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Abstract. We present the first in-flight results from a novel spacecraft environments have different capabilities ardye
miniaturised anisotropic magnetoresistive space magmeto application of magnetometer data has different requirésnen
ter, MAGIC (MAGnetometer from Imperial College), aboard in terms of cadence, accuracy, noise etc. thus the intersded u
the first CINEMA (Cubesat for lons Neutrals Electrons and cannot be isolated from the methods used to recover accurate
MAgnetic fields) spacecraft in low Earth orbit. An attitude- magnetic field measurements, since one drives the other.
independent calibration technique is detailed using tkerin Attitude control knowledge often results in rather coarse
national Geomagnetic Reference Field (IGRF), which in therequirements of just a few degrees ( etal.,
case of the outboard sensor is temperature dependent. ), corresponding to an absolute accuracy in a given field
show that the sensors accurately measure the expected absmmponent2000 nT or greater at low Earth orbit (LEO),
lute field to within 2% in attitude mode and 1% in scienge equivalent to at least-4%. In contrast, for scientific ap-
mode. Using a simple method we are able to estimate thelications the requirements are more stringent and depend
spacecraft’s attitude using the magnetometer only, thas ch on the precise goal: for example the ESA Swarm mission
acterising CINEMA's spin, precession and nutation. Fipall aims for sub-nT absolute precisian (Friis-Christensen/et a
we show that the outboard sensor is capable of detecting tra). However, if the scientific requirement is to be able to
sient physical signals with amplitudes20-60 nT. These in=s  detect transient signals in magnetometer data at LEO, such
clude field aligned currents at the auroral oval, qualidyiv  as field-aligned currents at the auroral oval (e.g. the vevie
similar to previous observations, which agree in locatithw  of [Baumjohannl_1982), then such absolute precision in the
measurements from the DMSP and POES spacecraft. Thusverall magnetic field is not required. It is therefore impor
we demonstrate and discuss the potential science capbilit tant to assess what it is possible to achieve with a magne-
of the MAGIC instrument onboard a Cubesat platform. s tometer, given the quality of the sensor and the environment
itisin.
Cubesats offer the possibility of low-cost spacecraft in or
bit around the Earth equipped with scientific instrumergs e.
1 Introduction for space weather monitoring purposes (c.f. Li et al., 2013)
ss The Cubesat specification, however, constrains both dimen-
Data from magnetometers on spacecraft are typically usedjyns (a three-unit Cubesat is 10 om0 cm x 30 cm with
for one, or both, pf two purposes: for the determina_tion of ho protuberant parts at launch) and total masé kg for 3U)
the spacecraft attltqde; and for measurement of physical pr (e.g.[Selva and Krejci, 20112). Furthermore, the dimensions
cesses local to, or indeed far from, the spacecraft. NO megrestrict the amount of available power from solar cells to
surementis perfect and the measurement of magnetic fields 82 W per unit (e.g. Bouwmeester and Glo, 2010). In terms
particularly challenging given theirlowvalues andthetjpar ¢ magnetic field measurements, typical fluxgate magne-
ularly small nature of the variations that must be deteaded f ,meter instruments used for space plasma physics applica-

some applications; see @@OOZ) for a historical dejjgng (e.gl Balogh et 4l., 1997) are thus unsuitable for use o
scription of space magnetometer techniques. All sensor and
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27 Sep 2012 19 Nov 2013 SR
Perigee Altitude (km) 478 495 ‘ Inboard
Apogee Altitude (km) 786 751 ‘ SOl
Inclination (°) 64.68 64.67 Outboard
Period (min) 97.35 97.18 e d sensor
Atrre (h) 27 37 : =
MAGIC Mode Attitude* Science
Sensor 1B OB
Duration (min) 231 46 Inboard
Cadence (s) 10-16 0.128 e &
Kp 1.2 1.0 )
Dst (nT) -6 8 MAGIC
AE (nT) 48 31 e

sensor

Table 1. Summary of the MAGIC data used in this paper including
the orbital elements of CINEMA, MAGIC modes and geomagnetic
indices. *The attitude mode data used in this paper was tikem
housekeeping data, hence has lower time resolution thanifispe
in|Brown et al. |(2014).

