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Abstract. CHAMP has so far been the most successful magnetic field mission. For achieving that, special
effort had to be invested in building a magnetically clean spacecraft. The magnetic moment of the spacecraft is
about 1 Anf. In this article we introduce a new method that allows the determination of the magnetic moment
during the mission from the average current strength of the magneto-torquers. In order to achieve precise field
vector data, the readings of the fluxgate magnetometer are routinely calibrated against the absolute Overhauser
measurements. A reanalysis of all the magnetic field data is performed which takes also into account small
disturbances from the power system. Uncertainties of the final magnetic field data are estimated to be of the
order of 0.1 nT.

1 Introduction tance level was assigned. In addition, a magnetic system tgst
was performed before launch. The purpose of this test wgs

The German satellite mission CHAMP (CHAIllenging Mini- to obtain the magnetic properties of the system and to pra-
satellite Payloads) was dedicated to systematic surveys ofide numbers for certain parameters which are needed for
Earth’s gravity and magnetic fields, as well as to perform-the processing of the magnetic field measurements. Amorig
ing atmospheric sounding (see Fig. 1). The spacecraft wathem are the magnetic moment of the spacecraft, its stat|c
launched on 15 July 2000 into a circular, near-polar orbit atinduced field, stray fields from electric currents, signature$
456 km altitude during the solar maximum phase, and it re-of the magneto-torquers, and the crosstalk from the fluxgate
entered the atmosphere on 19 September 2010 after havingnto the Overhauser magnetometer.
passed the deep and extended solar minimum period. More During the mission the fluxgate magnetometer was rour
details of the mission and initial results can be found in Reig-tinely calibrated against the absolute Overhauser magne-
ber et al. (2003, 2005). The continuous recordings over 10 ytometer. As a result of that procedure, the 9 fluxgate param-
provide an excellent dataset for detailed modelling of theeters (3 scale factors, 3feets and 3 sensor misalignment
Earth's potential fields, but it also provides the opportunity angles) are determined. Looking at the temporal evolution
to deduce the magnetic properties of the spacecraft and thef these parameters over 10 yr gives interesting insights into
characteristics of the sensors. the dependencies of the sensors on the various ambient influ-
Investigating the geomagnetic field was one of CHAMP’s ences.
prime science objectives. For that purpose the satellite car- An underlying assumption of the scalar calibration ap
ried a fluxgate vector magnetometer (FGM) and an Over-proach is that all the fierences between the fluxgate and
hauser scalar magnetometer (OVM). Both are accommothe Overhauser readings can be attributed to imperfections
dated on a 4-m-long boom. of the 9 fluxgate parameters. Any contribution of spacecraft
A prerequisite for a magnetic field mapping mission is a systems to this dierence may falsely be absorbed by some
magnetically clean spacecraft. All instruments had to pas®fthese parameters. For the reanalysis of the whole CHAMP
magnetic tests before installation. To each of them an accep-
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Table 1. Magnetic field disturbances caused by the CHAMP space-Table 2. Maximum magnetic field disturbances caused by the three
craft at the location of OVM, as derived from the system magnetictorquer coils at the position of OVM. The torquer correction matrix

test. was determined during system magnetic test and validated in orbit.
Field components X(nT) Y (nT) Z(nT) Field components X (nT) Y (nT) Z(nT)
Remanent field <0.1 -0.35 0.2 Torquer coil 1 292 -0.8 -0.8
Static induced field @ 30T 045 -0.18 -0.15 Torquer coil 2 0 _30 0
FGM-to-OVM crosstalk @ 30T  -0.63 0.4 0.45 Torquer coil 3 018 015 -35

magnetic field dataset we have extended our error model track and nadir direction it d field reducti
and allowed for additional error sources related to the powelln cross-rack and nadir direction It caused held requctions
system by 0.18nT and 0.15nT, respectively. Thiffext is partly

