near-Earth Objects (NEOs). By convention, NEOs
are defined as “all small Solar System bodies with orbits around the Sun that lie partly between 0.983
and 1.3 astronomical units away from the Sun.” [1]. There are over 600,000 known asteroids in our Solar
System, of which more than 20000 are NEOs'. The interest in asteroids can be attributed to three general
categories:

Scientific research. Asteroids have seen very little to no changes since their formation, making
them excellent targets for research related to the origins of the Solar System. Asteroids are believed
to have played major roles in the formation of planets [2, 3, 4].

Natural resources mining. Near-Earth objects could be mined to bring valuable resources back to
Earth, which becomes increasingly relevant as resource depletion becomes a more pressing concern.
There are still many technological and financial obstacles in the way of large-scale asteroid mining.
The concept has been proven with several missions having successfully returned asteroid samples
to Earth [5].

Planetary defence. NEOs with a diameter larger than 140 meters, and with orbits crossing Earth’s
orbit, are defined as Potentially Hazardous Objects (PHOs), most of which are asteroids [6]. The
PHOs that currently cannot be ruled out as harmless are listed in NASA’s Sentry Risk Table. As of
March 2023, there are 24 items in this table?. An impact of a PHO with Earth could be disastrous and
therefore planetary defence techniques are studied and developed. For example, NASA’s Double
Asteroid Redirection Test (DART) spacecraft recently struck an asteroid in an effort to study the
interaction between the asteroid and a kinetic impactor [7, 8].

1.2. Navigation around asteroids

Missions to asteroids all require a navigation system that allows the spacecraft to safely approach the
asteroid. Some missions go one step further and involve a form of physical interaction with the asteroid
surface. For these applications, knowledge of the position, velocity, and attitude of the spacecraft with
respect to the asteroid surface is essential. This thesis focuses on the determination of the position and
velocity of a spacecraft in a binary asteroid environment.

1.2.1. Traditional asteroid navigation systems

The traditional method to determine the spacecraft position and velocity with respect to an inertial frame in
deep space is to use radiometric tracking [9]. The orbit determination with radiometric tracking is performed
using Earth-based ground stations and an antenna onboard the spacecraft. Radiometric tracking combined
with a rough estimate of the asteroid’s orbital state (ephemeris) in an inertial frame enables the spacecraft
can navigate towards the asteroid. Once the spacecraft is at a distance of several thousands of kilometers,

1 https://www.esa.int/Space_Safety/Near-Earth_0Objects_-_NEO_Segment, last accessed 2023/03/31
2https://cneos. jpl.nasa.gov/sentry/, last accessed 2023/03/23
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an orbit determination and characterisation phase is executed [10, 11]. Asteroid-relative measurements
are obtained mainly using cameras and laser ranging instruments. These are combined with the spacecraft
position and velocity knowledge given by the radiometric tracking and accelerometer data. This allows for
the spacecraft to better characterize the orbital state of the asteroid, create a shape model of its irregular
surface, to create a library of known landmarks on the surface, and to model the irregular gravity field.

For very close proximity operations below 10 km distance to the asteroid surface, often a form of
landmark tracking is used in combination with Light Detection and Ranging (lidar) or laser range finders
(LRFs) to determine the position and velocity of the spacecraft. Radiometric tracking is not an option
at close range because of the round trip time of the signals to and from Earth. This is only possible by
exploiting the knowledge obtained in the characterisation phase. ESA’s Rosetta, JAXA’s Hayabusa-2, and
NASA’s OSIRIS-REx missions all used such navigation concepts [12, 13, 14].

1.2.2. Challenges in asteroid navigation

The traditional asteroid navigation methods usually follow a similar approach that involves radiometric
tracking for the faraway approach, followed by a characterization phase. Information from the characteriza-
tion phase is then used to autonomously maneuver the spacecraft close to the asteroid, without relying on
Earth-based communication.

A major challenge in the field of navigation around asteroids is to increase the level of autonomy of the
spacecraft, especially its reliance on Earth-based radiometric tracking. Radiometric tracking is expensive,
limits the safe operating envelope of the spacecraft. There is also a practical constraint on the number of
spacecraft that can be supported by the Deep Space Network, which provides the radiometric tracking
measurements. On top of all these arguments, radiometric tracking will often also not be available on
smaller and cheaper spacecraft. These will have to navigate with a more limited set of sensors. Previous
missions show that autonomous navigation is possible after an early characterization phase that heavily
relied on radiometric tracking. A major challenge is to skip this expensive and time consuming early
characterization phase.

Research in the past decades has focused on increasing the autonomy in asteroid missions. Optical
navigation based on the line of sight a common topic of investigation [15, 16], which can also be combined
with lidar measurements [17]. The extraction of the line of sight is impossible at very low altitudes because
the asteroid fills too much space in the camera frame. A navigation system that includes a transition from
line of sight navigation to landmark tracking is investigated in [18].

1.2.3. Recent research

Because of the ongoing interest in asteroids, many researchers study and develop navigation systems to
operate spacecraft in the asteroid environment. Typically, the spacecraft combines optical measurements
from cameras [19] and laser rangers [20] to estimate its position relative to the asteroid. The spacecraft
attitude is determined using star trackers and rate gyros [21].

The images from navigation cameras can produce various measurements such as the line of sight
(LOS) [22, 23], centroid and apparent diameter (CAD) [24, 25], and landmark tracking [19, 26, 27]. The type
of measurement depends on the altitude and the camera field of view (FOV), with landmarks becoming
smaller and smaller in the images as the altitude increases. In general, camera measurements suffer from
range ambiguity. If multiple bodies can be observed by the camera(s), triangulation techniques can be
used to indirectly provide range measurements [28, 29]. A formation of spacecraft can solve the range
ambiguity problem with cameras alone, if interspacecraft measurements are available [30]. A common
solution to solve the range ambiguity problem for a single spacecraft is to use a lidar or LRF in combination
with the navigation cameras [23, 31].

Gil-Fernandez (2018) shows that a spacecraft can autonomously navigate in a binary asteroid environ-
ment by solely observing the primary asteroid [32]. However, this requires augmenting the state vector
with the gravitational parameter of the asteroid and the pointing error resulting from varying illumination
conditions. Dietrich (2014) demonstrates that given an ellipsoid shape model for the asteroid, LRFs alone
can be used to navigate the spacecraft [20]. They show that using more than three LRFs does not benefit
the state estimation anymore, which is attributed to the geometry and symmetric nature of the ellipsoid
surface. Takahashi (2021) proposes a navigation solution that is tightly coupled to the guidance algorithm,
in the sense that impulsive AV maneuvers issued by the guidance are subsequently measured by onboard
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accelerometers [33]. Integration of the accelerometer data then yields information about the position
change over time.

1.2.4. Research context

The navigation system developed in this work is developed in the framework of the Near Earth Object
Modelling and Payloads for Protection (NEO-MAPP) study® which uses ESA’s Hera mission as a reference.
The goal is to autonomously land a small spacecraft on Dimorphos, the smallest asteroid of the binary
system (65803) Didymos. The small spacecraft is ejected from the Hera mothership and then autonomously
navigates to a predefined landing position on the surface of Dimorphos. The spacecraft must therefore
know its position in the asteroid reference frame. To save time and money, there will not be an early
characterization phase in which a database of landmarks is collected along with a precise shape model. A
separate navigation system is developed for the final phase of the landing. The only sensors that can be
used for the navigation system are a single navigation camera, a single LRF, and accelerometers along all
spacecraft axes. The attitude estimation hardware is not considered in this work.

1.3. Research formulation

This research will address the challenge of increased autonomy in asteroid navigation by developing and
testing an autonomous navigation solution that relies on a simple set of sensors and little information
about the appearance of the asteroid. The solution will be autonomous in the sense that the spacecraft
determines its position and velocity with respect to the asteroid without any communication with Earth or
any other spacecraft. The binary nature of the target asteroid system considered in this work gives an
additional degree of freedom to design the navigation system, which will also be investigated in this work.
The research objective that is central in this work is formulated as follows:

Research Objective |

Investigate how an autonomous spacecraft can determine its absolute position and velocity in
proximity of a binary asteroid by using vision-based navigation.

The research objective is split in several research questions that will be answered in this work. The
first research question relates to the existing body of research that is available on the topic of asteroid
navigation. This includes navigation systems that are not autonomous, such as the ones used in prior
space missions.

Research Question 1 |

What is the state of the art of navigation around asteroids?

The second research question focuses on the simulated environment that is used to develop, test,
and benchmark the developed navigation systems. The simulated environment plays a vital role in the
development of the navigation system, and its composition and fidelity influences the validity of the results.
The differences in the simulated environment must be taken into account when comparing results from
different authors.

Research Question2 |

What are the requirements for a simulator that can be used to develop the navigation system?

The prior knowledge that is required to estimate the spacecraft state with a given sensor suite can be
provided in various ways. Common are Earth-based measurements from for instance radar imagery, or
measurements taken during an early characterization phase. The level of prior knowledge that is required
could impact the autonomy of the spacecraft, especially if this prior knowledge can only be obtained during
an early characterization phase that relies on Earth-based measurements. Therefore, the third research

Shttps://neomapp.eu/abstract/, last accessed 2023/03/11
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question is as follows:

Research Question 3 |

What prior knowledge about the asteroid environment is required to estimate the spacecraft state
with a given sensor suite?

The performance requirements of the navigation system are a key consideration in the design of
the navigation system. The design process is an iterative process in which the navigation system is
tuned and modified to meet the requirements. The requirements themselves can also be iterated upon,
especially in light of new findings with regards to the sensitivities of the navigation system that come with
the development. A closer look at these requirements is taken by answering the fourth research question:

Research Question 4 |

What are the performance requirements for the navigation system, and how do these require-
ments change during the iterative design process?

Once the requirements are established, naturally the follow-up question is which navigation systems
are capable of providing this required performance. There is no straightforward answer to this question, as
the requirements themselves are determined in an iterative process that depends on the sensitivities of
each method. This is investigated by answering the fifth research question:

Research Question 5 |

Which navigation systems can meet the performance requirements?

The final research question is related to a sensitivity study that is performed once a navigation filter is
developed that fulfils the performance requirements in a default scenario. The binary asteroid environment
is complex, with potentially challenging lighting conditions, irregular gravity fields, and other disturbances.
The sensors are not perfect either, and the ejection from the mothership brings uncertainties in the
navigation system as well. These effects are studied by answering the sixth research question:

Research Question 6 |

What are the key sensitivities of the developed navigation system?

1.4. Structure of the report

This report presents the findings of the research project that is created from the research objective and
the subsequent research questions. The structure of the report is as follows: first, Chapter 2 presents the
scientific article which covers the main findings of the research project. Next, Chapter 3 and Chapter 4
present the preliminary analysis which consists of the literature review and preliminary work on the simulator.
Additional results that are relevant to the research objective but not part of the primary findings of the work
are presented in Chapter 5. Chapter 6 discusses the verification and validation efforts that have been
made, as well as those that are still recommended for future work. Finally, the conclusions of this work
and recommendations for future work are given in Chapter 7.
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Autonomous Navigation for Binary Asteroid Landing

Peter Elffers*
TU-Delft Faculty of Aerospace Engineering, Kluyverweg 1, 2629 HS Delft, The Netherlands

This paper investigates the performance of an autonomous navigation system to navigate
a spacecraft in the proximity of a binary asteroid system using optical and laser ranging
measurements. The knowledge about the binary asteroid is limited to its orbital parameters
and ellipsoid shape models. The accelerometer bias random walk is included in the estimation
process. Over a four-hour landing maneuver starting from 6770 m altitude and ending at 550
m, the mean position estimation uncertainty is 41.6 m (307). It is shown that the navigation
accuracy is sensitive to the Sun phase angle, the irregularity of the asteroid shape, and the
goodness of fit of the ellipsoid shape model. The paper demonstrates that the navigation system
is robust to large errors in the initialization of the extended Kalman filter state. The impact of
image distortion and two types of image noise on the navigation performance are investigated.

I. Introduction
STEROIDS are gaining widespread attention from space agencies and industry because of their uniquely preserved
Aenvironment since the formation of the Solar System, their potential for rare materials mining, and planetary defence
purposes. Several missions dedicated to small bodies have been successfully launched and completed. In 2001, NASA’s
NEAR became the first spacecraft to orbit and land on an asteroid [ 1]. In 2010, JAXA successfully returned samples of
the asteroid (25143) Itokawa with its Hayabusa-1 spacecraft [2], and ESA’s Rosetta mission put a lander on the comet
67P/Churyumov-Gerasimenko in 2014 [3].

Because of the interest in asteroid exploration, many researchers have studied and developed navigation systems
to safely operate spacecraft in the vicinity of asteroids. For proximity operations in missions that involve landings,
autonomous navigation is required because of signal delays that come with Earth-based navigation. Typically, the
spacecraft combines optical measurements from cameras [4] and laser rangers [5] to estimate its position relative to the
asteroid. The spacecraft attitude is determined using star trackers and rate gyros [6].

The images from navigation cameras can produce various measurements such as the line of sight (LOS) [7, 8],
centroid and apparent diameter (CAD) [9, 10], and landmark tracking [4, 11, 12]. The type of measurement depends
on the altitude and the camera field of view (FOV), with landmarks becoming smaller in the images as the altitude
increases. In general, camera measurements suffer from range a mbiguity. CAD attempts to mitigate this issue by using
a-priori knowledge about the size and shape of the asteroid and its projection onto the camera sensor. The lack of an
accurate shape model combined with difficult lighting conditions makes it very difficult to estimate the radial range
from optical measurements. If multiple bodies can be observed by the camera(s), triangulation techniques can be used
to provide range measurements [13, 14]. A formation of spacecraft can solve the range ambiguity problem with cameras
alone, if interspacecraft measurements are available [15]. A common solution to solve the range ambiguity problem for
a single spacecraft is to use a Light Detection and Ranging (lidar) or laser range finders (LRFs) in combination with the
navigation cameras [8, 16].

Gil-Fernandez (2018) shows that a spacecraft can autonomously navigate in a binary asteroid environment by solely
observing the primary asteroid [17]. However, this requires augmenting the state vector with the gravitational parameter
of the asteroid and the pointing error resulting from varying illumination conditions. Dietrich (2014) demonstrates that
given an ellipsoid shape model for the asteroid, LRFs alone can be used to navigate the spacecraft [5]. They show that
using more than three LRFs does not benefit the state estimation anymore, which is attributed to the geometry and
symmetric nature of the ellipsoid surface. Takahashi (2021) proposes a navigation solution that is tightly coupled to the
guidance algorithm, in the sense that impulsive AV maneuvers issued by the guidance are subsequently measured by
onboard accelerometers [18]. Integration of the accelerometer data then yields information about the spacecraft position
change over time.

This paper investigates a navigation solution for a binary asteroid system that exploits measurements of both asteroids

in the camera frame, similar to [13], combined with a single LRF measurement that uses ellipsoid models for the
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asteroids in a manner similar to that in [5]. The navigation camera will provide LOS measurements, which are corrected
for varying illumination conditions as is done in [17]. The intended use of the navigation solution is at medium to far
distances because the LOS cannot be determined at very close distance when an asteroid fills the entire field of view of
the camera. The contribution of this paper is a navigation filter that leverages the binary nature of the asteroid system in
combination with a LRF. This navigation filter is robust to filter state initialization errors due to the high observability
with both asteroids in sight, in combination with the LRF. Contrary to the landmark-based approaches, this approach
only requires an ellipsoid shape model to determine the position relative to the asteroid.

This navigation system is developed in the framework of the NEO-MAPP study*, which uses ESA’s Hera mission as
areference. The goal is to land a yLander on Dimorphos, the smallest asteroid of the binary system (65803) Didymos
[19]. This puLander is detached from the Hera mothership at an altitude of around 5 km and navigates autonomously.
The landing site for the uLander is a predefined point on the surface of Dimorphos. The spacecraft must therefore know
its position in the asteroid reference frame. The requirement for the position knowledge is that the 30 uncertainty in the
position is less than 10% of the altitude. To save time and money, there will not be an early characterization phase in
which a database of landmarks is collected along with a precise shape model, as is common practise in asteroid landing
missions [2, 12]. A separate navigation system is developed for the final phase of the landing [20, 21]. Throughout the
paper, the attitude control system is assumed to be a separate system, providing perfect pointing in the desired direction.

The paper is structured as follows: Sec. II gives an overview of the binary asteroid dynamics. Section III presents
the onboard sensors, their mathematical models, and how they are used in the navigation system. The Extended Kalman
Filter (EKF) development is described in Sec. IV, followed by an analysis and discussion of simulation results in Sec. V.
The conclusions of the research and recommendations for future work are given in Sec. VI. Finally, in Appendix A the
mathematics behind the LRF measurement model are described, and Appendix B shows a verification test for the LRF
measurement model.

I1. Dynamics
The dynamic environment around binary asteroids is one of the most complex environments found in the Solar
System. This is due to the irregular shape and composition of the asteroids, combined with third-body perturbations,
solar radiation pressure (SRP) and often short rotation periods. This section describes the modeling of the binary
asteroid environment and its dynamics.

A. Target binary asteroid

Didymos consists of two asteroids named Didymos (primary) and Dimorphos (secondary). Throughout the paper,
the naming of primary and secondary will be used. The asteroid characteristics, including ellipsoid shape models, are
given in [22]. This description of Didymos is valid for its state before the impact of DART on 26 September 20237, A
summary of the most relevant parameters of Didymos is given in Table 1. The secondary asteroid is tidally locked with
the primary.

Table 1 Main characteristics of binary asteroid Didymos [22].

Property Nominal value Uncertainty (107)
Diameter of primary 780 m +30 m

Diameter of secondary 164 m +18 m

Density of primary 2170 kg/m? +350 kg/m?
Orbit radius of secondary 1.19 km +0.03 km

Total mass of system 5.278ell kg +0.54el1 kg
Rotation period of primary  2.2600 h +0.0001 h
Secondary orbital period 11.9217h +0.0002 h

Spin pole of primary Parallel to secondary orbital spin pole

*https://neomapp.eu/abstract/, last accessed 2023/03/11
Thttps ://www.nasaspaceflight.com/2022/09/dart-impact/, last accessed 2023/03/13
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B. Reference frames

Four reference frames are used in this work: inertial, primary, secondary, and body. These frames are denoted by
Fr, Fp, Fs, and Fg, respectively, and are shown in Fig. 1. The inertial frame is a modified J2000 frame, whose origin
is in the binary system’s barycenter. The axes of the inertial frame are aligned with the J2000 frame, meaning that
the Z-axis points in the direction of the Earth mean rotation pole at epoch J2000, the X-axis points toward the mean
equinox at epoch J2000, and the Y-axis completes the right-handed coordinate system. The primary and secondary
reference frame have their origins in the centers of mass of the respective asteroids. Their Z-axes point in the direction
of maximum moment of inertia, their X-axes in the direction of minimum moment of inertia, and their Y-axes complete
the right-handed coordinate systems. The asteroids rotate around their Z-axes. The body frame is fixed to the spacecraft,
with the Z-axis aligned with the camera line of sight, and the X- and Y-axes aligned with the camera sensor as shown
in Fig. 2. The camera frame is assumed to coincide and align with the body frame and is therefore not mentioned
separately. The LRF points along the Z-axis of g, and is assumed to coincide with the origin of Fg. The vector
notation used in this paper is as follows: rf B is a position vector from the origin of 5 to the origin of Fg, defined in
Fr. R;p is a direction cosine matrix that transforms a vector from ¥g to ¥7.

C. Spacecraft translational dynamics
The translational dynamics are described in the ¥ frame. The equations of motion are written as:

AP =vi? )
V¥ = g1+ aex @)

where r is the position vector, v the velocity vector, g the gravity vector, and a.y the external acceleration vector from
sources other than gravity. The gravity and external acceleration vector will be examined in more detail.

1. Gravity field

The gravity field around asteroids is often highly irregular and as a result a point mass gravity model does not suffice.
The spherical harmonics gravity model is a popular choice to precisely model a body’s gravity field [23], however
its convergence is limited to the body’s circumscribing sphere [24]. The spherical harmonics model is therefore not
suitable to simulate trajectories that reach within the circumscribing sphere, which is not an unlikely scenario when
landing on an asteroid’s surface. Alternatively, the polyhedron gravity model can be used to transform a 3D polyhedron



model into a gravity model, assuming a constant density [25]. The polyhedron gravity gy, defined in the asteroid
reference frame, is a summation over the edges and faces of the 3D polyhedron model:

gs=VU=-Gp ) Ecrcle+Gp ). Frroy 3)

ee edges f € faces

In this equation, U is the gravity potential, G is the gravitation constant, p is the mean density of the asteroid, E,
is a dyadic matrix of an edge, r. and r s are the distances from a point to an edge and a face, L. is a dimensionless
per-edge factor, F is an outer product of a face normal with itself, and w ¢ is a dimensionless per-face factor.

For the 3D polyhedron models of the primary and secondary, modified versions of the asteroids Bennu and Itokawa
are used. Their respective shape models have been determined during the OSIRIS-REx and Hayabusa-1 missions [26,
27]. This decision is motivated by the desire to have a simulated reality in the camera simulator that is more realistic
than the ellipsoid shape models given in [22]. This comes with the benefit of testing the robustness of the developed
algorithms on realistic shape models.

