Downloaded from orbit.dtu.dk on: Aug 20, 2022

DTU Library

=
=
—

i

The spinning Astrid-2 satellite used for modeling the Earth's main magnetic field

Merayo, José M.G.; Jgrgensen, P.S.; Risbo, T.; Brauer, Peter; Primdahl, Fritz; Cain, J.

Published in:
| E E E Transactions on Geoscience and Remote Sensing

Link to article, DOI:
10.1109/TGRS.2002.1006371

Publication date:
2002

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Merayo, J. M. G., Jgrgensen, P. S., Risbo, T., Brauer, P., Primdahl, F., & Cain, J. (2002). The spinning Astrid-2
satellite used for modeling the Earth's main magnetic field. | E E E Transactions on Geoscience and Remote
Sensing, 40(4), 898-909. https://doi.org/10.1109/TGRS.2002.1006371

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1109/TGRS.2002.1006371
https://orbit.dtu.dk/en/publications/40c07f3d-954e-4483-b47f-19aebd3c6be7
https://doi.org/10.1109/TGRS.2002.1006371

898 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 4, APRIL 2002

The Spinning Astrid-2 Satellite Used for Modeling
the Earth’s Main Magnetic Field

Jose M. G. Merayo, Peter Brauer, Fritz Primdahl, Peter S. Joergensen, Torben Risbo, and Joe Cain

Abstract—The Swedish micro-satellite Astrid-2 was successfully DAC
launched into a near polar orbitin December 1998. Despite the fact pSp
that the primary science mission was auroral research, the mag- DTU
netic instrument was designed to accomplish high-resolution and DVD
high-precision vector field magnetic measurements, and therefore
mapping of the Earth’s magnetic field was possible. The space- FTP
craft spins about a highly stable axis in space. This fact and the IGRF
globally distributed data make the magnetic measurements well |MF
suited for the estimate of a magnetic field model at the spacecraft 1
altitude (about 1000 km). This paper describes the initial analysis
of the Astrid-2 magnetic data. As a result of the study of a single
day (February 7, 1999), magnetically fairly quiet, it was possible MAG
to in-flight adjust the calibration of the magnetometer and find

surements to better than 5 nT.,,s for latitudes Equatorward of
50°. Several methods for field modeling are discussed in this paper
under the assumption that the direction of the spin axis in inertial SIM
space is nearly constant, and this assumption is corroborated by SSC
the observations. The approximate inertial orientation of the mag- STVF
netometer could then be determined simultaneously with the in- TLE
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strument intrinsic calibration and the estimate of main field model
coefficients. Hence, apart from the scientific use of the magnetic
data, the attitude of the spacecraft may be estimated with high pre-
cision.

Universal time.
WDC World Data Center.

. INTRODUCTION

HE NASA MAGSAT satellite (1979-1980) was the first
satellite to accurately measure the three components of
the Earth’s magnetic field with dense global coverage [1]. The
importance of periodic measurements of the geomagnetic field
has been recognized for many different purposes within solid
Earth physics and other disciplines. However, since MAGSAT,
no other mission carrying accurate vector magnetic instru-
mentation has flown until the Astrid-2 satellite. Shortly after
Astrid-2, the Danish Oersted mission was launched (February
23, 1999), as a dedicated geomagnetic mission.

The Astrid-2 high-resolution magnetic instrumentation,
combined with the possibility of determining an inertial
Manuscript received August 1, 2001; revised January 4, 2002. This work erence system for the magnetometer based on the spin
supported in part by the Danish Technical Scientific Research Board (STVFE bilized ft d th | bi b 1000
under Grants 9 502 705 and 26 00 0015, the Danish Academy of Technical St ”Ze_ _spacecra , and the near polar orbit at about -
ence (ATV) and Terma Elektronik AS, the “Magnetsrode” test facility of th&km providing good global data coverage, makes the Astrid-2
Institute of GeophySICS and Meteorology, the Technical Un|Ver$|ty of Braurﬂnagnetlc data set unlque for geomagnetlc research. It is also
schweig (Germany), the Danish Meteorological Institute’s Magnetic Observa- h L hat the Astrid-2 lli bital bl drifted
tory at Brorfelde (Denmark), the Swedish Geological Survey’s Magnetic OM‘-’O“. mentioning that the Astrid- sate. ite or 't?- plane dn t_e
servatory at Lovoe near Stockholm (Sweden), the Swedish Space Corporatf@lative to the Sun and swept all local times during the mission.
and the Swedish Royal Institute of Technology (KTH). The paper first briefly describes the Astrid-2 satellite, its sci-
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NOMENCLATURE

ACS Attitude control system.

ADC Analog to digital converter.

ATV Danish Academy of Technical Science.
CDC Compact detector compensation.
CcsC Compact spherical coil.
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The primary purpose of this paper is to demonstrate the fe
sibility of getting mapping quality vector magnetic field data
from a small spinning satellite. The main field model presente
below is for this purpose only and is not meant to compet
with the IGRF. A secondary aim is to demonstrate the stabilit
of the satellite spin axis, thereby supporting the possibility ¢
modeling the absolute attitude of the magnetometer (and of t
spacecraft) simultaneously with modeling the main field of th
Earth.