In the sections to follow, we outline shortly the magnetic compensated by the crosstalk of the FGM onto the OVM

cleanliness programme for CHAMP and then describe themeasurements. For the crosstalk we found under above men-
joned ambient conditions a reduction of 0.63nT in along-

structure of the routine data processing. In Sect. 4 the resultl

of scalar calibration are presented, and in Sect. 5 an extendetﬁaCk’ enhancements of 0.4nT in cross-track and 0.45 in

error model is introduced. Section 6 summarizes the mairfIadlr directions. AIthqugh all thesdfects add up to less .
than 1 nT at OVM, their influence has been taken care of in

results and makes suggestions for future magnetic field misfhe data processing. The above-mentioned magnetic features
sions like ESA's Swarm project. C d

prol of CHAMP are summarized in Table 1. Here and elsewhere
) _ the components are defined as the following: x-axis points in
2 Magnetic cleanliness programme flight direction, z towards nadir, and the y-axis completes the
triad pointing in cross-track direction.

For CHAMP, as a low-cost project, we had to avoid de- The CHAMP satellite was equipped with magneto-

manding magnetic cleanliness programmes. The approacﬂ)rquers for supporting the attitude control of the spacecraft.

§electeq was a magf‘e“c screening of all instruments beforﬁ/lagnetic disturbances caused by the three air coils had to be
installation. Each unit was taken through a three-step proce-

d M ts of i i f d “determined precisely in order to allow for affieient cor-
ure. Mieasuremen S“O magne |c”momen Were pertormed e +tion of the measurements during the mission. In Table 2
the following states: “as received”, after magnetization in a

) o the maximum field values are listed that are generated by the
m—l m -
240tA t(r? Glautss) f'?tld' and aftg;de dagﬂenzatlotnﬁ For ?C three torquers (@ 300 mA) at the position of OVM. More
ceptance the last result was considered. The two other valugg, s of the CHAMP magnetic system test can be found in

were just noted for characterization. The general ac.ceptancE.Uhr et al. (2000).
level was 10 mA m per kg of mass for any of the units. In-
struments which did not stay below this value needed special
considerations. For boom instrumentation, e.g. the two staB Routine data processing
camera heads, of course more stringent rules were applied.
More than 90 % of the units passed their magnetic test with-A basic assumption of the CHAMP data processing approach
out extra ort. is that the measurements of the Overhauser magnetometer

Shortly before the launch a system magnetic test was perare absolutely correct. Therefore, this instrument is taken as
formed in the magnetic test facility (MFSA) of the IABG (see reference for the mission. It is thus important to remove all
table before the references for further acronyms). During thisadditional fields generated by the spacecraft properly from
test it was discovered that the two cold gas pressure tankghe OVM readings in order to obtain the correct ambient field
which had not been screened magnetically, exceeded by fatrength. The major processing steps are listed in Fig. 2.
the requirement. Their magnetic moments were of the order Step 1 takes care of any delay between the time stamp and
of 1.5 An? each. Luckily, the tanks were installed in anti- actual epoch of the measurement. The internal oscillator of
parallel directions such that the magnetic moments cancellethe OVM is checked every minute against the frequency stan-
each other to a large extent. The total magnetic moment oflard of the GPS system. Deviations are considered in step 2.
the spacecraft amounted to 1.1 AnfFfrom the disturbance At step 3 the remanent spacecraft field and magneto-torquer
dipoles determined experimentally during the test, we calcufields are corrected; in step 4 the static induced field and the
lated residual fields of less than 0.1 nT in along-track direc-crosstalk from FGM are taken care of. After these manipula-
tion, —0.35nT in cross-track and 0.2nT along nadir at thetions the OVM readings properly represent the ambient field
position of the OVM. strength.

The static induced field, caused by soft magnetic mate- We have invented a new approach for tracking secular
rial, was also determined. In an ambient field of 30 000 nT it changes of the spacecraft remanent magnetic field during the
causes an enhancement in along-track direction of 0.45 nTinission. It relies on the assumption that the field produced by
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Figure 1. Schematic drawing of the CHAMP satellite with all payload instruments assigned. CHAMP flew with the boom in forwgard
direction.
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Figure 3. Variations of the magneto-torquer currents. The coloureg
lines represent daily averages; black crosses are running averages
over 260 days. The right-side scale reflects the equivalent magnetic
field at OVM. MJD: Modified Julian Day.