The 3D polyhedron models of Bennu and Itokawa are stretched to match the extent of the ellipsoid models along
their principal axes of inertia. After calculating the volume of the reshaped 3D polyhedron models, the density of the
two asteroids is recalculated to match the mass of the reshaped asteroids to the masses given in [22].

Third-body perturbations are neglected, as for altitudes below 5 km they are orders of magnitude smaller than the
other accelerations such as that due to SRP, control acceleration, and gravitational pull.

2. External accelerations

The external accelerations that are simulated consist of the SRP and the guidance acceleration. The SRP due to
the albedo of the asteroids is neglected. The constrained terminal velocity guidance algorithm is used to calculate the
desired guidance acceleration [28]. The propulsion system dynamics are not considered, thus the calculated guidance
acceleration is directly applied to a point mass model of the spacecraft.

A cannonball model is used to model the SRP. The cannonball model considers the spacecraft to be a sphere and
as a result the attitude of the spacecraft is not part of the SRP calculation. An analysis on the impact of assuming a
cannonball SRP model on the spacecraft dynamics in the vicinity of a binary asteroid environment is given in [29]. The
acceleration due to SRP, perpendicular to the Sun direction, can be calculated as follows [30]:

Mg

AL = PPsun “)
where 5
E r
Psun = — = Po(ﬁ) ®)
c r
with
p=12 [-] assumed surface reflectivity
¢ =2.99792458 x 108 [m/s] speed of light

2
E = (1372 £ 45) (r%e) [W/m?] intensity of solar radiation (seasonal)

po=(458+0.15) x 107® [N/m?] solar radiation pressure at 1 au (seasonal)
rg = 1.4962 x 108 [km] mean radius of Earth’s orbit
A =1 [m?] surface area of the spacecraft projected in the Sun direction

D. Spacecraft rotational dynamics

The rotational dynamics of the spacecraft are not modeled. The pointing knowledge of the spacecraft is assumed to
be supplied by the GNC subsystem through a conventional star tracker and rate gyro setup. No pointing errors are taken
into account.
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E. Asteroid translational and rotational dynamics
The orbit of the asteroids and the Sun are modeled using the Hera SPICE kernels*. The position and orientation of
the Solar System bodies is returned in the J2000 reference frame.

I1I. Onboard sensors
The spacecraft is equipped with various onboard sensors essential for its operation. The characteristics of these
sensors and how they are modeled is described here in more detail. The star trackers and gyros are not considered in
this section because the attitude control and determination problem is assumed to be solved by a separate spacecraft
subsystem. The remaining sensors are the accelerometers, the LRF, and the navigation camera.

A. Accelerometers

The accelerometers measure the proper acceleration of the spacecraft. The accelerometers are assumed to be
perfectly aligned with the three axes of the Fg frame. The accelerometer measurements @peqs, g are subject to noise and
bias random walk:

ameas,B(t) =ap(t) + bacc,B(t) + nacc(t) (6)

where b, p is the bias random walk:

6acc,B (t) = nacc,bias(t) @)

In Egs. (6) and (7), Racc and facc bias are zero-mean white noise vectors with standard deviations of 2.8284 x 10~* m/s?
and 2.8284 x 107 m/s?, respectively. These values are conform the specifications of the accelerometers chosen by
Airbus for the NEO-MAPP plLander.

B. Navigation camera

The navigation camera is used in combination with image processing to detect the location of the asteroid centroid
in the image. Using this centroid location and a camera model, a unit vector towards the asteroid is calculated in the
Fg frame. The process is visualized in Fig. 2, where a point P on the asteroid is projected onto the camera sensor,
yielding the pixel coordinates (u,v). A unit vector in the direction of P, defined in the g frame, is then calculated using
a camera model. This unit vector contains information about the relative direction of the asteroid with respect to the
spacecraft, which can be used in the navigation filter.

1. Camera characteristics

The characteristics of the camera are given in Table 2. A virtual scene with the two asteroids is created in
the Planet and Asteroid Natural Scene Generation Utility§ (PANGU) [31]. The 3D models used for the asteroids
are reshaped versions of Bennu and Itokawa, as explained in subsubsection II.C.1. PANGU runs inside of the
MATLAB/Simulink® simulator. The inputs for PANGU are the Sun position, asteroids positions and orientations, and
the spacecraft position and orientation. Two example images that are rendered in PANGU are shown in Figs. 3 and 4.

Table 2 Characteristics of the navigation camera

Property Value

Resolution 512x512 px

Focal length f 50 mm

Field of view 30°

Pixel size hpx 0.052 x1073 m/px

Pixel angular size hcan  0.0010 rad/px

*http://spiftp.esac.esa.int/data/SPICE/hera/misc/hera.html, last accessed 2023/03/13
§https ://pangu.software/, last accessed 2023/03/15
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Fig.3 Navigation camera output at 6500 m distance Fig.4 Navigation camera output at 500 m distance
from the surface of the secondary. Own work, ren- from the surface of the secondary. Own work, ren-
dered in PANGU. dered in PANGU.

2. Camera model

A camera model is used to extract spatial information from the images. An example is given in Fig. 2, where a point
P is projected onto the camera sensor. The inverse is also possible: given the pixel coordinates («,v), a unit direction
vector can be calculated. All points in the direction of this vector project to the pixel coordinates (u,v). The pinhole
camera model [32] is used to calculate the pixel coordinates associated with the projection of a point P defined in Fg:

w\ _f
v hoxZEP
3. Image processing

The camera images are processed to extract the centroid locations of the asteroids in pixel coordinates. These
centroids are then used as measurements in the navigation filter. The centroid extraction procedure is challenging due
to varying illumination conditions, overlapping asteroids, asteroids that are (partially) out of the image, and irregular
shapes. Furthermore, the centroids must be assigned the correct label *primary’ or ’secondary’. In the framework of the
image processing, two terms are defined:

Center of figure (cof): the projection of the center of mass (com) of the asteroid onto the camera sensor, in pixel

coordinates.

Center of brightness (cob): the centroid of a region of pixels that is detected in the image, in pixel coordinates.

The motion of the center of mass of the asteroids is described in the SPICE kernels. Therefore, ideally we measure
the center of figure, as this gives the direction towards a known point in inertial space. However, due to varying lighting
conditions casting shadows on the asteroid surface, and irregular asteroid shapes, this is not possible. For example, in
Fig. 3 the larger asteroid has a shadow region on the right side, which moves the center of brightness location to the left
relative to the center of figure. To mitigate this discrepancy between the center of figure and center of brightness, [17]
proposes a factor €.op that corrects for the changing illumination conditions by shifting the center of brightness in the
direction opposite of the Sun direction in the camera frame. The definition of the correction factor and the subsequent
correction to obtain an estimate for the center of figure are given by:

BP
XB

BP
YB

®)

87R
oSt
Pecof = Ecob + Peob 10)

IPrivate communication with Jesus Gil-Fernandez, the author of [17], resulted in a slightly modified equation for &¢op than what is written in his
paper. Date: 2022/12/01
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Fig.5 Key concepts from the image processing. Note Fig. 6 Sketch of the LRF beam rf," intersecting the

that p o is shifted in the direction opposite of u4¢ to surface of asteroid P in the point L. Also shown are
obtain pef. the position of P and B in the /-frame.
with

Ecob [px] lighting conditions correction factor

Peot [px] estimated center of figure pixel coordinates

Pcob [px] center of brightness pixel coordinates

R [m] mean radius of asteroid

r [m] spacecraft position norm in asteroid-fixed reference frame

1) [rad] Sun phase angle

Udet [m] unit vector of Sun direction in camera sensor plane

heam = 0.0010  [rad/px] pixel angular size

The correction procedure is visualized in Fig. 5. A limitation of & is that in its derivation, a spherical shape is

assumed. Therefore, the correction will be less effective or even harm the estimation of pf if the asteroid shape is
non-spherical. For this reason, the correction is only applied to the primary asteroid, but not to the secondary asteroid.
All steps of the image processing algorithm are given in Algorithm 1.

Algorithm 1 Image processing

1:
2:

Convert the image to grayscale.
Binarize the image. Every grayscale pixel is converted to either 1 (white) or 0 (black). The threshold that determines
to which group a pixel belongs is set using Otsu’s method [33].

. Fill holes in the image. A hole is defined as a set of background pixels that cannot be reached by filling in the

background from the edge of the image.

4. Extract the area, centroid location, and bounding box of each 8-connected object in the binary image.

W

O 0 3 O

. Assign the label ’primary’ or ’secondary’ to each detected object based on the minimum distance between the

object centroid and the predicted projection of the primary and secondary center of mass.

. Sort the objects within the primary and secondary lists by their area. Select the largest two objects from each list.
: Apply the Sun phase angle correction &.qp to the largest object corresponding to the primary asteroid.

: Discard the objects if their bounding boxes overlap each other. Stop simulation.

. Discard objects if their bounding box touches the edges of the frame.

. Discard all measurements if the distance between two consecutive pof is beyond a threshold value.

The output of the image processing is either one or two sets of pixel coordinates that represent a center of figure, or

a zero output. The logic that determines the subsequent steps, which ultimately leads to exploiting the measurement to
gain knowledge about the system state, is included in the navigation filter.
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C. Laser range finder

The LRF points in the same direction as the camera, the Z-axis of Fg, and provides a distance measurement to a
point on the surface of the asteroid. The distance r; g measured by the LRF between the spacecraft and a point L on the
surface of the primary asteroid is sketched in Fig. 6 and is expressed as:

rire = [[rpt -3 (an

The measurement is obtained using PANGU and uses the reshaped 3D models of Bennu and Itokawa. If there would
be a pointing error, this is directly reflected in the measurement from PANGU.

IV. Extended Kalman Filter development
This section presents the navigation concept that is implemented using an EKF, the EKF state vector, and the
propagation and measurement update steps of the EKF. Directly following the EKF development is a description of the
reference landing scenario, the initial setup and tuning of the EKF, and the verification and validation procedure for the
simulator and the EKF.

A. Navigation concept

The navigation concept is to autonomously navigate in the binary asteroid environment by combining prior knowledge
with onboard measurements. The prior knowledge consists of the ellipsoid shape models, point mass gravity fields,
the ephemeris of the asteroids given by the SPICE kernels, and spacecraft parameters. The onboard measurements
are obtained by the accelerometers, the camera, and the laser range finder. The camera and laser range finder yield
measurements that are relative to the asteroids. Using the ephemeris and (known) attitude, these measurements can be
used to estimate the position and velocity of the spacecraft in inertial space. Measurements of both asteroids are used to
exploit the binary nature of the asteroid system to provide a better state estimate.

B. State vector definition

The camera and LRF measurements can be relative to both the primary and the secondary asteroid. The camera can
provide two measurements, one to each asteroid, if both asteroids are in the image. It is favorable to define the position
and velocity in the state vector in the ¥ frame because measurements from both the primary and secondary asteroid can
be easily transformed into the ¥ frame through the SPICE kernel ephemeris. The state vector consists of the position
and velocity of the spacecraft in the 7 frame, and the accelerometer bias random walk in the Fg frame, as defined in
Eqgs. (6) and (7). The bias random walk b, p is also called the accelerometer bias. The state vector is thus as follows:

T T
— (4IB =B —(,IB 1B 1B -1 B 1B ~IB
X = (rl ry bacc,B) = (rl,x iy Tiz Tix Toy Tiz bace,B.x  bace,By baCC,B,Z) (12)

C. Propagation

The true inertial acceleration of the spacecraft is unknown. Therefore, the measured acceleration, corrected for the
accelerometer bias, is used in the filter. The uncertainty in this measurement is included in the propagation equation
through the G matrix and the input noise vector w. Point mass gravity models are used to lower the complexity of the
model that is run onboard of the spacecraft. The nonlinear propagation equation is as follows:

1B
. .. Nacc
X=fx.u)+Gow=| F® |+G =
1 Nacc,bias
bacc,B
,;;B (13)
JIB _ LIP FIB _ LIS 033 0353
I I I I R b Nacc
—Mp — Hs + RyB(@meas,B — bace,B) [+ |-Rip 033
IB _ LIP3 IB _ ,.IS|3 H
|r1 r; | |r1 r, | Nacc,bias
0 03,3 Isx3
3x1
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To propagate the state estimation error covariance matrix P of the EKF, the Jacobian of the state derivative is used.

«<IB
It is given by Eq. (14). The term i 7 1s the gravity gradient and is found in [34].
r
I
r1B 033 I3xz 0343
RN R e i s ik
F, = 8—)&‘ = (9_)6 —Hp |r§B _ r§P|3 — Hs |r§B _ r§S|3 + RIB(ameas,B - bacc,B) = W 033 —Ryp
05 03,3 03,3 0343
(14)
Finally, the process noise covariance matrix @ is created using the accelerometer noise and bias covariances:
2
g, 0
Q — l acc 23X3 } (15)
033 O-acc,bias

D. Measurement update

The measurement update step includes the Kalman gain calculation, the measurement update itself, and the update
of the state estimation error covariance matrix P. An essential part in these calculations is the function z = h(x, u),
which calculates the measurement z that corresponds to the state x and input u. The Jacobian of h(x, u), called H, is
used in the Kalman gain calculation and in the update of P. The measurements that must be calculated are the pixel
coordinates of the expected center of figures of the asteroids, and the expected distance to the asteroid surface measured
by the LRF. The measurement updates for the camera and LRF are performed separate from one another. Details on the
measurement update for the camera and the LRF are given below.

1. Camera update

For every image that the camera outputs, the image processing determines how many asteroids are in the image. If
no asteroids are found, no measurement update is executed. If one or two asteroids are found, z will be of size 2x1 or
4x1. In the following, it is assumed that only the primary asteroid is detected by the image processing.

The image processing outputs pof, the estimated center of figure of the primary asteroid in pixel coordinates. To
calculate the measurement that is expected given the current state estimate £gyer, z = 4 (x, u) is used. The knowledge of
the ephemeris of the asteroid through its SPICE kernel, which gives the center of mass location of the primary asteroid
in F7, is used in the calculation of z = h(x, u) as well. This center of mass location must now be projected onto the
camera sensor as shown in Fig. 2. First, it must be transformed into the ¥g frame. This is done as follows:

rBP = Rp;(rif — riB) (16)

where Rpg; and rfP are given by the SPICE kernel, and r;B is part of Xqyer. The next step is to use the pinhole camera
model, Eq. (8), to calculate the pixel coordinates corresponding to the projection of rgp onto the camera sensor. The
coordinates are shifted by 256 pixels to transform them to the image coordinate system, because in the image coordinate
system (0,0) is at the image border while in the pinhole model it is at the center of the image. The resulting equation is:

f o [XBP) (256 px
= h s = = — + 17
Z (x u) pCOf thZgP YBBP 256pX ( )
Now to find H, the Jacobian of h(x,u) is calculated:
Oh(x,u) [0h(x,u) ]
H,=—2=|—F5— 03 023 (18)
ox orts

Now the chain rule is applied, using Eq. (16) this results in:

Oh(x,u) _ Oh(x,u)drg”  h(x,u)
ort8 - orsf  orik - arkr

(—Rp1) 19)
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working out the partial derivative gives:

B L. i
oh(x,u) _ | Z5P hpx (ZB7)2hp
orBP f fYBP 20)
B 0 — B

Z5"hpe (Z5")hps

The sensor noise covariance matrix R depends on the number of measurements that is found after the image
processing is performed. In the case that only one measurement is found, the measurement vector consists of two pixel
values for p.of. The R-matrix is then as follows:

200
R=|7om Q1)
0 Tém

2. Laser range finder update

The LRF update is only performed if a valid LRF measurement is obtained from PANGU. Equation (11) is used to
calculate the expected LRF measurement given the current state estimate Xgjer. The main challenge here is to obtain
rﬁL, the vector from the center of the asteroid to the LRF contact point L, as sketched in Fig. 6. For this calculation, the
ellipsoid shape model is used. This is not a perfect match for the true shape model, but it is assumed to be the best
available shape model given the prior knowledge. The intersection of the Z-axis of Fg and the ellipsoid is calculated.
This calculation is derived in Appendix A.

The Jacobian is calculated as follows. First, the part in Eq. (11) that depends on the filter state x is identified to be
rb8, related to the filter state through r/5:

rbB = Rpy(ri® —ri? (22)
The measurement equation z = h(x, u) for the LRF is given in Eq. (11). The Jacobian of this equation is then:

H - Oh(x,u) [0h(x,u)
Y ox | orl®

01,3 0113 (23)
Now the chain rule is applied:

Oh(x,u) _ Oh(x,u) 3"53 _ Oh(x,u)
orts B ortB  orls B ortB

Rp; (24)

The remaining partial derivative to complete the Jacobian is given by:

ohx,u) _ O|rpt —rp®|| _ rpt—rp®

= 25
orEP R ] =

The sensor noise covariance matrix R represents the uncertainty in the LRF measurement, which is one-dimensional:
— 2
R = o xp

E. Reference landing scenario

Now that the EKF is complete, a reference landing scenario is defined. The nominal flight time is 4 hours and the
starting position is about 6770 m above the surface of the secondary asteroid. The starting position is in the plane
of rotation of the secondary around the primary. The target position that is reached after 4 hours is 300 m above the
outward facing pole of the secondary. This infers that somewhere along the trajectory, the primary will appear behind the
secondary (Fig. 4), triggering a shutdown of the simulation. The reference trajectory is chosen such that this overlapping
of the two bodies in the image only occurs at the very final moments of the simulation when the spacecraft is around
550 m above the surface. By default, the camera and LRF are always pointed at the secondary asteroid. The reference
trajectory of the spacecraft is shown in Fig. 7, together with the movement of the asteroids and the Sun direction. The
shadow projection onto the Y Z-plane shows that the motion of the asteroids and spacecraft is in the plane of rotation of
the binary system.
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Fig. 7 Trajectory of the primary, secondary, and the spacecraft in the reference landing scenario. Note that the
illumination conditions are favorable due to the low Sun phase angles.

F. Initial filter setup and tuning

The initial filter setup and tuning consists of three parts. First, the tuning of the Q- and R-matrices, the initial
P-matrix, and the initial filter state are described. Then, the consistency of the filter is verified and typical performance
characteristics of the filter are identified. Finally, the effects of various pointing directions for the camera and LRF are
examined, followed by a summary of the default EKF configuration after tuning.

1. Filter tuning

The filter tuning process is an iterative process in which the tuning parameters are changed to satisfy the requirements.
In this process, the sensitivities of the filter become clear, leading to additional information that is used in the tuning
process. The requirement for the position knowledge is that the 30~ uncertainty in the position is less than 10% of the
altitude.

The filter state is initialized with the true values of the states, meaning that there is initially no state estimation error.
The state estimation error is defined as:

A = Xgue — Xiler (26)

For the process noise covariance matrix Q, the previously mentioned values of oy = 2.8284 x 10~* m/s> and
Cace,bias = 2.8284 X 107> m/ s are used as a first guess. The results with these values are satisfactory and no further
tuning is performed. For the sensor noise covariance matrix R, trial and error shows that values of 10 px for o¢am and
15 m for oy rF give good performance. The state estimation error stays well within the 30~ bounds for the majority of the
simulation time and the initial convergence time is around 200 s. For the initialization of the state estimation error
covariance matrix P, trial and error is used to find a matrix that allows the EKF to quickly converge, without allowing
the state estimation error to escape the predicted 30~ bounds. This results in the following matrix:

2
0050 0;x3 03,3
Po=| 033 o0y, 03x3 @n
2
033 03x3 O a0

with opos,0 = 8 m, Oer,0 = 0.1 m/s, and ovace bias,0 = 0.005 m/s2. The requirement on the 30 uncertainty in the position
is met for the reference trajectory.

2. Filter consistency and performance characteristics
A consistent state estimator must satisfy two requirements: the estimation errors (i) are zero-mean, and (ii) have a
covariance matrix smaller or equal to the one calculated by the filter [35]. To test the developed EKF for consistency,
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ideal measurements are generated for the LRF using Eq. (11) and for the camera using Eq. (17). This is done by feeding
knowledge of the true system state from the simulator into these equations. To these ideal measurements, zero-mean
white noise with known variance is added. The EKF is then given these variances through the R-matrix. The filter
output must then satisfy the two requirements associated with a consistent state estimator.

More realistic measurements are introduced in two steps. First, the ideal camera measurement is replaced by the
PANGU images and subsequent image processing. The effect of this change on the position estimation error is shown in
Fig. 8. Several observations can be made from this figure:

1) The EKF is consistent when ideal measurements with known noise characteristics are used. Calculations show
that the error signal mean is close to zero: 2 m, 0.02 m/s, and 3%107> m/s?, for the position, velocity, and
accelerometer bias signal components. The estimation error statistics are in agreement with the EKF’s calculated
covariances. Only two simulations with idealized measurements are done in this work. While both simulations
suggest that the filter is consistent, more simulations are required to make a definitive statement about the
consistency of the EKF.

2) The flight trajectory is such that for the majority of the flight, especially the first 8000 seconds, the LRF and
camera are pointed along the negative X-axis of 7. The LRF is responsible for most of the state estimation in
this direction. Therefore, introducing the camera measurements from PANGU has little effect on the position
estimation error in the X-direction.

