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ABSTRACT

ROBUST RELATIVE NAVIGATION FOR SMALL SATELLITES USING
LINE-OF-SIGHT MEASUREMENTS

Kog, Elif
M.S., Department of Aerospace Engineering

Supervisor: Assoc. Prof. Dr. Halil Ersin Soken

January 2026, 142 pages

Relative navigation is essential for small-satellite formation flying, rendezvous, and
docking. Reliable state estimation must be achieved with limited sensing and non-
ideal measurements. This thesis investigates robust multiplicative extended Kalman
filtering for camera-aided relative navigation using line-of-sight (LOS) unit-vector
measurements. A relative dynamics model is fused with LOS observations to esti-
mate relative position, velocity, and attitude, along with gyroscope biases, in a two-
spacecraft scenario. The deputy (chaser) carries an onboard monocular camera, and
the chief (target) is equipped with active light sources (beacons) that enable LOS-
based measurement construction. A multiplicative attitude error representation is
used to preserve quaternion consistency and improve numerical stability. Robust-
ness is incorporated to mitigate the effects of faulty LOS observations through adap-
tive measurement downweighting, and two robustness mechanisms are considered: a
single global scale factor and multiple scale factors applied at the beacon level. Sim-
ulation studies under nominal and biased-measurement scenarios demonstrate that
robust filtering improves estimation accuracy and consistency under directional mea-

surement faults, with the multi-scale formulation providing the greatest benefit when



only a subset of beacons is corrupted, while the single-scale formulation is compet-
itive under common-mode corruption. These results support robust close-proximity

operations for small satellites.

Keywords: Relative Navigation, Line-of-Sight Measurements, Small Satellites, Ro-

bust Multiplicative Extended Kalman Filter, Pose Estimation.

vi



0z

KUGUK UYDULAR IGIN GORUS HATTI OLGUMLERI KULLANILARAK
GURBUZ BAGIL NAVIGASYON

Kog, Elif
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Bolimii

Tez Yoneticisi: Dog. Dr. Halil Ersin Soken

Ocak 2026 , 142 sayfa

Bagil seyriisefer, kii¢iik uydularin formasyon ugusu, randevu ve kenetlenme gorevleri
icin kritik oneme sahiptir. Sinirli algilama imkanlar1 ve ideal olmayan olciimler al-
tinda giivenilir durum kestiriminin saglanmasi gerekir. Bu tezde, kamera destekli ba-
81l seyriisefer i¢in goriis hatti birim vektor 6l¢iimlerini kullanan giirbiiz ¢carpimsal ge-
nisletilmis Kalman filtreleme yaklasimi incelenmektedir. Iki uzay araci senaryosunda,
bagil dinamik modeli LOS gozlemleriyle birlestirilerek bagil konum, hiz ve yonelim
ile birlikte jiroskop biaslar1 kestirilmektedir. Takip¢i arac iizerinde tek kamerali bir
kamera tasimaktadir. Hedef arag ise LOS tabanl1 6l¢iim olusturulmasina imkan veren
aktif 151k kaynaklar1 ile donatilmigtir. Kuaterniyon (dordey) tutarliligini korumak ve
sayisal kararlilig1 artirmak i¢in carpimsal yonelim hata gosterimi kullanilmaktadir.
Hatali LOS gozlemlerinin, 6zellikle yonsel (acisal) dl¢iim bozulmalarinin, etkisini
azaltmak amaciyla ol¢iim agirliklarini yenilik tutarliligina gére uyarlayan giirbiizliik
mekanizmalar filtre giincellemesine dahil edilmistir ve iki farkli yaklagim ele alin-
mastir: tek bir kiiresel dlcek katsayisi ve beacon diizeyinde uygulanan coklu dlcek

katsayilari. Benzetim calismalari, nominal ve yanh 6l¢iim senaryolar1 altinda giirbiiz
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filtrelemenin kestirim dogrulugunu ve tutarliligini artirdigini; 6l¢ctim bozulmalar1 be-
aconlarin yalnizca bir kismini etkilediginde ¢oklu-olgek yaklasiminin daha belirgin
fayda sagladigini, tiim beaconlar ortak bir bozulmaya maruz kaldiginda ise tek-olcek
yaklagiminin rekabetci oldugunu gostermektedir. Elde edilen sonuglar, kii¢iik uydular

icin hatalara kars1 dayanimli yakin mesafe operasyonlarini desteklemektedir.

Anahtar Kelimeler: Bagil Seyriisefer, Goriis Hatt1 Olciimleri, Kiiciik Uydular, Giirbiiz

Carpimsal Genisletilmis Kalman Siizgeci, Konum-Y 6nelim Kestirimi.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Problem De nition

The increasing availability of small satellites and low-cost spacecraft platforms has
accelerated interest in autonomous on-orbit operations such as formation ying, ren-
dezvous and docking, proximity inspection, and cooperative tracking. In these mis-
sions, navigation performance is not determined solely by the ability to propagate
an orbit, but by the ability to estimate relative motion and attitude accurately and
continuously using onboard sensors under practical constraints (limited mass, power,
computation, and sensor availability). Reliable relative state knowledge is a prereq-
uisite for safe closed-loop guidance and attitude control, especially when the target is

observed at close range and line-of-sight geometry changes rapidly.

Vision-based sensing is an attractive option in this context because a compact camera
can provide rich geometric information with minimal hardware complexity. When the
target carries identi able features (e.g., beacons), image measurements can be con-
verted into line-of-sight (LOS) direction observations and fused with inertial prop-
agation to estimate relative states. However, camera-based navigation is inherently
intermittent and non-ideal: measurements can be unavailable due to eld-of-view
constraints, occlusion, illumination conditions, or image-processing dropouts. More
critically, real image pipelines may occasionally output corrupted LOS updates (e.g.,
misassociations, spurious detections, or systematic angular bias), which violates the
nominal Gaussian measurement assumption and may in ate innovations enough to

degrade estimation quality or even cause lter divergence.
These realities motivate the need for a sequential estimator that respects the nonlinear
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geometry of attitude kinematics, supports multi-rate fusion between high-rate inertial
propagation and lower-rate camera updates, and maintains stable performance under
occasional measurement faults. In this thesis, the estimation framework is built on
a multiplicative extended Kalman Iter (MEKF), where attitude is represented by a
reference quaternion and a minimal three-parameter error state, which is well suited
to Kalman lItering implementations. The overall design is grounded in standard
optimal estimation principles (state/measurement modeling, covariance propagation,

and innovation-based correction).

In this thesis, spacecraft attitude and relative translational state are estimated in real
time by fusing inertial measurements with intermittent camera-derived LOS direc-

tion measurements to multiple target features. To ensure resilience against occa-
sional LOS measurement faults, a robustness mechanism is investigated and incor-
porated into the measurement update, where the update weighting is adapted when
innovation-based consistency statistics indicate an abnormal measurement condition.
The proposed estimation framework is studied in representative simulation scenarios
that include injected LOS corruptions, and its performance is evaluated in terms of

estimation accuracy and statistical consistency.

Scope and assumptions. This thesis focuses on the navigation and estimation prob-
lem after geometric measurements have been formed. Speci cally, the camera front-
end is assumed to provide associated line-of-sight (LOS) direction measurements to
known beacons on the chief; the image-processing steps required to detect features in
pixel coordinates, perform data association, and convert image-plane measurements
into LOS unit vectors are outside the scope of this study. Accordingly, the LOS mea-
surements are treated as unit vectors expressed in the deputy/camera frame and are

directly used in the Iter measurement model.

Both spacecraft are assumed to carry gyroscopes. The Iter uses inertial-rate infor-
mation to propagate the relative attitude estimate between camera updates, and it
estimates the gyroscope bias terms as part of the augmented state. No constraint is
imposed on the relative attitude between the chief and deputy; the estimation frame-
work is formulated for general relative orientation and relative motion, and the simu-

lation scenario is selected only to provide a representative time-varying measurement
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geometry.

1.2 Literature Review

Reliable relative navigation for on-orbit proximity operations typically requires the
joint estimation of attitude, angular rate, and relative translation using heterogeneous
sensors. Inertial measurements, such as those from gyroscopes, are frequently sup-
plemented by vector observations from star trackers, magnetometers, sun sensors, or
by image-derived line-of-sight data from monocular or stereo cameras. The nonlinear
nature of rotational kinematics and the evolution of the attitude state on a manifold ne-
cessitate careful estimator design. Speci cally, stable and numerically robust estima-
tion depends on the selection of attitude parameterization and error state, consistent
stochastic modeling and discretization, and robustness to measurement imperfections

such as bias and faults.

1.2.1 Attitude determination and nonlinear Itering

Modern spacecraft attitude estimation is frequently formulated as a combination of
continuous-time attitude propagation using gyroscope data and discrete-time mea-
surement updates from vector observations. The general theory of optimal state esti-
mation and Kalman Itering provides the foundation for this architecture, incorporat-
ing linearization principles, covariance propagation, and statistical consistency tests
[1]. Unlike generic Euclidean-state estimation, attitude estimation lacks a globally
nonsingular three-parameter description. Consequently, practical Iters either esti-
mate quaternions directly with explicit unit-norm enforcement or estimate a reference

guaternion with a minimal three-parameter attitude error state.

A signi cant advancement in this area is the systematic analysis of attitude error
representations for Kalman lItering [2]. Markley examines various error-state for-
mulations and demonstrates how small-angle error vectors can be incorporated into
guaternion-based Iters to maintain local linearity and avoid singularities. This ap-
proach is consistent with the broader literature on spacecratft attitude determination

and control, which highlights the geometric interpretation of attitude, the importance
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of quaternion kinematics, and the interaction between rotational dynamics and sen-
sor models [3]. In batch attitude determination, the classical approach of extracting
attitude from multiple vector observations is closely related to Wahba-type problems.
The TRIAD/QUEST family of algorithms is based on this framework, and early three-

axis solutions continue to in uence both standalone attitude determination and pre-
processing for sequential lters [4]. Shuster further discusses how QUEST-based
processing can be integrated with Kalman ltering, emphasizing modeling decisions

for sequential estimation from vector observations [5].

In relative spacecraft estimation, the Iter must account for the coupled dynamics
between two vehicles. Kim et al. present a Kalman- Itering framework that simulta-
neously estimates relative attitude and position, illustrating how inertial propagation
and measurement updates can be organized to support formation- ying applications
[6]. Beyond estimator design, observability is a critical issue: certain con gurations
of vector observations may not provide suf cient information to recover all states,
particularly when relative motion or excitation is limited. Sun and Crassidis conduct
a detailed observability analysis for six-degree-of-freedom con guration determina-
tion using vector observations, identifying the conditions for state observability and
emphasizing the in uence of sensor geometry and system dynamics [7]. These nd-
ings motivate both the selection of measurements and the design of maneuvers to

prevent unobservable or weakly observable system con gurations.

1.2.2 Vision-based geometry, photogrammetry, and camera calibration

When cameras are used as navigation sensors, the estimation problem expands from
attitude determination to the recovery of relative pose using image features. Clas-
sical photogrammetry establishes the link between image measurements and three-
dimensional geometry, encompassing models for image formation and the mapping
from pixel coordinates to spatial rays [8]. In computer vision, the multi-view geom-
etry framework formalizes epipolar constraints, projective models, and triangulation,
and continues to serve as a foundational reference for designing estimation pipelines

based on correspondences across frames [9].
Accurate camera calibration is essential, as geometric estimation is highly sensitive
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to intrinsic parameters such as focal length, principal point, distortion, and camera-
frame alignment. Tsai's calibration method is a widely recognized approach for high-
precision machine vision metrology, offering a practical baseline for mapping im-
age measurements into consistent bearing vectors [10]. In simulation-based research,
graphics rendering can generate controlled imagery for testing image-processing and
estimation pipelines. Standard graphics references provide the mathematical frame-
work for rendering and projection that aligns with the pinhole camera model used in

vision-based navigation [11].

Recent spacecraft applications increasingly utilize image-based estimation for both
navigation and control-related tasks. For instance, Felicetti and Emami investigate
image-based attitude maneuvers for space debris tracking, demonstrating the inte-
gration of visual measurements into guidance and control loops to address complex
target-tracking scenarios [12]. Collectively, these studies suggest that camera-based
relative navigation systems should be approached as integrated pipelines, in which
calibration and image processing directly in uence the quality of geometric measure-

ments, which, in turn, determine Iter consistency and control performance.

1.2.3 Vision-aided relative navigation for proximity operations

Vision sensors are widely used in close-range proximity operations, where relative
pose must be estimated at rates compatible with guidance and control. In cooperative
scenarios, the target can carry engineered markers or beacons, allowing the camera
measurements to be processed into line-of-sight (LOS) unit vectors or pose observ-
ables with well-structured geometry. Early work on vision-based rendezvous and
proximity operations established how bearing measurements can be integrated with
inertial propagation in a sequential estimator, and highlighted practical issues such as
measurement dropouts and the coupling between translational and rotational estima-
tion [13, 14].

Flight demonstrations further show that, even with cooperative targets, camera-based
proximity sensors operate under hard visibility constraints. In practice, relative navi-
gation measurements can be intermittent due to eld-of-view (FOV) limitations, oc-

clusions, unfavorable illumination, or temporary loss of detectable features. These
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effects can lead to time-varying measurement availability and non-Gaussian resid-
uals, which must be handled explicitly to prevent Iter inconsistency or divergence
[15].

For uncooperative targets, the measurement model generally depends on monocular
pose estimation from natural features, edges, or model-based rendering. Comprehen-
sive surveys indicate that robustness is primarily affected by real-image phenomena
such as background clutter, illumination changes, specularities, and feature misasso-
ciation, as well as by limited excitation, which can result in weakly observable direc-
tions in the relative state [16]. Hardware-in-the-loop and cooperative CubeSat dock-
ing studies also emphasize the necessity of robust outlier handling and conservative
covariance modeling when visual features are corrupted or temporarily unavailable
[17]. Collectively, these ndings motivate Iter designs that respect measurement
availability constraints, such as eld-of-view or visibility gating, and incorporate ro-
bust update strategies to address faults and outliers while maintaining statistical con-

sistency.