Figure 2. Major processing steps of OVM data.

the magneto-torquers on average just compensate the mag-
netic moment of the spacecraft. All control activities can- flects the magnetic field that a dipole at the spacecraft centre
cel out over sfficiently long periods. In the case of the very with corresponding moment would generate at the position g
symmetric shape of the CHAMP spacecraft this seems to b®©VM. For validating our assumption we may go back to the
reasonable. The magneto-torquers on CHAMP operated cortest results from the MFSA. There we obtained a spacecraf
tinuously and were practically able to maintain the full atti- field of X<0.1nT,Y=-0.35nT andZ = 0.2nT at the posi-

tude control. During normal operation only some 5 thrustertion of OVM (Table 1). These numbers fit very well the initial
firings per orbit were typically needed for supporting the at- field values of the three components in Fig. 3, but have oppd
titude control when limits are exceeded. site signs, as expected. The average curves (black crosses)

Figure 3 shows the temporal variation of the torquer cur-are used for removing the remanent fielieet from the

rent readings. The currents through all the three coils varyOVM measurements. We find an interesting temporal evolu
primarily with the local time of the orbital plane. By taking tion in particular of the y-axis. After an initial increase there
running averages over 260 days we suppressed the oscill@are two clear decreases of the y-axis spacecratft field. Periogs
tions. Within 260 days the CHAMP orbital plane precessedof decrease correlate well with the times of the three orbit
through all local times. The average curves (black crossesjise manoeuvres on MJDs 891, 1073 and 2277. During those
are considered to represent the inverse of the spacecraft magvents significant amounts of cold gas were used. Obviously,
netic moment. Each torquer coil generated a magnetic mothe magnetization of the cold gas tanks, main contributors tp
ment of 20 Ant per ampere. The right-side scale of Fig. 3 re- the spacecraft moment, became smaller with the decreasing

=2

—
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Magnetic Field Level 2 data axes andEy, Ev, Ez are the readings of the FGM. By consid-
CH-ME-2-FGM-NEC+... .
ering measurements from a full day, the 9 FGM parameters

can be determined that provide the best fit between FGM and
Figure 4. Major processing steps of FGM data. OVM data. During the mission the scalar calibration has rou-
tinely been applied. More details of the CHAMP magnetic

field data processing can be found in Mandea et al. (2010).
pressure. The gradual decrease of magnetization between the

manoeuvres can be related to the continuous consumption 9{ Temporal evolution of EGM
gas for attitude control. With the help of this approach, we P

gould properly track the tem'po'ral evo!ution of the spacecraft-rhe long and continuous CHAMP dataset provides the op-
field throughout the 10-yr mission. This method may well be portunity to investigate the long-term characteristics of the

applicable also for other missions like ESA's Swarm. FGM instrument. Here we present the evolution of the 9 flux-

Th_e processing (.)f. FGM data, as shown in Fig. 4’. re"es‘gate parameters. Results may give hints for further improve-
heavily on the precision of OVM data. Onlyfects varyin : -
y p ' YINY ments of the instrument, but are also of interest for reprocess-
on scales shorter than a day are corrected for here, e.g. tofﬁg of the data

quer fields. Slowly changingfiects Ii_ke the spacecraft field Starting with the scale factors, as shown in Fig. 5, we see
are t aken care of by th_e scalar calibration of the FG_M data, ontinuous increase. The sensitivity becomes larger by less
against th OVM readings. The FGM data processing ol-y,, 0.1 95 over the course of 10 yr. All three components
lows a similar sequence as that for OVM. Output data fromfollow the same trend. Determined variations can be ap-

S;ep.4 Zre used for the scalarlg:acljlbrat(ljopnln Stﬁg 5 thde neV"I5F3roximated very well by similar logarithmic functions (black
obtained parameters are applied, and fully calibrated vecto ines). This suggests an annealing of some electronic compo-

data are generated. nents (semi-conductor) as the cause of the change. According

h Since the sc_ala_r ca_lib_ratirc])n ils ;uchdan ir;;;ortant ;OOI _forto the instrument provider, the drift is caused by an aging of
the CI;AMEdm|S§|o|r1, It 'IS Sf, Olgy ||ntro fuce ere. Tde am the reference voltage source, commonly used for the three
Is to obtain identical scalar field values from OVM and FGM Apcs one for each component (J. M. G. Merayo, personal

readings. In order to achieve that, the vector measurements, . inication. DTU 2010)

are expanded by possible error contributions. There is a jump in the y-component scale factor early in

the mission. This is in response of a calibration manoeuvre
where the spacecraft had been flown for 12 h with an attitude
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Figure 6. Temporal variation of the angles between the sensor axes. MJD

