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Abstract

On May 22, 2018, the Gravity Recovery and Climate Experiment Follow On (GRACE-FO) mission was launched
with the goal to map the spatiotemporal variations in the Earth’s gravity field and to extend the 15-year monthly
mass change observations of its predecessor, the GRACE mission. Similarly to GRACE, the measurement prin-
ciple of GRACE-FO is based on three different key elements, namely inter-satellite ranging, precise orbit de-
termination and accelerometry. The accurate estimation of the satellites’ attitude has an influence on all three
of them. Therefore, any unmodeled errors in the attitude dataset product can propagate to the gravity field
solutions and degrade the results. The objectives of this thesis are twofold. Firstly, to analyse the in-flight per-
formance of the GRACE-FO star cameras, fiber-optic gyroscopes, accelerometers and steering mirrors. Sec-
ondly, to propose a method that accounts for the instruments’ noise and errors and fuses the data, giving an
improved attitude solution.

The noise and error characteristics of each instrument are determined by examining their measurements
in the time and frequency domain, as well as investigating their differences in geographic plots. These analyses
are performed for May 2020, when all instruments could provide nominal data. Motivated by the improved at-
titude quaternions and gravity field results that were obtained from the latest GOCE gradiometer data calibra-
tion process, the proposed on-ground attitude reconstruction for GRACE-FO is composed of three elements.
The first one is the optimal combination of star camera and steering mirror quaternions by minimizing the
weighted residual sum of squares of the elements of the noise quaternions. Within this combination, a set
of constant parameters are also estimated that describe the relative alignment of these sensors. The second
element is the reconstruction of the satellite angular rates in the frequency domain by applying respectively
a highpass and a lowpass filter to the IMU and to the combined star camera and steering mirror derived an-
gular rates. Lastly, the third element is the attitude reconstruction, for which attitude quaternions, resulting
from the smooth reconstructed angular rates, are fitted to the optimally combined quaternions by means of a
generalised least-squares adjustment.

The proposed attitude data fusion method produces an improved attitude solution that incorporates more
accurately the noise and error characteristics of the star camera, the steering mirror and the IMU measure-
ments. At the level of quaternions, it performs better than the official method, which is based on Kalman
filtering, with noticeable improvements at frequencies above 10 mHz. However, based on a comparison of
the corresponding derived antenna offset correction for range rate, very minor improvements are expected at
the level of the gravity field. This is due to the K/Ka-band ranging system noise being the dominant source at
the higher frequencies. The findings of this thesis work are valuable for the design of future gravity missions
such as the Next Generation Gravity Mission proposed by ESA, for which a redundant accelerometer design
is considered. Given the estimated noise characteristics of the above instruments and the proposed angular
rate reconstruction method, the most favorable placement of the accelerometers is found to be in the along-
track direction. If an accelerometer fails in this configuration, the noise in the required centrifugal and Euler
acceleration corrections will be less than that of the laser ranging system.
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Introduction

Over the past two decades, dedicated gravity field space missions improved significantly our knowledge of the
Earth’s gravity field, both in terms of accuracy and spatial resolution. The gravity field acts as a mirror into the
Earth’s interior. From the comparison of corresponding measurements with solutions from an idealised Earth
model in hydrostatic equilibrium, gravity anomalies can be derived, which in turn can give an indication of
mass imbalanced states in the interior of the Earth as well as increase the understanding of the Earth’s dynam-
ics [Rummel et al., 2002]. Satellite gravimetry facilitated for the first time measurements of a homogeneous
and worldwide gravity dataset and advanced our knowledge of mass distribution and mass change processes
in the Earth system. This in turn had a significant benefit to the fields of continental hydrology, oceanography,
cryospheric, solid Earth and atmospheric sciences [Pail et al., 2015].

In 2000, the German Challenging Minisatellite Payload (CHAMP) mission was the first one to allow the
scientific community to derive large-scale static gravity fields. Since the launch of the US/German Gravity Re-
covery and Climate Experiment (GRACE) mission in 2002, monthly gravity field estimates were also produced
and observations of the seasonal and long-term variations in the gravity field could be made. Later on in 2009,
with the launch of ESA’s Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) spacecraft, mean
Earth gravity field estimates at high spatial resolution could be determined. In 2012, with the GRACE satellites
already exceeding their nominal mission duration of five years, the GRACE Follow-on mission was formed. Its
main objective is to provide continuity in monitoring the variations of the Earth’s gravity field over time and
extend the record initiated by the GRACE mission [Kornfeld et al., 2019].

For all the above-mentioned gravity field missions, the accurate estimation of the satellites’ attitude plays
one way or another a critical role in achieving their mission objectives. For example, for GOCE the former is
essential for the precise calibration of the gradiometer and for extracting the gravity gradients [Stummer et al.,
2012]. For GRACE and GRACE-FO, however, their measurement principle is based on three different key ele-
ments, namely precise orbit determination, accelerometry and inter-satellite ranging. And as a matter of fact,
the on-ground final attitude solution has an influence on all three elements, i.e. it affects the calibration of K-
Band ranging (KBR) and star camera parameters, the rotation of the accelerometer data and of the GPS phase
center offset vector in the celestial reference frame and the determination of the inter-satellite pointing. Specif-
ically, the latter is essential for the estimation of the gravity field, because the inter-satellite KBR measurements
must be related to the center of mass (CoM) of each satellite. This is achieved by applying a geometric correc-
tion, called the antenna offset correction (AOC), depicted in Figure 1.1, which corrects not only for the offset of
the KBR antenna phase center (PhC) from the CoM, but also for any imperfect pointing between the satellites.
The AOC depends on the estimated relative attitude of the satellites, therefore, any unmodeled errors in the
estimation can propagate to the gravity field solutions and degrade the results [Bandikova, 2015].

measured p

LOS

Figure 1.1: Antenna offset correction for range for the GRACE-FO satellites.

Additionally, knowledge about the noise and errors in the reconstructed satellite attitude and angular rates
could be of great importance for the design of the Next Generation Gravity Mission (NGGM) proposed by ESA.
The intended measurement principle of NGGM is the same as with GRACE and GRACE-FQ, i.e. based on inter-
satellite ranging, but now two accelerometers will be placed symmetrically around the satellites’ CoM [Haag-
mans et al., 2020]. In case one of them fails, the measurements of the other accelerometer have to be corrected
for gravity gradient, centrifugal and Euler effects in order to obtain the non-gravitational accelerations. In fact,
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the last two effects are computed given the satellite angular rates. To achieve an accurate estimation of the
latter and to ensure that the noise in the required centrifugal and Euler acceleration corrections are not affect-
ing the mission objectives, a comprehensive understanding of the performances of the relevant instruments is
necessary as well as a method that can fuse their measurements in the most optimal way. In this MSc thesis,
the focus lies on the accurate on-ground attitude reconstruction of the GRACE-FO mission.

Already for CHAMP, GRACE and GOCE, a considerable amount of research has been invested in analysing
and improving the satellites’ attitude estimates. This includes either better calibration, noise and error mod-
elling of the on-board attitude sensors (e.g. [Harvey, 2016]) or on-ground attitude reconstruction methods
based on the fusion of measurements from the star cameras and from other instruments that contain attitude
information. For example, for GOCE, in the early stages of the mission a Kalman filter approach, that combined
star camera and gradiometer data, was utilized to reconstruct the angular rates and the attitude quaternions
[Castini & Cesare, 2008]. Later on, however, an angular rate reconstruction method was developed that com-
bined data from the two instruments using Wiener filtering, the result of which was then used for reconstruct-
ing the attitude of the satellite based on a generalised least squares adjustment method [Siemes, 2018]. In fact,
the outcome of the latter was found to be better than the one obtained from the original method. As far as the
GRACE mission is concerned, a variance component estimation method was initially introduced that fused
together star camera and accelerometer data [Klinger & Mayer-Giirr, 2014]. A few years later a Kalman filter
approach was developed, that combined again data from the same instruments, but based on their improved
error models [Harvey & Sakumura, 2019]. This method is now adopted by the GRACE-FO mission, but with the
modification of using measurements from the on-board fiber-optic gyroscopes instead of the accelerometer.

Nevertheless, no detailed analysis has been published yet on the performance of the latter method, on
the contribution of each sensor to the final attitude estimate, as well as on the error and noise characteristics
of the sensors’ measurements. In addition, considering that between the gravity missions different attitude
reconstruction approaches have been employed, it poses the question of which one accounts better for the
instruments’ noise and achieves a better solution for GRACE-FO. At the same time, the twin satellites of GRACE-
FO are equipped with the laser ranging interferometer (LRI), which has the same function as the microwave
instrument (MWI), i.e. it is used to measure the fluctuations in the separation between the two satellites. A
key component of the interferometer is the fast steering mirror assembly, which is responsible for aligning the
local and the incoming laser beam so that the maximum heterodyne efficiency can be achieved. On this basis,
additional attitude information could be derived from the steering mirror commanded angles.

In this MSc thesis, the noise and error characteristics of the GRACE-FO star cameras, fiber-optic gyro-
scopes, accelerometers and steering mirrors will be analysed. To avoid any confusion the following definitions
of noise and error are used within this work: noise corresponds to random effects in the data in comparison to
errors that refer to non-random, or systematic, effects that could be modeled by a set of parameters. Addition-
ally, appropriate calibration and data fusion methods will be proposed that ensure any significant systematic
errors in the measurements are correctly accounted for and an improved attitude dataset can be provided. The
performance of the new attitude reconstruction method will be compared to the official one, which is based
on Kalman filtering. Finally, the impact of the proposed approach on the GRACE-FO mission will be addressed
and given the estimated noise characteristics of the above instruments, a recommendation will be given for
NGGM.

The report is structured in the following way. In Chapter 2, an overview of the GRACE-FO mission is given,
together with its objectives and its measurement concept. In the same chapter, a description of the measure-
ment principle and the current performance of the star cameras, the fiber-optic gyroscopes, the accelerometer
and the steering mirrors is provided. Chapter 3 reviews the previous research conducted on satellite attitude
reconstruction with a focus on the GRACE and GOCE missions. At the end of this chapter, the research gap
is identified and the main research question and sub-questions are derived. Next, in Chapter 4, four main
processing algorithms are described, that were implemented during this thesis as building blocks for the in-
struments’ error assessment and for the attitude reconstruction process. Afterwards, Chapter 5 explains the
various proposed methods for calibrating and combining the measurements of the instruments under consid-
eration, and Chapter 6 presents the verification of the previously-mentioned algorithms. Then, in Chapter 7
the identified noise and error characteristics of each instrument are addressed and the results obtained from
the data calibration and the data fusion methods are analysed. Within this chapter, the solution of the pro-
posed attitude reconstruction method is compared to the one acquired from the official attitude data product.
At the end, the impact of the new attitude solution on the GRACE-FO mission is discussed and a recommen-
dation is given for NGGM. Finally, Chapter 8 provides detailed conclusions, that answer the research question,
and recommendations for future work.



GRACE Follow-On Mission

This chapter provides an overview of the GRACE-FO mission in terms of its objectives (Section 2.1) and its
measurement concept (Section 2.2). In Section 2.3 follows a description of the four instruments on-board the
satellites that could be used for reconstructing the satellites’ attitude. Lastly, Section 2.4 presents the mission
data products that were utilized in this thesis work.

2.1. Overview & Objectives

The GRACE-FO (Gravity Recovery and Climate Experiment Follow-On) mission, is a joint US/German space
mission launched in May 2018 with a designed lifetime of 5 years and the goal to map the spatiotemporal varia-
tions in the Earth'’s gravity field and to extend the 15 year monthly mass change observations of its predecessor,
the GRACE mission, which was decommissioned in June 2017. The two missions share many similarities, such
as the measurement concept, the spacecraft design and several instruments, but GRACE-FO incorporates nu-
merous improvements based on the lessons learned from GRACE. Each of the GRACE-FO satellites is equipped
with three star trackers, one inertial measurement unit (that consists of four fiber-optic gyroscopes), a precise
accelerometer in the satellite’s CoM, magnetorquers, cold-gas thrusters, the GNSS receiver assembly and the
MWI. In addition, a change in the design of the satellites had to be made to accommodate the LRI, which is
used to demonstrate the first-ever satellite-to-satellite ranging laser interferometry [Landerer, Flechtner, et al.,
2020]. In Figure 2.1 an artist’s rendering of the twin GRACE-FO spacecraft is shown in orbit around the Earth.
The MWI ranging is indicated by the white line that connects the two satellites, while the laser ranging by
the two red lines, which are separated to achieve the "race-track" configuration (explained in more detail in
Section 2.3.4).

Figure 2.1: An artist’s impression of the two GRACE-FO satellites in orbit around Earth. Source: [NASA/JPL-Caltech, 2020]



4 2. GRACE Follow-On Mission

As underscored in the 2018 Decadal Strategy for Earth Observation from Space, the mass change obser-
vations are one of the most significant measurements to continue obtaining in the next decade [National
Academies of Sciences, Engineering & Medicine, 2018]. The main science objective of the GRACE-FO mis-
sion is to continue monitoring the variations of the gravity field over time, i.e. to extend the record that was
initiated by the GRACE mission. As with its predecessor, this objective is achieved by measuring precisely the
range between two spacecraft. In addition to the monthly gravity field maps, the GRACE-FO mission will con-
tinue atmospheric profiling observations from GPS radio occultations that can be used to support weather
forecasting (e.g. [Anlauf et al., 2011; Kornfeld et al., 2019; Pingel et al., 2010]). Last but not least, the GRACE-
FO satellites are demonstrating the LRI design as a means to improve the performance of satellite-to-satellite
range measurements, and thus serving as a pathfinder for future GRACE-like geodetic missions [Wen et al.,
2019].

2.2. Measurement Concept

The measurement concept of the GRACE-FO mission is equivalent to that of GRACE, i.e two identical satellites
are in near-polar orbits, with a separation in the along track direction between 170 to 270 km and at an initial
altitude of about 491 km. Over the course of the mission, the orbits of the satellites are allowed to decay, how-
ever, systematic orbit maintenance maneuvers are performed to keep the satellites at the nominal separation
distance between 170 and 270 km. Similar to GRACE, the two satellites are equipped with a dual frequency
K/Ka-band MWI that measures variations of the inter-satellite range due to orbital perturbations arising from
temporal and spatial changes in the gravity field of Earth. In parallel to the MWI, the LRI also measures range
variations, which are later used to compare the two ranging observations.

While in orbit, any gravitational and non-gravitational forces experienced by the twin spacecraft will change
the distance between them. Non-gravitational forces include among others solar and Earth radiation pressure,
atmospheric drag and residual imbalanced thruster firings. These accelerations are measured by the on-board
accelerometer on each satellite and later on they are used so that variations in the inter-satellite range caused
by purely gravitational forces can be precisely distinguished. Furthermore, the on-board GPS receivers enable
precise orbit determination and time tagging necessary for the data analysis.

There are four main error contributors when deriving gravity field models from GRACE-FO observations,
namely the inter-satellite range measurement errors, the non-gravitational acceleration measurement errors,
the precise orbit determination errors, aliasing due to spatial and temporal under-sampling, and errors in the
models used for de-aliasing. The on-ground attitude estimate plays has key role for both the KBR and the
accelerometer. For the observations of the former, a geometric correction needs to be applied (see Figure 1.1),
so that the offset of the KBR antenna PhC from the CoM as well as any imperfect pointing between the satellites
are corrected. For the accelerometer, the measured accelerations need to be accurately projected along the
CoM-CoM line. Therefore, any unmodelled noise and errors in the attitude product can contribute to the
inter-satellite range and non-gravitational acceleration measurement errors [Kornfeld et al., 2019].

2.3. Attitude Sensors and Instruments

In this section, a description is provided for the four instruments on-board the GRACE-FO satellites, that can
either measure the inertial or the relative satellite attitude and could be used for the attitude reconstruction
process. These instruments include the star cameras (Section 2.3.1), the inertial measurement unit consisting
of fiber-optic gyroscopes (Section 2.3.2), the accelerometer (Section 2.3.3) and the steering mirrors of the LRI
(Section 2.3.4). For each one of them, the measurement principle, the accuracy and the corresponding mission
data products are presented.

2.3.1. Star Tracker Assembly

A star camera is one of the most important attitude determination sensors on-board a satellite and especially
for the two GRACE-FO satellites, as they provide the most accurate inertial attitude information of a spacecraft.
As the name suggests, the sensor uses stars as the reference objects for attitude determination. A star camera
measurement involves capturing a picture of the stars in the field-of-view (FoV), identifying them using an on-
board star catalog and in the end determining the attitude of the sensor frame with respect to the inertial frame
in terms of quaternions [Bandikova, 2015]. A star camera is essentially a digital camera, which is populated by
either charge coupled device (CCD) or complementary metal-oxide semiconductor (CMOS) pixels and has a
focal plane that is found at a distance f (focal length) behind the vertex. With the vertex of the optical system
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as the origin, an x-y-z coordinate system is defined with the z axis being along the optical, or otherwise called
boresight axis [Markley & Crassidis, 2014]. In Figure 2.2, the basic geometry of a star camera is depicted.

(u,v)

Figure 2.2: Star camera geometry. Source: [Markley & Crassidis, 2014]

The point where the optical axis touches the focal plane is designated by (up, vp) and the focal plane makes
use of a (u,v) coordinate system. The vector s is defined as the unit vector from the spacecraft to a star and can
be computed from the focal plane coordinates of the centroid of its image as: [Markley & Crassidis, 2014]

1 u-—1ug
s= V-1 (2.1)
V 2+ (= ug)? + (v —1p)? f

Both GRACE-FO satellites are equipped with three star cameras. More specifically, they are supplied with
the Micro Advance Stellar Compass (tASC) Star Tracker Assembly (STR), which was designed and built by the
Technical University of Denmark (DTU). In general, the performance of a star tracker can be affected by several
factors, among others the sensitivity to starlight, the size of the FOV, the accuracy of the star centroiding and
the number of stars in FOV. Figure 2.3 shows an error breakdown for a typical star tracker.

Absolute
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Figure 2.3: Star camera attitude error breakdown.

The absolute attitude error is the overall star tracker error with respect to its mounting plane and it is sub-
divided into two categories: the relative error and the line of sight (LOS) uncertainty. The former is further
categorized to optical errors, centroiding errors, Noise equivalent angle (NEA) and algorithmic errors. LOS un-
certainty refers to any excursion caused by thermal drift, launch effects, ground calibration residuals, etc. As
the name suggests, optical errors include any ground calibration errors related to the optics as well as chro-
matic, thermal and optical distortion. Centroiding errors include centroid algorithm uncertainty, quantization
error and pixel light sensitivity non-uniformity. NEA refers to the ability of a star camera to replicate the same
attitude given an identical optical stimulation. This errors consists of dark current noise, photon noise, readout



6 2. GRACE Follow-On Mission

noise and stray light noise. Last but not least, algorithmic errors consist of star catalog, thresholding and time
stamp uncertainties as well as any other algorithmic approximations [Eisenman & Liebe, 1998; Liebe, 2002].

The NEA of a star tracker can be split into the cross-boresight and the boresight NEA, referring to how
accurate the rotations around each axis of the camera frame can be resolved. In general, a star tracker will be
6-16 times more accurate in the cross-boresight axes [Liebe, 2002]. Based on the specifications of the (uASC)
cameras, the latter axes can be measured with an accuracy of 2 arcseconds [Jorgensen et al., 2012]. At the same
time, according to Landerer, Flechtner, et al. [2020], the RMS point-by-point noise for camera 1 of GRACE-FO
was estimated, via an attitude Kalman filter, to be equal to 1.6, 1.4 and 28 arcseconds for the cross-boresight and
the boresight axes respectively. In addition to random noise, star tracker measurements are prone to systematic
errors such as the drift, that was observed for GRACE, on the orientation of the cameras during the lifetime of
the mission. This drift was on the order of hundreds of arcseconds and was attributed to thermal conditions
[Harvey, 2016]. For the GRACE-FO satellites to comply with the thermal requirements, the three camera heads
are mounted to a silicon carbide cube that provides both structural and thermal stability. Another important
systematic effect that was found for GRACE, was FoV dependent errors.

As far as the star camera operation on-board the satellites is concerned, each one provides measurements
with approximately 2 Hz sampling rate. The SCA1A data product contains these measurements, which ex-
press the rotation between each of the three star camera frames (SCFs) and the inertial frame. The measure-
ments can be defined with respect to the science reference frame (SRF), which is aligned with the main satellite
axes, using the QSA1B data product that includes the quaternions that describe the rotation between each of
the three SCFs and the SRE For the full definition of the above reference frames, the reader is referred to Ap-
pendix A.2. The noise modelling performed for GRACE is used for the GRACE-FO mission as well. As indicated
by Wen et al. [2019], star camera noise is modelled "as point-by-point white noise, FoV dependent noise and
alignment error on each camera".

2.3.2. Fiber optic gyroscopes

A gyroscope is a device for maintaining the orientation or measuring the angular rates of a system. The GRACE-
FO gyroscopes are used to achieve the latter. Compared to other means of measuring angular rates, such as
angular accelerometers, the gyroscopes have proved to be the most accurate for purposes of navigation [Jekeli,
2001]. In general, there are three main categories of gyroscope technologies, namely spinning mass, optical
and vibratory [Groves, 2008]. Each GRACE-FO satellite is equipped with optical gyros, more specifically, with
four fiber-optic gyroscopes (FOQG) in tetrahedral configuration [Wen et al., 2019]. This type of gyro measures
the phase difference of two light beams that travel through a loop of fiber optic. The measurement principle
is based on the Sagnac effect, which occurs when light travels around a closed-loop waveguide, which itself is
rotating about an axis perpendicular to its plane. From the perspective of an inertial frame, if the light prop-
agates in the same direction as the rotation of the waveguide then the light-path length is increasing. On the
contrary, if the waveguide is rotating in the opposite direction, the light-path length is decreasing. The angular
rate of the waveguide with respect to an inertial frame can then be determined by measuring the changes in
path length [Groves, 2008].

The gyros compose what is called the Inertial Measurement Unit (IMU) of the satellite. The GRACE-FO
satellites carry the Astrix 120 IMU manufactured by Airbus Defence and Space [Gath, 2016]. The IMU, apart
from directly measuring the angular rates, is used to propagate the attitude of the spacecraft between star
camera measurements [Kornfeld et al., 2019]. The optical gyroscope is a single degree-of-freedom instrument,
hence at least three gyros are required to provide a three-dimensional reference for attitude and measure all
three angular rates. Since the sensing principal of optical gyros is based on light, and because it has no mass,
nominally the dynamics of the environment, within which the gyroscope operates, do not affect the measure-
ments [Jekeli, 2001]. However, there are situations, for instance at attitude thruster firings, when the instrument
has short outages.

