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Torque model verification for the GOCE satellite
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Delft University of Technology, Faculty of Aerospace Engineering, Kluyverweg 1, 2629
HS Delft, The Netherlands

Bent Fritsche*
Hyperschall Technologie Géttingen GmbH, Katlenburg-Lindau, Germany

Abstract

The modeling of torques acting on satellites is essential for the design
of satellite attitude control systems. The GOCE satellite, equipped with
accurate accelerometers, star trackers and GPS receivers, presents an oppor-
tunity to validate these models. Although the forces on GOCE and other
accelerometer-carrying missions have been extensively analyzed in the past,
a similar analysis has so far not yet been made for the torques.

In this paper, we present a set of torque models for the GOCE satellite.
It consists of six main parts: 1) magnetic torquer actuators, 2) aerodynamic
torque, 3) gravity gradient torque, 4) solar radiation pressure torque, 5)
thruster torque, and 6) passive magnetic torque. The magnetic properties of
the payload are approximated using a parametrization, of which the param-
eters are estimated from the observation data.

Based on data recorded during selected spacecraft events, the model for
the control torques can be validated and error sources are identified in the
other models. The models perform best in roll and pitch, where the standard
deviation is reduced to 15.2% and 2.1% of the standard deviation of the con-
trol torque around those axes respectively. In yaw the standard deviation is
significantly larger at 30.5%. The remaining differences between models and
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observations show magnetic signatures due to electric currents and signatures
of aerodynamic model errors. The latter correspond well with an increase in
thermosphere density and wind speed with increased geomagnetic activity.
The pitch torque is found to be a potential source of vertical wind data.

Keywords: Satellite torque modeling, Gravity field and steady-state Ocean
Circulation Explorer (GOCE), Satellite aerodynamics, Magnetic attitude
control

1. Introduction

The goal of this paper is to test the validity of torque models for the Grav-
ity field and steady-state Ocean Circulation Explorer (GOCE) satellite, by
comparing the individually modeled torques with total torques obtained from
the angular accelerations that were measured on the satellite. The models
that are investigated represent the aerodynamic, radiation pressure, grav-
ity gradient, magnetic and actuator torques. Second, we demonstrate that
models and measurements of torques on GOCE are important for improving
our understanding of satellite aerodynamics and investigating thermosphere
density and wind. The further pursuit of these goals will be the subject of
future work.

GOCE was a unique satellite. Its highly accurate measurements and low
orbit are especially suitable for analyses of aerodynamic forces and torques.
However, this does not mean that the results of this paper are only applicable
to GOCE. In fact, in our conclusions and recommendations, we will discuss
the extent to which the models can be applied to both existing satellite
missions and concepts for future missions in low Earth orbit, and how data
from such other satellites could be applied for the same goals.

This work is motivated by the need to resolve outstanding issues in the
field of satellite aerodynamics and related discrepancies between datasets
and models of thermosphere dynamics. Since the early days of spaceflight,
analyses of accelerations on satellites in low Earth orbit have been used to
derive observation data of the thermosphere (e.g. King-Hele, 2005). With
the near-continuous operation of space-based accelerometers in polar low
Earth orbits, provided by CHAMP, GRACE, GOCE and Swarm, this domain
has received a strong boost, leading to a significant increase in publications
on thermosphere dynamics and improvements of thermosphere models (see
e.g. Doornbos (2011); [Emmert| (2015); [Visser et al| (2013) and references



therein). In all recent studies using these satellites, only linear acceleration
measurements have been used, even though the star camera and accelerom-
eter measurements also contain information on angular accelerations. The
main argument for not using these is most likely that the angular accel-
eration measurements are more contaminated by non-aerodynamics signals
than their linear counterparts, such as magnetic perturbations and control
activities.

The most important limitations in the thermosphere datasets resulting
from these missions are due to the use of approximative satellite geometry
models and assumptions made in the gas-surface interaction models used
to describe the satellite aerodynamic interaction. This is a fairly complex
multi-disciplinary topic, and these limitations might not be immediately ob-
vious to users of the affected data. The most obvious indications of such
limitations might be found in the form of scale differences between the den-
sity data sets of different missions and models (Doornbos, 2011, section 5.3),
and discrepancies between the accelerometer-derived and ground-based wind
measurements, especially at high latitudes (Kéarrang, |2015; |Dhadly et al.,
2017)). It is likely that there are also more subtle consequences, and it is
certain that such problems in the models used in the processing mix with
any data-related problems and thereby limit our ability to disentangle, model
and remove them.

Among the previous work done to increase the fidelity of the accelerometer
data processing is the application of non-hyperthermal satellite aerodynam-
ics (Koppenwallner| [2008; Sutton), 2009; Doornbos, 2011)), the development of
an attitude-independent algorithm that properly takes into account lift and
wind (Doornbos et al., 2010), empirical modeling of gas-surface interaction
parameters (Pilinski et al.| |2013a; Walker et al [2014) and development of
high-fidelity satellite geometry models (Mehta et al., 2014, 2017). However,
due to the sparsity of data, so far these efforts have undergone only limited
validation. So far, these data processing developments have not been applied
to all modern accelerometer satellites in the same way, making it difficult
to further investigate inconsistencies. Finally, the empirical gas-surface pa-
rameter modeling efforts are based on old and sparse data on aerodynamic
forces and torques, on so-called paddlewheel satellites, that were flown in the
late 1960s and early 1970s (Pilinski et al., 2013b|). Due to the obscurity of
the paddlewheel data and associated mission documentation, it is difficult to
assess their accuracy and impossible to replicate these studies from scratch.

The high cadence and accurate angular acceleration measurements by



GOCE are a readily available additional data source for this line of investi-
gation. Along with housekeeping data that enables accurate torque modeling,
it is our intention that this modern dataset will augment or replace the pad-
dlewheel satellite analyses, to provide new insights on satellite aerodynamics
and thermosphere variability.

The data processing and modeling work presented here has value in the
engineering as well as the scientific domain. Models of torques on satellites
(e.g. |Wertz, [1978; Wie, 2008) are crucial for the design and scaling of space-
craft attitude control subsystems, and have therefore been tested extensively
by indirect methods, i.e. by assessing whether these systems are capable of
maintaining the desired attitude pointing and maintaining desired angular
rates. However, a direct and precise comparison of modeled torques and
observed angular accelerations has, to the best of our knowledge, not been
published before.

The paper describes how the torque models from the engineering litera-
ture cited above have been adapted for the GOCE satellite. To validate the
torque models, we have first calculated a measured torque from the measured
angular rate, angular acceleration, and satellite inertia matrix. In the next
step, all models have been evaluated and summed to come to a total of the
directly modeled torque. Because the magnetic properties of the satellite
payload are not known to us, an extra set of magnetic dipoles was estimated
for each day from the residual torque. A linear fit was made to the daily
estimates, from which the dipole at each time instance was obtained. The
torque caused by these dipoles was added to the total modeled torque. To
validate the complete set of models the two results were compared and their
differences were examined for signatures that point to specific model errors.
The control torque was individually validated by investigating the model
error over an episode of increased control activity.