Optical bench with:
Triexiail Fluxgate
Magnetometer

Il. THE ASTRID-2 SATELLITE x

Astrid-2 is an advanced auroral microprobe with dual primary
mission objectives: to do high-quality situ measurements of Fig. 1. Schematic picture of the Astrid-2 satellite in the flight configuration.
the auroral physics processes, and to demonstrate the usefulAtkeoms for the electrical probes, the 0.9-m axial boom for the MAG/SIM and
of micro-spacecraft as advanced research tools [2]. The missign®0la" panels are shown deployed.
has opened up entirely new possibilities for low-budget multi-
point measurements in near-Earth space. These long-néedespheres. Statistical studies were made of the global distribution
situmeasurements constitute the next major step forward in @f-£, B, and Birkeland currents. Of particular interest is to ob-
perimental space physics. Astrid-2 has platform dimensionstafn representativi- and B-field distributions in the cusp re-
45 x 45 x 30 cm, a total mass of just below 30 kg, and cagion and in the Harang discontinuity region (produced by two
ries scientific instruments for measuring local electric and maglectrojects with opposite directions near the mid-night sector)
netic fields, plasma density and density fluctuations, ions anding simultaneous data.
electrons, as well as photometers for remote imaging of auroral
emissions. Attitude determination was hoped to be provided by
a high-precision star imager system (SIM), but for vehicle sta-
bility reasons a spin rate above the specified star camera operfhe Astrid-2 magnetometer has a triaxial sensor unit con-
ating range was chosen, and so the attitude determination kaing of three independent single-axis compensated fluxgates
to rely on the less accurate (aboutqQ.pre-flight implemented and is based on the CDC sensor design (Fig. 2). The magnetic
back-up solution, based on the science magnetometer [3]. material used in the sensor core is the amorphous metallic glass
During the pre-flight satellite level magnetic calibrations (seditrovac 6025 from Vacuumschmelze GmbH with virtually
below), the intercalibration between the star camera head ato magnetostiction [6]. The support of the sensor is made of
the magnetometer sensing unit was determined, resulting iIMACOR (Corning Incorporated) in order to have very good
star based angular pointing accuracy of 6 arcsec between tiivermal properties [7].
magnetometer and the local magnetic field vector [4], [5]. The instrument is based on a digital signal processor (DSP)
Astrid-2 (Fig. 1) was launched on December 10, 1998 at Wbntrolling all the timing processes of the magnetometer
11:57:07 as a piggy-back payload on a Russian Kosmos-3&ctronics [8]. The DSP generates all synchronizing signals
launcher from Plesetsk into an 82.i@clination and almost cir- for the excitation and the ADCs/DACs. The outputs of the
cular orbit of 1015x 978 km altitude with an orbital period of detector coils of the individual fluxgate sensors are connected
105.1 min (this gives almost 14 orbits per day). Nodal regret signal conditioning preamplifiers and fed to 16-bit ADCs
sion gave complete coverage of all local time sectors every 3&mpling several times faster than the excitation frequency.
months. Telemetry was lost on July 24, 1999 during a downlirikhe digitized version of the signal is then correlated in the DSP
connection and at present the cause is unexplained. Some Wi a matched reference signal. The maximum correlation
Mbytes’ worth of scientific data was received each day at thelue is proportional to the magnetic field sensed by the
two ground stations: Solna (Northern hemisphere, Sweden) dhkgate transducer. The integrator and interpolator are also
Sanae (Southern hemisphere, South African Antarctic base)programmed in the DSPs, and the outcome of these computa-
As mentioned above, the main objectives of the Astrid-2 mitions are used to feed three DACs (also running fast in order
sion are basically dedicated to the study of local phenomenate-produce sufficient oversampling), and finally the feedback
lated to electromagnetic waves in the plasma at the satellite dibieps of the instrument are closed through voltage-to-current
tude and their correlation with auroral arcs. The frequencies @nverters that feed the compensation currents to the detector
interest lie in the range of dc to 400 Hz. The interchange of eoeils. The fluxgate sensors are then used as null detection
ergy between the ionosphere and the magnetosphere can thettevéces. The outputs of the DSP are selectable to 16, 256, and
addressed by simultaneous observations from other space@8#8 Hz with 20 bits of resolution. The detector coils’ outputs
systems or from ground based instrumentation. Determinatiare a fairly small out-of-balance signals superposed on the
was made of external magnetic field sources and their depégedthrough and, therefore, can be digitized with fewer bits
dence on local time, season, IMF conditions, and substorm #itan the magnetometer output.
tivity. Model predictions of the electromagnetic weather were The range of the magnetometer 462000 nT in each
compared to actual observations, especially in the polar iormemponent with a digitizing step of 0.12 nT. The sensor unit is

Ill. THE ASTRID-2 MAGNETOMETER

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 10,2010 at 05:04:15 EST from IEEE Xplore. Restrictions apply.



900 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 4, APRIL 2002

32 mm

A ‘L

[
j4/47n|:m

— ik

55 mm

Fig. 2. The tri-axial assembly of the Astrid-2 CDC sensor unit. The sensor is
further supplied with top and side plates. All parts are made of MACOR to have
a mechanically rigid and thermally well-behaved sensor.

box-shaped measuring 45:453.4 x 33.0 mm and it weighs
150 g. The magnetometer electronics is contained on two
177 x 134 mm PCB’s weighing in total 465 g and consuming
2 W. The 5 mm diameter sensor cable is a highly flexible
and ultralow temperature type weighting 30 g/m. Table |

summarizes all the magnetometer performance characteristics.

The digitizing step limits the resolution of the magnetometer,
which is greater than the instrument noise. But the low thermal
coefficients ensure the high precision measurements.
Magnetic calibrations were performed at instrument level at
the “Magnetsrode” test facility of the Institute of Geophysics
and Meteorology, Technical University of Braunschweig, Ger-
many, in the laboratory at DTU and at the Danish Meteoro-
logical Institute’s Magnetic Observatory at Brorfelde, Denmark
[7]. The final satellite-level magnetic calibration was performed
at the Swedish Geological Survey's Magnetic Observatory at
Lovoe near Stockholm, Sweden [4], [5]. The operating and near-
flight configured satellite was exposed to the monitored Earth’s

TABLE |
MAGNETOMETER PERFORMANCE CHARACTERISTICS

Range
Resolution

Sensor Noise

Sampling Rate

Power Consumption

+62 000 nT
0.12 nT (20 bits)

<7 pTaus (0.05-10 Hz)
(<3 pT/NHz at 1 Hz)
2048/256/16 Hz
2w

a) Sensor Calibrated Performance (-45°C to +15 °C)

Offset stability

Offsets tempcoeft.

Scale factors uncertainty
Scale factors tempcoeff.
Axes’ Intrinsic Orthogonality
Non-Orthogonality tempco.

b) Physical Properties
Sensor dimensions
Sensor weight
Electronics dimensions
Electronics weight

Cable weight

+ 0.5 nT (long term)

0.02, 0.01, 0.46 nT/°C

+ 0.0025 % of full scale
-13,-11, -11 ppm/°C

+ 15 arcsec (+ 0.004 ©)
0.17, 0.33, 0.53 arcsec/°C

45.4x 53.4 x33.0 mm
150 g

2PCB's 177 x 134 mm
465 g

30 g/m

The Science Magnetometer of the Astrid-2 Satellite [7,8].

field in about 60 different directions, and a scalar calibration was This indicates that the first orthogonal akiss chosen along
performed using the 48 first positions. Taking a local field grghe direction of the first detector coil axid; . The third orthog-
dientinto account and compensating for the DAC nonlinearitie@al axisk is perpendicular to the plane defined by the first and
the overall standard deviation of the individual data points w&gcond coil axesl; andd.. The second orthogonal axjsjies

1.3 NT,,s. This includes all the perturbations from the satellité the plane formed byl; andd,, and it is perpendicular td; .
and the remaining nonlinearities in the sensor and the DAJdMis completes the right-handed orthogonal systenj, k} as-
The instrument’s band noise was below 50.0T[8] at the Sociated with the nonorthogonal coil axes triath, d2, ds}.

16-Hz output.