The IMUs are performing with high accuracy in high frequency band, however, their measurements in low
frequency band are limited by the stability of bias and scaling factors [Bandikova, 2015]. Table 2.1 shows the
performance specifications as provided by the supplier. The main noise contributor for the Astrix 120 IMU is
the angle random walk with a magnitude of about 0.0016°/ vh [Airbus Defense and Space, 2020]. As mentioned
by Wen et al. [2019], the noise of the IMUs is "modeled with bias random walk, once-per-revs and twice-per-
revs model". Two IMU data products are provided for the GRACE-FO mission, the IMU1A and IMU1B. Both of
them contain filtered angles resolved in the individual gyro frames at a sampling rate of 8 Hz. The filter used
is "a predetermined but selectable 2nd-order low-pass filter". The only difference between the two products is
that IMU1A is given in OBC Time, while IMU1B in GPS Time [Wen et al., 2019]. For the full definition of these
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time frames, the reader is referred to Appendix A.1

Table 2.1: Performance of the Astrix 120 IMU. Source: [Airbus Defense and Space, 2020]

General
Full performance measurement o
+10°/s
range
Measurement range up to + 140°/s
Scale factor knowledge
and stability
Linearity over full performance
30 <10 ppm
range
Thermal modelling error 30 <10 ppm
Bias knowledge and stability
Stability over 1 hour 30 <0.01°/h
Thermal modelling error 30 <0.03°/h

2.3.3. SuperSTAR Accelerometer

The purpose of an accelerometer is to measure the non-gravitational forces acting on a satellite. Such forces
include the solar radiation pressure, atmospheric drag, Earth radiation force, thermal forces and even forces
created by the attitude control system. For the GRACE-FO mission it is essential that these forces are measured
as accurate as possible so that variations in the inter-satellite range caused by purely gravitational forces can
be precisely distinguished. To minimize the coupling of rotational accelerations, such as Euler and centrifugal
accelerations, and only measure non-gravitational forces, the accelerometer is placed at the center of gravity
of each satellite [Kornfeld et al., 2019]. The two GRACE-FO satellites are equipped with the SuperSTAR, which
stands for Super Space Three-axis Accelerometer for Research [Touboul et al., 2009]. It is supplied by ONERA
and is based on a family of accelerometers previously used by the GOCE, the CHAMP and the GRACE mission,
but it incorporates a number of improvements [Kornfeld et al., 2019]. The measurement principle of the Su-
perSTAR is based on the electrostatic levitation of a proof mass within a cage made up of six electrode pairs.
These electrodes play the role of capacitive sensors and electrostatic actuators. When a non-gravitational force
acts on the satellite, the cage is displaced with respect to the proof mass. Then, the electrodes, functioning as
sensors, measure their instantaneous capacity, which varies with the position of the proof mass with respect to
the electrodes. The measured displacement signal is sent to a proportional integral derivative (PID) controller
to determine the control voltages to apply to the electrode pairs. The electrodes, functioning as electrostatic
actuators now, apply the necessary electrostatic force to recenter the proof mass inside the cage [Gomez et al.,
2007; Touboul et al., 2004].

Figure 2.4 shows the noise sources of the acceleration measurements along the satellite to satellite axis
determined on-ground for SuperSTAR. As it can be seen from the figure, above 0.1 Hz, the main noise source is
the capacitive detector noise, between 0.1 mHz to 0.1 Hz is the measurement chain noise and below 0.1 mHz
is the temperature stability around the accelerometer [Christophe et al., 2015]. At the same time, Kornfeld
et al. [2019] mentioned that "the achieved on-ground acceleration tone errors are 1.64 x 10719, 2.96 x 10712
and 2.49 x 10712m/s? for the X, Y, and Z axes of one accelerometer unit, and 1.53 x 1071%, 2.64 x 10712 and
2.78 x 10~'2m/ s? for the other unit, respectively."

The GRACE-FO C accelerometer is performing as good or slightly better in-orbit, than the ones of GRACE.
In contrast, for GRACE-FO D, as of 21 June 2018, the accelerometer is under-performing, with the its measure-
ments being degraded due to bias jumps and noise, which is highly correlated across all six accelerometer axes.
Although, it can still measure non-gravitational accelerations, these measurements cannot be used to estimate
Earth’s gravity field. For this reason, an accelerometer data transplant is implemented that models and predicts
the GRACE-FO D non-gravitational accelerations by making use of GRACE-FO C accelerometer observations
and GRACE-FO D thruster information [Landerer, Flechtner, et al., 2020].

In addition, both accelerometers experience phantom accelerations, which denote large and spurious ac-
celerations and of unknown origins. So far it was observed that they occur away from thruster firings and reveal
geographical and beta-angle correlations. The beta-angle is defined as the angle between the satellite orbit and
the vector to the Sun. The latest hypothesis assumes that the phantom accelerations are internal accelerations,
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Figure 2.4: SuperSTAR accelerometer worst case performance along the z-axis of the accelerometer. Source: [Christophe et al., 2015]

which are aliased into the nominal measurements when the analog signals are converted into digital. Because
they can have a large magnitude and do not always integrate to zero and as a consequence they can deterio-
rate gravity field estimates, they need to be removed. The latter is achieved by removing any outliers, which are
defined as data with a deviation from the mean exceeding a predefined threshold. Then, any gaps in the data
are filled with a linear interpolation [McCullough et al., 2019].

Finally, the SuperSTAR provides the measured angular and linear acceleration components of the proof
mass in the accelerometer frame (AF), at 10 Hz. These measurements can be found in the ACC1A data product.
Housekeeping data are found in the AHK1A and AHK1B data products. The difference between the two is that
time-tags of the latter is in GPS, instead of OBC Time [Wen et al., 2019].

2.3.4. Laser Ranging Interferometer

The LRI is the first heterodyne laser interferometer operated between two distant spacecraft and it was added
to the GRACE-FO mission as technology demonstrator in support of future gravity missions. Similar to the
MWI, it is used to measure the variations in the distance between the two satellites [Sheard et al., 2012]. In
Figure 2.5 the optical layout of the LRI is shown.

For an interferometer instrument, light is transmitted from a single source and split into two beams which
propagate in different optical paths. Then, the two are combined to produce an interference. When the two
beams have close frequencies then a heterodyne beat note is created [Saptari, 2003]. For the GRACE-FO LR],
light from the laser is routed through the 2-axis fast steering mirror and is split by the beam splitter (BS) into
two beams of 10% and 90% intensity of the original beam. The 10% is used as the local oscillator that enables
heterodyne detection of the received light. The incoming light first passes through an aperture before arriv-
ing at the BS. Both the local and the incoming laser beam are then imaged, with a two-lens imaging system,
onto a quadrant photo-receiver (QPR). The other 90% of the local laser beam passes through the triple mirror
assembly (TMA), whose goal is to direct the laser light around the microwave ranging assembly and the cold
gas fuel tanks. The TMA consists of three mirrors in a corner cube reflector arrangement, i.e. the three mirror
planes are perpendicular with respect to each other. This design has the special property of allowing the vertex
point of the retro-reflector (the intersection point of the three mirror planes) to be located outside the mirror
device. This, in turn, lets the fiducial measurement point to align with the CoM of the two satellites [Sheard
etal., 2012].

In the nominal spacecraft fine-pointing mode, the LRI requires a higher pointing accuracy compared to
the one that is achieved solely from the spacecraft attitude and orbit control system. To attain the higher
precision, the fast steering mirror assembly and the QPR measurements are used in a feedback loop. The latter
can measure the misalignment between the local and the incoming laser beam using the differential wavefront
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Figure 2.5: Optical layout of the laser ranging interferometer. Source: [Abich et al., 2019]

sensing (DWS) technique.

Lastly, Sheard et al. [2012] indicated that the two primary noise sources for the LRI measurements are the
laser frequency noise and the pointing-induced noise. At lower frequencies, the LRI sensitivity was designed
to be limited by tilt-to-length (TTL) coupling. This effect originates from the satellite attitude jitter together
with coupling factors of a few 100 ym/rad arising from alignment tolerances [Abich et al., 2019]. As far as
the performance of the steering mirrors is concerned, Schiitze et al. [2014] have confirmed that the proposed
beam steering method can accomplish an inter-satellite laser interferometer link with beam pointing error of
less than 10 prad and stability of 10 urad/vHz at 0.002 to 0.1 Hz. In addition, Wegener et al. [2020] stated
that quantization noise of the steering mirror readout limits the resolution of the measured and down-linked
yaw and pitch angles to about 1 urad/+/Hz for each axis. The LRI steering mirror measurements are contained
in the LSM1A data product and are defined in LRI Time and in LRI field programmable gate array (FPGA)
Frame. It should be noted that the steering mirror only provides yaw and pitch angles. The LSM1B data product
corresponds to 10-Hz LRI steering mirror data, which describe the laser pointing to the other spacecraft, in the
SRF with time-tags in GPS Time [Wen et al., 2019].

2.4. Data products

The Science Data System (SDS) of GRACE-FO processes, archives, verifies and distributes the telemetry and
science data of the satellites. It includes the Jet Propulsion Laboratory (JPL), the University of Texas Center
for Space Research (UTCSR) and the German Research Center for Geosciences (GFZ). The SDS is organized
into three sequential processing levels, with each one producing its corresponding data product. The Level-
1A through Level-3 data products are made available to the scientific community and can be retrieved from
the Physical Oceanography Distributed Active Archive Center (PO.DAAC) of JPL [JPL GRACE-FO project, 2019].
The processing levels that are of interest for this thesis are listed below [Wen et al., 2019]:

* Level-1A data is the product from a "non-destructive" processing applied to Level-0 data (raw spacecraft
and instrument telemetry data). More specifically, engineering units are derived from the binary en-
coded measurements, data is time tagged to the corresponding satellite receiver clock time and quality
control flags are included.

* Level-1B data involves a further processing to Level-1A data to a point where a reversion to the previous
state is not possible. That is to say, data is filtered, down-sampled to a lower rate and re-tagged or re-
sampled to GPS Time. The Level-1A and Level-1B processing is collectively called Level-1 processing.

Within these two levels, there are several data products that are important for reconstructing the attitude
of the GRACE-FO satellites and assessing its performance. A few of them have already been mentioned in
Section 2.3, but in Table 2.2 an overview of all that were used during this MSc project is given.
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2. GRACE Follow-On Mission

Table 2.2: Overview of all data products that have been used within this MSc project.

Data product Content
Level-1A
SCA1A Quaternions, star camera ID, quality flags
IMU1A Angle measurements, gyro ID, quality flags
ACCIA Angular acceleration in accelerometer frame
Level-1B
SCA1B Quaternions from Inertial frame to SRF
LSM1B Pitch and yaw pointing angles
QSAI1B Quaternion rotation from individual SCF to SRF
GNIIB Trajectory states in Inertial frame
GNV1B Trajectory states in Earth-fixed frame
CLK1B Clock offsets for conversion from Receiver to GPS Time
TIM1B Clock mapping from OBC to Receiver Time
THR1B Thruster activation data

VKB1B

KBR Antenna Phase Center Location




Previous Research in Satellite Attitude Reconstruction

This chapter is dedicated on the various methods and techniques that have been used so far on the satellite
attitude reconstruction of gravity missions. Specifically, the focus is placed on the GRACE (Section 3.1) and
GOCE (Section 3.2) missions, for which a considerable amount of research has already been performed. In
fact, the latest attitude reconstruction approach developed for GRACE is also used for its successor. Next,
in Section 3.3, based on the findings of previously-mentioned sections and of Section 2.3, a research gap is
identified. Finally, in Section 3.4 the research objective and the research questions for this MSc thesis are
formulated.

3.1. GRACE

Up until 2014, analysis performed on GRACE combined star camera data reported an unexpectedly higher
noise. Their impact on the processing of the accelerometer data and the K-band ranging prompted Bandikova
and Flury [2014] to re-examine the star cameras’ official processing method. They independently derived the
official method and implemented an additional one that merges only the well determined star tracker bore-
sight directions. The former method is based on the approach presented by Romans [2003], for which multiple
star cameras are combined in an optimal way by minimizing the weighted residual sum of squares of the el-
ements of the star cameras noise quaternions. Based on this, the optimal quaternions for two star cameras is
equal to

IR B
Q" =Qu(1,5(P1+P2) ' P2AL) 3.1

where Q is the quaternion, measured by camera head 1, that describes the attitude of the satellite with respect
to celestial frame, P; is the weighting matrix that expressed the anisotropic measurement noise of camera i and
A1, are the small differences in attitude of the two star cameras. On the other hand, for the second approach
the uncertainty in the rotation about the boresight axis is omitted by merging the boresight axes of the two star
cameras into a common reference frame (CRF). This idea was developed for the star camera data processing
of the CHAMP mission [Mandea et al., 2010] and it was also tested for the GOCE star camera data [Stummer
etal., 2011].

By comparing the power spectral density (PSD) of the angular rates derived from the two above-mentioned
techniques, Bandikova and Flury [2014] found out that the two approaches gave almost identical results and
provided an optimal attitude solution. The advantage of the strategy proposed by Romans [2003] is, however,
that multiple star cameras can be more easily combined in contrast to the other one. An additional comparison
was made between the first and the official processing method, which revealed the existence of incorrect im-
plementation of the algorithms in the JPL processing routines. The mistake was attributed to the fact that the
SCA anisotropic measurement noise was not taken into account correctly. Last but not least, Bandikova and
Flury [2014] suggested that subsequent improvement can be obtained when the exact variance of the sensor
noise is taken individually for each SCA head.

In the meantime, Klinger and Mayer-Gtirr [2014] identified that accelerometer measurements can improve
the attitude estimate by providing additional attitude information in terms of angular accelerations. Hence,
a sensor fusion technique was proposed that combined both star camera and angular accelerometer data in
a least squares adjustment. The combination of the two data types was achieved using variance component
estimation. The input data for the sensor fusion included the star camera quaternions that describe the rota-
tion from the satellite to the inertial frame and accelerometer angular accelerations in the x, y and z direction.
The output was estimated quaternions and optionally angular rates and accelerations. Figure 3.1 shows the
PSD of angular accelerations in the y-direction. The blue and red line represent the angular accelerations from
accelerometer and from star camera data respectively, while the red one are accelerations estimated from the
sensor fusion. It is clear that the proposed sensor fusion approach yields better angular acceleration estimates,
for which the accelerometer observations contributed to a better estimation of the higher frequencies, while

11
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the star camera data to the lower ones. In addition, the noise within the antenna offset correction was reduced
notably, which improved the gravity field solutions.
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Figure 3.1: Power spectral density of angular accelerations in y-direction as computed by Klinger and Mayer-Giirr [2014]

Similarly to the previous approach, within JPLs V03 GRACE attitude processing strategy Harvey and Saku-
mura [2019] presented a Kalman filter setup that combined star camera data and angular accelerations mea-
sured by the on-board accelerometer of each satellite to produce a smooth attitude solution. Table 3.1 presents
an overview of this Kalman filter setup. All the state space variables were provided at each epoch except for the
camera quaternions relative to the spacecraft frame that were given once per day. Moreover, it should be noted
that 10 Hz linear accelerations were averaged over 1 second intervals and, as the 1 Hz angular accelerations,
they were re-interpolated from the accelerometer to the star camera epochs. The smoothed quaternions were
also re-interpolated to GPS Time.

Table 3.1: Overview of the GRACE Kalman filter setup. Source: [Harvey & Sakumura, 2019]

State Space Primary Measurements
Spacecraft quaternions relative to inertial space 1 Hz star camera quaternions (SCA1A)
Camera quaternion relative to spacecraft frame 1 Hz angular accelerations
Angular velocity Secondary Measurements
Angular acceleration

10 Hz linear accelerations
Star camera and accelerometer error terms

State Evolution Output

Rigid body dynamics based on quaternions, .
& Y y. . d ] Smoothed quaternions at each epoch
angular velocities and angular acceleration

The Kalman filter applied rigid body dynamics in attitude quaternions, iterated once, then recalculated
Kalman filter partials at each iteration including a small random walk term that compensated for the lack of
resolution in accelerometer measurements. The dynamic equations used, can be written as:

v(t+1)=v(t)+al(t) (3.2)

oy Vx Vy Vg
Q1) = (1,?,?,?) (3.3)
Qp(t+1)=Qp(1)Qu(1)Q, (1) (3.4)

where v(?) is the average angular velocity over the interval ¢ to ¢ +1, a(t) is the change in average angular veloc-
ity between consecutive 1-s intervals, Q, represents v() in quaternion form, Q, () represents the spacecraft
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attitude quaternion at epoch ¢ and Q,(¢) is the additional random walk term. The star camera error model
was also improved by incorporating point-by-point white noise, FoV dependent noise (approximated using a
cubic spline) and alignment errors on each camera with respect to the science reference frame. As far as the
accelerometer model is concerned, the accelerometer errors are modelled as: white noise, bias with random
walk and low rate noise, approximated by cubic splines. Moreover, Harvey and Sakumura [2019] investigated
aliasing effects on the accelerometer data and found out that the accelerometer measurements could possibly
contain two cross-term error sources that would prompt aliasing between linear and angular accelerations.
The first error source arise from capacity gradient uncertainties and voltage potential between chromium-
coated proof mass and gold-coated electrodes which will lead to a difference between true and measured ac-
celerations by a factor of 1%. The second error source originates from the uneven charge distribution on each
electrode plate and geometry errors. This in turn, will place the center of the exerted electrode net acceleration
at an offset from the charge-plate center.

Allin all, the Level-1 V03 reprocessing for GRACE corrected any errors in the attitude products identified by
Bandikova and Flury [2014] and Harvey [2016] and provided an improved spacecraft attitude reconstruction.
Including accelerometer data and solving for an alignment of star camera 2 relative to camera 1 allowed the
Kalman filter to fill small gaps in star camera data, reduce the number of gaps in the final attitude and the
attitude jumps at camera outages. Although, using the V03 attitude products, resulted in minimal gravity field
improvements during most of the GRACE mission, noticeable reductions were observed in zonal harmonic
and high frequency error patterns during isolated months early and late in the mission. In fact, these months
were characterised with higher noise environments.

3.2. GOCE

A significant amount of research on attitude reconstruction has also been performed by the scientific commu-
nity for the GOCE mission. GOCE is a gravity field mission, operated from 2009 until 2013, with its main goal
to measure the mean gravity field at high spatial resolution using an electrostatic gravity gradiometer (EGG).
Same as for the GRACE and GRACE-FO satellites, accurate attitude reconstruction over the course of their mis-
sion played an important role for the recovery of precise Earth gravity field models.

Castini and Cesare [2008] were one of the first to perform a nominal angular rate reconstruction (ARR) for
the GOCE mission in the context of the gradiometer in-orbit calibration procedure. Within this scheme, the
inertial attitude was also determined simultaneously. The ARR combined star tracker and gradiometer data by
means of iterative computation of a least-squares solution in the time domain. The inputs for the Kalman filter
approach included the star tracker quaternions and the angular accelerations of the gradiometer, which are
integrated to derive the angular rates. In the prediction step, the EGG angular rates were then used to rotate
the attitude quaternions from the current epoch to the next. As a result, predicted attitude quaternions as well
as star camera quaternions were available for future epochs. In the correction step of the iterative process,
the correction for the angular rate estimates and the current attitude quaternion were computed from the
difference between the two previously-mentioned sets of quaternions [Stummer et al., 2011].

Later on, Stummer et al. [2011] investigated an alternative method for determining the inertial angular
rates of GOCE. Similarly to the method described above, Stummer et al. [2011] combined attitude information
of the star sensors and the gradiometer at the level of angular rates based on their stochastic properties. Wiener
filtering was used to combine the two sensors’ data in the spectral domain. The spectral combination of the
three angular rate components was done in the gradiometer reference frame (GRF), whose axes are determined
with respect to the inertial reference frame. Figure 3.2 illustrates this new angular rate reconstruction method.

I STR quaternions | | EGG angular accelerations |
differentiation integration
process process

| STR angular rates | | EGG angular rates |

Wiener Iowpw + A}er highpass filter

| merged (STR and EGG) angular rates (= GAR) I

Figure 3.2: GOCE angular rates reconstruction based on Wiener filtering. Source: [Stummer et al., 2012]
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The first step of this method was to obtain the star tracker quaternions that describe the rotation from
the inertial to the GRE Afterwards, the star tracker angular rates were calculated by differentiating the rotated
quaternions. The next step was to determine the angular rates from the gradiometer, which was accomplished
by numerically integrating the measured angular accelerations. Finally, the PSD of the noise of the angular rate
components for the two instruments were weighted and the optimal combination between their angular rates
was achieved. The weights &y for the Wiener filter were calculated as

h(STR); = ox(FGG) (3.5)
“7 02(EGG) +02(STR) ‘
2(STR)
h(EGG); = Tk (3.6)
0% (EGG) +0%(STR)

where the oi are the variances of the gradiometer and the star tracker noise at frequency k. Consequently, for
all frequencies the sum of the weights equals one, i.e. h(STR); + h(EGG) = 1. The angular rates are merged
component-wise according to

F(merge); = F(STR) k- h(STR)x + F(EGG) k- h(EGG) 3.7)

where F is the frequency domain representation of the STR, EGG or merged angular rate component at fre-
quency k. Then, the combined angular rates are obtained by transforming the merged angular rates back to
the time domain. Comparing the new angular rates with those of the previous approach, it was found that for
frequencies lower than 5 mHz the Wiener filter method performs much better than the nominal ARR presented
by Castini and Cesare [2008]. However, within the measurement bandwidth (MBW), i.e. from 5 to 100 mHz, no
difference was observed between them.

In 2018, a full reprocessing of GOCE mission data was performed to improve the gravity gradients as well as
to introduce an improved method for calibrating and combining attitude data from all three star cameras on-
board the GOCE satellite. The combination method presented by Siemes et al. [2018] extended the approach by
Romans [2003] by including constant offsets and extra parameters that modelled linearly small, temperature-
dependent offsets in the star camera data. The comparison of the inter-boresight angles (IBA) that the star
cameras observed in-flight with the pre-flight ones, revealed the existence of offsets and small changes about
the mean for all three IBAs. These small variations were found to be correlated with star tracker CCD temper-
atures. The application of this calibration and combination procedure, improved the GOCE gravity gradients
below 2 mHz.

The complete attitude reconstruction for GOCE was later described in great detail by Siemes [2018] and it
was based on the above-mentioned angular rate reconstruction and star trackers calibration and combination
methods. However, compared to the method proposed by Stummer et al. [2011], a slightly different approach
was used by Siemes [2018] for obtaining the relative weights for the star cameras and gradiometer angular rates.
Furthermore, a minor part was added to the algorithm that reduces the transient effects due to the filtering. As
far as the proposed attitude reconstruction is concerned, its objective was to improve the attitude produced by
the combined star cameras by incorporating the reconstructed angular rates. This was achieved by fitting the
attitude quaternions derived from the latter to the combined star camera quaternions using a proper weighting
scheme in the adjustment.