Vertical lines mark times of 12:00 orbital local time. The cyan curve )
shows the sensor temperature and the magenta curve represents frigure 7. Temporal evolution of the FGMftsets. Constant values
fraction of an orbit that is in sunlight. have been subtracted.

rotated by 90 about the vertical axis. In this configuration describe sfiiciently well their variations over the full 10-yr

the y-axis points in flight direction and the scale facty, Fig. 5) is
can be determined reliably. During the days before the ma- 9:
noeuvre this parameter was obviously biased. It is knowng _ g . 5. |n(MJD = 150 2
that the scale factor of the y-axis is ill determined by the 0+ San( ) )

scalar calibration due to the small geomagnetic field strengtkq,\,heres0 and$S; are parameters to be determined for eacH

in east-west direction. _ component, MJD is the modified Julian day. For tiesets
Very favourable results are obtained for the angles be-yng sensor angles we choose constant values, the mean \

tween the sensor axes. As can be seen in Fig. 6, the anglgg:s gver the mission.

do not show any long-term trend exceeding 1 arcsec over the \yhen the scaling properties of the FGM measurements a

course of the mission. Constant values have been subtractgg,own, it is possible to extend the error model of CHAMP

before plotting in order to expand the scale. magnetic field data. Yin andilhr (2011) have presented an
There is an apparent variation of all three angles by abo“'approach for interpreting the remaining residuals, be-

0.00T (+3 arcsec) at a period of 260 days. Maxima coincide yyeen FGM and OVM readings. They introduce a model tha
with an ascending node of the orbit at 12 o’clock. Since thegg|yes for additional error contributions

sensor temperature changes at double the frequency as the
angles, it is dificult to_fin_d a physica_lly pla_lu_sibl_e e_xplangtion AB = [Bewl + {fx(p1)§
for the apparent variations. We will revisit this issue in the B
next section. B, By B,

The third quantity derived from scalar calibration is the +9x(p2)® +gy(p2)® +gz(p2)® + } -Bowm,  (3)
magnetometerfset. As shown in Fig. 7, there is hardly any
long-term trend and the deflections do not exceed 0.5 nT toavherep are the parameters that control the disturbances ar
often. Here again we find dominant variations at 130 andf, g are functions that describe the relation between params
260-day periods. ter and disturbance.

In summary, there is a significant change of sensitivity Here we are presenting two examples of magnetic signa
with time, but it can be approximated by a simple function. tures which are caused by the power supply system. Whg

By B,
+ fy(Pl)@ + fz(Pl)@

The other 6 parameters can be considered constant over tfige satellite comes from the nightside into daylight, large curt

whole mission. rents are flowing in the solar cells for charging the battery
When the battery is fully charged, the current strength drop|
suddenly from more than 10 A to about 3.5A — the opera
5 Extended error model tional level of power consumption (Fig. 8, bottom).
As can be seen in Fig. 8 (top), there is a small response
By assessing the temporal evolution of the FGM parameterdB (the diference between FGM and OVM readings) when
we got insight in the instrument characteristics. It seems posthe current drops. The ratio of step sizes between these tw
sible to use analytical expressions for the 9 parameters thagudden changes is used to quantify the magneteceof
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Figure 8. Magnetic signature of solar array current. The red lines
mark averages of the individual readings (blue dots). In sunlight
the battery is charged. When it is full, the current strength drops - )
abruptly. The related magnetic signature is of the order of 0.15nT ¢ * & .=50° d( 4 )/d(MID) =360°/260
at the OVM.