Figure 1. Schematic of CINEMA indicating the inboard (IB) and
outboard (OB) MAGIC sensors and their respective axes. é¢mag

Cubesats since they exceed all of these constraints. Adéditi credit: CINEMA consortium.

ally, a full magnetic cleanliness program (e.g. Ludlam ¢t al
2008) is not possible with Cubesats, thus the raw data will
be contaminated to some degree with fields of spacecratft ori-
gin. Therefore, in designing magnetometers (or indeed anyontained within the spacecraft whereas the other, the out-
scientific instrument) for Cubesat platforms there must be &oard (OB), is on the end of a 1 m stacer boom in order to re-
trade-off in mass, power and/or precision levels which will duce the effect of spacecraft fields on the measurements. The
affect the instruments’ capabilities. two sensors and their relative axes are illustrated in igur
Magnetometers flown on Cubesats thus far have typiBrown et al. (20144) provide a summary of the modes of op-
cally been used for attitude purposes (e.g. Sarda et ald)201 eration of the instrument. The requirements of the MAGIC
However, there may also be potential science applicationgnstrument are twofold. Firstly, the sensors (in particthe
for magnetometers on such spacecraft: Quakesat’s singlenboard) should provide measurements of Earth’s magnetic
axis search-coil AC magnetometer has detected lightningfield at a level of accuracy suitable for attitude-deterriora
generated whistler mode waves (10-1000 Hz) and ELF burstpurposesl|(Vega et al., 2009). Secondly, the outboard sensor
(10-150 Hz) simultaneously observed on the ground whichshould be capable of detecting transient science signals in
were possibly due to earthquakes (Bleier and Dunson, 2005)ddition to Earth’s field e.g. magnetic perturbations asso-
and DICE’s DC vector magnetometer has deteet®€@0 nT  ciated with magnetospheric current systems, important for
magnetic deflections due to field-aligned currents at the auspace weather monitoring (c.f. Clausen et al., 2012).
roral oval during a marginally geomagnetically active pdri Unfortunately, there have been a number of problems with
(Fish et al.| 2014). The scientific capabilities that suetdo  the spacecraft's systems hence only a limited amount of data
quality sensors (necessitated by the constraints of Cts)esa has been retrieved from the first CINEMA spacecraft. In this
offer are as yet not entirely clear. In this paper we assess onpaper we present the first in-flight MAGIC results from the
such example from the first CINEMA (Cubesat for lons Neu- two longest time intervals of MAGIC data obtained for which
trals Electrons and MAgnetic fields) spacecraft. the onboard clock was reliable. In sectibh 2 we describe
CINEMA is a 3U Cubesat equipped with avionics and the attitude-independent calibration procedure used en th
science instruments (Vega et al., 2009) launched into.dowaw data, through use of the International Geomagnetic Ref-
Earth orbit (LEO) on 13 September 2012, with orbital el- erence Field (IGRF). Following calibration, the attitude o
ements shown in Tablel 1, as a secondary payload from ¢he sensors is estimated using a simple magnetometer-only
P-POD dispenser. Two additional near-identical CINEMA method as described in sect[dn 3. Finally, sedfion 4 dissuss
Cubesats were launched on 3 November 2013 which wehe small amplitude~20-60 nT), transient (>21 mHz) sci-
do not discuss in this paper. The spacecraft's sciencesinence signals detected by MAGIC in science mode. These
strumentation includes MAGIC (MAGnetometer from Im- are revealed to be field-aligned currents at the auroral oval
perial College), two novel miniaturised vector DC magne-which are corroborated by measurements from the DMSP
tometers using anisotropic magnetoresistive (AMR) sensorand POES spacecraft. We, therefore, assess the science ca-
(Brown et al.| 2012, 2014). One sensor, the inboard (IB), ispabilities of the MAGIC sensors flown on CINEMA through
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the use of simple magnetometer-only methods and discusachieve the required precision (@@OOS}—CO

the possibilities of utilising sensors similar to MAGIC for sequently, we aim for a calibration of sufficient quality ttha

science purposes in the future. ws  Spin tone and spacecraft-generated fields do not signifjcant
affect the requirements of the MAGIC instrument i.e. the
ability to determine spacecraft attitude and detect teanisi

2 Attitude-Independent Calibration physical signals.
Most space plasma scientific spacecraft are spin stabilised
2.1 The Calibration Problem w0 and spectral methods are applied to determine calibratien p

rameters|(Kepko et al., 1996), even when the physical field
The general calibration problem can be written as (e.g.is not known, since incorrect determination of the calibra-
Kepko et al.| 1996) tion parameters results in residual spin tones in the de-
spun data. However, in LEO the magnetic field changes

s rapidly due to the spacecraft motior-%0-90 nT s in

by gz Sinf; cosdy  gusinby cosg, gy costy CINEMA's orbit), hence the assumption in this method of

by | =1 gysinbycosp, g,sind,cos¢p, g,cos, | a constant field over a spin period does not apply. Fur-

b. g-sinf.cos¢, grsinf,cosp, g.cosb, thermore since the spacecraft’s attitude is to be detenine
Be s 0., from the magnetometer data (see secfibn 3), we must as a
By« |+ O, (1)= firstinstance use an attitude-independent method of ealibr
B. .. 0. tion (e.g. Foster and Elkaim, 2008; Springmann and Cutler,