3.3. Research Gap

From the research done so far on the attitude reconstruction of gravity missions, there has been a significant
contribution 1) to the understanding of how measurements of instruments, other than the main attitude sen-
sors, relate to the satellite’s attitude and 2) to the implementation of sensor fusion methods that manage to
achieve a more accurate attitude determination on-ground than what could be achieved solely by the star
cameras. Within the context of the last point, many authors illustrated that poor error modelling of the star
cameras (e.g. in [Harvey, 2016] and [Siemes et al., 2018]) as well as of other instruments (e.g. in [Harvey &
Sakumura, 2019]) was leading to a degraded attitude solution. Thus, more elaborate noise models for the
various sensors were introduced and implemented by the scientific community, which lead to an improved
attitude reconstruction. Another interesting point that can be made is the different choice of attitude recon-
struction methods between GRACE and GOCE. For the case of the former the use of Kalman filtering was made
and for the latter a generalized least-squares adjustment was used. Still, as stated by Stummer et al. [2011], in
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the early stages of the GOCE mission a Kalman filtering approach was used for its attitude reconstruction, how-
ever, it was later proven that the use of a new angular rate reconstruction method together with a generalized
least-squares adjustment granted a better attitude solution.

Currently, as mentioned by Landerer, Flechtner, et al. [2020], the GRACE-FO star cameras have shown to
be operating nominally and by combining gyroscopic data, by means of Kalman filtering, the estimated white
noise for the star cameras revealed to be two times lower than that of GRACE, however, no comprehensive
analysis has been published yet on the star camera error and noise characteristics as well as of the fiber-optic
gyroscopes for the GRACE-FO mission. On the other hand, as stated by Kornfeld et al. [2019], the accelerometer
on the GRACE-FO D satellite does not perform as expected and no definite cause has been found yet. Previ-
ous research has shown, however, that a sensor fusion approach can provide an insight into the performance
and behavior of the various instruments used in the process and by better modelling their respective noise an
improved attitude solution can be achieved. In other words, by understanding the performance of the angu-
lar accelerations measured by that accelerometer, a clearer picture could be gained of the noise in the linear
measurements. Needless to say, no analysis has been performed yet on the extend each GRACE-FO sensor
contributes to the final attitude solution. Equally important, it has not yet been investigated which method,
one being the Kalman filter and the other the generalised least-squares, accounts better for the instruments’
noise and achieves a better attitude for GRACE-FO.

3.4. Research Objective & Questions

Taking the above as a basis, the goal of this MSc thesis is to analyse the noise characteristics of the GRACE-FO
sensors that relate measurements to the satellite’s attitude and develop a method that accounts for the in-
struments’ noise and fuses the data giving an improved attitude solution. An accurate attitude reconstruction
method can benefit the objectives of the GRACE-FO mission, by positively affecting the antenna offset correc-
tion and in turn the KBR measurements. A sensor fusion method can also be very valuable for understanding
better the performance of the accelerometers on GRACE-FO as well as of the star cameras, the fiber-optic
gyroscopes and the LRI steering mirrors. This in turn, can be beneficial for the design of future gravity mis-
sions such as the NGGM proposed by ESA, for which a redundant accelerometer design is considered. Given
a proper estimate of the noise characteristics of the above instruments, the most favorable placement of the
accelerometers can be suggested, so that in case one of them fails, the noise in the required centrifugal and Eu-
ler acceleration corrections are within the overall system performance requirements. The research objective of
this MSc thesis is then defined as follows:

to develop a method for the combination, error and noise characterization of the measurements of the GRACE-
FO star trackers, fiber-optic gyroscopes, accelerometers and laser ranging interferometer’s steering mirrors by
means of least-squares adjustment.

The research question linked to the research objective is the following:

to what extent can a new attitude sensor data fusion method improve the current attitude solution by in-
corporate accurately the noise and error characteristics of the GRACE-FO star trackers, fiber-optic gyroscopes,
accelerometers and laser ranging interferometer’s steering mirrors?

Below follows a list of questions and sub-questions that are derived from the main research question and
can help to structure this work and achieve the research objective:

1. What properties describe the noise and error characteristics of the GRACE-FO star cameras, fiber-
optic gyroscopes, accelerometer and laser ranging interferometer’s steering mirror measurements?

a) What methods are suited to analyse and determine the noise and error characteristics of each in-
strument?

b) How does each instrument behave with respect to its specifications?

¢) How does the performance of same instruments compare between the two satellites?

d) What time windows will be used for the analyses?

2. What methods can be used to fuse the measurements of the star cameras, the fiber-optic gyroscopes,
the accelerometer and the laser ranging interferometer’s steering mirrors?

a) How can the instruments’ noise and error characteristics be modeled best?
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b) What functional model will be used to connect the measurements to the satellite attitude?

3. To what extent can the newly-developed methods improve the already existing satellite attitude dataset
for the GRACE-FO mission?

a) How does the solution from the newly-developed method compare to the one using a Kalman filter
approach?

b) How much does each sensor contribute to the quality of the final attitude solution based on the
newly-developed method?

4. To what extent can an improved attitude reconstruction method benefit the GRACE-FO mission?



Processing Algorithms

This chapter is dedicated to the description of four main processing algorithms that were implemented during
this thesis. Some of these are important building blocks for the instruments’ error assessment and the attitude
reconstruction process, while others will be used to evaluate the latter’s performance. In Section 4.1 the steps
to calculate the inter-satellite pointing angles are presented and in Section 4.2 the derivation procedure of
the angular rates from each instrument is given. Next, Section 4.3 explains the process of calculating the star
camera inter-boresight angles (IBA) and finally, in Section 4.4 the computation for the antenna offset correction
is described.

4.1. Inter-satellite pointing angles

The precise knowledge of the inter-satellite pointing is fundamental for the GRACE-FO mission, so that the true
distance between the CoMs of the two satellites can be measured, which is necessary for deriving gravity field
models. In an ideal situation the KBR PhC of the antenna horn will be aligned with the line-of-sight between
the satellites, resulting in the measurement of the real separation between them. However, due to attitude
perturbations caused by external forces, such as the solar radiation pressure and the aerodynamic force, the
inter-satellite pointing is affected [Bandikova, 2015]. Figure 4.1a and Figure 4.1b demonstrate the ideal and the
real pointing of the two satellites.

PhC measured p PhC

PhC PhC
° ° ® °
CoM Los CoM coM_—" Los S~ CoM

(a) Ideal pointing

(b) Real pointing

Figure 4.1: Representation of the ideal and the real inter-satellite pointing for GRACE-FO.

Geometrically, the inter-satellite pointing can be interpreted as the angular deviations of the CoM-to-PhC
vector from the line-of-sight. Mathematically, it is expressed as a sequence of three angles, which can be de-
rived from the rotation matrix Rggp_10sg. This matrix describes the rotation that transforms a vector from the
K-frame (KF) to the line-of-sight frame (LOSF). The x axis of the former coincides with the calibrated CoM-to-
PhC vector, while for the latter with the imaginary line that connects the CoMs of the satellites (see Figure 4.2).
For the full definition of these reference frames as well as the ones presented below, the reader is referred to
Appendix A.2.
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Figure 4.2: Illustration of the K-frame and the line-of-sight frame. Source: [Bandikova, 2015]
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The previously-mentioned rotation sequence can then be written as [Bandikova, 2015]
Rxr—rosF = Ry (Qx)Ry (Hy)Rz 02) (4.1)

where R, (0) denotes a rotation around the x axis by an angle 0, which is called roll angle, Ry, (6,) denotes a
rotation around the y axis by an angle 6, which is called pitch angle and R;(6;) denotes a rotation around the
z axis by an angle 6, which is called yaw angle. Equation (4.1) can also be written as the multiplication of two
rotation matrices, i.e.

Rxr—10SF = Rinertial—LOSF - RKF—Inertial (4.2)

The first matrix that describes a rotation from the inertial frame to the LOSF can be determined using the
following relations

_ Tother — I

T XLOSF = .

(XLOSF) [Tother — T

. — T : r
RInertlalaLOSF (YLOSF) with YLoSE = XLOSF X — (4.3)

(zLosF) Ir|

Z1 0SF = XLOSF X YLOSF

where the vector r represents the position of one satellite in inertial Earth-centered frame and rye; the posi-
tion of the other. The rotation matrix Rggr_inertial Can be obtained from the measured quaternions of the star
cameras. As already mentioned in Section 2.3.1, the cameras measure the quaternions that describe the rota-
tion from inertial to the individual SCE so firstly it is required to transform the latter to the satellite frame (SF).
This is achieved with the QSA quaternions that describe the rotation from the SCF to SE In equations form this
reads

Amertial»SF = Qinertial-SCF * 4SCF—SF (4.4)

Afterwards, by converting the above quaternions to their rotation matrix representation, the Rppertial—sF
matrix is derived. The rotation matrix Rypertial—xr iS then obtained with the following relations

r
T “pc
(XKF)T XkF = (Rinertial—SF) Focl
pc
Rinertial-kr = | (¥ie)” | with (4.5)
Inertial - KF (ZII:IE)T Vg = ZKF X XKE

ZKF = XKF X Vs

where rp is the CoM-to-PhC vector in the SF and can be obtained from the VKB1B data product. The results
of Equation (4.5) and Equation (4.3) are then substituted in Equation (4.2) and by solving for 8y, 6, and 6., the
desired pointing angles can be acquired. For the case of the IMU or accelerometer data, their corresponding
measured angular rates can be used in combination with initial values from the star cameras to compute the
equivalent quaternions that describe the rotation from the inertial to the SE However, due to error propagation
in the integration process, this method is only accurate for a short time span.

4.2. Satellite angular rates

The calculation of the satellite’s angular rates is a salient part for the attitude reconstruction process. As already
mentioned in Section 2.3, each of the four instruments under consideration has a different measurement prin-
ciple, however, they can all measure the same variations of the satellite’s attitude which can be translated to
angular rates. In this section, the derivations of the latter for the star cameras, the IMU and the accelerometers
are presented.

4.2.1. Star Tracker Assembly

The star camera measurements provide the inertial attitude of the satellite in terms of quaternions. Similar
to a rotation matrix, a quaternion represents a rotation of elements in three dimensional space. The GRACE-
FO star camera quaternions express the rotation of the inertial into the individual SCF (i.e. qyeria—scr)- In
general, a quaternion q € H, can be represented as a four dimensional vector [Teunissen & Montenbruck, 2017]

q(0,n) = [cos(d) n-sin(g)]T (4.6)

where 0 is the angle of rotation and n is a unit vector that represents the axis of rotation. One way to relate
quaternion rates to angular rates is with the following relation [Groves, 2008]
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Aa-p=94-sWh5 (4.7)

where the quaternion q4_, g represents the rotation from reference frame A to reference frame B and Wﬁ gisa
vector that contains the angular rates

T
B B B B
W, =10 Wy g2 wA’B,y/Z Wyp /2 (4.8)
where wf; g is the angular rate vector describing the rate of rotation of the B-frame axes with respect to a

stationary A-frame axes, resolved about the B-frame axes.

The star camera quaternion measurements are given as a time series with values q = [q; ....q] at epochs t =
[t1....tn], with q,y being a four dimensional vector as in Equation (4.6). The derivative q 4_, 5 can be numerically
calculated by first interpolating q to the epochs t + At and t — At using cubic spline interpolation and with A¢
being relatively small compared to the time difference ;.1 — t,. In this work, a value of 1 millisecond is used
for At. Then, the first time derivative of q can be calculated with the symmetric difference quotient, which is
written in equation form as

K GEURL )

271 @9

By first obtaining the quaternions qy,e a1 sp from Equation (4.4), then substituting the results of Equation (4.9)
in Equation (4.7) and rearranging with respect to Wﬁ g the corresponding satellite star camera angular rates

can be derived.

4.2.2. Fiber optic gyroscopes

The inertial measurement unit provides angle measurements with respect to each individual gyroscope axes.
The latter are in a tetrahedral configuration, which means that there is a redundancy in the design. Table 4.1
presents the directions of these axes in the IMU frame and Table 4.2 can be used to transform them to the SE

Table 4.1: Directions of IMU gyro axes in IMU frame. Source: [Wen et al., 2019]

Satellite Component Gyro 1 Gyro 2 Gyro3 Gyro 4
X 0.942826211 -0.472597539 -0.470092696  0.000592072
GRACE-FO C ¥ 0.001810853  0.815825089  -0.817231401 -0.000382796
z 0.33327985  0.333288147  0.333385204  -0.999999751
X 0.942687237  -0.471344745 -0.471100307  0.000753399
GRACE-FOD y 0.000111944  0.816437037  -0.816914065  0.000461058
z 0.33367763 0.333563632 0.332740005 -0.99999961

Table 4.2: Transformation matrices from IMU Frame to Satellite Frame. Source: [Wen et al., 2019]

Satellite Transformation Matrix
-0.501252164183920 0.865301254687325 -0.000080854668175
GRACE-FO C 0.865300283426991 0.501251737450002 0.001454374272271
0.001299000425484 0.000659044684221 -0.999998939128437
-0.501005885615109 0.865443870184570 0.000100692470726
GRACE-FOD 0.865443802410115 0.501005791604386 0.000470795904316
0.000356999918493 0.000323015193725 -0.999999884106115

The derivation of satellite angular rates from the IMU measurements, can then be achieved by utilizing
the above information in conjunction with the measurement equations of a redundant IMU [Jafari, 2015].
Specifically, assuming that such an IMU encloses n gyroscopes, the measurement equations of the system
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can be expressed with the following relation

Mg Sy S, S;
Mga ST Sy 83| [wx
=(. 7 . |]|oy (4.10)
:. : . Wz
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where my; is the angular rate measured by the i gyroscope, w x,y,z are the satellite angular rates and s =
[SL S; Si] describes the orientation of the i gyro axis in the SF and is determined using Table 4.1 together
with Table 4.2. The above equation can also be written in vector form as

m=Hw (4.11)

In this case, m is called the measurement vector, H is the sensor geometry matrix or design matrix that de-
scribes the configuration of the redundant IMU system and w are the angular rates in the satellite body frame.
For GRACE-FO, the IMU data product provides only measurements from three gyroscopes, so n=3, and since
these represent angles, they need to be differentiated first in order to properly define the measurement vector
of the form

m=[wg wg wg] 4.12)

where wg; is the angular rate measured by the i™ gyro of the IMU. The first time derivative is calculated in the
same way as for the quaternions (see Equation (4.9)). Finally, the angular rates in the satellite frame can be
calculated by rearranging Equation (4.11) and solving for w.

4.2.3. SuperSTAR Accelerometer

The derivation of accelerometer angular rates is simply the integration of the measured angular accelerations
[Siemes, 2018]. This is achieved by firstly upsampling the latter using spline interpolation and then by applying
the trapezoidal integration scheme on the upsampled accelerations. Given the time series of the measured
accelerations around each axis of the accelerometer, with values a; = [a;....a; n] at epochs t; = [£;1....5; ]
for i = x,y,z, the corresponding upsampled values and epochs are denoted by tll.lp and a;.lp . The increase in
sampling rate is specified with the integer variable K, such that K-1 new epochs are inserted between t; , and
ti n+1. In this work, a value of K=10 is used. The angular rates can then be computed using the trapezoidal
integration, shown by the following equation

up (a?,[r)l + a;ifl)(tgi - t;flfl)
= wi,n—l 2

up

wi,n

(4.13)

where w;.“; is the angular rate around the i™ axis of the accelerometer at epoch 7. Important to note, prior

P is subtracted in order to minimize the

to the integration, the mean of the resulting upsampled time series a;.l
accumulation of rounding errors. Next, the integrated upsampled time series w;.lp is decimated to the original
epochs to obtain w;. Last but not least, because the acceleration measurements are provided with respect to
the accelerometer frame, w; should be rotated to the satellite reference frame. This is accomplished by first

applying a -90° rotation around the x axis and then a +90° rotation around the z axis of the accelerometer.

4.3. Inter-boresight angles

An important part for assessing the performance of the star cameras is evaluating the knowledge of their ori-
entation with respect to each other. This can be achieved by the analysis of the differences between the IBAs
determined by a preliminary knowledge of the cameras’ orientation in the SF and by in-flight measurements.
As the name suggests, the IBA refers to the angle of the boresight vectors between a pair of star cameras. Each
camera has it own frame (denoted as SCF;, for i = 1,2,3), whose origin is at the intersection of the boresight
axis with the mounting plane of that camera. The positive zsca, axis of SCF; is extended out along the bore-
sight axis and the positive xsca, and ysc,, axes are found on the optical plane. In general, the accuracy of the
cross-boresight axes (i.e. xsca; and yscy,) is higher than the boresight axis and controls the accuracy of the
latter. Thus, it is convenient to analyse the IBAs to examine the relative performance of the star cameras. In
fact, comparing the IBAs that are determined by a preliminary knowledge of the cameras’ orientation in the SF
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with the ones observed in-flight later on in the mission, could unveil possible systematic errors in their rela-
tive orientation. Such analysis, has been performed for the GOCE [Siemes et al., 2019] and the Swarm mission
[Herceg et al., 2017], from which the IBAs were found to exhibit temperature-dependent variations.

Based on the calibration maneuvers that were performed on the GRACE-FO satellites in the beginning of
the mission, the orientation of each star camera with respect to the SF was determined. In Equations (4.14)
to (4.19) the quaternions that describe the rotation from the individual star camera to the satellite frame are
given. These values are stored in the QSA1B data products released on the 22" of May in 2018.

[—0.1846523033914243] —0.1789388979356683 ]
c 0.687786333034212 D 0.682734893544669
Uscri—SF = | 0.676514247097443 (4.14) Uscr—SF = | 0.68280707751296 (4.15)
0.18756854858364 | 0.188754949181018 |
[ 0.2482955018618801 ] 0.2364914939710544
c —0.0400731149707713 D —0.0535740306800429
Uscr,—sF = | 0.85161599836015 (4.16) Uscr—sF = | (.851794739502496 (@.17)
| 0.459884420858917 | 0.464378421410715 |
[—0.4627545612843981 ] —0.4504277250139701]
C 0.85311986815175 D 0.8590253079524141
Uscr;—sF = | _0.0427367676938312 (4.18) Ascrs—SF = | Z0.0480909983022378 (4.19)
| —0.23710393346022 | —0.238490336739864 |

The preliminary IBAs can be computed using the above quaternions together with the following steps. The
quaternion representation of the boresight vector of the i star camera can be expressed in SCF; as

b =0 0 0 1" (4.20)
This quaternion can be transformed to the SF using the below equation [Groves, 2008]
SCF SCF; SCF  1,SCE  3,5CF|T
b = Qscp,—sp b - Qscry—sr = [0 bix by big (4.21)

where the superscript asterisk denotes the conjugate of the quaternion, i.e. g, _ 5 = qp_. 4. Then by computing
the dot product of the resulting boresight vectors in the SE the preliminary IBA values can be determined

IBApre,ij = arccos(b?F -b?F) for i,j=1,2,3 and i#j (4.22)

As far as the calculation of in-flight IBAs is concerned, the orientation of the boresight vector (Zscg,) of each
star camera with respect to inertial space is obtained from the measured quaternions, which describe the rota-
tion from the inertial to the individual SCE Specifically, they are given from the rotation matrix representation
of these quaternions:

(Xscr;) T
Qinertial—SCF; <= Rinertial—ScF; = (Vscr,) T (4.23)
(zscE;) T

Similarly as with the preliminary ones, the in-flight IBAs are calculated using the following equation

IBAjnflight,i j = arccos(zscg; ~zsc1:j) for i,j=1,2,3 and i#j (4.24)

4.4. Antenna offset correction

The K-band ranging system of GRACE-FO measures the range between the two KBR antenna PhCs of the two
satellites. For the determination of the gravity field, however, the inter-satellite range observations, must be
related to their CoMs. This is achieved by applying the AOC, which corrects not only for the offset of the PhC
from the CoM, but also for any imperfect pointing between the satellites [Bandikova, 2015]. Specifically, the
AOC for range, depicted in Figure 1.1, is defined as the projection of the CoM-to-PhC vector of both satellites
on the line-of-sight, i.e. AOC, = AOC¢+AOCp. The AOC for range, range rate and range acceleration is directly
related to the inter-satellite pointing and can be computed using the following equations:

AOC; = ) Irpe,il-cos(6;)-sin(¢;) (4.25)
i=C,D
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AOCi= Y —Irpc,il(6;sin(0;)cos(h;) + picos@;)sin(¢h;)) (4.26)
i=C,D

AOCr = Y —Irpe,il (6 cos(6;)cos(¢;) +6;sin(@;)cos(¢;) — 26;¢h;sin(6;)sin(¢p;)
i=C,D (4.27)
+¢p;cos(0;)sin(¢;) + (ﬁizcos(ei)cos((l)i))

where |rpc ;| is the length of the CoM-to-PhC vector and 6 and ¢ are the pitch and yaw angles respectively. The
position of the vector in the SF was estimated during the calibration maneuvers at the beginning of the mission
and can be retrieved from the VKB1B data product. Table 4.3 provides this vector for both GRACE-FO C and D,
in terms of its magnitude and direction cosines.

Table 4.3: Vector position for the KBR antenna phase center, defined in the satellite frame.

GRACE-C GRACE-D

Magnitude 1.4444 1.44446
x-axis direction cosine 1 1
y-axis direction cosine -0.00012 4e-05
z-axis direction cosine 0.00031 0.00016

Itis clear that in case systematic errors exists in either the pointing angles or the PhC vector, the accuracy of
the KBR inter-satellite ranging observations will directly be affected and in turn the accuracy of the recovered
gravity field model [Bandikova, 2015].



Sensor Data fusion

In this chapter the various methods for combining data from the star cameras, the IMU and the steering mir-
rors will be discussed. First, in Section 5.1 the method that is used to optimally combine quaternions of star
camera and steering mirror measurements is presented. Next, in Section 5.2 the different calibration pro-
cedures for the star camera, the IMU and the steering mirror data are given. In Section 5.3 and Section 5.4
follows with the description of the proposed angular rate and attitude reconstruction methods and finally in
Section 5.2.4 an approach for correcting the star camera FoV errors is presented.

5.1. Optimal combination of quaternions

In Section 5.1.1 the optimal combination of star camera quaternions is presented and in Section 5.1.2 this
approach is extended to include the steering mirror quaternions as well.

5.1.1. Star cameras

The proposed strategy to combine the GRACE-FO star camera quaternions is based on the approach pre-
sented by Siemes et al. [2019], which extends the method by Romans [2003] to include additional terms in
the noise quaternion that can account for any offsets observed between the preliminary and the in-flight IBAs.
In general, the advantage of using the method by Romans [2003] is that the anisotropic accuracies of the cross-
boresight and roll axes of the star cameras can be taken into account and an optimal quaternion can be ob-
tained using a least-squares adjustment. With the addition of parameters that model IBA offsets, the relative
calibration of the star camera quaternions is possible. This has not been discussed explicitly for the GRACE-
FO mission and since it has contributed to an improvement in the GOCE gravity gradients, it is expected to
improve the reconstructed attitude of GRACE-FO as well.