The result of this endeavor is a complete, validated set of torque models
for the GOCE satellite. This result is generalized to other low Earth orbiting
satellites by identifying the magnitude and source of the main model errors.
Most notably, the pitch and especially the yaw residual show significant sig-
natures that point to aerodynamic torque modeling errors.

The paper is structured as follows: First in Section [, the data sources
are presented, as well as the Earth models used and the reference frames
in which these data are defined. Then in section [3, the model definitions
are provided for each source of torque. The procedure of estimating payload
dipoles is described in Section [3.6] In Section [4] the validation of each indi-
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vidual contribution to the total torque is discussed. Finally the conclusions
of this work are provided in Section [5] where the possibility of extracting
aerodynamic and thermospheric information from the torque residuals is fur-
ther discussed, as well as implications for other existing missions and future
mission concepts.

2. The GOCE mission and datasets

The GOCE satellite (Gravity field and steady-state Ocean Circulation Ex-
plorer) (Drinkwater et al., [2003} [Fehringer et al., 2008; Floberghagen et al.|
2011)) was launched on 17 March 2009 for the purpose of mapping the static
part of the Earth’s gravity field at high spatial resolution. This improved
gravity field mapping capability has many application areas, including the
investigation of ocean circulation patterns. As its main instruments, the
satellite carried GPS receivers for satellite-to-satellite tracking and a gra-
diometer to measure gravity gradients. An ion engine, driven by solar power
and Xenon fuel, was used to provide a quiet environment for the accelerom-
eters and counteract orbit decay due to drag to maintain a very low mean
altitude (below 270 km).

A set of star trackers was used for attitude determination. In order to
minimize disturbances of the gradiometer readings, attitude control in science
mode was implemented using three magnetic torquer actuators only. Four
fins on the top, bottom, and back of the satellite were designed for additional
aerodynamic stability (see Fig. . Three 3D fluxgate magnetometers were
available as sensors in the AOCS subsystem, in addition to the star trackers.

A near-polar, near sun-synchronous dusk-dawn orbit with 96.7° inclina-
tion was selected to maximize available solar power and achieve near-global
coverage. After depletion of the Xenon fuel on October 22, 2013, the orbit
underwent natural decay, after which the satellite broke up during re-entry
over the South-Atlantic on November 11, after more than 4.5 years of suc-
cessful operations (GOCE Flight Control Team (HSO-OEG)| 2014)).

The Electrostatic Gravity Gradiometer (EGG) instrument on-board GOCE
consisted of six individual accelerometers that each measured the linear ac-
celerations in all three principle body-fixed axis directions. The gravity gra-
dients, as well as the linear non-gravitational accelerations and angular ac-
celerations can be derived by taking specific combinations of these individual
measurements (Rummel et al., 2011)).



Figure 1: Artist impression of the GOCE satellite in orbit. Courtesy of ESA/AOES
Medialab.

In preparation for the creation of the torque model, all relevant data
and documentation were acquired. This included finding information on
the positioning and magnetic properties of the satellite parts in the mission
documentation. These data were then implemented in a custom made Matlab
toolbox in which the measured and modeled torques were calculated. As
the magnetic properties of the payloads were not available, additional hard
magnetic and soft magnetic dipoles were estimated, reducing the residual,
unmodeled torque in a weighted least squares sense. This was done for the
complete science phase of the mission. Periods for which the data are deemed
of insufficient quality, as reported by ESA, were excluded.

For each model an attempt was made to isolate a short part of the mission
in which that torque was dominant, changing abruptly, or known a priori.
This approach has led to the validation of most parts of the individual models.
Finally the sum of the torque model output was compared to the measured
torque over the entire mission, resulting in the validation of the model as a
whole.

In the presented analysis, five different reference frames are used. They



are listed in Table [1} along with the abbreviations used in the remainder of
this paper. All analyses are performed in the body (B) frame. The orbital
(O) frame is used only to define Euler attitude angles, since the attitude
control was designed to keep the satellite body axes aligned with respect to
the orbital velocity and orbital angular momentum vector directions. The
other frame definitions in Table [l are used to convert measurements and
model outputs to the B-frame.

For the analysis of the torques acting on GOCE, both scientific data
products and housekeeping data are required. A list of the data used is
provided in Table 2| Note that the reference frame symbols refer to Table
[ Of the EGG.NOM and SST_PSO products we use version 5.06. A recent
reprocessing effort by [Siemes| (2018) suggests that the calibration of this data
may be improved in a future release.

The Earth models used in the analysis are listed in Table [3] The In-
ternational Geomagnetic Reference Field (IGRF) is only used to calibrate
the magnetometer readings, whereas the other models are used in torque
calculations directly. NRLMSISE-00 is only used to calculate the local tem-
perature and the number density of thermospheric constituents. At GOCE’s
altitude the main contributions to drag will be due to oxygen and nitrogen,
which have similar molecular mass. Errors in the atmospheric composition
will therefore have a limited effect on the aerodynamic coefficients (see Fig.
3.9 in Doornbos| (2011))). The number densities are scaled with the ratio of
density from NRLMSISE-00 to the density estimated from the linear accel-
erations of GOCE (Doornbos, 2016). The latter data is also the source for
horizontal wind. Vertical wind is not modeled.

Table 3: The models used in the data analysis and calibration.

Input Model Output

Orbit IGRF Magnetic field

Orbit, time, ap, F10.7 NRLMSISE-00 Number densities, temperature
Time GOCE+ Thermospheric Data®* Neutral density, cross-wind

# Thermospheric density and cross-wind derived from GOCE linear accelerations by

Doornbos (2016]).
For the analysis of the data the argument of latitude is used to describe

the progress of the satellite in its orbit. This parameter runs from 0 to
360 degrees for each orbit, with the origin defined at the ascending node.
For GOCE, which was in a near-circular, near-polar orbit, this parameter is
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between 0 and 180 degrees over the Northern hemisphere, and close to 90
and 270 degrees over the North and South pole respectively.

All instrument data has been (re)sampled using linear interpolation at
0.1 Hz before further processing. Only the magnetometer data is provided at
a lower rate than this. As the magnetic field varies smoothly over the orbit,
the upsampling by interpolation of this data will not invalidate the presented
results.

3. Torque models

The main result of this work is a toolbox containing models for each
significant torque acting on the GOCE satellite. The total modeled torque
(indicated with a bar) can be described as a sum of individual contributions

T=Ty+Ts+Tc+Ts+T, (1)

where Ty, = Ty + TDJ + Tp is the total magnetic torque, caused by the
magnetic control torquers (Tr), the ion thruster’s main magnet (Tp ), and
other magnetic parts of the satellite bus and payload (Tp). In this paper
the latter is split into a component known a-priori that is mostly due to
the spacecraft bus (Tp p), and a component that had to be estimated and
stems primarily from the payload (TD, p). T4 is the aerodynamic torque, Ty
the gravity gradient torque, T signifies the torque caused by solar radiation
pressure and Earth albedo, and finally 77 is the torque caused by misalign-
ment of the ion thruster with respect to the satellite center of mass. In this
section, each of these models is described. In relevant cases the sensitivity
of the models to existing uncertainties is also analyzed. All modeled torques
are plotted in Fig. [2| for a representative orbit on May 28, 2011, to provide
an overview of their individual magnitude and trend.