Second, the relation between the magnetic field components

The Swedish Space Corporation (SSC) and all the instruméff1, M2, M3) and the magnetometer outputs can be approxi-
providers successfully complied with the magnetic cleanlineBted by alinear combination of the raw outputs in engineering
requests put up by the magnetometer team and the project. TE8its (digital bits) €U, EUs, EU3), if the transverse effect is
at Lovoe confirmed the very low magnetic perturbations fromall [7]. The effect of the proximity of the three independent
the satellite by sequentially power-cycling the subsystems. THansducers forming the sensor is negligible, because this effect
maximum perturbation came from the transmitter, causing 4 #rabsorbed into the calibration parameters [11]. Hence, the re-
at the boom-deployed magnetometer sensor [9]. The data &ipnship for the Astrid-2 magnetometer is

then be cleaned for these well-defined events and identifiable
perturbations.

The pre-flight calibration of the magnetometer provided the
means to qualify and model the behavior of the instrument be-

fore launch. The magnetic field vector can be expressed as Yere O
linear function of the three raw 20-bit outputs of the magngs er tr’ian

tometer.
First, an orthogonal system is constructed by using the mag-
netic sensors as an intrinsic reference system frame [10]

Ml aii1 0
My | = |ax a2
3 31 a32

01 [EU, -0,
ol lEL-0.]. (@

ass EUg — 03

is the offset vector and;; are the components of the
gular calibration matrix.

IV. DATA SELECTION

There were two criteria for selecting the data: 1) the period

iEdl

jEkXdl
d1><d2

k=———.
|d1><d2|

had to be magnetically fairly quiet and 2) lack of ACS maneu-

vers. If the currents normally existing in the ionosphere and
) magnetosphere are enhanced as a result of perturbations driven

by the Solar Wind, they cause changes in the magnetic field.
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This cannot be described by a global model based on a scé s Asticr2 O7/02-199%: Wagnetic ntensity with pre-fight ozt

potential and on the nonexistence of such currents. The peri
chosen is the day of February 7, 1999. On this day the Kp ind: ol |
was less that-8 for any of the three-hour intervals, and the sun ‘\ ﬁ

T T

for the whole day was 22. The Ap index for this period was 13. |
These indexes were retrieved from [12]. The index measurir 3 ;
the state of the ring current Dst has also been retrieved from t ‘

World Data Center for Geomagnetism WDC-C2 at Kyoto [13]%,,|

and it has a standard deviation value of 3 nT with a maximu®
value of —11 nT and a minimum of-23 nT.

The other constraint for selecting the data is the activity of th
ACS. If the magnetic data is to be used for a vector field mode
then the orientation of the satellite spin axis has to be stable
inertial space. This means that there should not be any large A {
tude Control System (ACS) maneuvers. The Astrid-2 satellite sio, ‘ . , , ,
a spinner with the solar panels orientated approximately perpe  ° 200 “00  minutes s 00:00 U 07/02.1568] 1200 1400
dicular to the Sun vector. When the angle between the spin axis
and the Sun vector differs by more than a few degrees (Cauggj& Astrid-2 magnetic intensity for the day Qf 07/02-1999 computed from
by orbital plane i), then the ACS takes action to Correct thie 2SN ometer qupuis s refioht calbvaion, Te computed scaor
The absence of ACS actions was actually the main reason #dplotted on top of the curve (visible only in the magnified trace on the left
selecting February 7, 1999, despite the fact that the magnggom side).
conditions were only moderately quiet.

The scalar value of the raw data for February 7, 1999, is ¢
picted in Fig. 3. This has been computed using the pre-flightci,. . . __. . E—

RAW data DVD t

e

174
15 420

NORAD 2-line-elements

ibration without temperature correction. The thickening of th Lo Bded . P ey

traces shows that the spin is not completely removed indicati - same-rob HoussKesping ke |

that applying a simple pre-flight calibration set of paramete -, } i T

without temperature correction is not enough. The comput p;;}an;f . , L

scalar magnetic field from the IGRF95 model extrapolated eanina e e T e
the involved epoch is plotted on top of the curve but it is nc — - —

visible due to the scaling. A magnified time series in shown ¢ mSE S

the left bottom side of the figure. There are some few outlie . 7T caueraTION .

in the raw data indicated by the vertical lines stretching to tt poeeet SOARMOBEL e
top or the bottom of the panel, and these have been elimina [T

|77 sPIN ALIGNMENT

before further analysis. The total number of Astrid-2 magnet e ASPINALIGRMENT,
vectors for February 7, 1999, is 1 999 166 taken at both 16- aiu —
256-Hz sampling rates. This dataset was subsampled by a fagigrs. Biock diagram showing the steps for organizing the Astrid-2 data set
of 8/128 if the sampling frequency was 16/256 Hz, respectivefyr Magnetic Main Field investigation.
(taking every 8/128th vector) to 2 Hz giving 176 543 vectors.
There were 82 outliers in the subsampled data amounting to ahe B-field data come at different rates. In normal mode, the
total of <0.05%. magnetometer is sampling at 16 Hz. As the satellite crosses the
auroral zones, the rate is switched to 256 Hz in order to observe
the more variable auroral phenomena with a higher bandwidth.
The 2048-Hz sampling mode is rarely used in space, because
Presently, a complete copy of the data from the Solmd limitations in the internal memory. The delay that occurs by
(Northern hemisphere) and Sanae (Southern hemisphesw)jtching between the 16-Hz and 256-Hz modes is corrected for
ground stations exists at OerstedU. This represents aboutwhen extracting the data from the raw data files.
30 Ghyte of raw data from the downlink telemetry stored in Each of the magnetometer samples is associated with a time-
DVD format. Subroutines for extracting the necessary informatamp that is related to a specific initial time, which corresponds
tion from the data have been developed and implemented. Thehe time when the Astrid-2 main computer was last reset. In
block diagram in Fig. 4 represents schematically the procemsler to determine accurately the internal time relative to the
by which the data is used. This includes the magnetic scientifimiversal Time (UT), the satellite computer records the value
data (andE-field probe data where needed), the time relative @f the counter when there is a contact with the ground station.
the satellite internal counter and the housekeeping data of #fee counter frequency can be established with high precision
magnetometer with the temperatures of the sensor and of theing a downlink, since it is related to the satellite oscillator.
electronics. The readings from the Sun sensor are also extradethble relating this time to UT is available from the project
in order to have an initial estimate of the spin frequency arahd is used for converting the relative time provided by the in-
phase. ternal counter. The time-table error is stated by the project to be

V. DATA PREPROCESSING
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Astrid-2 07/02-1999: Data coverage

less than 0.1 s in the worst case. This corresponds to lesstl o
700 m in position along the orbit and to less than 1.5 nT in tt
scalar field, which is comparable with the position accuracy dii 2 .
cussed below. The switching between different sampling mod
produces some fluctuations in the timestamps, which have I
be compensated for. This is done by looking at the magne 4| :

data that usually come equidistantly in time regardless of tin :
stamp errors. If a correction was not possible, the magnetic ve_ r:
tors were disregarded. In order not to introduce any erronec= :
signals, the data has not been filtered when used in the geom
netic modeling. Instead, the data is subsampled with a speci
interval of 0.5 s between samples. This is still a tremendo!
amount of data and it is further subsampled by a factor of 1(
(selecting every 100th sample, see Fig. 5), giving 1766 poir
that are used for further analysis.