The measured quaternion q5% ¢, of the i star camera, that describes the rotation from the inertial
1

to the i SCE is connected to the true quaternion by

meas _ true noise
qInertial—»SCFi - qInertialaSCF,-qi (5.1)

where qu.lOise is the noise quaternion of the i star camera that reflects a small rotation. In contrast to Bandikova

and Flury [2014] and Romans [2003], it includes now the term b; that models the offsets in the IBAs. In equation
form it is defined as

noise __

qrose = (5.2)

<o)
3(e;+b;)

where e; is a vector that contains three small rotation angles in the SCF and b; contains small, constant angles.
The measured quaternions of Equation (5.1) can be rotated to a common frame using the QSA quaternions
that describe the rotation from the individual camera to the SE In equation form

meas _ _meas
qi,Inertial~SF - qInertial~SCFi dsCF;—SF (5.3)

Theoretically, at any given moment each star camera measures the same attitude quaternions that describe
the rotation from the inertial to the SE however, due to measurements noise and systematic errors, small offsets
exist between them. According to Romans [2003], the relative error between the ih and the jth star camera can
be calculated with

meas meas _
(qi,lnertiaIHSF) (qj,lnertiaIHSF) - [%dl]] (5.4)

23
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The offset d;; is defined for GRACE-FO as

dijZéj+Bj—éi—Bi (5.5)
where the tilde represents rotated vectors from the SCF to the common reference frame. For example, €; =

Rscr,—srei, where Rscr,—sr is the rotation matrix representation of the QSA quaternions. For conciseness,
the variable m;; is introduced, defined as

mijzfaj—f),' _dij (5.6)
such that
€; Zéj +m;; (5.7)
As described by Romans [2003] the optimal solution can be found by minimizing the weighted residuals
sum of squares of the elements of the noise quaternion, i.e.

S=) el Pe; (5.8)

I
i=1
where I = 3 since there are three star cameras on-board each GRACE-FO satellite and P; is a 3 x 3 weight matrix
defined in the star camera reference frame that specifies the accuracies of the boresight or roll (p,) and cross-

boresight (p.p) axes

Pcb 0 0
Pi=(0 pyp O (5.9)
0 0 pr

The latter can also be defined in the SF using the transformation
P; =Rscr,—-srPiR{cr, _sr (5.10)

Assuming that the cross-boresight axes are 10 times more accurate than the boresight one, the corresponding
values are chosen: pg, = 10> and p, = 1. Rotating all variables of Equation (5.8) to the SF and substituting
Equation (5.7), the weighted residual sum of squares S can then be reformulated in terms of only one vector &:

I
Zé{f)lél + Zéle)lél (5.11)

~Te ~ ~ T& =
=&, P1& + ) (& +m;)) P;(€& +m;)
i=2

As pointed out by Siemes et al. [2018], the residual sum of squares can be split into three components
(Sn = Sne + Suc + Snec) that depend either on the epoch-wise parameters €; or on the constant parameters b;
or on both of them. Introducing the index n that indicates the epoch, the following components are defined

I
Sne = Z églpiénl (5.12)
i=1
that depends exclusively on the epoch-wise parameters, then

I
Sne = Zmzilpimnil (5.13)
i=2

depends only on the constant parameters and lastly
Lo
Snec :2Zénlpimni1 (5.14)
i=2

depends on a cross-product of both. The minimisation of the weighted residual sum of squares S =}, S, is
equal to solving a generalised least squares adjustment with the observation equations for epoch n having the
form

Vn+en=Xefne +XncPe (5.15)



5.1. Optimal combination of quaternions 25

where the observation and residual vector (containing star camera attitude residuals expressed in the common
reference frame) are defined respectively as

T
Yn=[0 —du2 -dus3] (5.16)
- - - T
en=[81n €n &) (5.17)
where 0 indicates a vector of dimension 3x1. The parameter vectors are then written as
Bre=e€n (5.18)
s = =T
Bc=[b1 by bs] (5.19)
and the design matrices follow as
I
Xe=|I (5.20)
I
0O 0 O
Xpe=|I -I 0 (5.21)
I 0 -I

where I indicates an identity matrix of dimension 3x3 and 0 a similar matrix but containing only zeros. The
weight matrix for epoch n is equal to

P, 0 o
P=|0 P, o0 (5.22)
0 0 P;

Using the above equations each of the summands can be written as

Sne = (Xeﬁne) TPXeﬁne (5.23)
Sne = XucBe—yn) TP(chﬁc -Vn) (5.24)
Snec =2XePre) TP(chﬁc -¥Yn) (5.25)

Due to the inclusion of the . parameters in the model, a more efficient technique should be used for the
generalised least-squares adjustment compared to Romans [2003]. This involves the usage of the partitioned
model [Teunissen, 2003], where the epoch-wise parameters are first eliminated from the observation equations
and the constant parameters are solved for. The solution to the constant parameters is calculated with

Be= (X XpePXnc) (XX Pyn) (5.26)
n n

where the plus sign indicates the Moore-Penrose inverse and the matrix X,,. is defined as
Xne = I-X.XIPX,) XIP)X (5.27)
The epoch-wise parameters can then be calculated with
Bre = X, PX) "X, Py, —XpcBe) (5.28)
After determining the parameters . and f,., both of them are inserted into eq. (5.2) to calculate the noise

quaternion, which is later inserted in Equation (5.1) to determine the generalised least-squares estimate for
the true quaternion.



26 5. Sensor Data fusion

5.1.2. Star cameras and steering mirrors

Within this work, one of the proposed methods to incorporate steering mirror measurements to the attitude
reconstruction process is by following and extending the procedure that was described in the previous section.
The only difference is that now instead of 3 (star camera 1,2,3) there are 4 instruments (star camera 1,2,3 +
steering mirrors) that can measure the same attitude quaternions that describe the rotation from the inertial
to the SE

The first step of this approach is to compute quaternions from the steering mirror pitch and yaw measured
angles. In Section 4.1, the relation between pointing angles and quaternions was described, from which the
following relation can be written

T
Rsp—nertial = (Rinertial—L0sF) - RsF—LOSF
=RLOSF—Inertial - RSFE—LOSE (5.29)
= RpoSF—mertial - Rx (Hx)Ry (Qy) R.(0,)

At this point, it is clear that the above equation cannot be computed for the steering mirrors due to the ab-
sence of roll angles. There are two ways, however, to overcome this limitation. The first one is to utilize roll
information from another instrument, such as the star cameras. For the second approach, at the likelihood of
contaminating the resulting quaternions with star camera noise, the R, (6,) matrix is simply disregarded from
Equation (5.29). This is possible considering that the pointing angles are very small, thus the elementary rota-
tion matrices commute and can act independent of each other [Muller, 2013]. Consequently, this means that
the resulting matrix Rsg_.inertial Would be able to accurately describe only the rotations around the y and z axes
of the satellite. The error that is introduced with the missing information is expected to be at a magnitude close
to the noise of the steering mirrors.

The next step of this combination is to define the weight matrix of the steering mirror quaternions. This
represents the variance of the noise in the corresponding components of the quaternions and can be expressed
as

px 0 O
Psy=|0 p, 0 (5.30)
0 0 p;

where the subscript 4 denotes that the steering mirrors are the fourth instrument in the quaternion combi-
nation. As it will be shown in Section 7.1.3, the corresponding measured pitch and yaw angles exhibit a ten
times (x = 10) higher accuracy than the ones computed with star camera data and show a one-to-one relation
with the y and z components of the derived quaternions. At the same time, the x component will not provide
any additional meaningful information, because the steering mirrors do not capture the roll variations of the
satellite. Consequently, it is logical to assume the following values for the variances of the noise in the steering
mirror quaternions: py = p; =k*- pg, = 10%-10* = 10" and p, =0.

Afterwards, the observation, residual and parameter vectors and the design matrices of the generalised
least squares adjustment, presented in Section 5.1.1, can be extended and defined respectively as

T
Yn=[0 —-du2 -dusz -duu] (5.31)
- - ~ - T
en:[eln €25 €3p e4n] (5.32)
Bre=€n (5.33)
-~ = =T
Bc=[bi by bs by (5.34)
I
I
Xe= |, (5.35)
I
0 0 0 0
I -1 O 0
Xne=11 o -1 o (5.36)
I O 0 -I
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The weight matrix for epoch # is also altered to

PL. 0 0 o0
o P, 0 0O

P=10 % By 0 (5.37)
0 0 0 P,

Similarly to the star camera quaternion combination, the constant parameters . are firstly calculated us-
ing Equation (5.26), which has the effect of achieving a relative calibration of the instruments. Then, Equa-
tion (5.28) is used to determine the new epoch-wise parameters . and finally substituting both of them in
the noise quaternion, the generalised least-squares estimate for the true quaternion can be obtained. Once
again, based on the above description, it becomes apparent how straightforward and simple it is to extend the
approach presented by Siemes et al. [2019] in order to include additional instruments that provide quaternion
measurements with respect to a common reference frame.

5.2. Sensor data calibrations

This section describes the calibration techniques used for the star camera (Section 5.2.1), the IMU (Section 5.2.2)
and the steering mirror (Section 5.2.3) data. In Section 5.2.4, a method for correcting FoV errors in the star cam-
era quaternions is also presented.

5.2.1. SCA data calibration

Due to imperfect knowledge of the star cameras’ orientation in the SE when rotating the corresponding mea-
sured quaternions to the latter, constant biases can be observed between them. As pointed out by Siemes
et al. [2019], the relative misalignment between a set of cameras can be detected by investigating the differ-
ences between the IBAs determined by a preliminary knowledge of their orientation in the SF and by in-flight
measurements. Since the presence of such systematics could lead to a suboptimal quaternion combination,
it is essential to align all star cameras in a common reference frame. As described in Section 5.1.1, this can be
achieved by including additional terms that can model these offsets. The . variable represents the calibration
parameters for the star camera data.

5.2.2. IMU data calibration

As indicated by Bandikova [2015], the accuracy of IMU measurements is limited by the stability of scaling
factors and bias at low frequencies. Therefore, the calibration and alignment of the IMU with the star camera
data is another crucial part for achieving an accurate reconstructed attitude. The first step before calibrating
IMU data, is the identification of all possible error sources in gyroscope measurements. Based on the literature
the most common errors that are modeled include the following [Bar-itzhack & Harman, 2002; Pittelkau, 2005]

¢ Misalignment error (AG™)
e Scale factors (AG¥)
* Bias (AG?)

These errors are assumed to be small compared to the measurements themselves, thus it is reasonable to
define a linear gyro error model. Due to the linearity the contribution of each error source can be computed
independently and then the total error can be determined as the sum of all. With this in mind, the total gyro
error is written as

AG = AG™ + AG* + AG? (5.38)

and is related to the measurement equations of a redundant IMU with

wg—H-w, =AG (5.39)
where wg is a column vector that contains angular rates sensed by each gyro, wp = [wp,x @y wb,Z]T isa
column vector with the angular rates of the satellite body and H is the sensor geometry matrix (see Equa-
tion (4.11)), that describes the orientation of each gyro in the SE Note that the variable wy is the same as m in
Equation (4.11). In the following paragraphs, the derivation of the above-mentioned error sources is given and
is based on the calibration procedures presented by Bar-itzhack and Harman [2002] and Pittelkau [2005].
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Misalignment

Due to imperfect knowledge of the gyros’ sensitive axis direction or the IMU's orientation in the SE it is essential
to calibrate and account for such misalignment errors. These can be expressed as the difference between the
actual measurement and the nominal one, i.e.

AGm = wg,actual - wg,nominal
= (H+AH)w;, - Ho), (5.40)
= AHwy,

where AH is a matrix that denotes small angle rotations around the two mutual perpendicular axes, u; and w;,

to the sensitive gyro axis, s;. For the i!" gyro, the latter is represented ass; = [SL S;', Si], where Sfc,y,z denote
the x, y and z directions of the gyro axis in the SE The vector u; can then be defined as
u;=[-S, St 0 (5.41)

Next, the vector w; is defined as the cross product of the above two, i.e. w; = u; x s;. Two small angle rotations
D; and E; can then be attributed respectively around the axes u; and w; and the AH matrix can be constructed
as follows

D, 0 0 u; E, O 0 wi
AH=]10 Dy O |-|ug|+|0 E» Of:-|wy (5.42)
0 0 Ds us 0 0 Ej w3

Finally, by substituting Equation (5.42) in Equation (5.40) and rearranging, the misalignment error can be de-
termined by

D; 0 0 L1 5] Ey 0 0 Wi
Asz( 0 D, 0 -|w|+]|0 E o0 -wz)wb

0 0 D3 us 0 0 E3 W3
uj-wp 0 0 D1 Wi Wy 0 0 E1 (5.43)
= 0 u-wy 0 | Do | + 0 W2 Wy, 0 | Eo
0 0 uz-wp D3 0 0 W3- -Wp E3

=diag(u; 3 -wp) - D+diag(wy o3 -wp) - E

Scale factors

Similarly to the misalignment errors, the AG* error due to scale factors is defined as the difference between the
actual and the nominal gyro measurement as

k
AG" = Wg actual — Wg nominal

wg1 - kl‘ [wgll
= |Wg2- ]Cg — |Wg2
wg3 . kg U)gg (5.44)
]Cl 0 0 wgl
= 0 kg 0 —ngg c | Wg2
0 0 kg a)gg

where k; is close to zero and I3 is a identity matrix with dimensions 3 x 3. Then, defining the variable Ak; as
the difference k; — 1 for i = 1,2,3, Equation (5.44) can be modified to

wgl -Akl
AGk = wgg . Akg
Wg3 'Akg
wg1 0 0 Akl (5.45)
= 0 a)gz 0 . Akg
0 0 a)g3 Ak3

diag(wgl,gg,gg) -Ak
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Bias
The bias error model is fairly simple and can be expressed by the following equation
AGY =13,3-b (5.46)

where b is a column vector containing the corresponding biases for each gyro, i.e.

b=[ba bg bgs)’ (5.47)

Total error

Taking the above definitions into account and substituting Equation (5.43), (5.45) and (5.46) into (5.39), the
total error is related to gyro measurements by

wg— H-wp=AG
=AG™ + AGF + AG? (5.48)
=diag(uy 23 wp) - D+ diag(wy 2 3-wp) -E+diag(wg g2,g3) - Ak +I3x3-b

The above relation can also be written in the form of a generalised least-squares adjustment, i.e.
y=Ax+e€ (5.49)

where the observation vector y, parameter vector x and design matrix A are defined as follows:

y=wg—H-wy (5.50)
x=[D E Ak bl (5.51)
A=[diaguy23-wp) diagwy23-wp) diaglwgrgres) Isx3] (5.52)

The unweighted least squares solution X of the system can then be computed with
x=ATA) ATy (5.53)

A perfect IMU data calibration could be achieved given the true satellite angular rates, however, this is not
possible and instead the angular rates derived from the optimally combined star camera quaternions are used.

5.2.3. LSM data calibration

Similarly to the star cameras, the laser ranging interferometer and in turn the steering mirrors could be affected
by biases due to imperfections in the mounting of the instrument on the satellite. As described in Section 5.1.2,
steering mirror quaternions can be included in the optimal quaternion process of Section 5.1.1 and new con-
stant biases (i.e. ) can be calculated. Once again, when these calibration parameters are applied on the
steering mirrors and the three star cameras, the relative alignment of all instruments can be accomplished.

Additionally, as indicated by Kornfeld et al. [2019], the rotational alignment requirement of the laser rang-
ing interferometer’s triple mirror assembly with respect to the accelerometer is stricter compared to the star
cameras, i.e. + 0.25 mrad in contrast to + 20 mrad in all three axes, respectively. Based on this, one could
assume that the knowledge of the steering mirrors in the SF could be more accurate in comparison to the star
cameras. Considering also that their measurements are ten times more accurate, it could beneficial to use
them in the calibration process of these two instruments.

5.2.4. Quaternions correction

Akey element for the attitude reconstruction process of GRACE-FO is the correction of FoV errors present in the
star camera measurements. One way to accomplish this is by taking advantage of another set of quaternions
that are not affected by such type of errors. For example, IMU-based quaternions can be used for GRACE-FO.
In principle, these quaternions describe the same attitude as the ones from the star cameras, however, as it will
be discussed in Section 7.5.1, due to an increased noise at low to mid frequencies they are not considered as
the final reconstructed attitude. Instead, given the IMU-based and star camera quaternion residuals, a daily
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average correction can be determined, that relates to FoV type of errors found in the star camera measure-
ments. This relation is justified from the fact that stars in the FoV are nearly repeated from one orbit to the next
and stay within the FoV for some time. Therefore, it is reasonable to expect that 1) the same type of errors are
repeated across a time window at same locations along the orbit and 2) for the quaternion residuals to reveal
these systematic errors, since the non-star-camera quaternions are not influenced by the latter. The advan-
tage of averaging their residuals within a time period is the elimination of the noise present in the IMU-based
quaternions.

With this in mind, the first step towards correcting FoV star camera errors is to compute the residuals be-
tween the star camera quaternions (q3“*) and another set (q,,) which is not or less influenced by such errors.
In equation form this is written as

diff _

qQ, = = (@S“M*q, (5.54)

2dn
where d is a vector that contains three small rotation angles and »n indicates the epoch. Afterwards, based on
the orbital position of the satellite, the corresponding argument of latitude can be determined as a function of
time. The correction quaternions (") are then defined such that the value for all epochs 7, that lay within a
specified time interval of duration T and have the same argument of latitude, is equal to the average quaternion
difference computed in Equation (5.54). Within this MSc project a T value of 1 day was used. Finally, the
resulting quaternions are applied to the ones of the star cameras, as shown in Equation (5.55), to obtain the

FoV error free quaternions.

RO P b (5.55)

5.3. Angular rate reconstruction

Given a proper calibration of star camera, steering mirror and IMU data and a successful quaternion combi-
nation procedure, a combination at the level of angular rates can now be performed. The same approach as
presented by Siemes [2018] is proposed for the GRACE-FO mission, but now the angular rates of the satellite
are reconstructed from IMU and combined star camera measurements. The combination is performed in the
frequency domain by taking into account the noise PSD of each instrument. Specifically, a lowpass and a high-
pass filter is constructed for the angular rates of the star cameras and the IMU, respectively. The lowpass filter
is used for the former, because during the differentiation of the quaternions, the noise PSD of the star cam-
eras tilts such that low-frequency noise is dampened and high-frequency is amplified. In contrast, the IMU
measurements are known to have a far lower noise floor at high frequencies, but a rather amplified noise at
low frequencies. Then, since the measurements of both instruments are concurrent, the lowpass and highpass
filtered star camera and IMU angular rates can be added in the frequency domain to arrive at a more accurate
result. The motivation behind the choice of this algorithm is the improved gravity gradients and gravity field
models that were observed for the GOCE mission, when this method was used instead of a combination in the
time domain by means of Kalman filtering [Stummer et al., 2012].

The first step for the GRACE-FO angular rate reconstruction is the derivation of IMU and combined star
camera satellite angular rates. This can be achieved using the equations described in Section 4.2.1 and Sec-
tion 4.2.2. Next, the process of constructing symmetric moving-average filters starts by defining the general
shape of the noise PSD of the angular rates for both instruments. This can be achieved using equation

Ps=f% and Pg=cf? (5.56)

where f is the frequency vector, Pg and Pg are the noise PSD of the star camera and IMU angular rates respec-
tively, as and ag are the slopes of these PSDs in the logarithmic domain and

¢ = (fe10ss)as—aG (5.57)

is a scale factor depending on the frequency f¢°% that determines where Pg and P cross each other. The
frequency vector f is equal in length to the length of the filters, denoted by Nr. In order to achieve a sufficient
resolution in the spectral domain, Nr must be a large enough odd integer. Siemes [2018] recommended to use

10
feross

The next step is to make the PSD curves symmetric around the mid-frequency and then compute the spec-
tral weights, or otherwise called the Wiener weights, for the star camera angular rates. For the non-zero fre-
quencies the weights are determined by

Np ~ (5.58)

Pg

=— (5.59)
PG + PS

Ws
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and for the zero frequency the weight is defined to be equal to 1. At that point, the filter coefficients Fs can
be calculated by simply taking the inverse discrete Fourier transform of W, i.e. Fg = ifft(Wg). Finally the low-
pass filter of the star camera angular rates is constructed by rearranging the previously calculated coefficients
according to

Fs=[Fsk+1 Fsk+2 - Fsn, Fsi1 Fsp -+ Fsk] (5.60)

where K is the index of the mid-frequency. Finally, a complementary highpass filter is constructed for the IMU
by spectral inversion. This is accomplished by flipping the sign of each coefficient of the lowpass filter and then
adding 1 to the coefficient at the center of symmetry.

The above mentioned procedure is run three times, so that three angular rate reconstruction filters are
determined for each component of the angular rate vector with a different cut-off frequency depending on
the noise characteristics of each one of them. Subsequently, the filters can be applied to the angular rate
measurements of each instrument in the time domain as a convolution or in the frequency domain as an
element-wise multiplication. In equation form, the corresponding reconstructed satellite angular rates wg ;,
where i € {x, y, z} denotes the element of the vector, are

wgr;=Fg;*ws;+Fqi*wg,; (5.61)

and the asterisk indicates the filter operation.

In general, when applying a symmetric moving-average filter, transient effects are produced from the filter
operations at the beginning and the end of the time series. However, an advantage of this angular rate recon-
struction method is that such effects can be reduced by simply constructing filters with shorter length towards
these areas. Specifically, for the first epoch of the filtered time series, a filter of length equal to 1 is created and
applied to only the first value of the input time series. For the second epoch, a filter of length equal to 3 is
created and applied to the first three values of the input time series, and so forth until half the length of the
primary filter is reached. The same procedure is applied for the end of the filtered time series. Finally, since
the transient effects cannot be avoided for the first and last few epochs, the IMU angular rates are extrapolated
after fitting them to the sum of the filtered star camera and IMU angular rates.

5.4. Attitude reconstruction

The final step for acquiring an accurate attitude estimate for the GRACE-FO satellites is to improve the attitude
quaternions provided by the star cameras by incorporating valuable information from a set of reconstructed
angular rates. In Section 5.4.1 the proposed attitude reconstruction algorithm for GRACE-FO is described in
detail. Next, Section 5.4.2 presents four possible scenarios, identified during this MSc project, for combining
star camera, IMU and steering mirror data as part of the overall GRACE-FO attitude reconstruction process.