3) The position estimation errors are smaller in the X-direction compared to the Y- and Z-direction. This is because
the LRF is more accurate than the (indirect) distance measurements from the camera images.

4) Note the jump in the 30 bounds around 2800 seconds, best visible in the position estimation error for the
Y-direction. This is due to the loss of visibility of the primary asteroid. As the measurement is lost, the
uncertainty in the state estimate increases again.

5) The 30 bounds along the Y- and Z-direction, which are determined mainly by the camera measurements, keep
converging as the spacecraft comes closer to the asteroid. This behavior can be explained as follows: imagine
observing an asteroid at 6 km distance, with the camera pointed at the exact center of brightness of the asteroid.
If the asteroid now moves 10 px in the image frame, the asteroid would have to move a large distance to make
this shift. Repeat the same experiment now with an asteroid at 600 m distance. The distance that the asteroid
needs to move to achieve this 10 px shift is now much smaller. In other words, the estimation error in meters,
associated with a 10 px uncertainty, gets lower and lower as the distance to the observed object decreases.

6) The estimation error starts to escape the 30~ bounds in the final part of the simulation. This is caused by errors in
the image processing that are becoming increasingly large as the irregularly shaped object gets closer. Take for
example Fig. 4. The center of brightness of the secondary asteroid will be very far off the true center of figure,
causing these errors.

The next development step is to introduce the LRF measurement from PANGU. The result of this step is shown
in Fig. 9. We see that the estimation error in the X-direction has increased with the implementation of the PANGU
LRF measurement. This is caused by the mismatch between the LRF measurement and the ellipsoid model used in
z=h(x,u).

3. Pointing direction tuning

To understand which camera/LRF pointing strategy yields the best results, three tests are executed. The camera/LRF
pointing is chosen to be either primary, secondary, or at the midpoint in between the two asteroids. Because the goal is to
land the spacecraft on the secondary, the spacecraft will always re-point to the secondary in the final phase of flight. The
switching point is determined by the image processing: once one of the two asteroids is lost out of sight, the spacecraft
reorients itself to point to the secondary asteroid. This maneuver is implemented as an instant change of attitude.

Pointing either primary and then secondary, or always pointing secondary, yields similar results. Pointing secondary

is the preferred option as fewer maneuvers are required. The results of pointing at the midpoint, compared to pointing
secondary, are shown in Figs. 10 and 11. Several observations are made:

1) The state estimation errors in the X-direction are much larger when pointing at the midpoint. This is due to the
loss of the LRF when pointing at the midpoint between the asteroids. From the two camera measurements, the
distance to the asteroids can still be determined, although less accurate than with the LRF.

2) The timestep that an asteroid is lost out of sight and the spacecraft reorients to point secondary is delayed, from
around 2800 seconds when pointing secondary to 8600 seconds when pointing at the midpoint.

3) After the reorientation maneuver, the two curves overlap. This is expected, as the measurements and trajectory
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Fig. 8 I-frame position estimation errors, includ- Fig. 9 I-frame position estimation errors, including
ing error 30 bounds. Ideal camera measurements error 30 bounds. Ideal measurements compared to
compared to PANGU. PANGU camera and LRF measurements.

are the same for both simulations.
The key outcome of this test is that while navigation without the LRF is not preferred due to the larger state estimation
errors, it can be used as a back-up if the LRF fails, or in an orientation phase where the spacecraft changes its pointing
such that the LRF is not always available.

4. Navigation filter default configuration
The default configuration for the navigation filter that is established after this initial testing phase is given in Table 3.

G. Verification and validation

Verification and validation is done to make sure that the models are implemented correctly, and to check that
the produced results match reality. Several steps are taken to verify the results in this work. Validation is left as
a recommendation for future work. Examples of verification efforts are: the polyhedron gravity field is verified to
approach a point mass model at far distances, the SPICE kernel is verified to output orbits in accordance with [22],
the EKF consistency is checked, the LRF ellipsoid model is compared to the PANGU LRF output for a full rotation
around the asteroid to verify the correct orientation and dimensions of the ellipsoid model, and the image processing is
validated with numerous edge-cases. The PANGU LREF verification is shown in more detail in Appendix B.

V. Results
This section extends on the results from the previous section by testing the behavior of the EKF in three different
ways. First, the sensitivity to the initial position of the spacecraft is studied, followed by an analysis on how the EKF
responds to errors in the initialization of the filter state, a very relevant test because the deployment from the mothership
is imperfect and demands some robustness of the navigation solution. Finally, the sensitivity of the EKF to three
common image imperfections is investigated.
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Table 3 Navigation filter settings in the default configuration.

Setting Value Unit
Pointing strategy Secondary -
Approach trajectory In-plane -
Starting altitude 6770 m
Final altitude 300 m
Flight time 4 h
Accelerometer sample time ~ 0.125 S
Camera & LRF sample time 5 S
Cace 2.8284 x10™*  m/s?
Cace, bias 2.8284 107>  m/s’
Ocam 10 px
OLRF 15 m

Initial estimation error 0 -

A. Initial position sensitivity

The initial position can be chosen based on several factors: minimum fuel consumption, favorable lighting conditions,
minimal overlap of the two asteroids in the image, to name a few. It could also be that the deployment of other spacecraft
attached to the mothership have a higher priority and therefore a sub-optimal starting position is inevitable. Therefore,
the sensitivity to the starting position is studied. A semi-sphere of 90 starting points is calculated, with the middle point
located on the shell at the default starting position. The semi-sphere is positioned such that the Sun is usually behind the
spacecraft, although the Sun phase angles can get very large for some starting positions. The other half of the sphere is
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Fig. 12 Mean position error for different starting positions. Black dots indicate trajectories with final altitude
above 600 m.

not considered because either the lighting conditions will be very challenging, or the spacecraft must fly around the
primary asteroid to get to its target final position. The parameters as described in Table 3 are used. The metric used to
summarize the performance of the EKF in a particular run is the mean position error. This error is calculated as follows:

A2+ A2+ A2
) X,1 Vi Z,0

s i
Mean position error =

M=

(28)

n

where n is the total number of filter state samples in a run.

Figure 12 shows the results from two different viewing angles. The black dots indicate starting conditions that
resulted in a trajectory that ended before an altitude of 600 m was reached. This is the result of the simulation being
stopped by the image processing due to asteroids overlapping in the image, step 8 of Algorithm 1.

Several observations are made based on Fig. 12:

1) The black dots indicate that overlapping asteroids in the image are a major weakness of the current image

processing implementation, limiting the scope of trajectories that can be flown.

2) Approaching the binary system out-of-plane, either from the top or the bottom, partially mitigates the previous

shortcoming because the bodies will not overlap except for in the final moments of the high-altitude phase.

3) There is a relationship between the Sun phase angle and the mean position error.

The mismatch between the LRF measurement and the ellipsoid model, as well as the impact of irregular shapes and
higher Sun phase angles on the center of figure estimation, have a major impact on the state estimation. To investigate
which one of these is dominating the error behaviour observed in Fig. 12, the mean position error is shown against the
mean Sun phase angle for the secondary asteroid, Fig. 13. The relationship between the independent variable x (mean
Sun phase angle of the secondary) and the the dependent variable y (mean position error) is fit using linear regression.
The assumed relationship is based on Eq. (9), because the image processing error is proportional to the Sun phase angle
as well. The image processing error trickles down into the state estimation error, thus it is reasonable to expect the mean
position error to follow a similar trend. The equation that is fit is:

87R
y = 6 + ) arctan (% sinz(g)) (29)

with 7 the mean altitude above the secondary asteroid, which is 3462 m for all runs that reach below 600 m of altitude.
Linear regression yields 6y = 12.2 and 6; = 273.0. The adjusted R? is 0.829, indicating that the mean Sun phase angle
of the secondary plays a major role in a run’s mean position error.
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Table 4 Summary of state estimation results for all colored starting points in Fig. 12. Worst value for each
metric is highlighted for position, velocity, and accelerometer bias states.

Position Velocity Acc. bias

X7, m Y, m Z;,m X;ms Y;,m/s Z;m/s Xg, m/s? Y, m/s? Zg, m/s?
Max RMS error | 35.1 244  13.0 | 0.08 0.05 0.05 4.63x107*  4.04x107*  2.99x107*
Max RMS 30 | 28.9 268 255 | 021 0.20 0.19 1.655x1073 | 1.657x1073  1.436x1073
Max-max error | 74.9 218 348 | 0.69 0.11 0.16 4415x107°  3.795x1073  2.867x1073
Max final error | 27.9 21.5 155 | 0.06 0.05 0.04 1.57x107*  1.38x107* | 2.64x10~*
Max final 30 11.3 9.8 8.5 0.09 0.08 0.08 478x107*  4.78x107* | 5.20x10~*

The same procedure is repeated for the LRF model mismatch. An attempt is made to describe the relationship as
linear, resulting in an adjusted R* of 0.301. The data points and fitted line are shown in Fig. 14. The mean LRF model
mismatch is 2.36 m, with a standard deviation of 8.28 m. The effect of the LRF model mismatch on the mean position
error is not clear from this analysis, most likely because the image processing errors due to high Sun phase angles are
dominating the error behavior. Note that only one ellipsoid model is tested with only one shape model in PANGU. For
other (worse) shape models, the effect of the LRF model mismatch might be stronger.

Figures 15 and 16 show the position and velocity errors in the /-frame for all 61 runs that reach an altitude below
600 m. The run with the highest mean position error is highlighted. The centroid-based image processing struggles
to estimate Pcor as the spacecraft moves closer to the asteroid. This is because the effect of the irregular shape and
potentially high Sun phase angles is much more dominant at close range. Due to these two effects, the assumption
that Peor is @ good approximation for pof no longer holds. The results of the starting position sensitivity analysis are
summarized in Table 4.

B. Filter initialization error sensitivity

The EKEF is initialized with a guess for the filter state. This guess is provided by the navigation system of the
mothership, and is subject to additional uncertainty because the detachment of the spacecraft from the mothership is
prone to errors and comes with uncertainties. The deployer ejection velocity can be adjusted up to a maximum value of
5 cm/s [36]. This does however not mean that the uncertainty is also 5 cm/s, because there are also uncertainties in the
velocity of the mothership itself. In [37] the landing scenario for the Milani cubesat to land on Dimorphos is studied,
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and values of 13.3 m and 0.33 m/s (10) are used for the initial state uncertainty. In this work, very conservative values
are used for the initial uncertainty, to push the EKF to its performance bounds in the reference landing scenario. The
initial state error is calculated as follows:
r; frue +n pos
xo=| FHE tna (30)
bacc,B,true + Nace.bias

where 7 is a 3x1 vector whose components are randomly drawn from a normal distribution:

Mpos.x ~ N (0, agos) 31

The following noise intensities are used: 0pos = 30 m, O] = 5 m/s, and Tace bias = 0.01 m/s2. These values are also
used for the initialization of the P-matrix. In total 400 simulations are done with this random initialization, the results
of which are shown in Figs. 17 and 18. The worst case that still converges is highlighted in the figures and is selected for
further investigation. This specific run started with the Sth worst initialization error in terms of position, and the 6th
worst accelerometer bias initialization. It thus represents a very extreme case within the dataset and the EKF has trouble
converging for this extreme initialization error. By successfully converging in 390 of the 400 simulations with these
very conservative initial uncertainties, the EKF proves to be robust to large uncertainties in the initial filter state. This is
most likely due to the good initial observability with two asteroids in the camera frame on top of the LRF measurement.

C. Image imperfections sensitivity

The images that are rendered in PANGU have thus far not included any common imperfections. Imperfections such
as radial distortion (Fig. 19a), an out-of-focus image (Fig. 19b), and salt & pepper noise (Fig. 19c) are investigated
to evaluate the robustness of the EKF and image processing to these effects. Radial distortion is a common image
imperfection associated with the lens of the camera, and Hendrycks (2019) mentions several other common image
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imperfections [38]. Two overarching categories of imperfections found in [38] are identified and tested in this paper.
These are noise imperfections (Gaussian noise, shot noise, impulse noise) and blur imperfections (defocus blur, frosted
glass blur, motion blur, zoom blur). The image processing is expected to respond similarly to the imperfections within
these two categories and therefore only one type of imperfection is tested from each category. Blur imperfections
are simulated using a Gaussian blur filter, and noise imperfections are simulated using the salt & pepper noise filter.
MATLAB functions from the Image Processing and Computer Vision toolbox ! are used to implement the imperfections.
The imperfections are applied to the image as soon as it is produced by PANGU, after which the image is sent to the
image processing.

To create the radial distortion effect, PANGU’s initialization function is changed. This results in the mapping of
every undistorted point (i, j) to the observed distorted point (i, j') using Eqs. (32-34). The values for the coefficients
K in Eq. (34) that are used are given in Table 5. The constants that are not mentioned are 0.

l./— l(). _ C(R) l.— l(). (32)
J’=Jo J=Jo

R=i=i0+( - jo)? (33)

C(R)=1+Ky+KIR+KR>+K3R> + K4R* + - - (34)

The values for the standard deviation of the smoothing kernel and the noise density are also given in Table 5. The
standard deviation of the smoothing kernel determines the Gaussian function that is used to construct a convolution
matrix that is applied to the original image [39]. The salt & pepper noise density determines the percentage of pixels
that are affected by the noise. Each effect is studied separately, thus a total of 8 simulations are done. These are then

Ihttps://de.mathworks.com/products/image.html, last accessed 2023/04/08
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Fig. 19 The three types of image imperfections that are studied

compared to a reference simulation without any imperfections. The simulation settings are as described in Table 3, with
one change: the starting altitude is chosen to be 8589 m. The reason for this change is that the radial distortion can cause
the primary asteroid to touch the border of the image at the start. This would mean that the centroid measurement from
the primary asteroid is ignored in the EKF. With a more distant initial position, the primary is always completely visible
in the image at the start. The effect of the radial distortion is most dominant at the edges of the image, and the effect
on the secondary will be limited because it is in the center of the image. Therefore, changing the altitude to include
measurements of the primary asteroid is important to analyse the effects of radial distortion. This effect is also observed
in Fig. 19a, where for the primary the estimated center of figure is far off the true center of figure.

Table 5 Values used for the generation of image imperfections. Note that only one effect is applied at a time.

Values

Radial distortion coefficients (K», K4) (0,0) (le-6, le-11) (2e-6, 2e-11) -
Gaussian blur smoothing kernel o 0 1 3 5
Salt & pepper noise density 0% 2% 5% 8%

For the reference settings described in Table 3, with a starting altitude of 8589 m, there is almost no impact on the
EKF performance when the images are subject to Gaussian blur or salt & pepper noise. At all three intensity levels, the
mean position error does not change more than 3% compared to the reference. This worst case number is observed
for the Gaussian blur with a smoothing kernel o of 5, resulting in a change of the mean position error from 18.54 m
(without blur) to 19.10 m (with blur).

The impact of radial distortion on the state estimation is significant, as can be seen in Figs. 20 and 21. The position
and velocity errors are shown for three different levels of distortion, level O up to level 2, corresponding to the values in
Table 5. It is clear that larger distortion coefficients lead to an increase in the state estimation errors. The mean position
error during the first 5000 seconds of the three simulations grows with each increase in radial distortion: from 21.66 m,
to 41.28 m, to 59.37 m for the highest level.

Because the primary asteroid touches the border of the camera image earlier with a highly distorted image, the
instantaneous reorientation to point at the secondary asteroid occurs at varying timesteps for all three levels of distortion.
Once the primary asteroid is out of view, the estimation results are the same. This is reflected in the mean position error
in the period after the first 5000 seconds: the mean position errors are then within 20 cm of each other for all three
distortion levels. This is expected, because the effect of radial distortion is a function of the distance R from the center
of the image, Egs. (32-34). The distortion effect is therefore smaller in the center of the image, which is exactly where
the secondary asteroid is located. On top of this, the asteroid is distorted equally in all directions away from the center
of the image. The effect of the distortion on the center of figure estimation is not entirely symmetrical because of the
irregular 3D shape model and non-zero Sun phase angle, but the mean position errors show that the state estimation
errors due to the distortion effect are decreased significantly when only an asteroid in the center of the image is observed.
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VI. Conclusions and recommendations
This work proposes an autonomous navigation solution for small spacecraft in a binary asteroid environment. It
extends on previous work that investigated the effectiveness of laser range finders and cameras for navigation in (binary)
asteroid environments. This section concludes the work done in this paper and gives a list of recommendations for
future work.

A. Conclusions

An extended Kalman filter with nine parameters in the state vector is shown to successfully estimate the spacecraft
state in an inertial reference frame. Prior knowledge of the asteroid ephemeris and ellipsoidal shape model is required
to connect the relative measurements to the inertial frame. The image processing that extracts measurements from
the camera images is identified as a pivotal component with a large influence on the performance of the filter. Its
performance is impacted by high Sun phase angles and irregular asteroid shapes. It is shown that for an irregular
asteroid shape and for high Sun phase angles, the quality of the measurements is still sufficient to perform the state
estimation. Furthermore, the navigation solution is shown to be robust to large uncertainty in its initial state estimate.
The navigation solution converges for 390 out of 400 simulation runs with conservative initialization errors. The filter
state is also observable without the laser range finder, as long as there is good visibility of both asteroids. Finally, the
navigation solution was tested with distorted and noisy camera images, to which the filter responded in a robust manner
without any failure. The navigation solution developed in this work is therefore a robust option for medium to close
range navigation in a binary asteroid environment.

B. Recommendations

This research leaves several important questions open that need to be answered in future work. Recommendations
following the research presented in this paper are listed below.

Include attitude control and estimation: The pointing algorithm currently relies on the perfect knowledge of the
state and asteroid ephemeris. This is an essential part to obtain the camera measurements that are inputs for the EKF.
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In reality, this perfect knowledge is not available and therefore the spacecraft must determine and control its attitude.
The desired pointing direction of the camera and LRF must be based on image data. Inclusion of such an image-based
pointing algorithm leads to a more complete understanding of the capabilities of a spacecraft using this navigation
system.

Improve the image processing: The issue of overlapping asteroids needs to be solved to increase the deployability of
the navigation system. The current image processing requires permanent separation of the two asteroids in the frame.
This limitation needs to be removed such that a wider range of approach trajectories can be flown.

Improve the center of figure detection: This will increase robustness to high Sun phase angles and to irregular
asteroid shapes. Possible improvements are to exploit prior knowledge about the asteroid shape with a data-driven
approach as proposed in [40], or by using Al-based image processing such as proposed in [41].

Test more image imperfections: This work includes Gaussian blur, radial distortion, and salt & pepper noise.
Additional testing could for example include motion blur, over & under exposure, readout/reset smear, and color jitter.

Add more sensors: Adding more sensors potentially increases the robustness and performance of the filter. More
LRF’s, or a flash lidar could be added, as demonstrated in [5]. Adding a second camera allows the navigation system to
obtain LOS measurements of both asteroids without being limited by the FOV of a single camera. These measurements
can then be used with a triangulation technique, as presented in [13].

Validation: Testing the system in the real world is necessary to validate the results obtained in this paper. Pseudo-
validation in the form of a comparison between the results in this paper and independently published work in literature
is a valuable in-between step before real-world validation. A good candidate for real-world validation of the image
processing is ESA’s GNC Rendezvous, Approach and Landing Simulator (GRALS)**. Fly-bys with other bodies that are
encountered on the way to the target asteroid can also be used to validate the navigation system.

Appendix A - Ellipsoid line intersection
The intersection of an ellipsoid and a line is used in z = h(x, u) for the laser range finder measurement model. This
appendix shows how this intersection is found. First, a line p is defined according to Eq. (35). This line will be in the
direction of the z-axis of the B-frame, the boresight direction of the camera and also the direction of the LRF instrument.

pP=vo+iv, 35)
vo = (xo. Y0, {0)" (36)
vi=(xnyn )’ 37

Here vq in Eq. (36) is the position of the spacecraft in the ellipsoid-fixed reference frame and v, in Eq. (37) is the
direction that the LRF instrument is pointed in, which is the z-axis of the B-frame. Then, the ellipsoid is defined using
Eq. (38). Here a, b, and c are the lengths of the semi-axes of the ellipsoid. For the asteroids, these are provided in [22].

.X2 y2 ZZ
a_2+ﬁ+§=1 (38)

Next, the line p is substituted into the ellipsoid equation:

(39)

a b c

Expanding the terms in Eq. (39) and grouping the terms by their powers of ¢ yields Eq. (40). Finding the solution
for ¢ is now only a matter of applying the quadratic formula.

()(o+t)(1)2+(70+f71)2+ (§o+t§1)2 4

**https://www.esa.int/ESA_Multimedia/Images/2018/05/GRALS_Testbed, last accessed 2023/03/21
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Finally, substituting the values found for 7 back into Eq. (35) yields the intersection points. The intersection point
closest to v is used as the point of contact of the LRF.