Relation to Perspective-n-Point (PnP) pose estimation. In cooperative settings
with known beacon geometry, an alternative to sequential ltering is solving the
Perspective-n-Point (PnP) problem at each measurement epoch, using the known
three-dimensional beacon coordinates together with their image observations to di-
rectly estimate the instantaneous relative pose by minimizing a reprojection error
[18, 19]. Robust variants of PnP often employ outlier-rejection strategies, such as
RANSAC-style sampling, to mitigate the effect of misdetections, misassociations, or

spurious measurements [20].

The present work addresses a closely related geometric problem, but with a differ-
ent objective and structure. Rather than estimating only an instantaneous pose from
a single camera frame, the proposed framework performs real-time sequential esti-
mation by combining inertial propagation with intermittent LOS direction updates.
This enables the estimator to maintain a continuous navigation solution through mea-
surement gaps and to estimate additional states that are not naturally produced by
per-frame PnP, including relative translational velocity, gyro-bias terms, and selected

chief orbital parameters. In this sense, robustness is introduced at the Iter-update
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level by adapting the measurement weighting based on innovation consistency statis-
tics, providing an estimation-side analogue to outlier-robusti cation in per-frame pose

solvers.

1.2.4 Propagation, discretization, and statistical consistency

Both absolute and relative spacecraft estimation require dynamic propagation models,
typically based on orbital mechanics and rigid-body dynamics. Standard references
in aerospace dynamics provide the analytical basis for modeling orbital and relative
motion [21, 22]. In practice, numerical integration is essential for propagating nonlin-
ear dynamics. Classical references on ordinary differential equation solvers discuss
the stability and accuracy of explicit Runge-Kutta methods, the impact of step size,
and error control [23]. Practical notes on orbit simulation further detail common

fourth-order Runge—Kutta implementations in orbital contexts [24].

For stochastic Itering, a persistent source of inconsistency is the mismatch between
continuous-time process-noise models and their discrete-time equivalents. When the
continuous-time system and noise are assumed to be constant over a sampling in-
terval, the discrete-time process noise covariance can be computed through integrals
involving the matrix exponential. Van Loan's method provides an ef cient and nu-
merically reliable way to compute these integrals, enabling consistent discretization
of continuous-time noise models in Kalman Itering [25]. This discretization step is
especially important in attitude estimation, where minor modeling errors in gyro noise

or bias dynamics can result in overcon dent covariance estimates or lter divergence.

Estimator credibility relies not only on point accuracy but also on statistical con-
sistency. Classical statistical references provide the basis for hypothesis testing and
innovation-based fault detection [26]. In practice, chi-square thresholds are widely
used to monitor innovation or residual statistics for outlier rejection and fault de-
tection, with tabulated critical values supporting their implementation [27]. This

is closely related to fault-tolerant estimation in ight control systems. Hajiyev and
Caliskan review diagnosis and recon guration strategies, while robust Kalman |-
tering methods explicitly account for measurement faults and sensor degradation

[28, 29]. These themes are patrticularly relevant for vision-aided navigation, where
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intermittent feature loss, misassociation, or biased image measurements can intro-

duce non-Gaussian errors that violate standard lter assumptions.

1.2.5 Summary

The literature provides a comprehensive overview of the eld. Quaternion-based atti-
tude representation is widely adopted, but effective sequential estimation depends on
careful error-state design to avoid singularities and ensure stable linearization [2, 3].
Relative con guration estimation adds complexity by coupling two-body attitude and
translation states and by introducing observability constraints that are sensitive to ge-
ometry and system excitation [6, 7]. The inclusion of camera measurements requires
explicit integration of calibration and projective geometry into the estimation pipeline
[10, 9, 8], and proximity-operations studies show that vision measurements are often
affected by intermittent availability and outliers that violate standard Gaussian as-
sumptions [15, 16].

1.3 Contributions and Novelties

The main contributions of this thesis may be summarised as follows:

A camera-aided relative navigation framework based on a multiplicative ex-
tended Kalman Iter (MEKF) is implemented to estimate spacecraft attitude
and relative translational states by fusing inertial propagation with intermittent
line-of-sight (LOS) direction measurements to multiple beacons.

A robust measurement-update mechanism is integrated into the MEKF using
innovation-based fault detection (NIS/chi-square) and adaptive covariance in-
ation. Two robust variants are implemented and compared: a single global
scale-factor MEKF and a multi-scale-factor MEKF .

The proposed estimators are evaluated in representative simulation scenarios,
including nominal (noise-only) conditions and injected directional LOS faults
applied over nite fault windows. Performance is assessed in terms of esti-
mation accuracy (RMSE) and statistical consistency (NIS), demonstrating the

conditions under which per-beacon scaling provides the strongest fault isolation
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and recovery.

1.4 The Outline of the Thesis

This thesis is organised into six chapters.

Chapter 1 introduces the problem, motivation, and scope, and summarises the main

contributions of the study.

Chapter 2 presents the background material, including the reference frames, attitude

kinematics, relative motion dynamics, and the camera/LOS measurement model.

Chapter 3 formulates the estimation approach, rst developing the baseline MEKF
and then introducing the proposed robust MEKF variants and the angular-bias fault

model.

Chapter 4 describes the simulation setup, including scenario de nition, initial condi-

tions, and sensor modelling for nominal and faulty measurements.

Chapter 5 presents and discusses the results, comparing MEKF, SSF-RMEKF, and
MSF-RMEKF using time histories, 3 bounds, RMSE, and NIS statistics.

Chapter 6 concludes the thesis and outlines future research directions.
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CHAPTER 2

PRELIMINARIES

2.1 Reference Frames

Reference frames provide a means to describe the orientation, position, and velocity
of a rigid body in space. The speci c reference frames relevant to this thesis are

introduced in the following subsections.

2.1.1 Earth-Centered Inertial Frame

Figure 2.1: Earth—Centered Inertial Reference Frame

An inertial frame is a frame that is non-accelerating and non-rotating (i.e. not moving
or moving with constant velocity). Newton's laws take their simplest form in inertial
frames, and although measurements are resolved in the body frame, quantities such
as ! b denote the angular velocity of B relative to the inertial frame, expressed in

B. The Earth-Centered Inertial (ECI) frame, whose origin coincides with the center
of mass of the Earth, is used widely in space applications and treated as inertial for

the time scales considered here (i.e., neglecting slow precession and nutation effects).
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ECI frame is illustrated in the Fig. 2.1, and its axes are de ned as:

The x-axis is directed toward the vernal equinox, which is the point where the
Sun's path crosses the Celestial equator.

The z-axis, which is pointed toward the North pole, coincides with the Earth's
rotational axis.

The y-axis completes the right-handed orthogonal coordinate system.

2.1.2 Spacecraft Body Frame

The spacecraft body frame is xed to the spacecraft, moving and rotating with the
body, i.e., a vehicle-carried reference frame. Its origin is the spacecraft's center of
gravity. Sensors such as gyroscopes, magnetometers, and sun sensors provide mea-
surements resolved in the body frame. The body frame is demonstrated in the Fig. 2.2.
The axes of the body frame can differ depending on the spacecraft's geometry. The
x-axis is called the roll axis, while the y-axis is called the pitch axis, and the z-axis is

called the yaw axis.

Figure 2.2: Spacecraft Body Frame
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2.1.3 Local Vertical/Local Horizontal Frame

The Local Vertical/Local Horizontal (LVLH) frame is attached to the spacecraft; how-
ever, its axes are conveniently aligned with the instantaneous orbit geometry. It can
function as the local navigation frame for attitude determination and control, partic-
ularly for satellites operating in a nadir-pointing con guration. The LVLH frame is

demonstrated in the Fig. 2.3, and its axes are de ned as [1]:

The y-axis points opposite to the orbital angular momentum direction.

The z-axis points downward towards the Earth's center; hence, it is nadir point-
ing.

The x-axis completes the right-handed orthogonal coordinate system, aligning
with the along-track direction (approximately the velocity direction for near-

circular orbits).

Figure 2.3: LVLH and Hill Frames

2.1.4 Hill Frame

Similar to the LVLH frame, the Hill frame is xed to the spacecraft. It is primarily
used for relative navigation and control purposes. It is also referred to as the Radial—
Transverse—Normal (RTN) frame. The Hill frame is illustrated in the Fig. 2.3, and its

axes are de ned as follows:

The x-axis is pointed outward in the spacecraft's radial direction.
The z-axis points upward, perpendicular to the orbital plane, coinciding with
the angular momentum vector.

The y-axis completes the right-handed orthogonal coordinate system.

13



2.2 Reference Frame Transformations

Resolving a vector within a speci c reference frame is necessary to give it physi-

cal meaning. Transforming vectors from one reference frame to another is carried
out using transformation matrices denoted by Avhere the transformation is from

the frame Y to the frame X. The following subsections describe the transformation

matrices used in this thesis.

2.2.1 Hill Frame to ECI

The axes of the Hill frame are represented in the ECI frame according to their de-
scriptions in Eq. (2.1) where r is the orbital position vector and h = rr_is the
angular momentum. The transformation matrix from the Hill frame to the ECI frame

constructed with these vectors is given in Eqg. (2.2).

O = [k
6 =6, 0 (2.1)
ror
O = {7 rk
h i
Aoc= 06, 6 6 (2.2)

2.2.2 Hill Frame to Body Frame

The transformation matrix from the Hill frame to the spacecraft body frame is derived
in Eq. (2.3) using three successive rotations. The angle corresponds to the rst
rotation about g, corresponds to the second rotation abopt@d corresponds

to the nal rotation about ¢ This rotation sequence is referred to as the 3—2—-1
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rotation.

Ao = Aza(; ; ):A(g 1; JA(e 2 )A(e3, )

3
c 0 s
=§Oc é§01 Oégscoé
0 s ¢ 0 1
3
cc CS S
= CS+SSC CC+SSS sScC Z
sSs+csc Sc+CSSsS ccC
(2.3)

Relation between the LVLH and Hill frames. The LVLH frame and the Hill (RTN)
frame used for relative motion differ only by a permutation and sign changes of axes.
With Hill frame fOg ( 6,;6 ;6,) and LVLH frame fLg ( f41;f5;5) de ned by
f,=6,%= o6,ands= 0,,the transformation from Hill to LVLH is then

2 3
0 1 0

=§o 012; (2.4)
10 0

and Ay =A[.

2.3 Attitude Representations

Attitude describes the orientation of one coordinate frame with respect to another.
The following subsections introduce the different ways in which attitude can be rep-

resented.

2.3.1 Direction Cosine Matrix

The direction cosine matrix (DCM), also referred to as the attitude matrix, de nes
the orientation of one orthonormal reference frame (i.e., with mutually orthogonal
unit basis vectors) with respect to another. Each element of the matrix represents the

cosine of the angle between a pair of basis vectors from the two frames.
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Considering two reference frames B fi;;0,;8:9 and N f #1;”,;R3g, each

basis vector of B can be expanded in the basis of N as
B = b n ny;  i2f1;2;3g: (2.5)

Stacking the three relations yields

2 3 - 32 3
61 61 ﬁl 61 ﬁz 61 ﬁg
§62§: 562 n, B, n, §nzz: (2.6)
Bs by ny By 63 ns s
| {z

Abn

where Ay, is the DCM that maps any vector resolved in frame N to frame B. Since
the sets of vectorg;i,: ", andby; b,; B; are unit vectors, their norms are equal
to one. Consequently, each entry of the matrjx Aorresponds to the cosine of the
angle between the associated pair of basis vectorsfiji.et; = kkkn;kcos j =

cos j ) . Using this relation, Eq. (2.6) may be written in matrix form as

232 323 2 3
Ci2

Ci3 A,
§622 - ngl Co2 ngzgﬁ Z =Abn§ﬁzé (2.7)

Cat C32 Caz3 M3 "3

The DCM is commonly referred to as a rotation matrix or a coordinate transforma-
tion matrix, as it provides a mapping between two orthonormal frames. An important
property of Ay, is that it is orthogonal, meaning that its transpose reverses the trans-
formation. Hence,

Ap=Al =A]: (2.8)

Rotations can be combined by multiplying their corresponding DCMs. For example,

the transformation from frame N to frame Z is obtained through

Azn = A 2pApn: (2.9)

2.3.2 Euler Angles

Euler angles provide a widely used method for representing attitude by expressing

the orientation change between two frames as a sequence of three ordered rotations.
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Depending on the selected rotation axes and their order, twelve different Euler angle
sets exist, categorized as symmetric or asymmetric, each with its own characteristics.
Regardless of the set used, this parametrization is subject to singularities because it
relies on three angles; the ambiguity arises in the second rotation angle, occurring
at =2 for asymmetric sequences and at 0 or for symmetric ones. In the general
case where three rotations are required to relate two frames, the rst rotation may be
taken about any axis, the second about one of the remaining two axes, and the nal
rotation either repeats the rst axis (symmetric sequence) or uses the third unused
axis (asymmetric sequence). Each choice leads to a different rotation matrix. For
example, in the 3—2—1 sequence used in this thesis, the rotations proceed about the

third, second, and rst axes, respectively.

Notation convention. Following [1], the Euler-angle symbols (; ; ) are associated
with rotations about axes (3; 2; 1), respectively. This differs from the common aircraft
roll-pitch—yaw labeling in which denotes the rotation about the 1-axis and about
the 3-axis. Throughout this thesis, denotes the rotation about the 3-axis, about the

2-axis, and about the 1-axis.

Since Euler angles do not combine linearly, addition or subtraction of rotations is
typically carried out by converting the angles to a DCM, performing the matrix mul-

tiplication, and then converting the resulting DCM back to Euler angles.

A(es; ):NIN ©
A(es; ):NOIN (2.10)
A(ey; ): N %1 B:

2 3 o 32 3 2 3
0
i cos sin 0_ .M ",
Engz = g sin cos O Zgﬁzz =A(es;) gﬁzz: (2.11)
ng 0 0 1 n, s
2 3 9 32 3 2 3
"  cos 0 sin n? f°
Eng% = E 0 1 0 égngz =A(ez) Engz: (2.12)
ngo sin 0 cos ng ng
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2 3 o 32 3 2 3
b, 1 0 0 ngo ngo

Eﬁzz = §0 cos  sin égngé =A(e; ) Eng% ; (2.13)
Bs 0 sin cos ;0 nYP°

where N° and N®represent intermediate frames introduced during the rotation se-
guence, and , , and are the Euler angles. The direction cosine matrix relating
frame B to frame N, introduced in the previous section, is given by

A =A(e1; )A(e 25 )A(es;) (2.8)
Using the abbreviations ¢ = cos ands =sin , the matrix & can be rewritten as
2
cc cs S
Abn:§CS+SSC CC+Sss sc é (2.14)

Ss+CscC Ssc+Css ccC

2.3.3 Quaternion

Figure 2.4: Euler Axis and Euler Angle

The quaternion is another attitude representation that can be de ned in terms of the
Euler axis e and the rotation angle # shown in Fig. 2.4 [1]. It is represented as a

vector with four components, as follows:
2 3

o
qg=4 75 (2.15)
o
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where h i

.
%= o o g =esin#=2), (2.16)
Oy = coS(#=2).