3.1. Magnetic control

To control the attitude, GOCE had three magnetic torquers, nominally
aligned with the body principal axes. To accommodate the torquers, mag-
netometers were installed to measure the Earth magnetic field.

A magnetic torquer induces a torque by creating a magnetic dipole pr.
The dipole has a natural tendency to orient itself along the local magnetic
field lines, which are assumed to be equal to the local Earth magnetic field
lines Bg. This results in a torque
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TT = pur X Bp. (2)

The dipole is directly related to the current running through the device. This
dependence can be modeled as an adaptive cubic relation (Cometto, |2007)).

Because the magnetometers of GOCE were situated inside the satellite
body, their readings require thorough calibration. During pre-launch testing
it was found that the main contributors to measurement errors were a con-
stant internal dipole and the magnetic torquer activation (Kolkmeier et al.,
2008). Therefore a calibration is performed that accounts for both these el-
ements, alongside a bias Bp and scale factor Sg. That is, we assume the
magnetometer readings B); are given by

By =SgBg + (ACIJ'C + BB) + Arpr, (3)

where Acpue and Appr are the magnetic field due to a constant on-board
dipole and the magnetic torquer activation, respectively. Note that Eq.
is linear in the torquer dipole 7, as is the magnetic field it causes. Instead
of modeling the magnetic field caused by the torquers at the magnetometer
location, this relation is estimated and collected in the matrix A7. Note also
that the constant terms due to the constant dipole p and the magnetometer
bias (in brackets in Eq. () can not be estimated separately based on in-orbit
measurements.

By performing a least squares fit in which Bpg is replaced by the IGRF
model output, the three magnetometers are calibrated individually. The pa-
rameters are estimated for each day of the mission. A linear fit is estimated
that describes every parameter as a linear drift in time from a starting value.
On four occasions during the mission the back-up GPS receiver is switched
on, resulting in a different on-board dipole. As this directly affects the mag-
netometer bias, these episodes are treated separately from the rest of the
mission for that calibration parameter. The switches are also observed in
some of the scale factors. These jumps in scale factors are however consid-
ered too small relative to the nominal scale factor variation to be taken into
account. The result of the calibration procedure is shown in Fig. [3|for one of
the magnetometers. The magnetic torquer factors show a yearly oscillation
around the linear trend. As the amplitude of this error increases over the
mission, it is likely linked to the larger torquer activation later in the mission.
As the magnetic disturbance is linearly related to the magnetic dipole of the
torquers, this non-linearity is considered a calibration error.

12



The calibration matrices for each magnetometer are obtained from the
linear relations. Then the calibrated signals from each magnetometer are
combined into one measurement in each direction by a weighted sum, with
the inverse of the remaining root mean square error (RMSE, taken over one
full month) between the signal and the IGRF as weights.

In the plots of the control torque T in Fig. [2| we can distinguish what
seem to be periods of strong attitude correction in pitch. These consist of
smooth peaks just after passing the ascending and descending nodes, at the
start and halfway through the plotted time window respectively. It is unclear
whether these maneuvers are caused by external disturbances or the internal
control algorithm.

An uncertainty in the range from 0% to +10% is reported for the maxi-
mum dipole of each magnetic torquer (Kolkmeier et al., [2008)). As the resid-
ual shows some similarity to the control torque throughout the mission, we
have assumed this uncertainty holds throughout the linear control range.
This scale factor is estimated along with the payload dipoles, as described in

Section [3.6]

3.2. Aerodynamics

At the low altitude of GOCE, aerodynamic effects cause the main linear
disturbance, especially as drag in the direction of flight. In terms of angular
disturbances, the aerodynamic effects are especially clear in yaw, where they
form the main cause of torque. This is partly due to the loose control in this
direction, allowing GOCE to behave like a weather vane.

To model the aerodynamic torque the standard model

_ 1
TA - (CM,Alref + (’rref - Tcom) X CF,A) §p|v|2Aref (4>

is used, where (ryef — Teom) is the arm from the reference point in the aero-
dynamic model to the center of mass of the satellite, p is the atmospheric
neutral density, and v is the total flow velocity. The moment coefficients
Cuya = (C,Cpn, C,)7 and force coefficients Cra = (Cx,Cy,Cz)" are ob-
tained from a Monte-Carlo simulation in the Analysis of Non-Gravitational
Accelerations due to Radiation and Aerodynamics (ANGARA) software. All
coefficients are given as a function of angle of attack a4, angle of sideslip 54
and speed ratio S in a data table. This table is interpolated linearly. Be-
cause the speed ratio differs per atmospheric constituent, the contributions
are interpolated individually and weighted with their respective density ratio

13
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Figure 3: Daily magnetometer bias, scale factors, and magnetic torquer factors estimates
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(Doornbos| 2011). Reference area A,.; and length [,.; were set to one within
the ANGARA software. ANGARA provides coefficients for incoming and for
outgoing particles, which are combined using the square root of the ratio of
wall temperature to atmospheric temperature.

The velocity of incoming particles v not only scales the torque, but it
also sets the parameters used to interpolate the ANGARA coefficients. It is
assumed to consist of three parts, being the orbital velocity vo, the velocity
due to co-rotation of the atmosphere with the Earth v, and thermospheric
wind velocities vy. In GPS measurements however, the velocity is measured
with respect to the Earth’s surface, providing vp + v directly. As stated in
Section [2 the wind and density measurements stem from the linear accelera-
tions of GOCE, whereas the number densities per constituent and the local
temperature are found through NRLMSISE-00.

In Fig. [2 the aerodynamic torque is plotted for one orbit. It is evident
that the controller is more dominant in roll and pitch than it is in yaw. Low
amplitude high frequency signals occurring near the pole crossings at 15:45
and 16:30, are observed in the control torque in roll and pitch, but in the
aerodynamic torque in yaw. This implies that these signals are aerodynamic
in nature, and are controlling the yaw axis, whereas they are canceled by the
controller in the other directions of rotation.

Because of the change of the center of mass location due to fuel consump-
tion, the offset between the interpolated center of mass and the ANGARA
reference point needs to be taken into account. In total this causes a change
in torque of less then 4%. Using the beginning-of-life or end-of-life values for
Teom Tesults in a spread in torque of approximately 1%.