The timestamp associated with each measurement was u
to compute the position at which the observation was carri
out, and, for this, information about the orbit is needed. The
satellite did not carry any device for position determination angy 5. Giobal coverage of the Astrid-2 data for 07/02-1999. The 256/16 Hz
this was the reason to use orbit data from the North Americéata is sub-sampled to 50 s without any post-filtering. The position is computed
Aerospace Defense Command (NORAD) who maintains gefﬁr- each data point from the NORAD TLEs using the StarTrack prediction
eral orbital element sets on all resident space objects. These gle
ment sets are periodically refined so as to maintain a reasonable
prediction capability on all space objects. These element setgnponents specified in terms of an intrinsic orthogonal sensor
are “mean” values obtained by removing periodic variations ine@ference system based on the magnetometer sensor’s physical
a particular way, and they are provided to users who then willagnetic axes (see Fig. 6).
have to reconstruct and re-introduce these periodic variation®s discussed above, the calibration was performed with the
(by a prediction model) in exactly the same way as they wengagnetometer on-board the flight configured and operating
removed by NORAD. The software for this, StarTrack v2.1.8atellite. The pre-flight calibration parameters thus include
is supplied by Dr. T. S. Kelso [14] and is capable of predictinghe influences from the satellite and all instrument nonlinear-
the position of the satellite from the UT time and the orbitaties. The calibration coefficients are temperature dependent.
two-line-elements (TLESs) for the specific period, where the p&ecause of the tight schedule, only the Astrid-2 flight-spare
sition is required. magnetometer was thermally characterized at the “Magnet-
srode” facility of the institute of Geophysics and Meteorology
at the Technical University of Braunschweig, Germany. The
sensitivities’, the offsets’, and the nonorthogonal angles’

The scalar calibration uses the field measured by a scalagrmal coefficients for this magnetometer ar#3, —11, —11
magnetometer and the computed scalar field of the vector magmFC, 0.02, 0.01, 0.46 nTC and 0.17, 0.33, 0.53 arcsec/,
netometer that is parameterized by nine parameters for the cegswectively for the three axes [7]. These thermal coefficients
of a linear magnetometer like in (3). These parameters are: &€ assumed to be the same for the flight sensor unit based on
three offsets, the three scale factors, and three nonorthogdh&lidentical construction and production.
angles between individual axis. If the magnetometer is exposedrhe pre-flight calibration was checked in-flight by comparing
to fields in all directions, it is possible to determine these nirthe in-flight measurements with the predicted scalar magnetic
parameters independently both on ground and in flight withofi¢ld derived from the extrapolated IGRF95 model. The in-flight
knowing the external orientation of the magnetometer. This ¢salar calibration residuals based on 1766 data points and the
used by MAGSAT and Oersted. However, Astrid-2 does nstalar field computed from the IGRF95 extrapolated to the time
carry a scalar magnetometer and therefore, in-flight it has @b the data are shown in Fig. 7. The orbital temperature varia-
used the input scalar field from the magnetic field model. Durintipns of the sensor only amounted to a fé@, and therefore,
pre-flight calibration, the Astrid-2 satellite was set up at thfor this specific day, no thermal correction has been taken into
Lovoe Magnetic Observatory of the Swedish Geological Survagcount. After this in-flight adjustment of the pre-flight cali-
on May 15-16, 1997. The vector magnetometer measured Hration, it was observed that the spin frequency was heavily at-
Earth’s magnetic field while the satellite was oriented in 60tenuated in the scalar magnetic intensity residuals. The differ-
different directions with respect to the field by tilting and turningnce between in-flight and on-ground calibration parameters is
the whole satellite. At the same time the intensity of Bvield due to the temperature at which they have taken place (below
was recorded with a scalar proton magnetometer. A compariseB0 °C and+20 °C, respectively). These are the result of the
between the vector and scalar magnetometers was then mselesor and electronics thermal effects and are of the order of 50
in a scalar calibration [4], [5], [10] and this gave the pre-flighbpm/f C. The standard deviation of the single points in Fig. 7 is
calibration parameters used for transforming the raw data irdbout 18 nT,,,, reflecting, among other things, the differences

100} }

50 100 150

o
b0

VI. MAGNETOMETER CALIBRATION

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 10,2010 at 05:04:15 EST from IEEE Xplore. Restrictions apply.



MERAYO et al. SPINNING ASTRID-2 SATELLITE USED FOR MODELING THE EARTH’S MAIN MAGNETIC FIELD 903

Scalar Calibration of the Astrid-2 Vector Magnetometer, Lovoe May 1997 Astrid-2 07/02-1999; Bmag-Bmodel (Scalar Calibration)
10 T T T T

60}

S
-
88 [nT]

Intensity residuals (nT)
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setting nr. t minutes since 00:00 UT 07/02-1899]

Fig. 6. Astrid-2 magnetometer pre-flight calibration at the Swedish magnefity 7. Astrid-2 magnetometer in-flight calibration residuals by comparison

observatory Lovoe on May 15-16, 1997. The 60 scalar field residuals showpy, the IGRF95 model field extrapolated using the prospective secular
have a standard deviation of 1.8 ). The first 48 residuals corrected for a,,ariation. The standard deviation is about 180T

site gradient show 1.3 nl,s. The last 12 a value of 2.4 pJ.