It should be noted that the quaternion obeys the unit-norm constraint, i.e. kqk = 1.
Two consecutive rotations can be represented by the product of the associated quater-

nions. The de nition of quaternion multiplication is essential for implementing these

rotations.
2 3
h% +q:% % %
qqgq= 4 5; (2.17)
qatk % %
2 3
W% +qa% +% %
qq= 4 S (2.18)
qa0s % %

Remark. These de nitions differ only in the sign of the cross product term, from
which it follows that

qg9=9 q (2.19)
Multiplying a quaternion by its inverse produces the unit quaternips,[[000 17",

as shown in Eqg. (2.20), since the inverse of a quaternion describes the rotation that

cancels the original rotation.

qqg?’=l4 (2.20)
The inverse of a quaternion is de ned in Eq. (2.21),
1 _ 9
q- = kqK2 (2.21)

where q is the conjugate of the quaternion obtained as follows.

%
q=4"5 (2.22)

O

2.4 Transformation Between Attitude Representations

Different attitude representations may be employed within a study to leverage the
strengths of each. When multiple parametrizations are used, conversion between them
becomes necessary. This subsection outlines the transformations between attitude

representations implemented in this thesis.
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2.4.1 Quaternionto DCM

The attitude matrix can be expressed in terms of the quaternion as follows:

A@Q)= o k%k? 13+2%% 2q4%]
2 3

% (2.23)

€ 95 q5+aF  2(u0p +0s0k) 2(utk q 20k)
—g 2(eh 9 3k) 9:+05 95+0;  2(Gs+0104)

2(on +920)  2(w% 91%) qf qi+ai+aj
The transformation from quaternion to DCM can also be conducted by implementing

two 4 3 matrices (q) and (Q).

A@) = T(a)(a) (2.24)
where 2 3
_ Ouls+[%]
@= 477 5 °
2 3 (2.25)
_ Glz [%0]
@=+"" + °

Furthermore, the cross product matrix [% ] is de ned as:

2 3
0 % %
%= 8§ % 0 o4 (2.26)
%, % 0

2.4.2 DCM to Euler Angles

The attitude matrix obtained from 3-2-1 rotations are given in Eq. (2.14). The Euler

angles can be extracted from this DCM using its compongnts a

= atan2(a 12; a11)
=arcsin(a 13)

= atan2(a 23; asz)

Here, atan2( ) returns an angle in ( ; ], and arcsin() returns an angle in 5; 5 .
Moreover, the 3—2—1 parametrization is singular at =; (gimbal lock), where

and are not uniquely de ned.
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2.5 Relative Attitude Kinematics

The quaternion time derivative is de ned as

q®) = lim 3¢9 90 (2.27)
ti0 t
The angular rate (or angular velocity) vector is similarly de ned as
. #
| -
I(t) ImL0 n (2.28)

where # a small incremental rotation vector. For a small time step, this incremental

rotation may be applied to the current quaternion as [3]

1

q(t+ )= a(#) a; a(#) , exp S# (2.29)

where exp( ) denotes the quaternion exponential map. Substituting this expression

into the limit de nition and letting t! 0 yields

a® = S0Ol0= 0 0= (Ma® (230

The quaternion kinematics equation implemented in this thesis is then obtained and

given in Eqg. (2.31). For compactness, the explicit time dependence (t) is omitted:

a=;0a= @t (231)
where 2 3
o 4 M5
T 0
2 3 (2.32)
(q) 4q41|3+[q1:3] 5:
q 1:3

Considering two spacecraft in a formation, the relative attitude quaternion of the

deputy with respect to the chief, q, will be obtained via quaternion multiplication.

q=0d4 g ¢ (2.33)

where q represents the chief's attitude quaternion, agdepresents the deputy's
attitude quaternion. The corresponding relative attitude kinematics are then given in
Eq. (2.34).

q=%(m!ﬂc (2.34)
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where !9, denotes the angular velocity of the deputy relative to the chief, expressed
in the deputy body frame. Withd ! $ and!. ! §

cl?

P =1 & Alg)!l & (2.35)

2.6 Orbital Elements

Classical orbital elements (shown in Fig. 2.5 [22])provide a widely used parametriza-
tion for characterizing a Keplerian orbit by de ning its geometry, spatial orientation,
and the spacecraft's location within the orbit. In the following subsections, these

orbital elements are introduced.

Figure 2.5: Classical Orbital Elements

2.6.1 Semi-major Axis

The semi-major axis a de nes the size of the Keplerian orbit. For an elliptical trajec-
tory, it corresponds to longest radius of the ellipse. It is directly related to the speci c
mechanical energy,

52 (2.36)

where is the gravitational parameter of the central body. Larger values of a corre-

spond to higher orbital altitudes and less negative orbital energies.
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2.6.2 Eccentricity

The eccentricity e characterizes the shape of the orbit and its deviation from circular
shape. It is computed from the eccentricity vector,

ezt 0 rF; (2.37)

The eccentricity is the norm of the eccentricity vector.

e = kek: (2.38)

The orbit is classi ed according to the values of e as:

e = 0 (circular),

0 < e <1 (elliptical),
e = 1 (parabolic),

e > 1 (hyperbolic).

2.6.3 Inclination

The inclination i is the tilt of the orbital plane with respect to the reference plane. Itis
de ned as the angle between the orbital angular momentum vector (h =rj and

the reference-plane normil
|

h K
- 1 .
i =cos P (2.39)

2.6.4 Right Ascension of the Ascending Node

The right ascension of the ascending node (RAAN) denoted by , speci es the rota-
tion of the orbital plane about the reference axis. It is measured from the reference

x-axis to the ascending node. De ning the ascending node vector
n= K h; (2.40)

the RAAN is obtained as
= atan2(n y; ny): (2.41)
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2.6.5 Argument of Periapsis

The argument of periapsis ! de nes the orientation of the orbit within the orbital

plane. Itis the angle between the ascending node vector and the eccentricity vector:

!
e(Kn en

| =
= atan2 knk ' knk

(2.42)

2.6.6 True Anomaly

The true anomaly speci es the spacecraft's position in its orbit. It is de ned as the
angle between the eccentricity vector and the position vector rhLdt=khk. The

true anomaly is computed as
—atan2 h (e ;e r (2.43)

For an elliptical orbit, the range of true anomaly is 2 [0;2), and it uniquely
determines the orbital position.

2.7 Relative Orbital Dynamics

The relative motion of two spacecraft is expressed in the Hill frame de ned in Sec-
tion 2.1.4. Figure 2.6 illustrates the con guration of a chief spacecraft and a deputy
spacecraft, along with the Hill frame whose origin is xed at the chief.

For Keplerian motion and in the absence of disturbances, the relative equations of
motion are given in Eq. (2.44) [21] where the relative position vector = (x;y!z)

is resolved in the Hill Frame.

K
% 2 = x_?2 —= —(r¢+x
S R rg,(c )
K
y+2_ x x= y_*= —y (2.44)
2= r—32
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Figure 2.6: Relative Formation

Assuming that the separation between the spacecratft is much smaller than the chief's

orbital radius, the equations are linearised as

2+2_ « 2 =0
» X - 3 ye 2y =0;

yxe+2x_y  ° 5 =0 (2.45)
C

2+ —3z=0:
r.C

The true anomaly acceleration and chief orbit-radius acceleration are given by [6]

=2 £ (2.463)
le
e=re? 1 % ; (2.46b)

where p = i¥= is de ned as the semilatus rectum of the orbit.

When the chief spacecratt is in a circular orbig,=r0 and _ = n, the equations

become the well-known Clohessy-Wiltshire (CW) equations:

¥ 2ny 3n =0

y+2nx=0 (2.47)
2+n%z=0
where r
"= & (2.48)



is the mean motion.

In the presence of zero-mean Gaussian acceleration disturbapdes !!,, Equa-
tion (2.44) becomes [6]:

% x_ 2 1+2%° 2y y=E =i
le
y+2 X X & y 21 fe =1y (2.49)
D N Y
"
z+z_25"=|Z

2.8 Geometric Concepts

Vision—based attitude estimation is inherently geometric: objects or ducial beacons
are observed in the image, and these observations are related to three—dimensional
directions through a perspective projection model. This section introduces the co-
ordinate frames and the ideal pinhole projection model used throughout the thesis,
together with the intrinsic calibration matrix that maps camera—frame coordinates to

homogeneous image-plane coordinates (up to scale).

2.8.1 Coordinate Frames and Image Measurements

Camera frame fcamg. The camera frame has its origin at the camera centre. Its
axes (Xeam; Ycam; Zcam) form a right—-handed orthogonal coordinate system. The
Z.am—axis is aligned with the principal (optical) axis of the camergs, Yoints up-

ward, and X,m completes the triad, as illustrated in Fig. 2.7 [9]. A point P expressed

in camera coordinates is written as
2 3
X

ream = EYZ ; Z>0; (2.50)
Z

where Z denotes the distance from the camera centre along the optical axis.

Image frame fimg. The image frame is a two-dimensional coordinate system at-
tached to the image plane. In this thesig, Xoints to the right and;¥ upward. The
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Figure 2.7: Pinhole camera geometry and coordinate conventions

origin of fimg is chosen at the principal point p, i.e., the intersection of the principal
axis with the image plane, and an image coordinate is denoted™oyrx y]T.

For completeness, a general image-plane coordinate system may be de ned with an
arbitrary origin; in that case the principal point has coordinatespp in the cho-

sen image coordinates. With the present convention (origin at the principal point),
px =py =0.

Pixel coordinates. Image measurements are ultimately available as discrete pixel
indices. Let (u;v) denote pixel coordinates, with u increasing to the right and v
increasing downward, as is standard in digital images. The pixel and image-plane

coordinate descriptions are related by the af ne mapping

u= i+cx; V= l+cy; (2.51)

Sy Sy
where s and § are the pixel pitches (m/pixel), and{c,) are the pixel coordinates
of the principal point. Pixel coordinates are not used in the subsequent developments;

(2.51) is included for completeness.

2.8.2 Pinhole Camera Model (Perspective Projection)

In the ideal pinhole model, the camera is represented as a central projection from
the camera centre onto an image plane located at distance f (the focal length) along
the Z.an—axis. For a point ™ = [X Y Z]T, the corresponding image-plane

coordinates satisfy

fX fy
X= ?“pr; y= 7+pyi (2.52)
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where (R; py) denote the coordinates of the principal point in a general image-plane
coordinate system. Under the image-frame convention adopted in this thesis (origin
at the principal point), p = py = 0, and Eq. (2.52) reduces to x = fX=Z and

y =fY=Z.1n (2.52), (x;y), (Px; Py), and f are expressed in the same metric units on
the image plane (e.g., meters).

It is convenient to express the projection in homogeneous coordinates. De ne

2 3
X 2 3
X
Y ,
A = ; M= gyé : (2.53)
Z
1 1

The intrinsic calibration matrix K 2 R® encodes the focal length and the principal-

point offset in the chosen image coordinates [9]:

2 3
f 0 py

K = go f pyéz (2.54)
00 1

To keep K as a purely intrinsic 3 3 matrix, the 3 4 embedding matrix [l j 0] is

introduced explicitly, giving

M = K[1jO] ream; =Z: (2.55)
which expands to 2 3 2 3
X fX+2Zp
1
ByL = zgf\( +Zp k- (2.56)
1 z

Normalizing by the third component recovers the perspective projection in (2.52).
Under the image-frame convention used in this thesis (origin at the principal point),
px = py = 0 and the matrix in Eq. (2.54) reduces accordingly.

Lens distortion is neglected in this thesis, under the assumption of a suf ciently nar-
row eld-of-view and that any residual distortion has been compensated through prior
off-line calibration.
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CHAPTER 3

ROBUST VISION-BASED RELATIVE ATTITUDE AND POSITION
ESTIMATION

3.1 Attitude Estimation

Attitude estimation is a stochastic state-estimation problem that is solved by imple-
menting Kalman lItering techniques. In this sense, the spacecraft attitude and sensor
biases are modeled as the system state, while gyroscopes and attitude sensors provide
noisy measurements. The Kalman Iter then combines the dynamic model with these
measurements to produce an optimal estimate of the attitude and its uncertainty. This
section brie y introduces the Kalman Filter (KF) and the Extended Kalman Filter
(EKF), then explains the Multiplicative Extended Kalman Filter (MEKF) used in this
thesis.

3.1.1 Kalman Filter

Many physical processes evolve in continuous time but are observed at discrete sam-
pling instants by digital sensors. This leads to the continuous—discrete Kalman lter
formulation [1].

x(t) = F(t) x(t) + B(t) u(t) + G(t) w(t); (3.1a)
Y = HiXi + Vi (3.1b)
where X(t) is the n 1 state vector of the system and u(t) is the p 1 deterministic
control input vector, the n n matrix F(t) denotes the system (state) matrix that

models how system dynamics evolve in time, and the n p matrix B(t) represents

the input matrix that models the effect of inputs on the system dynamics. Moreover,
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the s 1 vector w(t) is called the process noise, which is a zero-mean, Gaussian

white noise with known spectral densities, arranged in an s s matrix Q(t) such that
E wi)w () =Q( (t ); (3.2)

where (t ) denotes the Dirac delta function. The n s matrix G(t) distributes
the components of the process noise to the corresponding terms in the state dynamics.
Thus, the product G(t) w(t) represents the stochastic effect of unmodeled dynamics

on the system.