A more important uncertainty lies in the physical properties of the aero-
dynamic model. Currently we use a fully diffusive model with full energy ac-
commodation. A more simple panel model provided by ThalesAlenia Space,
which is described by Dumontel (2010), is evaluated for different levels of ac-
commodation in the range 0.8 to 1, to find that the aerodynamic yaw torque
is insensitive to this change within 1%. In roll and pitch the torque coef-
ficient reduces linearly with accommodation to 87% and 84% respectively
for an accommodation coefficient of 0.8. The model is therefore deemed very
sensitive to this parameter, which makes it an important aspect in explaining
the residual in Section [} No specular aerodynamic model was investigated.
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3.3. Grauvity gradient

A difference in gravitational pull at two ends of a satellite causes a torque.
In general this gravity gradient torque works to rotate the satellite such,
that the longest dimension becomes vertical. In the case of GOCE this is
unwanted, as the longest dimension is supposed to point in the direction of
flight to minimize drag.

A simple model for this torque, assuming a spherical Earth, is well known
from the literature (e.g. Wie, 2008)). Less well known and used are the ex-
tensions to this model due to zonal harmonics, as presented by [Roithmayr
(1991). Adding only the J, term to the basic (spherical) expression, we
obtain

_ 3
To = —’I;'u,r X Ju,+
r

pnJo R,
21

<30(ur ) (U X Ju, + w, X Ju, )+ (5)

(15 — 105(w, - up)*)u, x Ju, + 6u, x Jun)

where u, is the unit vector pointing from the satellite center of mass towards
the Earth’s center of mass and u,, is the unit vector along the rotation axis
of the Earth, both expressed in the body frame. J is the inertia tensor, r
the radial distance between GOCE and the Earth’s center, p the Earth’s
gravitational parameter, and Rg is the Earth radius.

The modeled gravity gradient torque only plays a significant role in the
roll and pitch direction, as can be concluded from Fig. 2 In roll it causes an
offset, in pitch it peaks at the occurrence of high Euler angles.

The Jo-term results in a significant contribution to the total torque. This
is especially the case for the yaw axis, in which the extra term is approxi-
mately a factor 5 larger than the spherical term. The J3-term (also available
through Roithmayr| (1991))) is at least two orders of magnitude smaller than
the Jy-term, and therefore neglected. We assume that the same holds for
tesseral and sectoral contributions.

3.4. Solar radiation

Although the solar radiation causes a significant disturbance force, the
resulting torque on GOCE is very small. The dusk-dawn orbit results in a
constant torque about the yaw axis.
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The model for solar radiation pressure torques is similar in structure to
the aerodynamic model of Eq. (), namely

TS = (CM,Slref + (Tref - rcom) X CF,S) Aref%a (6>
where ® is the solar flux at the location of GOCE and c is the speed of light.
Cus and Cpg are the solar radiation coefficients for forces and torques
respectively, again obtained from the ANGARA software. Contrary to the
aerodynamic coefficients, they only depend on the incidence angles ag and (.
Again, the reference area and length are set equal to one. In the validation
process the roll coefficient from ANGARA was found to be wrong, and was
therefore replaced by a simpler panel model (see Section . A simple model
is implemented to detect and account for eclipses (Doornbos, 2011]).

The Earth’s infrared radiation and albedo are also taken into account,
for the sake of completeness. In the model, adopted from |Doornbos et al.
(2009), the Earth surface is subdivided in one degree longitude by one de-
gree latitude quadrilaterals. For all elements it is decided whether they are
visible from GOCE and, for the albedo model, from the Sun. Then Lam-
bert’s law is applied to the incoming sunlight, the outgoing reflected sunlight,
and the outgoing infrared radiation. The resulting fluxes are multiplied with
the monthly-mean top-of-atmosphere all-sky albedo and longwave flux re-
spectively, obtained from the CERES SYNldeg product (Edition 3A). The
resulting torque is added to the direct solar radiation torque.

The model output is shown in Fig. [2/for one orbit. Solar radiation mainly
causes an offset in the yaw torque when GOCE is not in eclipse.

Varying the location of the center of mass over the range of possible
values results in a range of torques differing by less than 4%. Even in the
most extreme case no significant contribution to the total torque is thus to
be expected.

3.5. Ion thruster

To compensate for drag, GOCE is equipped with an ion thruster. When
the thrust does not point directly through the center of mass, it causes a
torque. Therefore the thruster is pointed such that it aims in the center of
mass range. Over the course of the mission the center of mass will shift due
to fuel consumption, causing a slowly changing misalignment torque.

The model for the torque due to thruster misalignment, denoted by T7,
is simply the cross product between the arm from the thruster position rp
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to the center of mass of the satellite 7., and the thrust vector F}.

TI = (TT - rcom) X FI- (7>

The thruster position and thrust direction were obtained from [Cometto
(2007)).

The misalignment torque is plotted for one orbit in Fig. 2l The mis-
alignment causes a significant offset in the yaw torque, but shows no great
influence in the other directions. The change in altitude over the orbit causes
a change in density and therefore in thruster activation, which is directly in-
troduced into the torque (visible as a dip in Fig. [2] around 16:30).

Changing the location of the center of mass over the specified mission
range does not significantly affect T;. The direction of F; is a more sen-
sitive parameter. A sensitivity analysis proved that an alignment error of
0.1°around the yp-axis may already increase this torque by a factor of 3.5.
Similar results are obtained in roll and yaw direction when rotating the torque
around the zp-axis instead. The reported error margin of 0.90°half-cone an-
gle around the yp-axis and 0.05°around the zp-axis (Kolkmeier et al., |2008)
therefore leaves a wide range of possible model outputs.

The ion thruster assembly includes a large electromagnet. The dipole
of this magnet, p;, is modeled as a linear function of the current running
through it (Kolkmeier et al., 2008)), and a term for the product of torquer
and thruster magnet current, as

pr = (g + M sly) I (8)

Here pur pr is the hard magnetic part induced by the electromagnet in the ion
thruster, My g is a 3x3 matrix representing the soft magnetic part depending
on the torquer activation, and Iy and I; are the three torquer currents and
the thruster current respectively. Note that the sign of the documented dipole
was found to be wrong (as discussed in Section and therefore changed.

The thruster magnet current is filtered to remove sampling noise caused
by the on-board down-sampling from 100Hz to 1/8Hz in the housekeeping
data. It was observed that the most noisy periods coincide with episodes of
high noise in the recorded thrust. Therefore an exponential moving average
filter is used that is locally adapted with the difference between the com-
manded and recorded thrust. The filter, with a width of 9 data points, takes
the form
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where v is the triangular mean square error between commanded and recorded
thrust in the filter window.

The magnetic torque from the ion thruster is plotted separately in Fig. [2]
The torque is dominated by a trend comparable to that of the constant
dipoles (discussed hereafter), but a high frequency signal can be seen in
pitch at locations near the magnetic poles where strong wind and density
variations are expected.

3.6. Constant dipoles of spacecraft bus and payload

The magnetic dipoles of equipment on GOCE play an important role in
modeling the total torque. Currently information is only available for dipoles
caused by the spacecraft bus. The magnetic dipoles caused by the payload
have to estimated.