. ) . ap the sources below and above the satellite altitude, respec-
between the actual slightly perturbed field at the satellite on F;‘%ely' The internal sources in the Earth’s core are customarily
ru?rr%/ 7, 19990] and tfh € p;lr.e?:tcted sc?lar \{?Iue frofrp tr:]te ICT_EF odeled up to degree 13 because here the magnetic power spec-
i N procet ure ot n-t Igl (t:otrretﬁm‘g‘:] E; pre-Tig Cla'drairum has a knee. For greater than 13, the wavelengths are of
lon parameters 1S equivaient 1o the “analysis In payload Ciya orger of or less than 3000 km, and their signature is associ-

ordma_tes_ mentioned in the dlscuss!on_ section O_f [15]. Fora%d with the crustal sources [18]. At the satellite altitude, there
well-distributed data set (the magnetic field covering all d|re%

'xésts current systems and although some dynamic processes in

tions n thg Sensor coqrdlnatg sys_tem), itis generally ?"CCEF’{ﬁ ionosphere have these spatial spectral characteristics, their
that adjusting the pre-flight calibration and at the same time cq

fructi del of the field i i ieldi anature is not static in general. Some of these current systems
S :juc mgda TO ff ot € fleth IS al_ck:)ont\_/ergend pro%esl_s yieldi pecially in the auroral zones) cannot be modeled in a global
independent estimates ol the calibration and modeling CoeWls o ang act like noise in the determination of the potential

cients [16], [17]. Adjusting the magnetometer calibration leagg, o The magnetosphere is modeled by only three external
to higher quality model coefficients, but does not influence tq:

efficients reflecting the homogeneous field from the Equato-
model apart from what follows from decreasing the overall da g g g

e A le of a short ti SR in Secti IF | ring current, and the time variation of the ring current is
hoise. An example of a short time series is given in Section IX,, - int0 account via the Dst index by [19]

VII. M AIN FIELD MODEL DERIVED FROM SCALAR DATA ¢} = +18.4—0.63 - Dst

In a current-free region, the magnetic field can be derived as gt =—1.1-0.06 - Dst
the negative gradient of a scalar potentigwhich is a function s) =—3.340.17 - Dst. (5)
of the spatial coordinates (and also the time). Thus

The attitude of the magnetometer is not needed for estimating
(3) a main field model from scalar data. In this case, the intensity

. ) ) . computed from the calibrated magnetometéris used to de-
In the spherical geometry, as is suitable for geomagnetisfg, nine the Gauss coefficients. thus

this scalar potential function is expanded using the spherical
harmonics

B=-VV

B=|VV| =M. (6)

Vir, 0, ¢) = “Z Z {(2)"“ (g™ cosme + h™ sinme) A main field model derived from scalar data only, is known
T to be corrupted by th8ackus effecfl9]. There are tesseral

terms of ordern = n that are not well resolved, as they are
highly affected by noise and by unmodeled sources. This is due
to the fact that an additional field perpendicular to the local field
wherea is the mean radius of the Earthh £ 6371.2 km), P;*  may exist, which can still produce nearly the same scalar value.
are the associated Legendre polynomials of degraed order When models derived from scalar data only are compared to
m, gnt, bt g7, sit, are the Gauss coefficients, and ¢, ¢) models from vector data, believed to be the more correct ones,
are the spherical coordinatesis the distancef is the co-lati- there may be large discrepancies around the dip Equator. These
tude andp is the longitude. The coefficient’, ;" andg)*, s;*  differences are most enhanced in the vertical component, and

n=1 m=0

+ (%)n (g cosme + s, sinme) } P (cos8) (4)
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8 -B, X X

they can be up tac2000 nT. Solutions to this problem can be SN o Astric-2 IGRP 2000
devised when satellite vector data is not available, as is the ci e 15 T v i
in the present work. The inclusion of vector data from geoma 0“””“\@\,@}&3/2 2 :\AP e > %

. . oy epe 30~ = N T e~V 0~
netic observatories could be one possibility. Such data, howev . _ |( 0;( 7y ’Svm“/p/\/' = ol S& o~
are not evenly_distributed over the glc_)be_being very sparse int® }&Z\\:\\Jﬁ\jﬁ/\/\\)f\ ]/@m\& B %%%W
Southern hemisphere. Another solution is to constrain the mot V" SV ~ T o °%
by somea priori knowledge of the position of the dip Equator. , @f 1577 A % G
In other words, the positions, where the vertical component s © a0 e o S50
the geomagnetic field is expected to decrease to a very si v "ﬁi’ 5 ‘”z”

Astrid-2 " IGRF2000 "Astrid-2 TIGRF2000
value, are used to force the model to attenuate the Backus ¢ o ——— —— =
v . V ‘Er—;gro\\v/r;_

crepancy. R '
This has been implemented here in the following way: whe! ﬁn@p IJCJMQ Qf\f\f
ever the vertical component computed from the extrapolat‘g % J \\ VIRV
IGRF95 model is withirt=2000 nT, then the predicted vertical \#@@ igj J M\“}&/%%)
3 ¥

152

5

?3 °’°”M>@(
/@7@(5@% %*L

o[
8

V’z

component from the IGRF95 model is included alongside tt L L J W“\/\.’\ >
. . ; N y Ny ()
observed scalar value. Here the assumption is that the relal o’ g ol P
180 0 -180 180 0 -180

time drift of the dip equator is smaller than the overall seculz o0
variation for the same period of time. This accounts for an in-
crease of about 3% (55 extra points) of the total number of datig. 8. Difference between the IGRF model and the Astrid-2 model derived
pomts A comparlson of the resultlng model with the extraﬁrom scalar data and constrained by the dip Equator position. The latitudinal
stripes of the contour lines (in steps of 15 nT) are caused by the poor orbit
olated IGRF95 model is shown in Fig. 8. Since we are Cortribution density, as shown in Fig. 5.
paring two models, the high latitude data do not need to be dis-
carded; furthermore, the errors of this comparison are larger in
the Equatorial region. The overall rms value for the intensitv
(B), north (- X), east "), and radial £ Z) components are
18.0, 14.5, 7.6 and 18.6 n];, respectively. This means that
the Backus effect has been heavily reduced by constraining = znt
model only slightly, and the direction is resolved satisfactoril
around the dip Equator. The discussion in [20], that “the error
the resulting model is simply constrained at the equator by ¢
ability to update the location of this equator, and elsewhere
the quality of the scalar intensity data,” applies equally well fc a0
the Astrid-2 scalar model.

The data (1766 scalar points) for the period chosen has p
duced a model whose scalar intensity is computed and plottec ;o
Fig. 9. Because the data is equally spaced in time, a weighti '
factor has been introduced in order to simulate an even spa 140
distribution of the data over the surface of the Earth [19], [21
The weighting factor depends only on the geographic co-la
tuded in the form in 6)/5, since the priori overall error of the 180 ! ! : J . .
magnetic data due to unmodeled effects is estimated to be at W wm ¢[[L] 0 w18
5 nT. A nonlinear least squares estimator is employed to obtain
the coefficients of the main field model. The starting point is Big. 9. Scalar field at satellite altitude computed from a magnetic main field
tilted dipole (the IGRF95 model truncated to degree= 1), model derived from February 7, 1999, scalar data measured by Astrid-2.
and convergence is achieved in a few iterations.