In Eq. (3.1), % denotes the m 1 measurement (observation) vector, anddthe
m n measurement matrix that relates the system states with the observations. The
term v accounts for random measurement errors and is modeled as an m 1 vector
of zero-mean, white Gaussian noise with known covariange2RR™™ and no

correlation with the process noise:
E VkVJT =Rk Kj 1 (33)
where ; denotes the Kronecker delta.

The continuous—discrete KF is initialized with an initial state estintéitg), and an
initial state error covariancegRvhich is the expectation of the difference between the

estimated and true states such that
PO =E X‘(t 0) X‘T (t 0) ; (34&)
1), R x(b): (3.4b)

The KF propagates the initial state estimate and its associated covariance forward in
time until the next measurement becomes available. This time propagation is carried

out by numerically integrating

R(t) = F(t) R(t) + B(H) u(t); (3.5a)
PO=FOP®+PMHF TMO+GHQHG T(t); (3.5b)

which yields the a priori state estima®y, and covariance P at the measurement
time t.. When a measurement is obtained, the n m discrete Kalman gaini«
calculated to update, :

1 .

Ke =P, H. H¢P, HS +Ry (3.6)
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The a priori state estimate and its covariance are updated with standard discrete—time
updates to obtain the a posteriori state estimafe,and covariance, P, such that

Pe = lan K kHe P (3.7b)
In Eq. (3.7) the term (¢ H R, ) is known as the innovatione The posteriori

state estimate is then used as initial condition in the next time step. This process is
illustrated in Fig. (3.1).

Figure 3.1: Kalman Filter Flow Chart

3.1.2 Extended Kalman Filter

Many estimation problems, such as spacecraft attitude estimation, involve nonlinear
system dynamics or measurement models. In these situations, the linear Kalman
Iter formulation presented in Eq. (3.1) is not applicable. The extended Kalman Iter

(EKF) addresses this by linearizing the nonlinear models around the current estimate

and applying the Kalman Iter to the resulting locally linear representation.

The continuous nonlinear system with discrete measurements is written as [1]

x(t) =f  x@®);u);t +G(t)w(t); (3.8a)
Y = he(Xk) +Vg; (3.8b)
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where f() describes the nonlinear state dynamics and Jhmaps the state to the
measurement space. The process noise w(t) and measurement poswe the

same properties de ned in the previous subsection.

Around the current estimat&(t), the nonlinear functions are approximated using

rst—order Taylor expansion. This introduces the Jacobian matrices

@f @h
F()= — ;o HkRy) = — ;
0 @Xgy: 00t <R @xy

K 1 Lk

which play the same role as the system and measurement matrices in the linear
Kalman Iter. By utilising these Jacobians, the EKF prediction step is formulated
by substituting the linear dynamics in Eq. (3.1) with the nonlinear model f():
() =1 R();u)t ; (3.93)
PO =FOP®O+PHF T@O+GOQNG "(); (3.9b)
which yields the a priori state estima®y, and covariance P at the measurement

time t., as in the linear case.

When a measurement ys available, the innovation is formed using the nonlinear
measurement function,

and the Kalman gain is computed with the linearized measurement matrix H
K =Py He () HeR )P, H (R ) + R o (3.11)
The posteriori state estimate and covariance are then updated with Eq. (3.12).
Re =R +Ky v h « R (3.12a)
P = lon K He 8 Py (3.12b)

Thus, the EKF retains the same algebraic structure as the continuous—discrete Kalman
Iter illustrated in Fig. (3.1), but the matrices F (t) and Hare recomputed at each

step from the Jacobians of the nonlinear dynamics and measurement models.

3.1.3 Multiplicative Quaternion Error Formulation

In attitude estimation problems, the quaternion q is often selected for attitude rep-

resentation because it avoids singularities. A common approach with the Extended
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Kalman Filter (EKF) is to model the quaternion as a four-component state and apply

an additive correction during the update step:
9" =q +q

This process is followed by explicit renormalization to enforce the unit-norm con-
straint k9" k = 1. However, this approach is not very natural, since a valid attitude
guaternion must always satisfy the unit-norm constraint, and its components are not
independent. A purely additive correction does not suit this constraint or the lter's
covariance structure. As noted in [2], it is more convenient to describe the attitude er-
ror as a three-parameter vector and update the estimated quaternion multiplicatively.
This idea forms the basis for the multiplicative quaternion error formulation used in

this thesis.

Let g denote the true attitude quaternion dnithe estimated quaternion. The attitude

error is de ned multiplicatively as
q=9"' a; (3.13)

where denotes quaternion multiplication. i = q, then the error is the iden-
tity quaternion g = [0 O O 1]. By de nition, q is also a unit quaternion, so

normalization is automatically preserved.

The quaternion kinematics are given in Eq. (2.31) as

1
a=50a (3.14)
where ! is the true angular velocity expressed in the body frame and (!) is the

4 4 angular—rate matrix. The estimated quaternion obeys

4= (9 a (3.15)

whereis the angular rate used in the lter which is calculated from gyro measure-

ments and bias estimates.

By differentiating the error de nition (3.13) and substituting the kinematic equations
for g andq@, one obtains an evolution equation for g that depends on both ! Bnd

(see, for example, [1, 2]). For Kalman Itering, it is more practical to work with a
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three—dimensional attitude—error vector. For small attitude errors, the error quaternion
can be de ned in terms of a small rotation vector 2 Ras

1
2

q 4% 5; (3.16)
1

which corresponds to a rotation of magnitude k k about the direction =k k.

By assuming the true quaternion is close to the estimated quaternion, the scalar com-
ponent of the error quaternion remains near 1. Therefore, only the three-vector com-
ponent needs to be estimated. Moreover, components of correspond to roll, pitch,

and yaw error angles with small angle assumption for any rotation sequence [1].

Substituting (3.16) into the error—quaternion kinematics and retaining only rst—order

termsin yields the linearized attitude—error dynamics

N (3.17)

where !, ! Mis the error angular velocity, and]] is the skew—symmetric

cross—product matrix associated with

3.1.4 Multiplicative Extended Kalman Filter

The multiplicative extended Kalman lter (MEKF) is an EKF formulation that em-
ploys quaternions for nominal attitude representation, while the Iter operates on a
three-parameter attitude-error vector. This approach preserves the unit-norm con-
straint of the quaternion, and expresses the linear error dynamics in terms of a mini-

mal attitude parameterization [1, 2].

3.1.4.1 State and Process Model

For a single spacecraft, the nominal states relevant to attitude estimation are taken as
the attitude quaterniofy and the gyro bias estimafeThe gyro measurement model

is written as

Ht) = I(t) + (t) + L:; (3.18a)
@)=, (3.18b)
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whereks the measured angular rate, ! is the true angular rate, is the gyro bias, and
J() and (t) are zero—mean white—noise processes with known spectral densities

2l33 and 2l33 , respectively.

The estimated bias is extracted from the measurement as

= H) (3.19)

in the quaternion kinematics de ned in Eq. (2.31),

M= 3 K aw: (3.20)

The MEKF does not includq in the linear Iter state. Instead, it uses the multi-
plicative error quaternion ¢ de ned in Eqg. (3.13), and represents this error using the
small rotation vector introduced in Eq. (3.16). The error—state vector is de ned as

follows:

AN

X = T L , : (3.21)

= r o+ (3.22)
and using the gyro model (3.18),
=1 N= +
Eq. (3.23) is obtained:
= n vi (3.23a)
. (3.23b)

These equations can be written in the standard linear form
x(t) = F(t) x(t) + G(t) w(t); (3.24)

ith
Wi h

|
wt) = (@ UoT; (3.25)
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and

2 3 2 3
Kt I I 0
F() = 4 1) 335; G(t) = 4" 33 335; (3.26)
33 Os3 O33 I33
and process noise covariance
2 3
T _ . _ 2 ilszs Os3 5.
Ewiw () =Q@® ¢t ) Q= , ;o (3.27)
Os3 EE

following [1]. Between measurements, the MEKF therefore propagates the error co-

variance by integrating

P =FOP®+PMHF TH+GHQMG T(1b): (3.28)

3.1.4.2 Measurement Model and Update

Most attitude sensors provide unit-vector observations expressed in the body frame.
These vectors can be expressed in a known reference frame; hetar known unit
vector in the inertial frame, whilejlrepresents the corresponding unit vector in the

body frame. The relationship between these vectors is given as follows:
bi =A(Q)r i; (3.29)

where A(Q) is the attitude matrix associated with the true quaternion. The actual
measurement is written as
Bik =bix +Vik; (3.30)

with vix zero—mean measurement noise. The predicted measurement based on the

estimated attitude is

bk =A q ri: (3.31)
Using the small-angle approximation for the error attitude, A(qQ) @) Is3
() , the measurement residual for the i-th vector can be linearized as [1]
B B AG )T k+Vik: (3.32)

For N independent vector measurements at tigpéhte stacked measurement model
becomes
¥ = h(Xi) +V i (3.33)

36



with innovation

and linearized sensitivity matrix
2 3
A(Q)r 1 Os3
A r
He(R, ) = g (Qk) 2 03.3 (3.35)
A(Q)r N Os3
The Kalman gain and error—state update are calculated as
Kk =Py HT (&) HiROP HE(R ) + R (3.362)
X‘; =K g €; (336b)

where R, is the measurement noise covariance for the vector measurements.

The rst three components of R, give the attitude—error estimate®. Using
the small-angle representation in Eq. (3.16), this vector is converted to a correction

guaternion 3

2
N
a 4 lk5; (3.37)

NI

and applied multiplicatively to the predicted quaternion,

Oc = 0 Q: (3.38)

Using the quaternion multiplication matrix () introduced in Eq. (2.31), this update

can also be written, to rst order, as
O = O+ 35 O "k (3.39)

which makes the connection with a standard additive correction. Afterwg{ds,

is renormalized to enforce the unit—norm constraint. The bias estimate is updated
additively,

o (3.40)

and the covariance is updated using the standard Kalman formula
Pl = | K (He(Ry) Py (3.41)
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After the correction step, the error state is reset to zero, and the updated nominal state
R and covariance P serve as the initial conditions for the next propagation interval.

This procedure de nes the classical MEKF for attitude and gyro—bias estimation.

3.1.5 Discrete-Time MEKF Implementation

The error-state MEKF derived in the previous subsection is formulated in continuous

time as
X(t) = F(t) x(t) + G(t) w(t); (3.42)

with continuous-time process-noise spectral density matsig€ned by
E wi)w () =Q. (t ): (3.43)

In practice, the Iter operates at discrete sampling instaptstk t, where the
sampling period t is approximately constant. To avoid numerically integrating the
covariance differential equation at each step, it is useful to convert the continuous-

time model to an equivalent discrete-time form
X o1 = kX p+Wy E wew, =Qy; (3.44)

where  is the state—transition matrix that maps the states at time ingtaotthe

states aty,; , and Q is the discrete-time process-noise covariance over the interval
[tk teer |-

Following the van Loan method [25] as presented in [6], the matrigeand Q are
derived from the matrix exponential of an augmented system. The matrices F (t),
G(t), and Q. are held constant over the interval at their valueg atdsulting in the

following 12 12 block matrix
3
F k GchG

.
“5 t; (3.45)
0 =

Ak:4

where k., F(t ¢) and G, G(t ). The matrix exponential
2 3

4 Bll;k BlZ;k5
0 BZZ;k

Bk = e« (346)
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is then computed numerically. The state—transition matrix and discrete process-noise

covariance are given by [6]
K =B 2o (3.47a)
Qk = kB! (3.47b)
If the sampling period tis suf ciently small, the simpler approximation
QA tG «QG) (3.48)
provides a good estimate of the discrete covariance.

Using (3.47), the MEKF covariance propagation between measurements is carried
out in discrete time as
Per = kP +Qu (3.49)

Because the error state is reset to zero after each update, the error-state prediction is
simply
Ria1 =k Rp =0; (3.50)

since R, = 0 after the update. The measurement update at time then follows
the MEKF equations in the previous subsection, with, Pas the a priori covariance

and the quaternion/bias corrections applied to the nominal states.

Discrete Quaternion Propagation

The continuous—time quaternion kinematics were given in Eg. (2.31) as

am =3 ' a; (3.51)

where (1) is the 4 4 rate matrix. Over a sampling interval [f; ty+1 ] we assume

that the bias—compensated angular rate
T SN (3.52)
is constant. The exact solution of the kinematics is then
Ot =€XPp 3 Pt O (3.53)

so the problem reduces to evaluating this matrix exponential.
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Using the power—series expansion of the exponential, it can be shown (see [1]) that

L 1 sin k'kt
exps; (Nt =144 cosskkt + (1) T' (3.54)
The exponential can be expressed in block form by settingt = tas
2 At At 3
1 +
cosz: ", t |
+ 2 "k 33 k k ]
expl Pt =4 T Lo S: (3.55)
K cos; My t
where
, sing hoot .
N ! AN (3.56)
*k
Numerical note. When¥ kt 1, the factor sin(x)=x (with x = kP kt)is
evaluated using its series limit sin(x)=x 1 for numerical stability.
For convenience, we de ne the 4 4 matrix
2 e e 3
1 +
cosz ", t |
proo4 2k >3 “ “ 5. (3.57)
AFT 1 + !
K cos; My t

so that the discrete quaternion propagation law can be written compactly as
Qur = i Ok (3.58)

In implementationf,,, is renormalized after propagation to enforce the unit—-norm

constraint.

3.1.6 Visual Navigation System

The attitude Iter uses line-of-sight (LOS) unit vectors provided by a monocular cam-
era rigidly mounted on the deputy spacecraft; hence, the camera frame is assumed to
be coincident with the deputy body frame. In each image, a set of active light sources
(beacons) mounted on the chief spacecraft body (Fig. 4.5) is detected. The detec-
tor outputs pixel coordinates for each beacon, which are rst mapped to calibrated
image-plane coordinates by principal-point correction and intrinsic calibration (with
lens distortion assumed to be compensated of ine). Each calibrated image measure-
ment is then back-projected through the pinhole model from the camera optical center

to obtain a bearing direction. Normalizing this bearing direction yields a unit LOS
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Figure 3.2: Chief Satellite Frame and Beacons

vector expressed in the camera/deputy frame, which is used as a vector observation
in the MEKF measurement model. This subsection details the construction of these

LOS vectors and the associated measurement-noise model.