Appendix B - Laser range finder verification

The LRF measurement model uses the ellipsoid-line intersection to calculate the expected LRF measurements. A
test is set up in the simulator to check that the implementation is correct. For this test, the spacecraft is placed at a
fixed distance of 500 m from the secondary asteroid center of mass. The spacecraft points at the center of mass of the
secondary and the LRF measures the distance to the surface. The secondary then completes one full revolution around
its center of mass. The experiment setup is visualized in Fig. 22. The LRF measurements are then compared with the
expected measurements from the ellipsoid measurement model. By subtracting the LRF measurement from the altitude,
the distance from the center of mass to the surface of the asteroid is obtained. With a full revolution of the asteroid, a
slice of the asteroid 3D model is obtained. The same can be done for the ellipsoid model. Two tests are done, each test
represents a different axis of rotation for the asteroid. The result of one of these tests is shown in the form of a polar plot
in Fig. 23. The ellipsoid model captures the overall shape of the asteroid, and its orientation is also correct. This test
verifies that the LRF measurement model is implemented correctly.
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Fig. 22 Sketch of the LRF verification experiment. Fig.23 Polar plot comparing the LRF measurement
The secondary asteroid completes one full rotation from PANGU (blue) and the ellipsoid measurements
around one axis. model (orange). Radial distance in m.
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Literature Review

3.1. Preliminary work overview

This thesis is about autonomous navigation around asteroids. To understand why this topic is worth
investigating, historical missions to asteroids are presented in Section 3.2. In Section 3.3 numerous recent
studies on autonomous navigation around asteroids are presented. Section 3.4 presents the framework
of the NEO-MAPP research study that this thesis is part of and the requirements that are set within the
framework of this study. Preliminary technical work on the simulator is presented in Section 4.1, followed
by conclusions of the preliminary work and a reflection on the answers to the research questions so far in
Section 4.2.

3.2. Mission heritage
This chapter aims to partly answer RQ 1:

Research Question 1 |

What is the state of the art of navigation around asteroids?

Historical research and missions to asteroids brought forth a wealth of knowledge. Throughout time,
missions got more advanced and so did the navigation technologies. Therefore, it is worthwhile to study
the literature about asteroid missions and their flight-proven navigation methodologies. The research into
asteroids was kicked off by the discovery of Ceres on January 1 1801 by Giuseppe Piazzi [34]. Ceres
is a dwarf planet in the asteroid belt between the orbits of Mars and Jupiter. Since then, Earth-based
observation technology has improved dramatically, leading to an increase in the number of asteroid
discoveries. This is visualized in Fig. 3.1.

3.2.1. Earth-based Observations

Several asteroid properties can be determined from Earth-based operations, mainly relying on light-curves
and radar measurements. These properties can include the body mass, shape, rotational period, spectrum
and albedo [35, 36, 37]. There are also limitations to these Earth-based observations however. Some
important limitations are:

* Only the Deep-Space Network (DSN) 70 meter antenna can provide data with a high enough signal-to-
noise ratio to construct shape models. The applicability to close by asteroids is very limited however
[36].

» The shape model constructed from the inversion of light-curves is very sensitive to the convexity of
the target body. There is therefore a large uncertainty in the shape model.

» The asteroid mass can only be estimated if it is a multi-body asteroid orbiting a common center of
mass.

To characterize the asteroid completely, the best solution is to fly there and take measurements from a
spacecraft. The scientific research value, natural resource mining potential and planetary defence goals
justify the money and time efforts made by space agencies to conduct such missions to asteroids. In this
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Figure 3.1: Main-belt and near-Earth discoveries [34].

chapter, several important past and present asteroid exploration missions will be presented. The focus will
be on the navigation solutions and sensors used to achieve this.

3.2.2. Early Fly-bys
Before dedicated mission to asteroids were launched, several fly-bys of asteroids were conducted. The
first one was the encounter of Galileo, a joint mission between ESA and NASA, with (951) Gaspra on
October 29, 1991 [38]. Galileo was launched on October 18, 1989 to study Jupiter, its moons and the
asteroids (951) Gaspra and (243) Ida. The second fly-by is especially interesting in the framework of this
thesis because it was the first discovery of a binary asteroid.

A list of historical asteroid fly-bys and visits is given in Table 3.1.
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Table 3.1: Historical asteroid missions overview [39].

Asteroid Mission Exporation Type Year

(951) Gaspra Galileo Fly-by 1991

(243) Ida Galileo Fly-by 1993
(253) Mathilde NEAR - Shoemaker Fly-by 1997
(433) Eros NEAR - Shoemaker Orbiting/Landing 1998 - 2001
(9969) Braille Deep Space 1 Fly-by 1999
(5535) Annefrank Stardust Fly-by 2002
(25143) Itokawa Hayabusa Hovering/Sampling 2005
(2867) Steins Rosetta Fly-by 2008

(21) Lutetia Rosetta Fly-by 2010

(4) Vesta Dawn Orbiting 2011-2012
(4179) Toutatis Chang’e 2 Fly-by 2012
67P/Churyumov-Gerasimenko '  Rosetta Hovering/Landing 2014

(1) Ceres ? Dawn Orbiting 2015-2018
(162173) Ryugu Hayabusa2 Hovering/Sampling 2019
(101955) Bennu OSIRIS-REXx Orbiting/Sampling 2018
(65803) Didymos DART High-Speed Impact 2021

3.2.3. NEAR - Shoemaker

NEAR (Near Earth Asteroid Randezvous) - Shoemaker is a NASA mission launched in February 1996.
The goal of the mission was to increase the knowledge of asteroids in general by returning data to Earth.
Near started orbiting its target asteroid (433) Eros in February 2000. An image of the asteroid is shown in
Fig. 3.2. NASA’s DSN (Deep Space Network) was used to perform radiometric tracking of the spacecraft
to navigate it towards Eros [40]. Cameras were used to create a database of landmarks, after which these
landmarks were tracked for navigation purposes, as well as rotational state estimation, shape, mass and
gravity estimation. The landmark tracking and matching was done by hand by operators on Earth. A Laser
Range Finder (LRF) was also used to get altitude measurements whenever the distance to the surface was
in the hundreds of kilometers range. The LRF measurement was used in the orbit determination filter. The
LRF was also used to solve for an accurate shape model, which was then used to obtain a-priori gravity
estimates by assuming a constant density. The LRF was never used for real navigation purposes, but
merely as a consistency check on the radiometric tracking and landmark-based navigation. By comparing
the estimated gravity to the real gravity that the spacecraft experienced, it was concluded that the internal
structure of the asteroid was mainly uniform. This constant density will also be assumed to create the
gravity models in Subsection 4.1.3.

3.2.4. Hayabusa-1

Hayabusa-1 is a JAXA mission launched in May 2003. One of the primary goals of the mission was to
return a sample of the surface of the target asteroid (25143) Itokawa back to Earth. A hybrid navigation
solution was employed that combines optical navigation with radiometric tracking [11]. Images were
processed on ground to calculate the direction vector from the spacecraft to the asteroid. A nonlinear
least-squares estimator was used to obtain the spacecraft position and velocity in an intertial frame. In the
final part of the descent, between 20 km and 3 km altitude, a more autonomous approach was envisioned.
However, due to a hardware failure the crew decided to fly the spacecraft by hand. Still, the envisioned
autonomous system is of interest for this thesis and is shown in Fig. 3.4. The intention was to use the

167P/Churyumov-Gerasimenko is classified as a comet
2Ceres is classified as a dwarf planet since 2006
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Figure 3.2: "Over Eros’ horizon”, taken on February Figure 3.3: "ltokawa”, taken on 19 October 2005 by
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Figure 3.4: Onboard navigation system of Hayabusa-1 [11].

altitude measurement from the Lidar together with the 'center address’ which is calculated from images of
the onboard navigation camera’s. This center address is found by extracting groups of adjoining pixels
whose brightness is beyond a specified threshold. The group that has the highest number of pixels is
assumed to be the one representing the asteroid, after which the centre of this group in the frame (pixel
coordinates) is used in a Kalman filter to estimate three-dimensional relative position and velocity [41].

Noteworthy is the target marker approach that was used for the final descent. A bright object was
released from the spacecraft and fell onto the surface of the asteroid. This target marker was then used by
the navigation system as a point of reference in the frame.

3.2.5. Rosetta

Rosetta is an ESA mission launched in March 2004 to comet 67P/Churyumov—Gerasimenko, shown in
Fig. 3.5. The spacecraft performed fly-bys of asteroids (2867) Steins and (21) Lutetia on its way to the
comet [10]. During the approach, from circa 44000 km to 122 km, radiometrics and optical information
were used as primary measurements for the navigation. Single image frames contain both the asteroid
and the star field behind it, giving valuable information for the state estimation. After 3500 km, the star
field was no longer useful because the centroiding errors were so large that they were more significant
than any pointing error that could be deduced from the measurements.

Upon arrival, an early characterisation phase was carried out, during which the rotational state, shape,
landmarks identification and a first estimate of the gravity field were determined [19]. Since then, and
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Figure 3.5: "67P/Churyumov—Gerasimenko”, taken Figure 3.6: "Ryugu, image captured near the

on March 11, 2015 by Rosetta’s narrow angle touchdown site immediately after touchdown.”,
camera 'Osiris’. (Credits: ESA/Rosetta/MPS for taken on 22 February 2019 by Hayabusa-2’s wide
OSIRIS Team angle optical navigation camera 'ONC-W1’.
MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA - (Credits: JAXA, University of Tokyo, Kochi
CC BY-SA 4.0) University, Rikkyo University, Nagoya University,

Chiba Institute of Technology, Meiji University,
University of Aizu, AIST.

throughout the rest of the mission phases, Rosetta navigated using landmark observations which were
obtained on-ground by processing NAVCAM images. As the mission progressed, automatic feature
detection methods were phased in to track the landmarks.

3D high-resolution maps (maplets) of landmarks are created from these observations. Combined with
an albedo map and photometric model, the visual appearance of the landmark can be predicted for every
observation condition. Matching the landmarks to a library of known landmarks gives a measurement for
the navigation filter.

3.2.6. Hayabusa-2

Hayabusa-2 is a JAXA mission launched in December 2014 to target asteroid (162173) Ryugu.
Hayabusa-2’s purpose is to characterize a C-type asteroid and study its subsurface properties. Besides
this, an artificial crater generation technology is demonstrated, with the goal of having increased robustness
in the sample-return missions. This artificial crater is created by launching a mass at high speed into
the surface, leaving a 2-m-class crater [42]. Besides this, two rovers, MASCOT and MINERVA-II were
successfully released on the surface of the asteroid. A stunning image of the spacecraft’'s shadow cast
onto the asteroid is shown in Fig. 3.6.

For the navigation, an extensive characterisation phase is carried out. In this phase, the axis of rotation,
period, shape model, and gravity field are determined. The characterisation phase uses a home position
at 20 km altitude and various descents to around 1 km were carried out. During these descents, Lidar
was used to estimate the vertical velocity [43]. Radiometric tracking once again plays a vital role in the
navigation of the spacecraft, allowing the precise determination of the orbit.

During the final descent, a target marker is once again deployed, just as with Hayabusa-1. It is released
at 100 m, and then from 30 m the spacecraft is fully autonomous in its descent.

3.2.7. OSIRIS-REXx
OSIRIS-REXx stands for Origins Spectral Interpretation Resource Identification Security Regolith Explorer.
It is a NASA mission to asteroid (101955) Bennu, launched in September 2016. Its main purpose was to
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characterise the geochemistry of the asteroid by bringing back samples to Earth.

For its navigation, OSIRIS-REXx uses a combination of radiometric tracking and optical navigation. The
uncertainties in Bennu’s ephemeris, size, shape, spin-state and composition were too large to rely on
radiometric tracking alone, creating a need for optical navigation [44]. To solve for the camera pointing
error, separate images at different exposure times were taken to image both the star field as well as the
asteroid from the same position. A centroiding algorithm is used to determine the inertial attitude of the
camera at the image epoch. Once the center of the asteroid is found in the frame, the CoM location is
determined using an appropriate algorithm. The camera attitude and the residual between the predicted
and observed target centroid are then used to estimate a solution for the body-relative spacecraft state
[45].

For close operations and for navigation to the touch-and-go zone, landmark tracking is used. A transition
period from centroid-based navigation to landmark-based navigation occurred once the digital terrain maps
of the surface had been generated. Besides the terrain map, albedo maps and photometric curves were
available for these landmarks, making it possible to render the landmark image and compare it to the
real camera image. Images of a collection of landmarks are rendered simultaneously onboard and then
matched to the visual information, yielding position and attitude information. Besides these measurements,
4 Lidar sensors were also used to provide additional measurements to the navigation system.

3.2.8. DART

DART (Double Asteroid Redirection Test) is NASA’s contribution to the AIDA (Asteroid Impact and Deflection
Assessment) mission. This is a joint mission between ESA and NASA. DART has already been launched
in November 2021 and is currently on its way to the binary asteroid (65803) Didymos, the same asteroid
system that is studied in this thesis. DART will impact with the moon of the binary asteroid, Dimorphos.
ESA’s contribution is then to send a spacecraft to investigate the aftermath of the impact.

The majority of the flight will be navigated using radiometric tracking provided by the DSN [46]. However,
the asteroid encounter cannot rely on radiometrics. The impact speed will be around 6.6 km/s. With the
70 seconds round-trip-time, this means that it is impossible to use ground-in-the-loop GNC techniques.
Therefore, an autonomous navigation solution is used. The optical navigation relies on a centroiding
algorithm that functions in three steps. First, all pixels in the image that are above a certain brightness
threshold are selected. Then, groups of pixels that satisfy this threshold requirement are grouped together.
Then the final step calculates a set of statistics associated with each group, such as the size of the group,
average brightness and centroid location. This list of statistics for each group is then used to determine
which one of the groups is the asteroid. The largest/brightest group is the default setting. The result of this
calculation is the line of sight measurement. Combined with accurate attitude information, the line of sight
measurement is transformed into inertial coordinates. Proportional navigation principles are then used in
an extended Kalman filter to predict the miss distance at closest approach [7].

3.2.9. Conclusion Past Missions
The goal of this chapter is to partially answer RQ 1:

Research Question 1 |

What is the state of the art of navigation around asteroids?

Historical missions are a good indicator for the state of the art, as these are flight-proven technologies that
have had various successes during real missinos. While not every single historical asteroid mission has
been covered, it is clear that there is a certain common approach that is used in one way or the other in all
of them. To underline this, Table 3.2 shows an overview of the navigation techniques used in historical
asteroid missions.

Radiometric tracking using the Deep Space Network is the backbone of almost all of the navigation
strategies. This technique provides a precise estimate of the position of the spacecraft with respect to Earth.
Vision-based navigation techniques are then used at later stages in the mission to provide information about
the relative position and velocity of the spacecraft with respect to the asteroid. An early characterisation
phase during which a shape model and landmark library is created is very common. By using laser range
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Table 3.2: Overview of navigation techniques used in historical missions to asteroids.

Mission name [Year |Altitude phase [Sensors used Type of filter Comments
Batch estimation,
NEAR Radiometrics, square root Camera not used for primary
Shoemaker 2000(350-35 [km] camera, LRF information filter navigation, rather for mapping
Images processed on ground to
calculate vector measurements
Radiometrics, Nonlinear least- (line of sight), target marker used
Hayabusa-1 2003|4000 - 20 [km] cameras squares estimation for descent/landing
Not used due to hardware failure,
backup human-in-the-loop
20 - 3 [km] Camera, Lidar Kalman filter method used
Radiometrics, Stars used to solve camera
Rosetta 2004(44000 - 122 [km] |cameras pointing errors at >3500 [km]
Landmark tracking, processing on
Radiometrics, Earth. First manual process, later
122 -0 [km] camera automatic
Lidar used for vertical speed
Radiometrics, estimation. Target marker tracking
Hayabusa-2 201420 -0 [km] cameras, Lidar below 100 [m]
Centroid-based optical navigation
Radiometrics, for far away operations, stars used
Osiris-REX 2016|- cameras, Lidar to solve camera pointing error
Radiometrics, Onboard image rendering using
- cameras, Lidar model, matched to observations
Radiometrics, Extended Kalman
Dart 2021|>35000 [km] cameras filter
Centroid-based navigation,
35000 - 0 [km] Cameras proportional navigation
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finders and Lidar, the distance to the asteroid is measured, allowing the gravity field to be estimated.
Radiometric tracking is still used to solve for the orbit, making it an essential component of the navigation
strategy.

A major drawback to relying so heavily on radiometric tracking for navigation purposes is that the
spacecraft must always be equipped with the hardware to support this, preferably a steerable High-Gain
antenna. The use of the Deep Space Network is also expensive, and due to long round-trip-times not well
suited for close proximity operations when used just on its own. The fact that the orbit determination is
generally done in batches, meaning that an orbit arc of a certain duration is required, makes it unsuitable for
close proximity operations. The vision-based components are added to the navigation system to escape
the limitations of Earth-in-the-loop state estimation techniques that use radiometric tracking. Once Earth
is out of the loop, the state estimation can be performed much faster, after which onboard autonomous
guidance decides the next maneuver of the spacecraft.

The early characterisation phase is therefore a costly and long process that is absolutely necessary to
facilitate the safe operation of the spacecraft close to the proximity of the asteroid. The early characterisation
phase is used to gather knowledge about the body which is used in part for the autonomous navigation for
close proximity operations.

3.3. Current status of asteroid navigation research

While the previously flown asteroid missions have proven that certain navigation methods provide satisfac-
tory performance for that mission, new navigation methods can still improve on these existing solutions.
The push towards a higher level of autonomy, the use of low-cost hardware, and less dependence on the
Deep Space Network for radiometric tracking, brings new challenges for the development of the navigation
system. This chapter again deals with RQ 1, but now by looking at recent research instead of past missions.

Research Question 1 |

What is the state of the art of navigation around asteroids?

First in Subsection 3.3.1 an introduction on autonomy in general and the definitions used in this research
work is given. Then in Subsection 3.3.2 a selection of research work that builds upon the past asteroid
missions is presented with a focus on autonomous navigation. In Subsection 3.3.3 a few research works
on image processing of asteroid navigation camera images are presented.

3.3.1. Autonomy
Autonomy and autonomous navigation are two keywords in this thesis that deserve some attention on their
own such that it is clear what is meant by these words. NASA defines autonomy as follows:

”Autonomy is the ability of a system to achieve goals while operating independently of external
control.”

- 2015 NASA Technology Roadmaps

The definition of a system by NASA is as follows:

”A system is the combination of elements that function together to produce the capability
required to meet a need. The elements include all hardware, software, equipment, facilities,
personnel, processes, and procedures needed for this purpose.”

— 2016 NASA Sys. Eng. Handbook

Autonomy is not necessarily linked to artificial intelligence or automation, but they are often used as
means to make a system autonomous. The goal of autonomy is to have a system that is self-directed
and self-sufficient. This does not exclude human intervention, as long as it is included in the definition
of the system that is autonomous. Autonomy is needed in time-critical decision making, especially when
communications constraints are large such as in the deep space environment. Autonomous systems can
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use the on-board data instead of just a limited set of downlinked data. This leads to a possible improvement
of the robustness of the system and a reduced complexity. Reduced complexity again leads to a reduce in
cost.

NASA defines four major branches of autonomy. These are:

1. Situation and Self Awareness
2. Reasoning and Acting

3. Collaboration and Interaction
4. Engineering and Integrity

The work in this research focuses on the first branch, situation and self awareness. Especially the
sub-branches "sensing and perception” and "state estimation and monitoring”.

3.3.2. Recent Navigation Methods Research

The past asteroid missions have been autonomous up to varying degrees. Once the early characterisation
phase is completed and a great deal of knowledge about the asteroid is gathered and processed, either
onboard or on Earth, the spacecraft is ready to perform some tasks autonomously. This is especially
relevant for close proximity operations, where the round-trip delay is so large that remote controlling from
ground is impossible. The research works that are highlighted in this literature review are selected based
on the sensor set and assumed prior knowledge. Preference goes to research that uses a simple sensor
set such as camera’s, accelerometers, star trackers and laser range finders. Radiometric tracking is not an
option because Earth must be kept out of the loop. Furthermore, some research work on image processing
is included in the next section.

Autonomous vision based navigation for proximity operations around binary asteroids

By Jesus Gil-Fernandez and Guillermo Ortega-Hernando, 2018

The objective of this autonomous system is to improve the on-board knowledge of the state compared to
the ground prediction. This is of great importance because the ground-based prediction error at some
stages in the mission under consideration is comparable to the camera field of view. This paper describes
a method to estimate the state vector given by Eq. (3.1). The target asteroid used is the binary asteroid
Didymos is used [32]. ., relates changing illumination conditions to a mismatch between the center of
mass (CoM) and center of brightness (CoB). Through image processing the CoB can be observed, but
the CoM is what is known from the ephemeris data. Therefore, a link between the CoB and CoM must
be made, and this €., parameter aims to make this link more accurate. The equation used is valid for
quasi-spherical bodies.

The estimation of the CoM of an asteroid is in reality a very elaborate and complex procedure. A simple
relationship between Sun phase angle and CoB on a sensor from multiple kilometers away is therefore a
very rough approximation of the location of the CoM. It will still be called the CoM because this is in the
end what is approximated to make the link with ephemeris data. However, it is important to remember the
origin of this measurement and the large uncertainties at play.

X = [r, 7, s €cop]” (3.1)

Only the primary is observed using a single camera. The state is determined relative to the asteroid
body. Combined with knowledge of the ephemeris of the binary asteroid system and the attitude of the
spacecraft, the state is therefore also determined in inertial space. The image processing consists of
several steps, such as windowing to remove the secondary asteroid from the calculations, thresholding,
binarization and the computation of the CoB. An unscented Kalman filter (UKF) is used for the state
estimation. The goal of this navigation system was to keep the camera pointed at the asteroid during a
close proximity maneuver, and the performance in this regard was satisfactory according to the authors.
Some metrics on the performance of the filter are shown in Figs. 3.7 and 3.8.