5.4.1. Algorithm

The goal of the attitude reconstruction is to obtain the best possible estimation of the satellites’ inertial atti-
tude, by combining available star camera quaternions and the reconstructed angular rates. This is essential for
the GRACE-FO mission, because attitude errors can influence the measured distance between the CoMs of the
satellites as well as the accelerations projected on the CoM-to-CoM line, which in turn will affect the estimated
gravity field models. The same approach as described by Siemes [2018] is proposed for the GRACE-FO mission,
for which attitude quaternions resulting from the reconstructed angular rates are fitted to the combined star
camera quaternions. In other words, the reconstruct angular rates can be integrated to find how the attitude
changes from a central epoch to adjacent epochs (i.e. before and after the central epoch). These changes can
be expressed in the form of a rotation quaternion, which is expected to be smoother than the combined star
cameras since it includes IMU angular rates, which are more accurate at high frequencies. However, due to the
integration, small errors will accumulate resulting in an increased low frequency noise. The reconstructed an-
gular rate quaternions can be fitted to the combined star camera quaternions by means of a generalised least
squares adjustment, to minimize the errors across all frequencies. An important element of this adjustment
is taking into account the covariances of the star camera quaternions and how the variance of the rotation
quaternion changes grows when moving away from the central epoch. Once again, this algorithm in combina-
tion with the one described in Section 5.3 are chosen, because they provided the GOCE mission with improved
attitude quaternions and gravity field models compared to the previous approach that was determining the
inertial attitude by means of Kalman filtering [Stummer et al., 2012].

The derivation of this algorithms starts by defining the measured quaternion q);*® as the quaternion origi-

nating from the combined star cameras and the rotation quaternion q;"in + Which results from the integration
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of the reconstructed angular rates and describes the rotation from epoch ¢, to t,,;. With this in mind, the
meas true

measured quaternion q,'° can be expressed as a rotated version of the true quaternion q,", i.e.
meas _ . hoise true rot
Qi =Dk 9 D—n+k (5.62)

where qfl‘flsce is the noise quaternion that reflects the effect of both 1) the noise of the combined star camera

attitude quaternions and 2) the noise of the rotation quaternion which results from the integration of the re-

constructed angular rates. Moreover, q;9}° represents small angle rotations, i.e.

noise _

T
Q=1 exnikl2 €pnakl2  €zpikl2] (5.63)

As far as the rotation quaternion is concerned, it can be decomposed into a series of rotations such that

rot _ lot rot .. alot
Dnsk = Dn—nr19n+1—n+2" " Dnsk—1—n+k (5.64)

Then, the reconstructed angular rates are related to qiloi i—on+i+1 according to the following relations:

cos(¢p/2)
sin(¢p/2)e

rot _
Dpvi—nti+l =

for ie{0,..,k—-1} (5.65)

where ¢ is the angle of rotation and e is the rotation axis and can be computed with

_Nwpriv + @yl

) (5.66)

¢

Wniit] + Wnii

= a1 T Wn+i (5.67)
l@Wn+it1+@Wneil

Since the two unknown variables of Equation (5.62), i.e. qI"¢ and qgﬂi,sce would lead to a non-linear mixed

model (Gaul3-Helmert model), the problem is reformulated in a such a way that a linear generalised least

squares can be used. This is accomplished by first defining the relative error of the quaternion of epoch n

andn+k
rel noise

Q= G (@ (5.68)

Next, based on Equation (5.62) the noise quaternions at epoch n and n + k are equal to

O =, )’ 569
qll';OiSe — qt:l)eas (qzrueqzoin * — qr,';leas (qtr;‘UE)* (5'70)

and can be substituted to Equation (5.68)

rel ___meastruey* [ meas(true rot #)*
qn,n+k =q; (qn ) (qn+k (qn qnan+k) )
_ omeas _truey* true rot measy *
=q, (qn )qn qn—>n+k(qn+k (5.71)
_ ,meas rot measy *
=y qn—»n+k(qn+k )

From the above equation, it becomes apparent that despite the fact that the relative error of epoch n and n+ k
quaternions is the product of two unknown noise quaternions, it can still be calculated. Since both of those

noise quaternions represent small angles, the same can be assumed for q;eln L €

T
q§1n+k=[1 6x,n,n+k/2 6y,n,n+k/2 6z,n,n+k/2] (5.72)

rel noise noise

Taking small angle approximations into account and after rearranging Equation (5.68) to q;”, 4777 = """,

the latter can also be expressed as

2
dpnrk+enik=€n+0(€) (5.73)
where
Ox,nn+k €x,n €x,n+k
dyniic= é\y,n,n+k y €n=[€yn and e ;= €yn+k (5.74)
6z,n,n+k €z,n €z,n+k
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are small angles. At this point, Equation (5.73) can be written in the form of a generalised least-squares ad-
justment (y +u = Ax) with y being the observation vector, u the residual vector, A the design matrix and x the
parameter vector. In particular,

[dy, -] [en-x [1]
dn,n—l €n-1
0 +| e, | =|I]é, (5.75)
dn,n+1 €n+1 I
|dy,ne k) | €n+K 1]
—_——— —— =~
y u A

where €, are the parameters. By inspection of Equation (5.75), it is obvious that the noise in the quaternion at
the central epoch n relates to the noise in the quaternions of epoch n — K and n + K before and after that.

For an accurate estimation of €,, it is essential to construct a proper covariance matrix of e, for k =
—-K,...,,K. As stated before, the noise quaternion qg‘fze reflects both the noise of the combined star camera
quaternions and of the rotation quaternions. From the algorithm, presented in Section 5.1.1, the covariance
information of the combined attitude quaternions is provided. In practice, the latter is expected to exhibit
some time correlation between epochs a few minutes apart and from one orbit to the next. This is due to the
fact that stars in the FoV change slowly along the orbit and are nearly repeated from one orbit to the next. As far
as the noise of qﬁl"in + is concerned, it is also expected to show large time correlations because of the angular
rates integration. Correlations are also expected between qil"in L+ and q)'%%, since the latter are used for the
calculation of the former. With all this in mind, the covariance matrix for the generalised least-squares should
be fully populated, however, this would lead to a significantly high computational effort. For this reason, time
correlations are ignored, which reduces the matrix to a block-diagonal structure, with one 3 x 3 block per epoch

[Siemes, 2018]. In equation form it can be written as

Sk 0 0
0o 3, :
5 n—-K+1 (5.76)
: . 0
0 0 ..k

where each block is of dimension 3x3 and amounts to the sum of the covariance matrix of the combined star
camera quaternions and the covariance matrix of the rotation quaternions. In equation form:

Zn+kj — Zmeas + Zl‘Ot

ek ik for k=-K,.,K (5.77)

The covariance matrices Z7'%%* is the product of the posteriori variance factor ag and the cofactor matrices

Qy, ..., Q123, both of which are by-products of the star camera quaternion combination algorithm, i.e.
meas _ 2 meas _ 2
ZSCAl,VH-k - UO Ql’ e !ZSCAlgg,VH-k - UO 0123 (578)
where the subscript 123 denotes that all three star camera quaternions were available and used for the combi-
nation. Additionally, the variance factor can be calculated as

, Q
of=2 (5.79)

where Q is the square-sum of residuals of the combined star camera quaternions and R is the redundancy. It
is calculated from the flags of the individual star camera quaternions (fsca,, fsca, and fsca,), which indicate
whether data are valid or invalid at a certain epoch, and the flags of the combined quaternions (f), i.e.

N
R=3) (fa—fscay,n— fscasn— fscasn) (5.80)
n=1

Next, the covariance matrix Z;O: k is modelled as the diagonal matrix

t o2 02 0

Io —

=10 o5 0 (5.81)
0 0 o2
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where 02, 0?, and o2 are empirically determined quadratic functions of the time difference |#,,, . — t,|. They are

calculated from the residuals between the combined star camera quaternions and the quaternions originating
from rotating an initial quaternion based on the reconstructed angular rates.

With all this in mind, the €, parameters of the noise quaternion can now be estimated. Finally, the recon-
structed attitude quaternion for epoch 7 is obtained with q'¢¢ = (q1°'¢)* q/®2,

5.4.2. Scenarios

Given the optimal quaternion combination, angular rate and attitude reconstruction algorithms as well as the
various data calibrations techniques, four different scenarios have been identified that could provide the final
attitude estimate for the GRACE-FO satellites. Initially, the attitude reconstruction was performed based on
the first, or otherwise called nominal, scenario depicted in Figure 5.1. The process starts by calibrating the star
camera data and calculating the constant biases based on star camera and steering mirror quaternions. Next
follows the optimal combination of the star camera quaternions from which the corresponding angular rates
can be determined. The latter are used to calibrate the IMU data and, then, together with the IMU angular rates
obtain the reconstructed angular rates. Finally, these are used in combination with the optimally combined
star camera quaternions to reconstruct the attitude.
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7| |constant biases quat SCA
[ 1 mu
SCA LSM
SCAt constant
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. quat
quaternions
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attitude
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measurements IMU data riltles quaternions
Figure 5.1: Flowchart of the 1st (nominal) scenario for the attitude reconstruction of the GRACE-FO satellites.

Although, the approach described above provided a far more accurate attitude estimate than what could be
achieved from the combined star cameras, a major systematic error was still prominent in the reconstructed
quaternions. As it will be demonstrated in Section 7.5, this error is associated to FoV errors present in the star
camera measurements. In order to account for these errors, the following three scenarios were identified. For
the first one, shown in Figure 5.2, the steering mirror quaternions, that are not affected by such type of er-
rors, are optimally combined with the individual star camera quaternions based on the method presented in
Section 5.1.2. During the combination the proper quaternion weighting scheme is applied so that the higher
accuracy of the LSM measurements is taken into account. Afterwards, the optimal quaternions are used to cal-
ibrate the IMU data and, together with a new set of reconstructed angular rates, reconstruct the final attitude.

For the last two scenarios, depicted respectively in Figure 5.3 and Figure 5.4, the same procedure is followed
as with the nominal case, but now correction quaternions are derived from IMU and steering mirror data and
applied at the level of the nominal reconstructed quaternions. This set of correction quaternions represent
daily average corrections and are computed according to the method presented in Section 5.2.4. For the case
of the IMU, a set of IMU-based quaternions are used for this purpose, which are derived using the optimally
combined star camera quaternions, the IMU angular rates and a larger time window during the quaternion fit-
ting in the attitude reconstruction algorithm. For the correction based on steering mirror data, derived steering
mirror quaternions are used.

It should be mentioned that one main difference between the options with the LSM and the one with the
IMU, is that the former do not correct for any star camera FoV errors in the x-component of the quaternions.
This is because the steering mirrors cannot measure the roll variations of the satellites. Still, the corresponding
correction applied by the IMU-based quaternions does not have any contribution to the AOC, as seen from
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Figure 5.2: Flowchart of the 2nd scenario for the attitude reconstruction of the GRACE-FO satellites.
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Figure 5.3: Flowchart of the 3rd scenario for the attitude reconstruction of the GRACE-FO satellites.

Equation (4.25). The performance of each of the four proposed attitude reconstruction scenarios is further

evaluated in Section 7.5.

Lastly, for the last two scenarios, a different variation was also tested for which the daily average quater-
nion correction was applied at the level of the individual star camera measurements and, then, the nominal
attitude reconstruction procedure was followed. The results obtained in this way, however, were degraded and
worse than the nominal case. The reason behind this is the anisotropic accuracy in the pure star camera mea-
surements and the limitation of the method presented in Section 5.2.4. The high noise around the boresight
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axis of a star camera contaminates the other axes when quaternions are rotated from the SCF to the SE This
causes an increased noise floor, which in turn prevents for any distinct daily average quaternion correction to
be computed, because the latter has now a large percentage of noise within it.
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Figure 5.4: Flowchart of the 4th scenario for the attitude reconstruction of the GRACE-FO satellites.



Verification and Validation

This chapter is dedicated to the different steps undertaken to verify and validate the various processing and
sensor data fusion algorithms implemented and used during this thesis work. A key element for the attitude
reconstruction process is the derivation of the satellites’ angular rates from star camera and IMU measure-
ments. The verification of these algorithms is described in Section 6.1. Next, in Section 6.2 the derivation of
inter-satellite pointing angles is validated. Lastly, in Section 6.3 and Section 6.4 the optimal quaternion combi-
nation and the angular rate and attitude reconstruction algorithms are verified for the GRACE-FO mission. In
Table 6.1, an overview of the above-mentioned algorithms is presented with the corresponding section in the
report where they have been described and verified.

Table 6.1: Overview of the various processing and sensor data fusion algorithms verified within this chapter.

Algorithm Described in Verified in
Star camera angular rates Section 4.2.1 Section 6.1
IMU angular rates Section 4.2.2 Section 6.1
Inter-satellite pointing angles Section 4.1 Section 6.2
Optimal combination of quaternions Section 5.1 Section 6.3
Angular rate reconstruction Section 5.3 Section 6.4
Attitude reconstruction Section 5.4.1 Section 6.4

6.1. Satellite angular rates

Several methods have been utilized to verify the derivation of the angular rates from each instrument. A first
simple check is to examine the magnitude and sign of the latter around each axes of the SE In general, the x axis
of the SF points to the other satellite, the z axis points in nadir direction and the y axis completes a right-hand
system. Therefore, for both satellites the angular rate around the y axis is expected to have a mean absolute
value of about 1.108 mrad/s and for the other two axes to be centered around 0. The mean value of 1.108
mrad/s corresponds to the rotation rate of the satellite around the Earth over the course of one orbit, which

can be calculated as follows
27 27

T 94.5%60
where T is the orbital period of the satellite, which is equal to approximately 94.5 minutes. According to the
right-hand rule, for the trailing satellite that has its x axis pointing in the flight direction, the sign of w, will
be negative [Groves, 2008]. While for the leading satellite, for which the body frame is an 180 degrees rotated
around the z axis version of the other, w, will be positive. Based on the orbital positions of the satellites, it
is known that during this period GRACE-FO C is the leading satellite and GRACE-FO D is trailing behind. In
Figure 6.3 and Figure 6.2, long time series of the combined star camera and IMU derived angular rates around
the y axis are depicted for both satellites. Indeed, the results indicate that GRACE-FO C s in front while GRACE-
FO D is pursuing and the calculated magnitudes match with the expected values for both satellites. It should
be noted that the displayed combined star camera angular rates are lowpass filtered in order to remove the
high frequency noise in their measurements and clearly show the similarities with the IMU.

With this in mind, the rest of the verification process of angular rates will be focused only on one satellite,
i.e. GRACE-FO C, since no other differences exist between the two. Additionally, in all of the figures, the results
from the official attitude data product (denoted as SCA1B) of GRACE-FO are included, to provide another way
of verifying the calculations of the angular rates. In Figure 6.3 and Figure 6.4, the derived angular rates around
the x and z axis of the satellite are shown, respectively. Once again, the behavior of the results is according to
what is expected, since both w, and w, are centered around 0.

wy = ~1.108 mrad/s (6.1)

37
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To increase the confidence of the calculations, a closer examination is performed for a smaller time window,
for example over the course of one or two satellite orbits. Although, each sensor has a different measurement
principle, it is expected that all of them detect the same variations in attitude and thus the angular rates shall
exhibit similar behavior over time. The agreement between the sensors becomes more apparent in the pres-
ence of a satellite attitude maneuver, when the variations of the angular rates are much larger. In Figure 6.5
the angular rates around each axis of the SF are presented for the combined star cameras, the IMU and SCA1B
during the 20™ of October in 2020, when GRACE-FO C underwent a series of center-of-mass calibration ma-
neuvers. During this operation, a satellite performs small periodic rotations around only one axis at a time,
while the oscillations about the other two axes are kept to a minimum [Wegener et al., 2020]. According to Lan-
derer, Flechter, et al. [2020], among several manuevers, the following three were commanded for GRACE-FO C
on the 20" of October: a roll maneuver that started at 11:09:00 and ended at 11:12:00, a pitch manuever that
started at 14:18:00 and ended at 14:21:00 and a yaw manuever that started at 21:57:00 and ended at 22:00:00.
In fact, the angular rates of Figure 6.5 demonstrate these rapid fluctuations at those time intervals. Especially
the IMU, that is more accurate at high frequencies, can clearly distinguish these oscillations. Furthermore, it is
evident that even though the instruments have different noise and error characteristics as well as angular rate
derivation algorithms, their output match very well during and around the maneuvers.

Equivalently to the comparisons performed above, the derived angular rates of each instrument are anal-
ysed in the frequency domain. This approach provides another perspective on the similarities of their signals.
After evaluating the amplitude spectral density (ASD) of each signal, an inspection is performed in the fre-



6.2. Inter-satellite pointing angles 39

4 3 -4
x10 12510 310, ‘
E—T ——scA
15 —IMU
SCA1B 2 SCA1B
1
= 3
=05 =
< [
£ &
3 3 © TR 7 Y YT
05
-1
-1
-15 : : : : 0.95 : : : : 2
1100  11:15  11:30 1145 14:16 1420 1424 14:28 21:40 21:50 22:00 22:10
Time  Oct 20, 2020 Time  Oct 20, 2020 Time  Oct 20, 2020
(a) x axis. (b) y axis. (c) zaxis.

Figure 6.5: The roll, pitch and yaw angular rates derived from the combined star camera, IMU and SCA1B measurements during the
center-of-mass calibration maneuvers on 20 of October 2020 for GRACE-FO C.

quency spectrum to check their agreement. As already mentioned, all sensors are expected to measure the
same attitude variations and this should be noticeable both in the time and in the frequency domain. In Fig-
ure 6.6 the ASD of the angular rates for the combined star cameras, the IMU and the SCA1B data product for
GRACE-FO C are illustrated. They have been determined over the period of May 17!-215 2020 and the black
vertical dotted line represents the frequency of one cycle per revolution (1 cpr = Wl*eo =~ 1.76e—4 Hz). As ex-
pected both instruments agree quite well at 1 cpr and from low frequencies up until 4-7 mHz. In addition, the
star cameras exhibit a high frequency noise above 10 mHz. This is as expected since at the level of angles and
at high frequencies, they have a flat noise spectrum, which after the differentiation of quaternions translates to
noise that increases proportional to the frequency. Likewise, the differentiation of IMU angle measurements,
which have a 1/f noise type of behavior, leads to a flat plateau at the level of angular rates.
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Figure 6.6: One-sided amplitude spectral density of the combined star camera, IMU, and SCA1B angular rates, evaluated over the period
May 17 to 215 in 2020 for GRACE-FO C.

6.2. Inter-satellite pointing angles

Regarding the derivation of inter-satellite pointing angles from star camera quaternions, it can simply be vali-
dated by comparing the results of the calculations with the pitch and yaw angles measured directly by the laser
ranging interferometer’s steering mirrors. As it can be seen from Figure 6.7 and Figure 6.8, despite the differ-
ent noise characteristics of the two instruments, the pointing angles derived from the star camera quaternions
match very well the behavior of the steering mirror measured angles. Therefore, the derivation process, de-
scribed in Section 4.1, was implemented correctly. It should be noted that prior to the comparison, the star
camera data is transformed to the reference frame of the steering mirrors.

6.3. Optimal combination of quaternions

The algorithm for the optimal combination of star camera quaternions presented in Section 5.1.1 has been
obtained from Siemes et al. [2018], who have already verified its implementation for the GOCE mission. To
ensure that the algorithm is adopted correctly with GRACE-FO input parameters as well, the angular rates
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resulting from the optimal quaternions are compared to those from the other sensors and from the official
data product in the time and frequency domain. This comparison has already been illustrated with Figures 6.1
to 6.6. Additionally, in Section 7.1.1, the residuals from the combination have been analysed and displayed a
behavior that is in agreement with the expectation from the star camera performance specifications.

6.4. Angular rate & attitude reconstruction

As with the optimal combination of quaternions, the angular rate and attitude reconstruction algorithms have
already been verified and validated for the GOCE mission. Nevertheless, to ensure that they are used correctly
within this MSc thesis, an additional verification is necessary to be performed locally. This is achieved by using
star camera and gradiometer GOCE data as inputs to these algorithms and then comparing their results to the
required output that has been provided by Christian Siemes, TU Delft [personal communication]. In Figure 6.9,
the one-sided ASD of the desired and the actual angular rates produced with the angular rate reconstruction
method, are depicted. From their differences it is clear that the same results can be achieved locally as with the
ones already obtained for GOCE.
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Figure 6.9: One-sided amplitude spectral density of the required and the actual output of the angular rate reconstruction algorithm using
GOCE data.

In the same manner, the quaternions computed locally with the attitude reconstruction algorithm are com-
pared to the required ones. In Figure 6.10, the quaternion residuals between the two previously-mentioned
datasets are plotted, from which it is clear that equivalent results can be obtained.
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Results

In this part of the report, the results from the various processing algorithms and the sensor data fusion ap-
proaches will be discussed. In Section 7.1, the error and noise assessment of each of the four instruments is
presented and then in Section 7.2 the results of the sensors data calibrations is given. Next, in Section 7.3, the
outcome of the optimal combination of quaternions is examined, while in Section 7.4 and Section 7.5 follow
respectively the results from the angular rate and attitude reconstruction process. Finally, in Section 7.6 the
impact of the proposed attitude reconstruction method on the GRACE-FO mission is investigated and a reflec-
tion is provided for future gravity missions. It should be mentioned that the analyses performed in this work
have been limited to only one month of data. More specifically, the month of May in 2020 was chosen, for
which all instruments could provide nominal measurements.

7.1. Sensor error & noise assessment

This section is devoted to assessing the errors and the noise in the star camera (Section 7.1.1), gyroscope (Sec-
tion 7.1.2), steering mirror (Section 7.1.3) and accelerometer (Section 7.1.4) measurements.

7.1.1. Star cameras

As already mentioned in Section 2.3.1, the star camera measurement accuracy is limited by several factors, such
as optical, centroiding and FoV errors, but also due to the camera construction geometry, the measurements
are characterized by anisotropic noise. This means that the accuracy about the cross-boresight axes (xscr and
yscr) of the camera is usually around 6 to 16 times better than the one about the boresight or roll (zscr) axis
[Liebe, 2002]. Based on the pASC specifications, the nominal measurement accuracy about the former axes is
expected to be around 2 arcseconds, which is equal to approximately 9.7 urad [Jorgensen et al., 2012]. Thus,
the corresponding accuracy about the boresight axis could fluctuate between 58 and 155 prad.

Although, the in-flight measurement accuracy of the star cameras might not be possible to obtain precisely,
its noise component can be approximated with the variable e; (see Equation (5.2)), which is estimated during
the optimal combination of quaternions. The vector e; is composed of three small angles that correspond to
the error and noise about the x, y and z components of the i star camera quaternions resolved in the i
SCE At lower frequencies, this vector is expected to mainly describe systematic errors, e.g. FoV errors, while
at higher frequencies the random noise in the measurements. Upon inspection, it was found that above 0.1
Hz the PSD of e; exhibits a flat plateau that indicates the white noise in the data. Therefore, the noise floor is
calculated as the root mean squared (RMS) PSD level in the frequency band above 0.1 Hz. It should be noted
that the e; estimated during the combination of star camera and steering mirror quaternions have been used
for this characterization. In Table 7.1 the monthly RMS values of the estimated random noise in the star camera
quaternions is presented and in Figure 7.1 the daily RMS values are shown.