Camera Geometry and Collinearity Equations

Let the known position of the'i beacon be p= [X; Y, Z;]", expressed in the
chief-centered Hill frame (object—-space) fCg . The camera (optical) center is located
at the deputy spacecraft origin, and its position relative to the chief is the relative-
position vector =[x y z]" expressed in the same Hill frame. The camera frame

is rigidly xed to the deputy body and is assumed coincident with the deputy body
frame fDg, with its z—axis aligned with the optical axis (boresight). Under the ideal
pinhole model, the mapping from object—space to image—space coordinates can be
written as [8]:

AuXi X)+A (Y y)+A 13(Zi z) |
Az(Xi X)+A (Y Y)+A (Zi z) '’

Aoi(Xi X)+A (Y V)+A 23(Zi z) .
Azn(Xi X)+A Y Y)+A 33(Z) z)

(3.59a)

i= f

(3.59b)

where ( i; i) are the image-plane coordinates of the beacon, f is the focal length,
and A = [Aj ] is the attitude matrix that maps the vectors from the object frame to the
camera (deputy) frame constructed from the relative attitude quaternion in Eg. (2.33)

asin Section 2.4.1.
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Sign convention. Following the photogrammetry collinearity equations, the image
plane is taken at z = f, which introduces the leading minus signs in (3.59) and

yields the ray direction [ ;; i; f]T.

In practice, the detector provides pixel coordinates\{y) for each beacon. After
subtracting the principal point and applying the standard intrinsic calibration (focal
length and pixel scale), these pixel coordinates are converted;to ) in Eg. (3.59)

[9, 10]. Lens distortion is neglected in the present work.

The LOS vector geometry in addition to chief and deputy satellite frames is illustrated
in Fig (3.3).

Figure 3.3: Deputy and Chief Frames, Image Plane

Unit Line-of-Sight Vectors

To obtain LOS vectors, each image measurement is converted into a unit vector in the
camera frame. For an ideal pinhole camera, the ray passing throygh)(on the im-

age plane has direction proportionalto [j;  ;; f]T (consistent with the sign con-
vention adopted in Section 3.1.4.2). Here;;( ;) denote principal-point—corrected
image-plane coordinates expressed in the same units as f. Hence, the corresponding

unit vector is [6]
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2
i
1 . H e FRC R I .
bi, pW id s i=1;2;::0 Ny (360)

where N, is the number of available LOS measurements at tigneThe vector b

is expressed in the camera frame, which is assumed aligned with the deputy body
frame; therefore, it is directly compatible with the body-frame LOS notation used in
Section 3.1.4.2. Under ideal (noise-free) conditions, the unit vectors in the two frames
satisfy

b =A@Q)r i; (3.61)

where r; is the corresponding reference direction formed from known beacon geom-
etry.

It should be noted that the number and geometry of available LOS measurements af-
fect the solvability and conditioning of the coupled attitude—position estimation prob-
lem. With fewer than three LOS measurements the relative pose is underconstrained
and the estimator may exhibit weak observability and large uncertainty. With three
LOS measurements, the pose solution can be ambiguous (a nite set of solutions
may exist), whereas additional LOS measurements help resolve ambiguities and im-
prove conditioning. In the simulations presented in this thesis, a unique and well-
conditioned estimate is assumed to require at least four well-separated LOS measure-
ments [7].

Measurement Noise Model

The actual LOS measurements are corrupted by sensor noise and occasional beacon
identi cation errors. Following Shuster's analysis of unit-vector observations [4],
measurement errors are concentrated in a small neighborhood about the true direction,
so the unit sphere can be locally approximated by its tangent plane. Accordingly, the

noisy measurement is written as

Bix =bix +Vix;  Vibiy =0; (3.62)
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with Efv i« g = 0 and, to rst order,
E VixVi Zl3s b bl ; (3.63)
which is singular because the noise lives in a two-dimensional subspace.

Shuster further shows that, by projecting the measurement onto a two-dimensional ba-
sis spanning the tangent plane and simplifying the resulting Kalman update, the same
Iter equations can be implemented in an equivalent three-dimensional (projection-
free) form using a non-singular isotropic covariance, as if the measurement noise
were in R [5]. This form is adopted in this thesis to avoid singular covariances and
to keep the MEKF measurement update in standard 3-D vector form. Forde-
pendent LOS measurements, the stacked measurement covariance is therefore taken
as

Re=diag flzs; 3las; i r%k'ss ; (3.64)

where diag( ) denotes a block-diagonal matrix.

Ateach image time, the unit vectdls are passed to the MEKF as body-frame vector
measurements, while the corresponding reference directj@rs computed from the
known beacon locations. The MEKF prediction for each LOB},QS: A(Q,)ri,and
the innovation is formed accordingly.

Normalization in simulation. Because an ideal LOS is a unit vector, simulated mea-

surements may optionally be re-normalized after noise injection:

bi;k .
KBy k

bi;k (3-65)

For the small angular noise levels satisfyin@ b.x = 0, this normalization has a
negligible effect on the statistics to rst order, but it enforces the unit vector geometry
of the LOS measurement.

3.1.7 MEKF for Relative Attitude and Position Estimation

The previous subsections introduced the MEKF formulation for estimating a single
spacecraft's orientation and the bias in its gyroscope sensors; and described how

line—of—sight (LOS) direction vectors in the body coordinate frame are constructed

44



from camera sensor data. In this subsection, the estimator is extended to address
the full relative navigation problem, which involves orientation, position and veloc-
ity. The Iter simultaneously estimates the relative orientation between the chief and
deputy spacecraft, their relative position and velocity, the chief's orbital elements,

and the gyroscope bias errors of both vehicles, closely following the methods from
[6, 1].

State Vector and Continuous-Time Model

The nominal navigation state consists of

the relative attitude quaternion g, which maps vectors from the chief body
frame to the deputy body frame;

the chief and deputy gyro bias vectors, and ;

the relative orbital state of the deputy with respect to the chief.

Following [6], the relative orbital state vector is written as

Zok ¢ o< (3.66)

where (X;y;z) and ( x; y; z) are the relative position and velocity components in the
chief-centered orbital frame, and ¢ are the chief orbit radius and its time deriva-
tive, and ., — are the chief orbit's true anomaly and its rate. The nonlinear relative
dynamicsX_= f(X) follow directly from the equations in Section 2.7, and is given

by
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X.=f(X) = ) : (3.67)

X7X35 1

o° X

X10

2X3X10
X7

The full nominal state of the estimator is therefore

hT AT AT T
= q d N4 : (3.68)

C

The relative attitude quaternion obeys the kinematics described in Section 2.5, with
the true relative angular rategl expressed in terms of the chief and deputy angular
rates. In the estimator, these angular rates are obtained from the chief and deputy
gyros using the standard rate—integrating gyro model (Eqg. (3.18)) and the current bias

. N N
estimates . and" .

Error-State De nition

The MEKF operates on a small error state while the nominal quaternion is maintained
separately. As in Section 3.1.4, the relative attitude error quaternion is parameterized
by a three—component small rotation vector , so that q % T 17". For the

relative attitude and position problem, the linearized error state is chosen as

h i,
X = T . 0T T ore re ¢ = 5 (369
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N N

where ., . & 4y d 4 o yand similarly for the remaining

orbital quantities.

Using the linearized relative attitude dynamics from Section 3.1.4 and the orbital

dynamicsX-= f(X), the error-state equations can be written in the compact form
x(t) = F () x(t) + G(t) w(t); (3.70)

where w(t) includes the chief and deputy gyro—noise processes and the process dis-
turbances (W; wy;W,) in the relative orbit dynamics. The state matrix F(t) and

noise—distribution matrix G(t) are given by

2 3
[ Pa] ACQ) | 33 0310
033 O3z Os3 0310
PO = 033 033 0Os3 0310 4 (3.71a)
@f
Oz Oz  Owpos a@x .
2 3

A(Q) | 33 033 033 033
033 O3z I3z O3z O33
033 033 033 I3z 033
G)= BOs3 033 033 033 O337: (3.71b)
O3z 033 033 033 I33
O3 O3 O3 023 093
023 023 023 023 023

The continuous-time process—noise covariang®Qw(t) is de ned from gyro spec-
tral densities and the positional process noise as in Section 3.1.4. This continuous-
time model is discretized using the augmented matrix and matrix exponential exactly

as in Eqg. (3.47), yielding x and Q for covariance propagation over one sampling
interval [25].

Measurement Model

The camera delivers N body—frame LOS measuremBntsat each image timet

constructed as explained in Section 3.1.6. The corresponding reference directions r
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are functions of the relative position between the camera and the beacons,
h it
Xi X Y, Yy Z; z

r=p X (372)
Xi x) 2+(Y; y) 2+(Z; 2) 2
so that the ideal, noise—free relationship is
b =A@)r i; i=1;::0;N: (3.73)
When measurement noise is present, the LOS vectors are modeled as
B = bix +Vix; Vikbix =0; (3.74)

with covariance as in Section 3.1.6. Stacking all LOS measurements aftones

the measurement vectof @ R3N.

Linearizing the measurement model with respect to the error state (3.69) yields the

sensitivity matrix H (R, ) of the form
2 3

A(Qk)r\l;k 033 Os3
He(R,) = : : : : e (3.75)

A(Qy ) Pk 033 033

037

wheref., andﬁi;k are computed from the predicted state, aﬁg( @a, is obtained
by differentiating the normalized line-of-sight with respect to the relative position, as
in [6, 8]. The resulting stacked measurement covarianc®Mows directly from the

single—vector covariance model in Section 3.1.6 and [4, 5].

For the relative—position part of the measurement Jacobian, the dependence of the
inertial LOS vector on the deputy position is used =[x y Z]Let the predicted
relative position at timetbe ,  [x , Yy, 2z ]" and evaluaté®; at , using

Eq. (3.72). The partial derivative of the predicted body—frame LOS vdktawith

respect to , is then

@i = A q @i .
=i - . —
k @ k
where A@Q, ) is the attitude matrix constructed from the predicted relative quaternion.
Let

(3.76)

Xi=Xi Xy Yi=Yi Yy, Zi=2Zi zZ,;
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and
&= X 2+Y 2+z 2°%%

Here (X;;Y;;Z;) are the known coordinates of th& ibeacon in the chief (object
space) frame, and (xy, ; z, ) is the predicted camera position at time The 3 3

matrix @;=@, is then given by [6]

2 3
(Y #+Z 9 X iY X iz
%:ég X iY (X ¢#+2Z 9 YiZ é: (3.77)
k Xz Yz, (X E+Y P

Discrete-Time MEKF Algorithm

At each sampling instang the Iter performs the standard EKF steps using the error-

state model (3.70) and measurement model (3.75):

1. Propagation: The nominal orbital sta¥(t) is integrated with the nonlinear
dynamics% = f( X), while the gyro biases are held constant and extracted

from the angular rate measurements. The covariance is propagated by
Per = «P¢ k Qi

with  and Qx computed from k and G as in Eq. (3.47).

Let the relative attitude be represented by the unit quaternion in discrete time
.. Since both vehicles rotate, the relative quaternion depends on both an-
gular rates (chief and deputy). Over one sampling interval t, assume the

bias-corrected angular rateg !and ! ; are constant. Then letting

in 1
sin ;k! ¢ Kkt

ko KK L e (3.78a)
sin 2k! fkt .
ko m gkkk I G (3.78b)

the discrete propagation can be implemented in a compact matrix form:
Qe = ! gk Lo Ok: (3.79)

Numerical note. For x :%k!kt 1, evaluate sin(x)=x using its limit

sin(x)=x 1 to avoid division by a near-zero rate and loss of precision.
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After propagation,,, is renormalized to enforce the unit—-norm constraint.
The matrices() and () correspond to left and right quaternion multiplica-

tion, respectively:

2 3
cos ik! Y kt |
!gk , 4 27 dk 33 | k] k 5; (3.80a)
i cos 3k § kt
2 3
cos ikl *kt |
1o, 4T 33 [kl : 5: (3.80b)
X cos 3k! § kt

2. Measurement update: When LOS measurements are available, the innovation

is formed as

e =¥y h « R (3.81)

where h( ) stacks the predicted LOS vectcﬁ)@ as

2 3
A QK rkl;k
A fr,.
hk kk - Qk. 2;k

A QK r}\N;k
The Kalman gain is

Ki =P, HI(R) H®R P HI (R ) +Ry s
and the error state is updated by, = K ey while the covariance is updated
using

P, = | K HeRy) Py

as in Section 3.1.4.

3. Nominal state correction: The rst three components of; give the small
attitude correction . This vector is used in quaternion correction as in
Eq. (3.39).

The chief and deputy bias estimates and the orbital state components are up-
dated additively using the corresponding elements ®f . Finally, the error
state is reset to zero ang As kept as the covariance for the next propagation

interval.
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This formulation yields a uni ed MEKF that consistently fuses gyro data, LOS mea-
surements and the nonlinear relative orbital dynamics to estimate relative attitude,

relative position and velocity, and the gyro biases of both spacecraft.

3.2 Robust Estimation Algorithm

Under nominal operating conditions, the MEKF provides accurate attitude and rel-

ative state estimates. In practice, however, occasional corruption of the LOS mea-
surements (e.g., misdetections, misassociations, or outliers) can in ate the innovation
and lead to severe performance degradation, and in some cases lter divergence. To
reduce sensitivity to such measurement faults while preserving nominal performance,

a robustness mechanism is introduced.

3.2.1 Single Scale Factor Approach

The simplest robusti cation strategy is to “soften” the measurement update by in at-
ing the measurement-noise covariance using a single scalar scale factor. Concretely,

the nominal innovation and its theoretical covariance are

e, ¥« h k(Ry); (3.82)
Cex = Hi(R )P, H{ (R ) + Ry (3.83)

where H is the MEKF measurement Jacobian evaluater at In the absence of
faults, the innovation energy is consistent withGn expectation. Under a fault, the
empirical innovation energy typically increases, suggesting that the effective mea-

surement uncertainty is larger than modeled.