Autonomous Exploration of a Small Near-Earth Asteroid
By Shota Takahashi and Daniel J. Scheeres, 2021
This paper presents an end-to-end autonomous exploration scheme with onboard navigation [33]. A
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Figure 3.9: Two types of information that can be extracted from camera images: the angular direction and
angular size of the asteroid object. Both suffer from scale invariance. [33]

technique called AV ranging is used in the navigation. In practice, this means that once a certain distance
or predefined event surface is crossed by the spacecraft, an impulsive maneuver is performed. This
maneuver relocates the spacecraft back away from the asteroid. A series of such maneuvers allows the
spacecraft to complete the characterization of the asteroid.

The sensors used are only a camera and an accelerometer. Because camera measurements suffer
from scale invariance, meaning that there is no information about the scale of the object in the frame when
only images are used. The scale of the object must be determined in another way. Once this scale is
known, the size of the object in the frame can be used to estimate the distance to the object. The method
to perform this estimation relies on AV ranging.

The states estimated by the filters in this paper are as described in Eq. (3.2).

X = [Tv";7ps7'p7/fca A‘/iaTi]T (32)

Here p,,, is the reflectivity coefficient used in the solar radiation pressure calculation. AV; is the AV of
maneuver ¢ and tau; is the time of the ith maneuver. Two different filters are used. An extended Kalman
filter (EKF) is used to detect when the next maneuver should happen, for instance when the position
crosses a certain event surface. Then a different filter that the authors call the iterative Kalman filter (IKF)
is switched on to design the AV maneuver. The authors state that if state errors are small, the EKF-only
approach is also sufficient, and that the IKF adds robustness to the navigation process in this case.

In this research work, there is a strong coupling between navigation and guidance. The maneuvers
are essential to the navigation, otherwise the scale invariance cannot be broken and state estimation is
impossible. The use of the angular size of the asteroid, depicted in Fig. 3.9 is especially interesting because
not many research works extract this measurement out of the image frames. The authors write that "For
the hovering trajectory, the numerical analysis shows that the angular size information helps determine the
relative range, assuming that the asteroid’s size is known accurately”. As a reference asteroid, the authors
use (101955) Bennu with a mean radius of 246 m. The performance of the method for the trajectory shown
in Fig. 3.11 is shown in Fig. 3.10.
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Angles-Only Navigation in the Proximity of a Binary Asteroid System
By Francesco Torre, Stuart Grey, and Massimiliano Vasile, 2021

This paper investigates the possibilities of performing an angles-only navigation strategy at the binary
asteroid systems 65803 Didymos [28]. The fundamental principle of angles-only navigation is triangulation,
shown in Fig. 3.12. The pointing vectors of the camera to the primary and secondary asteroid are used in
combination with knowledge of their respective motion. Interesting about this method is that the binary
nature of the target asteroid is used to perform the state estimation with very minimal hardware.

Two core sensitivities of this method are the dependence on separation of the two objects to perform
the triangulation accurately, and the knowledge of the position of the two bodies. The authors choose to fly
at the Lagrange point L4 to test the algorithm, which guarantees excellent separation of the two bodies.
Furthermore, it is assumed that individual measurements can be taken of both primary and secondary
asteroid.

The states estimated are the position and velocity, given in Eq. (3.3).

X = [T (3.3)

Because in reality the binary asteroid system rotates and undergoes a wide range of lighting conditions,
the authors implemented a limb fitting algorithm to find the CoM of the object in the frame. This method
predicts the CoM location in the camera detector frame based on fitting an ellipse to the detected edges in
the frame. The estimate for the CoM is then the center of the fitted ellipse, as seen in Fig. 3.13. The authors
state that this method works well for spherical objects, but for ellipsoids the performance deteriorates. This
nagative effect is strongest when the body is partially lit.

For the state estimation, an unscented H filter (UHF) is used. The authors motivate this choice by the
expectation that the dynamics of the spacecraft are significantly nonlinear and the significant uncertainty in
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Figure 3.13: Ellipse limb fitting algorithm applied to Figure 3.14: "Position estimation error” [28]
a half lit asteroid [28]

the measurements. The H filter is deemed a good compromise between robustness and computational
complexity for this type of problem [23], and the choice in this particular case is motivated by this previous
analysis.

The results at L4 with the exact knowledge of the distance between primary and secondary are shown
in Fig. 3.14. The periodic behaviour in the errors is caused by the eclipses. If there is a slight difference
in the distance between primary and secondary that is used in the simulation and in the filter, the state
estimation deteriorates significantly as can be seen in Fig. 3.15. The change in semimajor axis of the orbit
of the secondary gives it a different period, causing high-amplitude periodic differences between the real
position of the secondary and the belief that the spacecraft has of this position. This amplitude can be
as big as twice the semimajor axis of the orbit. As a solution, the authors propose an augmented state
vector in which the semimajor axis is also estimated. They show that this does allow the spacecraft to
safely navigate in the precence of uncertainties in the semimajor axis.

Variations in the eccentricity and inclination of the orbit of the secondary also increased the state
estimation error by as much as an order of magnitude for variations of 0.030 and 25 degrees in the
eccentricity and inclination respectively. Because these changes do not alter the orbital period, the result
is less catastrophic than a varying semimajor axis.

Autonomous Optical Navigation at Jupiter: A Linear Covariance Analysis
By Nathan B. Stastny and David K. Geller, 2008

This paper takes the concept of angles-only navigation a step further than [28] by applying a similar
navigation solution to the problem of navigating around Jupiter by taking angle measurements from the
moons of Jupiter [29]. Where in a binary system at most two angular measurements are available, in the
environment with many moons this number can be greatly increased. Even after a selection procedure
based on the visual magnitude of the moon as detected by the navigation camera, the Sun cone angle
and whether the moon is obscured by Jupiter, still 8 or more moons are visible most of the time.

An extended Kalman filter (EKF) is used with a state vector given by Eq. (3.4). ¢ are the sensor
misalignments and ¢6 the attitude knowledge error.

X =[r, 7 e 00" (3.4)

The authors conclude that the greatest sensitivity of the system lies in the number of moons that are
imaged. The next greatest sensitivity is the line-of-sight pointing error resulting from attitude knowledge
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Figure 3.17: "Controlled (a) position and (b) velocity average RMSE for UKF, EKF, UHF and EHF” [23]

errors. Unmodeled accelerations due to the gravity field of Jupiter, ephemeris estimation errors and the
system imaging frequency have a smaller impact. The angles-only solution has a lot of potential if there is
good separation of the bodies, preferably at a wide range of positions relative to the spacecraft.

Autonomous navigation of a spacecraft formation in the proximity of an asteroid
By Massimo Vetrisano and Massimiliano Vasile, 2015

The authors of this paper choose a very extensive sensor suite for their asteroid navigation solution.
Camera’s, Lidar, a Sun Doppler shift sensor, radiometrics and an inter-satellite link for formation flying are
all available [23]. The measurement equations following from each of the sensors are described in detail,
offering a starting point for the use of these sensors in a different configuration as well.

The performance of different filter types is evaluated and a comparison between four options is made.
These options are the UKF, UHF, EKF, and extended H* filter (UHF). The motivation for the H* filter
is that unlike the UKF and EKF, it does not require prior assumptions on the nature of the noise in the
system. This is therefore a preferred option when the Gaussian hypothesis at the basis of the UKF and
EKF cannot be fully guaranteed. However, the UKF is known to work reasonably well when the Kalman
filter hypotheses are not fully satisfied.

The target asteroid is modeled as an ellipsoid. The trajectories of the four satellites are shown in
Fig. 3.16. The resulting state estimation for the nominal trajectories by the four filters is shown in Fig. 3.17.
The UHF is about 20% more computationally expensive than the EHF, but the authors still deem this the
best option out of the four due to its superior accuracy and robustness.
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planet centroid extracting algorithm” [47]

3.3.3. Image Processing Research

So far, several methods for processing the images from the navigation camera have come up. In [32],
first the CoB is determined and then the CoB to CoM transition is made using a mathematical relationship
that depends on the direction of the Sun in the detector frame. In [33], the image processing itself is not
performed but as a placeholder an estimate of the errors introduced in the image processing and CoM
detection in the sensor plane is used. A similar approach is taken in [23]. In the angles-only approach
detailed in [28], a limb fitting method is used in combination with binarisation and edge detection.

Given that during the approach phase, the asteroid bodies might be overlapping in the frame and/or
partially lit, it is worthwhile to study alternative options for the image processing.

A High-accuracy Extraction Algorithm of Planet Centroid Image in Deep-space Autonomous Optical
Navigation

By Siliang Du, Mi Wang, Xiao Chen, Shenghui Fang, and Hongbo Su, 2022

Two different algorithms are presented in this work. A sub-pixel edge-detecting algorithm based on the
Prewitt-Zernike moments is developed to detect edge points of objects in the images at the sub-pixel level
[47]. Besides this, a planet segmentation algorithm similar to the one in [32] is presented. The sub-pixel
edge-detecting algorithm is an improvement over normal edge-detection algorithms. The detected edges
can subsequently be used for ellipsoid fitting, as shown in Fig. 3.18.

Centroiding technique using machine learning algorithm for space optical navigation

By Aurelio Kaluthantrige, Jinglang Feng, Jesus Gil-Fernandez, and Andrea Pellacani, 2022

This paper focuses solely on the extraction of the CoM location from images [48]. As a test scenario, they
use the binary asteroid (65803) Didymos. The authors show that a Convolutional Neural Network (CNN)
based approach, building on the existing HRNet, is robust to Sun phase angle and observations including
only part of the asteroid in the frame. Examples of training images that are used are shown in Fig. 3.20.
The disadvantages of such a method are the long training times, the generation of a data set that includes
enough scenarios of lighting, alignment and location in the frame to make sure the network performs well
on every orientation of the two bodies that it might encounter during its deployment. Furthermore, it is
difficult to verify the robustness of the solution in face of unforeseen differences between the modeled
environment and reality.

Navigation about irregular bodies through segmentation maps
By Mattia Pugliatti and Francesco Topputo, 2021
Another neural-networks centered method is presented in [49]. An onboard method is proposed that can
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Figure 3.20: "Sample keypoints detection results during training” [48]

estimate the spacecraft position relative to the asteroid directly from images. This strength of this method
is in its ability to deal with irregular asteroid shapes, where classical approaches such as limb fitting and
Lambertian sphere correlation do not perform very well. A two-step approach is used, in which first a CNN
estimates the rough position of the spacecraft, followed by a Normalized Cross-Correlation technique to
refine the position estimate. The algorithm is tested on comet 103P/Hartley and the binary asteroid (65803)
Didymos. The authors show a position estimate with a relative error between 5 and 8%. Only altitudes
between 1.3x and 0.7x the altitude at which the body completely fills the frame were tested. The method
relies heavily on assumptions concerning the physical appearance of the target body which is used to train
the CNN. Therefore, the applicability of the method is constrained to later stages of the mission where the
navigation system can already safely approach the body to distances where surface landmarks can be
clearly distinguished.

3.4. NEO-MAPP problem definition

This thesis is written in collaboration with Airbus Defence/Space GmbH in the framework of the NEO-MAPP
research project. The navigation filter that is developed in this thesis therefore has to meet the requirements
set by the study. This chapter presents the background on the NEO-MAPP project in Subsection 3.4.1, the
description of the target asteroid in Subsection 3.4.2, the performance requirements in Subsection 3.4.3,
the novelties of the research in Subsection 3.4.4 and finally a conclusion with regards to the research
questions in Subsection 3.4.5.

This chapter partially answers RQs 3, 4, and 5.

Research Question 3 |

What prior knowledge about the asteroid environment is required to estimate the spacecraft state
with a given sensor suite?

Research Question 4 |

What are the performance requirements for the navigation system, and how do these require-
ments change during the iterative design process?

Research Question 5 |

Which navigation systems can meet the performance requirements?
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3.4.1. NEO-MAPP Research Project

The Near Earth Object Modelling and Payloads for Protection (NEO-MAPP) research project is a European
research project for studying planetary defence and asteroid exploration. The reference mission for the
NEO-MAPP project is ESA’s Hera mission. Hera is ESA’s contribution to the Asteroid Impact and Deflection
Assessment (AIDA), alongside NASA’s DART mission. NEO-MAPP is a standalone study, although most
partners involved in Hera are also involved in NEO-MAPP. The target body of NEO-MAPP is the binary
asteroid 65803 Didymos.

The NEO-MAPP project concentrates on two topics:

» Maturation or adaptation to specific use cases of existing modelling capabilities regarding the different
processes undergone by asteroids (impacts, dynamics, structural evolution).

» Development of instruments, technologies and related data exploitation models to support NEO
missions.

The NEO-MAPP objectives include [50]:

1. Pushing the limits of numerical modelling of the response of NEOs to a kinetic impact, as well as
of their physical and dynamical properties while maturing European modelling capabilities linked to
planetary defence and NEO exploration.

2. Increasing the maturity of multiple spaceborn and landed European instruments directly related to
planetary defence, while focusing on measurements of surface, shallow sub-surface and interior
properties of NEOs

3. Developing algorithms and simulators to prepare for close proximity operations and payload data
analyses and exploitation

4. Developing innovative and synergetic measurement and data-analysis strategies that combine
multiple payloads, to ensure optimal data exploitation for NEO missions

5. Developing and validating robust GNC strategies and technologies enabling surface interaction and
direct response measurements performed by CubeSat or small/micro-lander architectures

Airbus Defence and Space is responsible for the design of the microlander and its GNC system. The
research in this thesis is focused on the design of a vision-based navigation filter for the High-Altitude
Phase (HAP) of the landing of this microlander. It is assumed that the microlander detaches from the
mothership at 5 km distance from the barycentre of the asteroid system. During the HAP, the microlander
approaches a predetermined landing site on the secondary body up to 300 m, as shown in Fig. 3.21. The
absolute position of this landing site is known and is chosen based on constraints such as Sun phase
angle and surface rotational velocity. Therefore, the HAP Navigation (HAPNAV) filter has to output the
absolute position of the microlander. The attitude is assumed to be known from a standard gyrostellar
estimator with the star trackers and gyros.

3.4.2. Target Asteroid Description
The most important properties of the Didymos system are given in Table 3.3.

Table 3.3: Overview of (65803) Didymos properties.

Parameter Value Reference

Official minor planet number of primary 65803 [51]

Official name of primary Didymos [51]

Method of discovery of companion Photometric lightcurve [51]

Diameter of Primary D,, 0.780 km + 0.03 km [52]

Diameter of Secondary D, 0.164 km £ 0.018 km [See D;/D, below]

Bulk density of the primary p, 2170 kg m—34 350 kg m—3 [from shape model M;,,]
Distance between the centre of

primary and secondary 1.19 km £ 0.03 km [52]

Total mass of system 5.278 x10'! 4+ 0.54 x10'' kg [53]

Rotational period of the primary 2.2600 h + 0.0001 h [54]
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Figure 3.21: Landing phases in NEO-MAPP Figure 3.22: Shape model of Didymos and its
moon Dimorphos, based on photometric light curve
and radar data. (Credit: Naidu et al., AIDA
Workshop, 2016)

Furthermore, M, /M, = V;/V, = (Ds/D,)* = (0.21£0.01)® = 0.009340.0013. From radar observations,
a rough shape model is available [52]. A render showing these shape models is shown in Fig. 3.22.

3.4.3. Performance Requirements

The landing zone is predefined based on a number of criteria and is located at the pole of the secondary
asteroid facing to the outside of the binary system. This location is selected based on the scientific interests
of the study. Furthermore, at this location the illumination properties are favourable. The landing zone is
defined in an absolute reference frame and therefore the navigation solution that navigates the spacecraft
towards the home position shown in Fig. 3.21 must also estimate the absolute state of the spacecraft. The
available sensor suite is limited to a single navigation camera, 3-axis accelerometers, one or more laser
range finders, star trackers and rate gyros.

The mission Interface Control Document (ICD) compiles a list of requirements on the system. A list of
requirements relevant to this research work has been compiled and is shown in Tables 3.4 and 3.5.

3.4.4. Research Novelties

Several components of this research can be considered novel and add to the body of scientific research.
First of all, this particular sensor suite is not commonly used in the literature. Besides this, the mission
scenario assumes that the mothership has relayed updated ephemeris information to the plander. Because
the landing zone is at the outer pole of the secondary asteroid, the primary will be visible behind the
secondary body as seen in Fig. 3.24. This makes angles-only navigation such as investigated by [28]
impossible due to the lack of separation of the bodies. However, in other phases of the flight both asteroid
bodies will be visible in the camera frame, as seen in Fig. 3.23. This research work aims to extract
information about both the primary and secondary from these images, instead of taking the common
approach in literature where one of the two bodies is removed by the image processing algorithm and only
a single measurement remains. The use of a laser range finder in combination with visual information has
been studied before, especially in combination with landmark tracking for absolute navigation [55]. In this
case, the laser range finder will be used without a high-fidelity model of the surface available.

3.4.5. Conclusion on Research Questions
This chapter partially answered RQs 3, 4, and 5. The information that contributes to answering these RQs
will now be reviewed.



3.4. NEO-MAPP problem definition

50

Table 3.4: Mission requirements table

ID Title Description
LAN- Initial At separation of the uLander from the orbiter and initialisation of the
MIS- Conditions landing activity the following pre-conditions shall apply:

Value Accuracy

0040 Single Asteroid  pggsition in the inertial J2000:

0050 Binary System

TBD +- TBD

Velocity in the inertial J2000:

TBD+- TBD
LAN- Initial At separation of the uLander from the orbiter and initialisation of the
MIS- Conditions landing activity the following pre-conditions shall apply:

Initial distance in I-frame in the range [5,8] + 0.05 km
Initial velocity in the I-frame in the range:

cm
[7,14] £ 10% r

LAN- Mission Phases The uyLander shall support all mission phases from separation to landing.

0170 Approach

MIS-

0090

LAN- Mission The lander shall be autonomous in every mission phase from
MIS-  Autonomy deployment until landing both nominal and contingencies

0160

LAN- Failure Single point failure tolerance shall be applied to all the system and
MIS- Tolerance subsystem

MIS-  Trajectory
0180

LAN- Descent The lander should be capable of following a programmed trajectory.

Y-cam
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X-cam

Figure 3.23: View through the navigation camera at
5 km altitude. Own work, rendered in PANGU.

Y-cam

0 100 200 300 400 500
X-cam

Figure 3.24: Same scenario, now from 300 m
altitude. Own work, rendered in PANGU.
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Table 3.5: System requirements table

ID Experiment

T2.1 Autonomous visual based navigation for semi-
autonomous attitude guidance

Objective

Position knowledge error (any
axis) lower than 100 m relative to
the centre-of-mass of Didymos
with 95% probability.

Contribution of attitude guidance
to APE lower than 0.5 deg (95
%probability). NOTE: This includes
the autonomous navigation error.

guidance

T2.3 Autonomous visual based navigation for trajectory

Position knowledge error (any
axis) lower than 10% distance to
the target asteroid with 99.7%
probability, 90% confidence level.

Altitude error at closest distance
lower than 20% of nominal altitude
with 99.7% probability.

Attitude Pointing Error relative to
the surface point of interest lower
than 1 deg (95% probability).

T2.4 Sensor data-fusion for robust navigation

At least the same as the
equivalent vision-based navigation
solution.
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Research Question 3 |

What prior knowledge about the asteroid environment is required to estimate the spacecraft state
with a given sensor suite?

What exact prior knowledge and assumed parameters of the asteroid environment are required for a
successful state estimation is still unknown. However, the given sensor suite is now known to be a single
navigation camera, 3-axis accelerometers, one or more laser range finders, star trackers and rate gyros.

Research Question 4 |

What are the performance requirements for the navigation system, and how do these require-
ments change during the iterative design process?

The navigation solution shall provide an estimate of the absolute state of the spacecraft that is up to the
requirement specifications presented in Tables 3.4 and 3.5. The 3¢ position knowledge error for any axis
shall be below 10% of the distance to the target asteroid. The initial distance to the asteroid in the I-frame
shall be in the range [5,8] &+ 0.05 km. The initial velocity in the I-frame shall be in the range [7,14] + 10%
cm/s. The final altitude above the outward facing pole of the asteroid during the high altitude phase shall be
such that the low altitude navigation system can take over. There is some flexibility in this last requirement,
because it is unknown at this stage what altitude can be reached with the high altitude navigation system.
The minimum distance that can be reached is 300 m above the surface of the secondary asteroid, because
at this altitude the asteroid will fill the complete FOV of the camera. Centroid-based navigation will become
impossible once this threshold altitude is crossed.

Research Question 5 |

Which navigation systems can meet the performance requirements?

While no in-depth answer to this question is given, the performance requirements are now established.
The only navigation solutions that satisfy the performance requirements are those that meet all accuracy
requirements with the given sensor suite.