The constant bus dipoles can be subdivided in two categories. The first
are due to long term, hard magnetic effects pp g in the fuel tanks and latch
valves. These cause the main part of the total magnetic torque on the space-
craft. When electric components of the bus, such as valves, are switched on
or off, the hard magnetic dipole can suddenly change. During nominal oper-
ations no such events were observed. Soft magnetic dipoles form the second
category. Contrary to hard magnetic effects, these dipoles are induced by a
local magnetic field. In this case the dipole is assumed to depend linearly
on the local Earth’s magnetic field strength (through matrix Mp ) and the
torquer currents (through Mp 7). Combined these contributions result in a
magnetic torque (Kolkmeier et al., 2008)

TD,B = (upu + Mps +Mgr|Ir|)Bg) x Bg, (10)

with |I7| the L2-norm of the currents to the magnetic torquers, and B the
Earth’s magnetic field obtained from the calibrated magnetometer measure-
ments.

The magnetic torque Tp g only includes magnetic effects from the space-
craft bus. For the dipoles of the payload (gradiometer and GPS system), no
data is available. Calculating the residual torque as described in the next
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section, it is found that these missing magnetic dipoles have a significant in-
fluence on the model quality. In the remainder of this section the procedure
to estimate the dipoles is described, as well as the model result.

First of all the residual, unmodeled torque is obtained by reducing the
measured torque by all model outputs described before. The result reveals a
periodic signal that repeats every 10.5 minutes (1.59x1073Hz). This is not
a higher mode of the orbital frequency or a contribution from any of the
models, and is therefore considered an artifact of the data processing. As
the signal is most prominent in the roll and pitch axes, and it was to our
knowledge not observed in the linear accelerations before, this signal most
likely stems from the attitude determination and control system. The signal
is removed from the residual by a series of seven notch filters centered at the
central frequency and the closest two lower and four higher modes.

Second of all it must be decided what types of dipoles are to be fitted.
From the earlier discussion it is clear that we can distinguish between con-
stant and variable dipoles on one hand, and hard magnetic and soft magnetic
dipoles on the other. To prevent fitting to the control algorithm or aerody-
namic signals, no variable dipoles are estimated. The constant hard magnetic
dipole pp i is simply a three element vector, whereas the soft magnetic dipole
is assumed to be linearly dependent on the Earth magnetic field through a
3x3-matrix Mpg. As discussed in Section a full 3x3 scale matrix St
for the control dipoles is estimated alongside above mentioned dipoles. To
prevent overfitting to for example a remaining bias in the measured torque,
or an error in the aerodynamic model, a three element offset vector T,
is estimated alongside the dipoles. Combining the above contributions, we
assume that the measured torque can be written as

T

T—FTD,p—I—TOff—FE (11>
T +

(tpw +MpsBg + Srpr) x Bp+ Ty + €,

with € a random error. Note that contrary to the definition of T in Eq.
we exclude TD7 p from the total model here and explicitly add it as a term in
the equations.

Third of all the elements of pupp, Mps, Sr, and Tpss are estimated by
minimizing the weighted square error

min &' W2, (12)
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where the diagonal weight matrix W is constructed using a local central
estimation scheme. In this scheme Eq. is solved using ordinary least
squares at each time instant, based on the closest 47 data points (23 both
forward and backward in time). The local weight is then defined as the
inverse of the root mean square error between the local fit and the residual
torque over the full range of 47 data points.

To solve the minimization problem in Eq. the estimated torque in

Eq. is rewritten to
Tpp=-Beupupry —BersMps — BerSr, (13)

where Bg g is the cross-product matrix with the elements of Bg. The vector
Mp,s is the vectorization of M} ¢, and the 3x9-matrix Bp g is defined as

0 —BLBp. BpBg,
Bes = BEBE’Z 0 —BEBE@ . (14)
~BLBp, BLBp. 0

Similarly, Sz is the vectorization of SI. and the 3x9-matrix Bg ris obtained
from Eq. by replacing all occurrences of the magnetic field vector BL,
by the torquer dipole pl..

By collecting ppr, Mpgs, and St in a single column vector, and combin-
ing the matrices accordingly, the dipoles and scale factors can be fitted simul-
taneously. The offset T, ;¢ is included in the estimation by adding a 3x3 iden-
tity matrix I3. Setting Tp p = T—T, filling in By = [~Bg x, —Br.s, —Be.r, 1],
and collecting these over the measurements 1 up to n, we may solve for the
dipole estimate (indicated with a hat) as

Mo Be)y |\ [ (T-T),
1\{75 W : W : : (15)
T _
- B T-T

The cross product in Eq. is not invertible due to the soft magnetic part
Mps. This is best illustrated by writing the dipole matrix as Mp g = M+mls.
Filling this into Eq. and writing out the cross product, we find the term
mlsBg X Bg, which is zero, independent of m. This diagonal value is thus
arbitrary, leaving one degree of freedom unresolved. Therefore the Moore-
Penrose pseudo-inverse () is used.
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Daily estimates of the payload dipoles are computed for the whole mission
(see Fig. . A linear fit is made for each element, to allow for ageing of
satellite components. For the hard magnetic dipole f1p i two separate linear
fits are made, one for when the redundant GPS receiver is off (the nominal
case), and one for when it is turned on (the highlighted periods in the top
row of Fig. |4))). It is assumed that the other dipole elements are not affected
by this receiver. The parameters of the linear trends can be found in Table
[

Finally the estimated torque becomes

TDJD = (ﬂRH—I—MRSBE—f-STMT) X BE (16)

In Fig. 2] the constant bus and payload dipole torques are plotted together.
The constant magnetic dipoles cause the largest disturbance torques in roll
and pitch, and with that dictate the low frequency trend in the control torque.

It is unclear up to what extent the reported bus dipoles are correct. For
some contributions an indeterministic part is given in the documentation,
which in a few cases implies an error margin of 10% (Kolkmeier et al., [2008)).
Most of these errors are expected to be eliminated by the estimation of the
payload dipoles.

4. Validation

Combining the models of Section [3| we find a total modeled torque T.
To compare this to the measurements, the measured angular acceleration is
combined with the angular rate to find a measured torque T'. This is done
using the well-known relation

T=Jo+wxJw. (17)

Here J is the interpolated inertia tensor, a is the measured angular acceler-
ation, and w is the measured angular rate of the satellite body.

The angular acceleration product EGG_CGA is not fully calibrated. A
bias from the expected zero-mean can be observed, that drifts over the mis-
sion. Therefore a calibration effort was performed similar to the one described
for the magnetometers in Section [3.1} In this case the mean angular accel-
eration was calculated for each day. Then a cubic polynomial was estimated
to catch the drifting trend. The resulting bias is shown in Fig. f| Note that
the accelerometers were calibrated regularly during the mission, causing the
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Figure 4: The daily estimates of payload diBﬁles, torquer scale factors, and torque offsets
over the entire mission, with the linear fits In" gray. In the top row the episodes when the
redundant GPS system was turned on are highlighted in light gray.



need for several cubic fits over parts of the mission. The bias in pitch ac-
celeration was very small overall. To prevent overfitting to the noise in the
daily means, linear fits were made for this component.