The residuals show a characteristic pattern with the datathe epoch of the period under examination here up4010.
fitting the model better in the Equatorial region wheré&lowever, it is worth noting than for degrees greater than 10 the
field-aligned currents are absent, while their presence in tbeefficients are not resolved properly, since they are expected
Auroral zones is observed at high latitudes in Fig. 10. The decay as the degree increases. One reason for this behavior is
misfit standard deviation for latitudes less thar? 58 4.54 that the altitude of Astrid-2 is probably too large for resolving
NT.ms, and the overall misfit including the polar caps is abouhese coefficients and that they may be contaminated by other
10 NTyms. sources such as currents crossing the satellite altitude and pos-

The rms scalar difference between the extrapolated IGRF8bly by spatial aliasing of wavelengths shorter than about 1000
model and the Astrid-2 model is significantly larger than thlem. The covariance matrix (square matrix with dimension of the
Astrid-2 model data scatter of 4.54 nT, indicating the significamrder of 200) is based on the data and weighting factors used. It
change in the Earth’s main magnetic field from what is predictesthows that the ratio between the diagonal terms and the insignif-
by a simple extrapolation of the IGRF. The resulting model isant (in most cases) off-diagonal terms is up to orders of mag-
given in Table Il, which matches the IGRF2000 [22] propagatattude (see Table lll), demonstrating that the orthogonality con-

o]

Astrid-2 07/02-1993: Contour lines (T} of the scalar field model =13 & n_=1+Dst}

40 &

B0

8l

100 +,

160
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Astrid-2 07/02-1999: Bmag-Bmodel (nim=13 & nex‘=1+Dst), misfit¢]a]<507) <4.85[nTRMS]) TABLE 1
! MAIN FIELD MODEL COEFFICIENTS
40
30 - : : : : o n m Zum hym nm g hum
‘ o (nT) (nT) (nT) _ (nT)
s 1 0 -29626.90 0 10 0 -0.89 0
i1 -1741.30 5201.04 10 1 -524  3.62
or 2 0 -2254.10 0 102 272 -041
£, 2 1 3068.72 2460.88 10 3 -4.00 3.70
@ 2 2 167161 -450.87 10 4 -047  4.50
ol 30 132281 0 10 5 425 -539
3 1 228570 22254 10 6 117 -1.76
o0l 3 2 125377 29623 10 7 271 227
33 72281 48147 10 8 366 227
30 4 0 93020 0 10 9 -1.68 -1.05
4 1 78686 26925 1010 -0.15 -7.16
-40 4 2 26021 -23213 11 0 184 0
4 3 40775 11495 11 1 -099 141
0 2(0 4[0 GIO 80 100 120 140 180 180 4 4 113.59 -301.19 I 2 -3.03 0.96
o[l 50 -209.75 0 11 3 129 -043
5 1 35066 3756 11 4 009 -2.80
. . e S 2 22327 17016 11 -1. -0.
Fig. 10. Difference between the scalar magnetic field model and the scalar > 1.34 009
. ; ; 53 -127.84 -13454 11 6 081 -1.13
measurements of the Astrid-2 satellite for February 7, 1999, plotted against 5 4 -168.17 -44.20 17 035 567
geographic co-latitude. The presence of the auroral regions is noticeable since 5 s -13.76 106.82 11 8 1.69 :1'23
the spherical harmonics model cannot account for the field-aligned currents. 6 0 7527 0 9 -1s4 313
6 1 67.74 -1513 1110 -1.02 -2.86
" . . . . 6 2 73.08 6479 1111 350 -1.09
_d|t|on of the_ spherical harm_onlc functions for the given dataset 6 3 16274 6514 12 0  -140 0
is partly fulfilled. Important is also the fact that the day was not 6 4 395 6012 12 1 106 220
extremely magnetically quiet and that time changes in the field 6 5 16.40 342 12 2 184 086
will contribute to the data noise. 66 899 4171 12 3 010 14l
i , N . 70 7527 0 12 4 -113 -129
In order to investigate the significance of the higher degree 71 222 618 12 5 199 175
terms, we have computed the low-latitude50°) scalar resid- 72 021 2515 12 6 -1.04 054
uals of models of degrees 10, 11, and 12 to be 5.94, 5.70, and ; i 3;23 22'(2)51‘ i; ; ‘2"3‘2 -8'242;
5.17 nT, respectively. The hlgher than 10th degree terms thus 75 872 1672 12 9 263 0.9
only reduce the data spread slightly, and they are of minor sig- 7 6 687 2357 1210 -573 -0.70
nificance in the model, as noted above. 77 -1.74  -588 1211 -033 -6.18
The Danish Oersted satellite is dedicated to and designed g (1) 2‘71'313 " 62 g 1(2) 'g'gg '4'78
for very accurate measurements of.the vector components of g 4 684 2154 13 1 -005 -1.19
the Earth’s magnetic field. Comparison of the Astrid-2 data 8 3 937 741 13 2 095 -0.93
with those of Oersted indeed proves that the measurements 8 4  -1672 2139 13 3 -008 177
of Astrid-2 are suitable for main field modeling. A combined g 2 g'g; 1;.22 g ‘5‘ 'g'zg :(1)';(7)
Astrid-2/Oersted model of degree 13 for the internal static 3 7 541 -1415 13 6  -070 -021
part (corrected with an internal secular variation of degree 8 8 8 <731 <151 13 7 L7319
from the IGRF2000) and degree 1 for the external contribution g (1) ;'83 . 2‘; g g (1’;2 '?-‘213
(in _addmon tc_) a correction to the D§t depen_den_cy) has been 9 2 124 1233 1310 -108 216
derived by using Oersted data spanning a period in 1999 (OVH 9 3 766 1274 1311 5.61  -0.95
data from 17/3, 23/3 and 15/4; and both OVH and CSC data 9 4 555 -585 1312 -236 10.80
from 11-12/5, 17-18/5 and 12—22/5) and the Astrid-2 data set g 2 'g;‘; 'Z"S“S‘ 313 574 171
for February 7, 1999. The data used consist of: Oersted vector 4 5 813 287
data from the fluxgate CSC magnetometer (1599 triple points), 9 8 071 -7.94
9 9 -7.71 4.18