3.5. Thesis outlook

This chapter presents a summary of the literature study report so far and presents the outlook for the rest
of the thesis. First, the motivation for the research is once again presented in Subsection 3.5.1. A trade-off
of different navigation methods is presented in Subsection 3.5.2, which leads to a conclusion on what the
navigation filter to be developed in this work will look like.

3.5.1. Motivation for the Research

The motivation for this research is two-fold. On the one hand, there is a practical need for a navigation
solution for the high-altitude phase within the NEO-MAPP research project. The available sensors,
the required performance and the prior knowledge that can be exploited by the navigation filter are all
predetermined.

From a more scientific perspective, this work adds to the scientific research on asteroid navigation.
The use of the information gathered by the mothership onboard of the plander and the autonomous nature
of the navigation solution are similar to a scenario that is often encountered in science and asteroid mining
mission concepts. The specific asteroid environment that is studied in this thesis is a binary asteroid.
While this complicates the environment simulation and vision-based navigation, it also brings valuable
opportunities to innovate in the navigation system by exploiting the binary nature of the target asteroid.

Several related studies with similar mission concepts have been conducted before. For instance, [32]
proves that the state relative to the asteroid can be estimated at the cost of augmenting the state vector
of the filter with the gravitational parameter and a parameter depending on the illumination conditions.
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Table 3.6: Overview of filter types in reviewed literature

Paper Filter Type Comment

UKF is heavy, could be improved with partial EKF in
the propagation step

EKF used for position estiation, IKF for design of the
AV maneuvre

Good compromise between robustness and

[32]  UKF

[33]  EKF, IKF

[28] UHF , ,
coputational complexity
[29] EKF -
The choice of the H> filter is preferable
23] EKF, EHF, when the Gaussian hypothesis cannot be fully

UKF, UHF  guaranteed, for example when biases in the instruments
are not detected

The secondary asteroid in the binary system is completely disregarded and no ranging sensors are used,
leading to a rough estimate of the position with large error bounds. In [33], scale invariance problem is
solved through a navigation strategy that is coupled with a guidance algorithm that designs AV maneuvers.
The authors also investigate the use of not just the line-of-sight measurement, but also the size of the
asteroid on the image sensor to extract range information. An approach that relies completely on the
binary nature of the asteroid by processing two line-of-sight measurements is presented in [28]. Taking
this approach one step further by observing even more objects in the frame, [29] compares four different
navigation filter architectures their navigation performance when relying on line-of-sight measurements to
the moons of Jupiter. The authors of [23] include a swarm of satellites in their analysis with a very broad
sensor suite, leading to excellent results and a good comparison of four different Kalman filter architectures.

This research will build on these prior studies by combining several prior study results. The approach
of [32] will be augmented by adding the exploitation of the measurements from the binary asteroid system
from [28], combined with the range information acquisition with a laser range finder from [23].

3.5.2. Trade-Off of Navigation Methods from Literature
An overview of the navigation methods in the literature is shown in Table 3.6. An overview of the sensors
used in these papers is given in Table 3.7.

For the filter that is to be developed in this research work, the EKF will be used at first. It has shown
good results in comparable navigation filters and the improvements by going to an UKF or UHF might
not be required to meet the requirements of the NEO-MAPP study. An augmented version of [32] that
includes the laser range finder measurements, as well as double line-of-sight measurements from both the
asteroids is going to give a starting point for the navigation filter. If necessary, the angular size information
can also be included, given that enough knowledge is available on the size of the objects in the frame.



3.5. Thesis outlook

54

Table 3.7: Overview of sensors used in reviewed literature

Paper Sensors Comment
S/C to Asteroid vector found using mathematical
[32] Camera, Sun sensor  relationship to compensate for lighting conditions.
This relationship relies on knowledge of the Sun direction.
AV ranging used to break scale invariance.
Camera, . .
[33] Could also be done with LRF/Lidar, removes
accelerometer L . .
navigation/guidance coupling.
2x camera, N . ;
(28] Sun sensor Assumes navigatin around L4 of binary asteroid system
’ (ideal scenario in terms of body separation)
star trackers
Attitude changes to observe all moons one by one.
Accelerometer, - . .
[29] Key finding: the more moons at different relative
camera, star trackers . . .
positions, the more accurate the state estimation.
Camera, Lidar, o . . .
, Very elaborate sensor suite including radiometrics.
Sun Doppler shift, )
[23] Good documentation on use of sensors (measurement

radiometrics antenna,
inter-satellite link

equations, noise characteristics).




Preliminary Work

4.1. Simulator implementation

A first look at the simulator that will be used as an environment to test the navigation filter solution is
included in the literature study. The goal of this exercise is to deepen the understanding of the problem by
getting hands-on experience, while also producing valuable preliminary results which are at the basis of
the technical work of the thesis. This work is related to RQs 2 and 3:

Research Question 2 |

What are the requirements for a simulator that can be used to develop the navigation system?

Research Question 3 |

What prior knowledge about the asteroid environment is required to estimate the spacecraft state
with a given sensor suite?

The start of the technical work is split up in three parts. In Subsection 4.1.1, a high-level overview of
the simulator architecture is given. Subsection 4.1.2 explores the disturbances present in the environment
of the binary asteroid. Finally, Subsection 4.1.3 presents a detailed analysis on the gravity fields of the
asteroid, followed by a conclusion of the preliminary simulator work in Subsection 4.1.4. The contributions
of this chapter to the answering of the research questions is discussed in Subsection 4.1.5

4.1.1. High-Level Overview of the Simulator

A simulated environment will be used to develop and test the navigation solution. This simulator will provide
the navigation filter with its inputs, and can then be used to compare the navigation filter estimated state
to the "real” state. In Fig. 4.1 an overview of the components of the simulator is given. Each individual
component will now be discussed.

Environment

The simulator includes an environment that the spacecraft will fly through during the HAP. This includes
the gravity fields of both asteroids, perturbing forces from other solar system body gravity fields and the
solar radiation pressure (SRP). This is the part of the simulator that is studied during this literature study
phase. The precise position and velocity of the two asteroid bodies, perturbing planets are calculated in
the J2000 frame. This reference frame has its origin in the solar system barycenter. Besides that, the
angular position and rate are included. The transformation matrices and attitude quaternions in various
relevant reference frames are calculated too. This is all done based on the NASA JPL SPICE kernels
which contain the most up-to-date information about the ephemeris of the bodies in the solar system.

Reference Frames

Several reference frames are used in the simulator for different reasons. These are summarized in
Table 4.1. A visual representation of the frames is shown in Fig. 4.2.
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Figure 4.1: Schematic diagram of the different components of the HAPNAV simulator.

Table 4.1: Description of reference frames used in the simulator.

Name Definition Center & axes Comments

Solar System barycenter

D ibe the orbit of the bi t
Z: aligned with Earth’s rotation eseride e orbil ot The binary system

J J2000 ) Describe the Sun position
X: mean equinox Defines initial conditions for landin
Y: complete right-handed system g
| 42000 CoM of binary system Describe orbit of the Didymos system
X, Y, Z same as J2000 Describe the landing trajectory
CoM of primary
Primary Z: maximum Mol . .
P . o Rotates with the primary body
fixed X: minimum Mol

Y: complete right-handed system
CoM of secondary
Secondary Z: maximum Mol

S ] o Rotates with the secondary body
fixed X: minimum Mol
Y: complete right-handed system
CoM of spacecraft Describe the attitude
Spacecraft , . . . -
B fixed X, Y, Z oriented with principal Describe the sensors/actuators positions

inertia axes Z axis is the camera line of sight
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Figure 4.2: Reference frames used in the simulator. Asteroids image by NASA/Naidu et al., AIDA
Workshop, 2016.
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Spacecraft Trajectory

Besides the environment, the satellite also needs a trajectory to follow. The spacecraft has complete control
authority, meaning that it can move in any direction including those against the forces that are presented
by the environment. A logical choice for the guidance is therefore to enforce a certain acceleration profile
from an initial condition. Then the control part of the problem is cut out. Besides this, the dynamics are
easier to model because the interaction of the thrusters and the control system is removed.

Sensors Model

The SensorModel block contains models for the noise and bias characteristics of the sensors used on
board of the spacecraft. The camera simulator is especially important here because it generates the
images that are used by the image processing algorithms. These algorithms extract information such as
the center of brightness of the asteroid bodies in the frame or the Sun direction. These measurements are
then used in the navigation filter. An alternative is to simulate the camera and image processing by directly
reconstructing the measurements that could be generated from camera images. The advantage of this
approach is that the navigation filter can be tested without setting up the camera simulator and the image
processing. This could be used in the development of the filter. Ultimately, the camera simulator must
create the images and the image processing must extract the information, as this is how the system will be
used in real life.

HAPNAV Filter

The navigation filter that processes the measurements into a state estimate. What the state vector,
measurement vector and type of filter exactly will be is still undecided. However, at the very least the
absolute position in J2000 frame must be estimated to match it to the landing zone coordinates.

Simulator Validation Plan

Each component of the simulator must be verified and ideally also validated to make sure it is implemented
correctly and functioning as intended. Because no hardware-in-the-loop testing is envisioned at this stage,
validation is difficult. The current plan only exists for the gravity models implementation and the orbit
propagator. These can be validated by swapping out the gravity models of the asteroids with those for
Earth, which is known very precisely. By integration of a known satellite trajectory, the output can be
compared to real flight data from literature.

Verification tests can be performed at many stages by checking that the results of components of the
simulator make sense and provide the expected solution.

4.1.2. Analysis of Accelerations and Disturbances

In the binary asteroid environment, there are many external forces acting on the spacecraft. Besides the
gravity fields of the primary and secondary body, there are other disturbing celestial bodies (Sun, Earth,
Moon) that exert forces on the spacecraft. The photons emitted on the Sun interact with the spacecraft
surface to create a disturbance force, the solar radiation pressure. The simulator can take into account
all these effects, however this does add complexity and computational load. A simple analysis of these
forces is presented in this section, with the goal of determining which factors will be included in the final
simulator. A threshold for the magnitude of a disturbance acceleration is defined, below which all effects
are neglected.

Several assumptions are made in this analysis:

+ A point mass gravity model is assumed for all bodies

» The orbits of the two asteroids around each other are circular, therefore the distance between them
is constant.

The celestial bodies are assumed to be on a line, positioned such that their influence is largest (i.e.
their closest position relative to the binary system). See Fig. 4.3.

» The projected area of the satellite remains constant, there are no attitude changes.

Solar System bodies other than the Sun and Earth are not studied.
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Figure 4.3: Schematic diagram of the distance assumptions made in the disturbance analysis (not to

scale).
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Figure 4.5: Sketch of the relevant parameters in the third body acceleration calculation.

Primary and Secondary Asteroid Gravity

The dominant accelerations in the HAP are the gravitational accelerations of both the primary and the
secondary body. The gravity field of the primary dominates up until about 125m from the surface of the
secondary. The gravitational acceleration a;, experienced by the spacecraft at a distance of r,, from the
CoM of the asteroid b is calculated using Eq. (4.1).

ab(rbs) = G]\/[b<£> (41)
Tps

Third-Body Gravity

Other solar system bodies pull on the binary asteroid system as well as the spacecraft. The effect of this

so-called third-body perturbation «,, is calculated using Eq. (4.2). It is assumed that the perturbing body,

the spacecraft, and the binary system are on a single line. This is shown in Fig. 4.5.

1 1

Solar Radiation Pressure

Because the spacecraft is not flying in the shadow of any object, it is subject to a disturbance force from
the solar radiation. All light particles carry linear momentum, which reflects off the surface of the spacecraft.
The surface reflectivity p determines what happens to the particles that hit that surface. If p = 1, the
particles are absorbed. If p = 2, they are reflected. A perfectly transparent surface will have p = 0. In this
study the spacecraft is assumed to have a coefficient of reflectivity of 1.2. The surface area perpendicular
to the direction of radiation is 1 m2.

The solar radiation pressure can be calculated using Egs. (4.3) and (4.4) [56].

MQ gy,
sun — 4
A, = PPaun (4.3)
where )
E r
Psun = — = Po <®) (44)
C T
with
p=12 [-] coefficient of reflectivity
c=2.9979 x 108 [ms™!] speed of light

2
E = (1372 £ 45) <T§9) [Wm~2] intensity of solar radiation (seasonal)

po = (4.58 £0.15) x 107 [N'm~2] solar radiation pressure at 1 AU (seasonal)
rg = 1.4962 x 108 [km] mean radius of Earth’s orbit
A =1 [m?] surface of the spacecraft projected in the Sun direction
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4.1.3. Gravity Field Analysis

Precise modelling of the gravity field of asteroids is especially important because their shapes are often
highly irregular, leading to large deviations from the simple point mass gravity model. More advanced
gravity field modelling techniques exist, which aim to approximate the real gravity field of a body. The two
gravity models that will be studied are the spherical harmonics expansion and the polyhedron potential
models. This exercise will answer the following two questions:

1. How large is the deviation of a more precise gravity model from the point mass gravity model?
2. What is the effect of this deviation on the spacecraft?
Spherical Harmonics Expansion
This well-known gravity model uses periodic functions to describe the gravity potential at any point around

the sphere. The general equation to describe the gravity potential according to the spherical harmonics
model is given in Eq. (4.5) [57]. The gradient of the potential gives the gravitational acceleration.

U= “Z(‘jﬁ) Z Py (SN @)[Cy 1 COSTMA + S SINMA] (4.5)

m=0

where

uw=GM [m3s72] gravitational parameter

Qe [m] semi-major axis of body’s reference ellipsoid

r [m] spacecraft distance

o, A [rad] spacecraft latitude and longitude, body-fixed

Ciom,Sim [ spherical harmonic coefficients of degree [ and order m
P, [-] Associated Legendre Functions of degree | and order m

The model is only accurate outside of the reference radius a.. We see that the leading part is simply
the potential resulting from treating the body as a point mass. Then there are the terms which do not have
a dependence on the latitude A, corresponding to m = 0. These form the zonal contribution to the potential,
given by Eq. (4.6). The degree-1 term is zero if it is assumed that the coordinate system coincides with the
body CoM.

/71:2_:< ) PlO sin (]5)010 (46)

The remaining part contains the tesseral and sectorial contributions, given by Eq. (4.7). A visual
representation of the zonal, tesseral, and sectorial contributions is shown in Fig. 4.6.

l
l:Z(ae> Z Py (sin¢)[C)  cOSMA + S) 1, SINMA] 4.7)

m=1

In the case of the asteroids, there are no tidal effects such as on Earth. This results in coefficients that
do not vary with time. Important to note is that the coefficients are usually normalized, because they vary
so much in magnitude. It is important to understand which normalization is used when a set of coefficients
is supplied, because they might have to be re-normalized to be used by an existing spherical harmonics
implementation. In this case, the coefficients were provided by the university of Bologna team working on
the gravity fields of Didymos. They have used the 47 normalisation technique, which is also used by the
Airbus spherical harmonics Simulink block. This was verified by comparing the JGM3 and EGM96 gravity
model coefficients which were known to be 47 normalized to the coefficient files supplied by Airbus. The
47 normalization convention for Associated Legendre Functions is given in Eq. (4.8) [58].

Pin(1) = \/ (2= 800) 2L+ 1) o P 438)
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Figure 4.6: The nodal surfaces of spherical harmonics of degree n and order m: zonal harmonics,
tesseral harmonics, and sectorial harmonics [56].

Table 4.2: Adjusted densities used in the polyhedron gravity calculation to match the total body mass to
that of the HERA reference document.

Object Adjusted density kg/m3
Didymos 2107
Dimorphos 2104

For Didymos, the coefficients are provided up to degree 20. Due to poor visibility from Earth of the
secondary body, the coefficients for Dimorphos are provided up to degree 2.

Polyhedron Gravity Potential

The polyhedron gravity potential method builds on principles from 3d modelling. An .obj file is provided,
consisting of vertices, faces and face normal vectors. These .obj files are attached with the HERA
Didymos Reference Model [59] and are shown in Fig. 4.7.

The .obj files can be transformed into a gravity field by assuming that the density of the object is
known, as described in [60]. The reference model quotes a uniform density of 2170 kg/m?. To guarantee
that at far range the gravity models all give the same result, the same mass must be used for the bodies.
To check the mass that was assigned by using the density of 2170 kg/m?3, a script to calculate the volume
of the .obj file is used. It was found that the density must be slightly lowered to reach the mass given in
the reference document. These factors are given in Table 4.2.

Fig. 4.8 shows the magnitude of the gravity vector in the XY -plane at Z = 0 of the binary system.
Advantages and disadvantages of the polyhedron gravity model include:

+ Representing the gravity field close to the surface is possible, there is no minimum distance such as
the reference sphere in the spherical harmonics model.

+ Computationally efficient once the gravity lookup table is calculated.

- Constant density assumption could introduce errors.

- Heavy computations to generate the lookup table.

- No solution for every point, relies on interpolation between pre-calculated grid points.
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4.1.4. Simulator Implementation Results and Conclusion

After this preliminary simulator work, it's important to summarize the findings and conclude this part of
the literature study. This conclusion will again be split up in three parts, namely the high-level simulator
overview, the disturbance acceleration analysis and the gravity fields analysis.

High-Level Simulator Overview

The outcome of this activity is a first version of the architecture of the simulator. It has become clear that
there are several choices to be made during the development. To allow intermediate testing of components
of the simulator, it is desirable to make assumptions and simplifications during the development. This can
for instance be to skip the camera simulator and image processing in the beginning and directly provide the
HAPNAV filter with the measurement that would come out of this image processing. One could also think
of providing the perfect attitude knowledge with some (known) added noise to the filter, instead of merging
the gyro-stellar estimator with the vision-based position estimator. This means that the implementation of
the gyro-stellar estimator will not hold back the development of the vision-based navigation solution.

The validation plan will need to be updated as the development continues, by including validation tests
for the individual components. For now, a validation plan for the gravity models and orbit propagator exists.

Analysis of Accelerations and Disturbances

The gravity of the primary body is the dominant acceleration acting on the spacecraft during the entire
HAP. Even if the approach trajectory of the spacecraft is not the straight line as sketched in Fig. 4.3, this
will still be the case. The gravity of the secondary body is much smaller, so small that for the majority of
the HAP the solar radiation pressure causes a stronger disturbing effect. The threshold is set at 10—8
m/s2. Any disturbing acceleration below this threshold will not be modelled in the simulator. Assuming that
this acceleration is acting on the spacecraft from standstill, after a four hour flight time the accumulated
displacement would be = = Jat? = 1.0368 m.

Gravity Field Analysis
The goal of this analysis was to answer the following two questions:

1. How large is the deviation of a more precise gravity model from the point mass gravity model?
2. What is the effect of this deviation on the spacecraft?

To start with the first question, the gravity fields generated by two different models are compared to
one another. The magnitude of the error vector at every point of a XY '-plane slice through the two bodies
at Z = 0 is calculated. The error vector for two gravity fields A and B is calculated according to Eq. (4.9).
The relative error is also used, as defined in Eq. (4.10). ¢, .i(z, y, z) is the magnitude of the gravity vector
at point (z, y, 2).

9z (Z,y,Z) - ng(l,y,Z)
6y('rayaz) = g;;‘(x,y,z) - gyB(x7y7Z) (49)
g?(xag%Z) - ng<x7yv2>
|€q(l‘,y72)| _gA(xayaz)
egrel(T,y,2) = — x 100% (4.10)
gret(0:92) 94 (x,y, 2)

The result of this analysis is shown in Fig. 4.9. Now the two questions that this exercise was meant to
answer will be answered.

How large is the deviation of a more precise gravity model from the point mass gravity model?
During the HAP, the secondary body will be approached from the — X direction, far away from the primary
asteroid. The trajectory will not be exactly along the — X direction, and the trajectory is ultimately in 3D
meaning that also the Z component of the gravity field is important. However, it is safe to say that the
region where the polyhedron and spherical harmonics gravity models differ most from that of the point
mass are avoided during the approach. When measured at y = 0, z = 0 at 300 m distance from the surface
of the secondary asteroid, the polyhedron model gives an error of 4.46 x 10~8 and the spherical harmonics
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Figure 4.9: Magnitude of error and relative error of different gravity models. Coordinate system is centered
in the CoM of the primary asteroid. Note that a logarithmic scale is used for the absolute error figures.
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model 2.28 x 10~8. These are the worst-case errors that the spacecraft will encounter, because the farther
it moves away from the bodies, the lower this error will be. The relative error as defined in Eq. (4.10)
starts around 0.3% and quickly goes down to below 0.01% as the distance to the asteroids increases. The
difference between the polyhedron model, the spherical harmonics model and the point mass model are
all very small at the distances relevant to the HAP.

What is the effect of this deviation on the spacecraft? To estimate what the effect of deviations of
this order of magnitude are on the spacecraft flight trajectory, a simple integration is performed. The
polyhedron gravity model is compared to the point mass gravity model. The scenario is as follows: the
spacecraft starts at the point (5000, 0, 0) where the origin is fixed at the surface of the secondary asteroid.
The orientation of the bodies is assumed to be as in Fig. 4.3. The initial velocity is 5cm/s in the direction of
the secondary asteroid. One trajectory uses the polyhedron gravity field, the other the point mass gravity
field. Once one of the two trajectories reaches 300 m altitude, the simulation is stopped. The result is that
after about 52000 seconds, both trajectories reach 300 m altitude, with only 0.24 m difference between
them.