Following the single-scale-factor (SSF) robust ltering idea (see, e.g., [30]), the mea-
surement covariance is modi ed as

R¢ 7! skRg; S 1, (384)

which directly reduces the Kalman gain during suspicious updates. The sgadar s

selected by enforcing a trace-consistency condition between the measured innovation
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energy and the predicted (noise-free) part of the innovation covariance. Using the

instantaneous innovation energyeg, the SSF condition is written as
exex =tr HyP, HY +sytr(Ry): (3.85)

Solving (3.85) for g yields

erex tr HyP H
tr(R«)

Sk = (3.86)

Because (3.86) is computed from a single sample, it may uctuate around its nominal
value; moreover, it can become smaller than unity due to random variations. To avoid
an arti cial reduction of the measurement noise in fault-free conditions, the scale

factor is lower-bounded by one:
S, = maxfl; sQ: (3.87)

Optionally, the scaling can be applied only when the innovation energy exceeds its
theoretical level, e.g.,jesx > tr(C <), Which prevents unnecessary gain reduction

during nominal operation.

Finally, the Kalman gain is recomputed using the in ated measurement covariance:
h iq
Kg =P, H{ H(P H/ +s,R¢ (3.88)
The remainder of the MEKF measurement update (state correction and covariance
update) proceeds as in the nominal lter, except thatiRkreplaced by SRy in the

gain calculation.

3.2.2 Multiple Scale Factor Approach

While the SSF approach is simple, it uniformly downweights all measurement com-
ponents whenever a fault is detected. This can be overly conservative when only a
subset of the LOS components is corrupted. Therefore, robustness is also enforced by
adapting the measurement-noise covariance using multiple (component-wise) scale
factors. The key idea is that, under a fault, the empirical innovation covariance ex-
ceeds its theoretical value; therefore, the effective measurement-noise level can be

increased until the two are consistent.
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Letec, ¥ « h «(R,) denote the innovation at timg.tUsing a moving window of

width , the empirical innovation covariance is

XK
Co 1 e (3.89)
j=k +1

The theoretical innovation covariance of the (non-robust) lter is
Cex = Hi(R) Py HE (R) + R (3.90)
Following [29], robustness is achieved by introducing a scale magrsush that
Cex = H(Ry )P, HY (R )+ SkRy: (3.91)

Solving Eq. (3.91) for Syields

hy X [
Sk= - eef H (R )P HI(Ry) RY: (3.92)

j:k +1

In practice,Cey is computed from a nite window and may uctuate around its ex-
pected value. Therefore, the matrix 8btained from Eq. (3.91) is used only through
its diagonal entries, which scale the corresponding components of the measurement-
noise covariance R Moreover, to prevent an arti cial reduction of the measurement

noise in fault-free conditions, each scale factor is lower-bounded by unity:

(3.93)
Si-k =maxfl; [Sklig; =1z,

where z = dim(ex) = dim(y , ) is the dimension of the innovation vectog.e

Finally, the Kalman gain is recomputed using the scaled measurement covariance:
h i
K =Py He (Ry) HR )P HE(R ) +S R (3.94)

3.2.3 Fault Detection Procedure

The robust covariance-scaling mechanism is activated only when a sensor fault is
detected; otherwise, the estimator runs as the nominal MEKF. Fault detection is for-

mulated as a statistical hypothesis test [28]:
o: the system is operating normally (fault-free),
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1. a malfunction exists in the measurement/estimation system.

A test statistic based on the normalized innovation squared (NIS) is de ned as [28]
h iq

k=el Hk(k‘k)Pk Hg(k‘k)'FRk S (395)
Under ,, the statistic  follows a 2 distribution (see Appendix A) with z degrees
of freedom [26], where z = dim(g). For a chosen signi cance level 2 (0;1), the

detection threshold?, is de ned by

P 2> %, =: (3.96)
The decision rule is then

lo: 2., 8k;

orok (3.97)

i w> 2., 9k

i.e., the fault hypothesis; is accepted whenever the normalized innovation energy
exceeds the threshold. In the proposed logic, the NIS test provides a global fault
trigger, whereas the diagonal scaling in Eq. (3.93) adapts the effective measurement-

noise level at the component level within the stacked LOS measurement vector.

Switching logic. When the test statistic satis es the no-fault decisjon Eq. (3.97),
the lter is operated in its nominal mode and the measurement-noise covariance is set

to its baseline value,
Ry =diag Zlgs; 2la3;::; Rlas ; (3.98)

constructed from the assumed measurement standard deviat{ses Section 3.1.6).

If a fault is detected (1), the robust mode is activated and the effective covariance is
in ated using the diagonal scale matrix, i.e.x R S Rk, and the Kalman gain is
computed from Eq. (3.94).

3.3 Fault Injection to LOS Measurements

To assess the behaviour of the proposed fault-detection and robust covariance adap-
tation scheme, controlled faults are injected into the camera line-of-sight (LOS) mea-
surements. The objective is to emulate scenarios in which the camera does not report

the true beacon bearing, for example due to imperfect beacon identi cation, glare, or
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confusion with another bright object in the scene. In such cases, the reported LOS
direction may be biased relative to the true line-of-sight, producing innovations that

are inconsistent with the nominal (Gaussian, small-angle) measurement-noise model.

Let bk 2 R2 denote the nominal unit LOS vector for beacon i at tigeexpressed
in the camera/deputy frame, with ik = 1. Under fault-free conditions, the mea-

surement is modelled as
Bik =bix +Vik; Vi bik =0; (3.99)

where Vi iS a zero-mean perturbation constrained to the plane tangent to the unit
sphere at .

3.3.1 Directional Bias Error Model

In practice, misassociation with a nearby light source, centroid bias, or other spurious-
detection mechanisms can be represented in the Iter as a systematic bias in the mea-
sured LOS direction. To emulate this effect, a fault is injected by applying a small but
persistent rotation to the LOS vector:

b:iu“ = Aerri Bk +Vix; (3.100)
where Ay 2 SO(3) represents the directional bias associated with beacon i. The
matrix Aeri IS chosen to correspond to small rotation angles so that the injected fault
produces an angular deviation,; between the nominal and corrupted LOS direc-
tions, i.e., \( b{iu“ bik) = i =Kk erik, while preserving the unit-vector geometry
of the LOS.

In implementation, A.; may be parameterized using a yaw—pitch—roll sequence

(e.g., 3-2-1) or, equivalently for small angles, via a rotation vectgr 2 R®[1]:
Acrri =€Xp [ emi ] I 33 +[ emil; K emik 1; (3.101)

where [ ] denotes the skew-symmetric cross-product matrix. Within the fault win-

dow, A is held constant.

Because Ay is a proper rotation, the mapping in Eq. (3.100) preserves the LOS

norm, i.e., kA Bikk = kbixk. The corrupted measurement is formed by rst ap-
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plying the directional bias and then adding nominal measurement noise; the resulting

vector is renormalized to unit length before being passed to the lter.

fault
fault bi K

B (3.102)

bif;'cll(ult
In the simulations presented in this thesis, only a subset of the LOS measurements is
corrupted using Eq. (3.100) over a limited time interval t 23; ten9, ], while the
remaining measurements follow the nominal noise model. This setup enables evalu-
ation of the robust estimator under mixed conditions in which some beacons are sys-
tematically biased, consistent with practical misidenti cation or spurious-detection

scenarios.

3.3.2 Field-of-View Availability Model

In addition to biased LOS faults, the estimator is evaluated under LOS unavailability
events, which occur when one or more beacons leave the camera eld of view (FOV).
During such intervals, the corresponding LOS unit vectors cannot be constructed and

therefore are not provided to the measurement update.

At each image timeyt the predicted bearing to beacon i is projected onto the cal-
ibrated image plane using the pinhole model [9]. Lef( ix) denote the image-
plane coordinates obtained from Eq. (3.59) after principal-point correction (the prin-
cipal point is taken as the origin for simplicity). For a rectangular FOV centered at
the principal point, with half-width fp and half-height [ in image-plane units, the

beacon is considered visible if

J ikl hoy j ikl hoy; (3.103)
and declared out-of-FOV otherwise.
The half-extent parameters(th,) are related to the focal length and the angular

FOV. In this thesis, a symmetric FOV with total angular widtk,y and a square
sensor is assumed, i.e, k hy = h, with

h=f tan F;)V ; (3.104)

which follows directly from pinhole geometry. A beacon is considered available only
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if it lies in front of the camera, i.e. its depth in the camera (deputy) frame
satis es Z¢™ > 0, and

if its projection lies inside the square image-plane region 2 [h;h]and 2

[ h;h].

In implementation, the same visibility test can equivalently be carried out using a
polygon-inclusion check (with MATLAB command inpolygon) with the square
vertices ( h; h), (h; h), (h; h), and (h;h).

When a beacon fails the visibility gate in Eq. (3.103), its LOS measurement is omitted
from the stacked measurement vector and the associated rows/columns are removed
from the measurement Jacobian and covariance matrix. Consequently, the update
step uses only the subset of visible LOS vectors at time/hile the propagation step

remains unchanged.

Note on fault detection under time-varying visibility. Lgtdenote the set of visible
beacons at timet and de ne N, , }V «j. The stacked innovation vector then has
dimension z , dim(e ) = 3Ny, and the 2 test is evaluated using zZlegrees of
freedom:

P 2> 2 = 0< <1: (3.105)

Zy Z ok

Empty-measurement case. If no beacons are visible at fim#agn N, = 0 and
¥« 2 RP. In this case, no innovation can be formed and the measurement update

degenerates to the identity mapping:
R Ry Pl P : (3.106)

The lIter therefore executes propagation only until at least one LOS measurement

becomes available again.

3.3.3 \Visibility Model with a Solid 3D Chief Satellite

The availability model in Section 3.3.2 captures the purely geometric FOV constraint:
a beacon is available if it projects onto the image plane and lies in front of the camera.
In practice, however, the chief spacecratft is a solid body and beacons mounted on its

surface may be self-occluded. That is, a beacon can satisfy the FOV gate yet remain
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invisible because it is located on a face turned away from the camera. To emulate
this effect, an additional surface-visibility test is introduced. This is a rst-order self-
occlusion model and does not attempt to capture partial occlusion, shadowing, or

detailed optical effects.

Chief geometry and face normals

The chief spacecraft is approximated as a convex polyhedral body with beacons
mounted on a subset of its faces. Let fCg denote the chief body frame. In this thesis,
the chief-centered Hill frame is used for relative translation, and the chief body frame
is assumed to remain aligned with this Hill frame throughout the simulation; thus,
face normals are treated as constant in f{Cg. Assume that beacons are mounfed on N

planar faces, and Ier!tjC denote the outward unit normal of face j expressed in fCg.

For the con guration used in the simulations, six beacon-bearing faces are considered,

with outward normals

h It h it

"= 10 0 ; n, = 100 ;
h It h it

=00 1 ; n, = 00 1 ; (3.107)
h It h it

"= 01 0 ; g = 0 10

Face-to-camera visibility test

Let r;, denote the relative position of th& beacon with respect to deputy (camera),
expressed in the chief-centered frame at ti;jmeTthe vector from the beacon to the
deputy points toward the camera; hence, a face is treated as camera-facing if its out-
ward normal points generally in the same direction gs rThis is tested using the
dot product [11]

neTo(r w) >0 i <90 ; (3.108)

where jy is the angle betweelfhjC and (r k).

If nfT (r ix) O, facejis treated as back-facing and beacons mounted on that

face are declared self - occluded.
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Combined availability logic

A beacon measurement is declared available at tinoaly if it satis es both:

1. the FOV gate of Section 3.3.2 (in-front condition and image-plane inclusion),
and
2. the surface-visibility test (3.108) for the face on which the beacon is mounted.

Beacons that fail either test are omitted from the stacked measurement vector at
that time. This combined model enables evaluation of the estimator under realistic,
time-varying LOS availability due to both camera FOV limitations and chief self-

occlusion.
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CHAPTER 4

SIMULATION

4.1 Orbital Position of the Spacecraft

The translational motion of a spacecraft about the Earth is described by its position
vector r(t) expressed in an Earth—centred inertial frame. In this thesis, r is de ned
relative to the Earth's centre of mass and resolved in the geocentric equatorial inertial
(ECI) frame flg with orthonormal basis vectofsf; K. TheTaxis points toward the
vernal equinox, th& axis is aligned with the Earth's rotation axis (northward), and

{'= K fTcompletes a right-handed triad.

Under the two—body assumption (i.e., neglecting all perturbations), the spacecraft
experiences only the central gravitational attraction of the Earth, so its inertial motion

satis es [22]

= =T, (4.2)

where is the Earth's gravitational parameter, r = krk, and the dot over the vector
denotes differentiation with respect to inertial time. The orbital state is represented

by the position and velocity vectors,

r=x 1+y [+z K (4.2a)
v=r= xT+ _\[j/\+ zKk: (4.2b)

Throughout the simulation study, r(t) and v(t) de ne the reference (truth) orbit.
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4.2 Numerical Integration

The continuous-time equations of motion are propagated in time using numerical
integration in order to obtain discrete state samples at the required simulation and

sensor update instants.

General Runge—Kutta Formulation

Consider an initial value problem of the form

x(t) = f(t; x(1)); Xt 0)=Xo; (4.3)

where x 2 R" and f() is assumed suf ciently smooth. A general explicit s-stage
Runge—Kutta (RK) method advances the solution frerott,,; =t + h with step

size h via the stage derivatives

X
ki=f tg+cih; xx+h ajkj i=1;::::8; 4.4)
j=1
followed by the state update
XS
X1 =Xk +h bki; (4.5)

i=1

where fg; ; bh; ¢ig are the RK coef cients (often presented as a Butcher tableau) [23].

Classical Fourth-Order Runge—Kutta (RK—4)

In this work, the classical fourth-order explicit RK scheme is used. For a step from

(tk; Xx) to (tk+1 ; Xk+1 ) With step size h, the intermediate slopes are computed as

ki =1(t «;Xk); (4.6)
ko=f te+ 5x+ Dky (4.7)
k3 =f t + n;Xk'l' %kz ; (48)
ke =f(t « +h;x +hk3); (4.9)

and the state is updated according to

xk+1=xk+%(k1+2k2+2k3+k4): (4.10)
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RK-4 for Orbit Propagation

The spacecraft translational dynamics form a three-dimensional second-order prob-
lem. For numerical propagation, this is written as two coupled rst-order vector dif-

ferential equations,

=V, (4.11a)
V=a . v;t); (4.11b)

=

where r 2 R® and v 2 R® are the inertial position and velocity vectors. In the
present work, under the two-body assumption, the total acceleration reduces to the

central-gravity model g(r) = r=krk 3.