Oersted scalar data from the Overhauser OVH magnetometer ) A A
(9431 points) and Astrid-2 scalar data (1766 points). Fig. 11 o o e e e g 7 (© de8iee 13 and derived fom the

shows of the residuals of these data sets using a common

model. Concentrating on the scalar residuals, Oersted gives

a scalar misfit (latitude<50°) of 2.38 nT,,, whereas the data suited for auroral studies. This comparison supports
Astrid-2 data has a standard deviation of only 4.48,nTabout the claim of very high stability and mapping quality of the
the common model. The vector residual rms are: 5.48, 5.68trid-2 science magnetometer, and the absence of a bias in
and 5.05 nT for the three components of the magnetic fi&ld ( the Astrid-2 data compared to the Oersted data constitutes an
Y, Z), respectively. Oersted was designed to provide vectiwependent test of the success of the in-flight adjustment of
components with this accuracy, whereas the main purposetie@ Astrid-2 pre-flight calibration Therefore, the Astrid-2 data
the Astrid-2 magnetometer was to provide high time-resoluti&gt is self-consistent and consistent with the Oersted data.
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TABLE Il matching the on-board measured magnetic field components.
COVARIANCE MATRIX COEFFICIENTS The problem has to consider the vast class of spacecraft dy-
namics modes, force-free or under attitude and orbit control ac-
tions. Even so-called “force-free” dynamics will have to take
g 2962 18416 572 27.02 gn 026 9654 046 44l into account a number of dynamics perturbing residual forces
e -1.74 3034 -042 -635 hy -023 9294 374 316 and effects, if arcsec accuracy in the attitude is desired. The spin
hoo 5200 3756293 025 g -040 8276 -1.66 062  gyisis fairly fixed in an inertial frame but there are some modu-
g0 225 11851 762 695 hs 011 8303 1717 054 ) i
@ 307 13516 024 231 gu 011 1647 037 -058 lations that have to be corrected for. The simplest types of mo-
hy 246 14256 2369 591 hy -030 1709 042 146 tions will have to be considered first in order to investigate the

en 167 2787 175 969 g -021  99.04 069 -128 ; ; L _
b 045 2302 090 080 s 035 9694 -006 2.8 feasibility of simultaneous dynamics and magnetic field mod

oo 132 13195 114 749 hs 004 9712 232 157 eling.
5 =229 10897 -076 541 g 022 9086 016 279 Astrid-2 is a spinning satellite with the spin axis normal to

022 11272 203 460 hp 017 8786 518 151 :
125 10894 135 131 ge -003 7774 -108 212 the solar panels and a spin frequency of the order of 9 rpm. The

1

2 . - - -
ha 030 10549 1877 -0.13 hs -0.13 7840 548 3.29 stable flat spin of the satellite about the body axis of maximum
& 8;; ;ggg ;?g }8‘7‘ 1 -g(l)z gigg 11-% 853 moment of inertia constitutes a very basic and simple motion
N3 -U. . . -1. 54 -U. . . =U. . . e e . .
o 093 11281 229 086 g -001 1400 -022 -074 and ensures an almost constant attitude of the spin axis in inertial

gn 078 10937 000 186 hss CI1 1346 -027 025 space, and therefore the accomplished stability of the satellite is

(1T) Cii Cirni Cesnyi ()] Cii Carnyi Casyi

ho 027 11039 629 244 - : conceptually simple to model. In the following, the observed
Diagonal (Ci), 17 Off-Diagonal (Cgepy) and 2% Off:-Diagonal (Ces) dynamic stability of the Astrid-2 satellite is demonstrated based
elements of the Covartance Matrix (only up to n=5) for the inversion using . i X
the data set 10 obtain the model of table II exclusively on magnetic data, and the prospects for modeling

the dynamics to the arcsec level are discussed.
Let M be the calibrated magnetometer measurements in the

Oersted / Astrid 2

T

E; | ] magnetometer reference system avid ¥ the magnetic field
= 2%; i3 in a coordinate system having one of the axes parallel to the
5 Astrid 2F ? ’ | spin axis, i.e., the spin motion is not seen in that component of
8 10t R AR the magnetic field (see Fig. 12), whereas the other two compo-
2007 ios i | nents see the spin with a relative phase Gf.9d~ is the corre-
EE sponding magnetic field in the despun inertial coordinate system
49 50 (<] 70 80 a0 100 110 120 130 140 .
t{days of 1999] (not shown). The measurements in the magnetometer reference

system, and in the spin-axis-aligned inertial system are related
by three rotation matrixeg;, R, andRs

30 T T T

M? = Ry (®)Ry(f)Ra(a)M. 7

residual [nT]
<
T

The alignment angles and 3 are very small under the as-
S sumption that the: axis of the magnetometer is almost aligned
30 60 0 120 150 1w to the spin axis (the mounting orientation of the sensor has been
& [deg] . . . . .. . .

designed in this way). The spin phase is introduced,iwhich

Fig. 11. Astrid-2 scalar data (as function of co-latitulefor February 7, iS related to the spin frequenayby

1999 (cyan color) compared to the data of the dedicated geomagnetic satellite

Oersted. The spread of the scalar measurements are 2.38ad 4.48 N, d =wt+ Py (8)

for Oersted ar_ld Astrid-2, respectively. (Courtesy of N. Olsen, Danish Space

Research Institute.) where®, is a reference phase angle, arid the time.

The observed alignment angles are plotted in Fig. 13 as func-
tions of time for several orbits. A pair of angles&ndg) are es-

The attitude of the magnetometer has to be known to a certtimated by using a few spin periods of magnetometer calibrated
accuracy for two main reasons. Firstly, if vector data is going tiata, and this is repeated consecutively. The quality of the solu-
be used for main field vector modeling, geomagnetic reseanibin for the angles depends upon the variation of the magnetic
or external field sources investigation, it is important to very adield, and that is the reason why it is not possible to determine a
curately determine the absolute orientation of the vector mags@lution with enough accuracy in the polar caps (see the gaps in
tometer coordinate system. Secondly, ifitis possible to establisiy. 13). As assumed above, these angles are small with mean
the orientation of the magnetometer in a reference system, Eardltues of less than one degree. Their long term variation with
or Sun related, then it is also possible to determine the attitutii@e is within 60 arcsec peak-to-peak or of the order of one hun-
of the spacecraft. dredth of a degree over several orbits.

It was previously proposed [23] that the process of modeling The magnetometer thus “sees” the Earth’s magnetic field
the Earth’s main magnetic field and at the same time to modedctor spinning about a definite axis in the magnetometer
the dynamics of the spacecratft, i.e., the magnetometer cooslistem. Above, this axis is identified with the satellite spin
nate system absolute orientation, would yield independent estkis, because the magnetometer sensor is fixed to the satellite.
mates of the magnetic field model and of the satellite dynamiéssuming for a moment that the spin axis is constant in inertial

VIII. A TTITUDE RECOVERY AND VECTORFIELD MODELING

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 10,2010 at 05:04:15 EST from IEEE Xplore. Restrictions apply.