Conclusion Gravity Models The deviation of the point mass gravity model from more precise and
realistic models is very small in the region of the HAP. Because the environment is still rather uncertain
at this time, it is not possible to know whether the spherical harmonics or the polyhedron gravity model
is closer to reality. The benefit of using a more precise gravity model in the simulator is to simulate a
non-idealized environment. If the navigation filter uses an assumption for the gravity field, e.g. a point
mass model, there will always be a mismatch between the estimated gravity and the real gravity. The
navigation filter must be robust to this, as in reality it will face a similar situation.

The current gravity field implementation used in the LAP simulator uses very high resolution polyhedron
models of Bennu and Itokawa, rescaled to match the mass and Mol properties of Didymos and Dimorphos.
This solution will also be used in the HAP simulator, as it is already existing and tested. It serves the
purpose of presenting a realistic gravity field to the spacecraft, for as far as this is possible with the current
knowledge of Didymos.

4.1.5. Research Questions
The research questions relevant to this chapter are RQs 2 and 3.

Research Question 2 |

What are the requirements for a simulator that can be used to develop the navigation system?

Research Question 3 |

What prior knowledge about the asteroid environment is required to estimate the spacecraft state
with a given sensor suite?

RQ 2 has been answered for the simulator part. The key findings of this chapter in relation to the second
research question are that the third-body perturbations can be neglected, and that either the spherical
harmonics or polyhedron gravity models can be applied to simulate the gravity field around the asteroids.
The polyhedron gravity model is now implemented in the simulator. The solar radiation pressure effect
was found to be non-negligible and is included in the environment of the simulator.

RQ 3 is partially answered in the sense that the environment is now programmed into a simulator,
making this analysis possible in the first place.

4.2. Conclusions preliminary work

This literature study report has presented the motivations and framework of the research in this thesis.
This has lead to the following research objective:
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Research Objective |

Investigate how an autonomous spacecraft can determine its absolute position and velocity in
proximity of a binary asteroid by using vision-based navigation.

The research questions that need to be answered to fulfil the research objective are:

Research Question 1 |

What is the state of the art of navigation around asteroids?

Research Question 2 |

What are the requirements for a simulator that can be used to develop the navigation system?

Research Question 3 |

What prior knowledge about the asteroid environment is required to estimate the spacecraft state
with a given sensor suite?

Research Question 4 |

What are the performance requirements for the navigation system, and how do these require-
ments change during the iterative design process?

Research Question 5 |

Which navigation systems can meet the performance requirements?

Research Question 6 |

What are the key sensitivities of the developed navigation system?

RQ 1 has been completely answered in this literature study report by looking at both the past asteroid
and comet missions from the major space agencies as well as the research work that has been published
by other researchers. Past missions relied heavily on radiometric tracking and Earth-in-the-loop vision
based navigation. Autonomous systems were already foreseen back then, such as on the Hayabusa-1
mission. These were were however never tried due to hardware failures. Recent studies have been
focusing increasing autonomy and making use of (vision-based) sensor information on-board. This has
shown great potential in increased safety, compressed mission timelines and reduction of mission costs.

RQ 2 has been partially answered, as only the simulation environment was covered in this preliminary
work. An analysis on how the simulator environment should look and what relevant forces should be
included in the environment model is carried out. The conclusion here is that third-body perturbations
can be neglected, whereas the solar radiation pressure cannot be neglected. A polyhedron gravity model
and a spherical harmonics gravity model both seem to give similar results, and either can be chosen to
realistically simulate the gravity field of the asteroids. The polyhedron model is chosen because an already
existing implementation exists, which is now part of the simulator for the navigation filter.

RQ 3 is partially answered, in the sense that the simulator environment now exists that makes this
analysis possible.

RQ 4 is partially answered. The default requirements are set by the study and are presented in
Section 3.4. The 30 position knowledge error for any axis shall be below 10% of the distance to the target



asteroid. The initial distance to the asteroid in the I-frame shall be in the range [5,8] 4+ 0.05 km. The initial
velocity in the I-frame is in the range [7,14] £ 10% cm/s. The final altitude above the outward facing pole
of the asteroid during the high altitude phase shall be such that the low altitude navigation system can take
over. There is some flexibility in this last requirement, because it is unknown at this stage what altitude can
be reached with the high altitude navigation system. The minimum distance that can be reached is 300 m
above the surface of the secondary asteroid, because at this altitude the asteroid will fill the complete FOV
of the camera. Centroid-based navigation will become impossible once this threshold altitude is crossed.

RQs 5 and 6 remain unanswered and will be answered in the next phase of the research.
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Additional Results

This chapter presents additional results and findings that are not included in the scientific paper and
preliminary work chapters. First, additional results for the pointing mode analysis covered in Section 2.4
of the paper are presented. Then, an experimental augmented version of the EKF is introduced and
compared to the version developed in the paper.

5.1. Initial filter setup and tuning

For completeness, this section shows the primary pointing mode that is mentioned in Section 2.4 of the
paper. The option to first point primary and then point secondary could be motivated by the apparent size
of the primary in the image, making it a viable option at very far distances when the secondary is hard
to resolve in the image. At the altitudes considered in the reference trajectory, both asteroids are well
visible in the images. The results for pointing primary are compared to pointing secondary in Figs. 5.1, 5.2,
and 5.3.

In primary pointing mode, the navigation system points towards the primary until the number of asteroids
detected in the image goes to one, after which the spacecraft reorients itself to point at the secondary. The
reorientation maneuver is implemented as an instantaneous change in the attitude of the spacecraft. The
sudden increase in the 30 bounds that is observed around 3000 seconds when pointing secondary, and
around 5000 seconds when pointing primary, indicate the switching point where the number of asteroids in
the frame decreases to 1. The graphs indicate that the switching point is earlier for pointing secondary
than for pointing primary. This is mainly caused by the size of the primary asteroid. If the pointing is at the
secondary, the primary will quickly touch the edges of the frame, disqualifying the measurement associated
with the primary. If the spacecraft points at the primary, the chance that the secondary is out of the frame
is smaller because it is a much smaller asteroid.

There are also substantial differences in the estimation error in the X-direction. This is the result of
the ellipsoid shape model mismatch between the 3D model for the primary in PANGU and the ellipsoid
shape model in the measurements model. To get a complete understanding of the mismatch between the
ellipsoid shape model and the 3D model for the primary, many simulations from different angles must be
done. However, for this particular trajectory the ellipsoid shape model matches the secondary better than
the primary. After the switching point at about 5000 seconds, the spacecraft reorients itself and points at
the secondary asteroid, switching out the primary ellipsoid model for the secondary ellipsoid model. The
difference between the two simulations becomes negligible because they are effectively the same from
that point onwards.

5.2. Laser range finder model mismatch estimation

The LRF measurements model is a source of errors in the state estimation process due to the mismatch
between the ellipsoid shape model and the true asteroid shape model. An attempt is made to reduce this
error by estimating the mismatch as a parameter in the filter. The EKF converges without the LRF as well,
as long as both asteroids are in the image. This is shown in Section 2.4 of the paper. The underlying
idea for this model mismatch parameter estimation is that the combination of two visible asteroids gives
additional ranging information, which can be used to augment the LRF measurement.
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Figure 5.1: I-frame position estimation errors, Figure 5.2: [-frame velocity estimation errors,
including error 3o bounds. Pointing secondary including error 3¢ bounds. Pointing secondary
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5.2.1. Mismatch parameter characteristics

The mismatch depends on the specific point of contact of the LRF. The mismatch is calculated for every
simulation in the initial position sensitivity study in Section 2.5 of the paper to better understand its behavior.
This yields one different value for the mismatch at every timestep, each associated with one run. Of these
mismatch values, the mean and 3¢ bounds are shown for every time step in Fig. 5.5. The convergence
of the 30 bounds is explained by the trajectories becoming more and more similar as time progresses,
because the target position is the same for each run. If the final position would be different, this graph would
have looked completely different. Because of this uncertainty, no dynamic is assigned to the mismatch
parameterb rr. The white process noise associated with the LRF mismatch parameter, 7 rr mm is a tuning
parameter in the EKF.

5.2.2. Extended Kalman filter changes
The state vector is adapted to include the mismatch parameter b rf:

. T
w:(rfB 717 bace,n bLRF) (5.1)

and the propagation equation is updated:

#18
F1B Nacc
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0 0323  Osgz 1

(5.2)



5.2. Laser range finder model mismatch estimation 73

%1073
~ ! , 1007
g 2k Paint sec. No mismatch estimator
o N N _Pomiﬂml' c 24 - Mismatch estimator
X 0 - —== —
3 R S At SN otk bt 0
R / 4 PEESE S e i i —
200 _
4 | 50
-100 I I I I I }
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
%1073

50 }\ T

: : ’ : ! ! -50 L I I . . i
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000

50
N —

£ B '\“““»—-—-»_-__‘______
N O W
N R
l —————— _\\..4———-'“"'_—’_
| ‘ ‘ ‘ ‘ ‘ | 50 / i i i j i !
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
time, s time, s
Figure 5.3: B-frame accelerometer bias Figure 5.4: /-frame position estimation errors,
estimation errors, including error 30 bounds. including error 30 bounds. EKF without LRF
Pointing secondary compared to pointing primary. mismatch estimation compared to the EKF with

LRF mismatch estimation. Pointing secondary.

The measurement model for the LRF is updated to include both the ellipsoid model and the mismatch
parameter:

z=h(z,u) =rRF = HTEL - TfZBH + bLRrF (5.3)

and the new Jacobian becomes:

H, = = 0123 O1p3 1 (5.4)

5.2.3. Tuning and results

There are now two tuning parameters associated with the LRF measurement: the o, re parameter in the R
matrix of the measurement update, and the o rr,mm parameter in the @ matrix of the propagation step.
The value of o rr,mm determines the convergence of the 30 bounds of b rr. Because there is no prior
knowledge about the behavior of b rf, it is desired that its uncertainty remains constant. By tuning it is
found that with o rr,mm = 0.15 m/s, the uncertainty in b grr remains constant. For o gf, a value of 5 mis
found to give satisfactory results.

This updated version of the EKF is tested on the default trajectory. The result is compared with the
original version of the EKF in Fig. 5.4. The two EKFs perform roughly the same in the Y- and Z-direction
where the camera is responsible for the majority of the state estimation. The real difference between the
two EKFs is shown in the X -direction where the LRF measurement dominates the state estimation. There
is a marginal improvement in the state estimation performance, although the EKF with LRF model mismatch
estimator is not capable of removing the LRF model mismatch. During the first 3000 seconds of the flight
both asteroids are visible in the camera images and there is extra information in the measurements to
perform the estimation of b re. Still, the EKF does not succeed in doing this, indicating that this approach
is not successful.
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Figure 5.5: LRF model mismatch for the Figure 5.6: Trajectory of the primary, secondary,
simulations in the initial position sensitivity study and the spacecraft in the reference landing
in Section 2.5 of the paper. The mean value of scenario. Note that the illumination conditions are

the mismatch and the 30 bounds are shown for all favorable due to the low sun phase angles.

simulations that reach below 600 m altitude. Only
pointing secondary is considered.

As a final test, the performance of both EKFs is evaluated when pointing at the primary asteroid first,
followed by the reorientation maneuver once the visibility of one of the asteroids is lost. The results are
shown in Fig. 5.7. The EKF with LRF model mismatch estimator now performs worse than the default EKF
without it, once again confirming that this approach is not successful.

5.2.4. Conclusion model mismatch estimation

The approach described in this section does not yield satisfactory results. It is most likely not possible to
accurately determine the LRF model mismatch b re with the available measurements. If the default EKF is
used in the midpoint pointing mode, the state estimation is performed without the LRF until the switching
point is reached where the secondary pointing mode is enabled. Before the switching point around 9000 s,
the state estimation uncertainty in the line of sight direction (X -direction, Fig. 5.6) is rather large as can be
seen in Fig. 5.8. The uncertainty in the X -direction is in the order of hundreds of meters. It is not possible
to estimate b rr, which is in the order of tens of meters (Fig. 5.5), if the uncertainty in the X-direction is in
the order of hundreds of meters.

Concluding the work presented in this section, it is clear that when only two optical measurements of
the asteroids are used, the uncertainty in the line of sight direction is much larger than the errors in the
LRF ellipsoid model mismatch. Therefore, the method to estimate the mismatch parameter in this section
is not successful.
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Verification and Validation

All experiments in this work are carried out in a simulated environment. It is crucial to understand the
limitations and assumptions that have been made to construct the simulated environment, to put the
results in context. This chapter first summarizes the steps that have been taken to verify the correct
implementation of the components in the simulator in Section 6.1. Finally, the validation steps that have
been taken to validate the results, as well as those validation efforts that still need to be done to validate
the navigation filter, are given in Section 6.2.

6.1. Verification

6.1.1. SPICE kernel

The SPICE kernel is implemented in the simulator as a block that returns the asteroid and Sun position,
velocity, and orientation for a given moment in time in the Modified Julian Date format. By selecting a long
enough simulation time, the rotation period of the primary and secondary, as well as the orbit radius of the
secondary can be calculated. These are all verified to be consistent with the values in [59].

The spin pole of the primary is parallel to the secondary orbital spin pole. This is verified by calculating
a vector normal to the orbital plane of the secondary around the primary. This orbital plane is defined by
three points along the orbit of the secondary. Each point is taken one third of an orbital period after the
other. The rotation axis of the primary is found to be parallel to the vector normal to the orbital plane of the
secondary around the primary, thus the rotation of the primary is implemented correctly.

The secondary asteroid is verified to complete one full revolution around the primary in the period
stated in [59]. Its spin pole is also confirmed to be parallel to that of the primary.

6.1.2. Solar radiation pressure

A manual check is done to verify that the solar radiation pressure force points in the direction away from
the Sun. First the unit vector from the spacecraft to the Sun is calculated. Then the normalized solar
radiation force is calculated. The dot product of these two vectors is found to be -1, proving that the solar
radiation pressure indeed acts in the opposite direction of where the light from the Sun is coming from.

6.1.3. Gravity fields

During the set-up of the scripts that calculate the polyhedron gravity model lookup tables, intermediate
results have been plotted time and time again to verify that the solutions were as expected. One key
verification test that is done is to make sure that the polyhedron gravity model approximates the point mass
gravity model at far distances. The result of this test is found in Section 4.1. The polyhedron gravity model
indeed approximates the point mass gravity model at distances beyond a couple hundred meters distance
from the asteroid surface.

The polyhedron gravity model is calculated for a mesh grid of points that encapsulates the region that
the spacecraft could possibly reach within the simulations. Linear interpolation is used to calculate the
gravity at every point in between the grid points. The polyhedron gravity model is not defined within the
3D polyhedron model itself, and a function is built into the gravity model lookup-table calculation script to
check for every grid point whether it is inside the 3D polyhedron model.
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To verify that the orientation of the polyhedron gravity model is correct, the 3D model that is used
to construct the polyhedron model is imported into MATLAB with the patched polygon drawing function.
Then, all points that are found to be within the hull of the 3D polyhedron model during the calculation of
the gravity lookup-tables are visualized in a point cloud graph and compared to the 3D model. The point
cloud is found to perfectly match the 3D model, verifying that the orientation of the 3D model as used in
the polyhedron gravity model is the same as what is used in the 3D model itself. What is used in the 3D
model itself is also used in PANGU, thus this check makes sure that the primary and secondary asteroid
gravity models are aligned with the visuals in PANGU.

6.1.4. PANGU

To test the setup of the virtual scene in PANGU, a test is designed in which the secondary asteroid casts a
shadow onto the primary asteroid. The goal of this test is to verify the implementation of the 3D models in
PANGU, and whether the shadows that PANGU produces are correct. The result is shown in Fig. 6.1. The
shadows look as expected, verifying this aspect of PANGU.

There are many more aspects to a camera simulator such as PANGU that are not covered here.
The lens model, inclusion of effects such as chromatic aberration, vignetting, and radiation noise are all
examples of camera specific properties that are not tested here. Besides this, the light metering settings of
the camera are not considered. All these details must be carefully investigated in future work to make
sure that the PANGU environment is indeed representative for the real asteroid environment. For the
purposes of this research, this level of verification is sufficient to design the navigation system and to prove
the working principle of the navigation concept.
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Figure 6.1: Image taken during the Figure 6.2: Size in px? of the three largest regions
PANGU test, showing the shadow cast by detected at every timestep of the reference trajectory
the secondary onto the primary. simulation.

6.1.5. Image processing

The image processing algorithm extracts estimates for the center of figure locations of the asteroids.
Several tests are done to verify that the algorithm indeed performs as intended. The image processing
algorithm is given in Algorithm 1.

Classification

The classification refers to the assignment of the label 'primary’ and 'secondary’ to the detected regions of
pixels, step 5 of Algorithm 1. A test is setup in which only one pixel is white. This white pixel is placed at the
middle point between the expected center of figure locations of the two asteroids. The pixel is then moved
one pixel in the direction of the primary or the secondary, which should yield two different classification
results. This is indeed the observed behavior.
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Algorithm 1 Image processing

1: Convert the image to grayscale.
2. Binarize the image. Every grayscale pixel is converted to either 1 (white) or 0 (black). The threshold
that determines to which group a pixel belongs is set using Otsu’s method [61].
3: Fill holes in the image. A hole is defined as a set of background pixels that cannot be reached by filling
in the background from the edge of the image.
4. Extract the area, centroid location, and bounding box of each 8-connected object in the binary image.
5: Assign the label 'primary’ or 'secondary’ to each detected object based on the minimum distance
between the object centroid and the predicted projection of the primary and secondary center of mass.
6: Sort the objects within the primary and secondary lists by their area. Select the largest two objects
from each list.
7: Apply the Sun phase angle correction .. to the largest object corresponding to the primary asteroid.
8: Discard the objects if their bounding boxes overlap each other. Stop simulation.
9: Discard objects if their bounding box touches the edges of the frame.
10: Discard all measurements if the distance between two consecutive pq.s is beyond a threshold value.

Another test is done by placing a region of two pixels close to the expected center of figure location
of the primary, followed by another region of only one pixel in the vicinity. The algorithm then assigns
the label ’primary’ to both of these regions, and selects the centroid of the largest region as the center of
brightness of the primary. This is the expected behavior, as only the largest region that is detected for
each asteroid is considered as a possible measurement.

The assumption that the largest detected region is representative for the whole asteroid is only valid if
this largest region is much larger than any other smaller regions. These smaller regions can be detected
in the shadow regions around the edges of the asteroid at higher Sun phase angles. For the reference
trajectory, the size of the three largest regions during the whole landing trajectory are shown in Fig. 6.2.
The third largest region is indeed always much smaller than the other regions, thus the approach is justified.
Interesting to note is that the orange line, corresponding to the 2nd largest region, grows as the spacecraft
gets closer to the secondary. The large jump in the area of the largest region towards the end of the
simulation is explained by the primary asteroid returning back in the frame.

Sun phase angle correction factor

The Sun phase angle correction is at step 7 of Algorithm 1. To verify that this correction is indeed helpful
and brings pcob Closer to peof, the mean Euclidean pixel distance between the true center of figure p.os and
the estimated center of figure p.or is compared:

z ||pcof - ﬁcof”i

Mean Euclidean pixel distance = % (6.1)

Now pcor is either pgop, Or the version corrected with 0. This analysis is carried out for the reference

trajectory. The mean Euclidean pixel distance for the primary asteroid reduces from 3.24 px to 1.75 px

when the correction factor is applied. For the secondary asteroid however, the mean Euclidean pixel

distance increases from 2.88 px to 3.30 px when the factor is applied. This shows that the correction factor

is indeed not suitable for non-spherical shapes, and therefore it is chosen that the correction factor is only
applied to the primary asteroid.

Discarding of measurements

Steps 8, 9, and 10 describe events that lead to the measurement being discarded. These steps rely on
simple functions that are tested with an edge case to verify their working. For example, the overlap of
bounding boxes can be easily simulated by creating two overlapping bounding boxes and giving these as
input for the function that checks whether they overlap.

6.1.6. Laser range finder
The LRF measurement model uses the ellipsoid-line intersection to calculate the expected LRF mea-
surements. A test is set up in the simulator to check that the implementation is correct. For this test,
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the spacecraft is placed at a fixed distance of 500 m from the secondary asteroid center of mass. The
spacecraft points at the center of mass of the secondary and the LRF measures the distance to the surface.
The secondary then completes one full revolution around its center of mass. The experiment setup is
visualized in Fig. 6.3. The LRF measurements are then compared with the expected measurements from
the ellipsoid measurement model. An image taken by the navigation camera during this experiment is
shown in Fig. 6.4. By subtracting the LRF measurement from the altitude, the distance from the center of
mass to the surface of the asteroid is obtained. With a full revolution of the asteroid, a slice of the asteroid
3D model is obtained. The same can be done for the ellipsoid model. Two tests are done, each test
represents a different axis of rotation for the asteroid. These results are shown in the form of a polar plot in
Fig. 6.5. The ellipsoid model captures the overall shape of the asteroid, and its orientation is also correct.
This test verifies that the LRF measurement model is implemented correctly.
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X z
Figure 6.3: Sketch of the LRF verification Figure 6.4: Image taken during the laser range
experiment. The secondary asteroid completes finder test. The spacecraft is 500 m away from
one full rotation around one axis. the center of mass of the secondary asteroid.
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Figure 6.5: Polar plots comparing the LRF measurement from PANGU (blue) and the ellipsoid
measurements model (orange). Radial distance in m.