Table 7.1: The monthly RMS values of the random noise in the x, y and z component of the star camera quaternions, estimated over the

month of May in 2020.
GRACE-FO C GRACE-FOD
SCAl SCA2 SCA3 SCA1 SCA2 SCA3
e; x [prad] 11.09 15.7 12.4 8.7 10.4 10.1
€y [prad] 10.4 16.2 13.2 8.2 11.5 12.5
e; ; [urad] 112.8 204.5 137.7 105.8 129.6 130.6

In general, the star cameras on-board GRACE-FO D are performing better compared to GRACE-FO C, still
for both satellites the estimated noise floors are close to the specifications. Additionally, star camera 1 mea-
surements are the least noisy compared to the ones of the other cameras and especially for GRACE-FO D they

42
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perform 12% better than specified. As it will be soon in the next paragraphs, a possible explanation for this
behavior could be the number of stars in the FoV of that camera. The most degraded performance among all
cameras can be seen for the second one of GRACE-FO C. As it will be demonstrated later on, this behavior
could be explained from the unexpectedly decreased availability of that camera over the month of May. Based
on the values of Table 7.1, the noise level ratio between the boresight and the roll about the boresight pointing
for SCA1, SCA2 and SCA3 is computed to be 11, 13 and 11 respectively for GRACE-FO C and 12 for all cameras
of GRACE-FO D. Last but not least, by inspection of Figure 7.1 it becomes apparent that despite the fact that
the star cameras have a presumed identical performance, in-flight they display a small variability over the du-
ration of one month. For example, the sensitivity of the star camera measurement accuracy to the moonlight
intrusions can be seen with a decrease in performance, during the 9-10™ of May.
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Figure 7.1: Daily RMS values of the random noise in the x, y and z component of the star camera quaternions, estimated over the month
of May in 2020.

Another important factor that can influence the measurement accuracy of the star cameras, is the number
of stars in their FoV. In other words, the higher the number of identified bright stars in the digital image, the
better the estimated satellite attitude of a star camera. Equally important, since the distribution of stars in
the sky is not uniform, it is crucial where a camera is pointing. Depending on the latter, a camera could end
up being blinded by the Sun or the Moon. In Figure 7.2, the number of stars in the star camera FoV of all six
cameras is shown in an argument of latitude versus time plot. The white-covered areas represent instances
where the camera is blinded either by the Sun or the Moon. Specifically, the long diagonal white band that can
be seen in star camera 2 of GRACE-FO C and camera 3 of GRACE-FO D indicates sunlight intrusion. On the
other hand, the smaller white spots, some of which are better visualized for SCA3 and SCA2 of GRACE-FO C
and D, respectively, represent blinding from the Moon.

Based on the layout of the GRACE-FO satellites, it is known that star camera 1, 2 and 3 point respectively,
more or less, to the negative z, the positive y and the negative y axis of the SE And since while in orbit, one
satellite is a rotated version of the other one around the latter’s z-axis, star camera 1, 2 and 3 of GRACE-FO C and
star camera 1, 3 and 2 for GRACE-FO D respectively point to a similar part of the sky with a small delay. Thus,
comparable patterns can be seen in the geographic plots. A closer inspection on Figure 7.2c and Figure 7.2f,
and in particular the upper limit of the long diagonal white band reveals a higher number of invalid data for
SCA2 of GRACE-FO C despite the two cameras having a similar inertial orientation. The exact reason for this
phenomenon has not been found yet, however, one of the hypotheses is that due to the relative orientation
with the Sun, more stray light from the Sun might reach the camera’s FoV. At the same time, this behavior
could justify the overall decrease in the performance of that camera that was observed in Table 7.1. Finally, the
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comparison of the SCA1 plots of both satellites to the ones of the other cameras, could explain their increased
measurement accuracy, because of their higher amount of valid data and the higher average number of stars
detected.
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Figure 7.2: Number of stars in the FoV of the GRACE-FO C and D star cameras for the month of May in 2020.

Additionally, as indicated by Harvey [2016] star cameras are prone to FoV errors. This is explained from
the fact that their derived attitude estimate depends on the stars in their FoV, thus errors would repeat when
the same stars are viewed at the same lens locations. In fact, when examining Figure 7.2, it is clear that over
the period of several days the stars viewed from the cameras on-board the GRACE-FO satellites do not change
considerably at same locations along the orbit. Instead of calculating a residual inter-camera quaternion, as
performed by Harvey [2016], a comparison between the star camera and the steering mirror derived quater-
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nions is made to identify these errors. This is possible, because the measurement principle of the steering
mirror does not depend on the identification of stars using a digital camera. As an example, Figure 7.3 depicts
the y-component of the quaternion difference between all three cameras and the steering mirrors of GRACE-
FO D, as a function of argument of latitude and time. Note that their differences have been lowpass filtered so
that the white noise of the quaternions in the high frequencies is removed. As expected, distinct differences
are observed that repeat for several days along constant arguments of latitude. Similar behavior is exhibited
for GRACE-FO C as well.
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Figure 7.3: The y-component of the star camera and steering mirror quaternion residuals as a function of time and argument of latitude,
for GRACE-FO D.

Last but not least, it should be mentioned that thermo-elastic effects in the support structure of the satellite
can influence the performance of the star cameras and possibly cause systematic effects and biases. Due to the
lessons learned from GRACE and the Swarm satellites many improvements have been incorporated to GRACE-
FO that minimize the exposure of the cameras to extreme temperatures [Kornfeld et al., 2019]. A dedicated
analysis on long time scales would be of interest to understand how temperature variations can affect the
GRACE-FO star camera performance. However, due to time constraints of this thesis such analysis could not
be performed, but is recommended for further research.

7.1.2. IMU

Based on the Astrix 120 specifications, the inertial measurement unit has only one main noise contributor,
which is the angle random walk (ARW) [Airbus Defense and Space, 2020]. Besides that, the IMU measurements
are prone to systematic errors such as constant biases, scale factors and misalignment errors. The ARW has a
magnitude of about 0.0016 °/v/hr which corresponds to an equivalent

d
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In Figure 7.4, the one-sided ASD of the derived angular rates from each gyroscope of the IMU are shown.
The purple line represents a white noise signal that corresponds to the angle random walk of the specifications.
It can be clearly observed that for both satellites the IMU measurements are dominated at high frequencies,
starting from around 60 mHz and onwards, by the designated noise. In fact, the measurements of the angu-
lar rates of all gyros exhibit around an 11% lower noise floor than specified. The systematic errors mentioned
above have an effect on the very low frequencies, close to the DC frequency and cannot be seen in this figure.
However, by comparing lowpass filtered IMU angular rates to the ones calculated from star camera quater-
nions, constant biases can be observed in the order of a few urad. Finally, in Figure 7.4 several narrow spikes
can be seen at frequencies above 1 Hz. These are artifacts in the measurements and amount to systematic
errors that could be related to the operation of another instrument or process inside the satellite, such as the
AOCS.
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Figure 7.4: Comparison of the angular rates derived from measurements of each gyroscope with the angle random walk specification of
the IMU, in an ASD plot.

7.1.3.LSM

As far as the steering mirrors is concerned, Wegener et al. [2020] have mentioned that the resolution of the
measured pitch and yaw angles is limited at high frequencies by quantization noise of about 1 urad/vHz,
which translates to an equivalent of 0.2 arcseconds/ vHz. In the meantime, Goswami et al. [2021] pointed out
that the white noise in the measurements is due to the broadband noise of the Position Sensing System (PSS)
sensor, which is approximately 3 times larger than the quantization noise. In Figure 7.5, the one-sided ASD of
the measured pointing angles is shown for both satellites. As it can be observed, at frequencies above 60 mHz,
the measurements are limited by noise. In particular, the pitch and yaw angles have respectively a noise floor
equal to 1.3 and 1.8 urad/v/Hz or 0.27 and 0.37 arcseconds/ vHz.

Based on the above computed values, it is clear that the steering mirror measurements have about a 10
times better accuracy than those of the star cameras. This information can be valuable during the optimal
quaternion combination of these two different datasets. To be able to achieve the latter, however, the corre-
sponding steering mirror quaternions, that describe the rotation from the inertial to the SE should be obtained.
As introduced in Section 5.1.2, the fact that the steering mirrors do not capture the roll variations of the satel-
lite imposes a limitation on the derivation of the aforementioned quaternions. Nevertheless, this obstacle can
be addressed either by substituting the roll angles derived from star camera measurements or by disregarding
them from the derivation. In Figure 7.6, the importance of roll data is illustrated. The residuals between the
steering mirror and the optimally combined star camera quaternions are depicted when roll is excluded and
when it is included in Equation (5.29). As it can be observed, roll does not seem to have any significant effect
at the level of quaternions for the y and z components. This can be explained from the fact that the pointing
angles have a magnitude in the order of a few hundred of arcseconds, so considering small angle approxima-
tions and disregarding it from Equation (5.29) does not affect how well the y and z axes of Rgg—_.mertial €an be
resolved. For the same reason, when the roll angles from star camera data are included, the y and z compo-
nents of the derived quaternions are not influenced by star camera noise. Interestingly enough, when roll is
not taken into account the x component of the quaternion residuals will be almost identical to the roll pointing
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Figure 7.5: Comparison of the measured steering mirror pitch and yaw pointing angles’ ASD with the specified quantization error.

angles derived from star camera data. It should be mentioned, however, that at the level of angular rates, roll
information will have a more significant impact because all components of a quaternion are used to calculate
the latter, as seen by Equation (B.11) and Equation (B.12). With this in mind, it can be said that the measured
pitch and yaw steering mirror angles can be used, without the need of another sensor, to derive the y and z
components of a quaternion that describes the rotation of the corresponding satellite axes to inertial space.
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Figure 7.6: Comparison of the y and z components of the steering mirror and combined star camera quaternion residuals when the roll
angles are included and when they are excluded during the derivation process of steering mirror quaternions.

Furthermore, in Figure 7.6, the ~2 arcsec high frequency noise of the star cameras can be seen at frequen-
cies above 0.1 Hz as the flat plateau. Meanwhile, the spikes that begin from low frequencies and continue up
until 10 mHz correspond mostly to the star camera FoV errors that were demonstrated earlier in Figure 7.3. By
a closer inspection at those frequencies, however, it is clear that the flat noise spectrum of the high frequencies
does not continue at the lower ones and a type of 1/f" behavior is observed. This indicates that one of those
instruments could be limited at those frequencies due to some random noise. According to Goswami et al.
[2021] and to her personal communication with John Leif Jorgensen, the noise floor of star camera measured
angles can be estimated with
8.5 urad

Vi Viz

which can explain the behavior noted above (depicted as the yellow line in Figure 7.6) and most probably
denote that at those low frequencies the steering mirrors are more accurate. Finally, the quaternion differences
revealed a misalignment between the two sensors with the presence of two constant biases. For this reason,
prior to any data combination, it is essential to calibration them and bring them in the same reference frame.

Oscalf) = (7.2)
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7.1.4. Accelerometer

It is already known from McCullough et al. [2019] that the GRACE-FO accelerometers are affected by large
spurious accelerations which produce phantom accelerations and exhibit an improper response at thruster
firings. For this reason, it is necessary to remove these artifacts, before any comparison or combination is
done with the other sensors, and reintroduce the proper thruster response to the accelerometer data. These
calibration steps have already been implemented for the linear accelerations, but not for the angular ones.
Thus, a thrust response model was developed, similar to the one for the linear accelerations, for which the
attitude thruster firings are assumed to impact a constant acceleration over the duration of the firing. This
constant value was determined from a series of long thruster firings that were performed on the 6% of February
in 2019 for the calibration of the linear accelerations.

After removing the spurious accelerations and reintroducing the more accurate thruster responses, the
angular rates of the accelerometer are derived using Equation (4.13). A comparison is then performed with
the star cameras and the IMU in terms of their ASDs, shown in Figure 7.7. As expected the integration of the
measured angular accelerations tilts the ASD of the accelerometer angular rates such that low-frequency noise
is amplified and high-frequency noise is dampened.
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Figure 7.7: Comparison of the derived star camera, IMU and accelerometer angular rates’ ASD for GRACE-FO C.

At first sight, the spectral densities indicate that the accelerometer could be useful in a data sensor fusion
approach for high frequencies. By further inspecting the graphs, however, a rather large disagreement can
be seen between the sensors between 1 and 10 mHz, most notably for the angular rates around the z and x
axis of the SE These differences do not only prevent a proper calibration of the data, but also suggest that
additional error and noise sources remain in the angular acceleration data that are not accounted for. Due
to time constraints, a definite explanation of this behavior was not found and it was decided to not use the
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accelerometer any further for the attitude reconstruction. Further research is advised on the processing of
accelerometer data, especially on the part of modelling the thruster responses.

7.2. Sensor data calibrations

This section is dedicated to the data calibration results of the star cameras, the gyroscopes and the steering
mirrors. In Section 7.2.1, the estimated constant biases of the star cameras and the steering mirrors are pre-
sented and their effect on the IBAs is discussed. Next, in Section 7.2.2, the IMU calibration parameters are

provided.

7.2.1. SCA & LSM data calibration

An important part of the star camera quaternions calibration process is the alignment of all cameras in the
same reference frame. For GRACE-FO the QSA1B quaternions exist, which were estimated at the beginning
of the mission and describe the rotation of the individual star camera quaternions to the SE However, these
calibration parameters could contain errors that do not lead to a perfect alignment of the cameras with each
other in the SE Comparing the IBAs observed by the star cameras in-flight with the ones determined by the
preliminary knowledge of the cameras’ orientation in the SF (i.e. the QSA1B quaternions), could reveal whether
the initial knowledge of their relative orientation is affected by any systematic errors. Using Equation (4.14) to
(4.19) and (4.22) the preliminary IBA values are calculated and presented in Table 7.2.

Table 7.2: IBAs computed based on the preliminary knowledge of the star cameras’ orientation in the satellite frame.

IBAlg IBA13 IBA23
GRACE-FO C 80.9563° 80.1966° 100.062°
GRACE-FOD 79.7436° 79.7527° 98.6532°

Then, based on the values of the above table and Equation (4.24), the IBA differences are derived and vi-
sualized in Figure 7.8 for the month of May in 2020, before any correction is applied to the star camera data.
It is clear that for both satellites, all IBA differences exhibit offsets. For IBA;,, IBA;3 and IBA,3 of GRACE-FO
C these amount to approximately 40, 49 and 54 arcseconds respectively and for GRACE-FO D to 73, 45 and 69
arcseconds.
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Figure 7.8: Differences between the preliminary IBAs and the ones observed in-flight during May in 2020, before applying the b;
corrections. Units of the y-axis are in arcseconds.

According to the method presented in Section 5.1.1, constant biases are estimated that can minimize the
observed offsets and in fact, after applying this correction, the mean value of all IBA differences goes practically
to zero. In Table 7.3, the offsets observed before and after the corrections are provided.

Given these corrections, the star camera quaternions can now be rotated in a common reference frame and
their optimal combination can be performed. Nevertheless, it should be noted that this new frame does not
guarantee perfect alignment with the true satellite axes. This is due to the fact that the individual star camera
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Table 7.3: Mean value of the difference between the preliminary and the in-flight IBAs, before and after the two corrections. The
presented values are in units of arcseconds.

GRACE-FO C GRACE-FOD
After After After After
Before . . Before . .
correction correction correction correction correction correction
(SCAonly) (SCA+LSM) (SCAonly) (SCA+LSM)
IBA» 40.561 0.712 -1.140 73.434 -0.042 -1.653
IBA; 3 49.365 0.015 -1.004 45.227 0.220 -1.419
IBA,; 54.881 0.487 -0.359 69.818 -0.035 0.519

biases are co-estimated relative to each other and any rotation that is mutual to all of them is undetermined. As
aresult, small offsets could still remain between the calibrated and the true body frame, which can translate to
undesired inter-satellite pitch and yaw pointing biases and in turn affect the AOC [Bandikova, 2015; Horwath
etal, 2011]. One way to mitigate the error arising from the common rotation of the cameras is to extract and
use attitude information from another source, such as the LSM quaternions. According to Kornfeld et al. [2019],
the ground rotation alignment requirements of the laser ranging interferometer’s triple mirror assembly with
respect to the accelerometer are stricter compared to the ones of the star cameras. Based on this, one could
assume that the knowledge of the steering mirrors in the SF could be more accurate in comparison to the star
cameras. Therefore, it was decided to extend the calibration procedure so that the quaternions of the former
sensor can be included as well. The constant biases, that are determined in this way, correspond for GRACE-FO
C to (units are in arcseconds)

~130.29 -119.23 -176.34 -
bic=|-24492|, byc=|-17279|, bsc=|-219.48| brsyc=|-114.58 (7.3)
106.43 77.39 97.60 ~104.95

and for GRACE-FO D to

-0.367 45.50 -15.28 -
b p=|-3534|, byp=|3750|, bsp=|41.23 | brsyp=| 140.95 (7.4)
23.57 19.95 56.84 ~131.40

According to this approach, the new offsets in the IBA differences, shown in Table 7.3, are also close to zero
except for IBA;» and IBA;3, which still exhibit offsets of around 1 arcsecond. Once again, due to the lack of
a ground truth this method does not necessarily entail that the instruments are now more accurately aligned
with the true satellite axes. However, based on the assumption that the orientation of the steering mirrors
can be determined better due to the stringent alignment requirements, it was decided to use the latter for the
calibration of the two instruments. Due to time constraints it was not possible, but it would be of great value
to investigate the in-flight stability of their orientations with respect to the SF at long timescales.

7.2.2. IMU data calibration

As mentioned in Section 5.2.2, star camera measurements are used to calibrate the IMU data. To perform an
accurate calibration, it is essential to only use data that are not affected by the main noise contributors of the
two sensors. This is achieved with an inspection in the frequency domain of the angular rates, derived at the
individual gyro frame, and the identification of the frequency, above which the ASDs of the two instruments do
not match anymore. Afterwards, lowpass filtering is applied to the observation equations and the design matrix
of Equation (5.49). The cut-off frequency chosen for the calibration of the IMU data is 7 mHz. In fact, this value
agrees well with the frequency where the noise PSDs of the two instruments based on their specifications cross
each other.

Table 7.4 provides the estimated IMU calibration parameters for both satellites. The order of magnitude of
these values is representative for a typical calibration of IMU data [Pittelkau, 2005]. By applying these parame-
ters during the derivation of IMU angular rates, any systematic errors in the measurements are now minimized
and the IMU is aligned with the star cameras. Both instruments are ready to be used now for the angular rate
reconstruction.
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Table 7.4: Estimated calibration parameters for the IMU data.

GRACE-FO C GRACE-FOD
Parameter Gyro 1 Gyro 2 Gyro 3 Gyro 1 Gyro 2 Gyro 3
D; (misalignment) [arcsec] 707.7 1389.0 1205.7 155.8 516.0 292.4
E; (misalignment) [arcsec] -691.9 466.2 1415.2 2988.6 3429.5 -548.9
Ak; (scale factor) [-] -6.76e-3  -4.83e-3  9.71e-4  -1.04e-2  -1.25e-2  2.18e-3
b; (bias) [arcsec/s] 1.49 -1.24 1.00 -1.44 0.32 -0.35

7.3. Optimal combination of quaternions

With a successful calibration of star camera and steering mirror data, an optimal combination of quaternions
can now be achieved. As described in Section 5.1, two combination cases are performed within this MSc thesis,
namely one that considers only star camera measurements (case 1) and a second one that also includes steer-
ing mirror data (case 2). Their performance is firstly evaluated in terms of computed angular rates and then
in terms of quaternions. Since the results between the two satellites are similar, the discussion in the section
focusses on just GRACE-FO D.
In Figure 7.9, the ASDs of the satellite angular rates derived from these two cases, the official attitude solu-
tion and the IMU data for GRACE-FO D are shown. As illustrated from the figure, all angular rate components
of case 1 (blue lines) exhibit high-frequency noise proportional to the frequency, indicated by the dashed black
line. This originates from the differentiation of the combined star sensor quaternions, which showcase a white
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noise with a standard deviation of 2 arcseconds. In other words, the optimal quaternions manage to effectively
take into account the anisotropic accuracy in all cameras and provide a more accurate satellite attitude than
what could be achieved with just one camera (cf. Table 7.1). When steering mirror quaternions are also con-
sidered in the combination (red lines) the same behavior is displayed, but now it occurs at a higher frequency
due to their higher accuracy, which was demonstrated in Section 7.1.3. Needless to say, since no information is
contained in the x component of the steering mirror quaternions, the corresponding component of the angu-
lar rates is the same for both combination cases. Additionally, from Figure 7.9b and 7.9c, it becomes apparent
that not only the IMU (purple line), but also case 2 can already provide improved results compared to the offi-
cial attitude quaternion product, labeled hereafter SCA1B (yellow line), at the frequency range between 10 and
60 mHz. At higher frequencies, the even lower noise of IMU data can be exploited with the angular rate and
attitude reconstruction algorithms as it will be shown in the next sections. Lastly, it should be noted that the
drop in the yellow curves, observed above 0.2 Hz, indicates the lowpass filter that has been applied to the data
as a means to reduce the sample rate to 1 Hz.

To further analyse the derived optimal quaternions, a comparison is performed in the frequency domain
between the quaternions of the two cases and those of the SCA1B data product. In Figure 7.10, the x, y and z
components of the quaternion residuals are depicted in an ASD plot. From these sub-figures, it is clear that the
yand z components of case 2 quaternions are not only closer to SCA1B above 20 mHz, but also they exhibit far
smaller differences at multiples of the orbital frequency compared to case 1. Additionally, the same increase of

— Diff SCA to SCA1B 103+ — Diff SCA to SCA1B
— Diff SCA+LSM to SCA1B — Diff SCA+LSM to SCA1B

Hz|
Hz|
——

=
<
A
I
=
S
A

A

ASD angle [rad/s /
ASD angle [rad/s /
=
<
(92

=
<
&

‘ ‘ ‘ ‘ 1008¢ i i i i
10" 10° 10 10" 10° 10* 10° 102 10" 10°
Frequency [Hz] Frequency [Hz]

(a) x-component. (b) y-component.

—— Diff SCA to SCA1B
— Diff SCA+LSM to SCA1B

=

<
A
T

ASD angle [rad/s / VHz]
=
]
(9]

10* 107 102 10 10°
Frequency [Hz|

(c) z-component.