By taking the difference between the measured torque T (plotted for
May 19 to 31, 2011 in Fig. @ and the total modeled torque T (where Tp p
is replaced by the estimate T p, plotted in Fig. 7)) the quality of the models
can be evaluated. For May 19 to 31, 2011, this residual torque is plotted in
Fig. |8l In the remainder of this section several individual torque models are
validated by investigating the residual torque during special events.

4.1. Magnetic control torque

Throughout the mission the torquer activation is regularly enhanced sig-
nificantly by a periodic signal in the frequency range above 15 times per orbit.
A similar oscillation was observed before in the magnetic torquer activity on
GRACE by Bandikova et al| (2012), but the exact cause of this behavior
remains unknown. On GOCE it occurs approximately once or twice each
month and lasts from a few hours to several day. The activity is clearly
present in the measured pitch signal, as in Fig. [6b] from May 21 to 25. Such
activity allows for validating the torquer model and the estimated torquer
scale factors ST, as it temporarily raises the control torque above the error
level of other models over a fixed frequency range.

The episode under consideration here is a particularly short one, lasting
only a few hours on May 5, 2011. All torques are filtered using a third-
order high-pass Butterworth filter with a cut-off frequency corresponding to
15 times per orbit. The filtered residual torque T' — T is then compared to
the filtered control torque T by calculating Pearson’s correlation coefficient.
This coefficient is expected to increase if the increased torquer activation also
affects the residual, i.e. the coefficient should respond only if the torquer
model is incorrect. A time series is constructed by calculating the correla-
tion coefficient over a moving central window of one orbital period. This
procedure is repeated for the comparison of the residual torque before and
after including the estimated torquer scale factors Sr on the one hand, and
the (documented) control torque on the other hand. The result is shown as
a time series of the correlation coefficients in Fig. [9] First of all, the corre-
lation between measured torque and modeled control torque (dashed black
line) shows the importance of the control torque in the frequency range of
interest. Only in yaw the correlation deviates significantly from one, indicat-
ing again the reliance on GOCE’s passive aerodynamic stability in that axis.
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Figure 6: Measured torque between May 19 and 31, 2011.
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Over the highlighted episode of increased control (light gray box) the corre-
lation between measured and control torque in pitch approaches one, while
roll and yaw show no such response. The correlation between the control and
the residual (solid black line) in pitch increases significantly. The inclusion
of the estimated scale factors (7.5% on the z-directed torquer, 6.5% on yg,
and 4.8% on zg; up to 1.5% off-diagonal) greatly reduces this response.

In Fig. [4] the scale factor matrix elements are plotted over the full mis-
sion. The elements are approximated well by a linear trend, except for the
off-diagonal elements pertaining to the yp-directed torquer (in the second
column). This torquer mostly controls the roll motion. The small scale of
the torques in this direction may be the cause of this erratic behavior.

To test whether the torquer scale factors are within the documented error
bounds, the 3x3 matrix must be converted to one scale factor per torquer,
and a misalignment angle. Writing the total control torque as

TT = (13 + sT)lJfT X BE (18)

we observe that the matrix (I3 + gT) describes a scaling and rotation of
the control dipole pr from the three magnetic torquers. The individual
scale factor per magnetic torquer is then the norm of each column of this
matrix. After normalizing each column, the diagonal elements represent the
cosines of the misalignment angles. Following this process, we find that the
estimated linear trends produce scale factors that are within the documented
uncertainty bounds of 0 to +10% (Kolkmeier et al 2008)). The misalignment
of the xp- and zp-directed torques stay within the maximum 2° half-cone
angle (Kolkmeier et al., [2008)) throughout the mission, while the yz-directed
torquer violates this bound starting March of 2013, to rise to 2.4° at the end
of the science mission.

4.2. Aerodynamics

During geomagnetic storms the atmosphere is locally heated, causing it to
expand. This expansion increases the neutral density in the thermosphere,
as well as the wind speed at the satellite’s orbital altitude. The effect on
the (yaw) torque can be clearly seen in Fig. [6] on May 28. The magnetic
storm of April 5, 2010 is used to validate the aerodynamic torque. The
same approach is taken as for the magnetic control torque. In this case the
measured and residual torque are compared to the aerodynamic model. All
torques are filtered using a third-order high-pass Butterworth filter with a
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cut-off frequency at 1.5 times per orbit, as the aerodynamic model is most
active at frequencies twice per orbit and higher.

The correlation coefficients are plotted over five days surrounding the
storm in Fig. While the roll and pitch torques are mostly unaffected, the
yaw torque residual clearly responds to the storm. The correlation between
the residual and the aerodynamic model increases significantly at the start
of the storm and takes on a more constant trend. The dip in correlation that
occurs at the start of each day is almost entirely removed from the signal. The
increased correlation between the residual and aerodynamic torque during
the storm implies that the aerodynamic model represents the trend well, but
fails to properly model the magnitude of the actual aerodynamic torque.
Therefore we conclude that significant errors remain in the magnitudes of
either the aerodynamic model coefficients or the thermospheric wind and
density data.

4.3. Gravity gradient

During its mission, GOCE has not made any extreme attitude maneuvers
while in science mode, making it impossible to isolate a moment in time in
which the gravity gradient is the major cause of a change in torque. Therefore
the residual torque is compared for different orders of the gravity model in
the frequency domain. In Fig. the comparison is shown for the cases
with and without the Js-term. From this comparison it was found that, as
expected, the oblateness term is an important and non-negligible contribution
to the total torque. In pitch this element introduces a significant peak in the
PSD of the model, that reduces the peak in the residual at twice-per-orbit
frequencies. In yaw its contribution is even a factor 5 larger than that of
the basic spherical Earth model. This signifies the importance of the gravity
gradient torque, but due to the lack of special maneuvers no further validation
can be performed.

4.4. Solar radiation pressure

Implementing the ANGARA model for all moment coefficients, it was
found that the residual torque in roll strongly resembled the solar radiation
pressure torque. Therefore the ANGARA coefficients were compared to a
simplified fully specular 36-panel model (from Dumontel (2010), excluding
the radiator). Assuming a reflectance of 0 for the solar panel-covered side
and a reflectance of 0.8 for the radiator side, a close fit is found between
the two models for all force and torque coefficients but the roll coefficient.
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Figure 11: Frequency domain plot of the pitch torque residual when assuming gravity
points radially down compared to the residual including the Js-term. Dashed lines indicate
one up to five times the orbit frequencies.

It was therefore decided to use the several orders of magnitude smaller roll
coefficient from the simplified model instead of the one obtained from the
ANGARA software.

The eclipse transitions present an opportunity to validate the solar ra-
diation pressure model using a superposed epoch analysis. In Fig. the
residual torque (including the solar radiation pressure) is presented for April
12 to 22, 2011, for 300 seconds before and 500 seconds after the start of the
(modeled) transitions out of eclipse. During the displayed period the eclipses
grow longer, from partial eclipses at the start to full eclipses of 10 minutes
at the end.