). Such methods rely on knowledge of the magnitude of
whereb consists of the measured magnetic field component$he expected geomagnetic field at the spacecraft location.
from the sensors anB,. are the real magnetic field vectors ~ We determine the spacecraft position at each time from a
in orthogonal, spacecraft fixed coordinates. The gaiaseiss two-line element (TLE) set using the SGP4 orbit propagator
the scale factors between the physical magnetic field value@oots et al.| 2004; Vallado etlal., 2006). The average time
and the measured values; measurements are always in Volgifference from the TLE epoch (the time at which the orbital
but conventionally a preliminary scale factor (23,000nT!V ~ parameters are referenceljrr r is noted in Tabl€ll. The
here corresponding to an instrument rangetéf7,500 nT  use of the propagator thus requires the onboard clock be well
(c.f.|Brown et al.| 2014)) is applied so that the gains arecofcalibrated, a factor which limited the number of obtainethda
order unity and dimensionless. The angleand ¢ corre-  intervals from MAGIC which could be used. From the space-
spond to the orientation of each sensor component. Note thairaft positions we calculate the expected field from IGRF
the sensor triad is approximately orthogonal by constoncti  This model of Earth’s inherent magnetic field is accurate to
i.e.6 ~(90,90,0)° andp ~(0,90,0)°, but in-flight calibration ~around 5 nT at LEO on averadag@tOOS)- How-
can often determine orientation to better than 0.1° i.e-Zpet€ver, since IGRF does not include contributions to the mag-
ter than the triad can be constructed on the ground, hencgetic field from magnetospheric current systems, calibnati
non-orthogonality must be allowed for in the calibrationpr ~Parameters should strictly be determined during geomagnet
cess. Finally, the offset® are systematic errors in the mea- cally quiet times. This was the case for the two intervalsluse
sured fields either inherent to the sensor or due to spatecrain this paper, as shown in Taljle 1.
fields. The calibration parameters are, however, not catista  All MAGIC datapoints out of the range of the instrument
over time and will drift depending on the quality of the sen- and large amplitude spikes were removed before calibration
sor and the environment it inhabits e.g. the Cluster fluxgatel he attitude-independent calibration procedure used it an
magnetometers have been found to be remarkably stable witBrative procedure. First an initial guess of the (assumeel co
long-term offset drifts of 0.2 nT per year and a temperaturestant) offsets, gains and angles are made. Equition 1 is then

dependence of 0.2 nT °C (Alconel et al.| 2014). 25 inverted at each timé¢ yielding estimates of the calibrated
magnetic field vectors in spacecraft fixed coordindés.
2.2 Method The square difference in field magnitude from IGRF is then

calculated as
While an initial determination of calibration parametess i
usually performed on the ground before launch, unfortu-ezz(}Bi |_ |Bi})2 o)
nately this was not done for either the inboard or outboard” < s¢
MAGIC sensors that were flown on CINEMA-1. Therefore
the only calibration was determined in-flight, as detailed whereN is the number of datapoints. This algorithm is then
here. AMR sensors cannot achieve the ultra-high precisioriterated in order to minimise, using thad
and stability of higher quality magnetometers such as flux-(1965) method to obtain successive estimates for the cal-
gates, indeed LEO spacecraft often utilise multiple sensoribration parameters. This is repeated until stable satstio
of different measurement types and capabilities in order to(< 0.01%) are obtained, typically taking 1,500 iterations.
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2.3 Results underestimated it. We applied the attitude-independdit ca
bration procedure only on the first datapoint of each packet
2.3.1 Attitude Mode (5 s cadence) since these are the datapoints for which times