Figure 7.10: Comparison of the quaternion residuals’ ASD between the SCA1B and the two optimally combined quaternion cases, for
GRACE-FO D.

the ASD towards lower frequencies is observed as it was noted in Figure 7.6. This behavior denotes that these
components of the case 2 quaternions are predominately based on steering mirror data. Therefore, the larger
differences in case 1 are expected to arise from FoV errors in the star camera measurements. To understand
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the nature of this discrepancy, the calculated quaternion residuals are examined in a geographic plot.

Figure 7.11a visualizes the y component of the quaternion differences between case 1 and SCA1B in an
argument of latitude versus time plot. Using this representation, it is evident that between the two sets of
quaternions horizontal stripes that span at constant arguments of latitude exist as well as a type of daily av-
eraging. In fact, it is known from Harvey and Sakumura [2019] that within the star camera error model of the
Kalman filter setup, a daily constant term, that describes the deviation of a camera’s attitude from a nominal
set value, was included as well as a term to account for FoV-dependent errors. At the same time, when in-
specting the quaternion differences between case 1 and the steering mirrors, shown in Figure 7.11b, similar
features can be observed as the ones in Figure 7.11a. As explained in Section 7.1.1, the steering mirrors cannot
be affected by FoV errors, therefore, it can be concluded that latter are the main reason for the discrepancies
between the two quaternion combination cases. Having said that, it is obvious that incorporating steering mir-
ror measurements in the attitude reconstruction process of GRACE-FO would be of much benefit for the final
attitude solution.
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Figure 7.11: Argument of latitude versus time plot of the y-component of the quaternion differences between (a) the SCA1B and the
optimally combined case 1 quaternions and (b) the steering mirror and the optimally combined case 1 quaternions, for GRACE-FO D.

7.4. Angular rate reconstruction

Within this research, the angular rate reconstruction algorithm is applied for two different cases. For the first
one, which is also called the nominal case, the angular rates are reconstructed from IMU and combined star
camera data. For the second case, steering mirror and star camera data are optimally combined at the quater-
nion level before their derived angular rates are reconstructed with the IMU ones. What differentiates these
two cases, is the crossing frequency for the y and z component of the angular rates, which is around 10 times
higher for the second case due to the higher accuracy of the steering mirrors. In general, these crossing fre-
quencies can be determined purely from the noise characteristics of each instrument as the point where the
two noise curves cross each other in a PSD plot. Table 7.5 presents the values of the frequencies that were used
for both satellites within this MSc thesis.

Table 7.5: Crossing frequencies for the two angular rate reconstruction (ARR) cases.

ARR 1: IMU + SCA ARR 2: IMU + (SCA+LSM)

Component Frequency [mHz]
X 7.0 7.0
y 5.7 45.0
z 6.0 65.0

In Figure 7.12, the reconstructed angular rate results of case 1 (blue line) and case 2 (red line) are compared
to the official attitude product (yellow line) in an ASD plot. From the previously-mentione lines, it can be
clearly seen that, already at the level of angular rates, the proposed approach performs better than SCA1B
at frequencies between 10 mHz and 0.3 Hz. This is because the latter takes the noise characteristics of each
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sensor into account explicitly, so the resulting angular rates at low frequencies consist solely from star camera
data while at the higher frequencies from only IMU data. On the contrary, it appears that at high frequencies
the Kalman filter approach fails to fully exploit the lower noise of the IMU angular rates and the star camera
noise degrades the final solution.
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Figure 7.12: Comparison of the angular rates’ ASD derived from the SCA1B data product and from the two angular rate reconstruction
(ARR) cases, for GRACE-FO C and D.
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Among all components of the angular rates, the y component displays the best improvement with respect
to SCA1B, with a lower noise content starting already from around 6 mHz and extending up until 0.3 Hz. Specif-
ically, for case 2, which takes into account steering mirror information, the red ASD curve is even slightly lower
than the blue one. After 0.3 Hz the effects of the different down-sampling techniques become apparent as the
drop of the ASD curves. As far as the x component is concerned, the differences to SCA1B are more visible
compared to the z one. Still, both of them exhibit lower noise at frequencies between 20 to 200 mHz.

At a closer examination of the results between the two satellites, it is evident that for GRACE-FO D the offi-
cial solution is somewhat closer to the reconstructed angular rates for both cases. This could be explained from
the less noisy star camera measurements of this satellite compared to the other one, as seen in Section 7.1.1.
Therefore, under these conditions the Kalman filter manages to combine star camera and IMU data in a more
optimal way. The proposed reconstructed angular rates, however, do not face such an issue, since at higher fre-
quencies only IMU measurements are used and the resulting angular rates are not impacted by the more noisy
star cameras. With this in mind, it could be stated that at the level of angular rates the proposed approach can
perform better, compared to a Kalman filter method, in case of noisy star camera measurements.

On the other hand, systematic errors in the star cameras, such as FoV errors, still remain in the recon-
structed angular rates of the first case. Their presence can be recognized from the large spikes in the differ-
ences to the official solution (purple line) at frequencies between 0.8 and 10 mHz. For case 2 (green line),
however, these spikes are much smaller, due to the higher weight on steering mirror measurements, which are
not affected by such type of errors.

7.5. Attitude reconstruction

After the successful reconstruction of IMU and star camera angular rates, the latter can now be used with the
optimally combined quaternions to reconstruct the inertial attitude of the satellites. As introduced in Sec-
tion 5.4.2, within this MSc thesis four different scenarios were identified to obtain the latter. The first, or oth-
erwise called nominal, scenario utilizes only star camera and IMU data to reconstruct the satellite’s attitude.
However, due to star camera errors remaining in the final quaternions, the formation of the three additional
scenarios was prompted. With this in mind, first and foremost, in Section 7.5.1, the performance of the nominal
case is evaluated at the level of pointing angles with respect to steering mirror measurements and the Kalman
filter approach. Next, the supplementary attitude reconstruction scenarios are introduced and assessed with
respect to the latter. Finally, the best scenario is chosen and an analysis is performed on the contribution of
each sensor to the final attitude (Section 7.5.2). Since the results between the satellites are similar, the analyses
in this section are presented for just GRACE-FO C, unless specified otherwise.

7.5.1. Attitude solution performance

A simple means to assess the performance of the reconstructed attitude solution is to compare it with the
measurements of the steering mirrors at the level of pointing angles. This comparison serves also as an in-
dependent verification for the algorithm. Figure 7.13 depicts the ASD of the pitch and yaw pointing angles
derived from the reconstructed quaternions of the nominal scenario (labelled "ATTR", red line) and the of-
ficial data product (yellow line) as well as the ones measured directly by the steering mirrors (blue line) for
GRACE-FO C. At first sight, it can be seen that for both angles the proposed attitude reconstruction method
provides results as good as the ones obtained from the SCA1B product and with improvements, especially for
pitch, at frequencies starting from around 10 mHz up until higher ones. As expected, it exhibits (not shown
here) a far better performance than what can be achieved from the quaternions resulting from the star sensor
combination (cf. Section 7.3), which are limited to around 9.6 urad/ vHz above 10 mHz. In other words, the
reconstructed quaternions succeed in exploiting the low noise of star camera measurements at lower frequen-
cies and the low noise of the reconstructed angular rates at higher frequencies. For this reason, an equivalent
behavior in the results is observed with the ones of Section 7.4, but now at the level of angles (or quaternions).
Furthermore, for pitch angles, the nominal ATTR appears to have very similar performance as the steering mir-
ror measurements until 40 mHz, a frequency after which broadband noise of the PSS sensor is a limiting factor
for this instrument. In fact, between 20 and 40 mHz the blue line seem to have an even slightly lower ASD curve
compared to the red one.

Nevertheless, when inspecting the differences of the ATTR and the SCA1B products with the steering mirror
data (purple and green line respectively), a greater discrepancy, in the form of larger spikes, is detected for the
proposed attitude reconstruction method. The significantly larger spikes of the purple line are visible starting
from the frequency of the 3™ orbital harmonic and continue up until around 10 mHz. At higher frequencies,
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Figure 7.13: Comparison of the pitch and yaw pointing angles’ ASD derived from the nominally reconstructed and the SCA1B
quaternions and measured from the steering mirrors, for GRACE-FO C.

however, and more notably for the yaw angles between 15 and 30 mHz, SCA1B appears to be more noisy (green
curve has larger spikes). By examination of the previous differences in an argument of latitude versus time plot,
almost identical features can be recognized as the ones discussed in Section 7.3. Therefore, it is clear that star
camera FoV errors continue to prevail in the nominally reconstructed attitude solution. At the higher frequen-
cies, however, the latter relies almost entirely on IMU measurements, which are smoother, in comparison to
SCA1B that possibly gives a bit more weight on star camera data.

Based on this finding, the three additional attitude reconstruction scenarios were identified and proposed
so that the above-mentioned systematic effects can be addressed. Already from Section 7.3 and Section 7.4
it has been illustrated that the optimal combination of star camera and steering mirror quaternions is feasi-
ble and can correct FoV errors. Consequently, for the second scenario, the attitude is reconstructed based on
the combined star camera and steering mirror quaternions and the second set of reconstructed angular rates
of Section 7.4. For both last scenarios, a different approach is employed, for which the FoV errors are elimi-
nated by applying quaternion corrections to the nominally reconstructed solution, according to the method in
Section 5.2.4. For one case, this correction originates from reconstructed IMU-based quaternions and for the
other from pure steering mirror quaternions. As mentioned in Section 5.4.2, the former are generated by using
the IMU angular rates and a larger time window during the quaternion fitting in the attitude reconstruction
algorithm. A time window two times as large as the one used for the nominal case is chosen. Even larger ones
were tested, but produced identical results.

Figure 7.14 illustrates the ASD of the three small angles computed from the difference of the nominal re-
constructed with the SCA1B, the steering mirror and the IMU-based quaternions (blue, red and yellow line
respectively). By comparing the red and yellow lines to the blue one, it is clear that they exhibit similar spikes
at the frequency range 0.1 to 10 mHz. This denotes that both the steering mirror and the IMU can explain
more or less the same differences observed with respect to the SCA1B product. The only noticeable peculiarity
is the rather large discrepancy of the x and z components of the IMU-based quaternions, at the 2™ orbital
harmonic. This behavior could indicate un-modeled errors in the IMU measurements that repeat twice per
orbit. According to Wen et al. [2019], the IMU noise model in the Kalman filter setup, takes into account once-
and twice-per-revolution effects, however, their origin is not discussed. Due to time constraints of this thesis,
the origin is not addressed in this research either, but is recommended for future work.

In general, the IMU-based quaternions could be selected as the final attitude solution of the GRACE-FO
satellites, since they express the same attitude as the nominal reconstructed case and are not affected by FoV
errors. However, compared to pure star camera measurements, they are limited below 10 mHz, as it can be
observed in Figure 7.14 with the increase of the yellow ASD curve towards lower frequencies. This behavior is
due to small errors accumulating during the integration of the IMU angular rates and to the angle random walk,
which is propagated from a flat noise spectrum at the level of angular rates to noise with 1/f-behavior at the
attitude level. Consequently, in order to remove this undesired noise, the technique described in Section 5.2.4
is proposed, for which a daily average correction is computed based of the quaternion differences with respect
to the nominal solution.
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Figure 7.14: Comparison of the quaternion residuals’ ASD between the nominal reconstructed scenario and the SCA1B, the steering
mirrors and the IMU, for GRACE-FO C.

Given the above-mentioned attitude reconstruction scenarios, a comparison at the level of quaternions is
performed relative to the Kalman filter approach, shown in Figure 7.15. From the figure it is clear that for all
new scenarios the amplitude of the spikes is decreased considerably compared to the nominal case with the
exception of the x component for the cases that use steering mirror data. Since this sensor does not provide
any roll information, it is reasonable to expect similar results as the nominal case for this component. The only
major distinction between the various scenarios is the slope of the red ASD curve at lower frequencies (between
0.1 and 10 mHz). As already discussed in Section 7.3, this indicates that the SCA1B quaternions, which do not
incorporate steering mirror measurements, are most probably limited at those frequencies due to star camera
random noise. Needless to say, any remaining differences that are observed in Figure 7.15 could originate from
either the proposed or the Kalman filter method.

Among the three suggested scenarios, it is clear that the one that optimally combines steering mirror data
at the level of quaternions is the best one since it not only corrects for FoV errors as good as the other scenar-
ios, but it can also properly incorporate the steering mirror data that are more accurate at frequencies below
65 mHz. The only disadvantage of that case is that the x-component of the final attitude quaternions is not
corrected. This can easily be addressed, however, by only applying a correction from the x-component of the
IMU-based quaternions. This requires that possible errors in the IMU data that repeat twice per revolution are
modelled and removed first. Nevertheless, as it has been described in Section 4.4, since the roll information
of the satellite is not important for the AOC, the correction of this component will not have any effect either.
Given the above reasons, it is claimed that scenario 2 can deliver the best attitude solution so far out of the
three options and provide a more complete solution in the end.
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Figure 7.15: Comparison of the quaternion residuals’ ASD between the SCA1B and the four different attitude reconstruction scenarios, for
GRACE-FO C.

7.5.2. Sensor contribution

To understand better the performance of the proposed attitude reconstruction approach, a comparison can
be performed with respect to the measurements of each individual sensor and determine in this way the con-
tribution of each one to the final attitude solution. In Figure 7.16, the differences between the measured IMU
angular rates and the ones derived from the reconstructed attitude and the Kalman filter method are demon-
strated. The differences to the combined star camera data, which are affected by FoV errors, are also included
in the same figure. In the following paragraphs, the results of the proposed approach are first discussed, and
then those of the official solution.

First of all, from the slope of red ASD curve, the noise of the star camera quaternions that is proportional
to the frequency can be observed at high frequencies. At the same time, the blue ASD curve exhibits a flat
behavior at low frequencies, which indicates that the reconstructed attitude solution is mainly based on star
camera or steering mirror data at those frequencies. Specifically, for the y and z components, the angular
rates are derived predominately from IMU measurements above 45 and 65 mHz respectively. While for the x
component, the transition appears to occur at an even lower frequency, such as 7 mHz. In fact, these values
coincide with the crossing frequencies defined in the angular rate reconstruction process (see Table 7.5). Once
again, since the reconstructed attitude method does not correct for any star camera FoV errors around the
satellite’s roll axis, these become apparent in Figure 7.16a, as the large spikes (blue curve). For the other two
components, however, the differences exhibit a more or less flat noise spectrum, which in fact indicates the
noise floor of the IMU measurements. Lastly, it should be noted that above 0.2 Hz the effects of downsampling
the signals from 8 to 1 Hz measurements become visible as the increase of the blue ASD curve.
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Figure 7.16: ASD of the differences between the proposed attitude and the Kalman filter approach angular rates to the ones obtained
from the combined star cameras and IMU, for GRACE-FO C.

To get a better idea on the contribution of the star camera and the steering mirror data at frequencies below
45-65 mHz, Figure 7.17 can be used that depicts the ASD of the quaternion residuals between the combined
star cameras, that are affected by FoV errors, and the proposed approach (blue line), the steering mirror (yellow
line) and the SCA1B data product (red line). From the blue and the yellow lines, it becomes evident that the
y and z component of the reconstructed quaternions are based predominately on steering mirror data, since
they show very similar spectral characteristics, while the x component is derived from star camera data.

On the contrary, when examining the corresponding differences of the Kalman filter approach, it appears
that it incorporates data from both star cameras and IMU across the whole frequency spectrum. For example,
in Figure 7.16, at higher frequencies the yellow ASD curve has a far larger magnitude than the blue one and is
more noisy between 15 and 40 mHz. This indicates that at those frequencies the solution is probably contami-
nated by star camera noise. Therefore, it is clear that the proposed attitude reconstruction method can exploit
better the strengths of each instrument and provide a more accurate solution.

7.6. Mission impact
This section is dedicated to the mission impact of the proposed attitude reconstruction method. In Sec-

tion 7.6.1, the impact on GRACE-FO is discussed in terms of the AOC and in Section 7.6.2 a recommendation
is provided for NGGM based on the findings of the previous sections.
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Figure 7.17: Comparison of the quaternion residuals’ ASD between the combined star cameras and the steering mirrors, the proposed
attitude reconstruction and the Kalman filter approach, for GRACE-FO C.

7.6.1. GRACE-FO

The accurate estimation of the twin satellites’ attitude is essential for precisely correcting the GRACE-FO K-
band ranging observations so that the inter-satellite range measurements can be related to their CoMs. This in
turn has a direct impact on the estimated gravity field. Moreover, as indicated in Section 4.4, the AOC depends
on 1) the phase center vector in the individual SF and 2) the pitch and yaw pointing angles which are also
influenced by the orientation of the latter vector (as shown by Equation (4.2)). Already from Section 7.5, the
improvements of the proposed attitude reconstruction approach have been illustrated in terms of these angles.
Because a comparison and analysis at the level of the recovered gravity field is outside the scope of this thesis,
the proposed and the official attitude solutions are analysed at the level of the AOC for range, range rate and
range acceleration.

Before the discussion of the latter, it is important to mention another main disagreement between the two
attitude approaches, that was not discussed so far in Section 7.5. This concerns the different pointing biases,
i.e. the mean value of the pointing angle variations, observed for each method. In Figure 7.18 and Figure 7.19,
the biases for the pitch and yaw angles and for both satellites are shown over the period of two orbits. From
these figures, it is clear that each method exhibits a different pointing bias for each angle. In other words, this
behavior indicates that although they can identify the same variations in attitude, they disagree on the mean
orientation of the satellite with respect to inertial space. Irrespective of the attitude reconstruction method, the
biases could be explained from an error that is common to all sensors and cannot be estimated during their
relative calibration. Therefore, the disagreement between the two methods could be the different approaches
used to calibrate the orientation of the sensors relative to each other.
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Figure 7.19: Time series of the yaw pointing angles derived from the proposed attitude reconstruction and the Kalman filter approach.

Furthermore, as indicated by Bandikova [2015] and Horwath et al. [2011], these biases can affect signif-
icantly the AOC and in turn the recovered gravity field. To demonstrate this effect, in Figure 7.20, the time
series of the derived corrections for range from both approaches are presented. Due to the larger, on average,
pointing biases of the proposed method, the respective correction exhibits larger variations than the Kalman
filter solution. Similar behavior can be observed for the correction for range rate and acceleration. In general,
a small value for pitch and yaw could denote that the AOCS is capable of keeping more or less the two satellites
aligned to each other, however, it does not necessarily mean that lower magnitudes in the computed pointing
biases are closer to the truth. Given the analysis performed so far and due to the lack of reference, it is not
viable to designate which method provides a more accurate mean orientation of the satellites with respect to
inertial space.

Therefore, to make a fair comparison, the proposed attitude solution is rotated to the same reference frame
as the official one by applying three small constant angles to the quaternions of the former. In Figure 7.21, the
ASD of the AOC for range, range rate and range acceleration of the rotated reconstructed and the Kalman filter
solution are illustrated. Once again, clearly the proposed approach shows a considerable improvement for all
corrections at frequencies higher than 10 mHz. However, at a closer inspection of Figure 7.21b, it becomes
evident that the improvements on the AOC are far lower than the KBR system noise. The same effect was also
observed when the Kalman filter was rotated to the reference frame of the proposed solution (not shown here).
Thus, at the level of gravity field, no significant change is anticipated.
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7.6.2. NGGM

Although, the new reconstructed attitude dataset is not expected to show any significant changes at the level
of gravity field estimates for GRACE-FO, the results of the analyses in this thesis work can be valuable for the
design of future gravity missions. Given the outcome on the performance of the instruments on-board the
GRACE-FO satellites as well as the performance of the proposed data fusion methods, a reflection can be made
on their impact to the design of the NGGM proposed by ESA.

According to Haagmans et al. [2020], the NGGM design concept will be similar to that of GRACE and
GRACE-FO, i.e. twin satellites flying in the same orbit, but now the primary payload for measuring the inter-
satellite distance would be the laser ranging interferometer. Additionally, for redundancy purposes two ac-
celerometers will be added to each satellite, either both of them placed symmetrically around the satellite
CoM, or a main one placed in the latter and the other one at a small distance to the center. In case, one fails
from the first configuration or the main one fails from the second configuration, the measured accelerations
need to be corrected for gravity gradient, centrifugal and Euler acceleration effects in order to retrieve the non-
gravitational accelerations of the satellite. To achieve this, the accurate estimation of the satellite’s angular
rates is required. Considering this failure case, an investigation is performed to examine how accurately the
correction can be obtained given the estimated noise in the star camera, the IMU and the steering mirror mea-
surements and the proposed angular rate reconstruction method. This analysis is motivated by the fact that a
degraded accelerometer performance could potentially occur for NGGM, and in fact, it has already been ob-
served for GRACE-FO D, for which the reasons behind it have not yet been fully understood either [Landerer,
Flechtner, et al., 2020].

With the above in mind, for an accelerometer mounted at a distance from the CoM, the measured acceler-
ation is equal to [Siemes et al., 2019]

a=-(V-Q*-Qr+d (7.5)

where V is the gravity gradient tensor, d is the non-gravitational accelerations acting on the satellite, r is the
vector from the satellite’s CoM to the center of the accelerometer and € is the first time derivative of Q, which
is the angular rate tensor defined as

0 —0W; Wy
Q=] w, 0 —Wx (7.6)
—wy Wy 0

where wy,y,; denote the angular rates around each axis of the satellite frame. The desired correction for cen-
trifugal and Euler accelerations are calculated as follows

— 02
QAcentrifugal = Q°r

] (7.7)
Agyler = Q21

Acorr = Acentrifugal + Aeuler with

For this analysis, three different cases are considered depending on the position of the accelerometer with
respect to the satellite axes. For the first one, it is assumed to be placed in the along-track direction, for the
second one in the cross-track direction and for the last one in the radial direction. For all cases, however,
the accelerometer is placed at a distance of 10 cm from the CoM. Given the noise characteristics of the star
cameras, the steering mirrors and the IMU as well as the proposed angular rate reconstruction method, the
corresponding noise in the acceleration correction is computed with Equation (7.7). Together with the esti-
mated double time derivative of inter-satellite distance and accelerometer measurement noise for the NGGM
(see Fig. 14 in [Massotti et al., 2021]), Figure 7.22 is created, that illustrates the noise curves of all the previous
components in an ASD plot. Note that the acceleration correction shown in this figure refers to the one in the
along-track direction, i.e. acorr,x, since this component is of interest for deriving gravity field estimates.

It is clear that for case 2 and 3 at frequencies above 1 mHz, the noise in the laser interferometer is not
anymore the limiting factor for estimating the gravity field, but instead the centrifugal and Euler acceleration
correction. On the contrary, when the accelerometer is placed in the along-track direction, then the Euler
acceleration is zero in that direction and acqyy,x is far below the noise of the interferometer. This information
should be taken into account during the design of the NGGM, so that either the accelerometers are placed in
the most favorable position or the satellites are equipped with the correct attitude sensors to meet the science
objectives of the mission.
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Conclusions and Recommendations

In this part of the report, the answers to the research questions and detailed conclusions, that follow from the
results described in the last chapter, are presented (Section 8.1) as well as the relevant recommendations for
future work (Section 8.2).