Following the RK—4 orbit-propagation formulation in [24], the intermediate slope
vectors for velocity and position are computed alternately. For a step from (¥/;)

to (tj+1 ;rj+1 ;Vjer ) With tjyy =t +h,

Kiv = awdlj;vjit)); Kie =V, (4.12)
Koy =@t Ij + %klr;vj + %klv;tj + % , Ko =V + %klv; (4.13)
Kav =@t I+ SKars vy + Skouity + 5 Kar =V + Sk (4.14)
Kay = @ior(rj +hK a5 vj +hk gyt +h); Ka =Vj+hks: (4.15)

The state is then advanced using the standard RK—4 weighted sum applied to each

subsystem:
h
Vj+1 :Vj + é(klv+2k2v+2k3v+k4v); (4-16)
h
Meg =1+ 6(k1r+2k2r+2k3r+k4r): (4.17)

This procedure yields the discrete-time orbit trajectory; fr; g used as the truth prop-

agation in the simulation study.

4.3 RK4 Propagation of the Relative and Orbital States

To generate the discrete-time “truth” trajectory used in the simulation, the continuous-

time nonlinear relative dynamics = f(X) are numerically integrated. Here, the
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state vector .
h it
X= Xy z XYy ZgEk ¢ -
collects both the deputy relative states in the chief-centered orbital frame and the
chief orbital parameters [6]. In the component form used throughout this chapter, the
correspondence ispe X, X2 =Y, X3 =Z,X4= X, X5 = Y, X% = Z,X% =TI, Xg = I,

X9 = ¢ andxo = —. The vector eld f(X) is given in (3.67).

Let .1 = t; + h denote the integration grid with xed step size h, and let X
X(t j). Since the dynamics are autonomous in the present formulation, the classical

fourth-order Runge—Kutta scheme evaluates f( ) at four intermediate states:

Ki=f(X ;) (4.18)
Ko=f Xj+ 5Ky ; (4.19)
Ks=f Xj+53K,; (4.20)

and advances the state by
h
Xj+l:Xj+6(Kl+2K2+2K3+K 4): (422)

Because X includes both the relative motion and the chief parametgrg(r¢; ).
the RK4 update in (4.22) propagates all coupled quantities consistently within a single

integration step [23].

4.4 Relative Attitude Propagation

The “truth” relative attitude between the deputy and chief is propagated in discrete
time using quaternion kinematics driven by the (true) body angular rates of each

spacecraft. The relative attitude is de ned as

9.9 4 9 ¢ ; (4.23)

where g and g denote the deputy and chief attitude quaternions with respect to the
inertial frame. Let ¢ denote the relative attitude at time Over the interval [{; ty+1 ]

with step size h = {1 t k, and assuming the body angular rates are constant over
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one step, the relative attitude at the next time step is

Oeer = Qo O O okl (4.24)

where d,, and d., are the incremental quaternions constructed from the deputy

and chief angular-rate vectors, respectively.

Using the left- and right-multiplication matrices, (4.24) can be written compactly as

Oer = (¢ an) (0 o) O (4.25)

where (! 4x) represents left-multiplication by g, and (! cx) represents right-
multiplication by qcl;k, as de ned in Eq. (3.80). After propagation, the quaternion is

renormalized to enforce unit norm.

4.5 Scenario and Initial Conditions

This simulation considers a two-spacecraft formation in Earth orbit, consisting of a
chief spacecraft that de nes the local orbital frame and a nearby deputy spacecraft
whose relative position and attitude are to be estimated from inertial and line-of-sight
(LOS) measurements. The relative translational states are expressed in the chief-
centered Hill frame, and the chief orbital parameters are included in the augmented

state vector X following [6].

Simulation Horizon and Sampling

The relative-motion simulation is run for 600 minutes with a xed integration and
measurement update interval of h = 10 seconds, resulting in a discrete-time trajectory
X(t ,-)gj'\iO that is used to generate the synthetic inertial and LOS measurements in

the following sections.

Chief Orbit

The chief orbit is chosen to be representative of a low-Earth, near-circular trajectory.

The geometric parameters are taken from the Space-Track TLE for the Hubble Space
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Telescope (HST; NORAD 20580) at epoch 2026-01-02 16:33:19 UTC [31]. From this
record, the semi-major axis and eccentricity are a = 6;858;863 m and e = 0:0002579,
respectively (see derivation in Appendix B). The Earth gravitational parameteris =

3:986008 10 me=<£. The semi-latus rectum and mean motion are

p=al e?; n= et (4.26)

For convenience, the initial condition is de ned at perigee (i.e., the orbital phase is
selected for the simulation), such thafty) = 0. The initial chief radius and true-

anomaly rate are then

P e

re(to) =a(l e); I c(to) =0; _o(to) = )

(4.27)

The chief's orbit in ECI is illustrated in Fig. 4.1.

Figure 4.1: Chief Satellite Orbit in ECI
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Bounded Relative Orbit Condition and Initial Relative State

The deputy relative motion is initialized to satisfy the bounded relative orbit constraint

[6]
yb) _ . n@2+e) .
X(to) © (1+e)(L e) 2 (4.28)

Using this constraint together with the selected initial relative position and velocity

components, the initial augmented relative orbital state is set to

X(t o)
h

hX(to) y(to) z(to) X() Yy(b) z(b) re(to) K(to) c(to) _c(to)
|
200 200 100 0:01 0:4448 0:01 fto) 0 O (to) :

B

(4.29)
where the relative position components are in metres and the relative velocity com-

ponents are in metres per second.

The simulated relative position is given in Fig. 4.2

(a) (b)

Figure 4.2: Relative Orbital Position (a) The Deputy's Orbit in Chief Hill Frame (b)
Relative Orbital Position with respect to Time.
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Initial Relative Attitude

The initial relative attitude is speci ed by the initial deputy and chief attitudes through

q(to) , a alto) g c(to) * : (4.30)

In the simulation, the initial relative attitude quaternion is chosen as
h
P

_ o] iT
qto)= % 0 0 ;

Nl

(4.31)

N

For a two-body chief orbit, the Hill (RTN) frame rotates about the orbital angular-

momentum axis with angular rate ! = . Expressed in the Hill frame, the angular
velocity of the Hill frame with respect to inertial is
2 3
0 h
|.C:§Z' = - :p_' :—p : .
e 05 - r? P "= T+ecos (4.32)

Since e 1, the variation of _over the orbit is negligible and we approximate this

rate as constant,

I goé; n= — 111 10 * rad=s: (4.33)

In the truth model, the chief body axes are assumed to be xed to the Hill frame,
hence the chief body rate is set to
h it
e ! £ 0 0 0:00111 rad=s: (4.34)
Following [6], the deputy is assigned a small additional constant body-rate compo-
nent (about its x-axis) to avoid a near-stationary relative-attitude case and to provide
a time-varying LOS measurement geometry (persistent excitation) for the camera-

based estimator evaluation:
h it
4= 0:002 0 0:00111 rad=s: (4.35)

These quantities de ne the truth relative-attitude trajectory via the propagation model

in Section 4.4.
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The Euler angles are obtained from attitude propagation as in Section 2.4 and given
in Fig. 4.3. Not that, for easier physical interpretation, the angles are (; ;) 2
[0 ;360) in the plot.

Figure 4.3: Relative Attitude with respect to Time

4.6 Gyro Measurements

This section describes how synthetic gyroscope measurements are generated for the
simulation study. The underlying continuous-time gyro model has already been in-
troduced in Eq. (3.18); here, it is adapted to the discrete-time setting used to construct
the measurements.

Discrete-Time Measurement Construction

Let t, denote the gyroscope sampling instants with sampling interval p.& tt .

For each spacecraft, the measured angular rate is formed as
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.l"'k = I k + k + V;k; (436)

where ! is the true body angular rate used in the truth attitude propagatjois,the

gyro bias, and ., is a zero-mean white-noise sequence.

The bias is modelled as a random walk driven by the continuous-time noise process

. in Eqg. (3.18). In discrete time, the bias is propagated as

k1 = kT ouko (4.37)

where , is a zero-mean Gaussian sequence representing the integrated effect of
.(t) over one sample interval. With2l and 21 denoting the continuous-time

spectral densities, the corresponding discrete-time covariances are

2
E ik wk = plasi B ouk Bk = dhlas; (4.38)

and the sequences are assumed mutually independent and independent across time.

Chief and Deputy Gyroscopes

With a gyroscope sampling interval of h = 10 s, the continuous-time noise densities
y = pF) 10 1° rad=$2and , = P 10 10 ° rad=472 correspond to discrete
standard deviations ofup h =109 rad=s for the bias random-walk increment and
V:p h =10° rad=s for the rate measurement noise. The initial bias on each gyro
axis is set to 1 deg=hr 4:85 10° rad=s.

Separate gyro measurement sequences are generated for the chief and deputy space-
craft using (4.36)—(4.38). These measurements provide the inertial-rate information
required to propagate the attitude estimate between camera updates. The resulting

measured angular-rates are shown in Figure 4.4.

4.7 Camera Measurements

This section describes the construction of synthetic camera line-of-sight (LOS) mea-

surements to beacons mounted on the chief spacecraft. Beacon locations are xed in
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(a) (b)

Figure 4.4: Angular Rate Measurements with Respect to Time (a) The Chief's Gyro

Measurements (b) The Deputy's Gyro Measurements.

the chief centered Hill frame fCg and are assumed to be visible to the deputy payload
sensor (PSD) under nominal conditions throughout the simulation run. The nominal
case assumes all beacons are available; additional subsections then apply visibility
constraints (FOV gating and self-occlusion) and directional bias faults. Unless other-
wise stated, each LOS measurement is represented as a unit vector expressed in the

deputy/camera frame.

4.7.1 Beacon Geometry

The beacons' replacements on the chief can be seen in Fig. 4.5.

Figure 4.5: The Placement of the Beacons on the Chief
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Eight beacons are placed on the chief with positions (in metres) expressed in fCg:

2 3 2 3 2 3 2 3
0:5 0:5 0:5 0:5
pglzgoé; p§2=§0:52; p§3:§ 0:52; Ps, = §0:52;
0:0 0:0 0:0 0:0
2 3 2 3 2 3 2 3 (4.39)
0:2 0:0 0:2 0:2
.= od: s Bzl vi = o os=forl:
0:1 0:1 0:0 0:0
h it

Let , = xx Yk 2z denote the deputy position relative to the chief, expressed
in the chief-centered Hill frame at timg.t The vector from the deputy to beacon i
expressed in fCg is then

rﬁk =p CBi K (4.40)

Using the relative attitude quaterniop (feputy relative to chief), the corresponding

(nominal) unit LOS vector in the deputy/camera frame is

Ay ) r i

bi; =
T A@OT S

; kbi;kk = 1; (441)

where A(q,) 2 SO(3) is the direction cosine matrix associated with " he simu-

lated LOS vectors can be seen in Fig. 4.6.

From Fig. 4.6, it might be seen as all the LOS vectors are identical. However, that is
due to the fact that the distance between beacons are small compared to the relative
distance. As an example, the difference between the LOS vectors associated with the

beacons Band B; (i.e., b b ;) is givenin Fig. 4.7.
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Figure 4.6: Real Line of Sight Vectors with Respect to Time

Figure 4.7: The Difference Between the Line of Sight Vectors Associated with B
and B,
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4.7.2 Nominal Measurements (Noise Only)

Under nominal conditions, each beacon measurement is constructed by perturbing the
true unit LOS vector g with a small, zero-mean error that lies in the tangent plane
of the unit sphere at;p. Speci cally,

By = % VI, by = 0; (4.42)
where i is generated as a Gaussian random vector with isotropic small-angle statis-
tics and then projected onto the plane orthogonal;ta dn implementation, this
corresponds to drawing v N(0; 21) and setting v = (I bb T)v, followed by
renormalisation, consistent with the unit-vector measurement model used by the I-
ter [6]. The LOS measurement noise standard deviation is takep as 0:0005
(one-sigma), i.e.

=0:02— : 4 : 4.4
m 002180rad 3:49 10 rad (4.43)

Figure 4.8: Line of Sight Vector Measurements with Respect to Time
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The constructed measurements can be seen in Fig. 4.8. Unlike the real LOS vectors,
LOS measurements are modeled with noise. Due to the magnitude of this noise, it
can't be observed in Fig. 4.8. For reference, the noise on the LOS vector associated

with the beacon Bis given in Fig. 4.9.

Figure 4.9: The Noise Injected on the Line of Sight Vector Associated with B

4.7.3 Measurements with Directional Bias (Angle Bias)

To emulate persistent beacon-direction errors (e.g., centroid bias or beacon misasso-
ciation), a directional bias is injected by applying a xed (or time-windowed) small
rotation to the nominal measurement. Using the fault model de ned in Section 3.3,

the biased LOS measurement is

bias

B =Aemi Bix;  Aeri 2SO(3); (4.44)
with the result renormalised to unit length if additional noise is applied after the rota-

tion. The rotation A is parameterised via a small rotation vector (or yaw—pitch—roll

angles) as described in Section 3.3.1.

In the simulations, different cases for measurement error are simulated. The bias is
applied over the time window t 2 ff&; t¢"d ] and only beacons some beacons are

assumed to be affected due to a bright light source as illustrated in Fig. 4.10.
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Figure 4.10: Camera, Beacons and Light Source

The bias is implemented as a small rotatiog,-A = exp([ eri ]) applied to the
noisy LOS vector, as in (3.100). As an example, let the error angle rotation vector
err:3 for the 3" beacon be
h it
er3= 04 0:8 0:2 ; (4.45)
with the error window t 2 [300; 330]min. The constructed faulty measurements are
shown in Fig. 4.11.

4.7.4 Measurements with Field-of-View Constraints

In practice, only beacons that lie within the camera eld of view (FOV) can be mea-
sured. The FOV availability test used in this thesis follows Section 3.3.2. At each
image time t, the predicted bearing to beacon i is projected onto the image plane
using the calibrate%pinhole rquel. Equivalently, given the unit LOS vector in the
camera framei = b b b, withb, >0, the corresponding image-plane co-

ordinates (with principal point at the origin) may be written as
ik = f — ik = f Q (446)

consistent with the back-projection relation used to form LOS vectors in Section 2.8.