6.2. Validation plan 81

6.1.7. Extended Kalman filter
The EKF implementation is verified in multiple ways. First, the propagation step is verified. Then, the
consistency of the filter is verified through use of ideal measurements with known noise characteristics.

Propagation step verification

The propagation step is verified by tweaking the simulator to represent the dynamics as they are imple-
mented in the EKF. This is done by replacing the polyhedron gravity model with a point mass gravity model.
Then, the noise is removed from the input by disabling the accelerometer noise and velocity random walk.
The EKEF state is initialized without error. Over the four hour trajectory, position errors in the order of 0.1
m are accumulated, along with velocity errors of around 0.02 mm/s. This difference is explained by the
different numerical integration schemes in the dynamics block and in the EKF. The EKF uses the forward
Euler integration scheme, whereas the simulator automatically selects a numerical integration scheme
using the automatic solver selection option in Simulink. For the accelerometer velocity random walk there
is no difference between the simulator and the EKF because the noise that drives the process is turned off.
This test verifies the correct implementation of the dynamics in the propagation step.

Consistency verification

The consistency verification is briefly mentioned in Section 2.4 of the paper. The consistency requirements
are stated once more: the estimation errors (i) are zero-mean, and (ii) have a covariance matrix smaller or
equal to the one calculated by the filter [62].

Two verification simulations are done with ideal measurements. These simulations are identical, with
one exception: in the second simulation the primary asteroid measurement is ignored. This means that
even if the primary is visible in the camera image, no measurement is used in the EKF. The error signals of
the two simulations are tested against the consistency requirements for both simulations. For the position
estimation errors, the mean of all individual components stays within &+ 2 m. For the velocity estimation
errors, the mean stays within 4+ 0.02 m/s. For the accelerometer velocity random walk estimation errors,
the mean stays within + 3e-5 m/s2. It is expected that for more simulation runs, this mean tends to zero.

Now the covariance requirement is tested. If the estimation errors follow a Gaussian distribution with
zero mean and a variance of at the maximum that calculated by the EKF, the chance that for example
the X -position estimation error lies inside its 30 bounds at a given time step is 0.9973. For every filter
state, the percentage of data points that lies within the EKF’s calculated uncertainty bounds is shown in
Table 6.1. The expected percentages based on the theory are 68%, 95%, and 99.7%, for 10, 20, and 30,
respectively.

Both the error means and covariances indicate that the EKF is close to consistent. However, the data
of only two simulation runs is very limited and therefore it is not possible to draw a definite conclusion about
the filter consistency based on the data presented here. If the filter is indeed inconsistent, an observability
analysis such as [63] could be applied to this problem to determine the cause of the inconsistency and
potentially mitigate it.

6.2. Validation plan

Validation is required to ensure that the results in this work match the results in reality. Because of the
reality gap between the simulator and reality, a working solution in the simulator does not necessarily
perform the same in a real space environment with real hardware. No validation testing is done with the
setup as described in this work. Therefore, this section provides a validation plan that needs to be carried
out in future work to validate the results. First, an overview of several assumptions that have been made
in the simulation model is given. Then a plan to validate the image processing is given, followed by a
comparison of the results in this paper with independently published work in literature. Finally, a plan to
validate the full system is given.

6.2.1. Assumptions

To build the simulator, assumptions are made which cause a difference between the results obtained in
the simulator and reality. The impact of an assumption must be assessed to understand the impact they
have on the results.
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Table 6.1: Error signal characteristics for two simulations with ideal measurements that only include white
noise. There are 95721 data points in each simulation.

Primary + secondary Secondary only

% within 10 % within 20 % within 30 % within 10 % within 20 % within 3¢
X 67.4063 94.8820 99.5205 70.7629 94.0744 99.7911
Y 71.2560 96.8168 99.9582 55.5030 87.1000 98.0715
Z 60.9177 93.6754 96.9098 59.6118 89.8340 99.3680
Vx.i 60.2229 92.8709 100.000 65.6972 92.7257 98.4152
Wy 64.9325 94.2865 99.8600 55.6900 87.7707 97.5763
Vz. 62.7689 93.3108 99.9582 64.6828 93.8707 99.8297
bace,x,B 65.0098 89.2803 98.9219 61.8046 89.7953 98.2836
bace,v.B 61.6866 95.3751 100.000 64.6504 96.2662 100.000
bacc,z,B 64.3130 97.0414 99.2008 68.2097 94.4035 99.2154

Column mean 64.2793 94.1710 99.3699 62.9569 91.7601 98.9501

In Section 4.1, an analysis of the perturbing forces on the spacecraft in the binary asteroid environment
is presented. This analysis is crucial to understand the impact of the assumptions that are made, such as
the neglecting of third body gravity effects.

A cannonball model is used to model the SRP. The cannonball model considers the spacecraft to be a
sphere and as a result the attitude of the spacecraft is not part of the SRP calculation. Every part of the
(non-variable) surface area has the same reflective properties. An analysis on the impact of assuming a
cannonball SRP model on the spacecraft dynamics in the vicinity of a binary asteroid environment is given
in [64]. This work shows that the differences between the cannonball model and more elaborate SRP
models can be as large as 500%. These are extreme cases where the combination of model parameters
is such that the differences between the models are highlighted, but it does show the significance of the
error that could be introduced with this simplification. The differences in SRP are mainly relevant for the
trajectory of the spacecraft. The dynamics in the EKF do not depend on a model for the SRP and instead
directly measure the acceleration of the spacecraft.

In the current implementation, sensor misalignments are not considered. Through calibration efforts,
an attempt is made to reduce the impact of sensor misalignments. However, the remaining (small)
misalignment must still be accounted for, and are often not constant throughout the duration of the mission.
Therefore, methods to estimate the misalignments online are implemented in reality.

The pointing at the desired asteroid, or at the midpoint in between them, is enforced in the simulator by
exploiting knowledge of the true state. In reality, this is not possible as the true state is unknown. Instead,
the attitude from the attitude determination system with its star trackers and rate gyros should be used as
an input to the pointing algorithm. This attitude knowledge can be combined with the line of sight of the
asteroid obtained from the navigation camera images, to create an online pointing algorithm. Assuming
perfect pointing is convenient for the purpose of navigation filter development, but the system should
always be tested in combination with an online pointing algorithm to make sure that the interaction between
the two systems is stable.

All these points are reasons to believe the results in this work are not completely representative for
the performance of the navigation system in a real environment. The following validation plan is made to
mitigate the uncertainty in the results.

6.2.2. Pseudo-validation with literature

A comparison with other results from literature is not a true form of validation. Such a comparison with
results in literature is therefore referred to here as pseudo-validation. A one-to-one comparison with results
in literature is difficult to make because everyone uses a different set-up. Part of this work is however
comparable to a study on vision-based navigation. Torre (2021) proposes an angles-only navigation
solution that relies on cameras, without using a LRF [28]. The spacecraft is positioned at the Lagrange
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Figure 6.6: "Position estimation error components and respective 1-c uncertainty.” [28]

point L4 in the binary asteroid system Didymos, with excellent angular separation of the asteroids resulting
in an observable state. These results from literature are best compared to the results for pointing at the
midpoint in between the asteroids. This leads to a similar measurement set-up, without an LRF and with
two LOS measurements to the two asteroids.

The spacecraft in [28] always stays at L4 at about 1.3 km from the secondary, while in this work
the spacecraft is continuously moving towards the secondary asteroid. Therefore, the results are best
compared when the spacecraft is at a similar distance from the secondary. This is around t=10500 s. The
results as presented in [28] are shown in Fig. 6.6. The results for the simulation run in which the camera is
pointed in the midpoint between the asteroids is shown in Fig. 6.7. Unfortunately one of the asteroids has
already left the camera frame at t=10500, which triggered the reorientation maneuver. This is solved in
[28] by using multiple cameras. The final time where pointing at the midpoint is still used is therefore used
for the comparison.

The 10 state estimation error uncertainty for the method presented in this work is 20, 8, and 5 m for the
X-, Y-, and Z-axes, respectively. These values are comparable to the best-case performance shown in
Fig. 6.6. The solution in [28] is estimating the position for a much longer time horizon, which also includes
eclipse periods during which the image processing is struggling much more than in the near-optimal lighting
conditions assumed in this work. The results are very similar between the two navigation systems which
is reason to believe that the navigation system presented in this work is implemented correctly. This
comparison only provides pseudo-validation of the vision-based part of the navigation system.

6.2.3. Image processing validation

Image processing plays a crucial role in the navigation system of the spacecraft. Validating its performance
on-ground is difficult because the space environment is not easily replicated. ESA’s GNC Rendezvous,
Approach and Landing Simulator (GRALS)', depicted in Fig. 6.8, is an excellent candidate to validate the
image processing part of the navigation system without going to space. The robotic arm can be equipped
with cameras and ranging sensors, and is attached to a 33 meter long moving track. The testbench
is specifically designed to simulate the close approach and landing on uncooperative objects, such as
asteroids.

Validation testing with GRALS could be the final on-ground validation step, after testing with camera
simulators such as PANGU and asteroid images from previous missions. This is still not a form of true
validation because reality will inevitably be different than what is in GRALS as well.

"https://www.esa.int/ESA_Multimedia/Images/2018/05/GRALS_Testbed, last accessed 2023/03/21
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switching to secondary at t=8690 s.

6.2.4. Full system validation

Several major assumptions have been made in this work. For example, the attitude and pointing side of the
GNC problem is completely left out. The solar radiation pressure and gravity field will exert a disturbance
torque on the spacecraft as well, which is currently not modeled. The thrusters and their dynamics, the
sloshing of fuel, and the vibrations and flexible modes of the spacecraft are all relevant characteristics of
the spacecraft. Full system validation should be conducted to look after all these aspects.

To validate the navigation system in a relatively low-risk manner, fly-bys with other Solar System bodies
on the way to the target asteroid could be exploited to test the navigation system. This method was also
used by Rosetta when it flew past (2867) Steins and (21) Lutetia [65]. On-board optical measurements
were used to navigate the spacecraft such that it met the requested fly-by conditions.

Ideally, the object used for the fly-by validation run is very well documented. This includes a precise
shape model and ephemeris. The environment of this asteroid can then be recreated in the simulator,
and the navigation performance is compared between reality and the simulator. Because the asteroid
that is used for the validation is well documented, the expected errors can be calculated in the simulator.
These errors can then be compared to those found in the real spacecraft navigation system, validating the
navigation system.

84



—art [V

Closure






Conclusions

The ongoing interest in asteroids keeps researchers and space agencies occupied with the quest for
improved navigation systems. Autonomy is identified as a key technology to reduce mission cost while
simultaneously improving the capabilities of the spacecraft in terms of safety and operational return. Vision
based navigation has proven to be a reliable method to fulfil the navigation needs of spacecraft in the
vicinity of asteroids, and will continue to evolve over time.

The development of vision based navigation systems for asteroid navigation poses many challenges.
The differences between the simulated reality and the real asteroid environment if one of these challenges.
The complexity of creating realistic visuals in a simulator and the required validation task that comes with it,
and the complex dynamics of the asteroid environment are prime examples of why it is difficult to recreate
the asteroid environment in a simulator.

With careful consideration of the limitations of the simulated asteroid environment, the door to the
development of incremental improvements of state-of-the-art navigation systems is opened. This work is
an example of such an incremental improvement, which combines the outcomes of several other research
works.

Closing remarks on the main findings of this work are given in Section 7.1, followed by the answering of
the research questions in Section 7.2. Finally, recommendations for future work are given in Section 7.3.

7.1. Closing remarks

Traditional asteroid navigation systems have shown great success by enabling spacecraft to execute their
scientific mission tasks. Prime examples are asteroid sample return missions such as JAXA’s Hayabusa-1
and NASA’s OSIRIS-REx. These missions demonstrate the current capabilities of asteroid navigation.

This research extends the current scientific body on asteroid navigation by investigating an autonomous
navigation system that relies on minimal prior knowledge about the asteroid. On top of this, a minimalistic
and low-cost hardware setup is considered. The navigation system is developed from the ground up to
take advantage of the presence of multiple asteroids within a binary asteroid system.

The results of the work show that the navigation performance of the developed system is satisfactory
for the requirements set in the NEO-MAPP study. Furthermore, it is shown that the navigation can also
be performed in the case of a failure of the laser range finder, although the performance deteriorates
significantly.

The image processing algorithm is identified as a key sensitivity of the navigation system. The image
processing task is complex due to challenging lighting conditions at high sun phase angles, asteroids
overlapping in the images, and irregularly shaped asteroids. The sensitivity study in this work shows that
the navigation system is robust to changing illumination conditions, but the performance is impacted.

7.2. Research questions

The research objective and research questions posed in Section 1.3 form the pillars of the research work.
The research objective is:
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Research Objective |

Investigate how an autonomous spacecraft can determine its absolute position and velocity in
proximity of a binary asteroid by using vision-based navigation.

which led to the six research questions. Each of these six research questions will be briefly answered
below, concluding the work that is done to fulfil the research objective.

Research Question 1 |

What is the state of the art of navigation around asteroids?

The state of the art of navigation around asteroids is split in the historical missions described in Section 3.2,
and recent advancements in the scientific literature described in Section 3.3 and Section 2.1 of the paper.
Historic missions relied heavily on radiometric tracking for the approach phase, followed by a precise
characterization phase once in the vicinity of the asteroid. For close proximity operations, autonomous
navigation without Earth-based measurements is made possible by exploiting the information gathered in
the characterization phase.

Recent work has focused on increasing the autonomy of the spacecraft navigation system by relying
more on measurements relative to the asteroid that are obtained locally. Swarms of spacecraft collaborating
together to navigate an unknown environment is also a concept that is gaining attention by the scientific
community. Al techniques show great potential in the field of asteroid navigation as well, but verification
and validation remain a point of concern. One reason for this is that the unknown aspects of the asteroid
environment must somehow be accounted for, without overfitting a solution to the environment assumed in
the training dataset. The exact workings of Al-based methods is often not very well understood, because
the connections and patterns it recognizes in the training data is captured in a condensed form, for example
in the weights of a neural network. With traditional methods, it's therefore most likely easier to say with
high certainty how the navigation solution will respond to an edge case, whereas for Al-based methods
this is more challenging.

Research Question 2 |

What are the requirements for a simulator that can be used to develop the navigation system?

RQ 2 is answered in Section 4.1 and Sections 2.2 and 2.3 of the paper. An analysis of the relevant forces
and the fidelity of the components of the simulator is essential to understand the validity of the results that
the simulator produces. A key component in the development of a vision based navigation solution is the
camera simulator. Naturally, verification and validation of the camera simulator is essential to be confident
in the results it produces. This process is described in Chapter 6.

Research Question 3 |

What prior knowledge about the asteroid environment is required to estimate the spacecraft state
with a given sensor suite?

RQ 3 is answered in Sections 3.3 and 3.4 and Section 2.5 of the paper. The required prior knowledge
depends on the navigation concept. For kinetic impactors such as DART, knowledge of the distance to the
asteroid is not as important as for a mission that involves a controlled landing. This allows the navigation
system for kinetic impactors to require much less knowledge about the target body compared to other
asteroid missions. For autonomous close proximity operations, traditional methods use extensive prior
knowledge in the form of a shape model, gravity model, and often a library of known landmarks. Recent
developments try to avoid this dependence on prior knowledge by deploying Al-based methods, or by
exploiting new navigation systems with swarms of spacecraft.
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Research Question 4 |

What are the performance requirements for the navigation system, and how do these require-
ments change during the iterative design process?

RQ 4 is answered in Section 3.4 and in Section 2.5 of the paper. The default requirements are set by
the study NEO-MAPP study. The 30 position knowledge error for any axis shall be below 10% of the
distance to the target asteroid. The initial distance to the asteroid in the I-frame shall be in the range [5,8]
+ 0.05 km. The initial velocity in the I-frame is in the range [7,14] + 10% cm/s. The final altitude above
the outward facing pole of the asteroid during the high altitude phase shall be such that the low altitude
navigation system can take over.

Initially the final altitude was set to 300 m, which is the point at which the secondary asteroid fills the
FOV of the camera. Because the spacecraft approaches towards a point on the outward facing pole of the
secondary asteroid, the primary will inevitably show behind the secondary. The current implementation
of the image processing cannot handle images in which the bounding boxes around the asteroids are
overlapping, triggering an early shutdown of the simulation at about 550 m altitude for the reference
trajectory. This final altitude depends on the trajectory, but ultimately the overlap of the two asteroids
cannot be escaped with the current implementation of the pointing algorithm. This is the starting point of an
iterative process with the engineers responsible for the low-altitude phase of the landing. If their navigation
solution is compatible with the 550 m altitude (and some margin), there is no problem. Else, a solution
must be found such that the spacecraft can approach closer in the high altitude phase. For instance by
using a more sophisticated image processing algorithm that can deal with overlapping bodies.

Research Question 5 |

Which navigation systems can meet the performance requirements?

RQ 5 is partially answered in Sections 3.4 and 3.5 by exploring several navigation system options found in
literature. The stringent requirements on the sensors that can be used for the navigation already disqualify
many options. What remains is a quest to find the best possible performance by combining methods from
literature that exploit the sensors that are onboard of the NEO-MAPP spacecraft.

The performance of the navigation system developed in this work is now compared to the performance
requirements. In Section 2.5 of the paper, the sensitivity of the EKF to varying filter state initializations is
studied. The requirement from the NEO-MAPP study is 50 m uncertainty in the distance to the target, which
is tested with a 30 m uncertainty (10) on every position axis in the filter state. This uncertainty corresponds
to a 51.96 m uncertainty in the distance (V3 x 302). For the velocity a very conservative uncertainty of 5
m/s (10) is used instead of the required uncertainty that is in the order of cm/s. For the accelerometer
bias, a conservative uncertainty of 0.01 m/s? (1) is used. The EKF converges in 390 out of 400 tests with
these parameters. This indicates that it is very likely that the requirements of the study are met, given the
conservative uncertainties used in the sensitivity study.

Section 2.5 of the paper shows that the EKF has no trouble with starting distances in the range of [5,8]
km and starting velocities in the range of [7,14] cm/s.

There are most likely other navigation systems that can also fulfil the performance requirements.
However, only one working option is studied in this work. Future research could explore other options.

Research Question 6 |

What are the key sensitivities of the developed navigation system?

RQ 6 is answered in Section 2.5 of the paper. The key sensitivities are identified to be related to the
image processing and the quality of the shape model that is used in the measurements model of the
navigation filter. Other sensitivities might come to light when the simulator is further developed, or when
validation testing is conducted. The interaction between the navigation system and other components of
the spacecraft, which are currently not simulated, might bring other sensitivities to light.
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7.3. Recommendations

This section provides a brief overview of the primary recommendations for the future continuation of this
research project.

Include attitude control and estimation:

The pointing algorithm currently relies on the perfect knowledge of the state and asteroid ephemeris. This
is an essential part to obtain the camera measurements that are inputs for the EKF. In reality, this perfect
knowledge is not available and therefore the spacecraft must determine and control its attitude. The
desired pointing direction of the camera and LRF must be based on image data. Inclusion of such an
image-based pointing algorithm leads to a more complete understanding of the capabilities of a spacecraft
using this navigation system.

Improvements in the image processing

The issue of overlapping asteroids needs to be solved to increase the deployability of the navigation
system. The current image processing requires permanent separation of the two asteroids in the frame.
This limitation needs to be removed such that a wider range of approach trajectories can be flown and
robustness of the state estimation is improved. The detection of the center of figure for complex asteroid
shapes in challenging lighting conditions is another area of improvement. Possible improvements are to
exploit prior knowledge about the asteroid shape with a data-driven approach as proposed in [66], or by
using Al-based image processing such as proposed in [48]. More image imperfections should also be
tested to reach a more complete understanding of the capabilities of the image processing. This work
includes Gaussian blur, radial distortion, and salt & pepper noise. Many more imperfections are mentioned
in [67] which can also be tested.

Verification and validation

All experiments in this work are carried out in a simulated environment. It is crucial to understand the
limitations and assumptions that have been made to construct the simulated environment, to put the results
in context. A list of recommendations related to verification and validation is given in Chapter 6.

Online shape model estimation

With the addition of more sensors, most importantly a Lidar or multiple laser range finders, much more
information about the asteroid surface can be collected. While the navigation system does not necessarily
need a precise shape model, it could always be useful to improve the performance. The goodness of fit of
the shape model is identified to be one of the sensitivities of the current navigation system in Section 2.5
of the paper. The intersection of the LRF beam with a more precise shape model is described in [68].

Add more sensors

Adding more sensors potentially increases the robustness and performance of the filter. More LRF’s, or a
flash lidar could be added, as demonstrated in [20]. Adding a second camera allows the navigation system
to obtain LOS measurements of both asteroids without being limited by the FOV of a single camera. These
measurements can then be used with a triangulation technique, as presented in [28].

Explore other filter architectures

In this work the EKF is chosen for its simplicity and light computational load. In Subsection 3.3.2 many other
options are identified, each with their own advantages and disadvantages. It is worthwhile to investigate
how the different filter architectures compare in this particular problem.
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