8.1. Conclusions
The objective of this MSc thesis, as stated in Section 3.4, was to answer the following research question:

to what extent can a new attitude sensor data fusion method improve the current attitude solution by ac-
curately incorporating the noise and error characteristics of the GRACE-FO star trackers, fiber-optic gyroscopes,
accelerometers and laser ranging interferometer’s steering mirrors?

To achieve this, appropriate sub-questions were formulated. In the following paragraphs, these questions
are addressed first and in the end an answer is given to the main research question.

1. What properties describe the noise and error characteristics of the GRACE-FO star cameras, fiber-
optic gyroscopes, accelerometer and laser ranging interferometer’s steering mirror measurements?
In general, the noise and error characteristics of each instrument was determined by analysing relevant
time series, ASD and argument of latitude versus time plots. The analyses were performed over the du-
ration of May 2020, for which all instruments could provide nominal data.

Star cameras: Based on the noise components estimated during the optimal combination of star camera
and steering mirror quaternions, monthly RMS values of the random noise in the star camera measure-
ments were calculated. Overall, all cameras perform close to the specified 2 arcseconds accuracy, with
the ones on GRACE-FO D exhibiting a slightly better performance than GRACE-FO C. The exception is for
star camera 2 of the latter satellite, which shows the worst performance of them all (i.e. ~3.3 arcseconds
around the cross-boresight axes). This behavior is attributed to its unexpected blinding from the Sun at
locations where camera 3 of GRACE-FO D, that views similar part of the sky, kept on providing nominal
attitude data. In contrast, camera 1 of both satellites has the best accuracy, since over the period of one
month it is least affected by Sun and Moon intrusions and has on average the largest number of stars
in its FoV. The noise level ratio between the boresight and the roll about the boresight pointing for star
camera 1, 2 and 3 is 11, 13 and 11 respectively for GRACE-FO C and 12 for all cameras of GRACE-FO D.
Furthermore, the analysis of the differences between the IBAs determined by a preliminary knowledge of
the cameras’ orientation in the SF and by in-flight measurements revealed constant offsets. These indi-
cate that the alignment of the cameras in the SF was not determined perfectly. For camera pairs 1-2, 1-3
and 2-3 of GRACE-FO C, the offsets amount approximately to 40, 49 and 54 arcseconds respectively, and
for GRACE-FO D to 73, 45 and 69 arcseconds. Last but not least, by comparing star camera and steering
mirror data, as expected, it was found that the former is subjected to FoV errors.

Fiber-optic gyroscopes: For both satellites, the measurements of the gyroscopes exhibit a slightly better
performance than the specified angle random walk. This improvement is equivalent to around a 11%
lower noise floor. Moreover, the analysis of low-pass filtered star camera and IMU angular rates revealed
small constant biases of a few prad, indicating a misalignment between the two instruments.

Accelerometer: McCullough et al. [2019] has already mentioned that the accelerometer data of GRACE-
FO are affected by large spurious accelerations that produce the phantom accelerations and an improper
response at thruster firings. After removing both of the latter, more accurate thruster responses were
reintroduced based on a simple model that assumes a constant acceleration over the duration of the
firing. Then, the comparison of the derived angular rates ASD to the ones from the star cameras and
the IMU demonstrated an unexpectedly large disagreement at frequencies between 1 and 10 mHz. This
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discrepancy is specifically visible for the z and x component of the angular rates and does not allow for a
proper calibration and fusion of the data. Due to time constraints, a definite explanation for this behavior
was not found. Therefore, the accelerometer was not used further in the attitude reconstruction process.

LRI steering mirrors: For both satellites, the pitch and yaw measurements have respectively a noise floor
equal to 0.27 and 0.37 arcseconds/ v Hz. These values correspond to the broadband noise of the position
sensing system sensor and they are around 10 times better than the accuracy of the star cameras.

. What methods can be used to fuse the measurements of the star cameras, the fiber-optic gyroscopes

and the laser ranging interferometer’s steering mirrors?

First and foremost, the individual star camera quaternions are optimally combined based on the ap-
proach discussed in Section 5.1 that takes into account the anisotropic accuracy of the measurements.
Within this combination, a set of constant biases are also estimated that correct for the offsets in the
IBA differences identified during the star camera error assessment. In a similar manner, it was found
that steering mirror derived quaternions can also be combined with the star camera ones. During the
combination a 10 times higher weight is specified for the y and z components of the steering mirror
quaternions and a zero weight for the x one, since no information about the satellite’s roll is captured
by that instrument. In the next step, the IMU measurements are calibrated based on a linear gyro error
model, using the angular rates derived from the optimal quaternions.

Then, the optimally combined quaternions and calibrated IMU data are fused at the level of angular rates
according to the method described in Section 5.3. With the use of a lowpass and a highpass filter the
reconstructed angular rates are composed at low frequencies of purely star camera and steering mirror
data and at high frequencies of purely IMU data. The crossing frequencies that defined the above filters
were determined as the points where the estimated noise floors of the instruments intersect in an ASD
plot. For both satellites, the same crossing frequencies were chosen and correspond to 7.0, 45 and 65
mHz, respectively, for the x, y and z components of the angular rates. At the same time, to reduce the
transient effects of the filter operations, at the beginning and at the end of the time series, filters with
shorter length were constructed and applied to these areas.

Finally, to reconstruct the attitude of the satellites, the method presented in Section 5.4.1 is employed,
for which a generalized least squares adjustment is used to fit a set of attitude quaternions, which result
from the integration of the smooth reconstructed angular rates, to the optimally combined quaternions.
According to this technique, the first, or otherwise called nominal, scenario was identified, for which
reconstructed quaternions were obtained by using only star camera and IMU data. The comparison of
the pointing angles derived from the nominal scenario with the ones measured by the steering mirrors,
verified the attitude reconstruction approach, but also indicated that star camera FoV errors were still
contaminating the attitude solution. To model these errors three additional scenarios were investigated.

For the second scenario, the steering mirror quaternions are first optimally combined with the star cam-
era ones and then the angular rates derived from the combined quaternions are merged with IMU data.
The final attitude is reconstructed based on the previously-mentioned combined quaternions and re-
constructed angular rates. For the third scenario, IMU-based quaternions are reconstructed, that can
express the same inertial attitude as the star camera quaternions, but are limited at low frequencies due
the angle random walk in the IMU measurements. By computing a daily average correction based on
the quaternion differences between the IMU-based and the nominally reconstructed quaternions and
applying it to the latter, FoV errors are reduced. For the last scenario, the same procedure as with the
previous one is followed, but now steering mirror quaternions are used instead. For the two scenarios
that make use of steering mirror measurements, the x-component of the reconstructed quaternions can-
not be corrected for FoV errors, since the steering mirrors do not provide any roll information. This can
easily be addressed by applying a correction from only the x-component of the IMU-based quaternions.

All three additional scenarios were able to correct the star camera FoV errors equally well, however, the
second one (cf. Figure 7.15) is chosen as the proposed method to reconstruct the attitude of the GRACE-
FO satellites. The reason for this choice is that it can properly incorporate the steering mirror measure-
ments which are more accurate than the star camera ones at frequencies below 65 mHz.

. Towhat extent can the newly-developed methods improve the already existing satellite attitude dataset

for the GRACE-FO mission?
At the level of quaternions, the proposed attitude reconstruction method, provides a solution that per-
forms as good as the the Kalman filter approach with noticeable improvements at frequencies above 10
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mHz. In general, the new attitude dataset succeeds in fully exploiting at lower frequencies the low noise
of star camera and steering mirror quaternions and at higher frequencies the low noise of the attitude
quaternions resulting from the smoother reconstructed angular rates. In other words, below 65 mHz,
the final attitude is predominately based on star camera and steering mirror measurements, while above
that, on IMU measurements. For this reason, in the case of GRACE-FO C, where the star camera data
were a bit more noisy than GRACE-FO D, the proposed method could still provide a smooth attitude, in
comparison to the Kalman filter approach, which fails to extensively benefit from the advantages of the
IMU.

4. To what extent can an improved attitude reconstruction method benefit the GRACE-FO mission?
Once again, at frequencies greater than 10 mHz, the proposed attitude reconstruction method exhibits
a better performance than the Kalman filter at the level of the AOC for range, range rate and range accel-
eration. However, due to the KBR system noise being the dominant source at higher frequencies, only
minor improvements are expected at the level of gravity field.

Given the answers to the previous questions, the main research question can now be addressed properly.
Allin all, it can be stated that the proposed attitude data fusion method produces an improved attitude solution
that incorporates more accurately the noise and error characteristics of the instruments under consideration
than the official solution. This leads to noticeable improvements at the level of quaternions at frequencies
above 10 mHz. The new attitude dataset comprises at low frequencies of accurate star camera and steering
mirror data and at high frequencies of IMU data. Within this work, two ways to accurately and appropriately
incorporate steering mirror measurements have been illustrated. Their inclusion in the final attitude solution
appears to be highly beneficial, due to their lower noise and their advantage of not being affected by FoV errors.

Although, the achieved improvements in the attitude dataset are not expected to show any considerable
changes in the derived gravity field, because of KBR system noise prevailing at high frequencies, the findings of
this thesis could be essential for the design of future gravity missions such as the NGGM. Given the estimated
noise characteristics of the above instruments and the proposed angular rate reconstruction method, the most
favorable placement of the accelerometers was found to be in the along-track direction. If an accelerometer
fails in this configuration, the noise in the required centrifugal and Euler acceleration corrections will be less
than that of the laser ranging system. This information should be taken into account during the design of the
NGGM, so that either the accelerometers are placed in the most advantageous position or the satellites are
equipped with the correct attitude sensors to meet the science objectives of the mission.

8.2. Recommendations

Regardless of the numerous analyses performed in this research and the improvements of the new attitude
reconstruction method, there are a few interesting points that require further investigation and could provide
even additional improvements for GRACE-FO and for future gravity missions. These recommendations are
listed below in order of significance:

¢ In this work, the analyses were limited to a relatively small time scale, i.e. a period of one month. The
next step would be to investigate the long-term characteristics of quaternions, angular rates and point-
ing angles measured by the star cameras, the IMU and the steering mirrors respectively. Such analysis
could reveal additional systematic errors in the data at very low frequencies that could later be modelled
and removed from the attitude solution. These errors can include temperature dependencies that can
affect the measurements of the instruments. For example, the latter could be indicated by examining
any correlations with the g’ angle (i.e. the angle between the vector to the Sun and the satellite orbit).
In case of thermal dependencies on star camera data, the proposed attitude reconstruction method can
easily account for them. For instance, during the estimation of the constant biases, additional parame-
ters can be added that can model the temperature induced variations, as it was also performed for GOCE
by Siemes et al. [2018]. Overall, to be successful in this investigation, a good knowledge at the level of
system performance is required, since at those very low frequencies the latter has a higher significance
than merely sensor performance.

¢ Moreover, the optimal combination of star camera quaternions could be further improved by extending
the approach presented in this thesis to account for the higher noise in the measurements obtained in
the proximity of invalid data. In general, quaternions measured a few epochs just before data are de-
clared invalid, due to the detection of a big bright object in the FoV, have a degraded accuracy. Therefore,
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as an example, a lower weight could be assigned on these measurements during the combination. The
same idea could be applied to epochs where there is a transition from two (or three) to one star camera.

To gain a complete understanding of the star camera and steering mirror measurement performance,
additional research could be performed in this area. More specifically, it would be essential to identify for
which instrument the orientation with respect to the satellite frame can be determined more precisely.
This can have a positive effect on the AOC for range rate and subsequently on the gravity field.

From the analysis on the estimated noise of the star cameras, it was found that camera 2 of GRACE-FO
C was not performing as accurately as expected as the other ones. The reason for this behavior was
assumed to originate from the unexpected blinding from the Sun at locations where camera 3 of GRACE-
FO D, that views similar part of the sky, kept on providing nominal attitude data. Nevertheless, the latter
has not been verified as the main cause, but could be confirmed by analysing the star camera pointing
and the relative location of the Sun at the epochs of interest. In any case, it would be beneficial to in-
vestigate further the behavior of that camera, but also the in-flight performance of all cameras at longer
timescales.

Given the estimated noise characteristics of the star cameras, the steering mirrors and the IMU, and the
proposed angular rate reconstruction method, the most favorable placement of the NGGM accelerome-
ters was found to be in the along-track direction. A key variable of the centrifugal and Euler acceleration
correction is the distance of the accelerometer from the CoM. In this work, a distance of 10 cm was as-
sumed, but a more accurate estimation should be considered to ensure that the noise in the required
correction will still be less than that of the laser ranging system in the event that one of the accelerome-
ters fails.

Finally, despite the fact that only the GRACE-FO C accelerometer can accurately measure the angular
accelerations of the satellite, it would still be of interest to properly calibrate and process the accelerom-
eter measurements and then use them within the attitude reconstruction method presented in this the-
sis. Additionally, the comparison of the angular acceleration measurements with those derived from the
reconstructed attitude could potentially be useful for understanding the degraded performance of the
GRACE-FO D accelerometer.
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Appendix A: Reference Frames

In this appendix the definitions of the various time and coordinate frames used within GRACE-FO Level-1 data
products will be presented. The information was retrieved from Wen et al. [2019].

A.l1. Time Frames

A.1.1. Receiver Time

Each of the GRACE-FO satellites is equipped with an Ultra-Stable Oscillator (USO) which serves as the time
and frequency reference for that satellite and is used to define the Receiver Time. Thus, it can be said that
the Receiver Time refers to its specific realization on-board each satellite. The GPS and K-band ranging (KBR)
measurements as well as the Instrument Processing Unit (IPU) are time-tagged to within 50 pico-seconds of
the Receiver Time. The time-tags of the latter in the Level-1 products are given in seconds since the epoch of
January 01, 2000, noon 12:00 hours (GPS time).

A.1.2. OBC Time

The OBC Time is defined based on its internal quartz oscillator, unlike the receiver time which is based on the
USO. The OBC time-tagging is used for any measurements that are not GPS, KBR or IPU. The OBC to receiver
time mapping is available in the telemetry measurements.

A.1.3. GPS Time

The GPS Time for the two GRACE-FO satellites is defined as seconds since the epoch of January 01, 2000, noon
12:00 hours. This definition is different from the ones of other mission that express GPS time as seconds past
January 06, 1980, 00:00:00.

A.1.4. LRI Time

The LRI Time is defined based on the USO frequency and hence, at first glance it runs at the same rate as the
Receiver Time. However, since it is initialized via a signal sent from the OBC, a delay or bias, called the datation
bias, is introduced, which persists until the LRI is rebooted again.

A.1.5. Timing

All Level-1B data products are time-tagged in GPS Time and no additional time-tag corrections are required
to use them. The Level-1A data products that contain measurements are time-tagged in OBC Time with a few
exceptions. For example, the IHK1A product that contains housekeeping data, is time-tagged in Receiver Time
and the LRI measurements are time-tagged in LRI time. Figure A.1 describes the process of converting LRI and
OBC time-tags to GPS time-tags.

Add datation bias and filter delay if applicable, and time offsets from LLK1B
LRI time tags

- Use time mappings from TIM1B —————————— Add time offsets from CLK1B | Y
OBC time tags » Receiver time tags » GPS time tags

Figure A.1: Process to convert time tags from one GRACE-FO time frame to another. Source: [Wen et al., 2019]
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A.2. Coordinate Systems

Figure A.2 illustrates the various body-fixed coordinate frames, used by the Level-1 data products. All of these
frames are explained in the following subsections.

Yse/sre

XSF/SRF
K-Band Horn

Ly
Points to other
satellite
ZSF/SRF
Yar

Figure A.2: The GRACE-FO satellite-body fixed frames, namely the satellite frame, the accelerometer frame and the science reference
frame, in relation to the satellite body. Source: [Wen et al., 2019]

A.2.1. Satellite Frame - SF

The satellite frame has the same origin as the accelerometer frame, which is within 0.1 mm of the satellite’s
CoM. The coordinate axes of SF are defined as follows:

¢ Xgr is the roll axis of the satellite and it points from the origin to a target location on the phase center of
the K/Ka Band horn

¢ Ysr is the pitch axis of the satellite and it forms a right-handed triad with Xsr and Zgp
* Zgr is the yaw axis, normal to the roll axis and to the plane of the main equipment platform and positive
towards the Earth.
A.2.2. Accelerometer Frame - AF

As the name suggests, the origin of the accelerometer frame is defined to be at the CoM of the ACC proof mass
and its coordinate axes are defined as follows:

* Xar =+Ysp
* Yar=+Zsp

* Zar = +XgF

A.2.3. Science Reference Frame - SRF

The science reference frame has the same origin and coordinates axes as the satellite frame. To keep consis-
tency within the Level-1B products, all of them are provided in the SRE

A.2.4. Star Camera Frame - SCF

Each star camera on-board the GRACE-FO satellite has it own star camera frame. The origin of all SCFs is at
the intersection of the boresight axis with mounting plane for each star tracker head. The +Z axis of the SCF is
extended out along the boresight axis and the +X and +Y axes are found on the optical plane of the star tracker.
The QSA1B data product contains the quaternions that define the rotation from each SCF to the SRE
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A.2.5. K-frame

The K-band ranging antenna horn is related to this frame. Its origin is the CoM maintained by the Center of
Mass Calibration and Trim maneuver and its axes are defined as follows [Bandikova, 2015]:

¢ Xxr coincides with the calibrated center-of-mass to phase center vector
¢ Yxr forms a right-handed triad with Xxr and Zxr

e Zxr is computed with Xxr x Ysp

A.2.6. Line-of-Sight frame

The axes of the Line-of-Sight frame are defined as follows [Bandikova, 2015]:

* Xjosr coincides with the imaginary line that connects the GRACE-FO C CoM with the one of GRACE-FO
D

* Yiosr is computed as the cross product of Xjosr and the position vector of one satellite defined in the
inertial Earth-centered frame

* Ziosr forms a right-handed triad with Xjogsr and Yiosr
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Appendix B: Quaternions

The presented information on quaternions was retrieved from Diebel [2006].

B.1. General Quaternions

A quaternion q € H, can be represented as a vector:

q=1[90, 91, g2, 6]3]T =

9o
B.1
(h:s] (B.1

where gy is the real element of the quaternion and ¢q;, ¢g» and g3 are the imaginary elements. The conjugate,
norm and inverse of the quaternion q are defined respectively as:

— qo
= B.2
1 [—Chzsl (5:2)
lql =/ a5 +aqi + a3+ a5 (B.3)
q'=31 (B.4)
lqll

For a unit quaternion, we have | q|| = 1. It should be noted that the quaternion multiplication is not commuta-
tive. Quaternion multiplication between quaternions q and p is defined by:

qm(q,p)

doPo —4i5P1:3 (B.5)
doP1:3 + Poqi:3 —q1:3 X P1:3

q-p

Quaternion multiplication can also be written as the second quaternion pre-multiplied by a matrix-values
function of the first quaternion, i.e.:

9P = qn(q,p) = Q(@p = Qp)q (B.6)

where the quaternion matrix function, Q : H — R*** is defined by:

dgo —q1 —qG2 —qg3

a 9o a3  —q2
= B.7
Q@ 4 —4q43 qo 0N ®B.7)

43 42 —q1 4o
and the conjugate quaternion matrix function Q is define by:

G —-q1 —q2 —g3

= a1 90 —q3 Q2
= B.8
Q@ 9 g3 do —q B.8)

g3 —q2 q1 qo
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B.2. Quaternions and angular rates

The attitude of a rigid body can be represented by a unit quaternion. Considering a vector z € R3 in the global
coordinates and z’ € R3 the vector in the body-fixed coordinates, then the following relation holds:

0 0]
7z =qzq
0]~
=q(,19 (B.9)
—= 0
= Q@' Q@ |,

The quaternion rates q are related to the angular rate and can be determined by taking the time derivative
of a unit quaternion. The function that maps a unit quaternion and its temporal derivative to the angular rate
in body-fixed coordinates is wg : H x R* — R3 and defined as:

0 e T.
[wq(q,q)] =2q-9=2Q(@"q (B.10)
or more compactly:

wq(q,q) :=2W(q)q (B.11)

where the quaternion rate matrix W : H — R34 is defined by:

-1 qo —gs3 672]

Wiq = (B.12)

42 493 4o —q
43 —4q2 q1 qo
The inverse mapping, i.e. to derive quaternion rates from angular rates and the unit quaternion is the function
Qo : HxR3 — R* defined as:

) 1
qu(q,w) = Eq-

Z]=%Qmﬂg] (8.13)
which is also equal to:
4u(q o) := %W(q) Tw (B.14)
Another representation used in the literature to relate quaternion rates to angular rates is [Groves, 2008]:
Ga—p = qa—sW5 5 (B.15)

where the quaternion g4-.p represents the rotation from reference frame A to reference frame B and Wﬁ pisa
vector that contains the angular rates:
T
B _ B B B
Wip=[0 0hp.2 wfy 2 of. 0 (B.16)

where wﬁ g is the angular rate vector describing the rate of rotation of the B-frame axes with respect to a sta-

tionary A-frame axes, resolved about the B-frame axes.

B.3. Quaternions and angular acceleration

Furthermore, a relation exists between the angular acceleration, expressed in the global and body-fixed coor-
dinate frame, and the quaternion time derivatives, that is given by:

0] _ .~ .. [l4l?
[d) =2q-q+2 0
-y (B.17)
= 2Q(q)T§+2 ||6(l)|| ]
or more compactly:
wq(q,q) :=2W(qQ4 (B.18)

The inverse mapping, i.e. to derive the second derivative of the quaternion from angular accelerations, is given
by:

1
40 (q,0):= EW(q)Td) (B.19)
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B.4. Hamilton versus Shuster quaternion multiplication

The Hamilton and Shuster quaternion multiplication is a salient aspect in the algebraic properties of quater-
nions, because if the convention used is not specified, it could lead to completely different rotations. According
to Hamilton’s multiplication, the product of two quaternions, q@p, corresponds to the product of two corre-
sponding direction cosine matrices (DCM), Cg, but with reversed order. In equation form, this can be written
as

Vq,p € %:Cs(qop) = Cs(p)-Cs(q) (B.20)

which means that the mapping from DCMs to unit length quaternions is not a homomorphism, but an anti-
homomorphism. Therefore, the Shuster’s solution to this problem was introduced, for which the quaternion
multiplication is defined as

qep:=poq = Cs(qep)=Cs(q)-Cs(p) (B.21)

For the GRACE-FO mission, the Shuster’s method is used to convert a unit quaternion to its rotation matrix
representation. For more information about the Hamilton and the Shuster methods the reader is referred to
Sommer et al. [2018].
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