The residual shows two striking trends of different nature. The first is a
line of roll torque peaks running from 320 at the start of the plotted period
to 120 seconds after transition at the end. The same trend can be observed
as a negative pitch torque, but is not visible in the yaw direction. Because of
the periodic nature of the line, showing intensity and direction fluctuations
on a daily basis, it is hypothesized that this is a magnetic signal. In Fig.
the residual roll torque is plotted alongside the magnetometer measurements
and solar panel currents for a single transition out of eclipse. As the solar
panel current increases, so does the on-board magnetic field that is registered
by the magnetometers. It is possible that the satellite switches from battery
to solar power just after the panels reach their maximum current, about 110
seconds after the start of the transition. A magnetic dipole caused by the
rapid change in current flow through the satellite could explain the steep
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drop in both the on-board magnetic field and the roll torque. Attempts to
estimate the dipole of the solar panels as a function of provided current did
however not yield consistent results.

The second trend is a wider band of increased residual yaw torque, visible
as a bright red horizontal band in Fig. [12d It runs just below the magnetic
line described above, and spans approximately 100 to 150 seconds per orbit.
Because of its location, closer to the start of the transition, it is expected
that this is a product of the overly simplistic eclipse model. In Fig. a
single transition is isolated, and the residual yaw torque is plotted against
the time into transition to test this hypothesis. The eclipse transition in
the solar radiation pressure model (dashed line) is clearly a factor two to
three faster than the actual transition visible in the residual torque excluding
the solar radiation pressure model (T — (T — Ts), solid gray line). This
mismatch is causing the residual (solid black line) to first rapidly increase as
the model transitions, and then recover to a level close to zero as the actual
eclipse transition takes place. The solar radiation pressure model as a whole
thus correctly represents the magnitude of the radiation torque, but fails to
properly portray the eclipse transition process. Because of the overall small
significance of this torque, the simplistic transition model is kept. The roll
and pitch radiation torque are too small to repeat this test for those axes.

4.5. Ion thruster

In August 2012 GOCE’s orbit was lowered by deducting a constant bias
from the measured acceleration before computing the required thrust. The
constant acceleration was large enough to command the minimum possible
thrust over part of each orbit. This month therefore provides a good oppor-
tunity to validate the thruster related torques. At the moment of adding
or removing the acceleration bias, a significant change in both the residual
torque and the current through the ion thruster magnet occurs. The change
in thrust on the other hand is relatively small. This suggests an error ex-
ists in the thruster dipole model. Therefore a dipole with the same model
structure as in Eq. was estimated along with T p on each day of August
2012.

The estimated hard magnetic part fir g is compared to the same element
from the documented models in [Kolkmeier et al| (2008) on scale and direc-
tion. The norm of the fitted dipole reduces over the month, from 99% of the
documented one at the start to around 80% towards the end of August 2012.
The dot product between the unit vectors remains close to -1 all through
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the month, with a minimum at -0.998. This result implies that the docu-
mented dipole has the wrong sign. After inverting the documented model,
we inspected all jumps in thrust due to maneuvers over the entire mission.
Taking the 65 jumps for which all required data is available, a linear fit is
estimated between the modeled and observed jump in both force and torque.
For the observation the difference between the measurement and all other
models (T — (T — T7y)) is used. A good fit is found for force in the zp-
and zp-direction (coefficient of determination (R?) above 0.99), with a linear
term of 1.038 and 1.022 respectively. This implies that the error in the com-
manded thrust that is used in the model is indeed within the documented
5% (Kolkmeier et al.| 2008). For the pitch and yaw torques linear terms of
0.21 and 0.52 are found respectively (R* around 0.84). This mismatch can be
explained by a combination of a rotation and repositioning of the thruster,
but may also be affected by an error in the thruster dipole model. This
process has many solutions within the documented error constraints, so no
conclusion can be drawn regarding the actual position and orientation of the
thruster. Therefore the model is kept as documented.

In the residual pitch torque a band of large errors is found around the
South pole in the local winter months and other situations where the thermo-
sphere neutral density is very low. At those instances the thrust level passes
through a band around 2mN in which the thruster noise is significantly larger
at around 5% (Wallace et al) 2011). In the case of the pitch torque it is not
the thruster itself, but its main magnet that is causing the error. Attempts
to estimate a scale factor for this dipole as was done for the torquers (de-
scribed in Section have however not given consistent, reliable results.
Therefore the thruster dipole torque is only considered validated for thrust
levels above 3mN. Given GOCE’s orbit, with the apogee over the South pole,
thrust levels below this threshold occur mostly over the South pole during
local winter, but have also been observed over the North pole. In the last
year of the mission, when solar activity increases and the orbit is lower, the
thrust remains above the threshold under nominal conditions.

4.6. Constant dipoles of spacecraft bus and payload

As not all dipoles are known, it is impossible to validate the torque they
cause. Instead the trend of the fitted dipoles over time is investigated. As
only constant dipoles were estimated, they should not vary more than can
be explained by aging or hardware being switched on or off. The downside
of comparing dipoles is that the estimation process in Eq. does not
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have a unique solution. A different dipole therefore does not always imply a
different torque. This effect is eliminated for most parameters by estimating
a single set of dipoles using one full day of torque data. Only the diagonal
components of the soft magnetic dipole do not have a unique solution, as
explained in Section |3.6

In Fig. []the daily estimates of hard and soft magnetic dipoles are plotted
for the full mission. The hard magnetic dipole is similar in scale and opposite
in sign to the bus dipole in the yp and zp axes (Kolkmeier et al., 2008, cf.). In
xp the sign is the same, but the estimated dipole is approximately five times
as small as the bus dipole. All elements remain mostly constant over the first
three years of the mission. The linear fit predicts a decrease in magnitude
of 0.05 Am? per year with a small overall prediction error (see Table . In
the last year the xp and zp components show a stronger increasing trend,
which can also be observed in some elements of the soft magnetic dipole, the
magnetic torquer factors, and the estimated offsets. This episode starts with
the end of the orbit-lowering maneuver of August 2012, but the cause of this
behavior is unclear.

The hard magnetic dipole that is estimated for episodes in which both
GPS receivers are turned on (highlighted in light gray in the top row of
Fig. 4)) shows a stronger linear trend than the nominal estimated dipole. As
this linear fit is dominated by a large set of data in the last months of the
mission, this confirms the observed increasing trend in the hard magnetic
dipole described above.

The diagonal soft magnetic elements (row 24 of Fig. [4)) are of similar
scale as those reported for the spacecraft bus, while documented off-diagonal
elements are generally two orders of magnitude smaller. They display similar
consistency as the hard magnetic dipoles (see Table , except for those
related to the cross-track component of the magnetic field (middle column).
This can be explained by the fact that this component of the field is generally
small throughout the (near-polar) orbit, leading to a high parameter variance.