Figure 10. lllumination of the solar panels on the two sides during

an orbit close to noon.
solar array currents in general. CHAMP has solar panels on

both sides (see Fig. 1). It is expected that the magnfgcts
are diferent from the two panels. For that reason the size For the interpretation of the disturbance function we have
and the orientation of the magnetic disturbance vector willto consider the illumination conditions of the solar arrays on
be orbit local time dependent. the two sides of the satellite (see Fig. 10). On orbits near
We have applied Eq. (3) for interpreting the magnetic sig-dawn and dusk the sun is illuminating only one panel. Thus,
nature of Fig. 8. As controlling parameter we used the mea-at times halfway between the vertical lines in Fig. 9 mag-
sured total solar array current. The equation was solved fonetic disturbances come only from one pandfe&ts of the
the functionsf, and f,. Solutions forfy, were not stable be- left and right side follow each other after 130 days. It can be
cause of the weak ambient field in east—west direction. Fig-seen that the two solar panels cause magnetic disturbances
ure 9 shows the temporal variation of magnetic disturbancewith opposite signs. The situation where only one side of the
functions for the x- and z-components. In order to support thesatellite is illuminated is valid for orbits in the local time sec-
interpretation vertical magenta lines mark the times of 12-htors 03:00-09:00 and 15:00-21:00. Therefore, the functions
orbits and cyan lines the 24-h orbits. The disturbances shovin Fig. 9 are flat at tops and bottom over these sectors.
clear orbit local time dependence. There is a reversal of the The two solar panels generate approximately the same
scaling factor between hours around 06:00 and 18:00LT. disturbances per ampere but with opposite signs. When

J. Sens. Sens. Syst., 2, 9-17, 2013 WWW.j-sens-sens-syst.net/2/9/2013/
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CHAMP passed the equator close to noon, both panels wer AB superposed at f,
illuminated and the disturbances almost cancelled. For es MJD2852, LT: 10:54, Daily ave. Tem: 3.0 °C
timating the magneticfiect, we have to multiply the distur-
bance function with the solar current value. For orbits around
dawn and dusk, when the scaling factors in Fig. 9 are highesi
no battery charging is required. Thus, expected disturbance
are below 0.1 nT. Similar values are obtained for noon orbits.
Even though currents go up to 16 A, thigéeets from the two
panels almost cancel. Largest magnetic signatures come froi -
03:00, 09:00, 15:00 and 21:00 LT orbits when only one panel

is active, but already sizeable charge currents are needed (s
example in Fig. 8).

For a proper characterization of th&eet, a disturbance ] J
function for each of the two panels is required. Unfortu- Hhoo ~2000 000 e nfjt_ © 1000 2000 306
nately, CHAMP does not provide individual readings of the ’
currents from the two solar panels, but only the total solar AB superposed att,
current is monitored. If these two housekeeping values were MID2979, LT: 2210, Dally ave. Tem: 3.0 °C
available, they could directly serve as controlling parameters
for correcting the magnetic disturbances. In order to mitigate
this problem, we have modelled the illumination conditions
of the two solar panels for all orbits and estimated the indi-
vidual current values under the condition that the sum of both~ 2
is known. Based on these current estimates the magnetic fielg ar i
readings were corrected. S02t

In Sect. 4 we had noted that the angles between sensor axi -0.4-
showed some apparent oscillations. In the reanalysis of thi _gg|
CHAMP magnetic field data, we have used constant value: |
for the angles. As a result the residual®3, between FGM
and OVM data showed some systematic variations. For the
interpretation of the residuals we again employed Eq. (3).
We found that the battery discharge current was a suitable&igure 11. Magnetic signature of battery discharge current. During
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controlling parameterp. The task is here again to determine darkness the current (black) is high and it goes to zero in sunlight.

the functiong for each component that describes the relationQuite diferentAB curves (blue dots and red average curve) appea
between battery current and disturbance. around noon for ascending (top) and descending (bottom) orbits. B

Figure 11 as a composite figure shows in black the batter)}“c’de”ing theAB effect (green curve), the magnetic disturbances of

discharge current. In the middle part the spacecraft is in suntN® X-3Xis (magenta) and z-axis (cyan) are estimated.

light, thus no current comes from the battery. The broad blue

curve is a synchronous stack of AB curves of one day, and

the red in the middle represents the mean values. This meageclipses last longest and vanish during dalusk full-sun
curve can well be reproduced by Eq. (3) (see overlaid greerorbits. In Sect. 4 we had shown that the disturbances wer
curve) when suitable functions fgg andg, are used. The misinterpreted by the scalar calibration as variation of inter
two functions,gy: magenta and,: cyan, vary in phase with  sensor axis angles. As expected, the largest apparent deflg
the battery current. tions were found on nogmidnight orbits and noféect on