are given (all other times were interpolated), resultinthim
Raw attitude mode data from the inboard MAGIC sensas isparameters listed in the second row of Tdble 2. Indeed the de-
shown in the second panel of Figlile 2, with a comparison oftermined offsets and gains agree with our initial hypothesi
the measured field magnitude (grey) and IGRF given in thein comparison to the attitude mode data. The offsets (which
third panel. We despiked the 10-16 s cadence data by removnclude DC fields of spacecraft origin) for this early devel-
ing any datapoints which differed from the previous by more opment sensor are much larger (by at least a factor of 2)
than 10,000 nT. While the uncalibrated data showed simi-than those determined on the ground for subsequent further-
lar variations to IGRF over long timescales, there are short developed AMR sensors_(Brown el al., 2014), whereas the
timescale oscillatory variations in the data due to the unde gains are within the expected range.
termined calibration parameters. Furthermore, MAGIC gen- The constant calibration parameters for the science mode
erally overestimated the field strength in the raw data. Wedata yield a RMSD from IGRF of 3.07%. While this error
applied the attitude-independent calibration proceduibé. is in part oscillatary, as with the attitude mode data, thie fie
data, with the determined calibration parameters displatye  strength is significantly overestimated at the start of the i
the first row of TabléR. terval and underestimated at the end. It is known that AMRs
In order to reliably extract calibration parameters from have a high dependency on temperature compared to flux-
attitude independent procedures, the data must have goaghtes|(Brown et all, 2014), therefore a thermistor was pack-
coverage of the attitude sphere, given by the compo-aged with the outboard sensor so that temperature effects
nents of calibrated data normalised by the field magnitudecould be taken into account. The top panel of Fiddre 4 in-
8). We estimate the data coverage bgleed shows that the temperature of the sensor varied a lot
binning the attitude sphere into 192 equal area bins (cylin-over this interval, rising from around 70°C at the start &t ju
drincal projection), finding that 69% of these contained dat under 100°C at the end, with some small oscillations also at
apoints. Furthermore we use)& test for complete spatiab similar periods to those seen in the magnetometer data. The
randomness to quantify clustering of the data on the a#itud large temperature variations are likely due to the senkaw’s
sphere, findinge? ~ 4x%,; Wherey?,; corresponds to the thermal inertia since it was not potted as well as the fadt tha
upper limit of the 95% confidence interval for a Poisson dis- CINEMA had been in direct sunlight for3 days prior to
tribution hypothesis. We therefore deduce that, whilegher this interval.
was some clustering, there was fair coverage of the attitude While the temperature dependence of all the calibration
sphere over this interval. parameters for a sensor would ideally be determined on the
The resulting calibrated magnetic field strength is shownground before launch, Brown etlal. (2014) showed that the
in blue in Figure 2 (third panel), with the percentage error offsets and gains of MAGIC AMR sensors have an approx-
displayed in the fourth panel. The root mean squared deviaimately linear relationship with temperature and Fish et al
tion (RMSD) from IGRF of the calibrated attitude mode data (2014) used a linear temperature relationship in their AMR
was 1.95% over this interval. These differences are likelyground calibration. Therefore, we subsequently applied a
due to drifting or time-varying offsets and gains not cap- temperature dependent calibration to the science mode data
tured by our constant calibration procedure, since thediff to account for the large temperature drift during this inter
ences (fourth panel) are oscillatory and close to the periodval. This was achieved by modifying the attitude indepen-
(and harmonics thereof) of the oscillations seen in thestawdent procedure, requiring a linear relationship of theeiffs
data (second panel). Nonetheless, the level of accurabgin t and gains with the temperature measured by the thermistor
absolute field is sufficient for attitude determination, & w at each time e.g0,.(t) = ¢, T'(t) + d,. whereO,(t) is now
demonstrate in sectidd 3. The despun attitude mode data ia time-varying magnetometer offsét(t) is the temperature

shown in the bottom panel of Figure 2. measured by the thermistor and andd, are the constants
20 estimated through the iterative calibration proceduree Th
2.3.2 Science Mode overall calibration parameters (rawtemperature calibrated)

are listed in the third row of Tabld 2 and shown as a function
Science mode data from the outboard MAGIC sensor isof time in the bottom two panels of Figure 4. The gains have
shown in Figuré, in the same format as before. Again, bedittle temperature dependence and are extremely similar fo
fore calibration we removed data points out of range and:-deall three sensor axes. The offsets, on the other hand, show
spiked the 1284 ms resolution data using a threshold differ- a larger dependence on the temperature (particularly in one
ence of 500 nT. It is immediately clear that from oscillason component), moreso than that determined for later devdlope
in |b| that the offsets were larger for this interval than for the sensors which were potted with epoxy resin to increase the
attitude mode data. Furthermore, while the inboard sensothermal inertia of the sensots (Brown et al., 2014).
over-estimated the geomagnetic field, the outboard gdyperal
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Figure 2. Attitude mode data from the inboard MAGIC sensors. From tjdttom: magnetic latitude (blue) and magnetic local time
(orange) of CINEMA, raw data from the three sensors (x,y,alire, green, red) with field strength shown in black; congmariof the raw
(grey) and calibrated (blue) data to IGRF (black); perogatarror of the calibrated field strength to IGRF where thelstiarea indicates
the root mean squared error; comparison of despun calibdati (solid) with IGRF (dotted) in GEI coordinates.