The co-estimated offsets in the torques, plotted at the bottom of Fig.
[, oscillate around the linear trend in the roll and yaw axes. In pitch the
offset assumes a more profound increasing trend after the orbit maneuver in
August 2012. This behavior explains the large error in the linear fit reported
in Table [Bl
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Table 5: The root mean square error with respect to the linear fit of each estimated
parameter, as a percentage of the maximum L2-norm of the vector or matrix it is an
element of.

TB YB ZB

Hard dipole fip 4.5%  21%  2.8%
6.0% 23.4%  6.9%

Soft dipole Mp g 1.8%  52% 1.4%
79% 12.9%  3.0%

10.4% 31.5% 13.8%

Torquer factors Sy 2.2% 15.8%  4.6%
6.8% 15.7% 15.9%

Torque offset T, 3.6% 34.4% 41.3%

4.7. Complete model

To evaluate the validity of the complete model, the residual is analyzed
for the period in May 2011 plotted in Fig. [§] In Table [f] the standard
deviation (STD) of the residual is provided. To make a fair comparison with
the actual torque acting on the satellite around each principle axis, the values
are divided by the STD of the control torque acting on the satellite around
that axis. This results in the relative standard deviation. To complete the
table a column is added for the mean value of the residual, or the overall bias
of the models. This value is again normalized with the STD of the control
torque to find the relative bias.

From the table we find that the yaw residual has the largest relative value.
Given the large aerodynamic signal in this direction, this result implies that
especially the aerodynamic model requires improvement. The small residual
in pitch indicates that the magnetic dipole models are performing well.

An error in the star camera alignment may cause part of the residual
through the aerodynamic, gravity gradient, and radiation pressure models.
For the EGG_IAQ attitude product an error with standard deviation 3" is
to be expected around all axes (Stummer, 2012)). A random normal noise
signal with this standard deviation is added to the attitude (in case of the
gravity gradient torque) or incidence angles to obtain the maximum expected
error in the torque around each axis. The root mean square (RMS) of this
difference does not exceed 1 x 107mNm in roll, 2 x 10~*mNm in pitch,
and 3 x 10~°mNm in yaw. Comparing these RMS values to the STD values
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Table 6: Standard deviation (STD) and bias of the residual torque over the period plotted
in Fig. |8, both absolute and relative (Rel.) to the STD of the control torque about the
same axis.

STD [mNm] Rel. STD [%] Bias [mNm] Rel. bias [%]

roll 2.51e-03 15.6 -1.51e-03 -94
pitch  7.25e-03 2.1 -1.14e-03 -0.3
yaw  1.67e-02 30.5 1.09e-02 19.9

reported in Table [6] we find that the effect of uncertainty in the attitude on
the residual torque is negligible.

5. Discussion and conclusion

In this paper a set of models was presented that together predict the
torque acting on the GOCE satellite, based on its full state (spatial and ro-
tational), the local magnetic field, the currents running through the thruster
magnet and magnetic torquers, and the applied thrust force. The accuracy
of the result depends heavily on the accuracy of the dominant torque, which
is different around each body axis.

In the roll direction errors of 15% are to be expected (in terms of the
relative standard deviation, see Table @ The residual torque, as displayed
in Fig. [Bal, shows clear periodic patterns that resemble magnetic torques. It
is possible that the weighting scheme for the payload dipole estimation (see
Section prioritizes the residuals in pitch and yaw torque, because of their
larger overall scale.

In pitch the expected errors are smallest, at around 2%. This low number
is partially due to the large control torque in this direction, which is meant
to balance the (mostly constant) residual dipole of the bus and payloads.
The dominant trend in the residual is caused by an error or noise signal in
the current running through the thruster main magnet when thrust is close
to the 2mN level. This generally occurs in low density conditions, i.e. early
in the mission, mostly over the South Pole in local winter conditions.

The yaw error is largest of the three, with relative standard deviation
running up to and over 30%. Throughout the mission the yaw residual is
positive over the Northern hemisphere, and negative over the Southern hemi-
sphere. This suggests an error in the neutral density, as the perigee of the
(near-circular) orbit lies close to the North Pole. At the same time the North
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and South magnetic poles show up as bands of large residuals, that increase
in magnitude during magnetic storms. This implies that the (effect of) wind
is not modeled properly. Together the above two observations leave us to
conclude that a mismatch exists between the aerodynamic model from AN-
GARA and the thermospheric density and wind data derived using a panel
model. The errors in the aerodynamic model and thermospheric data to-
gether cause most of the residual in the yaw direction.

The current study shows that it is vitally important to have a complete
model of the magnetic properties of a satellite, in addition to the aerodynamic
models, in order to fully characterize the torques it is subject to. To improve
the torque models beyond the level presented here, one would for instance
require the magnetic dipole caused by electric currents from the solar panels.
Parameters of such a model can be estimated in post processing, as described
in Section [3.6] but a full magnetic characterization before launch would most
likely reduce the uncertainty levels. Such a characterization would certainly
be needed for future missions that would use both force and torque analyses
for the investigation of satellite aerodynamics and thermosphere dynamics,
and the absence of such a characterization would be problematic in applying
data from current or past missions for this purpose.

We expect that the effect that causes the largest errors in the torque mod-
els largely depends on the satellite and mission design. Most LEO satellites
are in a significantly higher orbit than GOCE was, reducing the acrodynamic
torque and therefore its relevance as an error source. Therefore the magnetic
model errors are expected to dominate the residual torque on satellites like
GRACE and CHAMP. Both carry magnetic torquers that may have uncer-
tainty margins like those installed on GOCE (see Section . As is the case
for GOCE, electric currents from solar panels or towards equipment with a
high current demand will most likely also show up in the residual torque. For
a mission like Swarm, where the satellites are designed to be magnetically
clean and there is no continuous thrusting like on GOCE, the solar radiation
pressure model could be the main error source. Because of its low sensitivity
to model errors, it is unlikely that the gravity gradient torque is a significant
source of error for any LEO satellite.

Returning our attention to the GOCE analysis, the aerodynamic signals
in the yaw residuals provide an opportunity to improve the aerodynamic
model and the thermospheric horizontal wind data. Moreover, comparing
Fig. and [8c| we observe that a similar signal is present around the North
magnetic pole in the pitch residual. This signal may well provide vertical

42



wind data. Our goal for future work is to extract these wind signals from the
residual torque and combine the result with that obtained from the linear
accelerations to find a consistent wind data set and consistent aerodynamic
model parameters.

Recent efforts to obtain angular accelerations from the star tracker at-
titude quaternions only, so without making use of GOCE’s accelerometers,
show promising results. In the angular acceleration data derived from the
star trackers, the large-scale wind patterns can be observed. Therefore we
are considering a similar torque modeling and wind extraction effort for the
Swarm satellites, and it would be worth investigating the feasibility of ap-
plying such a thermosphere wind extraction processing approach as well to
much simpler mission concepts, such as star-tracker carrying CubeSats.
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