As can be seen in Fig. 11, the correlation between thedawndusk orbits.

residuals (blue curve) and the battery current is not obvi- The only other source of disturbance that was discovere
ous at first sight. In case of an ascending orbit (top panel)s the nearby start tracker. Whenever one of the cameras we

the residuals show a pliminus oscillation around the equa- into saturation, e.g. by grazing incidence of sunlight a trant
tor crossing, while for descending orbitd3 exhibits a mi-  sient signature of some 0.2nT was recorded by the FGM.

nugplus bipolar signature. Only by decomposing into Conversely, during full saturation there was rtfeet. Due to
the disturbance functions according to Eq. (3) can we ob-a missing parameter characterizing this disturbance we cou
tain the in-phase relations with the battery discharge currentnot remove it.

The disturbances have amplitudes of about 0.5nT in the z- From the results shown in this section it can be conclude
axis and half of it in the x-axis at FGM location. Here again that dynamic disturbances, such as the magné&&ces com-
the y-axis contribution cannot be resolved. These disturing from the power supply system, have to be corrected bg
bances are most pronounced on noudnight orbits, when  fore the scalar calibration is applied.

WWW.j-sens-sens-syst.net/2/9/2013/ J. Sens. Sens. Syst., 2, 9-17, 2013
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6 Summary 5. We have shown that the scalar calibration is a useful tool

for characterizing the temporal variation of the FGM
In this article we have given an impression of the magnetic properties. But in case of disturbances varying with the
properties of the CHAMP satellite. As a mission serving orbital period or harmonics of it misinterpretations will
simultaneously gravity and magnetic field research, certain result. It is thus important that influences coming e.g.
compromises had to be made, e.g. a limited boom length.  from temperature or power supply are corrected before
Nevertheless, the magnetic field mission can be regarded the scalar calibration is applied. An important prereg-
as very successful. Here we are summarizing the important  uisite for that is the availability of housekeeping data,
magnetic features of the spacecraft and the relevant instru-  such as temperature and currents, which are needed for
ments. parameterizing the disturbances.

1. The spacecraft was designed and built obeying the ruleThe results presented here may be useful for other magnetic
of magnetic cleanliness. This includes the avoidance offield mapping missions. In particular the Swarm satellites are
magnetic materials, use of twisted cables for power sup-quite similar to CHAMP. The lessons learned may be con-
plies, avoiding ground loops in the electrical architec- sidered for the evaluation of the Swarm data. Most of the
ture etc. These measures helped to keep the magnetimagnetic disturbances discussed here had amplitudes of less
moment of the spacecraft at a level of about 1%Am than 1 nT, even though it is desirable to reduce them further
The accommodation of the magnetometers on a 4-meince they are of systematic character. Even in the case of
boom helped in that remaining magnetic signatures oflong data series they will not disappear, but will produce sys-
the spacecraft caused only small disturbances. tematic errors in the derived field models on various temporal

and spatial scale lengths.

2. A new approach is presented here for monitoring the
spacecraft remanent magnetic field during the mission.

By assuming that the magneto-torquer action on averAbbreviation and acronyms
age just cancels the magnetic moment of the satellite,

the applied currents can be used to estimate the mag-CHANIP Challenging Mini-Satellite Payload

netic evolution of the spacecraft. In case of CHAMP this ©0C Centre of Gravity

method provided reliable results, which were verified ESA European Space Agency

in the commissioning phase by comparison with pre- FGM Fluxgate Magnetometer

launch calibration data. During the mission the magne- GPS Global Satellite System

tization changed approximately in line with the cold gas IABG Industrle-AnIag.en-Be.trlebs-GeseIIschaft

tank pressure. Confirming the dominance of the tanks MFSA Mag_n_et-FquI-S|mulatlons-AnIage

for the CHAMP magnetic properties. MJD Modified Julian Day
NEC North-East-Centre coordinate frame
OVM Overhauser Magnetometer

3. For maintaining a high reliability of the CHAMP mag-
netic field data during the mission, the absolute scalar
Overhauser magnetometer was used for calibrating rou-
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