Calibration Gains Offsets (nT) Angles ()
gz 9y g- O (o B Ab, A8,  Af.  Ag.  Ady  Ag:
Attitude Mode 1.046 1.125 1.161 -673 309 2082 1.07 -0.43 1-0.060.01 0.31 -0.00
Science Mode (Constant) 0.872 0.830 0.898 3488 2879 6582 08-1-0.34 -0.00 0.00 -0.86 -0.00
. —0.002T —0.003T —0.003T —7.834T 18.763T —155.150T
Science Mode (Temperature) 1131 L1111 L1188 L4185 1208 120395 -1.08 -0.34 -0.00 0.00 -0.86 -0.00

Table 2. List of determined calibration parameters. For tempeeatatibration,T" is in °C.
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330 The temperature calibration removes the over (under) es-
timation of the field at the start (end) of the interval andals
reduces the amplitude of oscillating deviations, as shown i

“© [ red on the third and fourth panels of Figlile 3. This calibra-

tion results in a RMSD from IGRF of 1.23%, indicated by

a5 Lo =5 the red area (Figuid 3 fourth panel), which is just overx1.5

50,000 more accurate than the inboard sensor in attitude mode. In

this paper we perform no further calibration on the science

mode data, therefore we treat this RMSD as the absolute ac-
curacy of the outboard MAGIC sensor in science mode. The

b b b |bl u Oata covered 85% of the attitude sphere (not shown) with

= less clustering than beforg{~ 2x2 ,,5), thus the calibra-

40,000 tion parameters are likely reliable. Again we present the de

30,000 {| S Re spun science mode data, using the method described in sec-

tion[3, in the final panel of Figuid 3.

MLat (°)
MLT (h)

b (NT)

50,000

[BI (nT)

200001 \AGIC OB Constant Calibration

10,000 4 MAGIC OB Temperature Calibration ,

RMSD
+1.23%

RMSD 5
+3.07%

us 3 Attitude Determination

|B| Error (%)

50,000

Following the attitude-independent calibration of MAGIC,
we wish to use the magnetometer data to estimate the space-
craft/sensor attitude at each data point.

25,000

BGE‘ (nT)

=25,000

-50,000

1630 1640 1650 1700 1710 1720 3.1 Method

2013 Nov 19 (323) hour min (UT)

s0 . Upon deployment the spacecraft would have been randomly

Figure 3. Science mode data from the outboard MAGIC sensors |nt mbling in its orbit. Whilst an attitud ntrol tem w.
the same format as Figuré 2. In the third and fourth panelsatie u 9 S orbit. st an atlitude control sysle as
developed for CINEMA utilising magnetorque tal.,

lines correspond to the temperature dependent calibration 1
@Sb), unfortunately one of the torque coils was not opera-

tional meaning that CINEMA did not successfully detum-
s ble. A common method of spacecraft attitude determination
is through comparing measurements of vector quantities in
spacecraft fixed coordinates to reference vectors, such as
IGRF in the case of magnetic fields. To uniquely determine
% the attitude at any time thus requires (at least) two indepen
w0 dentvector measurements (@@978). Had CINEMA
successfully detumbled, the sun sensor would have provided
5, 0, 0, | auno a second vector in addition to the magnetic fi@et al.,
). However, since this was not available we must there-
fore estimate the spacecraft attitude using the magnetsmet
s Cata only.
2000 To represent rotations we use unit quaternions
(cos & ,sin 9w ), wherew is the axis of rotation about which
a rotation of® is applied. The rotation from the (calibrated)
measured fieldB,. in orthogonal, spacecraft fixed coordi-
o8 =0 nates to IGRA3 in the GEI frame at time® is given by

16 30 16 40 16 50 17 00 1710 17 20
2013 Nov 19 (323) hour min (UT)

100

T(°C)

80

70

6000

O (nT)

4000

0.95

0.9

0.85

Figure 4. From top to bottom: temperature at the outboard sensors;
determined temperature dependent offsets and gains {,plze, <0,Bi> =q <0’Bic> q (3)
green, red) where the dotted lines indicate the previoustean
calibration parameters.
whereg* is the conjugate quaternion. We know the family of

possible solutions at each time
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180

(P) = cos? Singﬁ cos — © ,sin — © lixBl *

AT =\ R Y B 2 "9 [Bi, x B s

o

(4a) -90

‘ BZ -180 90
cos© = (4b)

|B ||Bll .

which corresponds to firstly a rotation from the observed
to expected field, followed by some arbitrary rotation about s
the expected field bgp. Inverting Equatiofi13 and taking the
time derivative (indicated here by dots) gives

B

180 -90

90

0

(0Bi) =i 0B)avai {0.8)avai (08)i © = 7 o AR

that is changes in the measured magnetic field can be duet  _ig

changes in the spacecraft’s attitude i.e. rotation or dukeo 1900 1930 2000 2030 2100 2130 2200 2230 2300
. . . . 2012 Sep 27 (271) hour min (UT)

real field changing i.e. spacecraft motion. In LEO the latter

is significant, atv50-90 nT s for CINEMA.