MERAYO et al. SPINNING ASTRID-2 SATELLITE USED FOR MODELING THE EARTH’S MAIN MAGNETIC FIELD 907

< Still, this effect is also contained in the observed 60 arcsec vari-
) ation.
M MS =M Any variation of the mass distribution of the satellite, in-
L. M cluding the flexible light-weighE-field probe wire booms and
0} B the science magnetometer sensor, will violate the rigid body as-
(Spinmxis) sumption of a constant spin vector in inertial space, and such
changes will also be reflected in the variation of thangle as
well as of thed angle.
The fact that all these effects, and other perturbations not con-
sidered here, give no more than 60 arcsec changes over sev-
. eralorbits in the apparent direction of the spin axis, holds great
ey B »Ms promises for further work aimed at modeling and compensating
o . for the observed variations. A factor-of-5 improvement in the
M knowledge of the apparent spin axis orientationtH6 arcsec
M, o corresponds to less that2 nT in the 40 000-nT field. Further
work on modeling the satellite dynamics will investigate the fea-
> sibility of this.
In order to despin the data, the spin frequeacstiso has to
Fig. 12. Astrid-2 magnetometer systevl and the spin-axis-related hbe known to a very high accuracy. In the ideal case, the spin fre-

satellite reference systel”* that spins about théZ;7® component. The : P
corresponding despun system is representedVby (only first component AUENCY would be constant. But it has been found that this is not

shown). quite the case, as the frequency varies periodically and related
to the orbital phase. Once again, any change of the moments of
PO e e e e L N— inertia of the spacecraft due to mass distribution changes would
Fo 7 - B aremin : ‘ i influence the spin frequency. Also, the slow change (compared
- r -— -t ¢S M, _.' . 1 to the spin period) of the inertial direction of the Earth’s mag-
£y . ; £ Co ;| netic field vector along the orbit will influence the spin rate, and
O AL ! 7 W v i~ 1 21 this has not yet been taken into account in this preliminary in-
- 1 . ‘\f W w o . . . o .
a0t W 1 vestigation. This means that it is not a straightforward task to
w L J l ' ‘ ‘ ‘ l . despin the magnetic data in the spin plane to the required accu-
I 0 ! 2 3 4 racy, and any error introduced into this parameter would prop-

agate directly to the orientation accuracy of the vector compo-

- PR — nents. An example of de-spun data is given in the next section.

wr . v L The accuracy needed for obtaining the vector components
.l /f 7 / : 1 should be better thatt6 arcsec as mentioned above. Presently,
g “; o / £ 0T / i ;' ‘ 1 efforts are made to use all of the vector magnetic information
= 1/ / s . \ A\ 7/ {7 from the Astrid-2 science magnetometer. This will be the sub-

RON 3 \r ¥} W k! . . LS . . .

o\ W | ject of a forthcoming publication. The idea is that if the mag-

N ) ‘ . , ‘ netic data is presented in an inertial reference frame (that of the
’ ) ’ ’ spin axis) in which one component of the data is aligned to the
spin axis and the other two components are accurately despun,
Fig. 13. The time evolution of the alignment angtesind 3 with respect to it is believed possible to solve simultaneously for the attitude of
the mean value{f) = —44.832 arcmin and(3) = —57.547 arcmin) for  the magnetometer and the Gauss coefficients of the main field

six whole orbits. These angles are used to transform the data into a spin axi : : :
aligned reference system. Their peak-to-peak variation is less than 20 anjﬁgdel spherlcal harmonic expansion. Thus

arcsec, repectively.

t[hours since (0:00 UT 07:02-1999)

B=-VV= RECEF(t)Rg(’Yl)RQ(’VQ)R?)(’V?))MS (9)

space, then some orbit-related variations in the anglasd 3 :

X L here the angles:, 7., and~z are an alternative way of rep-

are to be expected, because the Earth’s main field vector slow . : S

ST R ; ; resenting the spin axis direction and the offset phiagerhese

changes direction in inertial space over the orbit. This effect is . . i
. X L .. angles may be time-dependent, and the time changes will have

of course, included in the 60-arcsec overall variation, and it can . . ; .

0 be modeledRrcrr is the transformation that brings the spin
be modeled and compensated for.

Another cause of orbit-related changesairand 3 follows aligned reference system into an Earth-Centered—Earth-Fixed

from the fact that the hinged boom placing the magnetomefc'eyrStem and it depends on time

sensor away from the spacecraft body is supported by a stay
holding it in position (see Fig. 1), and this stay will contract and
expand with the changing temperature along the orbit, thereby
slightly rotating the magnetic sensor axi$, about the boom  Another feature worth mentioning is the crossing of the au-
hinge relative to the satellite spin axis in the 1-3-plane. Thieral zones by Astrid-2, where field-aligned currents are present.
would explain the temporal periodic variation of tffeangle. This is shown in Fig. 14 for a short period during February 7,

IX. OBSERVATION OF AURORAL ZONE FIELD-ALIGNED
CURRENTS
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Signature of I'ield Aligned Currents
T T : T

1.5-nT error in the scalar field. The error in this direction in the

= plane of the orbit is slightly larger than the altitude error due to
" geometry considerations (the altitude is precisely related to the
A period and the plane is inertial).

P . A high-precision attitude of the magnetometer is needed for
£ accomplishing a vector model. This has been suggested by re-
z " lating the reference system to the spin axis and determining the

e o initial spinning phase and the spin frequency. The simplest dy-

5 : namic situation for this is during periods when no attitude or or-
= bital maneuvers of the spacecraft take place. The rotation axis
i ° of the magnetic field was determined in the magnetometer co-

e ordinate system. This rotation axis stayed constant in the mag-

10 ——r . . , netic sensor within 60 arcsec peak-to-peak over several orbits,
o with the perturbations being orbital phase dependent. This opens
m ° for the possibility of simultaneously modeling the satellite dy-

10— BT namics and the Earth’s magnetic field.

o The successful use of the scalar data to achieve a main field

model with a misfit of less than 5 nT away from the auroral
Fig. 14. Astrid-2 magnetometer data detecting the crossing of current she#@1€S, brings extremely good prospects for the Astrid-2 data.
in the auroral zone (in the spin-axis-aligned inertial system). The signatureTifie altitude of 1000 km, the polar proximity of the orbit, the
present in the vector components while the total intensity remains VirtuaEYrift rate of the orbital plane covering all local times. and the
constant (1 nT...). The equivalent current density is about .8/m?. . . P . g_ L .
combination with other geopotential fields missions like Oer-
sted, CHAMP, and SAC-C enhances the potential of the satellite
1999. The magnetic data are presented in the despun spin-aigespace physics and geomagnetic research.
aligned inertial system and detect a feature that resembles the
crossing of a sheet of current, since only the direction of the field
is changed, while the scalar magnitude is practically invariant to
below the 1-nT,,,; level. The current density is determined to be
about 0.8:A/m?2.

t{hours siee GO:00 T 07 02-1999)
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