A beacon is declared visible if it lies in front of the camera $0) and satis es
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Figure 4.11: Line of Sight Vector Measurements Associated witimBhe Presence

of Directional Bias

the rectangular inclusion test Eq. (3.103); otherwise its LOS measurement is omitted
from the measurement update at that time. In this study, the FOV is sebjo =
120 with f = 0:1 (image-plane units), implying a half-extent h = f tan(royv =2).
Also, a symmetric square FOV is assumed, so the half-width and half-height are

equal.

4.7.5 Measurements with FOV and Self-Occlusion

The FOV test alone does not capture self-occlusion of beacons mounted on a solid
chief body. To emulate this effect, the solid-chief visibility model of Section 3.3.3
is applied in addition to the FOV gate. A beacon measurement is provided to the
Iter at time ty only if: (i) it passes the FOV availability test of Section 4.7.4, and
(i) the beacon-bearing face is camera-facing according to the dot-product criterion

Eq. (3.108). Beacons that fail either condition are treated as unavailable and removed
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from the stacked LOS measurement vector for that update.

Beacon-to-face assignment. To apply the face-visibility test in (3.108), each bea-
con is associated with one chief surface (face) and inherits that face's outward unit
normal. In the present implementation, the beacon set is partitioned into six groups
corresponding to the X, Y, and Z faces of the chief body (exprﬁssed ir} ;‘Cg

frame). For example, beacons assignerc]i to the +X facettfse = 1 0 0 ,
It
those assigned to the X faceuse§ = 1 0 0 , and similarly for Y and

Z. Concretely, one possible assignment is

B.x =1B 1;B40; Bx =fB ,;B30;
B.y =B 70; By =1B g0; (4.47)
B.z =1B s0; Bz =fB &0;

where Bx denotes the set of beacons mounted on the corresponding face. The exact
beacon-to-face assignment is not critical to the estimator structure; it only determines
which beacons become unavailable under the self-occlusion model. The setsin (4.47)

are updated to match the con guration used in the simulation gures.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 Nominal Measurements Case

The continuous-time process noise is collected in the vector
h it
wit), L oh o Wk Wy W (5.1)

where ,; 4 2 R?represent gyro-rate white-noise terms for the chief and deputy,
respectively, and .,; 4, 2 R® represent the corresponding gyro-bias driving (ran-
dom walk) noise terms. The scalarg;wy; w, denote the process-noise components

associated with the translational dynamics (Eq. (2.49)).

The noise sources are modelled as mutually independent, zero-mean white-noise pro-

cesses with
Ewitw () =Q.(t ) (5.2)

where the continuous-time process-noise intensity matrix is

— i 2 .2 .2 .2 . . . .
QC_ dlag cvl 33 dvl 33 CUI 33 dul 33, Wx; Wy1 Wz (53)

The numerical values used for these spectral densities are [6]

p_— m

Wy =wy,=w,= 10 10 " Pz (5.4)
P— rad

ow= o= 10 10 > p_g; (5.5)
P— rad

w= = 10 10™ @: (5.6)

The discrete-time covariance in the propagation step is formed from Eq. (5.3).
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The lIter is initialized with the truth state values att =gti.e., R(to) = X(t o).
The initial covariance is chosen block-diagonal and isotropic within each 3-axis sub-
block:

— 2 .2 .2 .2 .2 .
Po=diag “5laz; “.olss; “ol33; %lss; “olss;

(5.7)
2_ I . 2_ I . 2 . 2. .
re;0' 33 [30) 33 0 50 s
where the numerical values are selected as [6]
% =1(deg)?; 2 o =4 (deg=hr)*; ? o = 4 (deg=hr)*;
% =5m? 2y = 0:02 (m=sY; Z ., = 1000 nv;
20 =0:01 (m=sY; % =110 * rad% ?0=1 10 * (rad=sy:
(5.8)

3 covariance bounds. Let P, denote the MEKF error-state covariance at time t
Assuming Gaussian errors, the component-wise 3 consistency bounds for the ith
state are computed as

q
X ik 2 3 P«

q
; +3 Py

" M i=1;2;3; :N: (5.9)

These bounds are used in the plots to assess Iter consistency.

5.1.1 MEKF Results with Nominal Measurements

The estimation results of the standard MEKF using the nominal camera measure-

ments (noise only) in Sec. 4.7.2 are presented in Figs. 5.1 to 5.6.

The lteris initialized at the true state, so the gures primarily re ect the steady-state
error levels driven by sensor noise and process modeling assumptions, rather than a
convergence-from-large-initial-error scenario. The red dotted curves denote the 3
envelopes obtained from the corresponding diagonal elements of the state covariance

matrix.

Figure 5.1 shows the attitude estimation errors. After a short initial transient, the roll,
pitch, and yaw errors remain bounded within the predicted 3 limits. The envelope

exhibits a periodic behavior, which is expected in camera-aided relative navigation:
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Figure 5.1: Results for MEKF: Attitude Errors and 3 Bounds.

Figure 5.2: Results for MEKF: Chief Bias Errors and 3 Bounds.
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Figure 5.3: Results for MEKF: Deputy Bias Errors and 3 Bounds.

Figure 5.4: Results for MEKF: Relative Position Errors and 3 Bounds.
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Figure 5.5: Results for MEKF: Relative Velocity Errors and 3 Bounds.

Figure 5.6: Results for MEKF: Chief Orbit Parameters Errors and 3 Bounds.
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the information content of the measurement model varies with the relative geometry,

leading to time-varying observability and, consequently, a time-varying covariance.

The estimated gyro bias errors for the chief and deputy are shown in Figures 5.2
and 5.3. Although the estimates are initialized at their true values, the bias-error
responses reveal a brief transient driven by process noise and measurement noise.
Following this transient, the bias errors remain bounded and settle to small, approx-
imately constant levels within the 3 envelopes. Importantly, in the absence of
any measurement bias, no unbounded drift is observed in the bias estimates, and the
3 limits contract rapidly to a steady level, indicating that the bias states remain

well-conditioned in the nominal case.

The relative position and velocity error histories are given in Figures 5.4-5.5. For all
components, the MEKF maintains bounded errors that remain consistent with their
3 bounds. The y channel exhibits a noticeably larger uncertainty and a more pro-
nounced variation in the 3 width compared to the other axes. This behavior is
consistent with a temporary reduction in measurement sensitivity to that direction
due to the viewing geometry, rather than a divergence of the lIter, since the error

remains bounded and the covariance returns to its nominal level afterwards.

Finally, Figure 5.6 reports errors in selected chief orbit parameters. The correspond-
ing 3 bounds remain comparatively large and are periodically modulated, while
the realised errors stay bounded and close to zero. This is not unexpected: these
guantities are not measured directly and are inferred through the nonlinear mapping
from the estimated relative state, so the resulting uncertainty re ects the geometry-
dependent sensitivity of this mapping. Overall, the nominal results demonstrate sta-
tistically consistent behavior of the standard MEKF under unbiased camera measure-
ments, providing a clean reference for the faulty-measurement and robust- lter com-

parisons.

5.2 Angular Bias Cases

This section de nes the directional-bias scenarios used to evaluate the conventional

MEKF against the proposed robust estimators (RMEKF with a single scale factor and
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RMEKF with multiple scale factors). The nominal LOS measurement noise standard
deviation is
- 005 . 4 .
m 0.02180 rad 3:49 10 rad: (5.10)

Accordingly, the injected bias magnitudes are also reported in normalized form as

k m to facilitate comparison across cases.

Directional faults are introduced using the rotation model in Sec. 3.3.1. In imple-
mentation, the bias rotation.A 2 SO(3) is generated via a 3—2-1 (yaw—pitch—roll)
Euler-angle triplet using angle2dcm. For reporting purposes, the equivalent single-
angle magnitude of the applied rotation is computed as

tr(A err;i ) 1

1 .
i , COS > ;

(5.11)
and is expressed in degrees, radians, ghdnits.

Based on a geometry/information check (innovation/Jacobian leverage), Beacon 1
(and similarly Beacon 4) provides slightly higher in uence on the update, whereas
Beacon 2 is the least informative. Therefore, the cases below are chosen to (i) rep-
resent a localized fault on a high-leverage beacon, (ii) represent faults affecting mul-
tiple beacons with different severities, and (iii) represent a common-mode (global)
bias applied to all beacons. In all cases, the bias is applied only over the fault window

t2 [t tend 1, while all other times follow the nominal measurement model.

Table 5.1: Angular-bias cases used in the robustness comparisen@:02 ).

Case Corrupted beacons Euler bias triplet (deg) [deg] (k) Sqg - ¢end 1 [min]

I flg (0:45; 0:8; 0:4) 10550 ) [300; 310]
Bi:(0; 0:2; 0) Bi:0:02(10 )

I f1,2;49 B, :(0:65; 0:63; 1:2) B,:15(75 ) [350;355]

B, :(0:32; 0; 0:24) Bs:0:4(20 n)

[225; 225:5]
11 f1;:::;89g (30; 34:4; 32) 60 (3000 ) [250; 250:5]
[275; 275:5]

Case | represents a localized directional bias affecting only a single (high-leverage)

beacon. Case Il introduces a multi-beacon fault scenario in which three beacons are
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corrupted with different severities, including a strong bias on the least-informative
beacon (Beacon 2) and milder biases on higher-leverage beacons (Beacons 1 and 4).
Case lll applies a common-mode directional bias to all beacons during multiple short
fault intervals, providing a stress test for robustness against global corruption and for

the Iter's ability to recover promptly once nominal measurements resume.

5.2.1 Root Mean Square Error (RMSE)

The results for the proposed lIters are compared by calculating the root mean square
error (RMSE) of the each state estimation around the times of measurement error
such that

X

By

<

2]

m

I
o<

X (k) & ((K)]*° =1:::n: (5.12)

1
NS ki
where K is the initial step of error calculation interval; ks the nal step of error

calculation interval, and Nis the number of samples on this interval.

5.2.2 NIS-Based Fault Detection

The consistency test mentioned in Sec. 3.2.3 is used in the fault detection algorithm.

h i
« =g HkR )P H{(R)+Ri e (5.13)

Under nominal conditions, , is approximately 2-distributed with m = dim(z)
degrees of freedom. A fault is declared wher> 2 for the chosen signi cance

m;1

level =0:01 where m=3N =24 (i.e. 5,449 = 42:9800)

In the robust lters, the measurement covariance is in ated after a fault is detected
with a scale factor (R! S Rx), and the corresponding innovation covariance is
used in the update. The post-scaling NIS,
h i
kpost = € Hk(R )P HY(Ry) +SyRe e (5.14)
therefore quanti es consistency after robustness adaptation: during fault pegods
may exceed the? bound, while «p0st remains closer to the expected range, indicat-

ing that the in ated covariance effectively downweights the corrupted measurements.
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5.2.3 Angular Bias Case |

Case | represents an isolated angular-measurement fault affecting only a single bea-
con (Beacon 1) while the remaining beacons provide nominal LOS information. As
summarised in Table 5.1, Beacon 1 is corrupted by the Euler bias triplet chosen as
(0:45; 0:8; 0:4) deg over the interval t 2 [300; 310] min, corresponding to an equiv-
alent rotation magnitude of 1 (50 ). Although the fault window is short, the
applied directional bias is suf ciently large relative to the nominal measurement noise
to produce a non-negligible innovation and to test whether the Iter can localise and

suppress the effect of a single bad measurement source.

The results for the MEKF, SSF-RMEKF, and MSF-RMEKF are shown in Figs. C.1
to C.6, Figs. C.7 to C.12, and Figs. 5.7 to 5.12, respectively.

Standard MEKF. The standard MEKF remains stable, but the biased LOS updates
introduce a clear transient at the start of the fault window. In the attitude channels, a
noticeable excursion appears around t 300-310 min, consistent with the Iter at-
tempting to reconcile the biased direction measurement with the predicted geometry.
This behavior also propagates into the estimated gyro-bias states: the chief and deputy
bias-error traces (Figs. C.2 and C.3) show a visible deviation during the same inter-
val, indicating that the Iter partially misattributes the measurement inconsistency
to slowly-varying bias terms rather than treating it as a measurement abnormality.
The relative position/velocity errors (Figs. C.4 and C.5) exhibit the most pronounced
impact: a sharp deviation appears near the fault onset, followed by an oscillatory
residual after the fault is removed. Importantly, some of these excursions are not
fully captured by the nominal 3 envelopes, which is expected since the MEKF does
not model measurement bias/outliers and therefore tends to be overcon dent during

corrupted-update periods.

SSF-RMEKF. Introducing a single robustness scale factor reduces sensitivity to
the corrupted LOS, but in Case | it also highlights the main limitation of a global
scaling strategy. Because the scale factor is shared across the entire measurement

set, the mechanism reacts to an outlier in Beacon 1 by downweighting all beacon
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updates. As a result, the lter is less aggressively pulled by the corrupted beacon,
yet it also temporarily reduces the contribution of the seven healthy beacons during
the fault window. Consistent with this, the attitude and bias-state responses (Figs. C.7
to C.9) remain well-behaved and do not exhibit the pronounced excursions seen in the
standard MEKF, while the relative-state channels (Figs. C.10 to C.12) stay bounded
without the strong post-fault oscillatory behavior. Overall, SSF improves robustness
versus the nominal MEKF, but it cannot fully exploit the redundancy available in

Case | because it cannot localise the corruption to a speci ¢ beacon.

Figure 5.7: Results of MSF-RMEKF for Case I: Attitude Errors and 3 Bounds.

MSF-RMEKF. The MSF-RMEKEF provides the cleanest response in Case I. Since
each beacon is assigned its own scale factor, the lIter can selectively in ate the ef-
fective covariance of Beacon 1 while continuing to trust (and bene t from) the re-
maining valid LOS measurements. Consequently, the attitude disturbance (Fig. 5.7)
during t 2 [300; 310] min is shorter and better contained, the chief/deputy bias es-
timates (Figs. 5.8 and 5.9) remain close to their nominal behavior, and the relative
position/velocity errors (Figs. 5.10 and 5.11) recover promptly without a pronounced
post-fault residual. The 3 bounds are also more consistent with the observed errors,

re ecting a more appropriate uncertainty adaptation when only a subset of measure-
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