Itis clear from the data that CINEMA was spinning slowly
e.g. in the attitude mode data (second panel of Figure 23 ther
were~10 oscillations of the magnetic field over an entire or-
bit. Given the cadence of the magnetometer data, the atitudpredominantly about this axis given the initial tumblingt ou
of the spacecraft should thus have only changed by a.fevefthe P-POD and that the one of the torque coils was not op-
degrees at most between each datapoint. We therefore imgrational. Since the magnetometer data shows the spacecraf
plement a simple method of attitude estimation here, chooswas indeed spinning about the boom axis, we take this as ev-

ing the attitude quaterniog (®) which best fitted the next jdence, corroborated by spacecraft onboard systemshihat t
data point i.e. the one which minimised the angle betweerhoom did indeed successfully deploy.

®)(0,Bif!) ¢ (@) and B+, This method thus results
|n attltude esumates at each datapoint, accurate to a few de3.2.2 Science Mode

Figure 5. Determined attitude of the inboard MAGIC sensors, rep-
resented as the three Euler angles.

grees (c.f.Natanson etlal., 1990).

Before determining the attitude for the science mode data,
3.2 Results we applied a low-pass filter using the Morlet wavelet with

a cutoff of 21 mHz to remove high frequency signals and
3.2.1 Attitude Mode noise. The cutoff was chosen such that spin tones, as shown

) ) ) . a5 in Figure[®, remained. We transform the left-handed sensor
Figure[3 shows the estimated attitude of CINEMA using the 5,05”of the outboard into the same right-handed system as
described method, represented as the three Euler angles 4 inboard (see Figufd 1) and subsequently apply the atti-

tude determination procedure every 5 s to the filtered data.

v B . B a .« The expected relative orientations of the sensor axes have

9= <003573m §Z> <005578m5y> <COS 9 ;sin - X> (6) s been corroborated by gradiometer mode data (not shown),

whereby data from both sensors are recorded simultaneously
revealing that the spacecraft was spinning about the IB(Brown etal.| 2014).
x-axis at ~12 min period, along with substantial nuta- The results showed that in the year between the attitude
tion/precession at-8 min period. This is consistent with the and science mode data in this paper, CINEMA' attitude had
raw data (second panel in Figure 2), whereby the y and mubstantially changed. This is clear from the power spedtra
axes contained the largest oscillations at the spin peritd w B, in Figurel®, where there are three different tones (corre-
similar amplitudes whereas the x axis showed much smallesponding to spin, precession and nutation) present inraith
oscillations at a shorter period. Despun attitude modeidata components. This is unlike the attitude mode data where only
displayed in the bottom panel of Figtire 2. two tones were present, one of which was largely confined to

This nominal spin axis is along the boom direction (seea single axis. The result is that the Euler angles (not shown)
IB axes in Figurd1l). CINEMA's moment of inertia tensor are far more complicated than those displayed in Figlire 5.
should be largest about the boom axis if it successfully de- The despun science mode data is displayed in the bottom
ployed. Therefore, one would expect the spacecraft to spirpanel of Figuré 3. We show power spectra of these compo-
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u with these magnetic perturbations can be estimated using th
10 T T T
12 S;iin Precession/Nutation method OM|J@6), namely
1010 I / Bx,GEI By,GEI BZ,GEI | 1 d
10 4
= —[B.-i 7
= oy Bl ()

wherewv, is the spacecraft orbital speed perpendicular to
w5 IGRF andi = p x v/|p x v| is a unit vector perpendicu-
lar to both IGRF and the orbital velocity. This method can
lead to a factor 2 under-estimation of the current density du
to the finite extent of the (assumed infinite) current sheets
.@6). The calculated FACs are displayed in the
«0 second panels of Figufé 7, showing currents of up to a few
— — - . pAm~2. We highlight (grey areas) the times of the two pe-
10 10 10 10 riods of FACs between 16:35-16:50 UT when CINEMA was
f(H2) . .
traversing the polar cap, where tlve= loglojﬁ parameter
Figure 6. Power spectral densities of the components of the cal-(not shown) of Heilig and Liiht (2013) was used to identify
ibrated science mode data (19 Nov 2013) in both the orthdgenathe boundaries. The FACs are qualitatively similar and of
spacecratt fixed frame (lighter) and despun GEI frame wi8RA  similar amplitude to those determined from CHAMP mag-
has been subtracted from the latter. x,y and z componentsane netic field data at the auroral ovhl (Xiong gt M014).
by blue, green and red respectively. The noise level at 1 Haen To check whether these field aligned currents are consis-
despun data is indicated by the black dotted line. tent with the location of the auroral oval, we use Total En-
w0 ergy Detector (TED) data from the NOAA Polar Orbiting
Environmental Satellites (POES) (Evans and Greer, 12004)
nents (where IGRF has been subtracted) in Fiflire 6, reveaRnd SSJ/5 Precipitating Particle Sensor data from the De-
ing that all three spin tones have been greatly reduced @nhil fense Meteorological Satellite Program (DMSP) spacecraft
errors in the calibration parameters lead to oscillatiorthe ~ Figure[8 displays auroral oval crossings of these spadecraf
despun data at the spin frequencies, frequencies above tH min either side of the FACs observed by CINEMA, where
low-pass filter cutoff (in particular in the band-pass regio the tracks have been coloured by the observed total energy
highlighted in Figur€1s) are suitable for science applwagi fluxes. The POES TED instrument measures energy fluxes
as we demonstrate in the next section. into the atmosphere of both ions and electrons in the range
50-20,000 eV, whereas for DMSP we display only the elec-
so tron fluxes in the range 30-30,000 eV from SSJ/5. CINEMA's
trajectory is shown as the black lines and the two periods
4 Field Aligned Currents (FACs) of field-aligned currents identified in Figuré 7 are also high
lighted. The locations of these FACs are in fairly good agree
While we have shown that attitude information can be ex-M€nt with the position of the auroral oval as evidenced from

- ; the precipitating particle data, thus we are confident that
tracted by comparing the MAGIC data with IGRF, the f&- _ ; .
quirements of the instrument additionally included thdigbi mﬁ;;lo(\:/a?ld indeed detect field-aligned currents at the au-
to detect transient physical signals in the time series,tdue j .
either spatially or temporally confined phenomena. We transt A fur;f;(.aédfp.)igolci?.olle.:éAOClsJ¥vas.t:etect$td c?y M'fMt;IC. bﬁ'
formed the despun MAGIC science mode data in a field- ween 1795.a0- 1112 with amplitudes ot typicatly

aligned systenfr, ¢, i), wherep is aligned with IGRFp *° ~0.54Am"%. During this time CINEMA was near the mag-
is perpendicular to IGRF pointing radially outwards, apd netic equator and only a few degrees eastward of the dawn

is the usual azimuthal direction; subsequently band-phss fi day—n|g{1:htetrmlnator ontEe groutnd. G|v;an_tr|1|sllocat|%n,bvg:a
tering the data to reveal transients. A lower cutoff of 21 mstuggisé a tese cofu hi eh hue obequadoila fgsbmaCHuAMlgs
was used to remove spin tones due to errorsin calibration an € slgnatures of which have been detected by

the upper cutoff was set at 1.8 Hz in order to reduce noisé'an ' 9) revealing similar amplitudes to those pr

remove quasi-periodic spikes in the data of spacecrafirorig sented here._ UnfortL!nater there is no independent measure
The two perpendicular components of the magnetic fieldrnent to confirm this interpretation.

are shown in Figurgl7, revealing transient signals-@0-

60 nT in amplitude particularly at the start of the inter- 5 Discussion

val when CINEMA was at high magnetic latitudes in the

southern hemisphere. Through the Ampére-Maxwell lawIn the calibration of the MAGIC data, as presented in

j =V x B/uy, the field-aligned currents (FACs) associated section[2, we have used an attitude-independent method

PSD (nT? Hz™})
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Figure 7. Perpendicular components of the magnetic field (radialue phzimuthal in green) and calculated field aligned custent

(e.gFoster and Elkalrh, 2008). In the case of attitude mode Our method of attitude estimation (sectidn 3) can be ap-
this has assumed constant calibration parameters, wheregfied to CINEMA only because its tumbling motion is suit-
for science mode we have added a linear temperature.deably slow. Had CINEMA successfully detumbled and spun-
pendence (c.f._Brown etlal., 2014). Springmann and Cutlewup, then the method described here would not have been re-
) also employed attitude-independent calibratioa to quired since sun sensor data could have been combined with
commercial off-the-shelf PNI Sensor Corportation Micro- that from MAGIC to uniquely define the spacecraft attitude
Mag3 vector magnetometer flown on the RAX-1 Cubesat(Vega et al.| 2009). On the other hand, more sophisticated
in LEO. They found residuals with IGRF 0f900 nTs:s methods of magnetometer-only attitude determination do ex
larger than those reported here for MAGIC. However, theyist (Natanson et al., 1990; Searcy and Permicka,|2012) eThes
subsequently allowed for time-varying biases by modellingmethods would necessitate further modelling than is ptessib
(through the Biot-Savart law) telemetered spacecraft curfor CINEMA, since they require measures of the spacecraft
rents, reducing the RMSD to 174 nT. Such a procedure couldnertia tensor and any external torques (such as gravitli-gra
be implemented to MAGIC in future flight opportunitiessas ents and drags) acting upon it. It is possible that suchudit
the next step in calibration. Furthermore, following attie =~ modelling could be implemented in the future to better con-
estimation it may be possible to apply attitude-dependantc strain spacecraft attitude.
ibration e.qg. taking into account the induced currents larso At present, the determination of physical signals in the
panels due to their illumination. MAGIC data (sectioi4) is limited by a number of factors
s since both calibration and attitude are all determinedubho
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for lons Neutrals Electrons and MAgnetic fields) spacecraft
e in low Earth orbit. We have detailed our attitude-indeperide
(and temperature dependentin the case of science mode) cal-
ibration procedures, which result in root mean squared-devi
ations in field magnitude from IGRF of 1.95% and 1.23%
respectively for the inboard (in attitude mode) and outtoar
(science mode) sensors respectively. Such levels of agcura

in the overall magnetic field are certainly sufficient fori-att

| D207 tude estimation (c.f. Natanson ef al., 1990). Indeed, tjiou

06 s0 the use of magnetometer data only we estimate CINEMA'S
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{\/\ S——— attitude to within a few degrees using a simple method,

Pt nops thus characterising the spacecraft’s spin, nutation aed pr

= cession and successfully satisfying the first requiremént o

\ the MAGIC instrument.
N s Furthermore, we have presented evidence that MAGIC
o is capable of detecting transient physical signale2(-

T 60 nT) in addition to simply IGRF, thereby accomplishing
(4 the other requirement. These signals were an order of mag-

Noaa16 gPetop-B

1630 P 1704 CINEMA Trajectory
00

s o nitude smaller than those detected by the science AMR on
MLT «0 the DICE Cubesat during a marginally geomagnetically ac-
tive period (Fish et al 4), indeed MAGIC has an order
Figure 8. Polar map of the magnetic south pole in geomagnetic of magnitude superior resolution and noise floor than the
coordinates. CINEMA's trajectory is shown in black, witrettwo DICE SciMag instrument. The determined field-aligned cur-
periods of field-aligned currents shown in Figllre 7 hightégh To- rents observed by MAGIC~0.5-2 A m~2) show qualita-
tal energy fluxes measured by the DMSP (electrons only) ariiR@ tive agreement with previous observations from the CHAMP
(ions and electrons) withie-45 min of the CINEMA crossing are  spacecraft| (Park et laL_deQ_‘m_ek M014) and those
also shown. detected at the auroral oval are consistent in location with
other available datasets, namely DMSP and POES. There-
fore, to our knowledge, MAGIC is the highest sensitivity vec
the magnetometer only. The main limiting factor is the pefio tor DC magnetometer flown on a Cubesat to date for which
of CINEMASs rotation, precession and nutation. The cutoffi  conducting scientific studies is feasible. While AMR sessor
our filtering is chosen such that the low-pass filter will ieta cannot achieve the absolute precision of magnetic field mea-
these frequencies whereas the band-pass will reduce thergurements at LEO such as Swarm (Friis-Christenser et al.,
This serves as a limitation in the timescales (correspandin ), certain scientific applications do not require sugh h
to equivalent length scales hereo#-360 km) of physicats levels of precision for which sensors similar to MAGIC could
signals which can currently be achieved and could in fact be?l2Y @ role. Indeed we have demonstrated that simple meth-
affecting the determined physical signals and correspandi ods applied to only the magnetometer data can yield useful

FACs presented here to some dearee. It is possible that a f scientific results such as the locations of field-aligned cur
P gree. it IS possi Utents, even during geomagnetically quiet times. The rela-

ther developed attitude model may reduce these effects,  jyely low cost of Cubesats offers the possibility in the fu-

Both the magnetometer-only calibration and attitude es-yre of employing a constellation of spacecraft with MAGIC
timation methods used here rely on the real physical magsensors e.g. for the purposes of space weather monitoring.
netic field being, on average, well represented by the latern
tional Geomagnetic Reference Field (IGRF) Mbt al. . . .
2005%). While this is certainly the case in low Earth orbitsit ~ Acknowledgements. We dedicate this paper to Prof. Bob Lin of
of course not true in general. Nonetheless, AMR sensors sim>nIVersity of California Berkeley who sadly passed awayrsab
ilar to MAGIC could be used in other environments, thotigh ter CINEMA-1's launch. It was his inspiration, drive and kugiam

! which made the CINEMA mission possible. We also thank Alain

the methods used to recover accurate magnetic field MEASUrEfiers at ESA/ESTEC for support. Development of the hybeid-

ments would have to be tailored to the unique environmentqr ang flight units has been funded by ESA under the Genepal Su
and requirements of the instrument. port Technology Programme (Contract number 4000106430D.M
s Archer is thankful for funding from STFC grant ST/1505713/¥e
thank NOAA for POES and DMSP data.

21

6 Conclusions
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